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General Introduction 
 

Although photovoltaic electric production still provides only a small fraction of 

the global energy supply in 2021, according to the latest GIEC report: “it has one of the 

largest technical potential of all energy sources and, in concert with technical 

improvements and resulting cost reductions, could see dramatically expanded use in the 

decades to come.”. However, reducing cost depends on the level of solar energy 

deployment combined with continuous R&D efforts to improve the performance and 

reliability of the PV technologies.  

To this end, emerging PV technologies, such as hybrid perovskite material, represent an 

exciting pathway to spur up solar energy at the forefront of energy supply. Several 

intrinsic hybrid perovskite properties, such as high absorption coefficients, long carrier 

diffusion lengths, and possible bandgap tuning, are well suited for photovoltaic 

conversion. The swift improvement of the perovskite-based devices performances has 

already made it the rising star of the photovoltaic world. Today, the best device 

demonstrates an efficiency of 25.5% (Fig. A). For practical industrial applications, 

though, perovskite technologies must be more stable and demonstrate their scalability 

compatibility.  

This thesis focused on the various issues related to the transfer of perovskite material 

toward scalable deposition methods. During the past few years, remarkable progress in 

large-scale PSC manufacturing has been made (Fig. A). The surge in performance of 

small-area devices is ascribed mainly to the improved composition and morphology of 

perovskite thin films owing to innovations in solution chemistry, device architecture, 

interfaces passivation, and deposition processes. These developments have been readily 

transferred to tandem structures, resulting in increased efficiency closely following the 

trend of single-junction silicon devices. By contrast, the efficiencies of large-area 

perovskite modules notably lag behind those of single-cell devices, pointing out the need 

for further investigations. Ink composition engineering plays a vital role in forming high-

quality perovskite to achieve precise control of the crystallization process during device 

fabrication. Keeping this in mind, we focused on the composition of the perovskite 

solution to fit the new constraints related to upscale fabrication.  

This thesis is divided into four chapters. The first one is dedicated to the state-of-the-art 

survey on photovoltaic energy and, more specifically, perovskite-based solar cells. The 

properties of the perovskite material, the existing crystallization models, the different 

deposition methods, and the associated solvent extraction systems are detailed herein.  

The second chapter describes all the steps leading to the fabrication of a complete device 

that has been carried out during this work. A n-i-p reference structure composed of a bi-

layer of TiO2 to transport the photogenerated electrons, Spiro-OMeTAD for the holes 
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transport, and a gold top electrode were fabricated. A method combining the slot-die 

deposition of the perovskite solution and solvent extraction by aspiration has been 

developed for the absorber layer deposition. The deposition process of the perovskite 

absorber is decomposed into two parts: The optimization of the slot-die deposition 

parameters and then a study focusing on the addition of a zwitterionic surfactant into the 

perovskite solution.  

The third chapter is dedicated to the fabrication of a Cs0.17FA0.83Pb(I0.83Br0.17)3 perovskite 

layer with the addition of MACl as a complexing agent. The characteristics of the 

perovskite material depending on the additive concentration and annealing conditions are 

presented. We also studied the stability of encapsulated complete perovskite-based 

devices, exposed under one sun illumination for 300 hours. Finally, 12 cm² modules have 

been fabricated with an optimized MACl ratio. 

In the last chapter, the zwitterionic surfactant and the MACl properties have been 

combined to obtain a high-quality perovskite layer. Notably, a particular focus has been 

dedicated to surface roughness properties. In this part, the performances of solar devices 

with two different hole transport layers (Spiro-OMeTAD and PTAA) have been 

compared. With the ultimate aim of validating the compatibility of our structure for 

tandem applications, we fabricated semi-transparent devices and characterized their 

performances. Finally, the pseudo-tandem potential efficiencies have been calculated. 

 

 

Figure A: Efficiency evolution of perovskite-based devices [NREL]. 
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CHAPTER 1:  

State Of The Art 
 

 

The first chapter of this Ph.D. dissertation aims to describe the general context of 

this study and our motivations. 

The first part outlines the world energy context and the special place of solar energy in 

the global production landscape. We especially develop the field of single-junction 

perovskite devices and tandem technologies, including their properties and potential 

applications. 

Then, we present the different existing theoretical models describing the crystallization 

mechanisms. The specific case of thin-films perovskite crystallization will be 

emphasized.  

The third part lists the different upscale deposition techniques employed for the 

perovskite films. In particular, the slot-die deposition technique will be emphasized 

together with its commercial applications, which is at the core of this thesis. 

Lastly, we highlight the drying step’s role as part of the fabrication of the perovskite layer. 

Several solvent extraction systems will be presented to assist the film’s crystallization.  
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 Introduction  

 Global energy landscape 

The energy sector underpins all aspects of our modern societies. With a growing 

world population, estimated to reach 9.7 billion in 20501, and emerging countries in full 

development, energy demand will continue to increase in the future years. Despite the 

global coronavirus pandemic, which strongly subdues global energy consumption in 

2020, demand for all fossil fuels has continued to grow significantly in 2021.2  

Nowadays, more than 80% of the world’s primary energy consumption originates from 

fossil resources (gas, coal, oil) (Figure I-1.a.), representing over 500 exajoules.3 In 2021, 

coal-based energy consumption alone was projected to increase by 60% by the end of the 

year compared to 2020 levels. The combustion of fossil fuels is responsible for most 

global greenhouse gas emissions and air pollution. Even if the restrictions due to the 

Covid-19 pandemic generated a temporary drop of 8% in the CO2 global emissions of 

2020 compared to 2019, the general tendency demonstrates a gain of almost 5% by year 

in the last decades (Figure I-1.b.). Moreover, the fossil fuel reserves depletion generates 

more difficulties of extraction and thus raises the operational cost and investments that 

can hamper long-term supply in the future. These resources are also largely unequally 

distributed, which is a source of geopolitical pressures in critical areas.2 

 

Figure I-1: a. World Primary energy consumption by fuel resources. Data extracted from ref. 

[4]. b. Global energy-related CO2 emission. Datas are reproduced from ref. [3].  

Global warming awareness is becoming a societal issue that cannot be avoided. The 

scientific community has expressed its concern since the 1950s, but few tangible 

measures have been deployed since that time. During recent international climate 

negotiations, most actors are committed to diminishing their carbon footprint for limiting 

Earth's global warming to 1.5°C.5 However, to hold this commitment, a rebalancing of 
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primary energy resources by renewable resources is essential. Demand for renewable 

energies grew by 3% in 2020 and is set to increase across all key sectors (power, heating, 

industry, and transport).6  

 Solar Energy 

The early development of solar technologies started about 150 years ago. In 1839, 

Edmond Becquerel, a young French physicist, discovered the photo-galvanic effect based 

on the visualization of a built-in cell voltage and electrical current when exposing metal 

electrode modified halide to light. The photovoltaic effect theory is briefly displayed in 

Annex 1. Forty-five years later, Charles Fritts first exploited this effect by installing the 

world’s first rooftop photovoltaic solar array, using 1%-efficient selenium cells, on a New 

York City.7 The development of solar technologies stagnated until mid of the 20th century 

because of the large availability of coal and petroleum and the lack of materials, 

particularly semiconductors.  

However, during the Cold War, the following space programs triggered the revolution of 

photovoltaics (PV) and solar-powered systems, thanks to the fast democratization of p-n 

transistors. In 1958, the first space solar panel equipped the American satellite Vanguard 

1 and, in 1967, Soyuz 1 became the first crewed spacecraft powered by solar panels. In 

addition, the oil embargo of 1973 and the following economic and energy crisis prompted 

a reorganization of energy policies worldwide and brought attention to solar technologies 

to the general population.  

In addition, in light of rising global warming concerns, PV technologies represent a new 

way to consider the future energy landscape. In the mid-1990s, residential and 

commercial rooftop solar and utility-scale photovoltaic power stations accelerated again 

due to oil and natural gas supply issues. In the 2000s, the favorable energetic policy of 

the European Union contributed to a high level of investments and a high number of PV 

deployments in Europe (Figure I-2.a). 

The improved PV power efficiency and the increasing market maturity led to the 

downward trend in solar PV module costs. Between December 2009 and December 2019, 

crystalline silicon module prices declined between 87% and 92%, depending on the 

technology, reaching an average price of 0.3 $/Watt (Figure I-2.b.). More than half of 

the renewable capacity added in 2019 achieved lower electricity costs than new coal. 

Electricity cost from utility-scale solar PV fell by 13% by year, reaching nearly seven US 

cents the kilowatt-hour (kWh) in 2019. Such recent module cost reduction is mainly due 

to larger productions lines, module manufacturing, process optimization, and efficiency 

gains associated with increased adoption of newer cell architecture types.  
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Figure I-2: a. Global growth of cumulative PV capacity in gigawatts (GWp) with regional shares. 

Data extracted from ref  [6]. b. Average monthly solar PV module prices by technology and 

manufacturing country sold in Europe, 2010 to 2020. Reproduced from ref. [8]. 

For several years, the worldwide growth of solar PV was driven by European deployment. 

However, larger-scale industrialization to sustain the PV democratization has shifted to 

Asia, especially China, the largest PV market since 2018. Worldwide, the share of 

renewables in electricity generation increased by 25% in 2021 compared to 2020, mainly 

due to new solar PV and wind installations. Global PV capacity has grown on average by 

20% per year since 2000. This new capacity addition is the highest among all renewable 

energy technologies for the last decade. As a result, the total installed capacity reached a 

power of 1050 GW at the end of 2020, led by China, which almost represents half of this 

capacity (i.e., 408 GW). In 2021, solar PV electricity generation alone is expected to 

approach 1000 TWh6, representing 3% of the world electricity production mix. 

Recently, the research applied in photovoltaics has prompted the emergence of a large 

number of technologies. Figure I-3 pools together the evolution of photovoltaic 

efficiencies for the different technologies since 2000. A short description of silicon and 

thin-film PV technologies is displayed in Annex 2.   

Today, the solar technologies market is dominated by silicon-based technology,  mainly 

represented by single-crystalline technology.9 However, thin films technologies based on 

alternative materials like Cadmium Telluride (CdTe), copper indium gallium diselenide 

(CIGS), and other materials (dye-sensitized, Concentrated PV, organic PV) have 

gradually emerged. Among recent technologies, hybrid perovskite solar cells became one 

of the most promising paths to compete or combine with silicon technology. 
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Figure I-3: Evolution of photovoltaic efficiencies by sector from 1975 to 2021. Extracted from 

Best Research-cell Efficiencies Chart of NREL [10]. This graph is regularly updated by the 

National laboratory Renewable Energy Laboratory (NREL). An original version is displayed in 

Annex 3. 

 Tandem solar cells 

The power conversion efficiency of solar cells is a crucial driver for reducing the 

cost per area of PV electricity. Despite a rapid improvement in the solar cells efficiency 

for the last twenty years, the best technologies are now approaching further to the 

Shockley-Queiser (SQ) thermodynamic limit (Figure I-4.a.). Therefore, tandem solar 

cells, combining a low bandgap bottom cell and a higher bandgap top cell, represent a 

promising way to cross the threshold of 30% PCE. Under illumination, each cell produces 

an electric current in response to different wavelengths domains, improving the cell’s 

electrical conversion potential  (Figure I-4.b.).  

Perovskites have been proven to be an excellent top cell candidate for multi-junction solar 

cells due to their tunable bandgap, easy fabrication, and potential low-cost fabrication.11–
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14 Since silicon (Si) solar cells dominate the current market, incorporating perovskite cells 

onto commercial Si solar cells represents a substantial stake in the industrialization of 

perovskite solar cells.13  

 

Figure I-4: a. Record efficiency of solar cells of different materials against their bandgap 

compared to the associated SQ limit (top solid line). Reproduced from ref. [15]. b. Series 

connected tandem solar cell. Adding more devices allows for each device to be optimized to a 

narrower spectrum giving a higher overall efficiency. Reproduced from ref. [12]. 

Two types of tandem architectures exist: two-terminal devices (2T), also called 

monolithic tandem cells, and four-terminal cells (4T) composed of a stack of two distinct 

solar cells (Figure I-5.a.). Even if the goal remains the same, each configuration has pros 

and cons.  

A 2T junction is a monolithic configuration where the perovskite layer is deposited upon 

the bottom layer, generally a Si p-n junction. The integration process can be complicated. 

The Si surface properties directly affect the deposition of the top cell.  Textured pyramidal 

silicon surfaces especially represent a major challenge to the uniform deposition of the 

perovskite layer.16 Thus, the top-cell has to be fabricated without damaging the bottom 

cell. In addition, the 2T tandem needs a fine-tuning of the bandgap and thickness to match 

the current produced by both cells (Figure I-5.b). Moreover, the stability of the whole 

device is currently limited by the perovskite top cell. 

In 2020, a 2T Pvk/Si tandem solar cells reached a certified value of 29.5% PCE on a ∼ 1 

cm2 device area.17 This put additional credit to the tandem approach to pave the way of 

achieving 30% efficiency as a milestone (Figure I-5.c).  

In a 4T configuration, the cell components are electrically independent as a result of the 

physical separation of the two sub-cells. It allows the optimization of the two devices 
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independently. However, the inclusion of 3 transparent interlayers can generate 

significant optical losses, and the use of 4 terminals could increase the final cost due to 

integration and additional materials (TCO, metals).18 Recently, fine-tuning of the optical 

path by optimizing the Si surface patterning and optimizing the perovskite layer thickness 

allowed B. Chen et al. to reach a 28.2% PCE with a 4T Si/perovskite tandem device 

(Figure I-5.c).19 

 

Figure I-5: a. 4T and 2T series-connected tandem configurations. Reproduced from ref. [11].b. 

Theoretical maximum PCE for 2T and 4T tandem solar cells. Reproduced from ref. [13].c. PCE 

progress of perovskite-based tandem solar cells. Reproduced from ref. [19]. 

Currently, Pvk/Si tandem solar cells are already being developed for future commercial 

applications. Notably, Oxford PV17 and Swift Solar20 have developed industrial-scale 

pilot lines. However, the efficiency gain increases the complexity and manufacturing 

prices. To date, their application has been limited to particular cases, notably in aerospace, 

where their high power-to-weight ratio is desirable. To enable the broader application of 

perovskite-based multi-junction solar cells, the stability of perovskite cells needs to be 

comparable to those of other relevant technologies, such as c-Si or CIGS. Moreover, the 

reported single-junction perovskite and multi-junction cells have been fabricated in small 

areas. More extensive researches have to be conducted to generate efficient large-scale 

tandem devices. 

 

 

 Perovskite Solar Cells 
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Perovskite solar cells achieved a swift increase in performance during the last ten 

years, attaining a single-junction record of 25.5% in 2021.21 Moreover, perovskite solar 

cells are expected to be highly cost-effective in production, making this technology an 

attractive option for industrial production and commercialization.22 However, the transfer 

from lab cells to scaling-up fabrication processes and the perovskite stability remain 

highly challenging. 

 History 

Organic-inorganic hybrid perovskite solar cells have benefited from dye-

sensitized solar cells (DSSC) technology. In 2009, Kojima et al. reported an efficiency of 

3.8% for a perovskite-based device using methylammonium lead iodide as the absorber 

in nanoporous TiO2
 
for DSSC.23 However, research for these materials did not spark 

immediate attention in the scientific community because of their low efficiency and low 

stability in conjunction with a liquid electrolyte based on I3
-/I-. In 2011, Park et al. 

successfully improved the material stability and reached a 6.5% PCE 24 using the same 

dye-sensitized concept. Then, Park et al. contacted the perovskite layer with a solid-state 

spiro-OMeTAD hole transport layer25, and soon after, Snaith et al., achieving efficiencies 

above 10%.26 This efficiency was raised to 15% by developing a two-step deposition 

process.27 As a result, a range of new solution-based deposition strategies and higher 

efficiencies were reported.28–30 In 2015, for the first time, a perovskite device tailored by 

researchers at KRICT (South Korea) achieved a record efficiency over 20% (non-

stabilized).31 Then, optimization of the transport layers, the perovskite material, and the 

electrode 32–34 combined with the interfaces passivation 35,36 allowed to set quickly new 

perovskite records. Today, the best cell efficiency is 25.5%, claimed by Jeong et al.21 

 Crystal Structure 

Organic-inorganic hybrid lead halide perovskite is generally labeled as an ABX3 

compound, where A is an organic cation, most often methylammonium MA+ (CH3NH3
+) 

or formamidinium FA+ (HC(NH2)
2+), B is a metal, usually lead (Pb2+) or tin (Sn2+), and 

X is iodide (I-), bromide (Br-) and/or chloride (Cl-). A schematic representation of the 

perovskite crystal structure is displayed in Figure I-6. 
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Figure I-6: ABX3 perovskite structure 

First described by Goldsmith in the 1920s, it was named after the CaTiO3 structure. The 

ideal perovskite crystal structure has cubic symmetry, with a corner-sharing BX6 

octahedral structure and cub-octahedral voids occupied by the A cations. However, 

depending on the composition of the perovskite, possible distortion of the former cubic 

structure can occur, leading to symmetry breaking. This can be anticipated using the so-

called Goldsmith tolerance factor t, which can be determined using the following equation 

(Eq.1).  

𝑡 =
𝑟𝐴 + 𝑟𝑋

√2(𝑟𝐵 + 𝑟𝑋)
 (Eq.1) 

With 𝑟𝐴 and 𝑟𝐵, the radius of cations A and B and, 𝑟𝑋 the radius of the anion. The 

empirical tolerance factor t allows predicting which structure is preferentially formed. 

The crystal structure can change depending on the size and interaction of the A cation and 

the corner-sharing BX6 octahedral.37 When t is between 0.9-1.0, the crystal structure is 

cubic. Between 0.71 and 0.9, the perovskite is distorted into orthorhombic, tetragonal, or 

rhombohedral structures if the A-cation is too small or the B-cation becomes too large. 

For t higher or lower than 0.71-1, a non-perovskite structure is formed. 

 Composition Engineering 

 Multi-cations compositions 

The perovskite absorber archetypal composition is the methylammonium lead 

iodide (CH3NH3PbI3). It will be noted MAPI in the following of the thesis. In its most 

common form, the methylammonium lead tri-iodide adopts a tetragonal structure. 

However, the high volatility of the methylammonium (MA) cation penalizes the long-

term stability of the devices.38,39 Due to its soft matter nature, the MA-based perovskite 

structure demonstrates significant structural changes occurring for temperatures above 

85°C. The decomposition of the perovskite material into methylamine (CH3NH2) and 
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hydrogen iodide (HI) gases results in a film degradation into PbI2.
40 It represents a 

considerable problem in regions with high insolation and high operating temperatures.  

Recently, research efforts have been shifted to methylammonium-free compositions to 

improve the stability of the perovskite material.41 Due to its more favorable optical 

bandgap of around 1.45 eV and higher thermal stability, the Formamidinium (FA) cation 

is currently the best candidate for high-efficiency PSCs. However, the larger size of the 

FA cation (Ri(FA+) = 0.19-0.22 nm compared to Ri(MA+) = 0.18 nm) can create a lattice 

distortion. In fact, the cation size induces low-temperature lattice strains, which relax 

through a tilt of the octahedral site.42 Z. Li et al. demonstrated that, at ambient 

temperature, the FAPI composition stabilizes in a δ phase. The photo-active α phase is 

thermodynamically stable only above 160 °C.37 Figure I-7 illustrates that the formation 

of yellow δ-phase FAPbI3 can be suppressed by optimizing the tolerance factor by 

incorporating smaller cations such as Cs+. It is also possible to stabilize the α-phase 

FAPbI3 by mixed compositions with the inclusion of halides like Br- or cations like 

MA+.43 

Consequently, the mixed cation CsFA perovskite composition affords to stabilize the α-

phase at lower temperatures, leading to enhanced thermal and moisture stability of the 

perovskite material.44 The improved stability and better crystallinity lead to enhanced 

opto-electronic properties of the solar cells, including better carrier mobility and diffusion 

lengths.43 Therefore, mixed cations into the lead halide perovskite represent a promising 

path toward more stable devices, therefore more promising for the upscale and 

industrialization steps.45  

 

Figure I-7: Temperature-dependent XRD of FA-based perovskite with gradual augmentation of 

the cesium content. Reproduced from ref. [42]. 

 

One of the intensively studied development paths for perovskite solar cells is their final 

integration into tandem architecture. Perovskite solar cells yield numerous advantages as 

a top-cell candidate. One of them is the possibility to tune its bandgap towards the 
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optimum value of around 1.7 eV, notably by halide substitution of iodide by bromide 

(Figure I-8.a.).46,47  

However, in CsxFA1-xPb(BryI1-y)3 perovskite composition, a bromide ratio y superior to 

0.2 can induce a phase segregation (Br-rich and I-rich domains), which is a significant 

drawback also for the long-term stability. However, this reaction can be hampered by 

increasing the Cs content, as demonstrated by Bush et al., who highlighted two stable 

compositions with a bandgap of over 1.65 eV: Cs0.25FA0.75Pb(Br0.2I0.8)3  (Eg = 1.68eV) and 

Cs0.4FA0.6Pb(Br0.3I0.7)3 (Eg = 1.75eV) (Figure I-8.b). 

 

Figure I-8: a. Bandgap vs. perovskite composition for CsxFA1−xPb(BryI1−y)3 compositional 

space, showing a change in Cs+ ratio along the x-axis and a change in Br- ratio 5 to 30% as 

separate lines. b. Device PL data, which compared perovskites composition with different Cs/Br 

ratios. Reproduced from ref. [48]. 

An additional strategy to increase the bandgap consists of incorporating chloride anions 

in the perovskite structure to form a triple halides composition. For example, J. Xu et al. 

studied the influence of Cl- inclusion on the phase stability for different CsFA 

compositions. The optimized halides ratio (Br0.15I0.8Cl0.05) led to a bandgap value of 1.67 

eV and achieved as high as 27% stabilized power conversion efficiency (PCE) on a 1 cm² 

tandem Si/Perovskite device area.49  

 

 Crystallization model 

 La Mer Theory 

Viktor La Mer proposed a model describing nucleation and crystal growth 

mechanisms in a liquid.50 His model is said to be “atom-mediated” and initially considers 

monomers' movement and interactions.  
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As illustrated in Figure I-9.a, in the perovskite precursors solution, the La Mer curve 

depicts the change of precursors concentration in solution over time. The main parameters 

to describe the overall nucleation and crystal growth phenomena, which impact the final 

crystal size and morphology, are: 

o Cs, the limit of solubility. The precursors start to precipitate but dissolve back in 

the solution. 

o C*min, the minimum concentration before entering into the supersaturation state. 

o C*max, the maximum concentration of the supersaturation state. 

According to the La Mer model, the crystallization process can be decomposed into three 

main stages (Figure I-9. a.), detailed in the following parts.  

 

Figure I-9: a. La Mer curve adapted from ref. [50,51]. b. Nucleation (red trace) and growth 

(blue trace) rates as a function of the supersaturation degree and influence on the grain cluster 

size (dashed black trace). Reproduced from ref. [52]. c. Free energy change (ΔG), surface free 

energy (ΔGs) and volume free energy (ΔGν) changes, with a function of nucleus radius (r) for 

homogeneous nucleation and heterogeneous nucleation. Reproduced from ref. [53,54]. d. 

Normalized nucleation rate as a function of supersaturation ratio for homogeneous and 

heterogeneous nucleation. Reproduced from ref. [53,54]. 
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 Pre-nucleation process 

When the solvent starts to evaporate (t = 0), the concentration of precursors 

increases along a straight line. The slope of the curve between C0 and Cmin depends on 

the solvent extraction methods. In the case of a perovskite film, the extraction can occur 

either by forced evaporation of the solvent (air blow, aspiration, or annealing) or dripping 

of an anti-solvent on the substrate. The different extractions methods will be further 

described in part 4. 

When C exceeds Cs, the precursors begin to precipitate. In the classical theory of 

nucleation, nucleation and growth are governed by the variation of particles’ Gibbs free 

energy 𝜟𝑮 (Eq.2). A nucleus is regarded as a sphere of a condensed phase, and its total 

free energy is defined as the sum of the surface free energy 𝜟𝑮𝒔 and the bulk free energy 

𝜟𝑮𝒗. 

𝛥𝐺 = 𝛥𝐺𝑠 +  𝛥𝐺𝑣 
(Eq.2) 

𝜟𝑮 represents the positive free energy between the particle surface and the bulk and is 

defined as: 

𝛥𝐺 = 4𝜋𝑟2𝛾 +
4

3
𝜋𝑟3𝛥𝐺𝑣 (Eq.3) 

Here, 𝜟𝑮 quantity is proportional to the radius r of sphere nuclei and γ the interfacial 

energy by surface unit. 𝜟𝑮𝝂 depends on the Boltzmann’s constant kB, the temperature T, 

the molar volume V and the degree of supersaturation of the solution  
𝐶

𝐶𝑚𝑖𝑛
 : 

𝛥𝐺𝑣 =  
−𝑘𝐵. 𝑇. 𝑙𝑛 (

𝐶
𝐶𝑚𝑖𝑛)

𝑉
 

(Eq.4) 

When the solution is in a supersaturation state, 𝜟𝑮𝝂 is a negative quantity. The critical 

nuclei radius r* depends whether 𝜟𝑮𝝂 overcomes 𝜟𝑮𝒔 and is defined by d(𝜟𝑮)/dr = 0. 

The pre-nucleation phase starts between Cs and C*min, where the increase of the solution 

concentration tends to form larger nuclei. As long as r is smaller than r*, the formed 

nuclei dissolve back in solution (Figure I-9.c). When the concentration C of the solution 

increases above the supersaturation concentration C*min, the nuclei radius reaches r*, and 

the nucleation stage starts. Therefore, depending on the intensity of the solvent extraction 

method, it shortens the time for the solution to reach supersaturation (C > Cmin), which 

will impact the number of nuclei formed (Figure I-9.b).51,55–57. This aspect will be further 

investigated in Chapter 2. part. 3.3. 



Chapter 1: State of the art

 
 

 

 

27 

 

Moreover, it must be noted that, depending on temperature and pressure, the 

supersaturation and solubility concentration can have different values, which strongly 

impact the thermodynamic and kinetic factors of the reaction. 

 Self-seeding or Self-nucleation stage 

Once the nucleation radius increases above r*, it adopts a more stable spherical 

or ellipsoidal shape to minimize the total free Gibbs surface energy. As the concentration 

increases to C*min, subsequent growth occurs simultaneously by atomic aggregation 

around the nuclei. La Mer model considers nucleation as a single process, but according 

to classical theory, nucleation can occur either in a heterogeneous or in a homogeneous 

manner.53  

On the first hand, during homogeneous nucleation, nuclei are forming spontaneously in 

the solution volume. On the other hand, in the case of heterogeneous nucleation, 

perovskite nucleates on liquid/solid interfaces (such as a substrate or pre-seeded 

nucleation centers). It imposes to take into account interfacial energy related to the 

wetting of the solution on foreign surfaces. If the solution has a high wettability on the 

surface, the component γ of the surface free energy ΔGs (Eq.3) is reduced. Consequently, 

heterogeneous nucleation becomes energetically favored rather than homogeneous 

nucleation and is given by the following equation. 

𝛥𝐺Heterogeneous = φ.𝛥𝐺Homogeneous (Eq.5) 

The coefficient φ depends on the contact angle, which is related to the wettability of the 

solution on the foreign surface. As shown in Figure I-9.d, heterogeneous nucleation 

readily occurs at a lower saturation. However, the heterogeneous nucleation rate is limited 

by the total area of foreign surfaces. Thus, a high extraction rate of the solvent resulting 

in a high supersaturation degree of the solution naturally favors the homogeneous 

nucleation. This promotes a higher density of nuclei centers. Though, a high density of 

nucleation centers formed in the solution volume can result in multilayer perovskite 

morphology, where multiple horizontal grains joints are visible in the thickness of the 

perovskite film.58 

Therefore, several studies point out the advantage of heterogeneous nucleation during 

perovskite drying in growing uniform monolayers films.59–61 This can be achieved by 

increasing the roughness of the substrate, the temperature or inducing pre-seeding by 

introducing foreign molecules in the solution.62  
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 Growth stage 

The competition between nucleation and growth is balanced by the monomer 

concentration. When the solution concentration C reaches Cq, the maximum concentration 

of the solution, it becomes more likely for a single atom to join an existing cluster rather 

than forming a new nucleation center. As soon as new nuclei formation stops, growth 

becomes the dominant mechanism of precursors consumption by aggregation around 

existing clusters. Consequently, the solution concentration decreases. The Fick diffusion 

law can describe the diffusion of the precursors from the solution to the particle surface 

according to Eq.6:  

𝐽 = 4𝜋𝑟²𝐷
𝑑𝐶

𝑑𝑥
 (Eq.6) 

Where J, r, D, C and x are representing the total flux of precursors, the particle radius, the 

diffusion coefficient, and the monomer concentration at a distance (x) from the surface, 

respectively. Particles suspended in a liquid randomly move around due to Brownian 

motion. As illustrated in Figure I-10.a, a diffusion layer is formed around individual 

particles at the solid-liquid interface. 

The flux of precursors can be considered constant regardless of the distance (x) from the 

surface due to the steady-state of solute diffusion.61 In addition, the particle growth is due 

to precursors' agglomeration and reaction on the particle surface.53 Thus, the precursor's 

flux becomes dependent on the surface reaction rate k and can be expressed as: 

𝐽 = 4𝜋𝑟²𝑘(𝐶 −  𝐶𝑠) (Eq.7) 

Where C  is the concentration of the solute at the particle/solution interface. 

 

Figure I-10: Schematic illustration of the diffusion model and particle growth modes in 

supersaturation condition. a. Particles suspended in a liquid phase and, b. Particle concentration 
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profiles of diffusion and reaction-controlled growth modes. c and x indicate monomer 

concentration in solution and distance from the surface, respectively. Reproduced from ref. 

[52,59]. 

The balance between the nucleation rate and the growth rate determines the final 

perovskite film morphology. The generation of a limited number of nuclei leads to large 

dendritic perovskite morphologies. On the contrary, a large density of nucleation centers 

will result in small grains with numerous grain boundaries. 

To form large and well-packed perovskite crystals with excellent coverage over the 

surface, reaching a high nucleation rate before the onset of crystal growth is of critical 

importance. The most effective approach to optimize the nucleation-growth process is to 

simultaneously limit the crystal growth and enhance the nucleation rate to ensure good 

nucleation seeding before triggering crystal growth. Several ink tailoring strategies have 

been reported in the literature to control this nucleation-growth equilibrium, including 

solvent ratio optimization, additives, and integration of interlayers in the perovskite stack.  

 Discussion 

The La Mer model, completed by classical nucleation theory, is helpful to 

understand better the crystallization of the perovskite thin films, especially when dealing 

with larger deposition areas. With this aim, the literature reports worth phenomena which 

can complement La Mer’s theory. 

 Ostwald ripening 

In solution, when two nanoparticles of different sizes collide by Brownian 

movement, atoms transfer can occur from the smaller cluster surface to the larger one.63,64 

The movement of surface atoms is driven by the minimization of the surface-free Gibbs 

energy of the overall particles. In other words, atoms populating higher energy surfaces 

migrate to lower surface energies. As a result, the growth of larger particles with lower 

surface energy is faster compared to smaller particles which tend upon time to disappear, 

either dissolving back in solution or being assimilated by the larger one. This 

phenomenon is the Ostwald ripening, as illustrated in Figure I-11.a.  

In 2017, Hu et al.65 pointed out a non-linear variation of the monomer concentration 

during the nucleation process (Figure I-11.b.). This variation was attributed to the 

dissolution of small nucleation centers back in solution. The local dissolution of primary 

nuclei in solution can create local concentration gradients, which can impact crystal 

growth. Thus, contrary to the linear evolution assumed by the La Mer model, Ostwald 

ripening induces a second nucleation process controlled by the aggregation of small 

primary nucleation centers. You et al. qualified this model of “particle-oriented”51, in 
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contrast to the “atom-mediated” La Mer model. This phenomenon greatly influences the 

morphology of the final layer by acting on the final concentration of nucleation centers 

and, by extension, on the number and size of the grains.66 

 

Figure I-11: a. Schematic representation of Ostwald ripening. Reproduced from [67]. b. The 

schematic diagram of nucleation and growth with time, based on various heating temperatures. 

Reproduced from [65].  

 Oriented-attachment 

According to the Oriented-Attachment mechanism (OA)50,68, nanoparticles tend 

to bind along common crystallographic planes to decrease the average surface energy of 

the total system.  

Before the collision, the energetically favorable crystalline orientation influences the 

movement of nanoparticles. Nanoparticles can rotate to adjust crystal organization and 

vacancy alignment before the collision and coarsening. If the collision and attachment 

occur before the correct alignment of the crystallographic planes, Van der Walls forces 

lead to the rearrangement of the particles and impose torsional movements on the 

structure. Close orientation favors the coarsening of neighbor particles (Figure I-12), 

creating larger crystallites. Notably, highly-oriented perovskite films demonstrate better 

electronic properties, i.e., enhanced charge mobility (>10 cm2 V−1 s−1) along (110) 

preferential orientation and lower traps density which are two inter-related parameter.69 

The Oriented-Attachment mechanism is highly dependent on the particle growth rate and, 

by extension, the solvent extraction speed. The greater the particle concentration of the 

solution is, the greater the monomer's collision factor will be. A high collision factor 

implies a rapid aggregation of the nanoparticles, which have less time to reorient 

themselves according to the common crystallographic plane. Thus, as previously 

mentioned, mitigating the growth rate is of critical importance, not only to ensure a proper 

nucleation density but also to allow particles to align appropriately.68  
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Figure I-12: Crystallographic orientation and growth mechanism. Schematic of the oriented-

attachment process during crystallization. The scale bar is 2 µm. Reproduced from ref. [69]. 

Finally, if the La Mer theory is an interesting basis to describe the mechanism of the 

perovskite film crystallization, this model shows some limitations which can be 

completed, especially regarding the “burst-nucleation hypothesis,” which suggests 

instantaneous and isotropic nucleation in solution. Thus, in addition to the classical 

nucleation theory, numerous experimental works refined the understanding of nuclei 

formation. Among them, Ostwald ripening and oriented attachments are important 

examples that require to be considered during the fabrication of perovskite thin films. 

 Scalable deposition of perovskite absorber 

In this part, the most representative and potential scalable deposition methods for 

perovskite films are discussed. We will focus on perovskite films deposited through 

solution-based processes, even though other physical deposition techniques have been 

largely explored, such as vapor-phase deposition methods (CVD, PVD, ALD), which 

recently demonstrated encouraging results.70 

 Spin-coating method: Locks and constraints 

In 2021, Jeong et al. achieved a record cell of 25.5% efficiency (25.2% 

certified)21, demonstrating the potential of perovskite solar cells for industrial 

applications. However, this encouraging result has been achieved on small areas (active 

area < 0.1 cm²), using the spin-coating deposition method to fabricate the perovskite layer. 

As illustrated in Figure I-13.a, a proper amount of precursor solution is first dispensed 

upon the substrate. Then, the latter is rotated at high speed to remove the excess of 

solution and solvent. Combined with an anti-solvent dripping method, this deposition 

method affords to reach so far the best device efficiencies.  
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However, spin-coating is not a viable technique for up-scaling the perovskite technology 

on larger areas. In addition, this process induces a significant fraction (>90%) of material 

waste during the rotation, which poses a significant obstacle to the transfer of the process 

into manufacturing. Moreover, in the case of perovskite deposition, this procedure has 

often been shown to be highly human-dependent, partly explaining the often significant 

differences found in the literature between different works using the same preparation 

method. Moreover, in the case of large substrates (> 100cm²), spin-coating can show 

uneven spreading of the layer, which inevitably leads to significant inhomogeneity, thus 

detrimental to the device's performance.71 To date, the largest module fabricated by the 

spin-coating method demonstrated a 12.6% efficiency on a 20.3 x 20.3 cm² area (Figure 

I-13.b.).  

 

Figure I-13: a. One-step spin-coating technique. Reproduced from ref. [72]. b. 20x20 cm² 

module, with a perovskite layer fabricated by spin-coating method. Reproduced from ref. [73]. 

 Scalable deposition methods overview 

As an alternative to spin-coating, several large-scale compatible manufacturing 

techniques have been investigated. For solution-based deposition techniques, perovskite 

precursors are first dissolved in organic solvents and deposited on large substrates. 

Among them, blade-coating74, spray-coating75, screen-printing76, or slot-die coating77 are 

interesting candidates for manufacturing large-area perovskite solar cells. Schematic 

representations of these deposition techniques are displayed in Figure I-14.a. 
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Figure I-14: a. Solution-based scalable solution deposition methods for large-scale fabrication 

of perovskite solar cells, including blade coating (panel a), slot-die coating (panel b), spray 

coating (panel c), inkjet printing (panel d), and screen printing (panel e). Reproduced from ref. 

[78]. b. Certified power conversion efficiency records for champion perovskite solar cells and 

modules. Reproduced from ref. [79]. 

Recently, the perovskite solar cells fabricated using industrially compatible techniques 

started to compete with spin-coated devices. The champion modules chart established by 

the NREL is displayed in Annex 4. For instance, in 2021, Xu et al. achieved a 21.35% 

efficiency for a lab-scale perovskite solar cell fabricated by the slot-die technique.80 This 

result matches the previous record set by blade coating technique, yielding 21.9% 

efficiency employing cadmium iodide surface treatment81. In parallel, modules areas and 

efficiencies are continuing to increase. Notably, combining slot-die coating and a high-

pressure nitrogen blow, M. Du et al. reached over 22% efficiency for a 16 cm² module82. 

The best perovskite cell and module results are gathered in Table I-1.  

These very encouraging results triggered the industry interest for larger perovskite 

modules. In 2019, the Chinese company MicroQuanta claimed the first perovskite-based 

large module of 200x800 cm², yielding a 14.24% efficiency.83 Since then, several new 

initiatives have emerged from industrial partners. Another Chinese company, Utmolight 

Corp., achieved a PCE of 20.5% for a mini-module with an active area of 63.98 cm2 84. In 

2020, the Japanese company Panasonic Corp. announced the world’s highest PCE of 

17.9% for a larger perovskite module (> 800 cm2).85,86 China invested heavily in the 

industrialization of perovskite technology with a plan to develop a 1GW perovskite cell 

production line by 2022.87 

Although significant progress has been made, the PCE of perovskite modules still lags 

behind the state-of-the-art small area (∼ 0.1 cm2) cells fabricated by spin coating (Figure 

I-14.b). Indeed, when the device area of the solar cells increases, the PCE tends to 

decrease. In the case of the perovskite solar cells and modules, the efficiency loss is 
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mainly due to non-uniform deposition/crystallization of all functional layers, i.e., the 

perovskite layer, both electron-transport and hole transport layers, and the back electrode.  

Table I-1: Notable perovskite solar cells and module records obtained by different fabrication 

processes.  

Architecture 

Absorber 

deposition 

method 

Active 

Area 
PCE 

Ref. 

cm² % 

FTO/FAPI/OAI/Spiro-OMeTAD/Au 

Spin-coating 

0.08 25.6 [21] 

FTO/c-TiO2/m-TiO2/FAMA/P3HT/Au 24.97 17.1 [88] 

FTO/SnO2/KCsFAMA/Spiro-OMeTAD/Au 53.64 17.8 [89] 

FTO/c-TiO2/m-TiO2/MAPI/fMoS2/Spiro-

OMeTAD/Au 
108 13.4 [90] 

FTO/c-TiO2/m-TiO2/MAPI/Spiro-

OMeTAD/Au 
354 12.6 [73] 

FTO/c-TiO2/m-TiO2/FAMA/P3HT/Au Bar-coating 24.97 17.2 [88] 

FTO/SnO2/MAPI/Spiro-OMeTAD/Au 
Spray-

coating 

0.1 16.3 [91] 

ITO/NiOx/MAPI/C60/BCP/Ag 10.4 6.18 [92] 

FTO/TiO2/MAPI-Cl/PTAA/Au 40 15.5 [93] 

FTO/m-TiO2/C60/MAPI/Spiro-

OMeTAD/Au Inkjet 
1 17.9 [94] 

FTO/c-TiO2/m-TiO2/MAPI/m-ZrO2/Carbon 1.5 9.1 [95] 

FTO/c-TiO2/PCBM/MAPI/ Spiro-

OMeTAD/Au Blade-

coating 

0.09 21.9 [81] 

ITO/PTAA/MAPI/C60/BCP/Cu 42.9 15.86 [96] 

FTO/c-TiO2/m-TiO2/MAPI/P3HT/Au 100 4.3 [97] 

ITO/PTAA/MAPI/C60/BCP/Ag 

Slot-die 

coating 

0.09 21.35 [80] 

FTO/c-TiO2/FACs/[M4N]BF4/ Spiro-

OMeTAD/Au 
16 19.4 [82] 

FTO/NiMgLio/Ag/FACs/C60/BCP/Ag 20.77 16.63 [45] 

ITO/SnO2/CsFA/ Spiro-OMeTAD /Au 52 11.6 [98] 

FTO/c-TiO2/m-TiO2/m-

ZrO2/Cu:NiOx/Carbon 
70 12.1 [99] 

ITO/TiO2/MAPI/Spiro-OMeTAD/Au 200 11.8 [100] 

 

 

 

 

 Slot-die coating deposition process 
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Similarly to spin-coating, both one-step and two-step slot-die deposition have 

been studied. Generally, the two-step technique allows better control of the final layer 

morphology by finely monitoring the PbI2 layer crystallization.101–103 In addition, within 

the development of perovskite/silicon tandems, the deposition on a surface with a 

pyramidal texture requires a high coverage rate favored by the sequential deposition 

method.  

However, the one-step procedure is less complex in processing and affords to reduce the 

coating time. This makes this procedure more compatible with large-scale production. 

During the one-step protocol, the slot-die deposition is usually followed by a drying step 

to evacuate the solvent properly. Depending on the drying techniques selected, the 

solution chemistry and processing conditions developed for spin coating cannot be 

directly applied in other scalable deposition methods. Thus, the incorporation of additives 

into the perovskite precursor’s solution has been widely studied in the literature to 

promote nucleation and slow down the growth rate. Notably, perovskite thin films 

derivated from chloride-containing precursors or additives present larger grains due to 

their preferential coordination with PbI2, which delays subsequent growth.104–107 In a 

similar way, the record cell efficiency obtained by slot-die used the potassium thiocyanate 

as an additive to enhance the electronic properties of the perovskite layer.80 (Figure I-

15.a.). It is also possible to vary the nature of the lead precursor (PbCl2
104, Pb(NO3)2

108, 

and PbAc2
109) to influence the kinetics of crystal growth (Figure I-15.b.). Finally, 

optimization of the solvent mix enables to accelerate the drying of the perovskite layer, 

especially in the case of air blowing or vacuum aspiration systems. For example, it is 

possible to combine volatile (Acetonitrile, 2-methoxyethanol) and low-volatile (DMF, 

DMSO, NMP) coordinating solvents to achieve both fast drying and large perovskite 

grains at room-temperature.72,110,111 Combining a double-additive strategy, i.e., 

methylammonium chloride (MACl) and hexamethylphosphoramide (HP), Z. Yang et al.45 

recently achieved a new world record for perovskite modules fabricated by slot die, 

yielding an efficiency of 16.63 % on 20.77 cm2 (Figure I-15.c.). Such promising results 

encouraged industrial companies to bet on slot-die technology to develop further large 

surface Si/perovskite tandems (Figure I-15.d.).  

To date, the best single-junction solar cell with an effciency of 21.35% 80 has been 

fabricated by the one-step slot-die deposition method. Recently A.S. Subbiah et al. 

reported a slot-die-coated perovskite/silicon monolithic 2-terminal tandem achieving a 

PCE of 23.8% using a textured silicon bottom cell.112 
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Figure I-15: Slot-die deposition techniques. a. SEM images of perovskite films deposited by spin-

coating and slot-die coating assisted by hot-casting treatment. Reproduced from ref. [113]. b. 

Schematic diagram of the perovskite film formation mechanism via mix-precursors strategy. 

Reproduced from ref. [109]. c. I-V curves of perovskite-based modules and reproducibility 

statistics [45]. d. Wafer size perovskite module. Oxford PV.  

Although many different deposition techniques were explored for the manufacturing of 

PSCs, the slot-die coating remains one of the most investigated techniques and probably 

the most preferred deposition route. However, even if the additives strategy displays 

encouraging results to slow down the crystal growth, the final film morphology depends 

highly on the solvent extraction method. Indeed, a rapid solvent extraction from the 

perovskite precursor solution is crucial to reach the supersaturation state more rapidly, 

thus promoting higher nuclei numbers.  

 Solvent extraction strategies 

 Anti-solvent method 

The anti-solvent method is widely used to fabricate perovskite solar cells. Its 

utilization allows reaching the highest lab performances.21,49,114 To quickly enter into the 

supersaturation regime, a non-polar “anti-solvent” is dripped on the perovskite layer. The 

latter requires to be not miscible with the perovskite precursors. For a larger sample, the 

perovskite layer can also be immersed in an anti-solvent bath. The concentration of the 

perovskite precursors in the remaining solvent mixture then sharply increases and triggers 



Chapter 1: State of the art

 
 

 

 

37 

 

the crystallization mechanism. Generally, the polar precursor solvents can be DMF (N, 

N-dimethylformamide)111,115–117 or GBL (γ-butyrolactone).93,118 These solvents are 

commonly composed of a fraction of DMSO (Dimethylsulfoxide)68,111,115,117,119,120 or 

more rarely of NMP (N-méthyl-2-pyrrolidone)68,111,121, which makes it possible to 

generate solvent-precursor adducts. The anti-solvent can be toluene120, isopropanol 

(IPA)115, diethylther (DEE)28, chlorobenzene (CB)119,122 or benzene123. However, the anti-

solvent method presents homogeneity issues when increasing the film size.123 In addition, 

while several slot-die efficiency records are still based on anti-solvent derived methods 

(bath or dripping)45,77,78, it requires a large amount of potentially toxic solvents, which 

can be detrimental for future industrial applications.124 

 Solvent evaporation mechanism 

As illustrated in Figure I-16, the solvent in the gaseous form will fill a volume of 

surface S and height H during evaporation. This volume of air is defined according to a 

total pressure Pt. If we consider the air above as a mixture of ideal gases, the contribution 

of the solvent evaporation to the total pressure Pt is defined as the partial pressure P*i. 

The total pressure Pt can be expressed as the sum of the partial pressures of gases.125 

To allow the total evaporation of the solvent and the production of a high-quality film, it 

is necessary to maintain partial pressure of the solvent P*I lower than the saturated vapor 

pressure, Pg. The value of the evaporation flow is determined by the pressure difference 

ΔP between the values of partial pressure P*i and saturated vapor pressure Pg. If the partial 

pressure reaches Pg, the volume is saturated, and the evaporation flux stops. However, 

evaporated solvent remains in a saturated boundary layer near the substrate surface, even 

in a large available volume, which slows down the evaporation flux. Therefore, it is 

necessary to evacuate the evaporated solvent molecules quickly to promote high 

nucleation. 

 

Figure I-16: Evaporation of a perovskite wet film in a not polluted defined volume V. The solvent 

of the perovskite film can evaporate as long as the gas vapor pressure P* value is under the vapor 

pressure Pg. 
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 Alternative solvent extraction systems 

 Forced gas-flow 

 Air blowing 

The most widespread drying systems apply an air blow (dry air of N2) on the sample’s 

surface (Figure I-17.a). A gas nozzle is generally associated with the slot-die's deposition 

head and dries the perovskite immediately after deposition. Du et al. achieved over 19% 

power conversion efficiency on 16 cm² perovskite modules, thus validating the 

compatibility of this method for larger substrates. However, to efficiently evacuate the 

solvent, a high-pressure gas flow is needed. Insufficient blowing pressure can result in 

inhomogeneous film coverage and dendritic morphology due to poor nucleation.126 

To overcome this constraint, L. Gao et al. proposed a more efficient method called the 

“Air Knife Method” (MAK). Contrary to vertical airflow, MAK induces a parallel airflow 

very close to the substrate surface (Figure I-17.b), thus decreasing the boundary layer h 

above the forming layer. With this procedure, it is possible to accelerate the evaporation 

of the solvent with lower airflow. Thin-films obtained by this method yielded devices 

efficiency of over 17%.127  

 

Figure I-17: Air blade drying systems. a. Schematic representation of vertical air blow. b. 

Schematic representation of Air Knife Method. 

 Vacuum aspiration 

Unlike air blowing, vacuum aspiration removes the solvent by aspiration in a 

vacuum chamber. The advantage of this technique is the absence of a boundary layer 

delaying the diffusion and the evacuation of the solvent from the perovskite layer. First, 

B. Ding et al. developed a Gas Pump Method (GPM)128 illustrated in Figure I-18.a., 

which led to the fabrication of perovskite solar cells yielding efficiencies up to 19% on 

0,1 cm² and almost 14% on 1,13 cm² area. These excellent results are due to the perfect 

coverage of the layer and large average grain size (> 400nm). Remarkably, the measured 

roughness (Sa = 8nm) was equivalent to the roughness reported by L. Gao et al. for the 
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MAK process (Sa = 5 nm).127 However, the quite long depressurization time (> 30 sec) 

impacted the speed of evaporation. Then, B. Ding et al. improved the pumping method 

by adding a gas flow in the vacuum chamber, which enhanced small cell performances to 

20.44% over a 1.13 cm² area.129 

More recently, X. Li et al. developed a quasi-instantaneous evacuation method. A double 

chamber system allows the chamber containing the substrate to reach 20 Pa in only a few 

seconds (Figure I-18.b). They also introduced a GBL/DMF solvent mix to slow down 

the crystal growth and prevent layer dewetting. Using the Vacuum-Flash Solution 

Processing (VASP) method, X. Li et al. obtained a PCE of 20.38% on 1 cm² aperture 

area.130 

Whereas both GPM and VASP have been developed with spin-coating deposition 

method, F. Guo et al. combined vacuum aspiration method with blade-coating deposition 

(Figure I-18.c).131 They reached over 18% efficiency on 0.09cm² and 11% for 4x4 cm² 

modules. Vacuum drying was associated with MACl addition which enabled obtaining 

large grain size (> 1μm). 

 

Figure I-18: a. Fabrication process steps of GP method and resulting perovskite films. 

Reproduced from ref. [128]. b. Schematic illustration of nucleation/crystallization procedures 

during the perovskite film formation via vacuum-flash assisted solution processing (VASP). 

Reproduced from ref. [130]. c. Schematic illustration of the one-step deposition of a perovskite 

film via blade coating, using a vacuum extraction drying system. Reproduced from ref. [131]. 
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 Surface heating 

 Hot-casting 

Alternatively to a flow-induced method, substrate heating can also fasten the 

solvent removal. A. Vilayan et al. deposited by slot-die a perovskite layer on a pre-heated 

substrate at 130°C and achieved a 14.5% efficiency for a 0.125cm² aperture area by this 

method.113 However, one significant drawback is that the more elevated coating 

temperature gives rise to a higher surface roughness, which is detrimental to excellent 

interface quality (Figure I-19.a.).  

However, Cotella et al. diminished this surface roughness from 180nm to 130nm by 

combining a pre-heated substrate at 65°C with an additional air-knife (Figure I-19.b.).132 

In addition, this method makes it possible to achieve lower crystallization temperatures 

for lead halide perovskite deposition by selecting highly volatile solvents. For example, 

this technique has been successfully applied to deposit MAPI perovskite films on the pre-

heated substrate at 70°C using methanol and acetonitrile solvent mixture.80 As a result, 

the authors reached as high as 21.38% efficiency for small lab-scale solar cells. 

 

Figure I-19: a. Schematic representation of the slot-die coating process and SEM top-view of (a) 

slot-die-coated film and (b) spin-coated film. The insets show the roughness of the films as 

measured by profilometry. Reproduced from ref. [113]. b. Illustration of the layer differences 

obtained with the substrate at 20°C, pre-heated to 65 °C and 65 °C with an air knife. Reproduced 

from ref. [125]. 

 Light exposure 
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Recently, intense pulse light (IPL) or Flash infrared annealing (FIRA) has been developed 

as a new anti-solvent-free method to dry the perovskite layer efficiently.  

IPL delivers a broad spectrum light beam, typically between 150 and 1000 nm, for a few 

milliseconds duration to rapidly increase the temperature of the layer.134 It creates a 

perovskite film with a more homogeneous profile and smoother surface. However, it 

requires a fine optimization of the pulsed light parameters (number of pulses and energy 

density of the radiation (in J/pulse or J/cm²)) to manage the energy delivered during the 

exposure (Figure I-20.a) and avoid the degradation of the film by the temperature. Lavery 

et al. have achieved 12.3% on 0.1cm² combining a spin-coating deposition and an IPL 

drying. 

On the same principle, the FIRA method exposes the perovskite layer to intense NIR 

radiation within a wavelength ranging from 750-2500 nm. Unlike the IPL, the TCO 

absorbs most of this energy. The TCO layer is directly heated by the NIR exposition, 

which indirectly elevates the temperature of the perovskite film (Figure I-20.b.). Thus, 

the FIRA method is a substrate-induced crystallization mechanism, as opposed to the IPL 

causing a bulk-induced crystallization.  

Therfore, the NIR exposition can evaporate the solvent while avoiding exposure to UVs 

which is a source of degradation for the perovskite layer.122,123 S. Sanchez et al. reported 

over 20% efficiency for small solar cells and up to 17% on 1.4 cm² area137 and B-J. Huang 

et al. achieved 14.3% efficiency on 80x80cm² area module deposited by slot-die 

technique.138 

 

Figure I-20: a. Schematic of the parameters involved in the IPL process. Reproduced from ref. 

[139]. b. Temperature measured in the chamber and on the FTO surface with thermocouples and 

surface temperature of the perovskite film measured by an IR camera. Reproduced from ref. 

[136]. 

All these drying approaches played an essential role in raising the efficiency of large-area 

perovskite solar cells. However, the large efficiency gap remaining between lab devices 



Chapter 1: State of the Art 

 
 

 

 

42 

 

to large-area modules is still noticeable, representing one major challenge towards the 

industrialization of the technology. So far, the announcements of record efficiencies are 

still mainly realized on small-area devices fabricated by spin-coating.  

 Conclusions 

In this chapter, we presented the general context in which this Ph.D. has been 

conducted. As energy production based on renewable energies increases each year, solar 

technologies represent an exciting path for future low-carbon energy production. 

Perovskite especially showed tremendous efficiency increase and demonstrated 

promising results towards large-scale deployment.  

We discussed the fundamentals of the nucleation and crystal growth of perovskites that 

need to be considered carefully when dealing with larger areas. The underlying 

crystallization physics enlightened us that suppressing the crystal growth while 

accelerating the nucleation is essential to form large perovskite grains. However, it is 

crucial to understand better the crystallization mechanisms involved during the film 

formation to implement the existing nucleation/growth models and fabricate a high-

quality perovskite film on large areas.  

Then, we presented the recent progress realized on large-area deposition methods. We 

especially focused on the slot-die deposition technique, which is at the core of this thesis. 

We described the associated chemical composition and additives strategies deployed to 

adapt the perovskite composition to the large-scale deposition constraints. 

Finally, we reviewed the different existing drying approaches and emphasized on pros 

and cons of each method. Given the fundamental differences identified between the 

crystallization dynamics of the anti-solvent spin-coating system and scalable coating 

associated with an alternative drying system, it is essential to re-formulate a precursor ink 

designed explicitly for scalable crystallization.  

In the rest of this work, we will develop different additives strategies we elaborated to 

fabricate our perovskite layers, using a slot-die coating deposition method combined with 

a vacuum aspiration drying system. The experimental results will be discussed in the 

following experimental chapters.  
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CHAPTER 2:  

Methodology of fabrication 

of the perovskite device and 

effect of surfactant addition  
 

 

 Introduction 

In this chapter, we present the general fabrication protocol of the perovskite solar 

cells and propose a surfactant-assisted protocol to improve the morphology of the 

absorber.  

First, we describe the fabrication steps of each layer of the perovskite device, from the 

deposition of the charge transport layers by spin coating to the evaporation of the gold 

top-electrode. 

Following this, we focus on optimizing the key parameters for the slot-die technique to 

obtain a uniform perovskite layer. Then, the influence of the drying step on the perovskite 

layer morphology will be discussed.  

Finally, we detailed our results on the influence of a surfactant addition into the perovskite 

precursors solution on the absorber opto-electronic properties. For this study, we 

investigated two different perovskite compositions: a low bandgap perovskite 

Cs0.2FA0.8Pb(I0.95Br0.05)3 (Eg = 1.58 eV) and a higher bandgap perovskite 

Cs0.17FA0.83Pb(I0.83Br0.17)3 (Eg = 1.75 eV).  
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 Device architecture and fabrication protocol 

This thesis focuses on the deposition of the perovskite absorber layer by using the 

slot-die technique. Nevertheless, the fabrication of the selective transport and the 

electrode layers combined with different deposition techniques had to be adjusted for 

large substrates. The deposition methods were adapted from the baseline process, 

developed at IPVF lab for spin-coated devices.1 

The slot-die coating requires a leading edge and a trailing edge to start and end the 

coating, representing around 1 cm on each extremity. Thus, to allow a large enough 

deposition area, we decided to use 10 x 5 cm² substrates to perform our deposition process 

and then cut them into small pieces for analysis and device fabrication. The width of the 

coating substrate was ascribed to the size of the slot-die coating head (5 cm) used during 

this thesis. It is possible to vary the surface of the coating up to 20 x 20 cm². However, 

the substrates were mainly kept to this size because it is also small enough to run 

experiments with multiple annealing conditions, ink composition, and deposition 

parameters without using too many consumables for material optimization. For all 

experiments, the environmental temperature was maintained between 19°C and 26°C, and 

the atmospheric moisture level was between 30 and 55 RH %. In the glovebox, the 

atmosphere was composed of nitrogen with low levels of H2O and O2 (< 15 ppm). 

Figure II-1 shows the fabrication process of the perovskite solar cells, from the 10 x 5 

cm² substrate to 2 x 2.5 cm² individual cells. This fabrication protocol will then stay 

identical in the rest of this thesis unless indicated otherwise. 

Each fabrication step is described in this part, except the perovskite deposition step that 

will be detailed more precisely in part. 3. 

 

 

Figure II-1: Main steps of the fabrication process of small-area perovskite solar cells. The 

deposition of the TiO2 layers was completed in ambient conditions. The perovskite layer and the 

HTL were deposited in a N2-filled glovebox.  
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 Preparation and etching of the substrates 

We used a soda lime glass substrate with a FTO (Fluoride-doped Tin oxide) conductive 

layer (TEC 7 / 3.1 mm) from Pilkington The sheet resistance of the FTO layer is around 

7-8 Ω/sq, for a thickness of 300 nm.  

The patterning of the FTO consisted of two etched lines, 1 cm from the edges throughout 

the length of the substrate. It created an isolated area to deposit the metallic electrode. 

This etching is symbolized by the two red lines in Figure II-2. First, the patterning of the 

FTO was performed by chemical etching using a zinc powder and a diluted hydrochloric 

acid solution (30% in water). Then, this technique was gradually replaced for practical 

reasons by laser patterning during this Ph.D. This change does not influence the final 

device characteristics.  

 

Figure II-2: Schematic description of the different etching techniques. 

Following the scribing step, the glass substrates were washed during three successive 

ultrasound baths. First, the substrate was immersed in a detergent bath (2 vol% RBS™ in 

deionized water) for 45 minutes. Then, the glass was washed in acetone for 20 minutes 

and finally in isopropanol (IPA) for 20 minutes.  

 TiO2 bilayer deposition 

 c-TiO2 Layer 

Once cleaned, the glass was introduced in UV-ozone cleaner for 15 minutes and 

then transferred on a hotplate for annealing at 500°C for 30 minutes to remove potential 
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organic residues (Figure II-3). Glass slides were deposited in the middle of the substrate 

to protect a part of the FTO from the spray-coating of the compact TiO2 (c-TiO2) layer. 

After 30 minutes, the hotplate temperature went down and stabilized at 450°C.  

To prepare the compact TiO2  layer, the solution was prepared just before the spray-

coating. For a total volume of 50 mL, the solution was composed of 3 mL of titanium 

diisopropoxide bis(acetylacetonate) (30 vol% TAA precursor in IPA), 2 mL of 

acetylacetone in 45 mL of IPA. The nozzle parameters were adjusted before each coating. 

After 20 deposition steps, the c-TiO2 thickness is around 20 nm. 

The successive moves were made 20 cm above the substrates, bottom to front and front 

to bottom, along with the red arrows in Figure II-3. After the spray-coating, the substrates 

were kept at 450°C for 15 minutes and then cooled down to room temperature. The 

substrates were then stored under vacuum until the subsequent layers deposition.  

 

Figure II-3: Disposition of the glass/FTO on the hotplate for the c-TiO2  deposition by spray 

pyrolysis. Schematic representation of the disposition of the glass substrates (left) and photo of 

the glass substrates on the hotplate (right). 

 Mesoporous deposition 

The solution for the deposition of the mesoporous TiO2 layer was a colloidal 

solution of TiO2 nanoparticles (Greatcell Solar Materials, 30 NR-D, titania paste diluted 

in absolute ethanol). The solution concentration was a (EtOH: TiO2) mass ratio of (7: 1). 

The solution was prepared at least 24 hours before the coating and stirred at ambient 

temperature. 

In this step, the m-TiO2 was deposited on the entire substrate as it was assumed that it 

was removed during the subsequent perovskite etching. The spin-coating parameters were 

the same as the baseline: Vrotation = 4000 rpm, arotation = 2000 rpm.s-1, Trotation = 35 sec. A 

volume of 1.7 µL was deposited on the substrate by static spin-coating. After the 

deposition, the substrates were placed on a hotplate for annealing. The steps of the 
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annealing process are displayed in Table II- 1. After the coating, the substrate was kept 

under a vacuum.  

Table II- 1: Parameters of annealing of the mesoporous layer. 

Steps 1 2 3 4 5 

Time (min) 5 15 5 5 5 

Temperature (ºC) 125 325 375 450 500 

Ramp (°C/min) 25 13,3 10 15 10 

Dwell time (min) 5 5 5 15 15 

 

 HTL deposition and evaporation of the gold electrode 

The specific deposition protocol of the perovskite layer by slot-die is detailed in 

part. 3. After the slot-die deposition, the perovskite layer was removed from the glovebox 

and divided into individual cells of 2 x 2.5 cm² size.  

The HTL solution is composed of spiro-OMeTAD powder at C = 11.14 M.The HTM is 

doped by including 3 oxydizing additives, namely the LiTFSI (lithium 

bistrifluoromethanesulfonimidate) at C = 0.045 mol/L , the FK209 Co(III) (tris[2-(1H-

pyrazol-1-yl)-4-tert-butylpyridine cobalt(III) tris bis(trifluoromethylsulfonyl)imide)]) at 

5.10-3 mol/L and commercial solution of 4-tertbutylpyridine (tBP)  at C = 0.31 mol/L. 

Then, the HTL layer was deposited on each cell (V = 30 µL) by dynamic spin-coating 

inside a glovebox (3000 rpm for 30 seconds).  

After, a chemical etching by DMF and DMSO revealed the FTO. Finally, a 100nm-thick 

gold electrode was evaporated on top of the stack. A metal mask delimited the active area 

of 0.09 cm². The final stack of the solar cell and the different deposition methods 

associated with each layer are displayed in Figure II-4. 
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Figure II-4: Stack of a perovskite solar cell. Each layer is displayed with its associated deposition 

methods. 

 Perovskite absorber layer by slot-die coating 

 Presentation of the slot-die configuration 

 The slot-die setup 

During this thesis, we used a nRad slot-die coater from nTact® to deposit the 

perovskite wet film. The slot-die is enclosed in a specially adapted glovebox from 

MBraun (Figure II-5). The maximum coating size is 20 x 20 cm². The chuck is made of 

a marble with a vacuum aspiration to ensure the perfect flatness and immobility of the 

substrate during the coating. 

The perovskite precursors solution is pumped from the ink tank by a syringe and then 

injected into the coating head through the manifold, fixed on the head. The manifold 

distributes the coating fluid that enters the die and is designed to generate a uniform, 

streamlined flow of material through the exit slot of the die. The slot-die head can move 

above the substrate placed on the marble along both the X and Y-axis. 
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Figure II-5: The slot-die setup inside the glovebox before the building of the coating head. A UV 

filter protects the inside of the glovebox. 

 The slot-die coating head  

The head is composed of two machined metallic pieces, made of stainless steel 

316L to avoid chemical attacks, and is separated by a PEEK mask to control the distance 

between the two pieces, here around 125 microns. A schematic representation of the slot-

die is displayed in Figure II-6. The most important parts of the head are the lips, delicate 

triangle parts, depending on manufacturers, that guide the ink flowing outside the head 

and form the meniscus.  

The head also includes an ink tank to regularize the injection flow. Its size depends on 

the head size. For the smaller head of 5 cm coatings, the ink tank volume is about 2 mL. 

In total, the filling of the system (head ink tank + pumping system + syringe) necessitates 

around 5 mL of solution. For a classical batch of 10 large substrates, 20 mL of perovskite 

precursors solution was necessary. 
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Figure II-6: a. Photo of the slot-die coating head with the ink tank. b. Schematic image of face 

and side of the slot-die coating head. 

 Optimization of the coating parameters 

To properly initialize the coating and generate a homogeneous layer, the influence 

of the coating parameters on the perovskite layer quality has been investigated. The 

parameter optimization presented in this part has been performed with a double cation 

perovskite composition Cs0.2FA0.8Pb(I0.95Br0.05)3. This composition was first developed 

for slot-die deposition at IMEC (Interuniversity Microelectronics Centre) and transmitted 

during a training in the EnergyVille center (Leuven, Belgium). Then, this perovskite layer 

protocol was adapted at the IPVF lab. The first parameters optimization have been carried 

out on 5 x 5 cm² substrate and then transferred to 5 x 10 cm². 

 Meniscus formation and coating initialization 

The formation of the meniscus is essential to initialize the coating. At the 

beginning of the deposition, the coating head aligns with the substrate. Then, the head 

approaches the substrate to form the meniscus by capillarity. This position is called the 

leading edge gap (LLEG). Then, the head rises to its coating gap position (LCG) and 

accumulates a volume of solution inside the meniscus to form the coating bed during the 

ink injection delay. The ink injection delay is the time between the beginning of the ink 

injection and the moment the coating head starts to move. The main coating steps are 

displayed in Figure II-7. 



Chapter 2: Methodology of fabrication of the perovskite device and effect of surfactant 

addition 

 
 

 

 

66 

 

 

 

Figure II-7: Slot-die coating deposition parameters and main steps. Schematic representation of 

the meniscus.  

To form a stable coating bed, the combination of the leading edge gap, the coating gap, 

and the ink injection delay has been optimized. The slot-die coating of the perovskite 

layers has been first performed on a 5x5 cm² glass/FTO substrate. The results of the 

different coatings are displayed in Table II-2. 

First, LCG was fixed at 80 µm, and LLEG was set at 60 µm. In these conditions, no coating 

was obtained regardless of the ink injection delay. In this case, we found that the gap was 

too high to maintain the integrity of the meniscus between the coating head and the 

substrate. 

For a lower LCG, namely 60 µm, the meniscus is not formed at the beginning of the 

coating. Consequently, increasing the ink injection delay up to 7 seconds to obtain a 

deposition was necessary. However, the deposition only started in the middle of the 

substrate, indicating that the meniscus was not formed at the beginning of the coating. 

The ink accumulation on the lips formed a drop that fell during the deposition. If the ink 

injection delay is further increased, it can overfill the meniscus and thus end up with an 

inhomogeneous layer. 

Finally, LLEG has been lowered to 30 µm. This time, the meniscus is initialized correctly 

from the beginning. In this case, an ink injection delay as short as 0.5 seconds became 

sufficient to onset a coating layer. Further increase of the ink injection delay generates an 

inhomogeneous coating. This observation suggests an important ink accumulation in 

front of the teeth, similar to a blade-coating mode. Regarding the previous results, the 

ideal initialization parameters are fixed to LCG of 60 µm, LLEG to 30 µm, and a delay of 2 

seconds. 

 

 



Chapter 2: Methodology of fabrication of the perovskite device and effect of surfactant 

addition 

 
 

 

 

67 

 

Table II-2: Influence of the leading edge gap and the ink injection delay during the deposition of 

the perovskite layer by slot-die coating. 

 

 Puddle phenomena and end of the coating 

After a first optimization of the parameters, the substrates have been enlarged to 10x5 

cm². We focused on the following key parameters at the end of the coating :  

• The trailing edge gap (LTEG), which brings the lips closer to the substrate at the 

end of the coating (μm) 

• The ink injection offset, which stops the ink injection into the slot-die head before 

the end of the coating (mm) 

• The ink suck back, which evacuates the residual ink inside the coating head to 

absorb the meniscus 

The results are displayed in Table II-3. 

At the end of the coating, the meniscus breaks. The residual ink contained in the coating 

bed spreads over the end of the coating. It forms an area at the end of the coating with a 

higher thickness, called “puddle.” When the LTEG is fixed at 70 µm and the ink injection 

offset at 5 mm, this area covers almost half of the glass substrate (ca. 6 cm).  

Increasing the ink injection offset from 5 mm to 10 mm is an efficient way to decrease 

the puddle area. With the augmentation of the ink injection offset from 5 mm to 10 mm, 

the puddle area reduces to 3 cm. With an offset of 15 mm, a slight decrease of the puddle, 

from 3 cm to 2 cm, is observed. However, it is preferable not to use an ink injection offset 

larger than 15 mm since it induces a gradual diminution of the thickness towards the end 

of the coating. 
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Then, LTEG has been gradually decreased from 60 µm to 40 µm to reduce the distance 

between the teeth and the substrate, hindering the break of the meniscus. A suckback then 

evacuates the residual ink inside the coating head to absorb the meniscus.  

Finally, a combination of an ink injection delay of 15 mm, LTEG of 50 μm, and a suckback 

of the residual ink into the head successfully allows the deposition of a perovskite layer 

without a visible puddle. 

Table II-3: Influence of the ink injection offset, the ink suckback, and the trailing edge gap on 

the puddle formation during the deposition of the perovskite layer by slot-die coating. 

 

 Optimization of the perovskite layer thickness and uniformity 

Regarding the previous optimization results, the slot-die parameters were fixed at 

LCG = 60 μm, LLEG = 30 μm, an ink initialization delay of 2 seconds, LTEG = 50 μm, and 

a final ink injection offset of 15 mm. The coating speed has been fixed at 14 mm/s. 

The influence of the main operating parameters on the perovskite layer thickness has been 

explored: 

- Ink injection rate (IIR) of the perovskite precursors solution (μL/s) 
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- Solid content (SC) of the deposited perovskite precursors solution 

The SC is calculated as the mass ratio of the precursor on the total mass of the solution 

(Eq. 1).  

SCsolution =  
𝑚(𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟𝑠)

𝑚(𝑝𝑟𝑒𝑐𝑢𝑠𝑜𝑟𝑠)+𝑚(𝑠𝑜𝑙𝑣𝑒𝑛𝑡)
 (Eq.1) 

First, we explored the relationship between the thickness of the dry perovskite layer and 

the IIR. This study have been conducted with two different solution content SC1 = 26% 

and SC2 = 33% (C1 = 0.6M and C2 = 0.8M). We fixed a thickness goal of  ≈ 470 nm for 

the perovskite films. The results are displayed in Figure II-8.a.  

At a solid content of 26% (C1 = 0.6M), it is necessary to set the IIR up to 10 µL/s to obtain 

a layer thickness of up to 450 nm as determined by cross-section SEM measurements. 

However, a high IRR can generate a potential accumulation of ink in the meniscus, thus 

creating thickness heterogeneities on the perovskite layer. The augmentation of the 

coating speed will destabilize the meniscus. Figure II-7 illustrates the different forces 

regulating the coating bed. The shear forces increase with the coating speed, which can 

generate coating defects call “dripping” that are visible on the substrates as bubbles or 

surface heterogeneities.2 Consequently, the coating speed has to be limited to 13 mm/s. 

To characterize the homogeneity of the perovskite layers fabricated with IIR = 10 µL/s 

and SC = 26%, 24 thickness measurements have been performed by profilometry along 

four measurements lines named e1, e2, e3, and e4 on 5x10cm² substrates (Figure II-8.b). 

These measurements create thickness mapping of the perovskite layer, displayed in 

Figure II-8. c. shows a large distribution of thickness values, from 300nm to 450nm, 

owing to the meniscus instability generated by the IIR of 10 µL/s. Thus, the thickness is 

only 332 nm on average, a value significantly below the targeted thickness of 470 nm. 
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Figure II-8: a. Influence of the ink injection rate on the thickness of the perovskite layer deposited 

by slot-die coating (cross-section SEM measurements). b. Perovskite layer mapping. We 

performed 24 measurements symbolized by the crosses. The measurement lines are separated by 

1 cm from each other and 0.5 cm from the edges. c. Thickness mapping of the perovskite layer. 

SC = 26% (0.6M). IIR = 8µL/s. d. Thickness mapping of the perovskite layer. SC = 33% (0.8M). 

IIR = 3uL/sec. The thickness values were determined by profilometer measurements. 

At a solid content of 33% (C2 = 0.8M), a smaller IIR between 3 and 5 μl/sec is necessary 

to reach a 470nm thick perovskite layer. In addition, the thickness map is displayed in 

Figure II-8. d. displays a more uniform profile with an average thickness of ca. 460 nm. 

If we exclude the last centimeter of the coating, the standard deviation is reduced from σ 

= 42 nm for the following parameters SC = 26% (0.6M) / IIR = 8 μl/sec, down to 16 nm 

for SC= 33% (0.8M) / IIR = 3.5 μl/sec. 

In both cases, after 9 cm of coating, the map shows a significant decrease in the thickness 

of the perovskite layer, which is ascribed to the ink injection delay set at 15 mm. 

Consequently, in the rest of this thesis, the first and the last 1 cm of the substrate will be 

considered as sacrificial area and thus never used. 

Finally, the optimized slot-die deposition parameters used for the fabrication of the 

perovskite layer during this work are displayed in Table II-4. 
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Table II-4: Optimized slot-die deposition parameters 

Meniscus Initialization Coating End 

Ink injection 

delay 
LEG LCG Coating speed IIR SC LTEG 

Ink injection 

offset 

s µm µm mm/s μL/s % μm mm 

2 30 60 14 3.5 33 40 15 

 

 The drying step 

After the slot-die coating deposition, a wet perovskite layer is obtained. To trigger 

the nucleation and growth of the crystalline phase, it is essential to extract the solvent. 

This drying step can be ensured either by slow self-drying or a quenching method.  

Traditionally for spin-coating, the solvent is evacuated by the dripping of an anti-solvent 

on the substrate for the spin-coating process. However, this technique is unsuitable for 

deposition on large areas and contributes to excessive chemical wastes in the elaboration 

process, as largely discussed in Chapter 1. 

Several solvent extraction systems have been compared to the vacuum aspiration method 

to compare the crystallization paths: Self-drying (Figure II-9.a), dipping in anti-solvent 

(Figure II-9.b), vacuum extraction (Figure II-9.c), and vacuum extraction combined 

with simultaneous annealing (Figure II-9.d). Then, after the solvent extraction, all the 

perovskite layers were annealed for 30 minutes at 110°C. In Figure II-9.e., the theoretical 

behavior of La Mer curves under each solvent extraction condition is represented. 

 

Figure II-9: SEM image of perovskite films deposited on glass/FTO/c-TiO2 and dried under 

different conditions. a. Self-drying. b. Dipping in CB bath for 2 minutes. c. Vacuum extraction for 

5 minutes and, d. Vacuum extraction for 5 minutes at T = 75°C. e. Influence of the extraction 
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solvent on the nucleation and growth rate according to the La Mer theory. The value tx is the time 

between the beginning of the solvent extraction and the entry in the supersaturation state.  

First, a perovskite layer was self-dried in the glovebox filled with nitrogen for 30 minutes. 

The SEM image (Figure II-9.a) shows an uncovering perovskite layer. The c-TiO2  

underlayer is visible. The island-like perovskite morphology is typical of a Volmer-

Weber growth model, suggesting that small clusters nucleate directly on the substrate 

surface and grow into islands of the condensed phase.3 Zheng et al. suggested that island-

shaped perovskite films are first formed and subsequently coalesce into dense films.4 

According to the La Mer mechanism,  the rate at which a solution enters a supersaturation 

state is a primary factor in regulating the perovskite nucleation.5,6 Considering the 

unstrained supersaturation state induced by the long solvent evaporation time under self-

drying conditions, a limited number of nuclei appear in the precursor’s solution.7 

Therefore, slow self-drying generates a lower amount of nuclei which prevent the 

coalescence of the perovskite islands and generate an incomplete film’s coverage.  

Then, the solvent extraction by an anti-solvent dripping has been studied by immersing a 

perovskite layer in 30 mL of chlorobenzene for 2 minutes. On the SEM image (Figure 

II-9.b.), the perovskite layer exhibits a smooth surface with a complete coverage. On the 

La Mer curve, we defined t1, the time before the solution enters in supersaturation state 

by anti-solvent dripping, and t3, the time before the solution enters in supersaturation state 

by self-drying.In Figure II-9.e., t1 < t3 indicates that the level of supersaturation is reached 

faster in the case of anti-solvent dripping. Consequently, contrary to the self-drying 

method, anti-solvent dipping triggers faster nucleation and yields uniform growth around 

these nuclei.  

Finally, the third condition investigated is vacuum extraction. A vacuum aspiration plate 

has been installed inside the glovebox to accommodate upscale processes better (Fig. II-

10). After the slot-die coating, the wet film is placed inside the vacuum chamber, which 

can reach one mbar in 4 minutes. The pressure is then maintained at this level of vacuum 

for one minute. In this case, the final perovskite layer shows a dendritic morphology, with 

improved coverage compared to self-drying, albeit numerous pinholes and incomplete 

coverage is still noticed (Figure II-9.c.), suggesting an insufficient nuclei density. In 

addition, we explored the combination between aspiration and simultaneous annealing. 

As visible on the SEM image (Figure II-9.d.), increasing the temperature to 70°C 

promotes the grain growth in the perovskite film, resulting in denser, though incomplete, 

perovskite film. The augmentation of the temperature enhances the dissolution of the 

colloids in the solvent, leading to a quick supersaturation rate. According to M. Bari et 

al., the high temperature of the system generates a high nucleation rate, causing an abrupt 

decrease in supersaturation and preventing further crystal growth.8 In addition, owing to 

the thickness of the FTO glass (i.e., 3.1 mm), noticeable thermal inertia exists. As a result, 

at the beginning of the aspiration, the glass takes a few seconds before reaching the 
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setpoint temperature of 100°C. Therefore, the annealing is delayed from aspiration and 

promotes incomplete nucleation.  

From these results, it appears very clear that vacuum extraction is a procedure less 

efficient than anti-solvent dipping to extract the solvent. Therefore, it is necessary to adapt 

the perovskite precursors solution composition to these new drying conditions.  

 

Figure II-10: a. Photo of the vacuum chamber used for the solvent extraction of wet perovskite 

layer after the slot-die deposition. b. Schematic description of the vacuum aspiration method. 

 Surfactant addition into the perovskite 

precursor’s solution 

Considering La Mer’s theory, as discussed in chapter 1, for a satisfying 

perovskite film morphology, it is essential to find the conditions to have fast nucleation 

and delayed growth. Introducing an additive into the perovskite precursors solution can 

favor the nucleation versus growth mechanism and efficiently modify the perovskite 

crystallization kinetic. This approach is at the core of the next part, in which we describe 

our results in the introduction of a surfactant into the perovskite ink. 

 Nucleation theory and surface energy tailoring 

The total free energy in solution is given by the sum of the surface free energy 

and the bulk free energy :  

∆𝐺 = ∆𝐺𝑠 +  ∆𝐺𝑏 =  4𝜋𝑟²𝛾 +
4

3
 𝜋𝑟3∆𝐺𝑏 (Eq.2) 

Where r is the radius of a spherical particle and γ is the surface energy.  

As shown in Eq.2, surface energy γ is a critical factor influencing nucleation behavior, 

especially in heterogeneous nucleation. To grow a uniform layer of a perovskite film, it 

is crucial to form heterogeneous nuclei on the substrate rather than homogeneous nuclei 

or heterogeneous nuclei on colloidal particles.3 
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During the nucleation phase in a perovskite wet film, the interfacial energy has three 

components, as shown in Figure II- 11. The terms γc-l, γs-c, and γs-l are the interfacial 

energies between the liquid and crystalline phase, crystalline phase and solid surface, and 

between the solid surface and liquid, respectively. In experimental conditions, a solid 

surface can be the substrate as well as impurities existing in the solution. Here, θ is the 

contact angle of the solution on the solid surface. If θ decreases, the nuclei and active 

centers exhibit higher affinity, leading to a lower energy barrier for nucleation. This 

phenomenon can be ascribed to the substantial reduction in the interface energy. 

Therefore, to promote heterogeneous nucleation on the surface of the substrate, the 

approach of introducing a surfactant into the precursor solution appears promising. 

 

Figure II- 11: Illustration of the contact angle (θ) for heterogeneous nucleation 

 Composition and structure of surfactants 

Surfactants are molecules that lower the surface tension (or interfacial tension) 

between either two liquids, a gas and a liquid or a liquid and a solid. Surfactants are 

usually amphiphilic organic molecules, meaning that they contain both a hydrophobic tail 

and a hydrophilic head (Figure II-12. a). Therefore, a surfactant contains both a water-

insoluble (or oil-soluble) component and a water-soluble component.  

 

Figure II-12: a. Schematic representation of a surfactant. b. Chemical structure of the surfactant: 

N-Dodecyl-N,N-dimethyl-3-ammonia-1-propanesulfonate inner salt 

In this part, we selected a zwitterionic surfactant with an anionic sulfonate group and a 

quaternary ammonium cationic group (Figure II-12. b). Several groups highlighted the 

role of the quaternary ammonium group for the passivation of I- vacancy defects9–11, 

combined with either a phosphate or sulfonate anionic group.12,13  
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Interestingly, X. Zheng et al. demonstrated the existence of coordination between PbI2 

and the sulfonate group, which as a consequence, has the potentiality to slow down the 

perovskite crystal growth, therefore hindering the morphological defects. The authors 

proposed that a sulfonate-based surfactant can efficiently attach to the surface of the 

perovskite nucleus’ due to the strong affinity of the sulfonate group to bind with lead ions.  

 Deposition of Cs0.2FA0.8Pb(I0.95Br0.05)3 perovskite 

 Preliminary tests by spin-coating deposition 

 Experimental method 

We performed preliminary tests to investigate several concentrations before any 

slot-die deposition by associating the spin-coating method and our vacuum aspiration 

system. Therefore, small size substrates glass/FTO/c-TiO2/m-TiO2 of 2x2 cm² have been 

fabricated according to the process detailed in part. 2.  

 

Figure II-13: Spin-test protocol 

As specified in part.3, the perovskite precursors solution has a solid content of 33% (C 

= 0.8M) for the slot-die deposition. This concentration is lower than the perovskite 

precursors solution traditionally used for the baseline deposition by spin-coating. In 

comparison, at IPVF lab, the  baseline solution concentration is 1M, which is in the range 

of the optimized precursors’ concentrations reported in the literature (0.8M - 1.1 M).14–17 

To mimic the upscale process drying conditions and keep a satisfying layer thickness, the 

spin-coating rotation has been lowered from 6000 rpm to 2000 rpm for 20 seconds. 

Indeed, a low rotation rate also avoids solvent evaporation during the film’s deposition. 

As a result, the thickness of the perovskite layers deposited by spin-coating is ca. 400 nm. 

For the same precursor’s concentration, the films deposited by slot-die exhibits a 

thickness of ca. 470 nm (Figure II-14). After the deposition, the solvent was evacuated 

by vacuum aspiration (Pmin = 0.7 mbar after 5 minutes). Finally, the film is converted into 

a perovskite structure by post-annealing at 110°C for 30 minutes. 
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Figure II-14: Cross-section SEM images of a perovskite layer deposited on glass/FTO/c-TiO2/m-

TiO2 by different deposition methods: a. Spin-coating and b. Slot-die coating.  

 Morphological characterization 

The 3DPS surfactant was directly added into the perovskite precursors solution 

(FAI, PbI2, PbBr2, CsI) in a DMF/NMP mixture (10:1 by vol.), and the surfactant 

concentration was stepwise increased. 

Without surfactant, the perovskite layer exhibits a matt surface aspect, typical of high 

surface roughness. In Figure II-15, the confocal image displays a heterogeneous surface 

with visible black voids. The SEM measurements show that the perovskite layer is not 

covering, as illustrated by the visible TiO2 underlayer. The comparison with the reference 

sample fabricated by the anti-solvent method evidences the important role of the solvent 

extraction system over the perovskite crystallization and the final morphology of the film. 

With the addition of surfactant, the fabricated perovskite film presents a gradual change 

of transmission, visible on the images of the backlit perovskite samples. According to the 

associated confocal and SEM images, the surface heterogeneities are progressively 

suppressed, and the layer coverage is improved with the surfactant addition. A low 

surfactant concentration, i.e., 3 and 10 mM, presents significantly fewer visible pinholes 

than the reference sample obtained without surfactant. The SEM images demonstrate a 

smooth perovskite layer surface, typical of a mirror-like aspect, for a surfactant 

concentration up to 30 mM. As a result, one can conclude that introducing the 3DPS 

surfactant efficiently lowers the interfacial energy barrier to promote nucleation, resulting 

in a uniform perovskite film with full coverage. 
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Figure II-15: Pictures, confocal images, and surface SEM images of the perovskite layer 

deposited by spin-coating on glass/FTO/c-TiO2/m-TiO2.  

To further investigate the film’s morphology, the roughness of the perovskite layer was 

determined with confocal microscopy by 3D image acquisition of the perovskite surface 

on a 130 x 130 μm² area. We decided to consider Sa, the calculated difference in height 

of each point compared to the arithmetical mean of the surface height, as our reference 

roughness value. To ensure that the results were statistically informative, the scanning 

location were randomly selected, and each Sa value of Figure II-16 is a calculated 

average from three different confocal measurements.  

Without surfactant, the perovskite layer presents a surface roughness value of 171 nm. In 

comparison, a perovskite layer with the same composition fabricated by spin-coating and 

anti-solvent method displayed a roughness value of 17 nm. As presented in part 3.3, the 

vacuum extraction induces insufficient nucleation leading to non-covering and high-

roughness perovskite films. Such high roughness can be detrimental to devices 

performances due to its high probability of carrier leakage through direct contact between 

the two selective extraction layers.18 

The surfactant addition leads to a decrease of surface roughness by improving the 

perovskite film coverage. The perovskite films prepared with a surfactant concentration 

of 3, 10, 30, and 60 mM showed Sa values of 111 nm, 93 nm, 19 nm, and 17 nm, 

respectively. Beyond a concentration of 30 mM, the surface roughness seems to stabilize. 
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Figure II-16: Surface roughness Sa versus 3DPS surfactant concentration. The Sa values are 

extracted from the confocal images. 

 Wetting properties 

The effect of surfactant on the film coverage has been characterized by following 

a de-wetting study. For this, a droplet (V = 15 μL) of perovskite precursors solution has 

been deposited on Glass/FTO/c-TiO2/m-TiO2 substrates. During gradual self-drying of 

the ink droplet under ambient conditions, the wetting angle and the spreading surfaces 

have been characterized by drop angle measurements (Figure II-17). These conditions 

were kept constant between the different sets of experiments. 

 

Figure II-17: Droplet angle measurements. (Vinitial = 15 μl) deposited on Glass/FTO/c-TiO2/m-

TiO2 substrates under ambient conditions without 3DPS and with 30mM and 60 mM 3DPS. The 

scale bar is 5 mm.  

In Figure II-17, we can observe that the surfactant concentration of 30 mM and 60 mM 

leads to a contact angle θ of 31.5° and 29.4°, respectively. For comparison, a contact 

angle θ of 35° was determined without surfactant. This result confirms that the 
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introduction of 3DPS into the precursor’s solution affords to modify the surface energy 

of the perovskite ink and improves its wettability to the underlying substrate. Regarding 

the contact angles, 3DPS addition can result in a lower energy barrier for the formation 

of heterogeneous nucleation. It indicates that surfactants modify the ink/substrate 

interface and improve perovskite ink’s wettabilty on the substrate. 

In addition, we monitored the drying of a perovskite ink droplet deposited on the 

substrate. During solvent evaporation, the droplet volume decreases, and the contact 

surface of the droplet evolves differently depending on the surfactant content. The droplet 

coverage is defined as the substrate area covered by the droplet during drying versus the 

initial surface covered. Without surfactant, the total coverage was reduced from 3.7 cm 

to 2.9 cm, so a drop of  22% after 25 minutes (Figure II-18).  

As 3DPS was blended into the perovskite precursors solution, the droplet coverage 

decreased only from 3.9 cm to 3.6 cm and from 4.2 cm to 4 cm, for 60 mM and 30 mM 

concentration, respectively. It represents a surface loss of 9% for a concentration of 30 

mM and 5% for 60 mM. This “pinning effect” has also been evidenced for another type 

of surfactants added in the perovskite precursors solution.19 Considering the existing 

relationship between the surface tension and the nucleation rate evidenced in part 4.1, the 

addition of the surfactant represents an efficient way to promote nucleation during 

perovskite crystallization. 

 

Figure II-18: The evolution of coverage of perovskite droplets during drying. 

 Slot-die deposition of the perovskite layer 

After the first evaluation by spin coating, the perovskite films have been deposited 

on 5 x 10 cm² Glass/FTO/c-TiO2/m-TiO2 substrates by slot-die coating. A perovskite film 
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obtained without surfactant and two films prepared with 30 mM and 60 mM of 3DPS 

surfactant added in the perovskite precursors solution have been studied. All the films 

were dried by a vacuum aspiration for 5 minutes and annealed at 110°C for 30 minutes. 

 Morphological characterization 

Without surfactant, the surface roughness of the perovskite film deposited by slot-

die reached a Sa value of 156 nm (Figure II-19). However, the addition of surfactant at 

a concentration of 30 mM and 60 mM decreased the Sa values to 34 nm and 22 nm, 

respectively. Besides, the height distribution is significantly reduced, which indicates an 

improvement of the perovskite film uniformity with the surfactant addition. 

 

Figure II-19: Confocal images of the perovskite layer deposited by slot-die coating on 

glass/FTO/c-TiO2/m-TiO2 and the associated height distribution of each point compared to the 

arithmetical mean of the surface. 

The difference of absolute Sa value between the spin-coated films and the slot-die films 

can be attributed to the change of deposition method, which induces a more extended 

coating window in the case of the slot-die deposition. The window coating represents the 

time between the coating and the solvent extraction and can impact the nucleation and, 

thus, the final morphology.20 However, the reduction of the surface roughness by the 

surfactant addition is confirmed, independently of the deposition method. 

The SEM images in Figure II-21 show that the numerous pinholes create uncovered areas 

by the perovskite layer without surfactant addition. This is consistent with the previous 

wettability study, which evidenced the shrinking of the perovskite film upon drying. On 

the contrary, with the surfactant addition, the affinity of the perovskite film with the 

substrate increases.  

Moreover, the grain size distribution from the SEM images has been extracted with 

ImageJ software. The average grain size of perovskite film with a surfactant concentration 

of 30 mM and 60 mM of  3DPS is 127 nm (σ30 = 55 nm) and 105 nm (σ60 = 40 nm), 

respectively. However, it is smaller than the average particle size without surfactant, 

which is 251 nm (σ0 = 118 nm). Thus, it appears that the surfactant addition homogenizes 

the grain growth. The gradual diminution of the standard deviation σ illustrates an 

improved uniformity of the grain size as the 3DPS concentration increases. However, 
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perovskite films with 3DPS addition present a significantly lower avergage grain size. Q. 

Wang et al. studied the influence of a similar surfactant addition (1.5 wt. % weight ratio), 

sulfobetaine zwitterions, in precursors’ solution and evidenced a direct link between the 

reduction of the size of the colloids in solution and the final perovskite grain size. In 

comparison, a concentration of 30 mM in our solution represents a mass ratio of 2 wt. %; 

In addition, during the crystallization process, the surfactant molecules were expelled to 

the grain boundaries (GBs), which may maintain the grain size by impeding further grain 

growth.21 Interestingly, the perovskite grain size was not detrimentally impacted in other 

recent works, provided that the surfactant concentration was kept below a weight ratio of 

0.05 wt%.12,19 

 

Figure II-20: SEM surface images of the perovskite layer deposited by slot-die coating on 

glass/FTO/c-TiO2/m-TiO2 without and with 30 mM and 60 mM 3DPS introduced into the 

precursor solution. The associated distribution of particles diameter is also reported. 

The compactness of the perovskite film was improved, and the formation of pinholes was 

suppressed. On the cross-section SEM images, the perovskite films without 3DPS present 

an unequal vertical growth, whereas the surfactant addition gradually improves the 

compactness of the perovskite film. Moreover, we can observe that the reduced diameter 

of the grains (100-130 nm) with the surfactant addition creates multiple grain boundaries 

perovskite films, resulting in lower device performances.22–24 

 

Figure II-21: Cross-section SEM images of the perovskite layer deposited by slot-die coating on 

glass/FTO/c-TiO2/m-TiO2.depending on the surfactant concentration.  
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 Structural evolution 

In Figure II-22, all XRD diffractograms display a pure α-phase, indexed by the 

cubic Pm-3m space group, independently of the surfactant concentration. The crystallite 

size, the lattice parameters, and the (100)/(110) intensity ratio are displayed in Table II-

5. 

Depending the surfactant concentration, the (100) characteristic peak position presents a 

steady position at θ = 13.98°. Consequently, all the films display a lattice parameter of  ≈ 

6.321 Å.25 This is consistent with the conclusions of Q. Wang et al. suggesting that the 

surfactant species migrate towards the grain boundaries without integrating into the 

crystal structure.21  

In addition, the peak intensity ratio between the (100) and the (110) increases from 4.1 to 

6.1 with the surfactant concentration of 60 mM. This result suggests that the surfactant 

affects the film crystallinity. It tends to promote a preferential orientation according to 

the (100) planes parallel to the substrate.  

 

Figure II-22: XRD diffractograms of the perovskite layer deposited by slot-die coating on 

glass/FTO/c-TiO2/m-TiO2. as a function of surfactant concentration. 

The crystallite sizes have been calculated using the Williamson-Hall. The method is 

detailed in Annex 5. We approximated our grains as isotropic spherical shapes (shape 

factor K = 0.88), which is a reasonable hypothesis according to the SEM images. The 

crystallite size gradually decreases while the surfactant concentration increases from 177 

nm without surfactant to 100 nm and 91 nm for 30 mM and 60mM. The reduction of the 

crystallite size follows the same trend as the grain size visualized by SEM.  

Finally, the lattice strains decrease from 2.4 for the reference without 3DPS to 1.1 and -

0.5 for a surfactant concentration of 30 mM and 60mM. Thus, it indicates the relaxation 

of the tensile strains induced by the addition of a surfactant.  

 



Chapter 2: Methodology of fabrication of the perovskite device and effect of surfactant 

addition 

 
 

 

 

83 

 

Table II-5: Parameters calculated from refined diffractograms. Variation of the 3DPS 

concentration. The crystallite size has been calculated using the Williamson-Hall method. 

C3DPS (mM) D (nm) a (Å) (100)/(110) strains ε (10-3) 

0 106 (9) 6.328 (9) 4.1 2.4 

30 103 (9) 6.321 (7) 3.5 1.1 

60 79 (6) 6.319 (9) 6.1 -0.5 

 I-V measurements 

The perovskite solar cells (PSCs) have been fabricated according to the 

fabrication proceeding explained in parts 2 and 3. The structure of all the devices is a n-

i-p architecture: Glass / FTO / c-TiO2 / m-TiO2 / Cs0.2FA0.8Pb(I0,95Br0.05)3 / Spiro-

OMeTAD / Au. The performances of PSCs made without and with the surfactant are 

gathered in Figure II-23, and all the device characteristics are reported in Annex 6. 

Looking at the devices statistics based on 10 devices for each surfactant concentration 

(Figure II-23), both the Jsc and the Voc are increased, from an average value of 5 mA.cm-

2, and 0.99V for the reference devices to 16.9 mA.cm-2 and 1.08V for the devices made 

with a concentration of 30mM. The improvement of the perovskite morphology translates 

into an enhanced quality of the perovskite interface with the selective extraction layers, 

thus allowing a better charge extraction.  

However, the diminution of the I-V characteristics for a concentration of surfactant of 60 

mM points out a limit to its beneficial effect. In fact, the average Jsc and Voc are 

decreasing to 14.15 mA.cm-2 and 1.01 V, respectively. Moreover, the Fill Factor value 

displays a continuous decrease from an average of 69% for devices fabricated without 

surfactant to 66.4% for 30 mM and 64.6% for 60 mM.  

One possible explanation is nested in the gradual diminution of the grain size and thus 

the multiplication of grain boundaries, which are impeding charge collection and favor 

carriers recombination.26 In another hand, it could also be explained by an excess of 3DPS 

still present in the film that creates an insulating layer surrounding the perovskite grains 

and would gradually impact the fill factor.12 
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Figure II-23: Device statistics for perovskite solar cells prepared without and with a surfactant 

concentration of 30 mM and 60 mM. (Each condition is based on 10 cells). The devices present a 

n-i-p architecture Glass/FTO/c-TiO2/m-TiO2/Cs0.2FA0.8Pb(I0.95Br0.05)3/Spiro/Au. Reverse scan 

(plain color) and forward scan (stripped). 

Figure II-24 displays the I-V curves and MPPT of the best cell with and without 

surfactant. The best reference device, without surfactant, of 0.09 cm², reached a limited 

PCE of 4.3% (Voc = 0.99V / Jsc = 6.1 mA.cm-2 / FF = 70%) in reverse scan, under AM1.5G 

illumination.  As expected from the morphological improvement, devices fabricated with 

3DPS showed higher efficiencies than the reference. The champion device reached PCE 

of 12.3% (Voc =1.06V / Jsc = 19.3 mA.cm-2 / FF = 60.5%), stabilized at 10.1%, for a 

concentration 30 mM. The best device fabricated with a surfactant concentration of 60 

mM displayed a lower efficiency at 10.5% (Voc = 1.03V / Jsc = 15.9 mA.cm-2 / FF = 

64.1%). Both devices fabricated with the surfactant display a significant hysteresis 

phenomenon, whereas this latter is less pronounced for the reference device. Y. Shao et 

al. related the grain size with the I- ion migration in the perovskite layer.27 Consequently, 

the reduction of the grain diameter induced by 3DPS addition, observed on SEM images, 

can increase the hysteresis. 

To conclude, these results highlight that adding a surfactant in the solution of perovskite 

precursors is an efficient way to improve the morphology of the perovskite layer and 

achieve good coverage of the perovskite over the substrate. However, the possible excess 

of surfactant into the bulk can create multiple recombination sites, decreasing the device’s 

efficiency. 
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Figure II-24: Best J-V curves of 2x2 cm² devices (0.09 cm² aperture area) fabricated with 

surfactant addition and associated stabilized efficiency with time under maximum power point. 

Reverse scan (plain curves) and forward scan (dotted).  

 Deposition of Cs0.17FA0.83Pb(I0.6Br0.4)3 perovskite 

To explore whether 3DPS impacts the PV performance of devices with different 

perovskite compositions, we fabricated perovskite devices with the following 

composition Cs0.17FA0.73Pb(I0.6Br0.4)3. A higher bromide content has been selected to 

enhance the bandgap value and thus render the composition more suitable for a tandem 

device (Eg > 1.7eV). In literature, this perovskite composition yields a bandgap value of 

1.75 eV.28,29  

 Preliminary tests by spin-coating deposition 

We applied the same spin-coating protocol as previously described in part 4.3.1., 

i.e., the perovskite layer is spin-coated on TEC7 FTO glass, and the solvent is extracted 

in a vacuum chamber for 5 minutes, and the resulting film is post-annealed for 30 minutes 

at 110°C.  

In Figure II-25, the perovskite samples fabricated with a surfactant concentration lower 

than 80 mM present a mat surface aspect. This observation correlates with a high surface 

roughness value of 205 nm for the reference sample (Figure II-26). This value gradually 

decreases to 134 nm, 61 nm, 55 nm, 37 nm, 19 nm, and 20 nm for surfactant 

concentrations of 10 mM, 30 mM, 60 mM, 80mM, 100 mM, and 120 mM, respectively. 

A smoother surface is observable for a concentration of 3DPS equal or greater than 80 

mM. Beyond this concentration, the visual aspect of the perovskite film is mirror-like, as 

expected for high-efficiency devices. 

Typical SEM images of the perovskite surface layer for the different conditions are 

displayed in Figure II-25. The surface coverage of the perovskite layer without surfactant 

is incomplete, with numerous pinholes. This aspect is similar to the observations for the 

previous perovskite composition Cs0.2FA0.8Pb(I0.95Br0.05)3.  



Chapter 2: Methodology of fabrication of the perovskite device and effect of surfactant 

addition 

 
 

 

 

86 

 

 

Figure II-25: Photos, confocal images, and surface SEM images of the perovskite layer deposited 

by spin-coating on glass/FTO/c-TiO2/m-TiO2.  

The roughness value achieved at a concentration higher than 80 mM is similar to the Sa 

values achieved for the Cs0.2FA0.8Pb(I0.95Br0.05)3 perovskite composition at 30 mM. This 

confirms the versatility of the surfactant approach to improve the perovskite morphology. 

However, the required quantity of surfactant is linked to the perovskite composition. The 

perovskite composition has a significant impact on the crystallization process. The results 

support that modifying the bromide/iodide ratio and, to a lesser extent, the 

cesium/formamidinium ratio changes the crystallization rate and the reaction kinetics.30  

Therefore, depending on the perovskite composition, it is necessary to optimize the 

surfactant concentration to obtain a complete surface coverage and a low surface 

roughness. In this case, the perovskite layer has a complete coverage at a surfactant 

concentration of 80 mM, a value significantly higher than in the previous case, for which 

only 30 mM was needed. 
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Figure II-26: Surface roughness Sa versus 3DPS surfactant concentration. The Sa values are 

extracted from the confocal images of Fig. 25. 

 Slot-die deposition of Cs0.17FA0.73Pb(I0.6Br0.4)3 perovskite 

composition 

Based on previous experiments and results, we fabricated using slot-die a 

reference perovskite sample without surfactant aside from perovskite samples with three 

different surfactant concentrations: a concentration of 30 mM to compare with the best 

samples obtained in part 4.3, an optimal concentration of 60 mM and a surfactant 

concentration of 80 mM to study the effect of the excess of surfactant on the 

optoelectronic properties of the perovskite film.  

  Morphological characterization 

The influence of the surfactant concentration on the perovskite surface roughness 

has been evaluated by confocal measurements. The reference sample exhibits a roughness 

surface value of 186 nm, with a very broad and multi-modal distribution. (Figure II-27), 

which is three times greater than the previous perovskite composition (Figure II-19). 

This important roughness distribution indicates a high layer heterogeneity. The 

modification of the perovskite layer final morphology by the halide content has been 

studied by Wang et al. The replacement of iodide by bromide in the perovskite 

composition lowers the critical nucleation barrier energy, leading to insufficient 

generation of nucleation centers during the extraction of the solvent.31 In addition, the 

difference of complexation of Br- and I- with Pb2+ modifies the coordination rate of 

precursors.32 
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Following the same tendency as the preliminary spin-coating tests, the addition of 

surfactant in the perovskite precursors solution decreases the surface roughness. The 

reference sample displayed a surface roughness of 350 nm, whereas the samples with 

surfactant addition presented to 46 nm, 20 nm, and 13 nm for a 3DPS content of 30 mM, 

60 mM, and 80 mM, respectively. Moreover, similarly to the previous perovskite 

composition (part. 4.3), the roughness distribution significantly decreased, which 

indicates a diminution of the layer heterogeneity.  

 

Figure II-27: Confocal images of the Cs0.17FA0.73Pb(I0.6Br0.4)3  perovskite layer deposited by slot-

die coating on glass/FTO/c-TiO2/m-TiO2. Distribution of heights of each point compared to the 

arithmetical mean of the surface. 

On the surface SEM images in Figure II- 28, the reference sample presents an incomplete 

coverage of the perovskite layer with a partial dendritic morphology. Numerous pinholes 

are visible on the surface of the sample. The addition of the 3DPS surfactant enables to 

have more uniform films. A surfactant concentration of 30 mM generates an incomplete 

film coverage and is not enough to totally suppress the pinholes. However, at 60 mM and 

80 mM, the surface shows a uniform coverage with small perovskite grains.  

The particle size distribution has been determined from the SEM images. The reference 

sample shows an average particle size of 234 nm, with a standard deviation of 92 nm. 

This value is slightly higher when adding 30 mM of surfactant, i.e., 272 nm, with a 

standard deviation of 106 nm. However, at higher concentrations, the average particle 

size decreases to 135 nm (σ = 38 nm) and 102 nm (σ = 47 nm)  for surfactant 

concentrations of 60 mM and 80 mM, respectively. The standard deviation decreased 

from 38 nm to 47 nm, indicating a more uniform perovskite grains’ growth.  
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Figure II- 28: SEM surface images of the Cs0,17FA0,73Pb(I0,6Br0,4)3 perovskite layer deposited by 

slot-die on glass/FTO/c-TiO2/m-TiO2, associated distributions of particle diameters and average 

particle size extracted from the SEM images. 

The perovskite film’s thickness is about 460 nm, comparable to the thickness of the 

Cs0.2FA0.8Pb(I0.95Br0.05)3 film (part 4.3.3.1). The cross-section SEM images in Figure II-

29 show an important number of pinholes for the reference film obtained without 

surfactant. The film morphology is slightly improved with a surfactant concentration of 

30 mM, though the film still shows many voids in the perovskite layer. At 60 mM, the 

film appears to have excellent compactness with no visible pinholes. The very low 

roughness of the film generates a smooth profile with no visible defects on the surface, 

which would be beneficial for the device’s performances.  
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Figure II-29: Cross-section SEM images of the Cs0.17FA0.83Pb(I0.6Br0.4)3 perovskite layer 

deposited by slot-die coating on glass/FTO/c-TiO2/m-TiO2.. 

 Structural evolution 

XRD measurements have been performed on the perovskite layer without and 

with different concentrations of surfactant. All the different films gather the characteristic 

diffraction peaks of a cubic structure indexed in Pm-3m space group. 

 

Figure II-30: X-ray diffractograms of the perovskite layer deposited by slot-die coating on 

glass/FTO/c-TiO2/m-TiO2. 

Interestingly, for the reference sample and the lower surfactant concentration of 30 mM, 

the refinement of the XRD diffraction peak (100) shows a shoulder, revealing two 

contributions at 2θ ≈ 14.1° and ≈ 14.4° (Figure II-31). This phenomenon can be ascribed 

either to phase segregation induced by the high bromide content in the formulation, 

leading to the coexistence of a bromide richer perovskite on the one hand and a poor 

bromide perovskite on the other hand. In fact, for a high bromide content in the halide 

ratio, the stability of the perovskite α-phase in the Cs/FA. phase may decrease.33 

For higher surfactant concentrations, 60 mM and 80 mM, only one contribution is shown 

for the (100) diffraction peak at 14.3°. The ratio (100)/(110) increases from 0.7 for the 

reference to 4.2 and 6.7 for 60 mM and 80 mM concentrations, indicating an enhancement 

of the preferential orientation along this plane. Rehman et al. demonstrated a strong 

correlation between material crystallinity and stability towards photo-induced halide 

segregation, which could explain the pure α-phase obtained for the perovskite films 

fabricated with higher surfactant concentrations.33 This impact of the surfactant on the 

crystallinity is similar to for the Cs0.2FA0.8Pb(I0.95Br0.05)3.  
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Figure II-31: X-ray diffraction (100) peak from Cs0.17FA0.73Pb(I0.6Br0.4)3 perovskite with peak 

fitting refined by HighScore software.  

 PL measurements 

We performed PL measurements on the perovskite films with a green laser at λ = 

532 nm. Results are presented in Figure II-32.a. and the detailed data are displayed in 

Table II-6. 

The FWHM of the PL band gradually decreases with the surfactant addition from 77 nm 

for the reference without surfactant to 80 nm, 55 nm, and 42 nm for 30 mM, 60 mM, and 

80 mM surfactant concentrations, respectively. This points out the role of the surfactant 

to decrease the defects density of the perovskite layer. Besides, the PL band of the 

reference and the 30 mM concentration condition display two emitting contributions with 

red-shifted maxima, thus indicating the formation of an I-rich lower bandgap.28 This 

second band tends to disappear when the surfactant concentration is higher than 60 mM.  

Moreover, to evaluate the influence of light on the stability of the perovskite absorber, we 

exposed the films to 1 sun illumination for 5 minutes. We observed a red-shift of the PL 

from 714 nm to 770 nm and from 717 nm to 768 nm for the reference and the 30 mM 

samples, whereas the band’s position for 60 mM and 80 mM concentrations stayed stable 

at ≈ 710 nm. A. Gualdron-Reyes et al. highlighted an important relationship between the 

grain size and the “Hoke effect” 34, that is, the phase instability under illumination 

generating rapid halide segregation with the increased bromide content.35–37 Limiting the 
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average grain size in the range or below the carrier’s diffusion length was shown to 

improve illumination stability. In this case, the role of the surfactant in the diminution of 

the grain size can explain the improved stability at a concentration higher than 60 mM.  

 

Figure II-32: PL measurements performed on fresh samples (plain line) and associated with the 

absorbance curve (dotted line). b. Normalized PL curves. The measurements are performed on 

fresh and aged Cs0.17FA0.73Pb(I0.6Br0.4)3  perovskite layers exposed 5 minutes to 1 sun illumination. 

However, the reference sample displays a PL intensity 1.5 times higher than 30 mM than 

the sample fabricated with 30 mM of surfactant, four times higher than the sample 

fabricated with 60 mM of surfactant, and five times higher than the sample fabricated 

with the 80 mM surfactant. On the other hand, the absorbance curves of the films with 

surfactants all displayed a better absorbance than the reference film at λ = 532 nm.  

Consequently, the surfactant addition improves the optical properties, characterized by 

an increase in the film’s absorbance. However, it has a detrimental effect on the electronic 

properties, evidenced by the diminution of the PL response due to the gradual 

augmentation of the grain boundaries.  

Table II-6: PL data from measurements performed on Cs0.17FA0.73Pb(I0.6Br0.4)3  perovskite 

samples. The FWHM values are calculated from initial PL peaks displayed in Fig. 32.b. 

C3DPS (mM) 
FWHM Initial band position Band position (+5 mins) 

nm nm nm 

0 77 714 770 

30 80 717 768 

60 55 708 713 

80 42 706 705 

 

 

 

 IV performances 
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The perovskite solar cells have been fabricated according to the fabrication 

process displayed in parts 2 and 3. The structure of all the devices is Glass/FTO/c-

TiO2/m-TiO2/Cs0.17FA0.73Pb(I0.6Br0.4)3/Spiro/Au. The I-V parameters of the devices (best 

cells and average) are displayed in Annex 7. 

The morphology improvement efficiently enhances the Voc, and the devices fabricated 

with 30mM of surfactant display satisfying average Voc of 1.12 V compared to 0.99V 

for the reference devices.  

However, the poor efficiency of the devices fabricated with surfactant points out a limit 

of the involved quantity of 3DPS (Figure II-33). As a concentration of 30 mM was not 

enough to generate a covering morphology, it became necessary to increase the surfactant 

concentration. After this surfactant concentration, though, the device’s current decreased 

from an average of 16.7 mA/cm² for the reference to 10.7 mA/cm² and 2.02 mA/cm² for 

30 mM and 60 mM. As forecasted by the SEM images and the PL curves decreasing 

intensity, the addition of 3DPS creates multiple grain boundaries, which ends up creating 

numerous non-radiative recombination centers.  

 

Figure II-33: Device statistics for perovskite solar cells prepared without and with a surfactant 

concentration of 30 mM and 60 mM (Each condition counts 10 cells). The devices presents a NIP 

architecture Glass/FTO/c-TiO2/m-TiO2/Cs0.17FA0.73Pb(I0.6Br0.4)3/Spiro-OMeTAD/Au. Reverse 

scan (plain color) and forward scan (stripped). 
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The best reference device without surfactant reached a PCE of 10.4% (Voc = 1.03V / Jsc = 

18 mA.cm-2 / FF = 56.4%), in reverse scan. The performance of the best PSCs made 

without and with the surfactant-assisted slot-die coating is presented in Figure II-34. 

Unfortunately, devices fabricated with 3DPS displayed lower efficiencies. The 

surfactant-doped top device reached 9.2% (Voc = 1.14V / Jsc = 12.3 mA.cm-2 / FF = 9.2%), 

stabilized at 6.5% for a concentration 30 mM. The best device fabricated with a surfactant 

concentration of 60 mM displayed an even lower efficiency of 2.3% (Voc = 1.13V / Jsc = 

3.95 mA.cm-2 / FF = 51%). The devices fabricated with a surfactant concentration of 

80mM were all shunted, and no I-V could be measured.  

 

Figure II-34: Best I-V curves of 2x2 cm² devices (0.09 cm² aperture area) fabricated with 

surfactant addition and associated MPP tracking. Reverse scan (plain curves) and forward scan 

(dotted).  

Finally, to further understand the drop of the device efficiency, we performed drop angle 

measurements with Spiro-OMeTAD solution deposited directly on the perovskite layer 

(Figure II-35). On the perovskite layer fabricated without surfactant, the solution 

displays perfect wettability. Up to a surfactant content of 30 mM, the drop angle stays 

unmeasurable, evidencing a satisfying wettability of the solution. However, for a 

surfactant content of 60 mM, the angle displays a value of 15.2° and 37° for a surfactant 

content of 80mM. Unexpectedly, the surfactant lowers the wettability of the spiro-

OMeTAD on the perovskite surface. Therefore, even with a perfectly flat perovskite 

surface, this phenomenon reduces the interface quality between the HTL and the 

perovskite layer. This can partially explain the reduction of the perovskite performances 

we evidenced in the last part. 

 

Figure II-35: Wettability of the Spiro-OMeTAD on the perovskite layer surface. Measurements 

were performed under ambient conditions.  

 Conclusions  



Chapter 2: Methodology of fabrication of the perovskite device and effect of surfactant 

addition 

 
 

 

 

95 

 

In this chapter, we presented the full fabrication process of the small perovskite 

devices. We especially described the slot-die deposition process of the absorber layer and 

the associated drying step, carried out by vacuum aspiration. We explored the different 

deposition parameters and established an optimized fabrication procedure for the rest of 

this thesis work. 

Then, we studied the influence of the addition of a zwitterionic surfactant, namely the N-

Dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate, on the morphology and the 

crystallinity of a perovskite layer with a Cs0,2FA0,8Pb(I0,95Br0,05)3 composition. We 

showed that adding 30 mM of 3DPS in the perovskite precursors solution enhances the 

crystallite size while significantly decreasing the surface roughness. We fabricated full 

perovskite devices with classical n-i-p architecture and a spiro-OMeTAD HTL. The 

device efficiency yields a champion PCE of 12.3% on a 0.09 cm² aperture area.  

In a third part, we fabricated perovskite layers with a different perovskite composition: 

Cs0,17FA0,83Pb(I0,6Br0,4)3. We reported a maximum efficiency of 9.2% on 0.09 cm² 

aperture area for a 30 mM of surfactant in the perovskite precursors solution. However, 

despite a significant increase of the perovskite layer coverage and a diminution of the 

surface roughness, we evidenced that a surfactant content higher than 30 mM limits the 

device efficiency owing to an augmentation of the grains boundaries. This tendency 

remained identical, independently of the perovskite composition. 

To tackle this low-efficiency issue, the next chapter aims to explore another type of 

additives.   
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CHAPTER 3:  

Addition of 

methylammonium chloride 
 

 

In this chapter, we introduced methylammonium chloride in the perovskite’s 

precursors solution. This additive aroused great interest, notably because it can improve 

the diffusion length of the carriers in the perovskite layer as a result of enhanced opto-

electronic properties.1,2  

Lately, the challenges introduced by larger area deposition methods brought back the need 

for tailoring the perovskite precursors solution. In this chapter, we focused on the 

perovskite composition Cs0.17FA0.83Pb(I0.83Br0.17)3, which displays a bandgap value of 

1.64 eV, compatible with future tandem applications.3 We decide to reduce the bromide 

content to avoid possible phase segregation, as seen in the previous chapter.  

In the first part, we present the preliminary tests realized on perovskite layers produced 

by spin-coating. We study the intermediate formation by XRD and optimize the 

concentration of the MACl additive. 

The second part describes the transfer of the ink formulation to the slot-die deposition 

process. Fine refining of the MACl concentration and the annealing conditions are carried 

out as a last-step optimization.  

Then, we focus on the performances of the solar devices. We measured the J-V curves of 

small-scale solar cells and selected the best conditions for the fabrication of the first 

modules of 12cm². 

Lastly, the stability of the solar cells devices has been characterized. An encapsulation 

process is detailed, and the device degradation is discussed based on STEM technique to 

monitor the morphological evolution of the perovskite and the HTL layer upon aging.  
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 Preliminary spin-tests 

 Differences between anti-solvent and vacuum 

aspiration solvent extraction methods  

 

For the spin-test samples, we deposited the perovskite layer by traditional spin-

coating technique. After deposition, the solvent was either evacuated by the anti-solvent 

method with chlorobenzene or by vacuum aspiration.  

Just after the vacuum aspiration step, the as-deposited films are taken out from the 

glovebox. XRD measurements were performed less than 3 minutes after the end of the 

quench, and the scan duration was 10 minutes. Particular attention has been paid to this 

procedure to reduce the presumed instability of the pre-annealed films in ambient air 

condition. However, at the end of the scan, the films presented a visible difference of 

colour between the beginning of the measurement and the ending. 

This section aims to underline the film’s differences depending on the solvent evacuation 

method, i.e. anti-solvent dripping as conventionally associated with the spin-coating 

technique and solvent extraction under vacuum. However, contrary to the anti-solvent 

dripping method, which can evacuate the solvent almost instantaneously, the vacuum 

aspiration has a slower extraction rate.  

First, we can observe in Figure III-1 that, despite the absence of any thermal annealing, 

the perovskite photoactive α-phase is already formed, as showed by the diffraction peak 

at 2θ = 14.1° corresponding to the (100) direction. 

 

Figure III-1: Structure of the « as-deposited » films by x-ray diffraction analysis on glass/c-

TiO2/m-TiO2.  
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Interestingly, regardless of the solvent extraction method, we noticed the presence of 

several diffraction peaks which cannot be ascribed to the expected α-phase, at 2θ = 8.6° 

and two close peaks at 8.9° and 9.1°. These peaks, noted φ, can be attributed to an 

intermediate phase forming between the solvent and PbI2, PbI2-NMP, as identified by F. 

Cheng et al.4  

In the case of vacuum aspiration, the film structure is different. Indeed, we also identified 

the presence of the transparent perovskite δ-phase at 2θ = 11.0° and a small peak of PbI2 

at 2θ = 12.6°.  

 

Figure III-2: XRD measurements of spin-coated “final” perovskite layers after two different 

quench methods. Black curve: Anti-solvent, chlorobenzene dripping. Red curve: Vacuum 

aspiration in a vacuum chamber. 

After a thermal treatment at 110°C for 30 minutes, all the diffraction peaks assigned to 

the PbI2-solvent complexes, δ phase, and PbI2 have disappeared, leading to a film of pure 

α-phase for both solvent extraction techniques (Figure III-2).  

 

SEM analysis was carried out on the post-annealed perovskite film to analyze the 

effect of the quenching method on the film’s morphology. In Figure III-3, we can see 

that the anti-solvent dripping method generates a smoother and denser perovskite film 

compared to the vacuum quench method. The layer obtained employing vacuum 

aspiration exhibits a non-compact morphology with multiple pinholes. This result stresses 

that the film’s morphology is significantly influenced by the quench method, which leads 

to a poor morphology 
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Figure III-3: Top-view SEM images of post-annealed perovskite layer after anti-solvent dripping 

or a vacuum aspiration quench. 

To better quantify the film’s roughness, this latter was determined more precisely by 

confocal microscopy. The perovskite film fabricated by anti-solvent dripping technique 

displays a Sa value of 18 nm, whereas the roughness value increases to 74 nm for vacuum 

aspiration. These results point out the vital role of the solvent extraction method for grain 

growth and the final perovskite film morphology.  

Therefore, in order to use a vacuum aspiration system combined with the slot-die 

deposition, we decided to add MACl in the perovskite precursors solution.  

 

Figure III-4: 3D mapping and Sa value of a spin-coating perovskite layer in which solvent was 

extracted by anti-solvent (left) and vacuum aspiration (right). 

 Influence of the MACl addition 

 

To improve the film’s the film coverage and final morphology, we gradually 

added MACl in the perovskite precursors solution. The MACl content is calculated as a 
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molar ratio between MACl and FAI in the precursor solution (MACl: FAI). The ink is 

stirred overnight at 60°C to allow a good dissolution of the MACl salt, which has poor 

solubility in the solvent mix used in this work (DMF.:NMP volume ratio of (10:1)). After 

deposition, the film was placed in a vacuum chamber for 5 minutes or washed by anti-

solvent dripping. Finally, all the films were annealed at 110°C for 30 minutes. 

To analyze the impact of MACl on the perovskite crystallization, we varied the MACl: 

FAI ratio in the precursor’s solution. Then, XRD measurements have been accordingly 

to the aforementioned conditions for the two solvent extraction methods.  

 

Figure III-5: XRD measurements of the spin-coated as-deposited layers with different MACl 

concentrations. a. after dripping of the anti-solvent. b. after vacuum aspiration of the solvent. 

First, we performed XRD measurements on as-deposited perovskite films. In the case of 

an anti-solvent dripping method, we observed that the intermediates are only formed 

without MACl additives (Figure III-5.a). This φ-peaks, identified at θ = 8.6°, θ = 8.9° 

and θ = 9.1° can be ascribed to the same solvent adduct previously mentioned, NMP-PbI2. 

However, once we introduced a small concentration of MACl into the precursor solution, 

these diffractions peaks are not visible anymore, suggesting a modification of the 

crystallization route.  

In the case of vacuum aspiration, the same intermediates peaks are also visible on the x-

ray diffractograms in Figure III-5.b. Nevertheless, as for the above technique, the 

gradual addition of MACl delays the formation of the PbI2-solvent intermediates. The 

latter is not visible on the spectra for a MACl: FAI molar ratio of 0.3:1, independently of 

the drying technique.  

MACl decomposes into MA+ and Cl-. Cl anions have been monitored by M. Kim et al. 

and can coordinate either with FA+ to form FACl or with Pb2+ to form PbCl2. The 

temporary substitution of I- by Cl- delays the formation of the FAPI structure. On the 

other hand, an excess of MA+ during the first stage of nucleation has been proved to be 

an effective way to promote ion exchange in the perovskite precursors solution.5 Such a 

phenomenon has already been reported by Li et al.6, in the case of the double-cation 
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MAxFA1-x perovskite deposited by spin-coating. Then, during the annealing stage, The 

Cl- and MA+ ions then fade away during the thermal annealing stage.7 

Combined with the co-solvent NMP, which creates a solvent adduct, it successfully 

regulates crystal growth and opens the window coating. It also prevents the formation of 

the δ phase and PbI2.  

 

Figure III-6: XRD measurements of the spin-coated “intermediates” layers with different MACl 

concentrations, after vacuum aspiration of the solvent and an annealing at 110°C for 30 minutes. 

After the annealing, the identified PbI2-NMP adducts peaks fade away, indicating the 

complete conversion of the film into an α-CsxFA1-x perovskite phase. 

From the refined x-ray diffractograms, we calculated the crystallite size by the 

Williamson-hall method. The results are displayed in Table 1. Independently of the 

solvent extraction system, the crystal size grows with the addition of MACl. For the anti-

solvent system, the crystal increases from 41 nm without MACl to 65 nm and 78 nm for 

MACl: FAI molar ratios of (0.15: 1) and (0.3:1), respectively. For the vacuum aspiration 

system, the crystal increases from 66 nm without MACl to 72 nm and 82 nm for MACl: 

FAI molar ratios of (0.15: 1) and (0.3:1), respectively.  

In addition, the MACl addition also promotes a preferential orientation along (100 plan). 

In the case of a vacuum aspiration system, the I(100)/I(110) ratio increases from 2.6 to 4.5. 

It has been shown in recent reports in the literature that additives, such as MACl, have a 

strong effect on the thin-film preferential orientation, which enhances the device 

performances.8,9 

Table 1: XRD calculated parameters are extracted from refined diffractograms of perovskite 

films after an annealing of 30 minutes at 110°C. 

 MACl: FAI C (nm) a (Å) I(100)/I(110) 

Anti-solvent 
No MACl 

41 (2) 6.276 2.7 

Vacuum aspiration 66 (4) 6.275 2.6 

Anti-solvent 
MACl: FAI (0.15:1) 

65 (6) 6.273 2.1 

Vacuum aspiration 72 (5) 6.274 2.2 

Anti-solvent 
MACl: FAI (0.3:1) 

78 (8) 6.276 3.4 

Vacuum aspiration 82 (15) 6.274 4.5 
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The modification of the intermediates formed before the film’s crystallization and 

the MACl addition influences the final film’s morphology. Figure III-7 represents the 

top-view SEM images of final perovskite films. In the case of a vacuum quench, the 

addition of MACl in the precursor solution affords to enhance the film’s morphology. 

The latter becomes denser, smoother, and presents a better coverage which are important 

characteristics for having good device performances.  

Kosmatos et al. suggested for a MAPbI3 composition that MAI and PbI2 perovskite 

precursors are coordinating and forming a colloidal framework in solution.10 It has been 

demonstrated that crystal evolution can be correlated with the coordination between the 

precursor solute and solvent.11 Both the size and the structure of the aggregated colloids 

determine the morphology of the final perovskite film.  

In the presence of MACl, such a colloidal framework becomes more stable due to the 

preferential coordination of Cl- with Pb2+ than I-.12 The delayed perovskite crystal growth 

and the stabilization of the precursor’s colloids lead to denser morphologies and larger 

grains and thus enhanced device performances. Moreover, the influence of the MACl 

addition on the perovskite film morphology has also been observed on FA-based 

perovskite composition, suggesting the possible versatility of such mechanism in the case 

of a PbI2-FAI framework.5 

In the case of our vacuum aspiration process, we identified the molar ratio of MACl: FAI 

(0.3:1) as the best concentration in perovskite precursors solution since it displays a good 

coverage of the perovskite layer.   

 

Figure III-7: Top-view SEM images of post-annealed perovskite films after a vacuum aspiration 

quench followed by a 110°C annealing for 30 minutes. 
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 Optimization of the slot-die deposition 

conditions 

Based on the above results, we transferred the ink formulation to the slot-die 

coating technique and performed a more detailed material analysis on the influence of 

MACl additive using this larger area deposition method.  

A slot-die coating system deposits the perovskite layer within a glovebox in a nitrogen 

atmosphere. Then, the wet film is placed in a vacuum chamber and quenched for 5 

minutes (Pmin = 0.7 mbar). As suggested in the previous section, we obtained an as-

deposited film containing a PbI2-solvent complex of general composition 

FAI∙PbI2∙MACl∙NMP/DMF. According to Dualeh et al., the MACl is decomposed into 

methylamine (CH3NH2) and hydrogen chloride (HCl) as gas products after annealing. 13 

The complete deposition route is depicted in Figure III-8.  

 

Figure III-8: Schematic deposition route and associated perovskite crystallization step using a 

slot-die technique. 

 Effect of the MACl on the crystal structure 

Figure III-9.a. shows the evolution of the x-ray diffractograms as a function of 

MACl content. We can notice that the characteristic diffraction peaks of the perovskite 

are present for all the films regardless of MACl addition, without any traces neither of 

PbI2 nor non-photoactive δ-phase. 

The X-ray diffractograms have been refined by using the software Highscore. The 

calculated lattice cell parameters are gathered in Table III-1, and the refined profiles of 

(100) peaks are displayed in Figure III-9.b. It confirms the formation of a pure α-phase 

for all conditions, with the refinement of the (100) XRD peak. All the reflections can be 

indexed by a cubic unit cell with Pm-3m space group, thus confirming the absence of 

impurities in the film 
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Figure III-9: X-ray diffractograms of perovskite film deposited on FTO/c-TiO2/m-TiO2 with 

different MACl contents: No MACl (Black curve), 15% MACl (Blue curve), and 30% MACl (Red 

curve). The two diffraction peaks at 2θ = 26.5° and 37.8° correspond to the FTO layer from the 

glass.  

A more pronounced preferential orientation along the (100) direction compared to the 

(110) is observed upon MACl addition, as illustrated by the gradual increase of the 

(100)/(110) ratio from 2.4 to 7.6. This suggests that this latter not only favors the crystal’s 

growth but also influences the crystal orientation during the growth. However, it appears 

that MACl has no effect on the lattice cell parameter, 6.277(9) Å is determined for MACl-

free film, and 6.284(7) Å and 6.284(9) Å is determined for the films prepared with 0.15 

and 0.3 molar ratio of MACl, respectively. This result indicates that neither MA+ nor Cl- 

ions are introduced into the perovskite lattice. 

The average crystallite size has been calculated using the Williamson-Hall method. 

Consequently, we can observe that the crystallite size increases from 76 ± 6 nm (No 

MACl) to 137 nm (0.15:1 MACl: FAI ratio) before it decreases to 114 ± 9 nm for 0.30:1 

MACl: FAI ratio. Thus, a larger crystallite size upon the addition of MACl is in agreement 

with the literature.11 Interestingly, the larger crystallite size is obtained for a ratio of 

0.15:1. However, as aforementioned, this ratio was not further investigated owing to the 

poor film’s coverage compared to the samples prepared with a 0.30:1 molar ratio (Figure 

III-10).  

Moreover, the change of microstrains in the perovskite lattice has also been investigated. 

The strain values, calculated by the Williamson-Hall method, reveal small compressive 

strains (-0.84) when no MACl is added. However, as soon as MACl is added in the 

perovskite precursors solution, the strain value increases to 1.92 (for MACl: FAI (0.15:1) 

molar ratio) and 1.64 (MACl: FAI (0.15:1) molar ratio). It points out the ability of the 
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additive to relax the residual strains. Reducing residual strains in the crystal is particularly 

crucial as it can increase the phase conversion nucleation barrier.14  

Table III-1: XRD calculated parameters are extracted from refined diffractograms.  

MACl: FAI C (nm) a (Å) I(100)/I(110) ε (10-3) 

0:1 76 (1) 6.277 (9) 2.4 -0.84 

0.15:1 137 (15) 6.284 (7) 4.3 1.92 

0.30:1 111 (10) 6.284 (9) 7.6 1.64 

 

 Influence of the MACl addition on the perovskite 

morphology 

We followed the morphological change of the perovskite film upon the addition 

of MACl by SEM. As we can easily observe in Figure III-10, at a (MACl: FAI) molar 

ratio of (0.15:1), the coverage is better than without MACl, but there are still numerous 

pinholes. When we increased the (MACl: FAI) molar ratio at (0.3:1), it induced the 

formation of a uniform layer, without pinholes, in good agreement with the previous 

results obtained by the spin-coating technique.  

 

Figure III-10: Evolution of the top-view SEM images of slot-die coated post-annealed perovskite 

film after vacuum quench without and with MACl addition. 

We marked out the sample’s surface with a red line on the cross-section SEM pictures 

reported in Figure III-11. For the MACl-free perovskite film, the uncomplete coverage 

generates numerous pinholes. The surface layer aspect is compliant with the SEM images 

of the perovskite films fabricated by spin-coating, confirming that vacuum aspiration 

influences perovskite morphology. Interestingly, Whitaker et al. used MACl to fabricate 

a MAPbI3 perovskite layer by blade-coating combined with a vacuum extraction system 

and noticed a similar significant enhancement of the grain size.15 

With MACl addition, the perovskite morphology is visibly improved due to surface 

roughness, a decrease in the film’s porosity, reduction of the number of grain boundaries, 

and larger size particles.  Consequently, the grain size of the perovskite appears to be 
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controlled by the MACl additive, which could effectively reduce the grain boundaries of 

the perovskite film. It is believed that the enlarged grain size and reduced grain boundaries 

could decrease the trap density of the perovskite film, beneficial to the photovoltaic 

performance.16–18 In addition, the faster growth kinetics along preferential <100> in the 

presence of Cl has been explained by a recent computational study, which showed that Cl 

at the MAPbI3/TiO2 interface reinforces the binding of (001) planes of MAPbI3 with the 

TiO2 underlayer.19
 

 

Figure III-11: Cross-section SEM images of the slot-die coated post-annealed perovskite film 

after vacuum quench without (left picture) and with a MACl: FAI ratio of (0.3: 1) (right). 

The reduction of the film’s roughness is in good agreement with confocal microscopy 

experiments showing an important reduction of the roughness Sa value deduced from the 

measured height distribution, from 124 nm down to 56 nm for MACl: FAI ratio of 0.3:1 

(Figure III-12). These measurements were performed directly on the perovskite film 

deposited on Glass/FTO/c-TiO2/m-TiO2 stack.  

This trend is consistent with the morphological evolution observed on SEM images. 

Moreover, the reference sample, i.e., without MACl addition, presents a wide distribution 

of measured heights, indicating the presence of numerous dots on the film's surface, 

pinholes, and surface defects, by contrast to the (0.3:1) ratio, which exhibits a much 

narrower distribution.  
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Figure III-12: Microscope confocal measurements of slot-die coated annealed perovskite layer 

after a vacuum aspiration quench, followed by a 30 mins annealing at 110°C for 30 minutes. The 

black curve represents the distribution of height measurements extracted from surface roughness 

mapping.  

 Influence of the 

The annealing temperature has been proven to affect the film’s morphology. 

Dualeh et al.13 studied the influence of annealing time and temperature up to 200°C 

associated with a lead chloride (PbCl2) precursor. Interestingly, the authors directly 

related the perovskite coverage to the annealing conditions. Moreover, Kim et al. 

proposed a flash high-temperature post-annealing, i.e., 400°C for 4 seconds, and observed 

greater grain size.20 Based on these results, our approach was to study the annealing 

temperature and time to improve both the film’s crystallinity and morphology of our slot-

die coated perovskite film using MACl: FAI ratio of 0.3:1. We investigated two standard 

annealing treatments for 30 minutes, one at 110°C and a second at 140°C, and two “flash” 

post-treatments for 5 minutes at 170°C and 200°C. 

 

We can see on Figure III-13 that each annealing condition led to a pure α-phase, 

except at 200°C for which a small diffraction peak at 2θ = 12.6° is observed, ascribed to 

PbI2 impurities arising from the onset of the perovskite decomposition by temperature.   

 
Figure III-13: X-ray diffractograms of six perovskite films deposited on glass/FTO/c-TiO2/m-

TiO2. The two reference samples were fabricated without MACl additive and annealed at 110°C 

and 140°C for 30 minutes. The four other samples were prepared with a MACl: FAI molar ratio 

of 0.3:1 and were annealed under different conditions.  
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The lattice parameter for all annealing conditions is reported in Table III-2. Regardless 

of the conditions, no noticeable modification of the lattice cell parameter is observed, 

indicating that the film’s stoichiometry and bulk point defects are comparable between 

the different conditions. It shows only a very small increase for the 110°C annealing (less 

than 0.01 Å of variation).  

Under higher annealing temperatures, though, the lattice value a stays identical to the 

associated references without chloride (≈ 6,280 A). This indicates that neither change of 

stoichiometry nor MACl inclusion is expected when varying the annealing conditions. 

This latter should have led to a lattice shrinkage due to the smaller size of the MA-cation 

compared to the FA-cation as pointed out by Nie et al.21 It thus suggests that MA+ and 

Cl- are not incorporated in the lattice for all the conditions 

The annealing temperature induces a gradual increase of the crystallite size, as one could 

expect. The crystal size increases from 46 nm at 110°C to 110 nm at 140°C without MACl 

additive and, from 152 nm to 187 nm with MACl additive. In addition, 5 minutes of flash 

annealing at 170°C afford to reach a crystallite size as large as 225 nm before decreasing 

to 149 nm when increasing the temperature to 200°C. This decrease can be related to the 

perovskite film's thermal degradation, leading to organic gas releases and PbI2. 

Table III-2: Evolution of crystallite size determined by the Williamson-Hall formalism, lattice 

cell parameter, and intensity ratio between (100) and (110) diffraction peak depending on the 

post-annealing conditions.  

 
Annealing 

conditions 
C (nm) a (Å) I(100)/I(110) ε (10-3) 

N
o
 

M
A

C
l 30 min @110°C 42 (4) 6.276 (8) 3.6 -0.20 

30 min @140°C 44 (5) 6.283 (9) 4.0 -0.18 

M
A

C
l:

 F
A

I 

(0
.3

:1
) 

30 min @110°C 109 (21) 6.287 (9) 5.8 3.30 

30 min @140°C 156 (29) 6.280 (8) 5.4 1.75 

5 min @170°C 133 (18) 6.283 (9) 7.2 1.46 

5 min @200°C 72 (2) 6.279 (7) 11.2 0.71 

 

 

First, we studied the influence of the annealing condition without MACl addition 

on the grain size distribution. In Figure III-14, we can observe that the perovskite film 

presents small perovskite grains, and the mean size doesn’t vary significantly when we 

increase the annealing temperature from 110° to 140°C (255 nm to 261 nm, respectively).  
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Figure III-14: SEM image and associated grain size distribution of the perovskite film without 

MACl addition post-annealed either at 110°C or 140°C.  

Second, when MACl is added, the grain size increases with the annealing temperature 

(Figure III-15). At 110°C with a MACl additive, the average particle size increases from 

255 nm to 354 nm. This particle’s growth is also well visible on the top-view SEM 

images. It reaches a maximum of 486 nm on average when the film is post-annealed at 

170°C for 5 minutes. However, the distribution of the particles size becomes broader with 

the temperature owing to the apparition of large grains (> 600nm in diameter) for 

annealing temperatures of 140°C and 170°C. This evolution is consistent with crystallite 

size growth, as discussed above. Nevertheless, the size of the crystallites and the grain 

size determined from the SEM images are different. This result can indicate that the grain 

growth is controlled by the coalescence of primary grains leading to polycrystalline 

grains.22 

 

Figure III-15: SEM images and associated grain size distribution in the perovskite film prepared 

with a MACl: FAI ratio of 0.3:1 under different annealing conditions: Two classical annealing 

during 30 minutes at 110°C (red) and 140°C (orange), and two flash annealings during 5 minutes 

at 170°C (green) and 200°C (blue). 
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The transmission spectra presented in Figure III-6. a. show that the transmission 

for wavelengths above the bandgap (i.e.,> 750 nm) significantly increases from 45% for 

the reference sample to 65% with MACl addition. The excessive pinholes can explain 

this feature in the film without MACl, which contributes to light scattering according to 

Mie scattering theory.23  

   

Figure III-16: a. Evolution of the transmission spectra of the perovskite film (the tauc plot is 

represented in inset). b. Urbach energy of perovskite films. The perovskite films are deposited on 

glass/FTO/c-TiO2/m-TiO2 and prepared with different annealing conditions. 

For wavelengths below 500 nm, a higher magnified inset in Figure III-16.a. reveals that 

the transmission for the MACl samples reaches zero by contrast to the sample MACl-free 

for which a slight optical transmission persists owing to the poorer film’s coverage. 

Figure III-16. b. shows the Urbach plot, derived from the absorption curve, i.e., ln(α), as 

a function of photon energy.  

The Urbach energy, which can be determined from the slope of the Urbach plot using the 

below equation, describes the electronic disorder at the bandgap threshold:  

𝑙𝑛(𝛼0)𝑙𝑛(𝛼) =
ℎ𝜈

𝐸𝑢
+ 𝑙𝑛(𝛼0) (Eq. 1) 

 

Where α is the absorption coefficient, hνisthephotonenergy, and Eu is the Urbach 

energy.  
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The reference sample has an Eu = 26.7 meV, whereas the samples with MACl exhibit 

lower Urbach energy, Eu = 20.4 meV for 110°C post-annealing and Eu = 16.4 meV for 

140°C post-annealing. These values are respectively 24% and 39% lower than the 

reference, indicating that the MACl addition and a higher annealing temperature helps to 

lower electronic disorder and defects close to the band edges of the perovskite films.24  

We performed photoluminescence and cathodo-luminescence measurements, presented 

in Figure III-17, on three samples prepared with different conditions: a reference sample 

without MACl additive and post-annealed at 110°C, and two samples prepared with a 

MACl: FAI ratio of  (0.3:1), post-annealed at 110°C and 140°C respectively. All the 

measurements have been performed on half-cells where the perovskite is deposited on 

glass/c-TiO2/m-TiO2). 

To extract the optical bandgap from the PL measurement, we fitted the curve using the 

model proposed by Katahara et al.25,26 Independently of the MACl addition and annealing 

conditions, the optical bandgap of the perovskite is Eg = 1.64 eV.3,27 In addition, a single 

emission band at ca. 750 nm is observed by cathodo-luminescence regardless of the 

sample (Figure III-17.b). 

In the case of a MAPbI3 perovskite crystal, W. Kaiser et al. point out that chlorine can be 

incorporated at a relatively low concentration level below 3−4% without significantly 

affecting the bandgap.28 However, in the case of our protocol, the invariability of the 

lattice parameters combined with the bandgap measurements excludes the possibility of 

a chloride inclusion. 

     

Figure III-17: a. Photoluminescence measurements: The PL acquisition was conducted using a 

microscope, a 2D band-pass filtering system with 2 nm resolution, and finally a 1Mpix silicon-

based charged-coupled device camera PCO1300. The sample was illuminated at λ = 532 nm and 

b. Cathodo-luminescence curves. CL measurements were carried out using an Attolight Chronos 
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quantitative CL microscope at room temperature with 3 kV acceleration voltage and a dose lower 

than 1020e-1 cm-2. 

Although MACl has no effect at first sight, closer looking shows that the addition of the 

latter associated with an annealing temperature of 140°C contributes to a narrowing of 

the CL emission band, for which the FWHM goes from 56 nm to 44 nm. It also reduces 

the emission band asymmetry, in particular the raising tail above 600 nm. The PL values 

are displayed in Table III-3. These results point out the enhancement in the optical 

quality of the perovskite film upon the addition of MACl.29,30 Diab et al. ascribed an 

evolution of the PL intensity to a reduction of point defects, strains, and composition 

fluctuation.31 This is consistent with the suppression of the compressive strains by the 

MACl addition and the reduction of the tensile strains by the annealing temperature 

highlighted in part 2.3.1. 

Thus, the annealing temperature of 140°C combined with MACl addition reduces the 

defects density in the perovskite layer. 

Table III- 3: Values extracted from  cathodo-luminescence  measurements 

MACl: FAI 
Annealing 

temperature 
Eg (CL) FWHM CL 

 °C eV nm 

(0:1) 110 1.63 56 (1) 

(0.3:1) 110 1.64 54 (1) 

(0.3:1) 140 1.64 44 (1) 

 

In summary, we investigated the MACl addition effects on the perovskite films. As a 

result, we achieved high-quality pure α-phase perovskite material. In addition, the surface 

morphology, crystallographic properties, optical absorption, and photo-luminescence 

properties were enhanced. The repeatable effect of the MACl addition, from spin-coating 

sample to slot-die coating, confirms that the beneficial effect of MACl is directly 

transferable to scalable printing. 

 Full devices performances 

 Small-cells performances 

The fabrication protocol of the full solar devices has been extensively described 

in Chapter 2. in parts 3 and 4. The IV parameters of the best solar cells and the average 

of each parameter are displayed in Annex 7. 

As one could anticipate from the film’s morphology, Figure III-19 shows that MACl 

addition with a 0.3: 1 ratio compared to FAI affords a significant increase in the cell 

photovoltage from 1.00 V to 1.14 V. This cell photovoltage is not affected by the post-
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annealing temperature. This enhancement can be interpreted as reducing non-radiative 

shallow trap defects in the perovskite layer in agreement with the lower Urbach energy. 
24  

The cell photocurrent is also significantly enhanced, thanks to the MACl additive, from 

14.2 to 19.8 mA/cm² for a post-annealing at 110°C and from 16.1 to 20.3 mA/cm² for a 

post-annealing at 140°C. This improvement is ascribed to the better film quality, i.e., 

improved coverage, larger grain size, and smoother surface when MACl is added.  

However, despite a significant increase in the grain size as aforementioned, the flash 

annealing approach did not translate to any improvement in the device performances 

(Figure III-18). This is mainly due to a loss of the cell photovoltage. One possible 

explanation is the creation of surface defects such as iodide vacancies due to the high 

temperature and the onset of PbI2 formation for the 200°C sample.  

 

Figure III-18: Device statistics for perovskite solar cells prepared with a molar ratio MACl: FAI 

(0.3:1). Each annealing condition counts 6 cells. Reverse scan (plain color) and forward scan 

(stripped).  
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The best power conversion efficiency (PCE) obtained is 16.8 % in reverse scan for a 

perovskite film crystallized at 110°C (Voc = 1.15 V, Jsc = 19.8 mA/cm², FF = 74.1 %) and 

shows 16.7 % stable PCE under maximum power point condition (MPP). Increasing the 

temperature to 140°C is beneficial for the device's performance.  

A record PCE of 17.4% is reached in reverse scan (Voc = 1.14 V, Jsc = 20.3 mA/cm², FF 

= 75%) (Figure III-19.b) and 17.5 % stable PCE under MPP condition. This performance 

is a very encouraging result. To date, the best solar cells performances fabricated by slot-

die have been reached by Z. Yang et al. with a 18.2% efficiency on 0.09 cm² active area. 

Interestingly, one can notice the very low hysteresis in these cases, which is directly 

related to the degree of crystallinity and the size of the crystalline domains as reported by 

Tripathi et al.32 Moreover, the MACl addition have been extensively proved to passivate 

the surface defects allowing hysteresis-free perovskite devices.33,34 

 

Figure III-19: J-V performances under A.M.1.5G conditions for the best cells without and with MACl 

addition: a. post-annealed at 110°C for 30 minutes, b. post-annealed at 140°C for 30 minutes. 

As a first atempt to evaluate the homogeneity of our coating, we displayed a map of the 

efficiency of 8 individual cells from one 5 x 10 cm² substrate. Almost all the cells display 

efficiencies over 15%. We noticed that the efficiency of the cells located near the end of 

the coating demonstrates lower PCE due to a thinner perovskite layer. 
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Figure III-20: PCE mapping of 8 devices (2 x 2.5 cm²) produced from one 5 x 10 cm² substrate 

with a slot-die coated perovskite layer, with a MACl: FAI (0.3:1) molar ratio (reverse scans). The 

green areas are sacrificial areas (1 x 5 cm²). 

 Modules 

To further investigate the homogeneity and performance of the slot-die coated 

perovskite layers over a larger surface, mini-modules with an aperture area of 12 cm2 

were fabricated.  

The mini-modules consist of 6 individual cell stripes with 2 cm2 each, connected in series 

with an average geometrical fill factor of around 90%. The width of the subcells was set 

to 0.5 cm, minimizing the loss arising from series resistance in relation to the dead area 

as reported previously.35 Laser scribing of the perovskite modules was performed using 

an Innolas ILS LT laser system equipped with a UV laser (355 nm) and a green laser (532 

nm) delivering monochromatic pulses of 10 ps at 400 kHz. P1 scribing on 5 cm x 10 cm 

FTO substrates was performed using the UV laser at maximum power. P2 and P3 were 

done using a green laser with powers of 12.7 W and 0.5 W, respectively. Images of the 

fabricated mini-modules are shown in Figure III-21.  

For the perovskite layer, we chose the fabrication conditions displaying the best results 

for small-scale solar cells: a MACl: FAI molar ratio of (0.3: 1) and a 30 minutes annealing 

at 140°C were selected.  
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Figure III-21:a. Perovskite module before the deposition of the gold electrode and the P3 laser 

patterning. b. 12cm² module delimited by the gold electrode.  

The distribution of the module’s efficiencies is displayed in Figure III-30.a. The PCE 

statistics of 15 mini-modules showed an average value of 13.6%. The lowest modules 

demonstrated an efficiency of 11.3%, while the best module reached an efficiency of 

15.7% (15.6% stabilized). 

The IV curve and the MPP tracking of the champion device are shown in Figure III-22. 

b. and c. Carefully tuning the laser power during the P2 scribe was crucial to entirely 

remove the ETL layer without damaging the underlying FTO, resulting in a high Voc for 

the champion device of almost 7V. 

So far, only a few modules devices with a perovskite absorber deposited by a one-step 

slot-die process have been reported. D. Lee et al. used a combination of PbCl2 with PbAc2 

to delay the crystallization by Cl- incorporation. Coupled with a “gas-assisted” approach 

to promote rapid nucleation, a pinhole-free and large-grain perovskite film were obtained, 

leading to a 10 cm2 module with a PCE of 8.3%.36 In addition, a scalable sheet-to-sheet 

slot-die coating process for perovskite devices was realized by Galagan et al., where 

large-area modules of 12.5 x 13.5 cm2 and 10% efficiency were deposited on 6 in. x 6 in. 

substrates.37 More recently, Z. Yang et al. realized a record module of 16.63% on 20 cm² 

by combining two co-solvents in the perovskite ink in addition to DMF, NMP, and DPSO.  

Therefore, the fabrication of these modules validates our deposition protocol's potential 

for the fabrication of perovskite over large surfaces. However, some optimization work 

is still necessary to keep up with the state of the art, both in terms of material quality and 

uniformity. 
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Figure III-22: a. Distribution of modules performances. b. MPP tracking of the best module, 

and c. J-V curve of the best module. The efficiency is calculated for a 12 cm² area.  

 Stability Tests 

 Encapsulation of perovskite solar cells 

We tried to evaluate the stability of the fabricated devices. To do so, the cells 

prepared under different post-annealing conditions were encapsulated as described in 

Figure III-23. We started by edge sealing the active area with a thermoplastic Surlyn 

polymer and added on top of the polymer a 3 mm-thick glass. The assembly is placed in 

a press and heated for two minutes to melt the polymer film. Then, we completed the 

sealing by adding Loctite glue on the edges, and the latter was cured under UV exposition 

for 1 minute. During this process, the perovskite is protected from the UVs by placing an 

opaque tape upon the active area. Finally, copper tape is added to enhance the electrical 

contacts. Crocodile clips ensure the connection with the stability bench.  



Chapter 3: Addition of methylammonium chloride

 
 

 

 

123 

 

Figure III-23: Full devices contact and encapsulation process. The encapsulation is done in a 

glovebox for the Surlyn edge sealing and in an ambient atmosphere for the Loctite glue. 

 Encapsulation impact on the performances of the 

device 

The encapsulation process involves a heating step at 100°C. We measured the 

device performances before and just after the encapsulation process to ascertain that the 

Spiro-OMeTAD has not been degraded by the above heating step (Figure III-24). The 

IV parameters of the solar cells are displayed in Annex 8.  

As a result, we conclude that only a relatively small impact due to the encapsulation has 

been observed, which affords to validate this process. All the cells showed a loss of Voc, 

except for the 140°C annealing condition with the MACl additive. The loss of Voc is 

probably due to a slight degradation of the HTM or the doping effectiveness by the 

heating. This issue is actually addressed at IPVF Lab by replacing the Spiro-OMeTAD 

with a PTAA layer for spin-coating devices. The replacement of Spiro-OMeTAD by 

PTAA for slot-die devices will be further described in Chapter 4. 
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Figure III-24: J-V curves of the solar cells under A.M.1.5G conditions before (black curves) and after the 

encapsulation process (red curves). The reverse scans are indicated in plain lines and the forward scan in 

dotted lines.  

 Impact of annealing conditions on full devices stability 

We encapsulated solar cells of each condition and followed the evolution of their 

performance under constant illumination (0.7 sun - LED illumination without UV). The 

performances of the cells were systematically measured at maximum power point (MPP) 

regardless of the annealing conditions. The Figure III-25.b shows the normalized 

efficiency evolution over 300 hours ageing.  Due to contact failure, the device annealed 

at 200°C has been discarded. 

 

Figure III-25: Stability data of encapsulated devices exposed under constant illumination under MPP 

conditions. a. First 20 hours of ageing. b. Stability over 300 hours. 

We defined T80, the time the device retains over 80% of its initial efficiency, and T50, the 

time the device retains 50% of its initial efficiency. All the values are displayed in Table 

III-4.  
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The efficiency of the devices without MACl dropped very quickly. T80 is under 4 hours 

for both annealing conditions. The 140°C post-annealing condition affords to prolong a 

bit the stability compared to the 110°C counterpart, T50 = 66h and T50 = 2h respectively. 

This indicates that the annealing temperature plays an important role in the stability of 

the device.  

In addition, when MACl is added to the perovskite precursors solution, the devices exhibit 

superior stability. At 110°C, the T80 is 36 hours, and the T50 is 85 hours. This represents 

only a small gain compared to the T50 of the reference cell without MACl annealed at 

140°C.  

When we increased the annealing temperature, the devices displayed higher stability. For 

a post-annealing at 140°C, which showed the best PCE, T80  = 200 hours, whereas the 

post-annealing at 170°C reached T80 after 150 hours. At the end of the 300 hours stability 

test, all conditions fell below the T50 limit, except for the devices annealed at 140°C and 

170°C. 

A first inspection of the devices after the ageing indicates that the decrease observable on 

the stability curve for our best devices is partially due to the way the metallic contact is 

taken in our device. In fact, we used copper tape, which tends to delaminate over time, 

mainly because of the heat due to continuous illumination. Regarding the stability curves 

and the experimental observations, the delamination phenomena seem to impact the 

measurements after 200 hours directly. Optimization of the cell design is ongoing to 

replace the copper tape with welded wires. 

Table III-4: Influence of the MACl addition and the annealing conditions on the device stability. 

Stability datas of the encapsulated devices aged under illumination for 300 hours. 

(MACl: FAI) Annealing conditions T80 T50 

(0:1) 
30 mins at 110°C 1h 2h 

30 mins at 140°C 4h 66h 

(0.3:1) 

30 mins at 110°C 36h 85h 

30 mins at 140°C 200h >300h 

5 mins at 170°C 150h >300h 

 

 Post-mortem characterization of aged devices 

To identify some degradation paths and understand the efficiency loss of the 

encapsulated devices, Scanning Transmission Electron Microscopy (STEM) and High 

Annular Angle Dark Field (HAADF) have been performed on the devices’ cross-section. 

We aimed to characterize the evolution of the perovskite morphology, quality of the 
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interfaces, and elemental analysis to provide more insights into the main degradation 

mechanisms. We selected three device conditions: 

- A reference cell. The perovskite layer was fabricated without MACl and 

annealed at 110°C for 30 minutes; 

- Two devices, which the perovskite layer was fabricated with MACl and 

annealed at 110°C for 30 minutes or at 140°C for 30 minutes. 

 

The characterizations were performed before ageing on non-encapsulated devices and 

after ageing on encapsulated devices. 

 

Figure III-26: a. STEM-HAADF images of fresh devices. b. Images of the aged encapsulated 

solar cell after 350h under continuous illumination. c. STEM-HAADF images of devices aged 
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under continuous illumination during 350 hours. d. Contrasted STEM-HAADF images showing 

the Spiro-OMeTAD layer. The perovskite layer was fabricated without or with a MACl additive, 

the reference was annealed at 110°C, and the other devices were annealed at two different 

temperatures, 110°C, and 140°C.  

Figure III-26.a. represent the cross-sections of the fresh devices. Each PSC constitutive 

layers are visible on the images. The reference device, without MACl additive, exhibits 

internal pores as indicated by the purple arrows, in accordance with previous top-view 

SEM observations. Also, in this case, we can observe that the film roughness decreases 

upon MACl addition.  

Then, the same devices have been characterized after ageing under continuous 1-sun 

illumination. Figure III-26.b. represents the encapsulated devices after ageing, and 

Figure III-26.c. displays the cross-sections of these devices. The important change of 

colour visible in Figure III-26.b already marks a clear different state of progress of the 

degradation of the three devices. In addition, The HAADF images show apparent 

damages of the interfaces for the device prepared without MACl, particularly at the 

interface between the perovskite and the HTM leading to voids formed upon ageing as 

indicated by the red circles (Figure III-26.c). These voids seem promoted by the initial 

high roughness of the film’s surface since they can be avoided if the film is prepared with 

MACl additive and crystallized at 140°C to reach the smoothest surface. Lee et al. 

evidenced that the poor adhesion at the Spiro-OMeTAD/perovskite interface is due to 

weak interactions as well as a hardening of the film by an accumulation of additives at 

this interface.38 Moreover, Wei et al. observed a photo-degradation of the chemical 

contact between Spiro-OMeTAD and Au at the interface under continuous illumination.39 

By adjusting the contrast on the HAADF images (Figure III-26.d) the presence of 

pinholes is also detected in the Spiro-OMeTAD layer after ageing (yellow circles). This 

indicates degradations in the bulk of the HTL. S. Cacovich et al. related the presence of 

such defects due to the gold diffusion during the device’s ageing.40 Consequently, the 

HTL undergoing such severe morphological deformations can decrease the charge-

carriers collection by forming energy barriers chapter.41,42 Interestingly, no voids are 

observed for the 140°C annealing condition, which can be at the origin of the improved 

device stability.  
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Figure III-27: Characterisation of the perovskite layer in a complete device by STEM-HAADF with MACl 

addition. The scale represents the normalized intensity a. Images of fresh devices. b. Images of the device 

after 300 hours of ageing under illumination. For the measurements, the acceleration voltage was kept at 

200 kV, and the current was kept < 500 pA during EDS and HAADF acquisition. 

The elemental distribution in the perovskite absorber layer of the best performing cell 

before and after ageing has been carried out by Energy Dispersive X-ray Spectroscopy 

(EDS) in STEM mode (Figure III-27).  

The results on fresh samples, presented in Figure III-27.a, show a homogeneous 

elemental distribution of halides to lead ratio, which remains fairly constant across the 

thickness for the devices fabricating with MACl. However, the fresh reference device 

already presents heterogeneities in iodide, bromide, and cesium distributions.  

After the ageing under illumination, new STEM-HAADF measurements have been 

carried out on the encapsulated samples (Figure III-27.b). This time, both I- rich and Br- 

rich regions in the perovskite layer are detected for all devices, suggesting an elemental 

segregation 43 also visible by X-ray diffraction showing the formation of new phases as 

indicated by new diffraction peaks (Figure III-28). 

The variation of iodine intensity for the aged reference device suggests the degradation 

of the perovskite layer into PbI2. The XRD peaks of the PbI2 are visible on the x-ray 

diffractograms displayed in Figure III-28 for both the reference sample without MACl 

and the MACl sample annealed at 110°C. Though, it is not visible for the sample annealed 

at 140°C. In addition, it is possible to observe I-rich region at the interface between the 

perovskite and TiO2 for all conditions, suggesting a preferential iodide migration 

phenomena to this interface.44  

On the contrary, some local bromide-rich regions are visible principally in the bulk of the 

perovskite layer on the STEM-HAADF images. Phase segregation induced by light is a 

phenomenon reported in the literature and ascribed to the metastability of multi-cations / 

multi-anions composition in the perovskite structure.45–51 The wider bandgap regions in 

the bromide-rich phase may affect the VOC and charge transport 52, inducing a significant 

drop in the device efficiency, similar to the one observed in the previous part 4.3. 

However, the average low intensity of the Br/Pb signal instead suggests an overall 

depletion of bromide content in the layer. 

On the x-ray diffractograms performed on fresh devices and aged devices (Figure III-

28), new peaks at 2θ = 25.1°, 2θ = 25.5°, and 2θ = 26.9° and 27.3° have been ascribed to 

CsPbI3.
53 Interestingly, the intensity of XRD peaks attributed to the perovskite structure 

Cs0.17FA0.83Pb(I0.83Br0.17)3 has drastically decreased in intensity in the case of the 

reference sample. The peak at 2θ = 14.1° corresponding to the (100) direction has almost 

disappeared after ageing. In addition, the STEM-HAADF signal intensity associated with 

Cs content is very low for the reference sample, suggesting the diffusion or the 

evaporation of the inorganic components of the perovskite. This is consistent with the low 

intensity of the XRD peaks of CsPbI3. The diminution of the intensity of the XRD peaks 
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attributed to the perovskite structure is also visible for the samples prepared with MACl, 

however, to a lower extent. It points out the significant role of both the annealing 

temperature and the MACl addition to stabilize the α-phase.54 

 

Figure III-28: Comparison of X-ray diffractograms of fresh (black curves) and aged (red curves) 

perovskite devices. The X-ray measurements on the fresh devices have been performed on half cell 

(glass/FTO/c-TiO2/m-TiO2/pvk) and collected two days after the deposition. The measurements on aged 

devices were performed on full devices (glass/FTO/c-TiO2/m-TiO2/pvk/spiro-OMeTAD/Au) after the end of 

ageing. 

After refining the diffractograms, we noticed a slight increase of the lattice parameters 

highlighted by the left shift of the XRD peaks, from 6.277 Å to 6.292 Å for the reference 

sample without MACl, from 6.287 Å to 6.302 Å for the sample with MACl annealed at 

110°C and from 6.280 Å to 6.295 Å for the sample with MACl annealed at 140°C (Table 

III-5). This result suggests a change in the perovskite stoichiometry after ageing.  

Such morphological and compositional changes were already observed by S. Kundu et 

al.55 and were directly related to a light and moisture-induced decomposition of the 

perovskite layer. These results suggest that the encapsulation process needs to be 

optimized to isolate the perovskite devices properly. 
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Table III-5: XRD calculated parameters from fitted XRD diffractograms. With and without MACl, before 

and after the ageing 

 MACl: FAI Annealing a (Å) (100)/(110) 

Fresh 
0 

110°C 
6.276 (9) 3.6 

0.3 6.287 (9) 5.8 

 0.3 140°C 6.280 (8) 5.4 

Aged 
0 

110°C 
6.292 (7) 2.2 

0.3 6.302 (3) 4.9 

 0.3 140°C 6.295 (7) 5.3 

 

 Conclusions 

To conclude this chapter, we highlighted in our study the major difference 

between two different solvent extraction methods: a traditional anti-solvent dripping and 

a vacuum quench. We demonstrated that the quench method has a significant impact on 

the final film’s morphology and thus that the ink composition must be tailored 

accordingly. For this reason, we developed an ink composition containing 

methylammonium chloride as an additive into the perovskite precursor solution.  

We explored different MACl concentrations and annealing conditions for optimizing the 

performances. The impact of these parameters on the opto-electronic properties of the 

perovskite film have been thoroughly investigated. This approach led us to reach a 

stabilized PCE of 17.5 % on a small-scale device fabricated with slot-die coating. 

By selecting a  (MACl: FAI) molar ratio of (0.3: 1) combined with annealing at 140°C 

for 30 minutes, we achieved an efficiency of 15.7% for a module of 12cm². However, this 

encouraging result must be mitigated due to the large distribution of the modules' 

efficiency, pointing out the need for further optimizations. 

Stability is also an important characteristic for large-scale applications. We encapsulated 

the fabricated devices and monitored the PCE evolution during 300 hours under 

continuous illumination and at maximum power point. Our study underlines the beneficial 

impact of MACl addition on devices stability. The degradation of the perovskite stack 

was further investigated by STEM technique and allowed us to identify some degradation 

paths, notably the spiro-OMeTAD bulk degradation and the depletion of Cesium during 

the aging. The replacement of the spiro-OMeTAD for a PTAA layer could address this 

issue and enhance the stability of the device. This aspect will be discussed in the next 

chapter. 

Overall, this work unveils the potential of one-step slot-die-coated perovskite as a means 

of upscaling PSCs using industry-compatible techniques. 
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CHAPTER  4: 

Synergic action of surfactant 

and MACl addition 

 

In the previous chapters, we focused on the influence of two different additives, 

namely the surfactant 3DPS and MACl, which were used separately.  

In Chapter 2, we highlighted the beneficial influence of the zwitterionic 3DPS surfactant 

to improve the film’s morphology and coverage. Following this, in Chapter 3, we 

optimized the MACl concentration into the precursor solution and reached up to 17% 

efficiency for small-scale solar cells. In this chapter, we simultaneously introduce these 

two additives in the perovskite precursor’s solution.  

In the first part, a MACl: FAI molar ratio of (0.3:1) is selected, as it is the optimal ratio 

identified in Chapter 3. Then, the concentration of the surfactant into the precursor’s 

solution is gradually increased. The influence of the synergic effect of these additives on 

the surface roughness, perovskite layer morphology, and crystallinity will be explored. 

Perovskite devices with a n-i-p architecture FTO / c-TiO2 / m-TiO2 / 

Cs0.17FA0.83Pb(I0.83Br0.17)3 / HTL / Au are fabricated. We evaluate the device performance 

and stability and compare two different HTL, the conventional Spiro-OMeTAD layer, 

and PTAA. 

The third part is dedicated to the fabrication of semi-transparent solar cells using either 

Spiro-OMeTAD or PTAA. Their performance and stability are evaluated. 

Finally, we evaluate the potential of our ST cell integrated in a tandem architecture.  

The fabrication of the semi-transparent perovskite solar cells, the deposition of the ITO 

(Indium Tin Oxide) semi-transparent electrode layer by sputtering and the integration 

process of large perovskite filters in a tandem stack, the work presented in this part has 

been carried out in close collaboration with several members of IPVF lab.  
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 Morphological and structural analysis 

We fabricated two different perovskite samples as control. For the first one (C1), 

the perovskite layer was fabricated without MACl or 3DPS addition. The second one (C2) 

was made with a MACl: FAI molar ratio of 0.3:1 without 3DPS. For the other samples, 

the 3DPS molar ratio was gradually increased, to 0.7 mM, 1.5 mM, 2.3 mM, and 4.6 mM, 

to find an optimum in conjunction with the MACl. 

The MACl and the surfactant were directly added into the perovskite precursor’s solution. 

Then, all the perovskite layers were deposited on Glass/FTO/c-TiO2/m-TiO2 by slot-die 

deposition and dried by vacuum aspiration and subsequent annealing. 

 Grain size analysis 

The influence of the surfactant addition on the grain size has been evaluated. Top-

view SEM images of the different perovskite layers fabricated with and without additives 

are presented in Figure IV-1.  

In this batch of samples, the average grain size increases from 215 nm without any 

additives to 387 nm with a MACl: FAI molar ratio of (0.3:1). This is in good accordance 

with the results presented in Chapter 3. However, the size distribution shows a wide 

standard variation (σC2 = 180 nm), thus indicating a high heterogeneity in the grain 

growth.  

A very small quantity of surfactant (0.7 mM) added to MACl does not have any visible 

impact on the average grain size. The surfactant content is calculated as a molar 

concentration (0 mM, 0.7 mM, 1.5 mM, 2.3 mM, and 4.6 mM). In both cases, with and 

without surfactant, the perovskite films showed in Figure IV-1.b., and c. show almost 

the average same grain size of ≈ 380 nm. However, the standard deviation of the films 

prepared with the surfactant is significantly lower (σ0.7mM = 116 nm), thus suggesting a 

more homogeneous crystal growth owing to a better controlled repartition of the nuclei. 

When the surfactant concentration is increased into the perovskite precursors solution, 

the grain average size increases from 405 nm for a concentration of 1.5 mM to 543 nm 

for 2.3 mM and 516 nm for 4.6 mM. Interestingly, when no surfactant is added, only 2% 

of perovskite grains show a diameter larger than 600 nm. This tendency shows a constant 

augmentation with 3DPS addition. Almost 12% of perovskite grains diameters are larger 

than 600 nm for 0.7 mM, 14% for 1.5 mM and 42% for 2.3 mM of 3DPS. However, the 

proportion of large grains decreases to 29% when the surfactant concentration is 4.6 mM. 

This result highlights the existence of a combined action between MACl and 3DPS, 

yielding to the formation of larger and uniform perovskite grains.  
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Figure IV-1: a-f. Top-view SEM images of a Cs0.17FA0.83Pb(I0.83Br0.17)3 perovskite layer deposited 

on FTO/c-TiO2/m-TiO2, with gradual augmentation of surfactant 3DPS concentration. g-l. 

Particle size distributions. 

 Surface roughness analysis 

The confocal image of the control sample C1, displayed in Figure IV-2.a, shows 

a very rough surface. The 3D capture of the surface highlights the presence of numerous 

pinholes (blue areas) on the whole surface (Figure IV-2.g).  

In Chapter 3, we saw that the surface homogeneity was significantly enhanced with the 

addition of MACl. However, the perovskite layer still showed numerous surface “dots” 

important local surface roughness, visible as black points on the confocal image of sample 

C2 (Figure IV-2.b) and highlighted by red circles on confocal images. The 3D acquisition 

in Figure IV-2.h confirms that the dots are high-intensity points, with a height of a few 

hundred nanometers.  

With the gradual addition of surfactant, the perovskite surface presents a more 

homogeneous and smoother aspect, visible in Figure IV-2.c-f. Neither blue area, 

characteristic of pinholes presence nor particles appear on the surface when the surfactant 

concentration is higher than 1.5 mM.  
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Figure IV-2: a-f. Confocal images of the perovskite surface. g-l. 3D acquisition of the surface 

roughness.  

To assess the homogeneity of the layers, the distribution of the roughness heights and the 

Sa values were extracted from the 3D surface acquisition image (Figure IV-3.a and b.). 

For the C1 control sample, the distribution is very broad due to the heterogeneity of the 

perovskite film. The calculated average surface roughness (SaC1) is 124 nm.  
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If we compare with the effect of MACl addition alone explored in the previous chapter, 

this value is significantly lowered to SaC2 = 56 nm. The standard deviation of height 

distribution decrease concomitantly from σC1 = 0.12 μm to σC2 = 0.046 μm, indicating 

an improvement of the surface homogeneity together with the roughness decrease.  

Interestingly, with the surfactant addition, surface roughness together with the standard 

deviations continues to decrease from Sa0.7mM = 51 nm (σ0.7mM = 0.046 nm) to Sa2.3mM = 

22 nm (σ2.3mM = 0.026 μm), indicating a continuous improvement of the surface 

homogeneity. This roughness value lies now very close to the surface roughness of the 

laboratory baseline, Sa = 17 nm, when using the spin-coating technique. 

 However, when the surfactant concentration increases further in the perovskite 

precursors solution, the final perovskite film displays a Sa4.6mM value of 29 nm. It suggests 

that the surface roughness diminution induced by surfactant addition meets a threshold at 

C3DPS > 2.3 mM.  

 

  

Figure IV-3: a. Distribution of the surface height measurements and, b.  Average surface 

roughness value depending on the concentration of 3DPS surfactant. 

The evolution of the perovskite morphology and compactness is observed on cross-

section SEM images (Figure IV-4). Without additive, the film presents a high porosity 

inducing numerous pinholes. In Chapter 3, we discussed that MACl addition improved 

the perovskite layer compactness by promoting the growth of larger perovskite grains. 

However, the “dots” previously observed on the confocal surface images are also herein 

visible and highlighted by red arrows in Figure IV-4.b-c. By measuring the roughness 

profile of the perovskite layer, dots height can be estimated between 180 nm and up to 

500 nm, in comparison to the perovskite layer thickness, which is around 470 nm ± 15 

nm. Their formation can be attributed to the migration of perovskite solutes around the 

primary nuclei during the island-like growth. As described in Chapter 1, part. 1.2., the 

formation of nuclei can be promoted by the presence of micro-impurities on the substrate, 

which creates surface tension gradients and promotes a rapid accumulation of precursors.1  
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When the surfactant is combined with MACl, the dots tend to disappear from the 

perovskite surface gradually. At a surfactant concentration higher than 1.5 mM, no dots 

are visible on confocal images (Figure IV-2.d-f) or cross-sections images (Figure IV-4. 

d-f). The associated roughness profiles display flat profiles with low roughness values of 

Ra < 35 nm. According to Y. Deng et al., a small concentration of surfactants can prevent 

the migration flux of precursors toward the nuclei, avoiding a local over-accumulation of 

solutes and suppressing the formations of dots.1 Consequently, the perovskite films 

fabricated with MACl and surfactant exhibit a smoother surface and improved 

compactness. 

 

Figure IV-4: a-f. Cross-section SEM images of slot-die coated perovskite layer deposited on 

FTO/c-TiO2/m-TiO2, with different surfactant concentrations, and g-l. Associated roughness 

profile measured by confocal microscopy.  
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 Structural analysis of the perovskite films 

XRD measurements were performed to investigate the role of the combined 

utilization of MACl and 3DPS on the perovskite crystallization and grain orientation. The 

resulting diffractograms are displayed in Figure IV-5.  

The diffractograms show the pure photoactive α-phase regardless of the ink composition. 

All the diffraction peaks are indexed by the cubic lattice of Pm-3m space group. All the 

samples display the characteristic perovskite peaks of (100) and (110) at 2θ = 14.1° and 

19.98°, respectively. The surfactant addition induces an increase of the (100) peak 

intensity. The ratio of (100) and (110) peak intensities for all the conditions explored are 

reported in Figure IV-6. a. For a 3DPS content ranging from 0 to 4.6 mM, the peak 

intensity ratio increases from 4.9 to 6.7, suggesting that the surface assists an anisotropic 

particle’s growth to privilege a preferential along the (100) crystal plane.  

 

Figure IV-5: X-ray diffractograms measured on perovskite films deposited on FTO/c-TiO2/m-TiO2, with 

different surfactant concentrations. 

In addition, on the refined XRD, the FWHM of the (100) peaks was calculated to be 0.12° 

for C2 perovskite films and 0.08° for a surfactant content of 2.3 mM. A higher 3DPS 

content of 4.6 mM leads to a broader FWHM of 0.10°. This broadening indicates that 

smaller coherence domains are formed within the perovskite grains when an excessive 

amount of 3DPS is introduced. It thus reduces the crystal growth rate and also the 

preferential orientation. This reduction of the crystallite size is consistent with the 

diminution of the grain size characterized in part 1.1. 
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The crystallite size is estimated to be 151 ± 10 nm for the sample C2, using Williamson-

Hall (W-H) formalism. The addition of surfactant increases the crystallite size to 191 nm 

± 6 nm, 248 nm ± 18 nm, 244 nm  ± 21 nm, and 225 nm ± 8 nm for 0.7 mM, 1.5 mM, 2.3 

mM, and 4.6 mM of 3DPS, respectively (Figure IV-6. b). Moreover, the perovskite films 

demonstrated a preferential orientation along the (100) plane, along with the 

augmentation of the average grain size. This preferential orientation has been proved to 

be beneficial for perovskite electronic properties.2 

In addition, we observe a diminution of the tensile lattice micro-strains, from εC2 = 3.1.10-

3 MPa to ε4.6mM = 0.9.10-3 MPa (Figure IV-6. b), suggesting that MACl and 3DPS 

addition leads to a relaxation of the perovskite film.  

Combining XRD and SEM observations, we noticed that the increase in the grain size 

goes along with the crystallites. For a 3DPS concentration of 4.6 mM, the crystallite size 

decreases to 225 nm. This threshold is consistent with the SEM and confocal observations 

and sets a concentration limit for the beneficial effects of surfactant and MACl combined. 

The average grain size seems to remain larger than the calculated crystallites, suggesting 

polycrystalline domains. However, this result has to be considered carefully though. The 

W-H method considers perfectly anisotropic spheres, which is not strictly compliant with 

perovskite particles. This can generate an approximation for the final perovskite 

crystallite size calculation.  

 

Figure IV-6: a. Evolution of the peak intensity ratio (100)/(110) orientation plans, depending on 

the surfactant concentration. b. Crystallite size and micro-strains depending on the surfactant 

concentration, calculated by W-H method. 

 Optical properties 

The optical properties of the perovskite films deposited on FTO/c-TiO2/m-TiO2 

have been measured by (UV/Vis) spectrophotometry.  

We notice an enhancement in the absorption of the perovskite films with the surfactant 

addition, compared to the absorption of the reference sample C2 on a wavelength range 

between 500 and 750nm. The results are displayed in the inset of Figure IV-7.a. The 

absorption shows a continuous increase of 1.5%, 4.8%, 7.6%, and 11% with the 3DPS 

content.  
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Since the thickness of the perovskite films stays close regardless of the surfactant 

concentration, as confirmed by the cross-section SEM images in Figure IV-4, this 

absorption enhancement at short wavelengths is mainly due to the improvement of the 

perovskite layer morphology, which modifies the optical response of the film. The 

transmission curves for higher concentrations of surfactant (>2.3 mM) display wavy 

profiles in the near IR range, indicating optical interferences characteristic of very smooth 

films.  

Moreover, on transmission and absorption spectra, no visible shift of the absorption onset 

is visible, which indicates that the bandgap value (1.64 eV) is not impacted by the 

additives.  

 

Figure IV-7: a. Absorbance spectra. Inset: relative improvement of the absorbance measured 

between 450 and 700 nm compared to the reference sample C2. b. Transmission curves, 

depending on the surfactant concentration. Measurements performed on perovskite films 

deposited on FTO/c-TiO2/m-TiO2. 

 Rationalization of the crystallization process results 

In the previous chapters, we studied the independent influence of the two 

additives. We displayed our observations conducted on the film morphology and resulting 

conclusions in Figure IV-8. 

Without any additives, we faced a poor covering perovskite film, with a dendritic 

structure and a high surface roughness. According to the crystallization theories, we 

concluded that the poor morphology was due to a poor nuclei density. 

Then, in chapter 2, we concluded that the surfactant enhanced the nuclei density by 

promoting the heterogeneous nucleation. However, this behavior induced the lowering of 

the perovskite grain size, which can be detrimental to the electronic properties of the 

perovskite layer.  

In chapter 3, we demonstrated that MACl could reduce the crystal growth rate by creating 

an intermediate with PbI2. The resulting perovskite films showed large grains and 

enhanced crystallite size.  
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Finally, in this chapter, we displayed the combined action of the two additives on the 

perovskite morphology. The presence of surfactant allowed the formation of a sufficient 

nuclei density while promoting heterogeneous nucleation phenomena. As discussed in 

chapter 1, heterogeneous nucleation favors the fabrication of smooth perovskite films. 

In parallel, the introduction of MACl reduces the growth rate, resulting in a more 

homogeneous and larger perovskite grain growth. Finally, it enables the fabrication of 

smooth and well-covering perovskite film. 

 

Figure IV-8: Illustration of the proposed crystallization mechanisms during perovskite film 

formation without additives, with surfactant only, with MACl only, and the synergic action 

between MACl and 3DPS.  

 Full devices performances 

The deposition of the different extraction and electrodes layers was made 

accordingly to the procedure detailed in Chapter 2, part.2, and part.3.  

The perovskite precursor’s solution was prepared the day before the deposition of the 

absorber. The perovskite absorber was deposited by slot-die and dried by vacuum 

aspiration, according to the fabrication protocol detailed in Chapter 2, part. 4. Then, all 

the wet films were annealed for 30 minutes at 140°C.  
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 Spiro-OMeTAD as Hole Transporting Layer 

First, Spiro-OMeTAD was used as a hole transporting layer. The devices statistics 

are displayed in Figure IV-8. The detailed performance of the best devices and average 

performances for every growth condition herein investigated are presented in Annex 9.  

The reference devices C2 display an average value of Jsc of 19.0 mA.cm-² (in reverse scan). 

Then, a gain of Jsc can be obtained by the addition of MACl and 3DPS simultaneously. 

The Jsc increases to 19.8 mA.cm-² (+4%), 19.5 mA.cm-² (+3%), 20.3 mA.cm-² (+7%) and 

even to 20.8 mA.cm-² (+8.7%) with a surfactant content of 0.7 mM, 1.5 mM, 2.3 mM and 

4.6 mM respectively. The increase of the Jsc is in the same order of magnitude as the 

improvement of the film’s absorption detailed in Figure IV-7. a.   

The open-circuit voltage Voc is not affected by the surfactant addition. It stays at around 

1.10V. Only a surfactant concentration of 2.3 mM leads to a slight improvement of the 

average Voc to 1.12V. In addition, The FF value also remains stable, around 74 % for all 

surfactant content ≤ 2.3 mM. 

In Chapter 2, we observed that the surfactant addition results in numerous grain 

boundaries that can be detrimental to the device’s efficiency. However, its addition in 

smaller concentrations, combined with MACl, improves film morphology and enhances 

performance.  

However, when a surfactant content of 4.6 mM is incorporated, it induces a significant 

drop of the average FF to 62.1 % (Figure IV-9). A drop of the FF without a noticeable 

impact on the Voc can point out problems of charges extraction. Notably, K. Liu et al. 

reported that an accumulation of a zwitterionic surfactant in the perovskite bulk could 

impact the charge mobility due to the excess of alkyl chains assembled at the surface and 

in the grain boundaries of perovskite films.3 This limit of the surfactant addition is 

consistent with the observation of previous works, pointing out the migration surfactant 

species in the GBs during the annealing.4 The increasing number of grain boundaries 

arising from the diminution of the grain size induced by a surfactant concentration ≥ 

4.6mM can also impact the FF.  

The control devices based on perovskite fabricated with only MACl exhibited an average 

efficiency of 15.7% (reverse scan), while it goes up to 17.2% on average for a surfactant 

concentration condition of 2.3 mM.  
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Figure IV-9: Influence of the surfactant addition on J-V parameters with a Spiro-OMeTAD as 

Hole Transport Layer. Device statistics for perovskite solar cells were prepared with a molar 

ratio MACl: FAI (0.3:1) and a gradual augmentation of surfactant concentration (Each condition 

counts ten cells). The devices present a NIP architecture glass/FTO/c-TiO2/m-

TiO2/Cs0.17FA0.83Pb(I0,83Br0.17)3/Spiro-OMeTAD/Au.  Reverse scan (plain color) and forward 

scan (stripped). 

Figure IV-10 displays the J-V curves and MPP of the best cell, fabricated only with 

MACl, and with the combination of MACl and 3DPS (2.3 mM).  

The best reference cell yields 17.3% (Voc = 1.08V, Jsc = 20.4 mA.cm-², FF = 74.6 %), 

while we obtained a top cell of over 17.8% (Voc = 1.14V,  Jsc = 20.7 mA.cm-², FF = 75.6 

%) efficiency and stabilized at 17.5%, with a 2.3 mM 3DPS content, with a lower 

hysteresis. This result is the best efficiency obtained in this work, which thus underlines 

the added value and the synergy obtained with this double additive strategy. 
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Figure IV-10: J-V and MPP of best perovskite cells. a. No 3DPS (yellow curves). b. 3DPS content 

of 2.3 mM (green curves). Both cells were measured one week after deposition. 

 PTAA as Hole Transporting Layer 

Spiro-OMeTAD is a reference HTL for PSCs. Numerous studies investigated 

physical characteristics, electronic properties, optimization, and stability with this HTL.4–

6 One of the most significant issues is the requirement for a high doping level to reach 

sufficiently high hole mobility for reaching high charge collection efficiency owing to the 

hopping type of the hole conduction. This doping is generally achieved by adding both 

lithium bis(trifluoromethylsulfonyl)amide (LiTFSI) and 4-tert-butylpyridine (tBP), in 

combination with a Cobalt-based complex as an additional p-type dopant. Unfortunately, 

these dopants often hurt the device’s stability.7,8  

An alternative material, PTAA (Poly(triarylamine)), has been proposed because of its 

favorable highest occupied molecular orbital (HOMO) energy level position (−5.2 eV). 

Interestingly, the optimal concentrations of dopants for PTAA-based perovskite devices 

are about four times lower than the conventional concentrations of LiTFSI, and tBP added 

to spiro-OMeTAD.5 In addition, Co(III) complexes are generally not used to dope PTAA. 

Consequently, when incorporated into a perovskite device, it offers remarkable 

photovoltaic efficiency and enhanced stability thanks to the lower thickness needed, 

requiring a lower doping content.10 In addition, compared to spiro-OMeTAD, PTAA has 

a higher glass transition and melting temperature. Kim et al. found that PTAA is more 

stably amorphous than doped spiro-OMeTAD upon thermal stressing at both 65 °C and 

85 °C, but pinhole formation was observed in both doped spiro-OMeTAD and PTAA 

films upon thermal stressing and ascribed to tBP evaporation.11,12 In addition, as HTLs 

provide the main barrier between the perovskite layer and the environment, their response 

to moisture strongly affects perovskite solar cell stability. Spiro-OMeTAD has been 

shown to crack upon exposure to moisture, allowing water to degrade the perovskite 
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directly, while PTAA only forms small holes, enabling better coverage and slower 

degradation of the perovskite film.13  

We fabricated complete devices by replacing the spiro-OMeTAD layer with PTAA. 

Figure IV-10 shows the statistic of the cell characteristics of the following devices:  

• The two reference devices, either with Spiro-OMeTAD or PTAA. The perovskite 

layer beneficiated only of MACl addition.  

• The same four different growth conditions as presented before, with combined 

MACl and surfactant.  

Detailed performances of best cells and average performances for every tested condition 

are presented in Annex 10. 

Looking at the reference cells without 3DPS, replacing the Spiro-OMeTAD by PTAA 

induces a severe loss of Jsc, decreasing from 19.0 mA.cm-² to only 13.2 mA.cm-². In 

addition, the average Voc also shows a significant loss of 0.1 V, and the FF value 

decreases from 74 % to 66 %. Due to the lower thickness of the PTAA layer (ca. 20 nm) 

compared to Spiro-OMeTAD (ca. 200 nm), the important roughness of the absorber, as 

shown in Figure IV-4 (Sa = 56 nm), may create a poor coverage of the PTAA layer onto 

the perovskite. Consequently, direct contact between the gold electrode and the 

perovskite layer will take place. This poor interface quality is thus detrimental to final 

performances, resulting in an average PCE of 8.8 %, compared to 15.7 % with Spiro-

OMeTAD. As a result, diminishing the surface roughness of the perovskite layer is one 

key to improving the performance of the PTAA cells. 

With gradual increase of the surfactant concentration, the average Jsc value of the PTAA 

devices raise up to 19.0 mA.cm-²  (0.7 mM), 20.3 mA.cm-²  (1.5 mM), 19.5 mA.cm-²  (2.3 

mM) and 18.9 mA.cm-²  (4.6 mM) with 3DPS addition. The Voc also showed an important 

improvement, from an average value of 1.01V for the reference PTAA device to 1.1 V 

(0.7 mM), 1.15V (1.5 mM), 1.12V (2.3 mM and finally 1.1V (4.6 mM). The reference 

PTAA devices exhibited an average efficiency of 8.8% (reverse scan), while it goes up to 

16.1% on average for a surfactant concentration condition of 1.5 mM and 16.4% for 2.3 

mM 3DPS content. 

The overall improvement of the device performances is directly related to reducing the 

surface roughness by the addition of 3DPS. Indeed, as previously discussed, the latter 

affords to decrease the number of morphological defects, particularly the so-called “dots.” 

Note that a slightly higher hysteresis was observed in the case of the PTAA compared to 

Spiro-OMeTAD. This hysteresis gradually decreases with the addition of the surfactant, 

which is in agreement with the improvement of the interface quality. However, as 

observed with Spiro-OMeTAD devices, the beneficial effect of surfactant addition meets 

a limit when the 3DPS content is higher than 2.3 mM.  
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Figure IV-11: Influence of the surfactant addition on J-V parameters with a PTAA as Hole 

Transporting Layer. Device statistics for perovskite solar cells were prepared with a molar ratio 

MACl: FAI (0.3:1) and a gradual augmentation of surfactant concentration (Each condition 

counts for five cells). The devices present a n-i-p architecture glass/FTO/c-TiO2/m-

TiO2/Cs0.17FA0.83Pb(I0,83Br0.17 )3/PTAA/Au.  Reverse scan (plain color) and forward scan 

(stripped). 

Figure IV-12 compares the J-V curves of the best devices for the conditions without 

surfactant (yellow curves) and the devices with a surfactant content of 2.3 mM (green 

curves). The best reference cell yields 10.3% (15.2 mA.cm-², 1.03V, 66.0), while we 

obtained a top cell of 16.8% (19.6 mA.cm-², 1.12V, 76.1) of efficiency and stabilized at 

15.6%, with a 2.3 mM 3DPS content. Interestingly, the PTAA devices show their best 

performances five days after the fabrication. 

Although this efficiency represents a significant improvement in the efficiency of the 

PTAA devices compared to a protocol without surfactant, the best PTAA-based device 

still displays a 5% lower average efficiency (16.4%) than their spiro-OMeTAD 

counterparts (17.2%), pointing out the need for further optimizations. 
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Figure IV-12: J-V of best perovskite cells. a. Perovskite layer fabricated only with MACl and 

without 3DPS (yellow curves). b. Perovskite layer fabricated with MACl and a surfactant content 

of 2.3 mM (green curves). Both cells were measured one week after the fabrication of the full 

stack.  

 Aging in dark conditions 

To evaluate the impact of the HTL layer on the stability, we compared the 

evolution of the I-V parameters during 45 days for the best four cells of each ink 

formulation (Figure IV- 13). The devices were stored under vacuum in the dark and only 

taken out for the I-V measurements under one sun illumination. The average J-V 

parameters of aged devices are displayed in Annex 11. 

The performances of the Spiro-OMeTAD devices remain stable during the first ten days, 

with only a 4% loss of the initial efficiency, mainly due to the FF. However, after two 

weeks, the performances start to degrade more quickly. In particular, the Voc decreases 

from 1.11 V to 1.05 V, which points out the degradation of the interface perovskite/HTL. 

This loss of performance is consistent with the degradation path of the HTL, as evidenced 

previously. The device’s aging results in a significant morphological modification, like 

the generation of pinholes and delamination of the HTL layer, as evidenced in Chapter 

3. 

On the contrary, the PTAA devices show only small variations of the J-V characteristics. 

On average, after 45 days, the spiro-OMeTAD devices lose around 20 % of their initial 

PCE, whereas PTAA-based devices remained very stable with a PCE retention as high as 

98 %. Therefore, the PTAA layer as HTL represents an exciting way to enhance the 

stability of the solar cells.  
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Figure IV- 13: Ageing of solar cells stored in the dark and under vacuum conditions. a. 

Perovskite solar cells fabricated with Spiro-OMeTAD or b. with PTAA. 
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 Integration in semi-transparent perovskite cells 

architecture 

As discussed in Chapter 1, perovskite solar cells have been proven to be very 

promising top-cell for multi-junction solar cells due to their tunable bandgap, easy 

fabrication, and potential low-cost fabrication.13–16 Then, in part. 1 and 2. of this chapter, 

we focused on fabricating a high-performance perovskite device with a slot-die coating 

perovskite material with a high bandgap of 1.64 eV. This bandgap is compatible with 

tandem requirements.17,18  

However, to fabricate efficient Si/perovskite tandem devices, it is necessary to elaborate 

a semi-transparent (ST) perovskite top-cell. Various materials have been investigated in 

the literature to replace the traditional opaque gold electrode layer, for a n-i-p architecture, 

with a transparent TCO. Among them, AZO (Aluminium-doped Zinc Oxide), IZO 

(indium-doped zinc oxide), and ITO material represent the most promising candidates 

due to their excellent average visible transmittance (>80%), their low sheet resistance (~ 

10 Ω/sq), and their high color rendering index (>75%).19,20 However, sputtered ITO stays 

the industry’s current standard commercial TCO in optoelectronic devices and has been 

the most reported top TCO in semi-transparent and tandem perovskite photovoltaics.21  

This part focus on the fabrication, optimization, and characterization of semi-transparent 

devices with a transparent bi-layer ITO top-electrode. The development and the 

deposition of the transparent ITO have been carried out by Emilie Raoult (Ph.D. student 

at IPVF).  

 ITO deposition and fabrication of the solar cells 

The fabrication conditions of the c-TiO2, m-TiO2, perovskite, and HTL layers 

remain identical to the previous chapters. The complete deposition methods for each layer 

have been detailed in Chap. 2, part. 2 and 3.  

For the perovskite deposition, we used a surfactant content of 2.3mM combined with a 

(MACl: FAI) molar ratio of (0.3: 1) in the perovskite precursors solution. The perovskite 

layer is coated onto a large 5 x 10 cm² substrate. It is then divided into 2 x 2.5 cm² 

individual cells and then covered by the HTL (either PTAA or Spiro-OMeTAD have been 

investigated). A sputtered ITO layer as transparent conductive contact is sheltering the 

HTL. Finally, the cell is terminated by a fork-like gold contact evaporated around the ITO 

layer to ease the lateral carrier transport to the external electrical circuit. It allows a better 

contact for IV measurements without covering the transparent ITO. The detailed ITO 

deposition protocol developed by E. Raoult is displayed in Annex 13. The full stack of 

the fabricated semi-transparent solar cells is sketched in Figure IV-14. 
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Figure IV-14: Main steps of the fabrication process of semi-transparent small-area solar cells 

a. a large slot-die coated perovskite sample (10x5 cm²) is divided into individual semi-transparent 

solar cells of 2 x 2.5 cm². b. Sputtering of the ITO layer, c. evaporation of the gold contact, and 

d. Architecture and picture of the final ST perovskite devices.  

 Morphological characterization 

Figure IV-15. a. and b. show the confocal images of the ITO layer morphology 

deposited on Spiro-OMeTAD and PTAA, respectively. The ITO layer grown on a PTAA 

layer presents a smooth surface, whereas important wrinkles are formed when the ITO 

layer is deposited on top of a Spiro-OMeTAD. According to confocal 3D images, the 

wrinkles can be as high as 4 µm, suggesting significant delamination. The cross-section 

SEM images (Figure IV-15.c.) confirm that the wrinkles visible on the ITO layer 

deposited on Spiro-OMeTAD are due to delamination of the ITO layer. On the contrary, 

the ITO keeps perfect adhesion on the PTAA layer.  

The devices can be subjected to high temperatures generated by the plasma during the 

ITO deposition by sputtering. This represents a major difference with the gold 

evaporation, which does not submit the samples to a temperature variation. The exact 

temperature reached by the cells during the deposition remains unknown, but a measure 

on the samples after the withdrawal from the sputtering vacuum chamber indicated 45°C. 

Since the cells stay 30 minutes in the sputtering chamber after the end of the deposition, 

the actual temperature reached by the samples during the process is probably higher. A. 

J. Bett et al. demonstrated that a sputtering temperature > 50°C during the deposition can 

degrade the performances of ST devices fabricated with a Spiro-OMeTAD HTL.23 

Indeed, an important mismatch exists between the thermal expansion coefficient (CTE) 

of the ITO (CTE ≈ 5-6.3.10-6 K-1) and the Spiro-OMeTAD (CTE ≈ 300-450.10-6 K-1). The 

latter is lower in the case of the PTAA (CTE = 50-100.10-6 K-1). Consequently, when 

exposed to the sputtering process temperature, the Spiro-OMeTAD tends to dilate more 

than the ITO, inducing its delamination upon cooling. This creates a loss of electrical 

contact between the Spiro-OMeTAD and the electrode. 
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In addition, the Spiro-OMeTAD can be damaged due to bombardment with high energetic 

ions.23 Consequently, the ITO layer is deposited following a two-step process, starting 

with a low energy step during which the plasma is kept at 10W for 30 mins. 

 

 

Figure IV-15: Confocal images (x20 magnification) of ITO deposited on: a. spiro-OMeTAD and, 

b. PTAA. Cross-section SEM images of perovskite stack with different HTL. ITO deposited on c. 

spiro-OMeTAD, and d. ITO deposited on PTAA. e. Picture of ITO deposited on Spiro-OMeTAD 

(pink sample, left) and PTAA (green sample, right). 

 Optical properties 

We performed ellipsometry measurements on the filters and calculated the 

refractive index n and the extinction coefficient k to characterize the perovskite deposited 

by slot-die. The measurements were performed using a spectroscopic ellipsometer (J.A. 

Woollam M-2000VI). 

We compared the results for a triple cation perovskite fabricated by spin-coating and a 

double cation perovskite fabricated by slot-die. For the slot-die perovskite layer, the 

roughness was modeled by adding a mix sub-layer bulk/void (86% bulk/14% void).  

We noted a very similar ellipsometric response between slot-die and spin-coating 

perovskite layers. It is possible to observe the absorption peaks of the perovskite layer 

(black arrows), visible in the UV-Visible spectral region. Between 300 and 800 nm, we 

observed a slight variation of energetic levels due to the different bandgaps: 1.58 eV for 

the baseline and 1.64 eV for the slot-die coated perovskite films. 

The PTAA shows a higher refractive index (∼1.7) and lower extinction coefficient than 

spiro-OMeTAD (∼1.6).25,26 When compared to the refractive index of the perovskite 

layer (∼2.2), calculated by ellipsometry (Figure IV-16.a.), the better matching of the 

refractive index between PTAA and the perovskite layer allows to lower the reflection 

losses and reduce parasitic absorption.  
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Figure IV-16.b. shows the absorbance, the reflection, and the transmission curves 

measured by UV-vis spectro-photometry on the stack: Glass/FTO/c-TiO2/m-

TiO2/perovskite/Spiro-OMeTAD or PTAA/ITO. Between 550 nm and 700 nm, the PTAA 

stack shows a slightly lower absorbance (-3.1%), correlated with a higher transmission of 

this HTL compared to the Spiro-OMeTAD in the same wavelength range. This difference 

can be attributed to a phenomenon of light re-absorption at the interface perovskite/Spiro-

OMeTAD due to the thicker HTL. In addition, between 900 nm and 1100 nm, the Spiro-

OMeTAD layer absorbs more in the NIR than a PTAA layer due to the more important 

dopant content.  

The difference between refractive index and HTL thickness is visible on the final ITO 

color (Figure IV-15.e). 

 

Figure IV-16: a. UV-vis Spectro-photometry measurements performed on the n-i-p stack 

Glass/FTO/c-TiO2/m-TiO2/perovskite/Spiro-OMeTAD or PTAA/ITO. Absorbance curves 

(yellow), Transmission curves (green), and reflection curves (orange). b. Ellipsometry 

measurements were performed on Glass/FTO/c-TiO2/m-TiO2/perovskite. The absorber layer 

MAFACs (Eg =1.56eV) have been deposited by spin-coating (dotted curves), and the absorber 

layer FACs (Eg =1.64eV) have been deposited by spin-coating (plain curves). 

 Semi-transparent solar cells performances  

Figure IV-17 shows the electrical parameters statistic of the semi-transparent 

perovskite devices fabricated with Spiro-OMeTAD or PTAA. The detailed performances 

of the best cells and the related average performances are presented in Annex 13.  

The semi-transparent solar cells exhibit a lower efficiency than their gold counterparts. 

The semi-transparent Spiro-OMeTAD devices display an average Jsc of 19.2 mA.cm-² (-

5.4%), and the PTAA an average Jsc of 18.1 mA.cm-² (-7.2%). It can be partially explained 

by the difference in electrode materials. In the case of an opaque cell, the light entering 

the cell is reflected by the gold contact and comes back inside the absorber, increasing 

the light absorption. On the contrary, in the case of a semi-transparent layer, a part of the 

light is transmitted through the cell, inducing a lower current generation. In addition, the 
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lower FF value of the semi-transparent devices can be due to the higher resistivity of the 

ITO layer (16 ohm/sq) compared to a gold electrode (∼10-5 ohm/sq).26 

On average, the Spiro-OMeTAD devices lead to higher efficiencies than PTAA devices. 

The day of the fabrication, the devices with Spiro-OMeTAD exhibit an average Voc of 

1.11V, Jsc = 19.2 mA.cm-² and FF = 72.3, compared to a average VOC = 1.05V, Jsc = 18.1 

mA.cm-² and FF = 62.9 for PTAA devices (reverse scans). However, this difference is 

gradually reduced with the aging of the cells. On average, the cells with PTAA as hole 

transport layers yield their best efficiency a week after the deposition. and present a 

maximum average efficiency 13% lower (PCE = 13.1%) than their Spiro-OMeTAD 

counterparts (15.3%). This difference is consistent with the tendency identified for the 

opaque solar cells previously in part 2.  

Even in the literature, it exists a significant efficiency gap between both HTL materials. 

To date, the best semi-transparent efficiency is 19.4% on 0.05cm² and 16.5% on 1 cm² 

for a n-i-p planar architecture with a Spiro-OMeTAD HTL, a MoO3 buffer layer, and a 

transparent AZO top electrode.27 In comparison, the best-reported device using a PTAA 

layer and an ITO transparent top-electrode in a n-i-p architecture reached 15.4% 

efficiency.28 Interestingly, to tackle this problem, a lot of teams chose a p-i-n architecture, 

offering better stability and potentially better efficiencies.20,29,30 

Nevertheless, we noted that the deposition of the ITO layer on Spiro-OMeTAD gives rise 

to a lack of reproducibly from batch to batch, this material being susceptible to the stresses 

undergone during the sputtering process. For example, for all the cells presented in this 

study, 5 devices over 18 were damaged and demonstrated a PCE lower than 2% after the 

ITO deposition, representing almost a 30% loss. By replacing the Spiro-OMeTAD with 

PTAA, a significant gain in reproducibility was obtained. Consequently, it significantly 

decreased the cells loss after the TCO deposition. On 14 semi-transparent devices 

fabricated with PTAA, only one cell displayed an efficiency lower than 2% after the 

sputtering deposition.  
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Figure IV-17: Influence of the HTL on J-V parameters. Device statistics for semi-transparent 

perovskite solar cells at D+1. The devices present a NIP architecture glass/FTO/c-TiO2/m-

TiO2/Cs0.17FA0.83Pb(I0,83Br0.17)3/PTAA/Au.  Reverse scan (plain color) and forward scan 

(stripped). They were measured one week after deposition. 

The J-V curves of the best fabricated ST solar cells are displayed in Figure IV-18. The 

best ST cell with Spiro-OMeTAD displayed an efficiency of 16.7% (reverse scan) (Voc = 

1.13V / Jsc = 20.3 mA.cm-²  / FF = 71.8 %), without hysteresis for  a Spiro-OMeTAD 

perovskite device. In comparison, the best PTAA device reached a maximum efficiency 

of 14.8% (reverse scan) (Voc = 1.07V / Jsc = 19.1 mA.cm-² / FF = 72.7) as PTAA is used 

as HTL. Recently, S.H. Lim et al. reported a 15.72% efficiency with an IZTO (Indium 

Zinc-Thin Oxide) transparent top-electrode.20 To date, the best reported semi-transparent 

perovskite solar cell with a sputtered ITO top-electrode layer directly on the HTL yields 

an efficiency of 15.4%.28 

Regardless of the HTL, the EQE curve indicates a conversion loss for longer wavelengths 

than 500 nm. This phenomenon is common to both Spiro-OMeTAD and PTAA devices 

and points out an insufficient thickness of the absorber layer, which penalizes the 

conversion of lower-lying energy photons close to the bandgap. During this thesis, the 

deposition parameters have been optimized for a reproducible perovskite layer thickness 

of ≈ 470 ± 15 nm.  
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Figure IV-18: a. J-V curve of best Spiro-OMeTAD device, measured D+1 after deposition. b. I-V curve of 

best PTAA device measured D+10 after deposition. c. EQE curve of best Spiro-OMeTAD device measured 

D+1 after deposition. d. EQE curve of best PTAA device measured D+10 after deposition.   

 Aging in dark conditions 

Similarly to part 3.3, the stability of the perovskite devices has been studied over 

45 days (4 cells for each condition) (Figure IV-19). The devices were stored under 

vacuum in dark conditions and only taken out for the I-V measurements under one sun 

illumination. The detailed J-V parameters of aged devices are displayed in Annex 13. 

Spiro-OMeTAD devices have a higher initial average efficiency than PTAA devices. 

However, after ten days, the efficiency of the PTAA devices went from 11.8% to 12.8%, 

which represents an increase of 8.6%. In the meantime, the Spiro-OMeTAD devices lost 

11.7 % of their initial efficiency. At the end of the 45 days following, we can see that the 

PTAA devices retained 88% of their initial performances and Spiro-OMeTAD devices 

retained only 48% of their initial performances.  
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Figure IV-19: Ageing of solar cells stored in the dark and under vacuum conditions (Each 

condition counts for four cells). a. Perovskite solar cells fabricated with Spiro-OMeTAD or b. 

with PTAA. The devices present a n-i-p architecture glass/FTO/c-TiO2/m-

TiO2/Cs0.17FA0.83Pb(I0,83Br0.17)3/HTL/ITO/Au. Reverse scan (plain color) and forward scan 

(stripped). 

The Spiro-OMeTAD cells J-V parameters demonstrate an important loss on the Jsc on 

Figure IV-20, from an average of 20.1 mA.cm-² to 15.0 mA.cm-². It could indicate a 

possible degradation of the absorber layer, as observed in Chap.3.  

The J-V curves also show an increase of the resistance losses, conducting to a diminution 

of the FF. Looking at the average J-V results in Annex 13, it also indicates a severe Voc 

loss for most of the aged devices.  

On the contrary, the PTAA champion device (Figure IV-20. b) displays a stable behavior. 

In this case, the gradual diminution of the Voc and Jsc values represents a loss of only 3.7% 

and 4.1%, respectively. This is consistent with the average values.  

The decline of the ST PTAA device's efficiency after 45 days (-12%) is consistent with 

the tendency identified in part 3.3. for opaque cells (-2%). On the contrary, the Spiro-

OMeTAD devices display a much more important PCE loss after 45 days (-62%) than the 

equivalent opaque solar cells (-22.3%). Therefore, it is possible that, even in working 

solar cells, the Spiro-OMeTAD suffers a preliminary degradation during the sputtering, 

resulting in accelerated degradation of the devices.  
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Figure IV-20: Ageing of the two best semi-transparent solar cells. a. Spiro-OMeTAD as hole 

transporting layer (green curve) and b. PTAA as hole transport layer (pink curve). The solar cells 

were stored under a vacuum in dark conditions. 

 Tandem performances projection 

Great progress has been made in developing high-efficiency perovskite-Si tandem 

solar cells since, in 2016, Albrecht et al. reported the first demonstration of a perovskite-

Si tandem reaching an 18% efficiency with a heterojunction silicon bottom cell.31 Since 

then, the successful integration of perovskite cells with silicon cells to form a tandem 

solar device has shown tremendous potential for outperforming the state-of-the-art single-

junction silicon devices.  

Therefore, in the final part of this chapter and this thesis, we decided to fabricate a tandem 

stacking to evaluate the potential of our ST solar cells in a tandem configuration.  

First, the J-V performances of the silicon bottom cells were measured under 1 Sun (AAA 

Simulator) in a 4-wires configuration. The J-V curves are displayed in Figure IV-21. c. 

Then, the pseudo-tandem devices were assembled as follow (the detailed integration 

protocol, developed by T. Guillemot, Ph.D. is displayed in Annex 14): 

o A bottom-cell, which is a n-PERT c-Si cell supplied by ISC Konstanz, is 

encapsulated with a polyolefin film (PO). The Si cell has a stringed active surface 

area of 16 cm² (Figure IV-21. a.). 

 

o A top-cell, which is a full ST perovskite device stack (5x5cm²), is directly put on 

the Si bottom cell, without electrical connections (Figure IV-21. b.). This part, 

called a “filter,” is placed above the bottom cell to measure the electrical response 

of the filtered Si cell. The J-V curves of the filtered Si cells are displayed in Figure 

IV-21. c. 
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Figure IV-21: a. Pseudo-tandem device b. Architecture of the pseudo-tandem device and, c. J-V 

curves of Si bottom cells filtered and unfiltered. 

Since the top and bottom cells are not electrically connected, the device is called a 

“pseudo-tandem.” To evaluate the efficiency of the pseudo-tandem, we associated the 

efficiency of the filtered Si bottom-cells with the efficiencies of the best semi-transparent 

perovskite cell obtained in part 2. The devices fabricated by slot-die were compared with 

devices fabricated by spin-coating with the same architecture but different bandgaps. We 

considered several different configurations: 

o Pseudo-tandem #A: This device is composed of a-Si bottom cell and a top-cell 

filter, with a Spiro-OMETAD HTL and a perovskite layer fabricated by slot-die 

displaying a high bandgap (1.64eV). For the pseudo-tandem performances 

projection, we considered the ST perovskite top cell of 16.7% efficiency. 

o Pseudo-tandem #B: This device is composed of a-Si bottom cell and a top-cell 

filter, with a PTAA HTL and a perovskite layer fabricated by slot-die and 

displaying a high bandgap (1.64eV). For the pseudo-tandem performances 

projection, we considered the ST perovskite top cell of 14.8% efficiency. 

o Pseudo-tandem #C: This device is composed of a-Si bottom cell and a top-cell 

filter, with a Spiro-OMETAD HTL and a perovskite layer fabricated by spin-

coating and displaying a low bandgap (1.56eV). For the pseudo-tandem 

performances projection, we considered the ST perovskite top cell of 17.7% 

efficiency. 

o Pseudo-tandem #D: This device is composed of a-Si bottom cell and a top-cell 

filter, with a PTAA HTL and a perovskite layer fabricated by spin-coating and 

displaying a low bandgap (1.56eV). For the pseudo-tandem performances 

projection, we considered the ST perovskite top cell of 17.3% efficiency. 
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The efficiency of all c-Si bottom cells was similar, with only minor variations of their 

electrical properties, as shown in Figure IV-21.c. and Table IV-1. The c-Si cell #B 

presents a higher FF (75%) than the others (73-74%). However, the c-Si cell #C has the 

best efficiency (19.9%) with the highest Jsc (39.3 mA.cm-2). The c-Si cell #D shows the 

lower electrical properties, with an efficiency of 19.1%. 

The performances measured on the filtered c-Si cells are 6.4% for the Spiro-OMeTAD 

(#A) and 6.6% for the PTAA (#B) devices fabricated by slot-die and displays 5.7% for 

the Spiro-OMeTAD (#C) and 5.6% for the PTAA (#D) devices fabricated by spin-

coating. Compared with their equivalents by spin-coating, the slot-die devices show an 

improved efficiency of +11% between #A and #C and +15% between #C and #D. This 

gain can be attributed to the broader bandgap of the perovskite (1.64 eV) fabricated by 

slot-die, compared to the spin-coating baseline smaller bandgap (1.56eV). These results 

present encouraging perspectives for tandem application with a large bandgap perovskite 

fabricated by slot-die. 

The rebuilt tandem efficiencies yield up to 23.1% (16.7% + 6.4%) for the Spiro-OMeTAD 

device (#A) and 21.4% (14.8% + 6.6%) for the PTAA device (#B). The rebuilt tandem 

efficiencies for spin-coating devices demonstrate 24.2% (17.7% +5.7%) for the Spiro-

OMeTAD device (#C) and 22.9% (17.3%+5.6%) for the PTAA device (#D). The slot-

die-based pseudo-tandem devices show lower efficiencies. This difference can be 

attributed to the lower average performances of the initial semi-transparent solar cells 

fabricated by slot-die compared to the spin-coating device. Notably, the efficiency of the 

PTAA devices, with an absorber layer fabricated by slot-die, are widely dependant on the 

perovskite roughness and further optimization of the perovskite/PTAA interface is crucial 

to reach higher efficiencies. 

Our results are comparable to the reconstructed tandem performances achieved with a ST 

perovskite cell (Spiro-OMeTAD HTL and ITO transparent electrode) presented by A. J. 

Bett et al. who achieved efficiencies of up to 24.2% efficiency.22 In their publication, they 

added a MGF2 antireflection coating to reduce the optical losses, which allowed an 

efficiency gain of 2.4%. Though, when compared to the literature22,32 our solar cells suffer 

from a lower current, which impacts its final efficiency in single-junction and tandem 

configuration. This loss might be reduced by an increase in the perovskite absorber layer 

thickness. 

However, these tandem efficiencies only represent preliminary results based on the 

optical characterization of the possible tandem stack. Notably, the semi-transparent 

efficiencies are issued from small-scale solar cells where spin-coating deposition is the 

most efficient fabrication process. For larger devices, though, slot-die represent a more 

promising path, which would result in more homogeneous deposition and higher 

efficiencies, as reported in Chapter 1. 
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Table IV-1: Electrical properties of semi-transparent perovskite cells, silicon cells, and 

pseudo-tandem device.33 

 

 Conclusions 

In this chapter, we presented the added value of the combined addition of MACl 

and a zwitterionic surfactant 3DPS to improve the morphology and the crystallinity of the 

perovskite layer. We showed that an optimized ratio of 2.5 mM of 3DPS with a (MACl: 

FAI) molar ratio of (0.3: 1) enhances the grain size, from 387 nm to 543 nm, while 

significantly decreasing the surface roughness, from Sa = 56 nm to Sa = 22 nm. 

Based on this optimization, we fabricated full devices with classical n-i-p architecture and 

Spiro-OMeTAD as a HTL. The best perovskite cell, fabricated with MACl and 3DPS, 

reached up to 17.8% efficiency, which is the best efficiency for an opaque solar cell 

reported in this work. However, the adverse effect of parasitic absorption shown by Spiro-

OMETAD is quite significant and cannot be ignored. Therefore, we tested perovskite 

devices fabricated with PTAA instead of Spiro-OMeTAD as a HTL. The best PTAA-

based devices reached a PCE of 16.8% and stabilized at 15.5%. The evolution of the 

efficiency of the devices during 45 days evidenced the added value of the PTAA to 

enhance the device stability under dark and vacuum deposition conditions.   

To further improve the efficiency and stability, the introduction of a buffer layer between 

the perovskite and the HTL could be interesting and can be seen as a perspective of this 

work. Indeed, in the literature, several groups have studied the role of interlayers such as 

PMMA34, MoO3
27

, or PCBM35, suggesting it can passivate the perovskite surface and 

improve the affinity with the HTL.  

#Device 
Perovskite 
deposition 

method 
Cells 

PCE Jsc Voc FF 

% mA.cm-2 V % 

A Slot-die 

Best Psk cell (Spiro-OMeTAD) 16.7 19.9 1.16 73 
c-Si bottom cell 19.3 38.2 0.67 75 

Filtered Psk (Spiro)/c-Si/PDMS 6.4 12.7 0.65 76 

Pseudo-tandem efficiency (%) 23.1 

B Slot-die 

Best Psk Cell (PTAA) 14.8 18.9 1.06 71 
c-Si bottom cell 19.7 38.0 0.69 75 

Filtered Psk (PTAA)/c-Si/PDMS 6.6 13.1 0.65 77 

Pseudo-tandem efficiency (%) 21.4 

C 
Spin-coating 

(Baseline) 

Best Psk cell (Spiro-OMeTAD) 17.7 21.5 1.08 76 
c-Si bottom cell 19.9 39.3 0.68 74 

Filtered Psk (Spiro)/c-Si/PDMS 5.7 11.2 0.66 77 

Pseudo-tandem efficiency (%) 24.2 

D 
Spin-coating 

(Baseline) 

Best Psk Cell (PTAA) 17.3 21.7 1.08 74 

c-Si bottom cell 19.1 37.8 0.69 73 

Filtered Psk (PTAA)/c-Si/PDMS 5.6 11.6 0.65 75 

Pseudo-tandem efficiency (%) 22.9 
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In addition, for future optimizations of the semi-transparent devices, it could be relevant 

to increase the thickness of the absorber to limit the absorption losses. By simulation 

studies, Zhao et al. proposed the optimal thickness of the perovskite layer in a tandem 

configuration to be 600-700 nm, to reduce optical losses without a significant cost of 

absorbance in the silicon bottom cell.36 

Finally, we fabricated semi-transparent perovskite solar cells by replacing gold with a 

transparent ITO layer as the top electrode. We obtained a maximum efficiency of 16.7% 

with a Spiro-OMeTAD device and 14.8% with a PTAA device. However, even if the 

PTAA-based devices exhibited a lower efficiency on average compared to Spiro-

OMeTAD, the PTAA displayed a better resistance to the sputtering conditions and also 

afforded a better reproducibility. We evaluated the potential of our semi-transparent 

architecture integrated into a pseudo-tandem stack, combining the best results obtained 

for a semi-transparent cell and associated filtered silicon solar cells. We reached over 

23.1%  for the spiro-OMeTAD-based device and 21.4% for the PTAA-based device. 
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General conclusion and 

perspectives 
 

 

In this work, we focused on developing a reliable fabrication process of a 

perovskite absorber by slot-die. The main goal was to introduce a new competence within 

the IPVF laboratory to fabricate large-area perovskite-based devices.  

The first chapter presented the general context of the study, with a growing part of the 

photovoltaic technology in the energy production landscape. The bibliography work 

outlined the main technological advances in the field of perovskite-based PV 

technologies. It appears that upscaling remains one of the biggest challenges to ensure an 

industrial future for perovskite solar devices. To better understand the nucleation and 

growth mechanisms taking place during the deposition of the perovskite layer, we 

detailed the different existing theoretical models. This approach of fundamental 

crystallization theory allowed us, on the one hand, to highlight the main parameters 

influencing the growth of perovskite layers and, on the other hand, identify the still 

existing blind spots. Then, we reviewed the different upscale deposition methods and the 

associated solvent extraction systems. Finally, we decided to use a vacuum aspiration 

system combined with the slot-die deposition to fabricate the perovskite absorber on 

5x10cm² substrates.  

In the second chapter, we detailed the main fabrication steps of a complete perovskite-

based solar device. On a first hand, we developed a n-i-p architecture composed of a bi-

layer of TiO2 for the ETL, spiro-OMeTAD for the HTL, a perovskite absorber layer, and 

a gold top electrode. According to the literature review, the tailoring of the perovskite ink 

appeared to be an interesting path to adapt to the new constraints of the large-scale 

deposition method and allow a fine control of the crystallization steps. Consequently, we 

studied the influence of a surfactant addition on the perovskite properties. We fabricated 

a perovskite layer with two different compositions: the first one 

Cs0.17FA0.83Pb(I0.83Br0.17)3 presenting a low bandgap of Eg = 1.58 eV. And a second one 

Cs0,17FA0,73Pb(I0,6Br0,4)3,.presenting a high bandgap  of Eg = 1.7 eV. The surfactant had 

very interesting effects on the perovskite morphology, improving the film coverage and 

drastically reducing the surface roughness. With the addition of 30 mM of surfactant in 

the perovskite solution, we obtained a maximum PCE of 12.3% and 9.2% on 0.09cm² 

aperture area, for low bandgap and high bandgap compositions, respectively. However, 

in both cases, the surfactant addition met a concentration threshold, after which the 

surfactant ended up being detrimental to the devices’ efficiency. It appeared that this 

strategy had severe limitations for the fabrication of high-efficiency perovskite devices. 
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In the third chapter, we changed the additive and selected MACl as identified in the 

literature as an efficient complexing agent. Moreover, in the previous chapter, we noticed 

that the perovskite composition Cs0,17FA0,73Pb(I0,6Br0,4)3 presented a significant 

instability under illumination due to its important bromide content. Therefore, in this part, 

we decided to work on a perovskite composition Cs0.17FA0.83Pb(I0.83Br0.17)3  with an 

intermediate bandgap (Eg = 1.64 eV) and a lower bromide content. Different MACl 

concentrations and annealing conditions have been explored, and their impact on the opto-

electronic properties of the perovskite film has been thoroughly investigated. We 

identified a MACl: FAI molar ratio of (0.3:1) followed by a 30 minutes annealing at 

140°C as the optimal combination. This approach led us to reach a stabilized PCE of 17.5 

% on a small-scale device fabricated with slot-die coating. After that, we encapsulated 

the fabricated devices and monitored the PCE evolution during 300 hours under 

continuous illumination and at the maximum power point. Our study underlined the 

beneficial effect of MACl addition on the device’s stability. The degradation of the 

perovskite stack was further investigated by STEM technique and allowed us to identify 

the main degradation paths of the spiro-OMeTAD layer and the absorber. Finally, 12 cm² 

modules have been fabricated and reached up to 15% efficiency, which proved the 

compatibility of the developed process on larger surfaces.  

Finally, in the fourth chapter, we presented the influence of the combined addition of 

MACl and the zwitterionic surfactant on the morphology and the crystal structure of the 

perovskite layer. We showed that an optimized ratio of 2.3 mM of 3DPS combined with 

a (MACl: FAI) molar ratio of (0.3: 1) enhances the crystal size and significantly decreases 

the surface roughness. We fabricated full perovskite devices with a classical NIP 

architecture and a spiro-OMeTAD HTL layer, and the best device reached up to 17.8% 

efficiency, which is the best efficiency reported in this work. The main challenge during 

this study has been to find a proper trade-off between the two additives without impacting 

the performances of the final devices. 

Then, perovskite devices have been fabricated with a PTAA HTL. The best PTAA 

devices reached a PCE of 16.8% and stabilized at 15.5%. The evolution of the device’s 

efficiency during 45 days evidenced a significantly enhanced stability for the devices with 

PTAA compared to the devices with spiro-OMeTAD. Then, we fabricated semi-

transparent perovskite solar cells by depositing a transparent ITO layer as the top 

electrode. We obtained a maximum efficiency of 16.7% with a spiro-OMeTAD device 

and 14.8% with a PTAA device. However, even if the PTAA devices presented a lower 

efficiency on average than spiro-OMeTAD, the PTAA displayed a better resilience to the 

sputtering process and allowed a better reproducibility from batch to batch.  

Finally, in the literature review, we highlighted that tandem configuration was one of the 

most promising paths for future industrial application of the perovskite solar cells. 

Therefore, we wanted to evaluate the potential of our semi-transparent architecture 

integrated into a pseudo-tandem stack. We combined the best results obtained for a semi-

transparent cell and measured the performance of filtered silicon solar cells. As a result, 

we obtained a calculated pseudo-tandem efficiency of 23.1% with our spiro-OMeTAD 
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stack and 21.4% efficiency with our PTAA stack. Even if there is some room for 

improvements, it represents encouraging results and validates the compatibility of the 

developed semi-transparent architecture with tandem configurations. 

To conclude, in this Ph.D. work, we designed and optimized a complete fabrication 

process of the perovskite absorber layer by slot-die. We explored different perovskite 

compositions to explore large bandgaps compatible with tandem applications. Starting 

from small-scale devices of 2 x 2.5 cm², we successfully transferred this process to 12cm² 

modules.  

In this work, we chose to focus on a chemical approach to address the modification of 

nucleation and growth mechanisms during crystallization. The use of additives is an easy-

going method, with various promising candidates. Moreover, from an industrial 

perspective, the use of additives can represent a flexible way to adapt to a wide range of 

perovskite compositions, depositions methods, or production throughputs. However, as 

illustrated in the bibliography review, vacuum aspiration is not the only solvent extraction 

method compatible with large-scale deposition processes. An air-blade or intense-light 

exposure can open large possibilities for further optimizations in the future. 

In addition, this work mainly focused on the synthesis of the perovskite absorber layer. 

However, from now on, work on the transport layers seems necessary to improve the 

stability and upscale compatibility of future devices. In the literature, planar architectures 

(with SnO2 as ETL layer, for example) represent an interesting path for large-area 

perovskite modules. Planar HTL reduces the complexity of the fabrication process and is 

more reproducible than mesoporous TiO2.  

Finally, it could be interesting to investigate the insertion of interlayers. Then, the 

encapsulation process has to be developed for large-area modules to enhance the stability 

of the fabricated devices. Finally, many additives, such as acetate-based precursors, have 

shown promising results and could be experimented with for slot-die fabrication.  

We are still at an early stage of understanding and addressing the challenges of scaling 

up perovskite devices, with respect to the myriad perovskite composition and device 

architectures. However, the rapid development towards scaling up at a relevant 

performance level coupled with the low-cost manufacturing capability has already 

attracted substantial industrial interest worldwide. If the remaining challenges for 

efficiency and stability can be addressed, the potential for PSCs, compared with other PV 

technologies, to have an impact on global energy production at the terawatt scale is 

unrivalled. 
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Annex 1: Photovoltaic Effect 

A solar cell is generally a semiconductor device that converts light energy into 

electrical energy. Certain specificities exist depending on the different photovoltaic 

technologies, but the basic principle remains unchanged. The key material in a solar cell 

is the absorber material which absorbs the incident light and generates an electron-hole 

pair, illustrated in Figure 1. a. The electrons and holes are separated within the 

semiconductor or at a PN junction and collected at their respective electrodes.  

Semiconductor materials are characterized by the existence of an energy band forbidden 

for electrons whose defined width, also called gap, separates two bands of permitted 

energies (Figure 1. b.): the valence band below, whose levels are practically completely 

occupied (the electrons involved constituting the chemical bonds between atoms), and the 

conduction band above, whose levels are almost empty at equilibrium.  

When subjected to luminous flux, semiconductors can absorb photons whose energy is 

equal to or greater than the gap. The absorption of a photon by the material generates the 

excitation of an electron of the valence band, causing migration of the latter in the 

conduction band. It creates a hole in the valence band, thus forming an electron-hole pair 

within the absorber material. 

 

Figure 1: Theory of solar cells. a. Schematic representation of a single junction silicon solar cell. 

Reproduced from ref. [3]. b. Band diagram of a solar cell, corresponding to horizontal Fermi level. 

Reproduced from ref. [4]. 
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 Silicon 

Crystalline silicon (c-Si), structured with a single p-n junction, is the most 

prevalent bulk material for solar cells and constitutes 90% of the current market. Bulk 

silicon is separated into several categories, depending on the crystallinity and crystal size 

in the resulting ingot, ribbon, or wafer.  

Mono-crystalline Silicon 

Monocrystalline silicon (mono-Si) solar cells feature a single-crystal composition 

grown by the Czochralski process, enabling electrons to move more freely than in a multi-

crystal configuration. The high quality of the Si absorber material minimizes losses. It 

offers the highest yields in the sector, with a maximum of 26.1% for a mono-junction 

device developed by the Institute of Solar Energy Research in Hamelin (ISFH) 5.  

Polycrystalline Silicon 

Polycrystalline silicon or multi-crystalline silicon (multi-Si) cells are the products 

of a simplified fabrication process to reduce fabrication costs. It induces the formation of 

small crystals, giving the material its typical metal flake effect. The polysilicon cells are 

the most common type used in photovoltaics but are also less efficient than those made 

from monocrystalline silicon. The maximum efficiency for a mono-junction device is 

23.2%, achieved by Jinko Solar6.  

Silicon technologies profits from fifty years of research and development, and the 

sector is moving towards a phase of technological maturity. However, the silicon 

purification processes, the growth of ingots at high temperatures, losses associated with 

cutting, and the number of manufacturing steps remain limitations for this technology. 

Besides, the maximum efficiencies draw near the maximum theoretical limits predicted 

by the Shockley-Queisser limit7, which creates the need to develop alternative 

photovoltaic technologies and materials. 

 Thin films technologies 

Amorphous Si 

Historically, amorphous silicon is the first Si technology developed for solar cell 

applications. Thin-film cells are deposited by chemical vapor deposition (typically 

plasma-enhanced, PE-CVD) on glass substrates. Amorphous silicon (a-Si) solar cells are 

composed of non-crystalline or microcrystalline silicon and have a higher bandgap (1.7 

eV) than crystalline silicon. However, it displays much lower solar cells efficiencies, with 

a recorded maximum efficiency of 14%8.  
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Cadmium Tellurium 

With its direct gap of 1.45 eV and excellent semiconductor properties, cadmium telluride 

(CdTe) provides a maximum efficiency of 22.1%, achieved by First Solar in 20169. 

However, cadmium present in the cells is highly toxic, and the overall supplies are 

limited, urging the emergence of less polluting alternatives.  

Copper Indium Gallium Selenide 

Copper indium gallium selenide (CIGS) is a direct bandgap material. It has the highest 

efficiency among commercially significant thin-film materials, with a record efficiency 

of 23.4% claimed by Solar Frontier9. 
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Annex 3: Best Research-Cell Efficiencies of NREL 
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Annex 4: Champion Modules Efficiencies of NREL 
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Annex 5: Determination of crystal size and strains by 

Williamson-Hall method 

In the case of very fine crystallites, the instrumental spread can be neglected. We 

approximated our grains as isotropic spherical shapes (shape factor K = 0.88). The full 

width at half maximum of the diffraction peak (βtotal) is determined by both the crystallite 

size broadening (βsize) and the lattice strain broadening (βstrain). βsize was calculated by 

the Scherrer equation : 

𝛽𝑠𝑖𝑧𝑒 =  
𝐾𝜆

𝐷𝑠𝑖𝑧𝑒. 𝑐𝑜𝑠𝜃
 

Where K is the sharp factor (K =0.94), λ is the x-ray wavelength of CuKβ in nanometers 

(λ = 0.13847 nm), Dsize is the average crystallite size in nanometers, and θ is the Bragg 

angle in radian, respectively. The lattice strain (ɛ) is calculated by the following equation: 

ɛ = |
𝛥𝑑

𝑑
| 

From differentiating Braggs equation (2dsinθ = λ), the following is led. 

2𝛥. 𝑑. 𝑠𝑖𝑛𝜃 + 2. ɛ. 𝑐𝑜𝑠𝜃 = 0 

And 𝜃 is defined as: 

𝛥𝜃 = |
𝛥𝑑

𝑑
| 𝑡𝑎𝑛𝜃 

βstrain is calculated by the following equation : 

𝛽𝑠𝑡𝑟𝑎𝑖𝑛 = 2𝛥. 𝑑. (2𝜃) 

Where doubling means that the distortion is in ± 2 direction. So, βstrain become:  

𝛽𝑠𝑡𝑟𝑎𝑖𝑛 = 4. ɛ. 𝑡𝑎𝑛𝜃 

By assuming that the crystallite size broadening and the lattice strain broadening 

independently contribute to the full width at half maximum of the peak, βtotal was 

calculated by the following equation:  

𝛽𝑡𝑜𝑡𝑎𝑙 = 𝛽𝑠𝑖𝑧𝑒 +  𝛽𝑠𝑡𝑟𝑎𝑖𝑛 

Rearranging, according to the previous equation, it gives Williamson-Hall equation: 

𝛽𝑡𝑜𝑡𝑎𝑙.𝑐𝑜𝑠𝜃 = 
𝐾𝜆

𝐷𝑠𝑖𝑧𝑒 
 . 4 𝑠𝑖𝑛𝜃 

Therefore, the lattice strain (ɛ) and crystallite size (Dsize) can be evaluated from the slope 

and intercept of the approximate curve when βcosθ is plotted on the y axis, and 4sinθ is 

plotted on the x-axis. 
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Annex 6: J-V parameters (best cells and average) of solar 

cell devices of NIP architecture: Glass/FTO/c-TiO2/m-

TiO2/ Cs0.2FA0.8Pb(I0,95Br0.05)3 /Spiro-OMeTAD /Au. 

 

 
Voc Jsc FF PCE MPP 

V mA/cm²  % % 

No 

surfactant 

Best cell 
Rev 1.01 6.1 70 4.3 

10.1 
For 1.01 5.7 65.3 3.8 

Average 
Rev 0,99 5,0 69 3,4  

For 0,99 4,8 63,6 3,0  

30 mM 

Best cell 
Rev 1.06 19.3 60.5 12.3 

9.6 
For 1.01 18.8 53 10.1 

Average 
Rev 1.08 16.9 66.4 12.0  

For 1.04 16.4 58.0 9.9  

60 mM 

Best cell 
Rev 1.03 15.9 64.1 10.5 

2.8 
For 1.00 15.9 55.1 8.8 

Average 
Rev 9.7 14.1 64.6 1.1  

For 8.0 14.0 55.5 1.0  

 

  



 

186 

 

Annex 7: J-V parameters (best cells and average) of solar 

cell devices of NIP architecture: Glass/FTO/c-TiO2/m-

TiO2/ Cs0.17A0.83Pb(I0,6Br0.4)3 /Spiro-OMeTAD /Au. 

 

 Voc Jsc FF PCE MPP 

V mA/cm²  % % 

No 

surfactant 

Best cell 
Rev 1.03 18.0 56.4 10.4 

9.1 
For 0.93 17.6 49.6 8.4 

Average 
Rev 0.99 16.7 52.9 8.8  

For 0.90 16.1 43.5 6.3  

30 mM 

Best 

cell 

Rev 1.14 12.3 65.4 9.2 
6.5 

For 1,12 12.0 55.2 7.4 

Average 
Rev 1,12 10.7 60.8 7.5  

For 1.09 10.0 47.3 5.5  

60 mM 

Best cell 
Rev 1.13 3.95 51.0 2.3 

1.1 
For 1.15 3.95 58.0 2.6 

Average 
Rev 0.95 2.02 53.7 1.0  

For 1.05 2.49 46.7 1.3  

80 mM 

Best cell 
Rev / / / / 

/ 
For / / / / 

Average 
Rev / / / / 

For / / / / 
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Annex 8: J-V parameters before and after encapsulation 

of perovskite solar cells selected for aging 

   Voc Jsc FF PCE 

   V mA/cm²  % 

No MACl +  

110°C for 30 mins 

Before 
Rev 1.02 10.8 76.1 9.3 

For 1.02 12.0 73.0 8.7 

After 
Rev 0.96 13.6 70.7 9.2 

For 0.96 13.2 66.7 8.4 

No MACl +  

140°C for 30 mins 

Before 
Rev 0.99 14.8 78.7 11.5 

For 0.99 15.5 74.5 11.4 

After 
Rev 0.94 16.3 71.2 11.0 

For 0.95 15.7 69.6 10.3 

MACl +  

110°C for 30 mins 

Before 
Rev 1.11 18.5 72.0 14.8 

For 1.11 18.6 71.3 14.8 

After 
Rev 1.09 18.7 66.9 13.6 

For 1.09 18.9 64.9 13.2 

MACl +  

140°C for 30 mins 

Before 
Rev 1.07 17.6 73.2 15.4 

For 1.10 16.9 73.2 15.8 

After 
Rev 1.09 20.4 75.3 16.4 

For 1.09 20.2 74.4 16.7 

MACl +  

170°C for 5 mins 

Before 
Rev 1.10 18.7 75.1 15.5 

For 1.11 19.2 72.8 15.4 

After 
Rev 1.08 19.8 71.3 15.3 

For 1.08 19.8 71.9 15.5 

MACl +  

200°C for 5 mins 

Before 
Rev 1.12 17.3 74.8 14.5 

For 1.12 17.5 74.8 14.7 

After 
Rev 1.07 17.8 66.8 13.4 

 For 1.07 17.7 70.3 12.7 
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Annex 9: J-V parameters (best cells and average) of solar 

cell devices of NIP architecture: Glass/FTO/c-TiO2 /m-

TiO2 /Cs0.17FA0.83Pb(I0,83Br0.17)3 /Spiro-OMeTAD/Au. 

 

  
 Voc Jsc FF PCE MPP 

   V mA/cm²  % % 

MACl/No 

3DPS 

Best cell 
Rev 1.08 20.40 74.6 17.3 

17.1 
For 1.11 20.39 77.2 16.4 

Average 
Rev 1.10 19.00 74.4 15.7  

For 1.11 19.07 73.8 15.5  

MACl/0.7 mM 

3DPS 

Best cell 
Rev 1.09 20.06 76.1 16.7 

16.3 
For 1.09 20.09 73.4 16.1 

Average 
Rev 1.10 19.77 75.6 16.4  

For 1.10 19.82 72.7 15.8  

MACl/1.5 mM 

3DPS 

Best cell 
Rev 1.12 19.85 79.5 17.7  

For 1.10 20.24 73.1 16.3 16.9 

Average 
Rev 1.11 19.52 77.3 16.9  

For 1.13 19.60 71.5 15.9  

MACl/2.3 mM 

3DPS 

Best cell 
Rev 1.14 20.77 75.6 17.9 

17.5 
For 1.16 20.70 74.0 17.8 

Average 
Rev 1.12 20.31 75.1 17.2  

For 1.13 20.00 74.0 16.6  

MACl/4.6 mM 

3DPS 

Best cell 
Rev 1.10 21.14 70.6 16.5  

For 1.14 18.99 65.8 14.3 14.7 

Average 
Rev 1.11 20.82 69.7 16.1  

For 1.11 19.64 62.1 13.5  
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Annex 10: J-V parameters (best cells and average) of 

solar cell devices of NIP architecture: Glass/FTO/c-

TiO2/m-TiO2/ Cs0.17FA0.83Pb(I0,83Br0.17)3/ PTAA/Au. 

 

   
Voc Jsc FF PCE 

MPP 

   V mA/cm²  % % 

MACl/No 

3DPS 

Best cell 
Rev 1.03 15.21 66.0 10.3 

8.2 
For 1.02 16.55 50.9 8.6 

Average 
Rev 1.01 13.18 66.0 8.8  

For 1.03 13.83 51.1 7.2  

MACl/0.7 

mM 3DPS 

Best cell 
Rev 1.14 20.72 75.6 16.5 

15.2 
For 1.12 20.85 64.6 15.1 

Average 
Rev 1.11 18.99 69.5 14.6  

For 1.10 19.48 61.8 13.3  

MACl/1.5 

mM 3DPS 

Best cell 
Rev 1.15 20.80 70.0 16.8 

15.1 
For 1.13 20.00 66.8 15.1 

Average 
Rev 1.15 20.34 69.3 16.1  

For 1.13 20.62 63.5 14.8  

MACl/2.3 

mM 3DPS 

Best cell 
Rev 1.12 19.64 76.1 16.8 

16.3 
For 1.11 20.33 68.2 15.3 

Average 
Rev 1.12 19.52 74.8 16.4  

For 1.11 20.01 66.7 14.9  

MACl/4.6 

mM 3DPS 

Best cell 
Rev 1.09 20.15 68.8 15.1 

14.2 
For 1.07 19.90 65.7 14.0 

Average 
Rev 1.09 18.95 67.8 14.0  

For 1.04 19.00 61.30 12.2  
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Annex 11: J-V parameters of the best four perovskite opaque 

devices fabricated with Spiro-OMeTAD or PTAA. The perovskite 

layer was fabricated with a MACl: FAI molar ratio (0.3:1) and 2.3mM of 

3DPS. The devices were stored under vacuum in dark conditions between 

the I-V measurements under 1 sun illumination.  

 

Spiro-OMeTAD 
PCE Jsc Voc FF 

% mA/cm² V  

J1 
Rev 

Average 
17.5 19.7 1.13 78.3 

For 15.8 19.6 1.13 70.8 

J5 
Rev 

Average 
17.1 20.1 1.12 76.4 

For 16.4 20.2 1.13 71.7 

Variations from J1 (Average Reverse values) -2.2% 2.1% -0.6% -2.4% 

J10 
Rev 

Average 
16.2 19.3 1.11 73.6 

For 16.0 19.6 1.11 69.1 

Variations from J1 (Average Reverse values) -7.8% -2.1% -1% -2.1% 

J15 
Rev 

Average 
16.8 20.2 1.14 73.6 

For 15.8 20.4 1.12 69.1 

Variations from J1 (Average Reverse values) -4% 2.2% 1% -6% 

J30 
Rev 

Average 
14.4 18.7 1.1 71.4 

For 14.5 18.8 1.13 68.0 

Variations from J1 (Average Reverse values) -17.6% -6.8% -2% -8.8% 

J45 
Rev 

Average 
13.6 19.1 1.05 66.5 

For 11.7 18.9 1.04 59.2 

Variations from J1 (Average Reverse values) -22.3% -3.2% -9% -15% 

PTAA 
PCE Jsc Voc FF 

% mA/cm² V  

J1 Rev 
Average 

16.0 19.4 1.12 74.4 
 For 13.4 19.9 1.11 60.5 

J5 
Rev 

Average 
16.3 20.2 1.15 71.2 

For 14.5 20.6 1.13 62.0 

Variations from J1 (Average Reverse values) 2% 4% 3% -4% 

J10 
Rev 

Average 
16.2 20.6 1.10 69.9 

For 13.9 20.0 1.11 66.3 

Variations from J1 (Average Reverse values) 1% 7% -2% -6% 

J15 
Rev 

Average 
15.7 18.9 1.11 74.4 

For 14.1 19.2 1.12 64.8 

Variations from J1 (Average Reverse values) -2% -3% -1% / 

J30 
Rev 

Average 
15.6 19.4 1.11 72.5 

For 14.5 19.0 1.11 70.4 

Variations from J1 (Average Reverse values) -3% / -1% -2% 

J45 
Rev 

Average 
15.7 19.2 1.12 72.9 

For 15.0 19.7 1.12 67.3 

Variations from J1 (Average Reverse values) -2% -1% -1% -2% 

Annex 12: Deposition process of the ITO transparent electrode.  
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For the semi-transparent perovskite solar cells, the transparent electrode layer is 

composed of an indium thin oxide (ITO) layer deposited by sputtering. E. Raoult has 

elaborated the following protocol as part of her thesis work. 

First, a batch of 4 perovskite cells is introduced in a vacuum chamber. Then, the pressure 

is decreased to Pchamber = 2 mTorr. During the deposition cycle, a plasma is alimented for 

10 minutes at 30 W, then 100 minutes at 50 W. The indium-tin-oxide target is 3 inches 

wide and composed of 90 % indium oxide and 10 % oxide of thin oxide.  

The ITO electrode layer is about 230 nm thick and shows a sheet resistance of 16 ohm/sq. 

Finally, a fork-like gold contact is evaporated on top of the ITO layer to create a better 

contact for IV measurements without covering the transparent ITO.  

 

Figure 2: a. Perovskite solar cells placed on the deposition bulk. b. Open chamber of the sputtering 

reactors. c. Semi-transparent perovskite solar cells of 2x2.5 cm² area.   
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Annex 13: J-V parameters of fresh and aged semi-transparent perovskite 

devices of NIP architecture: Glass/FTO/c-TiO2/m-TiO2 / 

Cs0.17FA0.83Pb(I0,83Br0.17)3 / Spiro-OMeTAD or PTAA/ ITO / Au. The 

devices were stored in a vacuum chamber in dark conditions. The perovskite 

layer was fabricated with a MACl: FAI molar ratio (0.3:1) and 2.3 mM 

3DPS. 

 

 PCE Jsc Voc FF 
MPP 

Jsc 

(EQE) % mA/cm² V  

Spiro-OMeTAD 

Total cells fabricated: 18 # cells lost after sputtering (PCE<2%) 5 

J1 

Rev 
Best cell 

16.7 20.3 1.13 71.8 
16.2 18.5 

For 16.8 20.3 1.14 72.4 

Rev 
Average 

15.4 19.2 1.11 72.3 

 

 

For 14.9 19.0 1.12 69.7  

J10 
Rev 

Average 
12.6 18.8 1.07 61.5  

For 14.0 18.6 1.08 70.3  

Variations from J1 (Average Reverse 

values) 
-11.7% -2.1% -3.6% -4.9% 

 

J30 
Rev 

Average 
8.2 16.2 0.95 53.2  

For 7.8 14.6 1.00 58.3  

Variations from J1 (Average Reverse 

values) 
-47.1% -5.6% -4.4% 26.4% 

 

J45 
Rev 

Average 
5.9 15.2 0.76 46.5  

For 5.1 14.6 0.73 41.8  

Variations from J1 (Average Reverse 

values) 
-61.9% -20.8% -32.5% -35.7% 

 

PTAA 

Total cells fabricated: 13 # cells lost after sputtering (PCE<2%) 1 

J1 

Rev 
Best cell 

14.2 18.6 1.04 72.4 
13.5 / 

For 13.0 18.4 1.06 66.5 

Rev 
Average 

11.8 18.1 1.05 62.9   

For 10.4 17.4 1.03 58.0  

J10 

Rev 
Best cell 

14.8 19.1 1.07 72.8 
15.2 17.65 

For 14.4 18.2 1.09 72.7 

Rev 
Average 

13.1 17.7 1.08 68.1 

 

 

For 11.9 17.7 1.07 62.5  

Variations from J1 (Average Reverse 

values) 
8.5% -2.2% 1% 8.3% 

 

J30 
Rev 

Average 
12.5 17.8 1.04 67.0  

For 10.9 17.5 1.05 59.3  

Variations from J1 (Average Reverse 

values) 
5.9% -2.5% -1% 6.5% 

 

J45 
Rev 

Average 
10.4 17.0 0.99 61.0  

For 9.0 17.1 0.99 52.9  

Variations from J1 (Average Reverse 

values) 
-11.9% -6% -4.8% -3% 

 

Annex 14: Fabrication process of pseudo-tandem devices 
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The integration protocol has been developed by T. Guillemot (Ph.D.) for the Program 

II of the IPVF lab. 

o Top cell: fabrication of the perovskite filter 

The perovskite filters of 5 x 5 cm² have been fabricated to reproduce the full stack 2 x 2 

cm² without etchings. The c-TiO2 layer has been deposited by spray-coating, the m-TiO2 

and the HTL layers have been deposited by spin-coating, the perovskite layer has been 

deposited by slot-die, and finally, the ITO layer was deposited by sputtering (Figure 3).  

 

Figure 3: Complete stack “filters” 5x5 cm². NIP architecture glass/FTO/c-TiO2/m-

TiO2/Cs0.17FA0.83Pb(I0.83Br0.17)3/Spiro-OMeTAD (left photo) and architecture glass/FTO/c-TiO2/m-

TiO2/Cs0.17FA0.83Pb(I0.83Br0.17)3/PTAA (right photo). 

After fabricating the filters, a PDMS solution is prepared (volume 1:10 with a hardening 

agent). The solution is put under a vacuum for 10 minutes to evacuate the gas from the 

solution and avoid bubbles. Next, the PDMS solution is deposited on the perovskite filter 

by spin-coating. Then, the filter is placed in an oven for 2 hours at 80°C (Figure 4). 
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Figure 4: Perovskite filter with PDMS film after annealing 

o Bottom cell: silicon cell 

The bottom cell is composed of a cut n-PERT-RJ- MoSoN 4x4 c-Si cells. The IV 

performances are measured under 1 Sun (AAA Simulator) in a four-wire configuration. 

Cells have a stringed active surface area of 16 cm2 on a total area of 20.25 cm2 and are 

encapsulated with a polyolefin film (PO). The whole bottom cell stack follows 

Glass/PO/strung c-Si/PO (Figure 6. a).  

 

Figure 5: 4-wires IV measurements of the silicon bottom cell 

o Fabrication of the pseudo-tandem stack 

The PLA case and mask are essential to properly determine the MoSoN silicon cell 

surface and center the bottom and top cells.  

A polylactic acid (PLA) case and an aperture mask have been 3D printed (Figure 6. c) to 

associate the perovskite filter and the silicon cell. First, the c-Si cell is centered inside the 

PLA case, then polydimethylsiloxane (PDMS - Sylgard 184) is poured inside the case to 

cover the silicon cell and hold it in its position. Finally, the stack is placed under a vacuum 

to dry the PDMS.  

Simultaneously, a thin layer of PDMS is deposited on the perovskite filter and annealed 

for 2h at 80°C under vacuum. This step helps protect the fragile ITO layer on the surface 

before making the tandem. The filter is added too in the PLA case, above the c-Si cell, 

covered with PDMS, and correctly centered. Next, PDMS is again poured up to the filter 
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height to hold it and link it to the rest of the structure. The obtained pseudo-tandem device 

is finally maintained at 45°C for one night to obtain the final result shown in Figure 6. e.  

After the performance of the filtered Si bottom cells has been measured using a digital 

source meter (Keithley Model 2400 for c-Si cells) and an AAA sun simulator (Oriel 

Sol3A) as a light source using AM1.5 G spectrum with a four wires configuration.  

 

Figure 6: Assembly steps of the pseudo-tandem devices. a. bottom cell c-Si. b. “Filter” perovskite device 

covered with PDMS. c. 3D printed PLA case and mask. d. Centered and stacked c-Si cell and perovskite 

filter. e. Final pseudo-tandem device. 
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Résumé en Français 
 

 Introduction 

Bien que l'énergie solaire directe ne représente encore qu'une petite fraction de 

l'approvisionnement énergétique mondial en 2021, selon le dernier rapport du GIEC : 

"elle possède l'un des plus grands potentiels techniques de toutes les sources d'énergie 

et, de concert avec les améliorations techniques et les réductions de coûts qui en 

découlent, elle pourrait voir son utilisation considérablement élargie dans les décennies 

à venir". Cependant, la réduction des coûts dépend du niveau de déploiement de l'énergie 

solaire combiné à des efforts continus en matière de recherche et développement.  

À cette fin, les technologies PV émergentes, telles que le matériau pérovskite, 

représentent une voie passionnante pour propulser l'énergie solaire au premier plan de 

l'approvisionnement énergétique. Plusieurs propriétés intrinsèques de la pérovskite, telles 

que les coefficients d'absorption élevés, les longues longueurs de diffusion des porteurs 

et la possibilité de régler la bande interdite, ont déjà contribué à démontrer le fort potentiel 

de cette nouvelle technologie PV. L'amélioration rapide des performances des dispositifs 

à base de pérovskite en a déjà fait l'étoile montante du monde photovoltaïque. 

Aujourd'hui, le meilleur dispositif affiche un rendement de 25,5%. Cependant, pour des 

applications industrielles pratiques, les technologies pérovskites doivent être plus stables 

et démontrer une compatibilité évolutive.  

Dans cette thèse, nous nous sommes concentrés sur les différentes questions liées au 

transfert du matériau pérovskite vers des méthodes de dépôt évolutives. Au cours des 

dernières années, des progrès remarquables ont été réalisés dans la fabrication de PSCs à 

grande échelle, améliorant rapidement l'efficacité et l'échelle des modules PSCs (Fig. 1). 

L'augmentation des performances des dispositifs de petite surface est principalement 

attribuée à l'amélioration de la composition et de la morphologie des films minces de 

pérovskite grâce à des innovations dans la chimie des solutions et le processus de 

fabrication. Ces développements ont été facilement transférés aux structures en tandem, 

ce qui a entraîné une augmentation de l'efficacité qui a suivi de près la tendance des 

dispositifs au silicium à simple jonction. En revanche, les rendements des modules PSC 

de grande surface sont nettement inférieurs à ceux des dispositifs à cellule unique, ce qui 

souligne la nécessité de poursuivre les recherches. L'ingénierie de la composition joue un 

rôle essentiel dans la formation d'une pérovskite de haute qualité afin d'obtenir un contrôle 

précis du processus de cristallisation pendant la fabrication du dispositif. Dans cette 

optique, nous nous sommes concentrés sur la composition de la solution de précurseurs 
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de pérovskite afin de répondre aux nouvelles contraintes liées à la fabrication à grande 

échelle. Cette thèse est divisée en quatre chapitres.  

Tout d'abord, un chapitre est consacré à un état de l'art sur l'énergie photovoltaïque et, 

plus particulièrement, sur les cellules solaires à base de pérovskite. Les propriétés du 

matériau pérovskite, les modèles de cristallisation existants, les différentes méthodes de 

dépôt et les systèmes d'extraction par solvant associés y sont détaillés.  

Le deuxième chapitre est l'occasion de décrire toutes les étapes menant à la fabrication 

d'un dispositif complet. Une structure de référence n-i-p composée d'une bi-couche de 

TiO2 pour le transport des électrons, de Spiro-OMeTAD pour le transport des trous, et 

d'une électrode supérieure en or a été fabriquée. Pour la couche d'absorption, un système 

combiné de dépôt par filière et d'aspiration sous vide a été développé tout au long de ce 

travail. Le processus de dépôt de l'absorbeur pérovskite est décomposé en deux parties : 

Une étape d'optimisation des paramètres de dépôt par slot-die et ensuite, une étude portant 

sur l'ajout d'un tensioactif zwitterionique dans la solution de précurseurs de pérovskite.  

Le troisième chapitre est consacré à la fabrication d'une couche de pérovskite 

Cs0.17FA0.83Pb(I0.83Br0.17)3 avec l'ajout de MACl comme agent complexant. Les 

caractéristiques du matériau pérovskite en fonction de la concentration de l'additif et des 

conditions de recuit sont présentées. Nous avons également étudié la stabilité de 

dispositifs complets encapsulés à base de pérovskite, exposés à une illumination solaire 

pendant 300 heures. Enfin, des modules de 12 cm² ont été fabriqués avec un rapport MACl 

optimisé. 

Dans le dernier chapitre, le surfactant zwitterionique et les propriétés du MACl ont été 

combinés pour obtenir une couche de pérovskite de haute qualité. Notamment, une 

attention particulière a été portée sur les propriétés de rugosité de surface. Dans cette 

partie, les performances des dispositifs solaires avec deux couches de transport de trous 

différentes (Spiro-OMeTAD et PTAA) ont été comparées. Dans le but ultime de valider 

la compatibilité potentielle de notre structure pour des applications tandem, nous avons 

fabriqué des dispositifs semi-transparents et caractérisé leurs performances. Enfin, les 

efficacités potentielles du pseudo-tandem ont été calculées. 

 Etat de l’art 

Le paysage énergétique mondial 

Aujourd'hui, plus de 80% de la consommation mondiale d'énergie primaire 

provient de ressources fossiles (gaz, charbon, pétrole)2 (Figure FR-1.a.), ce qui 

représente plus de 500 exajoules. En 2021, la consommation d'énergie à base de charbon 

continue de croître et devrait augmenter de 60% en 20213. Ce chiffre de croissance 

représente donc plus que toutes les sources d'énergie renouvelables réunies. La 

combustion de combustibles fossiles est responsable d'une grande majorité des émissions 

mondiales de gaz à effet de serre et de la pollution atmosphérique. La reprise attendue de 
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la consommation inverserait 80% de la baisse de 2020, entraînant une hausse des 

émissions de près de 5%2 (Figure FR-1.b.). De plus, l'épuisement des réserves génère 

davantage de difficultés d'extraction et donc une augmentation des coûts d'exploitation et 

des investissements qui peuvent entraver l'approvisionnement à long terme à l'avenir. Ces 

ressources sont également réparties de manière très inégale, ce qui est source de pressions 

géopolitiques dans des zones critiques. 

 

Fig.FR-1 : a. Consommation mondiale d'énergie primaire par ressources combustibles. Données extraites 

de la réf. [3]. b. Émissions mondiales de CO2 liées à l'énergie, les données sont reproduites de la réf. [2].  

L’énergie solaire 

Les technologies solaires représentent une voie passionnante pour la production 

future d'énergie à faible teneur en carbone. Les pérovskites, en particulier, ont démontré 

une augmentation considérable de leur efficacité et ont donné des résultats prometteurs 

pour un déploiement à grande échelle.  

Les cellules solaires en pérovskite ont vu leurs performances augmenter rapidement au 

cours des 15 dernières années, atteignant un record de 25,5% pour une seule jonction en 

20214 (Figure FR-2). En outre, la cellule solaire en pérovskite devrait être extrêmement 

rentable, ce qui fait de cette technologie une option attrayante pour la production 

industrielle et la commercialisation5. Cependant, le transfert des cellules de laboratoire 

vers des processus de fabrication à grande échelle et la stabilité de la pérovskite restent 

très difficiles. 
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Fig.FR- 2 : Évolution des rendements photovoltaïques par secteur de 1975 à 2021. Extrait du tableau des meilleurs 

rendements des cellules de recherche du NREL [6]. Ce graphique est régulièrement mis à jour par le National 

laboratory Renewable Energy Laboratory (NREL). 

Les cellules tandems 

Malgré une amélioration rapide de l'efficacité des cellules solaires au cours des vingt 

dernières années, les meilleures technologies se rapprochent désormais de la limite 

thermodynamique de Shockley-Queiser (SQ). Par conséquent, les cellules solaires 

tandem, combinant une cellule inférieure à faible bande interdite et une cellule supérieure 

à bande interdite plus élevée (Figure FR-3.a), représentent une voie prometteuse pour 

franchir le seuil de 30 % de PCE. Sous l'effet de l'éclairage, chaque cellule produit un 

courant électrique en réponse à des domaines de longueurs d'onde différentes, améliorant 

ainsi le potentiel de conversion électrique de la cellule. 
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Fig.FR- 3: a. Cellule solaire tandem connectée en série. L'ajout de plus de dispositifs permet d'optimiser chaque 

dispositif sur un spectre plus étroit, ce qui donne un rendement global plus élevé. Reproduit de la réf.. [7]. b. 

Progression du PCE des cellules solaires tandem à base de pérovskite. Reproduit de la réf. [8]. 

Les pérovskites se sont avérées être un excellent candidat pour les cellules solaires à 

jonction multiple en raison de leur bande interdite accordable, de leur facilité de 

fabrication et de leur faible coût potentiel de fabrication7,9–11. La cellule solaire c-Si étant 

la technologie dominante sur le marché actuel, l'incorporation de cellules pérovskites aux 

cellules solaires c-Si commerciales représente un enjeu important pour l'industrialisation 

des cellules solaires pérovskites10. Il existe deux types d'architectures tandem: les 

dispositifs à deux terminaux (2T), également appelés cellules tandem monolithiques, et 

les cellules à quatre terminaux (4T) composées d'une pile de deux cellules solaires 

distinctes (Figure FR-3.b). En 2020, une cellule solaire tandem 2T Pvk/Si a atteint une 

valeur d’efficacité certifiée à 29,15% sur une surface de dispositif de ∼1 cm². Cela a 

donné une crédibilité supplémentaire à l'approche tandem pour ouvrir la voie à des 

dispositifs franchissant la barre des rendements supérieurs à 30 %. 

Actuellement, des cellules solaires tandem Pvk/Si sont en cours de développement pour 

de futures applications commerciales, par exemple dans le cadre des initiatives d'Oxford 

PV et de Jinko Solar12. Cependant, jusqu'à présent, leur application a été limitée à des cas 

particuliers, notamment dans l'aérospatiale, où leur rapport puissance/poids élevé est 

souhaitable. Pour permettre une application plus large des cellules solaires à jonction 

multiple à base de pérovskite, la stabilité de ces cellules doit être comparable à celle 

d'autres technologies pertinentes, telles que le c-Si ou le CIGS. En outre, les cellules à 

pérovskite à simple jonction et à multi-jonction rapportées ont été fabriquées sur de petites 

surfaces, et des recherches plus approfondies doivent être menées pour générer des 

dispositifs tandem efficaces à grande échelle. 

Modèles théoriques de cristallisation 
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Nous avons discuté des principes fondamentaux de la nucléation et de la 

croissance cristalline des pérovskites, qui doivent être considérés avec beaucoup 

d'attention lorsqu'il s'agit de surfaces plus importantes.  

Viktor La Mer a proposé un modèle décrivant les mécanismes de nucléation et de 

croissance des cristaux dans un liquide. Son modèle est dit "à médiation atomique" et 

prend en compte le mouvement et les interactions des monomères. La courbe de Lamer 

décrit l'évolution de la concentration des monomères en solution au cours du temps 

(Figure FR-4). Les concentrations Cs (limite de solubilité), C*min (concentration 

minimale de l'état de sursaturation) et C*max (concentration maximale de l'état de 

sursaturation) déterminent l'ensemble des phénomènes de nucléation et de croissance 

cristalline, qui ont un impact sur la taille et la morphologie du cristal final. Selon le modèle 

de La Mer, le processus de cristallisation se déroule en trois étapes :  

- L’étape de pré-nucléation, pendant laquelle la concentration de la solution 

augmente rapidement pour atteindre la concentration de supersaturation C*min. 

L’augmentation de la concentration correspond à l’évacuation rapide du solvant. 

Dans le cas d'un film de pérovskite, l'extraction du solvant peut se faire soit par 

évaporation forcée du solvant (soufflage d'air, aspiration ou recuit), soit par le 

dépôt d’un anti-solvant sur le substrat. 

- L’étape de nucléation. Quand la concentration dépasse la concentration de 

supersaturation C*min, les centres de nucléation se stabilisent et commencent a 

inséminer en solution. La croissance des nuclei se produit ensuite par agrégation 

atomique autour des noyaux. Le modèle de Lamer considère la nucléation comme 

un processus unique, mais selon la théorie classique, la nucléation peut se produire 

de manière hétérogène ou homogène. 

- L’étape de croissance. La compétition entre la nucléation et la croissance est 

équilibrée par la concentration en monomères. Lorsque la concentration de la 

solution C atteint Cq, il devient plus probable pour un seul atome de rejoindre un 

cluster existant plutôt que de former un nouveau centre de nucléation. Dès que la 

formation de nouveaux noyaux s'arrête, la croissance devient le mécanisme 

dominant de consommation des monomères par agrégation autour des clusters 

existants. Par conséquent, la concentration de la solution diminue. 
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Fig.FR- 4: Courbe de La Mer adaptée de la réf. [13,14]. 

Si la théorie de La Mer constitue une base intéressante pour décrire le mécanisme de 

cristallisation des films de pérovskite, ce modèle présente des limites qui peuvent être 

complétées, notamment en ce qui concerne l'hypothèse de la "nucléation en rafale" qui 

suggère une nucléation instantanée et isotrope en solution. Ainsi, en complément de la 

théorie classique de la nucléation, de nombreux travaux expérimentaux ont permis 

d'affiner la compréhension de la formation des noyaux. Parmi eux, le mûrissement 

d'Ostwald et les attachements orientés sont des exemples importants qui doivent être pris 

en compte lors de la fabrication de films minces de pérovskite. 

Les techniques de fabrication sur grandes surfaces 

En 2021, Jeong et al. ont obtenu une cellule record de 25,5 % d'efficacité (25,2 % 

certifiés)4, ce qui a démontré le potentiel des cellules solaires en pérovskite pour les 

applications industrielles. Cependant, ce résultat encourageant a été obtenu sur de petites 

surfaces (surface active < 0,1 cm²), en utilisant la méthode de dépôt par spin-coating pour 

la fabrication de la couche de pérovskite. Combinée à une méthode de lavage anti-solvant, 

cette méthode de dépôt permet d'atteindre jusqu'à présent les meilleurs rendements des 

dispositifs.  

Cependant, le dépôt par spin-coating n'est pas une technique viable pour étendre la 

technologie de la pérovskite sur une plus grande surface. En outre, ce procédé induit une 

perte importante de matériaux pendant le dépôt (>90%), ce qui constitue un obstacle 

important au transfert du procédé dans la fabrication. De plus, dans le cas de substrats de 

grande taille (>100cm²), le spin-coating peut présenter un étalement inégal de la couche, 

ce qui conduit inévitablement à une inhomogénéité importante, nuisant ainsi aux 

performances du dispositif15. A ce jour, le plus grand module fabriqué par la méthode de 

spin-coating a démontré une efficacité de 12,6% sur une surface de 20,3 x 20,3 cm².16 
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Comme alternative au dépôt par spin-coating, plusieurs techniques de fabrication 

compatibles à grande échelle ont été étudiées. Pour les techniques de dépôt en solution, 

les précurseurs de pérovskite sont d'abord dissous dans des solvants organiques, puis 

déposés sur de grands substrats. Parmi ces techniques, le blade-coating17, le spray-

coating18, le screen-printing19 ou le slot-die coating20 sont des candidats intéressants pour 

la fabrication de cellules solaires pérovskites de grande surface (Figure FR-5.a). Le slot-

die représente l'une des techniques de dépôt les plus étudiées dans la littérature.  

 

Fig.FR- 5: a. Méthodes de dépôt évolutives basées sur des solutions pour la fabrication à grande échelle de cellules 

solaires pérovskites, notamment le revêtement par lame (panneau a), le revêtement par filière à fente (panneau b), le 

revêtement par pulvérisation (panneau c), l'impression à jet d'encre (panneau d) et la sérigraphie (panneau e). 

Reproduit de la réf. [21]. b. Records de rendement de conversion de puissance certifiés pour les cellules et modules 

solaires à pérovskite champions. Reproduit de la réf. [22]. 

Récemment, grâce aux efforts déployés en vue de l'industrialisation, les cellules solaires 

en pérovskite fabriquées à l'aide de techniques compatibles avec l'industrie ont commencé 

à concurrencer les dispositifs à revêtement par centrifugation. Par exemple, en 2021, Xu 

et al. ont obtenu un rendement de 21,35 % pour une cellule solaire à pérovskite à l'échelle 

du laboratoire fabriquée par slot-die23. Ce résultat égale le précédent record établi par le 

blade-coating, qui a donné un rendement de 21,9 % avec un traitement de surface à 

l'iodure de cadmium24. Parallèlement, les surfaces et les rendements des modules 

continuent d'augmenter. Notamment, en combinant le revêtement par slot-die et un 

soufflage d'azote à haute pression, M. Du et al. ont atteint un rendement de plus de 22 % 

pour un module de 16 cm².25  

Ces résultats très encourageants ont déclenché l'intérêt de l'industrie pour des modules 

pérovskites de plus grande taille. En 2020, l'entreprise japonaise Panasonic Corp a 

annoncé le PCE le plus élevé au monde, soit 17,9 %, pour un module pérovskite plus 

grand (>800 cm2) 28,29. La Chine a investi massivement dans l'industrialisation de la 

technologie pérovskite avec un plan visant à développer une ligne de production de 

cellules pérovskite de 1GW d'ici 202230. 

Bien que des progrès significatifs aient été réalisés, le PCE des modules pérovskites reste 

encore en retrait par rapport aux cellules de pointe de petite surface (∼0,1 cm2) fabriquées 

par spin coating (Figure FR-5.b). Même si la stratégie des additifs donne des résultats 
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encourageants pour ralentir la croissance des cristaux, la morphologie finale du film 

dépend aussi fortement de la méthode d'extraction du solvant. En effet, une extraction 

rapide du solvant de la solution de précurseurs de pérovskite est cruciale afin d'atteindre 

plus rapidement l'état de sursaturation, favorisant ainsi un nombre plus élevé de noyaux. 

Ainsi, couplé à une optimisation chimique appropriée de la solution de précurseurs de 

pérovskite, une méthode de séchage efficace est cruciale pour obtenir une qualité 

cristalline élevée. 

Les techniques de séchage 

Le lavage par anti-solvant 

La méthode du lavage par anti-solvant est largement utilisée pour fabriquer des 

cellules solaires en pérovskite. Son utilisation permet d'atteindre les performances les plus 

élevées en laboratoire4,31,32. Pour des échantillons plus grands, la couche de pérovskite 

peut également être immergée dans un bain d'anti-solvant. La concentration des 

précurseurs de pérovskite dans le mélange de solvants restant augmente alors fortement 

et déclenche le mécanisme de cristallisation. Cependant, bien que plusieurs records 

d'efficacité par slot-die soient encore basés sur des méthodes dérivées des anti-solvant 

(bain ou lavage par spin-coating)20,21,34la méthode du lavage par anti-solvant présente des 

problèmes d'homogénéité lorsque la taille du film augmente33. De plus, ils nécessitent une 

grande quantité de solvants potentiellement toxiques qui peuvent être préjudiciables pour 

les futures applications industrielles35. 

Le souffle d’air 

Le système de séchage le plus répandu applique un souffle d'air vertical (air sec 

ou N2) sur la surface de l'échantillon (Figure FR-6). Une buse de gaz est généralement 

associée à la tête de dépôt du slot-die ce qui sèche la pérovskite immédiatement après le 

dépôt. Du et al. ont obtenu un rendement de conversion électrique de plus de 19% sur des 

modules de pérovskite de 16 cm², validant ainsi la compatibilité de cette méthode pour 

des substrats plus grands. Cependant, pour évacuer efficacement le solvant, un flux de 

gaz à haute pression est nécessaire. Une pression de soufflage insuffisante peut entraîner 

une couverture inhomogène du film et une morphologie dendritique due à une mauvaise 

nucléation36. 

 

Fig.FR- 6 : Représentation schématique du soufflage d'air vertical 
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Aspiration sous vide 

Contrairement au soufflage d'air, l'aspiration sous vide élimine le solvant par 

aspiration dans une chambre à vide (Figure FR-7). L'avantage de cette technique est 

l'absence d'une zone de saturation retardant la diffusion et l'évacuation du solvant de la 

couche de pérovskite. 

X. Li et al. ont développé une méthode d'évacuation quasi-instantanée. Un système à 

double chambre permet à la chambre contenant le substrat d'atteindre 20 Pa en seulement 

quelques secondes (Figure I-19.b)37. En utilisant la méthode VASP (Vacuum-Flash 

Solution Processing), X. Li et al. ont obtenu une efficacité de 20,38 % sur une surface 

d'ouverture de 1 cm². F. Guo et al. ont combiné la méthode d'aspiration sous vide avec le 

dépôt par blade-coating38. Ils ont atteint un rendement de plus de 18% sur des modules 

de 0,09 cm² et de 11% pour des modules de 4x4 cm². Le séchage sous vide a été associé 

à l'ajout de MACl qui a permis d'obtenir une granulométrie importante (>1μm). 

 

Fig.FR- 7: Représentation schématique de l’aspiration sous vide 

Evaporation par recuit 

Alternativement à une méthode induite par le flux, le chauffage du substrat peut 

également accélérer l'élimination du solvant. Dans cette optique, il existe plusieurs 

techniques pour chauffer la couche pérovskite :  

- Le recuit sur plaque chauffante : A. Vilayan et al. ont déposé par slot-die une 

couche de pérovskite sur un substrat préchauffé à 130°C et ont obtenu par cette 

méthode un rendement de 14,5%39. Plus récemment, Cotella et al. ont combiné un 

souffle d’air et un recuit à 65°C ce qui a permis d’atteindre un rendement de 

21.4%40.  

- L’exposition lumineuse. La couche perovskite est exposée à une lumière couvrant 

tout le spectre des longueurs d’onde (100nm à 1100 nm) (technique IPL) ou 

seulement à un rayonnement IR (750 et 2500 nm) (technique FIRA). Sanchez et 

al. ont rapporté une efficacité supérieure à 20% pour les petites cellules solaires 

et jusqu'à 17% sur une surface de 1,4 cm² 41 et B-J. Huang et al. ont atteint une 

efficacité de 14,3 % sur un module de 80x80 cm² déposé par la technique des 

matrices à fente42. 

Dans la suite de ce travail, nous développerons les différentes stratégies que nous avons 

élaborées afin de fabriquer nos couches de pérovskite, en utilisant une méthode de dépôt 
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de type slot-die coating combinée à un système de séchage par aspiration sous vide. Nous 

avons exploré différentes pérovskites à double cation CsFA afin d'identifier la meilleure 

composition pour des applications à grande échelle et avons également fait varier le ratio 

de bromure. Nous avons également évalué l'influence de deux additifs sur la morphologie 

du film perovskite et la stabilité de la couche. Les résultats expérimentaux seront discutés 

dans les chapitres suivants. 

 

 

 Introduction d’un surfactant amphotère 

Protocole de fabrication 

Dans ce chapitre, nous avons présenté le processus complet de fabrication des cellules 

solaires pérovskites, du substrat de 10 x 5 cm² aux cellules individuelles de 2x2,5 cm² 

(Fig.FR 8): Nous avons fabriqué des dispositifs avec une architecture classique n-i-p, 

avec un ETL bi-layer de TiO2 et un HTL en spiro-OMeTAD.  

1. La fabrication des couches de transport et des électrodes a combiné différentes 

techniques de dépôt, qui a dû être ajustées pour les grands substrats. Les méthodes 

de dépôt ont été adaptées à partir du processus de base, développé au laboratoire 

de l'IPVF pour les dispositifs à revêtement par centrifugation : 

o La couche de TiO2 compact a été déposée par spray sur une plaque 

chauffante à 450°C. 

o La couche de TiO2 mésoporeux a été déposée par spin-coating sur des 

substrats 5x10cm² suivant la recette de la baseline. 

o La couche de spiro-OMeTAD a été déposée par spin-coating sur les 

cellules individuelles de 2x2,5 cm² 

 

2. La couche pérovskite a été déposée en utilisant la technique de slot-die. Nous 

avons utilisé des substrats de 10x5 cm² pour effectuer notre dépôt.  

 

Fig.FR-8: Principales étapes du processus de fabrication des cellules solaires à pérovskite de petite surface. Le dépôt 

des couches de TiO2 a été réalisé dans des conditions ambiantes. La couche de pérovskite et la HTL ont été déposées 

dans une boîte à gants remplie de N2. Dépôt de l’absorbeur perovskite 
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Afin de générer une couche perovskite homogène, l'influence des paramètres de dépôt sur 

la qualité de la couche de pérovskite a été étudiée. L'optimisation des paramètres 

présentée dans cette partie a été réalisée avec une composition de pérovskite à double 

cation Cs0.2FA0.8Pb(I0.95Br0.05)3. Les premières optimisations des paramètres ont été 

réalisées sur un substrat de 5x5 cm² et ensuite, transférées à 5x10 cm².  

 

Fig.FR-9: Paramètres et principales étapes du dépôt du revêtement par filière. Représentation schématique 

du ménisque. 

L’optimisation paramétrique a été menée suivant les étapes principales du dépôt dont les 

paramètres principaux sont représentés sur la Fig.FR-9: 

- Formation du ménisque et initialisation du dépôt 

- Optimisation de l’uniformité et de l’épaisseur du film 

- Fin du dépôt et formation de « puddle » 

Les paramètres par étape de dépôt optimisés pour la fabrication des couches de pérovskite 

au cours de ce travail sont présentés dans le tableau suivant : 

Table.FR-1: Paramètres optimisés de dépôt par sot-die 

Meniscus Intialization Coating End 

Ink injection delay LEG LCG Coating speed IIR SC LTEG Ink injection offset 

s µm µm mm/s μL/s % μm mm 

2 30 60 14 3.5 33 40 15 

Pour cette thèse, la technique de séchage sélectionnée consiste en une plaque d'aspiration 

sous vide installée à l'intérieur de la boîte à gants dans le but de remplacer l'étape 

d'égouttage de l'anti-solvant afin de mieux s'adapter aux procédés à grande échelle. Après 

la phase de dépôt, le film humide est placé dans la chambre à vide qui permet d'atteindre 

1 mbar en 4 minutes. La pression est ensuite maintenue à ce niveau de vide pendant une 

1 minute. 

Ajout du surfactant dans l’encre perovskite 

Dans cette partie, nous avons sélectionné un surfactant zwitterionique avec un 

groupe anionique sulfonate et un groupe cationique ammonium quaternaire (Fig. FR 10). 
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Plusieurs groupes ont mis en évidence le rôle du groupe ammonium quaternaire pour la 

passivation des lacunes I- 43–45, associé à un groupe anionique phosphate ou sulfonate46,47.  

De manière intéressante, X. Zheng et al. ont démontré l'existence d'une coordination entre 

le PbI2 et le groupe sulfonate qui, en conséquence, a la potentialité de ralentir la croissance 

du cristal de pérovskite, empêchant ainsi les défauts morphologiques. Les auteurs ont 

proposé qu'un tensioactif à base de sulfonate puisse se fixer efficacement à la surface des 

noyaux de pérovskite en raison de la forte capacité du groupe sulfonate à se lier à l'ion 

plomb. 

 

Fig.FR-10: Structure chimique de l'agent de surface : sel interne du N-Dodécyl-N,N-diméthyl-3-ammonio-

1-propanesulfonate 

Perovskite de composition Cs0.2FA0.8Pb(I0.95Br0.05)3 

Ensuite, nous avons étudié l'influence de l'ajout d'un tensioactif zwitterionique sur la 

morphologie et la cristallinité d'une couche de pérovskite de composition 

Cs0.2FA0.8Pb(I0.95Br0.05)3. 

Nous avons montré que l'ajout de 30 mM de 3DPS dans la solution de précurseurs de 

pérovskite augmente la taille des cristallites (Fig.FR-11 .b) tout en diminuant 

significativement la rugosité de surface (Fig.FR-11 .a).  

 

Fig.FR-11: a. Images confocales de la couche de pérovskite déposée par matriçage sur du verre/FTO/c-

TiO2/m-TiO2 et distribution associée de la hauteur de chaque point par rapport à la moyenne arithmétique 

de la surface. b. Images SEM de surface de la couche de pérovskite déposée par matriçage sur du 

verre/FTO/c-TiO2/m-TiO2 sans et avec 30 mM et 60 mM de 3DPS introduit dans la solution précurseur. La 

distribution associée du diamètre des particules est également rapportée. 
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Nous avons fabriqué des dispositifs pérovskites complets avec une architecture classique 

n-i-p et une HTL spiro-OMeTAD. Le rendement du dispositif donne un PCE champion 

de 12,3% sur une surface d'ouverture de 0,09cm². 

Dans la Fig.FR- 12, les courbes J-V et MPPT de la meilleure cellule avec et sans 

surfactant sont représentés. Le meilleur dispositif de référence, sans tensioactif, de 0.9 

mm², a atteint un PCE limité de 4.3% (Voc=0.99V / Jsc=6.1 mA.cm-2 / FF=70%) en 

balayage inverse, sous illumination AM1.5G.  Comme prévu par l'amélioration 

morphologique, les dispositifs fabriqués avec 3DPS ont montré des efficacités plus 

élevées que la référence. Le dispositif champion a atteint un PCE de 12,9% (Voc=1,06V 

/ Jsc=19,3 mA.cm-2 / FF=60,5%), stabilisé à 10,1%, pour une concentration de 30 mM. 

Le meilleur dispositif fabriqué avec une concentration de tensioactif de 60 mM a affiché 

une efficacité plus faible à 10,5% (Voc=1,03V / Jsc=15,9 mA.cm-2 / FF=64,1%).  Les 

deux dispositifs fabriqués avec le surfactant montrent un phénomène d'hystérésis 

significatif, alors que ce dernier est moins prononcé pour le dispositif de référence. 

 

Fig.FR- 12: Meilleures courbes J-V de dispositifs de 2x2 cm² (surface d'ouverture de 0,9 mm²) fabriqués 

avec l'ajout de tensioactif et efficacité stabilisée associée avec le temps sous le point de puissance maximale. 

Balayage inverse (courbes pleines) et balayage avant (pointillés). 

En conclusion, ces résultats mettent en évidence que l'ajout d'un surfactant dans la 

solution de précurseurs de pérovskite est un moyen efficace pour améliorer la 

morphologie de la couche de pérovskite et obtenir une bonne couverture de la pérovskite 

sur le substrat. Cependant, l'excès de surfactant dans la masse peut créer des sites de 

recombinaison multiples, diminuant ainsi l'efficacité du dispositif. 

Perovskite de composition Cs0.17FA0.83Pb(I0.6Br0.4)3 

Dans une troisième partie, nous avons fabriqué des couches de pérovskite avec une 

composition de pérovskite différente : Cs0.17FA0.83Pb(I0.6Br0.4)3. Sur la base des 

expériences et des résultats précédents, nous avons fabriqué par slot-die un échantillon de 

pérovskite de référence sans tensioactif, ainsi que des échantillons de pérovskite avec 

trois concentrations différentes de tensioactif : une concentration de 30 mM pour 

comparer avec les meilleurs échantillons obtenus dans la partie précédente, une 

concentration optimale de 60 mM et une concentration de tensioactif de 80 mM pour 

étudier l'effet de l'excès de tensioactif sur les propriétés optoélectroniques du film de 

pérovskite. 
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Comme pour la composition précédente, nous avons remarqué que l’ajout de surfactant a 

une influence significative sur la rugosité de surface. La valeur de rugosité obtenue à une 

concentration supérieure à 80 mM est similaire aux valeurs Sa obtenues pour la 

composition de pérovskite Cs0.2FA0.8Pb(I0.95Br0.05)3 à 30 mM. Cependant, la quantité 

requise de tensioactif est liée à la composition de la pérovskite, qui a un impact significatif 

sur le processus de cristallisation.  

 

Fig.FR- 13: Rugosité de surface Sa en fonction de la concentration du tensioactif 3DPS. 

Les résultats montrent que la modification du rapport bromure/iodure, et dans une 

moindre mesure du rapport Cs/FA change le taux de cristallisation et la cinétique de 

réaction48. Par conséquent, en fonction de la composition de la pérovskite, il est nécessaire 

d'adapter la concentration en tensioactif pour obtenir une couverture complète de la 

surface et une faible rugosité de surface. Dans ce cas, la couche de pérovskite présente 

une couverture complète à une concentration en tensioactif de 80 mM, une valeur 

significativement plus élevée que dans le cas précédent pour lequel seulement 30 mM 

étaient nécessaires.   

Nous avons rapporté une efficacité maximale de 9.1% sur une surface d'ouverture de 

0.09cm², pour un surfactant de 30 mM dans la solution de précurseurs de pérovskite.  
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Fig.FR- 14 : Meilleures courbes I-V de dispositifs 2x2 cm² (surface d'ouverture de 0,9 mm²) fabriqués avec 

l'ajout de tensioactif et le suivi MPP associé. Balayage inverse (courbes unies) et balayage avant 

(pointillés). 

Cependant, malgré une augmentation significative de la couverture de la couche de 

pérovskite et une diminution de la rugosité de surface, nous avons mis en évidence qu'une 

teneur en surfactant supérieure à 30 mM limite l'efficacité du dispositif en raison d'une 

accumulation de l'additif dans la pérovskite. Cette tendance est restée identique, 

indépendamment de la composition de la pérovskite. 

Pour remédier à cette faible efficacité, l'objectif du prochain chapitre est d'explorer 

d'autres types d'additifs. Nous avons exploré les différents paramètres de dépôt et nous 

avons établi une procédure optimisée pour le reste de ce travail de thèse. 

 Introduction d’un additif chloré: le MACl 

Nous avons mis en évidence dans notre étude la différence majeure entre deux 

méthodes d'extraction de solvant différentes : un lavage anti-solvant traditionnel et un 

séchage par aspiration sous vide. Nous avons démontré que la méthode de trempe a un 

impact significatif sur la morphologie du film final (Fig.FR- 15), et donc que la 

composition de l'encre doit être adaptée en conséquence. Pour cette raison, nous avons 

développé une composition contenant du chlorure de methylammonium comme additif 

dans la solution de précurseurs de pérovskite.  

 

Fig.FR- 15: Images SEM en vue de dessus de la couche de pérovskite post-recuit après lavage par anti-

solvant ou aspiration sous vide. 
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Nous avons exploré différentes concentrations de MACl, températures et temps de recuit 

pour optimiser la qualité du film pérovskite, caractérisé par XRD, MEB, 

spectrophotomètre, microscope confocal et cathodoluminescence.  

Appuyé par les mesures de cathodoluminescence et de PL représenté en Fig.FR-16, nous 

avons vu que indépendamment de l'addition de MACl et des conditions de recuit, la bande 

interdite optique de la pérovskite est Eg = 1.64 eV, excluant ainsi la possibilité d'une 

inclusion de chlorure qui conduirait à un élargissement de la bande interdite. 

 

Fig.FR-16 : a. Mesures de photoluminescence (𝜆=532nm) et, b. Courbes de cathodo-luminescence.  Les 

mesures de CL ont été effectuées à température ambiante avec une tension d'accélération de 3kV et une 

dose inférieure à 1020 e-/cm². 

Un PCE record de 17,4% est atteint en balayage inverse (Voc = 1,14 V, Jsc = 20,3 

mA/cm², FF = 75%) (Fig.FR- 17) et un PCE stable de 17,5% en condition MPP. De 

manière intéressante, on peut noter la très faible hystérésis dans ces cas, qui est 



Résumé en français 

 
 

 

215 

 

directement liée au degré de cristallinité et à la taille des domaines cristallins comme l'ont 

rapporté Tripathi et al.22. 

 

Fig.FR- 17: Performances J-V dans des conditions A.M.1.5G pour les meilleures cellules sans et avec 

l'ajout de MACl après un recuit à 140°C pendant 30 minutes. 

La stabilité est une caractéristique importante pour l'application à grande échelle. Pour 

évaluer cette caractéristique importante, nous avons encapsulé les dispositifs fabriqués et 

suivi l'évolution du PCE pendant 300 heures sous illumination continue et au point de 

puissance maximale. Notre étude souligne l'impact bénéfique de l'ajout de MACl sur la 

stabilité du dispositif. La dégradation de la pile de pérovskite a été étudiée par la technique 

STEM, et nous a permis d'identifier les voies de dégradation de la HTL et de l'absorbeur. 

 

Fig.FR-18: Données de stabilité des dispositifs encapsulés exposés à une illumination constante dans des 

conditions MPP. a. 20 premières heures de vieillissement. b. Stabilité sur 300 heures. Utilisation combinée 

du surfactant et du MACl 

 Utilisation synergic d’un surfactant et de MACl 

Dans ce chapitre, nous avons présenté l'influence de l'ajout combiné de MACl et 

d'un tensioactif zwitterionique sur la morphologie et la structure cristalline de la couche 

de pérovskite. Nous avons montré qu'un ratio optimisé de 0.15wt% de 3DPS avec un ratio 
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molaire (MACl: FAI) de (0.3:1) améliore la taille des cristaux et diminue 

significativement la rugosité de surface (Fig.FR-19). 

 

Fig.FR-19 : Illustration des mécanismes de cristallisation proposés lors de la formation de films de 

pérovskite sans additifs, avec surfactant seul, avec MACl seul, et action synergique du chlorure et du 

surfactant.  

Nous avons fabriqué des dispositifs pérovskites complets avec une architecture n-i-p 

classique et une couche HTL spiro-OMeTAD (Fig.FR-20). La meilleure cellule 

pérovskite, fabriquée avec MACl et 3DPS, a atteint une efficacité de 17,8%, ce qui est la 

meilleure efficacité rapportée dans ce travail.  
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Fig.FR-20: J-V et MPP des meilleures cellules pérovskites. a. Pas de 3DPS (courbes jaunes). b. Teneur en 

3DPS de 0,15 % en poids (courbes vertes). Les deux cellules ont été mesurées une semaine après le dépôt. 

Ensuite, des dispositifs pérovskites ont été fabriqués avec une HTL PTAA (Fig.FR-21). 
Les meilleurs dispositifs PTAA ont atteint un PCE de 16.8% et se sont stabilisés à 15.5%. 

L'évolution de l'efficacité du dispositif pendant 45 jours a mis en évidence une stabilité 

significativement améliorée pour les dispositifs avec PTAA par rapport aux dispositifs 

avec spiro-OMeTAD. 

 

Fig.FR-21 : J-V des meilleures cellules de pérovskite. a. Couche de pérovskite fabriquée uniquement avec 

MACl et sans 3DPS (courbes jaunes). b. Couche de pérovskite fabriquée avec MACl et une teneur en 

tensioactif de 0,15 % en poids (courbes vertes). Les deux cellules ont été mesurées une semaine après la 

fabrication de la pile complète. 

Dans une troisième partie, nous avons fabriqué des cellules solaires pérovskites semi-

transparentes en déposant une couche transparente d'ITO comme électrode supérieure. 

The perovskite layers are prepared with a molar ratio MACl: FAI (0.3:1) and a surfactant 

mass ratio of 0.15 wt%. Nous avons obtenu une efficacité maximale de 16,7% avec un 

dispositif spiro-OMeTAD et de 14,8% avec un dispositif PTAA. Cependant, même si les 
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dispositifs PTAA ont présenté une efficacité moyenne inférieure à celle du spiro-

OMeTAD, le PTAA a montré une meilleure résilience au processus de pulvérisation et a 

permis une meilleure reproductibilité.  

 

Fig.FR- 22: a. Courbe I-V du meilleur dispositif Spiro-OMeTAD, mesurée J+1 après le dépôt. b. Courbe 

I-V du meilleur dispositif PTAA, mesurée J+10 après le dépôt. c. Courbe EQE du meilleur dispositif Spiro-

OMeTAD, mesurée J+1 après le dépôt. d. Courbe EQE du meilleur dispositif PTAA, mesurée J+10 après 

le dépôt. Spiro-OMeTAD comme couche de transport de trous (courbe verte) et PTAA comme couche de 

transport de trous (courbe jaune). 

Enfin, nous avons évalué le potentiel de notre architecture semi-transparente intégrée 

dans une pile pseudo-tandem, combinant les meilleurs résultats obtenus pour une cellule 

semi-transparente et des cellules solaires en silicium filtré associées. 

Les efficacités tandem reconstruites atteignent 23,1 % (16,7 % + 6,4 %) pour le dispositif 

spiro-OMeTAD et 21,4 % (14,8 % + 6,6 %) pour le dispositif PTAA. Les efficacités 

tandem reconstruites pour les dispositifs de revêtement par spin-coating sont de 24,2 % 

(17,7 % + 5,7 %) pour le dispositif spiro-OMeTAD et de 22,9 % (17,3 % + 5,6 %) pour 

le dispositif PTAA.  

Les dispositifs pseudo-tandems basés sur couches pérovskites déposés par slot-die 

montrent des efficacités plus faibles. Cette différence peut être attribuée aux 

performances moyennes inférieures des cellules solaires semi-transparentes initiales 
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fabriquées par filière à fente par rapport au dispositif de revêtement par centrifugation. 

Notamment, l'efficacité des dispositifs PTAA, avec une couche absorbante fabriquée par 

filière à fente, dépend largement de la rugosité de la pérovskite et une optimisation plus 

poussée de l'interface pérovskite/PTAA est cruciale pour atteindre des efficacités plus 

élevées. 

Cependant, ces rendements tandem ne représentent que des résultats préliminaires basés 

sur la caractérisation optique de l'éventuelle pile tandem. Notamment, les rendements 

semi-transparents sont issus de cellules solaires à petite échelle où le dépôt par spin-

coating est le processus de fabrication le plus efficace. Pour les dispositifs de plus grande 

taille, cependant, les matrices à fente représentent une voie plus prometteuse, qui se 

traduirait par un dépôt plus homogène et des rendements plus élevés. 

 Conclusion 

Pour conclure, dans ce travail de thèse, nous avons conçu et optimisé un processus 

complet de fabrication de la couche absorbante en pérovskite par slot-die. Nous avons 

exploré différentes compositions de pérovskite afin d'explorer de grandes bandes 

interdites, compatibles avec les applications en tandem. En partant de dispositifs à petite 

échelle de 2x2.5cm², nous avons transféré avec succès ce procédé à des modules de 

12cm².  

Cependant, ce travail ouvre de larges possibilités d'optimisations futures. A partir de 

maintenant, un travail sur la pile complète est nécessaire pour améliorer la stabilité et la 

compatibilité à l'échelle supérieure des futurs dispositifs. Dans la littérature, les 

architectures planaires (avec SnO2 comme couche ETL par exemple) présentent des 

résultats encourageants pour les modules pérovskites de grande surface. En outre, il 

pourrait être intéressant d'étudier l'insertion d'intercalaires. Ensuite, le processus 

d'encapsulation doit être développé pour les modules de grande surface afin d'améliorer 

la stabilité des dispositifs fabriqués. Enfin, une grande variété d'additifs, tels que les 

précurseurs à base d'acétate, ont montré des résultats prometteurs et pourraient être 

expérimentés pour la fabrication de matrices à fente.  
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Les technologies PV émergentes, telles que le matériau pérovskite, représentent une voie 

passionnante pour propulser l'énergie solaire au premier plan. Plusieurs propriétés intrinsèques de la 

pérovskite, comme un coefficient d'absorption élevés et la possibilité de modifier la bande interdite, ont 

déjà contribué à démontrer le fort potentiel de cette nouvelle technologie PV. L'amélioration rapide des 

performances des dispositifs à base de pérovskite en a fait l'étoile montante du monde du photovoltaïque. 

Aujourd'hui, le meilleur dispositif affiche un rendement de 25,5%. Cependant, si des progrès remarquables 

ont été réalisés dans la fabrication de dispositifs perovskite de petite taille, le transfert vers des procédés 

de fabrication grande taille reste un véritable défi. Dans cette optique, nous nous sommes concentrés sur 

la composition de la solution de précurseurs de pérovskite afin de répondre aux nouvelles contraintes liées 

à des procédés de fabrication industriels. Cette thèse est divisée en quatre chapitres. Tout d'abord, un 

chapitre est consacré à un état de l'art sur l'énergie photovoltaïque et, plus particulièrement, sur les cellules 

solaires à base de pérovskite et leurs procédés de fabrication. Ensuite, nous avons décrit toutes les étapes 

menant à la fabrication d'un dispositif complet. Pour la couche d'absorbeur, Nous avons développé un 

procédé de fabrication combinant un dépôt par slot-die et un système d'aspiration sous vide. Par la suite, 

une étude expérimentale est consacrée à l'ajout d'un tensioactif zwitterionique dans la solution de 

précurseurs de pérovskite. Le troisième chapitre est consacré à la fabrication d'une couche de pérovskite 

avec l'ajout de MACl comme agent complexant. Nous avons également étudié la stabilité de dispositifs 

complets encapsulés. Enfin, des modules de 12 cm² ont été fabriqués. Enfin, dans le dernier chapitre, le 

surfactant zwitterionique et les propriétés du MACl ont été combinés pour obtenir une couche de pérovskite 

de haute qualité. Dans le but de valider la compatibilité potentielle de notre structure pour des applications 

en tandem, nous avons fabriqué des dispositifs semi-transparents et caractérisé leurs performances. Enfin, 

les efficacités potentielles des dispositifs pseudo-tandem ont été évaluées. Ce travail ouvre la voie à la 

compréhension et au contrôle de la cristallisation du matériau pérovskite sur des grandes surfaces, 

nécessaire pour l’industrialisation de cette technologie. 

Mots clefs : Energie photovoltaïque, pérovskite, slot-die, dépôt grande surface, couches minces. 

_____________________________________________________________________________________ 

Emerging PV technologies, such as perovskite material, represent an exciting avenue to propel 

solar energy to the forefront. Several intrinsic properties of perovskite, a high absorption coefficient, long 

carrier scattering lengths, and the ability to modify the band gap, have already helped demonstrate the 

strong potential of this new PV technology. The rapid improvement in the performance of perovskite-based 

devices has made them the rising star of the PV world. Today, the best device has an efficiency of 25.5%. 

However, if remarkable progress has been made in the fabrication of small size perovskite devices, the 

transfer to large size fabrication processes remains a real challenge. With this in mind, we have focused on 

the composition of the perovskite precursor solution in order to address the new constraints related to 

industrial manufacturing processes. This thesis is divided into four chapters. First, a chapter is devoted to a 

state of the art on photovoltaics and, more specifically, on perovskite-based solar cells and the fabrication 

processes. We focused on the fabrication of the absorber layer by slot-die die combined with a vacuum 

aspiration drying system. In the second chapter, we studied the addition of a zwitterionic surfactant in the 

perovskite precursor solution and the third chapter, is devoted to the fabrication of a perovskite layer with 

the addition of MACl as a complexing agent. We also studied the stability of complete perovskite-based 

encapsulated devices exposed to solar illumination for 300 hours. Finally, 12 cm² modules have been 

fabricated with an optimized MACl ratio. Finally, in the last chapter, zwitterionic surfactant and MACl 

properties were combined to obtain a high-quality perovskite layer. With the ultimate goal of validating the 

potential compatibility of our structure for tandem applications, we fabricated semi-transparent devices and 

characterized their performance. Finally, the potential efficiencies of pseudo-tandem devices have been 

evaluated. This work opens the way to the understanding and control of the crystallization of perovskite 

material on large surfaces, necessary for the industrialization of this technology. 

Mots clefs : Energie photovoltaïque, pérovskite, slot-die, dépôt grande surface, couches minces. 
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