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A scientist in his laboratory is not a mere technician: he is also a child confronting 
natural phenomena that impress him as though they were fairy tales. 
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Résumé 

 
Depuis 2009, les matériaux hybrides pérovskites halogénés ont émergé en tant que 

technologie photovoltaïque innovante, contrastant avec les technologies existantes à base de 

silicium par leur mise en œuvre par voie liquide qui réduit significativement l'empreinte 

carbone de la fabrication des panneaux solaires. En 2021, le rendement de cellules solaires à 

base de pérovskite atteint 25.5% à l’échelle laboratoire, réduisant l’écart de performance avec 

la technologie silicium (26.6%). Une des difficultés rencontrées lors du développement de cette 

technologie à échelle industrielle est l’homogénéité du dépôt de la couche pérovskite sur des 

grandes surfaces. Malgré l’existence de procédés industriels (impression jet d’encre, enduction 

slot-die) pour déposer le film liquide précurseur sur des grands substrats, le défi réside dans le 

contrôle de la cristallisation du matériau pérovskite à l’échelle industrielle. Dans ce travail, 

nous avons étudié le dépôt par voie humide d’une pérovskite halogénée mixte  

(CsxFA(1-x)Pb(I0.88Br0.12)3) par le procédé slot-die combiné à un couteau d’air et une chauffe de 

substrat pour permettre la cristallisation sur des dimensions de 5 x 5 cm2 et 10 x 10 cm2. Nous 

détaillons l’effet des paramètres du procédé slot-die, de l’encre pérovskite précurseur et du 

substrat sous-jacent sur la morphologie du film pérovskite et ses qualités opto-électroniques. 

Nous dévoilons le rôle du précurseur CsI dans cette cristallisation assistée par flux d’air et 

montrons que son effet diffère vis-à-vis de la cristallisation conventionnelle par anti-solvant. 

Nous optimisons la combinaison d’un couteau d’air et d’une chauffe de substrat pour permettre 

la formation d’un film pérovskite Cs0.15FA0.79Pb(I0.88Br0.12)3 compacte de façon reproductible et 

homogène. L’intégration de ces couches dans des dispositifs photovoltaïques a mené à des 

rendements de conversion de 18% à l’échelle laboratoire (0.09 cm2) et 11.5% à l’échelle mini-

module (52 cm2). 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 clés : Pérovskite double cation, Slot-die, Couteau d’air, Larges surfaces. 
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Abstract 

 In the last decade, metal halide perovskites have emerged as an innovative thin film 

photovoltaic technology that contrasts with current technologies due to its solution 

processability that could significantly reduce its manufacturing environmental footprint. In 

2020, perovskite solar cells at laboratory scale reach 25.5% power conversion efficiency, 

closing the gap to silicon based solar cells performances (26.6%). One of the major bottlenecks 

of perovskite photovoltaic modules fabrication is the homogeneous deposition of perovskite 

material over large areas. Whereas scalable processes (inkjet, slot-die coating) can be adapted 

from the organic photovoltaics industry to deposit the wet precursor film over large areas, the 

control of the perovskite crystallization remains a challenge at that scale. In this work, we 

investigate the wet deposition of double cation mixed-halides perovskite  

(CsxFA(1-x)Pb(I0.88Br0.12)3) via slot-die coating combined with synergistic gas quenching and 

substrate heating over 5 x 5 cm2 and 10 x 10 cm2 substrates. More specifically, we detail the 

effect of the process parameters, precursor ink composition and substrate nature (e.g. planar 

vs mesoporous, TiO2 vs SnO2) on the perovskite film morphological and opto-electronics 

properties. We unveil the role of the CsI precursor in the gas-assisted crystallization and show 

that its effect differs from the conventional anti-solvent assisted crystallization. We show that 

slot-die coating technique combined with synergistic gas quenching and substrate heating can 

produce compact, homogenous and reproducible Cs0.15FA0.79Pb(I0.88Br0.12)3 perovskite films. 

We integrate the perovskite slot-die coated layers in planar (n-i-p) photovoltaic device 

configuration yielding power conversion efficiency (PCE) of 18% over 0.09 cm2 and 11.5% over 

52 cm2 device active area. This work provides insights into achieving controlled perovskite 

crystallization of perovskite films over large areas, which is necessary for the industrialization 

of this technology. 

Keywords: Methylammonium-free perovskite, Slot-die coating, Gas-quenching, Large areas. 
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• Broader context 

Today, newly industrialized and developing countries are facing a fast demographic and 

economic growth. The human development in these regions requires an increase of the energy 

production. In the meantime, the extreme events caused by the climate change have raised 

awareness on the importance to limit our greenhouse gas (GHG) emissions. Industrialized 

countries started to shift their energy production model from fossil-based to low-carbon energy 

sources. Developing countries install more renewable energy sources than non-renewables 

ones since 2018 [1]. Nuclear, hydropower, wind power and solar energy (concentrated and 

photovoltaic) are current technologies to produce decarbonized electricity. They represented 

29% of the world electricity production in 2020 [2] and could reduce the GHS emissions by 100 

times compared to electricity production relying on fossil energy sources (Figure 1). Notably, 

solar photovoltaic (PV) levelized cost of electricity has become lower than coal [3], which makes 

it a cost-effective solution to produce low-carbon electricity in newly industrialized and 

developing countries.  

 

Figure 1: Life cycle greenhouse gas emissions for various electricity production technologies [4]. 

Despite their reduced (or null) GHG emissions during operation, these low-carbon 

technologies still produce GHG during their manufacturing phase. To further reduce the 

environmental footprint of those technologies, manufacturing approaches minimizing the 

material, energy and water usage are desirable. In the case of solar photovoltaics, thin film 

technologies have emerged to address those challenges by using more absorbent 

semiconductors (e.g. CdTe, CIGS) that can reduce the material use (100 times thinner absorber 

layers), by using less energy intensive processes to deposit those materials (lower temperatures 

compared to silicon crystallization) and by limiting the use of water [5].  
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As a result, cadmium telluride (CdTe) technology has a lower carbon footprint 

(15.83 gCO2eq/kWh) compared to crystalline silicon (c-Si, 27.20 gCO2eq/kWh) while retaining 

relatively high power conversion efficiency (22.1% and 26.6% and respectively [6]). 

Consequently, the time needed for thin film solar panels to produce back the energy used for 

their fabrication (energy payback time) is shorter compared to c-Si technology. Typically, the 

energy payback time of CdTe solar panels is less than one year (Table 1).  

Inherited from the dye sensitized solar cells (DSSC), metal halide perovskites have 

emerged as a new absorber material class for thin film photovoltaics in the past decade. Today, 

the perovskite solar cells performance (25.5% record power conversion efficiency) is closing 

the gap at laboratory scale with the crystalline silicon (c-Si) solar cells performance (26.6%). 

Metal halide perovskites have the advantage to retain good opto-electronic properties when 

solution-processed, in contrasts to other thin film technologies employing sputtering or 

thermal evaporation processes [7]. This ease of implementation is responsible for the booming 

research in this field. It also conveys this technology the shorter energy payback time among 

c-Si and thin films photovoltaics technologies [8]. 

 c-Si CdTe CIGS Perovskite 

Absorption coefficient (cm-1) 103 - 104 104 - 105 

Band gap (eV) 
(indirect/direct) 

1.1 
(indirect) 

1.44 
(direct) 

1 - 1.6 
(direct) 

1.56 - 1.75* 
(direct) 

Typical absorber thickness 
(µm) 

170 - 200 3 - 5 1 - 2 0.4 – 1 

Record cell efficiency (%) 26.6 22.1 23.4 25.5 

Carbon footprint 
(gCO2eq/kWh) 

27.20 15.83 21.44 - 

Energy payback time (years) 1.23 0.68 1.01 0.2 – 0.3 

Table 1: Comparison of the main thin film technologies properties [9] and performances [10]. *This 

range concerns the lead halide perovskites and can be further extended by allowing tin with lead. 

One of the main bottlenecks for the perovskite technology industrialization is the 

difficulty to achieve high performances over large-area devices. More specifically, the 

perovskite crystallization requires to be carefully controlled during the solution process by 

triggering the nucleation and growth in the initial wet precursor film. While wet film coating 

processes such as slot-die coating are already available at industrial scale (as exemplified in 

the organics photovoltaics industry), the adaptation of the method used to trigger the 

perovskite crystallization in the laboratory (anti-solvent quenching) to large-area samples 

(anti-solvent bathing) is not as efficient [11]. Consequently, alternative crystallization methods 

are needed to control the perovskite deposition in scalable processes. 
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In the literature, the control of the perovskite crystallization was widely studied at 

laboratory scale using the spin-coating process. The conventional crystallization method 

consists in dropping an anti-solvent on the precursor wet film to trigger the perovskite 

nucleation. Alternative crystallization methods include thermal annealing [12], gas-quenching 

[13], plasma curing [14] or vacuum-pumping [15]. When adapted to large-area processing, such as 

slot-die coating, those solutions are not optimal as they complexify the experimental flow 

(addition of 1 step) and usually separate temporally the perovskite wet film formation from its 

crystallization (~ seconds to minutes). Therefore, embedded crystallization tools are desired to 

trigger the perovskite crystallization while coating the precursor wet film.  

Current crystallization methods that can be embedded directly on the coating process 

are gas-quenching [13] and plasma curing [14]. At the time this work started, such methods had 

already been well-documented for MAPbI3 perovskite, the parent material of metal halide 

perovskites. Yet this material has shown limitations in terms of thermal stability, in line with 

the high volatility of the methyl ammonium cation [16]. In this study, we focused on a 

methylammonium-free perovskite formulation, CsxFA1-xPb(I1-yBry)3, that had not been 

employed in the combination of gas-quenching and the slot-die coating process at the 

beginning of this work (see Chapter I – Table 3). 

 

• Objectives of the study 

This work focused on the formation of mixed-halides mixed-cations perovskite via gas-

quenching assisted slot-die coating process. It focused on understanding the influence of the 

perovskite coating parameters, the precursor ink composition and the underlying substrate 

nature on the slot-die coated layers as well as their impact on perovskite solar cells 

performances. The final aim of this work is to improve the homogeneity of the perovskite layers 

over large-area substrates (5 x 5 cm2 and 10 x 10 cm2) for good compatibility with photovoltaic 

modules fabrication.  
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• Outline of this manuscript 

In this dissertation, we will introduce the context of perovskite photovoltaics and large-

area deposition processes (Chapter I) and present the experimental methods used in this 

work to characterize the perovskite layer properties and resulting device performances 

(Chapter II). Then, we will detail the results of the studies, in three different parts: 

- First, we compared the properties of perovskite films deposited by spin-coating and 

crystallized by the anti-solvent (conventional) method with those of perovskite films deposited 

by slot-die coating and crystallized by gas-quenching. We integrated those two layers of 

interest into photovoltaic devices to study the impact of the crystallization on the device 

performance. This will set an initial diagnosis of the quality of the slot-die coated layers 

compared to the state-of-the-art spin-coated layers (Chapter III). 

- Secondly, the effects of ink precursors stoichiometry on the slot-die coated film 

properties were studied with specific focus on the caesium and formamidinium contents in the 

precursor ink.  We studied the effect of post-annealing on the slot-die coated layers properties. 

We also integrated the slot-die coated layer with optimal stoichiometry into photovoltaic 

devices (Chapter IV) to unveil the impact of the perovskite material quality on device 

performance. 

- Thirdly, we studied the properties of the slot-die coated films deposited on three state-

of-the-art electron transporting layers (planar SnO2, planar TiO2 and mesoporous TiO2) to 

assess the compatibility of the slot-die coating process with various substrates and its device 

integration into various state-of-the-art device structures. We also studied the performance 

distribution of devices fabricated at various locations of a 10 x 10 cm2 substrate and eventually 

demonstrated a proof-of-concept photovoltaic module (Chapter V). 

Finally, we conclude the dissertation by providing insights on the relevance of these 

results to the field, followed by proposing future perspectives of this work. 

• Work undergone  

This work started in CEA INES laboratory in April 2018. The first research direction 

consisted in identifying the process window (see Chapter III) and the perovskite ink 

formulation (see Chapter IV) to permit the deposition of compact slot-die coated films. In 

February 2019, the optimized ink was transferred on a second slot-die coating equipment in 

NTU laboratory. The entire workflow presented in this thesis was performed in both 

laboratories from 1) ink preparation, 2) substrates preparation, 3) slot-die coating of the 

absorber, 4) material characterization, 5) device completion and 6) device measurement. The 

notable differences between both workplaces were the substrate size, slot-die coating 

equipment and device structure employed (see Chapter II). In total, two periods of 6 months 

have been spent in the NTU laboratory (Feb-Aug 2019 and 2020) in the frame of this work. 
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Chapter I: State of the art 

 

 

This chapter introduces metal halide perovskites and their utilization as 

semiconductors for photovoltaic applications. It describes the solution processing methods 

available to deposit perovskite wet precursor films over large areas. It presents the existing 

strategies to control the perovskite crystallization and discuss their applicability to large-

area films. Finally, it reports the influence of the perovskite precursor ink composition, 

substrate temperature and nature on the perovskite film morphology and perovskite solar 

cells performance.  
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I.1.  Metal halide perovskites for PV applications 

 The organic-inorganic metal halide perovskites have recently emerged as a promising 

light-absorber family for photovoltaic applications with power conversion efficiencies reaching 

25.5% in 2020 [10]
. Here, we present the main material properties of the metal halide perovskite 

thin films and introduce the fabrication and operation of perovskite photovoltaic devices. This 

promising technology, yielding high performance at laboratory scale (Figure 1), faces 

challenges towards industrialization as the deposition processes of the metal halide perovskite 

layer and other device stack layers lack of technological maturity.  

 

Figure 1: Evolution of the perovskite solar cells performances since 2009  
[17–25,10]. 

I.1.1. Inorganic-organic metal halide perovskites 

• Perovskite crystalline structure 

 Perovskite is the name of the crystalline structure originally describing calcium titanate 

(CaTiO3) mineral and with a more general formula ABX3. The German crystallographer Gustav 

Rose identified this crystalline structure and named it after the Russian mineralogist Lev 

Perovski in 1839. Metal halide perovskites have emerged in 2009 [17] and correspond to 

materials where the oxygen is replaced by an halogen in the X site (Figure 2). Metal halide 

perovskites are typically composed of an organic cation (e.g. methylammonium, MA+) in the A 

site, a divalent metal cation (e.g. Pb2+) in the B site and halides anions (e.g. I-) in the X site to 

form a metal halide perovskite material (e.g. MAPbI3).  

25.5 
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Figure 2: Crystalline structure of the MAPbI3 perovskite. Schematics adapted from reference [26]. MA+ 

is the methylammonium cation, Pb2+ the lead cation and I- the iodide anion. 

 A particularity of ABX3 perovskites is that the A, B and X sites can be occupied by a 

range of chemical elements or even combinations of them under certain conditions. 

Goldschmidt described in 1926 an indicator, named tolerance factor, that express the ability to 

form a cubic or pseudo cubic ABX3 structure from the candidate ions radius ratios [27]. The 

tolerance factor was described by the formula: 

α =
𝑟𝐴+𝑟𝑋

√2 (𝑟𝐵+𝑟𝑋)
       (E1) 

 where ri are the ionic radii of the ions (A, B and X) constituting the ABX3 lattice. Their 

values can be estimated from ionic radius values or using steric sizes estimated by Density 

Functional Theory (DFT) calculations [28,29]. Goldschmidt describes that a cubic or pseudo 

cubic structure can form for a tolerance factor 0.8 ≤ α ≤ 1 for perovskite oxides. This formula 

is also valid for metal halide perovskites, confirmed by the observation of pseudo cubic 

structures for 0.8 ≤ α ≤ 0.9 [28] and cubic structures for 0.9 ≤ α ≤ 1 [28]
 in the literature. For 

tolerance factors exceeding 1, the presence of polymorphs has been reported in metal halide 

perovskites [28] similarly to perovskite oxides.  

 Metal halide perovskites differentiate themselves from oxide perovskites by their semi-

conducting properties [17]. They usually exhibit a direct band gap [30,31] and both valence and 

conduction band levels can be adjusted by tuning the perovskite ABX3 composition (Figure 

3). In particular, the substitution of the methylammonium cation (MA+) by the 

formamidinium cation (FA+) can reduce the band gap energy from Eg = 1.57 eV (MAPbI3) to 

Eg = 1.48 eV (FAPbI3), closing the gap to the single junction photovoltaics optimum band gap 

of 1.4 eV [32]. Similarly, the methylammonium cation (MA+) can be substituted by the caesium 

cation (Cs+) to form full inorganic CsPbI3 metal halide perovskite with a larger band gap (Eg = 

1.73 eV [33]). In the X site, the substitution of the iodide anion (I-) by the bromide anion (Br-) 

can progressively increase the metal halide perovskite band gap from 1.57 to 2.29 eV [34]. 

MA+

Pb2+

I-
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Figure 3: Metal halide perovskites energy levels for various compositions. Schematics reproduced 

from reference [35]. 

The modification of A cation size (Cs+ 188 pm ≤ MA+ 217 pm [28] ≤ FA+ 253 pm [28]) can 

modify the structure tolerance factor (0.81 ≤ 0.92 ≤ 0.98 respectively) (Figure 4). According 

to Goldschmidt theory, the FAPbI3 and MAPbI3 perovskite (tolerance factor ≥ 0.9) are more 

likely to form a cubic structure compared to the CsPbI3 perovskite (tolerance factors ≤ 0.9).  

 

Figure 4: Tolerance factor of ABX3 metal halide perovskites depending on the A cation size [36]. 

  In fact, the formation of polymorphs has been observed even for metal halide 

perovskites with tolerance factors above 0.9. More specifically, at ambient temperature, the 

crystallization of MAPbI3 perovskite can result in the formation of tetragonal and cubic 

structures [37]  and the crystallization of FAPbI3 in the formation of a cubic structure (α-phase) 

and a hexagonal structure (δ-phase or yellow phase).  

The FAPbI3 perovskite under the cubic structure exhibits the most suitable band gap 

for simple junction perovskite devices (Eg = 1.47 eV). The FAPbI3 cubic structure is composed 

of a network of corner-sharing [PbI6
4-] octahedra. However, the cubic polymorph coexists with 

the hexagonal polymorph, composed of face-sharing [PbI6
4-] octahedra (Figure 5) [32,38,39] and 

exhibiting a band gap of 2.36 eV [40], which is not suitable to photovoltaic application.   
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In brief, the selective formation of FAPbI3 perovskite under the cubic structure is 

required to obtain a performant photovoltaic absorber.  

 

Figure 5: FAPbI3 perovskite cubic and hexagonal (or delta phase) structures. Schematics reproduced 

from reference [41]. 

 The cubic FAPbI3 structure is thermodynamically stable for temperatures over 

185 °C [38,42]. To thermodynamically favour its formation at lower processing temperatures 

(T ≤ 100 °C), cations and/or anions mixing strategies have been developed [36]. In 2016, the 

mixture of formamidinium cation (FA+),  methylammonium cation (MA+), caesium cation 

(Cs+) in the A site and of iodide anion (I-) and the bromide anion (Br) in the X site enabled the 

selective formation of the ‘triple cation mixed halides’ perovskite (MA1-x-yFAxCsyPb(I1-yBry)3) 

under a cubic structure [40,16,43]. In the literature, the perovskite composition engineering 

resulted into significant enhancement of the device power conversion efficiency from 2013 to 

2017 (Figure 6). Today, state-of-the-art FAPbI3-based perovskites contain usually two or 

more cations and two or more anions to facilitate the FAPbI3 cubic structure formation via low-

temperature solution processing. The mechanism of the caesium cation substitution with be 

detailed in the section I.3.2. 

 

Figure 6: Role of perovskite composition engineering in the power conversion efficiency trend. 

Schematics reproduced from reference [44]. 
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• Perovskite opto-electronic properties 

 A good photovoltaic (PV) material should combine efficient light absorption and charge 

transport abilities. Metal halide perovskites exhibit a high absorption coefficient (104 – 105 cm-

1 for MAPbI3 
[45]), which is comparable to other thin films technologies (CdTe, CIGS) and one 

order of magnitude higher than crystalline silicon. The electrons and holes have a long charge 

carrier diffusion length (up to 1 µm [46]), making a perovskite layer of few hundreds nanometres 

suitable for integration in photovoltaic devices [19,47]. These properties are remarkable for a 

solution-processable semiconductor and explain the growing interest of the PV community. 

In semiconductors, the charge extraction and transport can be limited by charge 

recombination when a defect is present in the material lattice or between grains in multi-

crystalline films [48,49]. When a charge carrier (e.g. an electron) encounters a defect, it is 

energetically stabilized and ‘trapped’ into this defect (or trap state). The defects density and 

nature (energy level) will influence the charge transport and impact the photovoltaic 

performance.  

The steepness of the absorption curve can inform on the level of energetical disorder in 

the material. The absorption curve can be fitted with an exponential decay in the region below 

the band gap energy to extract the characteristic energy called Urbach energy [50]. The higher 

the Urbach energy, the more energetic disorder in the material. Metal halide perovskites 

exhibit lower Urbach energy (15 meV) compared to CIGS (25 meV) but higher than CdTe (10 

meV) and GaAs (7 meV). Similarly, the measurements of trap state density in metal halide 

perovskites (1016 – 1017 cm-3 in poly-crystalline films and 109 – 1011 cm-3 in single crystals), 

concluded to similar defect density compared to other semiconductors (CdTe 1013 – 1016 cm-3; 

CIGS 1011 – 1015 cm-3; GaAs 1013 – 1015 cm-3) [51,52].  

Despite the similar level of defects in the film, metal halide perovskites exhibit 

significantly higher photoluminescence efficiency, with predominant radiative recombination 

pathways which is desirable for performant photovoltaic devices. This difference in 

photoluminescence has been explained by the energy level distribution of trap states in metal 

halide perovskites  [53]. Generally, defects can be energetically located close to the conduction 

and valence band (shallow traps) or in the middle of the band gap (deep traps) (Figure 7).  
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For semiconductors materials such as CIGS, CdTe or GaAs, deep trap states are 

predominant (located in the middle of the band gap), and lead to non-radiative charge 

recombination [53]. In metal halide perovskites, the trap states are rather located close to the 

conduction and valence band levels which limits the non-radiative recombination pathways. 

In this sense, metal halide perovskites are said to be defect-tolerant [53]. This ‘defect tolerance’ 

of metal halide perovskites could explain the high charge carriers lifetimes and photovoltaic 

devices performances [54,55] obtained using this solution-processed multi-crystalline 

semiconductor. 

 

Figure 7: Defects states energy level in defect-intolerant and defect tolerant (perovskite) 

semiconductors [56]. 

I.1.2. Perovskite solar cells 

• Device operation  

 A photovoltaic device is composed of a semiconductor material that absorbs a photon, 

transforms it into an electron-hole pair [57] and allows charge carriers transport until their 

collection. This semiconductor material can be implemented in a p-n junction (c-Si, CdTe, 

CIGS) or in a p-i-n junction (Perovskite) to extract the charge carriers. In a p-n junction, both 

sides of a semiconductor layer are doped (p or n-type respectively), which generates an electric 

field in the material. Under this electrical field, the charge carriers are drifted until they get 

extracted at the device interfaces.  

In a p-i-n (or n-i-p) junction, there is an intrinsic (i) area between the n-type and p-type 

areas. Metal halide perovskites are considered intrinsic semiconductors as they do not require 

to be doped to conduct the electrons and holes. In a (p-i-n) structure, the charge carriers 

generated into the absorber (i) move by diffusion until their selective extraction by an electron 

transporting material (n-type) and a hole transporting material (p-type). The name of the 

device configuration depends on the side of illumination: from the hole transporting material 

(p-type) in (p-i-n) structure or from the electron-transporting material (n-type) for (n-i-p 
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structure). We note that n-type (or p-type) materials are not necessary n-doped (p-doped) but 

are designed as such as a convention. 

In perovskite solar cells (n-i-p or p-i-n configurations), the final structure is composed of 

the perovskite absorber sandwiched by an electron-transporting layer (ETL) and a hole-

transporting layer (HTL), themselves sandwiched between two electrodes. Under illumination, 

a voltage is generated at the device terminal (Figure 8b).  

Historically, the electron-transporting material (ETL) was mesoporous TiO2, derived from 

the dye sensitized solar cell structure [17,18]. Miyasaka et al. demonstrated the first metal halide 

perovskite solar cell was using the perovskite material as a dye coated on mesoporous TiO2 

ETL [17]. Over the past decade, planar structures have emerged [47] (Figure 8b) thanks to the 

increasing understanding of the metal halide properties, such as its ambipolar behaviour and 

charge carriers diffusion length. High device performance has been achieved for a range of 

various device architectures, including (n-i-p) planar and mesoporous and (p-i-n) planar 

structures [58]. The specific role of the ETL material in (n-i-p) device configuration will be 

detailed in section I.4. 

 

Figure 8: a) Perovskite solar cell operation. b) The two main device structures studied in the 

literature for perovskite solar cells [59]. 

• Power conversion efficiency  

 The performance of a photovoltaic device is measured by its power conversion 

efficiency, defined by the ratio between converted electricity and the incident photon energy. 

Depending on the incoming photon energy, the absorber band gap will determine if the photon 

is absorbed or not. Photon with energy lower than the band gap cannot be absorbed and do not 

contribute to the charge generation in the absorber. If the incoming photon has an energy 

superior to the band gap, it will be absorbed into the absorber and generate charges. The energy 

difference between the photon energy and the absorber band gap will be loss by thermalization.  
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 Shockley and Queisser [60] defined the maximum theoretical power conversion 

efficiency (‘power out’) for a single junction by calculating those various losses in function of 

the absorber band gap (Figure 9a). A maximum theoretical power conversion efficiency of 

33.7% could be achieved at a band gap of 1.34 eV for a single junction solar cell, relatively close 

to the formamidinium based metal halide perovskite band gap (1.47 eV). Experimentally, other 

parameters limit this theoretical efficiency, such charge carrier recombination and light 

parasitic absorption [61]. The theoretical efficiency limit has been estimated to 27% [31] for 

MAPbI3 material (with 1.6 eV band gap). The experimental record efficiency of 25.5% was 

obtained using mixed perovskite (band gap 1.56 eV) in 2020 [62] (Figure 9b).  

 

Figure 9: a) Intrinsic losses in single junction solar cells [63]. b) Shockley-Queisser (SQ) limit for a 

single junction: maximum power conversion efficiency in function of the absorber band gap. [64,65]. 

 

I.2.  Large-area perovskite processing: wet film 

deposition and control of perovskite crystallization 

 The last years have witnessed rapid development of scalable deposition techniques to 

address the challenge of fabricating large-area perovskite photovoltaic modules. This section 

introduces the various processes to deposit metal halide perovskites from the non-scalable to 

scalable methods and aims to introduce the perovskite crystallization bottleneck faced by the 

scalable deposition techniques. In the literature, both dry (thermal evaporation) and wet 

(solution-processed) deposition method exist [66,67]. Here, we decided to focus only on the wet 

deposition processes, which are particularly attractive for their simplicity of implementation 

and cost-effectivity. 

a b
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I.2.1. Precursor solution composition 

In a wet deposition process, a precursor wet film is deposited onto the substrate and 

subsequently crystallized by various means. For MAPbI3 perovskite, the precursor solution is 

typically composed of methylammonium iodide (MAI) and lead iodide (PbI2) powders 

dissolved in a mixture of dimethylformamide (DMF) and dimethylsulfoxide (DMSO). For 

mixed-cations perovskites, the methylammonium iodide (MAI) can be totally or partially 

replaced by formamidinium iodide (FAI) or caesium iodide (CsI) respectively. For anions 

substitutions, the bromide element can be induced by lead bromide (PbBr2) and/or 

methylammonium bromide (MABr) addition [58,68]. Numerous other precursors type and 

combinations are available, but we will focus on these six precursors that lead to the highest 

device performances [58]. 

 

I.2.2. Scalable methods to deposit the wet precursor film 

 Spin-coating is a conventional process to deposit metal halide perovskites. A wet drop 

of the precursor ink, containing the cations and anions salts dissolved in organic solvents, is 

deposited onto the substrate that is subsequently driven into rotation to eject the solution by 

centrifuge effect and form a wet precursor thin film. The precursor wet film thickness depends 

on the spinning speed and precursor ink viscosity [69]. This method is accessible and easy to 

implement in a research laboratory. It is, however, not material efficient (99% of the precursor 

solution is ejected during the spinning step) and does not lead to homogeneous film 

thicknesses over large areas due to the centrifuge effect. Consequently, scalable processes are 

needed to deposit the wet perovskite precursor film without relying on the centrifuge effect. 

Alternative technologies to deposit the precursor wet film over large areas are based on the 

ejection of ink droplets (spray coating and inkjet coating), on meniscus-assisted coating (slot-

die coating and blade coating) or on patterned deposition (screen-printing or gravure printing) 

(Figure 10).   
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Figure 10: Scalable deposition processes for the deposition of large-area thin films. Schematics 

reproduced from reference [70]. 

 

These deposition techniques have various characteristics (Table 1). Spray-coating, 

slot-die coating and screen-printing have high throughputs (~ 0.1 m2.min-1). Screen-printing 

or inkjet-printing provides a higher customization level as they can form 2D patterns. Slot-die 

coating achieves the highest film thickness control (± 5%). Inkjet-printing requires narrower 

ink viscosities range, compared to spray-coating, meniscus-assisted coating or screen-printing. 

The screen-printing method is the only method where a physical contact with the substrate is 

necessary. Slot-die (and blade-coating) require a proximity with the substrate (~ µm) but no 

direct contact except from the fluid meniscus. Inkjet- and spray-printing are non-contact 

methods that are performed further away from the substrate (~ cm). 

Process 
Pattern 
control 

Throughput 
(m2.min-1) 

Thickness 
control 

Ink 
complexity 

Contact/non-
contact 

Spray 1D 0.12 [14] 

average 

average 
non-contact 

Inkjet 
2D 

0.000025 [71] high 

Screen-printing ~ 0.1 [72] 

low 
contact 

Slot-die/Blade-
coating 

1D 0.18 [73] high non-contact 

Table 1: Comparison of the scalable deposition techniques with their characteristics. 
 

 Currently, the most popular precursor wet film deposition methods are blade-coating 

and slot-die coating due to their good thickness homogeneity over large-area substrates [74,75] 

and to their compatibility with a wide variety of perovskite precursor inks [76–79].  
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I.2.3. Methods to control the perovskite crystallization  

 Once the wet precursor film deposited by a scalable method, it needs to be crystallized. 

The most common mean to control the perovskite nucleation in the spin-coating process is to 

add an ‘anti-solvent quenching’ step [80] (Figure 11), in which the wet precursor film is washed 

with a solvent that reduces the solubility of perovskite crystals, triggering a fast and dense 

nucleation [80]. The growth of the crystals is then induced by a subsequent thermal annealing 

step on a hotplate. This is the crystallization mean employed to fabricated most of the 

perovskite solar cells today, in particular those achieving the highest device performances [62]. 

 

Figure 11: Comparison of perovskite film morphology with and without anti-solvent (chlorobenzene) 

quenching. Schematics reproduced from reference [80]. CBZ stands for chlorobenzene, FDC for fast 

crystallization-deposition and DMF for dimethylformamide. 

 For scalable deposition techniques, this anti-solvent quenching technique cannot be 

directly transferred as it relies on the centrifuge effect and should be performed immediately 

after the wet film precursor deposition (challenging batch to batch processing). In the industry, 

no obvious solution stands out, in contrast to the scalable wet film deposition techniques. The 

lack of scalable way to control the crystallization is explained by the fact that the parent organic 

photovoltaic and DSSC technologies did not require this degree of control during the absorber 

layer deposition (Figure 12).  

 

 Figure 12: Description of a precursor wet film deposition and crystallization. Scheme reproduced 

from Howard et al [81]. 
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 Therefore, new solutions must be developed to trigger the perovskite crystallization in 

the wet precursor film deposited via scalable processes. Galagan et al. [12]  applied in-line 

thermal annealing to roll-to-roll slot-die coated precursor films, yielding a compact 

morphology with dendritic grain structure (Figure 13a). Besides thermal annealing, anti-

solvent bathing has been applied to bladed-coated [82], spray-coated [83], slot-die coated [72]  or 

screen-printed [72] precursor wet films to enhance the film morphology. Vacuum pumping 

combined with thermal annealing has been applied to meniscus-printed films [84] to effectively 

remove the solvent and obtain a compact morphology. Furthermore, Cotella et al. [85] and 

Hwang et al. [86] used a gas-knife to immediately dry the slot-die coated wet film via gas-

quenching (Figure 13b). With the same embedded approach, Rolston et al. [14] applied plasma 

curing to spray-coated precursor wet films (Figure 13c). Besides plasma radiation, Troughton 

et al. [87] used flash Infrared (IR) radiations to crystallize spin-coated precursor films (Figure 

13d)  [88]. 

 

 

Figure 13: Large-area crystallization methods and resulting perovskite film morphologies (SEM 

pictures): a) Roll-to-roll slot-die coating with thermal annealing post treatment [12]. b) Sheet-to-sheet 

slot-die coating with gas quenching [86]. c) Spray-coating with plasma assisted crystallization [14]. 

d) Spin-coating with flash infrared annealing [88]. 

 

Among those approaches, the gas-quenching technology stands out due to its simplicity 

of implementation. Indeed, it does require neither energy nor chemicals to be implemented, in 

contrast with the other methods (Table 2). Regarding the perovskite morphology, the gas-

quenching enabled a fast solvent evaporation and resulted in dense and granular morphology 

(Figure 13b), in contrast to the slow solvent evaporation induced by a thermal annealing that 

results in dendritic grains (Figure 13a). 
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Crystallization method Energy Waste 
Perovskite 

morphology 

Thermal annealing Yes No dendritic 

Solvent bathing No Yes (solvents) granular 

Gas-quenching No No granular 

Infrared curing Yes No granular 

Plasma curing Yes No - 
Table 2: Comparison of the embedded crystallization approaches. 

I.2.4. Gas-knife quenching method 

In the gas-quenching assisted crystallization, a gas (air or nitrogen) is blown on top of 

the wet precursor film to fasten the solvent evaporation, until the precursor solution reaches 

the super saturation and starts to nucleate. Conings et al. introduced the gas-quenching for 

spin-coated films of MAPbI3 and mixed compositions in 2016 [13] (Figure 14a). From a 

practical point of view, a variety of systems have been implemented to perform the gas-

quenching step [77,89–91]. For instance, Li Li Gao et al. [92] developed an air blading system with 

multiple air flows to adapt this technique to blade-coated precursor films (Figure 14b). 

Finally, in 2018, Vak et al. [86] applied this technique to slot-die coating, by embedding a gas-

knife behind the slot-die coating head (Figure 14c). 

 

Figure 14: Evolution of gas-quenching methods from 2014 to 2018. a) (2014) Nitrogen gun on spin-

coated films [89]. b) (2016) Complex air knife system for blade coated precursor films [92]. c) (2018) 

First report of a simple gas-quenching tool used for slot-die coated precursors films [86]. 

 

 To understand the gas-quenching mechanism, diverse approaches are present in the 

literature. First, a fluid mechanics approach in which the solvent evaporation is fasten by the 

solvent molecule diffusion in a boundary layer close to the wet precursor film [93] (Figure 15a). 

Furthermore, the perovskite nucleation could be assimilated to a homogeneous nucleation, 

and described by the LaMer burst nucleation model [94] in which nucleation depends on the 

degree of super saturation of the solute in the precursor film (C*). More specifically, 

Hu et al. [95] described the gas-quenching as a trigger of fast numerous nucleation 
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(Figure 15b), reaching the solution super saturation in few seconds which results in compact 

granular morphology in the resulting perovskite films.  

Finally, Nogueira et al. [96] studied the gas-quenching phenomenon from a solution 

chemistry perspective, by in-situ monitoring of the species forming during the gas-quenching 

step (Figure 15c). Their study show that the gas-assisted crystallization has a different kinetic 

and form different intermediate species in solution, compared to the conventional anti-solvent 

assisted crystallization. All those approaches are supplementary to grasp the physical and 

chemical mechanisms behind the gas-assisted perovskite crystallization. 

 

Figure 15: Understanding of the gas-quenching crystallization in terms of: a) Solvent diffusion [93]
, 

b) LaMer nucleation and growth model [95] and c) Crystalline species formation in the precursor film 

monitored by GIWAXS [96]. 

 

Beside of the process employed, other factors such as the precursor ink composition and 

the underlying substrate properties can affect the perovskite film quality (morphology, band 

gap and crystallinity), hence the performance of perovskite solar cells. The main relationships 

between the precursor ink composition and perovskite layer properties will be introduced now. 
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I.3.  Influence of the precursor ink on the perovskite 

film properties and device performances 

 In the wet precursor film, the concentration of the species in solution and the properties 

of the solvents (boiling point, solute interaction) will determine the rate of solvent evaporation 

and the kinetics and thermodynamics of the perovskite nucleation. We will see here how the 

precursor ink concentration, stoichiometry and solvent system affect the resulting perovskite 

film properties. 

I.3.1. Impact of the precursor ink concentration  

For a given wet film thickness, the higher the precursor ink concentration, the more 

concentrated the perovskite precursors in the wet film, and hence the thicker the dried 

perovskite film after solvent removal. In the literature, Rai et al. tuned the precursor 

concentration from 0.4 M to 1.4 M to adjust the Cs0.2FA0.8Pb(I0.85Br0.15)3 perovskite film 

thickness from 70 nm to 630 nm respectively (Figure 16a inset) [97]. The concentration range 

upper limit depends on the solubility of the perovskite precursors in solution, which is 

comprised between 1 and 1.8 M (for MAPbI3) and depends on the DMF:DMSO ratio [98]. 

Besides the precursor concentration, process parameters such as the rotation speed [99] in the 

spin-coating process, the coating speed [59] in the blade-coating process or the substrate 

temperature and number of passes [100] in the spray-coating process can influence the 

perovskite film thickness.  

When implemented into a photovoltaic device, a too thin perovskite film will absorb a 

limited part of the incident light, and lead to a reduced current density (Figure 16b, 

concentrations from 0.4 to 0.8 M). A thicker perovskite film would absorb more incoming 

light, which can result in higher current density. However, as the thickness increases, the 

perovskite material quality might not be maintained if the deposition conditions are not 

adjusted. Hence, thicker absorbers can exhibit lower performances (Figure 16a, 

concentration 1.4 M). Overall, the optimal perovskite thickness maximizing the device 

performances depends on the perovskite composition or deposition process employed. 

 

Figure 16: Evolution of a) the device performances (inset: perovskite thickness) and of b) the device 

current density for precursor ink concentrations ranging from 0.4 to 1.4 M [97]. 
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I.3.2. Impact of the stoichiometry: Cs+ cation 

Besides the film thickness, the perovskite crystalline quality will influence the device 

performances. As introduced earlier, the challenge in the crystallization of FAPbI3 material is 

the selective formation of the FAPbI3 cubic structure (also named α-phase). In spin-coating 

process with anti-solvent [16] or gas-quenching [96] crystallization, and more recently in slot-die 

coating processes [12], the addition of the caesium cation (Cs+) via the CsI precursor facilitated 

the perovskite cubic structure formation. With its small size, the caesium cation can be inserted 

into the perovskite lattice [16]. This is to contrast with other cations that can be used for 

stabilization purposes such as rubidium (Rb+) and are not inserted into the perovskite 

crystalline structure [101]. At first, the perovskite formation was described by Hu et al. [102] as 

organized [PbI6
4-] cages in solution that could assemble to form MAI-PbI2-DMF intermediates 

for MAPbI3 perovskite fabricated using the DMF solvent.  Similarly,  Xu et al. [103] reported the 

formation of the FAI-CsI-PbI2 intermediate for caesium containing FAPbI3 perovskite, 

reinforcing the role of caesium in the solution chemistry of the wet precursor film. 

 Thanks to recent in-situ monitoring studies, the intermediate species in solution have 

been identified as polytype structures made of [PbI6
4-] octahedra. Gratia et al. [41] defined those 

polytypes with the Ramsdell notation [104] (‘2H’, ‘4H’, ‘6H’, ‘3R’), commonly used to classify 

oxide perovskite polytypes, and classified here according to the connection between the [PbI6
4-

] octahedra via either face or corner sharing (Figure 5). The 2H polytype corresponds to the 

hexagonal perovskite phase (or δ phase). Usually, hexagonal polytypes structures have 

tolerance factors superior to 1 and their appear in sequence: ‘2H - 4H - 6H’ before converting 

into the cubic 3C structure (Figure 17a). Interestingly, Gratia et al. found that 3% caesium 

enables the direct formation of the cubic 3C structure from the ‘2H’ polytype. Another study 

by Nogueira et al.  [96] has confirmed the effect of caesium in suppressing the ‘2H’ and ‘4H’ 

polytypes when 40% caesium was added (Figure 17b).  
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Figure 17: Role of caesium during the perovskite crystallization: a) Effect on the solution 

intermediate formation, the caesium presence inhibits the formation of some polytypes from 

3% caesium [41]. b) Monitoring of the intermediate formation by grazing-incidence wide-angle X-Ray 

scattering (GIWAXS) for 10 and 40% of caesium [96]. 

 

 The effect of caesium on the perovskite structure formation is visible on the 

performances of photovoltaic device fabricated from precursor solutions containing various 

caesium contents. Even if the caesium stabilization effect has been observed from 3% caesium 

(Gratia et al., 2017), the caesium content leading to maximum power conversion can vary from 

5% caesium (Figure 18a) to 17% (Figure 18b), depending on the bromide content in the 

perovskite formula (20 to 40% respectively). For alternative crystallization means (e.g. gas-

quenching), the caesium content leading to the best performance may differ (30% in 

Figure 18c). In summary, the caesium content in the precursor ink plays an important role in 

the precursor chemistry during the wet precursor film evaporation. The caesium content 

maximizing device performance depends on the perovskite formula (bromide content), the 

solvent system and the quenching mean employed. 
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Figure 18: Influence of the caesium content on the device performances. a) Optimum at 5% 

caesium [16].  b) Optimum at 17.5% caesium [43]. c) Optimum at 30% caesium [96].  

I.3.3. Influence of the stoichiometry: PbI2 excess 

 Another strategy to facilitate the perovskite formation is to introduce a precursor in 

excess. This technique has been used for MAPbI3 material, by introducing excess MAI [105] in 

the precursor solution to facilitate the crystallization. In the case of mixed-cations FAPbI3-

based formulations, the PbI2 precursor is usually introduced in excess [58]. 

Beyond its excess reagent role during the perovskite formation, the presence of residual 

PbI2 in perovskite films has been found beneficial for the device performance. In particular, 

Roose et al. introduced 6% PbI2 excess to achieve the highest device performances [106] 

(Figure 19a). Similar effect has been reported for mixed perovskite compositions [107]. This 

effect was explained by the presence of a thin PbI2 layer on the perovskite surface and grain 

boundaries (Figure 19b). A thin layer of PbI2 can act as a passivation agent for the perovskite 

grain boundaries defects while permitting the charge carriers tunnelling through the layer. If 

the PbI2 layer is too thick, however, the wide band gap of PbI2 can impede the charge transport 

from grain to grain within the perovskite or from the perovskite to the charge extracting layers 

(Figure 19b). This passivation mechanism explains the existence of a PbI2 excess optima in 

respects to the device performance.  
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Figure 19: a) Influence of the PbI2 excess on device performances [106]. b) Passivation mechanism at 

the grain boundaries and device interfaces [108]. Both examples are using MAPbI3 perovskite. 

I.3.4. Influence of the solvent system  

   The precursor ink solvents play a major role in controlling the morphology of 

perovskite films [109]. In particular, DMF-based precursor inks have be found to form dendritic 

perovskite crystals, whereas dimethylsulfoxide (DMSO) or N-Cyclohexyl-2-pyrrolidone (CHP) 

based precursor inks lead to more round crystals domains [110]. This difference is explained by 

the level of coordination between the [PbI6
4-] octahedra and the solvent [102]. Indeed, the more 

polar the solvent (DMSO > DMF), the stronger the bound with the ionic intermediate species 

which can affect the resulting perovskite crystal growth. As an example,  coordinating solvents, 

such as DMSO (Figure 20a-b) [111], can retard the crystal growth which results in the 

suppression of dendritic structures. This is applicable to a range of perovskite compositions 

(MAPbI3 and FAPbI3 for instance), as long as PbI2 precursor is employed.  

 Besides their interaction with the precursors in solution, the solvent properties 

(e.g. volatility) can affect the perovskite morphology. To form compact perovskite films, fast 

solvent evaporation is desirable. This can be achieved by heating high boiling point mixtures 

(DMF, DMSO) at ~100°C or by increasing the volatility of the solvent mixture. To limit the 

thermal budget applied to the film, For volatile solvent such as acetonitrile (ACN) and 2-

methoxyethanol (2-ME) have been investigated in the literature. The most common solvents 

have been classified by Deng et al. [112] using the donor number (DN) as a metric of their 

coordinative power and the vapour pressure as a metric of their volatility (Figure 20c).  

Due to the lack of solubility of the perovskite precursors in the most volatile solvents, 

there is a balance to find between fast solvent evaporation and precursors solubilisation. Deng 

et al. [112] used the volatile solvents as co-solvents to maintain appropriate precursors solubility 

while reducing the vapour pressure of the solvent mixture. Similarly, Arein et al. used a mixed 

solvents system with DMSO, N-methyl-2-pyrrolidone (NMP) and 2-ME to balance fast 

crystallization and precursor coordination [113]. Nakita et al. improved the PbI2 solubility in 
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ACN solvent by bubbling methylamine gas inside the solvent prior to precursor addition [114]. 

This method has not been transferred yet to formamidinium based perovskite.  

For scalable deposition processes, Burkit et al. demonstrated the use of low boiling 

point inks containing ACN solvents and their compatibility for slot-die coating of MAPbI3 

perovskite films in a roll-to-roll configuration [76,115]. In that case, developing a route to remove 

the toxic solvents has resulted in decreasing the thermal budget applied to the film and in 

increasing the processing speed, which are both advantages for the industrial manufacturer. 

 

Figure 20: Solvent coordinative role during the precursor film crystallization: a) DMSO 

intercalation during MAPbI3 perovskite formation [111,116]. b) DMSO intramolecular exchange during 

FAPbI3 perovskite formation [117]. c) Solvents classification by their coordinative power (DN) and 

volatility [112]. VNCS stands for volatile non-coordinative solvent and NVCS for non-volatile 

coordinative solvent. 

I.3.5. Influence of additives  

 Besides the solvent system or precursors stoichiometry, the morphology of perovskite 

layers can be tuned by the introduction of additives in the precursor solution. Those additives 

could affect either the perovskite crystals nucleation or growth.  

Without additives, the nucleation of perovskite crystals starts when the supersaturation 

concentration is reached in the precursor solution. To initiate the perovskite nucleation outside 

the supersaturation regime, seed particles can be introduced in the solution. The seeds can 

serve as nucleation site and reduce the free energy barrier for nucleation. In the literature, 

Zhao et al. introduced PbI2 seed particles [118] to control the nucleation density and form large 

FAPbI3 grains (Figure 21a). Besides PbI2, Stranks et al. noticed the potassium bromide (KBr) 

seeding effect when introduced in the precursor solution [119]. Beyond precursors-related seed 
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materials, Lin et al. used external seeding agents, lead sulfide (PbS) nanoparticles capped with 

perovskite precursors (Figure 21b) to control the perovskite nucleation and form larger 

grains [120].  

 

Figure 21: Seeding strategies to control the nucleation during the perovskite crystallization. a) PbI2 

seeds in solution [118]. b) Functionalized lead sulfide (PbS) nanoparticles [120]. 

 Furthermore, the morphology of the perovskite layer can be influenced during the 

growth step. A first category of additives are small molecules that interact with the species in 

solution (e.g. colloids, [PbI6
4-] octahedra) during the crystal growth. Typical examples are 

methylammonium chloride (MACl) [121], ammonium chloride (NH4Cl) [122]
,  methylammonium 

thiocyanate (MeSCN) [123] and methylammonium acetate (MeAc) [124]
. These additives are 

located at the grain boundaries once the perovskite crystal growth completed (Figure 22a-c). 

They can passivate the surface defects or permit the perovskite grain growth upon annealing 

(Ostwald ripening phenomenon). Notably, the MACl additive can increase the perovskite grain 

size of MAPbI3 
[125] and FAPbI3 

[126] perovskites upon annealing. 

The second family of additives contains both a chemical function and long alkyl chains 

with a hydrophobic behaviour such as phenethylammonium (PEAI) [24] and guanidinium 

iodide (GAI) [127]
 or functionalized surfactants (L‐α‐phosphatidylcholine [73]). They can both 

interact with the species in solution (cross-linking function) and affect the precursor ink 

viscosity. They behave as templating agents for the formation of larger grains during the 

crystallization [128] (Figure 22 b-d). They are located at the grain boundaries once the 

perovskite growth completed, which can be beneficial for grain boundaries defects passivation. 
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Figure 22: Morphology obtained when a) small molecules or b) macromolecules are added into the 

precursor ink [129]. c) Schematics of cross linking between a ligand and perovskite [128]. 

 To complete the introduction of parameters that affect the perovskite crystallization, 

the next section will focus on the role of the underlying substrate temperature and chemical 

nature. 

 

I.4.  Substrate temperature and nature influence on the 

perovskite film properties and device performances 

The substrate underneath the perovskite precursor film influences the perovskite 

crystallization, as a potential starting point of homogeneous nucleation. In this section, we will 

introduce strategies to take advantage of the temperature gradient from the substrate to trigger 

the perovskite crystallization.  

I.4.1. Influence of substrate temperature  

 Substrate heating during the precursor wet film formation (or hot-casting) has been 

introduced to fasten the perovskite crystallization and form large perovskite domains [130,131] 

(Figure 23c). Nie et al. showed that a heated substrate impacted the perovskite crystallization 

more directly compared to a conventional post-annealing treatment [132]. On a heated surface, 

the solvent evaporation is accelerated, resulting in a faster crystal growth. This technique 

favours the crystal growth over the nucleation and results in relatively low nucleation densities. 

The morphology of the films fabricated by this method exhibits large dentritic domains where 

crystal growth originated from a central nucleation point (Figure 23d).  
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Figure 23: Hot-casting method to crystallize spin-coated perovskite precursors films. a) With 

substrate heating at 180 °C [130,131]. b) With heated solution and heated substrate at 170 °C [132].  

 The substrate heating method (or hot casting) initially developed for spin-coated 

MAPbI3 perovskite films has been applied to scalable deposition processes (blade coating, slot-

die coating) and to mixed-cation perovskite formulations [12,85,133]. Tang et al. demonstrated the 

blade coating of mixed-cations formulations by blade coating on a substrate heated at 120 °C 

(Figure 24a). Furthermore, Cotella et al. demonstrated the use of substrate heating at 60°C 

combined with gas-quenching on slot-die coated precursors films (Figure 24b) [85]. The 

morphologies of perovskite films obtained by this method is similar than the one observed for 

spin-coated films earlier. Finally, this technique was applied to slot-die coated mixed-cations 

perovskite in a roll-to-roll configuration by Galagan et al. using a belt oven (Figure 24c) [12].  

 
Figure 24: Use of substrate temperature in scalable processes. a) Blade coating with heated substrate 

at 120 °C (FA0.8MA0.15Cs0.05PbI2.55Br0.45) [133]. b) Slot-die coating on a heated substrate at 60 °C 

(MAPbI3, Cl ) [85]. c) Slot-die coating (roll-to-roll) on a heated substrate at 140 °C with fast temperature 

ramping (Cs0.15FA0.85PbI2.85Br0.15) [12]. 
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I.4.2. Influence of substrate nature 

 In other photovoltaic technologies, the quality of the absorber depends on the 

underlying substrate. As such, GaAs or CdTe absorbers are grown epitaxially, they are ‘lattice 

matched’ with the substrate [134]. This technique is necessary to obtain low defects density in 

the absorber material and single crystal-like properties [135]. Probably because of their defect 

tolerance, metal halide perovskites do not require an epitaxial growth to exhibit good 

semiconducting properties. Consequently, they are compatible with numerous substrates 

(planar, mesoporous, with various chemical nature) which lead to a high variety of device 

architectures [136].  

Here, we will focus on the planar (n-i-p) device configuration, as the highest 

photovoltaic performances are obtained with this structure for single junction devices [62]. In 

an (n-i-p) configuration, the perovskite is coated on the electron transporting layer (ETL), itself 

coated on a transparent conductive oxide layer (TCO, transparent bottom electrode).  

• Mesoporous and planar TiO2 

Inherited from the dye-sensitized solar cell (DSSC) architecture [18,137], the historical 

ETL material is mesoporous TiO2. In a DSSC device, a thin layer of perovskite (sensitizer) is 

coated onto the TiO2 scaffold to maximize the TiO2/Perovskite contact surface and increase the 

extraction of electrons (Figure 25a). Similarly, mesoporous perovskite solar cells take 

advantage of the TiO2 scaffold to improve the m-TiO2/Perovskite contact (Figure 25b). 

During the perovskite deposition on mesoporous substrates,  part of the precursor ink is 

infiltrated inside the pores of the TiO2 scaffold or the oversupply of the precursor solution 

crystallizes on top of it, forming a so called ‘capping layer’ [138] (Figure 25b). Further studies 

by Snaith et al. showed that a planar TiO2 layer (Figure 25c) [20] can work as efficiently as a 

mesoporous TiO2 scaffold, suggesting that the contact area between the TiO2 and perovskite 

does not limit the charge extraction.  

 

Figure 25: Schematics of devices using TiO2 as electron extractor: a) Dye Sensitized Solar cell. 

b) Mesoporous perovskite solar cell (n-i-p configuration) c) Planar perovskite solar cell. 
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 The planar TiO2 ETLs are usually thinner (≤ 100 nm) than the mesoporous TiO2 

scaffolds (400 - 800 nm [137,139]). The conformal coating of ETL thin films on the transparent 

conductive oxide (TCO) substrate can be a challenge [140]. In the final device, the ETL layer 

thickness variations can result in charge carriers recombination at the TCO/ETL/Perovskite 

interface (Figure 26). In the literature, mitigation strategies such as surface treatment [141] 

(TiCl4, UVO3) or conformal deposition process such as spray-coating [142], anodization [140] and 

atomic layer deposition [143,144] can ensure conformal coating of the ETL on the TCO. 

 

Figure 26: General representation of ETL coated on top of rough FTO substrate [140]. 

In terms of device performances, mesoporous TiO2 layers have initially led to higher 

device performance compared to planar TiO2 layers due to the lack of conformity of the latter 

causing device shortage [139,145] (Figure 26). In some cases, the planar TiO2 layer led to 

performances of 12.9% while the addition of a mesoporous layer increased the device power 

conversion efficiency to 15% [145]. By using alternative ways such as spray pyrolysis that enable 

a better conformity of the ETL layer, planar TiO2 based perovskite solar cells achieve state-of-

the-art power conversion efficiency over 20% [58]. 

• Planar SnO2 

 Besides TiO2, other materials, such as SnO2, have been widely used as electron 

transporting layers [58,146]. Low-temperature deposition routes such as sol-gel method, 

nanoparticles, spray-coating or atomic layer deposition (ALD) [146] were developed to deposit 

planar SnO2 films. One of the most promising uses the sol-gel reaction of SnCl2.2H20 precursor 

at 180 °C and yields a power conversion efficiency of 17.21% [147].  

Later, Hagfeld et al. reported the use of chemical bath deposition (CBD) post-treatment 

to improve the quality of spin-coated SnO2 layers, yielding a power conversion efficiency of 

20.7% [148]. Figure 27a presents the SnO2 layer fabrication steps including conventional spin-

coating followed by a chemical bath deposition (CBD). The CBD could be responsible to a better 

surface coverage pf the ETL layer. They compared this method to another conformal deposition 

process (ALD) and obtained higher device performance using the SnO2 film treated by CBD 

compared to the one deposited by atomic layer deposition (ALD). This result suggested a 

second effect of the CBD treatment besides the enhanced film conformity. 
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This observation was confirmed by Yoo et al., who tuned the SnO2 surface chemistry 

carefully to achieve the record device power conversion efficiency of 24.5% [62]. More 

specifically, they fabricated SnO2 layers by sol-gel method using various deposition times. The 

deposition time increases the SnO2 quantity deposited on the TCO substrate (Figure 27b). 

Short deposition time resulted in partially covered ETL films, hence in poorer device 

performances. Long deposition times resulted in thicker SnO2 films with a modification of the 

SnO2 surface chemistry (e.g. apparition of oxygen vacancies) that was detrimental to device 

performance. Besides ETL conformity, the SnO2 surface chemistry is a main factor to achieve 

high device performances.  

 

Figure 27: Importance of SnO2 conformal coating and surface chemistry. a) Sequential SnO2 

formation via spin-coating and chemical bath deposition (CBD). b) Corresponding scanning electron 

microscopy top images of the FTO/SnO2 films for SnO2 deposited by atomic layer deposition (ALD), 

spin-coating (SC) or spin-coating + CBD (SC-CBD) [148]. c) Evolution of the SnO2 layer morphology 

and surface chemistry with the deposition time in sol-gel process [62]. 
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• Comparison of TiO2 and SnO2 

Regarding its opto-electronic properties, SnO2 has a higher electron mobility  

(10-3 cm2.V-1.s-1) compared to TiO2 (10-4 - 10-5 cm2.V-1.s-1) [149]. In a comparative study, Baena et 

al. found that perovskite solar cells in (n-i-p) device structure  with SnO2 ETL performed better 

compared to the ones using TiO2 ETL [150] (Figure 28a). They explain this increase in 

performance to the better energy alignment of the SnO2 conduction band level, for both 

MAPbI3 and mixed perovskite (Figure 28b). Furthermore, the lower valence energy level of 

SnO2 provides enhanced hole blocking properties to SnO2, reinforcing its superior extraction 

selectivity towards electrons. 

 

Figure 28: Comparison between planar SnO2 and planar TiO2 ETLs [150].  
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Process Perovskite Substrate 
device 

structure 
Quenching 

mean 

Active 
area 

(cm2) 

PCEmax 
(%) 

Spin-
coating 

FAMAPbIBr FTO/SnO2 n-i-p anti-solvent 0.09 25.4 [62] 

MAPbI3 FTO/TiO2 n-i-p 
gas-

quenching 
0.1 17.9 [93] 

FA0.81MA0.15PbI2.51Br0.45 FTO/TiO2 n-i-p vacuum-flash 0.16 20.5 [15] 

FACsPbIBr FTO/TiO2 n-i-p vacuum-flash 0.16 ~ 18 [15] 

Slot-die 
coating 

(≤ 2018) 

Cs0.15FA0.85PbI2.85Br0.15 
PET/ITO/ 

SnO2 
n-i-p 

thermal 
annealing 

0.09 15.2 [12] 

MAPbI3(Cl) ITO/SnO2 n-i-p 
solvent 

bathing + 
annealing 

0.06 18 [11] 

MAPbI3(Cl) 
ITO/ 

PEDOT:PSS 
p-i-n 

gas-
quenching 

0.09 19.7 [151] 

MA0.6FA0.38Cs0.02Pb 
I2.975Br0.025 

ITO/ 
PEDOT:PSS 

p-i-n hot substrate 0.01 14.7 [152] 

Slot-die 
coating 
(2021) 

MAPbI3 ITO/PTAA p-i-n hot substrate 0.1 
21.8 
[153] 

MAPbI3 
ITO/SAM 
(2PACz) 

n-i-p 
gas 

quenching 
0.16 20.8 [77] 

FA0.83Cs0.17PbI2.83Br0.17 
FTO/ 

NiMgLiO 
n-i-p 

gas-
quenching 

1 18.2 [91] 

Table 3: State-of-the-art perovskite solar cells performances (active area ≤1 cm2). 
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Conclusion  

 While scalable deposition techniques, such as slot-die coating, were readily available to 

coat the perovskite precursor wet film over large areas, crystallization tools still had to be 

developed at that scale. In this review, we identified the gas-quenching as a scalable and 

environment-friendly solution to trigger the precursor wet film crystallization. By discussing 

the mechanisms influencing the perovskite film formation, we identified the substrate 

temperature and perovskite ink composition (stoichiometry, solvents) as parameters 

influencing the perovskite film morphology. The substrate temperature affects the kinetics of 

the perovskite crystal growth. The precursor ink composition affects both the organization of 

the species in solution and the final crystalline structure of metal halide perovskites. By 

reviewing the various substrates employed to fabricate perovskite solar cells with an (n-i-p) 

structure, we identified three state-of-the-art electron transporting layers (ETLs) leading to 

high device performances (≥ 20%): mesoporous TiO2, planar TiO2 and planar SnO2. In this 

work, we propose to apply the gas-quenching method to crystallize slot-die coated precursor 

wet films over large areas. We aim to systematically study the influence of substrate 

temperature, precursor ink composition and underlying substrate nature on the slot-die coated 

films properties and perovskite solar cells performances.   
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Chapter II: Experimental methods 

 
 

This chapter introduces the experimental methods used for the photovoltaic device 

fabrication. We particularly focus on the perovskite layer deposition and detail the 

experimental conditions for both spin-coting and slot-die coating processes. Then, we 

introduce the tools for the multi-characterization approach used in this work to assess the 

perovskite layer morphological, opto-electronic and crystalline properties. Finally, we 

present the parameters describing the performance of a photovoltaic device. 
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II.1. Photovoltaic device fabrication 

In this section, we introduce the device fabrication steps including the substrate 

preparation, the formulation of the perovskite precursor ink, the deposition of the perovskite 

and interface layers and the evaporation of the top electrode. 

II.1.1. Transparent Conductive Oxide (TCO) substrate  

• ITO-coated glass substrates 

The substrates used for the 5 x 5 cm2 samples are glass substrates from Visionteck (United 

Kingdom) coated with indium-doped tin oxide (ITO, sheet resistance 7 Ω/sq). Their thickness 

is 1.1 mm, comprising 250 nm of ITO and initial area of 5 x 5 cm2. We used a green LASER 

(Nd:YAG, picosecond, λ = 532 nm) to etch 6 separate areas of 8 mm width (Figure 1a), 

defining the boundaries of the future 6 cells of the device. This etching step is also called 

“P1 scribing” step.  

After the scribing step, the ITO-coated glass substrates are cleaned with subsequent 

sonication baths in acetone (2 x 5 min), isopropanol (2 x 5 min) and deionized water (3 x 5 min) 

and dried in an oven at 100 °C overnight to remove any traces of water. Chromium (Cr, 10 nm) 

and gold (Au, 40 nm) contacts are subsequently evaporated using metal masks to get the 

desired patterns (Figure 1b). The Cr/Au contact will facilitate the probing during the 

measurement of each cell. Prior to the ETL deposition, a UV-ozone cleaning of 30 minutes is 

performed to enhance the surface wettability. 

 

Figure 1: ITO-coated glass substrate used for laboratory device fabrication after a) Laser patterning 

and b) Cr/Au electrodes evaporation. 

• FTO-coated glass substrates 

The substrates used for the 10 x 10 cm2 samples are glass substrates from Jinge Solar 

(China) coated with fluorine-doped tin oxide (FTO, sheet resistance 15 Ω/sq). The substrates 

have a total thickness of 2.2 mm, including 450 nm of FTO and initial area of 30 x 30 cm2. The 

as-received 30 x 30 cm2 substrates are etched using a carbon dioxide LASER (CO2, picosecond, 

5 cm

ITO free area
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8 mm

5 cm

Cr/Au electrodes

8 mm

4 mm
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λ = 10.2 µm) to form the desired pattern which differs between small scale devices (Figure 2a) 

or modules (Figure 2b).  

After laser scribing, the 30 x 30 cm2 glass substrates were cut into nine 10 x 10 cm2 

substrates and cleaned by three subsequent ultrasonication baths for 30 minutes in soap 

(DECON 90) in deionized water, in deionized water and in ethanol (Aldrich). A UV-ozone 

treatment (Novascan PSD Pro Series) of 30 minutes at room temperature was performed prior 

to the deposition of the electron transporting layer (ETL) to enhance the surface wettability. 

 

Figure 2: FTO-coated glass substrate after laser scribing with designs to fabricate a) laboratory-

scale devices or b) modules. 

II.1.2. ETL layer deposition 

• np-SnO2 solution preparation and spin-coating 

The np-SnO2 electron transport layer is deposited from a commercial SnO2 nanoparticles 

solution (nanoparticles size 10 - 15 nm, pH of the solution 9 - 10.5) in deionized water at a 

concentration of 3.75 wt%. It was filtered using a Glass MicroFiber filter (GMF - GMF pore size 

of 0.45 µm) before use. The deposition method is the sequential spin-coating process: 1) 1200 

revolutions per minute (rpm) – 600 rpm.s-1 – 2 s, 2) 2400 rpm – 1200 rpm.s-1- 1 s, 

3) 4000 rpm- 1600 rpm.s-1 – 40 s. The spin-coating is carried out under a fume hood. The spin-

coated layer (thickness ca 40 nm) is annealed at 80 °C for 1 min under ambient air.  

• sg-SnO2 solution preparation and spin-coating 

The sg-SnO2 electron transport layer is prepared by dissolving 0.05 M of SnCl2.2H2O 

(≤ 99.99% trace metal basis, Aldrich) in anhydrous ethanol (Aldrich) as reported earlier in the 

literature [147]. The solution is mechanically stirred for 5 min and used for spin-coating right 

after preparation. To form the SnO2 layer, 1 mL of solution is deposited per 10 x 10 cm2 

substrate by sequential spin-coating process with a puddling step 1) 500 ms – 90° amplitude 

– 3 s, followed by two spreading steps 2) 500 rpm – 500 rpm.s-1 – 5 s and 3) 1000 rpm – 

500 rpm.s-1 – 10 s. The substrates are preheated at 80 °C until all substrates are spin-coated 

(~ 10 min), and then further annealed at 180 °C for 1 h to convert the SnCl2 into planar SnO2 

layer (thickness ca 30 nm).  

10 cm
a b

10 cm

18 mm 7 mm
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For some samples, a chemical bath deposition (CBD) is performed as reported in the 

literature [148]. SnCl2.2H20 (1 g, Aldrich) is dissolved in 4 L of deionized water in an slightly 

acidic environment (1 mL of HCl). The substrates are fully immersed into the solution and kept 

in a heat chamber at 70 °C for 4 h. After cooling down, the substrates are removed from the 

CBD bath, rinsed with deionized water and annealed at 180 °C for 1h. The substrates are 

transferred immediately after cooling down to the perovskite slot-die coating process. 

• sg-TiO2 solution preparation and spin-coating 

The sg-TiO2 precursor solution is prepared by adding 22.7 g of tetrabutyl-titanate 

(Ti(OBu)4, Aldrich), 89.1 g of absolute ethanol (Aldrich), 2.8 g of deionized water and 7 g of 

di-ethanol amine (Aldrich) as reported earlier in the literature [154]. We use a sequential spin-

coating process with a puddling step 1) 500 ms - 90° amplitude – 3 s, followed by two spreading 

steps 2) 500 rpm – 500 rpm.s-1 – 5 s and 3) 3000 rpm – 500 rpm.s-1 -  40 s to deposit the TiO2 

precursor film. The latter is manually removed using ethanol to form the patterns presented in 

Figure 3. The sg-TiO2 layer removal is necessary to facilitate device fabrication. Indeed, the 

TiO2 layer is more resistive than the SnO2 layer and requires to be fully removed from the future 

FTO contact areas. To form the planar TiO2 layer (thickness ca 40 nm), the substrates are 

sintered at 500 °C for 1 h with a temperature ramping time of 40 min and cooled down before 

transfer to the slot-die coating process.  

 

Figure 3: sg-TiO2 coating pattern after the manual removal of stripes to permit the direct contact 

between the top electrode and FTO during the device fabrication. 

• c-TiO2 and m-TiO2 screen-printing 

For c-TiO2 layer, a TiO2 paste (Dyesol BL-1, now GreatCell Solar) is used as received. For 

the m-TiO2 layer, a TiO2 paste (Dyesol 30 NR-D, average nanoparticles size 30 nm) is diluted 

with terpineol (Aldrich) in weight ratio ranging from 1:3.5 to 1:5.5 to deposit m-TiO2 

thicknesses from 250 to 100 nm respectively. A MT320TV [155] screen-printer (MicroTec, 

Figure 4a) is used with two different screen masks to deposit the compact (c-TiO2) and 

mesoporous (m-TiO2) layers. The c-TiO2 is deposited with a stripe design (Figure 4b), 

similarly to the sg-TiO2 pattern (Figure 3 above).  
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m-TiO2 with rectangle pattern is deposited on top of the c-TiO2 stripes to form 25 pixels 

over the 10 x 10 cm2 substrate (Figure 4b). The printed films are dried for 20 mins at 100 °C 

prior to sintering at 500 °C for 1 h.   

 

Figure 4: a) MT320TV Screen-printer used to deposit the c-TiO2 and m-TiO2 layers. b) Substrate 

coated with c-TiO2 and m-TiO2 layers. The m-TiO2 mask has a pixel design for laboratory scale device 

fabrication. 

II.1.3. Perovskite layer deposition 

• Chemicals 

PbI2 (99.99%, trace metal basis) is purchased from Tokyo Chemical Industry (TCI). FAI 

is purchased from Dyesol (now Greatcell Solar). PbBr2 (99.999% trace metal basis), CsI 

(99.999% trace metal basis), N,N Dimethylformamide (DMF, anhydrous, 98.8%) and 

Dimethyl sulfoxide (DMSO, anhydrous, ≥ 99.9%) are purchased from Aldrich. The precursors 

are used without further purification. 

• Perovskite precursor solutions 

The perovskite precursor ink is prepared in a nitrogen filled glovebox by mixing (in this 

order) PbI2, PbBr2, FAI, and CsI in a DMF : DMSO (4:1 volume ratio) to obtain a 1.2 M solution. 

The ‘reference spin-coating’ perovskite ink is prepared in a nitrogen-filled glovebox by mixing 

2.296 g of PbI2, 0.375 g of PbBr2, 0.816 g of FAI and 0.078 g of CsI in 4 mL of DMF and 1 mL 

of DMSO to form the theoretical Cs0.05FA0.79Pb(I0.88/Br0.12)2.84 perovskite formula. 

For the CsI studies, the quantities of CsI added to the precursor ink are 0, 0.078, 0.156, 

0.284 and 0.312 g to prepare the 0, 5, 10, 15 and 20% Cs/Pb solutions, respectively. For the 

FAI study, the FAI quantity is tuned from 0.816 g to 0.919 g to increase the ratio from 74 to 

84%. The CsI quantities remain the ones stated above.  

All solutions are kept at 40 °C under stirring overnight in inert atmosphere and used 

for either spin-coating or slot-die coating the next day. 
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• Perovskite layer deposition by spin-coating 

The perovskite precursor solution is deposited using a 3-steps spin-coating process: 

1) 200 rpm – 200 rpm.s-1 – 5 s, 2) 1000 rpm – 1000 rpm.s-1 – 10 s and 3) 6000 rpm – 

4000 rpm.s-1 – 20 s. During the third step, 700 µL of chlorobenzene is dropped on the 

substrate 8 s prior to the end of the protocol (after 12 s in step 3). The crystallization is 

completed by a post-annealing step at 100 °C for 1 h in a nitrogen atmosphere.   

• Perovskite layer deposition by slot-die coating 

The slot-die coating process is a meniscus-assisted deposition of a wet precursor film 

onto the substrate at a given coating speed (Cs), coating flow rate (Cf) and coating gap (Cg), 

defining a theoretical wet film thickness (thickness ~ 4 µm) on the rigid substrate. In this 

configuration, the substrate is fixed and the slot-die head is in movement. The coating speed 

(Cs) can be adjusted from 1 to 50 mm.s-1
, the coating flow rate (Cf) from 10 to 1000 µL.min-1 and 

the coating gap (Cg) from 50 to 300 µm. 

The wet precursor film coating is followed by gas-quenching step (nitrogen gas) at a 

given speed (Qs), quenching flow rate (Qf) and quenching gap (Qg). The gas-knife is fixed to the 

slot-die coating head, such as the coating and the quenching speeds are equal: Cs = Qs = CQs. 

The gas-knife is connected to a nitrogen line (pressure 6 bar, ~87 psi) or to a nitrogen cylinder 

(pressure ~ 8.3 bar, 120 psi). The gas flow rate (Qf) can be adjusted from 25 to 140 L.min-1 

depending on the set-up employed. The substrate temperature is controlled by a hotplate 

(range: 25 °C to 100 °C) and is the same in both coating and quenching steps (CT = QT = CQT).  

In CEA laboratory, a TC300 slot-die coater (Automatic Research) is used to coat the 

perovskite layers onto ETL-coated 5 x 5 cm2 substrates (Figure 5a). The slot-die coating 

process is conducted in an enclosed environment (purpose-made set up, Figure 5a) to 

maintain between 10 and 20% relative humidity (rh) during coating at T = 21 ± 1 °C. After 

coating, the perovskite films are annealed for 5 min at 100 °C under nitrogen atmosphere 

(HP150 hotplate, Sawatec) and stored in a nitrogen-filled glovebox prior to material 

characterization or device fabrication.  

In NTU laboratory, a N-Rad slot-die coater (N-Takt) is used to coat the perovskite 

layers onto the ETL-coated 10 x 10 cm2 substrates (Figure 5b). A purpose-made enclosure 

was added to isolate the slot-die coater from ambient environment (Figure 5b), maintaining 

a relative humidity between 20 and 40% during coating at T = 25 ± 1 °C. After coating, the 

samples were annealed in ambient air for 5 min at 100 °C and stored in a nitrogen-filled 

glovebox prior to material characterization or device fabrication.  
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Figure 5: Slot-die coaters used in this work: a) Automatic research slot-die in enclosed box with 

controlled humidity. b) n-Rad slot-die coater with enclosure to control humidity during coating. 

Prior to device processing, the homogeneity of the slot-die coated layers was assessed. 

The fabrication of laboratory devices required a homogeneous perovskite film over ~ 5 cm2 

(5 x 5 cm2
 substrate) or ~ 15 cm2 (10 x 10 cm2 substrate). The module fabrication required a 

homogeneous area of ~ 22 cm2. 

II.1.4. HTL and top electrode deposition 

• Spiro-OMeTAD layer 

The solution is prepared by dissolving 72 g.L-1 of 2,2′,7,7′-tetrakis [N, N -di- p -

methoxyphenyl-amine]9,9′-spirobifluorene (Spiro-OMeTAD, Lumtech) in anhydrous 

chlorobenzene (Aldrich) with 4-tert-butyl pyridine (tBP, Aldrich, 28.5 µL per mL of stock 

solution) and lithium salt stock solution (17.5 µL per mL of solution). The lithium salt stock 

solution is prepared by dissolving 520 mg of bis(trifluoromethane) sulfonimide lithium salt 

(LiTFSI, 99.95%, Aldrich) in 1 mL of acetonitrile (99.8%, Aldrich). 250 µL of solution is 

dynamically spin-coated on 10 x 10 cm2 substrates with a single step at 4000 rpm – 

1000 rpm.s-1 – 40 s) to form the Spiro-OMeTAD layer (thickness ca 150 nm). Both solution 

preparation and film coating are performed in the glovebox to limit the air exposure of the 

perovskite layer.  

• PTAA layer 

The poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] layer (PTAA, EM Index, Mw ~ 

18000 g/mol) is dissolved at 12 g.L-1 in anhydrous toluene (Aldrich) with 4-tert-butyl pyridine 

(tBP, Aldrich) and lithium bis(trifluoromethylsulfonyl) imide (LiTFSI, Aldrich). The PTAA 

solution is spin-coated in the glovebox in two steps to form a 70 – 80 nm thick layer : 

1) 1500 rpm - 375 rpm.s-1 - 40 s, followed by 2) 2000 rpm - 500 rpm.s-1 - 30 s. 
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• Contact area cleaning  

The 5 x 5 cm2 substrates are cleaned first by removing the HTL layer using ortho-

dichlorobenzene (o-DCB, Aldrich), then by removing the perovskite layer using dimethyl 

sulfoxide (DMSO, Aldrich) according to the design presented in Figure 6a.  

The 10 x 10 cm2 substates are then cut into ~ 1 cm2 substrates prior to similar cleaning 

steps that include the HTL layer removal using ortho-dichlorobenzene (o-DCB, Aldrich) and 

the perovskite layer removal using anhydrous acetonitrile (ACN, Aldrich), according to the 

design presented in Figure 6b.  

 

Figure 6: Substrates after the perovskite and HTL layers manual cleaning. 

• Au electrode deposition 

Finally, a 100 nm gold (Au) electrode is thermally evaporated using evaporation rates 

ranging from 0.1 to 0.5 nm.s-1
 and chamber pressure of 10-6 bar. On the 5 x 5 cm2 samples, the 

evaporation mask enables the deposition of six spherical 0.33 cm2 electrodes without cutting 

the substrate (Figure 7a). For the 10 x 10 cm2 samples, the evaporation mask results in the 

deposition of two 0.16 cm2 square electrodes (Figure 7b). For the 1 cm2 samples, an additional 

soldering is added on both sides of the devices to facilitate the probing during J-V 

measurement (Figure 7b).  

 

Figure 7: Typical laboratory scale devices fabricated with both device structures. a) Six electrodes 

with 0.33 cm3 active area evaporated on the 5 x 5 cm2 substrate after cleaning of the contacts.  b) 1 

cm2 sample cut from the 10 x 10 cm2 substrate and with two 0.16 cm2 gold electrodes and soldering to 

facilitate the J-V measurements. 
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II.1.5. Reference processes and device structures 

Using the fabrication steps detailed earlier, we defined two fabrication reference 

processes, using the (n-i-p) device configuration:  

- the spin-coating reference process, in which the ETL, HTL and perovskite layers were 

spin-coated (Figure 8a). 

- the slot-die coating reference process, in which the ETL and HTL are spin-coated and 

the perovskite layer is slot-die coated (Figure 8b).  

The slot-die coating reference process has been developed using two device stacks, 

corresponding to the standard (n-i-p) device structures used in both laboratories (Figure 8b).  

 

Figure 8: Summary of the deposition processes using a) spin-coating and b) slot-die coating for the 

perovskite layer, and the final device architectures employed in this work. 
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II.1.6. Photovoltaic modules fabrication 

The perovskite modules are fabricated following the similar workflow as the 10 x 10 cm2 

laboratory devices (Figure 9). First, the laser scribing is performed (P1) to separate the FTO 

electrode in cells with a stripe design (stripe width 7 mm, Figure 2). Then, the SnO2 electron 

transporting layer (ETL) is deposited on the entire substrate by spin-coating with the same 

protocol as small devices. The perovskite layer is slot-die coated on the SnO2-coated FTO 

substrate, and the Spiro-OMeTAD hole transporting layer (HTL) is spin-coated on the 

perovskite film.  

Prior to the top electrode deposition, a CO2 LASER (λ = 1024 nm) is used to etch the 

perovskite and Spiro-OMeTAD layers (P2 scribing). Finally, a “P3 scribing” step is performed 

manually by masking the area where the gold is not deposited with Kapton tape (3M, 0.5 mm 

width). The cross-section views of the P1 - P2 - P3 scribing process can be seen in Figure 9. 

This scribing process aims at connecting the various module stripes in series, by contacting the 

top gold electrode of one cell (left side on picture) with the bottom FTO electrode of the next 

cell (right side on picture). 

From an initial 100 cm2 substrate, the final device area varies between 50 and 70 cm2, 

due to the masking of the substrate edges by taping during Au evaporation. In the central zone, 

the device active area corresponds to the central area minus the interconnection area between 

the stripes, also called ‘dead area’. In this process, the width of the dead area between two cells 

is estimated to 1 mm (distance between P1 and P3 etch lines), with a main contribution of the 

manual taping width in the P3 step (0.5 mm). The ratio between the device active area and the 

central area is the geometrical fill factor (GFF). In our case, the GFF in the central area is 

~ 70%. 
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Figure 9: Steps of the fabrication of perovskite photovoltaic modules: top and cross-section views. 

The final device structure is Glass/TCO/ETL/Perovskite/HTL/Au. 
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II.2. Characterization of the perovskite layers 

properties 

The characterization of the layer of interest (the perovskite layer) combines 

complementary techniques to assess the perovskite film morphology, opto-electronic and 

crystalline properties. All measurements are performed on Glass/TCO/ETL/Perovskite 

samples, which were cut from 5 x 5 cm2 into 10 x 10 cm2 into ~ 1 cm2 pieces to fit in the various 

sample holders. We note that this work took place in two distinct laboratories with different 

characterization equipment. Further discussion is provided in the dedicated sections to 

introduce the potential variations of measurement methods and how they may affect the 

interpretation of the data.  

II.2.1. Characterization of the perovskite layer morphology 

• Optical imaging 

When working on large-area substrates, a first-level information is provided by the 

visual inspection of the perovskite films. To save information on the perovskite visual aspect, 

we record the picture of the perovskite films coated on the 5 x 5 cm2 and on the 10 x 10 cm2 

substrates using optical imaging via white backlit light. 

 For the 5 x 5 cm2 samples, we use an existing purpose-built imaging system (Olympus 

DP70 microscope digital camera connected to DP controller and DP manager software) to take 

bright field photographs (Coherent Inc lamp ML-0405, cold cathode fluorescent lamp) of the 

samples on a luminous background with the following settings: size 4080 pixels × 3072 pixels, 

exposure time of 1 s, image sensor optimization (ISO) of 200 and × 40 magnification 

(Figure 10a). For the 10 x 10 cm2 samples, a simpler system is built containing a LED backlit 

pad tablet (Skill) placed in a dark environment (cardboard box). A phone camera (resolution 

32 MP) is used to take the picture from the sample at a fixed height ~ 50 cm (Figure 10b). 

 

Figure 10: Imaging equipment used for the perovskite film visual inspection. a) Olympus DP70 set-

up. b) Home-made equipment. 
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• Extraction of quantitative information from the sample 
images 

The perovskite film images (Figure 11a) are first used to build a sample library and 

facilitate the batch-to-batch comparison of samples. Later, we have developed a machine 

vision-based algorithm, “PerovskiteVision”, to detect the area of full substrate coverage 

(Figure 11b) and extract quantitative information, such as film thickness, from the images. 

We calibrate the correlation between the image colour and the perovskite film thickness using 

the pictures of spin-coated samples with known thicknesses. This enables the conversion of 

perovskite films imaged into non-destructive film thickness maps (Figure 11c). The 

“Perovskite Vision” algorithm was developed with the university of British Columbia 

(Pr. Berlinguette group) during the PhD and a paper had been submitted.  

 

Figure 11: Extraction of quantitative information from the perovskite sample image over a 5 x 5 cm2 

substrate. a) Picture of the perovskite film. b) Visualization of the perovskite covered area, partially 

covered and non-covered area using “PerovskiteVision” algorithm. c) Contactless film thickness 

mapping in the covered area obtained using the colour-thickness calibration.  

• Optical microscopy 

To assess the substrate coverage at micrometric scale, we record the optical images with 

a microscope Leica DMLM, connected to a Leica DFC420 camera with a magnification ranging 

from x 10 to x 100. The optical microscopy pictures reported in the manuscript are taken using 

the x 100 magnification. Those images are treated using ImageJ software to extract the film 

coverage from the optical images. From the raw image, a binary image is fabricated, then the 

threshold adjusted, and the outline of the film determined the “Find particles” function of 

ImageJ software. An example is presented in Figure 12b. 

 

 

a cb
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Figure 12: Calculation of the film coverage using ImageJ software on the optical microscopy 

image. a) Initial optical microscopy image (magnification x 100): the perovskite film is in light grey 

and the substrate in dark grey. b) Area detected as the perovskite film area by ImageJ software (the 

contours are highlighted in green). 

• Profilometry 

To determine the perovskite film thickness and roughness, we use either a Dektak XT 

(Bruker, diamond stylus, resolution 0.1 nm) or a NanoMap 500 LS (AEP Technologies, 

resolution 0.1 nm) profilometer. Prior to the measurement, a step is created in the perovskite 

film by manually etching the film with a tweezer. Nine profiles are performed on three different 

etched lines per sample. The scan of the perovskite surface in a non-etched location provides 

an estimation of the average surface roughness (Ra) 
[156]. The measurement parameters are a 

stylus force ~ 1 mg, scanning speed of 30 µm.s-1 and a scanning length of 1000 µm. A height 

calibration is performed on the first sample in a batch measurement and repeated between two 

samples if necessary. 

• Scanning Electron Microscopy  

The Scanning Electron Microscopy (SEM) images (top and cross-sections) are obtained 

from a Jeol JSM-7600F Field Emission Scanning Electron Microscope (FE-SEM) using an 

electron accelerating voltage of 5 kV and working distance of 8 mm or by using a Nova 

NanoSEM 630 (FEI, now Thermo Fischer Scientific) with an accelerating voltage of 10 kV and 

a working distance of 6.5 mm. No metallization was performed on the samples for the top 

images. For the cross-section images, the samples are cleaved using a diamond scraper and 

running pliers. After the cutting, the cross-section area is blown with compressed air to remove 

any glass particles and platinum is sputtered using a plasma sputterer (Jeol).  We used ImageJ 

software for the grain size determination.  

Energy dispersive X-Ray (EDX) analyses were performed using the Nova NanoSEM 

630 (FEI, now Thermo Fischer Scientific) with an accelerating voltage of 10 kV, a working 

distance of 6.5 mm and a scanning time of 30 s. 

50 µm

a b
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II.2.2. Characterization of the opto-electronic properties 

• UV-visible spectrophotometry 

In the first configuration, the absorption spectra is derived from the transmission 

measurement using a UV-2600 or UV-2501PC spectrophotometer (Shimadzu), with a 

monochromator and an integrating sphere (ISR-2600Plus). The measurement is performed 

for wavelengths ranging from 300 to 850 nm with a 1 nm step. A deuterium lamp is used from 

300 to 323 and an iodine tungsten lamp from 323 to 850 nm. Prior to the sample 

measurement, the background spectra is measured in air (Figure 13a). For the thin film 

sample spectra, the perovskite film is facing the incident light beam (Figure 13a) and the 

transmitted light is trapped in the integrating sphere and collected by a photodetector. In this 

configuration, the absorption of the thin film sample is calculated from the sample 

transmission alone, neglecting the sample reflection (A = 1- T). 

The limitation of this set up is that it does not consider the light reflected at the 

air/sample interface in the thin film absorption calculation. To correct the effect of reflection 

on our absorption spectra, we have used a combined transmission and reflection measurement 

approach (Figure 13b-c) on another spectrophotometer (Perkin Elmer) with integrating 

sphere and monochromator for wavelengths ranging from 200 to 1200 nm with a 10 nm step. 

During the transmission measurement, the sample is placed facing the incident light source, 

similarly to the previous method. During the reflection measurement, the sample is placed 

facing the incident light and an obturator is placed behind it to minimize transmission losses. 

In this configuration, the sample total reflection (including specular and diffuse reflections) is 

collected in the integrating sphere.  
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Figure 13: Configurations used for the transmission and reflection measurements. 

 

To calculate the absorbance from the transmission and reflection measurements, we 

use the following formula:  A = 1 – T – R  (E1) 

where A is the thin film sample absorption, T the sample transmission and R the sample 

reflection. The measured transmission can be assimilated to the sample transmission. The 

measured reflection, however, was the sum of the sample reflection and from the parasitic 

reflection R’ (Figure 14). Therefore, we correct it using the following formula: R = Rmes - R’ 

with R’ = T2 * RO where T is the transmission of the thin film and RO the reflectance of the 

obturator, assimilated of the background reflectance. 

 

Figure 14: Correction of the reflectance due to parasitic effect of the obturator which is not 

behaving like a light trap. 
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• Determination of the material band gap via the Tauc plot 
method 

From the absorption spectra, we can extract the band gap of the perovskite material, 

using the Tauc plot method [157]. This method consists in using the relationship between the 

absorption coefficient and the band gap energy of light absorber materials:  

(αhν)1/n = β (hν - Eg)   (E2) 

Where α is the absorption coefficient of the thin film (m-1), h the Planck constant 

(6.663.10-34 m2.kg.s-1), ν the photon frequency (ν = c/λ, with c the speed of light and λ the 

photon wavelength, in s-1), n is an index that varies with the nature of the band gap of the 

absorber material (n = 1/2 for direct band gap and 2 for indirect band gaps), and Eg (eV) the 

band gap of the absorber material. In the case of perovskite materials, n = 1/2 (direct band 

gap) is generally assumed in the Tauc plot method, while the possible indirect band gap 

behaviour for halide perovskite remains in discussion in the literature [158].   

First, the absorption coefficient (α) is calculated from the sample absorption (A) and 

perovskite film thickness (t), following this equation: α = ln(10)* A/t . To determine the band 

gap of the thin film absorbers, we calculate (αhν)2 values from the absorption spectra, film 

thickness and photon wavelength (ν = c/λ). We plot this quantity in function of the photon 

energy hν. By linear regression, we obtain the intercept of the curve with the X axis, where 

hν = Eg and deducted the band gap of the perovskite material. 

• Photoluminescence spectrophotometry 

The photoluminescence spectra are obtained using a F-4500 FL spectrophotometer 

(Hitachi), with a Xenon lamp. Optical filters (Edmund Optics) are added to limit the 

measurement artefacts caused by the 2 λ harmonics presence: a low pass at 575 nm to filter the 

excitation signal and a high pass at 600 nm to filter the emission signal before the detector 

(Figure 15). The spectra are acquired using a speed of 240 nm.min-1 for an emission 

wavelength range of 600 to 900 nm (1 nm resolution). 

 

Figure 15: Configuration used for the photoluminescence measurement. 
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• Time-resolved photoluminescence 

The photoluminescence can be probed in a steady-state configuration or in a time-

resolved configuration. The evolution of the PL intensity over time provides additional insights 

on the recombination rate of the charge carriers in the perovskite film. This recombination 

kinetics is interesting to quantify the charge carriers lifetime and compare various 

recombination kinetics in the absorber or at the perovskite/extracting layers interfaces. 

The Time-Resolved Photoluminescence (TRPL) measurement are performed using a 

Picoquant PicoHarp300 time correlated single photon counting system coupled with a micro-

PL system. The excitation is performed by a pico-second pulsed LASER diode of 405 nm 

wavelength and 40 MHz frequency. The signal is observed at 540 nm (Acton SP-2300i 

monochromator, 300 mm focal, 15 nm slit). The TRPL signals were normalized and fitted using 

the Origin software ‘Normalize’ and ‘Fit’ functions. For the fit, a mathematical bi-exponential 

exponential model was used. 

II.2.3. Characterization of the crystalline structure  

• X-Ray diffraction  

Diffraction is used to extract information about this crystalline motive, such as the 

crystalline structure (cubic, tetragonal, hexagonal) and the lattice parameters (unit length 

along each crystallographic axis). X-Ray incident light has wavelength in the angstrom range, 

which is in the range of the distances between atoms. Therefore, X-Ray light can be diffracted 

by atomic arrangement if they verify the condition for constructive interferences defined by 

the Bragg law:  

2d*sin(θ) = p*λ   (E3) 

with d the distance between 2 parallel plans of atoms (Figure 16), θ the incident angle 

of X-Ray light to the crystalline plan probed and λ the wavelength of the incident X-Ray light. 

To meet this criterion, the optical path difference between 2 parallel light beams (2d*sin(θ)) 

should be a multiple of the incident light wavelength. This multiple, p, is a integer also called 

order. 

 

Figure 16: Reflexion of X-Ray by a family of planes spaced by a distance d. 
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To probe the perovskite crystal by X-Ray Diffraction (XRD), we used two measurement 

configurations (Figure 17): the Bragg-Brentano geometry, in which both the XRD beam and 

the X-Ray detector are always in movement as such as θ = 2θ; and the grazing incidence X-Ray 

diffraction (GIXRD) in which the incident angle of the X-Ray beam is fixed to a low angle 

(ω = 3°) and the detector moves at a 2θ angle.  

The grazing incident measurement provides insight on the surface of the thin film while 

the Bragg-Brentano measurement probes the entire thickness of the thin film. Here, the 

penetration depth in grazing incidence was in the order of magnitude of the perovskite layer 

thickness (incident angle θ = 3°, penetration depth estimation of 2 µm [159]). We concluded that 

both configurations were probing the entire depth of the perovskite film, confirmed by the 

detection of the substrate diffraction peaks (ITO and FTO) in both diffraction patterns.  

For the Bragg-Brentano configuration, we use an Aeris (Malvern PANalytical) X-Ray 

diffractometer with a cobalt source (λK = 1.789 Å) and a detector (PIXcel1D-Medipix3) with 

2θ values ranging from 10 to 60°. The optics include a divergence slit of ½°, a mask of 23 mm 

and Soller slits of 0.04° (Figure 17a). The sample is spinning at a speed of 60 rpm during the 

measurement. For the grazing incidence configuration, we use a Bruker D8 Advance X-Ray 

diffractometer with a copper source (λK = 1.541 Å) and a detector with 2θ range from 5 to 60°. 

The optics include an exit slit, anti-scattering slits and Soller slits (Figure 17b).  

 

Figure 17: XRD measurement configurations used in this work. 
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• Semi-quantitative extraction of information from XRD 
patterns 

The X-Ray diffraction peaks inform on the presence of crystalline products in the thin 

films, such as crystalline PbI2, cubic perovskite structure and undesirable hexagonal perovskite 

structure (or delta phase). However, it does not necessary lead to a quantitative fraction of PbI2 

or perovskite in the thin film as the amorphous materials are not detected. Yet, the presence of 

PbI2 under an amorphous form in perovskite thin films has been reported in the literature [107]. 

Furthermore, for crystalline products, the more rigorous approach in the literature is to 

integrate the XRD peak areas (perovskite and PbI2) with a structure factor correction to 

quantify their fraction in the perovskite thin film [160]. Here, the presence of multi-oriented 

perovskite (cubic structure) along various diffraction plans ((001), (011) and (111)) requires 

more complex calculations to determine the structure factors.  

Therefore, we have used a semi-quantitative approach based on the XRD peak areas 

integration. The areas of the crystalline PbI2 peak at 2θ = 12.7°, of the three perovskite peaks 

(plans (001), (011) and (111)) and the δ-FAPbI3 at 2θ = 11.24° are integrated using the ‘multiple 

peak fit’ function in OriginPro9 software. The baseline is manually adjusted and the diffraction 

peaks manually annotated on each XRD pattern analysed. All integrated areas are summed 

and the peak area ratio is calculated as the ratio between the peak area of the peak of interest 

and the total integrated area. If a low angle peak is detected (2θ ~ 9°), the peak area is 

considered in this calculation and its peak area ratio extracted. This method is not strictly 

quantitative but has been useful to compare the samples studied in this work. 
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II.3. Characterization of the photovoltaic device 

performance 

Once the devices completed, we characterize their performance by current-voltage 

measurement. We measure the device performance both initially (after device fabrication) and 

after storage in the dark in controlled atmosphere (~30-40% relative humidity) to study the 

performance shelf life.  

II.3.1. Device electrical measurement: J-V Curves  

The ITO-based devices current-voltage (J-V) curves are recorded by a solar simulator 

Oriel 92190 (Newport) connected to a multimeter SMU 2602A (Keithley) and under standard 

AM 1.5 G illumination (1600 W, Xenon lamp, Ushio) in ambient condition (~ 30% relative 

humidity, clean room environment). The power of the lamp is calibrated with a reference 

silicon cell (certified at Fraunhofer ISE) every time the solar simulator was turned on. The 

scans are performed in the following conditions: Reverse scan 1.2 to - 0.2 V, on a device active 

area of 0.33 cm2 without masking. 

The FTO-based devices J-V curves are obtained by using a solar simulator XEC-301S 

(San-EI Electric) connected to a Keithley 2612A and under standard AM 1.5 G illumination 

(Xenon lamp). The measurements are carried in the ambient atmosphere at an initial 

temperature of 25 °C and room humidity of 50%. The system is calibrated with a silicon cell as 

reference (Fraunhofer ISE). The scans are performed in the following conditions: Forward scan 

-0.1 to 1.2 V; reverse scan 1.2 to -0.1 V; dwell time of 3.2 ms and a scan rate of 3.4 V/s. We use 

a metallic mask with aperture of 0.09 cm2 and no anti reflection coating layer for the 

measurements. No external bias is applied before measurement.  

The Incident Photon-to-Current Conversion Efficiency (IPCE) measurements are 

recorded using PVE300 (Bentham), containing a dual xenon/quartz halogen light source. The 

measure is carried in DC mode, (Newport Oriel Sol3A solar simulator with a 450-W Xenon 

lamp) with a wavelength from 300 to 850 nm. The maximum power output tracking are 

measured by an Autolabmachine (PGSTAT302N, Software version- NOVA 1.11). 

The modules re measured with the solar simulator XEC-301S mentioned above. The 

module active area is calculated by measuring the length and width of each cell. The module is 

connected to the solar simulator using alligator clips connected to soldered lines on the side of 

the module. The illumination area is 10 x 10 cm2 (no masking of the active area). 
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II.3.2. Parameters extracted from the J-V curves 

From the J-V characteristics measured, we can extract four figures of merit: the open-

circuit voltage (Voc), the short-circuit current density (Jsc), the fill factor (FF) (Figure 17) and 

the power conversion efficiency (PCE).  

The short-circuit current (Jsc) is defined as the current flowing in the device when no 

external voltage is applied (V = 0 V). It is expressed as a density measured on the device ‘active 

area’. The Jsc depends on both generation and extraction of charge carriers formed in the 

absorber. In most cases, the higher the absorption, the larger the electron-hole pairs generated 

and the higher the current density. The Jsc can be expressed using the incident solar spectra 

(typically AM1.5, with a photon flux ΦAM1.5) and the ability to convert an incident photon into 

an electron-hole pair (defined by the external quantum efficiency, EQE) through the following 

equation: 𝐽𝑠𝑐 =  𝑞 ∗ ∫ 𝐸𝑄𝐸(𝜆) ∗ 𝛷 ∗ 𝑑𝜆
𝜆𝑒𝑛𝑑

𝜆𝑖𝑛𝑖
   (E4) 

Where q is the elementary charge (1.602.10-19 C) and λini and λend the wavelength 

delimiting the absorption domain of the material. The ability to convert a photon into electrons 

(EQE) depends on the ability to absorb the incoming photon (absorption) and to convert the 

photon energy into an electrical current (defined as internal quantum efficiency or IQE). 

Besides the photon-assisted charge generation, the Jsc depends on the charge carriers 

extraction, which can be limited by charge recombination in the absorber or at the device 

interfaces.  

The open-circuit voltage is reached when no current flows into the device. The 

maximum achievable Voc depends on the material band gap energy (Eg). Under illumination, 

electron-hole pairs are generated into the absorber, modifying the thermodynamic equilibrium 

of the charge carriers. At equilibrium, two quasi-Fermi levels form (one for the electrons and 

one for the holes) and the energy difference between them is called quasi-Fermi level splitting 

(QFLS). The formation of those energy levels in the absorber results in an electrical voltage at 

the device terminal. In theory, the Voc can be estimated from the quasi-Fermi level splitting. 

Practically, the Voc value is limited by charge recombination in the absorber and at the absorber 

interfaces [161] and is usually lower than the QFLS. As function of the thermodynamics of the 

charge carriers, the Voc varies with the temperature and illumination intensity. 

The fill factor (FF) is defined as the ratio between the maximum power reached by the 

experimental device (at maximum power point, or MPP) and the power achievable for an ideal 

device. The power of the device is defined as P = V * J (W.m-2) where V is the device voltage 

(V) and J the device current density (mA.cm-2). The maximum power point corresponds to the 

(J, V) combination yielding a maximum power output (Figure 18b).  
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The FF is expressed as: 𝐹𝐹 =
𝑉𝑀𝑃𝑃∗𝐽𝑀𝑃𝑃

𝑉𝑜𝑐∗𝐽𝑠𝑐
   (E5) 

where VMPP and JMPP are the voltage and current reached at the maximum power point. 

The FF corresponds to the ratio between the area of a square defined by VMPP and JMPP divided 

by the area of the square defined by Voc and Jsc (Figure 18a).  

The power conversion efficiency (PCE) is defined as the ratio between the power 

delivered by the photovoltaic device and the incident power reaching the device (Pin) under 

standard 1000 W.m-2 illumination (1 sun), for a solar spectra AM1.5 and a temperature of the 

cell of 25 °C. It is expressed:   𝑃𝐶𝐸 =
𝑃𝑀𝑃𝑃

𝑃𝑖𝑛
=

𝐹𝐹∗𝑉𝑜𝑐∗𝐽𝑠𝑐

𝑃𝑖𝑛
  (E6) 

  

Figure 18: a) J-V curves parameters description. b) Power output in function of the device voltage 

highlighting the maximum power point (MPP) position. 

II.3.3. Jsc optical model 

Optical simulations are performed using the TransferMatrix_VaryThickness software 

provided for free by Stanford University [162,163] using Matlab software. This software computes 

the current density using the transfer matrix formalism [164,165]. The perovskite layer is modelled 

by a triple amorphous dispersion law, so as to represent the three oscillators at the origin of 

each absorption peak in the UV-visible spectra [164,165]. To extract optical indices which are 

representative of the layers within the solar cell, variable angle spectroscopic ellipsometry 

measurements are carried out at three different incident angles (50°, 60° and 70°) with an 

energy range from 0.6 to 4 eV on the following stacks: glass/ITO, glass/ITO/SnO2, 

glass/ITO/SnO2/perovskite and glass/ITO/SnO2/perovskite/PTAA. Spectra were then fitted 

using common optical dispersion models for interface layers and electrodes.  

The output of the optical simulations is a curve of the current density as a function of 

the perovskite film thickness. In this work, we compared the experimental Jsc values for the 

corresponding perovskite layer thicknesses with the Jsc simulated values (see Chapters III 

and IV). As this optical model depends to the device stack, it was developed for the device 

stack ITO/np-SnO2/Perovskite/PTAA/Au architecture. It could be extended to the device 

structures explored in Chapter V.  
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Chapter III: Perovskite material 

formation in spin-coating and slot-

die coating processes 

 
 

 Here, we introduce two wet processes to deposit the perovskite layer: the laboratory-

based spin-coating process and the scalable slot-die coating process. We compare the various 

perovskite material properties in terms of morphology, optical properties and crystallinity 

when deposited by those two processes with the same precursor ink.  Then, we investigate the 

impact of precursor ink concentration and post-annealing time on the resulting perovskite 

layer properties. Finally, we integrated the slot-die coated and spin-coated layers into 

photovoltaic devices to compare their performances. 
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III.1. Spin-coating Reference process 

 Metal halide perovskites are promising photovoltaic materials thanks to their opto-

electronic qualities and solution processability. In the laboratory, state-of-the-art perovskite 

layers are to a large extent processed by spin-coating. We therefore consider spin-coating as a 

reference process in this work. In this section, we introduce the spin-coating process and the 

antisolvent assisted crystallization from a practical perspective and characterize the resulting 

perovskite layers properties (morphology, absorbance, crystallinity). We will use this 

perovskite thin film characterization methodology for the rest of this work.  

III.1.1. Precursor ink formulation and process description  

• Precursor ink: formulation and stoichiometry  

 In all wet deposition processes, the chemical precursors are dissolved in a solvent 

mixture to form the perovskite ‘precursor ink’. More precisely, four salts (PbI2, PbBr2, FAI and 

CsI) were dissolved in two solvents (DMF and DMSO) for the mixed-cations mixed-halides 

CsxFA1-xPb(I1-yBry)3 perovskite formulation used in this work (FA is the formamidinium cation). 

The perovskite material will be abbreviated CsFAPbIBr in the rest of the work. 

 The formulation used was the reference formulation in the laboratory and was not 

further modified in this section. The precursor ink parameters are summarized in the Table 1 

below. The molarity of the formulation was 1.2 M in respect to [Pb2+]. In the literature, a lack 

of quantitative tools to measure thin films stoichiometry is often faced and it is usually 

assumed that the precursor ink stoichiometry is preserved in the resulting thin film [166,167]. It 

is therefore important to thoroughly prepare the precursor ink as minor stoichiometry 

variation (1%) may affect the resulting material properties [16].  

 PbI2 precursor is widely used in the literature as excess reagent in respect to FAI and 

CsI precursors to shift the reaction equilibrium towards higher conversion of those precursor 

into perovskite, yielding high-quality perovskite crystal formation [58,106,107]. However, it has 

been noticed that PbI2 presence under a crystalline state in too large proportions can hinder 

the charge transport and extraction at grain boundaries and/or interfaces and consequently be 

detrimental to device performances [107,168]. A balance between both phenomena has been 

demonstrated around 6% lead iodide excess [58]. In this work, we used a similar PbI2 excess of 

6% in the formulation. 

 Lastly, the addition of secondary cation (Cs+) and halide (Br-) to the formulation is 

known to facilitate the formation of the perovskite cubic structure [40,36,169]  and to limit the 

formation of non-photovoltaic δ-FAPbI3 phase [40,36], also reported as yellow phase in the 

literature. This topic will be discussed in detail when the crystalline properties of perovskite 

films will be introduced (III.1.2.).  
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Lead concentration (M) 1.2 

PbI2 excess (%) 6 

Cs/Pb molar ratio (%) 5 

FA/Pb molar ratio (%) 79 

Br:I molar ratio (%) 12 : 88  

DMF :DMSO volume ratio 4 : 1 

Table 1: Composition of the reference precursor ink. 

• Precursor ink: coatability 

 In a wet deposition process, the physico-chemical properties of the ink will influence 

the wet film coating. In practice, parameters such as the ink density, viscosity and wettability 

define the substrate/ink interaction. In some systems, the physico-chemical properties of an 

ink could be approximated with the properties of the solvent mixture. Here, given the relatively 

high precursor concentration, the precursor ink density is as expected significantly higher (1.51 

± 0.05 g.mL-1) than DMF (0.94 g.mL-1) and DMSO (1.10 g.mL-1) solvent densities. We 

concluded that the presence of precursors in the ink (under a solute form) affected the solution 

properties such as density, and from now on, we considered the precursor solution as one 

system comprised of the precursor solute and the solvent mixture.   

 Despite the relatively large process window of spin-coating compared to other coating 

methods such as inkjet printing [170], dewetting phenomena of perovskite inks have been 

reported, leading to inhomogeneous crystallization and formation of pinholes [171] in the 

resulting films. In this work, perovskite was spin-coated onto a glass/ITO/SnO2 substrate. To 

assess the ink/substrate affinity, we measured the sessile drop angle from the precursor ink 

onto the SnO2-coated ITO substrate. As a contact angle close to 0° was obtained (Figure 1a), 

we confirmed that the perovskite ink was fully wetting the substrate.  

 We extracted the SnO2-coated ITO substrate wettability envelope (Figure 1b) from the 

sessile drop method with 4 solvents (deionized water, ethylene glycol, diiodomethane and α-

bromonaphthalene). The total surface tension of the reference perovskite ink by pendant drop 

method was 42.5 ± 1 mN.m-1. This value is higher than the one of a DMF:DMSO mixture (38.2 

± 1 mN.m-1), confirming the influence of precursors on the ink properties. The contact angle 

between an ink droplet and a non-polar surface (polytetrafluoroethylene) was 76°, 

consequently the perovskite ink polar and disperse surface tension component were 3.9 and 

38.6 mN.m-1 respectively (Figure 1b). The perovskite ink coordinates were located inside the 

wettability envelope of the substrate, in line with the full wettability observed on Figure 1a. 

We concluded from those observations that the perovskite ink was compatible with direct 

coating on SnO2-coated ITO substrate, without pre-treatment step (such as UVO3).  
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Figure 1: Precursor ink properties. a) Sessile drop image on SnO2 substrate. b) Wettability envelope 

of SnO2 substrate and position of the reference precursor ink. 

• Perovskite layer formation 

 As previously explained in Chapter I, to form a perovskite thin film via wet deposition, 

two steps are necessary. First, a coating step where the precursor ink is deposited onto a 

substrate to form a wet precursor film. Then, a crystallization step where the crystal nucleation 

and growth are triggered by external forces. The control of perovskite crystallization is key to 

obtain crystalline, absorbent and compact films and the means of control may vary with the 

deposition technique used [172]. 

 In the case of spin-coating reference process, first, the precursor ink was generously 

dispensed to cover the entire substrate (~1 mL on 25 cm2). Then, the glass substrate was driven 

in rotation and most of the ink ejected by centrifugal effect (99%). To describe the wet film 

thickness during spreading, we used the Emslie, Bonner and Peck model which considers a 

spun-coated fluid on an infinite disk subject to centrifugal effect [69]. The wet film thickness 

evolution with time can be described with the following formula:      

 

with the perovskite ink density ρ = 1.51 g.mL-1 (experimental value), viscosity η = 8 mPa.s 

(literature value [170] ), h0 = 400 µm (1 mL on 25 cm2) and ω the spinning speed that vary with 

the spin-coating program step. Figure 2c presents the evolution of wet film thickness during 

the spin-coating program (see Methods). Overall, the spreading step reduced the wet 

precursor thickness from 400 µm to 1 µm in few seconds. In recent years, some groups have 

studied the nucleation and growth kinetics in-situ via reflection measurement [173,174] during 

spin-coating processes. We observed a good correlation between their experimental reflectance 

measurements results and our physical model estimation of the wet film thickness of 0.9 µm. 
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After 30 seconds, an “anti-solvent” (600 µL of chlorobenzene) was dropped onto the 

~ 1 µm wet precursor film to trigger nucleation [175]. The chlorobenzene was miscible with 

DMF:DMSO but did not dissolve perovskite precursors. The chlorobenzene addition decreased 

the solubility of precursors in the solution and induced the formation of nuclei in the wet 

precursor film [80] (I.2.3). Finally, a thermal post-annealing step at 100 °C for 1 h completed 

the perovskite crystal growth. This process was performed under a nitrogen-filled glovebox to 

limit humidity and oxygen exposure (< 1 ppm). The next section presents the properties of the 

perovskite layers obtained by spin-coating process with the reference precursor ink.  

 

Figure 2: Description of spin-coating process. a) Spin-coating of perovskite layer: wet film 

deposition, perovskite crystallization via antisolvent dropping and post-annealing step. b) Evolution 

of the wet film thickness during the spin-coating process calculated from (E1). 

III.1.2. Material properties of spin-coated perovskite layers 

 To assess the quality of the perovskite layer, in-situ and ex-situ characterization 

approaches exist. Since in-situ characterization equipment (reflectance or GIWACS) were not 

easily accessible, a methodology was developed to characterize a posteriori the quality of the 

perovskite layers. This process development methodology is popular in perovskite research [176–

179] as it can be performed using readily accessible equipment (Spectrophotometry, Microscopy, 

X-Ray diffraction). Once this ex-situ approach chosen, we defined the relevant parameters to 

assess the quality of the perovskite film (Table 2).  

1) Wet precursor 
film formation

PbBr2

CsIFAI

100  C

2) Antisolvent 
dropping

Nucleated film
Crystallized 
perovskite

PbI2

DMSO
DMF

• Stoichiometry
• Concentration • Spinning speed and time

• Anti-solvent volume/timing
• Annealing T and time

h0
h(t)

ω

a 3) Thermal 
annealing

b

0 5 10 15 20 25 30 35

1

10

100

C
h

lo
ro

b
e

n
z
e

n
e

 d
ro

p

6000 rpm

1000 rpm

W
e

t 
p

re
c

u
rs

o
r 

th
ic

k
n

e
s

s
 (

µ
m

)

Spinning time (s)

200 rpm

0.9 µm

400

t (s)



CHAPTER III: PEROVSKITE MATERIAL FORMATION IN SPIN-COATING AND SLOT-DIE COATING PROCESSSES 
 

93 

 

As large-area coating was performed, we introduced morphological metrics. We 

measured the perovskite-coated area (A) via sample imaging, extracted the film macroscopic 

coverage (c) from optical microscope images and used profilometry to extract the perovskite 

film thickness (t) and average surface roughness (Ra). To get closer insights, we used scanning 

electron microscopy to assess the presence of pinholes (c’) and the perovskite grain size (g). As 

the perovskite material was the absorber material, we assess its band gap using 

spectrophotometry coupled with Tauc plot extraction method. Lastly, since the perovskite 

crystallization may result in various crystalline structures, we monitored by X-Ray diffraction 

the presence of the CsFAPbIBr cubic structure (or α phase) and of the hexagonal structure (δ 

or yellow phase) in the resulting thin film. We also monitored the residual crystalline PbI2 

quantity as it could affect device performances. 

Morphology 

coated area (cm2) A 

film coverage (%)  c 

perovskite thickness (nm) t 

film roughness (nm) Ra 

Zoom in 

film compacity (%) c’ 

grain size (nm)  g 

white particles - 

Optical  band gap (eV) Eg 

Crystallization 

α-CsFAPbIBr - 

δ-FAPbI3 - 

crystalline PbI2 - 

Table 2: Characterization matrix to assess the perovskite layers quality with key indicators and their 

abbreviations.  

• Morphology of spin-coated perovskite layer 

 The morphology of the perovskite layer will influence the charge generation and 

transport during the solar cell operation. To reach a maximum device efficiency, the perovskite 

absorber thickness and roughness should be optimized and the presence of grain boundaries 

or pinholes minimized. The perovskite film thickness has to be balanced between too thin 

absorbers limiting the current generation as fewer photons can be absorbed and too thick 

absorbers that may not retain good opto-electronic properties [180]. The surface roughness 

influences the coating of additional layers on top of the perovskite layer, therefore a minimal 

surface roughness is desirable [181]. The perovskite grain boundaries should be minimized as 

they can act as recombination centre for charge carriers [182,183]. Similarly, macroscopic or 

microscopic (pin-) holes should be avoided as they create device shorting by forming a direct 

contact of the electron transport layer (ETL) and the hole transport layer (HTL).  
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 We can see on the sample picture (Figure 3a) that the perovskite layer deposited via 

spin-coating reference process was homogeneous over the substrate (coated area A = 25 cm2). 

To assess the film coverage, profilometry provided a coarse morphological mapping (Figure 

3b). On the optical microscopy image (Figure 3c), the perovskite layer was continuous. We 

did not observe any pinholes, and therefore considered that the film coverage c was 100% at 

the micrometric scale. We measured via profilometry a perovskite average thickness 

t = 450 nm and average roughness Ra = 10 nm (Figure 3d). The thickness value was within 

the state of the art thickness range from 300 to 1000 nm [184] within which they can be 

compatible with device integration. 

  

Figure 3: Morphology characterization of the spin-coated perovskite layer. a) Picture of the spin-

coated perovskite layer on a 5 x 5 cm2 substrate. b) Image reconstructed from profilometry mapping, 

c) Optical microscopy image and d) Profilometry scan of the perovskite layer. 

• “Zoom in” on the perovskite layer morphology  

 Since full film coverage was detected at the micrometric scale, we performed scanning 

electron microscopy (SEM) to assess the film quality at a nanometric scale. On the SEM picture 

(Figure 4a), the perovskite film exhibited a compact granular morphology without pinholes. 

We defined the film compacity (c’) as the film coverage at the SEM scale. The film compacity 

was 100% in this case. The average grain size was 273 nm (Figure 4b).  The grain size was 

within the range (100 – 1000 nm) observed in the literature [185]. The smaller grain size 

compared to perovskite film thickness suggested that the perovskite layer (t = 450 nm) could 

be composed of at least two superposed grains (~ 225 nm each).  
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In the literature, both monolithic (one grain) and multi-layered (multiple superposed 

grains) morphologies have been reported [186]. The cross-section SEM image confirmed the 

presence of several superposed grains in the perovskite layer (Figure 4c). The cross-section 

estimated a perovskite thickness of 507 nm, in rather good accordance with the 450 nm average 

obtained by profilometry. Some white particles were visible at the surface of the perovskite 

layer (Figure 4a). We will discuss their chemical nature further in the crystalline properties 

characterization section. 

 

Figure 4: Morphology “zoom-in” characterization of the spin-coated perovskite layer. a) Scanning 

Electron Microscopy (SEM) image of the reference perovskite layer on glass/ITO/SnO2 substrate. b) 

Corresponding grain size distribution. c) Cross-section SEM image of the reference spin-coated layer. 

Two grains contours were highlighted with the dashed lines. 

• Optical properties 

 The absorption spectra (Figure 5) of  CsFAPbIBr perovskite thin film presented an 

absorption onset at a wavelength ~ 775 nm and a sharp increase from 700 nm to 400 nm, 

similarly to what was observed in the literature [187] for high coverage and shiny perovskite 

films. This result was in accordance with the compact smooth morphology observed earlier. 

We extracted the optical band gap of the perovskite via the Tauc plot method assuming a direct 

band gap (Chapter II). The extracted perovskite optical band gap was Eg = 1.60 ± 0.05 eV, 

value comprised as expected between the pure FAPbI3 (1.48 eV) and pure CsPbI3 (1.73 eV) 

materials. The photoluminescence spectra (Figure 5) presented a maximum intensity at 

765 nm (Eg = 1.62 eV). The bang gap value obtained from PL measurement was in the same 

range as the optical band gap. 
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Figure 5: Optical characterization of the perovskite layer. a) Absorbance and superposed 

photoluminescence spectra (excitation wavelength: 550 nm) and b) Tauc plot band gap extraction for 

the reference spin-coated perovskite layer. 

• Crystallographic properties 

 The crystallization of FAPbI3 perovskite at room temperature can result in the 

formation of both the α-CsFAPbIBr (cubic) and δ-FAPbI3 (hexagonal) crystalline 

structures [16,39,32,117,188]. The presence of δ-FAPbI3 phase is not desirable, as its large band gap 

(2.36 eV [40]) does not contribute to the photovoltaic effect. The addition of Cs+ cation (via CsI 

precursor) in FAPbI3 facilitates the formation of the cubic structure for mixed-cations 

Cs1-xFAxPbI3 perovskites (x = 0.05 to 0.17) [188]. Similarly, the introduction of the bromide anion 

(via PbBr2 precursor) facilitates the formation of the cubic structure [189]. As commonly used in 

literature [16], we incorporated 5% Cs/Pb molar ratio in respect to PbI2 and 17% Br/I molar ratio 

in the precursor ink formulation (Table 1 in III.1.1).  

 To assess the perovskite film crystalline structure, we recorded the X-Ray diffraction 

(XRD) patterns of the perovskite thin films (Figure 6a). The reference perovskite layer has 

undergone the conversion into the CsFAPbIBr perovskite cubic structure (or α-CsFAPbIBr), 

evidenced by the signature peaks at 13.81°, 19.70°, 24.28°, 28.16°, 31.64°, 40.45° and 43.00° 

attributed to the (001), (011), (111), (002), (012), (022) and (003) plans [190], respectively. We 

noticed that the perovskite crystals had a preferred orientation along the (001) plan. This 

preferential orientation has been reported in the literature [40], and is possibly related to the 

precursor solution formulation and to the substrate affinity. Further considerations on this 

topic are provided in Chapter IV (precursor solution) and V (substrate affinity). We observed 

a  reduced lattice parameter of a= 6.303 Å (α-CsFAPbIBr [191]) compared to state of the art 

a= 6.362 Å (α-FAPbI3 
[192]). This is in accordance with the literature where the addition of 

caesium cation and bromide anion is known to reduce the lattice parameter [188]
.
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 Beside the α-CsFAPbIBr, we observed the presence of the δ-FAPbI3 tetragonal phase at 

11.24°. The negligible peak intensity confirmed that the δ-phase formation was limited in this 

system. Furthermore, we observed the presence of PbI2 at 12.40° that can be explained by the 

introduction of excess PbI2 precursor (6%). In the literature, PbI2 has been found to form white 

particles on top of the perovskite layer [193]. We thus propose that the crystalline PbI2 detected 

by XRD could explain the observation of white particles on SEM images (Figure 4). Lastly, a 

CsI diffraction peak was detected at 2θ = 30.50°. It can correspond to the presence of 

remaining CsI precursor that did not react. 

 Beyond phase identification, XRD peak area integration can support a semi-

quantitative extraction of information on the relative composition of the perovskite thin films 

[160,194]. The more rigorous approach in the literature is to integrate the XRD peak areas 

(perovskite and PbI2) with a structure factor correction to quantify their fraction in the 

perovskite thin film [160]. In our case, the multiple orientations in CsFAPbIBr perovskite film 

made the direct application of this method complex. We used a semi-quantitative alternative, 

where the three α-CsFAPbIBr perovskite ((001), (011) and (111) plans), the δ-FAPbI3 (11.24°) 

and the crystalline PbI2 (12.40°) peak areas are measured and their relative values extracted 

(Figure 6b-c). This method will be later used for comparative studies (III.1.3). 

 In the reference spin-coated sample, the large proportion of perovskite (001) peak 

(relative peak area ratio of 55%) was in agreement with the (001) preferential orientation in 

the perovskite film. While the δ-FAPbI3 peak area ratio was negligible (< 0.4%), the crystalline 

PbI2 peak area ratio was 27% in average (values from 20 to 40% on Figure 6c). The calculated 

crystalline PbI2 ratio was much larger that the excess quantity introduced (6%). This could be 

due to the fact that this method is not strictly quantitative but could also indicate that the 

sample exhibits a limited conversion into perovskite (PbI2 which did not react) and/or a 

perovskite deconversion (PbI2 as degradation product [195]).  
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Figure 6: Composition characterization of the spin-coated perovskite film. a) X-Ray diffractometer 

of the perovskite reference layer. b) Zoom in the interest area. c) Extracted Relative Peak Areas from 

δ-FAPbI3, PbI2, (001), (011) and (111) α-CsFAPbIBr perovskite plans. 

 Once all the characterizations performed, we can summarize the key metrics of the 

perovskite layer, using the characterization matrix, as shown in Table 3. 

Morphology 

coated area  A = 25 cm2 

film coverage c = 100% 

perovskite 
thickness 

t = 450 nm 

film roughness Ra = 10 nm 

Zoom in 

film compacity c' = 100% 

grain size 225 nm 

white particles Yes 

Optical band gap Eg = 1.61 eV 

Crystallization 

α-CsFAPbIBr Yes 

δ-FAPbI3 Yes (< 0.4%) 

crystalline PbI2 Yes (27%) 

Table 3: Characterization matrix of the reference spin-coated layer. 
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III.2. Slot-die coating process 

 In this section, we introduce the slot-die coating process, define the main process 

parameters and present an iterative process parameter optimization to achieve compact 

CsFAPbIBr slot-die coated perovskite layers. 

III.2.1. Process description and first slot-die coated layer 

 For a direct comparison to spin-coating process, we used the reference precursor ink 

formulation in this section. As a reminder, the composition of the reference precursor ink is 

described in the Table 1 (III.1.1.). 

 While some parameters such as the precursor ink formulation can easily be transferred 

from one process to the other, the “anti-solvent” crystallization step cannot be used on a fixed 

substrate (without centrifuge effect) and is therefore not transferable from spin-coating to slot-

die coating process. As seen in Chapter I, Conings et al. developed the gas-quenching method 

in spin-coating process as substitute to anti-solvent method for various perovskite 

formulations including CsFAPbIBr material [13,196]. A first application of gas-quenching to slot-

die coated MAPbI3 films was performed in 2018 by Vak et al. [86,196].  Gas quenching was 

combined with limited substrate heating (< 100 °C) for better results. In this work, we decided 

to apply the gas-quenching nucleation strategy to CsFAPbIBr perovskite in slot-die coating 

process. 

• Gas-knife assisted slot-die coating description 

 Similarly to the spin-coating process, the slot-die coating process was composed of two 

steps: a coating step and a crystallization step (Figure 7). The coating step was controlled by 

the distance of the die to substrate (coating gap, Cg), the precursor ink coating flow rate (Cf) 

and the slot-die coating speed (Cs) (Figure 7b). Then, the gas-knife quenching step, combined 

with substrate heating, triggered the nucleation and crystallization of perovskite material 

(Figure 7c). More precisely, the substrate heating (CQt) permitted the solvent evaporation 

(DMF:DMSO, 4:1) and the gas-quenching triggered the nucleation of the precursor wet film 

though a cooling effect (nitrogen temperature was 20 °C) and by fast solvent evacuation driven 

by convection [197].  The gas-knife ‘power’ was tuned by adjusting the gas flow rate (Qf), the 

speed of the gas-knife (Qs) and the distance between gas-knife and substrate (Qg). In our case, 

the gas-knife speed was identical to the coating speed (Cs = Qs = CQs) because the gas-knife was 

fixed to the slot-die head. After the gas quenching, a post-annealing step could be performed, 

similarly to the spin-coating process. The post-annealing parameters were the annealing time 

(At) and temperature (AT). The list of the parameters is summarized in Table 4 below. 
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Figure 7: Overview of the slot-die coating process with the key process parameters involved. 

Coating Quenching Post-Annealing 

Coating gap Cg Quenching gap Qg Annealing 
Temperature 

AT 
Coating speed CQs Quenching speed CQs 

Coating flow rate Cf 
Quenching flow 

rate 
Qf 

Annealing time At 
Substrate 

temperature 
CQT 

Substrate 
temperature 

CQT 

Table 4: Main process parameters list and abbreviations. 

 During the coating step, a major difference with spin-coating process is the efficient 

material use: there is no ejection of matter in the slot-die coating process. Based on the 

hypothesis that the quantity of ink deposited on the substrate is conserved in the precursor wet 

film, we can estimate the theoretical wet film thickness from the coating speed (Cs), coating 

width and coating ink dispense flowrate (Cf): 

 

In the literature, Di Giacomo et al. used a 3-4 µm thick precursor wet film for MAPbI3 

perovskite slot-die coating at a precursor concentration of 0.6 M to target a 350 nm dried 

perovskite film thickness [75]. In our system, we used coating parameters from the literature : a 

coating gap (Cg) of 100 µm, a coating flow rate (Cf) of 100 µL.min-1 and a coating speed (CQs) 

of 8 mm.s-1
 (Table 5). With these parameters, we estimated (using equation E2) a precursor 

wet film thickness of 4 µm, which was comparable to the wet thickness range used by 

Di Giacomo et al. . We note that the estimated slot-die coated precursor wet film thickness was 

higher than the estimated spin-coated wet film thickness (0.9 µm). Additional discussion on 

the wet film thickness and comparison between the spin-coating and the slot-die coating 

processes is available in Appendix 1. 

Wet precursor film 
formation

PbBr2

CsIFAI

Quenching flowrate

PbI2

DMSO
DMF

a
Gas 

quenching

b c

Coating speed

Coating flowrate

Coating gap Wet film 
thickness

Quenching 
speed

Distance to 
substrate

Perovskite

Substrate heatingSubstrate heating

Precursor ink

(E2)



CHAPTER III: PEROVSKITE MATERIAL FORMATION IN SPIN-COATING AND SLOT-DIE COATING PROCESSSES 
 

101 

 

 The second main difference between the two processes was the way to control the 

perovskite nucleation. In the slot-die coating process, we chose a combined approach of 

substrate heating and gas quenching (Figure 7c). We used nitrogen gas with a gas flow rate 

of 25 L.min-1 and a distance to substrate ~ 3 mm as reported earlier in the literature [198]. The 

quenching speed and temperature were the same as in the coating step.  

Since the nucleation mean differed, the post-annealing step differed too. After 

quenching, slot-die coated layers are generally annealed at 100 °C for shorter times  

(1-10 minutes [86,199]). Based on those observations, we performed a thermal annealing at 100 

°C for 5 min under nitrogen atmosphere after the gas-quenching step.  

For the first slot-die coating experiment, the slot-die coating process parameters are 

summarized in Table 5.  

Coating Quenching Post-Annealing 
Cg 100 µm Qg 3 mm 

AT 100 °C 
CQs 8 mm.s-1 CQs 8 mm.s-1 

Cf 100 µL.min-1 Qf 25 L.min-1 

At 5 min 
CQT 100 °C CQT 100 °C 

Table 5: Process parameters used for the first slot-die coating experiment. 

• First slot-die coated perovskite layer 

  The properties of the resulting perovskite layer will be presented following the 

same characterization matrix developed earlier for the spin-coated layers: 1) morphology, 2) 

optical properties and 3) perovskite conversion.  

 In the slot-die coating process, we deposited the meniscus on the substrate at a certain 

distance from the substrate edge (0.5 – 1 cm), which resulted in a slightly lower coated area (A 

= 20 cm2, Figure 8a) compared to the spin-coated substrate (A = 25 cm2) where the entire 

substrate was covered by the perovskite film. We observed a poor micrometric coverage by 

optical microscopy (Figure 8b) and extracted a film coverage c = 40%. from this image. By 

profilometry (Figure 8c), we measured film thickness variations between t = 0 to 8 µm and 

observed the formation of aggregates of 20 µm diameter which may correspond to the grey 

craters observed in the optical image (Figure 8b). During the coating, we observed that the 

precursor wet film started to dry when in contact with the 100 °C substrate and prior to the gas 

quenching step. This could explain the disruptive morphology obtained [12]. 
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Figure 8: First slot-die coated perovskite layer characterization. a) Picture of the slot-die coated 

sample on a 5 x 5 cm2 substrate. b) Optical image of the slot-die coated sample. c) Profilometry 

mapping of the slot-die coated layer (blue) and of the reference spin-coated layer (red).  

 In the absorbance spectra (Figure 9a), the slot-die coated layer exhibited a reduced 

absorption onset at 780 nm, which corresponds to α-CsFAPbIBr material band gap. However, 

due to the rough morphology, the absorbance curve remained flat in the wavelength range 

780 - 500 nm [187]. We noticed a secondary wave around 450 nm that may correspond to the 

presence of reaction intermediates in the film [41,200] that did not convert to perovskite. X-Ray 

diffraction results (Figure 9b) confirmed the presence of α-CsFAPbIBr perovskite material 

with its signature peaks at 2θ = 13.81°, 19.70°, 24.28°. Yet, they all exhibit very low intensity in 

accordance with the low absorbance detected at absorption onset. The absence of peak at 

2θ = 12.4° suggests that crystalline PbI2 was not detectable in this sample. However, low angles 

peaks (2θ ~ 9°) unveils the presence of unreacted intermediates in the film.  

 

Figure 9: Optical properties and perovskite conversion. a) Absorbance spectra and b) XRD patterns 

of reference spin-coated layer (red) and first slot-die coated layer (blue).  
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III.2.2. Towards a compact slot-die coated layer 

 In this section, we investigated strategies to enhance the slot-die coated film 

morphology, starting with the substrate temperature tuning, motivated by the experimental 

observation that the solvent evaporation was too strong at a substrate temperature of 100 °C.  

• Substrate temperature (CQT) optimization 

 First, we studied the influence of the substrate temperature on the perovskite film 

morphology and crystallinity. As previously used, the nitrogen gas flow rate was fixed to 

25 L.min-1. Similarly, the perovskite precursor wet film was slot-die coated using the same 

coating conditions as the previous experiment (Table 6). Here, we investigated the following 

substrate temperature (CQT) values: 35 °C, 40 °C, 50 °C, 60 °C, 70 °C, 80 °C, 90 °C and 100 °C.  

The process parameters are summarized in Table 6. 

Coating Quenching Post-Annealing 

Cg 100 µm Qg 3 mm 
AT 100 °C 

CQs 8 mm.s-1 CQs 8 mm.s-1 

Cf 100 µL.min-1 Qf 25 L.min-1 

At 5 min 
CQT 35 - 100 °C CQT 35 - 100 °C 

Table 6: Process parameters used for the substrate temperature optimization. The modified 

parameter is highlighted in green colour. 

 All slot-die coated perovskite films exhibited a rough appearance, similar to the first 

slot-die coated film (Figure 8a). The coated area was A = 20 cm2 for all samples. The optical 

microscopy images of the resulting films morphologies are presented in Figure 10. At low 

temperature, we observed needles shapes (35 °C) and round patches (35 - 40 °C). When the 

temperature increased (50 - 70 °C), the number of domains increased and their size decreased. 

At 70 and 80 °C, needles shape crystals were observed. Over 80°C, round domain with large 

dimensions and various contrasts were observed, most likely due to different typologies.  
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Figure 10: Optical images of slot-die coated perovskite layers obtained with substrate temperatures 

(CQT) ranging from 35 °C to 100 °C. 

 On all slot-die coated samples, the film was only partially covering the substrate 

(c ≪ 100%).  Figure 11a provides the profilometry scans of the samples fabricated at CQT = 35, 

60 and 80 °C. We observed a similar behaviour to the previous experiment at 100 °C, with 

micrometric film thickness variations. Interestingly, the film coverage (Figure 11b), varied 

with the substrate temperature (CQT), linked to the change of morphology. From 35 to 50 °C, 

it increased linearly with the temperature, to reach a maximum value of c = 60% at 50 °C and 

remained constant around 55% at higher substrate temperatures. In the optical images, one 

can see an evolution of the film coverage, but also an evolution of the domain size. To take the 

latter into account, we extracted a secondary parameter from those images: the domain density 

defined as the number of domains observed per unit of surface (see Appendix 2). The 

evolution of the domain density showed a maximum value at CQT = 60 °C (Appendix 2). We 

concluded that the substrate temperature of 60 °C was the more appropriate value as it 

maximizes the domain density on the substrate. At this stage, the film coverage was still limited 

(c = 55%), underlying the need for further optimization beyond the substrate temperature. 

 

Figure 11: a) Profilometry scans of slot-die coated layers fabricated at CQT = 35, 60 and 80 °C. 

b) Evolution of the film coverage with the substrate temperature (CQT).  
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 On the absorbance spectra (Figure 12a), the slot-die coated samples exhibited a small 

onset at 780 nm, corresponding to the presence of α-CsFAPbIBr material. However, due to the 

poor substrate coverage, the absorbance curves remained flat in the wavelength range 

400 - 700 nm (Figure 12a, Appendix 3).  

 At low temperature (CQT = 35 °C), X-Ray diffraction (Figure 12b) revealed the 

presence of the low angle intermediate phase (2θ = 9-10°), δ-FAPbI3 (2θ = 11.2°) and crystalline 

PbI2 (2θ = 12.4°). The corresponding film morphologies contained needles and round 

domains. In the literature, PbI2 crystals deriving from a DMF:PbI2 solution intermediate [193]
 

or fabricated in humid environment [201] have been reported with a similar needle structure. 

We therefore suggest that the needles could be attributed to PbI2 crystals and the round 

domains (see 35 °C sample) to δ-FAPbI3 material.  

 At CQT = 60 °C, the low angle peak was not present and we observed a significant 

diminution of crystalline PbI2 and δ-FAPbI3 peaks intensity. On the other hand, the α-

CsFAPbIBr peak intensity increased. This increase was correlated with a denser morphology 

at 60 °C (Appendix 2). At CQT = 80 °C, no new phases were detected besides the 

intermediates low angle peaks (2θ = 9-10°) and the α-CsFAPbIBr perovskite peak. We discuss 

the link to the perovskite precursors solubility behaviours in function of the temperature in the 

Appendix 2. 

 

Figure 12: a) Absorbance spectra and b) XRD patterns of the slot-die coated films for substrate 

temperature values CQT = 35, 60 and 80 °C. The spin-coated curves is added in black for comparison. 

• Quenching flow rate (Qf) optimization 

 The best conditions from the previous experiment did not yield a fully covered film. To 

reach full film coverage (c = 100%), other process parameters such as the quenching flow rate 

Qf could be optimized. In this paragraph, we investigated nitrogen quenching flow rate values 

ranging from 25 to 100 L.min-1 at the fixed substrate temperature CQT = 60 °C identified 

earlier. The process parameters are summarized in Table 7. 
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Coating Quenching 
Post-

Annealing 

Cg 100 µm Qg 3 mm 
AT 100°C 

CQs 8 mm.s-1 CQs 8 mm.s-1 

Cf 100 µL.min-1 Qf 25-100 L.min-1 

At 5 min 
CQT 60 °C CQT 60 °C 

Table 7: Process parameters used for the quenching flow rate optimization. The modified parameter 

is highlighted in green colour.  

  When we increased the gas flow rate (Qf), we observed the formation of a brown on a 

limited surface of the substrate (A’ ~ 1 x 5 cm2) for Qf = 75 and 100 L.min-1 (Figure 13e-f). On 

those samples, we took the optical microscopy images in the brown areas. These pictures 

revealed that much higher coverage were achieved when increasing quenching flow rate. 

 

Figure 13: Pictures of the slot-die coated sample with a) Qf = 25 L.min-1 and b) Qf =100 L.min-1.   c-

f) Optical images of the slot-die coated samples with Qf = 25, 50, 75 and 100 L.min-1 respectively. The 

perovskite film is in light grey colour and the substrate in dark grey colour. 

 To complete the morphological observations, we monitored the profilometry scan of 

the slot-die coated layers for Qf = 25 and 100 L.min-1 (Figure 14a). The compact slot-die 

coated layer (Qf = 100 L.min-1, c = 100%) showed a perovskite layer thickness around 550 nm 

(Figure 14a), slightly higher than the reference spin-coated layer (450 nm). This thickness 

variation could be due to a difference in the wet film thickness, as we estimated the slot-die 

coated precursor wet film to be thicker (4 µm) than the spin-coated one (1 µm).   

 However, at the fixed precursor ink concentration (1.2 M), we would expect a linear 

relationship between the wet and dried film thicknesses. This result challenged our wet 

precursor film thickness estimation of 4 µm in the slot-die coating process, suggesting an 

initially lower experimental wet film thickness or a mechanical contraction of the wet film 

during the gas-quenching step (Appendix 4).   
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 The substrate coverage c, extracted from the optical images, increased from 55 to 100% 

(full film coverage) as we increased the gas flow rate Qf from 25 to 100 L.min-1 (Figure 14b). 

For practical reasons, we did not investigate higher quenching flow rates, as they could not be 

achieved on the experimental setup. In conclusion, increasing the gas flow rate Qf until 100 

L.min-1 enabled us to reach the full film coverage target in a limited compact area (A’ = 1 x 5 

cm2) of the 5 x 5 cm2 substrate.  

 

Figure 14: a) Profilometry scans of slot-die coated layers with Qf = 25 (red) and 100 L.min-1(blue). 

The spin-coated layer scan is added in grey for comparison.  b) Evolution of the film coverage with Qf. 

The films coverage values were extracted from the optical microscopy images using Image J. 

  We recorded the absorbance curves of the slot-die coated films (Figure 15a). 

Interestingly, the film coverage increase contributed to the increase of the slope in the 

wavelength range 400 - 700 nm. This change of slope can be explained by a reduced scattering 

effect in the samples with higher film coverage. In the literature, scattering effects are known 

as an artefact during the UV-visible spectroscopy measurement [187]. We used the equations 

developed by Tian and Scheblykin [187] to simulate the effect of light scattering on the 

absorbance curves (Appendix 4) and found a good correlation with the experimental data for 

wavelengths between 500 and 780 nm. Other additional contributions may lead to changes for 

wavelengths below 500 nm. Finally, we recorded the XRD patterns from the same samples 

(Figure 15b) and observed an increase of the perovskite peak intensities with the increase of 

the surface coverage. More perovskite material was present on the samples with high film 

coverage, confirming that the material forming was the α-CsFAPbIBr perovskite. We noticed 

the presence of crystalline PbI2 as a crystallization by-product in all slot-die coated samples. 
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Figure 15: a) Absorbance spectra of the slot-die coated layers fabricated at Qf = 25, 50, 75 and 

100 L.min-1, yielding film coverage of 55, 70, 80 and 100% respectively. The spin-coated layer curve is 

added in grey for comparison. b) XRD patterns of the corresponding samples. 

•  Discussion on the crystallization mechanism 

 These results confirmed the direct effect of gas-quenching on the film formation. The 

stronger the quenching flow rate, the higher the nucleation density and perovskite film 

coverage. This nucleation effect could be attributed to a combination of a cooling effect 

(nitrogen temperature ~ 20 °C / precursor wet film temperature ~ 60 °C) impacting the 

precursor’s solubility at the liquid/air surface; and of a fast solvent removal (by convection) at 

this liquid/air interface.  

 On the one hand, Cotella et al. [85] proposed that the cooling effect of gas-quenching (at 

25 °C) may retard the perovskite nucleation in the cold areas (on the top of the wet precursor 

film), which could result in a levelling effect of perovskite crystals that preferentially grow 

along the hot substrate to form compact layers. However, the temperature gradient effect in 

our system may be more complex than usually described in the literature as some perovskite 

precursors may have inverse solubility behaviours [202] and may preferentially nucleate in those 

cold areas.  

On the other hand, the fast solvent removal effect due to gas-quenching has been 

observed at room temperature in the literature. Conings et al. used the gas-quenching method 

without substrate heating to successful form spin-coated perovskite layers [196]. According to 

this work, the high solvent evaporation rate at the surface of the perovskite film could control 

the perovskite nucleation alone. In short, gas-quenching could contribute to both cooling effect 

and fast solvent removal in our system. 

  When we increased the quenching flowrate Qf from 25 to 100 L.min-1 to obtain a 

compact morphology (c = 100%), we noticed that the compact area (A’) was limited on the 

substrate (Figure 13b). Prior to perform the rest of the perovskite films characterizations, we 
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decided to investigate the role of the coating/quenching speed (CQs) on the macroscopic film 

homogeneity. 

• Process speed (CQs) optimization  

 During the slot-die coating, we noticed that the diffuse part of the film dried prior to 

the arrival of the gas-knife. As the coating and quenching heads were both in movement, the 

spatial film homogeneity (in particular along the coating direction) did depend on the time at 

which the quenching head hit the wet precursor film. We decided to study the impact of 

another process parameter: the process speed (CQs). This speed could affect both the wet 

precursor film thickness (if considered as Cs) and the homogeneity of the gas flow rate reaching 

the substrate (if considered as Qs). In this paragraph, we studied the impact of the process 

speed (CQs) on the perovskite film homogeneity (A’ area) by varying its value from 8 to 

33 mm.s-1. The experimental process parameters are reported in Table 8.  

Coating Quenching Post-Annealing 
Cg 100 µm Qg 3 mm 

AT 100 °C 
CQs 8 - 33 mm.s-1 CQs 8 - 33 mm.s-1 

Cf 100 µL.min-1 Qf 100 L.min-1 

At 5 min 
CQT 60 °C CQT 60 °C 

Table 8: Process parameters used for the coating/quenching speed (CQs) optimization. The modified 

parameter is highlighted in green colour. 

 We monitored the perovskite layer homogeneity via sample imaging (Figure 16 a-d). 

The homogeneity metric was the covered area A’ corresponding to the brown area on the 

pictures. The sample at 8 mm.s-1 (reproduction of the previous batch, Qf = 100L.min-1) gave a 

similar pattern compared to the previous batch with a covered area A’= 8 cm2. We observed 

that the precursor wet film on the bottom part was dried prior to the gas-knife arrival. By 

increasing the process speed from CQs = 8 to 28 mm.s-1, the gas-knife could extend its operation 

window along the coating direction, resulting in the covered area increased from 8 to 15 cm2 

(Figure 16e). The maximum covered area of A’ = 20.5 cm2 was reached at a process speed of 

28 mm.s-1. At higher process speeds (CQs = 33 mm.s-1), the gas-knife did not have the time to 

properly quench the precursor wet film that did not dried homogeneously (Figure 16d).  
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Figure 16: a-d) Pictures of the slot-die coated samples fabricated at CQs = 8, 18, 28 and 33 mm.s-1. 

e) Covered area A’ extracted from the images for various process speeds. 

 According to this study, the process speed to maximize the covered area was 

CQs = 28 mm.s-1. The strong dependence of the macroscopic homogeneity with the process 

speed (CQs) unveiled that gas-quenching had an impact on the crystallization homogeneity at 

macroscopic scale. We suggest that the gas-knife induced mechanical wet film deformation 

(Appendix 4) could be responsible for the local modification of the film thickness. Those 

irregularities were even more complex during coating as the gas-knife was in movement. 

Perspectives to understand this gas-induced wet film deformation could be to simulate the gas 

flow going out of a fixed gas-knife and its interaction with the precursor wet film, in both static 

and dynamic configurations. 

In the next section, the exhaustive material characterization of the slot-die coated layer 

fabricated at CQs = 28 mm.s-1 will be presented and compared to the spin-coated layer 

properties. 
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III.3. Comparison of spin-coated and slot-die coated 

perovskite films and device performances 

At a given perovskite precursor ink (reference solution), the use of a different quenching 

mean (anti-solvent in spin-coating process or gas-quenching in slot-die coating process) can 

lead to variations in the resulting perovskite layer properties and device performances. Here, 

we compared the compact slot-die coated properties in term of morphology, optical properties 

and crystallinity to the reference spin-coated layer properties. 

III.3.1. Compact slot-die coated layers properties 

• Zoom-in on slot-die coated layer morphology 

 In both processes, compact and pinholes free films were obtained (Figure 17). The 

slot-die coated films are slightly thicker (t = 575 nm) than spin-coated layers (t = 450 nm) 

(Figure 17c), possibly due to the variation of the precursor wet film thickness from 0.9 to 

4 µm. The grain size (g = 240 nm) of slot-die coated sample was smaller in average than the 

spin-coated counterpart (g = 273 nm), unveiling a possible higher density of nucleation [203] 

from gas-quenching compared to anti-solvent quenching [13]. Both layers exhibited the 

presence of white particles at the surface. We suggest that the white particles were linked to 

the presence of crystalline PbI2 as observed earlier (III.1.2).  

 

Figure 17: a-b) SEM images c) Perovskite films thickness and d) grain distribution of spin-coated 

reference (red) and slot-die coated (blue) perovskite layers fabricated from 1.2 M reference precursor 

solution.  
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• Optical properties  

 The absorption curves of slot-die coated and spin-coated layers were showing similar 

shape and a similar absorption onset around 780 nm, corresponding to the perovskite material 

absorption (Figure 18a). The optical band gap Eg = 1.60 eV was similar to the spin-coated 

layer band gap (1.61 eV) (Figure 18b). The absorption onset of the slot-die coated layer was 

slightly higher (~ 20%) than the spin-coated counterpart, in good accordance with the 

perovskite film thickness variation (+ 22%) (Figure 17c). This supports the hypothesis than 

the deposition and crystallization methods do not significantly affect the resulting absorption 

properties. 

 Photoluminescence spectra (PL, Figure 18c) of slot-die coated films showed a peak at 

a similar position than spin-coated layer (~ 765 nm) but with a reduced intensity. A PL 

intensity reduction can be observed in a defective material, where defects lead to non-radiative 

recombination of the charge carriers [204]. In the slot-die coated perovskite film, those defects 

could originate from the numerous grain boundaries (due to smaller grain size observed in 

Figure 17b) and/or to the presence of by-products of the crystallization. To evaluate the 

second hypothesis, we performed X-Ray Diffraction (XRD) measurements in the next 

paragraph. 

 

Figure 18: a) Absorbance spectra of spin-coated reference and slot-die coated perovskite layers 

fabricated from 1.2 M precursor solution concentration. b) Extraction of corresponding optical band 

gaps via Tauc plot method. c) Photoluminescence spectra with an excitation wavelength of 550 nm for 

both spin-coated and slot-die coated layers. 

a b

c

300 400 500 600 700 800
0

1

2

3

4

Spin

Slot-die

A
b

so
rb

a
n

c
e

 (
a

u
)

Wavelength (nm)

 Reference Spin Coating

 curve translate:

650 700 750 800 850 900
0

20

40

60

80

100

120

140 Spin

P
L

 I
n

te
n

si
ty

 (
a

u
)

Wavelength (nm)

Slot-die

1.50 1.55 1.60 1.65 1.70 1.75

Eg=1.60 eV


h


2
 (
e
V

2
.c

m
-2

)

Photon energy (eV)

Eg=1.61 eV

Spin (ref)

Slot-die



CHAPTER III: PEROVSKITE MATERIAL FORMATION IN SPIN-COATING AND SLOT-DIE COATING PROCESSSES 
 

113 

 

• Crystallinity and conversion into perovskite material  

 We confirmed the presence of α-CsFAPbIBr perovskite in the X-Ray diffraction pattern 

with a similar (001) preferred orientation (2θ = 13.81°) in the slot-die coated layer 

(Figure 19a). The perovskite (001) peak intensity was lower than spin-coated one 

(ISlot = 0.67* ISpin) which suggests a less efficient formation of perovskite crystals in the slot-die 

coated layer.  

 Regarding the by-products formation, we observed the δ-FAPbI3 phase presence 

(2θ = 11.4°) in higher proportions (XRD peak area ratio) in the slot-die coated film (5%) 

compared to the spin-coating reference (< 0.4%). This difference showed that the 

crystallization mean used (at a fixed precursor ink solution) affects the conversion of 

CsFAPbIBr material into the cubic structure. In addition, a higher crystalline PbI2 peak area 

ratio was observed in the slot-die coated film (38%) compared to the spin-coated film (27%) 

(Figure 19b). Both δ-FAPbI3 and crystalline PbI2 presence in the thin film could explain the 

lower PL intensity observed for slot-die coated material (Figure 19c).  

 

Figure 19: a) X-Ray diffractometers of spin-coated (1h annealing – 100 °C) and slot-die coated 

perovskite layers (5 min annealing – 100 °C). b) XRD peaks area ratios compared for both samples. 

 The XRD results showed that the perovskite conversion into cubic structure via gas-

knife quenching was less efficient than the one by anti-solvent quenching (spin-coated layers). 

A possible hypothesis to explain the limited perovskite conversion could be the lower thermal 

budget applied to the film during the post-annealing step (5 min at 100 °C) compared to the 

spin-coated layer (60 min at 100 °C). The impact of the post-annealing step (5 min at 100 °C) 

on the slot-die coated perovskite layer conversion will be investigated in the next section. 
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III.3.2. Effect of thermal post-annealing on the slot-die 
coated layers properties 

 In contrary to spin-coating process where the perovskite brown films forms during the 

post-annealing step, we observed the formation of a brown film already after the quenching 

step in the slot- die coating process. This observation suggests that perovskite was formed prior 

to post-annealing. Here, we investigated the material properties of this “as-quenched” 

perovskite film and compare it to the reference slot-die coated layer after post-annealing 

(5 min at 100 °C). Besides the characterization of the intermediate film properties, this study 

aims at understanding if the slot-die coated layer conversion into α-CsFAPbIBr evolved during 

the post-annealing step. The slot-die coating process parameters used in this study are 

summarized in Table 9 below.  

Coating Quenching Post-Annealing 

Cg 100 µm Qg 3 mm 
AT 100 °C/NA 

CQs 28 mm.s-1 CQs 28 mm.s-1 

Cf 100 µL.min-1 Qf 100 L.min-1 

At 5 min/0 min 
CQT 60 °C CQT 60 °C 

Table 9: Process parameters used for the post-annealing study. The modified parameters are 

highlighted in green colour.  

 Prior to annealing, the “as-quenched” slot-die coated film exhibited a compact 

morphology with comparable grain size as the annealed slot-die coated samples (Figure 20a). 

The X-Ray diffraction results confirmed the presence of the perovskite material, under a 

mixture of δ-FAPbI3 and α-CsFAPbIBr phases (Figure 20d) even without post-annealing. The 

evidence of perovskite formation prior to annealing in the slot-die coating process reinforced 

the difference between antisolvent and gas-quenching assisted crystallization mechanisms.  

 Regarding the perovskite material, we observed the increase of the α-CsFAPbIBr peak 

intensity after annealing, correlated with a photoluminescence intensity increase 

(Figure 20c). As the perovskite layer thickness and absorbance were not modified, it showed 

that post-annealing could enhance the perovskite quality by decreasing the non-radiative 

recombination losses. It reinforced the utility of such post-annealing steps to fabricate high 

quality perovskite films. Moreover, the grain size did not vary upon annealing, showing that 

the slot-die coated layer did not undergo any grain growth mechanism upon annealing. 
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 Furthermore, the δ-FAPbI3 XRD peak intensity did not change prior and after 

annealing the slot-die coated layer. We concluded that, as expected, the energy applied during 

thermal annealing (100 °C) could not trigger the conversion of the δ-FAPbI3 phase into the α-

CsFAPbIBr phase. This result was in accordance to the higher FAPbI3 phase transition 

temperature of 185 °C, reported in the literature [42]. As a conclusion, the formation of δ-FAPbI3 

phase seemed rather to originate from the different quenching method employed in slot-die 

coating process.  

 Finally, a major difference between the “as-quenched” and the annealed slot-die coated 

films was the absence of the crystalline PbI2 peak before annealing. We suggest that the excess 

PbI2 was present under an amorphous form in the “as-quenched” sample. Upon annealing 

(5 min at 100 °C), we observed the formation of white particles on top of the film (Figure 20a-

b), correlated with the appearance of a crystalline PbI2 peak in the X-Ray diffraction patterns 

(Figure 20d). Similarly, the crystalline PbI2 peak area ratio increased upon annealing to reach 

38%, which is a higher ratio than in the spin-coated film (27%). As annealing seems to favour 

the crystalline PbI2 formation, the kinetic of this formation appeared faster in the slot-die 

coated layers (5 min) compared to the spin-coated ones (60 min). This difference could be 

related to the difference of film morphology and in particular to the smaller grain size of slot-

die coated layers, where the numerous grain boundaries can serve as nucleation sites for 

crystalline PbI2. To keep a limited PbI2 formation in the slot-die coated films, we did not 

investigate longer post-annealing times. 

 

Figure 20: a-b) SEM top images of slot-die coated layers “as-quenched” and after 5 min at 100 °C. 

c) Photoluminescence spectra, d) X-Ray diffraction patterns, and e) Corresponding XRD peak area 

ratio extraction of the layers shown in a) and b). The reference spin-coated layer is added for 

comparison. 
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•  Optimized slot-die coating process parameters 

 During the process optimization, the process parameters (CQT, Qf and CQs) 

modification did affect either the microscopic film coverage (c) or the macroscopic covered 

area (A’). In the rest of this chapter, the process parameters of slot-die coated layer will be set 

to the reference process conditions in Table 10. 

Coating Quenching Post-Annealing 

Cg 100 µm Qg 3 mm 
AT 100 °C 

CQs 28 mm.s-1 CQs 28 mm.s-1 

Cf 100 µL.min-1 Qf 100 L.min-1 

At 5 min 
CQT 60 °C CQT 60 °C 

Table 10: Optimized process parameters used in slot-die coating process. The parameters 

highlighted in grey have been optimized. 

III.3.3. Integration of spin-coated and slot-die layers into 
photovoltaic devices 

 Once the perovskite layer deposited either by spin-coating or slot-die coating process, 

the aim was to implement it as an absorber layer into photovoltaic devices. We chose the (n-i-

p) structure because it was the state-of-the-art solar cell architecture in both laboratories. In 

this section, we will first present the global methodology for device fabrication and 

measurement. Then, the spin-coated reference device results and slot-die coated device results 

will be reported. 

• Device structure and device fabrication 

The reference device architecture was glass/ITO/SnO2/Perovskite (spin-coated or slot-

die coated)/PTAA/Au (Figure 21a). Practically, the electron transport layer was a very thin 

(t = 40 nm) nanoparticulate SnO2 layer deposited on an ITO-coated glass substrate. The 

perovskite layer thickness was in the t = 350 - 550 nm range. On top of perovskite, the hole 

transporting layer material, PTAA, was spin-coated to form a 150 nm thick layer. Finally, a 

back contact gold electrode of 100 nm was evaporated to complete the stack. We started the 

device integration with the perovskite layers fabricated from the reference precursor ink 

(1.2 M).  
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Figure 21: a) Device architecture of a (n-i-p) perovskite solar cell used in this section. b) Energy band 

diagram of the various materials composing the solar device extracted from the literature [205–207]. 

• J-V measurement method 

 Once the device stack completed, we assessed the device performances by measuring 

the Current-Voltage (J-V) characteristics (See Methods). An important source of discussion 

in the literature is how to measure and report the J-V characteristics of perovskite based 

devices [208]. Therefore, the measurement protocol definition was important to acquire reliable 

and comparable data. In this section, we used the common reverse bias sweep to measure the 

J-V curves over a device active area of 0.33 cm2. The devices were unencapsulated. For a quick 

reproducibility assessment, we averaged the device performances over at least five devices for 

each condition. When lower than 100%, we communicated the device fabrication yield, 

corresponding to the percentage of functioning devices out of all devices fabricated. Regarding 

the shelf life (defined as the repeated measurement of devices stored in the dark in ambient 

air, following ISOS-D1 guidelines [208]), we studied it from 0 to 4 days for the reference spin-

coated devices (see Appendix 5), but presented only the initial measurements for slot-die 

coated devices.  

 Once the methodology was set for device integration, (J-V) measurement and 

reporting, we can present the integration results of the slot-die coated layers into photovoltaic 

devices and compare their performances to the spin-coated devices performances.  

• Photovoltaic devices performances 

 Figure 22 reports the J-V characteristics of champion devices fabricated from both 

spin-coated and slot-die coated perovskite layers (1.2 M reference precursor ink). The 

champion slot-die coated device exhibited a power conversion efficiency of 13.31% (See 

Appendix 6 for the entire device dataset). In average, we observed that the slot-die coated 

devices performed less (PCE ~ 12%) than their spin-coating counterpart did (PCE ~ 16%). All 

device parameters were affected (Figure 22c).  
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 Despite a higher absorbance onset (Figure 18a), the slot-die coated layer implemented 

in a photovoltaic device led to lower current density (ΔJsc = - 0.8 mA.cm-2) compared to its 

spin-coated counterpart, indicating a limited current generation or extraction in the device. 

The Voc deficit (ΔVoc = - 65 mV) observed in the slot-die coated devices cannot be due to the 

perovskite energy alignment modifications (Figure 22b) as both perovskite layers shown 

similar band gap. Hence, we suggest that a modification of the device interface properties could 

have limited the Voc in the slot-die coated devices.  

Lastly, the fill factor (FF) values of slot-die coated device were also lower 

(ΔFF = - 10 points). Since slot-die coated devices did not show higher current densities, the fill 

factor loss cannot be due to larger current dissipation in the device [209]. The series resistance 

was similar in both cases, but we observed a lower parallel resistance, that can result from 

recombination centres or leakage at one interface. In conclusion, the slot-die coated devices 

seemed limited be the presence of charge recombination in the perovskite absorber or at the 

device interfaces. This hypothesis was supported by the lower PL intensity observed in the slot-

die coated layers (Figure 18c). 

 

Figure 22: a) J-V characteristics of spin- and slot-die coated based devices fabricated from 1.2M 

reference precursor solution. b) Performance statistics of the two conditions. c) Device performances 

average measure initially (day 0). 
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III.4. Influence of the precursor ink concentration  

 Once the slot-die coating process parameters optimized to maximize the film coverage 

(microscopic scale) and homogeneity (macroscopic scale), a thickness variation of 125 nm 

between the slot-die coated (575 nm) and the reference spin-coated layer (450 nm) fabricated 

from the reference precursor ink was observed. This variation could be due to the difference in 

precursor wet film thickness in both processes. Another way to adjust the perovskite thickness 

is to tune the precursor ink concentration. This motivated us to study the impact of the 

precursor ink concentration in both processes to compare the perovskite thickness evolution 

and eventually link it to the estimated precursor wet film values. 

III.4.1. Spin-coated layers from various precursor ink 
concentrations 

 First, we investigated the effect of the precursor ink concentration on the spin-coated 

perovskite layer properties to use them as a comparison point. We used precursor ink 

concentrations of 0.9, 1.2 and 1.5 M (Table 11). We report the characterization of the 

perovskite layer by following the same characterization matrix as used in III.1.2, starting with 

the morphological inspection of the perovskite layer. 

concentration (M) 0.9 - 1.2 - 1.5 M 

Pb2+ excess (%) 6 

Cs/FA molar ratio 5 : 95 

Br/I molar ratio 12 : 88 

DMF :DMSO volume ratio 4 : 1 
Table 11: Composition of the precursor ink used in the section. 

• Morphology  

 The precursor concentration will determine the solute reservoir that can be crystallized 

from a given volume of solution. If matter were conserved from the solution to the dried film, 

we would expect the dried film thickness evolution to be proportional to the precursor 

concentration for a given wet precursor film thickness. In the reference spin-coating process, 

after the ejection step (~99% of initial volume) by centrifuge effect (Figure 3), the volume of 

the semi-dried film (0.9 µm thick) could be considered as constant, as we neglected the ink 

viscosity effects in our model. Consequently, one would expect a linear increase of the film 

thickness with the increase of precursor solution concentration. 

 Figure 23d confirmed the expected linear thickness increase from 350 nm to 550 nm 

with the precursor ink concentration. Interestingly, similar grain size (g = 300 nm) was 

observed for all concentrations, highlighting that precursor ink concentration did not influence 

the nucleation density in the anti-solvent crystallization process. On the SEM pictures 

(Figure 23a-c), we observed the presence of white particles, most likely PbI2 particles [193] for 

all concentrations (see XRD section below).  
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Figure 23: Impact of precursor ink concentration on spin-coated films morphology. a-c) SEM top 

images, d) Grain size distribution and e) Thicknesses of spin-coated layers fabricated from 0.9, 1.2 

and 1.5 M precursor concentrations respectively. 

• Optical properties 

 As expected, we observed that the absorbance onset increased linearly with the 

concentration, following the perovskite thickness increase (Figure 24a). The band gap of the 

perovskite material remained constant Eg ~ 1.61 eV (Figure 24b).  

  

Figure 24: Impact of precursor ink concentration on the film optical properties. a) Absorption 

spectra and b) Tauc plot of spin coated layers fabricated at 0.9, 1.2 and 1.5 M respectively. 
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• Crystallinity and conversion into perovskite material  

 We recorded the X-Ray diffraction patterns to compare the crystallinity of the films 

fabricated from the 0.9 M, 1.2 M and 1.5 M precursor concentrations (Figure 25a). We 

observed that the intensity of α-CsFAPbIBr diffraction peaks increased with the concentration, 

in particular for the (001) plan which was the preferential orientation at all concentrations 

(Figure 25a). This XRD peak intensity increase, in line with the perovskite thickness increase, 

was not linear with the concentration. From 0.9 M to 1.2 M, the XRD peak intensity was 

multiplied by 2.5; while from 1.2 M to 1.5 M, it was only multiplied by 1.26. The increase of the 

perovskite XRD peaks intensity seemed to slow down at higher concentration, highlighting, as 

expected, the difficulty to maintain good crystallinity in thicker perovskite films. 

 The presence of the δ-FAPbI3 in the spin-coated films remained very limited even at the 

highest concentration (1.5 M), reinforcing the fact that the anti-solvent quenching was efficient 

to convert the film into α-CsFAPbIBr independently of the solute quantity available in the 

precursor ink. This strengthens the fact that the formation of δ-FAPbI3 in the slot-die coated 

film was probably due to the different quenching method used. 

 Regarding by-products formation, the crystalline PbI2 peak intensity (2θ = 12.3°) 

increased with the concentration, in line with the increased film thickness. Interestingly, this 

increase was faster than the perovskite (001) peak intensity increase from 0.9 M to 1.5 M 

(Figure 23a). The extracted XRD peak area ratio increased from 18.5% to 43%, reaching the 

peak area ratio of the perovskite (001) peak at 1.5 M. However, as the film absorption gradually 

increases from 0.9 to 1.5 M (Figure 22a), suggesting a gradual increase of the perovskite 

fraction in the film, we attributed the faster evolution of the crystalline PbI2 XRD peak areas to 

a difference in the structure factors of those materials [160]. This observation reinforced the 

semi-quantitative character of the ratios extracted from the XRD patterns and the importance 

to couple them with other characterization methods.  

 

Figure 25: Impact of precursor ink concentration on spin-coated films properties: a) XRD diffraction 

patterns and b) XRD Peak area ratios. 
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III.4.2. Influence of precursor ink concentration on spin-
coated device performances  

In this section, we implemented the spin-coated layers from 0.9 M and 1.5 M precursor 

solutions into photovoltaic devices and compared their performances to the reference spin-

coated devices fabricated at 1.2 M. 

• Device performances at various concentrations 

Figure 26a reports the J-V characteristics (J-V curves and extracted PCE and Jsc) of 

spin-coated devices fabricated from the three precursor inks concentrations. The more diluted 

concentration (0.9 M) led to significantly lower performance, due to lower Jsc and Voc. The 

current density loss (19.3 mA.cm-2 in average compared to 21.9 mA.cm-2 at 1.2 M) could be 

explained by the lower film thickness and absorption at 0.9 M. The slight Voc decrease (1.064 V 

compared to 1.090 V at 1.2 M) and FF loss (67.7% compared to 71.7%) suggest that other 

factors, possibly interfacial, limit the 0.9 M device performances.  

When using the higher precursor concentration (1.5 M), the device performance was 

comparable with the reference (1.2 M) devices, with a slight increase of current density 

(22.2 mA.cm-2 compared to 21.9 mA.cm-2 in average), in line with the higher absorption 

observed at that concentration. 

 

Figure 26: Impact of precursor ink concentration on a) J-V characteristics, b) power conversion 

efficiency (number of devices are provided for each condition) and c) Jsc of spin-coated based 

photovoltaic devices. d) Summary of average J-V parameters. 
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performances compared to 1.2 M reference (Figure 27), with a slight Voc and FF decrease. As 

the more concentrated precursor solution led to a thicker perovskite film, one could possibly 

expect a slight voltage decrease and higher resistive losses in the device due to the thickness 

increase, hence a lower fill factor value as observed.  
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Figure 27: Impact of precursor ink concentration on other performance parameters: a) Open-circuit 

voltage (Voc) and b) Fill factor (FF). 

• Current density loss attributed to perovskite thickness 
variations 

 We used a current density simulation tool to quantify the current loss that could be 

attributed to the thickness variation. This simulation is based on optical indices and 

thicknesses of materials present in the device stack (glass/ITO/Perovskite/PTAA/Au) and on 

the assumption that the light coming into the stack can either be absorbed, reflected or 

transmitted at every interface. We used a comprehensive optical model [162–165] to simulate the 

light path in the stack and to deduct the theoretical value of current density (see Chapter II).  

A particularly interesting outcome of this model was the ability to plot the current 

density in function of the perovskite layer thickness. Figure 28a presents the position of 

experimental current densities on this simulated curve that shows local optima at 150 nm, 

280 nm and 460 nm. We observed a good agreement of 1.2 M and 1.5 M experimental points 

with the model, whereas the 0.9 M Jsc values were significantly lower than those expected by 

the model.  

 The lower current density at 0.9 M was correlated with a change of perovskite material 

quality, clearly visible by the reduced photoluminescence peak intensity (Figure 28b) and the 

presence of δ-FAPbI3 in a larger peak area ratio (2.7%) than the reference (0.3%) (III.3.1). It 

suggests that higher charge carrier recombination into the absorber limited the current 

extraction and the resulting power conversion efficiency of the device fabricated at 0.9 M. 

Regarding the deviation from the optical model, we noticed that this model considered that the 

device internal quantum efficiency (IQE) is equal to 1. Yet, if the perovskite material quality is 

reduced (at 0.9 M), one could suggest that this model hypothesis was not fulfilled.  
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Figure 28: a) Evolution of current density (Jsc) in function of the perovskite layer thickness (t). The 

black line represents the simulation and the colour points the experimental values for each precursor 

ink concentration. b) Photoluminescence of spin-coated layers fabricated from the 0.9 M and 1.2 M 

(reference) precursor ink solutions.  

III.4.3. Slot-die coated layers from various ink 
concentrations 

• Morphology and optical properties 

 As studied in the spin-coating process, we investigate here how the precursor ink 

concentration affect the film thickness, absorption and crystalline properties of slot-die coated 

layers. To tune the perovskite thickness towards the spin-coated standard (t = 450 nm), in a 

similar fashion to what was done for spin-coating, we decreased the precursor concentration 

from 1.2 M (reference) to 0.9 M. The thickness and absorbance of 0.9 M based slot-die coated 

layer were reported in Figure 29, along with the 1.2 M (reference) based slot-die coated layer. 

The spin-coated layer data from 0.9 and 1.2 (reference) solutions were added for process 

comparison.  

 We observed (Figure 29a) that the 0.9 M slot-die coated layer was 350 nm thick, 

which was comparable to the spin-coated layer thickness fabricated from the same 

concentration. From 0.9 to 1.2 M (+ 33% increase), the spin-coated layer thickness increased 

from 350 nm to 450 nm (+ 30%) while the slot-die coated film thickness increased from 

350 nm to 550 nm (+ 57%). The absorbance onset followed the film thickness trend (Figure 

29b): the onset was the same for both processes at 0.9 M and increased significantly at 1.2 M 

with a different magnitude for both processes. Tauc plots (Figure 29c) show that the 0.9 M 

slot-die coated film had a more significant Urbach tail (780 - 800 nm) compared to the spin-

coated film. It can result from the presence of more defects in the film. The next paragraph will 

investigate the film crystallinity. 
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Figure 29: a) Thicknesses of spin-coated reference and slot-die coated films from 0.9 and 1.2 M 

precursor solution concentrations measured by surface profilometry. b) Corresponding absorbance 

curves. c) Band gap extraction via Tauc plot method from the absorbance curves. 

• Crystallinity and conversion into perovskite material  

 To assess how the precursor concentration affected the crystallinity of the perovskite 

material, the XRD patterns were recorded (Figure 30a). For both processes, we observed an 

increase of the α-CsFAPbIBr ((001) orientation) peak intensity when the precursor ink 

concentration increased from 0.9 M to 1.2 M, in accordance with the increased perovskite 

thickness. Surprisingly, this peak intensity increase was more pronounced for spin-coated 

layers than slot-die coated ones, despite the latter more pronounced thickness increase. This 

would indicate a lower crystallinity of the slot-die coated samples. 

A notable difference between both processes was the more significant presence of δ-

FAPbI3 (2θ = 11.7°) in the slot-die coated films (8 and 5% respectively) for both 0.9 and 1.2 M 

concentrations. Despite the higher XRD peak intensities at 0.9 M compared to the spin-coated 

films, the presence of δ-FAPbI3 by-product in the slot-die coated film showed that gas-

quenching was limiting the perovskite conversion into the cubic structure compared to the 

anti-solvent quenching method.  
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 Similarly to the (001) perovskite peak intensity, the crystalline PbI2 peak intensity 

(Figure 30b) increased with the concentration in both processes, in line with the film 

thickness increase. This increase appeared to be independent of the conversion mean used 

(anti-solvent or gas-quenching). Indeed, crystalline PbI2 crystallization rather relied on the 

PbI2 excess precursor available in the precursor ink (excess PbI2 [107]) and on the thermal 

budget applied to the film (III.3.2). We propose that the higher the concentration, the larger 

the PbI2 excess, and the more crystallized PbI2 upon annealing, independently from the 

quenching mean used. 

 

Figure 30: a) X-Ray diffraction patterns from the slot-die coated and spin-coated films from 0.9 and 

1.2 M precursor concentrations. b) Corresponding XRD peak area ratios. 

III.4.4. Influence of precursor ink concentration on slot-
die coated device performances  

 Similarly to spin-coated devices, slot-die coated devices fabricated from 0.9 M solution 

exhibited lower performances, mainly due to a lower current density (Figure 31). In the 

material study (III-2-3), we have seen that the precursor ink concentration controlled the 

perovskite layer thickness. Here, the device Jsc decreases from 20.4 to 19.8 mA.cm-2 

(- 0.6 mA.cm-2, averaged values), following the perovskite thickness decrease from t = 450 nm 

to 350 nm. 

 To decorrelate the effect of a perovskite thickness variation from a change of perovskite 

material quality to the Jsc decrease, we used the same optical model as developed earlier 

(Figure 28a). We added the slot-die coated 0.9 M point for a direct comparison (Figure 

31b). The Jsc values of both slot-die coated devices were below the optical model and in similar 

proportions (grey arrows on the graph). The current density deviation to the optical model 

(- .35 and 1.79 mA.cm-2 respectively) could be explained by the presence of defects in the slot-

die coated layers (III.3.2). Interestingly, both slot-die coated layer exhibited a similar 

deviation, indicating that they both suffer from significant extraction losses.  
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 Interestingly, the thickness variation of slot-die coated layers (350 vs 450 nm) did not 

significantly affect the other electrical parameters. The device fill factor (FF) remained stable 

for both perovskite thicknesses (Figure 31d). Series resistance were comparable, indicating 

that the charge mobility inside the perovskite material was not limiting the device operation. 

Furthermore, the shunt resistance was not modified with the thickness and remained lower 

than in spin-coated devices. Reduced shunt resistance in slot-die coated device can originate 

from defects in the absorber material or at the device interfaces. As the perovskite thickness 

(absorber material) modification did not have a significant impact on the shunt resistance, we 

propose that the defects limiting our device operation could be mainly located at the device 

interfaces. In addition, the open-circuit voltage (Voc) remained constant for the champion 

devices (Figure 31a), where in theory it should have increased at a lower perovskite thickness. 

The defective interfaces could be the factor limiting the Voc increase.  

 

Figure 31: a) JV curves of champion device of each condition. b) Current densities of experimental 

devices in respect to the theoretical line calculated from optical simulation. c) Statistics of device 

parameters. d) Summary of averages performances for all three conditions. 

  

c

Voc (V) Jsc (mA/cm2) FF (%) PCE (%)
Spin (ref - day 0) 1.075± 0.024 21.5 ± 0.4 69.1 ± 5.5 15.9 ± 1.0

Slot-die 0.995 ± 0.028 20.4 ± 0.8 59.5 ± 4.8 12.1 ± 1.2
Slot-die 0.9 M 0.961 ± 0.091 19.8 ± 1.0 59.0 ± 10 11.2 ± 2.7

d

9
14

6

0

5

10

15

20

P
C

E
 (

%
)

Slot-die
Spin 1.2M

0.9M
1.2M

100 200 300 400 500 600 700

15

16

17

18

19

20

21

22

23

C
u

rr
e

n
t 

d
e

n
si

ty
 (

m
A

/c
m

2
)

Perovskite Thickness (t, nm)

Optical model

Slot-die

Spin

1.2M

1.2M
0.9 M

0.0 0.2 0.4 0.6 0.8 1.0 1.2

20

15

10

5

0

Spin (1.2 M)

Slot-die (1.2 M)

Slot-die 0.9 M

J  
(m

A
.c

m
-2

)

Voltage (V)

a b

100 200 300 400 500 600 700

15

16

17

18

19

20

21

22

23

C
u

rr
e

n
t 

d
e

n
si

ty
 (

m
A

/c
m

2
)

Perovskite Thickness (t, nm)

Optical model

Slot-die

Spin

1.2M

1.2M
0.9 M



CHAPTER III: PEROVSKITE MATERIAL FORMATION IN SPIN-COATING AND SLOT-DIE COATING PROCESSSES 
 

128 

 

 

  



CHAPTER III: PEROVSKITE MATERIAL FORMATION IN SPIN-COATING AND SLOT-DIE COATING PROCESSSES 
 

129 

 

Conclusion  

 In this chapter, we introduced the spin-coating and slot-die coating processes to deposit 

the perovskite layer and combined them with two quenching methods. In the spin-coating 

process, the nucleation was triggered by an antisolvent quenching whereas in slot-die coating 

process, simultaneous substrate heating and gas-quenching were employed. We tuned the slot-

die coating process parameters with an incremental approach to obtain a compact perovskite 

layer over the 5 x 5 cm2 substrate. We then compared the optical, morphological and crystalline 

properties of the perovskite layers fabricated via both processes using the same precursor ink. 

Besides the similar band gap and slightly smaller grains, we observed that the slot-die coated 

layers present incomplete conversion into perovskite cubic structure, unveiling a lower 

‘conversion power’ of the gas-knife assisted crystallization.   

 When integrated into devices, the slot-die coated layer underperformed (~ 13%) the 

spin-coated ones (~ 16.5%) because of lower Voc (- 60 mV), FF (- 8 points) and  

Jsc (- 2 mA.cm-2). The first limitation in slot-die coated devices was the fill factor, most likely 

impeded by the incomplete perovskite conversion and lower quality of the slot-die coated 

device interfaces. The device interface quality appeared more critical in the slot-die coating 

process, in particular at the SnO2/Perovskite where heterogeneous nucleation can take place 

in the slot-die coating process. Further investigations on the substrate role will be reported in 

Chapter V. 

We then varied the precursor ink concentration in both processes and studied the 

resulting films properties. The slot-die coated layers exhibited an incomplete perovskite 

conversion, independently of the precursor concentration employed, reinforcing the fact that 

the change of quenching mean limited this conversion. Mitigation strategies to favour the 

formation of CsFAPbIBr cubic structure in slot-die coated layers will be reported in 

Chapter IV.  
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Appendixes 

Appendix 1: Evolution of the precursor wet film thickness with the coating 
speed (Cs). 
 
 In the slot-die coating process, we used (E3) to link the process parameters (Cs, Cf and 

the coating width) to an estimation of the precursor wet film thickness. In order to verify the 

wet film equation, we slot-die coated perovskite layers for various coating speeds  

Cs = 8 mm.s-1 to 33 mm.s-1. We monitored the dried film thickness and calculated the predicted 

wet film thickness by (E3) equation. In Figure A1, we observed an increase of the dried 

perovskite film thickness (in orange) with the increased coating speed (Cs), which contradicts 

the trend derived from (E3) equation (in gray).  

 

Figure A1: Estimation of precursor wet film thickness after (E3) (black) and experimental measures 

of resulting perovskite film thickness for coating speeds from 8 to 33 mm.s-1 (orange).  

 In the literature, a film thickness increase with the coating speed has been attributed to 

the Landau-Levitch coating mode [210]. This regime has been observed previously in the 

literature for slot-die coated perovskite layers [211–214]. In this regime, fluid capillarity is the 

driving phenomena responsible for the dynamic meniscus formation on the substrate. To 

improve our physical wet film definition, parameters such a as the speed range [210,73], the ink 

viscosity [215], surface tension and boiling point [112] need to be taken into consideration.  

 In addition, if capillarity influenced the coating regime, it is important to assess its 

influence on the operation window. Usually, the coating gap is a key parameter to avoid 

capillarity issue. In our case, because of the low viscosity of the precursor ink and its good 

wettability on the substrate (III-1-1), we were always within the operation window of slot-die 

coating (coating range 8-33 mm.s-1) with a coating gap of 100 µm. To explore the impact of the 

gap on the coatability, we tested gaps from 50 µm to 500 µm. At reduced coating gap, we 

observed that parallelism was limiting the coating homogeneity perpendicularly to the coating 
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direction. At larger coating gap, the meniscus formation at start was longer and resulted in 

solution oversupply that was lost at the end of the coating. Overall, the 100 µm gap was kept 

for the rest of this work for practical reasons. 

 

Appendix 2: Nucleation density extracted from the microscope images. 
 
  When the substrate temperature increased in the slot-die coating process, the 

solvent evaporation rate and nucleation rate increased [216]. To quantify the variation of 

nucleation density, we extracted the crystalline domain density from optical images of the slot-

die coated films by counting the number of domains on each image and dividing by the image 

area (Figure A2). The evolution of the crystalline domain density with the substrate 

temperature is presented in Figure A2b. Interestingly, the domains density did not linearly 

increase with the temperature, but reached a maximum for a substrate temperature of 

CQT = 60 °C. Beyond this value, the film morphology was modified and the domain density 

decreased. We noticed that the substrate temperature leading to the highest domain density 

(60 °C) is different from the one leading to the highest film coverage c (reached at CQT = 55 °C), 

underlying the need to distinguish film coverage and domain density to determine the right 

optimum. 

 

Figure A2: a) Optical images with domains highlighted in white. b) Extracted domain density for 

CQT = 35 °C to 100 °C. 

  The reason behind this sudden change of morphology at high temperature could 

be the change of the precursor’s solubility behaviour with the temperature. Indeed, the 

solubility of a salt in the solvent mixture follows the Van’t Hoff equation, and can either 

increase with the temperature (direct solubility) or decrease with the temperature (indirect or 

retrograde solubility). Precursors such as PbI2 are known for their direct solubility behaviour. 

A common experiment consists in cooling down a PbI2 aqueous solution to make a golden rain 

appear, as the PbI2 particles dissolved initially in the heated solution reach super saturation 

when the temperature decreases. In the literature, Hagfeld et al. [217] and Saidaminov et al [218] 
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reported the retrograde solubility behaviour of MAPbI3. Later, similar behaviour for has been 

reported FAPbI3 material in GBL solvent by Saidaminov et al [202]. 

 Therefore, we propose that the CsFAPbIBr perovskite followed a retrograde solubility 

behaviour, whereas the PbI2 precursor followed a direct solubility behaviour. The reactional 

equilibriums in the precursor solution can be described as: 

PbI2 precursor ⇌ PbI2: DMSO   (R1) 

PbI2: DMSO ⇌ CsFAPbIBr polytype   (R2) 

CsFAPbIBr polytype ⇌ CsFAPbIBr perovksite  (R3) 

At low temperature, we observed the presence of PbI2 under PbI2 precursor form 

(crystalline PbI2) or under PbI2-solvent complex (low angle peaks in the XRD pattern), but not 

under the perovskite intermediate form. We propose that the PbI2 having a poor solubility at 

low temperatures could undergo (R1) reaction but not (R2) reaction.  

At 60 °C, we detected a limited crystalline PbI2 or PbI2-DMSO complex presence and 

increased perovskite material formation. We propose that when the temperature increases, the 

PbI2 precursor solubility increases so that enough PbI2:DMSO is formed to contribute to the 

perovskite intermediate formation (R2) significantly. On the other hand, at this temperature, 

the limit of solubility of CsFAPbIBr material is reached and it can nucleate to form perovskite 

crystals via (R3) equation. 

For temperatures higher than 60 °C, we observed the presence of both perovskite and 

PbI2-DMSO intermediate. We propose that at higher temperature, the high PbI2 solubility 

increases the content of PbI2:DMSO specie in solution (R1). As the (R3) should also be favoured 

due to the retrograde solubility behaviour of CsFAPbIBr, the limiting reaction could be the 

formation fi the CsFAPbIBr intermediate (R2). 

 A perspective of this work is the experimental measure of the solubility of the precursor 

ink and of inks containing the precursors in function of the temperature to determine the 

quantitative values and identify the right process window to selectively form the α-CsFAPbIBr 

material. 
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Appendix 3: Evolution of the absorption curves with the film coverage. 

 

 During the gas flow rate (Qf) optimization, we observed that the slot-die coated films 

absorbance curves became steeper in the 400-700 nm wavelength range. This phenomenon 

has been linked to light scattering effect by Tian and Scheblykin [187], though the formula 

exposed below (Figure A4). We used the scattering coefficient β to fit the experimental 

absorbance curves (in dotted lines). We found that this effect explained well the variation 

between 550 nm and 800 nm, but that other effects may influence the slope in the 300-550 nm 

range. In the slot-die coated films, the presence of crystalline PbI2 or other by products that 

absorb within this wavelength range [41]. In conclusion, the absorbance curve slope was 

depending on both the light scattering due to the incomplete film coverage and to the presence 

of absorbent species in the film. 

 
Figure A3: Absorbance curves from the slot-die coated layers fabricated at various gas flow rate Qf. 

The dotted lines correspond to the simulated curves from the formula below that was extracted from 

the literature [187]. 
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Appendix 4: Gas flow-induced precursor wet film deformation. 

 

 A possible explanation of the wet film inhomogeneities observed in III-2.2 could be the 

mechanical deformation of the wet film by the gas-knife. In this study, we fixed the slot-die 

coating parameters (Cs, Cg, Cf) similarly to previous experiment to form a similar wet precursor 

film (Table A4). We decorrelated the coating speed (Cs) and the quenching speed (Qs) by not 

turning on the gas-knife flow rate during the coating.  

Coating Quenching Post-Annealing 

Cg 100 µm Qg 3 mm 
AT 100 °C 

Cs 28 mm.s-1 Qs 0 mm.s-1 

Cf 100 µL.min-1 Qf 100 L.min-1 

At 5 min 
CQT 100 °C CQT 100 °C 

Table A4: Process parameters used for the static quenching experiment.  

 The experiment set up was the following: we first performed the precursor wet film 

coating step, and then placed the gas-knife on top of the precursor wet film without blowing 

nitrogen. We finally opened the nitrogen gas-knife it in a static position (Qs = 0 mm.s-1) on top 

of freshly-coated precursor wet film and maintained it open until complete drying of the film 

(about 5 seconds). We recorded the sample picture, optical image and profilometry mapping 

of the resulting dried perovskite film (Figure A4-1).  

 

Figure A4-1: a) Picture of the sample after static quenching, the gas-knife position is indicated by 

the arrow. b) Profilometry profile performed from left to right in the white box indicated in panel a. 

c) Optical microscopy image in the white box. 
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 We observed that the perovskite film was deformed 1 cm around the gas-knife impact, 

forming three different areas: a compact area with reduced film thickness (t = 550 nm), a rough 

area with intermediate film thickness (t = 825 nm) and a deflagrated area with a high film 

thickness (t=5 µm). We extrapolated the dried perovskite thickness to determine the wet film 

thicknesses, taking the spin-coated layer as a reference. The rough area corresponded to a 

precursor wet film thickness of 2 µm (Figure A4-2). The compact area with brown reflects on 

the sample picture was desirable to achieve. After interpolation, we confirmed the contraction 

of the wet film from 2 µm (rough area) to 1.2 µm in this location. The thicker area could result 

from the displacement of precursor solution from the contracted area. The mechanical 

deformation was not symmetric around the gas-knife impact, in line with the non-symmetrical 

geometry of the gas-knife (see Methods). 

 

Figure A4-2: Interpolation of the wet film thicknesses from the spin-coated layer values in the three 

areas of interest in the static quenching experiment. 

 This simple experiment confirmed that the wet film was mechanically deformed by the 

gas-knife which created high and low wet film levels that resulted in thick and thin dried 

perovskite layers respectively.  In summary, the precursor wet film thickness was estimated to 

1.1 µm in the strongly contracted area (brown area), to 2 µm in an intermediate rough area and 

to 8 µm in the deflagrated area. Therefore, in the rest of this work, we will estimate the slot-die 

coated precursor wet film thickness to 1.1 µm. 

 This experiment differed from real processing conditions, as the gas-knife was static 

and the nitrogen line open when placed on the substrate. In the slot-die coating process, the 

gas-knife was opened prior to coating and was moving at the process speed (Qs = CQs). A 

perspective to this work could be the study of this phenomenon in real conditions including 

the dynamic effects on the mechanical deformation when the gas-knife is in movement. 
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Appendix 5: Reference spin-coated device and shelf life study 

 
 The first step of the J-V methodology was to determine for which day the reference 

spin-coated device measurement results should be reported. Indeed, perovskite solar devices 

can reach a maximum performance after few hours or days of storage. There is a so called 

maturation phenomenon whose chemical or electrical mechanisms are still unclear and which 

depend on the perovskite formulation [219]
, the solar cells architecture [220] and the storage 

conditions used. To adjust our own storage protocol, we compared the device J-V 

measurement results obtained right after device fabrication (after top electrode evaporation or 

day 0), after 1 day and after 4 days of storage in the dark at 30% humidity. This storage 

condition was the simplest in the ISOS guidelines [208], it was used to quantify the shelf life of 

the perovskite devices.  

 We observed that the best performances were reached after 1 day of storage (Figure 

A2a). After 4 days, the performances start to drop, mainly due to the FF (Figure A2b). The 

corresponding J-V curves of t = 0 and 1 day are plotted in Figure A2c. We observed that the 

J-V curve did have higher open-circuit voltage (Voc) and fill factor (FF) after 1 day of storage. 

For the reference spin-coated device (measured after 1 day), we obtained an average power 

conversion efficiency (PCE) of 17.14%, an open-circuit voltage (Voc) of 1.090 V, a current 

density (Jsc) of 21.9 mA.cm-2 and a fill factor (FF) of 71.7%. Figure A2d summarizes the 

average device parameters over six devices. Based on the maturation kinetic observed for the 

spin-coated devices, for the future experiments, we chose to compare performances of devices 

measured after 1 day, at their highest performance. 

 

Figure A2: Summary of the device a) power conversion efficiencies and b) fill factor initially, after 

1 day and 4 days respectively. c) JV curve from a reference device measured initially and after 1 day 

(dashed lines). d) Summary of average J-V parameters over 6 devices. 
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Appendix 6: Device data summary. 

 

Spin coated reference devices: shelf life study. 

    
day 0 Voc (V) Jsc (mA.cm-2) FF (%) PCE (%) 

1 1.071 21.9 70.4 16.51 

2 1.052 21.34 70.9 15.92 

3 1.078 21.5 71.1 16.52 

4 1.099 21.4 63.5 14.95 

5 1.073 21.3 66.7 15.28 

6 1.075 21.7 71.3 16.65 

 1.075 ± 0.024 21.5 ± 0.36 69.1 ± 5.5 15.97 ± 1.02 

day 1     

1 1.099 22.3 73.2 17.94 

2 1.097 21.7 73.8 17.60 

3 1.108 21.8 74.9 18.04 

4 1.078 21.9 68.3 16.10 

5 1.067 22.1 66.5 15.66 

6 1.090 21.9 73.2 17.51 
 1.090 ± 0.033 21.9 ± 0.75 71.7 ± 5.9 17.14 ± 2.1 

day 4     
1 1.069 21.3 69.7 15.90 

2 1.059 21.5 67.5 15.38 

3 1.082 21.6 65.9 15.38 

4 1.099 21.9 66.2 15.96 

5 1.064 21.9 69.9 16.32 

6 1.095 22.3 70.2 17.13 

 1.078 ± 0.024 21.8 ± 0.73 68.2 ± 3.0 16.01 ± 1.2 

The yellow highlighted data are the one corresponding to the Appendix A5 plot. 
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Spin and slot-die coated devices : process comparison. 
 

day 0- spin Voc (V) Jsc (mA.cm-2) FF (%) PCE (%) 

1 1.071 21.90 70.4 16.51 

2 1.052 21.3 70.9 15.92 

3 1.078 21.5 71.1 16.52 

4 1.099 21.4 63.5 14.95 

5 1.073 21.3 66.7 15.28 

6 1.076 21.7 71.3 16.65 
 1.075 ± 0.024 21.5 ± 0.36 69.1 ± 5.5 15.97 ± 1.02 

day 0- slot-die     

1 1.000 20.7 54.8 11.36 

2 1.022 20.7 60.0 12.71 

3 0.997 20.47 58.1 11.85 

4 1.017 20.4 59.3 12.32 

5 0.979 19.6 61.1 11.72 

6 1.011 19.6 62.4 12.34 

7 1.001 19.6 62.3 12.23 

8 0.996 20.1 55.9 11.20 

9 1.024 20.1 57.9 11.94 

10 1.002 20.1 57.7 11.61 

11 0.992 20.8 61.6 12.71 

12 1.013 20.7 63.4 13.31 

13 1.001 20.6 63.0 13.01 

14* 0.881 21.8 56.1 10.76 

 0.995 ± 0.028 20.4 ± 0.81 59.5 ± 4.8 12.07 ± 1.2 
The yellow highlighted data are the one corresponding to the Figure 22 plot. 
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Spin coated devices: concentration study. 

 

day 1 - 0.9 M 
Voc (V) 

Jsc (mA.cm-

2) 
FF (%) PCE (%) 

1 1.056 20.2 68.4 14.62 

2 1.086 19.2 66.1 13.80 

3 1.059 19.2 68.5 13.95 

4 1.068 18.8 65.5 13.17 

5 1.053 19.1 69.8 14.07 

 1.064± 0.022 19.3 ± 0.90 67.7 ± 5.5 13.92 ± 0.7 

day 1 - 1.2 M (ref)     
1 1.099 22.3 73.2 17.94 

2 1.097 21.7 73.8 17.60 

3 1.108 21.8 74.9 18.04 

4 1.078 21.9 68.3 16.10 

5 1.067 22.1 66.5 15.66 

6 1.090 21.9 73.2 17.51 

 1.090 ± 0.033 21.9 ± 0.75 71.7 ± 5.9 17.14 ± 2.1 

day 1 - 1.5 M     
1 1.070 22.5 69.7 16.77 

2 1.071 22.0 65.2 15.37 

3 1.056 22.0 70.8 16.46 

4 1.072 22.4 69.9 16.81 

5 1.102 21.9 73.9 17.87 

6 1.100 22.4 71.2 17.58 

 1.080 ± 0.038 22.1 ± 3.1 70.2 ± 6.2 16.81 ± 3.9 

The yellow highlighted data are the one corresponding to the Figure 26a plot. 
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Slot-die coated devices : concentration study. 

 
day 0- slot-die 

1.2 M 
Voc (V) Jsc (mA.cm-2) FF (%) PCE (%) 

1 1.000 20.7 54.8 11.36 

2 1.022 20.7 60.0 12.71 

3 0.997 20.47 58.1 11.85 

4 1.017 20.4 59.3 12.32 

5 0.979 19.6 61.1 11.72 

6 1.011 19.6 62.4 12.34 

7 1.001 19.6 62.3 12.23 

8 0.996 20.1 55.9 11.20 

9 1.024 20.1 57.9 11.94 

10 1.002 20.1 57.7 11.61 

11 0.992 20.8 61.6 12.71 

12 1.013 20.7 63.4 13.31 

13 1.001 20.6 63.0 13.01 

14* 0.881 21.8 56.1 10.76 

 0.995 ± 0.028 20.4 ± 0.81 59.5 ± 4.8 12.07 ± 1.2 

day 0- slot-die 
0.9 M     

1 0.983 18.8 63.7 11.78 

2 1.018 18.7 63.1 12.02 

3 0.981 20.2 60.4 11.98 

4 1.007 19.7 60.3 11.94 

5 0.921 20.0 56.5 10.42 

6 0.951 20.3 55.6 10.74 

7 0.959 20.2 61.4 11.87 

8 0.961 20.0 60.8 11.70 

9 0.869 20.1 48.9 8.52 

 0.961 ± 0.091 19.8 ± 1.04 59.0 ± 10 11.21 ± 2.7 

The yellow highlighted data are the one corresponding to the Figure 31a plot. 
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Chapter IV: Fine crystallization 

tuning via precursor ink 

modification 

 
 

 As seen in the previous chapter, the presence of the δ-FAPbI3 by-product in the slot-

die coated films limits the device performances. In the literature, the perovskite stoichiometry 

is known to strongly influence the perovskite conversion into the cubic structure. Here, we 

investigate the effect of tuning the CsI and FAI precursor contents in the precursor ink on the 

properties of slot-die coated. We present the impact of post-annealing on the perovskite 

layers properties fabricated from various Cs/Pb and FA/Pb ratios. We integrate slot-die 

coated layers fabricated from a different Cs/Pb ratio into PV devices to compare its 

performance with the initial devices fabricated from slot-die coated layers.  
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IV.1. Slot-die coated layers stoichiometry: role of CsI 

and FAI precursors  

 In the literature, the caesium cation (Cs+) is known to favour the conversion into the 

perovskite cubic structure (α-CsFAPbIBr) [16] and is largely used in state-of-the-art spin-

coating devices. Here, we varied the CsI precursor quantity to tune the Cs/Pb ratio in the 

precursor ink. We compared the reference 5% Cs/Pb to lower (0%) and higher (10, 15 and 20%) 

Cs/Pb ratios (Table 1). As the Cs+ cation is added under the CsI form, there is a slight increased 

in iodide anion in the corresponding perovskite formulas (Table 1). We noted that these 

additional iodide anions did not lead to major modification of the perovskite formula as most 

of the iodide anions were provided by the PbI2 and FAI precursors. 

Lead concentration (M) 1.2 

PbI2 excess (%) 6 

Cs/Pb molar ratio (%) 0, 5, 10, 15, 20 

FA/Pb molar ratio (%) 79 

Br: I molar ratio (%) ~12 : 88 

DMF :DMSO volume 

ratio 
4 : 1 

Calculated perovskite 

formulas 

Cs0FA0.79Pb(I0.878/Br0.122)2.79 

Cs0.05FA0.79Pb(I0.880/Br0.120)2.84 * 

Cs0.10FA0.79Pb(I0.882/Br0.117)2.89 

Cs0.15FA0.79Pb(I0.884/Br0.116)2.94 

Cs0.20FA0.79Pb(I0.886/Br0.114)2.99 

Table 1: Composition of the precursor inks used and their corresponding perovskite formulas. 

* reference precursor ink from Chapter III. The parameters studied are highlighted in green. 

IV.1.1. Precursor ink properties 

 In the literature, the link between the precursor ink properties, the perovskite film 

properties and the device performances has been studied by numerous groups [221–223].  

Therefore, the first step of our methodology was to gain an understanding of the precursor ink 

properties (surface tension, colloids formation) when varying the Cs/Pb content. 

• Impact of CsI on the precursor ink physical properties 

 First, the physical properties of the precursor ink could affect the slot-die coating 

process and the resulting layer morphology. Here, we measured the precursor ink surface 

tension to detect possible trends related to CsI addition in the precursor ink. 
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 In Figure 1a, we observed that the position of the precursor ink evolved towards the 

side of the wettability envelop when the CsI content increased. In absolute value, the surface 

tension of the precursor ink was relatively constant (43 ±1 mN.m-1). Values remain within the 

substrate wettability envelop for all CsI contents, indicating that the wettability of all inks 

should be sufficient. However, the repartition between the polar and disperse component 

varied. Interestingly, the higher the CsI content, the lower the polar component of the surface 

tension (Figure 1b). The polar component represents the attraction due to the polar nature of 

the species in solution. In our case, the DMF and DMSO solvents (polar aprotic) and the free 

ions in solution could contribute to this component. We suggest that a reduction of the polar 

component reflected the reduction of the amount of free solvent molecules and free ions in 

solution.  

 

Figure 1: a) Position of the precursor inks on the wettability envelop of SnO2 substrate. b) Summary 

of surface tension for the different Cs/Pb content in precursor ink. 

•  Precursor ink chemistry: role of CsI precursor 

 Beyond the modification of physical ink properties, the addition of CsI can impact the 

solute organization in solution. In the literature, dynamic light-scattering (DLS) technique can 

be used to determine the size distribution of colloids in solution and has been applied to 

perovskite solutions before [169,224,225]. Recently, in-situ characterization techniques based on 

in-situ X-ray diffraction [96,226,227] or optical techniques [102,133,173,174,228] were used to identify the 

perovskite solutions intermediate species. Indeed, some perovskite intermediates have a 

crystalline structure ([PbI6
4-] [223]) and can be detected by X-ray diffraction of the precursor 

semi-wet films. We decided to record the X-Ray diffraction patterns of wet films containing 

various Cs/Pb contents. 
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To decorrelate the effects of the many precursors in solution (PbI2, PbBr2, FAI, CsI), we 

did a preliminary study of inks containing each precursor in the DMF:DMSO mixture. This 

study is reported in Appendix 1 and enabled us to identify primary cluster contributing 

species: PbI2 and DMSO, and secondary contributing species: CsI and PbBr2. In brief, as 

previously reported in the literature, the PbI2 precursor formed [PbI6
4-] complexes in presence 

of DMSO (detected at 2θ = 9.5°). Once the [PbI6
4-] complex formed, Cs+ and Br- ions seem to 

be incorporated into the intermediate structure while FAI preferred to form the δ-FAPbI3 

phase. We also noted that CsI addition to the complex can lead to crystalline PbI2 formation. 

 After the PbI2:DMSO intermediate formation, more complex intermediates can form in 

the precursor solution. In the literature, Gratia et al. have identified the sequential formation 

of hexagonal polytypes, named ‘2H’, ‘4H’ and ‘6H’, and whose complexity varies with the 

perovskite stoichiometry [41]. They observed that the addition of caesium cation in the 

precursor ink shortens the polytypes sequence to ‘2H-4H’, leading to complete perovskite 

crystallization into α-CsFAPbIBr phase when 3% CsI was incorporated in the precursor 

solution. To confirm the mechanism proposed in the literature by Gratia et al., we recorded the 

XRD patterns of the semi-dried films of precursor ink containing 5 to 20% Cs/Pb.  

 Figure 2 shows the resulting XRD patterns with the attributions of the various phases, 

according to the literature [41]. In this semi-dried film XRD experiment, it was important to 

define a measurement window where the inks were is a similar drying stage to be able to 

compare them fairly. We defined the semi-wet film window as a film which is still containing 

the PbI2:DMSO intermediate (X:DMSO on Figure 2), visible at 2θ = 9.5°, and started to form 

the α-CsFAPbIBr perovskite ((001) on Figure 2), visible around 2θ = 15°. If the ink was too 

wet or too dried, the sample fabrication or the measurement were repeated until the 

appropriate process window was reached.  

 Regarding the polytypes formation, we observed the gradual diminution of the ‘6H’ 

polytype (2θ = 13.8°) with the increased CsI content. This is in accordance with the literature 

where caesium addition was found to shorter the polytype sequence from ‘2H-4H-6H’ to ‘2H-

4H’ [41]. However, we observed this variation at a threshold value of 15% CsI which is much 

higher than what was observed in spin-coated layers (3% threshold value [41]]). This difference 

could be explained by the modification of the quenching mean from anti-solvent to gas-

quenching. This result is in line with the study by Nogueira et al. [96] who studied using in-situ 

grazing incidence wide-angle X-Ray scattering (GIWAXS) the influence of the quenching 

means employed on the precursor chemistry during crystallization. 
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 Beyond the disappearance of the ‘6H’ polytype with the increased CsI content, we also 

observed the increase of the ‘4H’ polytype at 10 and 15% CsI, and the brutal disappearance of 

the ‘4H’ polytype at 20% CsI. The polytype sequence seemed to be shorten to ‘2H’ at 20% CsI, 

unveiling a possibly different mechanism at that high CsI content. In-situ methods could be a 

relevant perspective to confirm the results of this experiment.  

 

Figure 2: X-ray diffraction of precursor inks containing various amounts of CsI precursor. 

IV.1.2. Slot-die coated layers with various Cs/Pb ratios 

Once the precursor inks characterized, we deposited perovskite layers with different 

Cs/Pb contents via slot-die coating on glass/ITO/SnO2 substrate. To decorrelate the change of 

CsI content to the influence of post-annealing (III.3.2), we studied the “as-quenched” layers 

without any post-annealing first. The slot-die coating process parameters are the same as in 

Chapter III (III.3.2., Table 10).  

Monitoring of stoichiometry change 

 To ensure that the CsI was incorporated from the precursor ink into the slot-die coated 

layer, we monitored the Cs/Pb and I/Pb ratios by energy dispersive X-ray (EDX) of the slot-

die coated films (Figure 3). We observed a gradual increase of Cs/Pb and I/Pb ratios (Figure 

3), confirming the incorporation of the CsI precursor in the film. For both signals, we observed 

an experimental offset between the theoretical formula and the EDX values. Both experimental 

and theoretical values were well correlated from 0 to 10% Cs/Pb. The iodide ratio increased 

was less pronounced (from 2.70 to 2.97), in line with the previous observation that most iodide 

anions were provided by other iodide containing precursors (FAI and PbI2). 
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Figure 3: Cs/Pb and I/Pb EDX ratio showing the gradual incorporation of CsI precursor into the slot-

die coated films. 

• Crystallinity: can we limit δ-FAPbI3 formation by CsI 
addition? 

 Once the CsI incorporation confirmed in the slot-die coated layers, we measured the X-

ray diffraction patterns to assess the presence of the perovskite cubic structure (α-CsFAPbIBr) 

and hexagonal structure (δ-FAPbI3) and residual CsI (Figure 5).  

As expected, we observed that without caesium (0% Cs/Pb), the cubic α-CsFAPbIBr 

structure did not form. This result was in agreement with the literature [16] and highlighted the 

necessary role of the caesium cation (Cs+) for the α-CsFAPbIBr cubic structure formation. 

From 5 to 20% Cs/Pb, we observed a gradual increase of the perovskite peak intensity 

(Figure 4a), correlated with a decrease of the by-product (δ-FaPbI3 and crystalline PbI2) XRD 

peak ratios (Figure 4b). Interestingly, we did not observe any shift in the position of the XRD 

perovskite peaks, meaning that the Cs+ ion incorporation was not deforming the perovskite 

lattice [16,229]. Turren-Cruz et al. observed the perovskite lattice deformation upon CsI addition 

at higher bromide contents, detectable by a shift of the perovskite XRD peak position. Our 

relative low bromide ratio (12%) could explain why we did not observe this trend here. 

At 15% Cs/Pb and above, the slot-die coated films did not show any δ-FaPbI3 peak in 

the XRD pattern. When compared to the spin-coated film, the 15% Cs/Pb slot-die coated film 

exhibited a significantly lower crystalline PbI2 XRD area ratio (27% and 0.6% respectively). 

This difference can be due to the lack of post-annealing on the slot-die coated layer and will be 

investigated later in this section. For 15 and 20% Cs/Pb, we noticed the presence of CsI 

residuals (2θ = 27°), which could explain the slightly larger EDX ratios observed for Cs and I 

in those samples (Figure 3). At 20% Cs/Pb, the intensity of the perovskite (011) plan increased 

(peak area ratio increase on Figure 4b), suggesting a modification of the perovskite film 

organization. As a change of grain orientation can be linked to a change of film morphology, 

we studied the morphology of the perovskite films in the next paragraph. 
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Figure 4: a) XRD patterns of slot-die coated layers with 0, 5, 10, 15, 20% CsI contents. 

b) Corresponding XRD peak area ratios. The δ-FaPbI3 is in orange and the PbI2:DMSO intermediate 

in grey. 

• Morphology 

 The slot-die coated film thickness at Cs/Pb = 5% was t = 450 nm in this batch, which 

was lower than the values obtained in the previous experiment (t = 575 nm, III.2.3). This 

variation could be linked to a batch-to-batch variation of the wet film thickness control. The 

slot-die coated films fabricated with Cs/Pb = 0 to 15% exhibited a similar perovskite thickness 

around 450 nm (Figure 5a), indicating that the CsI did not influence the film thickness in this 

range. Conversely, the film average roughness decreased gradually with the increased CsI 

content (Figure 5b). The CsI addition thus seems to have a beneficial effect on the surface 

roughness. This finding was in contradiction with a study by Braunger et al. [230] that observed 

an increase of the surface roughness with the CsI incorporation for spin-coated CsFAPbIBr 

films. The difference with our work could be due the lower Br ratio employed here (12%) or the 

difference between the anti-solvent and the gas quenching applied to crystallize the perovskite 

material.  

 At 20% Cs/Pb, the slot-die coated film was particularly thicker (t = 620 nm) than other 

films, beyond the batch-to-batch variation. This higher film thickness probably originated from 

a change in the precursor wet film properties such as a modification of the precursor ink 

viscosity at high CsI content. In the literature, the impact of the solvents on the precursor 

solution viscosity has been studied [112,113,116,231] but there are no reports on the effect of the 

precursor stoichiometry, in particularly for the CsFAPbIBr system. Interestingly, the thicker 

20% Cs/Pb film exhibited the lowest roughness despite the thickness difference. To deepen our 

understanding, we investigated the perovskite layers morphology by SEM and the surface 

reflection by optical characterization.  
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Figure 5: a) Thickness and b) Surface average roughness (Ra) of slot-die coated layers with 0, 5, 10, 

15, 20% CsI contents. 

 Smoother surfaces could originate from a change in the grain size. To investigate this 

hypothesis, we recorded the SEM images (Figure 6a) of the slot-die coated films. We observed 

a grain size reduction between 5% Cs/Pb (g = 215 nm) and 15 and 20% Cs/Pb (g = 160 and 

155 nm respectively), in line with the roughness observations (Figure 6b). Surprisingly, at 

Cs/Pb = 10%, the perovskite grains were smaller (g ~ 95 nm). This outlier point suggests the 

reduction of the grain size could have contributed but was not the only reason behind the 

surface roughness trend observed earlier. Overall, the slot-die coated films grains were much 

smaller (g ~ 150 nm) than their spin-coated counterparts (g ~ 350 nm). We concluded that the 

quenching mean (gas- or anti-solvent) had a predominant effect on the grain size compared to 

other factors such as the Cs/Pb content or the precursor ink concentration (III.4.3). 

 

Figure 6: a-d) SEM top images of slot-die coated layers from 5, 10, 15, 20% CsI contents. 

e) Corresponding grain distributions. 
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• Optical properties 

 The surface roughness decrease observed by profilometry was translated into a of the 

increase of the perovskite layer reflection with the CsI content (Figure 7a). This result 

confirmed that an increased perovskite formation (under α-CsFAPbIBr form) was correlated 

with a modification of the perovskite surface properties. Interestingly, the reflection seemed 

independent of the grain size, as both 15 and 20% Cs/Pb sample exhibited a similar grain size 

and different reflection curves (Figure 7a). In the literature, other grain properties such as 

their orientation or chemical composition are known to impact the surface properties 

[232,233,41,229]. Further investigations are needed to identify the causes of the surface modification 

in this case. 

 The absorption onset, visible on the Tauc plot graph (Figure 7b), increased with the 

CsI content, in line with the increase of α-CsFAPbIBr ratio in the film. In addition, we observed 

a reduction of the Urbach tail in the 1.55 - 1.60 eV region with the CsI addition, showing that 

the addition of CsI results in higher structural quality and reduced band edge defects of the 

perovskite material. Interestingly, the band gap of the absorber was comparable to the 

reference spin-coated layer band gap (Eg = 1.60 eV) for all CsI contents. In the literature, the 

CsI addition (in the same proportions) in spin-coated layers is known to cause a shift in the 

band gap when combined with a bromide content > 15%  [40,229]. Our different findings could 

here again be explained by the lower Br content (12%) in the formulation.   

 

Figure 7: Evolution of the film optical properties at FA/Pb = 79% for various CsI contents. a) Total 

reflection and b) Tauc plot graphs extracted from the absorbance curves. 

 We recorded the photoluminescence (PL) emission of the slot-die coated samples at an 

excitation wavelength of λ = 550 nm (Figure 8a). We observed that the CsI-free sample 

exhibits a wide PL peak in the 650 - 750 nm range, despite the majority δ-FAPbI3 phase present 

(FAPbI3 PL emission expected below 500 nm [234]). At 0% Cs/Pb, the XRD patterns unveiled a 

limited formation of α-CsFAPbIBr perovskite under the (011) and (111) orientations (Figure 

4b). In the literature, the junction between α and δ domains has been found responsible for 

intense photoluminescence for emission wavelength ~ 780 nm [234,235]. We propose that the α-
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CsFAPbIBr (minority) / δ-FAPbI3 (majority) junctions could be responsible for the high PL 

intensity observed in this sample. Based on a similar PL behaviour in the 5% Cs/Pb, we suggest 

that the similar “junction effect” can also take place at the α-CsFAPbIBr (majority) / δ-FAPbI3 

(minority) interface. Furthermore, the photoluminescence peak intensity decreased drastically 

at 10% Cs/Pb (Figure 8a), in correlation with the reduction of the δ-FAPbI3 XRD peak ratio 

(Figure 4b) in the film. This trend was further confirmed at 15% and 20% Cs/Pb, underlying 

that a minimum δ-FAPbI3 material quantity was necessary to observe the PL intensity of α/δ 

junctions. In summary, the PL intensity was strongly correlated to the δ-FAPbI3 ratio in the 

film.  

  We observed a gradual blue shift of the normalized photoluminescence emission 

wavelength upon addition of CsI (Figure 8b). In the literature, the photoluminescence blue 

shift has been linked to compressive strain in the perovskite lattice [236–238]
.  Similar gradual PL 

blue shift for CsI-rich samples has been observed  earlier by Saliba et al. [16], suggesting that the 

Cs+ cation is inserted in the perovskite crystalline lattice which reduces the lattice size (tuning 

the angle and distance between I and Pb atoms [236,238]). Notably, the photoluminescence 

emission wavelengths of the spin-coated or slot-die coated layers with 5% Cs/Pb were similar, 

suggesting that the PL emission wavelength was rather independent of the crystallization 

method and mainly depended on the CsI content. 

 

Figure 8: a) Photoluminescence of the slot-die coated layers fabricated from 0, 5, 10, 15, 20% CsI 

contents. b) Normalized photoluminescence to visualize the PL shift. 

 In summary, the suppression of the ‘6H’ polytype in the precursor ink by CsI addition 

appears to be a successful strategy to selectively form CsFAPbIBr perovskite under the cubic 

structure via the slot-die coating process. Beyond its effect on perovskite conversion, the CsI 

precursor seemed to have a gradual effect on the surface properties of the perovskite layer 

(surface reflection and roughness); and a more abrupt effect at higher concentration 

(20% Cs/Pb) on the perovskite thickness and grain orientations.  
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The slot-die coated layer containing 15% Cs/Pb exhibited a similar film thickness 

(t = 450 nm), slightly reduced grain size (g= 160 nm) and higher opto-electronic quality 

(reduced Urbach tail) compared to the slot-die coated layer fabricated from the 5% Cs/Pb ink 

(reference).  

IV.1.3. Influence of annealing on the film properties 

 As until now, we have studied the influence of the CsI content on the “as-quenched” 

film (prior to the annealing step) properties to decorrelate both effects on perovskite 

conversion. In the reference slot-die coating process (Chapter III), we used a post-annealing 

of 5 minutes at 100 °C (nitrogen atmosphere). This section studies the evolution of the slot-die 

coated layers properties with 5, 15 and 20% CsI contents after the post-annealing step. 

• Impact on morphology 

 In the literature, the post-annealing step has been shown to induce perovskite grain 

growth in mixed-cations perovskite films [239]. This technique was applied to achieve films with 

reduced grain boundaries that are desirable to minimize the recombination losses in the solar 

devices. Here, while we did not observe a grain growth phenomenon upon 5 minutes of post-

annealing at 100 °C (Figure 9) as also discussed in Chapter III, we observed the formation 

of white particles on the surface of the perovskite layers upon annealing for the 5 and 

15% Cs/Pb sample. Notably, this effect was not observed at 20% Cs/Pb. To link this observation 

to the perovskite material composition, we performed the XRD measurements of the annealed 

layers. 

 

Figure 9: SEM top images of ‘as-quenched’ slot-die coated layers with a) 5%, b) 15% and 

c) 20% Cs/Pb after 5 min annealing at 100 °C with d) 5%, e) 15% and f) 20% Cs/Pb. 
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• Monitoring of the phase formation 

 Matching the presence of the white particles on the SEM images, the crystalline PbI2 

XRD peak area ratio increased upon annealing in the 5 and 15% Cs/Pb samples and remained 

constant in the 20% Cs/Pb sample (Figure 10). Similar crystalline PbI2 formation upon 

annealing of mixed-cations perovskites has been reported in the literature [107,239]. We propose 

that unreacted PbI2, possible present under PbI2:DMSO complex form and/or amorphous 

form, was present in the first two samples (5 and 15% Cs/Pb) due to overstoichiometric PbI2 in 

the perovskite formula. Upon annealing, this unreacted PbI2 was able to crystallize [107].  

 Interestingly, no additional crystalline PbI2 was formed in the 20% Cs/Pb sample upon 

annealing. The addition of 20% Cs with respect to Pb could have brought the perovskite 

formula closer to stoichiometric proportions, by increasing the halides to lead ratio to 2.99 

(against 2.94 at 15% Cs/Pb) (IV.1.1. Table 1). The change of stoichiometry could have 

suppressed the excess PbI2 reservoir in the 20% Cs/Pb sample, resulting in the suppression of 

crystalline PbI2 formation upon annealing. Regarding device integration, the reduction of 

crystalline PbI2 formation in the 20% Cs/Pb sample is interesting as it could suppress the 

device performance loss due to crystalline PbI2 presence. In the literature, there is a balance 

between the beneficial effect of PbI2 for device performance and shelf life stability [240}. 

 

Figure 10: XRD peak area ratios extracted from 5, 15 and 20% Cs/Pb, as deposited and after 

annealing at 100 °C for 5 min. 
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• Impact on photoluminescence 

  We coupled the XRD observation with PL measurement (Figure 11a). At 5% Cs/Pb, 

the decreased δ-FAPbI3 peak area ratio detected by XRD led to a PL intensity decrease upon 

annealing, possibly linked to a diminution of the α-δ junctions in the material. The opposite 

situation arose at 15% Cs/Pb, where the δ-FAPbI3 XRD peak area ratio increased after 

annealing, resulting in a PL intensity increase. Interestingly, the PL trend of 5% Cs/Pb and 

15% Cs/Pb was not correlated to the formation of crystalline PbI2 upon annealing, but rather 

depended on the δ-FAPbI3 presence. Lastly, the PL intensity of the 20% Cs/Pb sample stayed 

constant after annealing, reinforcing the particularity of this perovskite composition 

(Figure 11a).  

  Regarding the PL emission wavelength, the PL peaks did not shift upon annealing at 

5% and 20% Cs/Pb (Figure 11b-d), indicating that the perovskite lattice strain was probably 

not modified upon annealing. However, we observed a red shift and PL narrowing in the 720 - 

750 nm range at 15% Cs/Pb (Figure 11c). The PL red shift could indicate a lattice relaxation 

upon annealing, leading to a less defective perovskite film [107], hence the PL intensity increase 

in the 15% Cs/Pb sample after annealing. As the lattice strain has been found to have a 

detrimental influence the device performance and stability [16,230], the 15% Cs/Pb film after 

annealing could be more suitable for device integration compared to the “as quenched” film. 

 

Figure 11: a) Relative and b-c-d) Normalized PL of the slot-die coated layer at CsI content of b) 5%, 

c) 15% and d) 20% Cs/Pb initially and after 5 minutes at 100 °C. 
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IV.1.4. Slot-die coated layers with various Cs/Pb ratios at 
higher FA/Pb ratio 

Introducing more CsI in the precursor ink seems to favour the perovskite cubic structure 

formation. One could argue that the CsI addition also modified the cation stoichiometry in the 

perovskite formula (Table 2), which could affect the perovskite film properties. To decorrelate 

both effects, we investigated the impact of varying the CsI content starting at a cation 

stoichiometry closer to 1 by increasing the FAI content.  

We fixed this higher FA/Pb ratio to 89% to reach the cation stoichiometry of the previous 15% 

Cs/Pb sample (cations ratio of 2.94) at a lower CsI content (5% Cs/Pb here). In echo with the 

previous study, we studied the ‘as-quenched’ slot-die coated layers properties first, prior to 

investigate the effect of the post-annealing step. The corresponding perovskite formulas can 

be found in the Table 2.  

Lead concentration (M) 1.2 1.2 

PbI2 excess (%) 6 6 

Cs/Pb molar ratio (%) 0, 5, 10, 15, 20 5, 10, 15, 20 

FA/Pb molar ratio (%) 79 89 

Br: I molar ratio (%) ~12 : 88 ~ 12 : 88 

DMF :DMSO volume 

ratio 
4 : 1 4 : 1 

Calculated perovskite 

formulas 

Cs0.05FA0.79Pb(I0.880/Br0.120)2.84* 

Cs0.10FA0.79Pb(I0.882/Br0.117)2.89 

Cs0.15FA0.79Pb(I0.884/Br0.116)2.94 

Cs0.20FA0.79Pb(I0.886/Br0.114)2.99 

Cs0.05FA0.89Pb(I0.884/Br0.116)2.94 

Cs0.10FA0.89Pb(I0.886/Br0.114)2.99 

Cs0.15FA0.89Pb(I0.888/Br0.112)3.04 

Cs0.20FA0.89Pb(I0.890/Br0.110)3.09 

Table 2: Composition of the reference precursor ink to form various perovskite formulas. The pivoting 

halide to lead ratio is indicated in red. * Reference precursor ink (Chapter III). 

• Monitoring of stoichiometry change 

 Following the methodology developed earlier, we monitored the Cs/Pb and I/Pb ratios 

by energy dispersive X-Ray (EDX). The Cs/Pb ratio increased gradually with the CsI content 

in the precursor ink (Figure 12), following the theoretical values with an experimental offset. 

This result confirmed that the CsI was progressively incorporated in the slot-die coated layers 

at the higher FA/Pb ratio. Interestingly, a slope increase was noticed in the Cs/Pb ratio at 20% 

CsI, similarly to the one observed at 15% Cs/Pb with the previous FA/Pb content (79%). 

Regarding the I/Pb EDX ratio, a noticeable decrease was observed at 15% Cs/Pb. The other 

points were following the theoretical values with an experimental offset. 
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Figure 12: Cs/Pb EDX ratio showing the gradual incorporation of CsI in the perovskite layers at 

higher FA/Pb ratio (89%). 

• Morphology 

 To compare the perovskite layer fabricated from both FA/Pb ratios, we recorded the 

perovskite films thickness t and average surface roughness Ra (Figure 13). We observed a 

quasi-constant perovskite film thickness t ~ 500 nm from 5 to 15% Cs/Pb, and a significant 

film thickness increase to t = 650 nm at 20% Cs/Pb (Figure 13a). The slight perovskite film 

increase from 450 nm to 500 nm (5 - 10 -15% Cs/Pb) between the initial (79%) and the higher 

(89%) FA/Pb ratio could be explained by a batch-to-batch standard deviation of the wet film 

thickness in slot-die coating process. However, the film thickness increase observed at 

20% Cs/Pb for both FA/Pb contents confirmed the particularity of the 20% Cs/Pb sample, 

independently of the FA/Pb ratio. 

 Regarding the average surface roughness (Ra), we observed a gradual decrease from 

5 to 15% Cs/Pb, similarly to what was observed for the initial FA/Pb ratio (Figure 13b). We 

concluded that the Cs/Pb addition had smothering effects on the film surface in this range. To 

generalize, this smothering effect was observed for a stoichiometry with a theoretical cation to 

lead ratio (CsI+FAI /Pb) lower than 1.04.  

 Beyond this value (20% Cs/Pb sample with higher FA/Pb ratio), the surface roughness 

was hard to measure due to an irregular surface morphology. A profilometry mapping of the 

20% Cs/Pb film unveiled the presence of an alveoli structure (Figure 13d) compared to the 

sample at 15% Cs/Pb (Figure 13c). A similar morphology has been described in the literature 

as a result of film wrinkling [230,241,242]. The wrinkling effect is due to compressive strains inside 

the wet film during crystallization. Those strains have been observed for specific perovskite 

stoichiometry, solvent mixtures, and process conditions (wet film thickness and temperature 

notably). Here, we observed this effect for a theoretical cation to lead ratio of 1.09. 

5 10 15 20
0

10

20

30

40

50

Theoritical

Experimental

CsI ratio in precursor ink (%)

C
s/

P
b

 E
D

X
 r

a
ti

o
 (

a
t%

) a b

5 10 15 20

2.4

2.8

3.2

Theoritical

Experimental

I/
P

b
 E

D
X

 r
a

ti
o

 (
a

t%
)

CsI ratio in precursor ink (%)



CHAPTER IV: FINE CRYSTALLIZATION TUNING VIA PRECURSOR INK MODIFICATION 
 

159 

 

  

Figure 13: a) Thickness and b) Roughness of slot-die coated layers from 5, 10, 15, 20% Cs/Pb with 

higher FA content. Profilometry mappings of the perovskite layers at c) 15% and d) 20% Cs/Pb sample 

(FA/Pb = 89%). 

 To assess whether the perovskite grain size was modified at this higher FA/Pb ratios, 

we recorded the SEM images (Figure 14) of the slot-die coated layers. We found that the 

10% Cs/Pb (FA/Pb = 89%) had similar average grain size (g ~ 215 nm) compared to the 

previous batch 5% Cs/Pb (FA/Pb 79%). With this higher FAI content (89% FA/Pb), the 

5% Cs/Pb sample exhibited larger grains size of g = 250 nm, while the 15% and 20% Cs/Pb 

exhibited smaller grain size (g= 180 and 160 nm respectively). We noted that those grains were 

still smaller than the spin-coated layer grains (g = 350 nm).  

As large grains are desirable to achieve high device performance, the 5% Cs/Pb sample 

with 89% FA/Pb ratio may appear as a promising candidate for device integration. However, 

we could wonder if the grain size increase did happen at the cost of the perovskite material 

quality in respect to the δ-FAPbI3 formation. The next paragraph reports the crystalline 

properties of those layers. 
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Figure 14: a-d) SEM top images of slot-die coated layers from 5, 10, 15, 20% Cs/Pb with higher FA/Pb 

content (89%). e) Corresponding grain distributions. 

• Crystallinity of the perovskite layers 

 As previously done, XRD was used to monitor the phase formation and the XRD peak 

area ratios extracted for the four CsI contents (5, 10, 15 and 20%) at the higher FA/Pb ratio 

(89%) (Figure 15b). We provided in Figure 15a the graph obtained at the initial FA/Pb (79%) 

ratio for direct comparison. As observed previously, the higher the CsI content in the precursor 

ink, the lower the δ-FAPbI3 XRD peak area ratio in the films at this higher FA/Pb ratio (Figure 

15b), confirming the predominant role of CsI precursor over the cation stoichiometry to 

impede the δ-FAPbI3 phase formation in the gas-quenching process. Interestingly, the 

5% Cs/Pb sample exhibited reduced PbI2 and δ-FAPbI3 proportions at 89% FA/Pb, suggesting 

that the grain size increase was not detrimental to the film crystallinity (Figure 15b). 

Despite the enhanced perovskite conversion at 5% Cs/Pb, the CsI addition at the higher 

FA/Pb content was less efficient to supress the δ-FAPbI3 formation, which was still visible in 

the 10%, 15% and 20% Cs/Pb films in the FAI-rich films (Figure 15b). This study shows that 

the CsI efficiency to impede the δ-FAPbI3 formation depends on the FAI content, unveiling a 

synergetic effect of both cations during the perovskite crystallization. It also suggests that a 

FAI rich environment does not favour the selective cubic structure formation. Moreover, larger 

proportions of crystalline PbI2 were observed in the FAI-rich films. We concluded that the 

initial FA/Pb ratio of 79% was preferable to limit the by-products formation.  

 Regarding the perovskite grains orientation, we observed larger proportion of the (011)-

oriented grains in the 20% Cs/Pb sample at higher FA/Pb content (Figure 15b), in line with 

the previous experiment. Interestingly, the (011)-oriented perovskite grains seemed to depend 

on the CsI content predominantly, whereas the (001)-oriented perovskite grains depended on 

both CsI and FAI contents. These results suggested that the formation mechanism of the (011)-

oriented grains could rely on a minimum CsI concentration in the precursor solution, while the 
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(001)-oriented grains depend on the respective CsI and FAI proportions during the 

crystallization. 

 

Figure 15: Improvement of the perovskite cubic structure formation with the increased Cs/Pb ratio 

for both FAI ratios: a) FA/Pb = 79% (copy from previous experiment) b) FA/Pb = 89%. 

• Optical properties 

 Regarding the optical properties, the CsI incorporation at higher FA/Pb ratio led to a 

similar increase of the surface reflection compared to the previous experiment at lower FAI 

content (Figure 16a). The reflection value achieved at 15% Cs/Pb (~ 20%) was similar to the 

one obtained at 15% Cs/Pb in the previous study, suggesting that the phenomenon behind the 

higher surface reflection depended mainly on the CsI content. As expected, the absorption 

onset increased gradually for the films with 5%, 10% and 15% Cs/Pb, in line with the enhanced 

conversion of the perovskite material (Figure 16b). It further increases at 20% Cs/Pb, 

possibly due to the larger film thickness (Figure 16b). The 5 and 20% Cs/Pb samples 

exhibited a slight band gap shift (~ 0.2 eV) at this higher FA/Pb ratio (89%), which could be 

related to their deviation to stoichiometry (cations ratio of 0.94 and 1.09, see Table 2).  

 

Figure 16: Evolution of the film optical properties at FA/Pb = 89% for various CsI contents. a) Total 

reflection and b) Tauc plot graph extracted from the absorbance curves. 
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 To further study the difference between 5% & 20% Cs/Pb and the rest of the samples, 

we performed photoluminescence measurements (Figure 17). As mentioned earlier, we 

interpreted the PL intensity trend by the presence of α/δ junctions in the perovskite film, 

responsible for a PL emission at ~ 780 nm [234]. The PL intensity at 5% Cs/Pb was significantly 

lower at higher FAI content compared to the previous study (Figure 17a), unveiling a smaller 

quantity of α/δ junctions in the material, which corroborates with the decrease of δ-FAPbI3 

proportions in this sample (Figure 15b). The minimum PL intensity was reached at 

15% Cs/Pb, similarly to the previous study, highlighting that the CsI content determines the 

sample with minimal δ-FAPbI3 formation at a fixed FAI content.  

Contrarily to the previous experience, the 20% Cs/Pb ratio led to the highest PL 

intensity which cannot be solely explained by the modest δ-FAPbI3 proportions detected by 

XRD or by the slightly higher absorption in this sample (Figure 16b). We rather attributed 

the higher PL intensity to the different morphology (presence of alveoli) of this sample which 

could have affected the characteristics of the α/δ junctions. Further material characterisation 

is needed to conclude on the PL mechanism. 

Upon CsI addition, we observed a gradual blue shift of the PL emission wavelength from 

5% Cs/Pb to 15% Cs/Pb with reduced amplitude compared to the previous experiment 

(Figure 17c). This result suggests that the effect of the CsI precursor on the lattice strain is 

limited at larger FAI content. Overall, the PL emission wavelengths of slot-die coated films at 

higher FAI ratio (89%) were higher (red-shifted) compared to the reference spin-coated 

reference (79% FA/Pb – 5% Cs), indicating an overall reduced lattice strain in the FAI-rich 

environment (Figure 17 b-c). At the 20% Cs/Pb, the emission wavelength shifted back to the 

PL emission wavelength of the 5% Cs/Pb sample, in line with the slight band gap variation 

observed in these samples (Figure 16b). 

 

Figure 17: Photoluminescence evolution for different CsI ratios. a) Photoluminescence intensity and 

b) Normalized PL intensity of slot-die coated layers fabricated at FA/Pb=89% for various CsI 

contents. c) Zoom of plot b to visualize the shift in emission wavelength. 
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In summary, the effect of the CsI content on the perovskite phase conversion, 

perovskite film surface properties and morphology was observed for both FAI contents, 

highlighting its major role during the perovskite crystallization. However, the CsI “conversion 

power” can be reduced in FAI rich environments, suggesting a synergetic effect of FAI and CsI 

precursors to achieve δ-FAPbI3-free perovskite in the slot-die coating process. We concluded 

that the cation stoichiometry is not a sufficient condition to permit the perovskite conversion, 

which relies rather on the combination of the Cs/Pb and FA/Pb ratios.  

IV.1.5. Influence of annealing on the perovskite film 
properties  

• Impact on morphology 

 To complete the above study of the “as-quenched” films, we performed the post-

annealing step (5 min at 100°C) on the slot-die coated layers. On the SEM images (Figure 18), 

we did not see any grain size modification for 5 and 15% Cs/Pb samples upon annealing, 

similarly to the lower FA/Pb ratio. However, at 20% Cs/Pb, we observed an average grain size 

increase from 150 to 200 nm.  This increase in grain size upon annealing could be due to 

Ostwald ripening phenomenon that has been reported for perovskite layers, generally 

happening during post growth treatment such as MABr or solvent vapours exposure [243,244]. 

Here, the change in grain size observed in the 20% Cs/Pb sample could be attributed to its 

largest cations ratio of 1.09 in respect to lead, which could have provided excess FAI precursor 

to induce the Ostwald ripening process. As the 15% Cs/Pb sample was also overstoichiometric 

and did not undergo the grain increase, further experiments are needed to confirm whether 

there would be a link between over-stoichiometry and grain size increase. 

 Upon annealing, we noticed the formation of white particle’s only in the 5% Cs/Pb 

sample, possibly due to its cation under stoichiometry (cations ratio of 0.94). Interestingly, no 

white particles were visible upon annealing in the 15 and 20% Cs/Pb samples, where the cation 

were introduced in overstoichiometric proportions (cations ratio of 1.04 and 1.09). This trend 

confirmed that the lack of white particles previously observed at 20% Cs/Pb (FA/Pb = 79%) 

was not a consequence of the perovskite morphology but rather of the perovskite 

stoichiometry. Furthermore, this observation reinforced the hypothesis that crystalline PbI2 

originated from a precursor excess “reservoir” at under stoichiometric compositions that was 

able to crystallize during the post-annealing step.   
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Figure 18: SEM top images of slot-die coated layers from before and after 5 min annealing at 100 °C 

with a-b) 5%, d-e) 15% and g-f) 20% Cs/Pb (FAI content is 89%). c-f-i) Corresponding grain 

distributions extracted from the images. 

• Monitoring of the phase formation 

 The XRD measurements confirmed that no crystalline PbI2 was formed upon annealing 

in the 15 and 20% Cs/Pb samples (Figure 19b), in line with the absence of white particles 

formation in the SEM images. However, another by-product formed upon annealing in the 

5 and 15% Cs/Pb samples: δ-FAPbI3. We could draw an analogy between the δ-FAPbI3 

formation and the crystalline PbI2 formation observed earlier (Figure 19a). Indeed, the  

δ-FAPbI3 formation could result from the crystallization of a reservoir of ‘2H’ polytype  

(or δ-FAPbI3) present in the “as-quenched” film. The FAI rich environment in the latter could 

explain the difference between the species formed in the “reservoir” (PbI2 and ‘2H’ polytype).  

 Interestingly, δ-FAPbI3 did not form in the 20% Cs/Pb film after 5 minutes of annealing 

at 100 °C. As suggested by the SEM images, this sample underwent a grain-coarsening 

phenomenon. In the XRD peak area ratios (Figure 19b), we observed that the ratio of  

(001)-oriented perovskite grains increased after annealing. We concluded that the large cation 

excess (cations ratio of 1.09) in the 20% Cs/Pb enabled the formation of α-CsFAPbIBr from 

the unreacted reservoir, hence the grain coarsening observed by SEM. We could anticipate that 

after a certain time, all cations would be consumed, and secondary by-products could appear 
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(δ-FAPbI3 and crystalline PbI2). This observation was interesting as it provided a second 

strategy to enhance the grain size, which is desirable to increase the device performance. 

 

Figure 19: XRD ratios of slot-die coated layers from 5, 15 and 20% Cs/Pb before and after 5 min 

annealing at 100 °C for FA/Pb ratios of a) 79% (previous study) and b) 89% (higher FA/Pb ratio). 

• Impact on photoluminescence 

As δ-FAPbI3 was formed in the annealed slot-die coated layers (Figure 19b), we 

expected a photoluminescence increase due to the increase of α-δ junctions in the material. 

However, the trend in the photoluminescence peak intensity was the opposite. It increased for 

the 20% Cs/Pb sample, in which no δ-FAPbI3 was formed upon annealing and decreased for 

both 5 and 15% Cs/Pb sample where δ-FAPbI3 was formed upon annealing (Figure 20a). This 

suggests that the δ-FAPbI3 formed upon annealing may not grow in contact with the cubic  

α-CsFAPbIBr, hence would not be able to form α-δ junctions. Further characterization (TEM) 

is needed to identify the location of δ-FAPbI3 in the annealed films and confirm this hypothesis. 

  The PL emission wavelength behaviour upon annealing was similar as the previous 

experiment: the PL peaks were not modified at 5 and 20% Cs/Pb, whereas the 15% Cs/Pb peak 

exhibited a strong narrowing upon annealing observations (Figure 20b), conferring the main 

role to CsI over FAI or the cations stoichiometry in the level of radiative recombination. We 

concluded that post-annealing seemed interesting for the 15% Cs/Pb sample (narrowing of the 

PL peak) but not particularly for 5 and 20% Cs/Pb samples. Furthermore, at both FA/Pb ratios, 

the 15% Cs/Pb sample exhibited a narrower PL peak, indicating of a less defective material. 
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Figure 20: a) Relative and b) Normalized PL of the slot-die coated layers fabricated at Cs/Pb ratios 

of 5, 15 and 20% initially and after annealing (5 minutes at 100 °C). 

 In summary, after the screening of two FAI and four CsI contents in the precursor ink, 

we excluded the slot-die coated layers containing δ-FAPbI3 initially (1), (2) or upon annealing 

(5), (6), (7). Three slot-die coated layers of interest (3), (4), (8) were identified (Table 3). For 

the first device implementation, we focused on the layer (3), where no film morphology 

disruptions were reported compared to the layers (4) and (8), fabricated at 20% Cs/Pb. We 

used the precursor ink containing 15% Cs/Pb and 79% FA/Pb for all future slot-die coated 

experiments. 

 Precursor ink Before annealing After annealing 

Process FA/Pb  Cs/Pb 
Cations 

ratio 
δ-FAPbI3 

grain 

size 

(nm) 

By-

products  

grain 

size 

(nm) 

Spin 79% 5% (ref) 0.84 No - - 273 

Slot die 

79% 

5% (1) 0.84 Yes 215 
crystalline 

PbI2 

215 

10% (2) 0.89 Yes 95 95 

15% (3) 0.94 No 160 160 

20% (4) 0.99 Limited 155 No 155 

89% 

5% (5) 0.94 Yes 250 

δ-FAPbI3 

250 

10% (6) 0.99 Yes 215 - 

15% (7) 1.04 Limited 160 160 

20% (8) 1.09 Limited 180 No  200 

Table 3: Main properties of the slot-die coated layer from various CsI and FAI contents. The layers 

studied in Chapter III are highlighted in bold and provided for comparison. 

IV.2. Device performances at 15% Cs/Pb 

 In this section, we implemented the newly optimized slot-die coated layer into 

photovoltaic devices. We used the slot-die coating process parameters optimized earlier 

(Chapter III-Table 10) to perform the coating and the slot-die optimized ink, which 

composition is reminded in Table 4, as precursor ink. A post-annealing treatment of 

5 minutes at 100 °C under nitrogen atmosphere was performed on the slot-die coated layers. 

a b
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We performed the J-V measurements right after device fabrication (day 0), to compare them 

with the results presented earlier with the 5% Cs/Pb slot-die coated layer (Chapter III-4.1). 

The device fabrication was identical to the one presented in Chapter III. 

Lead concentration (M) 1.2 

PbI2 excess (%) 6 

Cs/Pb molar ratio (%) 15 

FA/Pb molar ratio (%) 79 

Br: I molar ratio (%) 12 : 88 

DMF: DMSO volume ratio 4 : 1 

Perovskite formula Cs0.15FA0.79Pb(I0.884/Br0.116)2.94 

Table 4: Composition of the slot-die optimized precursor ink, corresponding to layer (3) in Table 3. 

IV.2.1. Slot-die coated devices fabricated at 15% Cs/Pb  

 As seen in the material study, the 15% Cs/Pb precursor ink led to a well-crystallized 

slot-die coated perovskite under the cubic structure (no δ-FAPbI3) and to a higher absorption 

onset. When implemented into devices, the CsI-rich perovskite layers (15% Cs/Pb) achieved 

higher current densities than the slot-die coated devices fabricated with the initial ink 

(5% Cs/Pb) (Figure 21b). The current density increased from 20.3 to 22.2 mA.cm-2 in average, 

closing the gap towards the simulated current density curve (Figure 21a). We concluded that 

the phase purity of the perovskite material was the main cause of the shift from the model 

observed earlier for slot-die coated layers (Chapter III - Figure 31).  

Consequently, the champion slot-die coated device yielded a power conversion 

efficiency (PCE) of 15.0%, open-circuit voltage (Voc) of 1.003 V, current density 

(Jsc) of 21.5 mA.cm-2 and fill factor (FF) of 69.5%. In addition, the FF was improved (+ 6 points 

for champion devices) by modification of the Cs/Pb ratio, which can be attributed to lower 

recombination in the perovskite layer thanks to its higher crystalline purity. The device 

performance distribution is presented in Figure 21c-d and the detailed device parameters are 

provided in Appendix 2.  
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Figure 21: a) Current densities of experimental devices in respect to the theoretical line representing 

the optical simulation. b) J-V curves of the best device per batch (measured at d0). c) Statistics of 

power conversion efficiencies. d) Summary of J-V parameters for the three conditions. The 

parameters of the champion devices plotted on panel b are in italic. 

Despite their higher average current density (22.2 mA.cm-2 compared to  

21.5 mA.cm-2), the 15% Cs/Pb slot-die coated devices exhibited a lower average PCE (13.4%) 

than their spin-coated counterpart did (15.9%). While champion devices did not suffer from 

large FF drop, average devices performance was still limited by the fill factor (FF). More 

generally, limitations of the open-circuit voltage (Voc) of - 70 mV for the champion device at 

15% Cs/Pb samples and - 80 mV for the champion device at 5% Cs/Pb were observed in devices 

with slot-die coated layers compared to the spin-coated reference ones (Figure 21b-d). A 

lower open-circuit voltage (Voc) could originate from a different energy alignment or to 

enhanced non-radiative interfacial recombination [245,246]. As the band gaps of spin-coated and 

slot-die coated perovskite layers were comparable, we suggest that interfacial recombination 

losses could be responsible for the Voc loss observed.  

To assess the device interfaces, we recorded the SEM cross-section of the slot-die 

champion device at 15% Cs/Pb (Figure 22). The physical contact between the perovskite layer 

and the interface layers was continuous and we did not detect any particular defects. We 

concluded that the Voc loss observed did not result from a physical cause (dewetting or presence 

of interfacial particles). Furthermore, as the Voc deficit was not correlated with a higher 

crystalline PbI2 presence, we concluded that crystalline PbI2 presence was not the main factor 

behind the limited slot-die coated device performances at this stage. Therefore, we suggest that 

these recombination losses could be due to intrinsic properties of the slot-die coated layers 

such as the surface or grain boundaries properties. In the literature, the presence of surface 

defects such as iodide ion vacancies [25] has been found to limit the Voc of perovskite solar 

cells [247,248].  
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Figure 22: Slot-die coated device SEM cross-section. (1.2 M, 15% Cs/Pb - 79% FA/Pb) 

 Before designing mitigation strategies, we investigated the effect of the 15% Cs/Pb 

precursor ink on spin-coated solar cells performances to determine whether these limitations 

are mainly linked to this precursor ink composition or if they vary with the crystallization 

mechanism employed.  

IV.2.2. Spin-coated devices fabricated at 15% Cs/Pb 

 In this section, we deposited perovskite layers from both 5 and 15% Cs/Pb precursor 

inks via the reference spin-coating reference process presented in Chapter III. The detailed 

device parameters are provided in Appendix 3. 

 When spin-coated layers were implemented into PV devices, we observed a decrease of 

the power conversion efficiency from 17.1% to 14.5% when the Cs/Pb ratio increased from 

5% to 15% (Figure 23a). This decrease in performance was due to a significant reduction of 

Voc (- 82 mV in average) and FF (- 7 points) (Figure 23b-d). We concluded that a similar 

limiting phenomenon was observed when spin-coated layers fabricated from high CsI content 

precursor solutions were implemented into PV devices. This phenomenon was thus not specific 

to the gas-assisted crystallization used in the slot-die coating process but related to the 

precursor ink composition, more specifically to the 15% Cs/Pb ratio. 

As mentioned earlier, iodide vacancies can induce recombination losses and limit the 

performance of perovskite solar cells. For the slot-die coated layer with 15 Cs/Pb, we monitored 

the iodide content in the perovskite film prior and after annealing and observed a severe iodide 

loss (Appendix 4), corroborating that the slot-die coated perovskite film could have become 

chemically defective due to the loss of iodide ions, either by evaporation or by diffusion to form 

crystalline PbI2. Interestingly, this iodide loss was not observed at 20% Cs/Pb (Appendix 4). 

As a perspective, the device integration of the layer (4) (Table 3) could inform on the link 

between the iodide loss and device performance (open-circuit loss). To reduce the iodide ion 

vacancies in the 15% Cs/Pb sample, passivating post treatment steps [24,249,250] have been 

proven successful in the literature to mitigate the iodide loss.  
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Figure 23: Impact of CsI content on other performance parameters a) J-V curves of the champion 

devices for each condition, b) Power conversion efficiency and c) Open-circuit voltage statistics over 

6 devices for each condition. 

IV.3. Removing the DMF from the precursor ink 

 The DMF solvent being less compatible with industrial printing, due to its higher 

toxicity compared to DMSO, solvent substitution strategies have been developed in the 

literature to reduce the ratio of DMF in the perovskite precursor inks [76,112,115,251].  

Here, we investigate whether a full DMSO precursor ink could lead to the formation of 

perovskite layers with suitable properties for integration into photovoltaic devices. We used 

the same precursor stoichiometry as the slot-die optimized ink (Table 5) and studied the 4:1, 

2:1, 1:1 and 0:1 DMF:DMSO volume ratios, aiming to gradually phase out the DMF solvent 

from the precursor solution.  

Lead concentration (M) 1.2 

PbI2 excess (%) 6 

Cs/Pb molar ratio (%) 15 

FA/Pb molar ratio (%) 79 

Br: I molar ratio (%) 12 : 88 

DMF :DMSO volume 

ratio 
4:1, 2:1, 1:1, 0:1 (full DMSO) 

Perovskite formula Cs0.15FA0.79Pb(I0.884/Br0.116)2.94 

Table 5: Composition of the precursor inks studied in this section. 

We used the optimized precursor ink with Cs/Pb = 15% and the optimized slot-die 

coating process parameters. The detailed parameters are reminded in Chapter III- Table 10. 
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• Precursor ink variations with DMF:DMSO ratios 
modification 

Prior to deposit the film via slot-die coating, we studied the variation of the ink 

properties containing various DMF:DMSO solvent ratios. We expect the reduction of the DMF 

fraction in the precursor ink to affect other parameters such as the boiling point, the density 

and the surface tension of the ink as those parameters vary between DMF and DMSO solvents 

(Table 6). Furthermore, as we attempt to phase out of the DMF which was the majority solvent 

(80% of the solvent volume) in the precursor ink, we could expect this strong modification to 

affect the precursors solubility or organization in solution [252].  

  DMF DMSO 

boiling point (°C) 153 189 

vapour pressure (hPa, at 20°C) 3.5 0.6 

density (g.mL-1) 0.944 1.1 

surface tension (mN.m-1) 37 43 

Table 6: Properties of the DMF and DMSO solvents. 

 As expected, gradually reducing the DMF fraction in the precursor ink had an impact 

on the surface tension of the precursor ink (Figure 24a). The precursor ink surface tension 

increased from 44.5 mN.m-1 (4:1 volume ratio) to 50.1 mN.m-1 for the ‘full DMSO’ ink, in 

accordance with the solvents relative surface tensions (Table 6).  

Both inks were situated within the substrate wettability envelop (Figure 24b), 

indicating a full wettability on the ITO/SnO2 substrate. The ‘full DMSO’ ink has an increased 

polar component of the surface tension, in line with the larger polarity of DMSO solvent 

compared to DMF. By gradually decreasing the DMF fraction in the precursor ink, the DMSO 

solvent was able to solubilize the PbI2 precursor for the perovskite precursors concentration 

used (1.2 M).  
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Figure 24: a) Ink surface tension for various DMF:DMSO solvent mixtures containing the perovskite 

precursors (15% Cs/Pb – 79% FA/Pb). b) Wettability envelope of the ITO/SnO2 substrate with position 

of the reference DMF:DMSO ink (4:1 volume ratio) and of a full DMSO precursor ink. c) Summary of 

the position of the two inks on the wettability envelope. 

• Slot-die coated layer from full DMSO precursor ink 

 In this section, we used the ‘full DMSO’ precursor ink to deposit perovskite films via 

slot-die coating. We included a post-annealing step of 5 min at 100 °C. The process parameters 

are the one optimized in the Chapter III (Table 10). 

Coating Quenching Post-Annealing 
Cg 100 µm Qg 3 mm 

AT 100 °C 
CQs 28 mm.s-1 CQs 28 mm.s-1 

Cf 100 µL.min-1 Qf 100 L.min-1 

At 5 min 
CQT 60 °C CQT 60 °C 

III-Table 10: Optimized process parameters used in slot-die coating process. 

 During the quenching step, we observed that the precursor wet film did not start 

evaporating at the substrate temperature of CQT = 60 °C. This observation was explained by 

the difference in boiling point between DMF (153 °C) and DMSO (189 °C) (Table 6 above). 

Besides the boiling point, the solvent vapour pressure was impacted by the solvent 

modification. The DMSO lower vapour pressure (0.6 hPa compared to 3.5 hPa for DMF) 

conferred a larger volatility to the ‘full DMSO’ ink compared to DMF-containing inks.  

We could thus expect a different drying behaviour when using the ‘full DMSO’ ink. The 

use of the same substrate temperature (CQT = 60 °C) on the full DMSO ink with higher boiling 

point resulted in a lack of wet precursor film evaporation. To solve this issue, we increased the 

substrate temperature until CQT = 80°C, substrate temperature at which the precursor wet film 

started to evaporate.  
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 The new deposition parameters are summarized in the Table 7 below. 

Coating Quenching Post-Annealing 

Cg 100 µm Qg 3 mm 
AT 100 °C 

CQs 28 mm.s-1 CQs 28 mm.s-1 

Cf 100 µL.min-1 Qf 100 L.min-1 

At 5 min 
CQT 80 °C CQT 80 °C 

Table 7: Optimized process parameters used for the full DMSO ink. The modified parameter is 

highlighted in green. 

 The resulting perovskite layer had a relatively good substrate homogeneity (Figure 

25a). The thickness of the DMSO only perovskite layer was t = 380 nm, thinner than the 

575 nm slot-die coated film obtained from a mixed solvents system (Figure 25b). This 

thickness variation could be explained by the modification of the wet precursor ink properties 

(density, surface tension) that could affect the wet film coating and resulting precursor wet film 

thickness.  

 The optical properties of the ‘full DMSO’ ink sample were close to the slot-die coated 

layer fabricated from a DMF:DMSO solvent mixture. The perovskite material exhibited a 

similar band gap Eg = 1.60 eV (Figure 25d). However, the absorbance curve was flatter in the 

300-600 nm range (Figure 25c), possibly due a light scattering effect [253]. The absorption 

onset was less pronounced in the full DMSO ink (blue curve in Figure 25d), revealing a larger 

Urbach tail and possibly a more defective layer. Prior to study the layer morphology, we 

monitored the perovskite conversion by recording the X6Ray diffraction patterns. 

 

Figure 25: a) Picture of the slot-die coated layer fabricated from the ‘full DMSO’ precursor ink. 

b) Profilometry scan, c) Absorbance curves and d) Corresponding Tauc plot of the slot-die coated 

layers fabricated from ‘full DMSO’ and 4:1 solvent mixture containing precursor inks. 
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 We confirmed the formation of α-CsFAPbIBr material in the slot-die coated sample 

fabricated from the ‘full DMSO’ ink by the presence of its signature peaks corresponding to the 

various orientations ((001), (011) and (111)) (Figure 26a). We noted the presence of the δ-

FAPbI3 phase (3% XRD peak area ratio) and a lower (001) perovskite XRD peak intensity in 

the ‘full DMSO’ sample (Figure 26b), suggesting that this layer had a lower crystallinity 

compared to the one fabricated from the mixed solvents precursor ink.  

 

Figure 26: a) X-ray diffraction patterns from the slot-die coated layers fabricated from DMF:DMSO 

and full DMSO precursor inks. b) Corresponding XRD peak area ratios. 

• Interfacial limitations with the ‘full DMSO’ precursor ink  

 We observed a flatter absorption curve for the slot-die coated layer fabricated from the 

‘full DMSO’ ink, similar to the light scattering effect observed in poor substrate coverage 

samples (Chapter III.2.2-Figure 15). As the film was compact in this case (see profilometry 

scan on Figure 25b), another material property seemed to influence the light scattering. To 

further assess the perovskite layer quality, we recorded the SEM cross-section of the ‘full 

DMSO’ sample (Figure 27).  

 In the cross-section image (Figure 27), we observed the presence of voids at the 

SnO2/perovskite interface. This phenomenon has been observed before in the literature and 

could be attributed to an vertical evaporation gradient forming an imbalance during the 

quenching of the precursor wet film [90,254,255]. For solvents with higher volatility (DMSO has 

lower vapour pressure than DMF), the efficient solvent evaporation will contribute to the fast 

crystallization from the top of the precursor wet film. If this crystallization is too fast, part of 

the solvent can be trapped underneath the crystallized layer, resulting in the creation of voids 

upon drying. The interfacial voids presence can induce light scattering effects, hence flatter 

absorbance curves reported earlier. 
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Figure 27: SEM cross-section of the slot-die coated perovskite layer deposited on ITO/SnO2 substrate 

from the ‘full DMSO’ precursor ink. 
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Conclusion 

 In this chapter, we investigated the properties of slot-die coated films deposited from 

precursor inks with various CsI and FAI ratios. More specifically, we increased the CsI content 

in the precursor ink to supress the formation of the δ-FAPbI3 material in the slot-die coated 

films, while retaining a similar band gap and morphology. The maximum conversion into the 

cubic structure was achieved for Cs/Pb = 15%, independently of the FAI content. This value 

was notably higher than the 5% Cs/Pb needed to convert the CsFAPbIBr into the cubic 

structure using the spin-coating process and highlights the critical role of CsI precursor in the 

gas-assisted crystallization.  

The perovskite grains of the slot-die coated layers were smaller than the spin-coated 

reference layers ones for all compositions, reinforcing that the gas-quenching crystallization 

was limited in terms of grain size (~150-250 nm). Notably, the post-annealing step did not help 

to increase the grain size but rather resulted in by-product formations: crystalline PbI2 or  

δ-FAPbI3, depending on the FAI ratio. 

When implemented into photovoltaic devices, the slot-die coated layer with 15% Cs/Pb 

ratio exhibited an increased current density compared to the slot-die coated layer with 

5% Cs/Pb ratio (Chapter III), reaching similar current densities as reference devices based 

on spin-coated perovskite layers. To further close the performance gap with the reference 

devices, further Voc and FF improvement are needed. These electrical parameters are possibly 

limited by the intrinsic quality of the perovskite layer (grain boundaries, iodide content) or by 

the ETL/Perovskite interface quality. The latter will be further studied in Chapter V. 

Finally, the modification of the precursor ink solvent from DMF:DMSO to full DMSO 

required additional process optimization due to the different solvent evaporation kinetics, and 

resulted in the formation of voids at the ETL/Perovskite interface which was not suitable for 

device integration.  
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Appendixes 

Appendix 1: Formation of Intermediate clusters in the precursor ink. 

 

 To study the composition of the intermediate clusters, we decided to apply a 

combinatory approach. First, each precursor was added in the solvent mixture to determine 

which one was forming the intermediate cluster with the solvent mixture. The idea was to build 

up a library of interactions from which we can progressively add the other precursors to sort 

out their interactions.  

 Figure A1-1 presents the XRD patterns of the precursors in the DMF:DMSO solvent 

mixture. We observed that some precursors (FAI and PbBr2) did not form any crystalline 

product. We see that FAI did not dissolve very well in the mixture and did not exhibit other 

crystalline peaks than the ones corresponding to FAI. Solely the PbI2 XRD pattern was showing 

a low angle intermediate cluster (2θ = 9-10°), in addition to the PbI2 peaks. This signature has 

been attributed to the PbI2:DMSO complex in the literature [256]. We propose that the CsI and 

FAI compounds were dissociated in solution (when soluble) under the Cs+, FA+ and I- ions 

form. Regarding the PbBr2, the binding energy to form polytypes being smaller than in PbI2, it 

was also dissociated into Pb2+ and 2 Br- ions.  

 As a result, the first precursor to form an intermediate was PbI2. To confirm that PbI2 

was principally binding with DMSO solvent in the system, we repeated the PbI2 sample and 

removed the DMF. We observed the intermediate signature peaks at 2θ = 9 - 10°  

(Figure A1-1b), validating the PbI2:DMSO cluster hypothesis. To go further, we added the 

other precursors to the PbI2 (DMF:DMSO) cluster (Figure A1-1b). The XRD patterns 

resulting from PbBr2 addition (in green on Figure A1-1) showed a slight shift in the peaks 

position, sign of the incorporation of the smaller Br- anion into the [PbI6
4-] polytypes. 

 

Figure A1-1: a) X-Ray diffraction of semi-wet films containing the precursors in the DMF:DMSO 

solvent mixture. b) X-Ray diffraction of semi wet films containing PbI2 to study its interactions 

with DMSO and other precursors. 
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 When FAI was added to the PbI2 (DMF:DMSO) mixture, we observed the formation of 

the δ-FAPbI3 perovskite at 2θ = 11.4° (in black on Figure A1-1). Finally, when we added CsI 

to the PbI2 (DMF:DMSO) cluster, we observed the presence of an additional peak at low angles, 

at 2θ = 10°, corresponding to the incorporation of CsI in the cluster. We noticed that the 

presence of this third peak was difficult to detect and disappeared when longer acquisition 

times were used, possibly indicating that the CsI intermediate cluster is thermodynamically 

less stable than the PbI2:DMSO intermediate.  

 Based on the observations, we proposed the following mechanism of the role of the 

various precursors in solution (Figure A1-2). 

 

Figure A1-2: Proposition of mechanism for precursor organization in solution. 
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Appendix 2: Device performance summary. 

• Spin-coating- Reference- measured at day 0 

 Voc (mV) Jsc (mA.cm-2) FF (%) PCE (%) 

1 1.071 21.9 70.4 16.5 

2 1.052 21.3 70.9 15.9 

3 1.078 21.5 71.1 16.5 

4 1.099 21.4 63.5 15.0 

5 1.073 21.3 66.7 15.3 

6 1.076 21.7 71.3 16.7 

 1.075 ± 0.024 21.5  ± 0.4 69.0  ± 5.5 15.9  ± 3 

 

• Slot-die coating- 5% CsI- measured at day 0 

1 1.000 20.7 54.8 11.4 

2 1.022 20.7 60.0 12.7 

3 0.997 20.5 58.1 11.9 

4 1.017 20.4 59.3 12.3 

5 0.979 19.6 61.1 11.7 

6 1.011 19.6 62.4 12.3 

7 1.001 19.6 62.3 12.2 

8 0.996 20.1 55.9 11.2 

9 1.024 20.1 57.9 11.9 

10 1.002 20.1 57.7 11.6 

11 0.992 20.8 61.6 12.7 

12 1.013 20.7 63.4 13.3 

13 1.001 20.6 63.0 13.0 

14 0.881 21.8 56.1 10.8 

 0.995  ± 0.115 20.34  ± 1.4 59.5  ± 4.7 12.1  ± 1.3 

 

• Slot-die coating- 15% CsI- measured at day 0 

1 0.929 22.9 62.5 13.3 

2 0.932 23.0 63.3 13.5 

3 0.933 22.8 65.0 13.8 

4 0.919 22.9 63.9 13.4 

5 0.901 22.5 55.8 11.3 

6 1.023 20.9 68.6 14.7 

7 1.004 21.5 69.5 15.0 

8 0.996 21.2 65.7 13.9 

9 0.975 22.0 55.4 11.9 

 0.957 ± 0.065 22.2 ± 1.2 63.3 ± 7.5 13.4 ± 2.1 

The lines highlighted in yellow correspond to the device plotted on Figure 21. 
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Appendix 3: Device performance summary. 

• Spin-coating – Reference (5% CsI)- measured at day 1 

 Voc (mV) Jsc (mA.cm-2) FF (%) PCE (%) 

1 1.099 22.3 73.2 17.9 

2 1.097 21.7 73.8 17.6 

3 1.108 21.8 74.9 18.0 

4 1.078 21.9 68.3 16.1 

5 1.067 22.1 66.5 15.7 

6 1.090 21.9 73.2 17.5 

 1.090 ± 0.023 21.9  ± 0.4 71.7  ± 5.1 17.1  ± 1.5 

• Spin-coating – 15% CsI- measured at day 1 

 Voc (mV) Jsc (mA.cm-2) FF (%) PCE (%) 

1 1.001 22.2 65.3 14.5 

2 1.015 22.1 66.8 15.0 

3 1.002 21.7 68.0 14.8 

4 1.008 22.0 64.8 14.4 

5 1.007 21.6 63.3 13.7 

6 1.016 21.9 65.2 14.5 

 1.008 ± 0.008 21.9  ± 0.4 65 ± 2.4 14.5  ± 0.7 

The lines highlighted in yellow correspond to the device plotted on Figure 23. 
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Appendix 4: Monitoring of iodide content in the slot-die coated layers for 
various Cs/Pb ratios (FA/Pb = 79%) 

 

 A factor that can impede the device performance is the perovskite material modification 

upon annealing. In particular, iodide loss due to the evaporation of volatile compounds such 

as I2 
[257] has been reported in the literature. To quantify the iodine content in the films, we 

performed electron dispersive X-Ray (EDX) measurements on the “as-quenched” and 

annealed samples at all CsI contents for FA/Pb = 79% (Figure A4) and defined the I/Pb 

intensity ratio as a monitoring parameter. The objective was to see how the post-annealing step 

affected the iodide loss in the films fabricated with various CsI contents.  

 Prior to annealing, the iodide content of the “as-quenched” films increased 

proportionally with the CsI content in the solution. Upon annealing, we observed a pronounced 

iodide loss at 5, 10 and 15% Cs/Pb, which was correlated with the formation of crystalline PbI2 

in larger quantities in the film (Chapter III - Figure 11), and the apparition of white particles 

on the SEM image. One could suggest that this reorganization of the iodide in the perovskite 

films upon annealing could have led to the formation of iodide vacancies at the grain 

boundaries and/or interfaces with the extraction layers. The device integration of the “as-

quenched” slot-die coated layer compared to the annealed slot-die coated layers could provide 

additional insights on the relationship between this iodide loss and perovskite solar cells 

performance. 

  

Figure A4: EDX ratios of I/Pb before and after 5 min annealing at 100 °C for the various Cs/Pb 

ratios. The superposed number corresponds to the cations (Cs+ and FA+) to lead (Pb) ratio. 
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Chapter V: Influence of the ETL on 

the perovskite film properties and 

device performances. 

 

  

In this final chapter, we present the work carried out in NTU laboratory where the 

slot-die coating process was adapted using the optimized precursor ink (15% Cs/Pb) 

developed in Chapter IV. We investigate the properties of slot-die coated layers deposited 

on three state-of-the-art electron transporting layers (ETLs) with various chemical natures 

(SnO2 and TiO2) and morphologies (planar and mesoporous). We integrate those layers into 

photovoltaic devices to study the relationship between the ETL/Perovskite interface and the 

device performances. We studied the performance distribution of devices fabricated on large-

area substrates and assessed the effect of the slot-die coated layer spatial homogeneity on 

device performances. Finally, we fabricate a ‘proof of concept’ photovoltaic module. 
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V.1. Practical considerations 

In the literature, a variety of architectures are available for perovskite-based photovoltaic 

devices fabrication (Chapter I) [258,259,58]. Here, we focused on the (n-i-p) device architecture 

in which the perovskite layer is coated on top of the electron transporting layer (ETL). In 

general, the device structures can be categorized into planar and mesoporous structures, 

defined by the morphology of the ETL employed. State-of-the-art ETL materials include TiO2 

(historically inherited from dye-sensitized devices [18]) and SnO2 
[260]. In this chapter, we aimed 

to assess the versatility of the slot-die coating process with the state-of-the-art ETLs used in 

the literature: planar SnO2, planar TiO2 and mesoporous TiO2 (Figure 1).  

 

Figure 1: (n-i-p) device architectures investigated with various electron transporting layers (ETLs): 

a) planar SnO2, b) planar TiO2, and c) mesoporous TiO2. TCO is the transparent conductive oxide 

electrode and HTL the hole transporting layer. 

V.1.1. ETLs investigated 

In this study, the three substrates investigated were planar SnO2, planar TiO2 and 

mesoporous TiO2. Fluorine doped tin oxide (FTO) was used as the transporting conductive 

oxide (TCO) for its compatibility with the high temperatures (500 °C) [261] required to sinter 

TiO2 materials. The means to fabricate the ETLs varied (Table 1): a sol-gel approach was used 

to form planar SnO2 and TiO2 layers (later named ‘sg-SnO2’ and ‘sg-TiO2’ with sg = sol-gel), 

while a nanoparticles solution was used to form the mesoporous TiO2 screen (named ‘m-TiO2’ 

with m = mesoporous). We used the spin-coating process to deposit the planar SnO2 and TiO2 

layers and the screen-printing process to deposit the mesoporous TiO2 layer (experimental 

details can be found in Chapter II). We note that a high temperature post-annealing step  

(1 h at 500 °C) was required to sinter the TiO2 materials.  

We note that the planar SnO2 fabrication via sol-gel approach differs from the 

nanoparticle SnO2 solution employed earlier (in Chapter III-IV). To differentiate them, the 

previously investigated SnO2 ETL was named ‘np-SnO2’ (np = nanoparticles). The planar SnO2 

substrate (‘sg-SnO2’) was defined as the reference substrate (highlighted in grey in Table 1). 

Here, we report the comparison between this reference substrate and the previous planar SnO2 

substrate (‘np-SnO2’) and the intra batch comparison between the reference and planar TiO2 

(‘sg-TiO2’) and mesoporous TiO2 (‘m-TiO2’) substrates.  
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Chapter III-IV V 

ETL designation np-SnO2 sg -SnO2 (ref) sg-TiO2 (anatase) m-TiO2 (anatase) 

TCO ITO FTO 

morphology planar planar planar mesoporous 

fabrication 

method 

nanoparticles 

(SnO2 in H2O) 

sol-gel  

(SnCl2 in EtOH) 

sol-gel  

(Ti(OBu)4 in EtOH) 

Nanoparticles 

(TiO2 in terpineol) 

deposition 

process 
Spin-coating Spin-coating Spin-coating Screen-printing 

post-annealing 

(in air) 
80 °C – 1 min 180 °C – 1 h 500 °C – 1 h 500 °C – 1 h 

Table 1: Substrates investigated in this work. The reference substrate in this chapter is highlighted in 

grey.  

During the slot-die coating process, the precursor wet film is deposited onto the ETL 

surface. Therefore, the ETL properties such as its thickness and surface roughness can affect 

the perovskite layer coating [262]. The main properties of the ETL-coated substrates are 

summarized in Table 2. We can distinguish the planar and mesoporous ETLs. For planar 

ETLs, their thickness (30-40 nm range, Table 2) was negligeable in comparison to the slot-

die coated precursor wet film thickness (~ 4 µm). The mesoporous ETLs, however, presented 

larger thicknesses up to 250 nm which could affect the perovskite coating, in particularly 

because of their porosity.  

The planar SnO2 ETL fabricated by sol-gel method had a similar thickness (sg-SnO2, 

30 nm) compared to the SnO2 ETL from SnO2 nanoparticle’s solution (np-SnO2, 40 nm) and 

to the TiO2 ETL fabricated by the sol-gel method (sg-TiO2, 40 nm). This thickness has been 

optimized prior to this work to balance the charge selectivity properties (that require a 

minimum thickness to selectively extract electrons), and the light management and ETL 

conductivity (that are limited at high ETL thicknesses). In the literature, optimal ETLs exhibit 

full TCO coverage and minimal thickness [62]. Here, each layer of the stack was adjusted with 

respect to the nature of the TCO and perovskite as made by spin-coating to maximize the device 

efficiency in such configuration.  

ETL designation np-SnO2 sg-SnO2 sg-TiO2 m-TiO2 

average roughness (nm) 10 ± 1 15 ± 1 15 ± 5 - 

ETL thickness (nm) 40 ± 2 30 ± 5 40 ± 10  100, 150 and 250 ± 10 

nanoparticle size* (nm) 10 - 15 - - 30  

Table 2: Main properties of the substrates investigated in this chapter. The properties of the ITO/np-

SnO2 substrates are provided for direct comparison to previous work. *This information was extracted 

from the specifications of the supplier.  
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In the (n-i-p) device structure, the incoming light will go through the TCO and the ETL 

layers before reaching the perovskite absorber. Therefore, to maximize the current generation 

in the perovskite, the TCO/ETL stack must have a maximum transparency. Due to the presence 

of a scaffold in the mesoporous ETL sample, lower transparency has been reported in the 

literature compared to planar TiO2 films [263]. Therefore, we focused on the comparison 

between the planar ETLs. We measured the optical transmission of the TCO/ETL stacks for 

ITO/np-SnO2, FTO/sg-SnO2 and FTO/sg-TiO2 (Figure 2). The transmission onset was shifted 

of Δλ = 15 nm when the ETL material was modified from SnO2 to TiO2, in line with the 

literature [147]. Moreover, the ETL coated on the FTO substrates had a larger transmission in 

the 500 – 800 nm range (+ 5%), where the perovskite material absorbs, compared to the ETL 

coated on ITO. We concluded that FTO/sg-SnO2 was the substrate maximizing the 

transparency among the planar samples. We will later link the substrate transparency to 

experimental device current density values. 

 

Figure 2: Transmission of the various TCO/ETL stacks employed here in the wavelength range where 

the perovskite layer absorbs (300- 780 nm). 

V.1.2. Perovskite layer deposition 

As this study was performed using a different slot-die coating equipment and larger 

substrates (10 x 10 cm2) (Chapter II), we optimized the deposition parameters to form 

compact perovskite layers, following the iterative optimization methodology used in Chapter 

III. The substrate temperature (CQT), the coating gap (Cg) and post-annealing temperature 

and time were directly transferred from the previous process parameters whereas the process 

speed (CQs) was adjusted from 28 mm.s-1 to 25 mm.s-1 and the coating flow rate (Cf) from 100 to 

60 µL.min-1. Those slight variations are attributed to the different ink dispense system used. 

The quenching flow rate (Qf) was increased from 100 L.min-1 to 140 L.min-1, due to the change 

of nitrogen source (nitrogen cylinder with higher pressure) and the variation in gas-knife 

geometry. The process parameters optimized for the second slot-die coater are summarized in 

the Table 3. The annealing conditions were kept similar to the one performed in previous 

chapters (5 min at 100 °C) but the post-annealing step was performed in air. 
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Coating Quenching Post-Annealing 

Coating gap (Cg) 100 µm 
Quenching gap 

(Qg) 
300 µm Annealing 

temperature 
(AT) 

100°C 
Coating speed (CQs) 25 mm.s-1 

Quenching speed 
(CQs) 

25 mm.s-1 

Coating flow rate (Cf) 60 µL.min-1 
Quenching flow 

rate (Qf) 
140 L.min-1 

Annealing 
time (At) 

5 min 
Substrate temperature 

(CQ) 
60 °C 

Substrate 
temperature 

(CQT) 
60 °C 

Table 3: Optimized process parameters used on the second slot-die coater. The adjusted 

parameters are highlighted in green. 

The quenching gap (Qg) was significantly reduced from 3 mm to 300 µm to permit lateral 

homogeneity of the crystallization over the 10 cm wide substrate as illustrated below 

(Figure 3).  

 

Figure 3: Pictures of 10 x 10 cm2 slot-die coated samples obtained for various quenching gaps. 

 a) Qg = 300 µm and b) Qg = 3 mm with the second slot-die coater. 

For all studies made in this chapter, we used the optimized precursor ink with 15% Cs/Pb 

developed in Chapter IV. The composition is reminded in Table 4. 

Lead concentration (M) 1.2 

PbI2 excess (%) 6 

Cs/Pb molar ratio (%) 15 

FA/Pb molar ratio (%) 79 

Br:I molar ratio  (%) 12 : 88 

DMF : DMSO volume ratio 4 : 1 

Table 4: Composition of the optimized precursor ink to form Cs0.15 FA0.79 Pb(I0.88/Br0.12)2.84. 
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V.2. Comparison of planar np-SnO2 and sg-SnO2 ETLs  

The first investigation focused on the two planar SnO2 ETLs. Indeed, the new reference 

substrate (FTO/sg-SnO2) differed from the one studied in Chapters III-IV (ITO/np-SnO2).  

V.2.1. Perovskite layer properties on np-SnO2 and sg-SnO2  

Following the characterization matrix presented in Chapter III, we compared the 

properties of perovskite layers slot-die coated onto the reference np-SnO2/Perovskite (Slot-die 

process 1, Chapter III-IV) and the new reference sg-SnO2/Perovskite (Slot-die process 2, 

Chapter V) substrates. We note that besides the change of ETL, both samples were fabricated 

using different slot-die coating processes. The aim of this comparison is to identify the possible 

changes in perovskite material properties and to link them to device performances. Further 

ETL layers investigations using the same slot-die coating process will be performed later to 

decorrelate the effects of the process and the substrate on both perovskite film properties and 

device performances (V.3.3 and V.4.3.).  

• Morphology 

 The FTO glass substrate size used in this work was 10 x 10 cm2, as depicted in 

Figure 4a. We used the first centimetre of substrate (top of the picture) to deposit the 

meniscus during the slot-die coating process. The perovskite coating area was then A = 90 cm2. 

We can see from the sample picture (Figure 4a) that a brown perovskite film was deposited 

homogeneously on the substrate. On the optical image (Figure 4b), we observed a compact 

morphology without any pinholes (c = 100%). The profilometry scan showed a film thickness 

of t = 550 nm on FTO/sg-SnO2 with a surface average roughness Ra = 15 nm, similar to the one 

on ITO/np-SnO2 (t = 575 nm and Ra = 10 nm).  

 

Figure 4: a) Picture of the slot-die coated perovskite layer on a sg-SnO2/FTO substrate over 10 x 

10 cm2. b) Optical microscopy image of the surface of the perovskite layer. c) Profilometry scan of the 

perovskite layer slot-die coated on FTO/sg-SnO2 and ITO/np-SnO2.  
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 The SEM images confirmed the presence of a compact grain-like morphology in the 

perovskite film (Figure 5b), similarly to what was observed on the np-SnO2-coated ITO 

substrate (Figure 5a). We noticed an increase of the perovskite grain size from g = 250 nm on 

ITO/np-SnO2 to g = 400 nm on the FTO/sg-SnO2 substrate. This grain size increase was 

correlated with a wider grain distribution (twice as wide), with the addition of a second 

populations (grain size ~ 500 nm) to the first population (grain size ~ 250 nm). This uneven 

grain size distribution reflects an inhomogeneous crystal nucleation: small grains formed in 

high nucleation density areas and larger grains in the lower nucleation density areas.  

Overall, the nucleation on the sg-SnO2 sample was less dense than on the np-SnO2 

sample. This difference could be due to many parameters such as the change of processing 

conditions, substrate or processing environment at this stage. Despite the origin uncertainty, 

this was an interesting result, as the average grain size of the slot-die coated layer deposited on 

FTO/sg-SnO2 substrate (g = 400 nm) was higher than the spin-coated perovskite layer average 

grain size (g = 273 nm, see Chapter III) on ITO/np-SnO2, which could be desirable for device 

integration.  

 

Figure 5: SEM image of the perovskite layer slot-die coated on a) ITO/np-SnO2 and b) FTO/sg-SnO2 

substrates. c) Corresponding grain size distributions. 

• Optical properties 

 In line with the slight film thickness decrease, the absorption onset (Figure 6a) of the 

layer on FTO/sg-SnO2 (t = 500 nm) was smaller compared to the thicker perovskite film on 

ITO/np-SnO2 (t = 575 nm). Both films exhibited a similar band gap at Eg = 1.62 eV 

(Figure 6b). Regarding the photoluminescence intensity, we observed an identical PL 

emission wavelength for both samples (Figure 6c), reinforcing the fact that a material with 

similar electronic properties (and possibly with a similar stoichiometry) was formed on this 

new substrate and with this adapted process.  
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Figure 6: a) Absorbance curves, b) Corresponding Tauc plots (see Chapter II) and c) Normalized 

photoluminescence intensity (excitation wavelength: 550 nm) of slot-die coated perovskite layers 

deposited onto ITO/np-SnO2 and FTO/sg-SnO2 substrates. 

• Crystallinity 

 We monitored the X-Ray diffraction (XRD) pattern of the slot-die coated films on both 

FTO/sg-SnO2 and ITO/np-SnO2 substrates (Figure 7a). The presence of the α-CsFAPbIBr 

phase on the FTO/sg-SnO2 substrate was confirmed by the presence of diffraction peaks at 

2θ = 13.8°, 19.7° and 24.3° corresponding to the (001), (011) and (111) plans respectively. 

Regarding the by-products, we did not detect the δ-FAPbI3 phase, indicating a selective 

perovskite conversion into the cubic structure. The presence of crystalline PbI2 peak was, 

however, more pronounced in the perovskite layer coated on the FTO/sg-SnO2 substrate 

(Figure 7a). The XRD peak area ratio of crystalline PbI2 increases from 6 to 23% (Figure 7b).  

 Moreover, the film coated onto the FTO/sg-SnO2 substrate exhibited a preferential 

orientation along the (011) plan, which was distinct from the (001) plan observed earlier. 

Despite the difference of measurement set-ups used to measure the XRD patterns (discussion 

in Chapter II), we attributed the change of preferential grain orientation observed by XRD to 

a change in the organization of the perovskite crystals. This change of organization could 

originate from a difference in the crystallization mechanism and be correlated with the 

presence of larger grains and more crystalline PbI2 in this sample. 
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Figure 7: a) X-Ray diffraction patterns and b) Corresponding XRD peak area ratio of slot-die coated 

layers on ITO/np-SnO2 and FTO/sg-SnO2. 

 In summary, a perovskite layer with similar thickness, absorption properties, and 

selective cubic CsFAPbIBr structure was deposited on the FTO/sg-SnO2 substrate with the 

adapted slot-die coating process. Appendix 2A summarizes the characterization matrix with 

the same methodology used in Chapter III. We have identified three main differences with 

the reference slot-die coated layer: the larger grain size (average value and width of 

distribution), the change of the preferential perovskite grain size and orientation ((011) plan 

was preferred on FTO/sg-SnO2) and the larger proportion of crystalline PbI2 observed by XRD 

on FTO/sg-TiO2.  

V.2.2. Performances of devices with np-SnO2 and sg-SnO2 
ETLs 

Once the main properties of the slot-die coated perovskite layer characterized, we can 

study the effect of those changes on the device performance. Here, we compared the 

performances of devices fabricated with the FTO/sg-SnO2/Perovskite/Spiro-OMeTAD/Au 

structure (new reference structure) to the performance of the slot-die coated devices fabricated 

in Chapter IV with the ITO/np-SnO2/Perovskite/PTAA/Au structure (initial structure).  

• Device architecture 

 This device architecture differed from the one studied earlier (Chapters III & IV) as 

we used fluorine doped tin oxide (FTO) as transparent conductive oxide (TCO) layer instead of 

ITO, deposited the SnO2 ETL via sol-gel method (nanoparticles formulation earlier) and used 

Spiro-OMeTAD as hole transporting layer (HTL) instead of PTAA.  

 We present the energy band diagram with values extracted from the literature [205–207] 

(Figure 8b). The modification of the TCO material did shift the work function of the 

transparent electrode from - 4.8 eV (ITO) to - 4.5 eV (FTO), but still permits the extraction of 

electrons from SnO2 (conduction band of - 4.4 eV) to the TCO material. The modification of 

the HTL material did not affect the device energy alignment, as the valence band level was 
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similar (- 5.2 eV) for both PTAA and Spiro-OMeTAD. Experimentally, we could expect 

variations of the ETL/Perovskite energy alignment due to a variation of the ETL deposition 

process [264] (sol-gel, colloid, atomic layer deposition (ALD)) or surface properties [62,265] (pH, 

chemical groups, oxygen vacancies). 

 

Figure 8: a) Device stack used in this chapter. b) Energy alignment diagram with values from the 

literature [205–207]. 

• Device performance classification 

We applied the same device measurement protocol as before (see Chapter II) and 

observed a more pronounced dispersion in the device performances (Figure 9a) compared to 

the one observed in Chapter III with the other device architecture. The high dispersion could 

be explained by a lower homogeneity over relatively large substrate area (100 cm2 compared 

to 25 cm2
 in Chapter III-IV) that could have led to larger performance variations. This 

dispersion could be formalized into three categories of devices: defective, average and 

champions with power conversion efficiencies (PCE) ranging 2-8%, 8-14% and > 14% 

respectively (Figure 9a). We present the typical J-V curves under illumination (Figure 9b) 

and in the dark (Figure 9c) of one representative device for each category.  

 In the dark J-V curves, the curve of the average device (blue) is the translation of the 

curve of the defective device (black) towards lower dark current, possibly due to the reduction 

of the shunt resistance [266] (Figure 9c). The difference between the average and champion 

device is the ideality factor or the dark J-V curve, which value tends towards 1, indicative of 

less intra-band (Shockley Read Hall, SRH) recombination [267]. We concluded that the defective 

devices were limited by shunts and that the average device was limited by recombination in the 

absorber material. Both limiting factors encountered could have been caused by 

inhomogeneities of the underlying ETL (shunt resistance) and/or by the inhomogeneity of the 

slot-die coated perovskite layer (recombination). 
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 When measuring the J-V curves under illumination, these dark current observations 

were translated into lower Voc and FF (shunts) in the defective device and lower Jsc and Voc 

(defective perovskite layer) in the average device (Figure 9b). To differentiate those device 

categories, we used the shunt resistance extracted from the J-V curves under illumination 

(Figure 9d). The device Voc and the device shunt resistance were correlated, confirming the 

relevance of the shunt resistance as a threshold parameter to differentiate the various device 

categories. 

 Consequently, in the rest of the work, we filtered the device data with a shunt resistance 

threshold of 1 000 Ω.cm2 (Figure 9d) to differentiate the device suffering from reduced shunt 

resistance. This device filtering allowed us to specifically investigate the impact of the slot-die 

coated layer quality on the device performance for the remaining devices (average and 

champion categories). 

 

Figure 9: a) Device power conversion efficiency distribution. b) J-V curves under illumination.  

c) J-V curves in the dark of one representative devices for each population (defective, average and 

champion). d) Correlation between shunt resistance and power conversion efficiency. 

  With the change of device structure (FTO/sg-SnO2/Perovskite/Spiro-

OMeTAD/Au), we could expect a different device aging behaviour. The next paragraph will 

introduce the evolution of the device performances with a storage in the dark at a relative 

humidity of 50%, using the methodology introduced earlier (III.4.1). 
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• Aging behaviour and day of performance reporting 

 In the literature, the evolution of the device performances over time has been reported 

to depend on the device structure [268]. To investigate aging behaviour of devices fabricated 

with the new reference device stack (FTO/sg-SnO2/Perovskite/Spiro-OMeTAD/Au), we 

measured the J-V curves initially (d0) and after 1, 5 and 9 days of storage in the dark (Figure 

10).  

The day of highest power conversion efficiency (PCE) was dependant of the device 

category. The champion devices reached the maximum PCE after 1 day of storage, mainly 

correlated with the Voc and FF maxima (Figure 10b-d); while the average devices achieved 

the highest performance after 5 days of storage, due to a Voc local maximum (Figure 10b). The 

current density increased for both populations in the first day and remained constant until 

9 days of storage (Figure 10c). The Voc was quite constant upon dark storage for the champion 

devices but deteriorated after 5 days for the average devices (Figure 10b). The fill factor (FF) 

deteriorated over time for all devices (Figure 10d).  

On SnO2 ETL, using the triple cation perovskite (MA, FA, Cs), Praetzold et al. observed 

a power conversion efficiency increase after 10 days of storage, mainly due to a constant 

increase of Voc and FF with storage time [268]. Our performance improvement kinetics was 

shorter and the FF evolution opposite to their observations. As they also demonstrated that the 

aging behaviour was related to the perovskite formulation, the different result could come from 

the different perovskite employed in this work (CsFAPbIBr).  

 

Figure 10: a) Power conversion efficiency (PCE), b) Fill factor (FF), c) Current density (Jsc) and 

d) Open-circuit voltage (Voc) of six FTO/sg-SnO2/Perovskite/Spiro-OMeTAD/Au devices measured 
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initially (d0) and after 1, 5 and 9 days of storage in the dark under 50% relative humidity. The defective 

devices (shunt resistance ≥ 1000 Ω.cm2) were excluded from the representation. 

In summary, the highest device performances with the new device structure were 

reached after one day of storage for the champion devices. We will therefore report the 

performance measured on that day (d1) for further comparisons. 

• Device performance: comparison of np-SnO2 and sg-SnO2 
ETLs 

 Under illumination, the J-V curves of the champion device on FTO/sg-SnO2 substrate 

(Figure 11a) exhibited higher Jsc (22.2 mA.cm-2), Voc (1.049 V) and FF (75.1%) compared to 

the device fabricated on the ITO/np-SnO2 device structure. These parameters resulted in a 

champion power conversion efficiency of 17.5%, closing the gap to the spin-coated device 

efficiency of 18%. In average, however, the power conversion efficiency on FTO/sg-SnO2 was 

13.6%, far from the 17.5% champion efficiency and rather in the range of the 13.4% average 

efficiency obtained for ITO/np-SnO2 devices (Figure 11d). The detailed device data is 

available in Appendix 3. 

If we compare the average values, both slot-die coated devices (on ITO/np-SnO2 or 

FTO/sg-SnO2) exhibited similar average Voc (0.957 V and 0.963 V respectively), significantly 

lower than the spin-coated device average Voc (1.090 V) (Figure11d). This suggests that the 

Voc deficit compared to the spin-coated devices was mostly due to the perovskite layer quality 

that depends on the deposition process used and not on the device architecture employed.  

The average fill factor of slot-die coated devices increased slightly from 63.3% for the 

ITO/np-SnO2 sample to 66.4% for the FTO/sg-SnO2 sample. As this FF increase was correlated 

with a change of the grain size (from 250 nm to 500 nm) in the perovskite absorber, this could 

be explained by the reduction of grain boundaries density, hence on the amount of 

recombination centres in the perovskite absorber. This FF increase could also be due to lower 

recombination rates at the ETL/Perovskite interface. 

For slot-die coated devices, the average short-circuit current density decreased from 

22.2 mA.cm-2 on ITO/np-SnO2 to 21.1 mA.cm-2 on FTO/sg-SnO2 (Figure 11d). While average 

Jsc were lower, interestingly the highest values achieved for champion devices were slightly 

higher on FTO/sg-SnO2 (Figure 11c). This could be due either to the better transparency of 

the sg-SnO2 layer when compared to the np-SnO2 (Figure 2) or to a better index matching 

increasing charge generation.  
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Figure 11: a) J-V curves of the best device per batch (measured at d0 or d1). b) Statistics of power 

conversion efficiencies. c) Statistics of short-circuit current densities.  d) Summary of J-V parameters 

for the three conditions. The parameters of the champion devices plotted on panel b are in italic. 

 In summary, high quality perovskite absorbers were obtained via different processes 

on various SnO2 ETLs, reinforcing the versatility of this deposition technique. The device 

performance on the FTO/sg-SnO2 substrate reached a champion 17.5% and average PCE of 

13.6%. Those devices exhibited a fill factor increase compared to the previous slot-die coated 

devices, possibly due to the increased perovskite grains size and reduced grain boundaries in 

these films.  

 Nevertheless, the dispersed device performances observed in this first study suggest 

that challenges remain regarding the homogeneous fabrication of a high-quality perovskite 

layer (with low recombination and ideality factor close to 1) across the substrate on which the 

various devices were fabricated. This aspect will be discussed in the end of the chapter ( V.5.).  

Now that the properties of the slot-die coated layers on planar SnO2 ETLs have been 

studied, other electron transporting layers can be investigated. From this study onwards, the 

slot-die coating process conditions were not modified (Table 3) to focus on the influence of 

the ETL on the slot-die coated layer properties. These performances will serve as the reference 

for the new device structure and will be used as a comparison point for subsequent studies in 

this chapter.  
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V.3. Comparison of planar sg-SnO2 and sg-TiO2 ETLs 

Besides the SnO2 material, the TiO2 material has largely been used as a planar ETL in 

perovskite solar cells since the early years of this field [47]. Here, we compared the properties of 

perovskite layers slot-die coated on planar TiO2 to the reference slot-die coated layers on planar 

SnO2. 

V.3.1. ETL layers properties: sg-SnO2 and sg-TiO2 

We deposited the TiO2 ETL using the same sol-gel approach than the planar SnO2 ETL 

using the spin-coating process on a FTO substrate (Chapter II). The main difference was the 

higher post-annealing temperature of 500 °C (Table 1&2) required to convert the tetrabutyl-

titanate (Ti(OBu)4) precursor into TiO2 thin film. The concentration of the Ti(OBu)4 precursor 

employed determines the sg-TiO2 layer thickness. Here, we used a state-of-the-art recipe [154] 

resulting in a ~ 40 nm thick sg-TiO2 thin film with an average surface roughness (Ra = 15 nm). 

Those properties were comparable with the reference sg-SnO2 ETL (t= 30 nm and Ra = 15 nm).  

In the literature, studies on the influence of the ETL nature on the perovskite 

crystallization are scarce when a slot-die coating process is used. This could be explained by 

the absence of significant effect of the ETLs on the perovskite crystallization for spin-coated 

perovskite layers. For instance, Yu et al. demonstrated the fabrication of MAPbI3 perovskite 

layers with similar properties on planar SnO2 and TiO2 ETLs using the spin-coating 

process [269]. This result was confirmed by Jiang et al. [270]. As the crystallization process may 

differ between spin-coating and slot-die coating, we aim to study whether these observations 

are applicable when the perovskite film is slot-die coated.  

V.3.2.  Perovskite layer properties on sg-SnO2 and sg-TiO2 

 A direct comparison is permitted between the two substrates as the perovskite 

deposition process used was identical. The only modification was the ETL material deposited. 

Here, we report the perovskite layer properties using the characterization methodology used 

earlier, enriched by scanning electron microscopy cross-sections and time-resolved 

photoluminescence which are relevant techniques to study the ETL/Perovskite interface. 

• Morphology 

 The slot-die coated layers on both ETLs exhibited a similar film thickness t = 550 nm 

and roughness (Ra = 15 nm). The slot-die coated layers had a similar morphology when 

deposited on FTO/sg-TiO2, with full substrate coverage, compared to the reference FTO/sg-

SnO2 substrate (Figure 12a-b).  
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The grain size distribution ranged from g = 300 to 600 nm on both substrates, showing 

similar average grain size on FTO/sg-TiO2 (g = 450 nm) and on FTO/sg-SnO2 (g = 400 nm) 

(Figure 12c). Those morphologies were different from the np-SnO2 sample and its 

significantly smaller grain size (g = 273 nm), suggesting that the perovskite process conditions 

could be the factor determining the grain size rather than the underlying substrate type (when 

planar ETLs are investigated). 

To assess the vertical perovskite grains organization, we recorded the SEM cross-

sections of the slot-die coated layers on FTO/sg-TiO2 and FTO/np-SnO2 (Figure 12d-e). We 

observed that the grains were stacked on top of each other similarly in both samples. Based on 

the SEM images, the underlying ETL nature did not seem to influence the perovskite growth.  

 

Figure 12: SEM surface and cross-section images of the perovskite layer slot-die coated on the a-

d) sg-SnO2 coated and b-e) sg-TiO2 coated FTO substrate. c) Corresponding grain size distribution.  

• Optical properties  

The absorption of both slot-die coated films were similar (Figure 13a), in accordance with 

the similar film morphologies observed earlier. Both materials exhibited a band gap 

Eg = 1.62 eV (extracted via the Tauc plot method, Figure 13b). The photoluminescence peak 

intensities of both slot-die coated layers were comparable (Figure 13c), indicating a similar 

level of radiative recombination in both films. We observed a narrowing of the PL peak in the 

800 nm wavelength range on the FTO/sg-TiO2 substrate. As discussed earlier (Chapter IV-

1-2), the change in grain distribution was not likely to be responsible for this PL narrowing. 

Here, we suggest that the perovskite intrinsic quality or the ETL/Perovskite interface could 

have been modified in the FTO/sg-TiO2 sample. We will assess the crystalline perovskite 

properties in the next paragraph. 
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Figure 13:  a) Absorbance spectra of slot-die coated perovskite layers deposited onto FTO/sg-SnO2 

and FTO/sg-TiO2 substrates. b) Extraction of corresponding optical band gaps via Tauc plot method. 

c) Photoluminescence spectra with an excitation wavelength of 550 nm for both slot-die coated layers. 

• Crystallinity 

We compared the XRD patterns of the slot-die coated layers deposited on FTO/sg-SnO2 

and FTO/sg-TiO2 substrates (Figure 14a). The formation of α-CsFAPbIBr perovskite was 

confirmed in both samples with a difference in the grain orientation. In the film coated on the 

reference substrate (FTO/sg-SnO2), the (011) plan was predominant (XRD peak area ratio of 

42%, Figure 14b), whereas the (001) plan was the most represented in the slot-die coated film 

on FTO/sg-TiO2 (XRD peak area ratio of 40%).  

We could wonder whether the perovskite grain preferential orientation depends on the 

underlying ETL. Indeed, the perovskite grain orientation observed in FTO/sg-TiO2 sample was 

closer to the one in the ITO/np-SnO2 substrate than to the one observed in FTO/sg-SnO2 

sample. We concluded that no direct correlation can be confirmed between the ETL material 

(SnO2 or TiO2) or the ETL deposition process (sol-gel or nanoparticles) used and the perovskite 

grain orientation. To further probe the ETL/Perovskite interface, we later used time-resolved 

photoluminescence to compare the charge carriers recombination in the perovskite absorber 

for both FTO/sg-SnO2 and FTO/sg-TiO2 samples. 
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 Regarding the by-products, the absence of δ-FAPbI3 confirmed the selective formation 

of the cubic structure. The formation of crystalline PbI2 was observed in both sg-SnO2 and sg-

TiO2 samples with XRD peak area ratios of 23 and 18% respectively. As crystalline PbI2 XRD 

peak area ratios were significantly higher in those two substrates compared to the ITO/np-

SnO2 substrate studied earlier (XRD peak area ratio of 6%), we attributed the change in 

crystalline PbI2 formation to the slot-die coating process rather than to the substrate nature.  

 

Figure 14: a) X-Ray diffraction patterns and b) Corresponding XRD peak area ratio of slot-die 

coated layers on FTO/sg-SnO2 and FTO/sg-TiO2. 

• Time-resolved photoluminescence 

To further assess the quality of the perovskite layer deposited on both ETLs, we extracted 

the charge carriers lifetime from a time-resolved photoluminescence (TRPL) measurement. 

The monitoring of the PL signal over time provides insights on the recombination mechanisms 

in the perovskite material or at the substrate/perovskite interface [271]. In the literature, the 

experimental decay profiles can be fitted using a bi-exponential model: 

y = y0 + A1 e–(x–x0)/t1 + A2 e–(x–x0)/t2,  

where the first decay (short decay t1) is rather related to charge extraction or recombination 

at the interface while the second (longer decay t2) is related to charge recombination in the 

bulk [271,272]. Typical values for the charge carrier lifetime in the perovskite bulk for spin-coated 

perovskite films span a wide range from 100 ns to 8 µs, depending on the perovskite 

composition, processing and potential post-treatments [273,274,50]. 

 Here, we recorded the TRPL decays of perovskite layers coated on sg-SnO2 and sg-TiO2 

and extracted the average decay lifetimes of 147 ± 10 ns and 124 ± 10 ns respectively 

(Figure 15). The ‘bulk’ recombination decay (t2 ~ 210 ± 5 ns) was similar on both ETLs, 

indicating a similar charge recombination behaviour in both absorbers. The initial decay (t1) 

was slightly shorter (t1 = 4.8 ± 1 ns) on FTO/sg-TiO2 compared to FTO/sg-SnO2 (t1 = 5.6 ± 1 ns).  
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In the literature, a shorter t1 value can either be attributed to enhanced charge 

extraction or to enhanced recombination at the ETL/Perovskite interface (due to a change in 

the perovskite quality in this region) [272]. Here, the values being overall very close, we suggest 

that the charge extraction properties were comparable for both ETLs. More generally, those 

values are comparable with the literature for slot-die coated methylammonium-free perovskite 

such as Yang et al. who demonstrated TRPL lifetimes between 100 and 200 ns [91]. 

 

Figure 15: Time-resolved photoluminescence (TRPL) of slot-die coated layers on FTO/sg-SnO2 and 

FTO/sg-TiO2. 

In summary, the perovskite layer deposited on the FTO/sg-TiO2 substrate had similar 

film thickness, grain size and absorption properties compared to the sg-SnO2 reference sample 

and exhibited a selective formation of the α-CsFAPbIBr cubic structure (detailed matrix 

available in Appendix 2B). The similarity of the slot-die coated layers properties, when 

deposited on both ETLs, was in line with existing literature for spin-coated layers [15,18]. 

The only difference in the sg-TiO2 sample was the change of the perovskite grains 

preferential orientation ((001) plan was preferred on FTO/sg-TiO2), resembling more the 

ITO/np-SnO2 sample studied earlier than the FTO/sg-SnO2 sample prepared in the same 

conditions. Despite this variation, similar charge carriers lifetimes were observed in the bulk 

of both perovskite layers (t2 ~ 210 ns). In the literature, the effect of the perovskite orientation 

on the perovskite opto-electronic properties is not well studied for mixed-cations formulations. 

Yang et al. recently deposited FA0.83Cs0.17PbI2.83Br0.17 slot-die coated films on SnO2 substrate 

with a preferential (001) orientation and similar charge carriers’ lifetimes (100 - 200 ns) [91]. 

Therefore, we would suggest that the grain orientation does not particularly affect the charge 

mobility in the absorber (at a similar grain size).  

Furthermore, the grain orientation seems linked to a combination of parameters 

including the the perovskite ink composition and coating conditions, relying less on the 

substrate nature. These observations suggest that the gas-quenching assisted crystallization 
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would rather follow a homogeneous nucleation. The precise nucleation mechanism (e.g. the 

growth direction upwards or downwards) is still under discussion in the literature [275]. 

V.3.3.  Performances of devices with sg-SnO2 and sg-TiO2 

In this study, we fabricated photovoltaic devices using either sg-SnO2 (reference) or sg-

TiO2 as ETL material, both deposited by spin-coating. 

• Device architecture 

 The only modification compared to the reference device structure (sg-SnO2) is the use 

of sg-TiO2 as electron transporting layer (Figure16). The SnO2 and TiO2 materials conduction 

band (CB) and valence band (VB) energy levels differ (Figure 16), resulting in a different 

energy alignment with the perovskite absorber. The deeper CB level of SnO2 favours the 

electrons extraction and its deeper VB level results in enhanced holes blocking properties, 

hence SnO2 has a better electron selectivity compared to TiO2 [150,270]. This result has been 

demonstrated for both sol-gel [269] and nanoparticles based [270] process route for planar SnO2 

ETLs.  

Further studies showed that the TiO2 crystalline form (rutile or anatase) can affect the 

energy band alignment between perovskite and TiO2. The band alignment between perovskite 

and rutile TiO2 is more favourable compared to the perovskite/anatase TiO2 contact [276]. 

However, the electron transport is 100 times slower in rutile compared to anatase TiO2 
[277]. 

Therefore, most TiO2 materials used as ETL for perovskite solar cells are under the anatase 

form [155], with few exceptions such as Luo et al. who selectively formed rutile TiO2 at the surface 

of anatase TiO2 particles [278]. This hybrid approach took advantage of the two crystalline forms 

properties to appropriately match the two ETL roles in a solar device: electrons extraction and 

transport. The formation of the rutile phase depends on the sintering temperature used in the 

sol-gel process [279]. In our case (sintering at 500 °C), we were likely to form a planar TiO2 layer 

predominantly under the anatase structure. 

 

Figure 16: a) Device stack used in this chapter. b) Energy alignment diagram with values from the 

literature [205–207]. 

b

FTO

-4.5

SnO2

Perovskite
Spiro-OMeTAD

Au

-7.7

E (eV)

-4.2

-5.8

-2

-3

-4

-5

-6

-7

-2.2

-5.2
-5.1

Au

FTO/Substrate

Spiro-OMeTAD

Perovskite 
(Slot-die)

ETL

TiO2

-7.4

ETL

-4.2 
-4.4 

HTL

a



CHAPTER V: INFLUENCE OF THE ETL ON PEROVSKITE FILM PROPERTIES AND DEVICE PERFORMANCES 
 

206 

 

• Aging behaviour and day of performance reporting 

Regarding the maturation effect, we observed that sg-TiO2 based device performances 

decreased after one day of storage in the dark at 50% relative humidity (Appendix 4). 

Consequently, the J-V curves and parameters are reported for a measurement at d0, right after 

device fabrication for these samples (Figure 17). 

• Device performance: comparison of sg-SnO2 and sg-TiO2 
ETLs 

In the J-V curves under illumination (Figure 17a), the champion device of sg-TiO2 

yielded a power conversion efficiency of 15.9%, lower than the champion device on sg-SnO2 

(PCE = 17.5%). In average, the device performances of sg-TiO2 based devices were comparable 

(13.5%) to the one obtained on sg-SnO2 (13.6%).  

The average Voc values of the sg-TiO2 devices were slightly lower (0.933 V) compared to 

the reference sg-SnO2 devices (0.963 V) (Figure 17d). Similarly, the champion device Voc was 

reduced on sg-TiO2 (1.017 V compared to 1.049 V). The different band energy alignment of 

TiO2 material could be responsible for this voltage loss, in respect to the sg-SnO2 devices. This 

voltage loss adds on to Voc limitation that was already observed for slot-die coated devices when 

compared to the spin-coated devices. In brief, two phenomena due to the perovskite quality 

and the ETL energy alignment limit the Voc in the sg-TiO2 devices. 

The average fill factor of sg-TiO2-based devices was similar (67.3%) compared to the 

sg-SnO2 devices (66.4%). The best fill factor, however, was lower on sg-TiO2 (72.4%) compared 

to sg-SnO2 (75.1%). As the grain size was similar between both samples, we suggest that the 

charge extraction or the ETL/Perovskite quality could have differed in presence of TiO2 

compared to SnO2. 

For both ETLs, the average short-circuit current density was 21.1 mA.cm-2
 

(Figure 17d). The current density of the best sg-TiO2 based device (21.5 mA.cm-2) was lower 

than on sg-SnO2 (22.2 mA.cm-2). This could be partially explained by the substrate 

transmission loss observed for the FTO/sg-TiO2 substrate (shift at λ ~ 320 nm, Figure 2). 

Moreover, the crystalline PbI2 peak area ratios were similar on sg-SnO2 and sg-TiO2 (18 and 

23% respectively) and lower than the crystalline PbI2 ratio present in the spin-coated layer 

(27%, see Chapter III). Consequently, the PbI2 presence cannot be responsible for the lower 

current density. As comparable charge carriers lifetime as been measured on sg-SnO2 and sg-

TiO2, the transport properties in the absorber should not be responsible for the Jsc loss. 

However, a slight variation of the TRPL first decay value on sg-TiO2 could indicate a more 

defective ETL/perovskite interface, in line with the lower FF observed. Thus, we suggest that 

the charge recombination at the ETL/Perovskite interface was limiting the Jsc of sg-TiO2 based 

devices.  
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Figure 17: a) J-V curves of the best device per batch (measured at d0 or d1). b) Statistics of power 

conversion efficiencies. c) Statistics of short-circuit current densities. d) Summary of J-V parameters 

for the three conditions. The parameters of the champion devices plotted on panel a) are in italic. 

  Besides the planar ETLs, mesoporous ETLs have been successfully implemented to 

fabricated efficiency perovskite photovoltaic devices [58]. The advantage of a mesoporous ETL 

is the increased surface contact between the ETL and the perovskite layer, resulting in 

enhanced charge extraction at that device interface and better photovoltaic 

performances [139,145]. In the next section, we will investigate a state-of-the-art mesoporous TiO2 

(m-TiO2) layer as electron transport layer and its compatibility with the slot-die coating 

process. 

V.4. Comparison of planar and mesoporous TiO2 ETLs 

In contrary to planar ETLs, mesoporous ETLs can affect the meniscus coating of the 

precursor wet film as a competition happens between the precursor ink infiltration and 

crystallization at the surface of the ETL [280]. In this work, we aim is to assess whether the as-

developed slot-die coating process is compatible with mesoporous ETLs substrates and to 

determine the TiO2 scaffold thickness maximizing device performance. 

First, we will introduce the mesoporous layer properties, then the properties of the 

perovskite layer deposited on top of m-TiO2 with various thicknesses and the corresponding 

device performances. We will compare those results to reference devices using the planar TiO2 

ETL (sg-TiO2). 
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V.4.1. ETL layers properties: sg-TiO2 and m-TiO2  

The mesoporous TiO2 layers were deposited by screen-printing using a commercial 

TiO2 paste (see Chapter II), with TiO2 nanoparticles with a diameter of 30 nm. This stock 

solution was diluted with terpineol to reach the 1 : 5.5, 1 : 4.5 and 1 : 3.5 volume ratios to obtain 

mesoporous TiO2 layer thicknesses of 100, 150 and 250 nm respectively (Table 5). We used 

the same post-annealing step as sg-TiO2 to transform the precursor into TiO2 layer (500 °C for 

1 h in air). In the literature, Zhang et al. reported the formation of the TiO2 anatase using both 

spin-coated and screen-printed methods [281]. Here, both TiO2 materials (Dyesol paste or  

sol-gel approach [279]) were expected to form anatase TiO2. 

 

The surface roughness of m-TiO2 layers was slightly higher (Ra ~ 30 nm) compared to 

sg-TiO2 substrate (Ra ~ 15 nm) but both were still negligeable in relation to the precursor wet 

film thickness (~1 µm). The mesoporous TiO2 scaffolds thicknesses (100 - 250 nm), however, 

approached the precursor wet film thickness range and could be expected to interfere in the 

perovskite crystallization. In the literature, the mesoporous scaffold porosity and thickness is 

well known to influence the perovskite infiltration, the ‘capping layer’ crystallization 

(see Chapter I) and the resulting device performance [262].  

 

 

     ETL designation sg-TiO2 (anatase) m-TiO2 (anatase) 

TCO FTO 

morphology planar mesoporous 

fabrication 

method 

sol-gel  

(Ti(OBu)4 in EtOH) 
TiO2 paste in terpineol 

dilution volume 

ratio 
- 1 : 5.5 1 : 4.5 1 : 3.5 

deposition process Spin-coating Screen-printing 

post-annealing 

(atmosphere) 
500 °C – 1 h (in air) 

average roughness 15 nm 30 nm 

ETL thickness 30 nm 100 nm 150 nm 250 nm 

Table 5: Substrates compared in this section. 
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V.4.2. Perovskite layer properties on sg-TiO2 and m-TiO2  

• Morphology 

 The slot-die coated layers deposited on the various m-TiO2 substrates were all compact 

and exhibited a perovskite capping layer thickness comprised between 470 nm and 500 nm 

(Figure 18a). We noticed that for some m-TiO2 scaffold thicknesses (150 and 250 nm), 

the grain size of the perovskite capping layer increased (Figure 18b) from g = 450 nm (sg-

TiO2) to 500 nm in average. Grains as large as of 700 nm are visible in the SEM top image 

(Figure 19c-d). For the thinner m-TiO2 scaffold (100 nm), the grain size decreased to 

g = 300 nm (Figure 18b). Those observations confirmed the interaction between the 

infiltration into the mesoporous scaffold and the morphology of the capping layer, which has 

been previously reported in the literature [262]. 

 

Figure 18: a) Thicknesses of the slot-die coated layers on the m-TiO2 ETLs. b) Grain distributions of 

the slot-die coated layers coated on sg-TiO2 (planar) and m-TiO2 layers with various thicknesses. 

The SEM cross-section images of the devices fabricated with the various ETLs informed 

us on the capping layer vertical morphology and TiO2 scaffold infiltration. Here, we observed 

that the grain size increase was linked to the presence of a monolithic perovskite capping layer 

(Figure 19c-d). This observation suggested that the presence of mesoporous TiO2 did 

influence the crystallization, leading to larger perovskite grain for TiO2 scaffolds thicker than 

150 nm. In the literature, similar observations of the influence of the mesoporous scaffold 

thickness on the perovskite capping layer morphology were reported [262,280].   
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Figure 19:  Slot-die coated layer top and cross-section SEM images on various ETLs substrates. a) 

sg-TiO2, b) m-TiO2 (100 nm), c) m-TiO2 (150 nm) and d) m-TiO2 (250 nm). 

We performed additional cross-section images with a lower magnification to assess the 

homogeneity of the perovskite infiltration in the mesoporous TiO2 scaffold over larger areas 

(10 µm, Figure 20). The infiltration homogeneity varied with the TiO2 scaffold thickness: the 

100 and 150 nm thick m-TiO2 scaffolds were fully infiltrated (Figure 20a), whereas partially 

infiltrated areas were detected in the 250 nm thick TiO2 scaffold (Figure 20b) with the 

presence of micrometric voids (500 nm – 1 µm). 
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Here, we observed a threshold m-TiO2 scaffold thickness (150 nm) under which the scaffold 

was homogeneously infiltrated using the slot-die coating process. This value probably 

depended on the delay time (~ 3.6 s) between the coating and gas-quenching steps, during 

which the precursor ink can infiltrate the scaffold before being crystallized by the gas-knife.  

Overall, the TiO2 scaffold thickness maximizing the capping layer grain size while retaining a 

good infiltration by the precursor solution had a scaffold thickness of 150 nm.  

 

Figure 20: SEM cross-section of a) FTO/m-TiO2 (100 nm)/Perovskite/Spiro/Au and b) FTO/m-

TiO2 (250 nm)/Perovskite/Spiro/Au. 

• Optical properties  

 We recorded the absorption of the slot-die coated layers deposited on m-TiO2 with TiO2 

scaffold thicknesses of 100, 150 and 250 nm (Figure 21a). The film deposited on m-TiO2 

(250 nm) showed a higher absorption onset, in line with its larger perovskite thicknesses 

(250 nm of partially infiltrated scaffold and 500 nm of perovskite capping layer). The band gap 

extracted by the Tauc plot method was Eg = 1.62 eV for all the slot-die coated layers 

(Figure 21b), confirming that the substrate morphology did not affect the absorber band gap.    

 

Figure 21: a) Absorbance curves. b) Corresponding band gap extraction via Tauc plot method. 
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To decorrelate the presence of a mesoporous ETL and the change of grain size in the 

capping layer, we focused on the comparison between m-TiO2 (100 nm) and sg-TiO2 samples.  

• Crystallinity 

 The formation of the α-CsFAPbIBr perovskite was confirmed on sg-TiO2 and m-TiO2 

(100 nm) by the presence of its signature peaks at 2θ = 13.8°, 19.7° and 24.3°, corresponding 

respectively to the (001), (011) and (111) plans (Figure 22a). We noticed the reduced relative 

intensity of the (001) and (111) perovskite peaks at 2θ = 13.8° and 24.3°, suggesting that the 

presence of the m-TiO2 scaffold favours the (011) orientation over the others (Figure 22b).  

 In the same proportions than the (001) perovskite peak, the crystalline PbI2 peak 

intensity decreased (Figure 22a), suggesting that the presence of the mesoporous scaffold 

also affects this by-product formation (XRD peak area ratio decrease from 18 to 10%, Figure 

22b). This could indicate that the crystallization of the infiltrated solution follows a different 

mechanism than the capping layer crystallization, leading to a variation of crystalline PbI2 

content in the final film and a preferential orientation of the perovskite crystals.  

 

Figure 22: a) X-Ray diffraction patterns and b) Corresponding XRD peak area ratio of slot-die 

coated layers on FTO/sg-TiO2, FTO/c-TiO2 and FTO/c/m-TiO2 (100 nm). 

• Time-resolved photoluminescence 

We performed the time-resolved photoluminescence (TRPL) measurement of the 

perovskite film coated on m-TiO2 (100 nm) to confirm our steady-state PL observations 

(Figure 23). When the structure was modified from planar to mesoporous, both time 

constants (t1 and t2) varied. The t1 value slightly increased from 4.8 ns to 6.4 ns, indicating of a 

less defective ETL/Perovskite interface or of a slower charge extraction at that interface. The 

t2 value, however, decreased from 212 ns (sg-TiO2) to 155 ns in the m-TiO2 (100 nm) sample. 

Both values are comprised in the range of the literature [91]. The lower t2 value could reflect a 

lower perovskite absorber quality, in line with the lower perovskite XRD peaks intensity 

observed for this sample. 
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Figure 23: Time-resolved photoluminescence of slot-die coated layers on sg-TiO2 and m-TiO2 

(scaffold thickness of 100 nm).  

 

 In summary, the m-TiO2 scaffold thickness influenced the capping layer morphology, 

with enhanced grain size for TiO2 thicknesses of 150 and 250 nm. However, the quality of the 

perovskite absorber (crystallinity, charge carriers’ lifetimes in the absorber - t2) seemed lower 

on the mesoporous TiO2 layer compared to planar TiO2 ETL. The full characterization matrix 

is available in Appendix 2C. The 150 nm thick m-TiO2 showed both a good perovskite ink 

infiltration inside the scaffold and a capping layer with enhanced grain size. The next section 

will present the implementation of those layers into photovoltaic devices.   

V.4.3. Performances of devices with sg-TiO2 and m-TiO2 

In this study, we fabricated photovoltaic devices with either a mesoporous (m-TiO2) or 

a planar (sg-TiO2) TiO2 ETL. We reported the device performances with the same methodology 

than sg-TiO2 (Figure 17). In particular, the J-V measurements of m-TiO2 devices were 

performed right after device fabrication (d0), when the highest performance was measured for 

sg-TiO2 devices. The detailed device data is provided in Appendix 5. 

The integration of a mesoporous TiO2 layer led to functioning devices with average 

power conversion efficiency of 12.7%, 10.7% and 7.9% for the TiO2 scaffold thicknesses of 100, 

150 and 250 nm respectively (Figure 24d). The best champion efficiencies were 13.4%, 13.2% 

and 7.9% respectively. These device performances are lower than the average PCE of 13.5% and 

the champion PCE of 15.9% obtained on planar TiO2 (sg-TiO2), mainly due to lower Jsc and FF 

values. 
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We found that the Voc of devices with an inhomogeneous perovskite infiltration 

(250 nm of m-TiO2) was reduced (0.879 V) compared to devices with good perovskite 

infiltration (100 and 150 nm of m-TiO2) (0.980 V in average). The average Voc values of 

infiltrated devices, however, were the highest achieved so far, larger than the planar TiO2 

(0.933V average Voc) and planar SnO2 (0.963 V). The higher open-circuit voltages achieved in 

a mesoporous configuration can be explained by the larger surface contact between the ETL 

and the perovskite absorber when good infiltration is achieved. 

The device fill factor (FF) was limited in the thick TiO2 scaffold sample (47%), possibly 

due to the incomplete perovskite infiltration. For fully infiltrated devices, we could have 

expected an increase of the device fill factor with the perovskite capping layer grain size. 

However, the device with larger capping layer grain size did not lead to a better fill factor 

(60.4% in average, 65.8% for champion) compared to the small capping layer grain size sample 

(64.5% in average, 68.0 for champion). We concluded that the mesoporous ETL presence 

controls the device FF: the thinner the m-TiO2 layer, the higher the FF, independently of the 

capping layer grain size observed. 

The current density was inversely related to the m-TiO2 scaffold thickness 

(Figure 24c). Despite its higher absorption, the 250 nm sample current density was limited, 

most likely due to the poor perovskite ink infiltration in this sample that limited the current 

extraction to the ETL. For both infiltrated devices, the current density increased from 

18.0 mA.cm-2 to 20.1 mA.cm-2
 in average when the scaffold thickness decreased from 150 to 

100 nm. The best Jsc of 19.7 mA.cm-2
 (achieved at 100 and 150 nm) was limited compared to 

the planar sg-TiO2 sample (best Jsc = 21.5 mA.cm-2), possibly due a lower light transmission in 

the mesoporous TiO2 layers [  ]. Furthermore, the thinner the m-TiO2 thickness, the narrower 

the current density distribution. Which is desirable to fabricate large-area devices with a high 

fabrication yield and device performance consistency.  

Overall, the performance of m-TiO2-based devices was limited by the current density 

(- 1 mA.cm-2) and the fill factor (- 5 points for champion device) compared to planar sg-TiO2 

(Figure 24d). Mesoporous ETLs, if optimized in terms of infiltration, exhibited higher 

average open-circuit voltage compared to the planar ETLs studied earlier, suggesting a better 

ETL/Perovskite interface in this device structure. 
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Figure 24: a) J-V curves of the best device per batch (measured at d0 or d1). b) Statistics of power 

conversion efficiencies. c) Statistics of short-circuit current densities. d) Summary of J-V parameters 

for the four ETLs studied. The parameters of the champion devices plotted on panel a) are in italic. 

In conclusion of this extensive study of the ETL influence on the perovskite layer 

properties and device performance, we identified (sg-SnO2) as the ETL providing the highest 

power conversion efficiency. The next section will present the developments made towards 

large-area devices fabricated on the sg-SnO2 ETL.  
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V.5. Towards large-area devices 

In the section V.2.2., we presented the performance distribution for the sg-SnO2 devices 

with power conversion efficiencies (PCE) ranging from 9 to 17% (average and champion 

devices). In the literature, Di Giacomo et al. fabricated 32 devices at various locations of a slot-

die coated film deposited on a 6 x 6 inches substrate yielded similar PCEs ranging from 4 to 

17% [75]. Device performance reproducibility of perovskite solar cells is a major concern [16,282] 

and can be interpreted as spatial performance inhomogeneities when the devices are fabricated 

from large-area substrates. Consequently, our first aim towards large-area devices was to 

improve the consistency of our devices performances on the FTO/sg-SnO2 substrate. 

V.5.1. Reduction of the device performance distribution 

In the literature, the treatment of large-area electron transporting layers has been 

proven successful to improve the substrate homogeneity and, consequently, the perovskite 

solar cells performance consistency. For instance, Anaraki et al. introduced a chemical bath 

deposition step (CBD) to improve the SnO2 ETL layer homogeneity over large areas [148]. 

The CBD is a chemical process during which a thin conformal SnO2 layer is deposited on top 

of the spin-coated SnO2 layer to improve its coverage and ensure the continuity of the ETL 

selectivity over large areas. Here, we applied the same CBD method prior to the perovskite 

deposition to improve the ETL/Perovskite interface. The device performance showed an 

average power conversion efficiency of 16.9%, open-circuit voltage of 0.999 V, fill factor of 

76.5% and short-circuit current density of 21.8 mA.cm-2 (Figure 25). The champion device 

exhibited a PCE of 18.03%, Voc of 1.020V, fill factor of 78% and Jsc of 22.4 mA.cm-2.  

The champion device obtained in this batch exhibited a higher PCE (18.03%) compared 

to the previous champion device fabricated from the sg-SnO2 ETL (PCE = 17.5%). In particular, 

the average device fill factors in the CBD treated batch were significantly higher (FF = 76.2%) 

compared to the batch without CBD (FF = 66.4%), and even higher than the champion spin-

coated device (FF = 71.7%). The tremendous fill factor increase upon SnO2 treatment indicates 

that the ETL/Perovskite interface was limiting the performances in the initial sg-SnO2 samples.  

We noticed, nonetheless, that the slot-die coated devices open-circuit voltages 

remained lower (0.986 V in average), independently of the CBD step, compared to the spin-

coated devices Voc (1.090 V in average). This Voc limitation appeared independent of the 

ETL/Perovskite interface quality, suggesting that other factors such as the slot-die coated 

perovskite intrinsic properties are responsible for the open-circuit voltage limitation in those 

devices.  
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Figure 25: a) J-V curves of the best device per batch (measured at d1). b) Statistics of power 

conversion efficiencies. c) Summary of J-V parameters for the four ETLs studied. The parameters of 

the champion devices plotted on panel a) are in italic. 

In the literature, Liu et al. identified the pH of the SnO2 surface as a factor influencing 

the ETL/Perovskite interface [283]. Following their methodology, we quantified the pH of the 

substrate surface by rinsing it with a fixed volume of deionized water (1 mL), and subsequently 

measuring the pH of the rinsing solution (Figure 26). Interestingly, we found that the pH of 

the rinsing solution increased from 3 – 4 (sg-SnO2 initial) to 5 - 6 (CBD-treated sg-SnO2), 

suggesting that this treatment contributed to the neutralization of the substrate surface. In 

their work, Liu et al. reported a similar neutralization effect after the CBD treatment, which 

was favorable to the device performances. Here, this neutralization effect could explain the 

gain in performance compared to the previous batch. Further characterization of the 

perovskite layer on the CBD-treated sg-SnO2 are a perspective of this work to elucidate the 

origin of this FF increase. 

 

 

Figure 26: pH of a rinsing aqueous solution from the sg-SnO2 substrate initially (top) and after the 

CBD treatment (bottom). 
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As the champion device was obtained in this batch, we recorded additional 

measurements (i.e. forward bias JV curves, electron quantum efficiency and maximum power 

point tracking) that are typical for perovskite solar cells devices (Figure 27).  

We observed a slight hysteresis between the J-V curves measured in forward bias 

compare to the ones measured via the reverse bias (reference) (Figure 27a). Both devices 

fabricated from slot-die coated and spin-coated absorbers exhibit a comparable behaviour (see 

Appendix 6) in the first device structure (ITO/SnO2/Perovskite/PTAA/Au). The hysteresis 

occurs as a variation of open circuit voltage (~ 70 mV) between JV curves measured in the 

forward compared to the reverse bias. A change of Voc could be due to a variation of the charge 

transfer mechanisms with the scanning direction [284].  

Hysteresis in JV curves of perovskite solar cells is known in the literature [285] and can 

be caused by interfacial or to transient phenomena including ion migration at the device 

interfaces. At the ETL/Perovskite interface, ethylenediamine tetraacetic acid (EDTA) post-

treatment [286], or the addition of self-assembled monolayer (SAMs) molecules [287] or of a 

phenyl-C61-butyricacid methyl ester (PCBM) layer [288] between the SnO2 and the perovskite 

are successful strategies to reduce the perovskite solar cells hysteresis. In this work, we 

observed a less pronounced hysteresis behaviour when SnO2 (with CBD step) was used as an 

ETL (Figure 27a). We therefore propose that the modification of the ETL/Perovskite 

interface (by modification of the SnO2 properties) did reduce the hysteresis phenomenon by 

improving the charge extraction at the SnO2/Perovskite interface. 

In summary, the presence of hysteresis behaviours in the JV curves of the perovskite 

solar cells presented in the frame of this work was not significantly influenced by the deposition 

technique used to coat the perovskite layer, but rather depended on the device structure 

employed. 

The internal quantum efficiency of the solar cell span homogeneously in the 300 - 780 

nm wavelength range with values over 80% (Figure 27b). The integrated current (21.24 

mA.cm-2) was slightly lower than the current measured from the J-V curves (22.4 mA.cm-2), 

showing a current mismatch (~1 mA.cm-2) within the range of the literature [289].  

Lastly, the maximum power point tracking of the device under nitrogen atmosphere for 

120 minutes under illumination showed a constant performance over 120 minutes under 

illumination at ambient temperature (Figure 27c). The stabilized power conversion efficiency 

was 16.8% for the cell shown in Figure 27c. 
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Figure 27: a) J-V curves of the best device per batch (measured in both forward and revers biais). b) 

Internal quantum efficiency (IQE) measurement and. c) Maximum power point tracking under 

nitrogen at ambient temperature for the champion device with FTO/sg-SnO2/CBD-

SnO2/Perovskite/Spiro-OMeTAD/Au architecture. 

Now that consistent device performances were obtained for laboratory scale devices 

(active area 0.09 cm2), with to the SnO2 ETL post-treatment, we assessed the perovskite layer 

homogeneity over the 10 x 10 cm2 substrate. 

V.5.2. Spatial perovskite layer homogeneity  

To study the perovskite layer homogeneity with a high spatial resolution, we took a picture 

of the sample using a backlit light (Chapter II). On the sample picture, the perovskite layer 

became lighter in the direction of coating (Figure 28a). We used a purpose-develop algorithm 

(PerovskiteVision, Chapter II) to extract a thickness map from the sample image 

(Figure 28b). The perovskite film thickness decreased from 600 nm to 450 nm (- 25%) 

between the beginning and the end of coating. This thickness variation can explain the 

modification of the perovskite layer absorption at the end of the coating (Figure 28c) and was 

obviously not desirable for large area devices fabrication.  

 

Figure 28: a) Picture of a 10 x 10 cm2 slot-die coated perovskite layer using a backlit light. 

b) Perovskite thickness mapping (resolution 10 x 10 µm2) extracted from the sample image using 

PerovskiteVision. c) Film absorption at 600 nm. The standard deviation is ± 0.2 a.u. 
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V.5.3.  Spatial performance homogeneity 

To assess the device performance spatial homogeneity, we fabricated devices at nine 

various locations on a 10 x 10 cm2 substrate, resulting in the fabrication of 18 devices (2 devices 

per piece, see Chapter II) with the following structure: FTO/sg-SnO2/CBD-

SnO2/Perovskite(slot-die)/Spiro-OMeTAD/Au (Figure 29a). The average power conversion 

efficiency for this batch was 16.9% and the champion PCE was 18.03%. Overall, the 

performance distribution was quite homogeneous, due to consistent Voc and FF values, but we 

noticed a slight PCE decrease (- 10% or 1.7 point) between the beginning and the end of the 

coating (Figure 29a).  

This PCE decrease was correlated with a current density decrease along the coating 

direction (Figure 29e). Based on the previous data on the perovskite layer homogeneity, we 

concluded that the perovskite film thickness variation reduced the absorption of light at the 

end of coating and hence the device current density. Here, a perovskite layer variation of 

– 150 nm (- 25%) was translated into a Jsc variation of - 1 mA.cm-2 (- 5%). This perovskite layer 

thickness inhomogeneity could be a limiting factor for the fabrication of efficient large-scale 

photovoltaic modules and its homogeneity improvement is a perspective of this work. 

 

Figure 29: a) Picture of a 10 x 10 cm2 slot-die coated layer, the device positions are indicated in white. 

b) Power conversion efficiency map, c) Open-circuit voltage map, d) Fill factor map and e) Current 

density map for the 18 devices in function of their location on the 10 x 10 cm2 substrate. 

V.5.4.  Large-area photovoltaic device on sg-SnO2
  

Finally, we upscaled the as-developed process to investigate the processing of larger area 

devices using the same device structure (FTO/sg-SnO2/CBD-SnO2/Perovskite(slot-die)/Spiro-
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OMeTAD/Au). The as-processed module design consisted in 13 stripes connected in series and 

had an active area of 52 cm2 (Figure 30a). The module yielded a power conversion efficiency 

of 11.5%, with an open-circuit voltage of 12.36 V, a fill factor of 53.8% and a short-circuit 

current of 90 mA (Figure 30b).  

Each stripe performance parameters can be extrapolated from the module parameters. The 

Voc of the hypothetical stripe is defined as the total module Voc divided by the number of stripes 

(series connection) and Jsc of the hypothetical stripe is defined as the total current flowing in 

the module divided by the hypothetical stripe area (equal to the active area divided by the 

number of stripes). The extracted Voc and Jsc were 0.951 V and 22.51 mA.cm-2 respectively 

(Figure 30c). We then compared the device parameters obtained on the small devices 

fabricated with the same structure to the hypothetical stripe parameters. The loss in 

performance (- 36%) between the small device (PCE = 18%) and the module (PCE = 11.5%) was 

mainly due to a FF loss (- 30%) and a Voc loss (- 6%). 

 

Figure 30: a) Picture of the photovoltaic module fabricated over 52 cm2 active area with 13 stripes 

with the FTO/sg-SnO2/CBD-SnO2/Perovskite (slot-die)/Spiro-OMeTAD/Au device structure.  

b) J-V curves of a 0.09 cm2 device and of the module (measured in reverse bias). c) Comparison of the 

device electrical parameters and extraction of an hypothetical stripe electrical parameters from the 

module. 

The Voc of the hypothetical stripe (0.951 V) was significantly lower than the champion 

device Voc (Voc = 1.024 V), and from the Voc average (0.999 V) of laboratory scale devices. In 

the module, we noticed the presence of some pinholes in the perovskite layer. We therefore 

suggest that those pinholes could have created local shunts pathways and limit the Voc in the 

module.  
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Furthermore, we observed a sharp decrease of the fill factor (FF = 53.8%) in the module 

compared to the small devices (FF = 76% in average). On the J-V curve of the module 

(Figure 31b), the lower fill factor value was due to significantly higher series resistance in this 

device. The high series resistance could for instance be due to interconnections losses between 

the stripes of the module. Thinner stripes are also desirable (actual stripe width ~ 7 mm) as 

the charge transport in the TCO can be limited over large areas [290].  

Lastly, the extracted current density (Jsc) for one hypothetical stripe was 22.6 mA.cm-2, in 

accordance with the champion small device value (Jsc = 22.41 mA.cm-2). This result was 

surprising as we identified the current density as the factor limiting large-area device 

performance homogeneity. Further investigation on the current density prediction in large-

area devices is a perspective of this work. Besides the Jsc, the perovskite thickness variation 

could affect the ETL/Perovskite interface and hence the device Voc. Another perspective of this 

work would be to elucidate the cause of the Voc loss in the module and its eventual link to the 

perovskite layer thickness variations.  
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Conclusion 

 In this chapter, we studied the properties of slot-die coated perovskite layers on three 

state-of-the-art electron transporting layers (ETLs): planar SnO2, planar TiO2 and mesoporous 

TiO2. Slot-die coating appears as a versatile method yielding a compact morphology, similar 

band gap and selective perovskite conversion into the cubic structure on all three substrates. 

In presence of mesoporous ETL, the mesoporous thickness affected both the degree of 

infiltration (incomplete infiltration for thick m-TiO2 layers) and the capping layer morphology 

(grain size increase for thicker m-TiO2 layer).  

We integrated the various ETLs into photovoltaic devices, yielding performances of 

17.5% on planar SnO2 (sg-SnO2), 15.9% on planar TiO2 (sg-TiO2) and 13.4% on mesoporous 

TiO2 (100 nm thick scaffold). The comparison of SnO2 and TiO2 materials confirmed that the 

energy alignment of the ETL affects the device performance (mainly Voc and FF). On planar 

ETLs, the perovskite grain orientation and crystalline PbI2 ratios did not significantly impact 

the device performances. The larger grain size observed in the second slot-die coating process, 

however, led to higher device fill factors. On mesoporous ETLs, relatively high Voc were 

obtained, due to the enhanced ETL/Perovskite contact. Despite the higher Voc, the TiO2 scaffold 

limited the device FF and Jsc and its thickness had to be minimized. As the scaffold effect was 

predominant, the capping layer morphology (grain size) had limited effect on the performance. 

Compared to spin-coated devices, the slot-die coated devices were limited in terms of FF 

and Voc on planar ETLs, and of the Jsc and FF on mesoporous ETLs. One the one hand, the 

device fill factor was improved by adding a SnO2 surface treatment via chemical bath 

deposition (CBD). This strategy could be applied to m-TiO2 devices to improve their FF. On the 

other hand, the Voc loss seemed due the lower intrinsic quality slot-die coated perovskite films 

related to the crystallization mean employed (gas-quenching).  

Prior to large-area device fabrication, we used a chemical bath deposition (CBD) treatment 

to increase the SnO2 ETL homogeneity, resulting in a narrower device performances 

distribution and higher device fill factors. We reported the contribution of the perovskite layer 

thickness inhomogeneity along the coating direction on the Jsc inhomogeneity (~1 mA.cm-2). 

Despite this Jsc inhomogeneity, we fabricated a large-area module of 52 cm2 active area with 

PCE of 11.5% with a correct current density. The FF and Voc limitations observed in the module 

could be mitigated by further module design optimization (FF) and slot-die coated perovskite 

layers quality enhancement (Voc).  
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Appendixes 

Appendix 1: Maturation phenomenon of the champion devices. 

 

 Upon storage in the dark at controlled humidity, a maturation phenomenon happens 

in perovskite solar cells. This effect depends on the device architectures, the perovskite 

composition and the storage environment [  ]. In the literature, the underlying mechanisms 

behind the maturation phenomena are still unclear. Ho Baillie et al. observed that storage 

under limited humidity, can reduce the traps density in the perovskite film itself, shifting the 

HTL/perovskite energy alignment favourably and resulting in better Voc and FF in the aged 

devices [291].  

 To illustrate this phenomenon, we plotted the J-V curves of the devices measured at d0 

and d1 for the spin-coated and slot-die coated reference devices (Chapters III-IV, on ITO/np-

SnO2) and for the new device structure (on FTO/sg-SnO2) (Figure A1). We observed that the 

maturation phenomenon was beneficial for the spin-coated device that encountered a Voc gain 

upon 1 day of storage (Figure A1a). The slot-die coated layer in the initial device structure, 

however, exhibited an inverse maturation phenomenon, during which the Voc decreased 

slightly after 1 day (Figure A1b). The slot-die coated device with the new device structure 

showed both Jsc and Voc improvements upon storage (Figure A1c). In the new device 

structure, the high storage humidity (50% relative humidity compared to 30% initially) could 

have contributed to the larger Jsc change upon storage.  

 

Figure A1: J-V curves at day 0 and day 1 for the champion device with a perovskite layer: a) Spin-

coated on ITO/np-SnO2, b) Slot-die coated on ITO/np-SnO2 and c) Slot-die coated on FTO/sg-SnO2. 
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Appendix 2: Detailed perovskite layer properties comparisons. 

 

• 2A: ITO/np-SnO2 vs FTO/sg-SnO2 

 
Slot-die coated 

films 
ITO/np-SnO2 

FTO/sg-
SnO2 

Morphology 

coated area  A’ = 18 cm2 A’ = 90 cm2 

film coverage c = 100% c = 100% 

perovskite 
thickness 

t = 575 nm 
t = 550 nm 

film roughness Ra = 10 nm Ra = 15 nm 

Zoom in 
film compacity c’ = 100% c’ = 100% 

grain size g = 273 nm g = 400 nm 

Optical band gap Eg = 1.62 eV Eg = 1.62 eV 

Crystallization 

α-CsFAPbIBr Yes Yes 

Preferential 
orientation 

(001) (011) 

δ-FAPbI3 No No 

crystalline PbI2 Yes (6%) Yes (23%) 

Table A2-A: Properties of slot-die coated layer deposited on np-SnO2 and sg-SnO2 ETLs. 

• 2B: FTO/sg-SnO2 vs FTO/sg-TiO2 

 
Slot-die coated 

films 
FTO/sg-SnO2 FTO/sg-TiO2 

Morphology 

coated area  A’ = 90 cm2 A’ = 90 cm2 

film coverage c = 100% c = 100% 

perovskite 
thickness 

t = 550 nm 
t = 550 nm 

film roughness Ra = 100 nm Ra = 100 nm 

Zoom in 
film compacity c’ = 100% c’ = 100% 

grain size g = 400 nm g = 450 nm 

Optical 

band gap Eg = 1.62 eV Eg = 1.62 eV 

TRPL  
t1 = 5.6 ns t1 = 4.8 ns 

t2 = 211 ns t2 = 212 ns 

Crystallization 

α-CsFAPbIBr Yes Yes 

Preferential 
orientation 

(011) (001) 

δ-FAPbI3 No No 

crystalline PbI2 Yes (23%) Yes (18%) 

Table A2-B: Properties of slot-die coated layer deposited on sg-SnO2 and sg-TiO2 ETLs. 
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• 2C: FTO/sg-TiO2 vs m-TiO2 (100, 150 and 250 nm scaffolds) 

 
Slot-die 

coated films 
FTO/c-

TiO2 

FTO/c/m-
TiO2 (100 

nm) 

FTO/c/m-
TiO2 (150 

nm) 

FTO/c/m-
TiO2 (250 

nm) 

Morphology 

coated area  A’ = 90 cm2 A’ = 90 cm2 A’ = 90 cm2 A’ = 90 cm2 
film coverage c = 100% c = 100% c = 100% c = 100% 

perovskite 
thickness 

t = 550 nm 
t = 480 nm 

(capping 
layer) 

t = 470 nm 
(capping 

layer) 

t = 500 nm 
(capping 

layer) 
film roughness Ra = 15 nm Ra = 30 nm Ra = 30 nm Ra = 30 nm 

Zoom in 
film compacity c’ = 100% c’ = 100% c’ = 100% c’ = 100% 

grain size g = 450 nm g = 300 nm g = 500 nm g = 500 nm 
Infiltration NA Complete Complete Partial 

Optical 
band gap 

Eg = 1.62 
eV 

Eg = 1.62 eV Eg = 1.62 eV Eg = 1.62 eV 

TRPL  
τ1 = 6 ns τ1 = 6.4 ns   

τ2 = 219 ns τ2 = 155 ns   

Crystallization 

α-CsFAPbIBr Yes Yes   
Preferential 
orientation 

(001) (011)   

δ-FAPbI3 No No   
crystalline PbI2 Yes (18%) Yes (10%)   

Table A2-C: Properties of slot-die coated layer deposited on sg-TiO2 and m-TiO2 ETLs. 
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Appendix 3: Device performance summary on ITO/np-SnO2 and FTO/sg-
SnO2. 

• Spin-coated reference devices on ITO/np-SnO2 

day 1 Voc (V) Jsc (mA.cm-2) FF (%) PCE (%) 

1 1.099 22.3 73.2 17.9 

2 1.097 21.7 73.8 17.6 

3 1.108 21.8 74.9 18.0 

4 1.078 21.9 68.3 16.1 

5 1.067 22.1 66.5 15.7 

6 1.090 21.9 73.2 17.5 
 1.090 ± 0.033 21.9 ± 0.75 71.7 ± 5.9 17.1 ± 2.1 

     

• Slot-die coated devices on ITO/np-SnO2 

day 0     

1 0.929 22.9 62.5 13.3 

2 0.932 23.0 63.3 13.5 

3 0.933 22.8 65.0 13.8 

4 0.919 22.9 63.9 13.4 

5 0.901 22.5 55.8 11.3 

6 1.023 20.9 68.6 14.7 

7 1.004 21.5 69.5 15.0 

8 0.996 21.2 65.7 13.9 

9 0.975 22.0 55.4 11.9 

 0.957 ± 0.065 22.2 ± 1.2 63.3 ± 7.5 13.4 ± 2.1 

 

• Slot-die coated devices on FTO/sg-SnO2 

day 1     

1 1.035 22.1 73.5 16.8 

2 1.049 22.2 75.1 17.5 

3 0.993 20.3 60.7 12.3 

4 1.004 21.7 65.5 14.3 

5 0.830 20.3 59.0 9.9 

6 0.864 19.9 64.4 11.1 
 0.963 ± 0.132 21.1 ± 1.17 66.4 ± 8.7 13.6 ± 3.8 

The yellow highlighted data are the one corresponding to the Figure 11b J-V curves. 
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Appendix 4: Device performance summary on FTO/sg-TiO2. 

 

• Maturation effect:  

 

Figure A4: Comparison of J-V curves measured at d0 and d1. 

 

• Slot-die coated devices on FTO/sg-TiO2 

day 0 Voc (V) Jsc (mA.cm-2) FF (%) PCE (%) 

1 0.715 20.8 59.2 8.8 

2 1.017 21.5 72.4 15.9 

3 0.997 21.2 68.3 14.5 

4 1.004 21.3 69.1 14.8 
 0.933 ± 0.218 21.2 ± 0.4 67.3 ± 8.0 13.5 ± 4.7 

The yellow highlighted data are the one corresponding to the Figure 17a J-V curves. 
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Appendix 5: Device performance summary on FTO/m-TiO2. 

• Slot-die coated devices on FTO/m-TiO2 (250 nm) 

day 0 Voc (V) Jsc (mA.cm-2) FF (%) PCE (%) 

1 0.879 19.21 46.99 7.93 

 

• Slot-die coated devices on FTO/m-TiO2 (150 nm) 

day 0 Voc (V) Jsc (mA.cm-2) FF (%) PCE (%) 

1 1.020 19.7 65.8 13.2 

2 0.991 14.9 56.8 8.4 

3 0.946 18.7 58.5 10.4 

4 1.039 15.1 64.2 10.1 

5 0.872 18.8 55.0 9.0 

6 0.996 19.7 60.8 12.0 

7 1.001 19.2 61.9 11.9 
 0.981 ± 0.109 18.0 ± 3.1 60.4 ± 5.5 10.7 ± 2.5 

 

• Slot-die coated devices on FTO/m-TiO2 (100 nm) 

day 0 Voc (V) Jsc (mA.cm-2) FF (%) PCE (%) 

1 0.963 19.9 61.8 11.9 

2 1.000 19.7 68.0 13.4 

3 0.973 20.8 58.4 11.8 

4 0.989 20.6 65.8 13.4 

5 0.976 19.7 68.4 13.1 
 0.980 ± 0.020 20.1 ± 0.6 64.5 ± 6.0 12.7 ± 0.9 

The yellow highlighted data are the one corresponding to the Figure 24a J-V curves. 
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Appendix 6: Hysteresis behaviour in the perovskite solar cells. 

 
JV curves of n-i-p devices with a. spin-coated and b. slot-die coated perovskite layers. Inset: 

device structure. Below: Table of JV parameters measured in forward and reverse bias. 
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In this work, we aimed at developing a scalable method to deposit compact perovskite 

films over large areas. The main challenge consisted in the understanding and control of the 

perovskite material crystallization via synergetic gas-quenching and substrate heating. Here, 

we optimized the slot-die coating and gas-quenching process conditions to achieve compact 

perovskite layers over large substrates (5 x 5 cm2 and 10 x 10 cm2). We investigated and 

compared the properties of the perovskite layers deposition from spin-coating and slot-die 

coating processes (Chapter III), as well as how these variations in crystallization induced 

during the deposition may affect the photovoltaic device performances. To close the 

performance gap between both deposition processes, we investigated the role of the perovskite 

ink composition (Chapter IV) and of the underlying substrate nature (Chapter V) on both 

slot-die coated layers properties and photovoltaic device performances.  

• Achievement of compact slot-die coated layers  

We developed a customized gas-quenching system embedded to the slot-die 

coating process to control CsFAPbIBr perovskite crystallization over large areas. We 

optimized the gas flow rate and substrate temperature to maximize the microscopic film 

coverage and tuned the coating speed and quenching gap to achieve macroscopic 

homogeneity over 5 x 5 cm2 and 10 x 10 cm2 substrates. This was the first report of 

controlled large-area crystallization of CsFAPbIBr perovskite via this method at the time of 

this work. 

• Comparison between spin-coated and slot-die coated layers 

After having introduced the spin-coating and slot-die coating processes used to deposit the 

perovskite layer, we compared the morphological, optical and crystalline properties of the 

perovskite layers fabricated by both processes. We found that despite the similar thicknesses 

and band gap obtained, the slot-die coated layers suffered incomplete conversion 

into perovskite cubic structure. We attributed this difference to the various 

crystallization mean used (gas-assisted quenching) compared to the 

conventional anti-solvent strategy used in the spin-coating process. This effect was 

independent from the perovskite precursor ink concentration employed. In particular, the 

reduction of concentration did not seem to increase the ‘conversion power’ of the gas-

quenching assisted crystallization. 

 This variation in perovskite material quality impacted the device 

performances, that were lower (PCE ~ 13%) when the perovskite absorber was 

slot-die coated compared to a spin-coated perovskite absorber (PCE ~ 16.5%). All 

electrical parameters: current density, fill factor and open-circuit voltage were affected. 

Overall, both perovskite film intrinsic properties (smaller grain size, possibly higher non-
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radiative recombination) and the ETL/Perovskite and Perovskite/HTL interfaces seemed more 

defective when this new deposition process was used. To mitigate the first effect, we decided 

to focus on the slot-die coated layers conversion into cubic. 

• Role of the precursor ink composition  

A common approach employed in the spin-coating process to favour the formation of the 

perovskite cubic structure is to adjust the perovskite precursors stoichiometry. We found that 

a larger amount of CsI precursor was required (15% Cs/Pb) to achieve complete 

conversion of the slot-die coated perovskite layers into the cubic structure, 

compared to the spin-coating process (5% Cs/Pb). The modification of the precursor 

ink stoichiometry did not impact the coatability of the precursor solution. We therefore 

attributed the CsI effect to the formation of various solution intermediates (polytypes) which 

may be needed in larger quantities during the gas-quenching assisted crystallization compared 

to the anti-solvent assisted crystallization. The enhancement of the cubic structure 

formation was translated into an increase of the perovskite film absorption (for a 

similar thickness) and into a larger device current density that matched the current 

density of reference devices fabricated from spin-coated perovskite layers.  

However, the performance of devices integrating the slot-die coated perovskite layers were 

still limited in terms of open-circuit voltage and fill factor, which can originate from increased 

non-radiative recombination in the bulk (grain boundaries) or at the device interfaces. To 

reduce the density of grain boundaries in the slot-die coted films, we tuned the 

stoichiometry to increase the grain size of the perovskite films. Larger grains were 

obtained for high FA/Cs ratios initially or for highly overstoichiometric samples (Cation/Pb 

ratio of 1.09) after post-annealing. The stoichiometries leading to larger grains exhibited, 

unfortunately, an incomplete conversion into the perovskite cubic structure. We concluded 

that the grain size enhancement via stoichiometry tuning happened at the 

expense of the perovskite structural quality.  

Finally, we studied the effect of the varying the precursor ink solvent ratios from 4:1 

(DMF:DMSO) to 0:1 (full DMSO). We found that the DMF free ink led to the formation 

of voids at the ETL/Perovskite interface, attributed to the various solvent’s 

evaporation kinetics. Mitigation strategies include to either re-adjust the coating 

parameters (substrate temperature) or the addition of cosolvents or surfactants to the 

precursor ink to increase the affinity between the precursor ink and the underlying substrate.  
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• Role of the underlying substrate (ETL)  

To study this ETL/Perovskite interface further, we investigated various state-of-the-art 

electron transporting layers (ETLs): planar SnO2, planar TiO2 and mesoporous TiO2. 

Compact slot-die coated layers with the perovskite cubic structure were obtained 

on all three ETLs, highlighting the versatility of the slot-die coating technique. It confirmed 

that the precursor ink formulation controls the perovskite conversion, independently of the 

processing conditions. The integration of the slot-die coated layers into photovoltaic devices 

resulted in champion device performances of 17.5% on planar SnO2, 15.9% on 

planar TiO2 and 13.4% on mesoporous TiO2.  These results confirmed the compatibility 

of the slot-die coating process with various device architectures. 

 For planar ETLs, we found that the chemical nature of the ETL (SnO2 vs TiO2) did not 

affect the perovskite film formation significantly. The TiO2 ETL led to lower device 

performances (lower Voc) attributed to the modification of the energy band 

alignment between the ETL and the perovskite. The maturation phenomenon varied 

between both ETLs, suggesting a different aging mechanism at the ETL/Perovskite interface.  

  In presence of mesoporous ETL (m-TiO2), we found that the mesoporous thickness 

affected both the degree of infiltration (poor infiltration for thick m-TiO2 layers) and the 

capping layer morphology (grain size increase for thicker m-TiO2 layer). Consequently, the 

TiO2 scaffold thickness was the main factor affecting the device performance. We 

found that a very thin m-TiO2 layer was desirable to maintain high device Voc and 

FF and that the capping layer morphology had a limited effect on the device 

performance.  

For large-area devices fabrication, the device performance distribution had to be 

reduced. We introduced a chemical bath deposition (CBD) step prior to the perovskite 

deposition to improve the ETL/Perovskite interface. The CBD-treated devices resulted in 

higher fill factor (up to 78%) and a champion power conversion efficiency of 18% 

over a device active area of 0.09 cm2, highlighting the importance of interface 

engineering on device performance. The CBD step narrowed the PCE distribution, 

leading to average PCE of 16.3 ± 2% for 30 devices fabricated on the same 10 x 10 cm2 

substrate. 

Regarding the perovskite spatial homogeneity, the perovskite film thickness 

decrease of 10% along the coating direction induced a Jsc decrease of 0.1 mA.cm-2. 

Despite the absorber thickness inhomogeneities, we fabricated a large-area module over 

52 cm2 with 11.5% PCE. The module limiting parameters were the fill factor and open-circuit 

voltage, possibly due to unoptimized module design and recombination losses in the slot-die 

coated perovskite layer itself and at the ETL/Perovskite interface.
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• Understanding of the crystallization mechanism 

Although we have studied the perovskite film properties after deposition in details, a more 

fundamental understanding of the nucleation and growth mechanisms during the perovskite 

crystallization is desired. Hence, in-situ characterizations (such as reflectance of GIWACS 

measurements) during the perovskite crystallization is recommended to validate or invalidate 

our hypothesis regarding the role of the CsI precursor. Furthermore, advanced material 

characterization of the slot-die coated films (TOF-SIMS, TEM) can be performed to get insights 

on the spatial distribution of the caesium cation in the perovskite film thickness or within a 

single perovskite grain. Such information can help to intuit whether the nucleation started 

from the substrate or from the top of the precursor wet film and if it was rather homogeneous 

or heterogenous or a combination of both. 

Moreover, we observed that the slot-die coated films had enhanced charge recombination 

compared to their spin-coated counterparts. Further work is needed to quantify the 

concentration, energy and the location of these charge recombination centres. Charge carriers 

lifetime mapping (by time-resolved photoluminescence) or quasi-Fermi levels cartography (by 

hyperspectral photoluminescence imaging) are promising tools that can be used over large 

areas to quantify the perovskite layer quality. For instance, the evolution of the trap’s 

properties (location, energy) depending on the CsI ratio in the film could provide indirect 

information on the crystallization mechanism. 

• Relationship between perovskite properties and device 
performances 

In this work, we studied the effect of various factors (crystallization mean, precursor 

solution composition and underlying substrate nature) on the slot-die coated layers properties 

and photovoltaic performances. The methodology developed here could be applied to various 

device structures to identify the substrates yielding high performance devices, while 

understanding the link between the substrate type and the perovskite layer properties. In 

particular, it can be extended to (p-i-n) device structures. 

We have identified correlations between the perovskite material properties (grain size, 

presence of the δ-FAPbI3 phase) and the device performances. However, additional studies 

such as the device integration of the promising perovskite stoichiometries identified in 

Chapter IV.1.5. - Table 3 could contribute to decorrelate both effects (grain size 

enhancement or perovskite conversion into cubic structure) and to identify the main factor 

limiting the slot-die coated based device performances. Lastly, we could not conclude 

regarding impact of the crystalline PbI2 content and of the perovskite grain orientations on the 

device performances. However, these material properties may be relevant when investigating 

the devices shelf-life stability which has not been studied in the frame of this work. 
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• Improvement of the device performances 

The technological barriers to reach power conversion efficiencies over 18% are multiple. 

First, the open-circuit voltage (Voc) was limited in our devices due to both perovskite intrinsic 

quality and interface management. The significant effect of the chemical bath deposition step 

on the device performance highlights the need for interface mitigation strategies. In the 

literature, SnO2 treatment with potassium ions or its replacement with self-assembled 

monolayers (SAMs) are successful to reduce the defects at the ETL/Perovskite interface, 

resulting in higher performance and enhanced stability.  

Similarly, passivation strategies could be implemented at the perovskite grain boundaries 

(via additive engineering) or on top of the perovskite film via a post-treatment such as 

phenethyl ammonium iodide (PEAI) to reduce charge recombination in the bulk and at the 

Perovskite/HTL interface. Finally, the device current density could be improved by reducing 

the band gap by removing the bromide anion from the formulation. As the latter may play a 

stabilizing role towards the intermediate phase during the crystallization, it could be 

interesting to repeat the CsI ratios experiment in a bromide free environment. 

• Towards efficient, reproducible and robust photovoltaic 
modules fabrication 

We demonstrated the fabrication of a 55 cm2 module with 11.6% efficiency, far from the 

18% PCE achieved on laboratory scale devices. Further design optimization work, including 

the implementation of a full laser patterning process for the series interconnection, could help 

to improve the module fill factor. Alternative module designs such as back contact 

interconnection or parallel interconnection could also be investigated. Furthermore, we 

showed that the homogeneity of all layers and interfaces was crucial to reach homogeneous 

performances over large-area substrates. To deposit the interfacial layers homogeneously, 

spin-coating could be replaced by atomic layer deposition (ALD), spray-coating or slot-die 

coating. Regarding the perovskite layer quality control, our tool based on the sample picture 

(PerovskiteVision) can help to map the perovskite film thickness non-destructively. This tool 

could be extended to assess the quality of ETL/Perovskite and HTL/Perovskite interfaces 

(using photoluminescence data fusion) and to predict the device current density from the 

perovskite thickness map (using an optical model linking film thickness and Jsc).  

• Route to phase out of toxic solvents  

Scaling up the perovskite deposition process goes hand to hand with transferring those 

processes outside the glovebox. This transfer in ambient conditions has two consequences: (1) 

the exposition of the perovskite films to ambient environment (humidity, oxygen) which can 
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affect the films morphological and crystalline properties and (2) the possible direct exposure of 

the operator to the toxic solvent and lead present in the perovskite precursor.  

To limit the exposure of the perovskite films, we enclosed in this work the coating 

environment and controlled the humidity level with dehumidification systems. The impact of 

coating environment humidity level and oxygen level could, however, be studied further as both 

may impact the quality of the resulting slot-die coated films, hence the device performances 

and shelf-life stability. Similar work could be carried out to identify a most favourable post-

annealing environment (atmosphere of nitrogen, argon, air, influence of the humidity level).  

We noticed that the presence of those enclosures resulted in the protection of the 

operator direct contact with the precursor solution during the coating. To further reduce the 

toxicity of the precursor ink, alternative solvent mixture could be investigated. Here, we 

demonstrated the coating of films from a precursor ink based on DMSO solvent to phase out 

from the more toxic dimethylformamide (DMF) solvent. However, other approaches such as 

the use of low boiling point solvents such as acetonitrile (ACN) is known in the literature for 

slot-die coating or d-bar coating of MAPbI3 perovskite. Their applicability to formamidinium-

based perovskite could be investigated as a perspective of this work. In particular, the addition 

of ACN as cosolvent in the precursor ink based of DMSO could be a strategy to affect the wet 

film drying kinetics and improve the resulting perovskite film morphology. 
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Dépôt de pérovskite hybride par procédé slot-die: étude matériau et 

intégration en dispositifs photovoltaïques. 

Résumé : Depuis une décennie, les pérovskites halogénées ont émergé comme matériaux 

alternatifs aux cellules solaires classiques en silicium en se distinguant par leur rapidité et 

facilité d’élaboration. Cette technologie très performante (25% de rendement) a l’avantage de 

réduire le budget énergétique en plus de minimiser les ressources nécessaires à sa fabrication 

ce qui la rend très compétitive et en phase avec les objectifs environnementaux. Ce travail a 

pour but de rendre industrialisable le dépôt de la couche pérovskite pour permettre la 

fabrication de modules photovoltaïques à faible empreinte carbone. La solution retenue pour 

sa compatibilité industrielle est le ‘slot-die coating’, procédé au cours duquel un film humide 

d’encre pérovskite est étalé par le déplacement d’un ménisque du fluide au contact du substrat, 

puis cristallisé par un flux d’air. Ces travaux de thèse ont permis d’obtenir des couches 

pérovskites homogènes sur des substrats de plus en plus grands (jusqu'à 10 x 10 cm2). 

L’intégration de cette couche dans des dispositifs photovoltaïques a conduit à un rendement 

de 18% à l’échelle laboratoire (0.09 cm2) et de 11.5% à l’échelle mini-module (52 cm2), 

démontrant le potentiel de cette technologie pour une production durable de l’énergie solaire 

disponible partout et pour tous. 

Mots clés : Pérovskite double cation, Slot-die, Couteau d’air, Larges surfaces. 

Slot-die coating of hybrid perovskite: material study and integration 

into photovoltaic devices. 

Abstract: In the last decade, metal halide perovskite photovoltaics have emerged as an 

innovative thin film photovoltaic technology that contrasts with current technologies due to its 

solution processability that could significantly reduce its manufacturing environmental 

footprint. In 2021, perovskite solar cells at laboratory scale reach 25.5% power conversion 

efficiency, closing the gap to silicon based solar cells performances. This work aims at making 

existing deposition processes compatible with industrial standards to permit the fabrication of 

efficient solar panels with reduced environmental footprint. The technical solution presented 

here is the slot-die coating process, where a wet film is deposited by the movement of a 

precursor fluid meniscus onto a substrate and subsequently crystallized by the combined 

action of a gas flow and substrate heating. This work demonstrates the formation of 

homogeneous perovskite films over large-area substrates (up to 10 x 10 cm2). The perovskite 

layers were implemented into solar cells, yielding power conversion efficiency of 18% at 

laboratory scale and 11.6% at mini-module scale. These results highlight the potential of this 

technology for a sustainable production of solar energy available to everyone and everywhere. 

Keywords: Methylammonium-free perovskite, Slot-die coating, Gas-quenching, Large areas. 


