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Carbon-based perovskite solar cells have recently shown a huge potential to achieve high 

efficiency succeeding up to 25.7% certified power conversion efficiencies (PCEs)[1]. Organic–

inorganic hybrid halide perovskites belong to an interesting group of semiconductor materials 

for optoelectronic applications, with important properties such as tunable band structure, low 

exciton binding energy, high absorption coefficient, high electron and hole mobilities and long 

carrier diffusion length. This generation of PV technology has emerged the field as a third 

generation after noticing the high energy production cost of the first generation based on 

silicon semiconductors and the high toxicity, low abundance or high cost of elements for the 

second generation most efficient systems (CIS, CIGS, CdTe, GaAs). Therefore, over the past 20 

years, semiconductors with electrical performances compatible to high efficiencies at 

affordable costs have been developed involving organic/polymer PV, dye-sensitized Solar 

cells, quantum dot sensitized solar cells and hybrid perovskite solar cells. The latter found out 

a huge success and has produced some of the most rapid growth in cell performance due to 

their high efficiency, low cost raw materials and the easiness of their manufacturing methods 

which give them a great potential for industrialization. Nonetheless, despite all the 

advantages, the biggest challenge for C-PSC is their lack of long term stability caused by main 

four factors: heat, humidity, UV light and moisture[2].  

 

In this work, HTM-free solar cells substituting the HTM with hydrophobic carbon electrodes 

have been developed due to promising characteristics like elimination of costly HTM, high 

stability of the elements selected for device architecture, clean process for perovskite 

implementation and processability in ambient conditions. This study was conducted in 

collaboration with the swiss company ‘Solaronix’. Solaronix develops since 1996 devices for 

the third generation of PV technology aiming to afford innovative solar energy solutions. 

Replacing the liquid electrolytes in their DSSC with perovskite, Solaronix began working on 

solid-state hybrid perovskite as early as 2013 with an architecture derived from Grätzel DSSC 

monolithic cells. The company is considered one of the key players operating in the global 

Perovskite Solar cells market since they participated in adopting many approaches to improve 

the efficiency and the stability of the solar cells increasing their lifetime to stay ahead of the 

competition and expand market footprint[3]. Therefore, all the studied systems in this 

manuscript are furnished by Solaronix. These solar cells consist of a triple layered mesoporous 

stack (TiO2/ZrO2/C) deposited on a glass substrate already containing a FTO (fluorine doped 

tin oxide) transparent conductive oxide electrode and a thin TiO2 compact layer acting as 

electron transport layer. The common MAPbI3 perovskite precursors’ solution is added as a 

final step. In this work, the 5-ammonium valeric acid iodide additive was used to help the 

formation of the PK crystals in the mesoporous scaffold. This generates preferential growth in 

the normal direction and therefore enhance the PCE of the device. In the developed work, 

two infiltration methods have been compared. The first one consists in a one drop 

automatized simple injection of the precursors by drop casting in the center of the solar cell[4] 

and the second one use inkjet printing which consist in automatic managed printing steps of 

precursor small droplets all over the solar cell’s surface area [5][6]. Whatever the infiltration 
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method is, adding the PK at the end of the cell fabrication, helps to have very little contact 

with moisture and oxygen, which certainly explains the greater stability of these devices. 

Contrary to other main developed planar architectures, this technology allows also eliminate 

the need for glove boxes in manufacturing, which will facilitate their industrial development. 

After the addition of all layers, our cells were submitted to a post-treatment called 

“maturation”, during which they are exposed to 75% of relative humidity at 40°C for a period 

of time between 100 and 150 hours in an environmental chamber to enhance the cell’s 

performance [7]. Finally, they are encapsulated between two glass covers thanks to a polymer-

based sealing agent. 

 

The solar cells studied here have many advantages, such as the innovative perovskite 

deposition technique and a process without glove box but are not yet enough developed 

industrially for commercialization at large scale, like many 3rd generation solar cells. In this 

thesis work, we have tried to answer in part to questions hindering the development of large-

area modules, like stability, performance and process. 

 

After studying the state of art of the photovoltaic devices with a focus on perovskite in the 

first chapter and explaining the protocols used for solar cell fabrication together with the 

different characterization techniques used in the second chapter, we have proposed to study 

different encapsulation systems in the third chapter to first partially address the problem of 

stability. The perovskite photoactive material in developed cells are often unstable in the 

presence of moisture, oxygen and temperature. It is therefore necessary to encapsulate these 

cells to protect them from external agents when operating. Glass covers are usually used with 

a polymer-based sealing agent. In this chapter, to evaluate the performance of different 

sealing agents, encapsulated perovskite solar cells have been submitted to damp heat 

conditions. By monitoring the performance during the ageing campaign and certain functional 

properties of the full device and of the perovskite layer, the mechanisms of degradation of 

each cell have been elucidated and the best encapsulation system has been determined. 

 

The fourth chapter concerns the study of the post-treatment procedure. This stage of 

maturation is little studied in the literature. Thus, the objective of this part is to discern the 

mechanisms behind this process. For this, the two types of solar cells (pipetting and inkjet) 

have been studied before and after the maturation step. Thanks to a deepened analysis of the 

microstructure of the perovskite layer and its functional properties, this maturation 

mechanism has been understood and seems to be different according to the perovskite 

deposition method. 

 

The fifth chapter aims to further investigate the cells’ stability and that by launching different 

aging campaigns at damp heat (85/85) conditions. The studied systems were pipetted and 

inkjet cells with and without maturation. The performance of about 5 cells from each batch 

was monitored at regular time intervals. Thanks to the correlation of these various results, a 
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rather thorough and comparative study of the various devices concerning their performance 

and their degradation mechanisms will be proposed. 

 

Finally, the last part of this manuscript in devoted for a general conclusion that sums up all 

that has been mentioned in the previous chapters followed by the perspectives. 
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1. Introduction 

 

Around the planet, all the developing and developed economies concentrate on renewable 

energy sources such as solar, wind, and biomass to satisfy human social and economic 

growth[8][9][10] Renewable energy sources can be represented as the energy obtained from 

the continuous, frequent and enduring sources of energy in the natural environment or as the 

energy flows which are renewed at the same rate as they are used[11]. For many years, 

population and economic growth have generated an increase in global energy demand. To 

reduce the resulting increase in carbon emissions, renewable energies are attracting an 

increasing interest, especially for the production of electricity. Solar energy is one of these 

sources that promises a bright future[12] since it is one of the most important eco-friendly 

energy sources for many reasons like: abundant, free, pollution-free, and distributed all over 

the earth given that the sun emits this energy at the rate of 3.8 × 1023 kW, out of which 

approximately 1.8 × 1014 kW is intercepted by the earth[13][14][15]. Several researches have 

reported that solar photovoltaic (PV) panels (concentrated or not), and solar heaters have got 

the highest annual growth rate compared to other renewable energy sources[16], and PV will 

become the most alternative renewable energy source until 2040[17].  

 

The revolution of PV technology has then started with three generations of PV devices. Our 

work will be mainly focused on one case of the third generation: Perovskite solar cells. In this 

chapter, we will rapidly present the different generations highlighting their advantages and 

disadvantages. Then, the importance of perovskite solar cells these days will be explained: 

going back to the history behind perovskite materials how they evolved and what are their 

properties making them so unique in the PV industry. 

 

In the state of art section, we will also present the different layers constituting a perovskite 

solar cell and point out the influence of each material and its role, without forgetting the 

essential work of encapsulation. Despite the large variety of architectures, we adopted in this 

thesis the carbon-mesoporous based perovskite solar cell (C-PSC) one, which present a great 

interest for industrial developments. As this architecture implies specific methods concerning 

the implementation of the perovskite layer, the different perovskite deposition methods 

existing in literature will be also presented together with their advantages and drawbacks. 

Moreover, we reviewed the potential post-treatments processes existing to enhance the solar 

cell’s performance (maturation). And, finally, the different stresses tests that can be 

conducted to evaluate the device’s stability will be presented.  

 

All these parts were discussed here, since this thesis aims to answer to many questions still 

not solved in literature, i.e.: What are the mechanisms occurring in the PK layer when the 

deposition technique is changed? What are the phenomena taking place in ‘maturation’ post-

treatments? What is the impact of different types of encapsulation on the devices lifetime? 
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How will the solar cell reacts when exposed to extreme conditions such as damp-heat? All the 

answers will be investigated in detail in this thesis work. 

 

2. Photovoltaic effect 
 

The photovoltaic solar energy is when a device containing one or several semiconductor(s) 

absorbs photons and is able to transform this energy in an electron at its exited state. Then, 

phenomena of charge separation and conduction within the device conduct to generate 

electric current in an external circuit. This was discovered by the French physicist Alexandre-

Edmund Becquerel in 1839[18]. He noticed that ‘electrical currents coming from certain light 

induced chemical reactions’[18] by exposing a p-n junction to the sun light, as the basic 

structure of a solar cell, and noticing the electrons and holes drifting to the ‘n’ and ‘p’ type 

region, respectively, while electron-pair holes were created by absorbing the photon, leading 

to the creation of a photocurrent from ‘n’ to ‘p’ by connecting both sides of the junction 

together[19] . It was not until 1954 that three American researchers, Chapin, Pearson and 

Prince developed a photovoltaic cell to identify the possibility of supplying electricity. In 1958, 

a cell with an efficiency of 9% was developed and at the same time the first satellites with 

solar panels were sent into space[20].  

 

Therefore, the revolution of PV cell technologies has started. The multijunction structure have 

been used for the first time by Wolf in 1960[21]. In this device, the power conversion efficiency 

was increased thanks to the different layers allowing a better absorption of the light on the 

wider range of wavelengths. In 1981, Guha et al. noticed that the hydrogen dilution in an 

amorphous silicon create a protocrystalline silicon, more stable than the standard amorphous 

silicon [22]. In 1972, cadmium based solar cells become promising due to their low cost and 

with a 5-6% of efficiency[23], followed by CuInSe2 (CIS) in 1974[24] which are  well-known for 

their high absorption efficiency. 

 

The progress of such technology depends on materials and structure development. However, 

the main goal will always be reaching maximum power at minimum cost. In any architecture, 

solar cells, which are connected in series and in parallel in order to form the desired voltage 

and current levels, remain the basic semiconductor components of a PV panel[11].  

 

3. Three generations of PV technology 
 

Silicon is a very abundant element on earth and is considered a semiconductor material 

applicable to PV applications with a 1.1eV band gap value [25]. Bell Laboratories developed 

the first silicon-based solar cell with 4-5% efficiency in 1953 and 6% in 1954[26]. Crystalline 

silicon PV cells have the longest production history exceeding 60 years of development and 

constitute the largest part of PV production[27]. Depending on how the Si wafers are 

manufactured, different types of silicon can be obtained: monocrystalline (c-Si), 
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polycrystalline (Poly c-Si) and amorphous. All 3 are used in the field of PV: even if the 

monocrystalline Si is the purest and the most efficient of the three types, polycrystalline and 

amorphous Si are used because of their lower cost and reasonable efficiency[28]. 

 

Second-generation solar cells were then developed, they are also known as thin-layer solar 

cells, because the thickness of the active material is kept low (1-4 µm) compared to crystalline 

silicon-based devices (~100-500 μm)[29]. This generation uses various materials such as 

amorphous silicon (a-Si), cadmium indium selenium (CIS) and copper-indium-gallium-

selenium (CIGS) as light-absorbing materials[27]. The latter offers lower manufacturing costs 

than c-Si wafer-based solar cells due to material savings. Unfortunately, this generation has 

some drawbacks like the cost of some materials is increasing (In), or the used material is highly 

toxic (Cd), and the efficiencies are lower compared with silicon based solar cells[30]. However, 

in 2019, Solar Frontier company achieves 23.35% of power conversion efficiency as a world 

record in thin film solar cell technology, on a 1 cm² cell using Cd-free CIS technology[31]. 

 

Due to high costs of the first and second generation, together with toxicity on non-abundance 

of used materials of the second generation, a third generation has emerged. Nanoscience et 

nanotechnology contributed to sustainable energy systems using nano-structured 

semiconductors with enhanced electrical performances leading to high power conversion 

efficiencies at lower costs[32]. This generation involves organic PV (OPVs), Dye-sensitized 

solar cell (DSSC), quantum dot-sensitized solar cell (QDSSC) and hybrid perovskite solar cells 

(PSCs)[33]. 

 

Dye-sensitized solar cells, also known as Grätzel cells named after the developer, discovered 

in 1991 with a power conversion efficiency of 7.9%[34]. These devices are based on the 

photoexcitation of dye molecules on the surface of metal-oxide nanostructured 

semiconductors (usually TiO2 used as a paint base in pigment industry) as photoanode[32]. 

DSSCs found a big success due to many advantages: high efficiency, low cost, simple 

manufacturing methods, insensitive to environment contaminants and it could be used in 

darker conditions like in a cloudy weather or in dusk and dawn [35]. These features can be 

prepared with roll-to-roll technique, which is a continuous low-cost manufacturing method to 

print the DSSCs on flexible substrates [36]. A tremendous increase in the number of 

publications was noticed and a considerable amount of work has been made in order to 

improve this technology leading to 13% of efficiency in 2014[37]. The cell performance relies 

on many factors as the surface morphology, the thickness if the TiO2 layer, the particle size 

and the nature of the dye. Unfortunately, since high efficiencies have been reached using 

liquid electrolytes, the latter causes short term stability due to the evaporation of the organic 

solvent and limited solubility of inorganic salts[27]. 

 

Organic semiconductors polymers were in the same time introduced into the PV industry with 

Tang in 1986 [38]and gain in interest in the year 2000. It seems a promising technology 
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because material used are flexible, highly abundant and cheaper compared to the inorganic 

alternatives[39]. These organic photovoltaic materials can be fabricated via low-cost 

manufacturing techniques in solution[40]. Nonetheless, the power conversion efficiency of 

this technology is much lower than silicon, which limits unfortunately their commercial 

growth[41]. However, efficiency of about 18% were reachable using simultaneously complex 

device architectures and complex organic photoactive materials, which is thus non- 

industrially viable[1]. 

 

In parallel with these devices, quantum dot-Sensitized Solar cells (QDSSC) have been 

developed, which are based on nano-crystals and nano-porous materials[42]. These materials 

can double the electricity obtained from other solar cells devices since they can convert more 

than 65% of the solar spectrum[43]. QDSSCs are characterized with their tunable band gap 

from the infrared to the ultraviolet region by the control of QD composition and size[44], high 

optical absorption coefficient and good photochemical stability over dyes[45]. Cadmium 

chalcogenide QDs like CdS[46], CdSe[47] and CdTe[48] are the most known used sensitizer 

due to their high stability.  

 

One of the most exciting developments of the third generation of photovoltaics concerns 

organic and inorganic hybrid lead halide perovskites due to their high efficiency, low-cost raw 

materials and the simplicity of their manufacturing methods. In 2009, Kojima et al.[49] 

developed the first perovskite solar cell with 3.8% PCE where hybrid perovskites were used as 

alternative sensitizer to dye molecules in the DSSC configuration based on liquid electrolyte. 

Three years later, Park et al. reached 6.5% by increasing the load capacity of perovskite and 

optimizing the TiO2 area [50]. Later in 2012, Kim et al. reported the first solid perovskite solar 

cell (PSC) with 9.7% PCE and long term stability of 500h in ambient atmosphere[51]. Lee et al. 

replaced TiO2 with SnO2 and reduce voltage losses achieving 10.9% efficiency under one 

sun[52]. Heo et al. reached then 12% of PCE in 2013 using a 3D mesoporous TiO2 layer filled 

with MAPbI3 and a polymeric hole transport layer[53]. The two-step sequential deposition 

technique where the PbI2 was firstly deposited followed by the CH3NH3I was adopted by 

Burschka et al. where they obtained 15% of efficiency due to the creation of dense and 

uniform perovskite layer[54]. Subsequently the research enthusiasm in the perovskite field 

was fueled and the highest efficiency of PSC has reached 25.2% by KRICT (South Korea) where 

they use NiO2 as a hole conductor that can withstand high temperature up to 70°C[55]. 

Despite all the advantages of these devices, poor long-term stability and short lifetime cause 

hindrances in their path of commercialization. The later perovskite technology will be 

developed after in a more detailed way as this thesis aims to specifically study the mechanisms 

of maturation and degradation within carbon based perovskite solar cells. 

 

4. Generality on Perovskite materials 
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4.1. History  

 

Discovered in 1839 by Gustav Rose in the Ural Mountains in the initial form of the mineral 

CaTiO3 and then named after the Russian mineralogist L. A. Perovski, perovskites are now a 

wide family of natural and synthetic oxides. The general formula is ABX3 with A and B two 

cations of different sizes (A larger than B) and X is the anion[56]. The most known natural 

perovskites were CaTiO3 and BaTiO3 3D structures. Afterwards, in 1893, elements like Cs+, K+ 

and Pb2+ were used as cations and I-, Br- and Cl- as anions in synthetic perovskites. In 1978, 

Weber discovered the possibility of using the methyl ammonium (CH3NH3
+) as cation[57], 

which will lead to the hybrid perovskite today used in PV. In 2009, MAPbI3 and MAPbBr3 

(MA=CH3NH3) perovskite for first used as liquid sensitizers in the DSSC PV technology[55]. 

CH3NH3PbI3 is an ambipolar semiconductor where it can be n or p type, and has intense light 

absorption. Moreover, due to its charge carriers long diffusion lengths and lifetimes, such 

perovskite solar cells can reach high PCE[58]. 

 

4.2. Crystallography  

 

 
Figure 1 : ABX3 perovskite 3D structure[59] 

 

The crystal lattice with the highest symmetry for perovskite is the cubic one. However, the 

cubic lattice can be distorted depending on the chemical nature of the ions. The size of the 

ions has a main role in this distortion and therefore the stability of the crystalline structure. 

Thanks to the Goldschmidt[60] tolerance factor (t), perovskite formation can be estimated 

given that[59]: 

𝑡 =
Ra + Rx

√2 × (Rb + Rx)
 

 

A ‘t’ value between 0.89 and 1 favors the cubic structure. If ‘t’ is lower than 0.89, then a less 

symmetric orthorhombic or tetragonal structure is obtained[56]. More than one structure can 

be found for a perovskite depending on the temperature and preparation methods[61]. 

Goldschmidt factor is insufficient to define the perovskite structure, but an octahedral factor 

μ[62] where the perovskite is stabilized for 0.44 <μ < 0.85 [62] with: 
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μ =
Rb

Rx
 

 

Considering the most studied perovskite for PV (CH3NH3PbI3) and according to the calculation 

of the tolerance factor (with Ra(CH3NH3
+)= 0.18 nm, Rb(Pb2+)= 0.119nm, RX(I-)=0.22nm [56], 

t=0.836, this perovskite most be either tetragonal or orthorhombic. 

 

As mentioned previously, the temperature is a main factor on which the structure depends. 

Table 1presents that, at room temperature, CH3NH3PbI3 perovskite has a tetragonal 

structure[63]. 

 
Table 1: Temperature dependent structural data of CH3NH3PbI3[63] 

 
 

4.3. Properties  

 

The greatest advantage of hybrid perovskite materials is the properties combination of organic 

and inorganic semiconductors. Organic semiconductors have simple manufacturing methods, 

versatile for several applications but suffer from low performance.  Inorganic semiconductors 

are highly performing with their important optoelectrical properties leading to stable device 

despite their high costing fabrication techniques. Therefore, hybrid perovskites offer low-cost 

and more stable performing solar cells[64]. Moreover, these materials are characterized by 

their long charge carrier lifetime and diffusion length, the facility of deposition and strong light 

absorption[65][66]. High optical extinction coefficient of perovskite provides a good light 

absorption at low film thicknesses. In addition, thanks to their low exciton binding energy, the 

dissociation into free carriers can be done at room temperature. Also, the intrinsic 

ferroelectricity property helps to improve the charge separation[67]. The most common used 

perovskite is the methylammonium lead iodide (MAPbI3). It has a direct-like bandgap between 

1.5 and 1.6 eV[68][69][51]. This value depends on the metal-halogen bond, which can be 

helpful since the bandgap can be varied depending on the selected halogen[70]. The 

properties of perovskite materials with PV application are presented in Table 2[55].  
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Table 2: Properties of perovskite materials with PV application[55] 

 
 

 

5. Perovskite PV solar cells 
 

A PV system consists of three functioning steps: absorption of photons followed by free charge 

generation, charge transport and charge extraction. Generally, perovskite solar cells are 

constituted with a perovskite layer sandwiched between an electron transport layer (ETL) and 

a hole transport layer (HTL). When the solar cell receives the light, the latter is absorbed by 

the perovskite and excitons are generated and subsequently holes and electrons forming the 

charge carriers are produced upon excitons dissociation. This exciton dissociation takes place 

at the interfaces between the perovskite layer and the charge transporting layer. The electron-

hole separation led to injecting the electrons into the ETL. These electrons migrate to the 

anode which is generally the fluorine doped tin oxide glass (FTO). The generated holes are 

injected into the HTL and migrate to the cathode. Since the electrons and holes are now 

collected by the electrodes, an electric current is produced[71]. 

 

 
Figure 2: schematic representation of energy levels and charge transfer processes in a perovskite solar cell[72] 

 

5.1. Conventional PV devices architecture 
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Recently, several structures of Perovskite solar cells have evolved. The typical solar cell 

structures can be divided into two categories: standard (NIP) and inverted (PIN) structures. 

This depends on which transport material layer (electron or hole) is receiving firstly the 

incident light. Moreover, these two structures can be also divided into two categories: 

mesoscopic and planar structures. Mesoscopic consists of a mesoporous layer whereas for the 

planar structure, only planar layers exist as presented in Figure 3. 

 

 
Figure 3: Schematic diagrams of perovskite solar cells in the (a) NIP mesoscopic, (b) NIP planar, 

(c) PIN planar, and (d) PIN mesoscopic structures[73] 

 

NIP mesoscopic structure was the first architecture used and was adapted from DSSC in 

2009[49]. It consists of a glass cathode, ETL, mesoporous metal oxide containing the 

perovskite, HTL and then the metallic anode. The mesoscopic layer is usually thick but less 

than 300 nm to have a good crystallinity since above this thickness the grain growth is confined 

by the pores of the structure leading to disordered and amorphous phases[73]. To enhance 

the efficiency of the solar cell by avoiding non-radiative recombination, a compact blocking 

layer is added on the FTO/Glass [74]. One of the most usually used is the mesoporous TiO2 

and this by adding it on a TiO2 compact layer. Generally the compact and the mesoporous TiO2 

should be heated at 450°C to obtain an anatase phase[75]. The addition of the mesoporous 

layer offers a lower contact resistance for forward electron transfer for the PK enlarging the 

interface area between the perovskite layer and the TiO2 and showing a significant reduction 

in the severity hysteresis previously present due to the low conductivity in intrinsic TiO2 in a 

planar PSC. 

The planar architecture is an evolution of the mesoscopic structure and is also a copy of what 

is traditionally used in OPV[76]. The perovskite layer is placed between the ETL and the HTL 

without the mesoporous metal oxide layer, inducing to a simpler architecture.  Generally, 

perovskite solar cells in NIP structure are more efficient than those in PIN[77] but both 

structures allowed high efficiencies in PV devices exceeding 20% whether in a planar[78] or 

mesoscopic[79][80] architecture. However, this is often achieved with complicated multi-

components and multi-layered architectures. 
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5.2. Carbon-based perovskite solar cells 
 

The high costs of noble metals such as gold and silver as back electrodes and HTL materials 

block the commercialization of the perovskite solar cells and limit their large -scale application. 

Moreover, gold and silver require to be deposited by vacuum evaporation, which is a highly 

energy consuming method. Their main disadvantage is that they can decrease the solar cell 

performance due to formation of silver and gold halides after the migration of halogen atoms 

from the perovskite layer[81][71]. Therefore, to reduce the fabrication costs and at the same 

time improve the durability of devices, carbon-based perovskite solar cells (C-PSC) have been 

developed based on cheap and stable carbon electrode. This architecture could the later could 

be either HTL-free or not. Graphite/amorphous carbon, graphene and carbon nanotubes are 

the most common used as carbon-based materials in the perovskite solar cell field. They are 

characterized by their low cost, high conductivity, and work function(5 eV)[82] close to that 

of the gold(5.1 eV)[83]. In addition, the instability issues have been solved due to the 

hydrophobic nature of carbon preventing the moisture ingress into the solar cell, and reducing 

the complexity of the device fabrication. 

In the C-PSC, generally no HTL is required, because carbon electrodes can extract photo-

generated holes by themselves which makes it possible to manufacture an HTL-free perovskite 

solar cell [74]. Mei et al. from Grätzel center reported in 2014 a C-PSC HTL-free yielding a 

stable PCE of 12.8% exceeding 1000h under ambient temperature and full sunlight without 

encapsulation[5]. In 2017, Grancini et al. from Grätzel center in collaboration with the Swiss 

Compagny Solaronix demonstrated with similar devices 10 000 h stability without PCE loss 

under 1 sun stress. Whereas, with a gold electrode and Spiro-OMeTAD as HTL, the PCE 

decreases of more than 25% only after 300 h of illumination[6]. Since the absence of HTL in C-

PSC may cause excessive surface recombination at the counter electrode, Xu et al. proposed 

to add NiOx as HTL to the C-PSC and were able to reach 14.9% PCE[84]. Then, Ye et al. 

demonstrated a C-PSC with CuPc as HTL giving 18% of PCE[85]. 

Carbon electrodes can be prepared in two ways: high and low temperature (see Figure 4). The 

high temperature process consists of first depositing the carbon layer by screen printing or 

doctor blading on a stack without perovskite, then performing a high temperature pyrolysis 

between 400 and 500°C, to break down all organic and solvent binders and eventually 

infiltrate the perovskite layer through the mesoporous carbon electrode obtained. For the low 

temperature process, perovskite can be deposited before electrode deposition since the 

carbon electrode layer is deposited by doctor blading and annealed at a temperature below 

the degradation of perovskite[74]. The composition of the carbon pastes used to make the 

carbon electrodes is therefore different depending on the type of process used. 
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Figure 4: a) Schematics of perovskite solar cells with high- and low-temperature carbon-based electrodes ;b) energy level 
diagram of mesoscopic carbon-based perovskite solar cell[86] 

 

In this manuscript, the first method is used. A typical high temperature carbon-based 

perovskite solar cell consists a front FTO/glass substrate, a mesoporous ETL, an insulating 

intermediate layer and then the mesoporous carbon electrode[87]. In this architecture, an 

insulating layer is crucial between ETL and carbon layer to prevent the contact between the 

front and back electrode thus avoiding Ohmic shunts and a photocurrent leakage[81].  The 

most commonly insulating mesoporous material used are ZrO2[88] or Al2O3[89]. ZrO2 has 

larger pores than Al2O3 which facilitate the infiltration of the perovskite and its contact with 

the anode and thus makes a better spacer material in the C-PSC and more efficient[89]. Liu et 

al.[88] and Barichello et al.[90] highlighted the importance of the thickness of this layer. They 

optimized the ZrO2 thickness at 1 µm and reported than under this value, most of the 

generated photoelectrons recombined with holes leading to an energy loss. Additionally, over 

1 µm it risks to surpass the limit of carrier diffusion length. As the perovskite is added as a final 

step for completing the solar cell. The latter can be deposited using different techniques that 

will be discussed later in this manuscript. The main advantage of this manufacturing method 

is that it is possible to perform all the steps in open air without degrading perovskite, since it 

is infiltrated in the mesoporous scaffold at the end of all the fabrication steps, potentially just 

before the encapsulation stage. 

In 2013, Ku et al. reported the first HTL-free C-PSC with high stability and a PCE of 6.64%[82]. 

The perovskite was here deposited by drop casting on the top of the m-TiO2/m-ZrO2/m-carbon 

architecture. Mei et al. fabricated in 2014 a solar cell with enhanced 12.8% performance using 

MAPI3 perovskite 5-ammonium valeric acid iodide (5-AVAI) additive[5]. In 2016, Hashmi et al. 

studied a carbon based perovskite solar cell with a 5-AVAI doped perovskite deposited by 

inkjet printing and obtained 7.65% in terms of efficiency[4]. In 2017, Grancini et al. reported 

a one year-equivalent stable perovskite solar cell yielding a PCE of 12.9% in a carbon based 

perovskite HTL-free device also with the use of 5-AVAI additive. Moreover, when these devices 

are fabricated with larger modules (10 x 10 cm²), a close 11.2% PCE value was obtained [6]. 

During the same year, Hashmi et al. discussed a new post-treatment to enhance the devices 
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performances. The PCE increased from 9% to 13.1% by exposing them to 75% of R.H and 40°C 

for 200 hours. The studied cells were carbon based using MAPI3 doped with 5-AVAI and drop 

casting method. When exposed to illumination at 40°C, the cells retained 92% of their initial 

efficiency after 350 hours[7]. In 2019, Zimmermann et al. reported a C-PSC with perovskite 

doped with both 5%mol 5-AVAI and 4%mol CuSCN, the later to improve the hysteresis. The 

power conversion efficiency reaches 15%, and a good stability under 1 sun was obtained with 

less than 10% PCE loss after 1000h[91]. In 2020, Verma et al. reported a C-PSC when all m-

TiO2, m-ZrO2 and the PK precursor solution were deposited by inkjet, demonstrated a 9.1% of 

PCE for a device area larger than 1 cm² [92]. In 2020, Tsuji et al. reported that the graphite 

material is essential to achieve high-quality penetration of the PK precursor by comparing two 

graphite types and demonstrating that PSC based on pyrolytic graphite has higher efficiency 

than that based on amorphous graphite[93]. In 2021, Kobayashi et al. developed encapsulated 

mesoporous-carbon perovskite solar mini-modules and reported the high stability of these 

devices under damp heat conditions (85°C/85%R.H.).  More than 92% of PCE was retained 

after 300hours of accelerated ageing, equivalent to 20-year stability in outdoor use. They also 

demonstrated a light-induced performance increase phenomenon[94]. In 2023, Bogachuk et 

al. demonstrated that adding by inkjet printing a sacrificial film of polystyrene nanoparticles 

between TiO2 and ZrO2 allowed to obtain larger PK crystals and therefore enhanced efficiency 

by suppressing non radiative recombinations and thus improving the Voc and consequently 

the PCE (15.7%) of the device[95]. In 2021, Ye et al. introduced perfluorotetradecanoic acid in 

the perovskite and reached the highest PCE (18.9%) of HTL-free C-PSC, by suppression of the 

ion migration and reduction of the crystal defects in perovskite[96]. 

In addition, carbon-based perovskite solar cells possesses a great potential for easy 

recyclability. Bogachuk et al. [97], Ku et al. [98] demonstrated that the triple mesoporous 

scaffold (m-TiO2/ZrO2/C) can be reused after perovskite removal by washing. In addition, 

thanks to a thermally-assisted mechanochemical approach, the constituents of the device 

architecture can be reused since it was shown that is it possible to remove the encapsulants, 

the electrode and the PK without using any toxic solvent[97]. Furthermore, Binek et. al [99] 

reused PbI2 and the most expensive part which is the FTO for manufacturing new solar cells 

using a multi-step procedure that separate the different layers. In order to decrease the 

environmental impact, recycling waste materials is an important step.  

 

5.3. Transport layers 
 

The solar cell performance depends in part on the materials chosen materials as ETL and HTL. 

Efficiency can be affected by the optical and electrical properties of these materials. They must 

have a good energy alignment with the PK, a high transmittance in the UV-visible region, and 

therefore a suitable thickness, an appropriate conductivity, as well as good thermal stability. 

Organic and inorganic transport materials have been used in the perovskite solar cell 
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development[100]. Figure 5 shows  the different materials, that can compose a perovskite 

solar cell with their energy levels[73]. For an HTL material, the Highest Occupied Molecular 

Orbital (HOMO) must be greater in energy than the valence band (VB) of the perovskite. The 

Lowest Unoccupied molecular orbital (LUMO) of the HTL must be less than the conduction 

band (CB) of the perovskite. ETL should be able to transmit photons in the UV-visible range so 

that they can be easily absorbed by the active layer, and must also have good electron mobility 

in order to guarantee charge collection at the electrodes. Moreover the mobility of the holes 

in the HTL material must be quite high in order to assure good transport of the loads and 

reduce losses to the electrodes[101][102]. 

 

 

Figure 5: Diagram showing the energy levels, from left to right, for representative cathode, n-type 
(ETM), absorber, p-type (HTM), and anode materials[73] 

 

a) Electron transporting layer 

The most frequently used ETL materials in NIP structure are SnO2 and TiO2. SnO2 has a high 

mobility and a wide bandgap. Xing et al. achieved 21.6% PCE using SnO2 as ETL. But despite 

the high efficiency, it suffers from degradation in high temperature. Moreover, it has much 

lower CB compared to that of the perovskite generating voltage losses in the PSC and 

deploying SnO2 on large scale is challenging [103]. TiO2 is the most popular ETL either in its 

planar form on which the perovskite layer is deposited or in its mesoporous form. In this case, 

perovskite is infiltrated into this layer. It has suitable bandgap alignment with the perovskite 

and transparency for visible light. In addition in his mesoporous form, it improves the electron 

transport properties with a better pore filling leading to an enhancement in the interface 

between the ETL and the perovskite[104][105].   

In a PIN structure, fullerene and its derivatives like PCBM[76], ICBA[106] are used as ETLs. 

PCBM was widely used since it passivates the perovskite surface with eliminating the 

hysteresis and recombination losses[107][108]. PCBM has decent electron mobility and can 

be used at low-temperature[109]. But since the PCBM/metal contact is not optimal for 

electron extraction due to the energy level mismatch, ZnO layer was added in between 
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increasing the air stability of the device and blocking the reaction between metal electrode 

and the perovskite that causes breaks in the PK structure[110]. 

b) Hole transporting Layer 

Although our work will concern HTL-free architectures, here is a description of materials 

usually selected as HTL. The main role of HTL is to act as hole-selective contact in order to 

extract the photo-generated holes and carry them to the cathode, forbidding the contact 

between the perovskite layer and the electrode[111]. Various HTL materials can be used in a 

NIP structure including organic materials like small molecules of spiro-OMeTAD (2,2′,7,7′-

tetrakis(N,N-di-p-methoxyphenyl-amine)9,9′-spirobifluorene)[112], polymers like PTAA 

(poly(triaryl amine)) and P3HT (poly(3-hexyl-thiophene))[53], inorganic materials such as CuI 

(copper iodide)[113], CuSCN (Cuprous thiocyanate) [114]. In a PIN structure, polymers like 

PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate)[115], PTAA[76] and 

inorganic materials like NiOx (Nickel oxide)[116], CuSCN[117] can be used as HTLs.  

If inorganic materials are more stable, Spiro-OMeTAD is the most commonly used material as 

HTL due to its efficient transporting holes capability and his ability to reduce the series 

resistance as well as the interfacial recombination losses which will subsequently improve the 

FF and the Voc. However, to achieve the best efficiencies, it needs ionic additives such as 

bis(trifluorolethane) sulfonimide lithium salt (Li-TFSI) and 4-tert-butyl pyridine (TBP) to 

improve the conductibility and hole mobility[111]. But the high cost of this material and its 

weak stability remain a problem and blocks its use for commercialization[118].  Therefore, 

polymeric HTL (PTAA, P3HT, PCPDTBT (Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-

b;3,4-b′]dithiophene) - alt - 4,7(2,1,3-benzothiadiazole)), PCDTBT (Poly[N-9'-heptadecanyl-

2,7-carbazole - alt - 5,5-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole), POWT (poly(5-amino-5-

carboxy3-oxapentyl)-2,5-thiophene)[119] [120] have been adopted since they are cheaper. 

Moreover, some of them offer higher hole mobility compared to the Spiro-OMeTAD[121], 

without additives.  

5.4. Simple perovskites 

 

Currently, the methylammonium lead iodide (MAPbI3) has revolutionized the field of emerging 

photovoltaic technologies for being the most common and most extensively investigated 

organic-inorganic hybrid perovskite[122]. This absorbing material has a tetragonal perovskite 

structure and presents different phase transitions as a function of temperature. Below 162.2 

K it is orthorhombic, between 162.2 K and 327.4 K it is tetragonal and above the prementioned 

temperature it adopts a cubic structure[63]. One of the most interesting features of MAPbI3 is 

the low carrier recombination at the solar cell interfaces which is supported by long-range 

carrier diffusion lengths (100-1000 nm) and high absorption coefficient[123] [124][125]. 

Despite these properties, MAPbI3 biggest challenge is the sensitivity to moisture and polar 

solvents leading solar cells based on this active layer to have stability issues, in addition to its 

bandgap (1.55 eV) which is not ideal for solar cells[126]. 
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However, to overcome these complications, other hybrid perovskite components exist and 

could be classified based on substitutions of the monovalent cation, the divalent metal and 

the halide positions. These different formulations make it possible to modify the value of the 

perovskite band gap and may improve the solar cell’s performance and modify the properties. 

Moreover, plenty of grain boundaries, voids and surface defects within the perovskite material 

can be detected, causing efficiency losses and recombination sites[127]. 

a) Halide substitution 

To tune the optoelectronic properties, the iodine can be substituted by chlorine or bromine 

since the bandgap value is directly related to the bond between the metallic anion and the 

halogenated anion. Therefore, the adaptability of the bandgap depending on the material 

composition is one of the most important properties of the hybrid perovskites. The MAPbCl3 

bandgap is 3.11 eV and is suitable as a single light absorber, while MAPbBr3 with 2.3 eV 

bandgap value favorable energy level with respect to TiO2 is interesting for tandem 

applications whereas MAPbI3 is suitable for single band gap absorber [128][129]. Moreover, 

MAPbBr3 is characterized by its high Voc thanks to the high conduction band minimum forming 

a barrier to confine electrons and forbid recombination effects[130]. 

b) Cation substitution 

Furthermore, the cation can be replaced since it can also impact the bandgap value depending 

on its size given that the crystal lattice can expand or contract varying the Pb-X bond distance. 

Thus, when the ionic radius of the organic cation increases, the crystal lattice is dilated and 

therefore the bandgap value decreases and a shift towards the infrared is detected[131]. The 

most commonly used cations that can replace the methylammonium are formamidinium (FA: 

NH2CH=NH2
+)[132][133][134], cesium (Cs+)[135] or rubidium (Rb+)[136][137]. FA is slightly 

larger than MA, causing an expand in the lattice and consequently decreasing the band gap 

from 1.59eV for MAPbI3 to 1.45-1.52 eV for FAPbI3[128]. In addition, it was demonstrated that 

replacing the MA by FA leads to better thermal stability[138]. However, the best PCE reported 

for FAPbI3 perovskites is lower than the MAPbI3 despite the smaller bandgap which was 

considered to enhance the solar cell performance, but it is the poor FF behind this PCE 

loss[139] and this is due to the transformation of FAPbI3 from the α-FAPbI3 (the alpha or black 

phase) to δ -FAPbI3 (the photo-inactive delta or yellow phase) at room temperature making 

the device unstable[61]. As well, the Cs is a good cation substitute since its ionic radius is 

compatible with structure and it has the same effect as FA.  

c) Metal substitution 

Replacing lead would be favorable from toxicological perspective and therefore many studies 

have been directed towards tin perovskites[140] where it was reported for the first time a 

completely lead-free, CH3NH3SnI3 perovskite solar cell processed on a mesoporous TiO2 

scaffold, reaching efficiencies of over 6% [141]. CH3NH3SnI3 has the advantage of reduced 

band gap, however, Sn gets oxidized easily leading to poor long-term stability and low 
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reproducibility of these films demanding a careful re-evaluation of the CH3NH3SnI3 

system[129]. 

 

Figure 6: Tauc plots of several lead-free perovskites films[129] 

 

5.5. Mixed perovskites 
 

Pellet et al. reported the first mixed cation perovskite using a mixture of formamidinium (HN= 

CHNH3
+, FA) and methylammonium (CH3NH3

+, MA) cations in the A position of the APbI3 

perovskite structure with (MA)x(FA)1-xPbI3 (x = 0–1). This combination improved the short-

circuit current and showed great potential as a versatile tool to tune the structural, electrical, 

and optoelectronic properties of the light-harvesting materials. This device reached a 14.9% 

by adding 20% MA to the FA dipping bath completely avoiding the undesirable formation of 

the δ -phase while maintaining the red-shifted band gap of FAPbI3 [138]. 

To further enhance the MA/FA mixed cation perovskite performance, mixed anion/cation 

perovskite were then developed. The Bromine (Br) was introduced  to partially replace the 

iodide (I). Jeon et al developed (FAPbI3)0.85(MAPbBr3)0.15 showing a more stabilized perovskite 

phase of FAPbI3 and improves the power conversion efficiency of the solar cell up to 20.1% 

[142][143]. Moreover, Jacobsson et al. varied the MA/FA and the I/Br-ratio achieving a PCE of 

20.67% with MA2/6FA4/6Pb(Br1/6I5/6)3 [144]. Other than Br, Isikgor et al. introduced Cl into the 

cation mixture and developed MA1-xFAxPbI3-yCly obtaining high-power conversion efficiency 

(PCE) of 18.14%. The mixed cations and mixed halides lead to long charge diffusion lengths. 

The superior performance is mainly explained by the Jsc enhancement [145]. 

One of the biggest challenge of the inorganic-organic hybrid halide perovskites is the 

degradation due to the volatility of the organic cations[146]. But researchers studied ternary 

cation perovskites using MA, FA and Cs, where the first triple cation perovskite solar cell was 

reported by Saliba et al. [147]. They showed that the Cs can successfully improve the MA/FA 

mixture with more thermally stable devices containing fewer yellow phases impurities, highly 

uniform perovskite grains extending from electron to hole collecting layer and reaching 20.1% 

of efficiency. 
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5.6. Additives for perovskite 
 

Additives play a main role in enhancing the morphology of the perovskite films, their crystal 

growth and thus the performance of the solar cell. Therefore, using additives has proven to 

be an adequate method for facilitating homogeneous nucleation or for modulating the 

crystallization kinetics. Moreover, additives help to control the surface uniformity, crystal size 

and contribute in reducing electrical shunt and the recombination effects [148][149]. 

Additives can be divided into categories depending on their functionalities as shown in Figure 

7. Given that, some can play a role in the morphology ad the crystallinity of the perovskite 

film, whereas others can improve the optical and electrical properties. Additives can interact 

with components in the perovskite solution (by chemistry or physics paths) or can passivate 

the PK film facilitating the charge extractions or can modify the crystallinity to enhance it. 

 

 

Figure 7:  Classification of the additives used in current perovskite solar cells[149] 

 

a) Polymer additives 

Oxygen atoms in a polymer can form bond H-bonds with the MA hydrogen atoms helping to 

resist to humidity for long-time operation. Moreover, bonds between Pb ions in the perovskite 

with atoms like S and N in polymers can stabilize the frame structure of the perovskite. In 

addition, polymer additives can improve the perovskite coverage films thanks to their good 

solubility reducing the contact angle and therefore helping for a better spreading. Therefore, 

polymers are considered efficient additives in promoting uniform crystallization. Chang et al. 

demonstrated that the use of 1wt% of the poly(ethylene glycol) (PEG) additive can tune the 

morphology of the perovskite layer by retarding the crystals growth and aggregation which 

helped to form an uniform film [150]. Zhao et al. reached a 16% PCE using PEG and as an 

additive showing how it facilitates the formation of a uniform and homogeneous polymer-

scaffold perovskite layer in addition to a strong humidity resistance thanks to the hydrogen 
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bonding between PEG and PK molecules ensuring a compact moisture barrier around he PK 

crystal grains[151]. Tripathi et al. added the amine-polymer poly [(9,9-bis(3′-(N,N-

dimethylamino)propyl)-2,7-fluorene) - alt - 2,7-(9,9-dioctylfluorene)] (PFN-P1) to a simple 

spin-coating process as a surfactant that promotes uniform crystallization with a uniform 

distribution of grain sizes and improved open circuit voltage with 13.2% PCE[152]. Guo et al 

fabricated a 90-nm-thick film prepared with 3wt% polyvinylpyrrolidone (PVP) additive, 

showing an increase in the thermal stability against decomposition into PbI2, and a stable 

crystal size and morphology, with increased open circuit voltage (Voc), fill factor (FF), and 

PCE[153]. 

b) Fullerene additives 

Fullerene can fill the pinholes and vacancies between PK grains reducing the photocurrent 

hysteresis[154]. And since the diffusion length of electrons is shorter than that of holes in PK 

films, fullerene additives can construct electron transport channels to facilitate the extraction 

and enhance the performance. Xu et al. reported the first perovskite-PC61BM hybrid solid with 

reduced hysteresis, due to an in situ passivation of the halide-induced deep traps by PC61BM 

adsorption during the perovskite self-assembly[143]. Chiang et al. used [6,6]-phenyl-C71-

butyric acid methyl ester (PC71BM) to play a critical role in improving the quality of the light-

absorbing layer by filling pinholes and vacancies between perovskite grains, resulting in a film 

with large grains and fewer grain boundaries to obtain a solar cell with 16% of PCE and a highly 

FF of 0.82[154]. 

c) Metal halide salt additives 

Metal halide salt additives can significantly increase the grain size and contribute for smoother 

perovskite surfaces. Boopathi et al. introduced alkali metal halide salts (KCl, NaCl and LiCl) and 

found a PCE improvement since these additives can enhance the crystallinity and the 

morphology and reduce the grain boundaries. Perovskites with KCl have larger crystallites and 

better stability than those with NaCl or LiCl[155]. Bag et al. incorporated a controlled amount 

of sodium iodide into the PbI2 precursor of the perovskite film which led to larger grain size 

reaching 14.2% efficiency with low hysteresis[156]. Chen et al. demonstrated that adding 

CaCl2 as an additive can improve the MAPbI3 film with forming uniform crystals and good 

surface coverage. This result is obtained after an annealing process where the Cl anions 

process induces a preferred orientation of the MAPbI3 crystal grains[157]. 

d) Inorganic acid additives 

Inorganic acid additives like hydriodic acid (HI), hydrobromic acid (HBr), and hydrochloric acid 

(HCl) increase the solubility of perovskite solutions, promote nucleation, help to have a 

continuous perovskite film with large grains, prevent from decomposition by reducing 

oxidized I2 back to I- and therefore improving long term stability and contribute in controlling 

the crystallization[149]. Heo et al. fabricated a pinhole-free MAPbI3 perovskite films by using 

MAPbI3/DMSO solution and MAPbI3/DMF with HI additive solvent that helped to improve the 
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solubility and converted the PbI2 to perovskite attaining a 17.2% PCE[158]. Eperon et al. used 

HI additive in the CsPbI3 that stabilized the perovskite in the black phase and improved the 

crystal growth[158]. By comparing HI, HCl and HBr, Huang et al. discovered that HBr is the 

most efficient additive showing a better crystallization with fewer pinholes and low series 

resistance and good homogeneity with 15.76% of PCE[159] 

e) Solvent additives 

Jen et al. incorporated 1,8-diiodooctane (DIO) into the precursor solution and demonstrated 

how it controlled the crystallization and contributed to homogeneous nucleation[148]. Li et 

al. introduced the acetonitrile (ACN) as an additive into the PbI2/DMF solution and found out 

that a proper ratio of ACN/PbI2 lead to a uniform perovskite film with low grain boundaries 

and longer carrier lifetime. The best efficient solar cell using this additive arrived to a PCE of 

19.68%[160]. Wu et al demonstrated that a small amount of H2O (2 wt%) added to PbI2/DMF 

can improve the PbI2 properties  and therefore the perovskite film making it homogeneous 

without any pinholes[161]. 

f) Nanoparticles additives 

Li et al. were the first to intermix precursor-capped inorganic nanoparticles of PbS which were 

covered with perovskite precursor molecules of methylammonium iodide (CH3NH3I, MAI). 

Through this intermixing-seeded growth technique, morphological improvements, such as 

increased crystal domains, enhanced coverage, better uniformity, were performed in the 

perovskite thin films, and the corresponding solar cell devices achieved a power conversion 

efficiency of 17.4%[162]. Zhang et al. incorporated core−shell metal-dielectric NPs of Au@SiO2 

into the solar cell and remarked an enhanced short circuit photo-current due to a reduced 

exciton binding energy and hence enhanced generation of free charge carriers[163]. Chang et 

al. improved the crystallinity of the perovskite film by incorporating metal-organic framework 

nanocrystals (MOFs) which are a class of 3D porous crystalline materials fabricated of organic 

linkers and metal-based nodes. MOFs have regular nanostructured pores which allowed them 

to integrate into the perovskite precursor solution, hence enhanced the formation of uniform 

grain size perovskite crystals[164] 

g) Organic halide salt additives 

These additives contain heteroatoms in organic components, which form hydrogen bonds 

with H atoms in MA+ interconnecting the perovskite crystals. This yields to larger grains on a 

homogeneous surface. Docampo et al. highlighted that chloride is critical in MA lead halide 

perovskites via a controlled addition of methylammonium chloride (MACl) to the MAI 

immersion solution. In fact, the incorporation of MACl helps the PbI2 conversion to MAPbCl3-

xIx perovskite improving the Jsc. Moreover, MACl reduces the series resistance which enhance 

the FF and hence the charge diffusion length become longer[165]. Hsu et al. incorporated 

ethyl ammonium iodine (EAI) into the perovskite precursor and higher absorbances and 

degrees of crystallinity were achieved correspondingly with higher surface coverage. EA+ 
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incorporating coordinately with MA+ in the 3D lattice of the MAPbI3 can move the 3D structure 

into a 2D one which will help to improve the stability having a 2D/3D mixed structure[166].  

Mei et al. were the first researchers group that has used and investigated the occurring 

mechanism of 5-ammonium valeric acid iodide (5-AVAI) addition leading to nucleation and 

growth optimization of MAPbI3. The additive partially replace the MA cations to form (5-

AVA)X(MA)1-XPbI3 perovskite, where the COOH groups of the additive form hydrogen bonds 

with NH3
+ groups and I- ions from PbI6. Hence these COOH anchor a monolayer of the amino 

acid to the TiO2 and ZrO2 layers by binding to the exposed Ti and Zr ions. The NH3
+ groups in 

the 5-AVAI play the role of nucleation sites for MAPbI3 and help its filling into the pores. The 

acidic property of this additive contributes to reduce the colloid size ensuring a slow 

crystallization in porous structure as the one used in this manuscript. Moreover, XRD analysis 

highlighted that perovskites with 5-AVAI have a dominant orientation ensuring better contact 

with TiO2. An improved PCE (Figure 8) was noticed since 5-AVAI cations induce preferential 

growth in the normal direction of the perovskite crystals with better coverage. These devices 

also showed promising stabilities under different stress conditions Figure 

9[5][167][149][168][169], see example in Figure 9. A one-year stable perovskite device was 

then fabricated by Grancini et al. by engineering an ultra-stable 2D/3D 

(HOOC(CH2)4NH3)2PbI4/CH3NH3PbI3 perovskite junction by incorporating 3% of 5-AVAI with 

zero PCE loss under ISOS standard conditions[6][170]. 

 

Figure 8: J–V curves of  carbon-based perovskite solar cell with and without 5-AVAI additive in the PK formulation [149] 
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Figure 9: Performance evolution of C-PSCs under damp heat (85 C/85%RH) with or without the AVAI additive[171] 

h) Other additives 

Shahiduzzaman et al. employed the ionic liquid 1-hexyl-3-methylimidazolium chloride as an 

additive in the perovskite precursor solution. Analysis revealed a uniform surface with good 

morphology and showed that the incorporation of the ionic liquid prevented rapid crystal 

formations which led to an homogeneous nucleation[172]. Chen et al. reported a high-quality 

perovskite film by adding NH4Cl, demonstrating how it can affect the crystallization and make 

the perovskite film smoother with no need of thermal annealing and with no hysteresis 

behavior appearing[173]. 

Moreover, Qin et al. introduced benzoquinone (BQ) into MAI and PbI2 to improve both 

morphology and stability since it was shown that BQ reduces the speed of crystallization which 

will help to obtain a uniform, flat surface with larger grains reducing carrier recombination 

and improving the electron transfers[174]. 

 

6. Perovskite deposition techniques 
 

The main achievement of perovskite solar cells is their ability to achieve high performance by 

limiting problems of recombination and stability with simple and low cost manufacturing 

methods. But this is very dependent on the PK deposit technique and on the layer on which it 

is deposited. In this thesis, we adopted two different deposition techniques, both using the 

mesoporous scaffold ability for infiltration: the drop casting and the inkjet methods. Given 

that our solar cell’s architecture consists a triple mesoporous layer scaffold, adding the PK as 

a final step with the prementionned techniques makes is an easy and clean way for 
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manufacturing the devices without overflowing or spilling out the precursor. Moreover, these 

techniques does not require a glove box facilitating the fabrication procedure. 

To date, several other methods have been developed to improve the quality of perovskite 

film. The morphology, crystallinity and uniformity of the latter depends heavily on the choice 

of the deposition method. This will have a direct impact on the PCE of perovskite solar cells. 

The main ones are described thereafter. 

6.1. Spin-coating deposition method (One-step or Two-steps) 

 

Peroskites can be obtained via a spin-coating technique. This technique is widely used because 

of its low-cost and simplicity. Two methods have been proposed in one or two step(s).  

For the one-step technique, precursors of lead (PbX2) and organic halide (AX) are usually 

dissolved in a highly polar solvent like dimethylformamide (DMF), dimethyl sulfoxide (DMSO), 

gamma butyrolactone (GBL), dimethylacetamide (DMAc), N-methy-2-Pyrrolide (NMP) or 

isopropyl alcohol (IPA)[175][176][177][178][178][179]. The resulting precursor is spin-coated 

on the substrate. A crystallized layer of perovskite results due to the strong ionic interaction 

between halogen anions and metal cations coupled with the evaporation of the solvent during 

the spinning[180], with potential the help of the addition of an anti-solvent[181].  Spin-coating 

of the precursors solution is then followed by a drying and heating at mild-temperature (70-

170°C)[142], where the annealing process are expected to impact the MAPbI3 morphology and 

crystallinity. Moisture should be avoided while depositing the perovskite to prevent from its 

decomposition[179][55][59]. However, controlling the film thickness, morphology, uniformity 

is so difficult using this technique since it forms layers with pin-holes due to the slow 

crystallizations and leads to voids because of the viscous coating solution[59] [182]. 

In 1998, Mitzi et al. proposed a two-steps deposition technique to overcome all of the 

aforementioned drawbacks of the one-step method and especially the poor surface coverage 

and unavoidable non-uniformity[183]. This research group deposited PbI2 film with DMF on a 

TiO2 film using the spin-coating technique at 70°C and followed by a spin-coating or by dipping 

in a MAI solution to obtain CH3NH3PbI3[183]. It was shown that the quality of the perovskite 

depends on the spinning time and speed of the spin-coating of the MAI [184]. Moreover 

increasing the MAI concentration reduces the grain sizes[185]. This technique produces better 

film compared to the one-step method. The average power conversion efficiency for a one-

step spin coating was 7.5%, whereas for the two-steps it was 13.9% mainly due to 

improvements in the morphology of CH3NH3[186][185]. 
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Figure 10: One-step and two-steps coating procedures to deposit MAPbI3 perovskite films. The one-step coating procedure 
was conducted using a single precursor solution containing MAI (CH3NH3I) and PbI2, while the two-steps coating method 

was performed by reacting the spin-coated PbI2 film with the MAI solution[179] 

 

It is quite simple to manufacture devices by spin coating on a laboratory scale, even if this 

process leads to a significant waste of the solutions used. Despite the good efficiency, this 

method also presents some disadvantages. Two main problems were highlighted: the 

incomplete conversion of PbI2 and the uncontrolled perovskite crystal sizes, especially in 

planar structure. Moreover, this technique is applicable on the laboratory scale but it is not 

realistic for large scale industrialization [187][188]. 

6.2. Thermal/Vacuum evaporation 
 

In 2013, Liu et al. were the first to fabricate a perovskite film using the Vapor deposition 

technique[189]. The recently mentioned group co-evaporated organic (MAI) and inorganic 

(PbCl2) with a molar ratio on substrate of about MAI:PbCl2=4:1, using dual-source vapor 

deposition. A uniform flat perovskite film with high coverage was obtained[189]. In 2021, Feng 

et al. reported a highly efficient solar cell of 21.32% PCE with a high-quality formamidinium 

perovskite film on a 400 cm² substrate[190]. However, despite that vapor deposition avoids 

the use of solvents, this technique requests a lot of vacuum, which is too much energy 

consuming and costs and thus slows down the possibility of mass production[191]. 

 

Figure 11: Schematic representation of the dual-source thermal evaporation system for depositing the perovskite layer[189] 
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6.3. Doctor blade coating 
 

This technique is applicable on a large scale, is very simple and low cost. It consists of pouring 

a fixed amount of perovskite on the substrate then sweeping it linearly at high speed. For this 

technique, it is recommended to keep the substrate at high temperature to have a smoother 

and more uniform pinhole-free film. Moreover, heating substrate and applying an airflow over 

it improve the evaporation rate of the added solvent boosting the nucleation and crystal 

growth[192]. Three factors can control the film’s thickness and the crystallization: the 

concentration of the precursor ink, the speed of the blade’s movement and the gap between 

the substrate and the blade[193]. Tang et al. reported a 19.3% PCE using this technique[194]. 

Compared to the spin-coating method, Doctor blading requires lower quantity of the 

precursor solutions as there is no/few waste[195]. 

 

 

Figure 12: Schematic representation of the doctor blade deposition method[196] 

 

6.4. Slot die coating 
 

Slot die coating technique is very analogous to the doctor blade technique. The only difference 

is instead of using a blade to spread the ink over the substrate, an ink reservoir is applied as 

presented in Figure 13. The ink flow can be better controlled and the film quality is improved 

compared to the doctor blade technique. However, larger ink quantity is required to fill the 

ink reservoir[197]. Burkitt et al. fabricated a solar cell with 7% of PCE (FTO/c-TiO/m-

TiO2/PK/spiro-MeOTAD/Au) using the slot die coating for each layer except the gold electrode 

[198]. Kim et al. achieved 12.7% PCE for a perovskite solar cell fabricated by slot-die coating 

with a blowing step and a heating procedure improving the perovskite film coverage[199]. 
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Figure 13: Schematic representation of the slot die process[198] 

 

6.5. Spray coating 
 

The spray coating technique consists of the dispersion of tiny liquid droplets over the substrate 

through a nozzle as shown in Figure 14. This technique can be classified into three categories 

depending on the dispersing method: (i) pneumatic spraying (through fast gas flow), (ii) 

ultrasonic spraying (through ultrasonic vibration) and (iii) electro spraying (through electrical 

repulsion) [193]. The most commonly used technique for the fabrication of the perovskite 

layer is the ultrasonic spraying[200]. Spray coating has two systems: atomizing system which 

consists of converting the perovskite solution into droplets, and deposition system where a 

low-pressure gas stream guides the PK droplets into the substrate. While the deposition 

process is proceeding, the solvent is getting evaporated. Both systems are connected by a 

quartz nozzle through which the perovskite solution is added[55]. In 2014, Borrows et al. 

realized a solar cell with 11% PCE and 85% coverage adopting the spray pyrolysis method[201].  

 

 

Figure 14: Schematic representation of the spray coating technique[193] 
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6.6. Drop casting 
 

 

Figure 15: Illustration of the drop-casting method for preparing MAPbI3 film: a) The solution is dropped onto the center of a 
substrate on a 60°C hot plate. b) The solution spreads on the substrate. c) The solution stops spreading, resulting in a round 

wet film. d) The substrate is transferred to a hot plate with a temperature above 90°C. e) The film color turns black, 
indicating the formation of MAPbI3 .f) Round brown MAPbI3 film forms[202] g) into the mesoporous scaffold[203] 

All the above-mentioned techniques require either an inert atmosphere, a low air humidity or 

a high vacuum to obtain good performance of the devices. To avoid complicated conditions 

for the fabrication of an efficient solar cell, scientists recently headed to the drop casting 

method[202][204][205][206]. This technique is an easy, low-cost, low-waste and productive 

method performed in air[206] [207][208]. It was firstly reported by Mei et al. in 2014 which 

consists of infiltrating the metal halide perovskite precursor into a triple layer mesoporous 

scaffold (TiO2/ZrO2/C) where they obtained a PCE of 10.4%[5]. Using this technique on planar 

architecture is usually less good than simple spin-coating. However, Zuo et al. demonstrated 

that by avoiding the airflow around the drop casted PK, they reached 18.7% of PCE for a planar 

perovskite solar cell without the use of any antisolvent and with a 88% R.H ambient 

condition[208]. 

This technique is composed of several steps: a drop of the precursor solution is deposited on 

the center, the solution spreads all over the substrate, the solvent evaporates with the help 

or not of annealing leading to a dark brown film resulting from perovskite crystallization. This 

technique is advantageous due to no waste of the precursor solution. It will be used in our 

work to fill the mesoporous layers of our C-PSC stacks.  

  

6.7. Inkjet printing 
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Figure 16: Schematic representation of inkjet method[209] 

 

This technique is a digital method that can be controlled by a computer program to obtain the 

desire patterns with no specific requirements for the shape and materials of the substrate 

since there is no contact[184]. It aims to replace the drop casting method since the whole 

device may be produced on larger scale in an easy and fast way[210][4]. Inkjet has been 

chosen for several fabrication of optoelectronic devices[211]. It can be used for the fabrication 

of functional layers from homogeneous or colloidal liquid phase inks. The principle of this 

technique relies on a piezo material dispersing the ink precursor while controlling the droplets 

size as shown in Figure 16. This technique presents several advantages: low cost, contactless, 

scalable, freedom of design and it reduces the irreproducibility observed in other 

techniques[212]. When applied on large active surface area, it showed higher PCE compared 

to the spin coating method (Figure 17)[213]. 

 

 
Figure 17: Diagram of PCE comparison for PSCs based on inkjet printing and spin-coating methods with different device 

areas (0.04, 1.0, 2.0, 4.0 cm²)[213] 

The first perovskite solar cell was fabricated using inkjet printing technique in 2014, affording 

11-12% efficient PSCs[214]. In fact, they printed a mixed solution of MAI with Carbon on a PbI2 

layer (previously deposited using spin-coating). This allowed a one step realization of MAPbI3 

and carbon layer without the use of an insulating intermediate ZrO2 layer. 

Then, this method was applied for mesoporous[210] and monolithic hole-conductor free 

PSCs[4]. Hashmi et al.[4], Verma et al.[92] adopted this infiltration technique and reached 

7.65% and 9.1% PCE respectively.   

The highest PCE achieved with an inkjet perovskite layer is 16.78% for 120 cm² surface 

area[212]. Nevertheless, inkjet has many limitations such the clogging of the nozzles in the 
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printing cartridges due to the transformation of PK crystals from the liquid precursor on 

surfaces. This leads to less precise material deposition. Therefore stable precursor inks are 

more required in order to avoid the print head damages[4]. 

 

Perovskite drop casting and inkjet infiltration methods will be studied more deeply in the 

upcoming chapters of the manuscript on C-PSC type devices configuration. The aim will be to 

scout their impact on the solar cells’ performance and on durability. Some works relate on this 

subject in literature, but the impact of the deposition technique choice on both the 

microstructure of the perovskite and the mechanisms occurring into the layers has note yet 

being deeply studied. Thus, it seems interesting to investigate the effect of the process on 

both the perovskite morphology and performance. 

 

7. Post treatments leading to a maturation phenomenon 
 

Solar cells do not always achieve their maximum of efficiency after deposit and annealing, but 

require sometimes an additional procedure. Maturation is a process that helps to improve the 

solar cell PV parameters and therefore its performance. This step can occur into the solar cell 

during the manufacturing or can be imposed by external factors. 

Wagner et al. highlighted a maturation process when they demonstrated a relationship 

between crystal formation and PV performance of perovskite solar cells. They introduced a 

novel time-resolved real-time probing of photophysical and electrical solar cell parameters in 

a C-PSC. Thanks to PL measurements in real-time depositing, an intensity increase was firstly 

noticed and a redshift was detected reflecting the crystal size growth during the PK 

conversion. In a second stage, a redshift is still detectable despite the PL decreasing explaining 

that a crystal growth is still going, arriving to a stage where boundary effects quench the PL 

intensity. A stable grain size was then observed, after the total conversion from PbI2 to PK, 

with an enhanced photocurrent improving the electrical connections and explaining the 

‘maturation’ process that was occurring [215]. 

Another type of maturation step was demonstrated by Ho et al. where they reported a 

annealing in ambient air and in oxygen environment. In fact, this annealing method helped to 

reduce the oxygen vacancy density causing defects into the solar cell, and improve the optical 

transmission of the TiO2, thus enhancing the electron transport layer. Hence, changing the 

annealing environment from ambient air to oxygen contribute in enlarging the optical band 

gap and improving the TiO2 compact layer which plays the role of an ETL and decreases the 

recombination rate at the PK/TiO2 interface. Moreover, this maturation step increases the Jsc 

and the FF and consequently the PCE of the solar cell[216]. 

Liu et al. reported perovskite solar cells using TiO2 as ETL showing that these devices have 

improved more by twice after light soaking for 15 mins showing that this light soaking 

increased the concentration of oxygen vacancies in the TiO2 film, increasing the film 

conductance and accelerating the charge extraction rate in the PK/TiO2 interface and 

upgrading the PCE[217]. The use of light-soaking treatments was also considered as a 
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maturation step since it was noticed that this procedure may improve the solar cell 

performance. Schneider et al. showed two types of maturation: natural and induced by light-

soaking. The first one was by measuring the solar cells after 5 days of their fabrication after 

leaving them in the dark in a moisture-free nitrogen atmosphere glove box (matured as 

presented in Figure 18). Whereas for the light-soaking, it was applied after 7 days of 

fabrication, for 1.5h hours and a 12 hours rest period. Natural maturation increased the Jsc 

while the Voc increases thanks to the light-soaking process as presented in Figure 18[218]. 

 
Figure 18: Current density versus voltage (J–V) curve of a typical C-PSC at the three measured stages of maturation; fresh 

(black), matured (red), and light soaked (blue) 

Ginting et al. observed a 24% improvement after 24h of storage in dark conditions in air, due 

to partial oxidation of spiro-OMeTAD by O2
- species, leading to a hole transporting 

conductivity enhancement and therefore a more efficient charge transfer from the HTL to the 

anode [219]. Wu et al. proved that a 30% efficiency improvement can be achieved after 1000h 

of storage under N2 for MAPbI3 solar cells which was explained by the infiltration of the PK 

into ETL which was ZnO nanorods crystals[220]. Commandeur et al. presented a positive 

maturation effect with a 40±10% PCE increase after 14 days of storage in dark ambient 

conditions for CsPbBr3 perovskite solar cells. This improvement is due to a Voc and Jsc increase. 

The Voc indicates a reduced number of pinholes and defects decreasing the number of deep 

states within the bandgap that take place at the edges of grain boundaries. Whereas for the 

Jsc increase, it explains the more efficient extraction of photogenerated charge at the EL and 

HTL interfaces [221]. You et al. showed the positive impact of mild moisture (humidity = 

35±5%) on perovskite films formation during the thermal annealing(2h at 90°C), explaining 

that humidity can induce perovskite grain growth with enhanced PV parameters[222] 

Hashmi et al. adopted the humidity assisted thermal exposure (HTE) as a post-treatment for 

printed carbon-based perovskite solar cells. This maturation step consists exposing the 

devices to high humidity (70±5%) and a constant temperature (40°C) for around 200h in an 

environmental chamber. This step demonstrated an improvement on the cells’ performance 

with low hysteresis. The maturation process increases the interconnectivity of carbon 

nanoparticles through the perovskite crystals growth, which can be enhanced within the 

porous stack leading to higher PV parameters as presented in Figure 19. It is good to mention 

that the carbon layer is thick enough to block the rapid intrusion of large water droplets 
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coming from the humid environment and only allows the gaseous state of the moisture to 

pass through it and then continues through more dense mesoporous ZrO2 to assist the 

irreversible perovskite crystal growth without changing its chemical structure. In this approach 

they reported a PCE increase from 9% to 13.8% for C-PSC after the maturation process. To 

better investigate the long term stability of these enhanced devices they exposed them to full 

sun illumination at 40°C. The study was conducted till 350h of aging where 92% of the PCE 

was retained with no comparison to cells without the HTE treatment [7]. 

Therefore, in this manuscript one next chapter is fully devoted to mainly understand the 

mechanisms behind this performance enhancement comparing solar cells before and after 

the maturation step at T0. We will also scout the impact of the deposition technique (pipetting 

vs. inkjet) on this post-treatment to better understand what is occurring in the perovskite layer 

and at the interfaces, and if there is a dependent between the PK infiltration technique and 

the mechanism leading to PCE enhancement. Moreover, another chapter will be devoted to 

the investigation of the impact of this maturation on the lifetime of our devices under damp 

heat conditions. 

 

Figure 19: Photovoltaic parameters of a batch (7 cells) of C-PSCs exposed in the environmental chamber for the HTE 
treatment. The values represent the average of forward- and reverse-scanned J–V curves[7] 

 

8. Encapsulation systems 
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The interest in the encapsulation techniques has progressively increased since it is one of the 

main reasons to develop a stable perovskite solar cell surviving all the testing conditions. The 

encapsulation should act as a barrier for the degradation factors as oxygen, UV radiation, 

temperature and moisture (Figure 20). An ideal encapsulant should have a low OTR (Oxygen 

Transmission Rate) and WVTR (Water Vapor Transmission Rate), high resistance to UV and 

thermal oxidation, good adhesion to the perovskite, chemically inert, high flexibility and 

dielectric constant and has similar coefficient of thermal expansion of PSCs materials[223].  

  

 

 
Figure 20: Schematic representation of different factors affecting the stability of perovskite solar cells[224] 

 

The encapsulation systems today applies to PV devices are divided into two main categories: 

sealed glass to glass systems and polymer encapsulations. 

Regarding polymer encapsulations, these systems are well known for their high flexibility 

facilitating their deposition method (roll to roll lamination). Many types of polymer 

encapsulants exist such as: poly(methyl methacrylate (PMMA), polyethylene terephthalate 

(PET), polytetrafluoroethylene (PTFE), polycarbonate (PC), polydimethylsiloxane (PDMS), 

ethylene-vinyl alcohol copolymer (EVOH), polyethylene- naphthalate (PEN), flexible polymer- 

based hybrid multilayers, and polymer composites[225]. Weerasinghe et al. used indium 

doped zinc oxide coated polyethylene terephthalate (IZO-PET) as an encapsulant for 

perovskite solar cells (IZO-PET/TiO2/CH3NH3PbI3/Spiro-OMeTAD/Au). The permeation testing 

revealed its efficient role against moisture ingress through the adhesive layers and around 

electrical contacts compared to solar cells without encapsulation. They achieved 12% in terms 

of efficiency and reported a stable PCE with no variation during storage under ambient 

conditions for more than 500h for encapsulated cells[226]. Castro-Hermosa et al. evaluated 

PET, flexible ultra-high permeation barrier films, and rigid glass as encapsulation barriers for 

PSCs and demonstrated that by adding an adhesion promoting layer on the standard ultra-

high permeation barrier films, it reduces the WVTR by a factor of 5 compared to barriers 

without it. A lifetime test was conducted in a dark room with constant temperature and 

humidity. For ultra-high permeation barrier and glass, respectively 91% and 76.6% of initial 
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PCE value were retained after 840h (against 6% for PET), and then respectively 60% and 30% 

after 4000h [227]. 

For glass to glass systems, it consists in placing the device between two sealed glass sheets. 

Indeed, as generally known, glass is one of the best encapsulating materials, but most glass 

covers need a sealant to completely encapsulate the device. Unfortunately this technique 

requires high temperature exceeding 100°C which is challenging regarding the temperature 

sensitive PSCs. Therefore, thermo-curable or UV-curable sealants have been studied such as 

Surlyn ionomer, butyl rubber, polyisobutylene (PIB), epoxy resin/glue and so 

on[228][229][54][230][231]. 

 

Figure 21:  (a) Schematic illustration of polyisobutylene (PIB) blanket used as cover encapsulant and edge sealant for 
perovskite solar cell and its corresponding normalized PCE during thermal cycle test (b) Top-row of glass-to-glass 

encapsulation of PSC with UV-curable epoxy edge sealant and its corresponding normalized PCE during stability test[225] 

Shi et al. adopted the PIB as edge sealant or blanket layer at low temperature as demonstrated 

in Figure 21 a). PIB was cut and deposited in a way to cover and protect the PSC. The complete 

device was hot-pressed to avoid the formation of bubbles and ensure good bonding. 

Compared to EVA and UV-cured epoxy, PIB is more inert in terms of reactivity with the PK 

layer[228]. Ramasamy et al. [232] used UV-curable epoxy and Surlyn gasket (SG), both used 

as edge sealant as shown in Figure 21 b). Right after encapsulation, the SG device’s PCE 

decreases of 24.43% whereas it decreases of 14.72% for UV-epoxy. This decrease is caused by 

the high temperature during the SG sealing (125°C) and the UV irradiation for the UV-epoxy 

crosslinking, both inducing decomposition of the perovskite layer. The stability of the devices 

was then studied in the dark at 30°C and 50% of R.H. showing that unencapsulated devices 

degraded after 14 days with 60% PCE loss, compared to the SG and UV-epoxy sealed devices 

showing first an increased efficiency after 1 week and then a slightly more severe decrease for 

SG however maintaing 60% of initial PCE value after 70 days, against 83% for epoxy gasket. 
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In this manuscript, glass-glass encapsulation was selected, and five different systems were 

scouted in order to seal the glass-glass encapsulation. The idea was to investigate the impact 

of those various systems on our various developed devices. Indeed, glass lids were sealed 

together by lamination with different hot-melt thermoplastic films: Surlyn (SG or SF according 

to its gasket or film usage) (WVTR = 0.66 g/m2/day)[233], polyolefin (PO) (WVTR = 0.8–5.5 

g/m²/day) [234], Polyurethane (PU) (WVTR = 1.6 g/m²/day)[235], trilayer polyolefin (tPO 

ENLIGHT™) (WVTR = 1.1 g/m²/day)[236] and tPO together with PIB (tPO+PIB)(PIB WVTR = 10-

2 to 10-3 g/m2/day)[228]. 

Surlyn is an ionomer resin-copolymer that consists in methacrylic and ethylene moieties. 

These ionomers can automatically form a cross-linking between the ionic components of the 

polymer during the synthesis[237]. They are thermoplastic materials and are characterized by 

their high weathering stability and water vapor barrier. They found a huge success when 

applied as encapsulant with an epoxy edge seal by Grancini et al. with no decline in 

performance after 10 000 h under continuous illumination at 50°C in a carbon based 

perovskite solar cell[6]. However, Cheachoroen et al. demonstrated that the Surlyn 

encapsulated PSC lead to delamination with a drop in performance after thermal cycling due 

to the high elastic modulus (394 MPa) and low fracture energy[233]. 

Polyurethane is formulated by step-growth polyaddition of diisocyanates and polyols in order 

to obtain urethane bonds. PU possess high transmittance (exceeding 90%), chemical inertness 

and good UV and thermal stability. Moreover, this encapsulant system is low-cost and does 

not require an expensive polymerization procedure. PU has been used as an additive in the PK 

precursor enhancing the device performance as showed Huang et al. when they reported how 

PU retarded the crystallization, reduced the trap states, carrier recombination and improved 

the bendability thanks to its elasticity forming cross linking network at the grain 

boundaries[238][235]. Kaltenbrunner et al. used PU as an encapsulant and obtained very 

stable devices in outdoor environment in a perovskite solar cell [239]. Fu et al. reported that 

PU encapsulation can be carried out at 80°C and enhance the thermal stability preventing the 

moisture ingress[240]. 

Polyolefins (PO) have no chemical reactions with the perovskite when applied as an 

encapsulant and possesses low elastic modulus which was demonstrated to withstand 200 

thermal cycle tests. These encapsulants have high electrical resistivity, low WVTR, high 

transmittance, high chemical inertness and excellent moisture barrier [241]. They can be 

divided into polyolefin elastomer and thermoplastic polyolefin families. The first one contain 

crosslinking agents which form a 3D network during the lamination process, whereas in the 

latter no crosslinking occurs but only a melting during the lamination process that takes less 

than 10 mins[242].  Both consist of a polyethylene backbone with different side groups. 

In addition to PO, in our work an additional sealant named “tPO” for tri-layer PO was also 

used. It is the ENLIGHT™ Polyolefin Encapsulant, which is a composite film commercialized for 

silicon PV encapsulation as sole backsheet (WVTR = 1.1 g.m− 2.d− 1). It consists in three layers: 
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encapsulant layer, bonding layer and high-temperature-resistant outer layer as shown in 

Figure 22 that eliminate delamination and ensure easy lamination.  

 

Figure 22: ENLIGHT™ Polyolefin Back Encapsulant Composite Films[243] 

 

Polyisobutylene edge-seal is widely used in industrial silicon photovoltaic modules. PIB is 

known for its low moisture diffusivity and low glass transition temperature (Tg = -75°C) and is 

widely used as an edge sealant with a thickness of 0.2-0.6 mm as showed Kempe et al. since 

it has good adhesion and electrical insulation properties [244]. Moreover, PIB has low WVTR 

= 10− 2-10− 3 gm− 2 d− 1 and low elastic modulus (9 MPa). According to literature [228], it can 

improve the stability of perovskite devices under damp heat testing and thermal cycling. 

Hence, in our study it was added to the tPO film in order to test its potential to enhance the 

sealing system, as illustrated in Figure 23. 

 

 

Figure 23: Illustration of C-PSC device stack used in this work when encapsulated glass-glass sealed with tPO and PIB[97] 

 

9. Durability qualification testing and accelerated aging tests 
 

Many stability studies have been reported to better understand the reasons behind the 

degradation of the perovskite solar cells. All these studies were based on the International 

Summit on Organic Photovoltaic Stability (ISOS) protocols, which are the standardized ageing 

experiments[245]. These tests are for lab-scale devices and aim to ensure the comparability 

of PV testings in order to improve the quality of published data. These protocols can be applied 

on solar cells or even on neat materials, or half cells to better explain the degradation 

processes. 
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Perovskite solar cells degradation could be caused by many factors including: high 

temperature[246], exposure to visible[247] and UV light[248], humidity[249], and electrical 

bias[250]. The most known applied tests are: dark storage testing, outdoor testing, light 

soaking testing, thermal cycling testing and light-humidity-thermal cycling testing as shown in  

Table 3[245]. All of these tests could be conducted at different temperature and relative 

humidity conditions. 

 
Table 3:  Overview of existing ISOS protocols and suggested additional protocols that account for the properties of 

perovskite[245] 

 
 

Dark storage testing (ISOS-D) aim to evaluate solar cell’s lifetime with no exposure to light. It 

tests the tolerance of the device to components present in the air like oxygen and CO2 or when 

moisture and high temperature are existing. This testing is important since ambient species 

can impact the mobile defects density, ions and electronic traps within the PK layer. Dark 

storage can decompose the perovskite and ambient species may charge the PK surface leading 

to ion distribution modifications [251][249][252]. Thermal stability can be studied by applying 

high temperature to PSC in the dark, chemical and structural instabilities of the different layers 
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could be detectable[253][254]. Since the tests should be applicable independently of the PK 

phase transitions, ISOS protocols suggest keeping the testing temperatures above the 

tetragonal to cubic phase transition for MAPbI3 (ISOS-D1: ambient, ISOS-D2: 65 or 85°C). ISOS-

D3 correspond to the so called “damp-heat test” highlighting the impact of the humidity (85% 

R.H) when the studied solar cells are kept at high temperature [245]. According to the IEC 

61215 standards, the 85°C/85% R.H. damp-heat test is the only one accepted by both module 

manufacturers and buyers (for silicon devices). A controlled ageing chamber should be used 

to maintain high humidity and temperature and avoid condensation[255]. 

 

ISOS-V tests consist exposing the solar cells to electrical bias in the dark and study its 

behaviour. This latter can degrade the PSC by causing ion migration or charge carrier 

accumulation. Both positive and negative biases are potentially damaging for the device. A 

VMPP or Voc is generally applied as a positive bias condition. This test has not been applied to 

PSC to date, only on Si PV devices. The reverse bias is applied for partly shaded solar modules 

to match the current flow through the rest of the device. When the solar cell passes this test, 

it is recommended to keep it in the dark for a period of time to trace its recovery in order to 

arrive to a stable state since bias tests cause a redistribution of charges and it is reversible 

once the stress has stopped[245]. 

Light soaking tests (ISOS-L) can cause chemical reactions leading to perovskite degradation 

and defects formation[256][257]. This test is know to promote phase segregation[258]. As 

especially UV light increases the non-radiative recombination rate, UV blocking layers are 

required for devices to become more stable[259]. 

Concerning the outdoor stability studies (ISOS-O), it happens with natural sunlight in the 

ambient conditions. This type of testing is unstable since many factors can impact it like the 

weather, the location, the season… Many studies have been made trying to correlate between 

lifetime under real weather conditions to that obtained under accelerated stresses. 

The problem is that it will depend of used materials (photoactive and non-photoactive 

materials constituting the full device). As for example, according to either mountain or tropical 

climate, respectively 1000h or 4000h of stability under 85°C/85%RH damp-heat test will be 

equivalent to a 25 years lifetime for silicon devices[260]. 

Thermal cycling in the dark (ISOS-T) and light-humidity-thermal cycling (ISOS-LT) evaluate the 

solar cells degradation caused by solar radiation, temperature, and humidity upon cycling 

conditions. PSCs may degrade more severely in a variable ambiance than in under constant 

conditions due to ion accumulation at the contacts[261]. To simulate day-night cycles, cycling 

through light-dark periods can be also conducted (ISOS-LC). It was shown that a PCE increase 

may be detected under illumination after storage in the dark and this is due to a neutralization 

of interfacial defects by photogenerated charge carriers or due to some changes causing ion 

migration. Therefore, the PSCs suffer from ‘Fatigue’ effect where after each light-dark cycle, 

the PCE restoration is reduced despite its increase after the dark storage. Hence, a reversible 

and irreversible degradation mechanism is taking place into the device[262][263][94]. 
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10. Conclusion 
 

In summary, being the cleanest and the most exploitable resource of energy, solar energy can 

potentially meet the developing requirements for the planet’s energy needs. In recent 

decades, great attention has been paid to perovskite solar cells thanks to their facile and low 

manufacturing processing achieving power conversion efficiencies exceeding 25%[264]. In this 

chapter, we showed the three different generations in the PV field and focused on the 

perovskite solar cells (PSCs) constituting the third generation. PSC are characterized with their 

ABX3 structure. Several advantages allowed these materials to show great potential to 

positively devote to the development of large-scale production processes such as: strong 

absorption, tunable band gap, low exciton binding energy, and prolonged carrier migration 

length as we previously discussed and highlighted the crystallography importance[265]. In 

addition, we described the architecture of a perovskite solar cell and its different layer and we 

pointed out on the carbon based perovskite solar cells since one of the main drawbacks of the 

commercialization of the PSCs is the use of noble metals like gold and silver as back electrodes. 

Therefore, carbon based perovskite solar cells have emerged the field[81]. Simple perovskite 

MAPbI3 is the most common and extensively investigated hybrid perovskite[122]. So our work 

adopted this type of PK. The biggest challenge for carbon based perovskite solar cells is their 

lack for long-term stability. Hence, the use of additives and a post-treatment can strengthen 

the perovskite structure and enhance the device performance as we demonstrated[168].  

Moreover, we explained that determining the PK deposition method is a crucial step to 

achieve high performance and eliminate recombination and stability issues. Regulating the 

crystallinity and consequently the morphology and the uniformity of the perovskite film is 

controlled by the deposition technique[55]. Among many techniques, drop casting is an easy, 

low-cost and without waste method performed in ambient air[5]. Another deposition 

technique is the inkjet controlled by a computer program in order to obtain the desired 

pattern. This method allow the large scale productions in an easy and rapid way [214]. In the 

upcoming study, drop casting and inkjet methods will be adopted as the PK infiltration 

techniques for the Carbon-based perovskite solar cells. The studied systems will be 

encapsulated with different encapsulants in order to better optimize the best sealant. In 

addition, this manuscript highlights the maturation step that ensures an efficient 

improvement of the device. Therefore, comparative analyzes evaluated the difference 

between cells before and after maturation. And finally, damp heat (ISOS-D3) studies were 

conducted as stability tests to better understand the causes behind the device degradation. 

  



48 
 

 

 

 

 

 

  



49 
 

 

 

 

 
 

 

CHAPTER II: EXPERIMENTAL 

PART 
  



50 
 

1. Studied materials: perovskite solar devices fabrication 

 

1.1. Devices architecture preparation 

 
The architecture of typical monolithic carbon-based, hole transport layer-free, perovskite 

solar cells produced by Solaronix S.A. and studied in this manuscript consists of: a front 

FTO/glass substrate (TCO22-7/LI, Solaronix low-iron sodalime glass coated with a 7 Ohm/sq. 

fluorine doped tin oxide layer of about 400 nm, electrode size: 25 x 20 mm), electron-selective 

layers to avoid the non-radiative recombination at the front electrode (TiO2 compact and 

mesoporous layers), a mesoporous ZrO2 insulating layer to avoid ohmic shunts and a 

mesoporous carbon back electrode. 

A 18±3 nm compact layer of TiO2 was deposited by spray pyrolysis over the FTO glass 

substrates of titanium diisopropoxide bis(acetylacetonate) diluted in ethanol at 400-500°C. A 

550±75 nm thick mesoporous TiO2 layer was then obtained by screen-printing a nanoparticle 

paste (Ti-Nanoxide T165/SP, Solaronix) followed by a 45 min firing at 500°C. Similarly, a 1±0.1 

μm thick mesoporous ZrO2 layer was obtained by screen-printing a nanoparticle paste (Zr-

Nanoxide ZT/SP, Solaronix) followed by firing at 500°C. Finally, a 17±1.5  μm conductive porous 

carbon electrode was obtained by screen-printing a high-temperature graphite/carbon paste 

(Elcocarb B/SP, sheet resistivity: ≤25 ohm/sq, Solaronix) followed by 30 min firing at 400°C, 

affording a 12.5 x 12.0 mm active area. 

Thicknesses were measured using mechanical profilometry after each deposition step, the 

perovskite precursors solution being added at the end using either drop casting or inkjet 

printing deposition method. 

 

1.2. Perovskite filling (precursors formulation, infiltration processes and annealing) 
 

The perovskite precursor solution (5-AVA)xMA1-xPbI3 (reference 76802, Solaronix) in gamma-

butyrolactone (GBL) solvent containing lead iodide (PbI2) and methylammonium iodide (MAI) 

in equimolar concentration with 5mol% of 5-ammoniumvaleric acid iodide (5-AVAI) was 

infiltrated within the mesoporous layers of the previously described stack using one of the 

two following procedures.  

- Drop casting process: 

A polyimide adhesive mask is first applied around the TiO2/ZrO2/carbon filled area. This 

protection prevents the solution from spreading outside the active area of the solar cell (it will 

be removed after the perovskite drying step). Then, 5.76μL of the perovskite precursor 

solution (1.2 mol/mL) is dispensed at the center of the active area with the help of a home-

made automated micropipette. The samples are first left in a box (lid on) on a perfectly leveled 

support for 30 min, allowing liquid spreading over the active area mesoporous surface. Then, 

annealing is performed in an oven at 50°C for about 60 min. 

- Inkjet printing process: 
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The perovskite precursor solution (1.2 mol/mL) is transferred to an inkjet printer cartridge, 

and a total quantity of 3.3 µL was infiltrated all over the TiO2/ZrO2/carbon filled area with a 

drop-on-demand inkjet printer (PixDro LP50, 512 nozzle printhead) at a resolution of 1200 x 

1200 dpi. The samples are annealing for 10 min on a hot-plate set to 50°C to form the desired 

perovskite crystal structure. 

 

1.3. Post-treatment: maturation step 
 

The fresh solar cells were eventually exposed to a post-treatment in order to achieve maximal 

performance. As reported in literature [7], this maturation step was performed at 40°C with 

75% RH atmosphere for 100–150 h. Considering the interest of this step, a large part of the 

manuscript will be devoted to the elucidation of occurring mechanisms. 

 

1.4. Encapsulation systems 
 

As generally known, glass is one of the best encapsulating materials, but most glass covers 

need a sealant to completely encapsulate the device. Individual cells were here encapsulated 

soon after completion using 5 different sealing systems. 

A 1.8 mm thick soda-lime glass lid was thus used as back glass. It was sealed by lamination 

together with different hot-melt thermoplastic films, using a vacuum membrane laminator 

with integrated pump, programmable heat and duration (1 atmosphere pressure). The back 

glass was sealed either to only the front glass substrate of the solar device in the case of 

gaskets, or additionally to also the entire solar device for full covering films. 

Tableau 4presents the references and characteristics of used sealants: a thermoplastic 

ionomer as edge sealant (Surlyn gasket: SG) or full covering film (SF), three full covering 

thermoplastic sealants (polyurethane: PU, polyolefin: PO and an ENLIGHT™ polyolefin: tPO), 

and finally a double system with a polyisobutylene (PIB) edge sealant added to full covering 

tPO. As indicated, for the latter, larger glass substrates 50x50 mm (with identical active area 

cells) were used in order to make room for the extra PIB edge sealant. In other cases than TPO, 

it was necessary to use several layers to obtain a complete fusion overall the surface. This is 

due to the fact that the active part is a little in relief. 
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Tableau 4: The references and characteristics of the used sealing systems: SG, PO, PU, tPO and tPO with PIB 

Sealing 
material 

Surlyn 
gasket 
(1 mm wide) 

Surlyn film Polyurethane 
film 

Polyolefin 
film 

ENLIGHT™ 
polyolefin 
film 

ENLIGHT™ 
polyolefin 
film 
+ PIB gasket 
(4.5 mm wide) 

Acronym SG SF PU PO tPO tPO+PIB 

Commercial 
Reference 

Meltonix 
1170-60 
(Solaronix), 
DuPont 
Surlyn ® 

Meltonix 
1170-60 
(Solaronix), 
DuPont 
Surlyn ® 

Polyurethane 
hot melt 
adhesive film 
(Hengshenglong) 

Polyolefin  
hot melt 
adhesive 
film 
(Hengshengl
ong) 

XUS62250 
(Hangzhou 
First Applied 

Material), 
Dow 
ENLIGHT™ 

XUS62250 
(Hangzhou 
First Applied 

Material), 
Dow 
ENLIGHT™ 
+ Quanex 
SET Tape 

Thickness 60 μm 5x60 μm 2x150 μm 2x180 μm 400 μm 400 μm 

Lamination 
conditions 
(T°C, evacuation 
and lamination 
times) 

105°C, 
1 + 1 min 

105°C, 
1 + 1 min 

105°C, 
1 + 1 min 

105°C, 
1 + 1 min 

105°C, 
1 + 1 min 

110°C, 
2 + 8 min 

Illustration 
(light blue colors 
represent the 
sealing agent) 

 

     

 
 

2. Aging campaigns conditions 
 
To compete with other PV technologies and to investigate the solar cells’ long-term stability 

for commercial desires, the aging behavior of the devices has been evaluated. According to 

International Electrotechnical Commission tests standards (IEC 61215), the only test accepted 

by both module manufacturers and buyers (for silicon devices) is an exposition of solar devices 

to air atmosphere at 85°C with 85% of relative humidity. 

In this manuscript, only one accelerated aging has been used on encapsulated solar cells: 85°C 

and 85% R.H. in a humidity chamber (HCP150, Memmert), also called Damp-Heat test. Cells 

were aged in the same orientation than for end-use operating conditions, i.e. transparent FTO 

electrode side up. For non-encapsulated devices, softer conditions were also tested: 85°C, and 

85°C + 45% R.H. Two configurations where tested: PK upwards receiving severe humidity and 

oxygen stress, or PK downwards placed on a glass slide. Regular sampling of cells was realized 

to monitor certain functional and/or structural properties. The aim was to track relevant aging 

markers in order to determine the degradation mechanisms involved. 

 

3. Characterization methods 
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3.1. Photocurrent density-voltage measurements (J-V) 

The photocurrent density-voltage curve of a solar cell is the superposition of the J-V curve of 

the solar cell diode in the dark with the light-generated current density of the solar cell. The 

light has the effect of shifting the J-V curve down where power can be extracted from the 

diode as shown in Figure 24. 

 

Figure 24: Current-voltage (I-V) curves of solar cell (I) at dark, (II) under illumination, (III) flipped by convention towards 
positive currents  [266] 

Photocurrent density-voltage (J-V) curves were recorded under illumination with a solar light 

simulator Newport Oriel LCS-100 providing an AM 1.5G spectrum of 1000 W/m² light intensity 

and using a SP-150 potentiostat/galvanostat of Biologic (Software EC-Lab-11.26). Before any 

J-V acquisition, the solar simulator lamp was left heated for 30 min. The power calibration 

(1000 W.m-2) was systematically carried out each day using a calibrated reference silicon cell 

with a readout meter (Oriel, Model: 91150V - Series Number: 801/0871). Measurements were 

done either on full cells (1.5 cm²) or by positioning an opaque mask on the solar cells with 

square aperture size equal to 0.64 cm². This allows to better compare inkjet printing and drop 

casting obtained cells by excluding potential unfilled edges in the case of drop casting process. 

The J-V measurement was divided into three parts: first a Voc measurement under dark, 

followed by another one under illumination for around 10 mins till reaching a stable Voc, then 

a reverse J-V scan (from the Voc to -0.2V). 

In order to elucidate the “bump” phenomena, various scan rates were used going from low 

scan rates (1mV/s) up to fast ones (1000 mV/s). Thanks to the resulting curve, the photovoltaic 

parameters (PCE, Jsc, Voc, FF, Rs and Rsh) were estimated using a homemade program on 

Spyder software. For this, experimental data were fitted with an analytical formula taken from 

the electrical model presented in Figure 25. It consists of a real diode (ID) in parallel with an 

ideal current source (Iph). Two resistive elements accounting for power losses have been 

added: a parallel (or shunt) resistance Rsh and series resistance Rs. 
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Figure 25: The equivalent circuit for a PV solar cell 
(with Iph – the photogenerated current; ID – the diode current; Rs – the series resistance; Rsh – the shunt resistance) 

 
 

a) Short-circuit current density (Jsc(mA/cm²)) 

The short-circuit current density is the current density that the solar cell delivers under 

illumination when the voltage across the device is zero. This parameter is directly related to 

the photo-generation which means that the stronger the intensity of the light radiation, the 

greater the Jsc since more electron-hole pairs can be generated. The short-circuit current 

depends on many factors which are:  

- the number of photons generated by the incident light source as mentioned before, here = 

1000 W.m-2, 

- the spectrum of the incident light, here AM1.5G spectrum was selected. This coefficient is 

the one generally used for solar applications in temperate regions. It corresponds to a zenith 

distance of 48.2°, 

- the optical properties (absorption and reflection) of the solar cell and the carrier collection 

probability of the solar cell, which depends especially on the surface passivation and the 

carrier lifetime in the photoactive layer, 

- the area of the solar cell (here = 0.64 cm²). That is why we instead present the short-circuit 

current density (Jsc =
Isc 

illuminated area
) 

 

b) Open circuit voltage (Voc (V)) 

 

The open-circuit voltage corresponds to the maximum voltage measured at the solar cell’s 

terminals under illumination at zero current crossing it. Light radiation generates electron-

holes pairs within the PV device leading to a shift in the thermodynamic equilibrium which is 

manifested by the generation of a voltage across the PV cell. The Voc mainly depends on the 

studied device and therefore of its forbidden band gap energy (Eg). It also depends on non-

radiative recombinations that take place within the cell. These recombinations can be issued 

from different causes such as surface recombinations (surface defects), Shockley-Read-Hall 

recombinations (impurities, gaps, insertions etc.) or Auger recombinations (if the charge 

carrier density is very high).  

 

c) Filling Factor (FF) 

https://www.pveducation.org/pvcdrom/appendices/standard-solar-spectra
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The short-circuit current and the open-circuit voltage are, respectively, the maximum current 

and voltage collectible from a solar cell. Nonetheless, at both of these operating points, the 

power from the solar cell is zero. The fill factor is a parameter corresponding to the ratio 

between the maximum power that can be reached by the solar cell Pmp (Power at maximum 

power point, with Vmp and Jmp the voltage and the current density for which the solar cell 

delivers its maximum power) to the product of Voc and Jsc:  

𝐹𝐹 =
𝑃𝑚𝑝

𝑉𝑜𝑐 ×  𝐽𝑠𝑐
=  

𝑉𝑚𝑝 × 𝐽𝑚𝑝

𝑉𝑜𝑐 ×  𝐽𝑠𝑐
 

This PV parameter is particularly sensitive to the quality of the charge carriers’ movements 

within the PV system, caused by shunt resistive losses (punctual short circuits) and the 

imbalance between the transport of electrons and holes [267]. Graphically, the FF is a measure 

of the "squareness" of the solar cell and is also the ratio of the area of the smallest rectangle 

which will fit in the IV curve (in green on Figure 26) on the largest one (in yellow on Figure 26). 
 

 
Figure 26: J-V curve of a solar cell showing the different PV parameters (Jsc, Voc, FF, Vmp, Jmp and Pmp) 

d) Power Conversion Efficiency (PCE) 

To compare the PV solar cell performances, the power conversion efficiency is the most 

commonly used parameter. This efficiency is defined as the ratio between the maximum 

power delivered by the cell and the incident light power Pinc (1000W/m²), and is generally 

presented in percentage. Therefore, the efficiency can be calculated as a function of the three 

previously mentioned PV parameters and is defined as: 

𝑃𝐶𝐸 =
𝑃𝑚𝑝

𝑃𝑖𝑛𝑐 
=

𝑉𝑜𝑐 ×   𝐽𝑠𝑐  ×  𝐹𝐹

𝑃𝑖𝑛𝑐 
 

e) Series (Rs) and shunt (Rsh) resistances 

The Rs and Rsh parameters of our solar cells were evaluated using a homemade program on 

Spyder software using the equivalent circuit presented in Figure 25. 

The solar device architecture can limit the solar cell’s performance inducing resistive losses 

like leakage current, trapping charge carriers at the PK/TiO2 interface and recombination 
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effects issued from the applied voltage and the illumination intensity.  These losses are piloted 

by the series and shunt resistances. Shunt resistance are typically due to manufacturing 

defects. Low shunt resistance causes power losses in solar cells by providing an alternate 

current path for the light-generated current. Series resistance in a solar cell has three causes: 

firstly, the movement of current through the emitter and base of the solar cell; secondly, the 

contact resistance between the metal contact and the photoactive material; and finally, the 

resistance of the top and rear metal contacts. The main impact of series resistance is to reduce 

the fill factor, although excessively high values may also reduce Isc. 

3.2. Impedance spectroscopy 
 

Impedance spectroscopy (IS) offers a simple method referring to an equivalent circuit to 

evaluate the different resistances and capacities linked to ionic and electronic mechanisms 

taking place into the cell in order to extract its dynamic parameters. This characterization is 

performed with or without a solar light simulator Newport Oriel LCS-100 providing an AM 1.5G 

spectrum of 1000 W/m² light intensity and using a potentiostat/galvanostat (SP-300 with 

impedance measurement option, Biologic). 

In a first way, the impedance was measured under one sun at three different cycles of low 

voltage amplitude: 0.6, 0.7 and 0.8V with deltaV = 30 mV where the modulated current 

response is evaluated. Moreover, before any measurement, a five minutes wait is 

recommended to better stabilize the short-current circuit of the device. The frequencies go 

from high (1MHz) to low (0.5 Hz). Thanks to the EC-Lab-11.26 software where all the 

parameters where fixed, a Re(Z) = -Im(Z) is plotted from which different resistances and 

capacities are extracted, with reference to the following circuit [268]: 

 

Figure 27: The equivalent circuit for the IS measurement 

Consequently, the Nyquist Diagram generated from the impedance spectroscopy where two 

semi-circles appear, one at high frequencies and the second at low frequencies, is fitted to the 

equivalent circuit with: R1 the series resistance, C1 the capacitance associated with the 

dielectric response of the perovskite controlling the capacitance at high frequencies exceeding 

1 kHz which is also called the geometric capacitance, R2 the recombination resistance in the 

perovskite, R3: the recombination resistance at the interfaces and C3 the capacitance 

associated to the surface charge accumulation at the interfaces appearing at low 

frequencies(~1 Hz) especially between TiO2 and the perovskite [268]. 
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Besides, two other impedance measurements were also made using the same equivalent 

circuit for the fitting. In the first case, the illumination intensity is varying (0.2, 0.4, 0.6, 0.8 and 

1 Sun) at open circuit voltage where charge recombination impact was evaluated. Whereas, 

at the second one, the illumination is fixed at 1 Sun under non-open circuit but instead, 

modifying the voltages (0, 0.18, 0.36, 0.54, 0.72 and 0.9 V) to better study the charge 

extractions. [268][269] 

3.3. Light Beam Induced Current (LBIC) 

 
LBIC-mapping measurements enable to know the short-circuit current at a local level within 

the entire cell active surface. The main defects can be identified and the performance 

homogeneity of the solar cell can be evaluated. The device used was developed in the 

laboratory, following the principle of commercial devices. The cell is excited with a green laser 

beam (5 mW, 520 nm), with a diameter of 0.7 mm which moves with steps of 1 mm on the 

surface of the cell. It scans a line path starting from left to right for 18 mm on the X axis 

(starting point: red dot), then goes up by 1 mm following the Y axis attached to a moving X-Y 

stage and controlled by a computer to end after a 18 x 18 mm path (ending point: blue dot), 

see illustration in Figure 28-a. As shown in Figure 28-b, a map is then obtained showing the 

dispersion of the local short-circuit current within the cell. The obtained maps were post-

treated by ImageJ to extract Isc values and to have a distribution for each studied cell. 

 

 
Figure 28: a) Schematic representation of the laser beam path on all the active area surface of typical studied solar cells, b) 

Example of LBIC mapping for an inkjet perovskite solar cell,  c) Violin plot of the previous LBIC mapping 

 

3.4. UV-visible spectroscopy (absorbance and diffuse reflectance)  

 
For optical properties, UV-visible diffuse reflectance and absorbance spectra were measured 

with a Shimadzu UV-2600 spectrophotometer equipped with an integration sphere accessory. 

Measurements were made out between 200 and 1100 nm at the average speed fixed by 

equipment (0.5 nm step). In the case of perovskite solar cells, UV-Visible spectroscopy is used 

to identify optical transitions associated with perovskites and other degradation materials like 

the PbI2. This technique is very widespread for the analysis of perovskite films, because of its 

speed and simplicity. In this manuscript, two main modes were used: absorbance and diffuse 

reflectance. For both modes, a standard white plate of BaSO4 is placed at each exit window of 
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the integration sphere to correct the baseline as shown in Figure 29. For the measurement, in 

the diffuse reflectance mode, the BaSO4 plate on the side of the sample is replaced by the 

latter. All measurements were carried out with no reference sample. 

 

 
 

Figure 29: Spatial configuration of the UV-visible integration sphere and its principle for placing the sample into it at the 
transmission-absorbance and the diffuse reflectance modes 

 
Absorbance measurements require a previous step of CP removal. Indeed, the opacity of the 

thick CP layer avoid any possible transmission of light within the entire device. This was 

realized using adhesive scotch peeling method, and could present the disadvantage to remove 

also a small quantity of the perovskite layer. However, this technique allows the detection of 

the different materials constituting the active layer of the solar cell like: 3D PK at 780 nm, PbI6 

octahedron or PbI2 at 550 nm, monohydrated PK at 380 nm and 2D PK at 420 nm. In a more 

convenient way, diffuse reflection measurements were used mainly to confirm the presence 

of the PK layer and to evaluate its bandgap value. It can also give information on important 

modifications during the aging campaigns. 

Optical band gaps were calculated thanks to the Tauc plot method though the following 

equation using Kubelka-Munk function in order to be applied to reflectance spectra:  

 [F(R) × hν]
1

r = [
(1- 

R(%)

100
 )2

2× (
R(%)

100
)

 × hν]

1

r

 = 𝑓(hν) [270] 

with R(%) is the reflectance obtained from the spectra, hv the photon energy, and the 

coefficient r being 2 or 1/2 for respectively indirect or direct allowed transitions. The latter is 

the case to consider for perovskite[271].  

As illustrated in Figure 30-b, a linear region of the plot is identified and a straight line is fitted 

in order to find the bandgap value using the tangent method. 
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Figure 30: a) UV-visible diffuse reflection spectrum on a typical studied cell, b) Illustration of optical bandgap determination 

using the Tauc plot method according to diffuse reflection data 

 

3.5. Photoluminescence spectroscopy (PL) 

 
To obtain a PL spectrum, solar cells were analyzed in a Shimadzu RF-6000 spectrofluorometer 

with a 520 nm excitation wavelength using a scan rate of 6000nm/min, an excitation slit of 5 

nm, an emission slit of 5 nm and a measurement range of 600-900 nm. The typical analyzed 

area of our solar cells is represented in green on Figure 31-a. The excitation was oriented 

though the FTO/TiO2 side of PK solar cells, since the opaque carbon paste screens the 

excitation beam (typical obtained spectrum presented in Figure 31-b). Samples were placed 

between two filters: the first (575 nm low-pass) located in front of the excitation source and 

the second (600 nm high-pass) in front of the source of emission beneficial to abolish any 

artefact coming from the spectrophotometer (see illustration in Figure 31-c). 

  

  
Figure 31: a) Schematic representation of typical studied solar cells and highlight of the excited area (in green), b) Example 

of typical PL spectra obtained by excitation though the FTO/TiO2 side of PK solar cells c) Schematic representation of the 
photoluminescence excitation measurement and phenomena. 
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The objective of this technique is based on the radiative excitation of the solar cell, which then 

emits in return an emission spectrum characteristic of the studied perovskite present in the 

device. In the case of semiconductors, which is our case, the incident photons must have an 

energy greater than that of the semiconductor’s band gap to participate to the photovoltaic 

mechanism. The photon is then absorbed by the material and leads to the formation of 

electrons in the conduction band and holes in the valence band. When an electron in an 

excited state recombines with a hole, this recombination can lead to the emission of a photon 

(radiative transition). The photons emitted by the material have less energy than that of the 

absorbed photons due to non-radiative relaxation. The energy of these photons is measured 

in order to obtain the photoluminescence spectrum. The band gap transition of the perovskite 

being around 765 nm, the wavelength of excitation must be at a higher energy in order to be 

able to observe photoluminescence specific to perovskite. Typically, an excitation wavelength 

at 520 nm seems optimal to observe the emission line of the perovskite. Therefore, it is 

possible to follow both the evolution of the recombination rate (mainly radiative) taking place 

in the material and at the interfaces, and of the value of the forbidden band thanks to the 

position of the photoluminescence peak. This characterization is complementary to UV-visible 

spectroscopy. 
  

3.6. Photoluminescence imaging (PL imaging) 

 
PL imaging allows to study the solar cell local characteristics in order to highlight the 

mechanisms of degradation taking place within the cell. It was performed in open-circuit 

condition with a homemade device. The cell is placed in a dark chamber under a camera with 

two green light-emitting diode (LED) flashing the cell with an emission spectrum between 400 

and 550 nm during 1 second.  Just after the flash, a photograph is taken by the camera. The 

camera is equipped with a 650 nm high-pass filter from Edmund Optics (York, UK) in 

furtherance of minimizing reflection artefacts originating from the excitation light. Thus, an 

image in grey level of local PL emitted by the solar cell is obtained. As previously demonstrated 

in the work of Planes et al. [272],each pixel of the taken photo,  is responded by the gray level 

(GL) according to the sample, the time of exposure, the focal length, the aperture of the 

camera and the filter. Referring to the prementioned work, we recalibrated our set up where 

the camera’s gain takes part of the relationship linking the measurement of the gray level with 

the illumination (E) produced by the light source of the solar cell as following: 

 

𝐺𝐿 = 𝑘 × 𝑇𝛼 × 𝑃𝑔𝑎𝑖𝑛𝛽 × 𝐸  
  

with k a constant specific to the camera (0.00125), T the exposure time (1000 ms), 𝛼(1) and 

𝑃𝑔𝑎𝑖𝑛 = 10𝐺 10⁄  with G the gain of the camera, 𝛽(0.57) are pre-determined constants, and 

E the radiant flux intensity (W/m2) produced by the solar cell (which corresponds to the flux 

emitted per unit of surface)[272]. Thanks to this relation and to a previous determination of 

these parameters within our lab, it is possible to post-treat the photo to evaluate the radiation 

flux intensity emitted by the cell (see Figure 32.b). This technique has several advantages, it is 
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relatively rapid and it is a non-destructive characterization since no connection at the 

electrodes level is required. 

 
 

 
Figure 32: a) Set up of the PL imaging, b) Example of obtained images after the post treatment with ImageJ of the PL photo 

 

3.7. X-ray diffraction analysis (XRD) 

 
The crystalline composition of all perovskite layers has been determined by X-ray diffraction 

(XRD). An X-ray tube generates an X-ray beam directed to the sample at an angle  (Figure 33-

a). This beam is then diffracted by the crystal lattices of the different crystalline structures 

existing in the solar cell. These lattices are oriented in diffraction network according to the 

Bragg equation: 2𝑑ℎ𝑘𝑙 sin(𝜃) = n𝜆 

 
Figure 33: a) Schematic representation of the XRD technique b) XRD patterns of the carbon-based perovskite solar measured 

at the center of the cell 

where dhkl (nm) is the spacing of the crystal layers, 𝜃 (°) is the incident angle (the angle 

between incident ray and the scatter plane), n is the diffraction order and 𝜆 (nm) is the 

wavelength of the incident X-rays. The structural composition of the cell’s layers were 
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determined thanks to XRD analysis using a PANalytical X’Pert PRO MPD X-Ray diffractometer 

between 2-theta of 8° and 50° with Cu-Ka source. Before analyzing the samples, the solar cells 

were opened and the carbon paste layer was peeled off, for the reason that the carbon peak 

detected in the XRD diffractogram is so intense that it covers the rest of the peaks. Data were 

then treated on Match! Software, that identifies the different phases and lattice parameters 

composing the solar cell (see Figure 33-b). In addition, a background subtraction was carried 

out after integrating the XRD diffractogram to evaluate the crystalline and the amorphous 

phases ratio. Thus, the relative crystallinity of the elaborated perovskites and of the PbI2 

amount could be evaluated for each sample thanks to the following equations: 

 

PK Relative crystallinity (%) = 
∑(𝑃𝐾 𝑎𝑟𝑒𝑎𝑠)

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝐴𝑟𝑒𝑎− ∑(𝑜𝑡ℎ𝑒𝑟 𝑝𝑒𝑎𝑘𝑠 𝑎𝑟𝑒𝑎𝑠)
 × 100 

 

PbI2 Relative crystallinity (%) = 
∑(PbI2 𝑎𝑟𝑒𝑎𝑠)

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝐴𝑟𝑒𝑎− ∑(𝑜𝑡ℎ𝑒𝑟 𝑝𝑒𝑎𝑘𝑠 𝑎𝑟𝑒𝑎𝑠)
 × 100 

 

This technique is very useful for studying the degradation of the perovskite layer. Thus, it is 

possible to define degradation signature, such as the amount of the crystalline PbI2 present in 

the active layer. The disadvantage of this technique is that it only allows to evaluate the 

crystalline phases of the solar cell, then it is necessary to associate it with other 

characterizations in order to completely study the cells. 

 

In the fourth chapter, we  adopted the XRD-2D with Hypix2D detector for the center and 

corner’s analyses. For the third and fifth chapter conventional XRD diffractometer was used. 

 

3.8. Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Analysis (EDX) 

 
The morphology and thickness of the solar cell layers were evaluated by scanning electron 

microscopy (SEM) using FEG ZEISS Ultra 55 in secondary electrons mode at the Consortium of 

Common Technological Means (CMTC) in Grenoble. The surfaces were prepared by cross 

polishing, which is an ionic polisher allowing to better observe the cells in cross section while 

preserving the structure. This technique consists of an argon beam with a low angle of 

incidence, where the argon does not implant itself on the sample’s surface but only polishes 

it cleanly, leaving it free of any artefacts. Thanks to an integrated camera, the solar cell is 

placed with an excellent precision assuring a successful preparation. SEM images were made 

using secondary and back-scattered detectors. To complete the detection of all the present 

elements in the solar cell, some EDX analysis were performed, allowing precisely to identified 

the depth filled by perovskite infiltration (within the TiO2, ZrO2 and carbon layers) as shown in 

Figure 34. This analytical technique excites the solar cell with an electron beam dissipating 

some of the absorbed energy by ejecting a core-shell electron.  To fill its place a higher energy 

outer-shell electron proceeds, releasing the difference in energy as an X-ray which has a 

characteristic spectrum based on its atom of origin. Therefore, the position of the peaks allows 
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to identify the elements, and the intensities correspond to their concentration. The layers 

thicknesses were calculated using ImageJ. 

 
 

 
Figure 34: Cross-section SEM images of a typical studied solar cell with the identification of the layers realized thanks to 

complementary EDX analysis 

 

3.8. Raman spectroscopy 

 
Raman spectroscopy is a scattering technique presented as an intensity-versus-wavelength 

shift. It is based on the inelastic scattering of incident radiation through its interaction with 

vibrating molecules where it probes the molecular vibrations. This technique consists to 

illuminate the solar cell with a 520 nm monochromatic laser beam which interacts with the 

molecules of the sample and a scattered radiation arises. The latter having a frequency 

different from that of incident light which is used to generate a Raman spectrum. Therefore, 

the molecular vibrations excited by the laser allow chemical identification of the sample [273]. 

In this study, Raman spectroscopy is performed with a x50 objective with an integration time 

of 20 seconds repeated 3 times in confocal mode. The studied solar cell is opened (without an 

encapsulation) and the CP was already peeled off. While measuring, it is important to evaluate 

the PK layer without reaching to the TiO2. After the measurement, the spectra are normalized 

to the CP band at 1400 cm-1. The intensities can not be evaluated since the CP band depends 

on the amount of carbon still present. Consequently, only the presence or absence of the 

different bands will be considered in this study like the MA+ band or to the MAPbI3 band. 

 

3.9. Profilometry 

 
To measure the layer thicknesses and roughness before and after maturation, each layer was 

measured (Stack 1: FTO+TiO2-c, Stack 2: FTO+TiO2-c+TiO2-m, Stack 3: FTO+TiO2-c+TiO2-

m+ZrO2, Stack 4: FTO+TiO2-c+TiO2-m+ZrO2+CP) with a KLA Tencor model D500 profilometer 

after scratching the sample with a scalpel in its center. For each given value, a total of nine 
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profiles on three different samples were made. The measurement range used with this 

equipment was: 2.5 μm for the three first stacks, 10 μm for the fourth one and for complete 

cells (with the infiltrated PK layer). A scan speed of 0.05 mm. s-1 and a force equivalent to 0.2 

mg were applied, together with 10 000 data points in each profile with a filter-level average 

equal to 4 points. Finally, each time the software was started, a calibration was systematically 

performed using a certified height of 9425 Å. 

 

3.10. Fourier-transform infrared spectroscopy (FTIR) 
 

Fourier transform infrared spectroscopy is a non-destructive, sensitive and precise technique 

that determines the nature of the chemical functions present in a solution, powder or a solid 

film. FTIR uses the vibrational and rotational properties of the chemical bonds of a molecule 

when submitted to an infrared wavelength since the molecule’s covalent bonds will selectively 

absorb radiation of specific wavelengths causing this vibration. Therefore, after applying the 

Fourier transform (a mathematical function that takes apart waves and returns the frequency 

of the wave based on time), obtaining an infrared spectrum allows the identification of 

infrared bands characteristic of a chemical bond. Hence, it is then possible to go back to the 

chemical structure of the studied sample by analyzing the spectrum. The latter presents 

absorbance in a function of the wavenumber (1/wavelength corresponding to the vibration 

energy of the molecular bonds). This characterization technique was adopted in our work to 

study the encapsulation systems sealing our devices to better understand the chemical bonds 

formulating the films, together with their potential aging upon damp-heat test. The analyses 

were carried out using a PerkinElmer FT-IR Spectrometer Spectrum 3. The used crystal is 

diamond from PIKE MIRacle and the measurement was completed in a spectrum range going 

from 4000 cm-1 to 600 cm-1 with a 2 cm-1 resolution in Attenuated Total Reflectance mode 

(ATR). The background is settled without the use of any sample before starting the 

measurements. Each presented spectrum is the average of 16 analyses. All these parameters 

are fixed on the ‘Spectrum’ software.  

 

  

https://en.wikipedia.org/wiki/Fourier-transform_infrared_spectroscopy
https://en.wikipedia.org/wiki/Fourier-transform_infrared_spectroscopy
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Introduction 

 

Long term stability of carbon-based perovskite solar cells is one of the fundamental issues to 

be resolved for the upcoming production of this technology since the devices are sensitive to 

many factors such as oxygen, moisture, UV, heat and more. Therefore, suitable encapsulation 

systems protecting the perovskite layer are critical and mandatory to prevent degradation and 

to move on from laboratory scale to the industrial one[274][275]. The choice of the 

encapsulating material(s) is depending on several parameters: optically transparent where 

light is incident on the PSC, wide thermal stability, efficient barrier stability against moisture 

and oxygen ingress causing the degradation and chemically inert towards the layers in contact 

without releasing by-products harmfulling to the electrical contacts and the active layer[235]. 

Generally, the most know encapsulating material is glass having low water vapor transmission 

(WVTR) and low oxygen transmission (OTR) rates[227]. However, another critical component 

is needed to prevents the contact of the PV device with the surrounding environment[276], 

i.e. an adhesive material ensuring the sealing of the glass-glass encapsulation, comprising of 

not the sealing of the solar device itself. For silicon industrial devices, EVA is often used. Its 

damp-heat aging resistance and ultraviolet aging resistance are not good, however 

crosslinking has been proved to be effective for improving its aging resistance, together with 

the addition of antioxidant, UV absorber, and light stabilizer [277]. Nevertheless, EVA is not 

suitable for perovskite device encapsulation due to its high 140°C needed temperature for 

hot-melt lamination[234] and to its acetic acid by-product of degradation which is harmful for 

perovskite[241]. In this work, six different hot-melt sealants will be laminated using a 105-

110°C lamination temperature. All possess interesting permeation rates: Surlyn ionomer 

(WVTR = 0.66 g/m2/day) [233], polyolefin (PO) (WVTR = 0.8–5.5 g/m²/day) [234], polyurethane 

(PU) (WVTR = 1.6 g/m²/day) [235], trilayer polyolefin (tPO ENLIGHT™) (WVTR = 1.1 g/m²/day) 

[236] and tPO together with PIB (tPO+PIB)(PIB WVTR = 10-2 to 10-3 g/m2/day) [228]. 

All the studied cells have undergone the maturation process already discussed in the first 

chapter and for which the next chapter is devoted, where the devices’ performance are 

enhanced after exposure to 40°C and 75% R.H for 100-150 hours[7]. In this chapter, we 

reported two major sections: the first one covers the differences at T0 for all inkjet and 

pipetted cells encapsulated with the previously mentioned different systems. Whereas as for 

the second part, we mainly focused our attention on moisture and oxygen protection and 

studied the devices’ stability under damp heat conditions according to International 

Electrotechnical Commission tests standards (IEC 61215)[278] to better evaluate the impact 

of extreme conditions on the devices’ lifetime. 
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Figure 35-a presents the architecture of perovskite devices studied here, together with the 

type of encapsulation considered, i.e. a back glass sealed using the lamination of a 

thermoplastic sealant. The advantages of the C-PSC architecture used is that the perovskite 

precursors can be incorporated within the mesoporous stack (m-TiO2/m-ZrO2/m-Carbon) 

afterwards the fabrication of this stack, by simple injection. This makes it a very clean method 

for perovskite deposition, which has been here performed either using drop casting or inkjet 

printing methods, illustrated in Figure 35-b and respectively called “pipetted PK” and “inkjet 

PK” in the following. Pipetted PK is obtained by a one-spot injection of the perovskite 

precursor solution, and a simple polyimide mask allows the perovskite not to overflow the 

mesoporous pattern after diffusion. Inkjet PK is an advanced mass reproducible technique 

allowing homogeneous large area deposition. The small deposited drops allowed a clean and 

precise filling of the mesoporous pattern. In order to fill the same area than with pipetted PK 

method, without rewetting dry-areas, a 42.7% less quantity of precursor solution was used. A 

stable precursor ink is essentially recommended to produce precise infiltration and printing of 

perovskite absorbing layer while not damaging the print head of the printer. For this purpose, 

the perovskite ink used is a gamma-butyrolactone (γ-GBL) solution of methylammonium lead 

iodide (MAPbI3) perovskite precursors with 5-ammonium valeric acid iodide (5-AVAI). γ-GBL is 

an interesting solvent as the perovskite precursor solution in γ-GBL possesses a reversible 

solubility allowing its regeneration[279]. In addition, 5-AVAI is an additive improving the 

formation of the perovskite crystals into the mesoporous layers especially into the TiO2 by 

enhancing the contact strength between the active layer and the ETL. This additive modifies 

the 3D PK architecture into a quasi-2D one linking the (-COOH) group in the 5-AVAI to the TiO2 

surface and therefore generating a preferential growth in the normal direction, which is 

important for thick perovskite layers as in our C-PSC architecture [5][94].  

 

 

Figure 35: a) Presentation of the C-PSC architecture of perovskite devices studied, b) Schematic representation of the two 

perovskite infiltration methods used and compared, c) Guide for the different encapsulation systems using: ➀ Surlyn Gasket 

edge sealant, ➁ PO or PU or tPO or Surlyn full covering films and ➂  tPO film + PIB edge sealant. 

The final step, illustrated in Figure 35-a and detailed in Figure 35-c, is the solar devices 

encapsulation. Individual cells were here encapsulated soon after completion using 6 different 

sealing systems. As generally known, glass is one of the best encapsulating materials, but glass 
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covers need a sealant to completely encapsulate the device. A soda-lime glass back sheet and 

a soda-lime front substrate were here used as the outer skins of the C-PSC solar cells as main 

protection against moisture and oxygen stresses. These two glass protections were sealed by 

lamination together with different hot-melt thermoplastic films. Used sealing systems were: 

a thermoplastic ionomer as edge sealant (Surlyn gasket: SG) or full covering film (SF), three 

full covering thermoplastic sealants (polyurethane: PU, polyolefin: PO and an ENLIGHT™ 

polyolefin: tPO), and finally a double system with a polyisobutylene (PIB) edge sealant added 

to full covering tPO. Table 5 presents the references and characteristics of used sealing 

materials. Given the different nature of the studied encapsulation systems, it is likely that the 

lamination conditions may differ. Figure 35-c show the location of each type of sealing 

materials within the device: SG gasket is illustrated by a blue thin line in the draw ➀, full 

covering films by light blue coverages in the draws ➁ and ➂, PIB edge sealant by a blue thick 

line in the draw ➂. As indicated, larger glass substrates of 50x50 mm were used for the latter 

to make room for the extra PIB edge sealant. However, identical active area cells were used 

for all configurations (indicated by the 1.5 cm2 black area). 
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Table 5: the references and characteristics of the used sealing systems: SG, PO, PU, tPO and tPO with PIB 

Sealing 
material 

Surlyn 
gasket 
(1 mm wide) 

Surlyn film Polyurethane 
film 

Polyolefin 
film 

ENLIGHT™ 
polyolefin 
film 

ENLIGHT™ 
polyolefin 
film 
+ PIB gasket 
(4.5 mm wide) 

Acronym SG SF PU PO tPO tPO+PIB 

Commercial 
Reference 

Meltonix 
1170-60 
(Solaronix), 
DuPont 
Surlyn ® 

Meltonix 
1170-60 
(Solaronix), 
DuPont 
Surlyn ® 

Polyurethane 
hot melt 
adhesive film 
(Hengshenglong) 

Polyolefin  
hot melt 
adhesive 
film 
(Hengshengl
ong) 

XUS62250 
(Hangzhou 
First Applied 

Material), 
Dow 
ENLIGHT™ 

XUS62250 
(Hangzhou 
First Applied 

Material), 
Dow 
ENLIGHT™ 
+ Quanex 
SET Tape 

Thickness 60 μm 5x60 μm 2x150 μm 2x180 μm 400 μm 400 μm 

Lamination 
conditions 
(T°C, evacuation 
and lamination 
times) 

105°C, 
1 + 1 min 

105°C, 
1 + 1 min 

105°C, 
1 + 1 min 

105°C, 
1 + 1 min 

105°C, 
1 + 1 min 

110°C, 
2 + 8 min 

Illustration 
(light blue colors 
represent the 
sealing agent) 

 

     

 

The adhesion of Surlyn® gasket or film on glass is excellent, leading to a fully transparent 

sealing[240]. This material is an ionomer resin, i.e. an "ionically cross-linked" thermoplastic 

copolymer, adding flexibility and resistance. It is a copolymer of ethylene with a polar vinyl 

monomer (methacrylic acid), and the cross-linkages are obtained by partial neutralization of 

acid sites with a metal salt. They found a huge success when applied as encapsulant with an 

epoxy edge seal by Grancini et al. with no decline in performance after 10 000 h under 

continuous illumination at 50°C in perovskite solar cells [6]. Lertngim et al. showed that it was 

also possible to apply the Surlyn composite film as an encapsulant for OPV cells [280]. 

Cheachoroen et al. demonstrated that the Surlyn encapsulated PSC could lead to delamination 

with a drop in performance after thermal cycling due to the high elastic modulus (394 MPa) 

and low fracture energy in PSC[233]. Polyolefins thermoplastics (PO and tPO) are also well 

known for their excellent adhesion on glass[242][281]. These encapsulants have high electrical 

resistivity, low WVTR, high transmittance, high chemical inertness and excellent moisture 

barrier[282] [241]. The tPO ENLIGHT™ material consists in three layers: encapsulant layer, 

bonding layer and high-temperature-resistant outer layer. This encapsulant has already been 

used in literature to study the degradation behavior in Si-cells[242], in perovskite solar 

cells[241] and organic solar cells[283]. Polyurethane is formulated by step-growth 

polyaddition of diisocyanates and polyols in order to obtain urethane bonds. PU possess high 

transmittance (exceeding 90%), chemical inertness and good UV and thermal stability. 
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Polyurethane films can be also used as sealant since they can efficaciously improve the 

thermal stability of the cells and prevent the intrusion of moisture[238][235]. Kaltenbrunner 

et al. used PU as an encapsulant and obtained very stable PSC devices in outdoor 

environment[239]. Fu et al. reported that PU encapsulation can be carried out at 80°C and 

enhance the thermal stability preventing the moisture ingress in perovskite solar devices[240]. 

Kim et al. reported a packaging process for OPV using PU as an oxidation barrier to improve 

the stability[284].  Polyisobutylene edge-seal is widely used in industrial silicon photovoltaic 

modules. It helps delaying moisture ingress, which protects cells, connections, and conductive 

oxide coatings from corrosion and degradation. According to literature [228], it can also 

improve the stability of perovskite devices under damp heat testing and thermal cycling. 

Hence, it was added to the tPO film in order to test its potential to enhance the sealing system. 
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Results & Discussion 

 

A- Impact of the encapsulation sealing step on C-PSC initial properties 

 

 The potential impact of the encapsulation step was first evaluated by comparing the 

photovoltaic parameters before and after encapsulation for the 6 different sealing systems 

used. Figure 36-a presents typical PV parameters for pipetted and inkjet C-PSC devices before 

encapsulation: power conversion efficiency (PCE), short-circuit current density (Jsc), open-

circuit voltage (Voc), and fill factor (FF). PCE obtained for pipetted and inkjet solar cells are 

quite equivalent, respectively 13.2% ±0.4 and 12.9% ±0.3 in reverse scan (or 12.7% ±1.2 and 

11.7% ±0.9 in forward scan). If, Voc and FF values are quite similar, Jsc is a little higher of 1 

mA/cm2 for pipetting cells. This could be due to the additional 42.7% quantity of precursor 

solution used. 

After the sealing, no visual modification was noticed for all the encapsulations systems. Figure 

36-b bar charts represents the percent deviation of each PV parameters right after each 

encapsulant sealing using lamination process. Pipetted cells are represented in full colored 

bars and inkjet cells in hatched colored bars. It was observed a slight improvement of PCE for 

both pipetted and inkjet solar cells sealed using Surlyn gasket (about +1 to +1.5% of deviation), 

whereas a decrease is noticed for all sealings based on full films: PO (-7 to -8 % of deviation), 

PU (-3.4 to -5.7 % of deviation), tPO (-3.7 to -4.2 % of deviation), tPO with PIB (-8.9 to -9.6 % 

of deviation) and SF (-7.3 % of deviation). If the link with Jsc and Voc variations is not always 

obvious, the link with FF is clear. Indeed, when only a sealing gasket is used, the FF is less 

impacted than when using full covering sealing films (about -0.2/-0.5 % versus -4.1 to -11.4 % 

of FF deviation). 
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Figure 36: a) PV parameters of pipetted and inkjet C-PSC solar cells before encapsulation (average values and standard 
deviations for both reverse and forward scans), b) Impact of the encapsulation step on PV parameters for each studied 

sealing system (results are presented in percent deviation and were calculated on the average value between reverse and 
forward scans). J-V parameters were recorded at a 4mV/s scan speed, and representative batches of 18 cells were used for 

the evaluation of each sealing system impact. 

UV-visible diffuse reflection spectroscopy, photoluminescence (PL) spectroscopy and X-ray 

diffraction (XRD) analysis were then used to better examine the impact of the encapsulation 

sealing step at initial stage. Reflection and emission data are presented in Figure 37 and XRD 

spectra are given at the end of the manuscript in Figure 47 together with their variation under 

ageing. The XRD parameter of interest at this stage is presented in Table 6, i.e. the perovskite 

relative crystallinity rate for each encapsulated system. 

 
Table 6: XRD perovskite relative crystallinity of the pipetting and inkjet cells for each encapsulating system. 

 
According to XRD spectra, no PbI2 was detected before or after encapsulations, phases and 

species in presence were almost identical corresponding to tetragonal MAPI[285] and the 

calculated relative amounts of crystallinity were similar whatever the encapsulation (i.e. about 

22-23% for pipetted perovskite and 11-13% for inkjet perovskite). For this latter calculation of 

relative crystallinity, it was taken care to realize it on same cell batches (same electrodes and 

same perovskite solution) as small variations could increase the discrepancy of obtained 

values. The difference of relative crystallinity obtained between pipetted and inkjet cells 

originates from the difference of infiltration process and resulting perovskite quantity and/or 
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quality. This is more detailled in the next chapter together with MEB, Raman and UV-visible 

absorption showing a more ordered PK structure for pipetting cells. 

 

Diffuse reflectance spectra show similar patterns and reflectance values for all encapsulating 

systems, except for tPO+PIB. If the spectra baseline can be slightly different for pipetted versus 

inkjet devices (2.0 % versus 2.49 % at 600nm), the baseline is strongly impacted with a 0.9 % 

value at 600nm for tPO+PIB devices. The difference between pipetted and inkjet devices is 

explainable as a lower content of perovskite can lead to a lower perovskite absorption band 

leading to a potential higher refection within the device (devices are fully opaque due to the 

final carbon paste layer). As for tPO+PIB, it should be mentioned that, due to PIB edge-sealant 

thickness, strongest lamination conditions were needed to obtain a complete fusion of tPO 

overall the surface as compared to the use of tPO alone and to other films studied here. To 

keep reasonable the PCE impact of encapsulation process, larger glass substrates were used 

to make room for the extra PIB edge sealant (as illustrated in Figure 35-c-➂), and a 

temperature of 110°C (instead of 105°C) with a duration of 10min (instead of 2 minutes) was 

selected for tPO+PIB lamination conditions. In spite of the impact on reflectance level, the 

spectra pattern and perovskite band edge were still similar (reflectance band edge at 780 nm 

corresponding to the end of perovskite absorption at a 1.59 eV band gap, as highlighted in 

Figure 37-a and-b insets). 

 

For PL, Figure 37-c presents bar charts for average emission measured intensities according to 

the various encapsulations, together with typical corresponding spectra in insets. Slight 

variations were observed in PL intensities. They are more pronounced in the case of inkjet 

cells but remains largely reasonable. However, as highlighted in Figure 37-d, a wavelength 

blueshift occurs only for cells encapsulated with tPO+PIB. As it is not correlated with an optical 

bandgap shift, it can be related to either a decrease in the PK grain size or to a passivation of 

the PK layer during the strongest condition used for tPO+PIB lamination process [286]. In the 

case of other encapsulants, the tendency is more to a smaller redshift. Such redshift has 

already been observed, it might notably by related to a photon-recycling phenomenon, i.e.  

the process of reabsorption (and re-emission) of photons that results from radiative 

recombination [287].  
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Figure 37: a) and b) UV-visible diffuse reflection spectra of respectively pipetted and inkjet cells according to different 

encapsulations (Tauc plots in insets), c) and d) photoluminescence emission intensities and wavelengths for an excitation at 
520 nm (examples of typical obtained spectra in c insert). 

To sum up this part, 6 different sealing systems were compared for pipetted and inkjet solar 

cells: Surlyn Gasket (SG), Surlyn Film (SF), Polyolefin (PO), Polyurethane (PU), trilayer 

Polyolefin (tPO) and tPO together with Polyisobutylene (tPO+PIB). At first, before any 

encapsulation, carbon-based perovskite solar cells have quite equivalent PV performance 

whatever the precursor infiltration method despite the lower 42.7% quantity of PK used for 

inkjet versus pipetted. Once the devices are encapsulated, it was noticed that SG may enhance 

the PCE of both pipetted and inkjet cells whereas an efficiency decrease occurs when using 

PO, PU, tPO and tPO+PIB as sealants. This variation is mainly due to the FF modification 

showing a less impact with the edge sealant compared to full covering films. On another note, 

the encapsulation step does not generate any degradation component like PbI2 referring to 

XRD and UV-visible analyses. Therefore, sealing systems do not impact negatively the initial 

solar cell performance. However, for tPO+PIB double system, since the lamination conditions 

were stronger than for the rest of the sealing systems, different behavior in UV spectra with 

lower reflectance is noticed together with blue shift of PL emission probably related to a PK 

grain decrease or passivation during lamination. In order to evaluate the impact of the sealing 

systems on the carbon-based perovskite solar cells durability, the second part is consecrated 

to the monitoring of an aging campaign with a full set of characterizations conducted at each 

sampling point. 

  



75 
 

B- Impact of the encapsulation system on C-PSC cells durability 

 

To investigate our C-PSC solar cells’ long-term stability, the aging behavior of the different 

encapsulated devices has been evaluated under damp heat conditions (85°C/85% R.H.). 

According to International Electrotechnical Commission tests standards (IEC 61215), the only 

test accepted by both module manufacturers and buyers (for silicon devices) is an exposition 

of solar devices to air atmosphere at 85°C with 85% of relative humidity. 

To verify that solar cell’s lifetime is successfully extended thanks to the sealing procedure, the 

stability of open cells (not encapsulated) was first evaluated using softer conditions. As shown 

on Figure 38-a, at 85°C/45%R.H. ageing conditions, the stability of open cells do not exceed a 

few hours for inkjet devices and 50h for pipetted devices (respectively, open or solid round 

grey symbols). At 85°C without humidity (but with oxygen), their individual lifetime is 

extended to about 10 hours for inkjet devices and 200 hours for pipetted devices (respectively, 

open or solid triangle grey symbols). According to our device architecture, with a perovskite 

filling of the insulating ZrO2 mesoporous layer overflowing in all the TiO2 mesoporous layer 

and in a fraction of the mesoporous carbon layer to insure a good electronic contact, it seems 

rational to interpret the stability difference between inkjet (dotted lines) and pipetted (solid 

lines) devices by the fact that a 42.7% less quantity of precursor solution was used. This should 

lead to a lower stock of perovskite materials to face oxygen and humidity stresses, rapidly 

leading to non-sufficiently filled mesoporous layers, resulting in insulating devices. 

 

 
Figure 38: PCE variation with time for a) non encapsulated cells, b and c) respectively pipetted and inkjet encapsulated cells 
(non encapsulated cells were aged in soft conditions, i.e. 85°C/0%R.H. and 85°C/45%R.H. as indicated in the caption on the 

right; encapsulated cells were aged at damp heat conditions 85°C/85% R.H.). 

Figure 38-b and Figure 38-c respectively shows the PCE variation with time for pipetted and 

inkjet devices encapsulated with various encapsulant materials. Surlyn full covering film is only 

presented for inkjet devices as it was decided recently to add this technology. However, an 

additional ageing campaign is ongoing at present time also on pipetted devices to better scout 

the potential of Surlyn full covering film. 

Data are presented in a scale normalized to one at initial stage not to have crossed tendency 

curves and a logarithmic scale was selected for aging time representation for a better 

separation and reading of sampling points (the point positioned at 1h corresponding in reality 

to the performances at initial stage, i.e. right after encapsulation). 
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By looking at the PCE evolution with aging time, as for non-encapsulated cells, a better 

durability is generally observed for pipetted cells compared to the inkjet ones. As displayed, 

pipetted cells encapsulated with SG have the best stability with only 20% loss of initial PCE 

after 1500 hours of damp heat aging, followed by pipetted tPO cells with 72% loss, pipetted 

PO with 80% loss at 1500h. From pipetted devices, we can conclude that the less stressing 

sealing process not covering the active area of the device (surlyn gasket) is the most adapted 

sealant for the device durability. Sealing processes with full covering polyolefin-based films 

(tPO and PO) are close behind but with poorer results leading to a strong loss of performances 

after 1000 hours of damp heat ageing. The double tPO+PIB process is obviously detrimental 

for the functionality of the device with a strong decrease of PCE from the beginning of ageing 

and with a 50% loss after only 100h. It should be mentioned that, due to PIB edge-sealant 

thickness, strongest lamination conditions were required to totally melt the tPO overall the 

surface, as compared to the use of tPO alone and to other studied sealants. The pipetted PU 

cells studied here are the worst. Most cells become fully passive after 100 hours of ageing. 

This premature degradation might be related to the chemical nature of the sealing PU film 

that appear to undergo chemical changes in the studied conditions: the solid and flexible film 

having turned into a soft and sticky material. 

Concerning inkjet cells: tPO+PIB and PU encapsulating materials lead to a very similar 

degradation mechanism already observed with pipetted cells. In contrast, SG, SF, PO and tPO 

all ended up with quite comparable behaviors: a relative stability with about 60-80% of initial 

performances up to about 200 hours of aging, followed by a fast drop of PCE for all cells. They 

were all described as non-functional after about 1000 hours of ageing. However, SG, SF, PO 

and tPO all provide a beneficial hindering of both oxygen and humidity degradation. As a 

result, the lifetime of all type of devices was found largely improved as compared to the non-

encapsulated cells. On another note, we can make the hypothesis that the 42.7% less quantity 

of perovskite needed in the case of inkjet devices leads to a loss of electrical contact between 

the perovskite remaining layer and the carbon paste more rapidly than with pipetted devices. 

This will be investigated after though the study of other PV parameters (see Figure 39), 

together with a physico-chemical and morphological analysis of the perovskite layer.  
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Figure 39: Jsc, Voc, FF and Rs variation with time for both non-encapsulated cells (grey) and encapsulated cells (colors). 

According to Figure 39, it can be seen that the Jsc evolution exactly follow the PCE evolution 

for all cells (open and encapsulated), except for the double tPO+PIB system. For the latter, Jsc 

trend is close to the one of both tPO and PO, but its Voc drastically drops after 48 hours of 

ageing (J-V curves evolutions are also represented in Figure 40 for a better visualization). For 

other systems, the Voc value only drops when cells are close to 0% in efficiency, and the Voc of 

SG, SF, PO and tPO remains quite constant till the end of devices lifetime. 

Concerning the FF, its value is quite constant till the end for pipetted SG, PO, PU, tPO. It seems 

even to increase for both pipetted and inkjet Surlyn gasket devices. Its decrease is generally 

related to the end of lifetime of devices. However, for the double tPO+PIB system, a decline 

of Voc is obvious but quite reasonable. The latter system is also the only one not showing a rise 

of Rs simultaneously to the drop of PCE, indicating clearly a difference in the occurring 

mechanism. It seems that for SG, SF, PO, PU and tPO films, the end of lifetime is related to a 

progressive degradation of the perovskite layer (within the insulating mesoporous ZrO2), 

leading to a non-conductive path between TiO2 and carbon layers. On the other hand, for the 

double tPO+PIB system, the devices are still conductive without observing neither a huge 

decrease of Jsc nor an increase of Rs, but a decrease of Voc. According to literature[288][289] , 

the Voc of perovskite solar cells can be related to several factors: the band gap of the 

perovskite (here not impacted), the energy level difference between FTO and carbon paste, 

deep-level traps within the perovskite layers or its interfaces. If the lamination conditions are 

stronger in the tPO+PIB case, it would be surprising to induce a modification of the energy 
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levels of oxide or carbon layers. Since a blueshift of the perovskite emission was observed, it 

sounds more likely that traps could have been created within this layer. 

 

To support Figure 39 illustration, the evolution of J-V curves during the aging is represented 

in Figure 40 for representative examples of pipetted and inkjet cells with each different 

encapsulation systems. It highlights the rapid decrease of FF for PU-sealed devices, the rapid 

Voc drop for tPO+PIB-sealed devices, and the main Jsc control on PCE value for other sealing 

systems. 

 

 
Figure 40: J-V curves evolution during the aging (representative examples for pipetted and inkjet cells with each different 

encapsulation systems, at a 4mV/s scan speed in reverse scan). 

If the macroscopic J-V characterizations give a first strong information about the potential 

degradation mechanism occurring during aging, it is necessary to complete our observations 

using a full set of other characterization techniques. A first simple one is the direct observation 

of the visual aspect of solar devices. For this purpose, Figure 41 shows both sides of the 

encapsulated devices after the last measurement point of damp-heat aging campaigns. At 

initial state, right after the lamination, all devices presented equivalent aspect as illustrated 
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by the SG-sealed pipetted device example presented here at T0. During aging, the aspect of 

SG-sealed samples does not change a lot within the active area. It is however possible to notice 

a slight degradation of the small little content of perovskite overflowing the carbon paste area 

(indeed to secure the absence of short-circuit between TiO2 and carbon, the intermediate 

mesoporous ZrO2 layer was deposited a little larger and it is filled by perovskite). Furthermore, 

the Surlyn material itself undergoes a change of color (yellow to brown, observable after 

2000h of ageing). The analysis of the sealing materials will thus be an interesting perspective 

to determine if they undergo themselves a degradation (due to damp-heat conditions or to 

perovskite degradation by-products) or simply a coloration due to the release of iodine. For 

PU-sealed devices, a yellow coloration rapidly spread within the polymer sealant, beginning 

from the edge of the photovoltaic active layer to all the sealant. Furthermore, it was observed 

that the sealant undergoes a degradation as it became a sticky paste but not solid anymore, 

allowing a delamination of both sealed glasses with hands at the end of aging campaigns. This 

time also, it would be interesting to identify the potential of perovskite degradation by-

product to accelerate or not the PU-polymer degradation. For, PO, tPO and SF films, no 

coloration was observed but some bubbles were identified for carbon side. These bubbles 

appear at early stage for PO devices, then SF devices, followed by tPO devices. They indicate 

a delamination of the sealing film only on the carbon top layer of the active solar cell and not 

on the edges of the glass/glass encapsulation. This could be due to both mechanical stresses 

or to a release of gas by-products during ageing. For the double tPO+PIB system, the end of 

lifetime was express but we can observe that even the small little content of perovskite 

overflowing within the larger ZrO2 mesoporous layer is still present with no change of color at 

the end of the aging campaign. This indicates that the rapid loss of performance is not due to 

a failure of protection from tPO+PIB encapsulation, but to the initiation of defects during the 

initial stage of lamination. 

 

 
Figure 41: Photographs of encapsulated solar devices before and after damp-heat aging (both FTO and CP side are shown). 
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C- In-depth characterizations of aging mechanisms for full devices and 

perovskite/sealants materials  

 

A full set of characterization techniques has been used with the objectives to elucidate 

degradation mechanisms occurring in both device and encapsulation under the previous 

damp heat aging test: physicochemical characterizations (infrared spectroscopy), local 

mapping characterizations (LBIC & PL imaging), optical characterizations (absorption / 

reflection / emission spectroscopies), and morphology (XRD). 

 

First of all, as a change was visually observed in some sealing films, we investigated the 

possible aging of sealing materials during the damp-heat test. The following Figure 42 presents 

UV-visible absorption and infrared spectra (ATR reflectance mode) for each sealing material 

in two different cases: fresh films not aged and films aged within the solar device. In order to 

be sure not to pollute the analyses with the PV device materials, samplings were made in the 

sealant section between glass-glass. For SG and PU films, they were not possible to extract in 

a shape compatible with UV-visible spectroscopy at the end of ageing. So, for UV-visible 

spectroscopy measurements of SG and PU, the sampling was realized at an intermediate 

ageing time for which the impact of ageing was however already visible.  

 

 
Figure 42: a) UV-visible absorption spectra and b) infrared spectra of sealing materials at: T0 and T end of ageing within the 

PV device. 
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From UV-visible absorbance in Figure 42 a, it is possible to detect an identical emerging peak 

at 280nm for aged SG, SF and PO. For aged SG, more peaks (350 and 423 nm) were present 

than from aged SF, the 350 nm peak being also present for aged PO. PU highlight two different 

peaks at 367 and 384 nm, even at early stage. In the case of tPO, no additional peak was found 

but slight variations of the absorbance pattern could occur.  

For PU, the additional peak should originate from the polymer degradation by-products also 

observed using infrared spectroscopy. UV-visible spectra of the device layers will be however 

scouted to see if this transition could be found within the device as it could correspond to 

hydrated perovskite transition value. For others, the three peaks between 280 and 450 nm 

could be related to the iodine compound[290] if it is able to migrate though the polymers films 

together with water vapor. The quantity of these signals could even be related to the visual 

observations in Figure 41. First, SG which is more colored than other materials possesses more 

peaks, then PO which contains lots of bubbles between device and sealant at end of ageing, 

followed by SF with less bubbles and finally tPO with quasi-inexistent bubbles. 

According to infrared spectra, it could also be seen that SG is the more impacted by water 

ingress with a large 3650-3300 cm-1 band. When compared to SF, this could originate from the 

beginning of its sealing property leakage as its end of ageing time is 2500hours against 2000h 

for SF. Analyzing obtained infrared spectra at initial state, it could surprisingly be observed 

that PO possesses a quasi-similar spectrum than the surlyn ones. The PO polymer used is thus 

also an elastomer, like surlyn. They possess exactly the same ratio between characteristic 

bands of the various CH/CH2/CH3 groups (3000-2800, 1465, 1405, 1360 cm-1) and of the C=O 

groups (1700 and 1230 cm-1). Only characteristic bands of the tetra coordinated metallic 

complex (1595, 1534 cm-1) showed a slight change in pattern and intensity, which could be 

due to a difference with the metal used[291]. The latter bands are also the only ones that 

seems to be impacted by ageing for the three SG, SF and PO configurations. 

For tPO, as ENLIGHT™ materials are known to be a coextruded composite layer[236], both film 

sides were scouted using ATR-infrared spectroscopy. For the film side laminated on the solar 

device, it was found to correspond to polyethylene and more specifically to “linear low-density 

polyethylene (LLDPE)”[292]. The other side of tPO was discovered to possess additional peaks, 

indicated in brown on related spectra, and more likely corresponding to acrylate functions 

[293] in small quantity within a LLDPE polymer. Both layers were found to present very few 

modifications after ageing, with however the appearance of tiny bands at 1020 and 1730cm-1 

(indicated in black), compatible with typical oxidation results in such LLDPE polymers[294]. 

For PU, according to literature it should be more stable to sole thermal aging[295]. However, 

release of HI vapors by perovskite may act on enhancing its degradation and acid exposure 

can provide such obtained infrared pattern[296]. In order to confirm this hypothesis, we will 

soon conduct aging campaign of sole sealant films in either 85°C or 85°C/85%R.H. ageing 

conditions. 

 

Knowing the modest aging state of encapsulation systems at end of aging (except for PU), local 

performances of full devices were then evaluated during aging using LBIC and PL imaging 
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characterizations, respectively displayed in Figure 43 and Figure 44. Figure 43 clearly highlights 

the central drop of the perovskite solution for the pipetted cells. For inkjet cells, a more 

homogenous aspect is observed, as expected. 

LBIC results are also summarized in Figure 45-a and -b presenting the evolution with aging 

time of the LBIC short-circuit current average value (the value is normalized according to the 

value measured at T0, and uncertainty bars represent the Isc dispersion within the active area 

of a cell). The LBIC-Isc evolutions are overall in accordance with Jsc evolutions of the 

macroscopic J-V measurements (Figure 39-a), even if J-V measurements were performed using 

a 0.64 cm² centered-mask whereas LBIC imaging studies the entire available photoactive area 

(1.5 cm²). It should be however noticed a general tendency to a first step of LBIC-Isc increase 

during the first 100 hours of aging which is not reported with J-V measurements. Then, all 

LBIC-Isc decreases with similar levels than in J-V measurements. The Isc decrease is quite 

homogeneous for SG and tPO+PIB encapsulations (for both pipetted and inkjet devices). In 

accordance with J-V, LBIC-Isc of the double tPO+PIB systems are always honorable at the end 

of the ageing process with a drop of less than 10% for inkjet devices and less than 50% for 

pipetted devices. The absence of inactive zones on the contrary of tPO alone attests of the 

good protection of PIB edge sealant. For PO, PU, tPO and SF encapsulated devices, the 

appearance of non-active zones were noticed before the end of life of devices. It could be 

either on the middle or the edges of devices, no specific rule could be established. 
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Figure 43: Variation with aging time of LBIC mapping images according to the different encapsulation systems for a) 

pipetted cells and b) inkjet cells. 
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Figure 44: Variation with aging time of PL mapping images (12 cm x 12.5 cm) according to the different encapsulation 
systems for a) pipetted cells and b) inkjet cells. (Miniature replica are also presented with a different irradiance scale for 

some end times of the aging sampling) 

  



85 
 

Figure 44 presents homogeneous photoluminescence irradiance levels all over the surface 

whatever the system studied (different PK injection method and encapsulation sealing). 

Thanks to our PL imaging device, it is possible to recalibrate the images according to the time 

and gain of the camera. In view of the variations in intensity observed during the ageing 

period, we have chosen to present the evolution of the PL imaging irradiance levels in terms 

of the percent deviation according to initial value (i.e. Δ (%) = 100 * (PLafter - PLbefore) / PLbefore), 

which could be compared to the evolution of the PL spectral intensity represented in Figure 

45-e and-f also in terms of percent deviation. As concerns PL results, we can first observe that 

PL imaging data are in accordance with PL spectral data (Figure 45). The range of variation is 

emphasized when using PL spectroscopy but the PL evolution of all different configurations 

(different PK injection method and encapsulation sealing) follow the same trend whatever the 

PL method used. According to PL imaging, we can detect some specific phenomena as for SG 

devices. Indeed, the PL images of SG devices reveal the J-V solicited area as a square shape 

caused by the mask used during J-V measurements. This was sometimes a little present for 

other sealants, but really more pronounced for SG devices. This more solicited area undergoes 

a faster aging affording in this square the color corresponding in fact to the following sampling 

point of the area outside the square. If SG devices are the best ones in terms of PCE lifetime, 

it is not the last one evolving in terms of PL. This highlights different occurring ageing 

mechanisms according to the sealing method used. With the help of a more frequent sampling 

with PL spectroscopy, we can even observe that PL first increases till about 1500 hours for SG-

pipetted devices before to finally decrease together with the rapid drop of PCE. It is the only 

case like this in the present study. As it also corresponds to the appearance of the Surlyn 

gasket staining, it is more likely that the acceleration of aging could be due to a leakage of the 

sealant and that the quantity of perovskite within the active layer really decreases after 1500 

hours producing a decrease of photoluminescence. This happens after a first stage of 

photoluminescence increase due to a progressive apparition of defaults like PbI2 in small 

quantities playing the role of passivating agent[297]. This allows a conservation of PCE with 

some fluctuation till 1500 hours. 

As SG was the more powerful encapsulation, we also finally decided to study SF as full sealant. 

The sensitized square area was this time not highlighted. It means that the little pouch 

remaining within the gasket area should act in the aging mechanism (either by providing a 

small quantity of oxygen or by allowing the release of degradation gases without the devices 

layers). Indeed, as highlighted in Figure 41, some bubbles were this time created between the 

carbon layer and the surlyn sealant. For inkjet devices, both PL irradiance and intensity 

increase more using SF than SG. The decrease of PCE and of LBIC-Isc was quite equivalent with 

a more rapid drop for SF on last points. However, the effect of SF instead of SG has still to be 

confirmed on more resilient pipetted devices (ongoing campaign). 

For other sealing films (PO and tPO) with similar impact on PCE lifetime, their answer in PL is 

strongly different. If PO shows a strong PL (represented by a burgundy color on PL images) for 

a PCE loss > 70%, this is not the case for tPO always showing smaller PL for an identical PCE. 

This seems in accordance also with the number of bubbles observed in Figure 41 between 
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carbon layer and sealing PO and tPO films. Their quantity was really huge for PO and sporadic 

for tPO. During aging, the more photoluminescent first appearing areas in PO also correspond 

to the area with the first bubbles appearing. PO devices presents also a more rapid Rs increase 

than tPO. Regarding the tPO+PIB double system, Figure 45 confirms that the PL increases more 

rapidly than with tPO alone. As Jsc is not so strongly impacted but Voc is when using this double 

system (with stronger solicitation during lamination), it seems reasonable to think that PL 

highlight the presence of defaults acting as deep-level traps that could have been initiated 

during lamination.  

Finally, the worse sealing material PU rapidly generates first the appearing of strong 

photoluminescent spots (burgundy color). This corresponds to the appearing of bubble at the 

same location than these spots, but rapidly disappearing to the benefits of a yellow color 

diffusing within the PU material. PL images are thus in accordance with the harsh PCE and LBIC 

degradation of related cells. As highlighted with UV-visible and infrared spectra, the polymers 

undergo strong degradation during the conducted ageing campaign. It would be interesting 

to also age this polymer alone (85°C, and 85°C/85%R.H.) in order to scout the impact of 

perovskite degradation by-products release on the PU degradation rate. 

 

 

 

 

 



87 
 

 

Figure 45: Variation with time of a) and b) the LBIC-Isc value normalized by LBIC-Isc value at T0, c) and d) PL imaging 
irradiance in terms of percent deviation according to initial value, e) and f) PL spectral intensity in terms of percent deviation 
according to initial value (uncertainty bars represent the typical dispersion within the active area of one cell for LBIC and PL 

imaging values, and the standard deviation on 3 samples for PL spectral values). 

To correlate previous results with potential degradation of the active layer, UV-Visible 

spectroscopy analyses were performed using either reflectance mode or absorbance mode 

(presented in Figure 46 a and -b respectively). Due to the presence of an opaque carbon 
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electrode, absorbance analyses require to open the encapsulation and peel the carbon layer 

which is destructive for the cell. This method was thus used only at T0 and at Tend of aging. 

Reflectance is less instructive than absorbance but is non-destructive and thus allowed a full 

follow-up during aging. 

As compared to reflectance spectra at initial state T0 (Figure 37-a and-b), patterns of 

reflectance spectra during the aging campaigns were quite similar. Spectra at Tend of aging 

are presented in Figure 46-a. The bandgap of perovskite is at the same value than before 

ageing, and is clearly observable at 1.59 eV (780nm) for quite all systems excepted inkjet 

devices encapsulated using PO, PU and SF. Indeed, these systems present a very small or quite 

inexistent perovskite transition by reflectance at end of aging. This is coherent with the fact 

that their PCE is equal to 0. What we can observe is mainly the reflectance of the Glass/c-

TiO2/m-TiO2/m-ZrO2/m-carbon stack as presented also bellow in Figure 46-a. Two situations 

however present a different pattern with the presence of additional peaks. This is the case for 

PU-sealed devices with the presence of a transition beginning at 510 nm (peak with number 

➀), and for SG-inkjet devices with the presence of a transition beginning at 400 nm (peak with 

number ➁). For PU-devices, this should correspond to PbI2 as to the yellow shade propagating 

in PU itself is more around 380nm. For SG-inkjet devices, the 400 nm peak correspond to the 

mono-hydrated perovskite phase[298][299]. It begins to be slightly noticeable at 500h of 

ageing and is clearly visible at 1000h which is the beginning of degradation also for pipetted 

cells. This may thus highlight the start of water permeation though SG. It is also correlated to 

a general increase of the reflectance on all the 400-1100 nm range. 

To better understand the ageing mechanisms within the different devices, additional analyses 

were performed using absorbance after peeling the carbon layer (Figure 46-b). Obtained data 

should however be considered with care as the level of removed material was obviously not 

always the same. At T0, all devices could be peeled in quite the same conditions (i.e. quite the 

same number of carbon delamination using scotch before to obtain an absorption spectra 

without signal due to carbon). After ageing, some devices could be difficult de peel due to 

either a strong adhesion of carbon to its under layer (for PO, PU, SF) or to a bad adhesion of 

perovskite-ZrO2 filled layer to its under layer (for tPO+PIB). 

As already reported, at the initial state, we can note the presence of others compounds such 

as PbI2, monohydrated perovskite and 2D perovskite. The attributions were realized according 

to literature[299][6][300][301][299]. For pipetting solar cells, monohydrated (350 nm) and 2D 

perovskites (420 nm) are present in all cases except for tPO+PIB system presenting a flat 

pattern. This highlight a strong modification due to the specific lamination conditions applied. 

A flat absorbance pattern is reported to correspond to a perovskite layer with either lots of 

voids between crystals or holes[302]. In the case of inkjet solar cells, only a slight PbI2 peak 

appearing around 550 nm was observed, together also with a flat pattern which could be due 

to the lower quantity of perovskite used for filling inkjet devices. 
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Figure 46: a) the variation over the aging time of the UV-visible diffuse reflection at 600 nm for of the pipetted and inkjet 
cells encapsulated with SG, PO, PU, tPO and tPO with PIB, b) their tauc plot, c) their wavelengths extracted from the 

photoluminescence spectra excited at 520 nm, d) their XRD patterns, e) their relative crystallinity as a function of the PK 
percentage present in the C-PSC 

After 2500h of aging, pipetted-SG normalized absorption was as flat as the one of inkjet-SG at 

T0. This highlight a perovskite layer containing lots of voids between crystals. It is exactly the 

same for PO and tPO pipetted devices at the end of lifetime (2000h). For pipetted PU devices, 

no additional signal was observed at 500 nm as for reflectance spectra. This means that the 

signal was due to the color within PU, also corresponding to the additional UV-visible peak 

observed for PU analyzed alone in Figure 42. As the intensity of the normalized spectra 

increases at 300 nm, this means that the quantity of perovskite in presence is lower than at 

T0. In addition, the ratio between monohydrated perovskite and perovskite transition 

increases. This seems to indicate that the degradation of pipetted devices with SG, PO, tPO is 

more likely due to an amorphisation because of temperature stress, while for PU devices the 

degradation is due to the ingress of water through the sealing material. 
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For tPO+PIB devices, it was difficult to obtain a meaningful information for both pipetted and 

inkjet devices. Indeed, carbon peeling rapidly conducts to also a peeling of ZrO2 layer leading 

to a high substrate (300nm) /perovskite (780nm) absorbance ratio. However, the presence of 

a small quantity of PbI2 is noticeable at 550 nm. 

Regarding inkjet devices, most of absorbance patterns were quite similar between initial state 

and end of lifetime. The patterns are all flat, which is in accordance to a less filled mesoporous 

network. After ageing, SG present exactly the same pattern with a slight PbI2 peak increase. 

PO, PU and tPO devices all present also quite similar patterns but with a decrease of the 

perovskite/substrate ratio. 

In all analyzed cases, perovskite is present even at end of devices lifetime without lots of 

degradation by-products visible using UV-visible spectroscopy. In fact, our C-PSC architecture 

act differently than traditional spin-coated devices: the perovskite layer is thick (~1μm) but 

spread within an insulating ZrO2 mesoporous layer. Indeed, a simple amorphization of 

perovskite, leading to a smaller perovskite volume is potentially able to conduct to an 

insulating device. To scout further the perovskite layer degradation, peeled samples were thus 

also analyzed using XRD. 

Figure 47-a presents the XRD diffractograms of each studied configuration both at initial time 

(T0) and at the end of aging (Tend). The latter corresponding to a PCE loss > 80%. Figure 47-b 

represents the relative crystallinity of both perovskite and PbI2 phases at corresponding times 

thanks to the following equations:  

PK Relative crystallinity (%) = 
∑(𝑃𝐾 𝑎𝑟𝑒𝑎𝑠)

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝐴𝑟𝑒𝑎− ∑(𝑜𝑡ℎ𝑒𝑟 𝑝𝑒𝑎𝑘𝑠 𝑎𝑟𝑒𝑎𝑠)
 × 100 

 

PbI2 Relative crystallinity (%) = 
∑(PbI2 𝑎𝑟𝑒𝑎𝑠)

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝐴𝑟𝑒𝑎− ∑(𝑜𝑡ℎ𝑒𝑟 𝑝𝑒𝑎𝑘𝑠 𝑎𝑟𝑒𝑎𝑠)
 × 100 

For all devices, we can observe that the crystallinity rate has decreased during aging. For PU 

and tPO+PIB sealing systems, crystalline PbI2 is not present in significant quantity at the end 

of lifetime of device. This combined with UV-visible data and other observations, allowed us 

to conclude to different aging mechanisms for this both encapsulation systems. For PU, the 

sealant material undergoes degradation and was obviously able to infiltrate through the 

perovskite and mesoporous scaffolds leading to 28% crystallinity loss in pipetted cells and 50% 

loss with inkjet ones. This even leads to difficulties in removing the carbon paste material. For 

tPO+PIB, the degradation of PCE is more related to the creation of deep-level traps within the 

perovskite layers or its interfaces during the lamination stage driving to 32.8% crystallinity loss 

for pipetted devices versus 8.6% for inkjet solar cells. In addition to this, both systems undergo 

an amorphization of the perovskite due to temperature stress.  

 

 



91 
 

 
Figure 47: a) XRD diffractograms of pipetted and inkjet devices for each studied encapsulation at T0 and at T end of lifetime, 

b) relative crystallinity percentages for perovskite (color) and PbI2 (grey) phases at T0 and at T end of lifetime for each 
configuration. 

As regards SG, PO and tPO encapsulations, they all lead to the production of PbI2. At the end 

of the aging, the best PCE was recorded for pipetted-SG. However, the PbI2 production was 

more important for SG (11.3%), followed by tPO (4%) and then PO (2.1%) for pipetted cells. 

Whereas it was the opposite for inkjet cells, with the highest PbI2 production for tPO 

encapsulated devices (6.4%) followed by PO (2.4%) and then SF (1.47%) and SG (1.22%) at the 

end of the aging.  

 

The perovskite can crystallize under several orientations. In our mesoporous scaffold, the AVAI 

doped MAPbI3 is mainly oriented according to the orientations named 1 (110 and 220 at 2θ = 

14° and 28.4°) and 2 (200 and 400 at 2θ = 20° and 40.6°). Figure 48 gives the perovskite 

orientation proportions during aging for the different studied systems. Analyses were 

conducted on devices originating for the same batch. At initial state, the orientation 

proportion is a little different between pipetted and inkjet devices, but is similar whatever the 

encapsulation. For the different systems, except SG-pipetted devices, the orientation 

proportions of the perovskite are quite similar between initial state and end of aging. For SG-

pipetted devices, the orientation 1 proportion increase after 2500h of ageing. As huge 

increase in the proportion of crystalline PbI2 is observed, this could explain the change in the 

perovskite orientation proportions. Obviously, the orientation 1 is the one less impacted by 

the encapsulation breakage.  
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Figure 48: Variations of perovskite orientation proportions during aging for a) pipetted and b) inkjet devices. 
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Conclusion 

The surlyn gasket was found to be the best encapsulant for longer C-PSC devices lifetime. This 

could originate from two findings. First, this edge sealant demonstrates lower impact on 

performances after lamination. Secondly, it allows the production of a small amount of PbI2 

more rapidly (could be due to either the small non-empty and thus filled with air envelope on 

top of the cell, or to some permeation of surlyn gasket to water ingress). However, this default 

somehow helps to maintain the PCE of pipetted C-PSC on a longer time. For inkjet cells, a 

different degradation mechanism occurs as main encapsulates led to an identical preterm end 

of life of SG, SF, PO and tPO concerned devices. This is due to less filled mesoporous networks, 

which have proved to produce a less compact and less crystallized perovskite layer. 

According to the results obtained in this first chapter, the following C-PSC devices will be all 

encapsulated with SG, and we will now concentrate our interest on the impact of combined 

impact of both maturation and perovskite deposition process on enhancement and durability 

mechanism.  
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Introduction 
 

In the past few years, halide perovskites based solar cells have undergone an incredible rise 

in the efficiencies compared to traditional inorganic solar cell semiconductors such as 

cadmium telluride, multicrystalline Si or copper indium gallium selenide[303]. Very large PCE 

reaching 25.7%  have been achieved with organic-inorganic lead halide perovskite in recent 

studies[1][304][305]. These values originate from a unique combination of intrinsic features: 

remarkable optical and electrical properties such as high absorption efficiency (104 cm-1), 

direct band gap, and high charge transport capacity to name but a few. This PV technology is 

also interesting for realistic low-cost processing[301]. There is however a need nowadays for 

improvement in the long-term stability[306]. Amongst the possible architectures, Hole 

transport material (HTM)-free carbon-based perovskite solar cells (C-PSCs) look especially 

promising, because of a further reduction of the low cost compared to previous used devices 

using gold as a back contact. HTM-free C-PSCs also beneficiate of a simplified processing 

protocol with FTO/TiO2/ZrO2/carbon structure[82]. Much like with more conventional PSCs 

setup, the addition of 5-ammonium valeric acid iodide (5-AVAI) results in a significant 

improvement of the devices both in the initial state and after ageing[86]. The active layer in 

highly efficient PSCs are typically prepared using a spin coater. The latter however limits the 

surface coverage and induces structural and morphological variation of the perovskite (PK) 

layer with the distance to the center. This will probably prevent its use for large scale 

developments[307]. As a result, a variety of PK manufacturing procedures have been 

developed including blade coating, slot-die coating and spray pyrolysis. These techniques 

overcome the majors problem of the spin coating, but need to be conducted in an inert 

atmosphere with a very low-humidity to achieve good efficiencies[308] . Recently, remarkable 

techniques have been proposed to prepare perovskite based solar cells in ambient 

conditions[208]. These stable cells also have higher PCEs, and rely on a perovskite with a 

better crystallization. 
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Figure 49: a) Cell architecture with a simplified representation of the perovskite deposition; b) J(V) measurements of 
“Pipetting” and “Inkjet” solar cells before and after the maturation step (reverse scan at 4 mV/s); c) Average PCE obtained 
on 9 cells; d) Star diagram to represent others PV parameters measured on “Pipetting” and “Inkjet” solar cells before and 

after the maturation step 

This experimental work concerns the development of a new generation of PK solar cells 

derived from dye-sensitized solar cell technology[309]. A mesoporous TiO2 layer is utilized as 

ETL with a large surface of interface that facilitates the electron transport, and reduces the 

charge recombination, Figure 49 a). An insulating space layer is then added with ZrO2 

backbone which is also a mesoporous structure. The last applied layer is a mesoporous carbon 

paste that will play the role of upper electrode and HTL layer. The absence of a specific HTL 

layer represent a major distinctive characteristic in the PK technology. All these stable layers 

may safely be deposited one on top of the other. They are not sensitive to moisture or oxygen. 

The perovskite, most delicate component, is infiltrated at the end of the process. This is the 

other distinctive characteristic of these cells, the entire process can be performed in ambient 

conditions without a glove box. The incorporation of perovskite at the end of the process for 

a limited time just before the encapsulation prevents its degradation. In this specific study, 

two processes were compared for the deposition of perovskite, Figure 49a): The “pipetting” 

process consists of a central injection by drop casting while for the "inkjet" process a “step 

printing” technology is used allowing a better control of the deposited volume. This approach 

was employed for comparison, it is supposed to be the most effective way to fabricate cells 

with large areas and to promote a more homogeneous deposit on the surface. In both cases, 

the initial solution was prepared with the desired relative amount of PK and AVAI. This latter 

is known to facilitate the PK crystallization in this mesoporous skeleton and promoting 
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preferential growth in a normal direction[310][311]. This perovskite is also known to develop 

a better contact surface with TiO2 with a lower defect concentration and to be more 

stable[312][313][170][168]. With these innovative devices it is possible to obtain right after 

fabrication interesting performances of about 10.5% and 10% for the "pipetting" and "inkjet" 

cells, respectively. 

With most of the PV technologies, the cells and modules present the best performances just 

after being processed. In contrast, the most recent PK-based cells experience a “maturation 

step”. This phenomenon refers to the initial increase in the PCE, just after being processed. 

The maturation step has already been revealed in the literature [7]. Although it may be viewed 

as a somewhat positive phenomenon at first glance, it could actually represent an industrial 

problem if the systems had to be matured prior to commercialization. We first performed a 

comparative study of the amplitude and speed of the maturation changes depending on the 

environmental conditions: temperature, humidity, and light exposure. The goal was to 

underline the maturation to better track it. With our systems, we observed that the best 

maturation condition, with the most changes in performances was achieved at 40°C/75% RH 

for 150h. The synergistic effect of the temperature and humidity on the maturation confirms 

previous studies[7]. 
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Results and discussion 

 

For comparison, Figure 49 b) shows the J(V) measurements of the two types of studied cells 

before and after maturation. Corresponding PV parameters and performances are 

represented in Figure 49 1 c) and d). The maximized maturation step was indeed very efficient 

in increasing the performances. The procedure also reduced the difference between the 

processing ways. The inkjet method increased more to match the pipetting, they eventually 

both reached about 14%. Both the shape of the curve and the extracted parameters indicate 

that the PCE enhancement mainly resulted from the Jsc parameter, also in agreement with the 

literature data. Different explanations have already been proposed, such as the improvement 

of the carrier recombination processes partly induced by an improvement of the crystalline 

microstructure of the perovskite [218]. However, few articles were published that specifically 

studied this phenomenon. Because of the large applied and basic interest, it seems 

appropriate to try and better understand the relationships between the mechanisms and the 

plausible consequences on the functional properties of solar cells. The current study relies on 

a set of characterization methods used at different scales of the cell, from the perovskite layer 

to the complete solar cell.  

 

Figure 50: a) LBIC maps of “pipetting” and “inkjet” solar cells before and after the maturation step, b) Statistical 
representation of LBIC maps under violin plots (box plots (average, minimum, maximum, first and third quartiles) with kernel 

density plot of each side) 

The macroscopic PCE represent an average value on the cells. The differences in the 

processing conditions may however induce a spatial distribution of the performances. The 

LBIC characterization is thus the appropriate tool to investigate these differences, since a local 

short circuit current measurement is performed. The experimental results are presented in 

Figure 50. The maturation step increases the values of the short-circuit currents (Isc), especially 

for the inkjet cells, in good agreement with the macroscopic J(V) measurements. The violin 

plot, further reveal that even if the local performances seem quite homogeneous before the 

maturation step, they become more heterogeneous after this step, especially for the pipetting 
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cells. The raw LBIC data show that the central area seems perform better. The center of the 

cells is the location where the infiltration of the PK was performed in the case of pipetting 

cells, this might induce a thicker PK layer and thereby better properties. For the correlation it 

is important to note that the macroscopic J(V) measurements are performed with a mask of 

0.64cm², placed on the center of the cell (Illustration of measurements without mask for 

pipetting cells is shown in the Figure 61 in Supplementary Information). Thus, for pipetting 

cells, the maturation stage essentially induces an improvement in cell performance at the 

center of the cell. In the case of inkjet cells, there is a much more homogeneous improvement 

in performance.  

 

 

Figure 51: Layer identification of solar cells by SEM at the center of a “pipetting” solar cell: a) EBSD images, b) SEM images, 
c) EDX maps, d) Another SEM image with a magnification and the identification of the layers 
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Tableau 7: Estimation of PK layers in carbon paste for “pipetting” and “inkjet” solar cells (at the center and in a corner of a 
cell) 

 

SEM observations were carried out to correlate these heterogeneities of performances, 

observed for “pipetting” solar cells, to the method of perovskite layer deposition (Figure 51 

and Figure 52). The identification of the different layers within the stack was carried out with 

the backscattered electron detector (EBSD) and EDX analyses. On the EBSD images, the 

perovskite layer presents a clear contrast because of the presence of lead that contrasts with 

the lighter elements found in the other layers. Next the images obtained with the secondary 

electron detector further helped to distinguish the layers. Although the dissimilar layers are 

thin and intimately mixed with one another, the EDX analyses made possible a clear 

identification of each individual phase. Figure 51 indicates that the perovskite fully permeated 

within the ZrO2 layer, and partly the TiO2 and carbon layers. For TiO2, the filled part 

corresponds to the mesoporous TiO2 layer, the compact TiO2 layer cannot be filled by 

perovskite. The PK thickness within CP is contrasted enough to allow a meaningful thickness 

measurement of a PK richer CP phase and thereby a comparison not only of the two types of 

cell ("pipetting" and "inkjet") but also of the differences between the center and the edges, 

Figure 52 (see red arrows). As shown in Tableau 7 and Figure 52, the thicknesses are 

significantly larger in the "pipetting" cells than in the "inkjet" cells. This means that the PK 

impregnation in the carbon layer is much more efficient in the pipetting than for the inkjet 

method. This is to correlate with the fact that, to fill the same active area without rewetting 

dry-areas, a 42% less quantity of precursor solution was needed in the case of inkjet method. 

Finally, the differences between the centers and the corners are also observable, showing a 

better quality and thicker layer in the center of the cell than in the corners, especially for the 

"pipetting" cells. These morphological features are likely to induce the measured local 

heterogeneities of performances for the pipetting cells. Because these heterogeneities 

become even more contrasted after maturation, it appears essential to better understand this 

phenomenon. 
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Figure 52: SEM images (with SE detector) for “pipetting” solar cells a) at the center b) in a corner and for “inkjet” solar cell c) 
at the center d) in a corner. 

A large series of characterization tools and methods have been employed to track the changes 

within the active layer of the solar cells. Unfortunately, most of the techniques require to 

break the cells open and remove the carbon layer to obtain quantitative and sensitive results. 

The process tends to irreversibly damage the active layer. This prevents the further usage and 

characterization of the cell. Each sample was thus characterized thoroughly to use the 

interrelationships between the experiments.  X-ray diffraction (XRD) analyses were performed 

at the center and at the edge of the cells after removal of the carbon layer. The diffractograms 

for both types of cells before and after the maturation step are presented in Figure 53. With 

the third-generation photovoltaics, very thin layers are used and the XRD spectra present a 

large number of peaks, many of which originate from the materials surrounding the active 

layer. An attribution of the different contributions is proposed in Table 8, based on the 

literature data. The results indicate that the PK in the active layers presents a tetragonal XRD 

pattern with two main orientations: (110) and (220) and (200) and (400) [314][315]. This is 

thus very similar to the MAPbI3 perovskites deposited by spin-coating. However, other 

orientations may be observed with a minor amount. In a planar spin-coated perovskite solar 

cell, only the aforementioned orientations (110,220,200,400) are to be seen [315][316]. In 

contrast, the mesoporous pipetted or inkjet perovskite solar cells exhibit new additional PK 

peaks with very different orientations like (121) at 23.4°, (202) at 24.4° and (134) at 

43.1°[94][317]. This feature may result from the AVAI addition that impedes the PK 

crystallization by adding complexity to the structure[168]. It may also be the consequence of 
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the mesoporous architecture of the host layer that geometrically hinders the crystallization 

with its high surface and narrow structure. 

As shown in Figure 53 c), it is also possible to evaluate the relative amount of crystallinity. The 

experimental data show that this parameter does not change much spatially on the cell. The 

crystallinity remains at 20-22% with the pipetting cells. With the inkjet cell method, a slight 

decrease between edge and center and before/after the maturation step, where they remain 

below 20%, i.e. between 15-17%. A similar data treatment with spin-coated perovskite 

deposited on a planar architecture would give a very different amount of crystallinity, close to 

50%[316]. The infiltration in a mesoporous scaffold thus seems to hinder the PK crystallization. 

 

 

Figure 53: XRD patterns of a) “pipetting” and of b) “inkjet” solar cells at the center and in a corner before and after the 
maturation step; c) Relative crystallinity (%); d) Proportions of the two main orientations and others orientations in the 

perovskite (the orientations are defined in the Table 8)  
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Table 8: Attribution of main diffraction lines 

 

 

 

Figure 53 d) shows that orientation 1 is always the most prominent one and relatively 

constant, close to 50%. This is also true for all kind of cells. The preferred orientation is rather 

straightforward to understand in planar structure because the horizontal surface helps the 

texture development during the crystallization. This is obviously not the case with mesoporous 

structure where the host presents surfaces with all possible 3D orientations. Even if 

incorporating perovskite into a mesoporous structure should not result in a highly ordered 

structure, preferential orientations are still found. For the pipetting cells, the proportion of 

orientation 1 is lower in the corners of the cell, as compared to the center. This could be due 

to a difference of diffusion of the components of the perovskite precursor solution as it is 

known that the AVAI additive can interact with TiO2 and ZrO2[318]. It seems that the process 

used for the inkjet cell leads to a fairly homogeneous deposition of the perovskite. In all cases, 

the combined proportions of both orientations 1 and 2 never exceeds 60%, contrasting with 

the spin-coated case, where the same orientations represent up to 90% [315][316]. 
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Figure 54: For « pipetting » and « inkjet » solar cells, before and after maturation step, a) UV-Visible absorbance spectra 
(normalized at 0.2 on perovskite band gap), b) Raman spectra performed at the center, c) Photoluminescence spectra, d) 

Raman spectra performed in the corner of the solar cells 
 (UV-visible and Raman spectra were performed on opened solar cell after removal of carbon layer)   

This study was completed by other analyses. The perovskite material of the different cells 

seems to have quite different optoelectronic properties. UV-Visible absorption analyses were 

first conducted, Figure 54 a). They all have a main transition near 780 nm, characteristic of the 

3D phase of perovskite[319]. The bandgaps were evaluated and measured 1.59 eV for all types 

of cell. First, for inkjet devices, we note a flatter pattern than for pipetted ones. This could be 

related to the perovskite infiltration process used as a flat absorbance pattern is reported to 

correspond to a perovskite layer with either lots of voids between crystals or holes[302][320]. 

For matured pipetted solar cells, we note the appearance of new transitions around 350 nm 

and 420 nm. According to the literature, these phases can be associated respectively with the 

formation of hydrated MAPbI3 and 2D MAPbI3 phases [298][299][6][301]. In the presence of 

AVAI, a 2D perovskite, possibly with a stoichiometry of (AVA)2PbI4 can be formed. As the 

ammonium valeric acid moiety can adsorb on the TiO2 and ZrO2 surfaces via its carboxylic acid 

group[6], this could lead to a suppression of defects in these layers. This type of PK was also 

reported to present a better stability than pure 3D MAPbI3[171]. For the other monohydrated 

perovskite phase, this is probably an effect of the treatment of maturation occurring in 

temperature and humidity. This means that the maturation process promotes the formation 

of two others phases based on PK phases, with one of her apparently beneficial for the cell’s 
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behavior. Nevertheless, for the matured “inkjet” cells, we do not note the formation of such 

phases, only an intensification of the phase around 550 nm, characteristic of the PbI2. It is 

however known that a small amount of PbI2 can play the role of passivating agent and be 

beneficial for PV performances[321]. 

Next, Raman analyses were performed to track the changes in chemical functions within the 

perovskite. The spectra obtained are presented in Figure 54 b) and d). In order to better scout 

the perovskite phase, the carbon paste was peeled out of samples just before the analyses. 

The Raman analyses were thus performed on the PK+ZrO2 surface, which is confirmed by the 

fact that we do not observe the TiO2 specific peaks (143 cm-1, 196 cm-1, 395 cm-1)[322]. Thanks 

to the work of Jain et al. [323] and Selvarajan et al. [324], the different bands could be 

identified. The band at 80 cm-1 is attributed to the symmetric and asymmetric breathing mode 

of the PbI6 octahedron. This peak, when shifted towards larger wavenumbers, can also be 

used to track the formation of the PbI2. The band at 145 cm-1 is characteristic of the perovskite, 

and more specifically to its MA group. This vibration is important because it results from the 

intercalation of MA+ in PbI2 to form a fully crystalline perovskite. In the center of the cells, the 

presence of both bands (80 and 145 cm-1) can be observed, indicating the good conversion of 

the perovskite. The only difference between the two types of cells is the intensity of the signal. 

Because the experiments were performed in the same condition, a larger intensity indicates a 

larger amount of PK or a better quality of the perovskite, which is in accordance with the less 

flat UV-visible absorbance spectra pattern observed for pipetting cells. After maturation, the 

two spectra obtained for the inkjet cells are similar, indicating no physicochemical 

modification of the material during the process. In contrast, a new band at 270 cm-1 appeared 

during the maturation of the pipetting cells. It was attributed to higher ordering of the MA 

cations in a periodic system, and thus a second harmonic of the 140-150 cm-1 band[323]. In 

the cell corners, uncomplete perovskite conversion is observed for pipetted cells before 

maturation. After maturation, a completion of the conversion is evidenced, more intense for 

the pipetting cell. The first two bands are more pronounced, and we note the formation of 

the MA+ band at 270 cm-1. 

It seems that the deposition process of perovskite and the maturation step induces some 

microstructural and physicochemical modifications of perovskite. In the case of pipetting cells, 

after the maturation step:  formation of a 2D perovskite improving the charge transfer, and 

better conversion of the perovskite on the entire solar cell inducing a more ordered structure. 

In the case of the “inkjet” solar cells, a different behavior was observed with only the 

formation of a slight amount of PbI2 and a slight better conversion of the perovskite in the 

corner of the solar after the maturation. This assumes that the post-treatment step for inkjet 

cells does not really improve the PK layer itself. To go further within the maturation impact 

and scout interfaces, PL spectroscopy is shown in Figure 54 a). PL measurements were realized 

from the TiO2 side, as the opaque carbon paste do not allow to scout the other side. The 

absolute intensities measured for the “inkjet” solar cells are lower than that measured on 

“pipetting” solar cells which is in accordance with the smaller content of perovskite.  In 
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addition, the maturation step systematically induces a reduction in the PL intensity for all 

studied type of solar cells, indicating an improvement of the interfaces and a reduction of the 

recombination after maturation. On another note, Figure 55presents roughness 

measurements realized on the top carbon electrode before and after maturation for both 

deposition techniques. It can be observed that in both cases the value increases after 

maturation. This is even more pronounced for inkjet cells presenting before maturation a 

roughness close to virgin carbon paste. As observed with MEB images, the carbon layer is not 

fully filled by perovskite. However, as the perovskite precursor solution is infiltrated though 

the mesoporous layer, some perovskite could remain within carbon and the increase of 

roughness can be considered as an evidence of either a small perovskite reorganization or a 

small perovskite passivation in PbI2 compatible with an enhancement of the 

perovskite/carbon interface. 

 

Figure 55: Roughness measurements using contact profilometry on the top carbon layer 

To better understand the functional changes within the cells induced by the maturation, 

impedance spectroscopy measurements (EIS) have been conducted. This technique is widely 

used to extract the dynamic parameters within the cells. The study of the complex impedance 

in a Nyquist diagram reveals a series of semicircle attributed to resistance and capacitances. 

The experimental data may then be fitted to various types of lumped circuits, supposed to 

describe the different physical contributions in the system, in the present case the ionic and 

electronic conductions mechanisms and the polarisations at different interfaces[268]. Here 

the cells were tested under two different conditions: (1) at open circuit (OC) under varying 

illumination intensities (parameters are extracted, analyzed and plotted as a function of the 

resulting open-circuit  photopotential and (2) under non open circuit (NOC) conditions with 

varying DC potential (Voltage) with light intensity is fixed to 1 Sun. All impedance plots were 

presented in the Figure 56 and Figure 57. Our Nyquist graphs typically revealed two semi-

circles with dissimilar characteristics times, therefore observed at lower and higher 

frequencies. The specificity of the cells could be quantified with the amounts the extracted 

parameters (resistance and capacitance). For pipetting cells, the low frequency semicircle is 

really small in OC conditions, and not visible in NOC conditions before maturation stage. The 
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inkjet cells show a different behavior: only a second arc is visible after maturation under OC 

conditions and under NOC conditions, this second arc is barely visible. The equivalent circuit 

used to adjust the data was chosen from the many options in the literature. We picked one 

with few parameters (3 resistances and 2 capacitances) enough to describe the set of 

experimental results and yet contain some physical background for the parameters 

[269][325][326][327].  

 

Figure 56: Impedance plots (Z’’-Z’) measured on “pipetting” and “inkjet” solar cells before and after maturation step under a 
voltage equal to the open-circuit voltage (V=Voc) for different illumination intensities: a) 0.2 Sun; b) 0.4 Sun; c) 0.6 Sun; d) 

0.8 Sun; e) 1 Sun, f) Equivalent circuit used for fitting impedance data. 
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Figure 57: Impedance plots (Z’’-Z’) measured under variable voltage for an illumination of 1 Sun on a) and b) “pipetting”; c) 
and d) “inkjet” solar cells before and after maturation 

According to various authors, the changes in the five parameters of the lumped model may be 

attributed to physical changes within the cells. The first and most straightforward one is the 

series resistor R1, it mimics ohmic contributions of the contacts and wires. The equivalent 

circuit also includes two capacitances (C1 and C3) and two resistances (R2 and R3). The 

capacitances C1 and C3 are respectively associated with the bulk response of the perovskite 

layer and the interfacial polarization due to charge accumulation at the surfaces surrounding 

the PK. C1 is associated to relatively fast relaxation, it predominates at high frequencies (> 1 

KHz). In contrast C3 results from slower charges movement and is visible at lower frequency 

(1 Hz). With this assumption, the dielectric constant of the perovskite layer ε may be directly 

used to estimate the geometrical capacitance of the parallel plate capacitor as C1 = εε0 /d, 

where d is the layer thickness and ε0 the permittivity of the free space. C3 is attributed to 

space charges accumulation at the interfaces. R2 and R3 represents the low and high 

frequency resistance related to the recombination process at the interface of the perovskite 

and the extraction. As a result, total recombination resistance may be obtained with Rrec = 

R2+R3. 
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Figure 58: Resistances, Capacitances, Time constants under open-circuit conditions (OC) (a), b), c)) and under non-open 
circuit (NOC) conditions (d), e), f)). Under NOC conditions, parameters are plotted versus the series corrected potential 

Vd=Vappl-Vseries 

All the EIS spectra could be fitted fairly with this relatively simple model. The extracted 

parameters are presented in the Figure 58 for all studied solar cells before and after 

maturation. Under OC and NOC conditions, the C1 value is remarkably stable when the light 

intensity and the applied potential are varied, leading to a fairly constant value of 𝐶1 ≈

0.08 µ𝐹. 𝑐𝑚−2. Surprisingly the capacitance value was not altered by the thickness variations, 

shown in Figure 51. In other word the C1 value does not seem to reflect the polarization of 

the PK layer but should be related to an interface. This lumped model was initially designed 

for fitting the EIS spectra in planar structure, it could seem reasonable to adapt it to account 

for the mesoporous structure of the studied material, that develops a large amount of 

interface surfaces. In contrast, C3 was not constant and especially depended on the intensity 

of the light utilized during the EIS measurements. C3 has a very low value in the dark and 

increases gradually to reach about 1 mF.cm-2 at 1 sun. This is in line with the bibliographic 

observation, that led the authors to associate C3 with the light-induced buildup of an 

electronic accumulation zone formed by majority carrier (holes) in the vicinity of the cathode 

contact (TiO2/Perovskite interface [268]). For pipetting solar cells under illumination and OC 

conditions, the range of C3 decreases during the maturation process, with no variation of R2 

and R3. In contrast, we note an increase in C3 and R3 with no variation of R2 for inkjet solar 

cells in the same conditions. In EIS experiments, each semicircle is associated with a 

characteristic time. In the present case, two may be defined: 𝜏 = 𝑅2𝐶1;  𝜏′ = 𝑅3𝐶3, 

corresponding to high and low frequencies. For pipetting solar cells, very slight modification 

is to be noted. For inkjet cells, the maturation induces an increase in τ’ suggesting the 

accumulation of electrically charged species at the TiO2/perovskite interface.  
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The dependence of the resistance with the illumination may be described mathematically with 

an Arrhenius equation describing an activation energy [269]. This equation also allows to 

determine the nonideality coefficient. R2 and R3 were adjusted with the following the 

expression:  

𝑅 = 𝑅0𝑒𝑥𝑝 (
−𝑞𝑉

𝑚𝑘𝐵𝑇
) 

Where R0 is the pre-exponential coefficient, q is the electron charge, kB is the Boltzmann 

constant, T is the temperature, and m is the nonideality factor. The recombination resistance 

or charge transfer resistance Rrec within the cells may be simply determined with the addition 

of the two resistances R2 and R3 [269]. The Figure 58 c) displays the result of this calculation 

as a function of the light intensity. The samples presented a very similar slope, suggesting the 

meaningful determination of the nonideality factors. This useful parameter helps understand 

the recombination process in solar cell.  Its absolute value allows to identify the nature of the 

mechanisms. The tested materials may be divided in three categories corresponding to 

discrete value, m=1 for band-to-band, m= 1.5 to band-to-defect within the absorber bulk, m=2 

for the band to defect recombination at the space-charge region in the vicinity of the surface. 

In summary the smaller m values indicate better cells, closer to ideality. In the case of the 

pipetting solar cells, the maturation step induces a decrease in m from almost 2 to close to 1. 

This clearly reveals that the maturation improves the recombination process for pipetting 

solar cells. As little variation in the R3 and C3 parameters is observed after maturation for 

these cells, it seems that this recombination improvement is partly due to a change in the 

perovskite layer. This seems entirely in line with the results obtained previously. In contrast, 

the m value increased after the maturation for inkjet cells, favoring the band-to-defect 

recombination process. Indeed, only a variation of parameters C3 and R3 seems to be 

observed after maturation, indicating essentially a modification of the interfaces and probably 

the one between TiO2 and perovskite. This seems to confirm the results obtained previously, 

which indicates little modification of the perovskite layer microstructure after maturation. 

Under NOC conditions, an exponential dependence is observed at high DC potential but 

becomes flat as the experiment approaches SC conditions, which suggests that the device is 

ruled by the shunt resistance at fixed light intensity and low applied bias. The transition 

between the two regimes occurs at voltages right below the maximum power point (MPP) of 

the corresponding J(V) curves. At high voltage, the behavior is similar than that observed 

under OC conditions. Concerning the maturation impact, we note after maturation a shift of 

the transition to higher voltage for all studied solar cells, probably explained by a shift of the 

MPP, inducing an improvement of the performance after the maturation step. As under OC 

conditions, C1 is constant whatever the tested potentials and similar for all tested solar cells 

before and after the maturation. This is in agreement with observations under OC conditions. 

An increase in C3 was observed for inkjet solar cells after the maturation process. There are 

also variations for parameters R2 and R3 but much less marked than in OC conditions. For 

pipetting solar cells, no variation was observed. Globally, the trends are similar for both types 
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of solar cells, whatever the tested conditions (NOC and OC), which seem indicate only a 

modification of the interfaces for inkjet solar cells after the maturation step. 

In addition of all conducted analyses, it seems also relevant to take an interest on the detailed 

procedure for measuring the PCE in solar cell. For instance, many authors have noticed that 

varying the scan rate can directly alter the results. In our case, we have noticed that the shape 

of the J(V) curve strongly varied depending on the scan rate. The J(V) curves presented in 

Figure 59 (b-e) are measured in reverse scan at variable scan rates comprised between 1 mV/s 

and 1000 mV/s. 

 

 

Figure 59: a) Schematic representation of the electrons and holes shifts into the solar cell;  
J(V) measurements performed at variable scan rates comprised between 1 mV/s and 1000 mV/s for pipetting solar cells: b) 

before maturation, d) after maturation and for inkjet solar cells: c) before maturation, e) after maturation; f) Representation 
of the key parameters extracted from JV measurements 

 

A major problem with the configuration of HTM-free devices with a zirconia buffer layer is the 

relatively long distance (~ 1μm) that the holes must travel to reach the conductive carbon 

cathode as illustrated in Figure 59. Incident light in the visible range that reaches the solar cell 

is mainly absorbed in the first few hundred nanometers of the cell's perovskite layer, which 

means that most of the electron-hole pairs are generated near the photoanode. Therefore, 

free electrons can be extracted quickly by simple injection into the mesoporous titanium, 

while the generated holes must pass through the mesoporous zirconium oxide to reach the 

carbon contact. This can lead to an imbalance in charge extraction, which often results in 

hysteresis behavior as well as the appearance of a "bump" in the reverse J(V) scan. This bump 
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begins to shift towards lower voltage while increasing the scan rates. Besides, as highlighted 

in Figure 59(b-e), this phenomenon is due to a transition from a stable state (at low scan rate) 

to a metastable one (fast scan rate), where in both cases there is no bump effect, by a relaxion 

mechanism from where we can estimate a characteristic time (not presented here, in study 

elsewhere in the lab). As shown in Figure 59, it appears that the maturation stage reduces the 

amplitude between the stable and the metastable states, by mainly increasing the stable state 

Jsc. Consequently, it seems that this process leads to an improvement of the charge transfers 

within the cell. For pipetting cells, this seems to be partly confirmed by the previous results 

which show an improvement of the microstructure, the formation of a 2D PK phase, limiting 

the formation of defects and by the IS measurements showing an improvement of the 

recombination process. In the case of inkjet cells, other elements may explain these results. 

Indeed, the fact that the characteristic time of low frequency processes characteristic of 

charge transfer at the TiO2/PK interface increases can partly explain the decrease of the 

appearance of this bump. In literature, one of the strategies used to limit this phenomenon is 

the introduction of CuSCN in the perovskite to accelerate the mobility of the holes [91].   
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Conclusion 
 

 

Figure 60: Schematic representation summarizing the performance of pipetting and inkjet cells after maturation 

To sum up, the mechanism of a beneficial maturation process was here studied though two 

different perovskite deposition processes. The studied solar cells consist of a triple 

mesoporous layer TiO2/ZrO2/C where the perovskite is added as a final step either by pipetting 

or inkjet. Once the devices are completed, they undergo or not a maturation step during 150h 

at 40°C with 75% of relative humidity. This study successfully demonstrated that this post-

treatment improved the photovoltaic performances of the cells whatever the infiltration PK 

method used. This enhancement was certified by many characterizations: J(V) measurements, 

LBIC, MEB, XRD analysis, Raman, UV-visible and PL spectroscopies and Impedance 

spectroscopy. As a result of the maturation, the PCE greatly increased from 10.5% to 14% and 

from 10% to 14% for pipetted and inkjet cells respectively. This increase is mainly due to the 

appearance MA+ in pipetted cells improving the charges transfer with more ordered PK 

structure. Moreover, the formation of a 2D MAPbI3 phase detected in the UV measurements, 

allows the formation of a better interface between perovskite and TiO2 electron transport 

layer reducing the defects. Whereas for the inkjet cells, an homogeneous aspect is noticed in 

LBIC and MEB images with the same PK amount in the middle as in the corners of the cell, 

which is not the case for pipetted cell. PbI2 appearance after maturation, led to lower 

crystallinity rate for inkjet cells. These devices undergo a C3 decrease detected in impedance 

spectroscopy causing accumulation of surface charges at the TiO2/perovskite interface. 

However, PL spectroscopy highlights a reduction of the recombination after maturation, 

which should thus occur to the carbon/perovskite interface according to the roughness 

measurements. To further investigate the impact of the maturation step on stability of the 
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recent studied devices, aging campaigns were conducted in the next chapter where damp heat 

85°C/85% R.H. tests were applied. 
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Supplementary information 
 

 

Figure 61: J(V) measurement of a pipetted cell with and without a mask before and after maturation 
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Introduction 
 

Intensive efforts have been recently made to enhance the power conversion efficiency of 

perovskite solar cells like optimizing the perovskite and interfacial layers or the deposition 

method of the active layer or the post treatments. In this manuscript, two deposition 

processes of perovskite were compared: the first one, called "pipetting process" (single 

injection of the perovskite solution at the center of the solar cell) and the second one called 

“inkjet process” (several injections similar to a printing process). As demonstrated in the 

previous part, these solar cells do not achieve their maximal performance at the end of the 

manufacturing, but require a so-called maturation process. After a “running-in” period of 150h 

at 40°C/75% RH, the performance of these cells improves from about 10% to roughly 14% for 

both pipetting and inkjet cells. The mechanisms at the origin of this maturation have been 

largely described in the previous section. To cut a long story short, the large increase mainly 

results from the improvement of the charger transfers due to a passivation either from 2D 

MAPbI3 or PbI2 formation depending of the perovskite infiltration process used. 

 

Figure 62: a) C-PSC cell architecture with a simplified representation of the perovskite deposition processes (active area = 
12*12.5 mm2); b) Dimension of solar cells after encapsulation (glass-glass laminated with a Surlyn gasket sealant, 

represented by a blue line) 

In this study, the stability of these perovskite solar cells has been evaluated under damp heat 

conditions. The architecture as well as the geometry is shown in Figure 62. The main objective 

of the present study is to evaluate if the long-term stability of the cells may be altered by the 

perovskite deposition process or the maturation step. Various types of cells were therefore 

subjected to accelerated aging at 85°C/85%RH for 3000h. The performance of about 5 cells 

from each batch was monitored at regular time intervals. Other cells were also prepared, and 

aged with the same conditions to track possible structural and chemical changes within the 

active layer. A detailed study of the correlation among this large series of results, allows to 

develop new insight of the performance and the degradation mechanisms of these type of 

solar cells.  
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Results and discussion 
 

The Figure 63 presents the variation of PV parameters of the studied solar cells during the 

aging campaign. As mentioned, at initial stage matured solar cells show better performance 

as compared to the freshly processed counterparts, Figure 63 d). As a tradeoff, the cells exhibit 

a significant decrease in performances during the first day of aging up to 220h. They 

interestingly ended up to PCE very close to that of non-matured solar cells. The latter where 

found relatively stable during this first step, “Phase 1” in Figure 63 d).The changes in the PCE 

in matured cells were governed by a decrease in both Jsc and Voc (Figure 63 c)) and (Figure 63 

e)).This combination of results suggest that the maturation step presents little interest on a 

practical standpoint. The performances improve only momentarily, and the overall energy 

production is not altered significantly.  

A comparison of the processing condition reveals a balance between both inkjet cells with a 

better Voc, and we can note that Voc of inkjet solar cells are better throughout the aging 

campaign than the ones of pipetting solar cells, contrary to Jsc, which is similar for all tested 

solar cells during this phase 1. This leads globally to a decrease in FF for pipetting solar cells 

(Figure 63 b)) up to 220h, whereas this parameter is globally stable for inkjet solar cells. For 

all tested solar cells, the Rs value is relatively weak during this stage, Figure 63 f). After this 

first stage of aging, a continuous decrease in performance can be observed for inkjet cells, 

whatever the initial treatment. It is the second phase of aging, called Phase 2 in the Figure 63 

a). After 1000 hours of ageing, these cells show performances too low to be qualified as 

functional. We note a more important degradation of the performances for the matured cells. 

This decrease of performance is partly explained by the decrease of Jsc, which is also more 

important for the matured cells, then at the end of aging by a drastic increase of the Rs. The 

FF and Voc parameters of inkjet cells are globally quite stable during these 1000h of aging. 
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Figure 63: Variations of PV parameters (Power Conversion Efficiency (PCE) presented respectively in normal and logarithmic 
scales (a; d); Fill Factor (FF) (b); Short Circuit Current density (Jsc) (c); Open circuit voltage (Voc) (e); Series resistance (Rs) (f)) 

during aging campaigns for “Pipetting” and “Inkjet” solar cells with (m) and without (w0) the maturation pre-treatment 
step. (J(V) measurements performed at 4mV/s in reverse scan) 

For the pipetting cells, we note three additional aging phases, called Phases 2, 3 and 4 on 

Figure 63 a): after the decrease of performances observed in Phase 1, a reincrease of the 

performances is observed until 1130h of aging to reach quasi initial performances (Phase 2), 

then a decrease until 2750h of aging (Phase 3), followed by a slight increase till 3000h (Phase 

4). It is important to specify that the matured cells present higher performances during phase 

2 then a quite similar behavior for both types of cells in phase 3 to end with a slight 

performance increase for non-matured cells in phase 4. The increase in performance observed 

during phase 2 is explained by an increase in FF, Jsc and Voc, Figure 63 b), c) and e). The 

performance decrease observed at phase 3 is mainly due to a decrease in Jsc Figure 63 c). The 

improvement at phase 4 is essentially induced from the Jsc and Voc increase. On another note, 

the Rs increases for pipetted cells till 500h in correlation with the PCE decrease, this parameter 

remains then low till 2000h in accordance with the PCE reincrease. It increases again at the 

end of Phase 3 explaining the PCE decrease, followed by a slight decrease coordinating with 

the PCE increase in Phase 4, Figure 63 f).  

Consequently, even if the two types of cells (pipetting and inkjet) present a similar 

architecture, the process of deposition of the perovskite seems to have a determining effect 

on the long-term stability of these devices. The inkjet cells present a rather low stability, at 

1000h no more cell is functional, while the pipetting cells have yields close to 8% at 1000h of 

aging and 4% at 3000h. It seems that the mechanism of degradation is different, since the 

degradation of the performances for the inkjet cells is partly due to a fall of Jsc, which is 

generally rather traditional. For the pipetting cells, the first decrease of performance is due to 

a decrease in Jsc, Voc and FF, then the reincrease in performance is partly due to variations in 
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Voc and FF, and after the major decrease is mainly caused by the Jsc variation whereas the slight 

improvement at the end of the aging is originating from a Voc and Jsc increase.  

A major problem with the configuration of carbon-based devices is that the high temperature, 

needed to obtain an optimal carbon layer, implies a post-deposition of perovskite. If this post-

deposition of perovskite is an advantage for a clean industrial process development, it implies 

first the use of an insulating mesoporous zirconia buffer layer between electron transport and 

carbon layers. According to previous results, it seems rational to interpret the stability 

difference between inkjet and pipetted devices by the fact that less precursor solution was 

used. This should lead to a lower stock of perovskite materials to face ageing, leading quickly 

to a non-sufficiently filled ZrO2 mesoporous layer, resulting in insulating devices. 

In addition, the relatively long distance (~ 1μm) that the holes must travel to reach the 

conductive carbon cathode could engender another problem which is visible on our J(V) 

curves. The later generally show significant hysteresis (see Figure 73 in supplementary info), 

are very variable depending on the scan speed used, and may show a more or less significant 

bump. To better understand the first phase of aging, an in-depth study of this bump 

phenomenon was carried out and represented in Figure 64. 

 

Figure 64: a) Variations of minimum and maximum Jsc values (from J(V) measurements performed at different speeds) as a 
function of aging time for “pipetting” and “inkjet” solar cells with and without pre-maturation; J(V) measurements 

performed in reverse scan at different speeds as a function of aging time for unmatured (w0) and matured (m) pipetting 
(respectively b) and c)) and inkjet (respectively d) and e)) solar cells. 

When the scan speed of the J(V) measurement varies from 1 mV/s to 1000 mV/s, we note an 

important variation of the curve obtained, with for these two limit speeds mainly an increase 

of the Jsc, for example from approximately 12 to 20 mA.cm-2 for a not matured pipetting cell 

in the initial state. No bump is observed for these two speeds, which is why the J(V) curves 

obtained at low and high speeds will be called stable and metastable states respectively. When 

intermediate scan speeds are tested, we note the appearance of a bump, as shown in Figure 

64b), c), d) and e). 
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As shown in Figure 64 b), c), d) and e), this bump phenomenon seems to be particularly intense 

and visible at initial state to completely disappear after 120h of aging, whatever the cell type 

studied. We can also observe that the difference between the Jsc obtained in the stable and 

metastable states seems to be very important at the initial state to become null during the 

aging. These two parameters were therefore chosen and plotted as a function of aging time 

for all the solar cells tested, Figure 64a). In the initial state, we can observe that whatever the 

type of cell, the value of Jsc-max is identical, only the value of Jsc-min varies. Globally the difference 

between these two parameters is more important for non-matured cells than for matured 

cells. As mentioned in the previous section, one of the mechanisms observed during the 

maturation phase is the improvement of the electron and hole transfers to the electrodes of 

the cell. As shown previously for the J(V) measurements, phase 1 occurs up to 120-200h. The 

study of the J(V) measurements as a function of the speed and more particularly of the 

difference between Jsc-max and Jsc-min shows that this phase can be divided into three sub-

phases. Up to 48h, Jsc-max remains relatively stable, close to 20 mA.cm-2 except for inkjet solar 

cells, which showed a slight decrease in this parameter. During this stage, Jsc-min is globally 

stable for matured solar cells, whereas an increase in this parameter is observed for non-

matured cells, inducing a decrease of the gap between these two parameters. This also 

explains the increase of FF and the Rs decrease observed for non-matured solar cells 

respectively in Figure 63 c) and f). This step seems to resemble a maturation or post-

maturation step, with the objective of improving charge transfer within the cell, essentially by 

balancing electron and hole transfer rates explaining the performance approach of non-

matured cells to matured ones during phase 1 demonstrated in Figure 63. This also explains 

the increase of FF and the Rs decrease observed for non-matured solar cells respectively in 

Figure 63 c) and f). Between 48h and 96h, a significant decrease of Jsc-max and to a lesser extent 

of Jsc-min is observed, so that at 120h, all the cells studied present an identical Jsc-min and Jsc-max. 

The bump phenomenon has completely disappeared indicating a good balance of the charge 

transfers within the cell. This confirms the previously shown J(V) results, which indicate that 

the matured and non-matured cells present identical performances at 120h. We can therefore 

see this phase as a culmination of the maturation phenomenon, induced for matured solar 

cells by the post-treatment performed just after the process and for non-matured solar cells 

by aging from 100h to 85°C/85%RH. Thus, the solar cells studied in this thesis presenting a 

somewhat special architecture have the particularity of presenting a transient phase after 

their process, during which the transfers of load within the cell must be balanced. There is a 

slight lag between the pipetting and inkjet solar cells, probably explained by the fact that the 

performance is not only influenced by the Jsc. After 120h, during phase 2, similar values for Jsc-

min and Jsc-max are still observed, confirming the disappearance of this bump phenomenon. For 

pipetting cells, we observe a maintenance of the values of Jsc-min and Jsc-max, whereas a 

significant decrease of these parameters is observed for inkjet cells. These results are in good 

agreement with those presented previously, even though for the first 100 hours we move over 

the bump at intermediate speeds. 
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To elucidate the degradation mechanisms occurring during phase 2, a set of characterization 

methods were used. In addition to the J(V) measurements, classically performed during aging 

tests, imaging techniques allowing to better evaluate the local performance of a cell have been 

implemented on our devices. 

 

Figure 65: a) LBIC map for all studied cells for different aging times, the color scale represents the short circuit current 
variation; b) Variations of the LBIC measured average circuit current Isc (averaged over the active cell area, the uncertainty 

bar represents the variation over the area of one cell) during the aging campaign for pipetting and inkjet cells with or 
without maturation before T0. 

One of the techniques often used in our team is the measurement of local short-circuit current 

induced by laser beam. This last one is relatively relevant to evaluate the local performance 

of a cell. As it has already been shown, in the initial state, inkjet cells are much more 

homogeneous in terms of local performance than pipetting cells. It is also possible to see that 

the maturation stage leads to a homogenization of the performances between pipetting and 

inkjet processes. Up to 120h, the transient phase, previously highlighted seems to be 

confirmed, since a clear improvement of the average LBIC-Isc observed. Then follows phase 2, 

which is divided into three sub-phases for pipetting cells. As for the J(V) measurements, the 

same sequence seems to be confirmed, indicating a good correlation of the results. Up to 

500h, a stabilization or a slight decrease of the average short-circuit current is respectively 

observed for the non-matured and matured pipetting cells, confirming the previously 

observed PCE and Jsc results. Still, we note much smaller variations for the LBIC measurements 

than for the J(V) measurements. It is also important to reiterate that the J(V) measurements 

are performed with a 0.64 cm2 mask while the LBIC measurements provide an overview of the 

entire active surface of the cell (1.5 cm2). Thus, it appears that the center of the cell 

experiences more performance changes than the edges. We then note an increase of this 

parameter until 740h and then its decrease up to 2750h of aging to be slightly increasing till 

the 3000h in correlation with the PCE and Jsc variations observed in the J(V) measurements. 

The maps for the two pipetting cells are very similar at 240h and 1000h, confirming the 
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excellent stability of these devices. Then, a constant decrease in local current measurements 

is observed. We can note a small stabilization at the end of aging (between 2500h and 3000h 

of aging). These observations are in full agreement with the J(V) measures previously studied. 

At phase 1, we note an LBIC-Isc increase for non-matured inkjet cells as for pipetting ones 

explaining the Jsc-min increase in Figure 64 a) and reaching the same level than matured cells 

whatever the process used. After 120h, i.e passing to the phase 2, a continuous decrease of 

the average LBIC-Isc is observed for both types of the inkjet cells confirming the results of the 

J(V) measurements. The results seem to be a little less correlative with the J(V) measurements 

for inkjet cells at this aging time since LBIC-Isc is not so much altered as J(V)-Jsc. But, like for 

PCE and Jsc, the decrease of LBIC-Isc is much smaller for inkjet non-matured cells than for inkjet 

matured-cells. 

 

 

Figure 66: a) PL imaging photos for all studied cells for different aging times, the color scale represents the 
photoluminescence intensity variation ; b) Variation of photoluminescence intensity measured by imaging (averaged over 
the active cell area, the uncertainty bar represents the variation over the area of one cell) during the aging campaign for 

pipetting and inkjet cells with or without maturation before T0. 

Our PV results can be combined with photoluminescence imaging. The results are presented 

in the Figure 66. During the phase 1, no strong evolution of PL emission of solar cells can be 

observed. After 120h, the behavior is very different following the solar cell type. For pipetting 

solar cell, a stabilization in the PL signal during phase 2, respectively to that observed in the 

PCE with a slight decrease at 1100h explaining the PCE increase at the end of this phase. 

Nevertheless, we note no difference between non-matured and matured solar cells, contrary 

to the previous results where matured cells showed a quite better performance. This 

technique may not be sensitive enough, the spectroscopy analyses will probably go further. 

Recall that this technique is more used for observations of homogeneity of PL emissions. 

Concerning this aspect, we note a quite homogeneous signal with only a few defects during 

the phase 2 for pipetting cells, confirming the good quality of the encapsulation till 2000h of 
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aging. Then, the PL mapping show more pronounced defects and heterogeneous PL increase, 

highlighting the degradation effect and in correlation with the PCE decrease at this stage. This 

is confirmed by the plot in Figure 66 b since a slight increase in the uncertainty bar was 

observed with the aging time. Regarding the inkjet solar cells, a different trend has been 

observed. The PL imaging show a non-homogeneous signal since the beginning of phase 2 with 

a large number of observable defects for non-matured cells and a high and continuous 

increase of PL for matured cells up to 1000h. It seems that these cells are much more sensitive 

to aging. The uncertainty bars plotted in Figure 66 b also confirms the more heterogeneous 

degradation increasing with aging time. One again, the lower quantity of perovskite used to 

fill the mesoporous scaffold probably lead more rapidly to voids within the perovskite layer. 

In addition, we note the appearance of a square for matured solar cells indicating a 

preferential degradation of the area subject to illumination during measurements J(V) (use of 

a 0.64 cm2 square mask in order to avoid measuring potential non-filled border areas in the 

case of pipetting process). The observed variations seem however to be in relatively good 

agreement with the results previously shown. One can just notice a difference in behavior 

between matured and non-matured cells, apparently not obvious when studying performance 

variations during aging. To conclude, deepening of these results seems interesting to be 

conducted using photoluminescence spectroscopy. 

 

Figure 67: Photoluminescence spectra during aging for a) pipetting and b) inkjet solar cells; Variation of c) maximum 
emission intensity and d) wavelength at maximum emission intensity as a function of aging time for pipetting and inkjet 

solar cells with or without maturation before T0. 
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The photoluminescence spectroscopy results are presented in Figure 67. As with other 

characterizations, the transient phases are also visible, Figure 67c). The difference in behavior 

between the inkjet and pipetting cells is clearly confirmed. For pipetting solar cells, after a first 

PL decrease for non-matured cells in phase 1 to reach matured value and thus confirming the 

occurring of a post-maturation of non-matured solar cells by the first 100h of aging, a slight 

increase in maximum signal intensity is then observed during all aging. This increase is much 

more drastic for inkjet solar cells, with clearly more marked degradation for matured solar 

cells. As a result, the recombination mechanism seems clearly affected by aging for this type 

of cells. Moreover, the good stability of the pipetting solar cells also seems to be confirmed 

by this technique. Regarding the variation of the wavelength to the maximum intensity of 

emission peak, a significant increase in early aging can be observed during the first 500h for 

all solar cells. This redshift probably indicates an improvement in the crystalline 

microstructure of perovskite during phase 1. 

 

Figure 68: UV-Visible reflectance spectra performed on complete cells (FTO side) during the aging campaign for a) pipetting 
and b) inkjet solar cells, c) Variation of reflectance value at 600 nm versus aging time for all solar cells studied 

 

To correlate these results with potential degradation of the active layer, UV-Visible 

spectroscopy analyses were performed. These results are presented in Figure 68 and Figure 

69. Two types of analyses were carried out: reflectance analyses allowing follow-up 

throughout aging since this is a non-destructive test, and absorbance analyses which require 

the opening of the cell and the peeling of the carbon layer. While the latest analyses are more 

relevant, they are destructive and could not be done as frequently during the aging campaign. 

As shown in Figure 68 a) and b), the bandgap of 3D MAPbI3 perovskite constituting mainly the 

active layer is clearly observable in reflectance and is around 780 nm. Thanks to the Tauc plots 

presented in inset, we can see no evolution with aging of the bandgap at 1.59 eV regardless 

of the type of solar cell. Although this may seem a bit surprising, the degradation of perovskite 

must be significant enough to observe a change in the bandgap[328], and according to the 

high of reflectance difference around MAPbI3 transition it is obvious that MAPbI3 is always 

present in a consequential quantity at the end of all ageing campaigns. With this technique, 

however, it was possible to observe a non-negligible increase of the reflectance of the global 

spectra (from 200 to 1100 nm). Since the reflectance is increased all over the observation 

range, this does not signify the observation of a degradation product but more a modification 
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of the filling of the device. Indeed, it was measured that a Glass/TiO2/ZrO2/C stack without 

perovskite possesses a reflectance level higher than both pipetting and inkjet filled stacks at 

T0 (see SI-Figure 74). 

In order to compare the different cells studied, the reflectance level at 600 nm was plotted as 

a function of aging time for all the cells studied, Figure 68 c). If a similar slope was firstly 

observed for all devices until 500h, pipetting cells then stabilized which is related to the re-

increase of PCE observed while inkjet cells continue its rise. There is also a more intense 

increase for matured inkjet solar cells, confirming their greater sensitivity to aging. These 

results appear to be consistent with previous results. Indeed, less filling perovskite inside 

inkjet devices compared to pipetting ones already allows a higher reflectance level at T0. Then, 

the degradation or amorphization of perovskite allows the pursuit of the reflectance level 

increase to converge towards the level of a stack without PK. The low stability of the inkjet 

solar cells seems to be confirmed and the drop-in performance observed during the ageing 

campaign, contiguous to a significant decrease in the Jsc, seems partly explained by a 

significant reduction of the perovskite layer. By the way, it is possible to observe the 

emergence of perovskite degradation by-products on reflectance spectra for inkjet devices at 

1000h with the presence of a transition with a 400 nm bandgap, corresponding to hydrated 

MAPbI3[299][298]. To observe PbI2 transition, one should continue the aging campaign long 

after the reaching of null PCE values, see in SI-Figure 75Figure 75: UV-Visible reflectance spectra 

performed on unmatured and matured inkjet cells at 1600 hours of aging (after the 1000h aging time 

corresponding at PCE=0). the reflectance spectra at 1600 hours for inkjet cells. Pipetting solar 

cells appear to be much more stable. This may seem a priori surprising, since these two devices 

have a similar architecture. Only the deposition process of perovskite differs. But as shown in 

the previous part, the thickness of the perovskite layer in the inkjet solar cells is much lower 

and the resulting microstructure appears to be more defective than that obtained in the 

pipetting solar cells. It can be assumed that this perovskite is much more sensitive to aging. 

 

Figure 69: UV-Visible absorbance spectra performed on opened cells after carbon layer peeling as a function of aging time 
for a) pipetting cells and b) inkjet solar cells. 
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To better understand the performance variations, especially for pipetting cells, additional UV-

visible analyses were performed on opened solar cells after peeling the carbon layer. The 

Figure 69 presents the obtained Absorbance spectra at different aging times for pipetting and 

inkjet solar cells. At the initial state, we can note the presence of others compounds such as 

monohydrated perovskite, 2D perovskite and PbI2 at respectively about 350, 450 and 550nm  

These attributions can be done thanks to several literature works[298][6][300][301][299]. For 

pipetting solar cells at T0, monohydrated and 2D perovskites are present for matured solar 

cells, while for non-matured solar cells, only a slight wave could be distinguished for 2D 

perovskite. In the case of inkjet solar cells at T0, we do not notice the formation of such phases 

only an intensification of the PbI2 peak appearing around 550 nm for matured solar cells. After 

500h of aging, a disappearance of 2D and monohydrated perovskites is observed for pipetting 

cells, PbI2 is still present and even increases during aging for all cells. For pipetting cells, the 

perovskite spectra flatten out to be close to the one of inkjet cells at T0, which is compatible 

with a less compact perovskite phase as highlighted also by the previous increase of 

reflectance level between 0 and 500h of aging. According to the zoom presented in Figure 69 

a, a slight continuous increase of PbI2 is observable during aging of both pipetting cells. For 

inkjet cells, a significant increase of PbI2 is observed between 0 and 500h of aging, then 

followed by the presence of monohydrated  MAPbI3 before 400nm. Finally, there is also no 

variation in the 780 nm transition attributed to the majority 3D MAPbI3 perovskite phase till 

the end of aging. 

 

Figure 70: XRD patterns evolution during aging for of a) non-matured pipetting solar cells, b) matured pipetting solar cells, c) 
non-matured inkjet solar cells, d) matured inkjet solar cells. 
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The Figure 70 presents the results of XRD analyses performed on pipetting and inkjet solar 

cells during the aging campaign. Through careful analysis of the diffractogram, it is possible to 

evaluate a relative crystallinity rate as well as the proportion of certain phases such as 

perovskite monohydrate and PbI2, Figure 71. For pipetting solar cells, we can observe that the 

crystallinity rate decreases up to 500h and then increases to a value very similar to the initial 

state at 1000h, then decreases up to 3000h. Little impact of maturation is visible. We also note 

the increase in the proportion of the monohydrated perovskite phase at 500h, then its 

complete disappearance at 1000h till the end of aging. As this compound seems to be present 

in UV-Visible spectroscopy and increased during aging, it seems indicated that its 

crystallization is possible up to 500h, then completely disadvantaged afterwards leading to its 

amorphous phase. Thus, the drop-in performance observed for the pipetting cells from 120h 

to 500h is probably explained by a decrease in crystallinity and the apparition of this 

monohydrated perovskite phase. Then, a phenomenon of reorganization of the 

microstructure of the perovskite allows an increase in the rate of crystallinity, allowing an 

increase in performance between 500h and 1000h, with a level equivalent to the initial 

performance. According to literature, the formation of monohydrated perovskite may be 

reversible[299]. It is thus possible to hypothesize that the 85°C temperature during aging leads 

to a recrystallization of MAPbI3 perovskite from the hydrate, water vapor may be captured by 

the surlyn gasket. After 1000h, the PbI2 formation keeps increasing to reach around 8% and 

12% for non-matured and matured cells respectively after 3000h of aging in accordance to the  

decreasing crystallinity PK rate. This explains the drastic drop of the PCE meaning the major 

conversion of the perovskite into the degradation compound PbI2. 
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Figure 71:  Variation of XRD relative crystallinity of PK, PbI2 and monohydrated perovskite versus aging time for a) pipetting 
and b) inkjet solar cells; Variation of PK orientation proportions during aging for c) pipetting and d) inkjet solar cells. 

We can observe a different XRD behavior for inkjet solar cells from that observed for pipetting 

solar cells. We can note a continuous decrease in the rate of crystallinity, which explains the 

continuous decrease in performance and Jsc after phase 1. By comparing inkjet and pipetting 

processes, it can be observed that the crystalline rates of perovskite in both cell types are 

equivalent at 1000h and 3000h of aging for respectively inkjet and pipetting cells, whereas 

these cells have fairly similar yields at the same time. It therefore seems that pipetting solar 

cells have 3 times longer lifespan than inkjet cells. There is also no formation of crystalline 

monohydrated perovskite and very few formation of the degradation product PbI2 in its 

crystalline form. Widely present in UV-Visible spectroscopy during aging, they seem almost 

non-existent in the crystalline state.  

As shown in the previous part, perovskite can crystallize under several orientations due to the 

mesoporous structure of TiO2. For both types of cells and for non-matured and matured 

states, perovskite is mainly oriented according to orientation 1. At 500h of aging, we then note 

an increase in this contribution, more important for inkjet cells and in favor of all other 

orientations including orientation 2. Thus, the decrease in the crystallinity rate observed 

between 0 and 500h is mainly due to the disappearance of orientations 2 and others. At 1000h 

of aging, there is again a decrease in orientation 1 percentage, in favor of orientation 2 and 

other orientations for both pipetting and inkjet cells. This decrease is more pronounced for 

pipetting cells. This is to correlate with the different changes in the crystallinity rate between 
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500h and 1000h for the two cell types studied, and allows to think that the previously 

hypothesized recrystallization of MAPbI3 perovskite from the hydrate in pipetting cells mainly 

lead to other orientations than orientation 1. In the case of inkjet solar cells, a decrease in 

relative crystallinity with the appearance of monohydrated perovskite and PbI2 in relatively 

high proportion mainly in amorphous form is observed over the same aging time range mainly 

originating from a degradation of the orientation 1. At 3000h of aging for pipetted solar cells, 

an increase in orientation 1 proportion is observed leading to think that the newly 

recrystallized perovskite from the hydrate is the first one to degrade in PbI2. Between 1000h 

and 3000h, a significant decrease in the crystallinity rate with a significant increase in the 

proportion of crystalline PbI2 is observed. However, perovskite orientations proportions quite 

equivalent to the initial state are found. 
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Conclusion 
 

The purpose of this section was to study the stability of pipetting and inkjet cells under damp 

heating conditions and more particularly the effect of the maturation stage. If in the previous 

part, which had as its objective the study of the maturation phenomenon, it seemed that the 

latter had a real importance on the initial performances of the cells, the study of the stability 

of the cells allows to nuance its effect. After a rather careful study of the performances, the 

PV parameters and the phenomenon of observed bumps by varying the speed of 

measurements of J(V), it seems that this phenomenon is mainly due to the specific 

architecture and perovskite (effect of AVAI) used in these cells. These cells undergo a transient 

phase during which the charge transfers in the cell must be rebalanced. As shown here, this 

transient phase is accelerated during the so-called maturation stage performed just after the 

process or occurs during the first 200 hours of aging. Then, it seems that this stage of 

maturation has little impact or at least can accelerate the degradation of cells. 

As expected, this study showed the decisive role of the process of depositing perovskite. If the 

pipetting and inkjet solar cells in the non-matured and matured states have fairly similar 

performances, the latter have quite different behaviors during aging. For inkjet cells, after a 

first soft aging phase until 200h, there is a gradual decrease in performance to obtain 

completely degraded cells at 1000h of aging. This decrease in performance is mainly due to a 

decrease in Jsc and a significant increase in Rs at the end of the ageing campaign. However, 

these cells show Voc values that are much higher than those measured for pipetting cells until 

the end of ageing. For pipetting solar cells, a decrease in performance is observed up to 500h 

of aging, followed by an increase in performance up to 1000h of aging to reach values very 

similar to the initial values, then a continuous decrease is observed till 3000h of aging. The 1st 

drop in performance is mainly due to a drop in Voc (Jsc is fairly stable) to reach values similar 

to those obtained with inkjet cells, while the 2nd drop can be explained by a significant drop in 

Jsc. For these cells between 0 and 1000h, it seems that a reorganization of the crystalline 

structure of perovskite occurs with the formation and then the disappearance of the 

amorphous and then crystalline perovskite monohydrate. Then, the mechanism operating 

during the 2nd decrease of PCE is very similar to that observed for inkjet cells and quite 

conventional. It is mainly related to a decrease in Jsc and due to a decrease in the crystalline 

rate of perovskite. 
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Figure 72: Variation PCE and Jsc versus relative crystallinity for pipetting and inkjet cells with or without maturation 

The two cell types exhibit different behaviors. As shown in the figure above, changes in PCE 

are mainly due to changes in Jsc. For pipetting cells, the increase in PCE may be correlated with 

an increase in crystallinity, which cannot be observed for inkjet cells. PCE values, Jsc and Voc 

were fairly similar to 1000h and 3000h of aging for respectively inkjet and pipetting cells, the 

rate of crystalline PbI2 is much higher in pipetting cells while the values of Rs are much higher 

for inkjet cells. Consequently, it seems that the second degradation factors of these two cell 

types are quite different, namely greater degradation of perovskite for pipetting cells and 

degradation of interfaces for inkjet cells.  
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Supplementary information 

 

 

Figure 73: Examples of J(V) measurements performed in reverse (R) and forward (F) scans at 4 mV/s for unmatured (w0) and 
matured (m) for respectively a), b) pipetting and c), d) inkjet solar cells. 

 

Figure 74: UV-Visible reflectance spectra performed on a Glass/TiO2/ZrO2/C stack without perovskite (from Glass side). 
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Figure 75: UV-Visible reflectance spectra performed on unmatured and matured inkjet cells at 1600 hours of aging (after the 
1000h aging time corresponding at PCE=0). 
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General conclusion 
 

In this thesis, the carbon-based perovskite solar cells developped by Solaronix have been 

largely studied. The easy manufacture method of the C-PSC without using a glove box and the 

reduced fabrication costs with improved devices’ stability, compared to older generations in 

the PV technology field, make our studied systems very unique and interesting to evaluate.  

In the first chapter of results, the very weak stability of C-PSC without encapsulation has been 

demonstrated. To improve this point,  an encapsulation system composed of two glass covers 

and  a sealing agent based on polymer can be used to protect the perovskite layer from 

external agents like humidity and oxygen. Several sealing agents (SG-SF-PO-PU-tPO-tPO+PIB)  

have been compared for two types of solar cells enabling the comparison of two different PK 

deposition techniques (Pipetting and Inkjet solar cells). Just after encapsulation,  SG sealing 

agent can slightly enhance the cell’s performance for both types of solar cells (pipetting and 

inkjet solar cells), whereas for the others sealing agents tested a minor PCE drop is noticed. 

All  solar cells seem to have the same behaviour during the encapsulation step except for  

tPO+PIB, which has shown a lower diffuse reflectance with a photoluminescence blueshift 

meaning a decrease in the PK grain size or a passivation during lamination given that the latter 

conditions are harsher for this sealant. Indeed, due to PIB edge-sealant thickness, strongest 

lamination conditions were needed to obtain a complete fusion of tPO overall the surface. To 

better understand the impact of the encapsulant systems on the C-PSC lifetime, our devices 

have been exposed to damp heat conditions (85°C/85% R.H).  A better durability is observed 

for pipetted cells compared to the inkjet ones. Pipetted SG cells with the less stressed sealing 

during the lamination not covering the PK area, represent  the highest stable devices with only 

20% PCE loss after 1500h of aging followed by covering films, tPO (72% PCE loss) and the PO 

(80% PCE loss). The tPO+PIB system must be detrimental for the functionality of the device 

caused by the lamination conditions with 50% PCE loss due to its Voc loss only after 100h of 

aging meaning a creation of traps within the PK layer. The worst sealant is PU film which turns 

into a soft sticky material, suffering from chemical changes at intial stages of aging and losing 

its performance up to 100h. For inkjet solar cells, a similar behaviour was noticed for tPO+PIB 

and PU films as thoses for pipetting cells. For SG, SF, PO and tPO all ended up with quite similar 

behaviour with 60-80% PCE drop up to 200 h followed by a decrease  till the end of aging 

where they become non-fuctionnal after 1000 h. Therefore, it appearss that the perovskite 

infiltration process seems to largely influence the stability of these solar cells. For both types 

of studied solar cells, it seems that the best encapsulation system is based on SG. This latter 

will be used for further study. 

To explore this aspect, in the next chapter, the role of the beneficial maturation process has 

been deepened for two different perovskite deposition techniques (pipetting and inkjet solar 

cells). We demonstrated that exposing the solar cells to 40°C and 75% R.H. during 150 h will 

improve the performances whatever the PK infiltration technique used. The PCE has increased 

from 10.5% to 14%, and 10% to 14%, respectively for pipetting and inkjet cells. It has been 
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shown that the performance are more spatially heterogeneous for pipetting cells. After this 

maturation step, this heterogeneity is less present. Thanks to a deepened study, it has been 

shown that this process induces different changes following the type of solar cells. For 

pipetting solar cells, the maturation induces essentially an improvement of the microstructure 

of the perovskite. A better organization was demonstrated by Raman spectroscopy analyses 

due to the appearance of MA+ in pipetted cells. This is confirmed by the XRD analyses which 

showed an increase in the crystallinity ratio. UV measurements showed also the presence 2D 

PK phase in allowing a better TiO2/PK interface and consequently reducing the defects. As 

shown in litterature, the charge transfer was improved with a highly ordered PK structure. For 

inkjet cells, it seems that only interfaces phenomena have been demonstrated: impedance 

spectroscopy demonstrated that after the maturation step an increase of the capacity 

associated with the TiO2/PK interface indicating an intensified phenomenon of charge 

accumulation at this interface. Moreover, PL spectroscopy proved that maturation is a 

beneficial step since its intensity decreases, meaning the reduction of charge recombinations 

at PK/CP interface. Moreover, XRD analysis indicated PbI2 presence after the maturation 

explaining the slightly lower crystallinity rate after maturation for inkjet cells. This small PbI2 

amount could even by the role of a positive passivation agent. 

Tha last chapter aims to study the stability under accelerating ageing of the pipetted and inkjet 

cells, both subjected or not to a maturation pre-treatment. The idea is to see if this initial 

maturation step plays any role on the cells lifetime. The cells were exposed to damp heat 

conditions (85°C/85%RH). Contrary to what was demonstrated in the previous chapter, the 

maturation step seems much less relevant during the stability study. Regardless of the cell 

type, at about 200h of aging, all unmatured and matured devices show similar performance. 

For the non-matured cells, we note a maturation effect during the first days of aging while for 

the matured cells, only a decrease in performance is observed. For inkjet cells, after 200h of 

aging,  a very harsh decrease in performance was noticed leading to a complete degradation 

after 1000 h. This result is due to the Jsc decrease and the Rs significant increase. For pipetted 

cells, a first PCE decrease occurs up to 500 h due to a Voc decrease, followed by an increase till 

1000 h reaching similar values than initial state related to a crystallinity increase, and  then 

finally followed by a decrease up to 3000 h caused by the Jsc drop correlated to a crystallinity 

decrease observed in the XRD analysis. In summary, it seems that pipetting solar cells have a 

much better stability than inkjet solar cells. Thanks to a complete study from device to 

material, all degradation mechanisms were elucidated and seem to be different in both types 

of solar cells: it was demonstrated that perovskite degradation is taking place for pipetted 

cells while interfaces degradation is occuring for inkjet devices.  
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Perspectives 
 

Ones a clean industrialisable process have been defined leading to efficient and stable devices, 

the major remaining issues for the commercialization of perovskite solar cells modules is the 

increase of devices durability, together with the substitution of the toxic lead PK materials as 

they could release lead within the environment after their usage. 

The durability could be further enhanced by improving the morphology of the perovskites 

films and that can mainly be done by scouting new additives to help in the crystal growth and 

the dynamics of the crystallinity. Thus should also enhance the performance of the cells. Many 

additives have been employed but to date there is no general concept as guidance to choose 

the appropriate additive. Furthermore, the relation between the additive used and the final 

perovskite stability needs to be investigated in a more systematic way to optimize how to both 

control the micromorphology and the resistance againt external factors. 

On another note, since this work showed that less PK quantity can lead to lower durability of 

performances in inkjet cells, may be it would be interesting to optimize the PK quantity in C-

PSC with for instance the thickness of reservoir mesoporous layers, or to investigate the 

potential of refilling the devices with perovskite. 

To go further, it seems also important to increase the researchs in developping lead-free 

perovskite for C-PSC devices in order to accelerate its potential for industrialization. This could 

be achieved by substituing the lead with alternatives such as Sn, Ge, Cu and much more. Bi for 

example is a non toxic element with quite similar characteristics and radius than Pb, and the 

research activity around bismuth is actually increasing. 
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Etude des mécanismes de maturation et de dégradation au sein des cellules solaires pérovskites à base carbone 

Récemment, les matériaux pérovskites hybrides organométalliques ont connu une progression dans les applications 

des cellules solaires. Grace à leurs propriétés particulièrement intéressantes : bande interdite modulable, cristallinité 

élevée, capacité de transport de charge élevée et efficacité élevée en couches minces, ces matériaux ont le potentiel 

de dépasser les limites de performance des technologies actuelles. Parmi les structures de dispositifs alternatives, les 

cellules solaires pérovskite à base de carbone semblent très prometteuses en raison de leur faible coût et de leurs 

matériaux abondamment disponibles (TiO2, ZrO2, poudre noire de carbone et de graphite), de méthodes de fabrication 

évolutives rentables et de la grande stabilité inhérente. Une solution de pérovskite (CH3NH3)x(AVA)1-xPbI3 (avec l’additif 

AVA = acide valérique d'ammonium) a été ajoutée par pipette ou par la méthode d’impression jet d'encre pour infiltrer 

les couches mp-TiO2/mp-ZrO2 à travers une épaisse couche de carbone poreuse. Afin de révéler leurs performances 

photovoltaïques maximales, ces cellules doivent d'abord être maturées sous humidité et température. Cette étape 

dure environ 100-150 h et améliore les performances de la cellule. Dans cette thèse, les deux méthodes d'infiltration 

ont été comparées en utilisant des cellules avant et après maturation afin de mettre en évidence le rôle de cette étape 

sur les performances des cellules. Pour mieux étudier la stabilité de ces cellules, des campagnes de vieillissement à une 

température de 85°C et une humidité relative de 85% ont été menées. De plus, de nombreuses campagnes de 

vieillissement ont également été réalisées avec différents systèmes d'encapsulation tels qu’un joint en ionomère 

Surlyn, un film en ionomère Surlyn, une polyoléfine élastomère, un polyuréthane thermoplastique, un film multicouche 

de polyoléfine et finalement l’addition d’un joint périphérique en polyisobutylène. Ces encapsulants ont été utilisés 

afin de limiter la perméation de l'humidité jusqu'aux cellules solaires, ce qui induirait une dégradation accélérée. Grâce 

à des techniques de caractérisation dédiées telles que les mesures J(V), les performances PV ont été évaluées. Avec les 

mesures de courant induit par faisceau laser (LBIC) et l'imagerie par photoluminescence, les performances locales ont 

été corrélées à l'inhomogénéité de la dégradation. Les modifications de la couche de pérovskite ont été enfin évaluées 

avec d'autres techniques plus courantes (diffraction des rayons X, absorption UV-visible et spectroscopie de 

photoluminescence). 

Mots-clés :  Pérovskites, cellules solaires, maturation, stabilité, systèmes d’encapsulation, dégradation 

Study of the mechanisms of maturation and degradation within carbon-based perovskite solar cells 

 

Recently, organometallic hybrid perovskite materials are experiencing a real progress for solar cell applications. Due 

to particularly interesting properties: adaptable band gap, high crystallinity, high charge transport capacity and high 

thin film efficiency, these materials have the potential to exceed the performance limits of current technologies. 

Among alternative device structures, carbon-based perovskite solar cells look highly promising due to their low cost 

and abundantly available materials (TiO2, ZrO2, carbon black and graphite powders), cost-efficient scalable fabrication 

methods and their inherent high stability. A one step (CH3NH3)x(AVA)1-xPbI3 perovskite solution (with AVA= ammonium 

valeric acid, as additive) was added by pipetting or by inkjet printing method to infiltrate mp-TiO2/mp-ZrO2 through a 

thick porous carbon layer. In order to reveal their maximum photovoltaic performance, these devices should be first 

matured under humidity and temperature. This step lasts of approximately 100-150 h and improves the cell’s 

performance. In this thesis, the two infiltration methods were compared using cells before and after maturation in 

order to highlight the role of this step on the cells’ performance. To further investigate their stability, aging campaigns 

at damp heat conditions 85°C/85%RH have been conducted. Moreover, many aging campaigns were also realized using 

different encapsulation systems such as a Surlyn ionomer gasket, a Surlyn film, a polyolefin elastomer, a polyurethane 

thermoplastic, a multilayered polyolefin and finally with the addition of a polyisobutylene external gasket. These 

sealants were used to limit the humidity permeation up to solar cells which would induce an acceleration of devices 

degradation. Thanks to dedicated characterization techniques such as J(V) measurements, the PV performance were 

evaluated. With laser beam induced current (LBIC) measurements and photoluminescence imaging, the local 

performances have been correlated to the degradation inhomogeneity. Finally, the modifications of the perovskite 

layer have been evaluated with others more common techniques (X-Ray diffraction, UV-visible absorption and 

photoluminescence spectroscopy). 

Keywords: Perovskite, solar cell, maturation, stability, encapsulation systems, degradation 


