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RESUMEN 
 

La eficiencia, el costo y la estabilidad son las tres características más importantes que 

un dispositivo fotovoltaico debe cumplir para poder considerarse como posible 

producto comercial. En los últimos años un nuevo tipo de celdas ha captado el interés 

de la comunidad científica, cuyo componente principal es una perovskita híbrida 

orgánica-inorgánica. Los dispositivos estudiados han logrado eficiencias hasta de 

20%, empleando métodos de depósito sencillos. Estos grandes avances se han 

logrado con el empleo de la perovskita CH3NH3PbI3 como material absorbedor de 

radiación, sin embargo, debido a su naturaleza, estas celdas carecen de una 

estabilidad confiable. En este trabajo se emplea la técnica de blow-drying como un 

método alterno para obtener películas delgadas de CH3NH3PbI3 a partir de soluciones 

con diferente concentración, empleando aire caliente (25% humedad relativa, 90 °C) 

como gas de arrastre y condiciones de humedad controlada durante la formación de 

los depósitos. Mediante FTIR se verificó la química superficial de los depósitos, los 

cuales mostraron cierta hidratación cuando se empleó aire a 25 °C, misma que fue 

eliminada al emplear aire caliente. Además, los depósitos obtenidos por esta técnica 

consistieron en estructuras entrecruzadas conformadas por pequeños gránulos, de 

acuerdo con lo observado mediante MEB. La cobertura de los sustratos estuvo 

influenciada por la concentración de las soluciones empleadas para obtener los 

depósitos, obteniendo un mejor recubrimiento al emplear una solución de 

concentración 0.434 M. Por otro lado, se estudió la estabilidad de los depósitos 

obtenidos al ser expuestos a ambientes con humedades de 25%. En esta prueba 

destacó la estabilidad de los depósitos obtenidos empleando una solución 0.434 M, 

cuya resistencia a la degradación se extendió a más de 12 días en ambientes con 

25% de humedad. 

 

 Palabras clave: perovskita, película delgada, blow-drying, celdas solares
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ABSTRACT 
 

Stability is still a property that limits the commercialization of perovskite solar cells. 

Thus, with the development of continuous deposition methods, it is essential to 

determine their feasibility in terms of stability and the efficiency of the devices 

produced. In this work, a hot air blow-drying (HABD) method is proposed as an 

alternative for the deposition of CH3NH3PbI3 (MAPbI) perovskite thin-films. The ability 

of HABD to produce homogeneous and stable thin-films was systematically studied 

and compared with those produced with air at standard conditions (25 °C, 25% relative 

humidity). The MAPbI thin-films were characterized by infrared spectroscopy and X-

ray diffraction revealing that air temperature rules the film hydration. Partial 

degradation after using air at standard conditions was observed in contrast with the 

stable and pure perovskite phase obtained when using air heated at 90 C°. The 

influence of solution concentration on the surface coverage was determined by 

scanning electron and atomic force microscopies. It was found that 4 µL of precursors 

solution (0.434 M) produced a homogeneous MAPbI thin-film with ~180 nm thickness 

and smooth surface (Rq ~ 29 nm) covering a 6.25 cm2 area. Moreover, the outstanding 

optical and electrical properties of MAPbI were not affected by the deposition 

procedure. Remarkably, degradation tests demonstrate that our HABD method is 

capable of producing stable MAPbI thin-films with excellent resistance to degradation 

at ambient conditions (up to 15 days), which makes it a promising low-cost and easy 

to use method for the continuous fabrication of perovskite solar cells. 

 

Keywords: perovskite, thin-films, blow-drying, solar cells 
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1.  GENERAL INTRODUCTION 
 

Nowadays, environmental concerns are a real trend. As the population grows, more 

energy is required to sustain human activities, resulting in over-exploiting natural 

resources, and generating excessive waste. Moreover, the world still depends on fossil 

fuels to satisfy the energy demand, not to mention that the world economy strongly 

depends on this issue. However, there is no way to stop fossil fuel consumption without 

risking the economy, so the strategy to stop the environmental pollution is reducing 

this fuel consumption and recurring to alternative energy sources to complement the 

energy demand.  

 

In this sense, solar energy is one of the best choices among the renewable energy 

sources available, as it can be transformed into heat or electricity. Solar energy results 

in a convenient energy source directly transformed into electricity through special 

devices known as solar cells. For this reason, several countries have relied on 

electricity generation through solar cells. Additionally, there is a constant technological 

enhancement regarding solar cells.  

 

Thanks to technological development, there are various generations of solar cells. One 

of the most recent involves the development of solar cells employing materials that 

promise to surpass the current efficiencies. To make possible the commercialization of 

photovoltaic devices, intense research is still in progress regarding efficiency, 

scalability, and stability.  

 

In this thesis, one of the materials trending in the photovoltaic research field is studied, 

the perovskite. Perovskites are known for their electrical and optical properties, which 

make possible the generation of high-efficiency solar cells, the simplicity of the 

procedures to synthesize these materials, and also are recognized for their stability 

issues.  
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1.1 The perovskite compounds. 
 

Perovskite is the name of a family of compounds which share the formula ABX3. Where 

the “A” site is usually occupied by a small cation, the “B” position corresponds to a 

heavy metal and the “X” site belongs to a non-metal ion. This formula comes from the 

CaTiO3 compound, which is referred as the model of a perovskite compound. 

Perovskites are known for its peculiar crystal arrangement which characterizes for a 

corner-sharing BX6 octahedra enclosing the A cation. Figure 1 depicts the crystal 

structure of the ideal perovskite along with the possible elements that can be employed 

to synthesize a perovskite compound. Due to the versatility of the formula, almost every 

element from the periodic table is a good candidate to prepare a perovskite.[1] 

 

 

 
Figure 1 ABX3 perovskite structure and composition: a) the corner-sharing octahedra composed of B 
cations (in blue) and X anions (colored in red) enclosing the A cation (in gray), b) elements that can be 
combined to prepare a perovskite compound, each color corresponds to a specific site[1].  

 

 

Apart from the inorganic perovskites, there are hybrid perovskites, which are 

composed of an organic cation placed in the “A” position, expanding the catalog of 
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perovskite compounds. This kind of perovskites plays a crucial role in the research 

field since they were identified as promising compounds for photovoltaic applications.  

 

1.2 Hybrid perovskites 
 

Hybrid perovskites replace the inorganic cation for a suitable organic cation in the “A” 

site. Figure 2 displays the main differences between an inorganic perovskite and a 

hybrid compound. The “A” site is usually occupied by an organic cation like the 

methylammonium (see Figure 2b). Hybrid perovskites in general, involve the use of 

lead ions and halide elements which build the octahedral structure. Moreover, due to 

the size of the organic cation employed to synthesize hybrid perovskites, structural 

distortions occur to adjust the space for the components[2].  

 

 

 
Figure 2 Compositional and structural differences between the inorganic perovskite (a) and the hybrid 
perovskite (b) compound[2]. 
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For the case of hybrid perovskite compounds, the methylammonium lead iodide is 

recognized as the reference. Several modifications taking this molecule as the basis 

can be performed, whether changing the organic part, employing mixtures of organic 

molecules, interchanging the lead ion for an equivalent heavy metal, or changing the 

composition of the “X” anion by mixtures of halogens. These modifications can lead to 

hybrid perovskite with different properties to overcome certain issues in photovoltaic 

applications. In this work, the methylammonium lead iodide was selected as the 

material of study because it is considered the base material. We employed this 

characteristic to establish a synthetic methodology that could be adapted to different 

perovskite compositions. 

 

Hybrid perovskites characterize for their optical and electrical properties, which is one 

of the reasons they are considered promising materials for high-efficiency solar cells. 

Taking the methylammonium lead iodide as a reference, it can absorb an important 

fraction of the electromagnetic spectrum. With an energy gap of 1.56 eV its optical 

absorption covers from the ultraviolet region to the near-infrared section. Additionally, 

the absorption range can be modulated by changing the composition of the “X” anion.  

 

Along with its optical absorption modulation, the electrical properties make possible 

the transport of electrical species in thin-films, which is an advantage compared with 

other materials employed in solar cells, like silicon. Over the years, important features 

like the diffusion length of electrical species, the binding energy, and the sensitivity of 

the conductivity have been studied, allowing the correlation between the high 

efficiencies in photovoltaic applications and the physical properties.  

 
Despite the signs of progress made on understanding the physical properties, it is still 

not possible to visualize the application of hybrid perovskite materials in real-life 

photovoltaic devices. The main disadvantage of hybrid perovskites is stability, which is 

an essential factor that needs to be assured in order to develop a solar cell.  Figure 3 
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depicts some of the external factors that compromise the stability of a perovskite 

compound. As can it be seen, some of the factors are highly related with real-life 

applications, like moisture and heat. Recalling that a solar cell is an outdoor device that 

must resist direct exposition to weather conditions.  

 

 
Figure 3 External factors that affect the stability of a hybrid perovskite compound[3]. 

 

 

The stability issues have become the main problem for these compounds, encouraging 

the researchers to find alternatives and develop strategies to obtain stable hybrid 

perovskites. This has given a result not only partially stable compounds but also the 

development of synthetic methodologies under environmental conditions.  

 

In the early stages of hybrid perovskite development, the synthesis of 

methylammonium iodide strictly included inert atmosphere due to the risk of premature 

degradation of the compound. During this time, the spin coating deposition technique 

was the most employed methodology to obtain perovskite thin films. The simplicity of 
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the method allowed the possibility of synthesizing thin films in an inert atmosphere box. 

However, the films needed to be stored under the same conditions until its 

characterization. 

 

Although spin-coating allowed the obtention of high-quality thin-films, the procedure 

was limited to small area deposition, which was the second problem to be overcome 

during the early stages of development. New deposition methods were required to 

achieve large-area depositions, or that could be scalable, in order to offer possible 

commercialization of perovskite photovoltaic devices.  

 

As a result, several methods were developed to obtain hybrid perovskite thin-films in 

large-area substrates. Some examples are the slot-die coating, the spray-coating, or 

the roller-coating technique. These methodologies, in combination with certain 

strategies to obtain more stable perovskite compounds make possible the adaptation 

of the synthesis to a continuous deposition of hybrid perovskite thin-films. In this work, 

a supporting method known as blow-drying was employed as the main deposition 

technique. Blow-drying consists in usually blowing an inert gas over the as-synthesized 

thin-film to eliminate residual solvent from the film and complete the perovskite 

formation. Most of the times this is a secondary methodology which comes after a spin-

coating or slot-die deposition. However, is has the potential to be employed to 

synthesize perovskite materials itself. 

 

All the advances mentioned above were achieved because of the possibility of 

synthesizing hybrid perovskite materials from precursor solutions. Another recognized 

advantage of the hybrid perovskite materials is that the reagents are salts that can be 

dispersed in specific solvents. Clearly, the management of a precursor solution is 

easier and allows the use of simple deposition methodologies or its adaptation to the 

solution deposition.  
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In general, the synthesis of a hybrid perovskite involves the chemical reaction of the 

organic compound, which is an organic halide, and the inorganic part, which usually is 

a lead halide salt. In order to disperse the reagents, a coordination solvent is needed. 

Among the solvents available, N-N, dimethylformamide, and dimethylsulfoxide are the 

most employed coordination solvents. These molecules have the capacity to 

coordinate with the lead halide salt and, at the same time, contain the organic cation. 

The formation mechanism of the perovskite compound involves the substitution of the 

coordination solvent for the organic cation. This process is promoted by the 

evaporation of the coordination solvent, which is the objective of the deposition 

method. In the case of this work, dimethylformamide was chosen as the coordination 

solvent due to its relatively high boiling point and the ease of coordinating with iodo-

plumbates, which constitutes an important step in the formation of perovskite. 

 

Because of the advantages that offer hybrid perovskites, from their synthesis to the 

application, these materials have become a real trend in the photovoltaic research 

field—resulting in important advances in high-efficiency devices and stable devices 

under laboratory tests.  

 

1.3 Perovskite solar cells 
 

Perovskite solar cells are those devices that include in their architecture a hybrid 

perovskite material. The structure of this kind of cell consists of a p-i-n heterojunction, 

where the intrinsic semiconductor is the perovskite. In order to achieve the photovoltaic 

effect, the perovskite needs to be surrounded by different semiconductors on each side 

so that when the electromagnetic radiation reaches the perovskite film, the exciton 

species (electrons and holes) are collected by specific semiconductors, avoiding direct 

recombination within the perovskite film.  

 

In a dye-sensitized solar cell (DSSC), hybrid perovskites were used for the first time, 

achieving an efficiency of 3.2%. After this application, the use of hybrid perovskites 

increased considerably, going from DSSC to mesoporous thin-films and finally to solid 
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thin-films. Along with developing its kind of photovoltaic device, the efficiencies 

obtained by these devices increased in a matter of years. Figure 4 depicts the 

efficiency achieved by perovskite solar cells compared to the efficient development of 

other thin-film devices. To date, the efficiency of a perovskite photovoltaic device is 

around 23%, which is a significant breakthrough considering that this efficiency was 

achieved in about ten years from its first application.  

 

The perovskite efficiency increase showed in Figure 4 motivates the researchers to 

continue improving the photovoltaic device production, implementing continuous 

deposition techniques, and enhancing the perovskite content to increase stability. It is 

believed that the new generation of photovoltaic devices can be developed based on 

hybrid perovskite compounds, although much work still needs to be done to achieve 

this. 

 
Figure 4 Comparison of the increase in photovoltaic efficiency for various thin-film technologies[4] 
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Thus, this work is divided into various chapters with the aim of presenting a 

comprehensive study: in chapter 2, the motivation of the project is stated, along with 

the objectives of the research work. Chapter 3 is dedicated to a well-documented 

exploration of the fundamentals, from the material to the solar cell application, closing 

with the state of the art of perovskite photovoltaics. The development of a thin-film 

deposition methodology is aboard in chapter 4, along with the corresponding 

characterization of the perovskite material and its application in a solar cell device. 

Finally, chapter 5 includes the general conclusions about the project. 
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2. MOTIVATION OF THE PROJECT  
 

Global energy consumption and the current environmental concerns require renewable 

energy sources to decrease fossil fuel exploitation gradually. As an alternative, 

photovoltaic devices offer the possibility of transforming solar energy into electricity 

cleanly. Moreover, new photovoltaic technologies are emerging in the research field, 

promising the development of more efficient devices. Among them, perovskite 

materials have shown impressive advances in the development of new generation 

photovoltaic devices. However, more research is still in progress, focused on the 

synthesis of thin-films under environmental conditions, using deposition methods that 

allow continuous production, and looking for alternatives to increase the chemical 

stability of the materials. 

Therefore, this thesis aims to provide an alternative procedure for the production of 

perovskite thin-films, which can be applied under environmental conditions opening 

the possibility to be scalable. Additionally, we have contributed by generating 

comprehensive knowledge on the stability of the materials obtained by the proposed 

method and the study of properties and application prospects of perovskite thin-films 

in solar cells. 

  

2.1 Hypothesis  
 

Perovskite thin-films can be developed by the blow-drying deposition method. 

Moreover, by using hot air instead of air at room temperature, the evaporation rate of 

the solvent can be increased, enabling the fast perovskite formation and complete 

elimination of the solvent from the material. Additionally, the environmental conditions 

do not affect the material purity. The synthesized material is suitable for the 

construction of a solar cell under ambient conditions.  
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2.2 General Objective 
 

To synthesize the perovskite CH3NH3PbI3 thin-films through the blow-drying deposition 

method, evaluate the chemical stability of the thin-films, and demonstrate their 

application in solar cells.  

 

2.3 Specific objectives 
 

To develop the methodology to obtain perovskite thin-films by blow-drying deposition 

under room temperature conditions.  

To synthesize perovskite thin-films under different conditions by varying the 

concentration and volume of precursor solutions. 

To determine the physical and chemical properties of the perovskite thin-films obtained 

by the different deposition procedures and synthesis parameters. 

To evaluate the chemical stability of the perovskite thin-films obtained by blow-drying 

deposition. 

To evaluate the performance of perovskite thin films as part of a photovoltaic device 

used under room temperature and humidity.  
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3. HYBRID PEROVSKITE MATERIALS: FUNDAMENTAL ASPECTS 

AND APPLICATIONS 
 

3.1 Hybrid perovskite materials  
 

The name “perovskite” is a common term used to refer to a large family of compounds 

that share certain crystallographic characteristics. One of the most important to be 

considered is their composition, which can be described with the formula ABX3, where 

A and B are metal ions and X is a non-metal ion. The term “perovskite” was originally 

given to the mineral CaTiO3 by Gustave Rose in 1839 in honor of Count Lev Aleksevich 

von Perovski, a Russian statesman and mineralogist[5].  

 

 

 

Figure 5 Perovskite materials and their different properties, along with the corresponding crystal 
structure of the representative perovskite material[5]. 
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Nowadays, there are hundreds of compounds with the same crystalline form which 

belong to the perovskite family. Most of them are minerals with remarkable 

properties[6]. Figure 5 depicts some of the most recognized properties of different 

perovskite compounds and the corresponding crystalline structure of each 

representative material. Regarding inorganic perovskites, it is important to mention the 

compound BaTiO3, which exhibits critical ferroelectric properties[7]. Moreover, it is 

possible to synthesize perovskite superlattices with ferromagnetic and conducting 

properties with the appropriate conditions by using (La,Sr)MnO3 combinations[8]. One 

of the most abundant minerals in the lower mantle is a perovskite. The (Fe,Mg)SiO3 or 

bridgemanite is the most abundant silicate on earth. Perovskites are still highly studied 

in these days[1]. In the last 20 years, a new class of perovskites, called hybrid 

perovskites, has changed the photovoltaic research field, promising to surpass the 

efficiencies of commercial devices. 

 

Inorganic perovskites crystalize in a well-defined/recognized structure where the 

components are localized, as shown in Figure 6a. In the ideal structure of perovskite, 

the divalent metal cation is surrounded by six X anions, which form a BX6 coordination 

sphere from the crystallographic view. This coordination sphere takes the form of an 

octahedron which, in turn, is enclosed by eight A cations, resembling an octahedron 

inside a cube. Based on this description, the ideal crystalline structure of perovskite is 

the cubic form. However, natural distortions may occur due to the ionic radius of the 

atoms which conform to the perovskite compound. 

 

Given the flexibility of the compound formula ABX3, several combinations of elements 

can be used to synthesize a perovskite, resulting in an altered crystallographic form of 

the ideal perovskite crystal structure. In order to check the compatibility of the ions and 

predict the deviation from the ideal crystal structure, there is a formula that relates the 

ionic radius of the elements, known as the tolerance factor. The result explains the 

deviation from the ideal perovskite structure, where the ideal structure takes the value 
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of 1. The farther from this value, the more distorted the crystal structure of the 

compound (see Figure 6b). 

 

 

 

Figure 6 Crystallographic information of perovskites: a) crystal structure showing the positions of the 
ions and b) tolerance factor and the effect of its value on the crystal structure, rA, rB, and rx are the ionic 
radii of the corresponding ions. 

 

 

Additionally, to the flexibility of the ABX3 formula, not only metallic ions in the A place 

can be used to create a perovskite compound. With the introduction of an organic 

cation, a new category of perovskites was introduced, known as hybrid perovskites or 

organic-inorganic perovskites. This new type of perovskite was first studied by Mitzy 

et. al[9]. However, after its application as absorber material in a dye-sensitized solar 

cell (DSSC) by Miyasaka et. al.[10], this kind of compounds got special attention in the 

photovoltaic research field. 

 

Figure 7 depicts the evolution of hybrid perovskite materials is solar cells. After its first 

application, hybrid perovskites rapidly became a recognized material because of its 

electrical and optical properties, being applied in different ways into a new type of solar 

cells called perovskite solar cells. In a few years, perovskite solar cells evolved from 

thick mesoporous solar cells to thin-film perovskite photovoltaic devices, which was 

possible due to the capacity of the perovskite materials to be synthesized in the form 

of thin-films. Additionally, the possibility to obtain hybrid perovskites by solution 

deposition strongly contributed to the rapid development of perovskite solar cells.  
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Figure 7 Evolution of perovskite application in solar cells: a) a comparison in thickness reduction 
between dye-sensitized solar cells (DSSC), mesoporous (MSSC and solid states solar cells[11]; b) 
cross-sectional view of a “p-i-n” perovskite solar cell[12].  

 

 

Hybrid perovskites follow the same formula as their inorganic homologous, ABX3. 

Although, in this case, the A cation is an organic compound, the most common is 

methyl ammonium. Due to the introduction of an organic cation, the octahedra suffer 

some tilting to adjust the space, causing the distortion of the crystal structure. Because 

of these reasons, the most common hybrid perovskite, the methyl ammonium lead 

iodide (MAPbI3),  exhibits a tetragonal crystal structure with a tolerance factor of 0.86.  

 

Regarding the hybrid perovskites for photovoltaic applications, several combinations 

can result in exciting materials for these purposes. Figure 8 depicts a catalog of 

different ions employed to synthesize perovskites for photovoltaic applications. 

Usually, the methylammonium (MA) and the formamidium (FA) are the most recurrent 

A ions. The B cation, on the other hand, focuses on Pb or Sn. Although Sn results in 

highly unstable compounds, it allows synthesizing lead-free perovskites to address 

environmental concerns. Finally, Cl, Br, or I can be considered for the X ions. However, 

the last two are more frequent in hybrid perovskites. 
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Figure 8 Ion library for the synthesis of hybrid perovskite materials, the “A” cation includes ammonium 
(M), cessium(Cs), hydroxylammonium (HA), hydrazinium (DA), methylammonium (MA), formamid (FM), 
formamidinium (FA), ethylammonium (EA), guanidine amine (GA) and dimethylamine (DEA). For the 
“B” site, metalloids from the group IV: Ge, Sn and Pb are considered. Halogens Cl, Br and I are selected 
for the “X” site. Squares in red indicate a more common combination while gray squares denote either 
an abandoned or unexplored compound, some features considered for the selection are stability, energy 
gap, effective electron-hole masses (me

* mh
*), exciton binding energy, and defect tolerance. Lead-free 

compounds are separated in a yellow line in the last row[13].  

 

 

Exhaustive research is still in progress, exploring more possibilities and combinations 

to obtain a perovskite material with enhanced electrical properties, long-range optical 

absorption, and chemical durability, which are desired characteristics for high 

efficiency and stable solar cells. Moreover, the synthetic routes to obtain perovskite 

thin films open a wide range of opportunities to, in the near future, scale the production 

of photovoltaic devices containing these materials.
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3.2 Synthetic routes for perovskite thin-films 
 

Hybrid perovskites are considered a strong competitor against other materials for 

photovoltaic applications. Not only due to their electrical and optical properties but also 

because of the possibility to synthesize the materials from precursor solutions. These 

characteristics make possible the use of simple methodologies to generate high-quality 

thin-film depositions. These advantages are related to the nature of the precursors and 

the chemical reaction involved in synthesizing a hybrid perovskite material. As an 

example, equation 1 shows the chemical reaction for the formation of 

methylammonium lead iodide, the most common hybrid perovskite[14]:  

 

 

𝑃𝑏𝐼2 + 𝐶𝐻3𝑁𝐻3𝐼 → 𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3      (1) 
 

 

As can be seen from the equation, it is an equimolar reaction between the reagents. 

Therefore, to obtain a thin film perovskite material, it is important to consider: the purity 

of precursors, the reaction phase, and the substrate employed for deposition. For the 

case of the reagents, both lead halide and methyl ammonium iodide are salts, which 

can be dissolved in a liquid media. This gives an idea of the type of reaction phase.  

 

Since the nature of the reactants is in the form of salt, two approaches can be taken to 

make the reagents produce a perovskite thin film over a substrate. Those are illustrated 

in Figure 9: the wet-chemical synthesis and the vapor deposition technique.  

 

The synthesis from solutions (also known as wet-chemical deposition[15] or meniscus 

coating[16]) has the advantage of managing the reagents in a liquid media. Moreover, 

the deposition techniques are diverse and require flexible reaction conditions. The thin 

films obtained from these methods are highly sensitive to the reaction conditions. In 

some cases, it is challenging to avoid surface defects, such as pinholes and uncovered 

areas. The gas-phase method[17], on the other hand, offers an excellent quality of the 

thin-films, usually low roughness and pinhole-free surfaces. However, the method 
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generally needs vacuum conditions and high energy requirements to evaporate the 

reagents. Additionally, only small areas of substrate can be treated to obtain a 

perovskite thin film, which is the main drawback when compared with the solution 

methods.  

 

 

 
Figure 9 Types of thin-film perovskite deposition: a) wet-chemical deposition employing precursor 
solutions or "inks" and b) vapor phase deposition by evaporating the reagents under a vacuum 
environment[18]. 

 

 

As research progress toward more scalable deposition techniques with the aim of a 

commercial product, the solution-based methods become in the best choice[19]. 

Moreover, several deposition methods have been developed and improved, achieving 

large area depositions with good thin-film quality characteristics. Therefore, an 

appropriate approach to these techniques will be performed hereafter.  

 

3.2.1 Coordination solvents 

 

The synthesis of hybrid perovskite thin films from solutions requires the selection of an 

adequate liquid media to disperse and contain the reagents[20]. Following this 

consideration, it is necessary to recall the well-established chemical behavior of lead 

halide complexes. As a transition metal with an s2 configuration, lead can easily 

undergo complexes with halide ions[14,21]. These lead complexes, known as 
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plumbates, become the precursors in the formation of hybrid perovskite 

compounds[22].  

 

Prior to the formation of the halide plumbates, lead iodide needs to be prepared for the 

coordination by interacting with a coordination solvent, such as dimethylformamide 

(DMF), dimethyl sulfoxide (DMSO), or N-methyl,2 pyrrolidone (NMP)[23]. The 

characteristic of these solvents is to donate a pair of electrons to form Lewis adducts 

with the Pb2+ ions. After the formation of the Lewis adducts, the halide plumbates 

generate gradually by introducing halide ions in the solution and evaporating the 

coordination solvent. This phase has usually been observed as an intermediate 

complex, as depicted in Figure 10. 

 

Finally, as the coordination solvent completely evaporates, the halide ions take the 

place of the leaving solvent molecules, occurring a rearrangement of the chemical and 

crystal structure to form the perovskite compound[24]. Based on this mechanism, the 

perovskite formation depends on solvent evaporation, which can be modulated by the 

solvent or combination of solvents or by using solvent additives. These strategies for 

selecting the appropriate solvent are known as solvent engineering techniques[25]. 

Once the solvent media is chosen, it is necessary to define the method for evaporating 

the solvent, the deposition method. 
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Figure 10 Coordination solvents employed to disperse perovskite precursors: dimethylformamide 
(DMF), dimethylsulfoxide (DMSO) and N-2-methyl,pyrrolidone (NMP) along with the reported 
mechanisms that involve the perovskite formation[23]. 

 

 

3.2.2 Deposition methodologies from solutions 

 

There are a lot of methods that allow the elimination of the coordination solvent to 

promote the perovskite thin-film formation over a substrate. Figure 10Figure 11 depicts 

some of the most recognized deposition techniques[13,26]. The simplest one consists 

of evaporating the solvent by heating the substrate[27] (example not shown in Figure 

11), however by applying this method, it is difficult to control the film growth[28], and 

only small areas can be treated. Due to these problems, heating the sample is usually 

considered an extra treatment employed to eliminate residual solvent molecules 

trapped in the films. The methods depicted in Figure 11 allow the formation of 

perovskite thin-films in short times. The method is highly reproducible and involves 

high substrate areas. The most important characteristics of each one are explained 

below.  
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Figure 11 Perovskite thin-film deposition methods by employing precursor solutions[13]. 

 

 

3.2.2.1 Spin coating 

 

Spin-coating is still the most implemented deposition procedure to obtain perovskite 

thin films. Even though this method implies the deposition over small areas of the 

substrate, it played a crucial role in the first years of developing perovskite solar cells, 

allowing the obtention of highly efficient solar cells. For this reason, spin-coating is 

considered a reliable method to obtain high-quality perovskite thin-films, to be studied 

in small areas, usually for the determination of physical and chemical properties. 

  

As depicted in Figure 11, the method consists of placing the substrate over a rotative 

plane. Then the precursor solution is added while the substrate is rotating. The 

centrifugal force exerted by the rotations scatter the solution and almost instantly 

expels the solvent, allowing the formation of the perovskite thin-film[29].  

 

There are some variations of this methodology. This deposition method can be applied 

in one or two steps, as depicted in Figure 9a. Depending on the precursors contained 

in the solution: if both precursors are contained in the same solution, then a one-step 

process is applied; on the contrary, if the precursors are contained in separated 

solutions, a two-step process is carried out. Moreover, this method can be combined 

with other techniques such as the dip-coating methodology. In this combined method, 

usually, a PbI2 film is deposited by spin-coating. After that, the substrate is immersed 

in a methylammonium iodide solution for some minutes[30]. By exposing the PbI2 thin-

film with the organic halide, it gradually converts to the perovskite compound. 
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3.2.2.2 Doctor blade 

 

This procedure implies the dispersion of the precursors, taking advantage of the 

rheological properties of the solution. The prepared precursor solution is dropped onto 

the substrate, then is dispersed by moving a blade positioned at a suitable height. It is 

important to note that the substrate needs to be at a certain temperature to promote 

solvent evaporation[31]. So that precursor dropping, blade speed and height, and 

substrate temperature are the key parameters to achieve perovskite thin-films with the 

desired quality for photovoltaic applications. This process involves heating the 

substrate, which was considered an appropriate technique. The use of a blade to 

disperse the solution and movement of the substrate enhances the thin-films quality. 

Additionally, the process can be adapted to obtain a continuous deposition over a long 

substrate, demonstrating its importance as a methodology to be industrialized.  

 

3.2.2.3 Slot-die coating[32] 

 

Like doctor-blade, slot-casting or slot-dye coating relies on the dispersion of the 

precursor solution across the substrate as a function of a moving accessory. An 

important characteristic of this method is the maximum use of reagents. The setup 

consists of a slot-die head positioned at a custom distance from the substrate, placed 

in a horizontal position. The head possesses a narrow slit designed to contain and 

dispense the precursor solution. The slot is filled by pumping the precursor solution 

using a syringe pump. As the slot head is positioned to cover the entire width of the 

substrate, only the necessary solution is injected over the substrate, minimizing the 

resource waste. 

 

The deposition involves the continual injection of perovskite precursor solution, 

whether by moving the slot head or the substrate. Moreover, to evaporate the solvent, 

the substrate needs to be heated during the injection of the solution to provide a rapid 

formation of the perovskite film. Sometimes a second head is adapted to the system. 

From this head, an inert gas is blown to drive the solvent evaporation.  
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Thanks to the development of this method, it was possible to demonstrate the 

continuous deposition of perovskite thin-films and further the continuous building of 

perovskite solar cells. Figure 12 shows the continuous deposition of perovskite thin-

films over a flexible substrate by using the slot-die method. To make possible the 

scalation a series of rolls were added to move the substrate. Due to this adaptation, 

the continuous deposition of thin-films is known as roll-to-roll deposition, and it is 

considered the best approach to industrialize the obtention of perovskite solar cells.  

 

 

 
Figure 12 Continuous perovskite deposition by slot-die coating in flexible substrates[13] 

 

 

3.2.2.4 Spray-coating[33]  

 

The spray-coating is a relatively recent deposition technique, being used for the first 

time by Barrows et. al.[34] in 2014, has had a fast development over the years, 

achieving solar cells with efficiencies of 15% in modules of 12 cm2. To date the highest 

efficiency for a solar cell obtained with this method is nearly 20%. This methodology 

was created mostly for large area deposition, which is a remarkable advantage when 

compared with other methodologies. Additionally, the spray-coating process is superior 

in time to obtain a perovskite thin-film, being able to achieve perovskite depositions 

twice as fast compared with the slot-die coating.  
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The methodology to obtain perovskites thin-films through this method can be described 

as follows: the liquid solution of precursors is transformed into micro droplets by means 

of different procedures (whether pressurizing the solution and pass through a nozzle, 

ultrasonication, or by applying an electrostatic force). Then a gas flow is applied to 

direct the solution mist to the substrate. When the solution has reached the surface, a 

coalescence process takes place, starting the formation of a wet film. The perovskite 

film is formed when the solvent evaporates. The substrate is commonly kept at a 

certain temperature to achieve solvent evaporation, although some other alternatives 

have been applied, such as the anti-solvent bath treatment.  

 

As a relatively recent methodology, improvements are still in progress, especially in 

the post-treatments. However, this method offers a good perspective for scalable 

deposition.  

 

3.2.2.5 Blow-drying 

 

The blow-drying deposition is an alternate method for synthesizing perovskite thin 

films. It is usually applied as a complement during the film formation by spin-

coating[35,36], or a post-treatment when the thin-films are synthesized by slot-die or 

spray coating[37]. However, in only a few reports, blow-drying is applied as the primary 

deposition technique[38,39], which is a great area of opportunity because the 

methodology is simple and requires basic equipment to be applied.  

 

The methodology consists of dispersing the precursor solution onto the substrate. After 

that, an inert gas is blown over the substrate to create a wet film which gradually will 

transform into a perovskite thin film [40]. Because this procedure is used as a second 

step in continuous deposition methodologies such as the slot-die coating, the blow-

drying can be considered for potential application in scalable technologies to obtain 

perovskite thin-films. Therefore, more studies are required involving the thin-film 

deposition by using this methodology.  
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3.2.3 Post-treatments  

 

So far, the principle of formation of hybrid perovskites has been explained as a 

complexation between lead halides and halide ions. This process can be carried out in 

liquid media employing a coordination solvent to separate and contain the lead ions. 

The formation of the perovskite compound in this case depends on the evaporation of 

the coordination solvent, which can be achieved by the different methods explained 

above. However, in most of the cases the solvent evaporation is incomplete, mainly 

because of the high boiling point of the coordination solvent. As a result, most of the 

thin-films obtained contain traces of solvent, which damage the final quality of the films. 

To prevent this inconvenience, some treatments post-deposition are required to obtain 

pure perovskite thin-films and to enhance the quality of the films. Some of these post-

treatments can be applied as a deposition technique itself.  

 

As previously explained, in the annealing process (heat treatment) the as-synthesized 

perovskite thin-films are exposed in a hot plate for several minutes to eliminate residual 

solvent molecules[41]. Additionally, it has been observed that after the heat treatment 

the perovskite thin-film increases its grain size[42] and grain boundaries disappear, 

leading to smooth surfaces. Temperatures range from 50°C[43] to 150 °C[44,45], and 

the time of treatment varies from 10 minutes to more than 30 minutes[46].  

 

The blow-drying is also considered a post-treatment, also known as gas 

quenching[47]. After the deposition has finished, the samples are exposed to different 

gases which take away the remnant solvent. In this treatment, N2 or air is the common 

gases employed to finish the perovskite formation.  

 

Finally, the anti-solvent treatment can be compared with the dip-coating procedure. In 

this treatment, the as-synthesized thin-films are submerged in a chemical bath 

containing a molecule with affinity to the solvent but not to the perovskite[48–50], 
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known as an anti-solvent molecule. Also, the anti-solvent can be dropped onto the as-

synthesized thin-film, as reported in some spin-coating procedures[51,52]. 

 

There is no rule to define which post-treatment could be applied depending on the 

deposition method employed. Sometimes a combination of them is applied to assure 

a good quality of the final thin-films.  
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3.3 Properties of hybrid perovskites 
 

Since its first application in solar cells, perovskites acquired special attention from 

researchers, who started improving perovskite photovoltaic devices in a short period 

of time, supporting this fast development in its  electrical and optical properties. Along 

with the development of efficient solar cells, several groups started studying the 

properties of hybrid perovskites to reveal their capacity and limitations.  

 

3.3.1 Physical properties 

 

3.3.1.1 Optical properties 

 

One of the most remarkable physical properties which characterizes hybrid perovskites 

is its optical absorption, Figure 13a depicts the optical absorption of three different 

perovskites designed for photovoltaic applications. From the picture, the absorption of 

the most common hybrid perovskite, the MAPbI3, characterizes an absorption band 

edge at ~780 nm. This property can be compared with a homologous hybrid perovskite 

in which the methylammonium iodide is replaced with the formamidinium cation, which 

exhibits an energy gap of ~1.48 eV. Additionally, the FAPbI3 perovskite is more stable 

compared with the latter. CsPbI3, on the other hand, is considered an alternative for an 

all-inorganic perovskite which potentially provides long-term stability to the material, 

reporting a higher energy gap of 1.73 eV.  

 

The energy gap of hybrid perovskites can be tailored not only by changing the cation 

in the A position but also by gradually replacing or doping with different halides, as 

reported by Noh et. al.[53] who studied different proportions of Br/I to vary the energy 

gap from 1.57 eV for pure iodide to 2.29 eV for pure bromide. 

 

Along with optical absorption, the absorption coefficient is a crucial property that 

defines the capacity of a material for thin-film applications. Figure 13b shows a 

comparison of the absorption coefficient of different semiconductors employed in 

photovoltaics. It is important to note the comparison between semiconductors such as 
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the GaAs or CdTe employed in thin-film solar cells and the MAPbI3 hybrid perovskite. 

The absorption coefficient of this perovskite allows a high absorption of radiation by a 

small thickness film. As a comparison, a layer of ~330 nm of a hybrid perovskite can 

absorb most of the incident radiation, which a 500 μm layer of c-Si can only achieve. 

Considering that the perovskite layers can be obtained from a solution deposition, this 

is an overwhelming result.  

 

 

 
Figure 13 Optical properties of hybrid perovskites: a) absorbance spectra of different perovskite 
materials and b) comparison of absorption coefficient between a perovskite compound and several 
inorganic compounds employed in solar cells[54] . 

 

 

The optical absorption of hybrid perovskite materials comes from its electronic band 

arrangement. Figure 14 shows the bonding diagram for a [PbI6]-4 cluster studied by 

Umebayashi et al. [55]. Calculations obtained the electronic arrangement based on the 

density-functional theory (DFT). Additionally, they extended the approximations to a 

3D model (which involves the complete crystal structure of a hybrid perovskite 

material).  

 

As can it be observed in Figure 14. The top valence band (TVB) on a hybrid perovskite 

is composed by Pb 6s – I 5p σ-antibonding orbital, while the bottom conduction band 

(BCB) is composed by Pb 6p – I 5p п-antibonding orbital and Pb 6p – I 5s σ-antibonding 
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orbital. Figure 14b depicts the described band structure obtained by molecular 

simulation.  

 

 

 
Figure 14 Bonding diagram of a [PbI6]-4 cluster: a) zero-dimensional system and a 3D perovskite 
structure [55], b) the models depict the composition of the top valence band (TVB) and the bottom 
conduction band (BCB) in accordance with the bonding diagram, as obtained from molecular 
simulation[56] .  

 

 

3.3.1.2 Electrical properties 

 

Throughout several studies, it was found that perovskites exhibit outstanding optical 

properties and interesting electrical properties[57]. These properties define the 

accuracy of generating charge carriers, moving them along the film, and extracting 

them to generate photocurrent. Several authors have focused on the study and 

understanding of these properties. Because of the different techniques that allow the 

determination of the electrical properties, no punctual values are referring to each 

property but a certain range of values.  

 

Figure 15 depicts some electrical properties determined by Hall measurement. 

Because of the high resistivity of perovskite thin films, previous photoexcitation was 

required to make possible appropriate measurements. It can be noticed that the charge 
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carrier mobility remains constant at around 8 cm2V-1s-1, as observed in Figure 15a. On 

the other hand, photoconductivity is plotted in Figure 15b along with the charge carrier 

density.  

 

 

 
Figure 15 Steady-state photoconductivity and Hall effect measurements in CH3NH3PbI3 films: a) μHall in 
a vapor-grown 100 nm thick polycrystalline CH3NH3Pbi3 film measured at different photoexcitation 
densities, is narrowly constant (the dashed lines show an average ≈ 8 cm2V-1s-1, b) photoconductivity 
and Hall carrier density measured as a function of absorbed photon density[58] . 

 

 

Al-Dainy et. al.[54]  reported a series of values for the diffusion coefficient and diffusion 

length of the photogenerated species (see Table 1) for different hybrid perovskite 

materials. It can be noticed that there is a large variation depending on the material 

studied. Even though the diffusion length for the classic perovskite MAPbI3 is quite 

small, it can be compensated with its absorption coefficient. Mixing different halide ions 

enhances the diffusion length of the charge carrier species up to 1 micrometer, which 

is an impressive value for this kind of material. 

 

 

 

 

 



CHAPTER 3 HYBRID PEROVSKITES FOR PHOTOVOLTAICS 

  
 

 33 

Table 1 Electron and hole diffusion lengths (LD) and diffusion coefficients (D) for different 
perovskite structures[54] . 

Perovskite 
structure 

Species D (cm2/sec) LD (nm) 

FAPbI3 Electrons 0.004 ± 0.001 177 ± 20 

Holes 0.091 ± 0.009 813 ± 72 
CH3NH3PbI3-xClx Electrons 0.042 ± 0.016 1069 ± 204 

Holes 0.054 ± 0.022 1213 ± 243 

CH3NH3PbI3 Electrons 0.017 ± 0.011 129 ± 41 

Holes 0.011 ± 0.007 105 ± 32 
CH3NH3PbBr3 Electrons 0.2198 ± 0.02 1058 ± 48 

Holes 0.2301 ± 0.02 1083 ± 47 

 

 

3.3.2 Chemical properties 

 

Hybrid perovskites seem to have the potential to be applied in photovoltaic products. 

As previously explained, the optical and electrical properties make these materials 

excellent prospects to compete with well-established technologies like silicon solar 

cells. However, even though the physical properties seem to categorize the hybrid 

perovskites as excellent materials, the major drawback and reason why these 

materials are still under laboratory tests are their chemical properties. Since its first 

application by Miyasaka et. al.[10], hybrid perovskites were known for their poor 

stability in humid conditions. For this reason, hybrid perovskites started to be 

synthesized under dry conditions and another solar cell assembling under the same 

environment.  

 

Because hybrid perovskites are materials meant for photovoltaic applications, it is 

important to solve the instability problems. Knowing that solar cells are devices that 

work outside buildings and that weather conditions cannot be controlled, it is important 

to guarantee long-term stability under different conditions[59]. For this reason, a brief 

explanation about chemical stability will be mentioned, along with the thermal stability 

of hybrid perovskite thin films.  
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3.3.2.1 Chemical stability 

 

An important component of hybrid perovskites is the organic cation, located in the A 

position, which gives stability to the crystal structure. Moreover, this cation acts as a 

counter-ion to equilibrate the electrical charge of the octahedral sphere. Usually, 

methylammonium is employed to perform this task. However, due to the presence of 

the amine group, this molecule is prone to be decomposed by losing the proton, then 

the complete perovskite structure starts to decompose. Niu et al. [60] studied this 

phenomenon and proposed the following chemical reactions to describe the perovskite 

decomposition in the presence of moisture:  

 

 

𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼2(𝑠) ↔ 𝑃𝑏𝐼2(𝑠) + 𝐶𝐻3𝑁𝐻3𝐼(𝑎𝑞)    (2) 

 

𝐶𝐻3𝑁𝐻3𝐼(𝑎𝑞) ↔ 𝐶𝐻3𝑁𝐻2
+ + 𝐻𝐼(𝑎𝑞)     (3) 

 

 

As observed from these reactions, the product for the complete decomposition of a 

hybrid perovskite is PbI2, and methylammonium completely decomposes to form a 

methylamine molecule and hydroiodic acid, which volatilize from the material.  

 

There are various ways to identify how and when a perovskite thin-film starts 

degradation. The most direct form is by physical changes. Figure 16a-c shows the 

change in color of a perovskite thin-film, after being exposed to an atmosphere of 80% 

relative humidity. Following the example shown in Figure 16a, a MAPbI3 thin-film 

exhibit a dark-brown color, which gradually turns yellow when the film is exposed to an 

atmosphere with a certain amount of moisture (see Figure 16b). Moreover, when the 

film is taken out from the moisture atmosphere, it regenerates to some extent, which 

means the degradation process is somewhat reversible, as shown in Figure 16c. 

However, some degraded parts remain in coexistence in the thin-film. This can be 

observed by optical microscopy (showed in Figure 16d-e) where the degraded parts of 

PbI2 can be clearly identified due to the characteristic yellow color of the compound.  
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Figure 16 Physical appearance of perovskite thin-films before and after degradation: a)photographs of 
the as-synthesized CH3NH3PbI3/FTO film and (b,c) the degraded films after the exposure with moisture. 
(d) optical micrograph of the as-grown perovskite film and (e) the degraded CH3NH3PbI3 film[61]. (f) 
degradation of perovskite thin-films kept in dark at room temperature with 90% relative humidity and a 
pristine PbI2 film.[14] (g) moisture stability of a perovskite solar cell measured with a humidity of 45 
%[62]. 

 

 

The perovskite degradation can also be tracked by optical absorption. Figure 16f 

depicts the degradation process over time for a MAPbI3 thin-film stored in a dark room 

with 80% R.H. It can be noticed how the optical absorption dramatically decreases 

after 14 days, as a reference, a spectrum of PbI2 was recorded to identify common 

features between the degraded sample and the final product.  

 

The impact of a humid atmosphere on the optical properties of a perovskite thin-film 

clearly affects the performance of a solar cell. Figure 16g illustrates how the power 

conversion efficiency of a perovskite solar cell decreases over time after being exposed 

to an atmosphere of 45% R.H.  Although the case for solar cell stability is more complex 
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and the perovskite itself is not the only factor affecting the performance, it is considered 

the main contributor.  

 

3.3.2.2 Thermal stability  

 

Along with moisture, heat is another major issue that prevents using hybrid perovskites 

in the long term. Although heat treatment is usually necessary to evaporate the residual 

solvent after the thin-film deposition, this treatment involves exposure to temperatures 

up to 150 °C, during 30 min in some cases. After this treatment, no degradation was 

observed on the thin-films. This fact can be explained with the thermogram in Figure 

17a, according to Dualeh et. al.[63] the MAPbI3 perovskite starts degradation after 

~280 °C, so that annealing treatments under this temperature do not degrade the thin-

films. Moreover, it can be concluded that exposing the thin-films to an annealing 

treatment for some minutes does not affect the structure of the material. 

 

Long-term exposure, on the other hand, drastically affects the hybrid perovskites, 

Conings et. al.[64]  observed that after exposing a perovskite thin-film to an ambient 

atmosphere, with a temperature of 85 °C for 24 h, the only remaining product was PbI2. 

This result was obtained after analyzing the samples by X-ray diffraction, by comparing 

the diffraction peaks of the pristine perovskite, and after being stored at 85 °C  it was 

found that only diffraction peaks from PbI2 were detected in this sample, which means 

a complete decomposition of the hybrid perovskite occurred (see Figure 17b).  
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Figure 17 Thermal behavior of CH3NH3PbI3 perovskite : a) TGA heating curve and corresponding 1st 
derivative of a perovskite powder obtained with an equimolar ratio of precursors PbI2 and CH3NH3I in 
DMF[63], b) X-ray diffractograms of TCO/TiO2/MAPbI3 films that were subjected to 85 °C for 24 h in 
different ambient[64], c) crystal phase transitions of MAPbI3 perovskite, the PbI6 octahedra are depicted 
in blue, and the iodide ions are in red[65] .  

 

 

It is also important to mention that hybrid perovskites exhibit phase transitions at 

certain temperatures. Figure 17c shows these phase transitions already studied by 

Whitfield et. al. [65,66] and Oku et. al.[66] MAPbI3 perovskite exists in tetragonal phase 

at room temperature. However, over 330 K exhibits a phase transition to cubic phase, 

and under lower temperatures (~160 K) the structure changes to orthorhombic. These 

phase transitions also affect other properties of the material, which in turn reflects on 

the final performance in a solar cell. 

 

The study of perovskite instability and how to overcome this problem is a current strong 

research field. Several reviews summarize the efforts to achieve the best solar cell 

performance for the longest time possible[62,67–69]. However, because there are no 

standardized aging procedures, the results vary from one laboratory to another, 

making it impossible to establish a good reference for stability and, more importantly, 

the current progress achieved during these years. 
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3.4 Solar cells 
 

A solar cell, also known as a photovoltaic cell or photovoltaic device, can be defined 

as an electrical device that uses light energy to generate electrical energy through the 

photovoltaic effect. A basic solar cell is composed of two types of semiconductors,  a 

p-type and an n-type semiconductor. These semiconductors can be from the same 

material (which form a homojunction solar cell) or from different materials (called 

heterojunction solar cell).  

 

Perovskite solar cells belong to a different kind of heterojunction solar cells, called p-i-

n heterojunction solar cells. In this type, an intrinsic semiconductor is placed between 

the p-type and n-type semiconductor to achieve the photovoltaic effect. Figure 18 

shows a sketch of the composition of a basic and a perovskite solar cell.  

 

 

 
Figure 18 Structures of solar cells with different configurations: a) structure of a silicon solar cell, 
composed by a thick p-type semiconductor which absorbs most of the incident light and most of the 
power is generated. After radiation absorption, the minority carriers (electrons) diffuse to the junction, 
where they are swept cross by a strong built-in electric field. The electrical current is extracted by metal 
contacts at the front and back of the cell. b) structure of a p-i-n junction, this cell contains a layer of 
intrinsic semiconductor that separates the p-type and n-type semiconductors. Generation of charge 
carriers occurs mainly within the space charge region. Additionally, the built-in electric field  enhances 
the charge separation, which is reflected in the collection efficiency. Usually transparent conducting 
oxide (TCO)  and a metal layers are used as contacts at the top and back of the solar cell[70].  

 

 

Photovoltaic energy conversion in solar cells consists of two main steps. The first one 

involves the absorption of light to generate an electron-hole pair. Then, these exciton 

species are separated by the solar cell structure, which is explained below.  
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3.4.1 Working principle of solar cells. 

 

To better explain how a solar cell produce electrical energy, the example of a silicon 

solar cell will be taken as reference[71],which is depicted in Figure 19. 

 

As previously mentioned, a basic solar cell is composed of an n-type and a p-type 

semiconductor (in this case an homojunction of silicon semiconductors). N-type 

semiconductor characterizes for having an excess of electrons while p-type 

characterizes for the excess of holes, which are vacancies due to the lack of valence 

electrons in the material. When the two semiconductors are jointed, the electrons from 

the n-type semiconductor move toward the vacancies from the p-type semiconductor. 

This process occurs at the zone where the two layers are in close contact, creating an 

area called the depletion zone in which the electrons fill the holes (process depicted in 

the close-up figure left).   

 

 

 
Figure 19 Schematic representation of a solar cell, the close-up shows the depletion zone around the 
junction between the n-type and p-type layers [71]. 
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As a consequence of the depletion zone formation, a region in the n-type layer now 

contains holes, conversely a region in the p-type layer contains electrons, and this 

state in the depletion zone creates an electric field which avoids that electrons from 

the n-type layer recombine with the holes from the p-type semiconductor. So that, when 

sunlight reaches the p-n junction, the energy contained in the form of photons supplies 

sufficient energy to create electron-hole pairs. And by means of the electric field, 

electrons move towards the n-type region, while holes go to the p-type layer. If the 

layers are connected by a metallic wire with a small load, the generated electrons will 

flow from the n-type semiconductor to the back of the p-type layer generating a small 

flow of electricity.  

 

A similar process occurs in p-i-n heterojunctions, which is showed in Figure 20. In this 

case, the perovskite material is the intrinsic-type semiconductor, which absorbs 

electromagnetic radiation generating the electron-hole pair (1). After that, electrons are 

collected by the electron transport layer (ETL) and holes in the hole transport layer 

(HTL), respectively (2). Finally, the electrons are extracted by means of electrodes and 

recombine with the holes in the back metal contact (3), see Figure 20a.  

 

There are some events that avoid the correct electron and hole transitions, which in 

turn decrease the maximum efficiency in a perovskite solar cell. Figure 20b illustrates 

these processes (in red lines). Soon after the electron-hole generation, recombination 

can be produced (4), decreasing the number of electrons generating electrical energy. 

The recombination can also happen between layers, as shown in processes (5) and 

(6) in which a back charge transfer at the interface of the ETL or the HTL with the 

perovskite can occur. An additional recombination process between the ETL and the 

HTL can be produced when the perovskite layer does not completely cover the 

previous layer (7).  

 

All these processes define the characteristics of a solar cell, which are important to 

know to understand the synergy of the materials, the quality of the thin-films and the 

limitations of the solar cell.  
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Figure 20 Band diagram with different processes occurring in perovskite solar cells: a) main process: 
(1) generation, (2) charge transport and (3) charge extraction, b) undesirable processes (marked in red): 
(4) recombination of the photogenerated species, (5,6) back charge transfer at the interfaces of ETL 
and HTL and (7) charge recombination between the ETL and HTL [72].  

 

 

3.4.2 Characteristics of solar cells[70] 

 

An ideal photovoltaic device can be described as a current source connected in parallel 

with a rectifying diode, Figure 21 depicts this representation in terms of electric circuit. 

Based on this model, the behavior of a solar cell can be depicted with a current-voltage 

curve (I-V curve), which is described with the Shockley solar cell equation: 

 

 

𝐼 =  𝐼𝑝ℎ −  𝐼0(𝑒
𝑞𝑉

𝑘𝐵𝑇 − 1)     (4) 

 

 

Where kB is the Boltzmann constant, T is the absolute temperature, q (>0) represents 

the electron charge, and V is the voltage at the terminals of the cell. The I0 is the diode 

saturation current, which is a reminder that a solar cell in dark conditions is similar to 

a semiconductor current rectifier, or diode. Additionally, the I-V curve can be 

transformed into a J-V curve by using current density instead of electrical current when 

measuring a solar cell.  
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Figure 21 The equivalent circuit of an ideal solar cell (full lines). Nonideal components are shown by the 
dotted line [70]. 

 

 

In a diode, the current injected in the dark is the difference between recombination 

current and dark generation current I0. However, in a solar cell, an extra term is added, 

the photocurrent Iph, which comes from the excess radiation that impacts the solar cell. 

So that for a solar cell, the current balance is described as follows:  

 

 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑟𝑒𝑐 + 𝐼0      (5) 

 

 

This is the current that flows in the external circuit in terms of electrons leaving the 

excited state through their selective contact and entering the ground state through the 

hole selective contact. Figure 22a depicts the shape a current density-voltage curve, 

corresponding to the ideal diode performance (equation 4). It can be observed that 

under illumination, the dark characteristic is shifted up in the current density axis.  

 

In the ideal case, the short-circuit current Isc is equal to the photogenerated current Iph, 

and the open-circuit voltage Voc is given by:  

 

 

𝑉𝑜𝑐 =  
𝑘𝐵𝑇

𝑞
ln (1 +

𝐼𝑝ℎ

𝐼0
)     (6) 
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Usually, the current in the solar cell grows very rapidly when V departs from Voc toward 

lower voltages (as observed in Figure 22a), but when the voltage further decreases, 

the current becomes stabilized to j ≈ jph. This is because at V ≈ Voc a large internal 

recombination current is induced that compensates the photogeneration, but when V 

decreases considerably, the recombination current is negligible with respect to jph.  

 

 

 
Figure 22 characteristics of a solar cell: a) current density-potential measurement of a solar cell that 
consists of a fundamental diode with dark saturation current j0 = 4.34 x 10-11 mA/cm2, the short circuit 
current and open circuit voltage are noted by circles. b) The electrical power supplied by the solar cell 
as a function of voltage. The power is normalized at 100 mW/cm2 (corresponding to 1 sun of light 
intensity). The maximum power is noted by a circle [73] .  

 

 

A solar cell is designed to be a power supply which generates electricity by absorbing 

sunlight of ambient light. Then, to verify the solar cell performance, the electrical power 

that can be extracted from the available radiation level needs to be measured. In a 

solar cell, the electrical power at a given voltage operation point is calculated by:  

 

 

P = I·V      (7) 

 

 

Figure 22b shows the power supplied by the solar cell as a function of the voltage. The 

power is cero at both open and short circuit points. Between these states, the maximum 

power point (mpp) is identified, which determines at which voltage (Vmp) the solar cell 
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should operates for electricity production. The maximum power provided by the solar 

cell is:  

 

 

Pmax = ImpVmp      (8) 

 

 

For the characterization of energy converter devices, which includes solar cells, the 

maximum conversion efficiency, or PCE, is considered the most important feature. This 

characteristic represents the electrical power supplied at the mpp with respect to the 

incoming photon energy and is described by the equation: 

 

 

𝜂𝑃𝐶𝐸 =  
𝐽𝑚𝑝𝑉𝑚𝑝

Φ𝐸,𝑡𝑜𝑡
𝑠𝑜𝑢𝑟𝑐𝑒      (9) 

 

 

The PCE is influenced  by the operation conditions. For this reason, this measurement 

is carried out under regulated illumination, which is defined by the standard terrestrial 

spectrum AM1.5G. Under these conditions, the solar cell is exposed to an integrated 

power of 1000 W/m2 or 100 mW/cm2, which is the illumination power of “1 sun”.  

 

In general, if the electrons are extracted at high useful energy (voltage), there is a price 

in lowering of the number of electrons that can be extracted. The parameter that tracks 

this property is the fill factor (FF), defined as:  

 

 

𝐹𝐹 =
𝐽𝑚𝑝𝑉𝑚𝑝

𝐽𝑝ℎ𝑉𝑜𝑐
       (10) 

 

 

The I-V characteristics of a real solar cell usually differ to some extent from the ideal 

behavior (modeled with equation 11). To represent the behavior of a real solar cell,  a 

two-diode model is often employed. In this model an “ideality factor” of 2 is added in 

the denominator of the argument of the exponential term, corresponding to the second 
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diode. The solar cell (see Figure 21, dotted lines) may also experiment electric current 

loses, which are related to the series (Rs) and parallel (or shunt, Rp) resistances. 

Taking all these issues, the model to determine the behavior of a real solar cell is 

expressed as: 

 

 

𝐼 =  𝐼𝑝ℎ − 𝐼01 [𝑒𝑥𝑝 (
𝑉+𝐼𝑅𝑠

𝑘𝐵𝑇
)] − 𝐼02 [𝑒𝑥𝑝 (

𝑉+𝐼𝑅𝑠

2𝑘𝐵𝑇
) − 1 −

𝑉+𝐼𝑅𝑠

𝑅𝑝
]  (11) 

 

 

The effects of the second diode and the series and parallel resistances on the I-V curve 

of the solar cell are shown in Figure 23 and Figure 24, respectively. Some strategies 

to determine these parameters from the I-V curve are well explained by Hegedus 

et.al.[74]  

 

 

 
Figure 23 The I-V characteristic of the solar cell in the two-diode model for three values of the ratio I02/I01 
[70] . 
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Figure 24 The effect of series (a) and parallel (b) resistance on the I-V characteristics of a solar cell[70]. 

 

 

Overall, these are the basic elements required to understand a solar cell behavior and 

operation. From these, usually the Voc, Jsc, FF and PCE are the most reported values 

to identify and compare from one solar cell to another. Although in-depth studies 

require the determination of additional parameters such like the resistances and the 

spectral conversion to understand the behavior and limitations. 

 

3.4.3 State of the art of perovskite solar cells  

 

The research field focused on perovskite materials for photovoltaic applications is 

highly active. With more than three thousand publications on each of the last three 

years(see Figure 25). There is a huge number of studies where hybrid perovskites are 

employed to fulfill specific requirements. In general, the goal of these studies can be 

divided into three big approaches: the seek for high-efficiency solar cells, the 

development of large-area solar cells employing scalable deposition techniques, and 

the advances in more stable perovskite solar cells. In fact, due to the number of papers 

published throughout the year, it is very common to find various reviews of the 

categories previously mentioned. Here, a brief discussion on the three categories will 

be performed along with the respective conclusions.  
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Figure 25 An overview of publications of perovskite solar cells. Data is taken from Scopus in March 2021 
using the keywords "perovskite solar cells". 

 

 

4.4.3.1 High-efficiency perovskite solar cells 

 

It is quite common to relate the phrase “hybrid perovskite solar cells” with “high 

efficiency”. Because of the properties of this kind of material, it is possible to build 

photovoltaic devices with such efficiency. Figure 26a depicts the improvement in the 

solar cell efficiency employing hybrid perovskite materials, reported by Kim et al. [75]. 

The highest efficiency reported is around 25% which was accomplished employing the 

basic perovskite MAPbI3 according to Table 2.  

 

Various strategies are recommended to obtain the highest efficiency, starting with the 

basics of the perovskites: properties, synthesis, type of solar cell structures (Figure 

26b), etc. The optimization becomes a complex combination of factors so that to date, 

there is no specific rule to guarantee success after the development of a perovskite 

solar cell. Although Saliba et. al.[76] published a series of recommendations 

established in their research group that claim to guarantee the obtention of perovskite 

solar cells with efficiencies over 20%.  
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Figure 26 Historical evolution of the power conversion efficiency (PCE) of perovskite solar cells (PSCs), 
the graphic is composed by the data in Table 2. (b) Different device architectures in PCSs: the 
mesoscopic, which contains a mesoporous electron-transporting material (ETM) layer, the normal-
planar, and the inverted-planar structure[75]. 

 

Table 2. PCEs depicted in Figure 26a, perovskite composition and device structures [75] 

No.  PCE 
(%) 

Perovskite 
composition 

Device structure (coating 
procedure) 

Institutec (year) 

1 3.8 MAPbI3 Liquid junction Toin U (2009) 
2 6.5 MAPbI3 Liquid junction SKKU (2011) 
3 9.7 MAPbI3 Solid-state mesoscopic TiO2 SKKU (2012) 
4 10.9 MAPbI3 Solid-state mesoscopic Al2O3 Oxford U (2012) 
5 12 MAPbI3 Solid-state mesoscopic TiO2 KRICT (2013) 
6 14.1b MAPbI3 Solid-state mesoscopic TiO2 (two 

step) 
EPFL (2013) 

7 16 FAPbI3 Solid-state mesoscopic TiO2 SKKU (2014) 
8 17 MAPbI3 Solid-state mesoscopic TiO2 (two 

step) 
SKKU (2014) 

9 17.9b (FAPbI3)0.85 

(MAPbI3)0.15 
Solid-state mesoscopic TiO2 KRICT (2014) 

10 19.3 MAPbI3 Normal, planar Y:TiO2 ETM UCLA (2014) 
11 20.1b (FAPbI3)0.95 

(MAPbI3)0.05 
Solid-state mesoscopic TiO2 KRICT (2014) 

12 20.4 MAPbI3 Solid-state mesoscopic TiO2 SKKU (2015) 
13 22.1b (FAPbI3)0.95 

(MAPbI3)0.05 
Solid-state mesoscopic TiO2 KRICT (2016) 

14 22.7b (FAPbI3)0.95 

(MAPbI3)0.05 
Solid-state mesoscopic TiO2, 

fluorene-terminated HTM 
KRICT (2017) 

15 23.7b MAPbI3 Normal, planar SnO2 ETM ISCAS (2018) 
16 24.2b MAPbI3  KRICT/UNIST 

(2019) 
17 25.2b MAPbI3  KRICT/MIT (2019) 

aThe devices structures are displayed in figure XXb. bCertified value. cInstitutes: SKKU: 
Sungkyunkwan University; KRICT: Korea Research Institute of Science and Technology, ISCAS: 
Institute of Semiconductors, Chinese Academy of Sciences. 
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Ma and Guo[77] on the other hand, have carried out a systematic analysis of several 

data of perovskite solar cell devices with the aim to find certain trends related with the 

obtention of high efficiency perovskite photovoltaic devices. As a result, most of the 

highest efficiencies are obtained by using spin-coating methodologies, either with the 

mesoporous or the planar architecture. Regarding the type of perovskite, the basic 

perovskite MAPbI3 can reach efficiencies up to 20%, but in order to obtain higher 

efficiencies, a combination with FAPbI3 and/or Cs in certain proportions is required. On 

the other hand, the ETL is usually a TiO2 based compound, either in the mesoporous 

or in the solid form. Although sometimes SnO2 and organic compounds are also 

employed. Regarding the HTM, Spiro-OMeTAD is the most common material 

employed with alternatives like PTAA or polythiophene.  

 

Finally, a general conclusion for this area involves the quest for scalable deposition 

techniques, as the spin coating results in an effective method, but that is hard to 

industrialize.  

 

 

3.4.3.2 Large area perovskite solar cells 

 

The mass production of perovskite solar cells is still a challenge because there are 

various difficulties when the thin-film deposition is scaled. However, due to various 

years of research and the concern to achieve large-area solar cells that include a 

perovskite material, there are various methodologies (previously explained in section 

2.2.2) that prove the possibility to scale the thin-film deposition.  

 

Table 3 summarizes the latest results regarding large-area perovskite solar cells 

obtained with different deposition procedures. As observed from these data, the PCE 

broadly differs depending on the methodology employed. Moreover, some 

methodologies allow bigger areas than others. Additionally, Figure 27 displays the 

trajectory of some deposition methodologies and how the efficiency has been 
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upgraded over the last five years. It can also be observed that blade coating is a 

promising method to reach efficiencies over 20%. 

 

 

Table 3. Summary of coating technologies for large -area perovskite films[78] 

Method Material 
Largest coating areaa 

(cm2) 
PCEb (%) 

D-bar MAPbI3 20 x 20 ~17 

Blade MAPbI3 6 x 15 
20.3 (14.8 for a 57.8 cm2 

module) 

Slot-die MAPbI3 - ~12 

Spray MAPbI3 7.5 x 7.5 16.4 

Stamping 
FAPbI3 10 x 10 20 
FAPbI3 10 x 10 18 

Vacuum evaporation  8 x 8 14.2 
FA, formamidinium; MA methylammonium; PCE, power conversion efficiency; aThe values correspond to the 
largest coating areas reported. bUnless otherwise stated, the PCE values were measured for small-area cells 
using pieces of large-area coated perovskite films 

 

 

One major concern discussed by Park et. al.[19] is the adaptation of the precursor 

solutions to the deposition procedures. Because large area deposition is intended for 

continuous production, it is necessary that the solvent evaporates quickly to obtain the 

perovskite thin-film, which is not always the case for the conventional solvents 

previously discussed sometimes, post-treatments are required to obtain a pure or 

solvent-free perovskite thin-film.  

 

Liu et. al.[79], on the other hand, discussed the crystallization process involved in these 

large area deposition techniques, highlighting the necessity of understanding the 

impact of thin-film growth on the resulting perovskite films. They recommend avoiding 

long-time crystallization procedures and accelerate the nucleation step to obtain large 

grain-size perovskite thin-film. 

 

As a general conclusion, the authors agree with the fast development of scalable 

deposition methodologies, which is a good perspective for large-area photovoltaic 

devices. However, there is still hard work to do regarding the efficiency because there 

is a recognizable gap between the efficiencies of small and large-area solar cells. 
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Additionally, in order to commercialize this kind of photovoltaic product the stability is 

a problem that must be solved first. 

 

 

 
Figure 27 Progress of the efficiency of recently reported large-area perovskite solar cells fabricated by 
various deposition methods[80]. 

 

 

3.4.3.3 Stable perovskite photovoltaic devices 

 

Despite the advances in efficiency and large area thin-film deposition, device stability 

has resulted in the definitive challenge to be overcome in order to industrialize 

perovskite photovoltaic devices. It is well known that hybrid perovskite materials are 

very sensitive to moisture, temperature, illumination, and other environmental 

conditions that for photovoltaic devices in a real-life application cannot be controlled. 

For this reason, several research groups have focused on finding different strategies 

to extend the life of perovskite solar cells. Table 4 summarizes some relevant results of 

different perovskite devices tested under different degradation conditions reported by 

Wali et. al.[81] 
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From these results, it can be noticed that depending on the degradation factor. A 

perovskite solar cell can last from 120 h up to 12,000 h when the device is 

encapsulated. However, despite the relevant durability of the tested devices, it can also 

be observed that the device composition is not the same. Even the test conditions are 

not the same for a given degradation factor. It is common to find that different research 

laboratories have different test conditions, which is an important concern discussed by 

Christians et. al.[82] 

 

 
Table 4. Device configuration, their PV parameters and long-term stability of perovskite solar 
cells[81] 

Degradation 
Factor 

Test Conditions 
Device configuration PCE 

Loss 
in 

PCE 

Stability 
time 

Humidity 

Unsealed devices 
and stored in dark 
with relative humidity 
<30% 

FTO/TiO2-Cl/MAPbI3/Spiro-
OMeTAD/Au 

21% 4% 2000 h 

Exposed to air at 
ambient humidity 
~55% 

FTO/doped C60/mixed 
perovskite /Spiro-OMeTAD/Au 

17.6% 20% 650 h 

Exposed to air at 
ambient humidity 
50% 

GlassITO/PEDOT:PSS/ 
MAPbI3 /PCBM/EFGnPs-F/Au 

14.3% ~10% 30 days 

Illumination 

Unencapsulated 
devices in a nitrogen-
filled chamber with a 
constant device 
temperature of 25 °C 
and illumination with 
UV radiation 

FTO/LBSO/MAPbI3/PTAA/Au 21.2% <10% 120 h 

Encapsulated 
devices tested in 
open air by including 
UV radiation 

FTO/LBSO/MAPbI3/NiO/Au - 6.7% 1000 h 

N2 atmosphere, LED 
white light equivalent 
to 1 sun, and at 60 
°C 

GlassITO/c-TiO2/mp-TiO2/ 
perovskite / Spiro-OMeTAD-

SWCNT 
15.5% 20% 580 h 

Temperature 

The temperature of 
cells was set at 45 °C 
in a sealed cell holder 
with a glass cover 

FTO/c-TiO2/mp-TiO2/ 
perovskite / Spiro-OMeTAD/Au 

14.6% 40% 300 h 

Sealed under 
ambient environment 
and kept at of 55 °C 
(1 full sun) 

FTO/c-TiO2/mp-TiO2/ 
perovskite / ZrO2/Carbon 

11.9% 0 12,000 h 
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The existence of non-standardized conditions makes difficult the comparison of results 

from one laboratory to another. Also, it makes it impossible to define an appropriate 

advance regarding long-term stability. For this reason, Christians et. al.[82] proposed 

a systematic guide to study the stability of hybrid perovskite devices, which is depicted 

in Figure 28. In this guide, the authors recommend first the study solely of the 

perovskite material, even under non-standardized conditions, with the aim to 

understand the degradation phenomena. After that, complete photovoltaic devices 

must be tested under standardized conditions so that the results can serve as a 

reference for other research groups. This is the problematic step because, as reported 

in Table 4, the test conditions cannot be compared most of the time. Finally, a major 

test carried out under internationally approved test conditions is required to accept the 

commercialization of a certain photovoltaic device.  

 

Table 5 reports some relevant results of perovskite solar cells tested under standard 

conditions of the EIC 61215 norm regarding the third step of stability studies. 

Surprisingly, the devices show good stability for three months under outdoor 

conditions. These results show the work that needs to be done to obtain long-term 

stability devices obtained by continuous deposition methods finally. 

 



CHAPTER 3 HYBRID PEROVSKITES FOR PHOTOVOLTAICS 

  
 

 54 

 
Figure 28 Scheme with the most important studies relating the stability of perovskite materials. At the 
base, there are localized studies focused on the material and understanding of the nature of stability. 
Followed by studied on operating cells and finally module-level studies at the pinnacle. The terms at the 
right represent key aspects of studies at each level[82].  

Table 5 The summary of some single tests of the IEC 61215 standard for PCSs[83] 

Test 
Perovskite 
component 

Encapsulation Test condition Lifetime 

Damp heat FA1-xCsxPbI1-yBry Yes 85 °C, 85% RH 
1000 h with no 

decay 

Thermal cycle FAPbI3 Yes 
-40 to 85 °C 

dwell 15 min at -
40 and 85 °C 

200 thermal 
cycles with no 

decay 

UV irradiation FA1-xCsxPbI1-yBry Yes 

UV irradiation (5 
mA cm-2) in Ar 

then UV 
irradiation (5 mA 
cm-2) in Air (50% 

RH) 

6 months with 
98% PCE 
retention 

Outdoor 
condition 

FA1-xCsxPbI1-yBry Yes 

On the terrace of 
Politecnico di 

Torino building in 
Turin (Italy) 

3 months with 
95% PCE 
retention 

Hall Impact FA0.93Cs0.07PbI3 Yes 

Dropping a metal 
ball on top of the 
perovskite solar 

modulesa 

Perovskite solar 
modules stayed 

as one piece with 
star-shaped 
cracks at the 

attacked position 
aThis test is not the IEC 61215 standard, but is similar to the approval standard for rigid photovoltaic modules 
(FM 44787) 
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3.5 Conclusions and outlook 
 

Hybrid perovskite materials show exceptional properties and characteristics, which 

make them ideal for photovoltaic applications. From its first application in a dye-

sensitized solar cell, the development of perovskite photovoltaic devices increased 

dramatically, allowing the enhancement in the photovoltaic efficiency, and being 

recognized as a promising technology. Along with the efficiency enhancement, new 

deposition techniques were implemented to obtain perovskite depositions or even solar 

cells in a continuous manner. Additionally, stability concerns were studied, and 

degradation mechanisms were established, along with some strategies to increase the 

degradation resistance of the photovoltaic devices. Significant advances have been 

made since its first application. However, there is still much work to do to make possible 

the commercialization of perovskite photovoltaic devices. 

 

Regarding the deposition techniques, modifications of the precursor solutions are 

required to increase the solvent evaporation. Moreover, studies of the stability of these 

devices are required. Stability tests, on the other hand, need to be standardized. 

Because perovskite solar cells are a relatively new technology, there are no 

standardized degradation tests, which makes it difficult to establish a long-term stability 

reference. The perovskite research field is still growing, so that in the next years 

possible these aspects will be covered, being one step closer to the first perovskite 

photovoltaic device available for commercialization. 
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4. ONE-STEP METHOD FOR THE FABRICATION OF HIGH-QUALITY 

PEROVSKITE THIN-FILMS UNDER AMBIENT CONDITIONS: 

STABILITY, MORPHOLOGICAL, OPTICAL AND ELECTRICAL 

EVALUATION  
 

4.1. Introduction 
 

Perovskites for photovoltaic applications are organic-inorganic hybrid materials with 

the typical formula ABX3, where A corresponds to an organic cation (usually methyl 

ammonium, MA or formamidinium, FA), B represents a heavy metal (Pb or Sn) and X 

is a halogen (Cl, Br, or I)[84]. The most studied perovskite is methylammonium lead 

iodide (MAPbI) which stands out for its low energy band gap, high absorption 

coefficient, long diffusion distance, and high electronic mobility[85]. Moreover, these 

properties can be modulated by mixing the halogens and the organic cations in certain 

proportions[14].  

Lead halide perovskites were used for the first time in 2009 by Miyasaka as absorbers 

in dye-sensitized solar cells (DSSC), obtaining an efficiency of 3%[10]. Shortly after 

this event, a new class of photovoltaic devices known as perovskite solar cells (PKSC) 

emerged. PKSC rapidly evolved, showing a remarkable breakthrough and achieving 

efficiencies up to 21% only in seven years[86]. This accomplishment was possible 

because of their exceptional optic and electrical properties. Perovskite thin-films 

(PKTF) can be easily obtained from solutions that require simple deposition techniques 

that can be extended to continuous production[14]. 

Initially, the most used method to obtain PKTF was spin-coating, which consists of 

dispersing a solution over a rotating substrate [29]. Spin-coating is a batch technique 

that also wastes more than 80% of the solution used[87], limiting the production to a 

low area solar cells with the disadvantage of excessive waste of raw material. Over the 

years, new methodologies to obtain thin-films have been developed. Some examples 

are blade-coating[88], ink-printing[89], roller-coating[90], and slot-dye[91] coating. 

These are scalable techniques that promise to solve the batch problem and the 
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necessity of using inert atmospheres during the deposition process. In this framework, 

blow-drying is a novel deposition technique that has the advantage of being a low-cost 

and simple methodology. It only requires a gas stream to eliminate the solvent and 

promote the formation of the PKTF[39]. Besides, the blow-drying method offers a 

negligible waste of reactants and can cover a high surface area. Examples of the 

application of this technique are the works of Zheng et. al. that used a dry N2 stream 

to obtain PKTF[92]. From their studies, the authors reported the obtention of 

homogeneous morphology and good optical properties; on the other hand, Zhang et. 

al. utilized compressed air to obtain the PKTF and extended the study fabricating 

PKSC under ambient conditions[40]. At the same time, Ding et. al. used a modified 

blow-drying method (air blading) to produce first the PKTF and then the PKSC[93]. 

Although high efficiencies were obtained for the fabricated solar cells, any degradation 

or stability studies for the PKSC or PKTF were reported in these works. Therefore, 

stability still represents a huge problem that prevents the development of PKSC as 

commercial product [94]. 

 

In order to commercialize a photovoltaic product, durability must be assured, but lead 

halide perovskites are highly unstable to humidity[61]. Some strategies to overcome 

this degradation problem are the substitution of the organic cation for an inorganic 

ion[95], the implementation of double-layer deposition[96], and the use of polymer 

composites either as host matrix or protective layer[97]. All these strategies have been 

carried out with the spin-coating technique, but no studies on stability using scalable 

techniques under ambient conditions have been reported. 

In this work, for the first time, it is proposed a modified blow-drying method for the 

production of homogeneous and stable MAPbI thin-films. Our method uses hot air in a 

one-step deposition procedure under ambient conditions. A systematic study of the 

influence of air temperature on the chemical composition, stability, and crystallinity of 

the PKTF was performed. The effect of the concentration of the reactants on the 

morphology and optical properties of the thin films was determined. Additionally, a 

careful degradation study was carried out under 25% relative humidity (R.H.), showing 
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the high stability of PKTF for several days. Finally, the electrical and photovoltaic 

performance of the obtained thin-films and planar heterojunction solar cells were 

evaluated respectively, highlighting the reliability of the proposed low-cost deposition 

method to obtain high-performance PKSC. 

 

4.2 Thin Film Preparation 
 

4.2.1 Materials and precursor solutions 

 

The reagents Lead Iodide (PbI2, 99.99 %) and methylammonium Iodide (MAI, 98 %), 

and the solvent Dimethylformamide (DMF, 99 %) were purchased from Sigma Aldrich 

and used without further purification. Precursor solutions with different molar 

concentrations (0.216 M, 0.326 M, and 0. 434 M) were prepared to maintain the molar 

ratio PbI2:MAI as 1:1, the reactants were dissolved in 1 mL of DMF and stored under 

dark conditions.  

 

For the preparation of the thin films, borosilicate glass substrates (Lauka) with 2.5 x 

2.5 cm dimensions were employed. Prior to deposition, the substrates were treated in 

a caustic bath for 24 hours, then the slides were cleaned by sonication in a soap 

solution (5 %), deionized water and ethanol for 15, 10 and 5 min, respectively. 

 

4.2.2 Deposition procedure 

 

The perovskite thin-film deposition carried out by the standard blow-drying method 

consisted of dispersing 3, 4, or 5 μL of precursor solution over the glass substrate with 

the help of a syringe tip. After that, the prepared substrates were exposed to a 

perpendicular air stream (15 m/s, 25 °C, 25 % R.H.) for 10 min, the graphical procedure 

can be seen in Figure 29. The thin-films obtained by this method were taken as 

reference. 
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The hot air blow-drying (HABD) method was achieved by introducing a heat resistance 

into the flow system resulting in a hot air stream (T = 90 °C, R.H. < 25 %). For this 

case, the glass substrates containing the dispersed solution were exposed to the same 

flow rate (15 m/s) for 1 min. After the deposition, the thin-films were stored in closed 

chambers with constant R.H. of 25 % until the degradation analysis.  

 

 
Figure 29. Perovskite preparation by blow-drying deposition under room conditions 

4.3 Photovoltaic device preparation 
 

Transparent conductive oxide (TCO) of SnO2:F coated glass substrates (R = 25 Ωcm, 

Aldrich) were cleaned by ultrasonication in a soap solution (5 %), deionized water, and 

ethanol sequentially for 15 min. Next, CdS was deposited as the hole blocking 

layer(HBL) following the methodology previously reported by Nair et al. and applied in 

solar cells by Moreno-García [98,99]. Subsequently, MAPbI perovskite was deposited 

by HABD methodology over the CdS layer. Finally, Colloidal graphite paint (SPI-Chem) 

was applied and left to dry for 2 h at room temperature. Furthermore, colloidal silver 

paint (DuPont SP 480) was applied to the graphite electrode and dried at room 
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temperature overnight. The solar cells were maintained in closed chambers (25 °C, 

25% R.H.) until photovoltaic device characterization.  

 

4.4 Thin-film characterization 
 

Surface chemistry was analyzed by Fourier Transform Infrared Spectroscopy (FTIR), 

the thin-films were characterized in a Cary 600 spectrophotometer (Agilent) coupled 

with an Attenuated Total Reflection accessory. The analyses were carried out under 

ambient conditions in the range 4000 – 400 cm-1 with a 4 cm-1 resolution. For the crystal 

structure, the X-Ray Diffraction (XRD) analysis was carried out in a D8 DaVinci 

diffractometer (Bruker). The samples were irradiated with CuKα (λ = 1.5406 Å ) in the 

10° to 50° (2θ) range. The surface morphology was observed by Scanning Electron 

Microscopy (SEM) in a Philips FEI microscope operated at 20kV. The surface coverage 

was calculated by using the measurement function in ImageJ software.  

 

Textural properties were studied by Atomic Force Microscopy (AFM). The AFM images 

were taken in the tapping mode over different areas (Dimension Edge, Bruker). The 

images were analyzed in NanoScope Analysis 1.5 to obtain the surface morphology 

and roughness parameters. The optical properties were determined by UV-vis 

absorption in a Cary 60 (Agilent) spectrophotometer. For this analysis, the thin-films 

were scanned in the range 950 – 350 nm under ambient conditions. 

 

Furthermore, the degradation of MAPbI thin-films was monitored every 24h by UV-vis 

absorption. The electrical properties of thin-films were measured at room temperature 

by Hall effect using the Van der Paw method. For the measurements, a four-probe 

sample was analyzed without and with a magnetic field (0.17 T) a constant current (30 

nA). For the photovoltaic performance, Current-Voltage curves were obtained using a 

Keytheley 4200-SC source meter unit under AM 1.5 solar illumination with an intensity 

of 100 mW/cm2. The effective area of the solar cell was 0.2 cm2. 
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4.4 Results and discussion  
 

4.4.1 Chemical composition 

 

FTIR analyses were conducted to evaluate the effect of the air temperature used to 

evaporate the solvent during the preparation of MAPbI thin-films. The results are 

shown in Figure 30. MAPbI is a hybrid material composed of the organic cation MA 

and an inorganic coordination compound (PbI3
-). Therefore, some vibrational signals 

related to the organic part can be detected and identified by this technique. The organic 

precursor MAI was used as a reference to confirm the formation of MAPbI.  

 

Figure 30a shows the infrared spectrum of dry MAI, the characteristic signals of -NH 

stretching vibration bands are observed at 3080 and 1500 cm-1, and the C-N at 900 

cm-1, confirming the presence of methylammonium molecule. By using regular air, 

several minutes are required to create the MAPbI thin-film. Figure 30b depicts the 

infrared spectrum of the sample prepared by using air at 25 ºC. The recorded spectrum 

shows the characteristic vibrations of MA; however, additional features are observed. 

The -NH stretching vibration previously observed at 3080 cm-1 was shifted to 3180 cm-

1 which was attributed to the chemical interaction of MA with the coordinated PbI3
- 

molecule [100]. This signal decreased dramatically when the films became hydrated; 

at this condition, a new vibration band characteristic of -OH stretching appears at 3500 

cm-1. The hydration of the thin-film could be ascribed to the slow rate of solvent 

evaporation. As the gas phase at standard conditions contains a minimum quantity of 

humidity, water molecules may interact with the film surface and with the MAPbI 

internal structure, resulting in the observed partial hydration [100]. This water impurity 

promotes a premature degradation of MAPbI films since the water quickly degrades 

the methylammonium cation. 
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Figure 30 Infrared spectra: a) Methylammonium Iodide powder and MAPbI thin-film obtained by blow-
drying methodology using b) air at 25 °C, and c) hot air at 90 °C. 

 

 

When hot air is used (90 °C), the solvent diffusion increases, resulting in an almost 

instantaneously film formation. Figure 30c shows the corresponding spectrum of 

MAPbI thin-film obtained when using hot air to eliminate the solvent. Two critical 

features can be highlighted: 1) the spectrum shows the characteristic vibrations of MA 

and 2) there is no vibration of -OH stretching, which means that thin-films formed using 

hot air do not present water contamination. The use of hot air represents a technical 

advantage against other deposition techniques because the solvent completely 

evaporates, eliminating the post-annealing treatment of thin-films usually used after 

spin-coating deposition [101]. Besides, the air temperature prevents possible water 

infiltration either at the surface or internal level during the formation of the perovskite 

films due to the short time required to obtain the thin-films. 
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4.4.2 Crystallography 

 

MAPbI perovskite is highly sensitive to moisture; the organic cation can be easily 

deprotonated by water molecules. This reaction corresponds to the first step on the 

degradation mechanism [102]. With the hydrolysis of MA, the crystalline structure 

gradually changes, forming two additional crystalline phases. Figure 31 shows the 

diffractograms of thin-films obtained by the proposed blow-drying method, the 

crystalline structure of these films was compared with the reference (Figure 31a), 

previously reported by Oku [66].  

 

 

  

Figure 31 Crystalline structures of MAPbI thin-films obtained by blow-drying, a) calculated diffraction 
pattern, b)MAPbI perovskite synthesized with air at 25 °C and 25 %R.H. and c) MAPbI thin-film obtained 
at 90 °C with low humidity atmosphere (<25 %). Schemes of the MSPBI perovskite crystalline structure 
d)oriented in the 110 direction, and e) partially degraded. 

 

 

It is observed that both materials show the tetragonal crystalline structure. This result 

was corroborated by the coincidence of the experimental diffractograms with the 

calculated diffraction peaks. However, thin-films prepared with air at 25 °C (Figure 31b) 
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show additional diffraction peaks (12.67°, 25.84°, and 38.7°), assigned to (001), (002), 

and (003) diffraction planes of PbI2. The coexistence of MAPbI and PbI2 phases in the 

thin-film confirms the partial degradation of the material. When the air flows through 

the solution and evaporates the solvent, some molecules of water can get trapped on 

the internal structure of the as-synthesized film. Subsequently, these molecules could 

start the degradation process changing the crystalline structure of the material. Figure 

31e shows a sketch of the possible coexistence of PbI2 and MAPbI phases drawn with 

the software VESTA [103].  

 

On the other hand, when hot air is used to obtain MAPbI thin-films, the high 

temperature boosts the solvent vapor pressure and increases the diffusion, letting the 

formation of pure MAPbI in a matter of seconds. As can be seen in Figure 31c, there 

is no signal of diffraction planes of PbI2, indicating the presence of pure perovskite 

material. Table 6 summarizes the lattice constants of each sample. Moreover, the 

crystallite size was calculated by using the Debye-Scherrer equation  

 

 

𝐷 =  
0.9 𝜆

𝛽 𝑐𝑜𝑠𝜃
     (12) 

 

 

Where D is the crystallite size in nm, λ is the diffraction wavelength, β is the full width 

at half maximum, and θ is the angle of diffraction. According to these data, the unit cell 

was not affected by the type of methodology employed. The crystallite size, on the 

other hand, showed a remarked difference, being up to three times bigger the obtained 

with regular air in comparison with the obtained by HABD. This outcome is in 

accordance with the evaporation rate itself. A low rate needs long exposure time, 

allowing the crystal to grow bigger. In the case of instant evaporation, the crystallite 

grow is limited resulting in small crystallite size.  
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Table 6 Summary of lattice constants and crystallite size for perovskite thin-films obtained by blow-
drying methodology 

Sample conditions 
Lattice constants (Å) 

Crystallite sizea (nm) 
a c 

Regular Air (25 °C) 8.85 12.65 145.2 

Hot Air (90 °C) 8.85 12.64 51.5 

aCrystallite size calculated by the Debye-Scherrer equation using the XRD information 

 

 

Another important feature of this result is the absence of diffraction peaks located at 

13.95° and 28.11° corresponding to (002) and (004) planes, and the high-intensity and 

well-located diffraction peaks belonging to (110) and (220) planes, which seems to 

indicate the preferential growth of the PKTF in the 110 direction.  

 

 

4.4.3 Thin Film Morphology  

 

The blow-drying method involves using an inert gas stream to evaporate the solvent 

and promote the crystallization of PKTF. The inert gas is recommended to avoid 

premature degradation during the synthesis of thin-films [104]. However, in some 

cases, the air has also been used to enhance the solvent evaporation in gas-assisted 

spin coating procedures [38]. With this base, we adapted the blow-drying method to 

use air to evaporate the solvent. Figure 29 depicts the procedure to obtain the MAPbI 

thin-films by air blowing at different temperatures. As a control, regular air (25 °C, 25 

%R.H.) was used to prepare PKTF, which showed irregular film coverage (see Figure 

32a). The films took several minutes to be obtained, mainly due to the high boiling point 

of the solvent (DMF, 153 °C). 

 

The impact of using air blowing to fabricate smooth PKTF was determined by Gao et. 

al. [12]. From their work, the authors concluded that an important factor to be 
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considered during the film formation is the rate of solvent diffusion, which is strongly 

influenced by the solvent concentration gradient g in the gas phase: 

 

 

𝑔 =
𝜕𝐶

𝜕ℎ
      (13) 

 

 

Where C is the solvent gas concentration, and h is the distance to the liquid surface. 

 

 

 
Figure 32  Surface morphology of perovskite thin-films obtained by blow-drying deposition methodology 
using: a) regular air(25 °C,25 %R.H.), and hot air(90 °C).  

 

 

By using an air stream, the evaporated solvent molecules leave the liquid surface at 

the airflow rate, increasing the solvent concentration gradient due to a low 

concentration of evaporated solvent in the air. However, as the solvent evaporates, the 

perovskite formation takes place simultaneously, making it very sensitive to the rate of 

solvent evaporation. Consequently, when the evaporation rate is not fast enough, 

isolated large crystals grow, as can be seen in Figure 32a, where large dendritic 

structures with some void spaces covered the surface. Moreover, a rough surface can 

be easily seen by the naked eye (see inset in Figure 32a) due to poor film deposition. 

Thus, the morphological characteristics of the films obtained by using regular air do 

not meet the requirements for being used in the construction of thin-film solar cells.  
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Despite using an air stream to promote solvent diffusion, it seems that environmental 

condition is not enough to achieve a good quality thin-film. According to Fick diffusion 

law, presented in equation (14) 

 

 

𝐽𝐴 = −𝐷𝐴𝐵
𝜕𝐶𝐴

𝜕ℎ
       (14) 

 

 

The mass flow rate (JA) is not only affected by the concentration gradient but also by 

the diffusion coefficient (DAB), which is temperature and pressure-dependent. A simple 

correlation for temperature and pressure correction can be derived from the equation 

proposed by Fuller et. al. [105]: 

 

 

𝐷𝐴𝐵
∗ = (

𝑇∗

𝑇
)

1.75
(

𝑃

𝑃∗
) 𝐷𝐴𝐵     (15) 

 

 

The corrected diffusion coefficient (D*
AB) is calculated at the given temperature and 

pressure (T*, P*). As can be seen in equation (15), the diffusion coefficient is strongly 

influenced by temperature and inversely proportional to pressure. Moreover, by 

increasing the temperature, the solvent vapor pressure rises exponentially, 

contributing to a faster evaporation rate. This analysis suggests that the use of a hot 

air flow promotes fast solvent evaporation. Figure 32b shows the thin-film obtained with 

this procedure. By blowing hot air, just some seconds are necessary to obtain the thin-

film. Additionally, the homogeneity was enhanced dramatically, which can be noticed 

in the SEM micrograph (Figure 32b); also, the film coverage along the glass surface 
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was complete. Based on the previous results, hot air was used as a promoter of the 

solvent evaporation during the construction of the PKTF reported in this study.  

 

The concentration of precursors and the volume of solution selected are essential 

parameters to consider during the synthesis of MAPbI thin-films. In the usual spin 

coating techniques, high solution concentrations are used (~1.5 M), not to mention the 

volume of solution (up to 100 μL) [76]. Unfortunately, the spin coating procedure 

wastes more than 70 % of the precursor solution, which is a significant concern 

because of the toxicity of the reactants. With the HABD method proposed in this work, 

the amount of reagents used is drastically reduced and fully exploited. Figure 33 shows 

photographs of the thin-films obtained by HABD. By eye, it can be observed that all the 

PKTF are semitransparent (Figure 33a), with a mirror-like appearance(Figure 33b).  

 

 

 
Figure 33 Photographs of MAPbI perovskite thin-films obtained by hot air blow-drying method (air-flow 

= 10 m/s, T = 90 °C) at different solutions’ volume and precursors’ concentration: a) degree of 

transparency, b)mirror-like appearance denoting the macroscopic homogeneity. 

 

 

In general, all the films obtained with the HABD methodology showed a needle-like 

morphology (Figure 34), which can be explained with XRD results. The needle-like 

morphology of perovskite is induced by the PbI2 precursor [22], which grows with 

preferential orientation in the z-axis, producing long-strip crystals. During the 
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perovskite film formation, the DMF solvent first coordinates in the 001 interplanar space 

of PbI2; after that, it is replaced by the MAI molecule. A rearrangement of crystal 

structure occurs without altering the growth orientation. Figure 34 sketches the 

orientation of the crystal structure. According to XRD analysis, the film grows in the 

(110) direction vertically (diffraction plane in pink), and the z-axis is perpendicular to 

this plane (diffraction plane highlighted with a green line). Therefore, the preferential 

orientation of the MAPbI thin-film was induced by the PbI2 during the formation. 

 

 

 

Figure 34 Morphology of MAPbI perovskite thin-film related with the crystal orientation obtained by XRD. 
The crystal grows in the z-direction resulting in a needle-like morphology observed by SEM. 

 

 

On the other hand, the surface coverage was directly affected by the concentration of 

the precursor solution. Figure 35a shows the morphology of a thin-film obtained when 

using a 0.216 M solution, and the inset is a magnification of a selected area showing 

uncovered spaces. When the concentration was increased to 0.32 M, more linear 

microstructures covered the surface (Figure 35b); however, the inset shows a less 

uncovered area that the obtained at low precursor concentration. Finally, at using a 

0.454 M precursor solution (see Figure 35c) almost total coverage was achieved on 
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the surface, the number of microstructures increased dramatically and just a few 

uncovered sites could be detected in the inset image.  

 

 

 

Figure 35 Effect of concentration and volume of precursor solutions in the morphology of MAPbI thin-
films. Morphology obtained with 3 μL of: a) 0.216 M, b)0.32 M, and c)0.434 M precursor concentration, 
d) 4 μL, and e) 5 μL of 0.434 M precursor solution.  

 

 

It is important to notice that the volume of solution used in the previous studies was 3 

μL, which is much smaller than the conventional volume utilized to obtain PKTF. 

Moreover, all the volume dispersed in the substrate was transformed into the thin-film 

with no waste of precursor solution. This is an important advantage of our proposed 

HABD methodology. In order to improve the surface coverage of the PKTF, the volume 

of the 0.434 M solution dispersed in the substrate was increased to 4 μL. The obtained 

morphology is shown in Figure 35d. In this case, the linear microstructures formed a 

compact layer by interconnecting each other, which can be seen in the inset. Finally, 

the morphology obtained using 5 μL of precursor solution (Figure 35e) showed an 

apparent fully covered substrate, with linear structures merged, resulting in a 

crosslinked microstructure (inset Figure 35e). Based on these results, it can be 
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concluded that the holes and surface defects are produced during the crosslinking of 

the linear structures. Moreover, during the film formation the solvent creates pathways 

to evaporate from the solid film [106,107], also inducing some morphological defects 

on the surface .  

 

In our method, we optimized the conditions to reduce surface defects, which was 

corroborated after surface coverage calculation (Table 7, from SEM images).  

 

 

Table 7 Surface coverage and film thickness of MAPbI perovskite thin-films obtained 
with different precursors’ concentration and solutions’ volume by the HABD 
deposition method. 

Concentration (M) Volume (μL) % Covered area Thickness (nm) 

0.216 3 84 120 
0.320 3 89.3 150 

0.434 3 95.5 150 
0.434 4 96.5 160 

0.434 5 97.2 180 
 

 

It can be seen that surface coverage was enhanced dramatically despite the nature of 

the thin-film growth, achieving a 97% surface coverage for the highest concentration 

and volume. Similar results were obtained by Ouafi et. al., who investigated the crystal 

growth of MAPbI thin-films obtained by hot-air flow assisted spin-coating [38]. 

 

Another important feature observed was the composition of the microstructures that 

form the film. At low magnifications, the morphology resembles stacked linear 

structures. The insets reveal that these linear structures are conformed by tiny micro 

grains. As the solution concentration raised, the crosslinked structures increase.  

 

4.4.4 Textural properties  

 

A more in-depth study of the PKTF thin-film surface morphology was performed to 

understand the perovskite crystal growth. AFM analysis was performed on samples 
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with better film coverage (those obtained with 0.434 M precursor solution). It was found 

a more detailed surface morphology (Figure 36), mainly due to the capability of the 

AFM technique to determine the real surface texture of the films with higher resolution. 

Figure 36a-c show the morphology of thin-films obtained with 3, 4, and 5 μL of 

precursor solution, respectively. By comparing the morphology of these films with 

those obtained by SEM (Figure 35c-e) it can be noticed that the linear appearance of 

the microstructures disappears, and only a granular crosslinked structure is observed. 

Moreover, the granular surface was barely noticed by SEM analysis, in Figure 36d-f a 

detailed surface morphology is depicted, revealing that the MAPbI thin-films are 

composed of stacked micro grains with homogeneous size. This technique allows us 

to confirm the increase in surface coverage.  

 

The film thickness is shown in Figure 36g-i. The cross-sectional height indicates that 

film thickness is slightly affected by the volume of the precursor solution used to obtain 

the PKTF. However, important is to notice that  HBD methodology is capable of 

produce thin-films of ~180 nm thickness and ~29 nm surface roughness (Figure 36b), 

in agreement with previous results  [37,108], with the advantage of using a minimum 

volume of precursor solution and no waste of chemical precursors.  
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Figure 36 Textural analysis carried out by AFM. Perovskite films (a-c) obtained with 3 μL, 4 μL and 5 μL 
of precursor solution, respectively. 3D perspective (d-f) of the thin-films. Cross-sectional height in three 
different areas of the same thin-films (g-i). The solution concentration was 0.434 M. 

 

 

4.4.5 Optical properties 

 

Figure 37a shows the absorption spectrum of the obtained MAPbI thin-films with 

optimized conditions. For this analysis, hot air at 90 °C and 0.434 M precursor solution 

were used.  The analysis was conducted in different regions along the film to show the 

homogeneity. MAPbI perovskite has an energy gap of 1.56 eV and shows an 

absorption band below 790 nm [109]. This feature is used as a reference to determine 

the presence of the MAPbI perovskite material; as the degradation proceeds, the 

absorption decreases until disappear [102]. Additionally, the absorption coefficient of 
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the MAPbI thin-films was calculated. Figure 37b shows a comparison between 

absorption coefficients of MAPbI perovskite and silicon (which is a useful reference in 

the solar cell field). Moreover, Table 8 summarizes the absorption coefficient of MAPbI 

at 750 nm and silicon at the same wavelength along with some data from bibliography. 

 

 

Figure 37 Optical properties of synthesized MAPbI thin-films by blow-drying methodology, using hot-air 
at 90 °C: a) Absorbance spectra of different sections of the thin-film and b) calculated absorption 
coefficient of MAPbI compared with the silicon. 

 

 

According to these data, MAPbI perovskite exhibits a higher absorption coefficient, 

requiring a thinner thickness to absorb most of the radiative energy of the solar 

spectrum. Moreover, experimental data obtained from other authors suggest that there 

is still no standard value for this parameter. 

 

 
Table 8 The absorption coefficient of MAPbI thin-film and c-silicon at 750 nm. 

Material α (x104 cm-1) Reference 
MAPbI3 3.5 This work 

c-Si 0.1 [110] 
MAPbI3 1.5 [111] 
MAPbI3 0.5 [112] 
MAPbI3 0.4 [109] 
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4.4.6 Chemical stability 

 

The chemical stability of MAPbI perovskite has been recognized as one of the most 

important properties to be enhanced in order to make possible the production of 

perovskite-based photovoltaic products. For this reason, over the past few years, the 

researchers have focused on studying and understanding how different environmental 

factors affect the lifetime of perovskite layers and photovoltaic devices. Since the initial 

studies involving MAPbI perovskite as an absorber layer, the temperature and moisture 

were identified as essential parameters that promote degradation.  

 

Boyd et. al. suggested that perovskite thin-films degrade upon long-term exposure over 

85°C [113]. However, Dualeh et. al. demonstrated through thermogravimetric analysis 

that MAPbI degradation starts over 234 °C [63]. Other studies used a post-annealing 

treatment [40,48,114–116] to improve the crystallinity of the material. In this last 

process, the as-synthesized films are exposed to temperatures ranging from 90 °C to 

150 °C for several minutes. No film degradation was observed, indicating that short-

term exposure to high temperatures is favorable for the perovskite thin-film formation. 

This information agrees with the results discussed in sections 4.4.1 and 4.4.2, 

discarding the possible thermal degradation of the thin-film and enabling the study of 

chemical degradation by moisture exposure.  

 

A dry atmosphere is always recommended during and after the perovskite formation, 

mainly due to the perovskite chemical instability. However, with the development of 

scalable and continuous deposition procedures, ambient conditions have been 

successfully faced, but there is no information about the thin-film stability after the 

deposition procedure, which is an important factor to determine if it is known that the 

deposition method can affect the chemical stability of the thin-films. 

 

In Figure 38, UV-vis spectra of MAPbI thin-films show the degradation process; these 

materials were stored in a glass chamber under 25 %R.H. conditions. The set of 
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experiments analyzed show the influence of degradation resistance when 3 μL of 

different concentration solution is used. In Figure 38a several spectra of the PKTF 

obtained from a solution 0.216 M are depicted. The characteristic features of a MAPbI 

UV-vis absorption spectrum are the absorption bands located at 750 and 490 nm, 

which correspond to the direct absorption and the charge transfer, respectively [117]. 

The absorption band located at 750 nm was chosen as a reference to follow the 

degradation process because it is the characteristic absorption of the MAPbI 

perovskite. 

 

 

 

Figure 38 Degradation study under 25 %R.H. of perovskite thin-films. a) Degradation kinetics followed 
by measuring the UV-Vis absorbance of the thin-films, b) effect of the precursor concentration on the 
perovskite degradation following the absorption intensity at 750 nm, c)degradation rate pf thin films 
obtained with different volumes of a 0.434 M precursor solution. 

  

 

As depicted in Figure 38a, the intensity of the characteristic absorption of the MAPbI 

perovskite decreases slowly; after 10 days, the absorption has wholly disappeared. 

Simultaneously, a new absorption band arises at 500 nm, which is the characteristic 

absorption of PbI2. In Figure 38a, this feature is slightly noticed on the fifth day and 

completely evident on the seventh day. Finally, after 10 days, this absorption becomes 

a peak indicating the complete degradation of the thin-film. The degradation can also 

be noticed by a change in the color of the thin-film. The dark brown color recognizes 

the as-synthesized perovskite; over time, this color gradually changes to the light-
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yellow characteristic of PbI2 product. Figure 39 depicts a set of experiments degraded 

after 10 days; the color change can be easily noticed.  

 

Figure 38b shows the degradation rate for the samples synthesized with different 

precursor concentrations. By using a 0.326 M concentration, the degradation 

resistance was not enhanced; after 12 days, the perovskite signal completely 

banishes. Stability was slightly increased when a 0.434 M precursor solution was used. 

It can be noticed that after 10 days, the perovskite absorption remains. These results 

can be related with the surface coverage previously discussed; the uncovered 

substrate can be considered as a surface defect prone to be attacked by water 

molecules. Thereby a complete coverage is required not only to avoid chemical 

degradation but also for a good photovoltaic performance.  

 

 

 

Figure 39 Perovskite thin-films degraded under controlled conditions (25 °C, 25% R.H.): a) as-
synthesized MAPbI thin-films obtained by HABD method (air at 90 °C) b) degraded thin-films after 
several days of exposure at the controlled atmosphere. 

 

 

In this sense, the PKTF obtained with the highest concentration of precursors showed 

a better degradation resistance (Figure 38c). The total degradation can be extended 
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for more than fifteen days, which agrees with the surface coverage. It is important to 

highlight that the analysis was conducted over bare films under controlled ambient 

conditions (T = 25 °C, R.H. = 25 %), which is an important approach not showed in 

previous reports related to alternative methodologies used to obtain PKTF. These 

results indicate that the PKTF can prevail at least the next five days after the synthesis, 

without needing strict humidity control or the addition of dopants to extend the chemical 

resistance. Moreover, the degradation could be reduced when the perovskite is 

integrated into a solar cell, where the transport layer protects the film from moisture 

interaction.  

 

4.4.7 Electrical properties 

 

Organic-inorganic perovskites are well known for its impressive optical and electrical 

properties, which strongly influence the photovoltaic behavior. Therefore, the PKTF 

obtained by HABD methodology-were assessed in order to explore the impact of the 

proposed technique in the electrical features. Table 9 summarizes the electrical 

properties obtained by Hall measurements for the sample obtained with 4 μL of 0.434 

M precursor solution. According to these results, the experimental charge carrier 

concentration is in the order of 1020 m-3, which is low in comparison with conventional 

charge carrier concentrations for n or p-type semiconductors. However, MAPbI 

perovskite is an intrinsic semiconductor, which means it possesses the same amount 

of electron and hole species.  

 

Charge carrier mobility, on the other hand, agrees with several results compiled by 

Herz et. al. [118]. In their work, the authors concluded that mobility results could vary 

depending on the technique used to determine it and the nature of the sample. Hence 

this result can be taken as a reference to other experimental data. In the case of 

resistivity, Chen et. al. [58] discussed the difficulty of measuring electrical properties 

because of the high resistivity of pure MAPbI perovskite films. They reported 

resistivities in the range of GΩ. Our results showed a resistivity six orders of magnitude 
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lower than the reported, which is attributed to the charge injection previous to the film 

characterization. As explained by Girtan [119], the conductivity of MAPbI thin-films is 

highly sensitive to environmental illumination, not to mention that the time required to 

recover the initial state is quite long. However, despite this, the electrical conductivity 

and charge carrier concentrations in this work agree with previous reports [120][121].  

 

On the other hand, the charge carrier diffusion coefficient can be calculated according 

to Einstein relation: 

 

 

𝐷

𝜇
=  

𝑘𝐵𝑇

𝑒
      (16) 

 

 

At room temperature is reduced to D = μ/38.9 [V-1], where μ is the experimental charge 

carrier mobility. In this case, the calculated diffusion coefficient agrees with the 

experimental values obtained by Stranks et. al. [122]. From these results, the electrical 

properties of the perovskite films obtained by HABD deposition prevail. This outcome 

demonstrates another advantage of the proposed methodology and its potential to be 

used in the massive low-cost production of PKTF.  

 

 
Table 9 Electrical properties of perovskite thin-films obtained by HABD deposition 

 𝜂 x 1020 (m-3) μ x 104  (m2V-1s-1) ρ  (Ωm) D x 10-5(m2s-1) 

Experimental 3.95 3.09 51.10 0.79b 
bCalculated from Einstein relation D = μ/38.9 at room temperature. 

 

 

4.4.8 Photovoltaic performance 

 

The HABD deposition is intended for low-cost production; moreover, the optimized 

synthesis conditions gave high-quality PKTF for photovoltaic application.  For this 

reason, the performance of the PSC fabricated with PKTF obtained by both HABD and 

the standard method was compared. The architecture of the PSC was 
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TCO/CdS/MAPbI/Graphite-Ag. The CdS thin-film was obtained by chemical bath 

deposition, which is also a cheap and straightforward technique. The configuration of 

the fabricated planar heterojunction solar cell is shown in Figure 40. In PSC device, 

CdS was used as a hole blocking layer and perovskite as the absorber. The Current 

density-Voltage curves in Figure 40 display the typical diode behavior under dark and 

illumination conditions. This behavior indicates the existence of the photovoltaic effect, 

hence a solar cell fabricated under ambient conditions.  

 

 

 

Figure 40 Photovoltaic performance of perovskite solar cells with MAPbI thin-films: a) 
comparison of the photovoltaic efficiency depending on the type of deposition technique, 
standard blow-drying, and HADB; b) shunt characterization g(V) and c) r(J) used to obtain R 
and A factors for the solar cell assembled by HABD methodology. The architecture of the solar 
cell was TCO/CdS/MAPbI/Graphite-Ag. The measurements were carried out under ambient 
conditions.  

 

 

Regarding the photovoltaic performance, low current density was obtained, which can 

be attributed to the low thickness of the perovskite film and recombination of charge 

carriers due to the lack of hole transport material (HTM). Gu et. al. [123] studied the 

effect of the HTM in planar heterojunctions, where CdS nanorods were employed as 

an electron transport layer. In the absence of HTM, the current density obtained was 

in the range of 0.01 mA/cm2, affecting the photovoltaic efficiency. Another reason for 

the poor photovoltaic performance can be ascribed to the parasitic losses in the solar 
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cell device. In order to know these issues, analysis over the current density-voltage 

curve was conducted [74] to determine the values of series resistance (R), shunt 

conductance (G), and ideality factor (A). The Figure 40b-c depict the obtained results. 

According to this procedure, the shunt conductance can be obtained from the 

derivative of exponential diode equation g(V) = dJ/dV against V, where the flat zone in 

Figure 40b corresponds to G = 0.5 mS/cm2 given that the shunt term can be considered 

ohmic and JL constant. Figure 40c, on the other hand, shows a plot of the derivative of 

exponential diode equation dV/dJ against (J+JSC)-1. Considering the equation: 

 

 
dV

dJ
= R +

AkT

q
(J + JL)−1     (17) 

 

 

Where 

A = ideality factor 

k = Boltzman constant  

T = Temperature (300 K) 

q = electron change 

J = diode current density 

And it is considered that JL ≈ Jsc 

This equation can be linearly fitted. R-value corresponds to the intercept and the slope 

to Akt/q. The obtained values for R and A were 13.4 /cm2 and 2.5, respectively.  

 

The R and G values are associated with parasitic losses in the cell. In our case, these 

losses are mainly derived from the series resistance(R), which is related to the carrier 

transport at the interface layer. The shunt conductance(G), on the other hand, refers 

to the charge recombination. Based on the magnitude of the obtained value, it can be 

deduced that charge recombination occurs during the photovoltaic generation, 

affecting the solar cell performance. 
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Finally, the A values are typically in the range 1.3 < A < 2, so it can be said that the cell 

has lost efficiency by recombination through trap states in the space-charge region of 

the absorber layer as explained by Sah et. al. [124] 

 

On the other hand, a dramatic decrease in both open circuit voltage and short circuit 

current density was observed in the solar cell produced by the standard blow-drying 

method. The poor efficiency (~0.02 %) of this photovoltaic device can be attributed to 

perovskite thin-film morphology defects and the inhomogeneous surface coverage 

produced by this method. To correlate the thin-film quality with the solar cell 

performance, a comparison on the series and shunt resistance was carried out, table 

10 reports the values obtained by calculating the slope at the VOC and ISC points on the 

I-V curves for the series and shunt resistance, respectively. 

 

It can be noticed that, due to the poor coverage of the film obtained by the standard 

method, a low shunt resistance was obtained, which indicates that the cell is 

experimenting current leakages due to alternate pathways that prevent the appropriate 

collection of electrons. On the other hand, by applying HABD methodology, a complete 

coverage is achieved, allowing the correct collection of charge carriers, ideally, the 

shunt resistance value is preferred as high as possible, which is accomplished with the 

modified deposition procedure. 

 

The series resistance, on the other hand, is related to energetic barriers at the interface 

and bulk resistances within layers. In this case, the standard method provided rough 

and thick films, which possibly promoted electron recombination within the film. This 

undesired process is minimized when synthesizing perovskite films by the HABD 

method, from Table 10 It can be observed that the resistance was reduced 

considerably.  
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The fill factor was another characteristic affected by the quality of the films, notice in 

Figure 40, that the value was almost doubled when the deposition procedure was 

changed from the standard to the HABD, which is in accordance with the film properties 

previously explained.  

 

 

4.5 Conclusions 
 

The viability of obtaining PKTF by tuning the air temperature at ambient conditions was 

verified for the first time. The PKTF were obtained using air heated at 90 °C to 

evaporate the solvent in a one-step deposition without needing of post-annealing 

treatment. The synthesized MAPbI thin-films exhibited a cross-linked morphology 

covering the substrate. The presence of some water contamination was found when 

regular air was used to generate the PKTF. On the contrary, at using hot air, the films 

showed pure perovskite composition; this was determined by FTIR and XRD. The 

optical properties of PKTF showed a long-range absorption with a higher absorption 

coefficient over the visible region in comparison with silicon. In addition, MAPbI thin-

films showed slow degradation under environmental conditions (25% R.H). It was 

found that the electrical properties of the PKTF are similar to those previously reported. 

HABD methodology was combined with another simple deposition technique to 

fabricate planar heterojunction solar cells, showing promising results in its photovoltaic 

performance. With these studies, the viability of obtaining PKTF by tuning the air 

temperature at ambient conditions was verified for the first time. The PKTF obtained 

Table 10. Shunt and series  resistance for the solar cells obtained by different 
deposition methods* 

Deposition method RS (Ω) RSH (Ω) 

Standard 1428.571 2000 

HABD 588.2353 10000 

*The values were obtained by calculating the inverse slope at Voc and Isc for 
series and shunt resistance respectively 
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with this methodology showed good optical properties and improved resistance to 

degradation which open a new low-cost route for the continuous fabrication of PKSC, 

with a negligible waste of reagent and without compromising the optical and electrical 

properties of the perovskites. 
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5. GENERAL CONCLUSIONS  
 

In this work, the methodology of blow-drying to synthesize perovskite thin-films was 

successfully implemented. Additionally, the procedure was modified by adding hot-air 

to obtain homogeneous depositions on glass substrates.  

 

The perovskite thin-films synthesized by the conventional blow-drying method showed 

certain water contamination, as observed by infrared spectroscopy. Moreover, this 

hydration represented the partial degradation of the perovskite thin-films soon after its 

synthesis, which was detected by X-ray diffraction. This problem was corrected using 

hot air to obtain the thin-films. The perovskite materials obtained with the modified 

method showed a pure crystalline perovskite phase. No signal of hydration was 

detected in infrared spectroscopy.  

 

Regarding the physical appearance, the synthesized thin-films exhibited a dark brown 

coloration, which is the appearance characteristic of a MAPbI perovskite thin-film. 

Additionally, it was observed through scanning electron microscopy that the films were 

composed of large, cross-linked structures. By atomic force microscopy, the surface 

was observed as homogenous grains with minimal uncovered space resulting in a 

covered area of 97%.  

 

The perovskite materials showed a broad optical absorption, covering the visible 

spectrum up to the near-infrared at 800 nm. Additionally, the calculated absorption 

coefficient and electrical properties determined at room environmental conditions 

agreed with previous reports. This confirms that the methodology implemented in this 

work did not affect the perovskite thin-films optical and electrical properties, which are 

essential for their application in photovoltaic devices.  

 

The stability tests proved that perovskite thin-films could resist up to 15 days exposed 

at room temperature and humidity of 25%. This is a new result that contrasts with the 

common opinion that MAPbI perovskite thin-films are highly unstable. According to our 
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results, the perovskite thin-films obtained with a precursor solution 0.454 M showed 

the best resistance to degradation. 

 

The thin-films were successfully tested in a solar cell, with the architecture 

TCO/CdS/perovskite/graphite-Ag. The solar cell was obtained under ambient 

conditions, and no special equipment was required to be assembled. Moreover, a PCE 

of 0.91% was obtained under 1 sun of illumination. 
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APPENDIX. CHARACTERIZATION TECHNIQUES 
 

In order to determine the properties of the perovskite thin-films different 

characterization techniques are required. Some of them (optical and infrared 

spectroscopy, X-ray diffraction) correlate properties of the material with the interaction 

with electromagnetic radiation. For this reason, a brief explanation about this topic is 

included. Some other properties (suck like morphology, roughness, film thickness) are 

obtained by microscopy, and the determination of electrical properties are carried out 

by Hall effect and current-voltage measurements. All the characterization techniques 

employed in this project are explained below. 

Electromagnetic radiation 
 

Electromagnetic radiation is a form of energy that propagates as both electrical and 

magnetic waves traveling in packets of energy called photons. Some sources of 

electromagnetic radiation include sources in the cosmos (like the sun or stars), 

radioactive elements, and manufactured devices.  

Electromagnetic radiation travels in a wave form at constant speed. The wave 

characteristics of  electromagnetic radiation are described according to the following 

expression:  

 

C = λν       (1) 

 

Where c = velocity, λ = wavelength and ν = frequency 

Because the velocity is constant, from this formula can be deduced that wavelength 

and frequency are inversely proportional. Additionally, the amount of energy in a 

photon can be calculated with the frequency (ν) and the Planck’s constant (h) as 

follows: 

  

E = νh       (2) 
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Photon energy is measured in eV and depends directly on the photon frequency, so 

that all the forms of electromagnetic radiation can be grouped to build the 

electromagnetic spectrum, as depicted in Figure 41. Depending on the wavelength 

range or energy, every form of electromagnetic radiation has a different name.  

 

 

 

Figure 41. Types of electromagnetic radiation by wavelength range and energy[125] 

 

 

Electromagnetic radiation can interact with matter in different ways, which are 

illustrated in Figure 42. Moreover, depending on the photon energy, the effects caused 

on matter can differ from ionization of atoms to molecule vibration, among others. 
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Figure 42. Interactions of electromagnetic radiation with matter[126].  

The interactions of electromagnetic radiation with matter are useful to obtain 

information about the material properties, such as the optical absorption, surface 

composition, crystal structure, these interactions are important in the characterization 

techniques described below.  

 

Optical absorption spectroscopy 
 

Absorption spectroscopy measures the absorption of radiation of a material, as a 

function of wavelength. Materials have the capacity to absorb radiation at certain 

extent. Additionally, all the materials differ in absorption capacity, so that this 

characteristic can be employed to identify a material based on its absorption spectrum, 

which is the absorption intensity as a function of wavelength. 

  

In optical absorption spectroscopy, the energy used to irradiate materials can range 

from the UV to the near infrared region, generally from 300 nm to 1100 nm. And the 

equipment employed to carry out this measurement is called spectrophotometer. The 

basic components of a spectrophotometer include a radiation source, a 
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monochromator to modulate the energy radiation for the measurement, the sample 

space, and a detector.  

 

During the measurement, the sample is exposed to different radiation energies, so that 

if the irradiated energy matches with the energy gap of the material, the radiation is 

absorbed to promote an electronic transition. This absorption results in changes on the 

radiation intensity before and after the sample, making possible the absorption 

quantification through the following expression:  

 

A = log (I/I0)       (3) 

 

Where A is the absorbance of the material (in arbitrary units), I is the intensity after the 

radiation passes the sample and I0 is intensity of the incident radiation.  

 

In this project, optical absorption spectroscopy was employed to identify the 

characteristic absorbance spectrum of a perovskite material, which also allows the 

determination of the energy gap. Moreover, the optical absorption can be used to track 

the chemical degradation of perovskites, because as the material gradually 

decomposes, the absorption spectrum changes according to the decomposition 

products.  

 

Fourier Transformed Infrared Spectroscopy  
 

Infrared spectroscopy is a technique employed to determine the chemical composition 

of organic compounds, in particular, functional groups. In this case, the materials are 

irradiated with energies ranging from 2500 nm to 16,000 nm. At this level, the energy 

is not sufficient to promote electronic transitions, but may induce vibrations of 

covalently bonded atoms. This phenomenon is possible because covalent bonds are 

not rigid, but rather their nature resembles springs that can bend or stretch.  
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Molecules can experience a wide variety of vibrational motions, characteristic of their 

component atoms. As a result, virtually all organic compounds can absorb infrared 

radiation, which traduces in different molecular vibrations. Figure 43 depicts different 

range of appearance of molecular vibrations through the common infrared region of 

analysis. In this graphic, the stretching vibrations are colored in blue, while the bending 

vibrations are colored in green. The section between 1450 cm-1 to 600 cm-1 is called 

the fingerprint region, because in this section specific patterns can be identified. On 

the other hand, the section from 4000 cm-1 to 1450 cm-1 is known as the group region, 

because in this section, the absorption bands usually correspond to stretching 

vibrations of diatomic atoms.  

 

The equipment required to perform this characterization is known as infrared 

spectrophotometer, which in principle operates as the optical spectrophotometer 

explained above. However, the Fourier transformed infrared spectroscopy differs from 

this approach in the energy irradiated over the sample, while in the conventional 

analysis, monochromatic radiation is employed. In the Fourier transform methodology, 

a beam containing many frequencies of light is irradiated. Then the equipment 

measures the amount of the beam absorbed. After that, the beam is modified to contain 

another combination of frequencies, and the process is repeated. The data is 

processed to transform the radiation absorption of each beam into the appropriate 

infrared spectrum. The process employed to transform the data is the Fourier 

transform.  

 

The FTIR technique was employed to determine the presence of the perovskite 

compound, because the material is composed of an organic part, its vibrations can be 

detected by this characterization method, confirming the successful formation of the 

material. Moreover, additional information can be obtained depending on the vibration 

bands detected, which can also be related to the organic solvent employed of water 

impurities in the as-synthesized material.  
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Figure 43. Molecular vibrations and the range in which they are detected over the infrared 
spectrum[127]. 

 

 

X-ray diffraction  
 

X-ray diffraction is a technique that relies on the interaction of electromagnetic radiation 

in the range 0.05 nm – 0.3 nm with the matter in the crystalline form. It is a common 

characterization in materials sciences to determine the crystallographic structure of a 

material. Moreover, as the materials crystalize in different forms, X-ray diffraction can 

be useful to identify and differentiate materials based on their diffraction pattern.  

 

A crystal is an array of atoms that repeats itself symmetrically to fill space. Moreover, 

atoms can scatter X-rays because the energy is sufficient to interact with the electrons. 

This phenomenon is known as elastic scattering so that in a crystal arrangement, the 

scattered X-rays interfere with each other either constructively or destructively(see 

Figure 44). In particular, the constructive interference occurs when the scattering in 

specific directions follow the Bragg´s Law: 
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nλ = 2d sinθ       (4) 

 

Where d is the spacing between diffraction planes, θ is the incident angle, λ is the 

beam wavelength and n is an integer. As the wavelength of radiation is known and the 

angles at which constructive interference occurs are measured, the Bragg´s law allow 

the calculation of the distance between planes in a crystalline material. The result of 

the measurements is called diffractogram, which is a plot of X-ray intensity on the y-

axis against the angle 2θ in the x-axis.  

 

 

 

Figure 44. Schematic representation of the Bragg’s Law[128] 

 

The equipment used to carry out this assessment is a diffractometer, which consists of 

an X-ray source, a monochromator to adjust the wavelength of the incident radiation, 

a sample holder, and a detector. Additionally, modern equipment also has a 

goniometer which helps in the sample and detector positions.  

 

The objective of using this characterization technique in the project was to determine 

the crystalline structure of the studied material. Because the methodology employed 

to obtain the material was applied for the first time in our research group, it was 
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necessary to determine the effects of the synthesis procedure on the final structure of 

the material. Additional information like the presence of different crystal phases, grain 

size or crystal orientation, can also be determined from the resulting diffractograms. 

The crystal structure information is important to corroborate composition results 

obtained by other techniques like absorption spectroscopy of infrared spectroscopy.  

 

Scanning electron microscopy 
 

Scanning electron microscopy is a technique that uses a focused electron beam to 

generate a diversity of signals at the surface of a solid sample. Figure 45 depicts a 

comparison between the operation principle of an optical microscope and a scanning 

electron microscope. Two important differences between these techniques are the 

illumination source, which are accelerated electrons for the case of SEM instead of 

light, and that the illumination beam collides with the sample in the SEM technique 

while in the optical microscopy, the illumination passes through the sample.  

 

Accelerated electrons contain significant amounts of kinetic energy, and when these 

electrons collide with the sample, different interactions occur, generating specific 

signals. Some of these signals are secondary electrons, backscattered 

electrons(BSE), diffracted backscattered electrons (EBSD), X-ray photons, visible 

light, and heat.  

 

Secondary electrons and backscattered electrons allow the construction of an image 

of the sample surface. Secondary electrons are more valuable in constructing details 

of morphology and topography, while BSE allows the differentiation between phases 

in samples with different compositions. X-ray photons, on the other hand, determine 

the elemental composition of the sample.  

 

In the development of this project, the SEM characterization played an important role 

in studying the surface morphology of the samples, detecting surface defects of the 

material, and surface coverage over the substrate. Due to the limitations of this 
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technique's resolution, specific details like grain composition or film thickness were 

hardly observed.  

 

 

 

Figure 45. Differences between the optical microscopy and scanning electron microscopy[129]. 

 

 

Atomic force microscopy 
 

Atomic force microscopy is considered an advanced imaging technique. It relies on the 

interaction of atomic forces to reconstruct the topology of a sample. A sharp tip is 

raster-scanned over a surface using a feedback loop to adjust parameters to image a 

surface to achieve this. When the tip interacts with the surface sample, it is subjected 

to attraction or repulsion forces (see Figure 46a), which can be obtained according to 

the Hooke’s law: 
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F = -kz      (5) 

 

Where F is the force, k the stiffness of the lever, and z the distance the lever is bent.  

As can be seen from this equation, the force is not measured directly, instead is 

calculated by measuring the deflection of the lever, knowing the stiffness of the 

cantilever.  

 

The feedback loop uses a laser beam deflection. This laser is reflected from the back 

of the cantilever. As the tip interacts with the surface, the laser position on the 

photodetector is used in the feedback loop to track the surface for imaging, as depicted 

in Figure 46b.  

 
Figure 46. AFM operation principle: a) attraction/repulsion forces experimented by the tip measured by 

AFM and b) the feedback loop of an AFM equipment to construct the analyzed surface[130]. 

 

Because the technique measures surface forces experimented by the tip of the 

cantilever, not only topographic information can be obtained, but also friction, electrical 

forces, capacitance, conductivity, viscoelasticity, surface potential, resistance, among 

others.  

 

In this project, the AFM characterization helped in the observation of details like surface 

roughness, grain composition and film thickness on the surface of the material 

synthesized, complementing the morphological results obtained by SEM. Moreover, it 
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allowed the determination of the film thickness and the surface roughness of the films 

obtained.  

 

Hall-effect measurement 
 

The Hall effect measurement is an important technique applied to determine the carrier 

density, electrical resistivity, and mobility of carriers in semiconductors. It relies on the 

Lorentz force, which is an effect experimented by an electron when it moves along a 

direction perpendicular to an applied magnetic field. Figure 47 depicts the Hall effect 

in a bar-shaped sample. A constant current I flows through the bar while a uniform 

magnetic field is applied perpendicular to the current flow. Since the electrons are 

traveling through the magnetic field, they experiment with an upwards Lorentz force 

that makes them drift to the top of the bar while maintaining their horizontal motion. As 

a result, a negative buildup charge concentrates on one side of the bar and a positive 

charge on the opposite side due to the lack of electrons. This leads to a potential 

difference between the two sides, which can be measured as the Hall voltage (VH). 

 

 

 

Figure 47. Hall effect experimented by a bar sample of a conducting material[131]. 
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The Hall voltage is related to the bulk density of charge carriers with the expression:  

 

𝑉𝐻 =  
𝐼𝐵

𝑞𝑛𝑑
       (6) 

 

Where I is the current density applied, B is the magnetic field, q is the elementary 

charge, n is the bulk density, and d is the sample thickness. However, it is convenient 

to use a layer or sheet density (ns = nd) instead of bulk density. By measuring the Hall 

voltage and knowing the value of I,B and q can determine the sheet density of charge 

carriers.  

 

Since the sheet resistance (RS) relates both sheet density (ns) and mobility (μ) 

according to the formula: 

 

𝜇 =  
|𝑉𝐻|

𝑅𝑆𝐼𝐵
=  

1

𝑞𝑛𝑠𝑅𝑠
      (7) 

 

A modification of the Hall measurement is required to determine these properties. 

Conveniently, the Van der Paw resistivity measurement allows the determination of the 

sheet resistance by employing the same sample.  

 

According to Van der Paw, two characteristic resistances (RA and RB) are associated 

to the sheet resistance (RS) through the expression:  

 

𝑒
−𝜋𝑅𝐴

𝑅𝑆 + 𝑒
−𝜋𝑅𝐵

𝑅𝑠 = 1      (8) 

 
The characteristic resistances can be calculated by the following expressions:  

 

𝑅𝐴 =
𝑉43

𝐼12
 and 𝑅𝐵 =

𝑉14

𝐼23
     (9) 
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The measurement of the voltage V43 from contract 4 to contact 3 (see Figure 48) when 

applying a DC current from the contact 1 to contact 2 is required. Along with the 

measurement of the voltage V14 (from contact 1 to contact 4) when the current from 

contact 2 to contact 3 is applied.  

 

 

 

Figure 48. Film sample prepared for the Van der Paw resistivity and Hall measurements[132]. 

 

The determination of Rs is achieved by the numerical solution of equation (8) 

 

I-V curve measurement  
 

The current-voltage (I-V) measurement of an electrical device enables determining 

how it works in a circuit. Moreover, by analyzing the shape of the curve obtained, 

detailed information about the device operation can be deduced. Depending on the 

electronic device analyzed, a characteristic curve can be obtained. 

 

An I-V curve measurement is performed by applying a series of voltages to the device. 

At each voltage, the current flowing through the device is measured. To measure the 

voltage applied and the current obtained, a voltmeter is placed in parallel to the circuit 
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and an ammeter is connected in series, as sketched in Figure 49. Alternatively, a 

source measure unit can be employed, which is a device capable of supplying voltage 

and measuring current simultaneously.  

For a solar cell characterization, an additional device is required, which is the 

illumination source. The source must satisfy the power requirements to simulate the 

sun irradiance. That is, provide a power of 1000 W/m2 which corresponds to one sun 

of illumination.  

 

 

 
Figure 49. Circuit diagram for a current-voltage (I-V) measurement of a solar cell[133]. 

 

 

When characterizing a solar cell, it is necessary to measure an I-V curve in dark, in 

order to corroborate the characteristic behavior of a solar cell in dark conditions, which 

are similar to a diode. After that, the measurement under illumination is carried out 

under the same voltage range.  

 

In this project, I-V curve measurements were required to verify the functionality of a 

solar cell, which was build with the material of study. The measurements were carried 

out in ambient conditions under dark and illumination. Moreover, measurements along 

time allowed the verification of solar cell stability, which is an important parameter to 

be compared with the intrinsic stability of the material.  
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The information obtained from the I-V curves allowed the determination of the 

characteristic properties of a solar cell, such as the open-circuit voltage (VOC), short 

circuit current (ISC), the fill factor(FF), and the power conversion efficiency(PCE). This 

information helps to correlate the intrinsic properties of the material being applied in a 

solar cell device.  
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