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INTRODUCTION 

In recent years, modern optoelectronics has focused on finding materials that combine high 

energy conversion efficiency with exceptional optical properties. Among these materials 

are hybrid perovskites. Thanks to their unique properties, such as light absorption, long carrier 

diffusion length, the ability to design and chemically synthesize materials, and thus the ability 

to precisely tailor photo-optical and electrical properties to specific applications, they have 

found application in next-generation photovoltaics. Perovskite structures can also exhibit 

nonlinear optical responses, making them attractive materials for nonlinear optics 

and photonics applications. Despite the significant interest in perovskites, which has increased 

significantly over the past decade, their fundamental optoelectric properties are poorly 

understood enough to be implemented successfully in comprehensive optoelectronic solutions. 

This monograph describes the relationships between the structure of perovskite thin films 

and their photovoltaic and nonlinear properties. It also discusses research on surface 

topography, the influence of external factors on optical and structural properties, and phase 

transitions in low-dimensional perovskite structures. 

This dissertation explains the theoretical principles of photovoltaics (Chapter 1) and nonlinear 

optics (Chapter 2). The chapter on photovoltaics provides a comprehensive description 

of energy band models for inorganic and organic materials, with special attention 

paid to the semiconductor p-n junction, the fundamental optoelectronic element in solar cells. 

Chapter 1 also details the structural and electrical model of photovoltaics, the classification 

of photovoltaic cells, including perovskite photovoltaic cells, a description of electrical 

parameters characterizing cell operation, and current advances in photovoltaic technology. 

Chapter 2 explains the origin of optical nonlinear effects. This chapter discusses the wave 

equation, which describes light propagation in various media. Then it presents the sources 

of second- and third-order nonlinear optical effects, culminating in a description of nonlinear 

absorption and nonlinear changes in the refractive index. This section also describes NLO 

applications in various fields, such as photonics, telecommunications, medicine, and quantum 

technologies. The theoretical background presented in Chapters 1 and 2 is essential for a proper 

understanding of the content of the subsequent chapters. 
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Chapter 3 describes experimental techniques for obtaining perovskite thin films 

and investigating their structural, optical, and photovoltaic properties. The methods discussed 

include a detailed description of the PVco-D technique used to get all the thin film structures 

studied in this work. The following sections present all measurement techniques 

used in the research. These include descriptions of the AFM technique with details 

of MFs, standard UV-VIS-NIR spectroscopy, PL measurements, UV-VIS-NIR and PL 

spectroscopic measurements as a function of temperature, and measurements used to conduct 

aging tests of samples. The chapter also provides a detailed description of the measurement 

equipment used to measure nonlinear optical effects and selected theoretical models, 

knowledge of which is necessary for calculating second- and third-order nonlinear electrical 

susceptibility. Chapter 3 concludes with an explanation of the electrical measurement 

technique used to determine the photovoltaic parameters of solar cells. 

The next section presents research results on photovoltaics and nonlinear optics phenomena. 

Chapter 4 begins with a discussion of the general properties of the studied materials, 

i.e., perovskites, followed by a description of the preparation of thin films of hybrid perovskites 

using the PVco-D technique. This section identifies perovskites with specific chemical 

structures. Since 14 samples were tested, each was assigned a specific designation (I.1-I.7, 

Cl.1-Cl.3, Br.1-Br.4) to simplify the nomenclature. Subsequent subsections of Chapter 4 

provide the results of AFM structural studies, UV-VIS-NIR spectroscopic studies, aging tests, 

phase transition studies, and nonlinear optical effects (SHG, THG, and Z-scan). The chapter 

concludes by describing the designed photovoltaic structures and the results of electrical tests 

used to determine the parameters characterizing these photovoltaic cells. Chapter 4 

is organized to compare a given property across all the samples studied. Each subsection 

describing a given property concludes with a summary that compares the results obtained 

for all the perovskites studied. 

The dissertation ends with a concise summary, including a comprehensive analysis 

of the obtained experimental data, final conclusions, and perspectives for future research 

directions on perovskite materials in the context of photovoltaics and nonlinear optics 

applications. 



Marjanowska Agnieszka | Photovoltaic and nonlinear optical effects of thin films based on perovskites 

 3 

 

CHAPTER 1: PHOTOVOLTAICS 

Photovoltaics enable the conversion of solar radiation energy into electricity through 

the internal photoelectric phenomenon. It is one of the fastest-growing areas of renewable 

energy in the world. Chapter 1 contains basic information related to photovoltaics. It discusses 

what a solar cell is and the mechanisms enabling electric current and voltage generation. 

This section also looks at the materials used in photovoltaics, the construction of photovoltaic 

cells, and the parameters describing their operation. 

1.1. Inorganic materials 

Inorganic materials are currently the most popular materials used in photovoltaic cells. 

They are the most important component of inorganic photovoltaic cells, characterized by high 

efficiency, durability, and reliability. The best-known inorganic photovoltaic cells 

are the standard silicon photovoltaic cells. Other well-known inorganic materials that have been 

used for many years to manufacture photovoltaic cells are cadmium telluride, copper, indium, 

gallium, selenium, as well as oxides of zinc, titanium, tin, and many others [1,2]. The materials’ 

mechanical, optical, and electrical properties are determined by the crystal structure, 

i.e., the crystal lattice of interacting atoms. 

The interaction of atoms in the crystal lattice of a material results in the formation of electron 

energy bands. The simplest energy band model assumes three bands – the valence band, 

the energy gap, and the conduction band, along with the Fermi energy level 𝐸𝐹  (Figure 1.1). 

Due to the Pauli exclusion principle, the valence band is filled with electrons that are not 

allowed to move. The energy gap has no energy levels, so electrons cannot reside there. 

In contrast, in the conduction band, there are no electrons in the atom’s ground state. 

In the excited state of the atom, as a result of sufficiently high energy being supplied, 

it is possible to transfer an electron from the valence band to the conduction band. 

The difference in energy between the bottom of the conduction band and the top of the valence 

band determines the width of the forbidden band and is called the energy gap 𝐸𝑔. 

𝐸𝐹  is the theoretical energy level of an electron for which the probability of occupying 

the valence and conduction bands is 50%. To release an electron from the valence band 

and move it to the conduction band, the energy supplied from outside to the atom must be equal 
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to or greater than 𝐸𝑔. As a result of the release of an electron in the valence band, 

a hole is created (equivalent to the formation of a positively charged ion), which is called 

the generation of electron-hole pairs. An electron transferred to the conduction band moves 

freely, but chaotically, in the conduction band. Applying an external voltage to the material 

brings order to the movement of the charges, causing current to flow. Based on a simplified 

energy band model and depending on the 𝐸𝑔 value, inorganic materials are divided into 

conductors (𝐸𝑔  =  0), semiconductors (𝐸𝑔  <  3 𝑒𝑉), and insulators (𝐸𝑔   >  3 𝑒𝑉) [3]. 

From the point of view of the present work, semiconducting materials are of particular interest, 

and it is to them that more attention is paid. 

 

Figure 1.1. General energy band model of inorganic materials; 𝐸  – Energy, 𝐸𝐶  – Conduction 

band edge energy level, 𝐸𝑉  – Valence band edge energy level, 𝐸𝐹  – Fermi energy level, 

𝐸𝑔 – Energy gap. 

1.1.1. Energy band model of semiconductors 

The division of elemental semiconductors comprises undoped (intrinsic) and doped 

semiconductors. Undoped semiconductors are pure materials without defects or dopants 

in the crystal structure. In the excited state, the number of electrons and holes generated 

in an undoped semiconductor are equal, and the 𝐸𝐹  lies precisely in the centre of the band gap. 

Doped semiconductors are created by deliberately replacing an atom in the semiconductor's 

crystal lattice with another atom. The changes made to the material’s crystal lattice 

are synonymous with modifications to their physico-chemical properties. 

Depending on the type of dopant introduced, a distinction is made between p-type and n-type 

semiconductors. Introducing acceptor dopants into the material causes a shortage of electrons, 
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and holes are generated. Such a semiconductor is conducted using holes, which are the majority 

of charges, and is called a p-type semiconductor. An n-type semiconductor 

is created by introducing donor dopants into the material, causing excess electrons. 

It is conducted using electrons, which comprise most of the charges. Introducing dopants 

creates an additional energy level - the acceptor level 𝐸𝐴 in the case of p-type doping 

and the donor level 𝐸𝐷  in the case of n-type doping. Doping also shifts the position of the 𝐸𝐹  

[4]. The acceptor level stores electrons that can pass into it from the valence band, 

while the donor level stores excess electrons from the conduction band. Band models 

of intrinsic and doped semiconductors at T =  0 K, containing the additional energy levels 

described above, are shown in Figure 1.2. 

Figure 1.2. Energy band model of a semiconductor at T =  0 K: intrinsic (a), p-type doped (b), 

n-type doped (c); 𝐸  – Energy, 𝐸𝐶  – Conduction band edge energy level, 𝐸𝑉  – Valence band 

edge energy level, 𝐸𝐹  – Fermi energy level, 𝐸𝑔 – Energy gap, 𝐸𝐴 - Acceptor level, 

𝐸𝐷  - Donor level. 

The above figure refers to intrinsic and doped semiconductors at T =  0 K. When T increases, 

the position 𝐸𝐹  in doped semiconductors shifts on the energy scale, as some electrons 

are thermally excited into the conduction band. Their band energy models for T ≠ 0 K 

are shown in Figure 1.3. 

  



Marjanowska Agnieszka | Photovoltaic and nonlinear optical effects of thin films based on perovskites 

 6 

 

 

Figure 1.3. Energy band model of a semiconductor at T ≠ 0 K: p-type doped (a), n-type doped 

(b); 𝐸  – Energy, 𝐸𝐹  – Fermi energy level, 𝐸𝑔 – Energy gap, 𝐸𝐴 - Acceptor level, 𝐸𝐷  - Donor 

level. 

1.1.2. Semiconductor p-n junction 

The purpose of using solar cells is to generate voltage and electric current. To explain how 

a photovoltaic cell generates an electrical voltage, it is necessary to look at the operation 

of the p-n junction, which is the fundamental element of a photovoltaic cell 

and a semiconductor diode. 

A p-n junction combines p-type and n-type semiconductors. P-type and n-type semiconductors 

contain majority and minority carriers. The majority carriers in p-type semiconductors 

are holes, while the minority carriers are electrons. In n-type semiconductors, the majority 

carriers are electrons, and the minority carriers are holes. When a p-type and an n-type 

semiconductor are combined, a p-n junction is formed at the junction boundary. 

Due to the significant difference in concentration of the mobile charge carriers, i.e., a high 

concentration of holes on the p side and a high concentration of electrons on the n side, 

a diffusion process takes place from the n to the p area for electrons and from the p 

to the n area for holes. As a result of the separation of electrons and holes in the p-n junction 

area, an electric field is created, creating a so-called potential barrier, also called a depleted 

layer, which prevents further diffusion of the majority carriers. The abovementioned situation 

is where an external voltage does not polarize the p-n junction. Figure 1.4 shows 

the p-n junction and its energy band models in three situations: when it is not polarized, 

when it is polarized in the forward bias, and when it is polarized in the reverse bias. 
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Polarization in the forward bias is the attachment of an external electrical voltage 

to the p-n junction, such that the positive potential connects to the p part and the negative 

potential to the n part. In this situation, the potential barrier of the junction decreases 

with the value of the external voltage applied, and the width of the p-n junction area decreases. 

Electrons from the p area flow into the positive electrode, and electrons 

from the negative electrode are injected into the n area, where current flows through 

the junction. Polarization in the reverse bias is the attachment of an external electrical voltage 

to the p-n junction, such that the positive potential connects to the n part and the negative 

potential to the p part. It causes an increase in the potential barrier and the width 

of the p-n junction. The flow of majority carriers is impeded, and only a small minority carrier 

current flows through the junction, which is called the reverse current. 

About the bandgap energy model of the p-n junction, it should be noted that after 

the formation of the p-n junction, the Fermi levels are aligned, resulting in the curvature 

of the valence and conduction levels in the depleted region. 

Depending on the type of external polarization of the junction, its energy band model changes, 

as schematically shown in Figure 1.4. 

Figure 1.4. The p-n junction and its energy band model at T ≠ 0 K in the case of no external 

bias (a), forward bias (b), and reverse bias (c); 𝑉  - External bias voltage, 

𝑤  - Width of the p-n junction, 𝑞  – Elementary charge, 𝐸𝐹  - Fermi energy level, 

𝐸𝐴 - Acceptor level, 𝐸𝐷  - Donor level. 

The p-n junction is distinguished by its current-voltage (I-V) characteristics among many 

electronic devices. This is a typical diode characteristic (Figure 1.5a) 

and is described by the Shockley equation (Eq. 1.1). From a physical point of view, 

the I-V characteristic reads out basic information about the conduction of a given junction. 
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For positive voltages (𝑉  >  0  ), the p-n junction is conducting. From the I-V characteristic, 

one can read the so-called threshold voltage, above which the current rapidly increases. 

For negative voltages (𝑉  <  0  ), only a small saturation current 𝐼𝑆 flows through the junction, 

and the junction acts as a barrier. If the stop voltage exceeds a particular critical value, 

a so-called junction breakdown will occur, which causes an avalanche effect 

and can lead to damage to the p-n junction. For example, the junction avalanche effect 

is induced intentionally in Zener diodes [5]. The threshold and breakdown voltages 

depend on the p-n junction material and are characteristic quantities. 

 𝐼  =  𝐼𝑆 (𝑒
𝑞𝑉

𝑛𝑘𝑇𝐾 − 1) (Eq. 1.1) 

𝐼𝑆 – saturation current of the p-n junction 

𝑞  – elementary charge 

𝑉   – external bias voltage 

𝑛  – diode ideality factor 

𝑘  – Boltzmann constant 

𝑇𝐾 – absolute temperature 
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Figure 1.5. I-V characteristics of a p-n junction – Zener diode characteristic (a), 

and a photovoltaic cell - dark and light characteristics (b); 𝑉𝑍 - Zener voltage, 

𝑉𝑡 - threshold voltage. 

As mentioned above, the p-n junction is the fundamental element of a photovoltaic cell, 

so the operation of the cell can also be described based on its I-V characteristics. 

When a photovoltaic cell is illuminated, energy in the form of radiation quanta is supplied 

to the crystal lattice atoms. Absorption of the incident electromagnetic radiation occurs 

in both the p-type and n-type regions. The energy supply at least equal to 𝐸𝑔 to the crystal lattice 

can transfer electrons to the conduction band. This generates additional electron-hole pairs 

called excitons, which decay into a free electron and a hole and later participate in conduction 

according to the principles described above for the p-n junction. Once the photocell 

is polarized, an electric current will flow through it, and the I-V characteristic will look very 

similar to a diode. The I-V characteristics of the unlit and lit photovoltaic cells are shown 

in Figure 1.5b and are referred to as the dark and light characteristics, respectively. 

The amount of electromagnetic radiation absorbed by a photovoltaic cell depends, among other 

things, on the size of the energy gap [6]. The quality of the photovoltaic device also influences 

how much incident light is converted into electricity. This is because the conversion process 

is subject to losses, which result, among other things, from reflection 

and transmission of incident light onto the photovoltaic cell, recombination and charge mobility 

limitations, or resistance at the semiconductor-electrode interface [7,8]. 
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1.2. Organic materials 

In addition to inorganic materials, organic materials are used in photovoltaics - most commonly 

conjugated polymers, fullerene derivatives, and non-fullerene materials [9-11]. Like inorganic 

semiconductors, they can absorb electromagnetic radiation and conduct. Unlike inorganic 

materials, they are composed of organic molecules. Thanks to these materials, photovoltaic 

cells can be flexible, lightweight, and transparent. It all depends on the properties of the specific 

material. 

From the point of view of photovoltaic applications, an interesting aspect is the energy structure 

and conductivity of organic materials. Energy levels characterize each molecule of an organic 

material. At equilibrium, all levels are occupied up to the highest occupied orbital, 

the Highest Occupied Molecular Orbital (HOMO), and above this are the unoccupied energy 

levels. The lowest unoccupied level is called the Lowest Unoccupied Molecular Orbital 

(LUMO). The energy levels below the HOMO and above the LUMO are considered equivalent 

to the valence and conduction bands. The energy region between the HOMO 

and LUMO levels is comparable to the energy gap 𝐸𝑔. To illustrate the situation described, 

the energy structure of a single organic molecule is shown in Figure 1.6a. When a photon 

of at least 𝐸𝑔 energy falls on an organic molecule, an electron from the HOMO level is excited 

to the LUMO level. In this way, an exciton is generated. An exciton, or electron-hole pair, 

compared to an inorganic semiconductor, is strongly electrostatically bonded to each other 

and can move through the material. When two organic molecules, acceptor and donor, 

with different HOMO and LUMO levels are joined, a potential difference will be created. 

Due to diffusion, the exciton will move towards the interface of the molecules, 

and there, thanks to the potential difference, the exciton bond will be broken, 

and the electron-hole pair will be separated. The electron will jump from the LUMO level 

of the donor to the LUMO level of the acceptor, and the hole will remain in the HOMO level 

of the donor. This creates a free charge pair that generates electrical voltage in the organic 

photocell (Figure 1.6b). 
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Figure 1.6. Energy model of an organic molecule (a) and an organic photovoltaic cell (b); 

𝑊𝑊1 - Work function of Electrode 1, 𝑊𝑊2 - Work function of Electrode 2. 

1.3. Structure and electrical model of a solar cell 

For a photocell to function correctly, it should have a specific physical and electrical structure, 

and the materials forming it should be selected accordingly. When choosing the semiconductor 

materials that make up the photovoltaic cell, attention should be paid to the mobility of charge 

carriers, electron lifetime, and absorption coefficient. If we imagine a photovoltaic cell 

as a system of layers superimposed on each other, several characteristic layers 

can be distinguished in their structure, performing specific functions. A schematic diagram 

of the structure of a photovoltaic cell is shown in Figure 1.7, with the substrate, the bottom 

electrode, the hole transport layer (HTL), the semiconductor active layer, the electron transport 

layer (ETL), and the top electrode in sequence [12,13]. 

 

Figure 1.7. General schematic diagram of photovoltaic cell construction. 
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The substrate is the base of the photovoltaic cell - it can be glass or PET film. The function 

of the bottom electrode is to collect holes, and the function of the top electrode is to collect 

electrons, i.e., the carriers at the p-n junction. Between the electrodes of the photovoltaic cell 

is the active layer, or p-n junction, which is directly responsible for the photogeneration 

of electron-hole pairs. In the active layer, absorption of electromagnetic radiation, 

photogeneration, and exciton separation in an organic cell occur. The active layer is the most 

essential element of the photocell and determines its parameters, but without the coexistence 

with the other layers, it will not work as a photocell. 

In addition to the physical structure of the photovoltaic cell, special attention 

should be paid to its electrical model, which is shown in Figure 1.8 [14]. It features elements 

such as the photovoltaic diode 𝐷 , the shunt resistor 𝑅𝑆𝐻, defining the resistance resulting 

from surface recombination of charge carriers, and the resistor 𝑅𝑆 representing the sum of series 

resistances across the circuit. The symbols 𝐼𝐷 , 𝐼𝑆𝐻, 𝐼  denote the corresponding currents flowing 

through these components. The current 𝐼  is the current at the output of the circuit. 

In Figure 1.8, there is also a branch through which current 𝐼𝐿 flows, representing the current 

generated by photogeneration. 

 

Figure 1.8. Electrical model of a photovoltaic cell; 𝐼𝐿 - Photogeneration current, 𝐼𝐷  - Diode 

current, 𝐼𝑆𝐻 - Shunt resistance current, 𝐷  - Diode, 𝑅𝑆𝐻 - Shunt resistance, 𝑅𝑆 - Series resistance. 

Based on the above electrical diagram of the cell and taking into account losses, Kirchhoff's 

laws, and Shockley's equation (Eq. 1.1), the current 𝐼  at the output of the system is expressed: 
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𝐼  =   (𝐼𝐿 −

𝑉

𝑅𝑆𝐻
)

𝑅𝑆𝐻
𝑅𝑆𝐻 + 𝑅𝑆

− 𝐼0
𝑅𝑆𝐻

𝑅𝑆𝐻 + 𝑅𝑆
(𝑒

𝑞(𝑉−𝐼𝑅𝑆)
𝑛𝑘𝑇𝐾 − 1) (Eq. 1.2) 

Equation 1.2 describes the performance of the photovoltaic cell, including the effects of 𝑅𝑆, 

𝑅𝑆𝐻,  𝐼𝐿, and changes in 𝑇 . The impact of 𝑅𝑆, 𝑅𝑆𝐻, 𝐼𝐿, and 𝑇  on the I-V characteristics is shown 

in Figure 1.9. 

Figure 1.9.  Effect of series resistance 𝑅𝑆 (a), shunt resistance 𝑅𝑆𝐻 at constant 𝑅𝑆 (b), 

electromagnetic irradiance (c), and temperature 𝑇  (d) on the I-V characteristics 

of the photovoltaic cell. 
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1.4. Classification of solar cells 

Photovoltaic cells can be divided into groups depending on the materials used, structure, 

and applied technologies. Photovoltaic cells can be split based on the materials 

used into inorganic, organic, and hybrid types [15-17]. Among inorganic cells, the most popular 

are silicon cells - monocrystalline, polycrystalline, and amorphous. The organic photovoltaic 

group includes cells made of organic materials, most often polymers 

and fullerenes. Hybrid cells are cells that combine the characteristics of inorganic and organic 

cells. Perovskite photovoltaic cells belong to this group. 

One division of photovoltaic cells is based on the technologies used. This division illustrates 

the cross-section of available photovoltaic cells in a good way. There are three generations 

of solar cells: 

• 1st generation – thick film crystalline silicon cells - have a p-n junction, 

and their efficiency is 15-27%, 

• 2nd generation – thin film amorphous silicon or CdTe, CIGS cells – have 

a p-n junction, and their efficiency is 6-19%, 

• 3rd generation - cells in the form of multi-junction semiconductor structures, organic 

cells, hybrid cells, dye sensitized cells, and perovskite cells - the efficiencies they 

achieve are 6-34% [18-20]. 

1st generation cells are the most stable cells, but also expensive. The technology to produce 

such cells has taken the longest to develop compared to the other two generations. 

2nd generation solar cells are less efficient, but material consumption and production costs are 

much lower. The 3rd generation of cells includes cells based on new materials 

and innovative solutions. They have great potential - especially perovskite cells, 

whose efficiencies under laboratory conditions exceed the 30% threshold [19,21,22]. 
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1.5. Perovskite solar cells 

Perovskite cells are among the 3rd generation of solar cells. Although their technology has been 

in development for a relatively short time, perovskites have the potential to revolutionize the 

world of photovoltaics thanks to their high efficiency and low production costs. 

The first mention of the use of perovskites as active materials in photovoltaics came in 2009 

when the research team of Miyasaka et al. developed a perovskite solar cell [23]. 

At the time, the cell achieved an efficiency of about 3.8% and operated for only 

a few minutes. In the following years, perovskite technology developed – different 

types of perovskites and other materials were tested to form the cell, and the efficiencies 

achieved increased yearly. Significant progress was observed between 2014 and 2020, 

when efficiencies increased annually by up to several percent, and photovoltaic perovskite 

tandem structures with flexible and transparent cells appeared [24-26]. Today, perovskite cell 

technology is still being developed, with efficiencies of perovskite cells reaching up to 26% 

under laboratory conditions, while the efficiency of perovskite tandem cells has exceeded 

the 30% threshold [19]. Commercialization of this type of photovoltaic cell has also begun. 

Particularly noteworthy is the fact that the rate of development of perovskite technology 

is the fastest in the history of photovoltaics, making it one of the most promising avenues 

for developing this field. 

Perovskite cells are thin film structures in which the active layer is a compound 

with the crystal structure of perovskite. The thickness of a perovskite cell is approximately 

1 𝜇𝑚 . The most common perovskite is 𝑀𝐴𝑃𝑏𝐼3 (methylammonium lead iodide) perovskite 

[27,28]. Apart from the active layer, perovskite cells are constructed according to the principles 

shown in Figure 1.7. Among other solar cells, they stand out for their high efficiency, low 

production costs, lightweight and flexible structure, and excellent light absorption. 

Perovskite cell technology has been under development for several years and requires further 

research, especially into perovskite materials, which are still poorly understood. 
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1.6. Solar cell testing 

Standard Test Conditions (STC) were introduced to correctly compare photovoltaic cells, 

i.e., standardized laboratory conditions when testing photovoltaic cells [29]. 

These relate to irradiance, cell temperature, and the spectrum of light illuminating the cell. 

The STC defines the Air Mass (𝐴𝑀 ) parameter, with which the receiver’s latitude 

on the Earth's surface is determined. Each latitude is assigned a slightly different spectrum 

of sunlight. The 𝐴𝑀  parameter takes values from 1 (corresponding to a position at the equator) 

to infinity (corresponding to a position at the poles). A special case has been defined for outer 

space, for which 𝐴𝑀  =  0 . According to the STC, measurements should be carried out 

at a temperature of 25 ℃  and an irradiance of 1000 
𝑊

𝑚2 for the quantities characterizing 

the cells to be comparable. 

1.7. Solar cell parameters 

The parameters characterizing the photovoltaic cell are determined from the I-V characteristics 

(Figure 1.5b). Critical is the first or fourth quadrant of this characteristic 

(depending on the measurement technique), from which most parameters are defined 

(Figure 1.10). These include: 

• 𝐼𝑆𝐶 – short circuit current – the maximum current that a solar cell can generate 

when its terminals are short-circuited, 

• 𝐽𝑆𝐶 – short circuit current density – an additional parameter used interchangeably 

with 𝐼𝑆𝐶 to facilitate the comparison of cells, usually expressed in 
𝑚𝐴

𝑐𝑚2, 

• 𝑉𝑂𝐶 – open circuit voltage – the maximum voltage that appears at the terminals 

of the cell when no current is flowing through it (open circuit), 

• 𝑃𝑀 – maximum power point - the operating point of the cell where the power is highest, 

• 𝐹𝐹  – Fill Factor – describes the quality of the cell and is expressed by the equation: 

 
𝐹𝐹  =  

𝐼𝑀𝑉𝑀
𝐼𝑆𝐶𝑉𝑂𝐶

∙ 100% (Eq. 1.3) 
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where: 

• 𝐼𝑀, 𝑉𝑀 – current and voltage at the maximum power point, 

• 𝜂  – energy efficiency, which can be calculated using the equation: 

 
𝜂  =  

𝑃𝑀
𝑃𝑙𝑖𝑔ℎ𝑡

∙ 100% (Eq. 1.4) 

where: 

𝑃𝑙𝑖𝑔ℎ𝑡 – the radiation power reaching the cell. 

                

Figure 1.10. First quadrant of the I-V characteristics of an illuminated photovoltaic cell 

with the parameters describing the photovoltaic cell highlighted. 

The above quantities are the basic ones that define photovoltaic cells [30]. In addition, it is also 

helpful to know the temperature power factor (which determines how the efficiency of the cell 

changes with temperature), the rate of efficiency decrease over time, and the Shockley-

Queisser limitation, which determines the maximum theoretical energy efficiency 

of a photovoltaic cell composed of a single semiconductor layer, should be taken into account 

when designing photovoltaic cells [31]. 
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1.8. Current advances 

Renewable energy consumption is growing yearly, with global energy consumption increased 

by 2.2% in 2024 compared to 2023. Renewable energy sources accounted for more than 40% 

of global electricity production, of which solar energy exceeded the 10% threshold. 

The most popular solar cells have been silicon cells for years, accounting for around 90% 

of all photovoltaic cells. Other photovoltaic technologies account for less than 10% [32]. 

Perovskite cells, which are still developing, are very promising due to the high efficiencies they 

can achieve under laboratory conditions. Unfortunately, they are not widely used 

due to emerging stability and durability issues. The first commercial prototypes of perovskite 

photovoltaic cells have been developed, and research into them and the properties 

of perovskite materials continues to this day [33]. Table 1.1 summarizes the most essential 

information related to the different photovoltaic technologies regarding the efficiencies, 

flexibility, and durability achieved. 

Table 1.1. Comparative table of the basic characteristics of photovoltaic cells. 

PV 

technology 
Material type 

Lab efficiency 

[%] 
Flexibility Durability [year] 

1st 

generation 

Monocrystalline 

silicon  ~27 Low 25-30 

Polycrystalline 

silicon 
~23 Low 20-25 

2nd 

generation 

CdTe ~19 Medium 20-25 

CIGS ~19 High 15 < 

3rd 

generation 

Perovskite only ~26 High < 10 (In progress) 

Tandem solar cells 

(Si + perovskite) 
~34 Medium (In progress) 

Organic 

solar cells 

Polymers/Small 

molecules 
~19 High 5-10 
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CHAPTER 2: NONLINEAR OPTICS 

Nonlinear optics (NLO) is a rapidly developing optical subject that describes how light 

interacts with matter in a nonlinear manner. Such nonlinear interactions generate optical effects 

that are not proportional to the intensity of light interacting with matter. This chapter focuses 

attention on second- and third-order nonlinear generation and interaction mechanisms. 

These include the phenomena of Second and Third Harmonic Generation, nonlinear absorption, 

and nonlinear refractive index. The issues of symmetry and phase matching 

and the applicability of optical nonlinear effects in optoelectronic devices are also considered. 

2.1. Wave description 

Light is an electromagnetic wave whose propagation is fully described by Maxwell's equations 

(Eq. 2.1 - 2.4) [1,2]. Maxwell's equations are the foundation of the theory of electromagnetism. 

They are the starting point for describing all electromagnetic phenomena, thus also phenomena 

related to linear and nonlinear optics. The electric field 𝐸 and magnetic induction 𝐵 appearing 

in Maxwell's equations are the macroscopic counterparts of the microscopic fields 

present in a given medium. 

 ∇ ∙ 𝐷  =  𝜌 (Eq. 2.1) 

 ∇ ∙ 𝐵  =  0 (Eq. 2.2) 

 
∇ × 𝐸  =   −

𝜕𝐵

𝜕𝑡
 

(Eq. 2.3) 

 
∇ × 𝐻  =  

𝜕𝐷

𝜕𝑡
+ 𝑗 

(Eq. 2.4) 

𝐸 – electric field intensity vector 

𝐻 – magnetic field intensity vector 
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𝐷 – electrical induction vector 

𝐵 – magnetic induction vector 

𝜌 – volumetric charge density 

𝑗 – total current density vector 

Complementing Maxwell's equations are the material equations (Eq. 2.5, Eq. 2.6), 

which describe how matter reacts to the electromagnetic field acting on it 

and depend on the material’s properties. By means of the material equations, the 𝐷 and 𝐻 fields 

are related to the 𝐸 and 𝐵 fields. 

 𝐷  =  𝜀𝐸 + 𝑃 (Eq. 2.5) 

 𝐵  =  𝜇𝐻 + 𝑀 (Eq. 2.6) 

𝜀 – electrical permeability of the medium 

𝜇 – magnetic permeability of the medium 

The 𝑃 and 𝑀 vectors in the above equations denote electric and magnetic polarization, 

respectively. The 𝑃 vector describes the macroscopic average of the dipole moments induced 

in the medium by the external electromagnetic field, and the 𝑀 vector describes the average 

density of microscopic magnetic moments in the medium. Both vectors are expressed 

as follows: 

 𝑃  =  𝜀𝜒𝑒 𝐸 (Eq. 2.7) 

 𝑀  =  𝜒𝑚  𝐻 (Eq. 2.8) 
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where: 

𝜒𝑒 – electrical susceptibility, 

𝜒𝑚 – magnetic susceptibility. 

Electrical and magnetic susceptibility are parameters specific to a medium. They determine 

how strongly a material reacts to an external electric field 𝐸 and magnetic field 𝐻, 

i.e., how much it can be polarized or magnetized. The solutions to Maxwell's equations 

are particularly interesting in a vacuum, a non-magnetic medium, with no free charge 

or conduction [3]. Then 𝑀  =  0, 𝜌  =  0 , 𝑗  =  0, 𝜀   =  𝜀0  =  8.85  ∙  10−12 
𝐶2

𝑁𝑚2, 

 𝜇  =  𝜇0  =  1.26  ∙  10−6 
𝑁

𝐴2
 and: 

 𝐵  =  𝜇0 𝐻 (Eq. 2.9) 

In considering Maxwell's equations for a vacuum, the electrical polarization 𝑃 

cannot be neglected, which in strong electric fields includes, in addition to the linear response 

𝑃𝐿, the nonlinear response 𝑃𝑁𝐿. This means that the total polarization vector 𝑃 can be written 

as the sum of a linear and a nonlinear term: 

 𝑃  =  𝑃𝐿 + 𝑃𝑁𝐿 (Eq. 2.10) 

By substituting Eq. 2.7 to Eq. 2.10 the electrical polarization 𝑃 is written as a power series: 

 𝑃  =  𝜀0 [𝜒𝑒
(1)
 𝐸 + 𝜒𝑒

(2)
 𝐸

2
+ 𝜒𝑒

(3)
 𝐸

3
+⋯+ 𝜒𝑒

(𝑛)
 𝐸

𝑛
] (Eq. 2.11) 

The first term of Eq. 2.11 describes the linear dependence of the electric polarization 𝑃 

on the electric field 𝐸 (Eq. 2.12), and the other members of this equation 

are related to the nonlinear dependence (Eq. 2.13). 
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 𝑃𝐿   =  𝜀0𝜒𝑒
(1) 𝐸 (Eq. 2.12) 

 𝑃𝑁𝐿   =  𝜀0 [𝜒𝑒
(2) 𝐸

2
+ 𝜒𝑒

(3) 𝐸
3
+⋯+ 𝜒𝑒

(𝑛) 𝐸
𝑛
] (Eq. 2.13) 

𝜒𝑒
(1)

 – linear electrical susceptibility 

𝜒𝑒
(2)

, 𝜒𝑒
(3)

, …, 𝜒𝑒
(𝑛)

 – nonlinear electrical susceptibility, successively second-order nonlinear 

electrical susceptibility, third-order nonlinear electrical susceptibility, ..., nth - order nonlinear 

electrical susceptibility 

The electrical susceptibility 𝜒𝑒 takes on different dimensions depending on its order 

of magnitude. The magnitude of 𝜒𝑒
(1)

 is dimensionless and its order 

of magnitude is about 1, while the dimension of 𝜒𝑒
(2)

 is 
𝑚

𝑉
 and 𝜒𝑒

(3)
 has a dimension of 

𝑚2

𝑉2
. 

Finally, the electrical polarization of the medium based on the above considerations 

can be written as the sum of linear and nonlinear polarization: 

 𝑃  =  𝑃
(1)
  +  𝑃

(2)
  +  𝑃

(3)
  +   …   +  𝑃

(𝑛)
 

(Eq. 2.14) 

where: 

𝑃
(𝑛)

 – electrical polarization of the nth order, n = 1, 2, 3, ... 

Furthermore, at the molecular level, Eq. 2.13 can be expressed by the sum of the local electric 

fields acting on each molecule of the medium (Eq. 2.15). 

 𝑃  =  𝑁 (𝛼𝐸𝑙𝑜𝑐  +  𝛽𝐸𝑙𝑜𝑐
2
  +  𝛾𝐸𝑙𝑜𝑐

3
  +   … ) (Eq. 2.15) 

𝑁  – volume density of particles 

𝛼 – linear polarizability tensor 
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𝛽 – quadratic hyperpolarizability tensor 

𝛾 – cubic hyperpolarizability tensor 

Having already known what the polarization 𝑃 is in the material equations, 

one can return to Maxwell's equations and consider the rotation of the electric field vector 𝐸 

with Eq. 2.3. Because of the continuity of the function, one can reorder the derivatives 

with respect to time and space on the right-hand side of the resulting equation. Using Eq. 2.4, 

Eq. 2.9 and 𝑗  =  0 one obtains Eq. 2.16: 

 
∇ × ∇ × 𝐸  +  𝜇0 

𝜕2

𝜕𝑡2
𝐷  =  0 (Eq. 2.16) 

which can be simplified by using a relationship: 

 ∇ × ∇ × 𝐸  =  ∇(∇ ∙ 𝐸)  −  ∇2 𝐸 (Eq. 2.17) 

With respect to nonlinear optics, it cannot be assumed that ∇ ∙ 𝐸  =  0 based on ∇ ∙ 𝐷  =  0, 

but it can be assumed that ∇(∇ ∙ 𝐸) is negligible in Eq. 2.17. Consequently, 

Eq. 2.16 can be written in the form: 

 
∇2 𝐸  −  𝜇0 

𝜕2

𝜕𝑡2
𝐷  =  0 

(Eq. 2.18) 

The vector 𝐷 can be replaced according to Eq. 2.5, and 𝜇0 can be written as 
1

𝜀0𝑐2
, 

where 𝑐  is the speed of light in vacuum. These substitutions yield the most general wave 

equation in nonlinear optics [4]: 

 
∇2 𝐸  −  

1

𝑐2
 
𝜕2

𝜕𝑡2
𝐸  =  

1

𝜀0 𝑐2
𝜕2

𝜕𝑡2
𝑃 (Eq. 2.19) 
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Equation 2.19 is an extension of the standard wave equation in optics. It considers the nonlinear 

response of the medium to the electric field, leading to new components in the equation 

responsible for nonlinear effects. The wave equation for nonlinear optics describes 

how the electric field can generate new wave components in a nonlinear medium, 

such as the second and third harmonics, in response to a strong electric field. 

Removing the right-hand side of the equation gives the Helmholtz equation, which predicts 

the existence of electromagnetic waves in a vacuum [3]. 

2.2. Interaction of light with matter 

The interaction of light, i.e., an electromagnetic wave, with matter, is one of the fundamental 

issues in optics. It involves many mechanisms and depends on the type of medium 

in which the wave propagates and the characteristics of the incident wave. 

Maxwell's equations greatly help in describing the interaction of light with matter. They show 

us how the electromagnetic field propagates in space and interacts with materials. 

When considering this interaction, the weak and strong electromagnetic fields with matter 

must be considered, as this makes a huge difference from an optical point of view. 

The electromagnetic field of an electromagnetic wave with frequency 𝜔 and amplitude 𝐸  

passing through a transparent medium interacts with the positively charged atoms 

and molecules that compose it and with the negatively charged electrons. Thus, the field exerts 

forces on the atoms’ weakly bound outer or valence electrons. As a result of the electric field, 

the electrons begin to vibrate and move, forming small electric dipoles. The positive charges 

forming the medium move towards the external electric field, and the negative charges 

move in the opposite direction. All this leads to the electrical polarization of the medium, 

i.e., the ordering of the vibrating electric dipoles and the formation of induced dipole moments 

𝜇. The effect of the magnetic field of an electromagnetic wave acting on the medium 

in this context is negligible. Each vibrating dipole of the medium emits a microscopic 

electromagnetic field, which takes on features from the external electric field interacting 

with the medium. If the external field is harmonic, at a given frequency, the electric dipoles 

will emit an electromagnetic field with the same characteristics. The situation described 

in this paragraph is schematically illustrated in Figure 2.1. 
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When the forces induced by the external electromagnetic field acting on the electrons are small 

compared to the internal forces generated by the interaction of charges in the medium, 

in a linear isotropic medium, the resulting electric polarization 𝑃  is parallel and directly 

proportional to the applied electric field 𝐸 . This means that the intensity of the radiation 

emitted by the vibrating electric dipoles is directly proportional to the intensity of the external 

excitation radiation. This approach is described by traditional optics, so-called linear optics, 

where the behaviour of a material can be described by constants such as the refractive index 

or absorption coefficient. 

In nonlinear optics, the opposite behaviour is observed - the response of the medium 

to the external electromagnetic field is nonlinear. Such mechanisms are observed 

when the external electromagnetic field interacting with the medium is strong. Such strong 

electromagnetic fields are generated using laser beams. The nonlinear response of the system 

means that the displacement of electrons in the medium is not proportional to the incident 

electric field 𝐸 - new radiation frequencies and optical effects classified as nonlinear 

phenomena are generated. Among these are the generation of higher harmonics and wave 

mixing. 

 

Figure 2.1. The response of a dielectric medium to an external electromagnetic field: 

polarization of the medium and induction of dipole moments (a), as well as linear and nonlinear 

dependence of the polarization 𝑃  on the applied electric field 𝐸  (b). 

The nonlinear optics branch emerged in 1961, when Franken's research team discovered 

the second harmonic generation [5]. In their experiment, using a quartz crystal and a 694.3 nm 

pulsed ruby laser, a 347.2 nm wavelength corresponding to the second harmonic was generated. 
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With reference to perovskite materials, the study of nonlinear effects has mainly been ongoing 

for the last 10 years. In the previous decade, two-photon absorption effects have been 

discovered in nanowire lasers made of perovskite, but the generation of second and third 

harmonics (SHG, THG) and reverse saturable absorption (RSA) in perovskite 2D structures 

have also been demonstrated [6-8]. Perovskites are interesting materials 

in the context of nonlinear optics due to physical properties such as high nonlinear dielectric 

susceptibility coefficient, strong absorption and emission in the UV-VIS-NIR range, 

low effective mass of carriers, and strong exciton coupling. Due to these properties, perovskites 

have been extensively studied in the field of nonlinear optics, and it is still a rapidly developing 

topic. 

2.3. Second Harmonic Generation 

Second Harmonic Generation (SHG) is one of the most important phenomena in second-order 

nonlinear optics. In the simplest explanation of this phenomenon, it is said that two photons 

with the same frequency 𝜔, amplitude 𝐸 , and the same propagation direction 

interact in a nonlinear medium and combine to form a single photon with a doubled frequency 

2𝜔 . The frequency doubling is simultaneously associated with a doubling of energy 

and a shortening of the electromagnetic wavelength incident on the medium from outside. 

The SHG phenomenon is shown in a simplified manner in Figure 2.2. Second-order optical 

nonlinear phenomena, in addition to SHG, include other phenomena such as Sum-Frequency 

Generation (SFG), Difference-Frequency Generation (DFG), Pockels Effect, and parametric 

amplification. 

 

Figure 2.2. Generation of the second harmonic by a nonlinear medium (a) and the energy 

model of this phenomenon (b). 
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For second-order nonlinear optical effects to take place in a given medium, certain 

requirements related to the crystal structure must be fulfilled - specifically, the medium must 

lack inversion symmetry [9,10]. This means that the crystal structure of the medium changes 

when all spatial coordinates are inverted with respect to the centre of symmetry. Such materials 

are said to be non-centrosymmetric. Based on Eq. 2.12, the second-order nonlinear polarization 

for a material without inversion symmetry can be written as: 

 −𝑃
(2)
  =  𝜀0 𝜒𝑒

(2) (−𝐸)
2
                 − 𝑃

(2)
  =  𝜀0 𝜒𝑒

(2) 𝐸
2
 

(Eq. 2.20) 

It follows that: 

 𝑃
(2)
  =   − 𝑃

(2)
 

(Eq. 2.21)  

Equation 2.21 can only be true when 𝜒𝑒
(2)  =  0. This means that second-order optical nonlinear 

effects occur only in materials devoid of inversion symmetry. 

The performance of the SHG process depends primarily on the properties of the nonlinear 

medium, but also on phase matching and optimization of the output signal intensity. 

As highlighted earlier, nonlinear optical effects can be generated by the interaction of matter 

with a strong electromagnetic field. Such a strong electromagnetic field is generated by a laser 

beam. The electric field of a laser beam propagating in the direction of vector 𝑘 

depends on time 𝑡 , spatial coordinate 𝑟 , and can be described by Eq. 2.22 [1,2]. 

 𝐸(𝑟,  𝑡)  =  𝐸 ∙ cos(𝜔𝑡 − 𝑘 ∙ 𝑟) (Eq. 2.22) 

For second-order nonlinear effects, 𝜒𝑒
(2)

 differs from zero, and 𝑃
(2)

 describes Eq. 2.23. 

 𝑃
(2)
 (𝑟,  𝑡)  =  𝜀0 𝜒𝑒

(2)  ∙ 𝐸
2
 

(Eq. 2.23) 
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Considering Eq. 2.22 in the above equation, we obtain Eq. 2.24, which describes 

the second-order polarization. It consists of a time-independent, time-dependent, 

and a frequency-varying part 2𝜔 . Clearly, from here, it can be seen that the first term describes 

the static field and the second term describes the new wave created with a doubled frequency 

with respect to the original wave. 

 
𝑃
(2)
 (𝑟,  𝑡)  =  

1

2
𝜀0 𝜒𝑒

(2) 𝐸2 [1 + cos 2 (𝜔𝑡  −  𝑘 ∙ 𝑟)] (Eq. 2.24) 

The intensity of a frequency-doubled electromagnetic wave generated in a nonlinear medium 

of thickness 𝑑  is described by the equation: 

 

𝐼(2𝜔, 𝑑)  ≈  𝐼𝜔
2  (𝜒𝑒

(2))
2
  [
sin (

1
2𝑑Δ𝑘)

1
2𝑑Δ𝑘

]

2

 (Eq. 2.25) 

where: 

𝐼𝜔 – the intensity of the electromagnetic wave incident on the medium, 

Δ𝑘  – phase matching. 

 
|Δ𝑘|  =  |𝑘2  −  2𝑘1 |  =  

2𝜔

𝑐
(𝑛2𝜔  −  𝑛𝜔  ) 

(Eq. 2.26)  

𝑘1 – wave vector corresponding to the fundamental wavelength 

𝑘2 – wave vector corresponding to the second harmonic generated 

The phase matching condition is very important for performing nonlinear optical processes. 

In a nonlinear medium, the fundamental and the generated harmonic waves propagate. 

For the energy conversion from 𝜔  to 2𝜔  to be as efficient as possible, the waves must oscillate 

in phase [11,12]. Such oscillations occur when the phase matching condition is met: 
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 Δ𝑘  =  0  (Eq. 2.27) 

which can be written as: 

 𝑛2𝜔   =  𝑛𝜔 (Eq. 2.28) 

where: 

𝑛𝜔, 𝑛2𝜔 – refractive indices for the fundamental and second harmonic waves. 

If the phase matching condition Eq. 2.27 is not met, the waves in the medium 

will not be in phase, and a periodic variation of the SHG intensity as a function 

of the thickness 𝑑  of the medium will be observed. The so-called coherence length 𝐿𝐶 

is used in such a situation. This parameter describes the maximum distance the second 

harmonic wave can interfere with the fundamental wave before phase coherence is lost [13]. 

The coherence length 𝐿𝐶 defines the distance at which the phase difference between the two 

waves is 𝜋. It can be expressed using Eq. 2.29 and Eq. 2.30. 

 𝐿𝐶   =  
𝜋

|Δ𝑘|
 (Eq. 2.29) 

 
𝐿𝐶   =  

𝜆

4(𝑛2𝜔   −  𝑛𝜔)
 (Eq. 2.30) 

Phase matching in the SHG process is crucial - the better the wave phases are matched, 

the greater the coherence length and the efficiency of the process. The SHG signal intensity 

is also influenced by the surface morphology of the medium and by the optical system 

used for the measurements, which should be precisely designed. 
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2.4. Second-order nonlinear susceptibility 

Second-order nonlinear susceptibility 𝜒(2) is a very important parameter in nonlinear optics. 

This parameter describes the response of a material to a strong electromagnetic field. 

In other words, it determines how much the medium responds by generating new 

electromagnetic waves at frequencies other than the fundamental wave. The parameter 𝜒(2) 

can therefore be seen as an indicator of the performance of a second-order nonlinear process - 

the larger it is, the stronger the SHG signal. The nonlinear susceptibility is a third-order tensor, 

consisting of 27 components, which relates the electric field of the electromagnetic wave 

to the second-order polarization generated. It is represented as a matrix of coefficients 𝜒𝑖𝑗𝑘
(2)

 

along the axes of the 𝑥 , 𝑦 , 𝑧  coordinate system. If a plane electromagnetic wave with circular 

frequency 𝜔  propagates in the 𝑧 -axis direction, then it can be written in the form: 

 𝐸(𝑧,  𝑡)  =  𝐸(𝑧) 𝑒−𝑖𝜔𝑡   +  𝑐. 𝑐. (Eq. 2.31) 

where: 

𝑐. 𝑐.   - complex conjugation. 

By substituting the above wave equation into Eq. 2.23, describing second-order nonlinear 

polarization, one obtains the expression: 

  𝑃(2) (𝑡)  =  2𝜀0 𝜒𝑒
(2)  ∙  𝐸𝐸∗  +  𝜀0 𝜒𝑒

(2) [𝐸2 𝑒−2𝑖𝜔𝑡   +  𝑐. 𝑐. ] (Eq. 2.32) 

In the above equation, the component containing 2𝜔  is responsible for the formation 

of the SHG signal and thus for the phenomenon of the second-order nonlinear susceptibility 

𝜒𝑒
(2)

. The 𝜒𝑒
(2)

 tensor consists of 27 elements. In contrast, given that the elements of the 𝜒𝑖𝑗𝑘
(2)

 

tensor are invariant to changes in the indices 𝑗  and 𝑘 , one can reduce the number 

of independent components to 18 and write the polarization as follows:  
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(Eq. 2.33) 

In 1962, Kleinman showed that the tensor 𝜒(2) is symmetric with respect to the permutation 

of the three indices 𝑖𝑗𝑘  [14,15]: 

 𝜒𝑖𝑗𝑘   =  𝜒𝑖𝑘𝑗   =  𝜒𝑗𝑖𝑘   =  𝜒𝑗𝑘𝑖   =  𝜒𝑘𝑖𝑗   =  𝜒𝑘𝑗𝑖 (Eq. 2.34) 

Due to this symmetry, 10 independent elements remain in the tensor 𝜒𝑖𝑗𝑘
(2)

. 

 

 

(Eq. 2.35) 

Very often the components of the 𝜒𝑖𝑗𝑘
(2)

 tensor are denoted by the 𝑑𝑖𝑙 tensor, 

which are related to each other by a relation: 

 2𝑑𝑖𝑙   =  𝜒𝑖𝑗𝑘 (Eq. 2.36) 

where: 

 

 

(Eq. 2.37) 
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Based on the above considerations, the second-order nonlinear susceptibility tensor 𝜒𝑖𝑗𝑘
(2)

 

can be presented in a new form: 

 

 

(Eq. 2.38) 

2.5. Third Harmonic Generation 

Third Harmonic Generation (THG) is one of the fundamental phenomena of third-order 

nonlinear optics. The mechanism of the phenomenon is similar to that of SHG. In the simplest 

explanation of the phenomenon, it is said that three photons of the same frequency 𝜔  interact 

in a nonlinear medium and combine to form one photon of tripled frequency 3𝜔 . This change 

in frequency is simultaneously associated with a tripling of energy and the generation of a new 

wave with a wavelength three times shorter than the electromagnetic fundamental wave. 

The THG phenomenon is shown in a simplified manner in Figure 2.3. In contrast to SHG, 

during the THG process, the molecules of the medium are temporarily excited to so-called 

virtual energy levels. These levels are unstable states. As a result, the molecule quickly emits 

a photon without absorbing energy. Among third-order optical nonlinear phenomena, 

in addition to THG, the Kerr effect, two-photon absorption (TPA), phase self-modulation 

(SPM), and four-wave mixing (FWM) are prominent. 
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Figure 2.3. Generation of the third harmonic by a nonlinear medium (a) and the energy model 

of this phenomenon (b). 

Like SHG, the generation of third-order nonlinear effects is related to the third-order nonlinear 

polarization of the medium: 

 𝑃
(3)
 (𝑟,  𝑡)  =  𝜀0 𝜒𝑒

(3)  ∙  𝐸
3
 

(Eq. 2.39) 

By substituting into the above equation Eq. 2.22 describing the electric field of the laser beam, 

the third-order nonlinear polarization takes the form: 

 
𝑃
(3)
 (𝑟,  𝑡)  =  

1

4
𝜀0 𝜒𝑒

(3)
 𝐸3  cos 3 (𝜔𝑡  −  𝑘 ∙ 𝑟) 

+  
3

4
𝜀0 𝜒𝑒

(3) 𝐸3  cos(𝜔𝑡  −  𝑘 ∙ 𝑟) 

(Eq. 2.40)  

The first element of Eq. 1.40 describes the third-order nonlinear response of the medium, 

as evidenced by the occurrence of a 3𝜔  frequency triplet. 

Analogous to SHG, the intensity of the generated third harmonic signal in a medium 

of thickness 𝑑  is expressed by the formula: 

 

𝐼(3𝜔,  𝑑)  ≈  𝐼𝜔
3  (𝜒𝑒

(3))
2
  [
sin (

1
2𝑑Δ𝑘)

1
2 𝑑Δ𝑘

]

2

 (Eq. 2.41) 
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where: 

Δ𝑘  – phase matching. 

The efficiency of the THG process depends on the phase matching conditions. For the energy 

conversion to be as efficient as possible, the fundamental wave and the generated third 

harmonic wave should remain in a well-defined phase relationship when propagating 

in a nonlinear medium. The phase matching condition in this case is as follows: 

 
|Δ𝑘|  =  |𝑘3 −  3𝑘1 |  =  

3𝜔

𝑐
 (𝑛3𝜔  −  𝑛𝜔  ) 

(Eq. 2.42) 

where: 

𝑘1 - the wave vector corresponding to the fundamental wavelength, 

𝑘3 - the wave vector corresponding to the generated third harmonic, 

𝑛𝜔, 𝑛3𝜔 – refractive indices for the fundamental and third harmonic wave. 

Phase matching plays just as important a role in the THG process as in SHG. A significant 

difference between these processes is that there are no structural requirements for the THG 

process - Third Harmonic Generation is obtained in non-centrosymmetric and centrosymmetric 

materials. 

2.6. Third-order nonlinear susceptibility 

The third-order nonlinear susceptibility 𝜒(3) is an important parameter in nonlinear optics. 

It describes the response of a material to a strong electromagnetic field, which is proportional 

to the third power of the field. The parameter 𝜒(3), like the parameter 𝜒(2), can be regarded 

as an indicator of the performance of a third-order nonlinear process. The third-order nonlinear 

susceptibility 𝜒(3) is a fourth-order tensor with 81 elements. It can consist of components 

that respond to different directions of interactions in space and can contain real and imaginary 

elements. Considering the situation where three monochromatic plane waves, 
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each with its frequency 𝜔 , propagate in a nonlinear medium, their electric field 

can be expressed by the formula: 

 𝐸(𝑡)  =  𝐸1 𝑒
−𝑖𝜔1 𝑡   +  𝐸2 𝑒

−𝑖𝜔2 𝑡   +  𝐸3 𝑒
−𝑖𝜔3 𝑡   +  𝑐. 𝑐. (Eq. 2.43) 

where: 

𝑐. 𝑐.   - complex conjugation. 

In the case under consideration, the third-order nonlinear polarization is expressed as follows: 

 𝑃(3)  =  𝜀0 𝜒𝑖𝑗𝑘𝑙
(3)  𝐸𝑗  𝐸𝑘  𝐸𝑙 (Eq. 2.44) 

The third-order nonlinear susceptibility tensor 𝜒𝑖𝑗𝑘𝑙
(3)

, like the second-order nonlinear 

susceptibility tensor 𝜒𝑖𝑗𝑘
(2)

, is simplified according to the crystal structure of the material [16,17]. 

This reduces the number of tensor elements to non-zero and independent values. For isotropic 

media, the following symmetry features can be written down: 

 𝜒𝑥𝑥𝑥𝑥
(3)

  =  𝜒𝑦𝑦𝑦𝑦
(3)

  =  𝜒𝑧𝑧𝑧𝑧
(3)

  =  𝜒𝑥𝑥𝑦𝑦
(3)

  +  𝜒𝑥𝑦𝑥𝑦
(3)

  +  𝜒𝑥𝑦𝑦𝑥
(3)

  

 𝜒𝑦𝑦𝑧𝑧
(3)

  =  𝜒𝑧𝑧𝑦𝑦
(3)

  =  𝜒𝑧𝑧𝑥𝑥
(3)

  =  𝜒𝑥𝑥𝑧𝑧
(3)

  =  𝜒𝑥𝑥𝑦𝑦
(3)

  =  𝜒𝑦𝑦𝑥𝑥
(3)

 (Eq. 2.45) 

 𝜒𝑦𝑧𝑦𝑧
(3)

  =  𝜒𝑧𝑦𝑧𝑦
(3)

  =  𝜒𝑧𝑥𝑧𝑥
(3)

  =  𝜒𝑥𝑧𝑥𝑧
(3)

  =  𝜒𝑥𝑦𝑥𝑦
(3)

  =  𝜒𝑦𝑥𝑦𝑥
(3)

  

From the above, it can be seen that the tensor 𝜒𝑖𝑗𝑘𝑙
(3)

 consists of three independent elements: 

𝜒𝑥𝑥𝑥𝑥
(3)

, 𝜒𝑥𝑥𝑦𝑦
(3)

, and 𝜒𝑥𝑦𝑥𝑦
(3)

. 
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The elements of the third-order nonlinear optical susceptibility tensor 𝜒(3) are complex: 

 𝜒(3)  =  𝜒′(3)  +  𝜒′′(3) (Eq. 2.46) 

where: 

𝜒′(3) – real part, 

𝜒′′(3) – imaginary part. 

The real part of the tensor is responsible for nonlinear changes in the refractive index. 

In contrast, the complex part is related to the phenomenon of nonlinear light absorption 

and stimulated scattering [18]. 

2.7. Nonlinear absorption 

Spectroscopic measurements of materials are used to characterize them. The simplest such 

measurements involve measuring the absorption spectra (absorbance 𝐴 ) or transmission 

spectra (transmittance 𝑇 ) of a given material. The measurement results provide information 

on the amount of energy the sample absorbs from the radiation passing through it. 

Mathematically, absorbance 𝐴  and transmittance 𝑇  are expressed by the formulas: 

 
𝑇  =  

𝐼

𝐼0
 (Eq. 2.47) 

 
𝐴  =   log

1

𝑇
  =   log

𝐼0
𝐼

 (Eq. 2.48) 

where: 

𝐼  – the intensity of radiation passing through the sample, 

𝐼0 – intensity of radiation incident on the sample. 
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Transmittance takes values from 0 to 1, where 0 means the radiation has been completely 

absorbed by the medium and 1 means that the radiation has completely passed through 

the medium. In the case of absorbance, when the radiation has completely passed through 

the medium, then 𝐴  =  0 , and when it is completely absorbed, the absorbance value 

tends to infinity. Transmittance and absorbance are usually given in percentages. The intensity 

of radiation 𝐼  of a beam that passes through an absorbing medium decreases exponentially 

with the medium’s thickness 𝑑 , which can be described by Eq. 2.49. 

 𝐼  =  𝐼0 𝑒
−𝑘𝛼 𝑑 (Eq. 2.49) 

𝐼  – the intensity of radiation of the beam passing through the medium 

𝐼0 – intensity of radiation incident on the sample 

𝑘𝛼 – attenuation coefficient 

𝑑  – the thickness of the medium through which the radiation beam passes 

Inserting Eq. 2.49 into Eq. 2.48 we get the relationship: 

 𝐴  =  0.4343 ∙ 𝑘𝛼  𝑑   (Eq. 2.50) 

Assuming no scattering exists in the medium, the attenuation coefficient 𝑘𝛼 

can be replaced by the linear absorption coefficient 𝛼0. In that case, the above equation 

can be written in the form: 

 𝐴  =  0.4343 ∙ 𝛼0 𝑑 (Eq. 2.51) 

where: 

𝛼0 – linear absorption coefficient of radiation with dimensions 
1

𝑐𝑚
. 
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Equation 2.51 is called the Lambert–Beer law, and the absorption coefficient 𝛼0 

is a characteristic parameter for each medium. 

When a medium is exposed to very intense electromagnetic radiation, the medium can absorb 

more than one photon. In such a situation, we speak of multiphoton absorption, and hence 

we distinguish between single-photon, two-photon, three-photon absorption, and so on. 

In the presented work, two-photon absorption (TPA) is the most important, and it is given more 

attention below. 

 

Figure 2.4. TPA process. 

TPA is a third-order nonlinear absorption optical process whose characteristic quantity 

is the nonlinear absorption coefficient 𝛽 : 

 𝛼  =  𝛼0  +  𝛽𝐼 (Eq. 2.52) 

𝛼0 – linear absorption coefficient. 

As mentioned in Section 2.6, the imaginary part of the third-order nonlinear susceptibility 

tensor is related to the nonlinear absorption of radiation. The formula that expresses 

this relationship is: 

 
𝜒′′(3)  =  

𝑛0
2 𝜀0 𝑐𝜆

3𝜋
𝛽  [

𝑚

𝑊
] (Eq. 2.53) 
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where: 

𝑛0 – linear refractive index, 

𝑐  – speed of light, 

𝜆   – wavelength of radiation. 

Nonlinear absorption can occur in two varieties – as saturating absorption (SA) and reverse 

saturating absorption (RSA) [19]. In a situation where SA occurs, a decrease in absorption 

is observed with an increase in the intensity of radiation incident on the medium. This results 

from the intensive excitation process, which means the carriers do not have enough time 

to return to the ground state. In this way, the ability of the medium to absorb radiation 

is limited. In the case of RSA, absorption increases with an increase in radiation intensity. 

The higher the radiation intensity, the more particles pass into the excited state. 

Such absorption occurs in media with a long lifetime of excited states. 

2.8. Nonlinear refractive index 

The nonlinear refractive index 𝑛2 is a quantity that describes how the refractive index 

of a medium changes depending on the intensity of the electromagnetic radiation incident 

on it. In linear optics, the refractive index is constant and does not depend on radiation intensity. 

In nonlinear optics, when the medium is exposed to radiation of very high intensity, 

the nonlinear refractive index 𝑛2 depends on the intensity of the electromagnetic wave 𝐼 : 

 𝑛  =  𝑛0  +  𝑛2 𝐼 (Eq. 2.54) 

where: 

𝑛0 – linear refractive index, 

𝑛2 – nonlinear refractive index, 

𝐼  – intensity of electromagnetic wave. 
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The dimension of 𝑛2 is 
𝑚2

𝑊
. If 𝑛2 is positive, the self-focusing phenomenon is observed. 

In the opposite case, when 𝑛2 is negative, the self-defocusing phenomenon occurs. 

The nonlinear refractive index is related to the real part of the third-order nonlinear 

susceptibility as follows: 

 
𝜒′(3)  =  

4𝑛0
2 𝜀0 𝑐

3
𝑛2 

(Eq. 2.55) 

2.9. Applications 

Nonlinear optics is a field of science with a wide range of applications. It has a great 

impact on modern technology and science. It finds application in advanced photonics, 

medicine, telecommunications, and new quantum technologies [20,21]. 

One of the basic goals of nonlinear optics is frequency conversion, i.e., generating new 

electromagnetic wavelengths. Frequency conversion allows light with colors that are not 

directly available from lasers. An example of an application is, for example, a green pointer 

from an infrared laser [22]. In such a device, a solid-state laser with a wavelength of 1064 nm 

is used. Thanks to the generation of the second harmonic on the nonlinear crystal, 

the fundamental frequency of the laser beam is converted, and a beam with a wavelength 

of 532 nm is generated, corresponding to green light. By using appropriate filters 

at the output of the system, pure green light is obtained. The most popular nonlinear crystals 

used for frequency conversion are BBO, KTP, LBO crystals, and perovskites [23-25]. 

Frequency conversion is generally achieved by nonlinear optics processes, for example, 

we obtain it thanks to the SHG, THG, SFG (Sum Frequency Generation), DFG (Difference 

Frequency Generation), OPG (Parametric Light Generation), or OPA (Parametric Light 

Amplification) processes. 

Nonlinear optics is used in nonlinear spectroscopy and imaging [26,27]. First, SHG, THG, 

and two-photon absorption processes are used in label-free imaging of biological structures 

such as cells and biological tissues, and in materials science, among others, to analyze defects 

and structures in semiconductors [28-30]. Thanks to modern technologies, obtaining 
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information on the structural, molecular, and functional properties of the tested materials 

is possible. Nonlinear spectroscopy and imaging are fast, high-resolution measurement 

methods. When using these methods in medical imaging, there is no need to use dyes, 

which allows the recording of "raw" tissue structures. The lack of the need to use dyes increases 

the reliability of the obtained results, because staining can change the biological functions 

of tissues and can also be toxic. In addition, the SHG process detects non-centrosymmetric 

structures such as collagen, and the THG process detects phase boundaries, for example, cell 

membranes [31,32]. Wound healing, tumor development, and extracellular matrix remodeling 

are observed based on such measurements. TPA effects are also used in medical imaging 

and are useful for imaging deep structures. The use of SHG and THG for imaging 

in materials science enables, among many applications, the detection of crystallographic 

defects, the study of grain boundaries, and the quality control of thin films. 

Another example of the application of optical nonlinear effects, this time THG effects, 

are optical switches and modulators, used in ultrafast optical routers, optical fiber 

telecommunications, or photon computers [33,34]. Their operation is based primarily 

on the Kerr effect, which is classified as a third-order nonlinear phenomenon. The purpose 

of optical switches is to control the transmission of light using another or the same optical 

signal. When the light intensity reaches a certain threshold, the refractive index changes. 

This change in the refractive index simultaneously changes the optical path and interference 

conditions. In this way, optical signals can be turned on or off. The operation of modulators 

is also based on the change in the refractive index, which allows for dynamic modulation 

of the signal in the optical domain. This avoids converting energy into an electrical signal, 

which positively affects the efficiency and speed of information transfer. Delays and energy 

losses are reduced, which is important from the point of view of practical and modern technical 

solutions. It is also worth mentioning the phenomenon of phase self-modulation, which serves 

to broaden the spectrum of a light pulse and is used in optical tomography and spectroscopy 

[35]. Another noteworthy phenomenon is the photorefractive effect, which uses the Kerr effect 

and can be used for dynamic holography [36]. 
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Nonlinear optical effects are also used in optical limiter technology [37,38]. In such devices, 

the RSA effect is usually used, but also the Kerr effect. The purpose of optical limiters 

is to protect detectors and eyes from intense radiation. 

An interesting application of NLO is its use in optical memories, where the mechanisms 

of changing the refractive index, multiphoton absorption, e.g., TPA, and optical bistability 

are used [39,40]. The advantages of optical memories include multi-layer recording (3D), fast 

data access, high recording density, and resistance to electromagnetic interference. 

Potential areas of application of nonlinear optical effects include quantum photonics, secure 

quantum communication (QKD), and neurophotonics [41]. Quantum photonics aims to use 

single photons and their quantum states to process information, communicate, and perform 

calculations. Ensuring completely secure data transmission is also possible through 

the principles of quantum mechanics. Neurophotonics, on the other hand, is to be used to treat 

neurological diseases, study brain plasticity, and design neurointerfaces, e.g., brain-computer. 

The applications of nonlinear optics are extensive and have a great chance of success. 

The possibilities of this branch of physics are so far unlimited. The achievements in this field 

of science have contributed to the development of technology in medicine, materials science, 

and broadly understood optoelectronics. On the other hand, searching for new materials 

with better nonlinear optical properties is very important. Materials that stand out from others 

are still sought with a fast response time, high nonlinear response, the lowest possible optical 

losses, or low production costs. 
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CHAPTER 3: EXPERIMENTAL TECHNIQUES 

FOR THE PREPARATION AND CHARACTERIZATION 

OF THIN FILMS 

This chapter discusses the experimental techniques used to prepare and characterize 

the optoelectric properties of thin film samples. The information presented below is the result 

of the experiments and literature searches. The technique used to produce low-dimensional 

structures was the classical Physical Vapor Deposition (PVD) technique 

supported by the material co-deposition process, called Physical Vapor co-Deposition 

(PVco-D). The PVco-D technique allowed the production of samples with different 

compositions. The characterization of the obtained structures focused on morphological 

properties, which were studied using Atomic Force Microscopy (AFM), linear optical 

properties such as UV-VIS-NIR spectroscopy, and photoluminescence (PL), nonlinear optical 

properties such as Second and Third Harmonic Generation, Corona Poling, and Z-scan, 

as well as electrical and photovoltaic properties. The linear optical properties were studied 

over a wide temperature range to detect phase transitions in the studied materials. Additionally, 

the thin film samples’ aging tests were carried out by performing UV-VIS-NIR spectroscopic 

and AFM morphological measurements. 

3.1. Physical Vapor co-Deposition 

PVD and PVco-D are techniques that allow the creation of low-dimensional 2D and 3D 

structures, reaching thicknesses of several to thousands of nanometers in high vacuum 

conditions. The PVD technique is a classic technique of physically obtaining thin layers 

from the gas phase, and the PVco-D technique is its modification [1,2]. Historically, the PVD 

method was developed in the 1850s by Michael Faraday, who experimented with metal 

deposition [3]. Modern forms of PVD have been intensively developed since the 1930s, 

and their commercialization took place after World War II [4-6]. 

In the process of obtaining thin film structures using PVD, three successive stages 

can be distinguished: 
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• sublimation of the material and obtaining a stream of its vapors, 

• free passage of vaporized particles from the source to the substrate,  

• condensation of the material particles on the substrate and gradual growth 

of the layer. 

The modification of this process to the PVco-D form consists of the simultaneous sublimation 

of at least two different materials. This is possible thanks to vacuum sputters equipped 

with more than one independent thermal source. The PVco-D process is schematically 

illustrated in Figure 3.1. It takes place in a tightly closed vacuum chamber under high vacuum 

conditions at pressures of the order of 10−5 𝑇𝑟. Previously prepared substrates 

are placed in the upper part of the vacuum chamber, and the materials to be evaporated 

are placed in the lower part. As mentioned above, the traditional PVD method 

consists of the sublimation of only one material, which results in obtaining a thin layer 

of this material. In the PVco-D method, more than one material is sublimated at the same time. 

The obtained vapor streams of all materials mix in the vacuum chamber 

and are deposited on the substrates. In this way, the molecules of different materials create new 

bonds on the surface of the substrates, creating new thin film structures 

with physicochemical properties different from those of the sublimed materials. 

The introduction of co-deposition to the classical PVD technique enables the creation 

of various new materials with selected compositions, including hybrid perovskites. 

The 2D structures obtained by this method can be monocrystalline, polycrystalline, 

or amorphous. 

Figure 3.1. The idea of the vacuum evaporation process in co-Deposition mode: 

shutters open (a), shutters close (b). 
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As shown in Figure 3.1, the vacuum chamber also contains shutters and thickness sensors. 

The shutters facilitate co-deposition in addition to the vapor sources and substrates. 

They can rotate around a vertical axis. After all sublimated materials have reached 

the expected deposition rate, the shutters are opened, and only then do the particles have 

the opportunity to reach the substrates and form a thin layer on them. Information about 

the thickness of the thin layer is provided by piezoelectric thickness sensors. The thickness 

sensors and shutters play important roles in the deposition of structures, especially structures 

with a strictly defined percentage composition. 

The PVco-D technique is an extremely useful tool compared to other thin film techniques. 

This technique enables the fabrication of structures with a defined chemical composition 

and a controlled percentage of individual components. It also allows the formation of both 

single-layer and multilayer structures. Usually, the sublimation temperatures of individual 

components are different, and it is impossible to obtain such complex structures using other 

known deposition techniques. Another great advantage is the ability to control the conditions 

of pressure, temperature, and evaporation rate of materials during the deposition of thin layers. 

Thanks to this, the structures obtained have precisely the same composition 

as intended. The ability to control these parameters also affects the repeatability of the layers 

obtained. In addition, the high vacuum conditions during the entire deposition process 

guarantee the purity of the obtained structures, and consequently their high-quality 

and uniformity. High vacuum also provides appropriate conditions for sublimation 

and thermally isolates the sources of vapors. The PVD method is used for coating complex 2D 

shapes and is considered environmentally friendly. The disadvantages of this deposition 

technique include the need to use high vacuum, which may be a limitation for large productions 

[7]. 

The Thin Film Deposition System - NANO 36™ (Kurt J. Lesker Company, Figure 3.2) was 

used to produce thin film structures studied in this work, with thicknesses ranging 

from several dozen to a thousand nanometers. The apparatus is equipped with two 

independently working thermal sources, which enable the PVco-D process to be carried out. 

All thin film and multilayer structures described in the following chapters were obtained using 

this apparatus. 
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Figure 3.2. Thin Film Deposition System - NANO 36™ (Kurt J. Lesker Company) 

for producing low-dimensional structures. 

3.2. Atomic Force Microscopy 

The AFM imaging technique was developed in 1986 by G. Binning, C. Quate, and C. Gerber 

as an extension of another, already known technique, Scanning Tunneling Microscopy (STM) 

[8]. In the 1990s, it was significantly developed, and today it is one of the most important 

imaging techniques in nanotechnology, solid state physics, and materials engineering. 

AFM is a surface topography imaging technique that uses physical interactions between the tip 

of the measuring probe and the surface of the tested sample. Based on these interactions, 

a three-dimensional map of the topography of this surface is created on a nanometric scale. 

AFM allows for imaging a wide range of materials, regardless of their transparency, 

conductivity, and hardness, and for carrying out measurements in air or liquid. This technique 

also allows for simultaneous examination of topographic, mechanical, and adhesive properties. 

The AFM system consists of three basic elements: a measuring probe placed on a flexible 

cantilever, a laser system, and a detection system – most often a photodiode. A standard AFM 

system is shown in Figure 3.3. The measuring probe of an atomic force microscope is a needle, 

usually in the shape of the letter V, placed on a flexible arm. The probe, approaching the tested 



Marjanowska Agnieszka | Photovoltaic and nonlinear optical effects of thin films based on perovskites 

 54 

 

surface at several hundred nanometers, interacts with it. As a result, the flexible cantilever 

bends – it is attracted or repelled, and its movement is continuously recorded by the detection 

system. The data obtained from the measurement are not a direct image of the sample, 

as in optical microscopy, but create a map of the probe height measurement. 

Based on such mapping, an image is computer processed that reflects the 3D topography 

of the surface of the tested material. 

 

Figure 3.3. Diagram showing the basic components of an atomic force microscope – 

the measuring probe placed on a flexible cantilever, the laser system, and the detection system. 

The interaction between the measuring probe and the tested surface is theoretically described 

by the Lennard-Jones potential. Based on the type of interaction, different operating modes 

are distinguished: contact, non-contact, and intermittent contact (Figure 3.4) [9,10]. 
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Figure 3.4. Lennard-Jones potential describing the interaction of the AFM measuring probe 

with the tested surface, with the three AFM microscope operating modes marked. 

The contact mode of measurement uses short-range interatomic forces, and the measuring tip 

directly touches the surface of the tested sample. Repulsive forces appear between the atoms 

of the tip and the sample’s atoms, the source of which is the interaction between the electron 

orbitals of the atoms of the sample and the measuring tip. This mode of operation allows 

for very accurate images of the surface, but in the case of soft materials, the measuring tip 

moving over the tested surface can damage it. The non-contact mode of measurement uses 

long-range interatomic forces, and the measuring tip does not touch the surface of the tested 

sample. 

The lever with the tip vibrates close to the resonance frequency. These vibrations have 

an amplitude from several to several dozen nanometers. As the distance between the tip 

and the sample decreases, the frequency and period of the lever vibrations change. 

Based on these changes, a topographic image of the surface is created. This mode 

of operation works well for materials sensitive to deformation. 

The intermittent contact mode uses both short-range and long-range forces in the measurement. 

The lever with the measuring tip placed close to the tested surface (closer than 

in the non-contact mode) is set in vibrations close to the resonance frequency. The measuring 

tip briefly and cyclically comes into contact with the tested surface, which reduces its vibration 
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amplitude. This mode of operation is characterized by higher scanning sensitivity than 

the contact mode and allows for avoiding damage to the surface of the tested sample. 

The AFM technique provides information on topography, structure, roughness, crystallite size, 

or type of the examined surface. A more detailed analysis is performed using the Minkowski 

Functionals Method (MFM). This method determines the spatial distribution of holes 

or crystallites on the examined surface and how the structure grows. Among the Minkowski 

Functional Methods, there are three distinguished – Minkowski Volume 𝑉(ℎ), Minkowski 

Boundary 𝑆(ℎ), Minkowski Connectivity 𝜒(ℎ), which are defined as follows [11,12]: 

 
𝑉(ℎ)  =  

𝑁𝐵
𝑁𝐵  +  𝑁𝑊

 (Eq. 3.1) 

 
𝑆(ℎ)  =  

𝑁𝑏𝑜𝑢𝑛𝑑𝑒𝑑
𝑁𝐵  +  𝑁𝑊

 (Eq. 3.2) 

 𝜒(ℎ)  =  
𝑛𝐵  −  𝑛𝑊
𝑁𝐵  +  𝑁𝑊

 (Eq. 3.3) 

where: 

ℎ   – height relative to the ground at which the topography of the layer is analyzed, 

𝑁𝐵 – material points, 

𝑁𝑊 – empty points (air), 

𝑁𝑏𝑜𝑢𝑛𝑑𝑒𝑑  – limited pixels, 

𝑛𝐵 – number of isolated areas at height ℎ , 

𝑛𝑊 – number of isolated islands at height ℎ . 

To determine the structural properties of the thin films studied in the work, AFM studies 

and FMs analysis were performed. AFM imaging was performed in the contact mode using 
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the NanoSurf EasyScan 2 instrument with a Sicon-A cantilever (Figure 3.5). The results 

obtained were analyzed using the Gwyddion 2.67 software. 

 

Figure 3.5. Photograph of the NanoSurf EasyScan 2 Atomic Force Microscope 

used for measurements. 

3.3. Spectroscopy characterization  

3.3.1. UV-VIS-NIR spectroscopy 

To characterize the thin film samples spectroscopically, measurements of transmission spectra 

were performed in the UV-VIS-NIR range at room temperature. An Analytik Jena 

UV-VIS-NIR spectrometer was used, which performed measurements in the wavelength range 

of 250 – 1100 nm with a resolution of 1 nm. Based on the obtained measurement results, 

the absorption bands of the tested materials were identified, and the spectroscopic quality 

of the thin films obtained by the PVD technique was checked. 

The classic measurement of transmission spectra was extended to include measurements 

of transmission spectra as a function of temperature. The introduction of such an idea was 

aimed at detecting phase transitions occurring in the tested hybrid perovskite samples under 

the influence of temperature changes. The measurement system shown schematically 

in Figure 3.6 was used. In addition to the spectrometer and computer, it included a Janis 

SuperTran-VP cryostat, a Lake Shore Cryotronics temperature controller, and a vacuum pump 

with a pressure sensor. The cooling medium was liquid nitrogen, the temperature 



Marjanowska Agnieszka | Photovoltaic and nonlinear optical effects of thin films based on perovskites 

 58 

 

of which at atmospheric pressure is 77 K. The measurements were carried out 

for the temperature range of 80 - 310 K with a step of 10 K, starting from the lowest 

temperature. Thanks to the vacuum system, they were carried out in a vacuum under a pressure 

in the order of 10−3 𝑇𝑟. 

 

Figure 3.6. Schematic diagram of the measuring system for measuring transmission 

and photoluminescence spectra as a function of temperature. 

3.3.2. Photoluminescence 

Material luminescence is a phenomenon of radiation emission by a material due to its previous 

excitation, i.e., transfer of electrons to higher energy levels. Luminescence occurs when excited 

electrons return to the ground state, which is accompanied by the emission of excess energy 

in the form of electromagnetic radiation. It can be caused by various factors, for example, 

electric current or chemical reaction, while luminescence induced by light was studied 

in this dissertation [13]. Such material luminescence is called photoluminescence (PL). 

Photoluminescence is divided into fluorescence and phosphorescence based on the lifetime 

of the excited state. In the case of fluorescence, the lifetime of the excited state is in the order 

of nanoseconds, and light emission occurs very quickly after excitation. However, 

it is the opposite for phosphorescence – light emission lasts longer because electrons giving off 

energy pass through an intermediate triplet state. The processes related to photoluminescence 
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are well illustrated by the Jablonski diagram (Figure 3.7) [14]. It describes how molecules give 

off energy after excitation. The main elements of the diagram are the energy levels 𝑆  and 𝑇 . 

𝑆0 represents the ground state, and 𝑆1, 𝑆2 the subsequent excited states. The energy levels 𝑆  

are singlet levels, while the level 𝑇1 is the lowest excited triplet state. Each state can contain 

numerous vibrational levels designated as 0, 1, and 2, respectively. When a photon initially 

excites the material, an electron passes from the ground to the excited state. The Jablonski 

diagram is indicated by a vertical arrow pointing upwards. Then, several processes can occur 

associated with the transition of the electron from the excited state to lower energy levels. 

This can be an internal conversion process involving a non-radiative transition between 

electronic levels, and the excess energy can be given off as heat. Another process 

can be fluorescence, or the transition from the excited singlet state 𝑆1 to the ground state 𝑆0. 

Another possible transition can be the transition from the excited singlet state 𝑆1 to the excited 

triplet state 𝑇1. Such a transition is called an intersystem transition. If another transition 

from the 𝑇1 to the ground state 𝑆0 occurs, the phenomenon is called phosphorescence. 

 

Figure 3.7. Jablonski diagram. 

To distinguish between different types of luminescence, a parameter known as the decay time 

was introduced. This is the time an electron is in an excited state before returning to the ground 

state. Knowledge of the decay time of a given material helps to determine the presence 

of energy traps, quantum efficiency, or the dynamics of electron-hole pair recombination 
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processes. It is measured as the decay of the emission intensity over time, which is described 

by an exponential function: 

 
𝐼(𝑡)  =  𝐼0 𝑒

−
𝑡
𝜏 

(Eq. 3.4) 

where: 

𝐼(𝑡) – photoluminescence intensity at time 𝑡 , 

𝐼0 – initial intensity immediately after arousal, 

𝜏   – time of decay. 

PL measurements were made using a HORIBA FluoroMax-4P spectrofluorometer. 

The HORIBA FluoroMax-4P spectrofluorometer is a device used to measure 

photoluminescence of samples in the solid state (e.g., thin layers) and in the liquid state. 

This device enables recording of excitation and emission spectra by measuring the intensity 

of photoluminescence and its change in time, polarization, and temperature. 

The HORIBA FluoroMax-4P spectrofluorometer has a 150 W CW Ozone-free xenon arc 

excitation source. It is a continuous-wave light source with a broad emission spectrum ranging 

from UV to NIR. The lamp uses ozone-free glass, which blocks deep UV radiation (<240 nm). 

Light from the source is collected by an elliptical mirror collects light 

from the source and then focused onto the narrow slits of the monochromator. 

The housing of the xenon source is separated from the monochromator by a quartz window, 

which dissipates heat. The spectroscopic spectrum is obtained by rotating the slits 

of the monochromator and recording the intensity by the detector for each wavelength. 

The diffraction grating used for the spectrofluorometer measurements contains 1200 slits per 

millimeter. 

Similarly to UV-VIS-NIR spectroscopic measurements, PL measurements were also 

performed as a function of temperature, in the temperature range of 80 – 310 K with 10 K steps, 

starting from the lowest temperature. The measurement setup was used, which is schematically 

shown in Figure 3.6. It consisted of a spectrofluorometer, a computer, a Janis SuperTran-VP 
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cryostat, a Lake Shore Cryotronics temperature controller, and a vacuum pump with a pressure 

sensor. Liquid nitrogen was used as a cooling medium, and the measurements were performed 

at a pressure of 10−3 𝑇𝑟. As before, PL spectra were measured as a function of temperature 

to identify phase transitions occurring in the studied hybrid perovskite thin films. 

3.4. Aging tests 

The aging tests were conducted to determine how the environment affects the structural 

properties and transmission of the tested thin hybrid perovskite films made using the PVD 

technique. Perovskites are unstable materials, and their proper storage is vital during 

their studies [15-17]. 

Immediately after the thin film structures were made using the PVD method, structural 

measurements were made using the AFM method and UV-VIS-NIR transmission 

measurements. The measurements were carried out at room temperature, in normal ambient 

conditions. The tested samples were placed in containers filled with argon, which were tightly 

closed. The boxes with the samples were stored in a dark place, in normal ambient conditions. 

The structural and spectroscopic measurements were repeated systematically over half a year, 

and the results were compared. 

The choice of argon as a medium for storing perovskite samples is not accidental. 

Argon is a colorless, odorless, chemically inert noble gas from the eighteenth group 

of the periodic table of elements. It is a protective gas against moisture and prevents oxidation 

[18]. Argon has a higher density than air and therefore covers samples well. 

Due to the chemical properties of argon and the fact that it does not enter into chemical 

reactions with samples, it is a good medium that can be a protective barrier during long-term 

sample storage. 
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3.5. Second and Third Harmonic Generation experiments 

The second- and third-order nonlinear optical properties of materials were investigated using 

the Maker Fringes technique (Figure 3.8). The Maker Fringes technique involves rotating 

the test sample around an axis perpendicular to the laser beam and measuring the SHG 

or THG intensity as a function of the angle of incidence of the laser beam. The measurement 

produces Maker Fringes, i.e., a graph of the harmonic signal intensity as a function 

of the angle of incidence of the laser beam [19,20]. An intense light source (pulsed laser) 

and a photomultiplier that is very sensitive to low light signals are necessary to perform 

this experiment. 

Figure 3.8. Experimental setup for SHG and THG measurements using the Maker Fringes 

method. 

The excitation source in the SHG and THG measurement system is a laser beam from a mode-

locked Nd:YAG laser (Ekspla, PL2250 series). This pulsed laser emits waves of 1064 nm, 

with a pulse duration of 30 ps and a processing frequency of 10 Hz. The light beam emerging 

from the laser initially falls on a splitter, which transmits part of the beam and directs part 

directly to the photodiode. The beam falling into the photodiode is responsible for acquisition 

synchronization. The beam passing through the splitter hits the Glan-Taylor polarizer, 

a half-wave plate (
𝜆

2
), and a focusing lens with a focal length of 250 mm. 

The lens focuses the laser beam precisely on the sample, which is placed on a rotating stage. 

By rotating the stage, the angle of incidence of the focused laser beam relative to the normal 

to the sample surface is changed. The stage can be rotated from -60° to +60° in 0.5° steps. 

The radiation beam passing through the sample contains the fundamental wavelength 

and the signal of the generated higher harmonic. To record the signal corresponding only 
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to the higher harmonics, a KG3 filter is placed behind the sample, which removes 

the fundamental wavelength. Then, an appropriate interference filter isolates the higher 

harmonics generated signal. Immediately afterwards, the signal is detected by the Hamamatsu 

R1828-01 photomultiplier and recorded on the computer. The difference between experiments 

for detecting SHG and THG lies in the interference filter and the reference material. 

In the case of SHG measurements, a 532 nm interference filter is used and a quartz plate 

cut in the 𝑦  axis, 0.5 mm thick, as the reference material. In the case of THG measurements, 

a 355 nm interference filter is used, and a 1 mm thick silica (𝑆𝑖𝑂2) plate as the reference 

material. Quartz and silica are materials with well-known nonlinear optical properties 

and known SHG and THG signal intensity profiles. The SHG and THG signals 

of the reference materials are shown in Figure 3.9. 

Figure 3.9. Experimentally obtained Maker Fringes obtained for quartz plate (a) 

and silica plate (b), being reference materials for SHG and THG signals, respectively. 

3.6. Theoretical models for calculating second-order nonlinear susceptibility 

In the context of SHG, several theoretical models have been developed to describe 

this phenomenon and to enable the calculation of parameters characterizing it, including 𝜒(2). 

Below, only the most important theoretical models are described, which are used in a wide 

range of sample types – in the form of powders, thin films, solutions, and bulk materials. 

Each model has its own characteristic features and limitations, so it is worth taking a closer 

look at them to select the optimal model for a given sample. 
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3.6.1. Lee Model 

The Lee Model is a theoretical model developed by Lee et al. in 1978 [21]. It is an extension 

of the classical Maker Fringes technique. This Model directly compares the second-order 

nonlinear optical properties of a reference material, i.e., a quartz plate, with the material under 

study. It was developed to describe SHG in thin film materials more accurately and considers 

the layer thickness 𝑑 , quartz coherence length 𝑙𝐶,𝑞𝑢𝑎𝑟𝑡𝑧 , and the absorption losses 

of the fundamental wave and the generated second harmonic. The disadvantages 

of the Lee Model include the fact that it requires precise knowledge of the layer thickness 

and optical coefficients, and that it does not dynamically account for dispersion in the layer 

but assumes constant values of the refractive index 𝑛  and extinction coefficient 𝜅  . 

The second-order nonlinear optical susceptibility 𝜒(2) of a sample of thickness 𝑑  is given by: 

 

𝜒(2)  =  𝜒𝑞𝑢𝑎𝑟𝑡𝑧
(2)  

2

𝜋

𝑙𝐶,𝑞𝑢𝑎𝑟𝑡𝑧
𝑑

√
𝐼2𝜔

𝐼2𝜔,𝑞𝑢𝑎𝑟𝑡𝑧
 (Eq. 3.5) 

where: 

𝐼2𝜔 – SHG intensity of the sample, 

𝐼2𝜔,𝑞𝑢𝑎𝑟𝑡𝑧  – SHG intensity of the reference sample – quartz plate, 

𝑙𝐶,𝑞𝑢𝑎𝑟𝑡𝑧  – coherence length of the reference sample, 

𝜒𝑞𝑢𝑎𝑟𝑡𝑧
(2)   =  1.00 

𝑝𝑚

𝑉
 [22]. 

The coherence length of the reference sample is calculated using Eq. 3.6. 

 
𝑙𝐶,𝑞𝑢𝑎𝑟𝑡𝑧   =  

𝜆𝜔

4(𝑛𝑞𝑢𝑎𝑟𝑡𝑧(2𝜔)  −  𝑛𝑞𝑢𝑎𝑟𝑡𝑧(𝜔))
 (Eq. 3.6) 

𝜆𝜔 – fundamental beam wavelength 

𝑛𝑞𝑢𝑎𝑟𝑡𝑧(2𝜔)  =  1.547 – refractive index of the reference material for SHG [23] 
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𝑛𝑞𝑢𝑎𝑟𝑡𝑧(𝜔)  =  1.534 – refractive index of the reference material for the fundamental beam [23] 

In case the optical absorption of the material has to be taken into account in the modeling, 

𝜒(2) also depends on the absorption coefficient 𝛼   and is expressed by the equation: 

 

𝜒(2)  =  𝜒𝑞𝑢𝑎𝑟𝑡𝑧
(2)  

2

𝜋

1
2𝛼𝑑

1 − 𝑒−
1
2
𝛼𝑑

𝑙𝐶,𝑞𝑢𝑎𝑟𝑡𝑧
𝑑

√
𝐼2𝜔

𝐼2𝜔,𝑞𝑢𝑎𝑟𝑡𝑧
 (Eq. 3.7) 

3.6.2. Kurtz-Perry Model 

The Kurtz-Perry Model is a classic technique for studying SHG in powder materials, especially 

microcrystalline ones. The Model was developed in 1968 to enable measurements of materials 

in powders or microcrystalline materials, when they are not available in the form of large 

crystals [24]. SHG modeling is performed by comparing the SHG intensity 

generated by the tested material with a reference powder, which is POM 

(3-methyl-4-nitropyridine-1-oxide). The advantages of the Kurtz-Perry Model are simplicity, 

speed, and the possibility of studying materials in powder form. However, 

in the case of a microcrystalline material, the size of the crystallites present in the sample affects 

the phase matching, and this affects the SHG intensity. This is the basic disadvantage 

of the described model, apart from not considering scattering and absorption in the tested 

material. The comparative formula for 𝜒(2) is expressed as follows: 

 

𝜒(2)  =  𝜒𝑃𝑂𝑀
(2)  √

𝐼2𝜔
𝐼2𝜔,𝑃𝑂𝑀

 (Eq. 3.8) 

where: 

𝐼2𝜔 – relative maximum SHG intensity of the tested material, 

𝐼2𝜔,𝑃𝑂𝑀 – relative maximum SHG intensity of the POM reference material, 

𝜒𝑃𝑂𝑀
(2)   =  (21  ±  3) ∙ 10−9 𝑒𝑠𝑢 – second-order nonlinear optical susceptibility of the POM 

reference powder. 
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3.6.3. Herman-Hayden Model 

The Herman-Hayden Model is a theoretical mathematical model used to study the bulk 

materials’ and thin films’ second-order nonlinear properties [25]. It is an extension 

of the Maker Fringes technique and considers phase matching, interference, and absorption 

effects in the tested material. The Model was developed in 1963 and was primarily 

intended to take into account realistic conditions of laser beam propagation in the tested sample. 

Its disadvantage is its mathematical complexity, which slows down the calculation process, 

as well as the assumption of the homogeneity of the medium, which makes the model 

ineffective in the analysis of non-crystalline materials. When the vertically polarized 

fundamental wave (S), passing through the sample, generates the horizontally polarized (P) 

second harmonic, the SHG intensity is expressed as follows: 

𝐼2𝜔
(𝑆→𝑃) 

=  
128𝜋5 

𝜆𝜔2  𝑐

[𝑡𝑎𝑓
(1𝑆)]

4
 [𝑡𝑓𝑆

(1𝑆)]
2
 [𝑡𝑆𝑎

(2𝑃)]
2

𝑛2𝜔
2   cos2  𝜃2𝜔

(𝜒𝑒𝑓𝑓
(2)  𝐼𝜔  𝑑)

2
 𝑒
(−2𝛿1 + 𝛿2 )

sin2 𝜙 +  sinh2  Ψ
𝜙2+ Ψ2

 

(Eq. 3.9) 

where:  

𝜆𝜔 – fundamental wavelength, 

𝐼𝜔 – fundamental wave intensity, 

𝑡𝑎𝑓
(1𝑆)

, 𝑡𝑓𝑆
(1𝑆)

, 𝑡𝑆𝑎
(2𝑃)

 – Fresnel transmission coefficients for air-layer, layer-substrate and substrate-

air boundaries, respectively, 

𝜒𝑒𝑓𝑓
(2)

 – effective second-order nonlinear compliance, 

𝜃2𝜔 – angle of generated harmonic per sample, 

𝜙, Ψ – phase angles, 

𝛿1, 𝛿2 – parameters related to absorption. 
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For a sample being a thin film whose transmission coefficient is close to 1, and for a substrate 

whose transmission coefficient is close to 1, the above equation is simplified to: 

𝐼2𝜔  (𝜃)  =  
128𝜋5

𝑛2𝜔
2   cos2  𝜃2𝜔  𝜆𝜔2  𝑐

(𝜒𝑒𝑓𝑓
(2)  𝐼𝜔  𝑑)

2
 
sin2  𝜙  +   sinh2  Ψ

𝜙2  +  Ψ2
 (Eq. 3.10)  

where the phase angles 𝜙 and Ψ: 

 
𝜙  =  

2𝜋𝑑

𝜆𝜔
(𝑛𝜔   cos 𝜃𝜔   −  𝑛2𝜔   cos 𝜃2𝜔) (Eq. 3.11) 

 
Ψ  =  

2𝜋𝑑

𝜆𝜔
(
𝑛𝜔 𝜅𝜔
cos 𝜃𝜔

−  
𝑛2𝜔  𝜅2𝜔
cos 𝜃2𝜔

) (Eq. 3.12) 

and: 

𝜃𝜔 – the angle of incidence of the fundamental wave on the sample, 

𝜅𝜔, 𝜅2𝜔 – extinction coefficients of nonlinear material at frequencies 𝜔 and 2𝜔. 

3.7. Theoretical models for calculating third-order nonlinear susceptibility 

Several theoretical models have been developed to describe the THG phenomenon, 

based on the Maker Fringes technique. They allow understanding the mechanism of THG 

generation in the material and the calculation of 𝜒(3). Only selected theoretical models 

are described below. 

3.7.1. Kubodera-Kobayashi Model 

The Kubodera-Kobayashi Model is a classical empirical-theoretical model used to determine 

𝜒(3) of thin film materials. It was developed in the 1970s [26]. It is characterized by simplicity 

and quick application in the experiment. Its disadvantage is that it does not consider complex 

multilayer effects and is highly sensitive to inaccuracy in thickness measurement. 

The Kubodera-Kobayashi Model is a comparative model that directly compares the maximum 

THG intensity of the tested sample with the reference material. The reference material 
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is a 1 mm thick 𝑆𝑖𝑂2 plate. According to the described model, at low absorption of the material, 

𝜒(3) is expressed as follows: 

 

𝜒(3)  =  𝜒𝑠𝑖𝑙𝑖𝑐𝑎
(3)  

2

𝜋

𝑙𝐶,𝑠𝑖𝑙𝑖𝑐𝑎
𝑑

√
𝐼3𝜔

𝐼3𝜔,𝑠𝑖𝑙𝑖𝑐𝑎
 (Eq. 3.13) 

where: 

𝑑  – sample thickness, 

𝑙𝐶,𝑠𝑖𝑙𝑖𝑐𝑎  – coherence length of the reference sample, 

𝐼3𝜔 – THG intensity of the tested sample, 

𝐼3𝜔,𝑠𝑖𝑙𝑖𝑐𝑎  – THG intensity of the reference sample, 

𝜒𝑠𝑖𝑙𝑖𝑐𝑎
(3)   =  2 ∙ 10−22 

𝑚2

𝑉2
 – third-order nonlinear susceptibility of the reference material [22]. 

In a situation where optical absorption cannot be neglected, the absorption coefficient 𝛼  

must be included in Eq. 3.13, and then the expression describing 𝜒(3) looks as follows: 

 

𝜒(3)  =  𝜒𝑠𝑖𝑙𝑖𝑐𝑎
(3)  

2

𝜋

𝑙𝐶,𝑠𝑖𝑙𝑖𝑐𝑎
𝑑

1
2 𝛼𝑑

1  −  𝑒−
1
2𝛼𝑑

 √
𝐼3𝜔

𝐼3𝜔,𝑠𝑖𝑙𝑖𝑐𝑎
 (Eq. 3.14) 

3.7.2. Reintjes Model 

The Reintjes Model was introduced in the 1970s and used for THG analysis and modeling [27]. 

The Reintjes Model explains the origin of Maker Fringes and helps to calculate 𝜒(3) 

of dielectric materials. It is a model based on the fundamental principles of electromagnetism 

and is universal - it can be used for both solids and liquids. The Reintjes Model assumes 

no absorption of the tested material, requires precise measurement of the sample thickness, 

and is not accurate for very thin layers due to the slowly varying amplitude approximation 

(SVEA) used in the model. These features are mentioned as its limitations. 
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To determine 𝜒(3), the Rentiejs Model refers to Maxwell's equations, which describe wave 

propagation in a nonlinear, homogeneous, nonmagnetic, and nonconducting medium: 

  
∇ × ∇ × 𝐸  +  

𝑛2 (3𝜔)

𝑐2
𝜕2 𝐸

𝜕𝑡2
  =   −

4𝜋

𝑐2
𝜕2 𝑃𝑁𝐿
𝜕𝑡2

 (Eq. 3.15) 

The solutions to the above equation are: 

 
𝐸  =  

1

2
[𝐸1 𝑒

−𝑖(𝜔1 𝑡)𝑒1   +  𝐸3𝑒
−𝑖(𝜔3 𝑡)𝑒3   +  𝑐. 𝑐. ] (Eq. 3.16) 

 
𝑃
𝑁𝐿
  =  

1

2
[𝑃1

𝑁𝐿  𝑒𝑖(𝑘1 𝑧 − 𝜔1 𝑡)𝑒1   +  𝑃3
𝑁𝐿  𝑒𝑖(𝑘3 𝑧 − 𝜔3 𝑡)𝑒3   +  𝑐. 𝑐. ] (Eq. 3.17) 

By making the substitution 𝐸𝑖   =  𝐴𝑖𝜔  𝑒
𝑖𝑘𝑖𝜔 𝑧, Eq. 3.16 looks as follows: 

 
𝐸  =  

1

2
[𝐴𝜔  𝑒

𝑖(𝑘1 𝑧 − 𝜔1 𝑡)𝑒1   +  𝐴3𝜔  𝑒
𝑖(𝑘3 𝑧 − 𝜔3 𝑡)𝑒3   +  𝑐. 𝑐. ] (Eq. 3.18) 

where: 

𝐴𝜔 , 𝐴3𝜔 – field amplitude of the fundamental wave and THG, respectively. 

If the fields under consideration propagate along the z-direction, then: 

 𝜕2 𝐸

𝜕𝑧2
  =  

1

2

𝜕2

𝜕𝑧2
 [𝐴𝜔  𝑒

𝑖(𝑘1 𝑧 − 𝜔1 𝑡)𝑒1   +  𝐴3𝜔  𝑒
𝑖(𝑘3 𝑧 − 𝜔3 𝑡)𝑒3   +  𝑐. 𝑐. ] (Eq. 3.19) 

 𝜕2 𝐸

𝜕𝑧2
  =  ∇2 𝐴𝜔  +  𝑖𝑘𝜔  

𝜕𝐴𝜔
𝜕𝑧

𝑒𝑖(𝑘1 𝑧 − 𝜔1 𝑡)  −
1

2
𝐴𝜔  𝑘𝜔

2  𝑒𝑖(𝑘1 𝑧 − 𝜔1 𝑡) 

+  ∇2 𝐴3𝜔  +  𝑖𝑘𝜔  
𝜕𝐴3𝜔
𝜕𝑧

𝑒𝑖(𝑘3 𝑧 − 𝜔3 𝑡) 

−  
1

2
𝐴3𝜔  𝑘3𝜔

2  𝑒𝑖(𝑘3 𝑧 − 𝜔3 𝑡)  +  𝑐. 𝑐. 

(Eq. 3.20) 
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and: 

 

𝑛2 (3𝜔)

𝑐2
𝜕2 𝐸

𝜕𝑧2
  =  

1

2

𝑛2 (3𝜔)

𝑐2
𝜕2

𝜕𝑡2
[𝐴𝜔  𝑒

𝑖(𝑘1 𝑧 − 𝜔1 𝑡)𝑒1  

+ 𝐴3𝜔  𝑒
𝑖(𝑘3 𝑧 − 𝜔3 𝑡)𝑒3   + 𝑐. 𝑐. ] 

=  
1

2

𝑛2 (3𝜔)

𝑐2
 [𝐴𝜔  𝜔1

2 𝑒𝑖(𝑘𝜔 𝑧 −𝜔1 𝑡) 

+  𝐴3𝜔  𝜔3
2 𝑒𝑖(𝑘3 𝑧− 𝜔3 𝑡)] 

(Eq. 3.21) 

Since 𝑘  =  
𝑛𝜔

𝑐
, Eq. 3.21 can be written in the form: 

𝑛2 (3𝜔)

𝑐2
 
𝜕2 𝐸

𝜕𝑧2
  =  

1

2
𝐴𝜔  𝑘𝜔

2  𝑒𝑖(𝑘1 𝑧 − 𝜔1 𝑡)  +  
1

2
𝐴3𝜔  𝑘3𝜔

2  𝑒𝑖(𝑘3𝜔 𝑧 − 𝜔3 𝑡)  +  𝑐. 𝑐. (Eq. 3.22) 

Due to SVEA, the left-hand side of Eq. 3.15 can be expressed in terms of Eq. 3.20 and Eq. 3.22 

as follows: 

𝜕2 𝐸

𝜕𝑧2
  +  

𝑛2 (3𝜔)

𝑐2
 
𝜕2 𝐸

𝜕𝑧2
 

=  𝑖𝑘𝜔  
𝜕𝐴3𝜔
𝜕𝑧

𝑒𝑖(𝑘1 𝑧 − 𝜔1 𝑡)𝑒1   +  𝑖𝑘3𝜔  
𝜕𝐴𝜔
𝜕𝑧

𝑒𝑖(𝑘3 𝑧 − 𝜔3 𝑡)𝑒3  

+  𝑐. 𝑐. 

(Eq. 3.23) 

and also: 

 

−
4𝜋

𝑐2
𝜕2 𝑃

𝑁𝐿

𝜕𝑡2
  =   −

1

2

4𝜋

𝑐2
𝜕2

𝜕𝑡2
[𝑃𝑁𝐿

(1) 𝑒(−𝑖𝜔1 𝑡)𝑒1   +  𝑃𝑁𝐿
(3) 𝑒(−𝑖𝜔3 𝑡)𝑒3   +  𝑐. 𝑐. ] (Eq. 3.24) 
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By comparing Eq. 3.17 and Eq. 3.23, we can write: 

 

 

(Eq. 3.25) 

The nonlinear polarization for THG takes the form: 

 
𝑃𝑁𝐿   =  

1

4
𝜒(3) 𝐴𝜔

3  (𝑒𝑖𝑘𝜔 𝑧  )
3
 

(Eq. 3.26) 

Based on Eq. 3.25 and Eq. 3.26, we can write: 

 
2𝑖𝑘3𝜔  

𝜕𝐴3𝜔
𝜕𝑧

  =   −
4𝜋

𝑐2
𝜔3
2 
𝜕2

𝜕𝑡2
[
1

4
𝜒(3) 𝐴𝜔

3  𝑒3𝑖𝑘𝜔 𝑧] 𝑒−𝑖𝑘3𝜔 𝑧  

=   −
𝜋

𝑐2
𝜔3
2 𝜒(3) 𝐴𝜔

3  𝑒−𝑖(𝑘3𝜔 − 3𝑘𝜔 )𝑧 

(Eq. 3.27) 

which leads to the expression: 

 𝜕𝐴3𝜔
𝜕𝑧

  =  𝑖
𝜋

2𝑐2
𝜔3
2

𝑘3𝜔
𝜒(3) 𝐴𝜔

3  𝑒−𝑖Δ𝑘𝑧 (Eq. 3.28) 

Knowing that 
𝜔2

𝑘
  =  

𝜔2 𝑐

𝑛𝜔
  =  

2𝜋𝑐2

𝜆
, Eq. 3.28 can be written in the form: 

 𝜕𝐴3𝜔
𝜕𝑧

  =  𝑖
𝜋2

𝜆3𝜔  𝑛3𝜔
 𝜒(3) 𝐴𝜔

3  𝑒−𝑖Δ𝑘𝑧   =  𝑖
3𝜋2

𝜆𝜔  𝑛3𝜔
𝜒(3)𝐴𝜔

3  𝑒−𝑖Δ𝑘𝑧 (Eq. 3.29) 

Δ𝑘  – phase shift vector for THG. 
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The amplitude of the harmonic field is obtained by integrating Eq. 3.29 over the range 0 to 𝐿 . 

 
𝐴3𝜔   =  ∫ 𝑖

3𝜋2

𝜆𝜔  𝑛3𝜔
𝜒(3)

𝐿

0

 𝐴𝜔
3 𝑒−𝑖Δ𝑘𝑧  𝑑𝑧 

=  
3𝜋2

𝜆𝜔  𝑛3𝜔
𝜒(3) 𝐴𝜔

3 (
1 − 𝑒−𝑖Δ𝑘𝐿

Δ𝑘
) 

(Eq. 3.30) 

The relationship between the amplitude and optical intensity of the THG signal is as follows: 

 𝐼𝑖𝜔   =  
𝑛𝑖𝜔  𝑐

2𝜋
|𝐴𝑖𝜔|

2 
(Eq. 3.31) 

On this basis, Eq.3.30 can be written in the following form: 

 
𝐼3𝜔   =  

𝑛3𝜔 𝑐

2𝜋
(

3𝜋2

𝜆𝜔  𝑛3𝜔
)

2

 
2𝜋

𝑛𝜔  𝑐
𝐼𝜔
3 |𝜒(3) |

2
  |
1 − 𝑒−𝑖Δ𝑘𝐿

Δ𝑘
|

2

 (Eq. 3.32) 

 

𝐼3𝜔   =  
576𝜋6

𝜆3𝜔  𝑛𝜔
3  𝜆𝜔2 𝑐2

𝐼𝜔
3 |𝜒(3) |

2
 𝐿2  |

sin (
Δ𝑘𝐿
2 )

Δ𝑘𝐿
2

|

2

 (Eq. 3.33) 

𝐼𝜔 – optical intensity of the fundamental wave, 

𝐼3𝜔 – THG optical intensity, 

|𝜒(3) | – electronic input module for 𝜒(3) of the tested sample. 
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3.8. Corona Poling 

Corona Poling (CP) is a technique by which centrosymmetric materials are made temporally, 

macroscopically non-centrosymmetric, which, as mentioned earlier, is a necessary condition 

for generating second-order nonlinear effects [28,29]. This is achieved by applying high 

voltage and temperature, which changes the orientation of molecules with a dipole moment, 

which align along the lines of an applied external field 𝐸. 

The CP method consists of heating the material to the glass transition temperature to enable 

the change of molecular orientation. Then, a high voltage of about 4-8 kV is applied. 

This way, the electric field accelerates free electrons, which ionize the surroundings. 

Thus, the ions formed create an internal electric field towards the material’s surface. 

Then the sample is slowly cooled to room temperature, and the high voltage applied 

from the outside is turned off. After cooling and turning off the voltage, the molecular 

orientation remains preserved for some time. How long the material will maintain 

the molecular orientation depends on its chemical properties. The schematic of the CP 

technique is shown in Figure 3.10, while the dipole moments’ orientation changes 

are illustrated in Figure 3.11. 

 

Figure 3.10. Experimental setup of the Corona Poling technique. 
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Figure 3.11. Changes in the orientation of dipole moments during Corona Poling; 

𝑇  - Temperature, 𝐸  - Electric field. 

The CP method allows for obtaining macroscopic non-centrosymmetry and is used for thin 

films and polymers. Its advantages include that it is easy to use, fast, and does not mechanically 

destroy the sample because there is no direct contact between the electrode and the sample. 

The disadvantage of the technique is that the forced orientation of the dipole moments lasts 

only for a specific time and requires monitoring of the absorption spectrum to determine 

the dipole relaxation time. Despite these disadvantages, CP is often used in optoelectronics 

and to generate second-order nonlinear effects. 

3.9. Z-scan technique 

The Z-scan measurement technique is an experimental technique for measuring the third-order 

nonlinear optical properties of materials, such as the nonlinear refractive index 𝑛2, 

the nonlinear absorption coefficient 𝛽, and thus the real and imaginary parts of 𝜒(3). 

The most commonly studied materials are liquids, but thin films and crystals can also 

be studied with Z-scan. The method was described in 1989 by M. Sheik-Bahae 

and his research group [30,31]. It finds applications in the characterization of nonlinear 

photonics materials, third-order nonlinear optics, molecular structure studies, and diagnostics 

of biological and biomedical materials. 
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The measurement technique involves moving a thin material sample along the laser beam’s 

propagation axis, i.e., the z-axis. Before the laser beam hits the sample, a converging lens 

focuses it, and the material sample is placed near the lens focal point and scanned both in front 

of the focus (𝑧  <  0 ), at the focus (𝑧  =  0 ), and behind the focus (𝑧  >  0  ). 

During the measurement, changes in the intensity of light transmitted by the sample 

and the subsequent slit located in the far field are recorded. Observation of these changes leads 

to the determination of nonlinear parameters of the tested material. The Z-scan setup 

is shown in Figure 3.12. In the presented system, the source of laser pulses is an Nd:YAG laser 

with a wavelength of 532 nm, a pulse duration of 30 ps, and a processing frequency 

of 10 Hz. The laser beam initially hits the beam splitter, which transmits part of the radiation 

towards the sample and directs part to the photodiode. In this configuration, the photodiode 

plays the role of synchronization and trigger. Laser radiation directed towards the sample 

passes through subsequent optical elements such as a polarizer, a half-wave plate, 

and a focusing lens, then hits the sample. Depending on the system’s configuration, the light 

transmitted by the sample can hit one of two photomultipliers (PMT1 or PMT2). 

Depending on the system’s configuration, we talk about a Z-scan system with an open shutter 

(PMT1) or a system with a closed shutter (PMT2). In the first version, a measurement 

is performed to determine the nonlinear absorption coefficient 𝛽. In the second version, 

a measurement is performed to determine the nonlinear refractive index 𝑛2. To determine 𝜒(3), 

Z-scan measurements must be performed in both configurations, because the imaginary part 

of 𝜒(3) is related to the 𝛽 coefficient and the real part to the 𝑛2 coefficient. 

Figure 3.12. Diagram of the Z-scan measurement system. 
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The advantages of the Z-scan measurement technique include the possibility of simultaneous 

measurement of the 𝛽 and 𝑛2 coefficients, a simple experimental setup with one laser beam, 

and high measurement sensitivity that allows detection of even very weak nonlinear effects. 

This technique also has some limitations, such as the requirement for a high-quality Gaussian 

beam, accurate calibration and positioning of the sample, and the possibility of measurement 

interference due to thermal effects occurring during the measurement. 

3.9.1. Open aperture Z-scan 

Information related to the 𝛽 coefficient is obtained in the open Z-scan configuration. 

In this case, the material used to calibrate the system is fullerene (𝐶60). The pulsed light source 

focuses many photons on the tested material, which supports nonlinear optical effects 

and enhances photon absorption. The measurement results in one of two possible transmission 

curves (Figure 3.13). Depending on the type of material behavior, RSA (Figure 3.13a) or SA 

(Figure 3.13b) is observed. In the first case, reduced transmission at the focal point is clearly 

visible, while in the second case, increased transmission is clearly visible. 

Figure 3.13. Normalized nonlinear transmission curves obtained using the Z-scan technique 

in an open configuration: 𝛽  > 0 (a); 𝛽  < 0 (b). 

The normalized transmission of the system along the z-axis is described by Eq. 3.34: 

 
𝑇(𝑧,  𝑆 = 1)  =  

1

√𝜋𝑞0 (𝑧, 0)
∫ ln[1  +  𝑞0 (𝑧, 0)𝑒

−𝜇2  ] 𝑑𝜇
+∞

−∞

 (Eq. 3.34) 
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where: 

 
𝑞0  = (𝑧, 0)  =  

𝛽𝐼0 𝐿𝑒𝑓𝑓

1  +   (
𝑧
𝑧0
)
2 (Eq. 3.35) 

𝐼0 – intensity at the center of the beam, 

𝑧0 – Rayleigh range, 

𝐿𝑒𝑓𝑓  – effective sample thickness. 

Based on the determined 𝛽 coefficient, the imaginary part of 𝜒(3) can be calculated using the 

equation: 

 
𝐼𝑚(𝜒(3) )  =  

𝑛0
2𝜀0 𝑐𝜆

3𝜋
𝛽 

(Eq. 3.36) 

where: 

𝑛0 – linear refractive index, 

𝑐  – speed of light. 

3.9.2. Close aperture Z-scan 

In the closed Z-scan configuration, the radiation beam passing through the sample reaches 

the shutter and then goes to the PMT2 photomultiplier. The shutter's task is to limit 

the measurement to a specific part of the light. By measuring this Z-scan configuration, 

information related to the 𝑛2 coefficient is obtained. The measurement result is one of two 

normalized transmission curves (Figure 3.14). Based on them, the sign of the 𝑛2 coefficient 

is determined. When the normalized curve has a "valley-peak" shape, the tested material 

behaves like a converging lens, and then 𝑛2  >  0 (self-focusing). When the situation 

is reversed and the shape of the curve can be described as "peak-valley", the medium behaves 

like a diverging lens and 𝑛2  <  0 (negative self-focusing). 
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Figure 3.14. Normalized nonlinear transmission curves obtained using the Z-scan technique 

in a closed configuration: 𝑛2  >  0 (a); 𝑛2  <  0 (b). 

From the normalized transmissions, the peak-to-valley difference (Δ𝑇𝑃−𝑉) 

is determined, which is proportional to the nonlinear phase shift Δ𝜙0. 

 
Δ𝑇𝑃−𝑉  =  0.406

Δ𝜙0

√2
(1 − 𝑆)0.25 (Eq. 3.37) 

𝑆  – power transmission through the aperture 

𝑆  for Gaussian beam: 

 
𝑆  =  1  −   exp (−

2𝑟𝑎
2

𝑤𝑎
2
 ) (Eq. 3.38) 

𝑟𝑎 – aperture radius, 

𝑤𝑎 – radius of the beam intensity in the aperture plane. 

The sensitivity of the Z-scan measurement in a closed configuration is indicated 

by the parameter S. When the aperture diameter is much smaller than the beam diameter 

(𝑆  ≪  1  ), the sensitivity is maximum and equal to 0.406. When the aperture diameter is larger 

than the beam diameter (𝑆  =  1 ), the Z-scan loses sensitivity to nonlinear refraction of light, 

corresponding to the Z-scan measurement in an open configuration. 
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The maximum value of the nonlinear phase shift can be expressed by the formula: 

 Δ𝜙0  =  𝑘Δ𝑛0 𝐿𝑒𝑓𝑓 (Eq. 3.39) 

where: 

𝑘  – wave vector of the radiation source, 

Δ𝑛0 – change in the refractive index along the optical axis, at the focus, 

𝐿𝑒𝑓𝑓  – effective sample thickness. 

Δ𝑛0 is expressed as: 

 Δ𝑛0  =  𝛾′𝐼0 (Eq. 3.40) 

where:  

𝛾′ – nonlinear refraction parameter. 

 𝛾′  =  
𝑛2
2
|𝐸|2 (Eq. 3.41) 

 
𝐼0  =  

2𝐸

𝜋𝑤0
2𝜏

 (Eq. 3.42) 

𝐸  – laser pulse energy 

𝜏 – pulse duration 

Inserting Eq. 3.39 and Eq. 3.40 into Eq. 3.37 gives: 

 
Δ𝑇𝑃−𝑉  =  0.406

𝛾′𝐼0 𝐿𝑒𝑓𝑓

√2
(1  −  𝑆)0.25 (Eq. 3.43) 
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Based on the above considerations, 𝑅𝑒(𝜒(3) ) can be determined: 

 
𝑅𝑒(𝜒(3) )  =  

4𝑛0
2𝜀0 𝑐

3
𝑛2 (Eq. 3.44) 

3.9.3. Divided Z-scan 

Due to the possibility of interaction between nonlinear refraction and nonlinear absorption, 

which can affect the results obtained in a closed configuration, the divided Z-scan method 

is used. At first glance, the divided Z-scan method is the same as the close Z-scan method. 

However, it should be emphasized that the divided Z-scan considers the effect of nonlinear 

absorption by dividing the data obtained for the closed configuration by the data obtained 

for the open configuration [32]. If nonlinear absorption occurs, part of the beam is absorbed, 

and the intensity of the transmitted beam decreases relative to the original beam. 

In the absence of nonlinear absorption, the intensity of the transmitted beam does not change, 

and therefore the result remains unchanged. 

3.10. Electrical and photovoltaic properties measurements 

Due to the potential application of the thin perovskite layers in optoelectronics, electrical 

properties were measured using the equipment, the diagram of which is presented 

in Figure 3.15 [33]. The measurement system includes the KEITHLEY 4200-scs system, 

which is equipped with three SMU (Source Measurement Unit) units. The SMU units enable 

the analysis of the electrical parameters of the structures studied. They can operate as voltage 

or current sources (depending on the selected function). The software allows for limiting 

the voltage or current to a preset value, providing voltage (V-limit) and current (I-limit) 

protection. During the tests, the SMU unit operates as a voltage source. It supplies power 

to the tested thin film structure, while simultaneously measuring the current flowing 

in the circuit. The KEITHLEY 4200-scs system has two pairs of wires – FORCE 

and SENSE. The FORCE pair of wires was used during the measurements, and the SENSE 

wires were shorted to ground. To collect the current-voltage characteristics I-V 

of the photovoltaic cells, two gold measuring probes were connected to the structure using 

micromanipulators. The parameters characterizing the perovskite thin films and photovoltaic 
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cells were determined based on the collected I-V characteristics. To research the effect 

of lighting on electrical parameters, the LCS-100 (Oriel) sunlight simulator is included 

in the system (Figure 3.15). The simulator is dedicated to research that requires the operation 

of a certified system in a small, well-lit area. It evenly illuminates surfaces measuring 

38 mm x 38 mm and meets the requirements of the ABB class according to ASTM and IEC 

standards. Thin film samples were connected to the measurement system using gold contacts 

150 nm thick, 1.5 mm wide, spaced 5 mm apart, and made using the PVD technique. 

Figure 3.15. Schematic diagram of the measurement setup for testing the electrical properties 

of thin films and thin film solar cells under illuminated and dark conditions. 
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CHAPTER 4: CHARACTERIZATION OF PEROVSKITE 

THIN FILMS 

The fourth chapter presents the investigated perovskite materials, the procedures 

used for sample preparation, and the results of structural, optical, and photovoltaic 

characterizations. The materials analyzed were thin films of hybrid perovskites. 

Their common denominator is their structure - each consists of an organic part - 

the methylammonium part, and an inorganic part - in the form of iodide, chloride, 

or bromide. The selection of specific perovskites was made based on optoelectronic potential, 

applicability, and scientific popularity. Many of the perovskites discovered to date are not 

sufficiently well understood to be successfully used in optoelectronic devices. 

Although perovskites have great optoelectronic potential and are among the most promising 

materials for producing the next-generation photovoltaic cells, the lack of knowledge 

of their fundamental physicochemical properties has slowed the commercialization 

of perovskite devices. The research aimed to develop a technique for obtaining perovskite thin 

film structures with different chemical compositions and variable percentages 

of their organic and inorganic components, to investigate how they affect the fundamental 

optical and structural properties, and to explore the applicability of perovskites in nonlinear 

optics and photovoltaics. At the same time, all the aforementioned research objectives deepen 

the knowledge of the fundamental properties of perovskites, which, in a broader perspective, 

is expected to help accelerate the pace associated with the development 

and commercialization of optoelectronic perovskite devices. In this chapter, 

the results of perovskite thin film research on: 

• surface structure, 

• transmission spectra, 

• the influence of the environment on the surface structure and transmission spectra 

(aging tests), 

• phase transitions, 

• nonlinear optical effects THG, SHG and Z-scan, 

• electrical properties on the basis of I-V characteristics, 

• applications in the structure of a photovoltaic cell, 
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• the effect of perovskite composition on structural, optical and photovoltaic properties. 

4.1. Perovskites 

Perovskites were discovered in the second half of the 19th century, but it was not until 

the 1950s that they began to attract more interest from the scientific community [1]. 

This was due to scientists in New York, who then applied oxide perovskites for the first time 

in electrochemical converters and capacitors. In time, a method for the chemical synthesis 

of perovskites was developed, which opened up new research opportunities. In the 1970s, 

D. Weber discovered the first hybrid halide perovskite [2]. The unique physico-chemical 

properties of this type of material, such as its strong absorption of electromagnetic radiation, 

led to perovskites being used in optoelectronics. The result was the creation of the first light-

emitting device by IBM. This discovery accelerated the development of research on hybrid 

perovskites and initiated the search for their new applications. Certainly, one of the most 

groundbreaking moments in perovskite technology was using a perovskite thin film 

as the active layer in a photovoltaic cell. This was done by a group of Japanese researchers 

in 2009 [3]. The photovoltaic cell they developed achieved an efficiency of 3.8%. 

Since then, research into thin film perovskite cells has increased their efficiency. 

They currently achieve efficiencies close to 34%, making them a serious competitor to, by far, 

the most popular silicon cells [4]. 

Using perovskite materials in photovoltaics is only the beginning of their application 

possibilities. A few years ago, they were shown to be used in the field of nonlinear optics [5]. 

They were investigated to manifest nonlinear optical responses such as saturated absorption, 

two- or multiphoton absorption, Third Harmonic Generation, or nonlinear refraction. 

In addition to nonlinear optics, perovskites have potential for lasers, light-emitting diodes, 

photodetectors, optical switches, and high-resolution imaging applications. 

Confirmation of the development of work on perovskites can be found in a steadily increasing 

number of scientific publications. Nevertheless, in-depth research into their fundamental 

photophysical properties is still needed. 

The first classified perovskite was CaTiO3. This mineral was discovered in the Ural Mountains 

by G. Rose and took its name from the Russian mineralogist L. Perovsky. 
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There turned out to be more materials having a similar crystal structure to CaTiO3. 

Hence, perovskites came to refer to a group of materials with a specific crystal lattice - similar 

to that of CaTiO3. Perovskites are described by the general formula ABX3. The A atom 

is usually a cation of a metal from the first or second group of the periodic table of elements 

or a cation of a transition metal. The site of the B element may be a cation 

with a coordination number of 6, and an oxide, sulphide, or halide anion may occupy 

the X site. The ideal crystal lattice of a perovskite material is shown in Figure 4.1. 

It consists of evenly spaced octahedra with an A element in between, balancing the charge 

of the crystal lattice. The tops of the octahedra are X anions, and inside them is a B cation. 

The crystal structure of perovskite is unstable and can change with temperature changes. 

Hence, perovskite materials can exist in three crystallographic phases - tetragonal, 

orthorhombic, and cubic (Figure 4.2). Adopting a particular phase by a perovskite is primarily 

determined by its chemical composition and temperature. Whitfield et al. [6] assumed that 

perovskites adopt a tetragonal phase at room temperature, an orthorhombic phase at 

temperatures below room temperature, and a cubic phase at temperatures above room 

temperature. In fact, the phase transition temperature of a perovskite is greatly influenced 

by its chemical composition, and the transition temperatures can vary greatly. 

 

Figure 4.1. The ideal crystal structure of the perovskite material ABX3. 
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Figure 4.2. Crystalline structures that perovskite can adopt due to phase transitions; 

𝑇  - Temperature. 

The stability of the perovskite crystal structure, i.e., the deviation from the ideal structure, 

is determined by the tolerance factor 𝑡𝑡𝑜𝑙: 

 𝑡𝑡𝑜𝑙   =  
𝑟𝐴  +  𝑟𝑋

√2(𝑟𝐵  +  𝑟𝑋 )
 (Eq. 4.1) 

𝑟𝐴, 𝑟𝐵, 𝑟𝑋 - ion radii A, B, X. 

When perovskite occurs in the cubic phase, the condition 0.9  <  𝑡𝑡𝑜𝑙   <  1 is met. 

In the situation of a distortion of the ideal structure 0.8  <  𝑡𝑡𝑜𝑙   <  0.9 

and for 𝑡𝑡𝑜𝑙   <  0.8 and 𝑡𝑡𝑜𝑙   >  1, one speaks of a non-perovskite structure [7]. 

Perovskites occur in the environment and can also be obtained by chemical synthesis. 

With chemical synthesis, it is possible to select the A, B, and X elements, 

by which the perovskite’s structural, electrical, and optical properties can be influenced to some 

extent. The characteristic properties of perovskites that make them of great interest in the field 

of optoelectronics are the possibility of structural modification, strong light absorption, high 

hole and electron mobility, the possibility of light emission, nonlinear effects, low thermal 

conductivity, the possibility of ferromagnetism and superconductivity, and semiconductivity 
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used in photovoltaic applications [8,9]. One disadvantage of perovskite materials is surface 

reactivity, which involves degradation in the presence of moisture and oxygen. 

This study investigates the structural, optical, electrical, and photovoltaic properties of thin 

films of selected halide hybrid perovskites. All samples studied consisted of an organic part - 

the methylammonium part 𝐶𝐻3 𝑁𝐻3
+ (otherwise MA), and an inorganic part - in the form 

of iodide (PbI2), chloride (PbCl2), or bromide (PbBr2). Regarding the general formula 

describing perovskite ABX3, the 𝐶𝐻3 𝑁𝐻3
+ part is the A element - a large organic cation, 

occupying the space between the octahedra. The 𝑃𝑏2
+ ions are metallic cations that are B 

elements and are located in the centre of the octahedra, while 𝐼−, 𝐶𝑙−, and 𝐵𝑟− are halide 

anions occupying the X positions. In summary, this monograph presents the results of thin 

films of the following organic-inorganic halide perovskites: 

• 𝑀𝐴𝑃𝑏𝐼3, 

• 𝑀𝐴𝐶𝑑𝐼3, 

• 𝑀𝐴𝐺𝑒𝐼3, 

• 𝑀𝐴𝑆𝑛𝐼3, 

• 𝑀𝐴𝑍𝑛𝐼3, 

• 𝑀𝐴𝑃𝑏𝐶𝑙3, 

• 𝑀𝐴𝑃𝑏𝐵𝑟3, 

• 𝑀𝐴𝑆𝑛𝐵𝑟3. 

The above materials were selected based on their application potential, optoelectronic 

capabilities, the possibility of obtaining them by the PVco-D technique and scientific 

popularity. MAPbI3 is the most popular of the above perovskites, as evidenced by the number 

of scientific publications describing this material. The other perovskites are less frequently 

described in the literature, while their application potential is promising. 

Research into perovskite materials to date does not provide sufficient knowledge to apply 

them in everyday life successfully. Therefore, the aim is to learn more about their basic 

optoelectric and structural properties to successfully apply perovskite thin films in practical 

optoelectronic solutions. 
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4.2. Preparation of thin film perovskite samples 

All thin film samples investigated in this study were prepared by the PVD technique 

or its modification, PVco-D, using the Thin Film Deposition System - NANO 36™ apparatus 

(Kurt J. Lesker Company). Thin films were deposited onto transparent BK7 borosilicate glass 

substrates with areas of approximately 4 cm2 and a thickness of 0.5 mm. 

Each sample preparation began with substrate preparation. BK7 glass substrates were carefully 

cleaned of dust, grease, and all other contaminants in three stages - in an acetone bath 

and an ethanol bath using an ultrasonic cleaner, followed by cleaning in isopropanol vapor. 

Thin layers of perovskites were applied to the substrates prepared using the PVco-D technique. 

Each perovskite was formed from two starting materials - an organic methylammonium moiety 

and an inorganic moiety, being iodide, chloride, or bromide. 

 𝑀𝐴𝐼  +  𝑃𝑏𝐼2  ⟶  𝑀𝐴𝑃𝑏𝐼3 (Eq. 4.2) 

 𝑀𝐴𝐼  +  𝐶𝑑𝐼2  ⟶  𝑀𝐴𝐶𝑑𝐼3 (Eq. 4.3) 

 𝑀𝐴𝐼  +  𝐺𝑒𝐼2  ⟶  𝑀𝐴𝐺𝑒𝐼3 (Eq. 4.4) 

 𝑀𝐴𝐼  +  𝑆𝑛𝐼2  ⟶  𝑀𝐴𝑆𝑛𝐼3 (Eq. 4.5) 

 𝑀𝐴𝐼  +  𝑍𝑛𝐼2  ⟶  𝑀𝐴𝑍𝑛𝐼3 (Eq. 4.6) 

 𝑀𝐴𝐶𝑙  +  𝑃𝑏𝐶𝑙2  ⟶  𝑀𝐴𝑃𝑏𝐶𝑙3 (Eq. 4.7) 

 𝑀𝐴𝐵𝑟  +  𝑃𝑏𝐵𝑟2  ⟶  𝑀𝐴𝑃𝑏𝐵𝑟3 (Eq. 4.8) 

 𝑀𝐴𝐵𝑟  +  𝑆𝑛𝐵𝑟2  ⟶  𝑀𝐴𝑆𝑛𝐵𝑟3 (Eq. 4.9) 

Methylammonium iodide, chloride, and bromide (MAI, MACl, MABr) were 

obtained by chemical synthesis, while all other iodides, chlorides, and bromides were 

purchased from Sigma-Aldrich. MAI, MACl, and MABr took the form of fine flakes, 
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while the other materials were free-flowing. In this form, with no other modifications, 

they were used to fabricate thin film perovskite structures using PVco-D. 

The names of the materials used and their melting points are given in Table 4.1. 

The tested thin films had different thicknesses, but not exceeding 500 nm (Table 4.2). 

Due to the ability to control the evaporation rate of the materials in the PVco-D process, 

the samples formed from the two components had a 50% : 50% composition. 

In the case of MAPbI3, MAPbCl3 and MAPbBr3 perovskites, two other compositions were 

made and tested - 70% organic part : 30% inorganic part and 30% organic part : 70% inorganic 

part. The perovskite samples were tested as soon as possible after receipt and, if necessary, 

stored in sealed boxes filled with argon in a darkened area. To simplify the description 

of the samples in the following sections, the notation in Table 4.2, ID column, was applied. 

Table 4.1. Materials used to produce perovskites by the PVco-D technique and their melting 

points. 

Material Melting point [°C] 

MAI (own synthesis) ~280  

MACl (own synthesis) ~200 

MABr (own synthesis) ~230 

PbI2 ~400 

CdI2 ~350 

GeI2 ~170 

SnI2 ~320 

ZnI2 ~445 

PbCl2 ~170 

PbBr2 ~370 

SnBr2 ~215 
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Table 4.2. Summary of the hybrid perovskite thin films selected for study 

obtained by the PVco-D technique and their thicknesses indicated by the vacuum deposition 

system thickness sensors. 

ID Material Composition Thickness [nm] 

I.1 𝑀𝐴𝑃𝑏𝐼3 50% 𝑀𝐴𝐼  : 50% 𝑃𝑏𝐼2 300 

I.2 𝑀𝐴𝑃𝑏𝐼3 70% 𝑀𝐴𝐼  : 30% 𝑃𝑏𝐼2 300 

I.3 𝑀𝐴𝑃𝑏𝐼3 30% 𝑀𝐴𝐼  : 70% 𝑃𝑏𝐼2 300 

I.4 𝑀𝐴𝐶𝑑𝐼3 50% 𝑀𝐴𝐼  : 50% 𝐶𝑑𝐼2 170 

I.5 𝑀𝐴𝐺𝑒𝐼3 50% 𝑀𝐴𝐼  : 50% 𝐺𝑒𝐼2 70 

I.6 𝑀𝐴𝑆𝑛𝐼3 50% 𝑀𝐴𝐼  : 50% 𝑆𝑛𝐼2 400 

I.7 𝑀𝐴𝑍𝑛𝐼3 50% 𝑀𝐴𝐼  : 50% 𝑍𝑛𝐼2 260 

Cl.1 𝑀𝐴𝑃𝑏𝐶𝑙3 50% 𝑀𝐴𝐶𝑙  : 50% 𝑃𝑏𝐶𝑙2 300 

Cl.2 𝑀𝐴𝑃𝑏𝐶𝑙3 70% 𝑀𝐴𝐶𝑙  : 30% 𝑃𝑏𝐶𝑙2 300 

Cl.3 𝑀𝐴𝑃𝑏𝐶𝑙3 30% 𝑀𝐴𝐶𝑙  : 70% 𝑃𝑏𝐶𝑙2 300 

Br.1 𝑀𝐴𝑃𝑏𝐵𝑟3 50% 𝑀𝐴𝐵𝑟  : 50% 𝑃𝑏𝐵𝑟2 300 

Br.2 𝑀𝐴𝑃𝑏𝐵𝑟3 70% 𝑀𝐴𝐵𝑟  : 30% 𝑃𝑏𝐵𝑟2 300 

Br.3 𝑀𝐴𝑃𝑏𝐵𝑟3 30% 𝑀𝐴𝐵𝑟  : 70% 𝑃𝑏𝐵𝑟2 300 

Br.4 𝑀𝐴𝑆𝑛𝐵𝑟3 50% 𝑀𝐴𝐵𝑟   : 50% 𝑆𝑛𝐵𝑟2 400 

 

4.3. Surface characterization 

The surface topographies of all hybrid perovskite thin films have been investigated by contact-

mode AFM, which is described in Chapter 3, Section 3.2 Atomic Force Microscopy. 

The high-resolution AFM images show the topographies of the thin films on 20 μm x 20 μm 

surfaces in 2D and 3D representations. The results of the analysis of the obtained images 

describing the characteristic parameters of the thin films, such as the average height 

of the crystallites, the roughness, and the results of the analysis of the MFs, are provided 

in the following subsections of this paragraph. An important fact is that AFM studies were 

performed immediately after the thin films were obtained to minimize the influence 

of the environment on the film structure. To compare the perovskite films with thin films 

of their components, the following data set also includes AFM images of the organic (MAI, 

MACl, MABr) and inorganic (PbI2, CdI2, ZnI2, PbCl2, PbBr2, SnBr2) parts themselves. 
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4.3.1. Iodide perovskites 

Figure 4.3 shows the results of surface topography measurements of perovskite thin films 

containing iodine I. AFM images of some of the components forming these films are included 

in Figure 4.4 for comparison with the results obtained for perovskites. Information 

on the average height of the crystallites and the roughness of the structures is provided 

in Table 4.3. The results presented here allow a comparison of the different perovskites 

with iodine - Figure 4.3a-f shows the same perovskite but with a different composition, 

while the perovskites involved in Figure 4.3g-j differ from the previous ones in their B cation 

(B = Pb, Cd, Zn). A more detailed analysis is provided by Figure 4.5, which compares layer 

profiles and Minkowski Functionals. 

Analysing the data presented for perovskites with a composition of 50% : 50% 

(Figure 4.3adghij) due to the type of B cation, the differences in layer structure are evident. 

The surface of sample I.1 comprises numerous small crystallites, generally no larger than 

1 μm in size, varying in height (MSR = 26.34 nm), with single higher and larger crystallites 

present. In the situation of sample I.4, the surface consists of low, evenly distributed crystallites 

of slightly larger size and a lower roughness of 12.56 nm. In the situation where 

Zn is the cation, the surface of the layer consists of high, larger, unevenly distributed 

crystallites, which increases the roughness of the layer to 35.56 nm. The above statements 

related to layer roughness are confirmed by the profiles in Figure 4.5a. In addition, analysis 

of the MFs (Figure 4.5b-d) provides information on the growth pattern and nature 

of the layers. All layers grew uniformly during the deposition process, 

as confirmed by the Minkowski Volume (𝑉 ) function. However, the percolation threshold 

for the considered samples I.1, I.4, and I.7 is about 22 nm, 6 nm, and 12 nm, respectively, 

indicating that they have compact structures from the substrate side up to the height 

of this threshold. The symmetry of the Minkowski Connectivity (𝜒 ) diagrams confirms 

that the structures obtained have a uniform distribution of islands and valleys. 

Figure 4.3a-f, which aims to compare the effect of thin film composition on structural 

properties, provides interesting information. The surface topographies of the samples I.1-I.3 

investigated in this range differ considerably. The influence of the sample’s composition 

on its structural properties is evident. Increasing the content of the MAI while decreasing 
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the content of PbI2 in the MAPbI3 perovskite thin film results in an increase in the size 

of the crystallites and a higher average height (Table 4.3 have). The surface roughness 

is slightly lower. When the content of the methylammonium moiety is reduced, 

the crystallites take the form of pins. In all three cases, the thin films have a uniform distribution 

of islands and valleys, and the percolation threshold increases with methylammonium content. 

Comparing the thicknesses of samples I.1-I.3 indicated by the AFM with the values indicated 

by the vacuum sputtering sensors, there is a clear difference in the thickness of sample I.3. 

According to the AFM, the highest crystallites of layer I.3 reach a height of 49 nm, 

while according to the vacuum sputtering sensors, the thickness of this layer was 300 nm. 

Such a large discrepancy most likely results from the fact that the I.3 perovskite 

with composition 30% MAI : 70% PbI2 initially deposited very well in a layer-by-layer manner 

on the substrate surface. After reaching a thickness of about 200 nm, the deposition mode 

changed to an island-like growth, leading to the formation of individual crystallites observed 

in the AFM image. 

Comparing the perovskite thin films I.1-I.4 and I.7 with the thin films of the individual 

components forming them, some correlations can be seen between the nature of the layers, 

i.e., between the sizes, heights, and distributions of crystallites across the study area. 

Large crystallites with irregular shapes from the MAI thin layer, while PbI2 is formed by single, 

small, unevenly distributed higher crystallites. This is reflected in the surface structure 

of I.1-I.3, where the composition changes. Higher MAI content results in a perovskite layer 

with larger structures, while an increase in PbI2 content results in a perovskite layer composed 

of pin-shaped crystallites. Similar considerations apply to sample I.4. 

In the case of sample I.7, it is difficult to observe similar behaviour, as the ZnI2 thin layer 

formed a specific structure with a small thickness, and it can be inferred that ZnI2 was a difficult 

material for PVD deposition. 



Marjanowska Agnieszka | Photovoltaic and nonlinear optical effects of thin films based on perovskites 

 95 

 

Figure 4.3. 2D and 3D AFM images (20 μm x 20 μm) of iodide perovskite thin films I.1-I.4, 

I.7 obtained using the PVco-D technique: I.1 (a, d), I.2 (b, e), I.3 (c, f), I.4 (g, i), I.7 (h, j). 
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Figure 4.4. 2D and 3D AFM images (20 μm x 20 μm) of thin films of perovskite film-forming 

components I.1-I.4, I.7 obtained using the PVco-D technique: MAI (a, c), PbI2 (b, d), 

CdI2 (e, g), ZnI2 (f, h). 
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Figure 4.5. Profile (a) and Minkowski Functionals (𝑉  (b), 𝑆  (c), 𝜒  (d)) of the studied 

perovskite thin films I.1-I.4, I.7. 

Table 4.3. Mean crystallite height (have) and Mean Square Roughness (MSR) of hybrid 

perovskite thin films I.1-I.4, I.7 and their constituent components MAI, PbI2, CdI2, ZnI2 

made by the PVco-D technique. The have and MSR were calculated from AFM images, 

and the thicknesses of these films indicated by vacuum deposition system thickness sensors. 

ID have [nm] MSR [nm] Thickness [nm] 

I.1 76.60 26.34 300 

I.2 108.96 20.04 300 

I.3 17.81 4.46 300 

I.4 31.40 12.56 170 

I.7 66.67 35.56 260 

MAI 300.02 110.48 300 

PbI2 30.42 13.63 300 

CdI2 40.32 14.26 150 

ZnI2 1.98 0.30 300 
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4.3.2. Chloride perovskites 

Figure 4.6 shows the results of surface topography measurements of methylammonium 

chloride-containing (MACl) perovskite thin films. Figure 4.7 contains AFM images 

of the components forming them, i.e., MACl and PbCl2, for comparison with images 

of the Cl.1-Cl.3 perovskites. The results of the AFM data analysis are included in Table 4.4 

and Figure 4.8. The Cl.1-Cl.3 hybrid perovskite samples differ in the percentage composition 

of the individual components. Hence, the juxtaposition of the three samples provides 

interesting information on the effect of composition on the structure of the layers. 

The MAPbCl3 perovskite with a composition of 50% MACl : 50% PbCl2 forms large 

crystallites of different heights, as evidenced by a sizable surface roughness of 105.41 nm. 

Note that the entire substrate surface is covered by the material - the percolation threshold 

is around 64 nm. However, a tendency for larger structures to form on the substrate surface 

can be seen here. The shape of the Minkowski Connectivity diagram shows a uniform 

distribution of islands and valleys in the study area. The surface topography clearly changes, 

increasing the MACl content (Figure 4.6be). In the AFM image, one notices areas with a very 

thin layer of material or no material at all. The tendency to form large crystallites reaching up 

to 4 μm is retained and is much more apparent. The inhomogeneity of the layer surface 

is a feature that hinders its successful application in optoelectronic devices. The roughness 

of the Cl.2 sample is almost 2.5 times that of the Cl.1 sample at 251.72 nm. 

The third composition Cl.3 is of poor quality, with areas of little or no structure thickness 

visible on the AFM image and single crystallites visible on the surface of the layer. 

The above statements are confirmed by MFs analysis. The best MFs characteristics were 

obtained for Cl.1, the worst for the Cl.3 layer. 

From Figure 4.7, it can be deduced that MACl alone tends to form large, tall crystallites, 

whereas PbCl2 deposition forms single tall pins, evenly distributed over the surface. As a result 

of the deposition of both materials in the codeposition, the larger crystallites are formed, 

the higher the MACl content and structures in the form of single pins when there is a higher 

PbCl2 content. 
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Figure 4.6. 2D and 3D AFM images (20 μm x 20 μm) of Cl.1-Cl.3 chloride perovskite thin 

films obtained using the PVco-D technique: Cl.1 (a, d), Cl.2 (b, e), Cl.3 (c, f). 

 

Figure 4.7. 2D and 3D AFM images (20 μm x 20 μm) of Cl.1-Cl.3 perovskite film-forming 

component thin films obtained using the PVco-D technique: MACl (a, c), PbCl2 (b, d). 
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Figure 4.8. Profile (a) and Minkowski Functionals (𝑉  (b), 𝑆  (c), 𝜒  (d)) of the investigated 

Cl.1-Cl.3 perovskite thin films. 

Table 4.4. Mean crystallite height (have) and Mean Square Roughness (MSR) of Cl.1-Cl.3 

hybrid perovskite thin films and their constituent components MACl, PbCl2 

made by the PVco-D technique.  The have and MSR were calculated from AFM images, 

and the thicknesses of these films indicated by vacuum deposition system thickness sensors. 

ID have [nm] MSR [nm] Thickness [nm] 

Cl.1 276.20 105.41 300 

Cl.2 309.01 251.72 300 

Cl.3 373.00 253.50 300 

MACl 409.53 108.50 160 

PbCl2 49.70 23.15 300 
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4.3.3. Bromide perovskites 

Figure 4.9 shows the results of surface topography measurements of perovskite thin films 

containing methylammonium bromide MABr. AFM images of the components forming these 

films are included in Figure 4.10 for comparison with the results obtained for perovskites. 

The average height of the crystallites and the roughness of the structures are provided 

in Table 4.5. The results presented allow a comparison between two different perovskites 

with bromine - Figure 4.9a-eg shows the same perovskite but with a different composition, 

while Figure 4.9fh differs from the previous one by the B cation, which in this case is Sn. 

A more detailed analysis is provided by Figure 4.11, which compares layer profiles 

and Minkowski Functionals. 

By introducing a Sn cation in place of the Pb cation, the MASnBr3 perovskite thin film is more 

homogeneous, with a roughness of 3.71 nm. Individual high, narrow crystallites are seen 

on its surface. The percolation threshold is high at around 63 nm. The MASnBr3 layer shown 

in Figure 4.9fh reaches a maximum height of 91.8 nm, more than 4 times less than the layer 

thickness indicated by the vacuum sputtering sensors. This results from a mixed type of thin 

film growth. Initially, the layer forms layer-by-layer on the substrate side, forming a compact 

structure. Later, after receiving a thickness of approximately 300 nm, the growth mode changes 

to island-type, and individual sharp crystallites appear on the structure’s surface. Thin layers 

of MAPbBr3 perovskite (Figure 4.9a-eg) form crystallites evenly distributed over the entire test 

surface. For Br.1 and Br.3, the crystallites are small, while larger structures 

appear on the surface of the Br.2 sample. Nevertheless, the roughness of all three Br.1-Br.3 

compositions is very similar at 31.18 nm, 32.75 nm, and 33.02 nm, respectively. This is also 

confirmed by the layer profiles (Figure 4.11a). The percolation thresholds as seen 

in Figure 4.11b are satisfactory and are around 32 nm, 45 nm, and 65 nm, respectively. 

This means that the layer increases homogeneously from the substrate side during deposition 

up to the height of this threshold. At the same time, the 𝜒 -characteristics (Figure 4.11d) provide 

information about the uniform distribution of islands and valleys on the studied surfaces. 

The highest average crystallite height is 137.45 nm for sample Br.3, and the lowest 

is 96.66 nm for Br.1. 
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The nature of the surface topography of the Br.1-Br.3 structures can be explained by the data 

presented in Figure 4.10. The MABr thin films are composed of larger crystallites, no larger 

than 2 μm, while the PbBr2 surface is generally formed by undersized, narrow, sharp 

crystallites. Therefore, when the content of the methylammonium moiety is increased 

in MAPbBr3 perovskite, the topography of its surface reveals the occurrence of larger 

structures, and increasing the PbBr2 content results in a decrease in the size of the crystallites 

forming the perovskite. 

 

Figure 4.9. 2D and 3D AFM images (20 μm x 20 μm) of Br.1-Br.4 bromide perovskite thin 

films obtained using the PVco-D technique: Br.1 (a, c), Br.2 (b, d), Br.3 (e, g), Br.4 (f, h). 
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Figure 4.10. 2D and 3D AFM images (20 μm x 20 μm) of Br.1-Br.4 perovskite film-forming 

component thin films obtained using the PVco-D technique: MABr (a, d), PbBr2 (b, e), 

SnBr2 (c, f). 

 

Figure 4.11. Profile (a) and Minkowski Functionals (𝑉  (b), 𝑆  (c), 𝜒  (d)) of the investigated 

Br.1-Br.4 perovskite thin films. 
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Table 4.5. Mean crystallite height (have) and Mean Square Roughness (MSR) of Br.1-Br.4 

hybrid perovskite thin films and their constituent components MABr, PbBr2, SnBr2 

made by the PVco-D technique. The have and MSR were calculated from AFM images, 

and the thicknesses of these films indicated by vacuum deposition system thickness sensors. 

ID have [nm] MSR [nm] Thickness [nm] 

Br.1 96.66 31.18 300 

Br.2 104.26 32.75 300 

Br.3 137.45 33.02 300 

Br.4 30.41 3.71 400 

MABr 228.94 87.21 180 

PbBr2 10.00 9.58 180 

SnBr2 36.10 12.44 300 

 

4.3.4. Conclusions 

In the part of the work related to the description of structural properties, thin films of hybrid 

perovskites I.1-I.4, I.7, Cl.1-Cl.3, Br.1-Br.4 were obtained and described. These were 

structures composed of methylammonium and inorganic parts such as PbI2, CdI2, ZnI2, PbCl2, 

PbBr2, and SnBr2. The described data set allows comparison of the surface topography 

of perovskites differing in B cation and X anion (based on the general formula of perovskites 

ABX3) and provides information on the influence of perovskite composition on its structure. 

Based on the above data, it is concluded that the perovskites forming the most homogeneous 

structures are the perovskites containing iodine and bromine. In the case of samples I.1-I.3 

and Br.1-Br.4, the deposited material uniformly covers the entire study area. 

In the case of samples I.4 and I.7, some inhomogeneities are evident on the recorded surfaces, 

which may pose problems in potential optoelectronic applications. Samples of perovskites 

containing chloride Cl.1-Cl.3 are less homogeneous, and increasing the MACl content 

in the perovskite structure results in the formation of large single crystallites, significantly 

increasing the layer’s roughness [10]. About methylammonium iodide hybrid perovskites 

(MAPbI3), available sources provide information on film roughness from 10 nm to 20 nm [11]. 

However, these are studies of perovskite thin films obtained from solution by a different 
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deposition technique than the one used in the present work. Despite the discrepancies 

concerning the technique for obtaining the layers, the calculated roughnesses of samples 

I.1-I.4 and I.7 are similar to those presented in the work of Hidalgo et al. The compositions 

50% MAX : 50% PbX2 (X = I, Cl, Br) and the composition 70% MAI : 30% PbI2 

stand out in terms of layer quality compared to the others, and these could be the best candidates 

for further applications in optoelectronics. However, one should be aware that these materials 

contain toxic substances, which is a very serious limitation. 

4.4. UV-VIS-NIR spectroscopic studies 

Spectroscopic studies in the UV-VIS-NIR wavelength range were conducted as described 

in Chapter 3, Section 3.1. All halide perovskite thin films with iodide (I.1-I.7), chloride 

(Cl.1-Cl.3), and bromide (Br.1-Br.4) anions analyzed in this work were examined 

and the results compared. The resulting transmission spectra are presented in the following 

subsections. Two vertical dashed lines (SHG, THG) are plotted in Figures 4.12-14, 

which are related to second- and third-order nonlinear optical effects. The lines cross 

the horizontal axis perpendicularly at specific locations. The SHG line intersects 

the “Wavelength” axis at λ = 532 nm and the THG line at λ = 355 nm. The absorption 

coefficients α were determined for both wavelengths, and the data are collected 

in Table 4.6-8. 
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4.4.1. Iodide perovskites 

 

Figure 4.12. UV-VIS-NIR transmission spectra of hybrid perovskite thin films 

with methylammonium iodide MAI. 

From the data in Figure 4.12, it can be seen that the studied iodide perovskite thin film samples 

absorb electromagnetic radiation in almost the entire spectral range studied. This absorption 

varies in character from sample to sample. The most absorbing perovskites are I.1-I.3 and I.6. 

Their strongest radiation absorption region falls in the region from about 300 nm to 800 nm. 

The transmission spectra of these samples are characterized by several maxima. 

In the case of I.1, these are blurred maxima at 729 nm and 880 nm, for I.2, maxima are observed 

at about 344 nm, 450 nm, 720 nm, and 796 nm, and for I.3, at 483 nm, 591 nm, and 940 nm. 

Sample I.6 has maxima at 365 nm, 513 nm, 716 nm, and 858 nm. Regarding the effect 

of the composition on the spectra obtained (samples I.1-I.3), it is clear that the strongest 

absorption is observed for the 50% : 50% composition (I.1). 
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Table 4.6. Absorption coefficients α of thin films I.1-I.7 and wavelengths of maxima 

λtrans observed in transmission spectra. 

ID 
α [104 cm-1] 

λtrans [nm] 
355 nm 532 nm 

I.1 27.31 8.17 729, 880 

I.2 13.22 3.86 344, 450, 720, 796 

I.3 31.00 3.97 483, 591, 940 

I.4 4.24 3.77 - 

I.5 6.69 4.65 - 

I.6 3.19 2.45 365, 513, 716, 858 

I.7 2.68 1.50 - 

 

4.4.2. Chloride perovskites 

 

Figure 4.13. UV-VIS-NIR transmission spectra of hybrid perovskite thin films 

with methylammonium chloride MACl. 

The data in Figure 4.13 indicate that chloride hybrid perovskites absorb radiation most strongly 

in the wavelength range from about 300 nm to 410 nm. For longer wavelengths 

in the investigated range, relatively negligible absorption is observed, and the shape 
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of the transmission spectra is flattened, without clear maxima. The obtained transmission 

spectra of the Cl.1-Cl.3 materials have a similar character. For all three samples, 

a transmission maximum is observed at 380 nm. The strongest absorption is shown by Cl.1. 

Changing the composition of the perovskite with chlorine results in an increase of more than 

6 times in the intensity of the observed transmission spectrum maximum. 

Table 4.7. Absorption coefficients α of thin films Cl.1-Cl.3 and wavelengths of maxima 

λtrans observed in transmission spectra. 

ID 
α [104 cm-1] 

λtrans [nm] 
355 nm 532 nm 

Cl.1 9.11 2.15 380 

Cl.2 2.30 0.56 380 

Cl.3 7.59 0.66 380 

 

4.4.3. Bromide perovskites 

 

Figure 4.14. UV-VIS-NIR transmission spectra of hybrid perovskite thin films 

with methylammonium bromide MABr. 
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It can be seen from Figure 4.14 that bromide hybrid perovskites absorb radiation most strongly 

in the region from about 300 nm to almost 590 nm. For the longer wavelengths of the spectral 

range studied, relatively negligible absorption is observed. Samples Br.1, Br.3, and Br.4 have 

similar shaped spectra, while a flatter shape characterizes Br.2. Transmission maxima 

are observed for all samples, which are indicated in Table 4.8. The strongest absorption 

is shown by Br.4. About the effect of composition on the transmission spectra (samples 

Br.1-Br.3), it is clear from the data presented that increasing the content 

of the methylammonium moiety reduces the material’s absorption. 

Table 4.8. Absorption coefficients α of thin films Br.1-Br.4 and wavelengths of maxima 

λtrans observed in transmission spectra. 

ID 
α [104 cm-1] 

λtrans [nm] 
355 nm 532 nm 

Br.1 8.62 1.86 514, 550, 865 

Br.2 2.76 0.63 490, 712 

Br.3 10.07 1.02 496, 708 

Br.4 15.57 1.98 522, 592, 862 

 

4.4.4. Conclusions 

The strongest absorption properties and the widest absorption range are exhibited by thin films 

of perovskites with iodine I.1-I.3 and I.6. The absorption range in this case is in the wavelength 

range 300 - 800 nm. The weakest absorption is shown by perovskites with chlorine, 

for which the absorption range is between 300 nm and 410 nm. Perovskites with bromine have 

an intermediate absorption bandwidth compared to the other materials tested, falling 

300 - 590 nm. These results are in good approximate agreement with literature reports [12,13]. 

Such absorption relationships between the tested materials can be explained by the electro-

negativity of the halogen (I, Cl, Br) and its size. The higher the electro-negativity (𝜒ℎ) 

of the halogen (𝜒ℎ𝐼  =  2.66, 𝜒ℎ𝐶𝑙   =  3.16, 𝜒ℎ𝐵𝑟   =  2.96) and the smaller its size 

(𝑟𝐼  =  220 𝑝𝑚, 𝑟𝐶𝑙   =  181 𝑝𝑚, 𝑟𝐵𝑟   =  196 𝑝𝑚), the more the absorption band is shifted 

towards shorter wavelengths. Therefore, perovskites with iodine are better suited 
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for photovoltaic applications, while perovskites with chlorine and bromine are more suitable 

for other optoelectronic applications. 

In the context of the nonlinear optical properties of SHG and THG thin films, the materials 

must be optically transparent for the laser beam wavelength of 1064 nm. Furthermore, 

it is also important that for wavelengths of 355 nm and 532 nm, i.e., the wavelengths 

corresponding to THG and SHG, respectively (dashed lines in Figure 4.12-14), 

the absorption is minimal. Otherwise, the generated SHG and THG signals are absorbed 

simultaneously. In the recorded perovskite spectra, the absorption is often non-zero 

for these wavelengths. Therefore, absorption effects must be considered when calculating 

the SHG and THG properties, so absorption coefficients α were calculated for both 

wavelengths (Table 4.6-8). 

4.5. Aging tests 

Aging tests were carried out on thin film samples of hybrid perovskites I.1-I.3, Cl.1-Cl.3, 

and Br.1-Br.3. The tests were carried out as described in Chapter 3, Section 3.4. 

The data obtained are summarized below in the form of 2D AFM images of 20 µm x 20 µm 

and tables containing information on mean crystallite height (have) and Mean Square Roughness 

(MSR). These results were supported by transmission spectra of the materials studied. 

Surface topography and spectroscopic studies were repeated over time. 

The first measurement was performed immediately after the layer was obtained using 

the PVco-D technique, with subsequent measurements carried out after 1 week, 1 month, 

2 months, and 6 months. The study aims to record the structural and spectroscopic changes 

over time in the thin film structures of hybrid perovskites, as perovskites are considered rapidly 

degrading materials [14]. 

4.5.1. Iodide perovskites 

Aging tests of the iodide perovskites show similar relationships for all three samples I.1-I.3. 

As time passes, the thin film structures degrade. AFM images confirm that the degradation 

occurs very rapidly. After just one week, the surface topography of the layer changes - AFM 

images of samples I.1 and I.2 show that holes appear on the sample surface. 

The reason for this behaviour is ion migration. Ions migrate and accumulate to form higher 



Marjanowska Agnieszka | Photovoltaic and nonlinear optical effects of thin films based on perovskites 

 111 

 

agglomerations. This has the effect of increasing the average height of the crystallites 

and the roughness of the sample. After 1 month, a large part of the crystallites on the surface 

of sample I.1 disintegrate and form a locally relatively uniform surface. A small number 

of single, very high crystallites are still observed on the surface, which significantly contribute 

to the layer’s average roughness. The transmission of this layer varies a little over the 6-month 

period, as can be seen in Figure 4.16a. Sample I.2, with its higher methylammonium content, 

degrades over one month in the same way - the passage of time causes the ions to cluster 

and larger and larger structures are created. Such significant changes in topography are also 

visible in the transmission spectra. After 1 week, the 344 nm peak in the spectrum increases 

significantly in intensity, and after 1 month, the transmission increases significantly 

and the resulting spectrum is flattened (Figure 4.16b). In the case of sample I.3, after 1 week 

or even 1 month, the surface of the sample is uniformly covered with material, while single 

relatively high structures with small sizes appear. The transmission spectrum is relatively 

stable, and no significant changes are observed. 
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Figure 4.15. 2D AFM images of perovskite thin films I.1 (a-c), I.2 (d-f), I.3 (g-i), 

carried out after a specific time after sample fabrication: directly (a, d, g), 

after 1 week (b, e, h), after 1 month (c, f, i). 

Figure 4.16. Graphs showing normalized results of transmission measurements of perovskite 

thin films: I.1 (a), I.2 (b), I.3 (c), which were carried out as a function of time, counting 

from the moment the sample was made. 
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Table 4.9. Mean crystallite height (have) and Mean Square Roughness (MSR) of I.1-I.3 hybrid 

perovskite thin films made by the PVco-D technique, calculated from the AFM images shown 

in Figure 4.15. 

ID 

Time 

Directly 1 week 1 month 6 months 

have 

[nm] 

MSR 

[nm] 

have 

[nm] 

MSR 

[nm] 

have 

[nm] 

MSR 

[nm] 

have 

[nm] 

MSR 

[nm] 

I.1 76.60 26.34 290.53 128.51 1253.62 242.06 1391.00 446.40 

I.2 108.96 20.04 151.85 45.02 432.00 298.70 693.28 400.35 

I.3 17.81 4.46 24.90 12.93 47.70 16.28 43.50 7.28 

 

4.5.2. Chloride perovskites 

Chloride perovskites are highly degradable. Despite storing the samples in an argon 

atmosphere, degradation proceeds rapidly. As described in Section 3.2 of this chapter, the Cl.1 

perovskite with a 50% MACl : 50% PbCl2 composition shows the most uniform structure. 

The other compositions form heterogeneous layers, as can be clearly seen in Figure 4.17dg. 

In contrast, after just one week, especially after 2 months, it is not easy to find a spot 

on the sample’s surface where the surface topography is formed by crystallites. In the AFM 

images of the Cl.1 and Cl.2 samples, after 1 week, single, large, and tall structures randomly 

distributed over the study area are observed. After 2 months, the Cl.1 surface 

is formed by larger and taller crystallites, and the Cl.2 surface gradually disappears, confirming 

the decrease in have and MSR values. The Cl.3 sample undergoes severe degradation after 

1 week. Ion migration and disintegration of pre-existing crystallites take place. 

The result is the formation of very high crystallites that are difficult to measure 

with the microscope used for the measurements. In Figure 4.17h, it can be seen 

that the sample’s surface is covered with the test material, and the high crystallites, 

difficult to measure for the microscope, have been damaged by the measuring probe. 

This shows that the height of the crystallites was really high 

(this is confirmed by the maximum value on the height scale of Figure 4.17h). Nevertheless, 

after 2 months, due to the progression of degradation processes, the remaining ions 
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on the surface formed large, but already lower structures than before, and the average height 

of the crystallites and the average roughness decreased. The degradation processes 

of samples Cl.1-Cl.3 are confirmed by the transmission spectra in Figure 4.18. For samples 

Cl.1 and Cl.2, an increase in the 380 nm peak intensity is characteristic. No such behaviour 

is observed for sample Cl.3. 

Figure 4.17. 2D AFM images of perovskite thin films Cl.1 (a-c), Cl.2 (d-f), Cl.3 (g-i), 

carried out after a specific time after sample fabrication: directly (a, d, g), 

after 1 week (b, e, h), after 2 months (c, f, i). 
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Figure 4.18. Graphs showing normalized results of transmission measurements of perovskite 

thin films: Cl.1 (a), Cl.2 (b), Cl.3 (c), which were carried out as a function of time, counting 

from the moment the sample was made. 

Table 4.10. Mean crystallite height (have) and Mean Square Roughness (MSR) of Cl.1-Cl.3 

hybrid perovskite thin films made by the PVco-D technique, calculated from the AFM images 

shown in Figure 4.17. 

ID 

Time 

Directly 1 week 2 months 

have [nm] MSR [nm] have [nm] MSR [nm] have [nm] MSR [nm] 

Cl.1 276.20 105.41 257.80 108.40 522.90 194.20 

Cl.2 309.01 251.72 714.00 403.90 274.57 207.12 

Cl.3 373.00 253.50 888.50 225.08 408.28 215.21 

 

4.5.3. Bromide perovskites 

While bromide perovskites degrade over time, this occurs more slowly, and after 2 months, 

the surfaces of the Br.1-Br.3 samples tested are still covered relatively evenly 

with the material. However, the nature of the layers changes. AFM images of sample 

Br.1 (Figure 4.19ab) show that it is formed by single, small crystallites, and after 2 months, 

the crystallites disintegrate and a more homogeneous surface is formed. 

This is confirmed by the decrease in roughness of the layer. After 6 months, the Br.1 structure 

parameters (have, MSR) change little compared to those calculated for 2 months (Table 4.11). 

On the surface of the Br.2 sample, single structures persist for 2 months, evenly distributed 

over the entire test area. The crystallites’ average height and roughness are very close during 
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this time interval. After 6 months, a significant degradation progression is observed in this case. 

MSR and have significantly reduce their values. The Br.3 material changes in structure 

over 2 months from finer crystallites to structures that are almost twice as large, but equally 

abundant throughout the study area. The spectroscopic spectra provide information 

that the greatest changes in optical properties occur within the first week of thin film formation. 

Subsequent results, for longer times (1 month, 2, and 6 months), are very similar to each other. 

Figure 4.19. 2D AFM images of perovskite thin films Br.1 (a-c), Br.2 (d-f), Br.3 (g-i), 

carried out after a specific time after sample fabrication: directly (a, d, g), 

after 1 week (b, e, h), after 2 months (c, f, i). 



Marjanowska Agnieszka | Photovoltaic and nonlinear optical effects of thin films based on perovskites 

 117 

 

Figure 4.20. Graphs showing normalized results of transmission measurements of perovskite 

thin films: Br.1 (a), Br.2 (b), Br.3 (c), which were carried out as a function of time, counting 

from the moment the sample was made. 

Table 4.11. Mean Crystallite Height (have) and Mean Square Roughness (MSR) of Br.1-Br.3 

hybrid perovskite thin films made using the PVco-D technique, calculated from the AFM 

images shown in Figure 4.19. 

ID 

Time 

Directly 1 week 2 months 6 months 

have 

[nm] 

MSR 

[nm] 

have 

[nm] 

MSR 

[nm] 

have 

[nm] 

MSR 

[nm] 

have 

[nm] 

MSR 

[nm] 

Br.1 96.66 31.18 251.19 53.44 193.68 33.52 193.49 56.94 

Br.2 104.26 32.75 116.55 37.73 139.92 38.65 2.32 0.74 

Br.3 137.45 33.02 91.13 29.02 229.99 65.20 634.4 211.21 

 

4.5.4. Conclusions 

To summarize this paragraph, it should be said that perovskites undergo significant 

degradation, which should be considered when conducting scientific research and designing 

optoelectronic perovskite devices. The investigated degradation processes in surface 

topography and transmission spectra indicate that, among the investigated perovskites, 

I.1 as well as Br.1 and Br.3 are the most stable due to surface structure for up to 6 months. 

The literature provides information on the stability period of perovskites with bromine 

exceeding 30 days [15]. On the other hand, due to optical transmission properties, I.1, I.3 

and Br.1 are stable for up to 6 months. Perovskite I.2 has a shorter optical stability period 



Marjanowska Agnieszka | Photovoltaic and nonlinear optical effects of thin films based on perovskites 

 118 

 

of about 1 week. In all perovskites of the Br group, the most significant changes occur during 

the first week after the structure is obtained. Perovskite containing chloride anions shows 

the greatest instability - it degrades the fastest, is very sensitive to the external environment, 

and is therefore a difficult material for optoelectronic applications. 

4.6. Examination of phase transitions 

Phase transitions in perovskite materials I.1-I.3, Cl.1-Cl.3, and Br.1-Br.3 were 

studied by measuring UV-VIS-NIR and PL spectroscopic properties as a function 

of temperature from 80 - 310 K with a step of 10 K. The measurement series of a given material 

was started from the lowest temperature. The measurement procedure was described 

in Chapter 3, Sections 3.1 and 3.2. The results obtained were analyzed. The data set 

from the UV-VIS-NIR spectrometer and the HORIBA spectrofluorometer for one sample was 

compared, paying particular attention to changes in the spectra. The observed changes were 

related to the intensity, shape, and direction of the spectrum shift. The data obtained 

are presented below, for each type of perovskite separately. 

4.6.1. Iodide perovskites 

The presented transmission measurement results of samples I.1-I.3 are shown in Figure 4.21. 

Two of the three compositions tested showed interesting changes in the transmission spectra. 

Shifting of the spectrum in the wavelength ranges tested is observed, while the most interesting 

changes in the shape of the spectrum occur in the areas from 700 nm to 860 nm (sample I.1) 

and 710 - 790 nm (sample I.3). Paying particular attention to these wavelength ranges, 

it is observed that temperature changes shift the absorption edge towards shorter or longer 

wavelengths. Such shifts in the spectrum occur alternately - at one time they are smooth 

and at other times they occur abruptly. Based on the observed shifts, the temperature specific 

points at which the investigated materials’ phase transitions occurred were determined 

(Table 4.12). 

In the transmittance spectra of perovskite I.1, the spectrum initially shifts towards shorter 

wavelengths as the temperature increases to 120 K, and then from 120 K to 150 K, shifts 

towards longer wavelengths. At higher temperatures, the spectrum again moves towards shorter 
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wavelengths. Along the way, two sudden jumps towards longer wavelengths are observed 

at temperatures of 220 K and 240 K. Hence, the phase transition from the orthorhombic 

to the tetragonal phase in sample I.1 is defined in the temperature range 120 - 150 K. 

For this material, the temperature range indicated is the range in which the two phases 

can coexist. Below 120 K, the sample is in the orthorhombic phase, and above 150 K 

in the tetragonal phase. The spectra of sample I.3 initially, up to 140 K, move towards longer 

wavelengths, and in the range 140 - 300 K, they gently move towards shorter wavelengths. 

At 310 K, an abrupt but small transition towards longer wavelengths is observed. Hence, two 

phase transitions are indicated here - from orthorhombic to tetragonal phase at ~140 K 

and from tetragonal to cubic phase at 310 K. For composition I.2, no change is observed 

in the spectrum. The spectrum is flat in the wavelength range larger than 350 nm, 

which may indicate that the thin film has degraded significantly. 



Marjanowska Agnieszka | Photovoltaic and nonlinear optical effects of thin films based on perovskites 

 120 

 

Figure 4.21. UV-VIS-NIR transmission spectra of perovskite thin films I.1-I.3 

as a function of temperature: I.1 (a), I.2 (b), I.3 (c). Shaded areas have been magnified. 

For the PL measurements, initial measurements were carried out to determine the excitation 

wavelength (Figure 4.22). To maintain the same measurement conditions for the three different 

perovskite compositions I.1-I.3, a single common excitation wavelength of 420 nm was chosen. 

The results of testing and analysis are presented in Figure 4.23-25. The graphs in Figure 4.24 

indicate the intensity of the peaks appearing in the spectrum and their position as a function 

of temperature. Given this data set, a phase transition temperature of 140 K was indicated 

for sample I.1. This is the particular place where the most intense peak (Peak 2) disappears 
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and the place where the second most intense peak (Peak 3) reaches an intensity that already 

changes little with further temperature increase. Sample I.2, is very similar - the phase 

transition occurs at 140 K, confirmed by the disappearance of three of the four peaks appearing 

in the spectra. In material I.3, two phase transitions were detected at 140 - 160 K and at ~RT 

based on changes in the intensity of the main peak (Peak 2) and the appearance of an additional 

peak - Peak 3. Figure 4.25 compares the PL spectra of materials at the lowest and highest 

temperatures from the selected range. It is interesting to note that the intensities 

of the ~775 nm peak are comparable at high temperature for all three materials studied, 

while at low temperature, the intensity of this peak for I.1 is about 4 times higher than 

for the other two materials. 
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Figure 4.22. Experimental 3D photoluminescence spectra of perovskite thin films I.1 (a, b), 

I.2 (c, d), I.3 (e, f) for temperatures of 80 K, 90 K, 310 K. 
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Figure 4.23. Experimental photoluminescence spectra of perovskite thin films I.1 (a, b), 

I.2 (c, d), I.3 (e, f) as a function of temperature 90 - 310 K. The image shows spectra obtained 

directly from the measurement and normalized spectra. Excitation wavelength λexc = 420 nm. 
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Figure 4.24. The dependence of the maximum intensity of the peaks observed in PL spectra 

and the position of these peaks as a function of temperature: I.1 (a, b), I.2 (c, d), I.3 (e, f). 
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Figure 4.25. Comparison of photoluminescence spectra for minimum and maximum 

temperatures from the selected temperature range for materials I.1-I.3: T = 90 K (a), 

T = 310 K (b). 

Table 4.12. Phase transition temperatures of materials I.1-I.3 determined from UV-VIS-NIR 

spectroscopy and PL measurements as a function of temperature. 

ID 
Phase transition based on 

Phase transition 
UV-VIS-NIR (T) PL (T) 

I.1 120 – 150 K 140 K From orthorhombic to tetragonal 

I.2 Not found 140K From orthorhombic to tetragonal 

I.3 
~140 K 140 – 160 K From orthorhombic to tetragonal 

310K ~RT From tetragonal to cubic 

 

4.6.2. Chloride perovskites 

The results of transmission measurements of the Cl.1-Cl.3 samples are shown in Figure 4.26. 

All the studied perovskite compositions containing chloride anion showed interesting changes 

in the transmission spectra, from which the phase transitions from orthorhombic to tetragonal 

and from tetragonal to cubic phases were determined. A gentle shifting of the spectrum 

in the wavelength range studied is observed, while the most interesting changes in the spectra 

occur in the areas from 380 nm to 440 nm (sample Cl.1), from 330 nm to 420 nm (sample Cl.2) 

and from 310 – 410 nm (sample Cl.3). Based on the observed changes, the temperature specific 
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points at which the phase transitions of the studied materials occur were determined 

(Table 4.13). 

The peak around 410 nm in the Cl.1 spectrum initially shifts to the left towards shorter 

wavelengths, and its intensity increases slightly with increasing temperature. 

At 160 K, a change occurs - the peak intensity starts to decrease, which has been 

linked to the transition from the orthorhombic to the tetragonal phase. In the Cl.2 material, 

based on changes in the UV-VIS-NIR spectrum, two phase transitions occur at ~100 K 

and 280 K. Barely noticeable changes occur in the spectrum - at ~100 K, there is a change 

in the direction of the spectral shift, and at 280 K, a more dynamic shift of the peak around 

390 nm is noticeable. The Cl.3 composition also shows two phase transitions. 

In the temperature range 160 - 200 K, where a change in peak intensity ~385 nm 

and a decrease in valley depth ~400 nm are observed, the orthorhombic and tetragonal phases 

can coexist. A second phase transition confirmed by a spectral change around 400 nm 

is observed at 280 K. 
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Figure 4.26. UV-VIS-NIR transmission spectra of Cl.1-Cl.3 perovskite thin films as a function 

of temperature: Cl.1 (a), Cl.2 (b), Cl.3 (c). Shaded areas have been magnified. 

For the PL measurements, initial measurements were carried out to determine the excitation 

wavelength. To maintain the same measurement conditions for the three different perovskite 

compositions Cl.1 - Cl.3, a single common excitation wavelength of 350 nm was chosen. 

The results of the tests and analysis are provided in Figure 4.27-29. The graphs in Figure 4.28 

indicate the intensity of the peaks appearing in the spectrum and their position as a function 

of temperature. The collected data from PL measurements indicate the presence of two phase 
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transitions for all tested chlorine-containing samples Cl.1-Cl.3. For sample Cl.1, the first phase 

transition was identified at the temperature range of 130 – 150 K. This is the only range where 

the intensity of Peak 2 increases, while outside this range the intensity decreases. The second 

phase transition was determined at a temperature of ~230 K, where Peak 1 appears at around 

a wavelength of 400 nm. In the case of sample Cl.2, phase transitions were observed 

at ~100 K and 280 K. The first transition temperature was determined based on the most 

significant change in the intensity of Peak 1. The second phase transition at 280 K 

is confirmed by the decrease in the intensity of all Peaks observed in the PL spectrum. 

For sample Cl.3, the first phase transition temperature was determined at ~190 K. 

This is where two additional peaks appear in the observed PL spectra. The second phase 

transition is observed at a temperature of 280 K, where the intensity of all observed Peaks 

significantly increases. The PL spectra intensities at both low and high temperatures 

are compared for all Cl.1-Cl.3 samples, with Cl.3 showing the highest intensity at low 

and high temperatures, and Cl.2 the lowest. 
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Figure 4.27. Experimental photoluminescence spectra of Cl.1 (a, b), Cl.2 (c, d), Cl.3 (e, f) 

perovskite thin films as a function of temperature 90 - 300 K. The image shows the spectra 

obtained directly from the measurement and the normalized spectra. Excitation wavelength 

λexc = 350 nm. 
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Figure 4.28. Dependence of the maximum intensity of the peaks observed in PL spectra 

and the position of these peaks as a function of temperature: Cl.1 (a, b), Cl.2 (c, d), Cl.3 (e, f). 
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Figure 4.29. Comparison of photoluminescence spectra for minimum and maximum 

temperatures from the chosen temperature range for the materials Cl.1-Cl.3: T = 90 K (a), 

T = 300 K (b). 

Table 4.13. Phase transition temperatures of Cl.1-Cl.3 materials determined 

from UV-VIS-NIR spectroscopy and PL measurements as a function of temperature. 

ID 
Phase transition based on 

Phase transition 
UV-VIS-NIR (T) PL (T) 

Cl.1 
160 K 130 - 150 K From orthorhombic to tetragonal 

Not found ~230 K From tetragonal to cubic 

Cl.2 
~100 K ~100 K From orthorhombic to tetragonal 

280 K 280 K From tetragonal to cubic 

Cl.3 
160 – 200 K ~190 K From orthorhombic to tetragonal 

280 K 280 K From tetragonal to cubic 

 

4.6.3. Bromide perovskites 

The presented transmission results of the Br.1-Br.3 samples are shown in Figure 4.30. 

Only one of the Br.3 perovskite compositions tested showed interesting changes 

in the transmission spectrum, from which the phase transitions were determined - at 110 K 

from orthorhombic to tetragonal phase and at 240 K from tetragonal to cubic phase. 

The temperatures indicated are the locations where there is a change in valley depth around 
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540 nm and 550 nm. In both cases, the valley becomes increasingly shallow (the spectrum 

shifts direction and increases in intensity). 

Figure 4.30. UV-VIS-NIR transmission spectra of Br.1-Br.3 perovskite thin films as a function 

of temperature: Br.1 (a), Br.2 (b), Br.3 (c). Shaded areas have been magnified. 

For the PL measurements, initial measurements were carried out to determine the excitation 

wavelength (Figure 4.31). To maintain the same measurement conditions and the same slit 

for the three different perovskite compositions Br.1-Br.3, a single common excitation 
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wavelength of 420 nm was chosen. The results of testing and analysis are presented 

in Figure 4.32-34. The graphs in Figure 4.33 indicate the intensity of the peaks appearing 

in the spectrum and their position as a function of temperature. Based on the data obtained, 

two phase transitions were determined for all samples (Table 4.14). For Br.1, the transitions 

for temperatures of ~110 K and ~250 K were determined based on a step change 

in the position of Peak 1 and the appearance of an additional Peak 2 in the spectrum. 

In the Br.2 material, phase transitions were observed at ~110 K and ~300 K. Sample Br.3 

exhibits phase transitions at temperatures of approximately 160 K and 300 K. The first phase 

transition is evidenced by the disappearance of Peak 2 and a marked decrease in the intensity 

of Peak 1. The second phase transition is indicated by an increase in the intensity of Peak 1 

at 300 K, accompanied by a shift of the maximum of Peak 2 toward longer wavelengths. 

Figure 4.34 compares the PL spectra of all samples with the bromide anion at 90 K and 310 K. 

At low temperatures, the PL spectra of samples Br.1 and Br.2 exhibit similar intensities. 

The intensity of the Br.3 spectrum at low temperature is nearly an order of magnitude lower 

than that of the other Br materials. At high temperatures, the most intense spectrum 

is observed for Br.2, while the PL intensity of Br.3 is approximately 4 times lower than 

that of Br.2. 
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Figure 4.31. Experimental 3D photoluminescence spectra of Br.1 (a, b), Br.2 (c, d) perovskite 

thin films for temperatures of 90 K, 310 K. 
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Figure 4.32. Experimental photoluminescence spectra of perovskite thin films Br.1 (a, b), 

Br.2 (c, d), Br.3 (e, f) as a function of temperature 90 - 310 K. The image shows the spectra 

obtained directly from the measurement and the normalized spectra. Excitation wavelength 

λexc = 420 nm. 
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Figure 4.33. Dependence of the maximum intensity of the peaks observed in PL spectra 

and the position of these peaks as a function of temperature: Br.1 (a, b), Br.2 (c, d), Br.3 (e, f). 
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Figure 4.34. Comparison of photoluminescence spectra for minimum and maximum 

temperatures from the chosen temperature range for materials Br.1-Br.3: T = 90 K (a), 

T = 310 K (b). 

Table 4.14. Phase transition temperatures of materials Br.1-Br.3 determined 

from UV-VIS-NIR spectroscopy and PL measurements as a function of temperature. 

ID 
Phase transition based on 

Phase transition 
UV-VIS-NIR (T) PL (T) 

Br.1 
Not found ~110 K From orthorhombic to tetragonal 

Not found ~250 K From tetragonal to cubic 

Br.2 
Not found ~110 K From orthorhombic to tetragonal 

Not found ~300 K From tetragonal to cubic 

Br.3 
110 K ~160 K From orthorhombic to tetragonal 

240 K 300 K From tetragonal to cubic 

 

4.6.4. Conclusions 

The data results above provide information on the temperatures at which phase transitions 

occur in the perovskite materials studied. Phase transitions were determined 

from the transmission and PL spectra changes observed over a wide temperature range. 

Transition temperatures were indicated separately from transmission and PL measurements. 

The results are summarized in Table 4.12-14. Phase transitions - from orthorhombic 

to tetragonal and from tetragonal to cubic phases - occur in all the materials studied. 
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For samples I.2, Br.1, and Br.2, no phase changes could be found based on transmission 

measurements, while phase changes were detected in measurements of PL spectra. 

For the phase transition temperatures indicated by the two measurement techniques, a high 

degree of agreement can be seen, with emerging discrepancies generally not exceeding 10 K 

(except in the case of Br.3). Sources report that the perovskite material can adopt 

an orthorhombic, tetragonal, or cubic phase. Various dissertations relating to the crystal 

structure report phase transitions of iodide perovskite materials occurring at 160 K (transition 

from the orthorhombic to the tetragonal phase) and 330 K (transition from the tetragonal 

to cubic phase) [16,17]. The results obtained from PL spectra of iodide perovskites 

are similar to those presented in the work [18], in which the transition from the orthorhombic 

to the tetragonal phase occurs in the range 120 - 150 K. 

4.7. Studies of nonlinear optical effects 

Nonlinear optical effects were studied for all perovskite thin films with iodine, chlorine, 

and bromine. The apparatus described in Sections 3.5, 3.8, and 3.9 was 

used for the measurements. SHG and THG were analyzed using the Lee (SHG) 

and Kubodera-Kobayashi (THG) theoretical Models, used in thin film analysis, and consider 

linear absorption coefficients. 

4.7.1. Second Harmonic Generation 

SHG measurements were carried out with two laser light polarization configurations (S-P 

and P-P). Most of the materials tested did not exhibit second-order nonlinear optical effects, 

so the Corona Poling (CP) technique was used to obtain the uniaxial orientation 

of the molecules. The polarization temperature in CP was set at 95 °C, and the applied voltage 

at 7 
𝑘𝑉

𝑐𝑚
. SHG measurements were performed again after the CP was applied. For selected 

materials, measurements were repeated after 2 weeks. 
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4.7.1.1. Iodide perovskites 

Figure 4.35 shows the SHG signals after applying the CP technique as a function of rotation 

angle for selected perovskite materials with iodine I.1-I.3. Comparing the SHG signals, it was 

noted that their intensity did not differ significantly. The strongest second-order nonlinear 

response was obtained for sample I.2 in P-P polarization, while the weakest response was also 

obtained for this material, but in S-P polarization (Table 4.15). Relating the obtained results 

to the compositions of materials I.1-I.3, one can observe the dependence of the 𝜒(2) value 

on the content of the organic part MAI, and the inorganic part PbI2. With an increase 

in the PbI2 content and, at the same time, with a decrease in the MAI content, the 𝜒(2) value 

increases. In the group of perovskites with iodine, SHG was observed in five of the seven 

samples tested. Second-order nonlinear effects were not exhibited by materials I.5 and I.7 even 

after the application of CP. The weakest second-order response has I.4. Comparing the results 

obtained with the second-order nonlinear susceptibility of the reference material, quartz, 

it can be seen that perovskites with iodine generate signals generally lower than the reference 

material. The standout material among those presented here is I.2, whose 𝜒(2) after CP 

increased by 2.5 times compared to the reference material. 

Figure 4.35. SHG intensity after CP as a function of rotation angle in a laser beam with S-P 

or P-P polarization for materials I.1-I.3. 
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Table 4.15. Second-order nonlinear susceptibility values of perovskites I.1-I.7 before and after 

application of the Corona Poling (CP) technique, calculated with the help of the theoretical 

Lee Model. 

ID 

𝜒(2)  [
𝑝𝑚

𝑉
] 

Before CP After CP 

S-P P-P S-P P-P 

Directly 

I.1 - 1.052±0.302 0.580±0.201 - 

I.2 - - 0.483±0.139 2.522±0.113 

I.3 - - - 0.679±0.273 

I.4 - - 0.057±0.005 - 

I.5 - - - - 

I.6 - - - 0.485±0.195 

I.7 - - - - 

Quartz 
(reference sample) 

1 

 

4.7.1.2. Chloride perovskites 

Figure 4.36 shows the SHG signals as a function of rotation angle for selected Cl.1-Cl.3 

chloride perovskite materials obtained two weeks after the CP technique. In contrast, 

Table 4.16 collects the 𝜒(2) results. The first observation is that the materials 

in this group did not show nonlinear optical effects before the application of CP. 

After applying CP, samples Cl.1 and Cl.3 showed second-order nonlinear behaviour reaching 

values up to 7.5 times higher than the reference material. Sample Cl.2 did not show 

second-order nonlinear behaviour in this measurement series. The SHG measurement was 

repeated after two weeks. This time, second-order optical nonlinearity was 

demonstrated by all three materials in the S-P laser beam polarization. After two weeks 

of CP, the 𝜒(2) value of sample Cl.1 remained similar, and sample Cl.3 showed 

an 𝜒(2) about 15 times lower than in the first measurement series. Interestingly, the Cl.2 sample 

in the second series of measurements showed second-order optical nonlinearity. This surprising 

behaviour may be due to the fact that chloride perovskite materials are transparent and unstable, 
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so there is a chance that an inappropriate site, lacking sufficient material to observe 

the nonlinearity, was chosen for the first series of measurements. An interesting observation 

is the dependence of the 𝜒(2) value on the composition of the Cl.1-Cl.3 samples. 

As the PbCl2 content increases and, simultaneously, as the MACl content decreases, 

the 𝜒(2) value increases. 

Figure 4.36. SHG intensity after CP application as a function of rotation angle in the S-P 

polarized laser beam for Cl.1-Cl.3 materials. The graphs show the results of measurements 

taken two weeks after the first measurement and CP application. 

Table 4.16. Second-order nonlinear susceptibility values of Cl.1-Cl.3 perovskites after 

applying the Corona Poling (CP) technique, calculated with the theoretical Lee Model. 

ID 

𝜒(2)  [
𝑝𝑚

𝑉
] 

After CP 

S-P P-P S-P P-P 

Directly 2 weeks later 

Cl.1 0.524±0.038 7.571±3.790 0.508±0.038 - 

Cl.2 - - 0.316±0.045 - 

Cl.3 7.599±3.051 - 0.589±0.031 - 

Quartz 
(reference sample) 

1 
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4.7.1.3. Bromide perovskites 

Figure 4.37 shows the SHG signals after application of the CP technique as a function 

of rotation angle for selected perovskite materials with bromine Br.1-Br.3. Comparing 

the SHG signals in Figure 4.37, it is noted that their intensity does not differ significantly 

for the Br.1-Br.3 samples, which is confirmed by the numerical 𝜒(2) results obtained 

in Table 4.17. Before application of the CP technique, second-order nonlinear effects were 

exhibited by three of the four materials tested, i.e., Br.1-Br.3. The values obtained 

for these materials were close to the 𝜒(2) values of the reference material. After the application 

of CP, all four samples responded nonlinearly. The 𝜒(2) values after CP are higher, confirming 

that the uniaxial orientation of the molecules is crucial to improve second-order nonlinear 

effects. SHG measurements were repeated after two weeks. The results obtained after this time 

are lower than the first time, as seen in Table 4.17. The most significant decrease in 𝜒(2) was 

observed for Br.4. The 𝜒(2) results obtained approximate or exceed the 𝜒(2) of the reference 

material. 

Figure 4.37. SHG intensity after CP as a function of rotation angle in a P-P polarized laser 

beam for materials Br.1-Br.3. 
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Table 4.17. Second-order nonlinear susceptibility values of Br.1-Br.4 perovskites before 

and after application of the Corona Poling (CP) technique, calculated with the help 

of the theoretical Lee Model. 

ID 

𝜒(2)  [
𝑝𝑚

𝑉
] 

Before CP After CP 

S-P P-P S-P P-P S-P P-P 

Directly 2 weeks later 

Br.1 0.584±0.088 1.403±0.068 1.502±0.062 1.422±0.077 - 1.046±0.088 

Br.2 - 1.215±0.067 0.961±0.055 1.454±0.070 - 1.055±0.076 

Br.3 0.954±0.057 - 1.229±0.056 1.853±0.076 - 1.419±0.072 

Br.4 - - - 1.627±0.054 - 0.603±0.087 

Quartz 
(reference 

sample) 

1 

 

4.7.2. Third Harmonic Generation 

Measurements of third-order nonlinear optical effects due to the polarization independence 

of THG were made in the S-P laser beam polarization configuration. The CP technique was 

not used in this part of the study. 

4.7.2.1. Iodide perovskites 

Figure 4.38 shows the THG intensity as a function of incidence angle for selected materials 

I.1-I.3. Calculated with the help of the Kubodera-Kobayashi Model, the 𝜒(3) values are given 

in Table 4.18. All materials exhibited third-order optical nonlinearity, and the values obtained 

significantly exceeded those of the reference sample, even by more than 100 times. 

The strongest THG effect was shown by sample I.3 reaching 

𝜒(3)  =  (209.80 ± 7.66) ∙ 10−22 
𝑚2

𝑉2
, and the weakest by sample I.6, 

for which 𝜒(3)  =  (31.77 ± 1.23) ∙ 10−22 
𝑚2

𝑉2
. 
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Figure 4.38. THG intensity as a function of incidence angle of an S-P polarized laser beam 

for materials I.1-I.3. 

Table 4.18. Third-order nonlinear susceptibility values of perovskites I.1-I.7 calculated 

with the help of the Kubodera-Kobayashi Model. 

ID 𝜒(3)  [10−22 
𝑚2

𝑉2
] 

I.1 64.24±2.42 

I.2 124.40±4.53 

I.3 209.80±7.66 

I.4 75.34±4.47 

I.5 88.48±12.60 

I.6 31.77±1.23 

I.7 42.80±2.08 

Silica (reference sample) 2 

 

4.7.2.2. Chloride perovskites 

Figure 4.39 shows the THG intensity as a function of incidence angle for samples Cl.1-Cl.3. 

Calculated with the help of the Kubodera-Kobayashi Model, the 𝜒(3) values are given 

in Table 4.19. All materials exhibited third-order optical nonlinearity, and the values obtained 

were significantly higher than those of the reference sample. The strongest THG effect was 

shown by sample Cl.1, reaching 𝜒(3)  =  (421.90 ± 22.61) ∙ 10−22 
𝑚2

𝑉2
, and the weakest 

by sample Cl.2, for which 𝜒(3)  =  (58.95 ± 3.51) ∙ 10−22 
𝑚2

𝑉2
. In turn, comparing the THG 

intensities in Figure 4.39, it can be seen that they are not significantly different. 
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Figure 4.39. THG intensity as a function of incidence angle of an S-P polarized laser beam 

for Cl.1-Cl.3 materials. 

Table 4.19. Third-order nonlinear susceptibility values of Cl.1-Cl.3 perovskites calculated 

with the Kubodera-Kobayashi Model. 

ID 𝜒(3)  [10−22 
𝑚2

𝑉2
] 

Cl.1 421.90±22.61 

Cl.2 58.95±3.51 

Cl.3 260.62±14.01 

Silica (reference sample) 2 

 

4.7.2.3. Bromide perovskites 

Figure 4.40 plots the dependence of the THG signal as a function of the incidence angle 

of the laser beam for samples Br.1-Br.3. Noting the intensities, the THG signal of sample Br.1 

has the highest, and that of Br.2 the lowest. These differences are very well reflected 

in the 𝜒(3) results in Table 4.20. The strongest THG effect and the largest value 

of the third-order nonlinear susceptibility of (293.30 ± 25.40) ∙ 10−22 
𝑚2

𝑉2
 is shown 

by material Br.1, while the smallest, equal to (58.18 ± 5.22) ∙ 10−22 
𝑚2

𝑉2
 is shown by material 

Br.2. Also, sample Br.4 generates third-order nonlinear optical effects, with a value 

of 𝜒(3)  =  (80.86 ± 6.87) ∙ 10−22 
𝑚2

𝑉2
. Compared to the reference material, the bromide 

perovskites exhibit strong optical nonlinearity. 
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Figure 4.40. THG intensity as a function of incidence angle of an S-P polarized laser beam 

for Br.1-Br.3 materials. 

Table 4.20. Third-order nonlinear susceptibility values of Br.1-Br.4 perovskites calculated 

with the Kubodera-Kobayashi Model. 

ID 𝜒(3)  [10−22 
𝑚2

𝑉2
] 

Br.1 293.30±25.40 

Br.2 58.18±5.22 

Br.3 210.73±18.30 

Br.4 80.86±6.87 

Silica (reference sample) 2 

 

4.7.3. Z-scan results 

Figure 4.41 shows an example of Z-scan measurements, and Table 4.21 collects the nonlinear 

absorption coefficient values calculated from the recorded data. Z-scan studies were carried 

out for a laser beam with an energy of 2 µJ. Proper signals could only be obtained for materials 

I.1, I.4, and Cl.1. In the closed Z-scan configuration, the Cl.1 sample showed a characteristic 

“peak-to-valley” pattern, indicating a negative nonlinear refractive index. In the open Z-scan 

configuration, the same sample shows a positive coefficient β, as confirmed by Figure 4.41b. 

The measurement result of sample I.4 in the open configuration indicates that this material 

manifests saturable absorption (SA), which is characterized by increased transmission 

near the focus. 
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Figure 4.41. Characteristics obtained by an Open Z-scan (a, b) and a Closed Z-scan (c) 

of I.4 and Cl.1 materials and 2 µJ laser pulse energy. 

Table 4.21. Values of the nonlinear absorption coefficient β of materials I.1, I.4-I.7, 

Cl.1 calculated from measurements carried out using the Z-scan technique. 

ID 𝛽  [10−8 
𝑚

𝑊
] 

I.1 -40.00±10% 

I.4 -1.20±6% 

I.5 - 

I.6 - 

I.7 - 

Cl.1 1.60±2% 

 

4.7.4. Conclusions 

The data presented in the chapter describing nonlinear SHG, THG, and Z-scan optical effects 

confirm that perovskite materials are capable of optical nonlinearity. Second-order nonlinear 

effects were not observed for materials I.5 and I.7. In contrast, there is information 

in the available sources about SHG effects also occurring in material I.5 [19,20]. 

For the other materials, the SHG signals after CP application were small, often smaller than 

the 𝜒(2) value of the reference material. The standout materials are the bromine samples, 

whose calculated 𝜒(2) values were usually larger than the 𝜒(2) of the reference material 

and the most stable temporally. The SHG data show that using the CP technique 

for the uniaxial orientation of molecules is key to improving the SHG response. 

Samples are characterized by high 𝜒(3) values, well above the 𝜒(3) of the reference material. 
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For similar perovskite structures (C4H9NH3)2PbI4 and CH3NH2/PbBr2: 1/1, other researchers 

have investigated that 𝜒(3) is 3.5  ∙  10−18 
𝑚2

𝑉2
 and 1.25  ∙  10−13 

𝑚2

𝑉2
, respectively [21,22]. 

Z-scan measurements were carried out only for materials I.1, I.4-I.7, and Cl.1, only three 

of which provided satisfactory results. From the calculated β coefficient values, it can be seen 

that perovskite materials with iodide anion show a negative β, which is due to the SA 

phenomenon. Perovskite with chloride manifests the opposite behaviour - the β parameter 

is positive, and this is associated with RSA. In the context of RSA, a similar behaviour 

for Cl.1 material was observed in the work [23]. 

4.8. Application in photovoltaic cell 

The target task in the work presented here, in addition to investigating the structural and optical 

properties of various perovskite thin films, was to apply them to a photovoltaic cell. Perovskite 

thin films I.1, Cl.1, and Br.1 were used in a photovoltaic cell, as shown in Figure 4.42a. 

The structure of the proposed cell consists of four thin layers: an ITO thin layer, acting 

as a transparent conductive electrode, a SnO2 layer, an electron transport layer, a perovskite 

thin layer, which is the active layer that absorbs light, and a Spiro-MeOTAD layer responsible 

for hole transport. The cell structure was designed according to the principles described 

in Section 1.3. All thin layers were fabricated using the PVD technique 

and deposited on a transparent BK7 glass substrate with a rectangular shape 

and 2.5 cm x 3 cm dimensions. 
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Figure 4.42. Structure of thin film photovoltaic cells with perovskite layers (a) and a schematic 

of the energy levels of the materials making up the solar cell with I.1 (b), Cl.1 (c), Br.1 (d) 

perovskites as active layer. 

4.8.1. Photovoltaic tests 

Characterization tests of the photocells were carried out using the apparatus described 

in Sections 3.10 and 3.11. A negative measuring probe was applied to the ITO thin film, 

and a positive measuring probe to the top of the photocell, i.e., to the Spiro-MeOTAD layer. 

The cell thus polarized was illuminated with an LCS-100 sunlight simulator (Oriel), 

and its response to light was checked. Measurements were carried out at atmospheric pressure 

and room temperature. The experimentally obtained I-V dark and light characteristics 

of the cells are presented in Figure 4.43a-c, and the cell characterization parameters calculated 

from them are given in Table 4.22. Figure 4.43 also includes the experimental power curves 

of the tested solar cells, and the dark and illuminated I-V characteristics of the individual 

perovskite thin films forming the given solar cell. 
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Figure 4.43. Experimental I-V characteristics of tested solar cells with perovskite active layers: 

I.1, Cl.1, Br.1 (a-c), power curves of these solar cells (d-f), and I-V characteristics 

of the perovskite thin films forming the given solar cell (g-i). 

Table 4.22. Main parameters of perovskite solar cells calculated based on light 

I-V characteristics. 

Perovskite used 

in tested solar 

cell 

Solar cells parameters 

𝑉𝑂𝐶[𝑉] 𝐽𝑆𝐶 [
𝑚𝐴

𝑐𝑚2
] 𝑃𝑚𝑎𝑥 [

𝑚𝑊

𝑐𝑚2
] 𝐹𝐹 [%] 𝜂 [%] 

I.1 0.84 18.06 3.43 22.61 3.43 

Cl.1 1.56 4.04 2.80 44.52 2.80 

Br.1 1.05 10.76 3.55 31.44 3.55 
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The effect of illumination on the tested solar cells with different perovskite materials (I.1, Cl.1, 

Br.1) is evident from the I-V characteristics shown in Figure 4.43a-c. The cells showed a clear 

response to illumination with simulated sunlight. The obtained values of short-circuit current 

(JSC) and open-circuit voltage (VOC) are 18.06 
𝑚𝐴

𝑐𝑚2 and 0.84 V for the cell with active layer I.1, 

4.04 
𝑚𝐴

𝑐𝑚2 and 1.56 V for the cell with active layer Cl.1, and 10.76 
𝑚𝐴

𝑐𝑚2 and 1.05 V for the cell 

with active layer Br.1, respectively. Comparing the obtained parameters of the solar cells, 

with particular attention to the FF parameter, it is evident that the solar cell with Cl.1 achieves 

the best FF value. This is also confirmed by the shape of the I-V characteristic 

in Figure 4.43b, which is the most similar to the ideal solar cell characteristic among the three 

tested solar cells. The second-best FF is achieved by the solar cell with Br.1, 

and the third by the solar cell with I.1. The influence of series resistance (RS) and shunt 

resistance (RSH) is evident in the presented I-V characteristics of the solar cells 

and has a significant impact on the obtained photovoltaic parameters. Comparing the results 

obtained here with the theoretical considerations presented in Figure 1.9 (Chapter 1), 

it can be concluded that the photocell with I.1 was characterized by a relatively high RS, 

as indicated by the triangular shape of the I-V curve. A considerable RS value is associated 

with a reduction of current at higher voltages, a decrease in the FF, and consequently, 

a reduction in efficiency. The RS had the most negligible impact on the operation of the cell 

with Cl.1, while the RSH was the highest in this case, which is confirmed by the shape 

of the obtained I-V characteristic. The I-V characteristic of the solar cell with Br.1 indicates 

that its RS and RSH parameters have an intermediate effect on the device performance compared 

to the solar cells with I.1 and Cl.1. The calculated efficiencies of the investigated solar cells 

with I.1, Cl.1, and Br.1, determined from light I-V characteristics, are 3.43%, 2.80%, 

and 3.55%, respectively. It turns out that the solar cells with I.1 and Br.1, despite exhibiting 

lower FF values compared to the device with Cl.1, achieve higher efficiencies. This results 

from these two cells having a higher maximum power point (Pmax), as clearly illustrated 

in Figures 4.43d-f. It is also worth noting that the cell efficiencies for all tested solar cells under 

dark conditions were less than 1%. 

Comparing the results presented here with the studies presented in the dissertation [24], 

it can be seen that for cells containing perovskite with iodine, the FF coefficients were higher, 
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amounting to about 50%. The efficiency of a solar cells with a similar structure and an active 

layer of MAPbI3, calculated by SCAPS simulations, is about 23% [25]. Results of other 

SCAPS-based simulations [26] for perovskite solar cells with a MAPbCl3 thin film indicate 

that their efficiency can reach up to ~21%. In contrast, experimental data for solar cells 

with MAPbBr3 thin active layer report efficiencies in the range of 2-5% [27]. 

The experimental results for Br.1 obtained in this study are comparable to those presented 

in [27]. Apparent discrepancies are observed, however, when comparing experimental results 

with simulation outcomes. The experimental efficiencies achieved here for devices with I.1 

and Cl.1 are significantly lower than those predicted by simulations. 

The results obtained in this section are exciting. They confirm that thin films of hybrid 

perovskites MAPbI3, MAPbCl3, and MAPbBr3 respond well to light, and that solar cells 

containing these perovskite active thin films can generate voltage. It turns out that, despite 

the lowest stability of perovskite thin films with chloride anion, solar cells with this active layer 

work very well under laboratory conditions, achieving the highest FF but the lowest efficiency 

among the studied photovoltaic solar cells. The efficiencies of the devices with Br.1 and I.1 

are comparable. I.1 perovskites are popular materials in scientific research, and it was initially 

expected that cells with I.1 would be the most efficient. However, it is also interesting to note 

that the cell with I.1 is most responsive to light, as seen in Figure 4.43a, where the dark 

and light characteristics are compared. In the context of the stability of perovskite materials 

and their application in solar technology, aging tests of perovskite thin film photovoltaic cells 

should be carried out. On this basis, the usefulness of the tested perovskites in photovoltaics 

should be resolved. 
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SUMMARY 

This monograph presents research on the optoelectronic properties (photovoltaic and nonlinear 

optical effects) and structural properties of thin films of selected hybrid perovskites. 

The goals of this work were to develop a technique for fabricating perovskite structures using 

PVco-D, to investigate the effect of perovskite composition on linear and nonlinear optical 

and structural properties, to determine the potential of the studied materials in the field 

of photovoltaics, to fabricate a complete photovoltaic cell structure, and to investigate 

its fundamental photovoltaic parameters. In a broader sense, all of the aforementioned goals 

of this work are intended to accelerate the development and commercialization of perovskite 

optoelectronic devices. 

The studies are divided based on the analyzed properties: structural studies, UV-VIS-NIR 

spectroscopic studies, aging tests, phase transition studies, nonlinear optical effects (SHG, 

THG, Z-scan), and photovoltaic properties. Each section describes results for three groups 

of perovskites: iodide, chloride, and bromide. This approach aims to compare a given property 

among different perovskite structures. 

The first stage of the study was to develop a technique for depositing perovskites using 

the PVco-D method. Perovskite materials were selected for the study to compare the effect 

of crystal structure on optoelectronic parameters. Therefore, the perovskites described 

in this work consist of an organic methylammonium iodide, chloride, or bromide, 

and an inorganic moiety of iodide, chloride, or bromide, respectively. These perovskites 

are MAPbI3, MACdI3, MAGeI3, MASnI3, MAZnI3, MAPbCl3, MAPbBr3, and MASnBr3. 

Furthermore, using the PVco-D technique, the selected samples were prepared in three 

versions, differing in the percentage of organic and inorganic components. 

In the following steps, the topographic properties of perovskite thin films were described, 

based on the AFM results. The focus was on characterizing the structures forming the film, 

determining the RMS parameter defining the film roughness, determining the average 

crystallite height, and performing MFs analysis. Based on this, it was concluded that the most 

uniform surfaces were obtained for perovskites with I and Br halogens, particularly 

for the compositions of 50% organic part : 50% inorganic part 
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and 70% organic part : 30% inorganic part. At the same time, the poorest topographic quality 

was observed for samples with Cl halogen. 

Spectroscopic studies provide information about the optical properties of the materials 

in the UV-VIS-NIR range. The strongest absorption is observed in MAPbI3 and MASnI3 

samples, while the weakest is in Cl-based perovskites. All tested samples demonstrate 

an influence of absorption on the nonlinear optics studies conducted in subsequent stages. 

Furthermore, the results suggest that I-based perovskites are more suitable for photovoltaic 

applications, while Cl and Br-based perovskites are more suitable for broadly defined 

optoelectronics applications. 

Aging tests confirm that perovskites are materials that degrade rapidly, which limits 

their application potential. The results presented in this dissertation were based on studies 

conducted over six months following sample acquisition and demonstrate the effect of storing 

thin film perovskite samples in the dark and an argon atmosphere on their optical 

and structural parameters. The obtained results indicate that the most resistant to external 

factors are samples containing I and Br halogens, particularly samples I.1, Br.1, and Br.3, 

whose optical and structural parameters change only slightly over six months. 

Samples containing Cl halogen are most susceptible to degradation, which poses a potential 

threat to further applications. 

The next part of the perovskite research focused on detecting phase transitions. Measurements 

were made using two methods over a wide temperature range of 80 – 310 K, with 10 K steps. 

The obtained results confirm changes in the crystallographic structure in the studied perovskite 

materials. The determined temperatures or temperature ranges of the phase transitions vary 

depending on the perovskite composition. However, for all samples tested in the phase 

transition range, phase transitions from the orthorhombic phase to the tetragonal phase 

and from the tetragonal phase to the cubic phase were detected. 

NLO studies (SHG, THG, Z-scan) focused primarily on determining the suitability 

of perovskite thin films for nonlinear optics and the effect of perovskite composition 

on the resulting NLO response. Only a few studied materials exhibited minor second-order 

nonlinear effects (SHG), so the CP technique enhanced the SHG signal. This goal was 
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achieved. However, the SHG response, even after CP, was typically smaller than the SHG 

of the reference material. The SHG response after CP was repeated after two weeks to verify 

whether the CP effect was still present. The results indicate that the nonlinear SHG response 

decreases, but the materials are still helpful for second-harmonic generation. The strongest 

and most stable SHG effects were observed for bromide perovskites. Third-order nonlinearity 

(THG) studies show that all tested perovskite materials exhibit strong third-order optical 

nonlinearity, and the THG values obtained are significantly higher than those determined 

for the reference material. The third experiment related to NLO studies, i.e., Z-scan, 

was conducted only for perovskites with halogen I and one perovskite with Cl. Satisfactory 

results were obtained only for three materials tested in this respect. These results showed 

that the samples with halogen I (I.1, I.4) exhibit strong saturable absorption (SA). 

In contrast, the sample with halogen Cl (Cl.1) exhibits reverse saturable absorption (RSA). 

In the final stage of research, three prototypes of perovskite photovoltaic cells were designed 

and constructed with selected thin perovskite layers: I.1, Cl.1, and Br.1. The entire solar cell 

was fabricated on a glass substrate, and all individual thin layers constituting the cell were 

deposited using PVD or PVco-D techniques. Measurements of electrical properties (dark 

and light I-V characteristics) showed that the cell with the MAPbI3 (I.1) perovskite active layer 

had the strongest light sensitivity. For this cell, the FF parameter was 22.61%. 

Cells with MAPbCl3 (Cl.1) and MAPbBr3 (Br.1) achieved FF equal to 44.52% and 31.44%, 

respectively. In both cases, the cell's light sensitivity was lower than that of the I.1 cell. 

In the context of the achieved efficiencies, the solar cell with I.1 reached 3.43%, the solar cell 

with Cl.1 reached 2.80%, and with Br.1, 3.55%. 

In summary, the primary research objectives of this work have been achieved. A technique 

for depositing thin film perovskite structures of various compositions using the PVco-D 

method was developed, the effect of perovskite composition on structural, optical, 

and photovoltaic properties was investigated, aging tests were conducted, and prototypes 

of perovskite photovoltaic cells were fabricated. This work provides significant information 

on fundamental optoelectric properties and phase transitions and can be a starting point 

for further research in perovskite technologies. Additional research related to perovskite 

structures may address the chemical and structural stability of perovskites, including methods 
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for protecting perovskite structures from the negative effects of environmental factors, 

so that they can be successfully used in photovoltaics. Other directions of perovskite research 

should focus on their application in nonlinear optics. Perovskites exhibit strong third-order 

nonlinear properties and can generate second-order nonlinear optical effects, some exhibiting 

SA and RSA. The potential applications in nonlinear optics are enormous, and subsequent 

research should include a thorough analysis of NLO using quantum chemical simulations. 

Furthermore, due to toxic elements in the tested samples, future efforts should be made 

to replace these harmful components with more sustainable and environmentally friendly 

compounds. 
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