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 A scientist in his laboratory is not a mere 

technician: he is also a child confronting natural phenomena that impress 

him as though they were fairy tales. 

Marie Curie 
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ABSTRACT OF DISSERTATION 

The primary benefit of thin-film photovoltaic devices is that they require 

less active material, a secondary benefit is that they are ideally suited for 

the creation of large modules. Last but not least they allow, if a flexible 

substrate is provided, to fabricate light-weight, flexible and foldable 

modules. These qualities provide them a guaranteed path to lowering the 

€/W cost of PV modules, and if they attain high efficiencies, they will be 

able to obtain a sizable market share. 

The copper-indium-gallium-selenium alloy CuInGaSe2 (CIGS) thin-film 

technology has the highest conversion efficiency (above 23%), but its 

industrial development could be restricted by the current rate of global 

indium production.  

A possible rival to current solar cell technology is the Cu2ZnSnS4 (CZTS) 

solar cell. The CZTS’s absorption coefficient is on the order of 104 cm-1: 

the straight band gap is within the 1.0-1.5 eV region which is ideal for solar 

cells. One micrometre thick film may effectively function as photocurrent 

generator and absorb nearly all of the photons in the solar spectrum. As a 

result, the cost of a solar cell's material can be significantly decreased by 

utilizing elements that are abundant on Earth. Making a CZTS film 

involves several different processes, including spray deposition of the 

precursor and subsequent sulfurization, or reactive co-evaporation, or 

precursor evaporation and subsequent sulfurization, or spray pyrolysis, or 

co-sputtering, or PLD (pulsed laser deposition), or sol-gel, or spin coating, 

or and electrodeposition and so on.  

This thesis details several investigations into the effects of CZTS 

manufacturing settings (by non-vacuum processes), such as drying time 

and annealing temperatures and, on the structure and optical 

characteristics. 
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In the first chapter the project is presented, with also a brief introduction 

to renewable energy, the physical principles of how a photovoltaic cell 

work and the structure of kesterite. Chapter II introduces different 

strategies for the preparation of CZTS based solar cells.   

The third chapter illustrates the several characterisation techniques applied 

in this work. The subsequent chapters present the results of extensive 

research on the synthesis, characterization, and optimization of kesterite 

thin films and their application as absorber layers in photovoltaic devices. 

The study covers various aspects such as deposition techniques, post-

deposition treatments, device fabrication and optimization, and analyses 

the impact of these factors on the photovoltaic performance of finished 

solar cells. 

Drying time and annealing temperature was shown to affect the 

stoichiometry and the morphology of the compound, generating 

secondary phases. This strongly influences the final efficiency of the 

devices and the behaviour under accelerated stability test. 

The present thesis provides a contribution in the understanding of low-

cost non-vacuum preparation of kesterite absorbers. 

We obtained a final efficiency of 7.1% by doping with germanium, and 

over 8% with a doping solution of cadmium (this result is under patent 

approval). 
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1.1 The project 
 

In June 2018 Isopan S.p.A. started a collaboration and a research project with 

Professor Alessandro Romeo and his LAPS laboratory (Laboratory for 

photovoltaics and solid-state physics). 

The aim of the project was the fabrication of photovoltaic cells to be applied on 

the insulating panels produced in Isopan; the PV cells will be based on an alternative 

non-toxic absorber material. Kesterite class of materials, based on Cu-Zn-Sn-S/Se, 

has been identified as one of the ideal candidates for thin-film solar cells.  

Given the preliminary state of research and the variety of materials and 

approaches available, the ultimate goal of the project is to arrive at the fabrication 

of a thin-film photovoltaic cell based on the Cu2ZnSnS4 (CZTS) compound, a 

much-studied material that has already yielded good results and fewer safety 

problems than similar compounds. 
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1.2 Isopan and Manni Group 

Isopan S.p.A. is a company that is part of the Manni Group holding company, together 

with Manni Sipre, Manni Inox, Manni Energy and Manni Green Tech; it is a leader in 

Italy in the production of insulated metal panels with high thermal insulation power 

for walls and roofs on the main national and international markets.  

 

 

 

 

These panels are often referred to as sandwich panels, since they are composite 

materials made up of a layered structure consisting of a single or double load-bearing 

sheet of thin metal materials (usually steel or aluminium), with high resistance (called 

skins or faces), with a central insulating material called core and consisting of rigid 

polyurethane foam or mineral wool in between. Thanks to their composition, these 

structural elements guarantee lightweight but at the same time rigid and resistant 

products and show good thermal and acoustic insulation as well as good fire and 

weather resistance.  

 

Figure 2. A sandwich panel. 

 

Figure 1. Manni Group Headquarter in Verona. 
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These properties make them suitable for use in industrial, civil, commercial, 

livestock and cold logistics construction.  

The company has been present on the Italian territory since the 1980s with two 

production plants, one in Verona (Trevenzuolo) and one in Frosinone (Patrica); over 

the years it has expanded its market also thanks to the inauguration of new 

international offices in Spain, Romania, Germany and in 2015 in Russia and Mexico. 

The company's future is designed and thought using three drivers, the main 

protagonist being sustainability. Sustainability refers to a method of conducting 

business that allows for growth in accordance with the social and environmental 

context in which we operate. Our chance to contribute to the battle against climate 

change and the shift to a circular economy model, in which suppliers are also 

participating, is made possible by our ongoing market presence. The company 

advocates for an industrialisation that is more inclusive to use resources more 

effectively and have a smaller negative impact on the environment. Scientific research 

expenditures encourage advancement along the whole manufacturing chain, resulting 

in goods with minimal environmental impact and low carbon emissions. The intention 

is to employ more secure and healthful materials[1].  By examining light absorption 

and carrier collection in thin-film PV systems, this dissertation advances the objective 

of ubiquitous, cost-effective solar energy utilization. 

 

1.3 A question of Energy 

What has been happening climatically in the world in recent years is there for all to see. 

The rapid melting of glaciers resulting in catastrophes, rising global temperatures in 

both summer and winter and increasingly frequent fires are upsetting the balance of 

nature and increasing the risk of extinction of many forms of life on Earth, as well as 

disrupting human life.  

The main cause of this drastic climate change has been identified as the increase 

in heat-trapping greenhouse gases in the atmosphere; the level of CO2 in the 

atmosphere continues to rise, reaching a new record in 2019. Electricity generation 

and the burning of fossil fuels have contributed to the increase in global emissions: 

unfortunately, most electricity is still generated by burning coal, oil or gas, producing 



Chapter I: Introduction 

 

4 

 

carbon dioxide and nitrogen oxide, among the most powerful greenhouse gases that 

envelop the Earth and trap heat[2]. 

 

Figure 3. Carbon emissions per group. 

         [3] 

The lifestyle of each of us has a big impact on our planet and the UN’s 

Campaign for Individual Action promotes fundamental actions that each of us should 

follow to help limit global warming as climate change is not reversible. The 2030 

Agenda is an important milestone for sustainable development; it has been adopted by 

all member countries of the United Nations and sets targets in 17 areas, goals to be 

achieved by 2030. Sustainable and renewable energy is one of those goals[4] 

 

Figure 4. Sustainable development goals from the agenda 2030. 
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1.4 Renewable energies and photovoltaic 

Renewable energies are obtained from inexhaustible natural sources and 

generate clean electricity without contributing to climate change. 

Renewable energy is crucial for being able to reduce the amount of CO2 that 

we are pumping into the atmosphere and in the oceans to be able to mitigate dangerous 

levels of climate change. Climate change mitigation is a huge concern for governments 

around the world and with ever-increasing energy demand, especially in newly 

industrialized countries, we need to look for different ways of producing energy that 

is sustainable for future generations.  

Globally, both economic activity and energy demand in 2021 exceed 2019 

levels (+1.3% and +0.4%, respectively), and the CO2 rebound in 2021 (+5.9%) more 

than offsets the decline in 2020 (-4.9%). In Europe, energy inflation is reaching 

unprecedented levels in 2022, with the Ukrainian war adding pressure to already tight 

markets[5].  

The energy system has been radically transformed since the industrial revolution. This 

can be clearly seen from the graph shown here, which graphically represents global 

energy consumption since 1800. 

 

 

Figure 5. Global primary energy consumption by source. 
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Demand for energy is growing in many countries around the world as people become 

wealthier and populations increase. 

If this increase in demand is not offset by improvements in energy efficiency elsewhere, 

our global energy consumption will continue to grow year by year. Growing energy 

consumption makes the challenge of shifting our energy systems from fossil fuels to 

low-carbon energy sources more difficult: new low-carbon energy must meet this 

additional demand and seek to replace existing fossil fuels in the energy mix. 

According to the Energy Information Administration, Renewable Energy Sources are 

defined as fuels that can be easily made or "renewed." We can never use up renewable 

fuels.  

Solar energy is mostly used for heating. Alternatively, solar photons can be used to 

generate charge carriers in semiconductor junctions and generate electricity directly, 

i.e. solar cells, or to realise the photochemical or photoelectrochemical production of 

hydrogen by splitting water molecules. Substantial progress in the development of 

different type of solar cells has reduced the costs of photovoltaic energy, which are 

competitive with those of energy produced by burning fossil fuels. Clean energy 

production supports environmental sustainability and helps societies become more 

self-sustainable. 

 

 

1.5 The physics of solar cells 

The bulk of solar cells, as well as most other electronic devices like lasers and bipolar 

junction transistors, are built on p-n junctions. The development of the transistor in 

the late 1940s and early 1950s resulted in a large portion of the theory of solid-state 

semiconductors. A voltage or current applied to a material in one area of the device 

can vary the conductivity significantly in another area of the device. Solar cells are 

simply huge diodes that have been tuned to absorb light, and they are based on p-n 

junction devices. The family of bipolar junction devices, which also comprises diodes 

and bipolar junction transistors (BJTs), contains solar cells as a result [6]. 

A current source and a rectifying diode connected in parallel can be used to mimic an 

ideal solar cell. A diode is an electrical component having two terminals that exclusively 

conducts electricity in one direction. A perfect diode will have infinite resistance in the 
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opposite direction and zero resistance in one direction; the most prevalent kind of 

diode is a semiconductor diode. 

Semiconductor materials are fundamental for the physics of solar cells, they belong to 

different groups of the periodic table; their properties in fact depend on their atomic 

structure and change from group to group. Semiconductors can also be a combination 

of elements from different groups of the periodic table, generally from group IV or 

the result of a combination of atoms from groups III and V (the III-V 

semiconductors), or combinations of atoms from groups II and VI (the II-VI 

semiconductors).  

 

The most common elements for semiconductor materials are shown in blue. A 

semiconductor can be of a single element, such as Si or Ge, a compound, such as 

GaAs, InP or CdTe, or an alloy, for example as SixGe(1-x) or AlxGa(1-x)As (x is the fraction 

of the particular element its ranges is from 0 to 1) [7]. 

The simplicity with which conductivity may be altered gives semiconductors a wide 

range of uses. While the impurity concentration may be very low, on the scale of parts 

per billion, the addition of even very small quantities of impurities, also known as 

dopants, can modify the material conductivity by orders of magnitude [6].  

Covalent bonds originate between atoms of the same element or among atoms of 

different elements with comparable outer-shell electron configurations. Each electron 

spends approximately the same amount of time on each nucleus; both electrons, 

however, spend the majority of their time between the two nuclei, both nuclei's force 

of attraction for electrons maintains the two atoms together. Because electrons are 

trapped in their respective structures at low temperatures, they are not available for 

Figure 6. Semiconductor elements on the periodic table. 
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conduction. Thermal vibrations may disrupt covalent bonds at higher temperatures; 

when a bond is broken or partially broken, a free electron can participate in current 

conduction. An electron deficiency remains in the covalent bond; this deficiency may 

be supplied by one of the adjacent electrons, resulting in a change in the position of 

the deficiency. As a result, we may think of this loss as a particle identical to an electron; 

this imaginary particle is called “hole”; it has a positive charge and goes in the opposite 

direction as an electron under the influence of an applied electric field. As a result, the 

electron and hole both contribute to the overall electric current. A hole is comparable 

to the notion of a bubble in a liquid [8]. 

The least amount of energy needed to liberate an electron from its bound state and 

into a condition where it may conduct electricity is known as a semiconductor's band 

gap. A "band diagram" is a representation of the band structure of a semiconductor, 

which displays the energy of the electrons on the y-axis.  

The energy difference between the bound state and the free state, or between the 

valence band and conduction band, is known as the band gap energy (EG). 

The electron is free to roam about the semiconductor and take part in conduction once 

it has been promoted into the conduction band.  

Yet, an extra conduction process will also be possible when an electron is excited into 

the conduction band: an electron-free area is left behind when an electron is excited 

to the conduction band. It is possible for an electron from an adjacent atom to enter 

this open position. This electron moves, leaving an empty place [9]. 
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It seems as though a positive charge is traveling across the crystal lattice due to the 

space left behind by the electrons, which permits a covalent bond to pass from one 

electron to another [9]. 

Free carriers are produced in both bands because of the thermal excitation of a carrier 

from the valence band to the conduction band. The intrinsic carrier concentration, 

abbreviated ni, is the quantity of these carriers. Intrinsic material is semiconductor 

material that hasn't had impurities introduced to it to alter the carrier concentrations. 

The band gap and temperature of the material both influence this quantity of carriers. 

The intrinsic carrier concentration will rise as the temperature rises because it increases 

the likelihood that an electron will be excited into the conduction band: this directly 

relates to the effectiveness of solar cells. 

By "doping" a crystal lattice with additional atoms, it is possible to change the ratio of 

electrons and holes in the structure. The creation of "n-type" semiconductor material 

involves the usage of atoms with one additional valence electron.  

When a p-doped semiconductor and an n-doped semiconductor are in contact they 

form a p-n junction [10]. Thus, by combining suitable semiconductors with n-type and 

p-type properties, interfaces can be created [11]. A solar cell’s ability to function 

depends on the light being absorbed and the creation of an electron hole pair. [6]. 

 

 

Figure 7.Schematic representations of a p-n junction (a); formation of a depletion 

region (b). 
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The charge inside the crystal, the electric field it produces, and the electric potential it 

creates are all related by Poisson's equation. This is represented by this equation: 

 

−
𝑑2𝜑

𝑑𝑥2
=

𝑑𝐸

𝑑𝑥
=

𝜌

𝜀
 

 

Where  is the charge density in the crystal and  is an intrinsic property of the material 

(measure of the resistance to the electric field, the permittivity). 

This ionized acceptor atoms have negative charge and ionized donor atoms have an 

excess of positive charge because holes in the valence band contribute a positive charge 

and electrons in the conduction band contribute a negative charge. The total charge 

density  in a doped semiconductor is then provided by this equation: 

 

𝜌 = 𝑞(𝑝 − 𝑛 + 𝑁𝐷
+ − 𝑁𝐴

−) 

 

q is the fundamental unit of charge multiplied by the algebraic sum of the charge carrier 

densities and the ionized impurities concentrations [12]. 

Photons incident on the surface of a semiconductor are either reflected from the top 

surface, absorbed in the material, or transmitted through the material if neither of the 

above two processes occurs. Reflection and transmission are often regarded as loss 

processes in photovoltaic systems since photons that are not absorbed do not produce 

electricity. If the photon is absorbed, it may excite an electron from the valence band 

to the conduction band. The energy of a photon is an important element in deciding 

whether it is absorbed or transmitted. As a result, only if the photon has enough energy 

(more than the energy gap) the electron will be stimulated from the valence band into 

the conduction band. 

How far into a material light of a specific wavelength may travel before it is absorbed 

depends on the substance's absorption coefficient. Light is only weakly absorbed in 

materials with low absorption coefficients, and if the material is thin enough, it will 

look transparent to that wavelength. [13]. 

Not only electrons with energy already near to the band gap but also other particles 

can interact with the photon as its energy rises. As a result, more electrons have the 

potential to interact with the photon and cause it to be absorbed [13]. 
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The Shockley solar cell equation offers a formula for the relationship between the 

current through a diode and voltage and describes the equivalent I-V characteristic. 

 

𝐼 = 𝐼𝑝ℎ − 𝐼0 (𝑒
𝑞𝑉

𝑘𝑏𝑇 − 1) 

[14] 

Where q (>0) corresponds to the electron charge, kB is the Boltzmann constant, T the 

temperature (absolute), V the voltage of the cell, Iph the photocurrent and Io the 

saturation current of the diode. 

Two crucial processes are involved in the production of "light-generated current," the 

current produced by a solar cell. To form electron-hole pairs, incoming photons must 

first be absorbed; if the incident photon has an energy larger than the band gap, 

electron-hole pairs will be produced in the solar cell. However, since they are meta-

stable, electrons in p-type materials and holes in n-type materials can only persist for 

about as long as the minority carrier lifetime before recombining. By utilizing a p-n 

junction to spatially separate the electron and the hole, a second process—the 

collection (separation) of these carriers—prevents this recombination. The electric 

field (E) present at the p-n junction acts to separate the carriers forming a depletion 

region. The electric field at the p-n junction sweeps the light-generated minority carrier 

across the junction, where it becomes a majority carrier, if the minority carrier ever 

makes it there. The light-generated carriers flow across the external circuit if the solar 

cell's emitter and base are connected (i.e., if the solar cell is shorted)[11].  

Power generation is not a result of the gathering of light-generated carriers alone. Both 

a voltage and a current must be produced in order to produce electricity. The 

"photovoltaic effect" is a mechanism that creates voltage in a solar cell. Moving 

electrons to the n-type side of the junction and holes to the p-type side is a result of 

the p-n junction's collection of light-generated carriers. Since the carriers leave the 

device as light-generated current through a short circuit, there is no charge build-up. 



Chapter I: Introduction 

 

12 

 

It is possible to observe the effect of the current-voltage properties of a p-n junction 

of a solar cell through the J-V curve. The graph below represents the condition of the 

device with and without illumination, as already mentioned the solar cell has the same 

properties of a diode. 

 [15] 

The impact of the light is to move the IV curve towards the fourth quadrant, where 

the diode may be powered. The typical "dark" currents in a diode are increased when 

a cell is illuminated, and this results in the diode law (where the light generated current 

is IL). 

𝐼 = 𝐼0 [𝑒𝑥𝑝 (
𝑞𝑉

𝑛𝑘𝑇
) − 1] − 𝐼𝐿 

[11] 

The photogenerated current IL is typically described in terms of quantum efficiency or 

spectrum response since it is intimately connected to the photon flux impinge on the 

cell and depends on light wavelength; it is often independent of the applied voltage. 

The photogenerated current IL and the short circuit current Isc are identical in the ideal 

situation, and the greatest voltage that may be generated in an open condition (no 

current through the cells) is the Voc (open circuit voltage) that is equal to: 

 

𝑉𝑜𝑐 =
𝑘𝐵𝑇

𝑞
𝑙𝑛 (1 +

𝐼𝐿

𝐼0
) 

Figure 8. I-V characteristics of a perfect diode solar cell in both the 

dark and light conditions. 
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It is simple to calculate the fill factor FF by the voltage Vm and current Im at which the 

cell generates its maximum power Pmax. 

𝐹𝐹 = (
𝑉𝑚 ∙ 𝐼𝑚

𝑉𝑂𝐶 ∙ 𝐼𝑠𝑐
) 

          [16] 

This is a factor that, along with Voc and Isc, defines the solar cell's maximum power 

output. The area of the biggest rectangle that will fit in the IV curve and a graphic 

representation of the FF. This is a diagram of the FF [17]. 

 

Figure 9. Fill Factor representation. 

[18] 

A solar cell with a greater voltage has a bigger potential FF because the "rounded" 

section of the IV curve occupies less space, and FF is a measure of how "square" the 

IV curve is. By differentiating the power from a solar cell with respect to voltage and 

locating the point when this equals zero, the maximum theoretical FF from a solar cell 

can be found [17]. 

𝑑(𝐼𝑉)

𝑑(𝑉)
= 0 

          [17] 

 

To evaluate how well one solar cell performs in comparison to another, the efficiency 

is another criterion that is most frequently used: is defined as the ratio of solar cell 

energy output to solar energy input. The efficiency depends on solar cell temperature 

and on the spectrum and intensity of the incident light in addition to how well the solar 

cell performs itself. To evaluate the performance of different devices, it is necessary to 
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precisely regulate the conditions in which efficiency is assessed. At a temperature of 

25°C and at AM1.5 1  circumstances, terrestrial solar cells are measured. In AM0 

circumstances, solar cells designed for space application are measured [19]. 

The efficiency of a solar cell is defined as the proportion of incident power converted 

to electricity and is calculated as follows: 

 

𝜂 =
𝑉𝑂𝐶𝐼𝑆𝐶𝐹𝐹

𝑃𝑖𝑛
 

 

With  

: efficiency 

VOC: open circuit voltage; 

ISC: short circuit current; 

FF: fill factor 

         [19] 

 

 

 

 

 

 

 

 

 

 

 

 
1 The direct optical route length through the Earth's atmosphere is determined by the air mass coefficient, which 

is represented as a ratio to the path length vertically upwards, or at the zenith. When the solar radiation has passed 

through the atmosphere, the air mass coefficient may be utilized to assist describe the solar spectrum. 

The syntax "AM" followed by a number is frequently used to refer to the air mass coefficient, which is frequently 

used to describe the performance of solar cells under standardized settings. Almost always, when describing 

terrestrial power-generating panels, "AM1.5" is used [86]. 
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1.6 The second-generation photovoltaic cells: thin 

films 

The production of solar cells utilizes a variety of processes, including material 

modification. Photovoltaics have grown to play a significant role in the continuing 

energy transition over the past ten years. The evolution of that product has been greatly 

influenced by developments in manufacturing processes and material science. 

Photovoltaics must yet overcome a few obstacles before they can deliver more cheap 

and clean energy. The focus of research in this area is on printable solar cell 

components like quantum dots, graphene or intermediate band gap cells, and efficient 

photovoltaic systems like multi-junction cells[20]. 

Figure 10. Different types of solar cells and recent advancements in this area. 
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Different photovoltaic cells' generations basically narrate the phases of their earlier 

evolution. Since the development of solar cells some decades ago, photovoltaic 

technology has been categorized into four primary generations. 

➢ First generation: The earliest use of photovoltaics was silicon-based PV cells, 

which drew on the manufacturing knowledge and raw ingredients offered by 

the microelectronics sector. With a market share of 90%, silicon-based solar 

cells currently account for more than 80% of installed capacity worldwide. 

They are the most often utilized cells because of their comparatively high 

efficiency. Materials based on thick crystalline layers of silicon (Si) are used in 

the first generation of solar cells. Mono, poly, and multicrystalline silicon as 

well as single III-V junctions serve as the foundation for this generation 

(GaAs). The first generation focuses on p-n junction-based photovoltaic cells, 

the majority of which are silicon photovoltaics built on mono- or 

polycrystalline wafers. 

➢ Second generation: the development of thin film photovoltaic cell 

technology from "microcrystalline silicon (c-Si) and amorphous silicon (a-Si), 

copper indium gallium selenide (CIGS), and cadmium telluride/cadmium 

sulfide (CdTe/CdS) photovoltaic cells" are included in this generation. As a 

less expensive alternative to crystalline silicon cells, thin film photovoltaic cells 

based on CdTe, gallium selenide, and copper indium gallium diselenide (CIGS) 

or amorphous silicon have been developed. Although they have better 

mechanical qualities that are great for flexible applications, there is a chance 

that their efficiency may suffer. Unlike the previous generation of solar cells, 

which were an example of microelectronics, thin films required new techniques 

for growth and opened the industry up to other disciplines, such as 

electrochemistry. 

➢ Third generation: this generation of solar cells, which also includes tandem, 

perovskite, dye-sensitized, organic, and emerging concepts, represent a variety 

of strategies, from affordable low-efficiency systems (dye-sensitized, organic 

solar cells) to pricey high-efficiency systems (III-V multi-junction cells), for 

uses ranging from building integration to space applications. Even though 

some of the third-generation photovoltaic cells have been researched for more 

than 25 years, they are frequently referred to as "emerging ideas" due to their 
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limited commercial penetration. The most recent developments in silicon 

photovoltaic cell design involve techniques that produce extra levels of energy 

in the semiconductor's band structure. Third-generation solar cells are the 

focus of the most recent manufacturing technology and efficiency 

enhancement investigations. 

➢ Fourth generation: because they combine the affordability and adaptability 

of polymer thin films with the stability of organic nanostructures like metal 

nanoparticles and metal oxides, carbon nanotubes, graphene, and their 

derivatives, fourth-generation photovoltaic cells are also referred to as hybrid 

inorganic cells. These items, sometimes known as "nanophotovoltaics," may 

represent the bright future of photovoltaics[20]. 

Every year the national Renewable Energy Laboratory (NREL) analyses and 

updates data and tools to provide a chart of the highest confirmed conversion 

efficiencies of several photovoltaic technologies such as single and multi-junction 

cells, crystalline Si cells, thin films technologies and emerging photovoltaics. The 

different categories are distinguished by colours and symbols. Thin-film solar cell 

technologies have made significant progress in efficiency in recent years, however, 

there are still many improvements to be made[21]. 
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[21] 

 

 

Figure 11. Timeline Chart of the highest confirmed conversion efficiencies for research cells from 

1976 to the present. 

Figure 12. Specific Efficiency Chart for emerging PV technologies. 
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1.7 CZTS and CZTSe 

CdTe and Cu(In,Ga)Se2 (CIGSe) solar cells have achieved impressive efficiencies of 

over 20%. Nevertheless, elements such as indium and tellurium are rare, the presence 

of cadmium  giving a distorted perception of the environmental impact of CdTe, these 

problems may limit the implementation of these terawatt-scale devices. CZTS have 

emerged as alternative materials for thin-film solar cells due to their promising 

optoelectronic properties and the use of non-toxic soil rich elements. 

CZTS was first studied as a solar cell material in 1988 in Japan at Shinshu 

University. The researchers lay down a thin layer of his CZTS by sputtering and in the 

visible range they measured his p-type conductivity, a direct bandgap of 1.45 eV. The 

following year, a Voc of 0.165 V for this solar cell was reported, but the Jsc was very 

short. In 1996 was fabricated the first solar cell with a cadmium sulfide/zinc oxide 

window layer based on his CZTS and his CZTSe (Cu2ZnSnSe4) absorbers with an 

efficiency of over 0.6%. During next decade of research, with improvements in 

processing conditions and with new window layers, the efficiency approached the 7%. 

IBM’s Watson Research Center reach the world record efficiency (12.6%) for CZTSSe-

based solar cells using a hydrazine-based solution precursor [22]. 

Nowadays the highest efficiency for CZTSSe is 13% reached by the NJUPT University 

[21]. 

 

 

1.7.1 Structure of the material 

The kesterite (CZTS), which is widely wanted for solar materials, has the traditional 

photovoltaic features including direct-band gap, high absorption coefficient, and 

optical band gap energy of the range 1.4-1.5 eV. 

There are different crystallographic structures, depending on how the atoms of the 

elements are positioned and how the synthesis takes place; the difference in 

arrangement and tetrahedral voids result in three different structures: Kesterite, 

Stannite, PMCA.   

The first two have a body-centered tetragonal structure, the third one PMCA has a 

primitive tetragonal structure: a layer of Cu alternates with layers of Zn and Sn in the 
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ST and PMCA structures, but the KS structure consists of two alternating cation layers, 

each having Cu and Zn or Cu and Sn. 

In particular kesterite (KS) belong to the space group I4 with cations positioned at half 

of tetrahedral voids after the stacking sequence of zinc mix and sulphur anions 

arranged as cubic closed packed (CCP) array [23]. 

 

Figure 13. Structures of Kesterite (a), Stannite (b), PMCA (c). The substitution of S 

atoms wit Se atoms generates the CZTSe structure. 

 

There are several competing theories that attempt to explain the structure of 

Cu2ZnSnS4. Due to the stannite phase's slightly greater energy than the kesterite phase, 

it is demonstrated by the first principle of research that the kesterite is the more stable 

compound when compared to mono-crystalline Cu2ZnSnS/Se4 stannite structure in 

an I2-II-IV-VI4 group. Kesterite and stannite are responsible for the Cu-Zn atomic 

layer's partial disordering. The atomic numbers of Cu and Zn differ just a little from 

one another. Since these elements have high melting points, the temperature at which 

molecules develop is high. The CZTS thin film deposition as an absorber layer has 

typically been carried out at temperatures between 500 and 600°C. This temperature 

provides enough energy for solid-state chemical reactions, grain development, and the 

formation of defect-free grain boundaries, as well as for the introduction of volatile 

species into the solid phase [24]. 
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1.7.2 Phase Diagram 

Compared to ternary, binary, and unary phases, the synthesis of the quaternary 

compound (I2-II-IV-VI4) is more complicated because it is challenging to manage 

morphology, phase structure, and stoichiometry at the same time. Quaternary 

(Cu2ZnSnS4), ternary (Cu2SnS3), and binary compounds (CuS, ZnS, SnS, Cu2S, SnS2) 

phases are discovered when the quaternary compound Cu2ZnSnS4 is synthesized. 

The phase equilibrium is interrupted by the creation of these phases. The modification 

of the element ratio, temperature, and pressure can regulate the phase equilibrium. It 

is necessary to choose one parameter and make the other parameters variable to 

optimize the appropriate phase. Numerous studies on kesterite have been conducted 

under various conditions of element composition, temperature, and pressure. The 

performance of the solar cell is impacted by the changing of these parameters. As a 

result, the required ratio for Cu/(Zn + Sn) and Zn/Sn limits of element composition 

ratio are governing phases and defects for growth of single-phase the kesterite [24]. 

It is crucial to use the phase diagram in order to achieve phase pure CZTS with 

no or very few impurities. Since CZTS is a quaternary material system, a quaternary 

phase diagram was in theory necessary. In order to reduce complexity, a simplified 

pseudo-ternary diagram is utilized, which relies on the equilibrium of sulphur 

incorporation with the metals Cu(I), Zn(II), and Sn(IV) and their valences[25]. At 

400°C, Olekseyuk et al. reported a phase equilibrium diagram. It has been shown via 

significant research that just a small portion of this diagram (the area indicated by the 

cursor) may lead to phase pure CZTS. Different secondary phases might occur here if 

the composition is not under control.  



Chapter I: Introduction 

 

22 

 

 

 

If the composition of this region is not controlled, several secondary phases can 

develop. Components rich in copper, poor in zinc and poor in tin lead to the formation 

of CuxS compounds and ternary CTS. For Zn-rich compositions, monophasic ZnS 

formation is expected, but ternary phases are not possible. In the case of copper and 

zinc, the unwanted component Cu2ZnSn3S8 can also pass-through tin sulfide (SnS2) 

and CZTS at about 700°C [26], [27]. 

Because of the significant competition between CZTS development and the formation 

of binary [Cu2S, ZnS, SnS, SnS2] and ternary phases [Cu2SnS3], the complexity of this 

quaternary system grows several folds. The volatile nature of Zn and Sn exacerbated 

the limited phase stability and secondary phase development in the copper-poor 

situation. Out diffusion of S under advantageous high temperature annealing 

conditions during CZTS solar cell production generates additional favorable 

circumstances for the formation of secondary phases, defects, and defect-complexes. 

Table 1 outlines the secondary phases and their characteristics in CZTS materials that 

have been described [28]. 

 

 

 

Figure 14. Pseudo ternary phase diagram of CZTS phase and other secondary phases. 
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Table 1. Secondary phase features discovered in CZTS materials. 

PROPERTIES Cu2ZnSnS4 ZnS Cu2S SnS2 Cu2SnS3 

BAND GAP (EV) ~1.45  3.54-3.68  1.21 2.2 0.98-1.35 

ELECTRICAL 

PROPERTIES 

Semiconductor 

p-type 
Insulator 

p-type,  

highly 

defective 

n-type p-type 

STRUCTURAL 

PROPERTIES 
Kesterite 

Sphalerite 

and 

Wurtzite 

Chalcocite Rhomboedral 
Cubic and 

Tetragonal 

IMPACT ON 

SOLAR CELL 

PERFORMANCE 

Absorbing 

material 

Insulating, 

reducing 

active area 

Metallic, 

short solar 

cell 

n-type, diode 

and barrier for 

carrier 

collection 

Influence 

carrier 

collection 

efficiency 

 

Because ZnS has a large band gap (3.54 eV) and is insulating in nature, it can lower the 

active area required to form electron-hole pairs and collect current. Moreover, because 

ZnS and Cu2SnS3 have similar crystal structures, it is difficult to distinguish them in x-

ray diffraction experiments. 

Due to its high conductivity, Cu2S has the potential to short solar cells. In addition, 

SnS2 has a band gap of around 2.2 eV and is an n-type semiconductor. In the absorbing 

layer, this may create a secondary diode or it might be insulating, which would lead to 

increased photocarrier recombination. Other Sn and S phases, such as SnS and Sn2S3, 

have also been found in CZTS solar cells. Compared to the SnS2 phase, these phases 

exhibit radically distinct characteristics. Sn2S3 is a mixed phase dependent on the Sn 

and S defects, whereas SnS is p-type with an optical band gap of 1.11 eV. In Zn-poor 

circumstances, the Cu2SnS3 (CTS) phase is another one that may be seen in CZTS 

materials. Despite the fact that CTS is a p-type semiconductor with a band gap that is 

similar to that of CZTS-Se and may absorb light in the same solar spectrum range, new 

research has shown that this material is less effective than CZTS thin film [28].  
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The forward and backward reactions occur at the same rate at the atomic and 

molecular levels in the chemical equilibrium of CZTS. As a result, as demonstrated by 

the equations in the next two phases, there is no net change in the concentration of 

products and reactants. 

𝐶𝑢2𝑆(𝑠) + 𝑍𝑛𝑆(𝑠) + 𝑆𝑛𝑆 (𝑠) + 
1

2
𝑆2 ⇔ 𝐶𝑍𝑇𝑆 (𝑠) 

𝑆𝑛𝑆 (𝑠) ⇔ 𝑆𝑛𝑆 (𝑔) 

The kesterite in the equilibrium state of CZTS must have the standard value of the 

lattice at a = 0.5435 nm and c = 1.0843 nm. The sulphur to selenium element ratio 

affects the lattice constants [24]. 
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The components used in this study are listed in this chapter along with the synthesis's 

experimental details. Methods for device fabrication are also presented. 

 

2.1 Materials 

We focused initially on chloride salt-based reagents using first thioacetamide as the 

sulfur source, and then thiourea; at a later stage, we joined acetate-based formulations.  

Production costs for solution-based processes are lower, and if properly tuned, they 

can still give a strong control over the stoichiometry of the film. The majority of 

solution-based approaches, however, employ a two-step process and harmful H2S gas 

for sulphurization. Copper (II) acetate monohydrate Cu(CH₃COO)₂, zinc (II) acetate 

dihydrate Zn (CH3COO)2 · 2H2O, tin (II) chloride SnCl₂, and thiourea SC(NH2)2 were 

dissolved in 2-methoxy ethanol and diethanolamine to synthetize the precursor 

solution. Without additional purification, all ingredients were employed. 2-

Methoxyethanol CH₃OCH₂CH₂OH was used as a solvent, and diethanolamine (DEA) 

served as a stabilizer [29]. 
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2.2 Sputtering deposition method 

The process of sputter deposition is employed to produce thin coatings on surfaces. 

The method is based on bombarding a target, or source material, with ions. Ion 

bombardment produces a vapor as a result of the target material sputtering, which is a 

purely physical process. This method is a member of the category of physical vapor 

deposition methods, which also includes pulsed laser deposition and thermal 

evaporation. Using a magnetron source to spray the target with positive ions from the 

plasma of a magnetically accelerated glow discharge is the most typical method for 

generating thin layers via sputter deposition.  

 

[30] 

Direct current (DC) for conductive targets, radio frequency (RF) for nonconductive 

targets, and several other methods of delivering current and/or voltage pulses to the 

target can all be used to power the target. Sputtering is a purely physical process, 

therefore reactive sputtering, which adds chemistry to the plasma by mixing in a 

reactive gas, is the only way to, for instance, deposit a compound layer. The undesired 

interaction between the reactive gas and the target material causes the deposition 

parameters to behave nonlinearly as a function of reactive gas flow. The fluxes of the 

various species toward the target must be identified in order to predict this behavior 

[31]. 

 

Figure 15. Operating concept for sputtering deposition methods. 



Chapter II: Materials and methods 

 

27 

 

2.3 Absorber deposition  

In this work we tested different deposition technique: spin coating, inkjet printing, 

doctor blade, dip coating. Below we present an overview of the deposition techniques 

tested.  

2.3.1 Spin coating 

The method of spin coating is frequently used to deposit thin films on surfaces. Is 

employed in a vast array of technological fields and industrial sectors. Spin coating's 

main advantage over other techniques is its capacity to manufacture uniform films 

swiftly and easily. 

By coating (casting) a solution of the desired material in a solvent (an "ink") while it is 

spinning, spin coating entails the application of a thin film (a few nm to a few m) 

uniformly across the surface of a substrate [32]. 

  

The centripetal force combined with the surface tension of the solution pushes the 

liquid coating into an even covering while the substrate rotates quickly. The solvent 

then evaporates during this period, leaving the required substance in a layer on the 

substrate. 

The solution is first cast onto the substrate, usually with the aid of a pipette. Centrifugal 

force will disseminate the fluid throughout the substrate whether it is already spinning 

(dynamic spin coating) or being spun after deposition (static spin coating). The 

substrate then reaches the appropriate rotation speed, either right away or after a 

spreading step at a lower speed. Most of the solution has now been ejected from the 

substrate. The fluid may spin more slowly than the substrate at first, but soon the 

Figure 16. A visual illustration of the various spin coating thinning regimes. 
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rotation speeds will match as drag equalizes rotational accelerations, causing the fluid 

to level out. 

As viscous forces now predominate, the fluid starts to thin. Frequently, the film will 

change color when the fluid is thrown off owing to interference effects (see video 

below). It will be clear when the film is mostly dry when the color changes stop. 

Because the fluid must condense into droplets near the edge in order to be flung off, 

edge effects may occur. Finally, fluid outflow ends, and solvent evaporation takes over 

as the dominant process in thinning. Vapor pressure, ambient temperature, and solvent 

volatility all affect how quickly a solvent evaporates. The film will exhibit similar non-

uniformities because of differences in the rate of evaporation, such as those seen near 

a substrate's edge [32]. 

 

2.3.2 Printing 

Inkjet printing technique, which enables one-step direct patterning of functional 

elements including conductive, insulating, and semiconducting materials onto the 

substrate, is one of the most promising alternatives to vacuum procedures. 

In this work we used a compact printer with integrated printheads based on the 

dependable HP TIJ2.5 technology, which delivers reliable, high-quality printing 

quickly. The user interface of the printer is so simple to operate that it requires little to 

no training [33]. 

 

Figure 17. The compact printer used during this work. 
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The core of TIJ2.5 inkjet technology is the formation of jets of vapor bubbles by 

heating tiny droplets of ink in the cartridge chamber where the ink is stored at a certain 

frequency and voltage. These jets of vapor bubbles are precisely blasted onto the 

substrate's surface from the ink chamber through holes in the cartridge nozzle known 

as pixels to produce the desired text or picture [34]. 

 

 

[34] 

 

2.3.3 Doctor Blade 

A method for creating films with precise thicknesses is doctor blade coating. The 

method involves positioning a sharp blade at a certain distance from the surface to be 

coated. The blade is then positioned in front of the coating solution and pushed across 

the surface in line with the surface, forming a wet film. The approach should, in theory, 

have solution losses of approximately 5%, but in practice it takes time to find the 

perfect circumstances [35]. 

[36] 

Figure 18. A representation of the inkjet printing process.  

Figure 19. Blade coating: the movement of the blade on the substrate.  
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2.3.4 Dip coating 

Dip coating is a quick, dependable, and effective method for coating practically any 

substrate material, however it is not without flaws. These consist of uneven covering 

(differing thicknesses across the material's surface) or coating accumulation (which is 

created as the material "drip-dries"). Substrate material is immersed in conformal 

coating during the dip coating process, removed, and allowed to drip dry. Following 

the draining of the surplus coating, the substrate material is further dried using a 

number of methods, most frequently baking [37]. 

The interplay of several types of forces might be viewed as the withdrawal stage of the 

dip coating process. Both draining forces and entraining forces can be used to classify 

these forces. The liquid is drawn away from the substrate and back toward the bath by 

draining forces. Entraining forces, on the other hand, aim to keep fluid on the 

substrate. The thickness of the wet film deposited onto the substrate is determined by 

the balance between these two sets of forces. There are four distinct areas in which the 

wet film forms during the withdrawal stage (shown in the figure below)[38]. 

[38] 

 

 

 

 

 

 

 

 

Figure 20. Four separate areas are involved in the production of the dip coating layer. 
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2.4 Annealing 

For the growth of CZTSSe thin films, the selenization procedure is a useful stage in 

the recrystallization process. Additionally, it impacts the system's defect states and 

phase purity. The majority of the reported works use high temperature annealing (over 

500°C) to boost the crystallite quality and enhance the absorber's optoelectronic 

capabilities [39]. 

Annealing is a heat-treatment procedure that modifies a material's physical and 

occasionally chemical characteristics. This heating process also causes atoms to move 

about in the crystal lattice and lowers the number of dislocations. As it cools, the heat-

treated material recrystallizes. The heating and cooling speeds affect the crystal grain 

size and phase composition, which in turn affects the material characteristics [40]. 

In general, the annealing process with sulfur also called sulfurization (or selenization if 

in presence of selenium) is conducted in furnaces. 

Recovery, recrystallization, and grain development are the three phases of an annealing 

furnace. At the lower temperatures of the process, the recovery phase takes place. By 

eliminating linear imperfections known as dislocations and the internal stresses they 

cause, the material being annealed is softened in this process. 

To replace the grains that were eliminated in the recovery state, fresh strain-free grains 

nucleate and develop during the recrystallization stage. 

Only until recrystallization is complete and annealing is permitted to proceed can grain 

growth take place. The material's microstructure begins to deteriorate as grains develop 

[41]. 

  

 

 

 

 

 

 

 
 

[42]   

Figure 21. Example of single zone horizontal tube furnace. 
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In this chapter, it is described how the CZTSSe devices were characterized and 

analyzed using a variety of methods. The background physics of each instrument will, 

however, be thoroughly covered in this section. 

 

3.1 SEM 

One technology used to examine the structure of kesterite is SEM. A concentrated 

stream of high-energy electrons is utilized by the scanning electron microscope (SEM) 

to produce a range of signals at the surface of solid objects. In addition to the sample's 

exterior morphology (texture), the signals resulting from electron-sample interactions 

also provide information about chemical composition, crystalline structure and 

orientation of the sample constituent components. Most often, a portion of the 

sample's surface is chosen for data collection, and a 2-dimensional picture is created 

to show the spatial changes in these attributes. 

Significant quantities of kinetic energy are carried by the accelerated electrons in a 

SEM, and as the incident electrons decelerate in the solid sample, this energy is released 
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as a variety of signals. These signals include heat, cathodoluminescence (CL), visible 

light (secondary electrons), backscattered electrons (BSE), diffracted backscattered 

electrons (EBSD), characteristic X-rays (used for elemental analysis). Both secondary 

electrons and backscattered electrons may be used to image samples, with secondary 

electrons being most useful for displaying the morphology and topography of samples 

and backscattered electrons being most useful for highlighting compositional 

differences in multiphase samples (i.e. for rapid phase discrimination). 

Inelastic collisions between incoming electrons and electrons in certain atomic orbitals 

(shells) in the sample result in the emission of X-rays. The accelerated electrons 

produce X-rays with a defined wavelength when they transition back to lower energy 

states (that is related to the difference in energy levels of electrons in different shells 

for a given element). As a result, each element in a mineral that the electron beam 

"excites" emits distinctive X-rays. SEM examination is regarded as "non-destructive" 

since the volume of the sample is not lost due to the x-rays produced by electron 

interactions, allowing for repeated investigation of the same materials[43]. 

 

Figure 22. Schematic draw of a SEM instrument. 
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Depending on the nature of the samples and the data needed, sample preparation for 

SEM analysis can range from simple to complex. A sample that will fit into the SEM 

chamber must be acquired, and some accommodations must be made to prevent 

charge accumulation on electrically insulating substances. A thin coating of conducting 

substance, frequently carbon, gold, or some other metal or alloy, is coated on the 

majority of electrically insulating samples. The best conductive coating material 

depends on the type of data to be collected: carbon is best if elemental analysis is a top 

priority, whereas metal coatings work best for high-resolution electron imaging 

applications. An instrument capable of "low vacuum" operation can also be used to 

evaluate an electrically insulating material devoid of a conductive covering [43]. 

 

3.2 AFM 

In an atomic force microscope (AFM), a sharp probe is mechanically swept over a 

surface and the motion of the probe is caught by a computer. The mobility of the 

probe is then utilized to build a three-dimensional picture of the surface. In AFM, the 

probe can be scanned over a stationary surface (tip scanning AFM), or the sample can 

be scanned below a stationary probe (sample scanning AFM)[44]. 

When the scanning probe microscope raster-scans the probe over a part of the sample 

while simultaneously measuring its local parameters, an image is created. After the 

Scanning Tunneling Microscope was created in 1980 by Gerd Binnig and Heinrich 

Rohler at IBM Research in Zurich, the Atomic Force Microscope was created in 1982 

by researchers working for IBM. 

By sensing intermolecular forces and viewing atoms on the specimen's nanoscale 

probed surfaces, the Atomic Force Microscope operates on this concept. Three of its 

main operating principles are surface sensing, detection, and imaging, enable its 

operation. Molecular engineering, polymer chemistry, surface chemistry, molecular 

biology, medicine are just a few of the fields in which this form of microscopy has 

been employed. It is also utilized in solid-state physics, semiconductor research, and 

physics[45]. 
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Figure 23. Atomic force microscope (AFM). 

[45] 

 

The cantilever deflects when the probe moves across the surface of the sample due to 

attraction or repulsive forces between the tip and sample, which are typically Van Der 

Waal forces but can also include electrostatic and hydrophobic/hydrophilic forces. A 

laser that is reflected off the cantilever and into photodiodes measures the deflection. 

One of the photodiodes produces an output signal that is analyzed and gives 

information on the vertical bending of the cantilever as it gathers lighter. The height 

of the probe is then controlled by a scanner as it goes over the surface using this data. 

A three-dimensional topographical image of the sample may then be created using the 

height variance introduced by the scanner [46]. 

 

3.3 XRD 

Electromagnetic radiation is a mix of alternating electric and magnetic fields that flow 

in a wave motion over space. Because radiation is a wave, it may be characterized in 

terms of wavelength or frequency, which are connected by the equation:  = c/, 

where  is the frequency (in seconds), c is the speed of light (3∙108 ms-1) and  is the 

wavelength (in meters). 

Wavelength is often represented in nanometers (1 nm=10-9m) in UV-Vis spectroscopy. 

According to the equations, shorter wavelength radiation has more energy, and for 
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UV-Vis spectroscopy, low (short) wavelength UV light has the most energy. When 

testing photosensitive materials, this energy may be sufficient to produce undesired 

photochemical reactions. 

A method for examining the atomic or molecular structure of materials is called X-ray 

diffraction, or XRD. It is non-destructive, works best with fully or partially crystalline 

materials, and offers thorough details on a material's crystallographic structure, 

chemical makeup, and physical characteristics.  

Electromagnetic radiation with wavelengths that may be measured in nanometers 

includes X-rays (a nanometer is equivalent to one billionth of a meter). Interferences 

are produced when monochromatic X-rays scatter from a material with a particular 

structure. According to Bragg's law, this causes a pattern of increasing and decreasing 

intensities because of positive and negative interferences. In reaction to X-ray 

wavelengths, the pattern in crystalline materials produces three-dimensional slices of 

diffraction that resemble the spacing of planes in a crystal lattice. The method used for 

investigating crystal structures and atomic spacing is called constructive interference. 

All diffraction methods begin with x-rays being emitted from a cathode tube or 

revolving target and then focused on the material. You may examine the structure of 

the sample by collecting the diffracted X-rays. This is conceivable because each mineral 

has a unique set of d-spacings. D-spacings are the distances between atom planes that 

generate diffraction peaks. When utilizing XRD to detect the structure of a sample 

material, conventional reference patterns of d-spacings can be used as a comparison. 

Bragg's law is used to explain how X-rays disclose the atomic structure of crystals. 

Only when the criteria of Bragg's law are met, diffraction will take place in the 

interaction between the X-rays and material. In order to achieve maximum intensity, 

it is necessary that the angle of incidence and angle of scattering be identical, as well as 

that the path length difference be equal to an integer number of wavelengths. This 

allows for a computation of the specifics of the crystal structure in question [47]. 
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[48] 

 

3.4 Raman 

Raman spectroscopy is a method for non-destructive chemical examination that offers 

extensive information about chemical structure, phase and polymorphism, crystallinity, 

and molecular interactions. It is based on light's interaction with chemical bonds within 

a substance. Raman is a light scattering method in which a molecule scatters incident 

light from a powerful laser light source. Rayleigh Scatter occurs when the majority of 

the scattered light has the same wavelength (or color) as the laser source and does not 

give relevant information. However, a little quantity of light (usually 0.0000001%) is 

scattered at various wavelengths (or colors) depending on the chemical structure of 

the analyte; this is known as Raman Scatter. 

A Raman spectrum has several peaks that represent the strength and wavelength 

location of the Raman scattered light. Each peak represents a different chemical bond 

vibration. Raman spectroscopy investigates a material's chemical structure and offers 

information on:  

 

Figure 24.  A) Illustration of the Bragg equation B) The incident wave vector k0 and the 

scattered wave vector k with the half scattering angle are used to geometrically generate 

the scattering vector q. C) setup of a small-angle X-ray scattering instrument. 
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➢ the chemical structure and the identity of the material. 

➢ The polymorphism and the phase. 

➢ The presence of impurities or contaminations. 

➢ The intrinsic stress. 

A Raman spectrum is often a distinct chemical fingerprint for a certain molecule or 

material, and it may be used to swiftly identify the material or distinguish it from others 

[49]. 

When photons interact with a molecule, the molecule (more in deep the atoms and 

their components) may be advanced to a higher energy, a virtual state, as explained by 

quantum mechanics. There might be several effects from this greater energy level. One 

such effect might be that the molecule relaxes to a different vibrational energy level 

than in its initial condition, resulting in a photon with a different energy. The Raman 

shift is the difference between the energy of the incoming photon and the energy of 

the scattered photon. 

Stokes scattering occurs when the change in energy of the scattered photon is smaller 

than that of the incident photon. Some molecules may begin in a vibrationally excited 

state, and when progressed to a higher energy virtual state, they may relax to a lower 

energy level than the initial excited state. This scattering is known as anti-Stokes 

scattering [50]. 

 

 

Figure 25. Raman Spectroscopy principles. 

[51] 
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3.5 UV-Vis 

UV and visible radiation constitute a minor component of the electromagnetic 

spectrum, which also includes radio, infrared (IR), cosmic, and X-ray radiation. 

E = h, where E represents energy (in joules), h is Planck's constant (6.62 10-34 Js), and 

 is frequency (in seconds). 

Spectroscopy investigates how matter interacts with and emits electromagnetic 

radiation. Spectroscopy may be classified into several forms based on the wavelength 

range being measured. The ultraviolet and visible parts of the electromagnetic 

spectrum are used in UV-Vis spectroscopy. The lower energy infrared section of the 

spectrum is used in infrared spectroscopy [52]. 

 

Figure 26. The Electromagnetic Spectrum.  

[53]  

 

Several processes may happen when radiation interacts with materials, including 

reflection, scattering, absorbance, fluorescence/phosphorescence (absorption and re-

emission), and photochemical reactions (absorbance and bond breaking). Typically, 

absorbance is assessed while analyzing materials to determine their UV-visible 

spectrum. 

The quantity of light absorbed when light passes through or is reflected from a sample 

is the difference between the incident radiation (Io) and the transmitted radiation (I). 

Absorbance is the quantity of light absorbed. Transmittance, identified also as the 
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amount of light that moves through a sample, is often expressed as a fraction of one 

or as a percentage and is defined as follows:  

𝑇 =
𝐼

𝐼0
 or %𝑇 =

𝐼

𝐼0
∙  100 

The following formula describes how absorbance is defined: 

      A = - log T    [52] 

     

 

Figure 27. The dual-beam UV-VIS spectrometer is shown schematically. 

[54] 

 

UV-Vis spectrophotometers employ a light source to illuminate a sample with light 

ranging from ultraviolet to visible wavelengths (typically 190 to 900 nm). The light 

absorbed, transmitted or reflected by the sample at each wavelength is then measured 

by the equipment. The spectrum acquired can be used to identify the chemical or 

physical characteristics of the material. 

It is also useful to characterize the absorbance or transmittance of a liquid or solid over 

a wide range of wavelengths, as well as the reflectance qualities of a surface[52]. 

Characterizing the window materials is very beneficial for improving knowledge of the 

optical behavior of PV devices under outdoor illumination conditions. 
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3.6 Current Voltage Measurement 

The assessment of their I-V characteristics is one of the crucial measures required for 

photovoltaic devices. The physical performances of devices, such as photoelectric 

conversion efficiency, fill factors, and other significant solar cell properties (Isc, Voc, 

Imax, Vmax, Pma etc.), could be determined by measuring the I-V curves. As already said 

in paragraph 1.5 one of the most fundamental characterizations of a PV device is the 

J-V, which is a study of the device's current density voltage graph, from which the 

parameters for calculating the efficiency of light-energy conversion are retrieved. 

Ideally, the J-V characteristics are measured with the spectrum of the sun with an 

illumination density of 100 mW/cm2, which is the standard value universally used to 

determine the efficiency of a photovoltaic cell, also called AM 1.5 standard radiation 

(corresponding at a solar zenith angle of 48.19°, at a standard temperature of 25°C), 

also considered as "1 sun". As a result, a solar simulator or a light capable of 

reproducing this spectrum, is required. 

Figure 28. Basic design of a basic IV tester. To get around issues with contact 

resistance, the current and voltage are monitored independently. 

[55] 
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The measurement of cell efficiency is the most basic method for characterizing solar 

cells. The comparison of devices produced at various businesses and laboratories using 

various technologies is made possible by standard testing. 

The criteria for testing cells are: 

- 100 mW/cm2 of intensity (commonly referred to one sun's worth of light) 

- Standard temperature of the cell: 25°C cell;  

- Air mass (AM) 1.5 spectrum for terrestrial cells. 

Building a system that simultaneously satisfies all the above-mentioned requirements 

is challenging and expensive. The modest, custom-built tests used in the majority of 

research labs only closely resemble the aforementioned circumstances. Results from 

"in-house" testing are frequently only rough estimates. 

A consistent light source that closely resembles sunshine is necessary for measuring 

solar cells. The spectrum must also match a standard, in addition to the intensity. 

Utilizing the sun directly is a simple yet effective technique. This is a good solution 1 

for sites with low cloud cover, but there are still variances in atmospheric conditions 

that need for adjustment when comparing readings across time. The period for testing 

is further constrained by the fact that the spectrum varies during the day. 

Utilizing an artificial light source that simulates the sun is the most popular remedy 

[55]. 
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3.7 External Quantum Efficiency Measurements 

The "quantum efficiency" (Q.E.) of a solar cell is the ratio of the amount of carriers 

collected to the number of photons incident on the solar cell of a certain energy. 

The quantum efficiency can be expressed as a function of either energy or 

wavelength. The quantum efficiency at that specific wavelength is unity if all 

photons at that wavelength are absorbed and the ensuing minority carriers are 

collected. Photons with energies less than the band gap have a quantum efficiency 

of zero. The gold color square line depicts a quantum efficiency curve for an ideal 

solar cell [56]. 

Although the ideal quantum efficiency has the square form depicted above, 

recombination problems cause the quantum efficiency of most solar cells to be less 

than perfect. The quantum efficiency is influenced by the same forces that influence 

the collection probability. Since blue light is absorbed extremely close to the surface, 

excessive front surface recombination will have an impact on the "blue" component 

of the quantum efficiency. For instance, front surface passivation impacts carriers 

formed at the surface. Similar to how green light is absorbed in a solar cell's bulk, a 

low diffusion length will decrease the likelihood of green light being collected from the 

cell's bulk and lower the quantum efficiency in that region of the spectrum. 

Figure 29. Illustration of an EQE curve. 
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𝐼𝑄𝐸 =
𝐸𝑄𝐸

(1 − 𝑅)
=

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑜𝑢𝑡

(𝑃ℎ𝑜𝑡𝑜𝑛𝑠 𝑖𝑛) ∙ (1 − 𝑅)
 

 

Where 

IQE= Internal quantum efficiency  and  R= Reflectivity. 

 

We can have typical values peak between 80-90% from moderate efficiency, IQE is 

strongly depending on wavelength and light. 

The collection probability resulting from the generation profile of a single wavelength, 

integrated over the device thickness, and normalized to the incident quantity of 

photons at that wavelength, may be thought of as the quantum efficiency. Examining 

the quantum efficiency of the light that remains after the light that was reflected and 

transmitted has been lost is frequently helpful. The efficiency with which photons that 

are neither reflected or transmitted out of the cell can produce collected carriers is 

referred to as "internal" quantum efficiency. The exterior quantum efficiency curve 

may be rectified to produce the internal quantum efficiency curve by measuring the 

device's transmission and reflection [56]. 

 

3.8 Capacitance-Voltage (CV) technique 

The capacitance-voltage (CV) and drive-level-capacitance-profiling (DLCP) 

approaches reveal the density of states in or near a diode's depletion area. This chapter 

delves into the theoretical foundations, assumptions, strengths and weaknesses, 

application, and analysis of these two related methodologies, CV and DLCP. The CV 

approach has received greater modeling attention. Both DLCP and CV profiling 

techniques are quite valuable; nevertheless, more complex analytical and numerical 

approaches would be beneficial. CV and DLCP can be effective techniques for 

analyzing and comparing material characteristics. These approaches have the potential 

to be improved further. The CV and DLCP approaches have made significant 

contributions to our understanding of semiconductor electronic characteristics. Given 

today's analytical, numerical, and experimental capabilities, it will be intriguing to 

observe how these approaches evolve and are applied to interesting new challenges in 

the future [57]. 
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3.9 AST – Accelerated Stability Test 

While the development cycle for new PV module designs can be as short as six months, 

photovoltaic (PV) modules have an intended service life of at least 25 years. This 

presents a challenge to both module makers, who must provide dependable, cost-

effective modules, and investors, who must assess and manage the risk associated with 

unforeseen failures and deterioration, particularly for novel module designs [58].  

An accelerated stability test is a valuable technique for determining device stability, but 

it may also aid in identifying the nature of problems through the interpretation of 

degradation behavior. The stability and behavior of our final devices were investigated 

using an accelerated stability test (AST) in a metal box at 80°C with one sun 

illumination.  

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Solar box of our laboratory. 
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Given the preliminary state of research and the variety of materials and approaches 

available, the project has the ultimate goal of achieving the development of a thin-film 

photovoltaic cell based on the CZTS compound, with new solutions for improved 

efficiencies and increased stability. This material has already given good results with 

fewer safety problems than similar compounds; many preparation procedures include 

a vacuum process, which typically necessitates the use of costly vacuum equipment. 

Non-vacuum techniques offer the benefit of being low-cost and simple to use. We 

began our own investigation on how to deposit CZTS thin films in non-vacuum 

conditions. In this chapter we face the preparation of the Ink solution in detail, the 

different deposition methods studied, and the detailed fabrication method of the 

devices. 
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4.1 Synthesis of the precursor solution  

 
Following preliminary bibliographic research, we decided to start studying different 

methods for the synthesis of the precursor using different combinations of reagents. 

To use CZTS as an absorber for high efficiency thin-film solar cells, the manufacturing 

method for CZTS thin films must be improved. Several techniques are used to 

fabricate CZTS thin films including chemical vapor deposition, chemical bath 

deposition, chemical spray pyrolysis, electrochemical deposition, hydrothermal, spin 

coating, solvothermal, hot injection, solution route, doctor blading, combustion, deep 

coating, sol-gel, SILAR, sputtering, co-evaporation, pulsed laser deposition, vacuum 

thermal evaporation, nano-Ink etc. Grain size growth, adhesion, porosity, 

stoichiometry, thickness sustainability, and purity are the areas of expertise for each 

process [59]. 

Progress in the field of solution-processed (CZTSSe) solar cells has demonstrated the 

technique's promise as a scalable approach for the low-cost, high-throughput 

production of effective solar cells made from Earth-abundant materials. In fact, 

solution-processed procedures have demonstrated the highest power-conversion 

efficiency (PCE) for this material system to date, with record efficiencies reaching 13% 

vs 9.7% for vacuum-based processes. The advantages of these solution-processed solar 

cells are several in a variety of ways, including relatively low-energy, non-vacuum 

processing for the CZTSSe absorber layer and low-cost/high-throughput solution 

deposition of this layer via roll-to-roll production. Furthermore, the difficulties 

associated with absorber stability and elemental volatility during high-temperature 

processing make solution-based approaches especially appealing for CZTSSe 

production [60]. 

One of the most crucial components is the solvent, which must dissolve Cu-, Zn-, Sn, 

and if feasible, chalcogen-containing compounds and not leave any deleterious 

impurity elements in the CZTS(Se) layer after the annealing stage. Many secondary 

characteristics should be addressed, including surface tension, volatility, reactivity, 

toxicity, and cost. Due to the ionic character of the metal compounds to be dissolved, 

only polar solvents were utilized in the production of “our” kesterite. An appropriate 

solvent should be able to coordinate metal cations in the precursor solution by creating 
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soluble complexes that dissolve completely after heat treatment without leaving 

undesired contaminants [61]. 

Several organic solvents, including alcohol combinations, ethylene glycol, 2-

methoxyethanol, and dimethyl sulfoxide (DMSO), have been investigated for the 

synthesis of the precursor solution.  Metal salt solutions in alcohols and diols tend to 

leave carbon residues after drying and annealing procedures; 2-methoxyethanol (b.p. 

124°C) is a solvent with mixed polar and non-polar properties that may be used to 

dissolve reagents with varying ionicity/covalency, such as ionic metal salts in the 

presence of organic additions such as amines.  

 

 

Figure 31. Structure of the 2-methoxy ethanol chosen as final solvent. 

 

DMSO (b.p. 189°C) is a polar aprotic solvent capable of dissolving considerable 

amounts of thiourea or thioacetamide as well as the required metal salts. DMSO is 

miscible with most major organic solvents and dissolves a wide spectrum of organic 

and inorganic compounds. 

DMSO acts as a Lewis base, bonding with metals via the oxygen or sulfur atoms to 

generate metal-organic complexes. It also includes sulfur, which is too inert to serve 

as a good sulfur source during the sulfurization stage. Thiourea is therefore added to 

the precursor solution to assure the existence of reactive chalcogen. Cu, Zn, and Sn 

salts such as chlorides, nitrates, acetates, and iodides are readily accessible in high purity 

and frequently utilized due to their solubility in a wide range of solvents. Because many 

salts are hygroscopic, hydrates are frequently used to facilitate processing and prevent 

weight uncertainties. Copper (II) salts are favored over copper(I) compounds because 

they are less soluble and can oxidize or disproportionate, resulting in insoluble 

precipitate. After the final annealing stage with chalcogen, regardless of the original 

copper oxidation state, it takes the Cu(I) state in the kesterite phase.  
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Metal losses, such as Zn and Sn, may occur during the annealing stage, thus the initial 

precursor concentrations must be adjusted appropriately. 

 

In order to stimulate the production of kesterite during the annealing process, a source 

of chalcogen (S or Se) should be present in the initial precursor solution. The chalcogen 

source has been either sulfur, thiourea, or thioacetamide. Thiourea is a popular option 

because it is soluble in a wide range of polar solvents and can coordinate metal ions in 

solution. Other than metal compounds, no other solute components are often required 

in the initial solution, and they are avoided whenever feasible due to the possibility of 

further carbon or oxygen contamination. However, additives such as complexing 

agents, binders, pH stabilizers, antioxidants, surfactants, and other rheology-

adjustment agents are used to provide good coating qualities. For stable solutions, 

monoethanolamine (MEA) or diethanolamine (DEA) as a complexing agent was 

required, especially when the solvent could not properly coordinate metal cations. 

The amines breakdown completely and can serve as antioxidants [61]. 

During this project alternative inks have been developed and applied, the best results 

are obtained with these experimental details: copper (II) acetate monohydrate (0.574 

M), zinc (II) acetate dihydrate (0.375 M), tin (II) chloride (0.3 M), and thiourea (2.4 M) 

are dissolved in 2-methoxy ethanol to make the CZTS-precursor solution. As a 

stabilizer, diethanolamine (DEA) is also utilized. Following extensive adjustment, the 

Cu/(Zn + Sn) and Zn/Sn ratios are set at 0.85 and 1.25, respectively [62]. 

Thiourea is a simple chemical molecule with a high degree of crystallographic 

symmetry. Its rhombic system crystal structure makes it a suitable ligand. Thiourea and 

transition metal complexes can be combined to generate stable complex cations. 

Figure 32.Two precursors’ solutions tested. 
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4.2 Study of different depositions method 

Stable deposition processes are required for the manufacture of solar cells in order to 

achieve uniformity, stability, and high efficiency. There are several coating processes 

that are compatible with a wide variety of solutions with varying rheological qualities. 

In other words, selecting an acceptable coating procedure should not be difficult as 

long as the chosen solution can be turned into a high-quality kesterite material 

following the final heat treatment. In our research laboratory relevant coating methods 

have already been employed on kesterites include spin coating, doctor blading, spray 

coating, dip coating, different printing techniques[61]. 

Dip-coating is likely the most basic approach for experimenting with novel solution 

chemistry. However, this approach is not preferred since both sides of the substrate 

are coated, and the wet layer is often thin, on the scale of 10-100 nm, necessitating 

numerous and sometimes inhomogeneous coats.  

Another laboratory-scale technique that can be used for highly viscous fluids exceeding 

105 cps (liquids are given a viscosity value called centipoise (CPS), it is a measure of 

dynamic viscosity, which is the kind of viscosity we typically think of) is doctor blading. 

By coating on hot substrates and by applying multilayer coatings the wetting of the 

substrate by the precursor is improved and the layer is more homogenous. We applied 

of the precursors with different additives to improve the surface tension, but the 

samples showed inhomogeneity in the solution. 

Ink jet is a quick printing processes that work well with roll-to-roll deposition on 

flexible substrates. While mechanical scribing and laser ablation are the most 

prominent patterning technologies today, patterning by printing can minimize the 

number of processing stages. It is a flexible deposition technique for creating 

functional layers from homogenous molecular or colloidal liquid phase dyes. The 

working concept is based on the controlled characteristics and accurate deposition and 

fixing of inks as droplets from a nozzle onto a target substrate. Inkjet printing 

technique, which depends on the production of stable droplets, heavily depends on 

the ink's qualities. 
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The actions that take place once ink-drops successfully land on a substrate are what 

determine if inkjet printing is effective. During the drying processes that result in a 

continuous film creation, the interactions between the substrate and droplet might 

affect the drop spreading, coalescing, solidification, and eventually film uniformity. 

The process of film formation may be controlled by the interaction of the substrate 

and ink drop qualities based on certain factors, such as the contact angle of a drop on 

a substrate and surface roughness. The printing quality may be effectively controlled 

by adjusting the printing settings, including the delay duration and drop spacing. The 

capillary, viscous, and gravitational forces, wet ability effects, and the underlying 

heterogeneous pore geometry are some of the complicated interactions that cause the 

viscous fingering instability, which can to the creation of preferred flow paths in 

ramified fingering networks [63]. 

With the collaboration of a printing company, we printed our ink with a thermal inkjet 

2.5 (TIJ) printing machine.  

 

 

Figure 33. Doctor Blade deposition sample. 
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This kind of printers use cartridges which are very easy to replace. We filled the 

cartridges with our ink and did several printing tests to optimize the printing 

parameters to obtain a homogeneous layer. 

 

 

 

 

Figure 34. TIJ printing system. 

Figure 35. Ink-filled cartridge with precursor solution. 
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The main parameters that were changed to achieve a homogeneous layer are as follows: 

resolution, speed, voltage, head position. Each print resolution had a speed limit; if the 

speed limit for the set resolution is exceeded, your output will not only lose quality but 

will also be stretched. Several combinations between the above factors and using some 

innovative wetting additives to reduce the surface tension have been combined, but 

we found limitations in this technology in arriving at the desired result. 

 

 

We therefore turned our attention to the spin coating deposition method; thin layers 

can be placed all at once, and repeated coats with interim drying are used to produce 

the required layer thickness. After several experiments, we have optimized the process, 

and we found the best result by carrying out spin coating at 2400 rpm for 15 s and 

Figure 36. a) Test sample printed with precursor ink 1 layer 300| 600 DPI  

b) microscope image of ink deposition pattern on substrate surface. 

b) a) 

Figure 37. Print modes: some of the modified parameters. 
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subsequently drying on a hot plate in air at 300° for several minutes. This technique is 

applied 5 times to increase the thickness of the film. 

 

 

 

 

 

 

 

 

 

 

Figure 38. The two spin coating system used and the step of the process.  

 

4.3 Device fabrication 

CZTS precursor films are made in our laboratory on cleaned soda lime glass (SLG) 

substrates coated with a molybdenum (Mo) bilayer as a back contact and deposited by 

RF sputtering (Mo target by Testbourne Ltd 99.95% pure). 

Because it does not react significantly with CZTS, Mo produces a low-resistivity ohmic 

contact to it, and its conductivity is not reduced when CZTS is deposited on hot 

substrates, Mo has a higher conductivity and is more physically and chemically stable 

than other materials including W, Ta, Nb, Cr, V, Ti, and Mn. 

 

 

Figure 39. A molibdenum sample just deposited by RF sputtering, 

on the right a deposition moment (target). 

5
 tim

es 
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The vacuum chamber's base pressure is 5∙10-6 mbar. A quartz crystal microbalance 

measures thickness and sputtering rate. The first, stickier 700 nm thick Mo layer is 

formed at a pressure of 1∙10-2 mbar with a power of 100 W, while the second, more 

conductive 500 nm thick Mo layer is deposited at a pressure of 3∙10-3 mbar with a 

power of 150 W. The substrate temperature is kept constant at 200°C for both layers. 

To deposit the CZTS thin film, 2-methoxy ethanol is mixed with zinc (II) acetate 

dihydrate (0.375 M), copper (II) acetate monohydrate (0.574 M), tin (II) chloride (0.3 

M), and thiourea (2.4 M). 

As a stabilizer, diethanolamine (DEA) is also added. This precursor solution is then 

spin coated at 2400 rpm for 15 seconds on the Mo stack and dried at 300°C in air for 

5 minutes on a hotplate. We measured a 1.6 m thick absorber layer with a Dektak 

profilometer after iterating the deposition process for 5 times. 

 

The CZTS precursor films were annealed at 450°C in selenium atmosphere to 

complete the phase formation and to incorporate Se into the CZTS lattice. 

Figure 40. Drying of the samples after spin coating. 
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Figure 41. Schematic of the selenization process's annealing phase. 

[62] 

 

 

 

A 60 nm thick CdS buffer layer is deposited at 60°C by chemical bath deposition, in 

particular 15 ml of Cd (CH3COO)2 2H2O (0.025 M) solution, 10 ml of thiourea (0.422 

Figure 42. A detail of the annealing process, samples being cooled. 
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M) with 25 ml of NH4OH (20%) solution are mixed into a glass with 200 ml of distilled 

water [64]. 

The buffer layer joins the absorber layer while allowing the most light possible to enter 

the junction area. In heterojunction solar cells, the absorber layer serves as the main 

component, while the buffer layer does not produce photocurrent. Materials like 

Zn(O,S), CdS, and In2S3 are frequently regarded as the most promising options for 

buffer layers [63]. 

 

 

ITO and ZnO layers are deposited in the same RF-sputtering machine, with a substrate 

temperature of 150°C and with an oxygen flux of 0.5 sccm, respectively with a power 

of 160 W and 60 W. Finally, the solar cell is fabricated with the following structure: 

SLG/Mo/CZTSSe/CdS/ZnO/ITO [64]. 

 

Figure 43. Two samples undergoing chemical bath 

for buffer layer deposition. 
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Figure 44. Structure of the device. 

To attain high energy conversion efficiency, a solar cell's ohmic losses should be as 

low as feasible; the quality of solar cell contacts greatly impacts the amount of such 

losses, hence improving solar cell contacts is a critical step in producing high-

performance solar cells [65]. Top-contact metallization is crucial because it reduces 

shadow loss and enables the use of monolithic interconnection. The front metal grid 

has traditionally been deposited using evaporation and a shadow mask [63]. 

 

. 

 

 

 

 

 

 

 

 

 

 

Figure 45. Preparation of the cell for measurement of its optical performance. 
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Process optimization 

 

 

 

 

 

 

 

 

 

 

 

 

Manufacturing of solar devices must be continually updated to enhance the efficiency-

to-cost ratio of photovoltaic solar cells. Typically, efficiency optimization is done 

process by process. 

The present chapter act upon device optimization focused to analyze and study the 

factors that influence the device performance and the physical properties. 

The drying time and the annealing temperatures in non-vacuum processes can be very 

important for the photovoltaic properties of the devices. 

A very important role is also played by doping; a very simple method of including 

doping elements that can positively modify the structure and electrical properties of 

CZTS has been tested and is presented. 

Another window layer is also tested and presented: TiO2. 



Chapter V : Process Optimization 

 

62 

 

5.1 Analysis of the influence of drying time for precursors 

layers 

Although it is true that drying is a basic, conventional step in solvent evaporation, it is 

shown to be critical for layer shape, homogeneity, and the presence of impurity 

components and phases in the final CZTS(Se) layer. Drying begins when the wet film 

is applied, however it is normally done as a distinct phase. 

Wet layers are frequently dried over several minutes on a hot plate at temperatures 

ranging from 200°C to 350°C. On the one hand, the drying temperature is chosen to 

be as high as feasible in order to enhance solvent evaporation and eliminate carbon, 

but it is limited by the oxidation of the precursor material as well as the molybdenum 

substrate. 

To guarantee thorough solvent evaporation, it is necessary to use a somewhat high 

drying temperature. The coffee-ring effect2 may also be prevented by covering a pre-

heated substrate with a thin layer of surfactants to lower surface tension. 

Film cracking may result from the tensile tension generated during the removal of the 

solvent and the organic components. Since they can produce shortcuts between the 

top and back contacts, microscopic fissures in the dried layer that spread over its whole 

thickness can be disastrous for the solar cell absorber. If the film thickness surpasses 

a "critical thickness," which is inversely related to the tensile stress and the film's 

Young's modulus, the phenomena is quite obvious. The multi-layering strategy used 

for spin coating has been shown to be a successful means of preventing tiny fractures 

and enhancing layer uniformity. This is due to the fact that each layer is thinner than 

the critical thickness, and a drying period in between coatings aids in the complete 

evaporation and breakdown of solvent species. Compressive stress can also be seen in 

the final absorber layer if a dried precursor has a volume expansion during the last 

chalcogenation stage, leading to "bulges" rather than fractures [61]. 

The current work highlights the impact of precursor drying conditions on device 

performance and suggests a solution-based method for creating kesterite films that are 

both cost-effective and of high device quality. 

 
2 A "coffee ring" is the pattern that an evaporating puddle of liquid with particles leaves behind. The name of the 

phenomena comes from the distinctive ring-like deposit that forms around a coffee spill. The coffee ring effect, or 

occasionally the coffee stain effect, or simply ring stain, is the name of the process that results in the production of 

this and other rings[87]. 
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As we described in paragraph 4.1, copper (II) acetate monohydrate, zinc (II) acetate 

dihydrate, tin (II) chloride, and thiourea were dissolved in 2-methoxy ethanol and 

diethanolamine to synthetize the precursor solution. None of the compounds were 

further purified before usage. Diethanolamine acted as a stabilizer, and 2-methoxy 

ethanol served as the solvent; the solution was also filtered. Spin coating was 

performed at 2400 rpm for 15 s, and it was then dried at 300°C for 3, 5, and 10 minutes, 

respectively. 

In order to analyze the effect of the drying process on the device, we considered three 

different drying times and the samples were named as follows: DT03 (3 minutes), 

DT05 (5 minutes), and DT10 (10 minutes) where DT stands for drying time. 

To complete phase formation and introduce selenium into the CZTS lattice, the CZTS 

precursor films were annealed at 450°C in a selenium environment. The solar cell is 

then constructed using the following structure: SLG/Mo/CZTSSe/CdS/ZnO/ITO. 

The structural and optical properties of the films were analyzed by X-ray diffraction 

(XRD) (Thermo ARL X'TRA powder diffractometer in Bragg-Brentano geometry, 

equipped with a Cu-anode X-ray source (Kα, λ = 1.5418 Å) and Peltier Si (Li) cooled 

solid-state detector) and Raman (Horiba Jobin-Yvon LabRam HR800 microprobe 

setup in backscattering geometry, He-Ne laser at 632.8 nm) spectroscopies. SEM and 

energy dispersive X-ray spectroscopy (EDXS) were used to examine the surface shape 

and composition of the films (Philips FEI XL30 Scanning Electron Microscope). We 

also performed atomic force microscopy (AFM) analysis (NT-MDT Solver Pro). 

CZTSSe absorbers on Mo/glass substrates were examined and compared in terms of 

structural and compositional properties using the same process steps but with the 

aforementioned differing drying durations. The XRD patterns were analyzed using 

ICDD (international center for diffraction data), specifically the files PDF N° 066-

0163 (CZTSe), PDF N° 026-0575 (CZTS), and PDF N° 42-1120 (Mo). 

The figure below (Figure 46 (a)) shows XRD patterns of CZTSSe layers dried at 

various time intervals before to annealing in selenium environment (as deposited).  

We can see that the dried precursor has a CZTS structure even before annealing. The 

as-deposited films do, in fact, display the normal CZTS compound peaks, but without 

selenium. The XRD peaks produced by the samples with various drying durations are 

comparable. The stoichiometry and structure are independent of the drying periods. 
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The low reflection intensity and large peak shapes for all three samples show that the 

CZTS compound has very poor crystallization quality. The underlying molybdenum 

substrate's peaks are also identified. After selenization, the films (deposited at various 

drying times) were examined; the XRD patterns are shown in Figure 46 (b).  

One peak of the molybdenum substrate is once more observed, and all of the 

reflections are consistent with the CZTSSe compound, thus demonstrating the 

existence of selenium in the matrix. This pattern exhibits sharper, higher-intensity 

peaks than the previous one; it is evident that the compound recrystallized as a result 

of the annealing process in the presence of selenium. The existence of secondary 

phases, however, might not be distinguished by XRD [62]. 

 

 

We examined the surface with AFM and SEM spectroscopies. Figure 47 displays the 

AFM images of dry CZTS films that have been deposited and selenized after 3, 5, and 

10 minutes. In comparison to the samples made using the other two DT, the films that 

were deposited at 3 min display bigger conglomerations. Additionally, the 

Figure 46. XRD spectra: (a) Spin coated sample at 3 different drying conditions 

(b) Selenized samples. 
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morphologies of the DT05 and DT10 samples vary. The grains are bigger (with an 

average grain size of one micron) after selenization. 

 

 

Figure 48 displays SEM images of dried selenized CZTS films after 3, 5, and 10 

minutes. The morphology significantly changes as drying time increases. Compared to 

films dried for 10 min, those dried for 3 min and 5 min display a more compact shape. 

Therefore, prior to annealing, the samples exhibit poor crystallization and an uneven 

structure (as shown by EDX). All three examples exhibit crystallization after annealing, 

however the DT05 sample exhibits a more compact and substantial structure, whereas 

the DT10 sample exhibits more porosity and the DT03 sample exhibits smaller grains. 

Point flaws make up the majority of the kesterite material's inherent p-type (vacancies, 

anti-sites and interstitials). An off-stoichiometric sample preparation is responsible for 

the generation of necessary point defects. 

Figure 47. AFM pictures of the films after deposition (a) drying time 3 minutes 

DT03, (b) drying time 5 minutes DT05, (c) drying time 10 minutes DT10, (d) 

DT03 +Se, (e) DT05 + Se, (f) DT10 + Se. 
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The typical CZTS structure as seen by SEM has grains that are compact with few grain 

borders and polycrystals that are roughly one micrometer in size. The 5-minute drying 

time absorber's EDXS analysis reveals a Sn-rich composition with a 0.56 Zn/Sn ratio. 

The tests also show that selenium treatment significantly incorporated Se into the 

crystal lattice (S/Se=0.14) (Figure 49) [64]. 

 

 

 

 

 

Figure 48. SEM photos of the DT03, DT05, and DT10 selenized CZTS films. 

Figure 49. CZTS films selenized at 450°C with precursors dried for 5 

minutes: SEM picture and EDXS results. 
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Table 2. EDX results of the selenized films. 

 Atomic percentage of elements and calculated ratio (at %) 

Sample Cu Zn Sn S Se Cu/(Zn+Sn) Zn/Sn S/Se S/(S+Se) 

DT03 20.95 12.53 11.07 19.16 36.27 0.89 1.13 0.53 0.35 

DT05 18.75 10.83 19.35 6.07 45.01 0.62 0.56 0.13 0.12 

DT10 18.89 8.41 22.61 2.46 47.63 0.61 0.37 0.05 0.05 

 

The Raman spectra of as-deposited CZTS films with various drying times are shown 

in Figure 50(a), normalized to the (1 1 2) peak. We can see three peaks, corresponding 

to the Cu2SnS3 (CTS), Cu2ZnSnS4, and Cu2-xS phases respectively at 297 cm-1, 335 cm-

1, and 470 cm-1. 

The DT10 case has very little CTS peak. Raman peaks at 335 cm-1 are present in both 

CZTS and tetragonal CTS structures, making the contribution unclear based on a 

superficial study [66]. 

The peaks at 297 and 335 cm-1 are different for the three situations, however, if we pay 

closer attention to the spectra DT10's primary peak is at 332 cm-1, whereas DT03's is 

at 339 cm-1. The peak that is displaced to the right can be assigned to CZTS, whereas 

the peak that is relocated to the left should be attributed to CTS. 

Additionally, DT03 and DT05 have a peak at 289 cm-1, which is once more associated 

with the CZTS structure; however, CTS is also associated with a peak that looks similar 

but approaching 297 cm-1. In summary, DT03 and DT05 have a CZTS structure, but 

DT10 has a greater relationship to CTS [67]. 

The three distinct drying times for the selenized CZTS films are shown in figure 50(b) 

at an excitation wavelength of 632 nm. Seven peaks are observed at 175 cm-1, 197 cm-

1, 238 cm-1, 330 cm-1, and 349 cm-1 that correspond to the B, A, B(LO), A, and E (TO) 

vibrational modes of the CZTSSe phase, which is a combination of the CZTS and 

CZTSe phase[68][69][70][71][72]. 
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Both MoSe2 and ZnSe2 structures contain Raman peaks at this wavenumber, although 

it is unclear what role this new peak at 249 cm-1 plays. In any event, it is obvious that 

this additional peak results from the interaction with selenium [73]. 

The scattering from MoSe2, which develops at the CZTSSe/Mo interface during the 

selenization process, is the primary cause of the Raman peak in this range (Khare et 

al., 2012). The three patterns are quite similar in relation to the three drying durations, 

however DT10 exhibits a sharper A vibrational mode and DT05 exhibits a shift of the 

B vibrational mode towards higher cm-1[74]. 

If we take a deeper look at this Raman spectrum, focusing on the 175 cm-1 and 197 

cm-1 peaks (Figure 51), the DT03 sample clearly shifts these two peaks, indicating a 

greater quantity of S and, thus, a higher S/Se ratio in this instance [67].  

Figure 50. CZTS thin films (a) as-deposited and (b) selenized varying drying-time 

Raman spectra (excitation wavelength of 632.8 nm). The selenization change radically 

the pattern. 
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With this last extra wavelength, a shallower profile is feasible since the penetration 

depth of 632.8 nm is greater than that of 514.5 nm laser; the penetration depth would 

be 20–30 nm deeper with the longer wavelength. 

A larger view of the potential various phases is also provided by using a different 

wavelength. The characteristic CZTSSe phase peaks can be seen in the Raman spectra 

produced with a 514.5 nm laser, although DT03 has a somewhat higher peak for 236 

and 329 cm-1, whereas DT10 and DT05 have fairly comparable (relative) peak 

intensities. With a shorter excitation wavelength, the 249 cm-1 peak vanishes proving 

that the peak was ultimately caused by the MoSe2 phase that was seen at the 

Mo/CZTSSe contact [66]. 

Figure 51. Spectrum of Raman upscaled from Figure 50: the shift of the 175 cm-1 peak 

show a greater suflur content for the DT03 sample. 
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On a lower wavelength scale, the micro-raman maxima at 174 cm-1, 197 cm-1, and 235 

cm-1 are shown. With the exception of DT05, where the 174 cm-1 and the 235 cm-1 are 

displaced, the peaks are all in the same location. This indicates that the DT05 case has 

a greater sulfur content. 

 

The aforementioned standard device structure was used to set up CZTSSe solar cells, 

which have an active area of 0.16 cm2 and have been measured under AM 1.5. 

According to the graph (Figure 53), the best results are obtained with a drying period 

of 5 minutes and the following values for Voc, Jsc, and FF: 321 mV, 30 mA/cm2, 51%, 

Figure 52. Upscaled micro Raman spectra of selenized CZTS 

with different drying time; the DT05 sample show a greater 

sulfur content. 

Figure 53. The JV properties of CZTS thin films dried 

after 3, 5, and 10 minutes. 
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and 4.9%, respectively. This demonstrates unequivocally that process stages that might 

appear inconsequential, such as the precursor's drying time, can contribute to the 

optimization of the CZTS process. 

Additionally, cells have been tested at 80°C and one sun in a specific enclosure for 

hundreds of hours. Due to this, a light soaking effect that increases efficiency has been 

demonstrated. Particularly, the fill factor increases significantly, indicating the 

passivation of several potential carrier traps while also demonstrating the great stability 

of the devices. 

 

 

 

 

 

 

 

Figure 54. Tests of the CZTSSe solar cell's accelerated lifespan stability 

with a 5-minute drying period; data adjusted to beginning values. 
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5.2 Analysis of the annealing temperature at different 

atmosphere  

The last processing step, annealing, can be carried out in either a reactive or inert 

environment. The reactive, chalcogen-containing environment has a variety of effects. 

First, by increasing the S(Se)/Me ratio to 1:1, reactive annealing can make up for the 

lack of chalcogen in the dried precursor layer. Due to the negative effects that anion 

vacancies might have on deep donor levels, this requirement is essential for a phase-

pure material with appropriate electrical characteristics. Second, during annealing, the 

interaction with chalcogen may cause a volume expansion and densification, 

eradicating the layer porosity and enlarging the grain size. The chalcogen vapor 

overpressure is also necessary to avoid the breakdown of the kesterite phase into 

volatile SnS(Se) and SnS(ZnS) and binary copper and zinc chalcogenides (Se). The 

maximum annealing temperature normally falls between 470 and 550°C. However, the 

kesterite phase can develop via intermediary phases and begins at a lower temperature 

[61]. 

At the beginning of this study, we designed an annealing chamber to perform heat 

treatment in the furnace. The resulting samples were not satisfactory because the 

chamber could not perfectly support the vacuum generated and part of oxygen flow 

into the chamber thermally damaging the samples. 

 

 

 

Figure 55. Home-made annealing chamber. 
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After that the annealing process, as explained in paragraph 4.3 has been conducted in 

a single zone furnace.  

Phase purity and surface morphology were extensively investigated as we investigated 

the impact of selenization temperature and annealing environment on the CZTS films. 

By using X-Ray diffraction (XRD) and Raman spectroscopy, structural characteristics 

and phase purity of the CZTS precursor thin films selenized and/or sulphurized at 

various temperatures were methodically examined in particular the influence of the 

annealing was conducted and studied at 450, 480, 500, and 550°C. 

The ICDD files PDF No. 066-0163 (CZTSe), PDF No. 026-0575 (CZTS), and PDF 

No. 42-1120 were used to index the peaks (Mo). All of the films have peaks that 

correspond to the CZTS/Se phase and the Mo phase in the XRD pattern (from the 

substrate). In contrast to films selenized at 450°C, which only display peaks that 

correspond to the CZTSSe phase, films that were deposited revealed a wide peak at 

28° and two Mo peaks at 40.3° and 73.6°. There are multiple peaks that correspond to 

secondary or ternary phases at temperatures of 480°C, 500°C, and 550°C. The phase-

pure film generation at 450°C is confirmed by XRD. Films were sulphurized/selenized 

at 450°C to further investigate the impact of the annealing environment on the CZTS 

film. The XRD patterns of CZTS films annealed at 450°C for 30 min in atmospheres 

containing either selenium, sulfur, or sulfur+selenium are shown in Figure 56(b). There 

are no secondary or ternary phases identified, instead the layers exhibit XRD peaks 

that match to the CZTS/Se phase. Using Scherrer's formula, the crystallite size of the 

CZTS films was determined. For films that were annealed in the Se, S+Se, and S 

atmospheres, respectively, crystallite sizes were determined to be 14 nm, 21 nm, and 

13 nm. The phases move to a lower angle for films annealed in a S+Se environment, 

but the peaks correspond to CZTS, confirming the addition of Se to the CZTS lattice. 

The (112) peak of the CZTS phase is more shifted to a lower angle in CZTS films that 

were selenized at 450°C [29]. Our CZTS/Se films underwent an extra study by Raman 

spectroscopy to further assess the phase purity in order to discover the potential 

secondary phases in our absorbers.  
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The Raman spectra of CZTS/Se films that were selenized and sulfurized at 450°C are 

shown in Figure 57. Observing the system, we assume to see binary and ternary 

secondary phases such as CuS(Se), ZnS(Se), SnS(Se), and CuSnS(Se) that, depending 

on the composition, may have negative impacts on the properties of the devices (these 

phases can be identified by the appearing of peaks shoulders nearby the characteristic 

peaks in the various characterizations). All of the films exhibit the distinctive CZTS 

Figure 56. (a) CZTS thin film XRD pattern of selenization at 

various temperatures, (b) CZTS films annealed in various 

atmospheres at 450°C. 



Chapter V : Process Optimization 

 

75 

 

peaks at 332 cm-1, 285 cm-1, and 368 cm-1 in the Raman spectra. Along with these 

distinctive CZTS peaks, films sulfurized at 450°C exhibit Raman peaks at 235 cm-1 that 

are indicative of the Cu2ZnS3 phase. 

The CZTSe phase is represented by the peak at 190 cm-1, whereas the contribution of 

the peak at 219 cm-1 is uncertain because both the CZTSe phase and the SnS secondary 

phase do contain a peak at 219 cm-1. Films selenized at 450°C additionally exhibit two 

additional peaks at 190 cm-1 and 219 cm-1. 

Films that were annealed in a sulphur + selenium environment in their Raman spectra 

seem to show no secondary phases, however, these are difficult to identify so we 

cannot entirely say that they are not present, we rather think that they are present but 

in small concentrations [29]. 

We perform AFM analysis of all the films annealed at different temperatures: the 

CZTSSe film's grain size and density increase as the selenization temperature rises, yet 

the average grain size is determined to be around 1 m. 

On the other hand, we have demonstrated above that only the films selenized at 450°C 

are devoid of secondary and ternary phases using XRD and Raman analyses. 

Films annealed in S and S+Se atmospheres exhibit greater grain sizes and significantly 

better crystallinity as compared to those made in pure selenium atmospheres, as 

demonstrated in Figure 58 of a comparison of films annealed in various atmosphere 

compositions [29]. 

Figure 57. CZTS/Se films that were selenized and 

sulphurized at 450°C: Raman spectra. 



Chapter V : Process Optimization 

 

76 

 

 

 

The films annealed in S and S+Se atmospheres exhibit greater grain size and 

significantly better crystallinity when compared to those made in pure selenium 

atmospheres, as demonstrated in figure below, which compares films annealed in 

various atmosphere compositions. The selenized film's decreased crystallinity and 

smaller grain size may be very likely the result of sulphur being lost during annealing. 

 

 

Figure 58. AFM pictures of (a) as deposited film (b) selenized at 450°C (c) 480°C (d) 

500°C (e) 550°C CZTS films. 

Figure 59. AFM pictures of the CZTS thin films annealed at 450°C in the 

atmospheres of (a) Se (b) S, and (c) S+Se. 
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Devices with the aforementioned selenization atmosphere were made, and the solar 

cell performances of those devices were examined.  

 

The JV properties of the CZTSSe solar cell are displayed in Figure 60. Device 

parameters displayed by prototype CZTSSe films include Voc=212 mV, Jsc=35.1 

mA/cm2, FF=33.4%, and efficiency of 2.2%. The finished cells were also subjected to 

light soaking treatment. The best device was treated for 5 hours and 24 hours under 

standard light soaking conditions (1 sun illumination), and the results are shown in 

Figure 60. Light soaking increases device performance, reaching an efficiency of 2.8% 

with a significant improvement in the Jsc after the first 5 hours and the fill factor after 

24 hours [29]. 

 

 

 

 

 

 

 

 

 

 

Figure 60. JV features of the CZTS solar cell. 
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5.3 Analysis of selenization temperature 

After these initial results and after improving the reproducibility of the devices, we 

focused our research on the annealing step in selenium atmosphere. 

The above-mentioned selenization method is followed by the spin coating approach 

for depositing CZTS precursors. A 30-minute selenization at different temperatures 

(450°C, 500°C, and 550°C) was conducted to examine more in detail the effects of 

selenization temperature. All the devices were completed as already described. 

The polycrystalline tetragonal chalcopyrite crystal structure of CZTS thin films 

selenized at different temperatures (CZ450 at 450°C, CZ500 at 500°C, and CZ550 at 

550°C) exhibits a dominating peak along (112) reflection plane (Figure 61). The 

diffractogram reveals  again the presence of (101), (110), (103), (121), (220), and (132) 

distinctive diffraction peaks, which indicate the development of a CZTSSe material 

with an ordered cation sublattice (ICDD PDF # 01-082-9159). The S/Se ratio may be 

anticipated to be 0.25 by comparing the location of the (112) plane with the common 

ICSD pattern file, suggesting that the film is Se rich. 

The computed lattice parameters and crystallite sizes for the films are as follows for 

films selenized at 450°C, 500°C, and 550°C, respectively, a=b=5.6515 Å, c=11.3143 

Å, 30 nm, a=b=5.6439 Å, c=11.3339 Å, 36 nm, and a=b=5.6515 Å, c=11. A small 

increase in the size of the crystallites is shown by raising the selenization temperature. 

All films have peaks ascribed to Mo, particularly the (110) orientation, in addition to 

the CZTSSe phase. More intriguingly, for the 500°C-case, the secondary phase of 

SnSe2 is responsible for a peak that appears at roughly 31°. Instead, the secondary 

phase is minimized when selenization is carried out at 550°C. 

The position of (112) peak in the three XRD patterns is consistent with the rise and 

fall of this peak caused by increasing selenization temperature. In fact, a shift in the 

(112) peak can be seen as shown in Figure 62. Typically, pure CZTSe shows a peak at 

27.16°; however, when sulphur begins to replace Se, the peak shifts to higher values, 

reaching a two theta of 28.44 °, which corresponds to pure CZTS. 
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In comparison to the 450 °C- and 550 °C-cases, the strata are therefore richer in Se as 

the blue peak (500°C) moves to the left of the graph at lower wavenumbers (red and 

black peaks). 

Figure 62. XRD pattern of CZTSSe films selenized at various temperatures, 

in the 26° to 29° range pure CZTSe shows a peak at 27.16°; when sulphur 

begins to replace Se, the peak shifts to higher values. 

Figure 61. CZTSSe films selenized at various temperatures, as 

shown in the XRD pattern. 
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The Raman spectra of the films that were selenized at various temperatures are shown 

in Figure 63. The typical CZTSSe peaks can be seen in all films at 56 cm-1, 80–82cm-1, 

174–177 cm-1, 196–198 cm-1, 235–250 cm-1, and 329–332 cm-1, which correspond to 

the E–A–A–B–A vibrational modes of the CZTSSe phase, respectively. Comparing 

the three spectra reveals a shift in the peaks in this instance as well. Similar to the XRD, 

the rise in sulfur relative to selenium is caused by the shift towards higher 

wavenumbers in Raman. 

 

By enlarging the spectra in the 180 cm-1 - 225 cm-1 region in Figure 64, we emphasize 

the shift of the 196-198 cm-1 peak. In this instance, when temperature rises, the peak's 

rightward shift is more pronounced. The unusual behavior, compared to XRD, can be 

explained by the fact that the Raman is strongly surface sensitive. Hence, the shifts 

show less Se at the CZTSSe surface, proving that the more Se that is lost on the top 

of the absorber, where CdS is formed, the higher the annealing temperature. 

Figure 63. Raman spectra of CZTSSe selenized at various 

temperatures at 633 nm laser illumination; it is evident as in the XRD 

analysis the shift towards higher wavenumbers. 
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The performance of the completed devices was evaluated after the absorbers were 

selenized at various temperatures. The JV curves of three typical solar cells with 

CZTSSe absorber layers that were selenized at 450°C, 500°C, and 550°C are shown in 

Figure 65.  

The efficiency of the devices is enhanced by raising the selenization temperature, 

mostly due to an increase in Jsc. On the other hand, the Voc exhibits its greatest value 

at 500°C and is somewhat lower at the other temperatures, while the FF steadily drops. 

Figure 64. Raman spectra at 633 nm laser illumination in the 180 cm-1 

to 225 cm-1 range. 

Figure 65. JV characteristics of CZTSSe devices fabricated. 
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5.4 Doping effects on the cell performances 

When semiconductor materials from group IV are doped with group V atoms, n-type 

material is produced. When semiconductor materials from group IV are doped with 

group III atoms, p-type materials are produced. 

P-type materials enhance conductivity by increasing the number of holes present, 

whereas n-type materials increase the conductivity by increasing the number of 

electrons in a semiconductor [75]. 

It became evident from the various combinatorial investigations carried out since the 

ground-breaking study of Katagiri in 2005 [76] that it was not feasible to further 

improve the device performance by just modifying the absorber stoichiometry. In 

order to improve the electrical characteristics of kesterite absorbers, the addition of 

extrinsic materials to the kesterite matrix in varying proportions has become a hot 

issue. This strategy has also been influenced by related CIGS and CdTe technologies, 

where bandgap engineering by substitutional doping (alloying) was paired with the use 

of extrinsic species to passivate intrinsic defects and give shallow dopants to improve 

the solar cell efficiencies to 22%. 

In contrast, alloying refers to the introduction of ionic size mismatch by an 

isoelectronic cation substitution, which might be especially interesting for band 

engineering of the absorber. 

Most of the published works employ vacuum deposition methods, and doping is 

accomplished in two ways: either by providing the dopant during deposition or by 

applying treatments after deposition. As an alternative, in this study we describe an 

unique and significantly less complicated method that involves drop casting a solution 

containing an impurity element onto a CZTSSe film, followed by annealing in a 

selenium environment. Alkali elements (such as Na, and K), as well as metals like Ge, 

have been already introduced in solution processed CZTSSe solar cells [25], [77], [78]. 

In specifically, we employ chlorine as an impurity conveyor. 

We examine and discusses the effects of the procedure with Na, K, and Ge inclusion 

on the mechanical and electrical characteristics of the CZTSSe absorber. 
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5.4.1 Effect of alkali metals and Germanium doping 

The devices have been fabricated as mentioned above. The newly developed inclusion 

procedure is based on chloride compounds' capacity to function as effective 

conveyors. We specifically selected germanium chloride (GeCl4), potassium chloride 

(KCl), or sodium chloride (NaCl) to be dissolved in methanol and placed on the 

absorber surface. The sample is then placed on a hot plate and heated to 150°C for 3 

minutes before being rinsed with distilled water. This solution is then drop-casted onto 

the CZTS film. On the samples doped with germanium an additional washing with 

distilled water was tested (samples named with CZ-Ge and CZ-Ge without washing). 

An extra test with drop casting of a chlorine solution has been performed, but it will 

not be mentioned because is patent pending. 

It is important to identify if the impurities are formed as secondary phases, integrated 

into the crystal structure of the crystal, separated in the grain boundaries, or are altering 

the crystal structure of the absorber. For this reason, we have used XRD and Raman 

analyses to analyze and contrast CZTS absorbers that had been impurity-treated and 

those that were not. According to ICDD file number 01-082-9159, which specifically 

refers to a specific kesterite structure called the Cu2ZnSn (S0.2 Se0.8)4 phase, the XRD 

patterns of treated and untreated Mo/CZTSSe films display the characteristic peaks 

for CZTSSe compound, indicating that Se is incorporated in the compound with an 

excess of Se over S. A further reflection at 31.6 degrees is seen in Ge-treated films, and 

it can be attributed to either the SnSe [79] phase or the GeSe [80] phase. This was 

identified by Neuschitzer et al. as the SnSe phase in the Ge-treated CZTSe; they 

showed that the strength of the SnSe peak increased with the Ge concentration. This 

describes how Ge is absorbed into the matrix by replacing Sn, and how the extra Sn 

combines with Se to generate a secondary phase called SnSe [81]. 
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The (112) peak of the treated samples exhibits a little shift, therefore we emphasized 

the shift by enlarging the pattern in the 2 range between 26.8 and 28° (Figure 66 (b)). 

Typically, the peak of pure CZTSe is located at 27.16°; however, when sulphur replaces 

Se, the peak changes to higher 2 values, eventually reaching 28.44°, which is the peak 

of pure CZTS [66]. 

 

In our example, the (112) peak is displaced away from the direction that is Se-rich, 

indicating that Se is a common element in the absorber. In the lines that follow, we'll 

talk more about this. The lattice parameter (derived from the tetragonal structure) for 

the untreated absorber matches the standard values obtained from the ICDD data 

accurately (see Table I). The lattice parameters instead rise from the conventional 

values when impurities are added, with a minimum increase for the Ge case and a 

maximum for the K case. Since each of these elements effectively occupies the Sn 

position and has an atomic radius of 125 pm, 190 pm, and 243 pm, respectively we 

may infer that they are all present in the lattice structure [79], [80], [82]. 

We considered the (112) and (204/220) planes when calculating the average crystallite 

size, and the results are shown in Table 3. 

 

Figure 66. (a) Untreated and treated samples' XRD patterns, (b) XRD pattern 

of untreated and treated samples in the 26.8-28 2-range. 

a) b) 
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Table 3. Structure of the CZTSSe absorber material after treatment and without 
treatment. 

Sample 
Crystallite 
size (nm) 

Lattice 
parameters 

(Å) 
Strain 

S 

Texture 
coefficient 
(TC(112)) 

a=b c 

CZ-Ref 28 5.649 11.285 0.0012 0.696 

CZ-Ge 40 5.655 11.302 0.0009 0.613 

CZ-Na 34 5.661 11.324 0.001 0.794 

CZ-K 32 5.662 11.327 0.0011 0.695 

(ICDD:01-082-9159)  5.642 11.250   

 

 

Figure 67 displays the Raman spectra of CZ-Ref, CZ-Ge, CZ-K, and CZ-Na films 

produced at 633 nm and 532 nm laser excitation wavelengths. All of the films have the 

distinctive CZTSSe peaks at 56 cm-1, 80 cm-1, 174 cm-1, 196 cm-1, 235 cm-1, and 329 

cm-1, which correspond to the E, A, A, B, and A vibrational modes of the CZTSSe 

phase, respectively. A secondary phase at 215 cm-1, which corresponds to the GeSe, is 

only seen in the CZ-Ge case [32], supporting the theory from the XRD study that Ge 

and Se are combining to produce a secondary phase. With a lower shift for CZ-Na and 

a bigger shift for CZ-Ge, the treated absorbers' CZTSSe peaks are displaced to higher 

wavenumbers. This demonstrates that a greater S/Se ratio is seen with Ge inclusion, 

indicating a lower selenium content [81]. 
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The same reflections are confirmed by Raman spectra that were run at 633 nm laser 

excitation wavelength [37]. Additionally, as you will see in Figure 68, an obvious shift 

in the Ge-treated CZTSSe is verified, once again confirming a lower quantity of Se. 

The changes in the XRD and Raman graphs, as well as the extra GeSe peak in the 

XRD, indicate that Ge combines with Se to generate GeSe, which in turn restricts the 

Se diffusion in the lattice during the selenization process. 

Figure 67. Raman spectra of untreated and treated materials excited by lasers at 633 nm 

and 532 nm: these spectra confirm for the treated absorbers a shift of the CZTSSe peaks 

with a larger shift for CZ-Ge and a smaller shift for CZ-Na (see figures 68 and 69). 
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By altering the crystallite size and the lattice route, contaminants become a component 

of the crystal lattice.  

Only Ge alters the S/Se ratio and the compound's stoichiometry by interacting with 

Se to generate an extra secondary phase, whereas only Na marginally changes the 

crystal structure of the film by strengthening the (112) preferred orientation [81]. 

Figure 69. Raman spectra in the 185-215 cm-1 range under 633 nm laser 

illumination. 

Figure 68. Raman spectra in the 185-215 cm-1 range under 532 nm 

laser illumination. 
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Figure 70 of the samples’ SEM examination displays images of the giant grains 

comprised of clusters of little grains (which have been observed by AFM). With 

somewhat greater compactness for Na-incorporated absorber, the big clusters are 

identical in all instances. There are many dark grey contrasts in the Ge-CZTSSe 

samples [81]. 

Figure 70. SEM examination of reference and experimentally modified CZTSSe 

absorbers: (a) CZTS sample undoped, (b) sample treated with germanium, (c) 

sample treated with potassium, (d) sample doped with sodium. 

 

The EDXS analysis performed in conjunction with the SEM analysis (see Table 4) is 

more intriguing because it reveals that the impurity concentration for Na and K is very 

low and below the detectable level. Since the structural analysis attests to the 

incorporation of these into the matrix, we can conclude that this process only 

incorporates a very small quantity of impurities based on the drop casting of the 

chlorine compounds. To confirm that the treatment method has an impact on 

stoichiometry, it is determined for these situations that the Cu/Zn+Sn concentration 

is somewhat different from the reference value. Because K and Na are undetectable 

on the surface, KCl and NaCl are very soluble in water. As seen in the Raman and 

XRD analyses, the samples with Ge inclusion demonstrate a different stoichiometry; 

the impurity is found at a lower selenium content. When we eliminate the surface 
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cleaning step from the impurity inclusion procedure (by rinsing the absorber after the 

annealing at 150°C), the O presence increases more than the Ge presence does 

(indicated in the table as CZ-Ge without washing). This is explained by an increased 

oxidation of extra Ge [81]. 

Table 4. Data from the EDXS analysis of untreated and treated samples. 

Element 
CZ-Ref 

(at %) 

CZ-K 

(at %) 

CZ-Na 

(at %) 

CZ-Ge 

(at %) 

CZ-Ge without 

washing (at%) 

Cu 24.57 25.45 25.96 24.96 20.08 

Zn 14.47 13.6 13.36 13.47 12.12 

Sn 12.58 12.88 12.94 13.1 9.95 

S 7.02 7.82 6.56 6.87 8.69 

Se 41.35 40.25 41.18 39.76 32.88 

Impurity 0 0 0 1.11 8.48 

O 0 0 0 0.76 7.79 

 

Cu/Zn+Sn 0.91 0.96 0.99 0.94 0.91 

Zn/Sn 1.15 1.06 1.03 1.03 1.22 

S/Se 0.17 0.19 0.16 0.17 0.26 

 

 

 

Figure 71. Ge-incorporated CZTSSe EDX analysis. 
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The addition of K, Na, and Ge impurities alters the structure, stoichiometry, and some 

of the physical characteristics of the CZTSSe absorber. This shows that the suggested 

method of using chlorine compounds is effective in introducing impurities into the 

matrix and particularly effective in the case of germanium [81]. 

As shown in figure below (Figure 72), the performances of the final devices treated 

with various solutions have been studied and contrasted with the benchmark devices 

manufactured using absorbers that have not been treated (CZ-Ref). 

The largest conversion efficiency for reference devices is 5.42% (Voc=334 mV, Jsc=28 

mA/cm2, and FF=58%). The open circuit voltage, which should be in the 600 mV 

range, is the key factor limiting this rather low efficiency. If we take into account that 

this process is not only non-vacuum hydrazine-free but also carried out at temperatures 

below 450°C and with only one selenization step, the efficiency is only moderately 

poor. The introduction of certain contaminants improves conversion performance, as 

was predicted in the initial section of the paper. For Na, K, and Ge inclusion, the top 

cells performed at 5.43%, 5.60%, and 5.87%, respectively. The improvement is 

specifically linked to the rise in both Voc and Jsc (see Table 5). 

We have also examined Ge-included samples where the treatment method has been 

changed by omitting the surface cleaning after drop casting and heating, as indicated 

in the EDXS section. This has advantages and disadvantages: it raises the quantity of 

Figure 72. JV properties of treated and untreated CZTSSe-based 
devices. 
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integrated Ge while increasing the process's irreproducibility, potentially leading to 

faults at the CZTSSe/CdS interface. However, with this adjustment, the efficiency 

increases to 7.1%, with a 20% improvement in Voc, suggesting that GeCl4 is a feasible 

technique for enhancing efficiency by lowering defect density. 

Table 5. The performance metrics of the best treated and untreated CZTSSe samples. 

Sample Voc 
(mV) 

Jsc 
(mA/cm2) 

FF 
(%) 

η 
(%) 

Rs 
(Ω) 

Rsh 
(Ω) 

CZ-Ref 334 28 58 5.42 17 2990 

CZ-Ge 349 33 51 5.87 23 884 

CZ-Ge- without washing 390  33  55 7.1  25 1797 

CZ-Na 360 29 52 5.43 18 733 

CZ-K 351 29 55 5.60 23 645 

AST-CZ-Ref 339 31 55 5.78 17 999 

AST-CZ-Ge 362 32 52 6.02 21 670 

AST-CZ-Ge- without washing 390 32 54 6.74 24 1264 

AST-CZ-Na 352 30 55 5.81 18 697 

AST-CZ-K 352 30 52 5.49 22 551 

For this study we have also performed External Quantum Efficiency (EQE) analysis, 

recorded using a SpeQuest quantum efficiency system. This parameter often used as 

performance indicator as it provides the ratio of photons extracted over the charges 

injected. In our case all the curves in the graph seems to show the same response that 

decreases with increasing wavelength. What could happen in this case is that all the 

carriers generated especially those with higher  are not collected: if defects are present 

Figure 73. Comparison of EQE samples with different doping 
elements. 
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in areas far from the p-n junction it happens that carriers disperse. In particular in the 

samples doped by germanium without the washing procedure in distilled water we 

think there is less recombination or less collection: the band gap seems to be changed 

and to be higher. 

The stability and behavior of the final devices were investigated using an accelerated 

stability test (AST) in a metal box at 80°C and one solar light. This is a valuable 

technique for determining device stability, but it may also aid in identifying the nature 

of problems through the interpretation of degradation behavior, as explained below. 

There is a modest improvement in efficiency after 24 hours of AST for CZ-ref, CZ-

Na, and CZ-Ge samples. Non-washed Ge-CZTSSe absorber also has a minor 

reduction in efficiency after AST. This might imply that light soaking is passivating 

some defects  that were not present in the unwashed Ge sample.  

Despite a significant rise in Voc and Jsc, the fill factor decreases when impurities are 

added. This might be due to a variety of factors, including a probable decline in 

Figure 74. Before and after AST statistical box plot of JV features in untreated and 
treated samples. 
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junction quality or the existence of various defects caused by the change in carrier 

density [81]. 

We then investigated the device's carrier concentration and defect density using 

capacitance-voltage methods, as detailed in Chapter III. Figure 75 depicts the net 

charge density profiles of acceptor minus donor states retrieved from CV and DLCP 

measurements of Ge- and K-treated and untreated CZTSSe-based solar cells as a 

function of distance from the junction. 

 

Figure 75. Profiles of CV-DLCP in untreated and treated samples. 

 

 

Table 6. At 0 DC bias voltage, CV-DLCP analysis of untreated and treated devices was 
performed. 

Sample NCV 

(cm-3) 

NDL 

(cm-3) 

NIT 

(cm-3) 

χd 

(nm) 

CZ-Ref 8.3×1016 1.2×1017 3.7×1016 80.2 

CZ-Ge 1.3×1017 2.0×1017 7×1016 77.6 

CZ-K 6.0×1016 9.1×1016 3.1×1016 83.2 
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Table 6 shows the carrier density extracted by CV measurements (open dots) and the 

carrier density derived by DLCP measurements (closed dots) (full dots). Imperfections 

at the interface and in the bulk impact CV readings, but DLCP is less subject to 

interface defects. The carrier concentration indicated by DLCP (NDL) for the 

reference sample is about 1.2∙1017 cm-1, the density of deep interface defects is 3.7∙1016 

cm-1, and the depletion width (at zero bias) is 80 nm. Surprisingly, the CV curves for 

all devices are lower than the DLCP curves, indicating that there are compensatory 

flaws at the interface that diminish the overall number of effective defects discovered 

by CV. The low fill factor obtained for the treated samples supports the idea of 

compensating defects at the interface. The DLCP defects density for Ge-treated 

samples is larger than the densities retrieved for CZ-ref and CZ-K, indicating a higher 

carrier concentration, which is further corroborated by a lower depletion width of 77.6 

nm. Furthermore, the CV value is larger, which means that, in addition to the increased 

defect states that improve device performance in terms of Voc and Jsc, the number of 

compensating defects at the interface is reduced. Interestingly, after treatment with 

alkali elements, the defect concentration is decreased, most likely due to the creation 

of compensating defects. 
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5.5 Study and synthesis of a new window layer: TiO2 

Because of its significant potential in pollution treatment and self-cleaning qualities, 

the synthesis and optimization of TiO2 thin films is a rapidly expanding area in the 

field of environmental engineering. Transparent glass offers a wide range of 

applications. It is commonly applied in our houses (in windows, doors, and shower 

enclosures), automotive windshields, electronic device displays, and new skyscraper 

building materials. Keeping the surface of the glass clean is a difficult chore; because 

of its optical transparency, all dirt particles, stains, and fingerprints on the surface are 

visible. Covering the surface of buildings with a thin layer of TiO2 can replace external 

glass cleaning and save money (along with water and chemicals). When exposed to 

light with an energy content equivalent to or greater than the band gap of TiO2, it 

exhibits photocatalytic and hydrophilic capabilities. It is critical however to discover a 

cost-effective and efficient thin film deposition process for commercial application. 

Chemical vapor deposition [4], sputtering, hydrothermal, electrophoretic, sol-gel, and 

spray pyrolysis have all been used to produce TiO2 films [83]. 

In this study having selected the precursor solution, to develop a new transparent 

window layer, changes were made to the precursor solution and the deposition method 

in the current investigation. 

By basing on previous works [84], [85], spin-coating was used to fabricate TiO2 

window layer. With stirring at room temperature, two titanium-isopropoxide solutions 

in ethanol were prepared at concentrations of 0.15 and 0.3 M. These were spun 

progressively at 3000 r/min onto the TEC10 substrate, with each layer drying for 10 

minutes at 120°C. The finished substrate was then sintered in air for 30 minutes at 

450°C. Initially, we kept the solution concentrations comparable to the articles 

mentioned above, 0.15 and 0.3M by testing on two different supports: glass and TEC. 

However, we have also worked with higher concentrations. 

In terms of deposition techniques, spin coating was applied also for 10 seconds at a 

speed of 2000 rpm, depositing 200 l of solution. 
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During the first synthesis of the precursor solution, it was observed that after a certain 

amount of stirring time at room temperature (around 6 minutes of stirring), the 

solution became turbid; this phenomenon could coincide with the compound's 

instability, with subsequent precipitation of TiO2 (which is typically white) in solution. 

The maximum stirring time was then established at 2 minutes. We then decided to 

employe also acetylacetone (AcacH) used as a stabilizing agent. The interaction of 

TTIP (titanium isopropoxide) with AcacH has been extensively researched in the 

literature. Acetylacetone acts as a nucleophilic reactant, replacing the alkoxy group and 

forming a new molecular precursor. 

 

A comparison was made between samples with different solvents (ethanol and IPA) 

at the same concentration, between 1 and 2 layers of TiO2, with the deposition rate 

varying. It is worth noting that speed influences transmittance, most likely because less 

material is deposited on the support, improving its transparency. However, the solvent 

isopropanol gave better results in terms of transmittance. 

 

 

Figure 76. Samples of TiO2 solution at different 
stirring times. 

Figure 77. Samples of deposited TiO2 film. 
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 The crystallinity, phase composition, and mean crystallite size of TiO2 thin film were 

investigated using X-ray diffraction (XRD). The reflection planes from (101), (103), 

(004), (112), (200), (105), and (211), respectively, correspond to the diffraction peaks 

at 2 theta of 25.3°, 37.0°, 37.8°, 38.6°, 48.1°, 53.9°, and 55° [83]. 

 

 

We perform images of TiO2 thin films synthetized with TTIP with or without the 

addition of AcacH at different molar ratios obtained using atomic force microscopy 

(AFM). In general, it is possible to see that when acetylacetone is present in the 

precursor solution the surface of the thin film becomes flatter, smoother, and more 

uniform. 

 

Figure 78. Transmittance measurements on FTO solutions in various 
solvents and with varying numbers of layers at the same concentrations. 
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We have fabricated photovoltaic cells with such a layer but with limited results. The 

humidity level during spin coating has a significant impact on the TiO2 structure and 

hence the device performance. This simply means that process parameters like RH and 

temperature must be regulated throughout the manufacturing of these devices.  

For this reason, the realization of a good performing TiO2 layer is very tricky and 

investigation needs to be further implemented in the future. 

 

 

 

 

 

 

 

Figure 79. AFM pictures of (a) solution 1M 1 layer no AcacH, (b) solution 0.3 M 1 
layer with AcacH. 
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This thesis work aimed to investigate and study the synthesis parameters of a low cost 

processed CZTS-based photovoltaic cell and with their optimization to improve 

conversion performances by a deep understanding of the features of CdS/CZTS p/n 

junction. In particular, the current work contributes to our understanding of the non-

vacuum, low-cost manufacturing of kesterite absorbers: the impact of CZTS 

production parameters such as drying time and annealing temperatures on the 

structure and optical properties are examined in detail.  

In this work, CZTSSe thin films were prepared by spin coating technique by a non-

vacuum process. Finished solar cells have been fabricated with the structure of 

SLG/Mo/CZTSSe/CdS/ZnO/ITO; different techniques have been used to confirm 

the nature of the compound and the morphology of the layers.  

We developed a process while stabilizing it we encounter different issues: 

reproducibility of the devices, stabilization of the precursor solution, optimization of 

selenization, and the formation of secondary phases. 
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It is true that this is a low-cost procedure that does not use vacuum processes, but it 

needs fine-tuning to have acceptable reproducibility. 

During the optimization steps it was seen that drying time and annealing temperature 

can affect the stoichiometry and morphology of the compound, generating secondary 

phases. 

Faster drying periods lead to increased sulphur concentrations. In section 5.1 we have 

observed that three distinct types of samples with 3 different drying times (3, 5 and 10 

minutes) have substantially dissimilar compositions after annealing, as shown by EDX 

analysis; the Raman analysis detected a shift in sulphur concentration, with a higher 

quantity for shorter drying durations. When drying time increases, the efficiency 

decreases dramatically. The intermediate drying period (5 minutes) has produced the 

best results, with an efficiency of over 5%. The calculated efficiency change 

considerably as the drying time increases. While the J-V curve for 10 minutes drying is 

characterized by a high series resistance, the efficiencies for 3 minutes of drying remain 

in the 3% region, marked by a low current density [62]. 

In addition to the CZTSSe phase, the Raman spectra revealed the MoSe2 phase [64]. 

Regarding the influence of annealing temperature (topic addressed in section 5.2), the 

CZTSSe quality is improved by raising the selenization temperature, however, this can 

have distinct effects on the surface and bulk Se contents. It was found that one 

potential remedy is controlling the Se flow, during the annealing process, to make up 

for the Se loss at higher temperatures and Se surplus at lower temperatures (see section 

5.3). 

To increase the performance of the cell, in section 5.4 different elements have been 

used to dope the absorber layers using a unique and considerably easier method: the 

drop-casting of a chloride solution on the surface of the CTZS film. 

Testing with different elements such as sodium, potassium, and germanium; the latter 

showed the greatest impact with larger crystallite, larger grain, lower Se incorporation, 

and higher carrier concentration, which ultimately explains the better efficiency. 

An additional doping test was performed with a solution of cadmium chloride, this 

process is under patent pending. 

This innovative and simpler method offers the advantage of easier industrialization. 
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The development of a new TiO2 window layer discussed in section 5.5 has not yielded 

good results; this material is not easy to handle and would need more optimization, 

especially when applied in non-vacuum processes: the repeatability of device 

preparation and stability was assumed to be limited due to variances in preparation 

circumstances, relative humidity in fact during spin-coating of the TiO2 precursor 

solution (TTIP, titanium isopropoxide) has a major impact on TiO2 stability and 

morphology. 

The process optimized in the lab, done during my PhD thesis, should be in future be 

transferred to the industrial level. This is not a trivial process since it requires to be 

extended at a large scale and with shorter processing times. The first thing that needs 

to be done is to transfer the spin coating process step to spray coating, which allows 

for homogeneous coating in large areas. Other process steps will need to be adapted, 

for example the annealing process, which is still very slow and it does not reach the 

required reproducibility.  

In this sense we plan to introduce in the next months: 1) high frequency ultrasonic 

based spray deposition, 2) rapid thermal annealing with heating lamps, 3) graphite box 

as substrate holder in the oven with fixed position of Se sources and substrate plates.  

Another variant to consider is to replace CdS, used as the window layer, with ZnS; 

which is a promising window layer for thin film solar cells. It is easily accessible less 

hazardous and it has a very good optical band gap. 
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List of Symbols 

AM air mass coefficient 

E electric field 

  permittivity 

EG band gap energy 

FF  fill factor 

I0 saturation current of the diode 

IL light generated current 

Im current at maximum power point 

Isc short circuit current 

J current density 

kB Boltzmann’s constant 

 power conversion efficiency 

N+
D, N-

A ionized impurities concentrations 

nj intrinsic carrier concentration 

p, n charge carrier densities 

Pmax maximum power 

q fundamental unit of charge 

 charge density concentration  

T temperature 

V voltage 

Vm voltage at maximum power point 

Voc open circuit voltage 
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