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 الملخص

 

الصوتي فوق  بالرذاذ  الحراري  التحلل  تقنية  استخدام  النقي  (USP) تم  القصدير  كبريتيد  من  رقيقة  أغشية  لترسيب 

%  6%،  4%،  2، وذلك مع تغيير تركيز شوائب المغنيسيوم )C °350عند درجة حرارة   (SnS: Mg) والمطعم بالمغنيسيوم

وقد تم تحديد بعض   (Orthorhombic) %(. أكدت أنماط حيود الأشعة السينية أن الأغشية تمتلك بنية بلورية معينية الشكل8و

كما تم حساب فجوة الطاقة البصرية    .المعاملات التركيبية مثل حجم البلورات الدقيقة، والإجهاد الميكروي، وكثافة العيوب البلورية

قيمة منخفضة بلغت   النفاذية، حيث أظهرت  الفلورة الضوئية تم eV 1.59من خلال قياسات  انبعاث قوية في طيف  ، مع قمة 

أن الأغشية تمتلك موصلية من   (Hall Effect) ن المغنيسيوم. أكدت قياسات تأثير هول% م6لتركيز   nm 421رصدها عند  

جدا  pالنوع منخفضة  مقاومية  وأظهرت  بلغت  cmΩ· 2-10  ×1.58   بلغت  ،  للناقلات  عالية  ، cm²/Vs 21.54، مع حركة 

 .% من المغنيسيوم6للغشاء المحتوي على cm⁻³  1910×1.47وتركيز حاملات شحنة مرتفع جدا قدره

، التطعيم بالمغنيسيوم، التحلل الحراري بالرذاذ فوق الصوتي، حيود الأشعة (SnS) كبريتيد القصدير :الكلمات المفتاحية

.، الأغشية الرقيقةp السينية، فجوة الطاقة البصرية، الفلورة الضوئية، تأثير هول، الموصلية من النوع



  Abstract 
 

 

Abstract 

Ultrasonic spray pyrolysis (USP) technique has been used to deposit pure and 

magnesium (Mg) incorporation Tin Sulfide (SnS: Mg) thin films at 350 °C by varying the Mg 

impurities concentration (2%, 4%, 6% and 8%). X -ray diffraction patterns confirm the 

orthorhombic crystal structure of SnS: Mg thin films. Structural parameters such as crystallite 

size, micro  strain and dislocation density were determinated. The optical band gap energy was 

determinates by measuring the transmission which showed a low value of 1.59 eV with a strong 

emission peak of photoluminescence spectra observed at 421 nm for 6% of Mg incorporation 

concentration. Hall Effect measurement confirms the p-type conductivity of the SnS:  Mg film 

and presented a very low resistivity of 1.58 × 10−2 Ω cm with the high mobility of 21.54 cm2/Vs 

and very high carrier concentration of 1.47 × 1019 cm −3 for 6 at. % of SnS: Mg thin film.  

Keywords: Tin sulfide (SnS), magnesium doping, ultrasonic spray pyrolysis, X-ray 

diffraction, optical band gap, photoluminescence, Hall Effect, p-type conductivity, thin films.



  Résumé 
 

 

Résumé 

La technique de pyrolyse par pulvérisation ultrasonique (USP) a été utilisée pour 

déposer des couches minces de sulfure d'étain pur et dopé au magnésium (SnS : Mg) à une 

température de 350 °C, en faisant varier la concentration d'impuretés de magnésium (2 %, 4 %, 

6 % et 8 %). Les spectres de diffraction des rayons X ont confirmé que les films SnS : Mg 

présentent une structure cristalline orthorhombique. Les paramètres structuraux tels que la taille 

des cristallites, la microcontrainte et la densité de dislocations ont été déterminés. 

L'énergie de la bande interdite optique a été estimée à partir des mesures de 

transmission, révélant une faible valeur de 1,59 eV, avec un pic d’émission intense dans le 

spectre de photoluminescence observé à 421 nm pour une concentration de 6 % de magnésium. 

Les mesures de l'effet Hall ont confirmé la conductivité de type p du film SnS : Mg, en montrant 

une très faible résistivité de 1,58 × 10⁻² Ω·cm, une mobilité élevée des porteurs de charge de 

21,54 cm²/Vs et une concentration en porteurs très élevée de 1,47 × 10¹⁹ cm⁻³ pour le film 

contenant 6 % de Mg. 

Mots-clés : Sulfure d’étain (SnS), dopage au magnésium, pyrolyse par pulvérisation 

ultrasonique, diffraction des rayons x, bande interdite optique, photoluminescence, effect hall, 

conductivité de type p, couches minces. 
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General introduction 

Solar photovoltaic (PV) technology is one of the most promising renewable energy 

sources for creating a clean, reliable, and affordable electricity supply. Achieving cost-effective 

thin-film solar cells for large-scale energy requires the use of semiconductor absorber materials 

that are inexpensive, non-toxic, and abundant. Furthermore, these materials must possess 

suitable optical and electrical properties such as an optimal band gap, high absorption 

coefficients, efficient carrier generation, and low recombination rates to ensure high energy 

conversion efficiency. [1]  

SnS has emerged as a promising semiconductor for photovoltaic applications due to its 

non-toxicity, low cost, and good stability [2,3,4]. It is a naturally p-type semiconductor with 

excellent optoelectronic properties and can be processed at relatively low temperatures, which 

improves manufacturing efficiency and allows for the deposition on flexible substrates.  

Crystalloraphically, SnS has an orthorhombic layered structure, where atoms are 

strongly bonded within layers and weakly bonded between them, resulting in anisotropic carrier 

transport [5]. Its intrinsic p-type conductivity mainly arises from tin vacancies in the crystal 

lattice [6]. 

Taking into consideration such favorable properties, SnS-based solar cell performance 

is below theoretical expectation due to phase purity issues, low carrier mobility, and intrinsic 

defects. Conventional doping strategies have been explored to mitigate the limitations 

mentioned above and thus improve the structural, optical, and electrical properties of SnS thin 

film. 

In this context, the present work focuses on the synthesis and characterization of 

magnesium-doped SnS (SnS: Mg) thin films, deposited using ultrasonic spray pyrolysis (USP) 

a simple, scalable, and low-cost chemical deposition technique. The aim is to optimize the 

deposition parameters to improve film quality and investigate the effects of Mg doping on the 

structural, optical and electrical characteristics of SnS with a view toward photovoltaic 

applications.  

Therefore, the thesis is divided as follows. Chapter One provides a general overview of 

photovoltaic technologies, the physical principles of solar energy conversion, and a detailed 

review of thin -film deposition methods used in solar cell fabrication. 
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Chapter Two discusses the theoretical background and experimental details related to 

SnS thin films, including the motivation for using SnS, its fundamental properties, the 

characterization technique employed and the step-by-step synthesis of Mg-doped SnS films 

using USP.  

Chapter Three presents the experimental results and discusses the influence of Mg 

doping on the structural, optical and electrical behavior of SnS thin films. The findings are 

analyzed in the context of their potential use in photovoltaic applications. 

This study aims to contribute to the advancement of efficient and low-cost photovoltaic 

materials by exploring the potential of Mg-doped SnS thin films, thereby bridging the gap 

between laboratory scale research and scalable real-world applications.   
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I.1. Introduction 

Photovoltaic technology has become one of the most promising solutions for sustainable 

energy production, allowing the direct conversion of sunlight into electricity through the 

Photovoltaic effect. With growing global demand for clean energy, research and innovation in 

PV materials and devices have accelerated. This chapter introduces the basic concepts of 

photovoltaic technology, including its definition, working principle and the structure and 

operation of photovoltaic cells. It then provides an overview of thin-film technology, outlining 

its historical development, deposition principles and growth mechanism. Finally, the chapter 

presents various thin-film deposition methods, both physical and chemical, highlighting the 

advantages and applications of each in photovoltaic device fabrication.  

I.2. Photovoltaic Technology  

   I.2.1 Definition  

The term " photovoltaic " is derived from of the word « photo » meaning light and  " 

voltaic " which comes from the name of volta, the discoverer of the electric battery. It refers to 

the conversion of solar radiation into electricity.  

Therefore, photovoltaic energy describes the process of transforming light energy into 

electricity through solar cells and photovoltaic modules. this conversion occurs through a 

phenomenon Knows as the " photovoltaic effect  " [1]. 

   I.2.2 Principle of the Photovoltaic Effect  

Photovoltaic conversion can be simply defined as the transformation of photon energy 

into electrical energy through the process of light absorption by matter. when a photon is 

absorbed by the material, it transfers part of its energy through a collision to an electron, 

effectively extracting it from the material. This electron, previously at a lower energy level in a 

stable state, moves to a higher energy level, creating an electrical imbalance within the material, 

which results in an electron -hole pair of the same electrical energy [2] . 

 This   phenomenon , known as the photovoltaic effect  ,generates an electromotive force 

when the surface of a photovoltaic cell is exposed to light .The voltage produced typically 

ranges between 0.3 V and 0.7 V , depending on factors such as the material used , its  structural 

arrangement , the temperature and the aging of the cell [3].This process is made possible by 

solar cells formed by combining an N-doping semiconductor with a p-doped semiconductor .  
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   I.2.3 Photovoltaic Cell 

The PV cell, also known as a photo pile is the smallest element of a photovoltaic 

installation   . it is made of semiconductor materials and directly converts light energy into 

electrical energy. Photovoltaic cells consist of: 

• A thin semiconductor layer (a material with a band gap, which acts as an energy 

barrier that electrons cannot cross without external excitation, and whose electronic 

properties can be modified) such as silicon, which is a material with relatively good 

electrical conductivity. 

• An anti-reflective layer allowing maximum penetration of solar rays. 

• A conductive grid on the top, known as the cathode, and a conductive metal on the 

bottom, known as the anode. 

The most recent cells even include a new combination of reflective multilayers just 

below the semiconductor, allowing light to bounce for a longer time within the material to 

improve efficiency.[4] 

 

Figure I.1: Electricity Generation by Photoelectric Conversion [5] 

     I.2.3.1. Operation Principle of a Photovoltaic Cell 

A photovoltaic cell is a device that converts solar energy directly into electrical energy. 

This conversion is based on the following three fundamental mechanism: 

✓ Photon absorption: photons with energy greater than the band gap are absorbed 

by the semiconductor material that constitutes the cell. 
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✓ Energy conversion: The absorbed photon energy is transformed into electrical 

energy through the generation of electron-hole pairs within the semiconductor 

material. 

✓ Charge carrier collection: The generated charge carriers (electrons and holes) 

are separated and collected to produce an electric current. 

For a photovoltaic cell to function efficiently, the material must have two well-defined 

energy levels and possess sufficient electrical conductivity to allow the flow of electric current. 

These properties make semiconductors the most suitable materials for photovoltaic 

applications. The separation of electron-hole pairs requires the presence of an electric field. 

This is typically achieved using a PN junction, which is the most commonly employed 

structures. However, other configuration, such as heterojunction and Schottky junctions, can 

also be utilized to enhance performance and efficiency. The operating principle of photovoltaic 

cells is illustrated in Figure I.2. 

Figure I.2: Structure of a cell (on the left) and its band diagram (on the right). 

   When incident photons strike the photovoltaic cell, they generate charge carriers in 

the N and P regions as well as in the depletion region. The behavior of these photogenerated 

carriers depending on the region where they are created:  

In the N or P regions: Minority carriers that reach the depletion region are driven by 

the electric field towards the P region (for holes) or the N region (for electrons), where they 

become majority carriers. This process results in the formation of diffusion photocurrent. 

In the depletion region: Electron-hole pairs generated by incident photons are 

separated by the electric field: electrons migrate toward the N region, while holes move toward 

the P region. This separation leads to the generation or drift photocurrent [6].  
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I.3. Overview of Thin Films 

Thin films are thin layers of materials with thicknesses ranging from nanometers to 

several micrometers, applied to the surface of target materials to introduce new properties that 

were not previously present. This technique is extensively used in the fabrication of 

semiconductors, optical coatings and anti-reflective layers [7,8]. 

A key advantage of thin films lies in their efficient use of materials while preserving 

essential physical properties, as well as the simplicity and cost-effectiveness of the technologies 

used for their fabrication. A wide range of materials can be utilized to produce thin films, 

including metals, alloys, refractory compounds, and polymers. One fundamental characteristic 

of thin films is that, regardless of the manufacturing methos, they are always bonded to a 

substrate on which they are formed. In certain cases, it is possible to separate the thin film from 

the substrate. 

It is essential to recognize that the substrate plays a critical role in determining the 

structural properties of the deposited layer. For example, a thin film of the same material and 

thickness may exhibit   significantly different physical properties depending on whether it is 

deposited on an amorphous insulating substrate, such as glass, or a monocrystalline silicon 

substrate. As a result of these defining characteristics, thin films are inherently anisotropic by 

nature [9]. 

The primary distinction between bulk materials and thin films lies in the influence of 

surface boundaries .In bulk materials , surface effects on physical properties are generally 

negligible .In contrast , thin films are predominantly affected by surface boundaries .The thinner 

the film , the more pronounced the two-dimensional effects become .Conversely , when the 

thickness exceeds a certain threshold ,these effects diminish ,and the material regions the well-

known properties of its bulk form [10]. 

   I.3.1 History of Thin-Film Development  

Thin-film technology is both one of the oldest practical and one of the most advanced 

modern sciences [11]. The use of thin films dates back to the meatal ages of antiquity. An early 

example is the ancient practice of gold beating, which has been used for at least four millennia. 

Gold is highly malleable, allowing it to be hammered into very thin sheets. Its beauty and 

resistance to chemical degradation made it useful for decoration and protection [12].  
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The concept of nanotechnology was introduced by Richard Feynman during a 1959 

meeting of the "American Physical Society". The term "nanotechnology" was first used by 

Norio Taniguchi from the Tokyo university of science in 1974.He defined it as "the processing, 

separation, consolidation and deformation of materials by one atom or molecule" [13].  

In the 1980s, Eric Drexler highlighted the importance of nanoscale materials and 

phenomena. During this time, new experimental technique advanced nanotechnology. The 

scanning tunneling microscope (STM) was invented in 1981 by Gerd Binnig and Heinrich 

Rohrer. They received the Nobel Prize in Physics in 1986.In 1986, Calvin F. Quate and 

Christopher Gerber invented the atomic force microscope (AFM). These tools allowed 

scientists to observe and manipulate individual atoms and molecules. 

Transmission electron microscope (TEM) and scanning electron microscopy (SEM) are 

also used to study nanomaterials. Ernst Ruska was awarded the Nobel Prize in physics in 1928 

for building the first electron microscope in 1928.In 1933 he achieved the first observation with 

a resolution higher than an optical microscope. In recent years. the "top-down" approach has 

become an essential method in nanotechnology. This method allows the creation of small 

structures by cutting or shaping larger materials [14]. 

   I.3.2 Thin-Film Deposition and Growth Mechanisms  

      I.3.2.1 Principles of Thin-Film Deposition 

To form a thin film on a solid surface (substrate), the particles of the coating materials 

must pass through a conductive medium until they come into direct contact with the substrate. 

Upon reaching the substrate, a portion of the coating particles adheres through Van der walls 

forces or undergoes chemical reaction with the substrate. These particles can be atoms, 

molecules, ions or fragments of ionized molecules. The transport medium can be solid, liquid, 

gas or vacuum. 

In the case of Solid medium, the substrate is in direct contact with the solid and only the 

particles that diffuse from the solid to the substrate contribute to forming the thin film. However, 

achieving thin films through solid-solid contact is generally challenging. For instance, oxygen 

diffusion from silica can form a thin SiO2 layer on a silicon substrate.  

The Liquid medium offers more feasibility than the solid-state method due to the greater 

versatility of materials in the liquid phase (e.g. electrochemical deposition, and sol-gel 

methods). 
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In Gas or vacuum media such as in Chemical Vapor Deposition (CVD), the primary 

difference between the gaseous medium and the vacuum lies in the mean free path of the 

particles. There is no universal thin-film deposition method applicable to all scenarios. Proper 

substrate preparation is often a critical step to ensure strong adhesion of the thin film [15]. 

          I.3.2.1. a. The source  

The source represents the base material for the thin film to be developed .it can be a 

solid, liquid, vapor, or gas. When the material is solid, its transport to the substrate occurs 

through vaporization. this can be achieved by thermal evaporation, electron beam, laser 

ablation, or positive ion bombardment (sputtering). These methods are collectively known as 

Physical Vapor Deposition (PVD). 

Occasionally, the solid source is converted into vapor through chemical reaction .in 

other cases, the base material exists as a gas or a liquid with sufficient vapor pressure to be 

transported at moderate temperatures. Processes that use gases, evaporated liquids, or 

chemically evaporated solids as the base material are known as chemical Vapor Deposition 

(CVD) [16]. 

          I.3.2.1. b. Transport  

During the transport stage, the uniformity of the species flux arriving at the substrate 

surface is a critical factor. several factors affect this uniformity, depending on the transport 

medium, which can be a high vacuum or a fluid (mainly gases). In a high vacuum, the molecules 

travel in straight lines from the source to the substrate without collisions. In contrast, in a fluid 

medium, the molecules undergo multiple collisions during their transport. 

In vacuum-based processes, the flux uniformity is determined by the system's geometry, 

while in a fluid medium, it depend on the gas flow rate and the diffusion of source molecules 

among other gases. Typically, processes operating in high vacuum correspond to PVD method, 

while those involving fluid flow are classified as CVD methods. However, this distinction is 

not always absolute. 

Some PVD processes operate in high vacuum, while others, such as laser ablation and 

sputtering, often function at higher pressures typical of fluid environments. Similarly, most 

CVD processes operate at moderate pressures. Many thin-film deposition processes utilize a 

plasma environment. The high energy within plasma enables the activation of thin-film 
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formation at low temperatures. The working pressure of a plasma can be similar to that of a 

fluid [17]. 

          I.3.2.1. c. Deposition 

The third step in thin -film deposition processes is the deposition of the film onto the 

substrate surface. This stage involves nucleation and coalescence processes. The deposition 

behavior is determined by the source; transport condition and three primary factors related to 

the substrate surface: 

1. Surface condition (roughness, contamination level, chemical potential with the 

incoming material).  

2. Reactivity of the incoming material on the surface (sticking coefficient).  

3. Energy delivered to the surface (substrate temperature, photon energy, positive ion 

bombardment) [18].  

          I.3.2.1. d. Analysis 

The final stage in the thin-film fabrication process is the analysis of the deposited film. 

The first level of material evaluation involves direct measurement of its essential properties. If 

these results are insufficient, additional specialized experiments are required to resolve any 

ambiguities in the process [19]. 

      I.3.2.2. Mechanism of Thin Film Growth 

All thin film processes occur in three stages:  

a) Generation of appropriate ionic, molecular, or atomic species.  

b) Transport of these species to the substrate.  

c) Condensation on the substrate, involving nucleation, coalescence, and growth.  

          I.3.2.2.a. Nucleation  

The sputtered species arriving at the substrate are not in thermodynamic equilibrium 

with it and move across its surface. In this state, they interact with each other and form what 

are called   "clusters". Under specific deposition condition these clusters collide with other 

adsorbed species and begin to grow. upon reaching a critical size, these clusters become 

thermodynamically stable, marking the point where the nucleation barrier is overcome [20,21]. 
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          I.3.2.2.b. Coalescence  

The coalescence process occurs is two stages. the first stage Involves the growth of 

stable islands through the absorption of smaller clusters by larger ones. This stage is followed 

by a faster, large-scale coalescence, where the islands, having reached a critical density, flatten 

to increase their surface coverage and merge with neighboring islands. 

If the probability of all islands on the substrate being oriented in the same direction is 

low, the coalescence results in a polycrystalline deposit. conversely, if the islands share the 

same orientation, a thin monocrystalline layer develops [22]. 

          I.3.2.2.c. Growth  

During the growth stage, the islands begin to aggregate into larger structures. This 

tendency to form larger islands is enhanced by increasing the surface mobility of the adsorbed 

species, which can be achieved by raising the substrate temperature. As these larger islands 

continue to grow, they leave channels and voids on the substrate. 

At this stage, the film structure transitions from discontinuous islands to a porous 

network. A continuous film forms as the channels and voids gradually fill [20]. 

I.4. Thin-Film Deposition Methods 

There are several techniques used for thin-film deposition, which can be classified into 

two main categories: Physical Deposition Methods and Chemical Deposition Methods, as 

illustrated in Figure I.3 [22]. This classification is based on the nature of the deposition process 

and is fundamental for understanding the various methods employed in the fabrication of thin 

films and their diverse applications. 

Figure I.3: Thin film deposition techniques. 
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   I.4.1 Physical Deposition Methods  

      I.4.1.1 Physical Vapor Deposition (PVD) 

Physical Vapor Deposition (PVD) is a broad class of techniques for depositing thin films 

(evaporation, laser ablation and various forms of sputtering). Although all these several 

techniques have different steps, there are three basic processes involved in them according to 

[23]: 

• Vaporization of the material to be deposited. 

• Transporting the vaporized material from the source to the substrate. 

• The deposition of the vapor on the surface of the substrate to form a thin film. 

This technique is widely used due to the ability to produce thin films of very high purity, 

uniform thickness and excellent adhesion, which are important for application in electronics, 

optics and surface protection. 

           I.4.1.1.a. Vacuum Evaporation  

Vacuum evaporation is a thin-film deposition method that involves the condensation of 

vaporized material onto a substrate to form coating. The vapor is generated by heating the 

source material [24]. There are a number of heating methods to produce evaporation, including 

electrical heating with the help of a resistance element (Joule effect), magnetic field induction, 

electron beam, laser beam or electric arc, 

 the material to be deposited is placed in a crucible, typically made of tungsten. This 

method is particularly suitable for metallic as evaporation temperature of  the metal is lower 

than the melting point of the crucible.  Figure I.4 shows the basic principle of this process [25]. 

 

Figure I.4: Schematic of vacuum evaporation process with E-beam heating [26] 
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          I.4.1.1.b. Laser Ablation 

Laser ablation (also known as pulsed laser deposition, or PLD) is the use of a high-

intensity pulsed laser beam to irradiate a target material, producing ejection of micron-sized 

particulates during the ablation process. The expelled particulates were caused by the high 

energy of the pulse laser and can significantly affect the optical properties of deposited films 

[27]. When the pulsed laser beam is absorbed by the target, energy is converted into thermal, 

chemical, and mechanical energy and this is followed by evaporation, ablation, plasma 

generation and sometimes even exfoliation [28]. 

A simplified diagram of a typical PLD process is shown in FigureI.5 illustrating a 

vacuum chamber equipped with a window, a substrate holder and a target material. The vacuum 

environment is crucial to minimize interactions with impurity gas molecules. The Substrate 

holder secures the substrate in place and cab be modified to apply heat or an electrical current 

during the deposition. The target serves as the source material to be deposited on the substrate. 

When the pulsed laser beam strikes the target, it generated an ablation plume directed toward 

the substrate where the material condenses to form a thin film [29]. 

PLD targets are typically developed by thoroughly mixing small quantities of finely 

ground powders of the desired material into a liquid and then compressing them into pellets, 

and subjecting them to a controlled heat treatment (sintering) which is the process of heating 

the material to a temperature below its melting point in order to attach the particles together to 

form a solid, dense structure [30]. 

 

 

Figure I.5: Schematic of the PLD process [31]. 
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          I.4.1.1.c. Sputtering Technique  

 Sputter deposition is a widely used physical vapor deposition (PVD) technique for 

growing thin films due to its cost-effectiveness, simplicity, ability to cover large areas, and low-

temperature requirements [32].  

This process involves ejecting material from a cathode and depositing it onto a substrate 

through ion bombardment. The sputtering system typically consists of a vacuum chamber 

housing a metallic anode and cathode. When a voltage of several Kev is applied under a pressure 

above 0.01 mbar, a glow discharge occurs, releasing ions that strike the cathode and dislodge 

target atoms with high kinetic energy.  

For optimal momentum transfer, the bombarding ions should have a mass similar to the 

target material. These sputtered atoms travel linearly and accumulate on the substrate, forming 

a dense, uniform thin film [33]. A schematic representation of the sputtering process is 

illustrated in Figure I.6, which highlights the fundamental stages of ion bombardment and thin-

film growth. 

                    

 

 

 

 

 

 

Figure I.6: Sputtering system diagram [34] 

   I.4.2 Chemical Deposition Methods 

      I.4.2.1 Chemical Vapor Deposition (CVD) 

Chemical Vapor Deposition is a chemical process used to the deposit of thin film by 

introducing gaseous precursor onto a heated substrate. The process involves adding volatile 

compounds along with a carrier gas to a reaction chamber, where controlled chemical reactions 

take place forming solid films that are highly pure and structurally uniform. CVD can be divided 

into thermal CVD, plasma-Enhanced CVD (PECVD) and atomic layer deposition (ALD), 

which each provides advantages in terms of temperature requirements, film deposition rate and 
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film quality. CVD is used worldwide for several advanced applications including the fabrication 

of semiconductor devices, optical coatings, and functional material synthesis. 

          I.4.2.1.a. Atomic Layer Deposition (ALD) 

Atomic Layer Deposition (ALD) is a vapor-phase technique based on sequential self-

limiting surface reactions. In ALD, precursors are alternately introduced into the reaction 

chamber under controlled conditions (e.g., temperature, pressure and precursor chemistry), 

ensuring complete surface saturation at each step. This mechanism enables the deposition of 

highly uniform and conformal thin films even on complex 3D structures, making ALD   ideal 

for applications requiring atomic -scale precision. [35] 

 Figure I.7: Principle of Atomic Layer Deposition (ALD) [36]. 

          I.4.2.1.b. Thermal CVD 

  The thermal process (or Thermal CVD) is the most common sub-technique of the 

Chemical Vapor Deposition (CVD) process. Substrate heating is applied in this process for 

supplying the energy needed for driving the chemical reaction and enhancing atom diffusion. 

There are a number of ways for performing this heating: 

✓ Joule heating: Generated by flowing an electric current through the substrate, 

utilizing its resistive property.                

✓ Thermal radiation heating: Uses a heating rod (such as tungsten) to raise the 

chamber temperature, ensuring better coating uniformity by enhancing atom 

mobility. 

✓ High-frequency induction heating: requires the substrate tp possess both 

electrical and thermal conductivity [37].  
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This process enables the formation of uniform thin film by controlling reaction kinetics 

and material diffusion.                                                                 

          I.4.2.1.c. Plasma-Enhanced CVD (PECVD) 

Plasma-Enhanced Chemical Vapor Deposition (PECVD) is widely used technique for 

depositing thin films at low temperatures on a various substrate. This method involves applying 

an electric field to a chamber containing a reactive gas which generates reactive species such 

as (ions, electrons, radicals, etc.)  through the excitation or dissociation of the gas molecules 

via electron collisions. 

At the substrate surface, these reactive species undergo chemical reactions, leading to 

the formation of a thin film. Additionally, ion bombardment can modify the substrate surface, 

enhance the adsorption of certain species or promote the desorption of others.  

PECVD is versatile and can be used for thin-film deposition as well as etching processes 

[38].  

 

Figure I.8: Experimental Setup of PECVD [39]. 

      I.4.2.2 Sol-Gel Method  

The Sol-gel process is a widely used synthesis method in which molecular precursors in 

a liquid solution (sol) undergo polymerization, forming an oxide network (gel).  This method 

involves a drying stage followed by thermal treatments to remove of organic components, 

resulting in an inorganic oxide material. The sol-gel technique is particularly useful in the 

making of materials of homogenous materials, including powders and thin films, with excellent 

optical properties [40]. There are two main techniques for depositing sol-gel films: 

           I.4.2.2.a. Spin-Coating (Centrifugation)   

This technique involves depositing the sol or gel onto rapidly a rotating substrate  where 

the centrifugal force ensures uniform spreading of the liquid, while excess material is expelled. 
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The final thickness of the coating will be determined by the centrifugal speed, viscosity of the 

solution and deposition time. This method is widely used for thin film production due its 

uniformity in. A schematic of the spin-coating process is shown in Figure I.9 [42]. 

 

 

 

 

 

 

 

Figure I.9: schematic illustration of the spin coating process [41]. 

          I.4.2.2.b. Dip-Coating 

 This technique involves immersing a substrate into a solution containing hydrolysable 

metal components, then withdrawing it at controlled speed, temperature, and atmosphere 

(Figure I.10) [43]. Hydrolysis and condensation reactions occur during this process, forming 

uniform coating. The Film thickness depends on the withdrawal speed, solid content and 

solution viscosity. High-temperature treatments improve film properties but must be carefully 

controlled to avoid cracking [43]. While dip-coating is not as commonly used, it is suitable for 

large-area applications and allows precise control over film thickness with a high uniformity 

[44]. 

 

 

 

 

 

 

 

Figure I.10: A graphical illustration of the dip coating technique [45]. 
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This process is typically carried out either at room temperature or at at temperatures not 

exceeding 100<C, depending on the solvent used. Figure I.11 shows a typical sol-gel process 

applicable for both thin films and powders [46]. 

  

 

 

 

 

 

 

 

 

 

Figure I.11: Overview showing two synthesis examples by the sol–gel method; (a) films from a 

colloidal sol; (b) powder from a colloidal sol transformed into a gel [46]. 

The three main steps of the sol-gel process are: 

1. Preparation of the starting solution, which includes a solvent, a precursor and the 

required additives. 

2. Deposition of the prepared solution onto substrates using various techniques, such as 

dip-coating (M. Ohyyama, 1997) [47] and spin-coating (M.N. Kamalasanan, 1996) [48]. 

3. Pre-heating of the samples at an elevated temperature to evaporate the solvent, leaving 

behind a xerogel film or matrix.  

The process of applying the solution to the substrate and drying it is repeated multiple 

times until the desired film thickness is achieved. The sample is then post-heated (annealed) to 

form the final crystalline structure and eliminate any unwanted organic material. 

For powder production, the gels are typically dried temperature. In, the sol-gel process, 

it is difficult to distinguish between primary particles (small grains or crystallites) and 

secondary particles (agglomerates of primary particles) because grain growth and 
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agglomeration occur simultaneously [49]. Figure I.12 illustrates the Formation of primary 

particles (~2 nm in diameter) that aggregate into secondary particles (~6 nm). 

 

 

 

 

 

 

 

 

 

Figure I.12: Schematic representation of primary and secondary particles in alkoxide gel [50] 

 I.4.2.3 Spray Pyrolysis  

The spray pyrolysis deposition method is being used for thin/thick film development, 

ceramic coatings, and powders. The main advantages of this technique are low cost and easy 

handling while giving good results. Spray pyrolysis has been used for several decades now in 

the glass industry [51] and in the production of solar cells [52].  

Essentially, the method relies on the vaporization and spraying of a solution containing 

various reactive compounds onto a heated substrate, using an atomizer. The substrate 

temperature promotes chemical reactions amongst the compounds which then leads to the 

formation of the desired material [53]. 

A detailed discussion of the mechanisms and technical aspects of this method will be 

discussed in another chapter. 

 

 

 

 

 

 

Figure I.13: Schematic Diagram of the Spray Pyrolysis Deposition Principle. 
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I.5.Conclusion 

This chapter has provided a comprehensive overview of the fundamental principles of 

photovoltaic technology and thin-film deposition techniques relevant to solar energy. It 

addressed the core concepts of photovoltaic effect, the structure and operational mechanism of 

solar cells, and the pivotal role of thin films in enhancing the efficiency and performance of 

photovoltaic devices. Furthermore, a detailed examination of both physical and chemical 

deposition methods was presented, outlining the underlying mechanisms advantages, and 

limitations associated with each technique. 
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II.1. Introduction 

This chapter provides on overview of thin sulfide (SnS) thin films, focusing on their 

material properties, preparation methods, and characterization techniques. SnS is a promising 

material for photovoltaic applications due to the favorable bandgap and high absorption 

efficiency. The chapter covers the selection of SnS as a material, the phase diagram of the Sn-

S system, and its optical, electrical, and growth characteristics; relevant key experimental 

techniques for the analysis of SnS thin film such as ultrasonic spray pyrolysis, X-ray diffraction, 

and UV-visible spectrophotometry are added. Preparation of SnS: Mg thin films through 

ultrasonic spray pyrolysis is presented, explaining the main steps in substrate preparation, 

formulation of precursor solutions and deposition. 

II.2. Tin Sulfide (SnS) 

Tin sulfide (SnS) was first investigated in the early 20th century, with the German 

mineralogist Herzenberg reporting it for the first time in 1932 [1]. Since then, many 

investigations have examined its structural, optical, and electronic properties  for use in 

optoelectronic applications [2].  

SnS has an orthorhombic crystalline structure that has stability and good electronic 

properties; thus, the material is potentially suitable for photovoltaic and optoelectronic devices 

[2]. Moreover, it possesses good thermal stability, thus improving its viability for thin film 

technologies [3]. Jiang and Ozin [4] mentioned that SnS can be doped with a variety of metallic 

and non-metallic elements to improve its physical and chemical properties, making it a suitable 

candidate for developing advanced functional materials. 

   II.2.1 Choice of SnS Material 

Tin(ii) monosulfide (SnS) stands out as one of the best optoelectronic materials having 

properties that can make it a suitable candidate for an absorber in solar cells. The selection of 

SnS in this study is based on the following key characteristics: [5] 

• High chemical and thermal stability during operating conditions 

• An optical bandgap of about 1.3 eV, closely matching the ideal value for maximum 

conversion efficiency of solar energy. 

• High optical absorption coefficient (> 10⁵ cm-¹), which means that an extremely thin 

layer of just a few microns can absorb all photons having energies greater than the bandgap 

energy. 



Chapter II: Characterization and Preparation of Tin Sulfide (SnS) Thin Films 
 

29 
 

• Dual p- and n-type conductivity, depending on the tin concentration, allowing for the 

fabrication of homojunctions. 

Given these advantages, SnS is chosen as the primary absorber in this work. 

   II.2.2. Phase Diagram of the Sn-S System 

Albers et al. presented a comprehensive study on the phase equilibria involving the 

solid, liquid, and gaseous states of the Sn–S system, particularly focusing on the formation of 

tin monosulfide (SnS). Their work established the phase diagram of the system, illustrating the 

stability and transformation of different phases composed of tin (Sn) and sulfur (S). [6] 

This phase diagram is of great importance because it provides insight into the 

thermodynamic conditions under which various tin sulfide compounds, such as SnS, SnS₂, and 

Sn₂S₃  are formed. Specifically, it helps determine the formation domains of these compounds 

based on the sulfur-to-tin (S-Sn) atomic ratio and the temperature. Understanding these 

conditions is essential for optimizing the synthesis process and ensuring the desired phase is 

obtained in thin film or bulk material applications . 

Figure II.1. Phase of the SnS system 
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II.3. Physical properties of SnS 

   II.3.1 Macroscopic Appearance of Tin Sulfide 

Several studies have shown that the color of tin sulfide (SnS) thin films is primarily 

influenced by their crystalline phase and deposition temperature [7]. According to Lee A. 

Burton et al., three different phases exist in the Sn-S system; namely, (i) SnS: dark gray films; 

(ii) Sn₂S₃: black needle-like structures; and (iii) SnS₂: yellow flakes (see Figure II.2). [8].  

Variations in color are attributed to differences in crystal structures and chemical 

composition, which modify the absorption and reflection properties. The deposition conditions 

play a critical role in determining the dominance phase, thereby directly influencing the optical 

and electronic properties of the resulting material.  

 

 

Figure II.2: Macroscopic appearance of tin sulfide [8]. 

   II.3.2 Growth Mechanisms and Kinetics 

The deposition parameters that influence the thickness of tin sulfide (SnS) thin films 

include temperature, deposition time, solution concentration, and flow rate. Figure II.3 shows 

the effect of deposition temperature on the thickness of SnS films synthesized using the 

Chemical Bath Deposition (CBD) method.  

The growth of these films is gradual, as initial particles settle onto the substrate and 

progressively build up the thickness until a stable structure is achieved. However, Longer 

deposition times may sometimes lead material rearrangement, while surface chemical 

interactions can cause a slight reduction in thickness [9]. 

By carefully adjusting the deposition conditions, it is possible to control the film’s 

thickness and optimize its physical properties for various applications, especially in solar cells. 
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Figure II.3: Variation of film thickness with substrate temperature [9]. 

   II.3.3 Crystal Structure 

Tin(II) sulfide (SnS) exhibits multiple crystal structures due to the ability of thin (Sn) to 

adopt two oxidation states ,Sn(II) and Sn(IV).In its most stable form at low temperatures ,SnS 

crystallizes into an orthorhombic Pnma structure, characterized by a layered arrangement of 

two-dimensional sheets (Figure II.4.a) [10].The Sn²⁺ ion coordinates with S²⁻ ions, while the 

lone electron pair of Sn occupies the remaining position in a distorted tetrahedral geometry. 

In addition to the orthorhombic Pnma phase, SnS can also form other polymorphs, 

including the rock salt (Fm-3m), the high-temperature orthorhombic Cmcm, and the zincblende 

(F-43m) structures (Figure II.4. b–d) [10]. 

 Tin disulfide (SnS₂), which has been synthesized for over 200 years, crystallizes in a 

hexagonal P-3m1 structure, where Sn (IV) ions coordinate octahedrally to sulfur in a layered 

configuration similar to rutile SnO₂ (Figure II.4. e) [11,12]. Weak van der Waals interactions 

hold the SnS₂ trilayers together. 

 Tin sesquisulfide (Sn₂S₃) adopts an orthorhombic Pnma structure, containing both Sn 

(II) and Sn (IV) oxidation states. Unlike SnS, Sn₂S₃ consists of one-dimensional chains, where 

Sn (IV) ions occupy central positions with octahedral coordination, while Sn (II) ions adopt 

trigonal-pyramidal arrangements at the chain ends (Figure II.4. f) [10,12] 
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Figure II.4. (a-d) crystal structure of various SnS polymorphs, (e) SnS2 and (f) Sn2S3 (Sn and S 

in grey and yellow color, respectively) [10] 

   II.3.4 Optical Properties of SnS 

Tin sulfide (SnS) has attracted considerable attention in recent years due to its promising 

optical properties, which are crucial for its application as an absorber layer in thin-film solar 

cells, one of the main advantages of SnS is its direct optical band gap of approximately 1.30 

eV, which is close to the optimal value for solar energy conversion (1.50 eV) [13]. This allows 

for efficient absorption of incident solar radiation. 

The refractive index of SnS is around 3.5, and the films generally demonstrate low 

transmittance in the visible range (400-800 nm), which is beneficial for photovoltaic 

applications. The absence of interference fringes in the transmittance spectra (Figure II.5) 

suggests that the surface of the SnS films is relatively rough [14]. 

 

Figure II.5: Dependence of the transmittance versus the photon energy [15] . 
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Table II.1: The optical band gap of SnS material by different techniques 

Technique Cathodic 

electrodeposition 

Spray CBD Thermal 

evaporation 

Pulsed 

electrodeposition 

Co-

evaporation 

Eg(ev) 1.15(19) 1.30-1.40 

(17) 

1.75-1.15(15) 2.15-2.30 (18) 1.46-2 (20) 1.75 (16) 

Table II.1 summarizes the optical band gap (Eg) values of SnS thin films obtained 

through various deposition techniques, such as cathodic electrodeposition, spray pyrolysis, 

chemical bath deposition (CBD), thermal evaporation, co-evaporation, and pulsed 

electrodeposition. The reported Eg values range from 1.15 eV to 2.30 eV, depending on the 

technique and deposition parameters [15, 16, 17, 18, 19, 20]. 

   II.3.5 Electrical Properties of SnS 

Numerous studies have investigated the electrical behavior of tin sulfide with the goal 

of optimizing its performance for electronic and photovoltaic applications. 

The electrical resistivity SnS thin films with an orthorhombic structure and without 

annealing typically falls within   the range of 105 and 106 Ω·cm in the dark. Similarly, SnS films 

with a zinc blende structure, under the same conditions have been reported to exhibit a 

resistivity of approximately 1.7×107 Ω·cm [21]. 

It is widely accepted that such high resistivity is not favorable for solar cell applications. 

However, various fabrication methods have been developed to produce SnS films with 

signification reduced resistivity. For example, as recently reported by Gao Chao, Honglie Shen 

and Sun Lei, thin film produced via the chemical bath deposition have achieved dark resistivity 

values as low as 102-105Ω·cm, which is highly promising for the development of future low-

cost solar cells using SnS as the absorber layer. 

In addition, SnS exhibits dual conduction types, namely p-type and n-type conductivity, 

which enhances its versatility for semiconductor device applications [22]. 

Table II.2: summarizes the electrical properties of SnS films prepared using various 

deposition techniques. [22] 

 

Growth 

technique  

Type Carrier 

density 

(cm-3) 

Mobility 

(cm2V-1S-1) 

Resistivity 

(Ω·cm) 

Activation 

energy 

(ev) 

Ref  

CBD P - 8.99×105 2.53×105 0.527 [23] 

Electron-beam 

evaporation  

- 10 17 1.2 51 - [24] 

Spray  P 1.6×1015 130 37-25 0.46 [25] 
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II.4. Experimental Techniques 

The experimental device used in this study   was designed and assembled at the 

Semiconductor Laboratory of the University of Annaba. It is built from simple components, 

which have been modified to allow for the deposition of relatively homogeneous thin films of 

the selected material. The basic principle and structure of the ultrasonic spray deposition system 

we developed are shown in Figure II.6.  

 

 Figure II.6: Experimental ultrasonic spray setup 

This system was adapted specifically to ensure good control over deposition parameters 

such as substrate temperature, droplet size and nozzle-to-substrate distance, in order to improve 

the uniformity and quality of the resulting thin films. 

   II.4.1 Ultrasonic Spray Pyrolysis (USP) 

      II.4.1.1 Experimental Setup 

The Ultrasonic Spray Pyrolysis (USP) technique is an efficient and cost-effective 

method preparing thin-films, particularly for materials like Tin Sulfide (SnS) and their various 

doped forms such as SnS: Mg. The setup for the ultrasonic spray pyrolysis technique involves 

several components working together to convert the precursor solution into a fine mist, which 

is then deposited on a heated substrate to form the thin film. The experimental setup for the 

preparation of SnS: Mg thin films will be described in this section. 

      II.4.1.2. Working Principle of Ultrasonic Spray Pyrolysis 

The working Principle of ultrasonic spray pyrolysis is similar to conventional spray 

pyrolysis, with the key difference    being the use of ultrasonic energy to atomize the precursor 

solution into a fine mist. In ultrasonic spray pyrolysis, an ultrasonic nebulized is employed to 
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convert the precursor solution into a fine mist that is directed toward the heated substrate. The 

process begins with the generation of high-frequency   acoustic waves (typically in the range 

of 20-40KHz) causing the liquid to vibrate and form fine droplets. 

The droplets size typically ranges from 20 to 40 micrometers and these droplets are 

directed toward the  heated substrate ,where they undergo pyrolysis at the desire temperature 

.The ultrasonic waves create surface instability in the liquid, leading to the formation of  

droplets through the interaction of the wave crests .When these droplets reach the heated 

substrate ( in this study, the substrate is maintained at 350 °C) ,volatile components of the 

solution are  evaporated, leaving behind the desired compounds that deposit onto the substrate 

creating the thin film. 

This technique offers precise control over droplet size and uniformity of the deposited 

thin films. As a result, High-quality, homogeneous thin films with uniform thickness are 

obtained, making this method ideal for large -area application such as solar cells. In our 

experiment, the ultrasonic nebulizer was operated at the frequency of 40 kHz for 30 minutes 

with a constant distance of 4.5 cm between the nozzle and the substrate. 

The substrate was kept at a constant temperature of 350°C during the deposition process 

ensuring proper crystallization of the SnS: Mg films and resulting in optimal thin film quality. 

The schematic diagram of deposition system we developed is shown in Figure II.7. 

 

Figure II :7 Schematic Diagram of the Ultrasonic Spray Pyrolysis System [26] 
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1. Solution flask 

2. Flow controller 

3. Atomizer 

4. Substrate holder 

5. Thermocouple 

6. Temperature regulator 

7. Ultrasonic generator 

8. Resistive heater 

   II.4.2. X-ray Diffraction (XRD) 

X-ray diffraction is generally used for the structural characterization of materials [27]. 

It identifies the crystalline phases present in the sample and provides an evaluation of their 

crystallinity. It also offers information about the crystallographic growth directions of thin films 

[28]. 

      II.4.2.1Principle 

When a monochromatic X-ray beam is directed at a polycrystalline material, it is 

partially reflected by the atomic planes of some crystals. The interference of the scattered rays 

may be constructive or destructive, depending on the spatial direction. As a result, strong or 

weak X-ray signals are observed; these variations correspond to the directions forming the X-

ray diffraction phenomenon [29]. A detector captures the diffracted X-ray beam from the sample 

and records their intensity as a function of the diffraction angle 2θ. When Bragg's law is 

satisfied, a diffraction peak corresponding to the specific family of planes appears in the 

diffractogram [30] 

 

 

 

 

 

 

Figure II.8. Principle of X-ray diffraction . 



Chapter II: Characterization and Preparation of Tin Sulfide (SnS) Thin Films 
 

37 
 

      II.4.2.2. Bragg’s Law 

The direction where constructive interference occurs, called "diffraction peaks ", are 

determined by Bragg’s law, which is expressed as: 

2dhklsin (θhkl) =nλ………….…. (II.1) 

Where: 

• dhkl: is the interplanar spacing between crystal planes. 

• λ: is the wavelength of the X-rays. 

• n: is the diffraction order. 

• θhkl:  the angle between the incident beam and the diffracting planes with Miller 

indices [31]. 

 

 

 

 

 

 

Figure II.9. Bragg's Law reflection 

      II.4.2.3. Determination of Crystallite Size 

From the diffraction spectra, the crystallite size of each deposited phase can be estimated 

using the Scherrer formula, given by the following relation [32]: 

D=
(𝟎.𝟗.𝝀)

𝜷.𝑪𝒐𝒔𝜽
………….…. (II.2) 

Where: 

• D: is the average crystallite size. 

• β: is the full width at half maximum (FWHM) in radians of the diffraction peak 

at 2θ. 

• θ: is the diffraction angle in degrees. 
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• λ: is the wavelength of the X-ray beam (Å) [29] 

 

 

 

 

 

 

 

 

Figure II.10. Illustration Showing the Definition of β from the X-ray Diffraction Curve.  

      II.4.2.4 Experimental Setup 

In this study, the Crystalline structure of the Mg-doped SnS thin films was characterized 

using an X-ray diffractometer (Malvern PANalytical® Empyrean Series) equipped with a using 

a Cu-Kα radiation source of wavelength 1.5418 Å. The diffraction patterns were recorded over 

a 2θ between range from 10°to 80°which allowed for comprehensive analysis of the analysis of 

crystallographic structure and phase composition of the synthesized thin films [33]. 

 

 

 

 

 

 

Figure II.11: X-ray Diffractometer (Malvern PANalytical® Empyrean Series) . 

   II.4.3 UV–Visible Spectrophotometry 

UV-visible spectrophotometry is widely employed to analyze the optical properties of 

thin film materials. It provides valuable information about the optical absorption edge, 

absorption coefficient, optical band gap, Urbach energy, and refractive index. In certain cases, 

this technique can also be used estimate the film thickness. 
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      II.4.3.1. Principle 

The working principle of a UV-visible spectrophotometer is based on the measurement 

of lights absorption and transmission through a sample across the ultraviolet and visible regions 

of the electromagnetic spectrum. The instrument typically uses two lamps (deuterium for UV 

and a tungsten-halogen for visible light) that together cover the full spectral range. A 

monochromator selects the desired wavelengths and scans through the spectrum by varying its 

position. 

The monochromatic light beam is then split and directed towards both the sample and a 

reference path. As the light passes through the sample, its intensity is attenuated depending on 

the materials absorption characteristics. A photodetector compares the transmitted intensity to 

the reference, and the resulting signal is amplified and processed to generate transmission and 

absorption spectra [34]. 

Figure II.12: Schematic Representation of a UV-Visible Spectrophotometer 

In the present work, optical measurements were performed using a Perkin Elmer 

Lambda 950 UV-Vis spectrophotometer. Transmission and absorption spectra of the SnS: Mg 

thin films were recorded in the visible range to determine optical parameters such as bandgap 

energy, which is one of the important characteristics justifying the suitability of the material for 

optoelectronic and photovoltaic applications [33]. 

 

 

 

 

Figure II.13: Perkin Elmer Lambda 950 UV-Vis spectrophotometer 
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   II.4.4. Electrical Characterization by Hall Effect 

The Hall-effect electrical characterization technique was used to determine resistivity, 

type of conduction, carrier concentration, and mobility of charge carriers in our samples.  

The basic physical principle on which this technique is based [Putley 1960] is the 

Lorentz force. When an electron moves under the influence of an electric field in a direction 

perpendicular to an applied magnetic field (B), it experiences a force perpendicular to the plane 

formed by its trajectory and B. For n-type semiconductors, the charge carriers are primarily 

electrons with a density NH.  

Consider an example of a rectangular semiconductor (Figure II.14). When a magnetic 

field B is applied perpendicular to the sample plane (in the z-direction), the negatively charged 

carriers experience the Lorentz force and deflect from the current path in the y-direction. The 

deflection of electrons causes an accumulation of charge on the sides of the sample, inducing a 

potential difference between the two sides of the sample [21] . 

 

 

 

 

 

 

 

Figure II.14: Schematic Representation of the Hall Effect 

 

This potential difference is called the Hall voltage (VH), and its magnitude is given by 

the equation: 

VH=I.
𝑩

𝒒.𝑵𝑯.𝒅
………….…. (II.3) 

where: 

• q: is the charge of the electron, 

• d: is thickness of the conducting layer. 
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In this study, the HMS-3000 Hall Effect Measurement System was used to measure the 

electrical properties of the SnS: Mg thin films. This system is equipped with high precision for 

determining the carrier concentration, mobility, and resistivity. The hall voltage is measured 

under conditions and data are analyzed to derive the required electrical characteristics of the 

samples [33]. 

 

 

 

 

 

 

 

Figure II.15: Setup of the HMS 3000 Instrument Used for Electrical Characterization. 

II.5. SnS: Mg Films Prepared by Ultrasonic Spray Pyrolysis 

The SnS: Mg thin films were synthesized using the Ultrasonic Spray Pyrolysis (USP) 

method, which is a chemical deposition method that uses an aqueous precursor solution 

converted to a fine mist. This mist is directed onto a heated substrate, where the chemical 

compounds decompose thermally and form a thin film. This technique is recognized for its 

simplicity, cost-effectiveness, and ability to produce uniform films with controlled composition 

[33]. 

   II.5.1. Substrate Preparation 

Glass substrates served as an undercoat for film deposition. Before deposition, the 

substrates underwent a very thorough cleaning protocol to get away with surface contaminants 

which might have adversely affected film quality and adhesion likely to affect quality of films 

and their adhesion to substrates. The cleaning was done through two main provisions: 

• Degreasing of preventive measure with ethanol: The glass slides were suspended 

in ethanol and scrapped gently to get rid of any organic residues such as oils and greases. 



Chapter II: Characterization and Preparation of Tin Sulfide (SnS) Thin Films 
 

42 
 

• Final rinse with double-distilled water: High-purity distilled water wash 

eliminated any remaining inorganic impurities to avoid salt residues during drying.  

This cleaning procedure ensured the substrates were chemically clean, suitable to allow 

even growth of films [33]. 

   II.5.2. Precursor Solution Preparation 

The deposition solution was prepared by dissolving the following components in 50 mL 

of distilled water:  

• Tin (II) chloride dihydrate (SnCl₂·2H₂O): used at a concentration of 0.1 M, 

serving as the source of Sn²⁺ ions. 

• Thiourea (CS(NH₂) ₂): also used at a concentration of 0.1 M, acting as the 

source of S²⁻ ions necessary to form the SnS compound. 

After both compounds were dissolved thoroughly in water then magnesium chloride 

dihydrate (MgCl₂·2H₂O) was added into the same solution in varying proportions so as to 

incorporate magnesium into SnS matrix. 

 The magnesium doping levels were set at y=0%, 2%, 4%, 6%, and 8%, where y 

represents the molar ratio of Mg relative to Sn in the precursor solution. By varying the level 

of doping, we hoped to assess the impact of concentration of magnesium on the structural, 

optical, and electrical properties of the resulting SnS: Mg thin films [33]. 

The following figure illustrates the experimental steps taken to prepare the solution: 

 

Figure II.16: Experimental steps for preparing the magnesium-doped precursor solution. 
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   II.5.3. Ultrasonic Spray Deposition 

Once the precursor solution was ready, it was loaded into the tank of the ultrasonic spray 

pyrolysis system. This system includes a vibrator operating at frequency of 40 kHz, which 

converts the liquid solution into fine and homogeneous mist composed of micron-sized 

droplets. This frequency is ideal for generation uniform droplets that allow for consistent film 

thickness and quality. 

The mist was directed toward the glass substrates sitting on a hot plate held at a constant 

temperature of 350 degrees, which was sufficiently hot to ensure that thermal decomposition of 

the chemical species and formation of the SnS: Mg film on the substrate surface occurred. 

During the deposition, the following parameters were maintained: 

• Spray time: 30 minutes, providing sufficient time for a uniform and adequately 

thick films to form. 

• Nozzle-to-substrate distance: 4.5 cm, carefully chosen   to allow the droplets 

to reach the substrate without evaporating prematurely or dispersing irregularly. 

These conditions especially the substrate temperature, solution concentration, spray 

time and nozzle distance were strictly controlled throughout the experiment as they significantly 

influence the resulting film’s morphology, thickness and physical characteristics [33]. 

II.6. Conclusion  

In this chapter, we examined the characterization and preparation of thin sulfide 

(SnS)thin films, focusing on their potential for photovoltaic applications. we began by 

explaining rational behind selection as an absorber material, based on its phase stability and 

favorable properties. The chapter then explored the optical, electrical, structural, and 

morphological characteristics of SnS, demonstrating its suitability for thin-film solar cells. Key 

experimental technique used for the investigation and characterization of SnS were discussed 

in detail, including ultrasonic spray pyrolysis (USP), X-ray diffraction (XRD), UV-visible 

spectrophotometry and Hall effect measurements. Finally, we described the step-by-step 

preparation of magnesium doped SnS (SnS: Mg) thin film using the USP technique. 
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III.1. Introduction  

Chalcogenide materials have been major role in the field of photovoltaic devices due to 

its exciting opto-electrical properties [1, 2]. SnS thin films are specially candidate as absorber 

layer in the construction of solar cells technology [3–4], owing to their orthorhombic structure 

[3] band gap in range of 1.3 to 1.7 eV [5] and high absorption coefficient in visible region (~ 105 

cm −1). SnS thin film has been synthesized by various methods like ultrasonic spray pyrolysis 

[6–7]. Doping of semiconductors with transition metal ions is very essential for electronic and 

optoelectronic applications. When SnS is doped with Magnesium impurities, Sn2+ ions are 

replaced by (Mg2+) ions which improve the optoelectrical properties. This chapter presents the 

effect of Mg incorporation on the structural, optical and electrical properties of SnS thin films 

synthesized by USP and annealed at 350 °C. 

III.2. Structural analysis 

XRD pattern of pure and SnS:  Mg thin films (2%, 4%, 6%, and 8%) are shown in Figure 

III 1. SnS growth looks to be crystalline. The SnS thin films exhibit an orthorhombic crystalline 

structure, with a high orientation along the (130) direction. 

 

 

 

 

 

 

 

 

 

 

 

Figure III.1: XRD patterns of pure and SnS:  Mg thin films 

For the prepared thin films using 0%, 2% and 4% of Mg, it can be observed the presence 

of two phases SnS2 and SnS. Peaks of SnS2 with (100) and (102) matching planes were detected 
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at 2θ values of 28.20◦, and 41.88◦, respectively, these findings correspond to file numbers 

JCPDS 23-0677.  

Peaks corresponding to SnS2 were observed at 2θ values of 28.20° and 41.88°, matching 

the (100) and (102) planes, respectively, consistent with JCPDS 23-0677 data. Hence, with 

higher Mg incorporation levels (6% and 8%), all reflections can be attributed to the pure 

orthorhombic SnS phase associated to JCPDS 01-079 2193 data. There is an absence of peaks 

corresponding to other SnS phases, suggesting the formation of pure SnS thin films.  

The values the diffracting angles are 26.36◦, 55.13◦, 66.33◦, and 70.56◦, respectively, 

with corresponding planes (021), (130), (224), (401), and (403). However, with the increase in 

Mg incorporation concentration from 4 to 6%, the preferred orientation change, due to the 

deteriorated of the secondary phase (SnS2), leading to a higher predominance of the SnS pure 

phase. The Mg doping can also lead to changes in the peak shifting and intensity of diffraction 

peaks [8]. 

 Therefore, the shift in the diffraction peak position of SnS in response to Mg doping 

aligns with Vegard’s law, indicating that the presence of Mg atoms has induced an assessable 

change in the lattice parameters of the SnS crystal structure [9].  

This observation further supports the successful incorporation of Mg dopant cation into 

the SnS lattice and underscores the structural modifications induced by doping without the 

formation of secondary phases SnS2. Hence the substitution of smaller dopant ions, like Mg2+ 

(65 pm), for larger host ions, such as Sn2+ (118 pm), leads to lattice distortion due to the disparity 

in ionic sizes [10].  

This distortion alters the interatomic distances within the crystal lattice, consequently 

causing a shift in the diffraction peaks position in the XRD pattern. 

Furthermore, Mg incorporation can influence the growth and alignment of crystalline 

domains within SnS thin films, leading to enhancements in their structural properties. The 

incorporation of Mg2+ dopant ions, into the SnS lattice can promote better layer alignment and 

crystalline quality by reducing lattice defects, enhancing grain growth, and improving the 

overall structural coherence of the material. Indeed, the data suggest that increasing the doping 

concentration above 4% enhances the crystalline quality of the film. Specifically, a notable 

increase in peak intensity at 6% SnS:  Mg indicates that the film possesses high crystalline 

quality. 
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 Debye–Scherrer formula [11] relates the broadening of diffraction peaks in the XRD 

pattern to the crystal lite size (D) of the SnS material is given by:  

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
…………. (III.1) 

 

where: 

• K is the shape factor (typically taken as 0.94 for isotropic crystals) . 

• λ is the wavelength of the X-ray radiation used (usually CuKα radiation with 

λ = 1.5406 Å) . 

• β is the full-width at half maximum (FWHM) of the diffraction peaks . 

• θ is the Bragg angle of the highest diffraction peak. 

Williamson and Smallman’s formula [12] for determining dislocation density (δ) of 

deposited SnS: Mg thin films is typically expressed as: 

ẟ=
1

𝐷2
…………. (III.2) 

The relation for estimating micro strain (ε) developed in the synthesized SnS:  Mg 

samples in materials is often given as [13]:  

ɛ=
𝛽𝑐𝑜𝑠𝜃

4
…………. (III.3) 

Hence, Table III.1 containing the results for microstructural parameters as show in table 

below. 

 

 

 

 

 

Table III.1: Microstructural parameters of pure and SnS: Mg thin films 

Mg doping 

atomic 

percentage (at. 

%) 

Thickness  

(nm) 

Crystallite 

size (D) 

nm 

Dislocation density 

(δ)×10-4 (lines. nm-2) 

Micro strain 

(ε) × 10−4 

0 652 108 0.86 3.22 

2 655 81 1.54 4.304 

4 625 54 3.42 6.41 

6 673 90 1.23 3.53 

8 698 90 1.24 3.5 
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Furthermore, the crystallite size and micro strain are shown in Figure.III.2 The real 

crystal atomic arrangement deviates locally from the ideal crystal structure due to the presence 

of defects in the crystal structure.  
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Figure III. 2:Variation of crystallite size and Strain of pure and SnS:  Mg thin films 

 

According to the Figure III.2 it can be noticed that the micro strain increase with Mg 

incorporation increasing from 0 to 4%, which implies a falling in crystallite size leading to a 

deterioration in the film’s crystallinity. Nonetheless, with increasing Mg incorporation to 6% 

and 8%, the crystallinity increases to 90 nm, though the micro strain decreases to 3.53 × 10–4. 

Additionally, the increase in crystallinity could be attributed to the enhanced crystal growth 

facilitated by Mg incorporation. When Mg atoms are incorporated into the SnS lattice, they may 

aid in stabilizing the crystal structure and promoting the growth of larger crystallites associated 

with a potentially reducing the formation of defects such as dislocations [14]. The reduction in 

micro strain values observed when the incorporation of Mg is above 4% suggests several effects 

on the crystallinity of the samples. 

III.3. Optical analysis  

The optical properties of Mg-doped SnS thin films were systematically investigated 

through transmittance and band gap within the wavelength range of 350–800 nm. These 

analyses reveal critical insights into the influence of Mg incorporation on the optical behavior 

of the films. 
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Figure III.3: Transmission spectra of SnS  :Mg samples 

Figure III.3 showing the transmittance spectra provided information about the amount 

of light transmitted through the SnS  :Mg films in the range of 350 – 800 nm. An increase in 

transmittance with increasing incident wavelength suggests a trend where the Mg-doped SnS 

film becomes more transparent at longer wavelengths. The transparency is less for 6% SnS:  Mg 

film comparing to other concentrations (2%, 4% and 8%) except the pure film. The decrease in 

transmittance of 6% SnS:  Mg sample may be caused by the Mg/Sn ratio increases accompanied 

also by an increasing in carrier concentration.  

It seems that the SnS: Mg  films, except for those with an 8% Mg incorporation 

concentration, exhibit an average optical transmittance of approximately 10%. This suggests 

that these films may be suitable for photovoltaic applications as a good absorber. 

Therefore, it can be concluded that all films irrespective of the Mg incorporation level 

employed are absorbent in the visible range (400-750 nm) of the optical spectrum, reaching 

values of transmittance less than 8% at 550 nm. The increase of transmittance at higher Mg 

incorporation levels (>4 at. %) may be attributed to the decreased scattering of photons by 

crystal defects created by doping. The free carrier absorption of the photons may also contribute 

to the observed increasing in the optical transmission of heavily Mg incorporation films. It is 

worth noting here that the 6 at. % represents the optimum Mg incorporation concentration. 
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Figure III.4: Variation of (αhѵ) 2 as a function of the photon energy (hѵ) . 

Figure III.4 represents typically plot for pure SnS film yields an optical band gap of 1.96 

eV. For pure SnS, optical band gap is obtained 1.96 eV. Doping SnS with Mg impurities has a 

significant impact on its optical band gap. It is decreased from 2.16 eV to 1.59 eV with Mg 

incorporation concentration increasing from 2 to 6% and then increased to 1.68 eV for 8 at.%. 

This significant decrease in band gap of SnS when the Mg at. % increase indicates that 

it is more conducive to absorbing lower-energy photons, which indicates an improvement in 

crystallinity [15, 16]. However, as the Mg incorporation concentration increases beyond 6%, 

the band gap stabilizes and even slightly increases at 8 at.%. 

The incorporation of 6% Mg impurities in the SnS film, results in a lower band gap of 

1.59 eV. Achieving a band gap, especially through doping, can have significant implications for 

the material's properties and potential applications [17, 18]. 

III.4. Electrical properties  

The Electrical properties of pure and SnS:  Mg thin films is determinated by using Hall 

Effect measurement system, it is an important test in the photovoltaic field to determine its 

maximum benefit in solar energy conversion. The influence of the Mg incorporation on 

electrical proprieties of SnS matrix has been investigated based on the study of resistivity, 

conductivity, Hall mobility, carrier density, and the conductivity type of the films, the obtained 

results were listed in Table.III. 2, and the variation of resistivity and conductivity values with 

respect to Mg incorporation is clearly illustrated in FigureIII.5. 
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Table III.2: Summarizes values of electrical proprieties of pure and SnS: Mg thin films 

 

 

 

 

 

 

 

 

 

 

Figure III.5: Variation of Resistivity and Conductivity with Mg Incorporation in SnS Thin Films 

 

Hall Effect measurements are indeed crucial for understanding the electrical properties 

of materials, including thin films like pure and SnS: Mg. These measurements provide valuable 

insights into parameters such as resistivity, conductivity, carrier density, mobility, and even the 

type of conductivity exhibited by the films. Comparing these obtained results  summarized in 

Table III.2, the impact of Mg incorporation on the electrical properties of the material can be 

assed. This information is vital for optimizing the performance of SnS thin films in photovoltaic 

applications, aiming for improved solar energy conversion efficiency.  

A Significant decrease in the electrical resistivity of SnS: Mg films was revealed due to 

the substitution of Mg ions with SnS. It achieves a minimum at 1.58 × 10–2 Ω.cm for 6% Mg 

incorporation, whereas the higher conductivity value observed at 63.3 Ω−1 cm−1 which caused 

by the improvement in the grain size in accordance with XRD results. In addition, the carrier 

Mg incorporation 

percentage (at. %) 

Resistivity 

(Ω.cm) 

Conductivit

y 

(Ω-1.cm-1) 

Mobility 

(cm2/Vs) 
Carrier density 

 (cm-3) Type cond. 

0 (Pure) 5.34 x 102 1.87 x 10-3 5.12   2.25 x 1015 P 

2 2.11 x 101 4.73 x 10-2 7.21 4.10 x 1016 P 

4 2.20 x 10-1 0.45 x 101 17.23   1.61 x 1018 P 

6 1.58 x 10-2 6.33 x 101 21.54 1.47 x 1019 P 

8 1.83 x 10-1 1.54 x 101 16.76 1.02 x 1018 P 
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con centration depicts a considerably increased attains a maximum at 1.47 × 1019 cm−3 for 6% 

Mg incorporation due to addition of Mg impurities into SnS matrix. Also, similar behavior was 

presented in Hall mobility at the same Mg incorporation percentage with obtained values of 

21.54 cm2/Vs. Confirming p-type conductivity from Hall measurements of pure and SnS: Mg 

films indicates that the holes are the majority charge carriers in these materials. 

III.5. Conclusion  

The synthesis and characterization of pure and SnS: Mg thin films deposited by spray 

pyrolysis under different Mg incorporation concentration (2%, 4%, 6% and 8%) have been 

investigated. Structural analysis identified that the grown films have an orthorhombic crystal 

structure which clearly affected by the incorporation of Mg impurities into SnS matrix. In 

addition, optical studies presented the visible region transmittance of synthesized films and 

showed the low band gap value of 1.59 eV for optimized incorporation con centration.  The 

Hall Effect measurements presented the low resistivity of 1.58 × 10−2 Ω cm with high mobility 

of 21.54 cm2/Vs and very high carrier concentration of 1.47 × 1019 cm −3 for 6 wt.% of SnS: Mg 

thin film. These findings confirm that the 6% Mg-doped SnS thin film exhibits promising 

properties for photovoltaic applications. 
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General Conclusion 

This study has explored the synthesis and characterization of the magnesium doped of 

tin sulfide (SnS: Mg) thin films with a view to their application in photovoltaic devices. 

Beginning with a foundational review of  photovoltaic technology and thin-films deposition 

methods, we established a clear  understanding  of the principles and mechanisms underlying  

the photovoltaic effect  , along with the pivotal role of thin-film materials in enhancing solar 

cell performance .A comparative analysis of physical and chemical deposition methods 

highlighted the advantages of ultrasonic spray pyrolysis (USP) as an effective , low-cost 

technique for fabricating semiconducting thin films . 

Building upon this theoretical foundation, we examined the specific properties of SnS 

as a promising absorber layer, due to its favorable optical bandgap, phase stability and 

environmental compatibility. The comprehensive study of its structural, optical and electrical 

characteristics demonstrated its high potential for integration into next-generation solar cells. 

We then extended the investigation to Mg-doped SnS thin films, focusing on variation in doping 

concentration to optimize material performance.  

The experimental results revealed that the incorporation of mg significantly influenced 

the structural orientation, optical absorption, and electrical conductivity of SnS thin films. In 

particular, the films doped 6% Mg exhibited optimal properties, including low resistivity, high 

carrier mobility, and a narrow bandgap, all of which are crucial foe efficient photovoltaic 

conversion. 

Finally, this work contributes valuable insights into cost-effective, non-toxic, and high-

performance absorber materials for thin -film solar cells. The findings confirm that SnS  :Mg, 

particularly at optimized doping levels, holds great promise as a candidate for future 

photovoltaic applications. 

 

 

 

 

 


