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Résumé: 

 

 L’effet de la substitution du baryum par le calcium et de l’étain par le plomb sur les 

propriétés structurales, optiques et luminescence des films de stannate de baryum déposés par 

spray pyrolyse sur des substrats en verre a été étudié dans ce travail, en fonction du rapport 

volumique de la solution à base de calcium RCa et le rapport volumique de la solution à base 

du plomb RPb. Les propriétés structurales, optiques et photoluminescence des films d’oxyde 

d’étain de baryum-calcium déposés ont été caractérisées par diffraction des rayons X (XRD), 

spectroscopie UV-visible et spectroscopie de photoluminescence (PL), respectivement. On a 

également mesuré l’épaisseur des films. Toutes les expériences ont été effectuées à une 

température du substrat de 500 °C.   

La DRX a montré que la substitution du baryum par le calcium induit une transition de phase 

indirecte de Ba3SnO à Ca3SnO qui a été le même résultat pour la substitution de l’étain par le 

plomb durant la transition vers le Ba3PbO. Des phases métastables ont été identifiées pour les 

deux séries d’échantillons. En fonction de RCa, la transmittance moyenne, dans le domaine 

visible, a augmenté de 50 à 80% tandis que l’énergie du gap a diminué de 3,14 à 3,09 eV. Les 

spectres PL ont révélés que la substitution du baryum par le calcium et de l’étain par le plomb 

augmente la concentration d’oxygène double ionisé (VO
++

). Le comportement semi-

conducteur et la présence de défauts ont rendu les films déposés des matériaux prometteurs 

pour l’optoélectronique, la détection de gaz et les dispositifs de conversion photovoltaïques. 

 

Mots clés :  

Oxyde d’étain de baryum; Substitution; Transition de phase; Énergie du gap, lacunes 

d'oxygène. 

 



Abstract: 

 The effect of the substitution of barium by calcium and tin by lead on structural, optical and 

luminescence properties of spray deposited barium tin oxide films onto glass substrates was 

studied in this work, as a function of the calcium-based solution volume ratio RCa and lead-

based solution volume ratio RPb. The structural, optical and photoluminescence properties of 

deposited barium-calcium tin oxide films were characterized by x-ray diffraction (XRD), UV-

visible spectroscopy and photoluminescence spectroscopy (PL), respectively. Measurement of 

the films thickness has been also done. All experiments were done at a substrate temperature 

of 500°C.  According to x-ray diffraction (XRD) patterns, the substitution of barium by 

calcium induced an indirect phase transition from Ba3SnO to Ca3SnO which is the same result 

for the substitution of tin by lead during the transition to Ba3PbO. Metastable phases were 

identified for both series of samples. As a function of RCa, the mean transmittance, in the 

visible domain, increased from 50 to 80% while the band gap energy decreased from 3.14 to 

3.09 eV. PL spectra revealed that the substitution of barium by calcium and the substitution of 

tin by lead increased the concentration of double ionized oxygen vacancies (VO
++

). The 

semiconducting behavior and the presence of defects made the deposited films promising 

materials for optoelectronics, gas sensing and photovoltaic conversion devices. 
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General Introduction 

Transparent conducting oxides (TCOs), which combine high optical transparency in visible 

wavelengths with high electrical conductivity, have a wide range of applications in various 

fields such as solar energy, flat panel displays, and smart coatings [1, 2]. Many oxide 

materials, such as ZnO, SnO2, and In2O3, have been widely investigated. However, these well-

known material systems are still having some drawbacks such as the instability of oxygen 

content, fatigue, and degradation. Thus, there has been a challenge to find an appropriate 

alternative transparent material to have better properties. 

Oxide materials with the perovskite structure, having a chemical formula ABO3 are the 

subject of immense focus due to their exceptional optoelectronic capabilities in recent 

decades. Perovskites have historically been considered compounds with various intriguing 

properties that are highly dependent on the crystal structure composition . Photovoltaic 

devices and other optoelectronic technologies, such as lasers and light-emitting diodes, have 

exhibited excellent performance using perovskite materials. Perovskites have emerged as 

potential compounds for manufacturing solar cells during the last decade, potentially meeting 

our rising energy needs by significantly harvesting solar energy. 

In particular, barium tin oxides with the chemical formula BaSnO3 are important transparent 

materials due to interesting physical properties and perovskite structures [3, 4]. BaSnO3 

(BSO) is an ideally cubic perovskite-type oxide. It behaves as an n-type semiconductor, which 

has a wide band gap and exhibits a high transmittance of more than 85% in the visible region. 

BaSnO3 has been used in various fields such as physical sensors, epitaxial structure, and 

future photovoltaic technology [5, 6]. Recent research shows that BSO doped with lanthanum 

(La) shows great advantages of thin film formation. It has been reported that La-doped 

BaSnO3 (BLSO) has a high mobility of 320 cm
2
 V

-1
s

-1
 for carrier concentration of 8 10

19
 cm

–

3
 and a band gap of more than 4 eV, which is significantly larger than those from typical 
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transparent conductive oxides. Consequently, BSO is a promising candidate for transparent 

conductor applications.  

Similar to   perovskite oxides, the anti-perovskite  oxides with the chemical formula A3BO  

(A = Mg, Ca, Sr, Ba, Eu, Yb and B = Si, Ge, Sn, Pb), have been attracting attention as an 

alternative platform for prospecting unique physical properties,  such as  superconductivity, 

electrolytic, electrostriction, piezoelectric, thermoelectric properties, magnetic and optical 

properties.  The anti-perovskite oxides can be appear as non-metals, semiconductors, metals 

as well as superconductors therefore they have interesting material [7]. This makes them 

capable of being used in different applications. 

 The interesting properties of anti-perovskite oxides are due to their bulk Dirac fermions. 

Following the theoretical prediction that some materials in the anti-perovskite oxide family 

have three-dimensional Dirac fermions [8], a number of experimental and theoretical efforts 

have been devoted to exploring the possible presence of bulk Dirac fermions in anti-

perovskite oxides[9-12]. The anti-perovskites carbide and nitride have been extensively 

studied but the family of oxides such as Ca3SnO [13], and Ba3SnO [14, 15] have been less 

investigated.  

In particular, Barium tin oxide Ba3SnO has revealed direct (Γ-Γ) and small band gap nature, 

which demonstrate significant of this anti-perovskite oxide for optoelectronic device 

applications. Barium tin oxide thin films can be synthesized by various deposition techniques 

such as PVD (physical vapor deposition) and CVD (chemical vapor deposition). Whatever 

technique is used, the obtained films are extremely influenced by the deposition parameters.  

The aim of this work is to study the effect of the substitution of barium by calcium on 

structural, optical properties of barium tin oxide thin films deposited using chemical spray 

pyrolysis technique. The present thesis is organized in three chapters in addition to a general 

introduction and a general conclusion.  
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In the first chapter, we present the bibliographic overview of thin films by giving their 

definition, application, principal of deposit, growth mechanism and also the deposition 

methods, in the first section. In the second section, we first give an overview of the properties 

of ABO3 perovskite oxides focusing on BaSnO3, by introducing their structural, optical and 

electrical properties as well as their applications. Then, we discuss A3BO anti-perovskite 

oxides focusing on Ba3SnO, by introducing their structural, optical and electrical properties as 

well as their applications.  

In the second chapter, first we present the deposition system used for preparation of barium–

calcium tin oxide thin films using chemical spray pyrolysis. Then, we describe the different 

characterization techniques used to study the effect of the substitution of barium by calcium 

on structural, optical and luminescence properties of deposited barium tin oxide films.  

The third chapter is essentially devoted to the presentation and discussion of the results of the 

structural, optical, and photoluminescence characterizations of barium–calcium tin oxide thin 

films, as a function of the calcium-based solution volume ratio RCa and barium lead-tin oxide, 

as a function of lead-based solution volume ratio RPb. These characterizations were performed 

by different techniques such as x-ray diffraction (XRD), UV-visible spectrophotometry, 

photoluminescence (PL) spectroscopy in addition to thickness measurements by surface 

profilometry. 
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In the first section of this chapter, we will   present the bibliographic overview of thin films by 

giving their definition, application, principal of deposit, growth mechanism and also the 

deposition methods. In the second section , we will first give an overview of the properties of 

ABO3 perovskite oxides focusing on BaSnO3, by introducing their structural, optical and 

electrical properties as well as their applications. Then, we will discuss A3BO antiperovskite 

oxides focusing on Ba3SnO, by introducing their structural, optical and electrical properties as 

well as their applications.  

 

I.1. Thin films 

I.1.1. Definition of a thin film 

A thin film of a material can be define that is an element of this material so that its thickness 

is greatly reduced, which is expressed with nanometers (1 to 100 m
-9

).The small distance 

between the two boundary surfaces gives a disturbance of the physical, chemical and 

mechanical properties (Figure I.1). The essential difference between the material it’s in the 

bulk state and it’s the thin state related to the fact that the role of the boundaries in the 

properties is usually neglected in the bulk state of materials, but in the thin state, on the 

contrary, the effects related to the boundaries are preponderant and very important [16]. It is 

quite obvious that the lower the thickness, the greater the bidimensionality effect. Conversely, 

when the thickness of a thin layer exceeds a certain threshold, the effect of thickness will 

become minimal and the material will return to the well-known properties of the solid state of 

material [17]. The second essential characteristic of a thin layer is that, whatever the 

procedure used for its manufacture, a thin layer is always integral with a substrate on which it 
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is built (even if it sometimes happens that one separates the thin film of said substrate). 

Consequently, it will be imperative to take into account this major fact in the design, namely 

that the substrate has a very strong influence on the structural properties of the layer deposited 

therein. Thus a thin layer of the same material, of the same thickness may have substantially 

different physical properties depending on whether it will be deposited on an amorphous 

insulating substrate such as glass, or a monocrystalline silicon substrate, for example. The 

purpose of the thin layer is to give particular properties to the surface of the part while 

benefiting from the massive properties of the substrate (in general: mechanical resistance), for 

example: 

* Electrical conductivity: metallization of the surface, for example to observe an insulating 

sample under a scanning electron microscope. 

* Optical: mirror glass, anti-reflective treatment of camera lenses, nickel plating of fire elmets 

to reflect heat (infrared), gilding of their visor to avoid glare [18]. 

                  

Figure I.1: Schematic of thin film deposited on a glass substrate [17]. 

 

I.1.2. Principle of deposit of thin films 

To form a thin layer on a solid surface (substrate) the particles of the coating material must 

pass through a conductive medium until intimate contact with the substrate. When the 
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substrate arrives, a fraction of the coating particle adheres or reacts chemically with the 

substrate. The particles can be atoms, molecules, ions or fragments of ionized molecules. The 

transport medium can be solid, liquid, gas, or vacuum: 

a) Solid: in this situation, the substrate is in contact with the solid, only the particles which 

diffuse from the solid towards the substrate form a layer. Often, it is very difficult to obtain 

thin films by contact between solids, for example: the diffusion of Oxygen from Silica to form 

a thin SiO2 layer on a Silicon substrate. 

b) Liquid medium: it is easier to use than the first case, because the material is more versatile 

in this state (epitaxy in liquid phase, and electrochemical, sol gel…). 

c) Gas or vacuum: this is a CVD type deposit where the difference between the gaseous 

medium and the vacuum is the average free path of the particles. There is no standard thin 

film deposition method that can be used in different situations. Substrate preparation is often a 

very important step for thin layer deposits in order to obtain good adhesion [19]. 

I.1.3. Formation of thin films 

The process of depositing a thin layer is carried out in three stages [20]: 

 Synthesis or creation of the species to be deposited. 

 Transport of these species from the source to the substrate. 

 Deposition on the substrate and growth of the layer. 

 

Depending on the process followed, these steps can be completely separate from each other or 

else superimposed. Figure I.2 illustrates, in general, the process steps involved in the 

development of thin layers [21]. 
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Figure I.2: Diagram of the steps of the thin film manufacturing process [21]. 

 

I.1.4. Thin film growth mechanism 

All thin film processes are done in three stages: 

 The production of appropriate ionic, molecular, atomic species. 

 The transport of these species to the substrate. 

 Condensation on this same substrate is done either directly or through a chemical or 

electrochemical reaction in order to form the solid deposit; this step often goes through three 

phases: nucleation, coalescence then growth. 

a) Nucleation 

It is the phenomenon that accompanies changes in the state of matter and which consists in 

the appearance, within a given medium, of transformation points from which a new physical 

or chemical structure develops. 

The entire surface of it, in this state, they interact with each other and form what are called 

"clusters". These "clusters" also called nuclei, are unstable and tend to subside. Under certain 
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deposit conditions, they collide with other adsorbed species and start to grow. After reaching 

a critical size, these clusters become thermodynamically stable and the nucleation barrier is 

crossed. The nucleation stage is shown in figure I.3. 

 

Figure I.3: Diagram of the nucleation of thin layers. a) The arrival of atoms on a substrate, b) 

The morphology of the substrate [22].9 

 

b) Coalescence 

The nuclei grow in size but also in number until they reach a maximum nucleation density. 

This as well as the average size of these nucleus also called islets depend on a certain number 

of parameters such as the energy of the sprayed species, the rate of spraying, the energy of 

activation, adsorption, desorption, thermal diffusion, substrate temperature, topography and 

chemical nature of the substrates . 

A nucleus can grow at the same time parallel to the substrate by a surface diffusion 

phenomenon of the pulverized species. It can also grow perpendicular to the substrate by 

adding sprayed species. In general the lateral growth in this stage is much more important 

than the perpendicular growth. Figure I.4 represents the phase of coalescence. 

c) Growth 

The last step in the film manufacturing process is the coalescing step in which the islets begin 

to cluster.  
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Figure I.4: Diagram representing coalescence [22]. 

 

This tendency to form larger islets is improved by the growth of the surface mobility of the 

adsorbed species. This improvement is obtained by increasing the temperature of the 

substrate. These larger islets still grow, leaving channels and holes on the substrate. The 

structure of the film in this step changes from a type of discontinuous islands to a type of 

porous networks. A continuous film is formed by filling the channels and the holes (Figure 

I.5) [22]. 

 

Figure I.5: The growth of thin layers. a) Step after coalescence, b) Growth [22]. 

 

I.1.5. Thin film growth modes 

There are three modes of growth [23]: 

a. 2D growth (known as Frank Van Der Merve) 
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On one side of a crystal, the atomic layers grow one after the other and the atomic surface 

remains flat during deposition (Figure I.6). This type of growth is expected when the bonding 

energy between the deposited atoms is less than or equal to that between the thin layer and the 

substrate. 

 

                                              Figure I.6: Growth modes of a thin film [23]. 

 

b. 3D growth (known as Volmer-Weber) 

In this mode of growth, islands are formed and it is their coalescence that will form a film 

(Figure I.6). This mode of growth will take place when the atoms forming the deposited layer 

are more strongly bound together than with the substrate. 

 

c.   Mixed growth (Stranski-Krastanov) 

It is a growth that begins like that of Frank Van-der-Merve (Growth 2D) but after a few 

atomic layers the growth becomes 3D (Figure I.6). We can model the transition of growth 

regime from the curve giving the energy of the deposited layer according to the number of 

layers. If it has an inflection point, the system will be unstable to fluctuations in heights 

beyond this inflection point, which will tend towards the formation of 3D islands when the 

critical thickness is exceeded. 
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I.1.6. Applications of thin films 

During 20th century, more sophisticated applications diversified in the following fields [24, 

25]. 

Microelectronics: It was developed from the 1960s thanks to the use of increasingly thin 

conductive or insulating layers, and can be found under types of passivating layers (electronic 

contact), PN junction, transistor diode, piezoelectricity, laser, LED lamps, superconductors, 

etc. 

Optics: While retaining the aesthetic applications, the optical applications of the layers have 

made it possible to develop more effective radiation sensors, such as antireflective layers in 

solar cells, anti-reflective treatment of camera lenses, photo detection, display of screens 

dishes, ophthalmic applications, optical guides (architecture energy checks, vehicles, energy 

conversion, etc.). 

Mechanics: Tribological coatings (dry lubrication, resistance to wear, erosion, abrasion, 

diffusion barriers) micro-systems…etc. 

Chemistry: The main applications of surface coatings are oriented towards better corrosion 

resistance by the creation of a waterproof film (corrosion resistance), gas sensor, catalytic 

coatings and protective layers. 

Thermal: The use of a thermal barrier layer (TBC) decreases for example the surface 

temperature of the metal of the fins of the reactors thus making it possible to improve the 

performances of the reactors (increase in the internal temperature). 

Biology: Biological micro sensors, biochips, biocompatible materials…etc. 

Micro and Nanotechnologies: Mechanical and chemical sensors, micro fluidics, actuators, 

detectors, adaptive optics, nano-photonics…etc. 

Magnetic: Information storage (computer memory), security devices, sensors. 
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Decoration: Watches, glasses, jewelry, household equipment, etc [26]. 

I.1.7. Criteria for selection of deposition methods 

The selection of a specific technology for the deposition of thin films can be based on a 

variety of considerations. A multitude of thin films of different materials can be deposited for 

a large variety of applications; hence, no general guidelines can be given of what the most 

suitable deposition technology should be. In selecting an appropriate deposition technology 

for a specific application, several criteria have to be considered. In order to optimize the 

desired film characteristics, a good comprehension of the advantages and restrictions 

applicable to each technique is necessary. The choice of a specific deposition technique 

related to some factors, they are [18]: 

 The material to be deposited. 

 The rate of deposition. 

 Limitations imposed by the substrate, e.g: maximum deposition temperature. 

 Adhesion of the deposits to a substrate. 

 Throwing power. 

 The purity of target material. 

 Availability of the required equipment. 

 Cost. 

Ecological considerations. 

 The abundance of the material (to be deposited). 

 

I.1.8.Thin film deposition techniques  

The methods employed for thin-film deposition can be divided into two groups based on the 

nature of the deposition process viz., physical or chemical. The physical methods include 



Chapter I 
Barium tin oxide thin films 

 

10 
 

physical vapor deposition (PVD), laser ablation, molecular beam epitaxy, and sputtering. The 

chemical methods comprise gas-phase deposition methods and solution techniques. The gas-

phase methods are chemical vapor deposition (CVD) [27, 28] and atomic layer epitaxy (ALE) 

[29], while spray pyrolysis [30], sol-gel [31], spin- [32] and dip-coating [33] methods employ 

precursor solutions. The different physical and chemical methods of   thin films deposition are 

shown in figure I.7. 

 

 

 

 

Figure 1.7: Classification of thin film deposition techniques. 
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I.1.8.1. Physical deposition methods 

a. Sputtering 

Sputtering is a technique used to deposit different materials such as metals, refractory 

materials, dielectrics, and ceramics. The principle of this technique is the bombardment of the 

material to be deposited (target) by neutral gas ions generally argon, under the effect of 

bombardment atoms torn from the target and deposits on the substrate located in front of the 

target. If the atmosphere (gas) of the discharge is chemically neutral, the sputtering is called 

simple. However, if it consists of active gases such as oxygen O2 or nitrogen N2, sputtering is 

said to be reactive. The basic scheme of operation of the sputtering is shown in figure I.8. 

 

Figure I.8: The operating principle of sputtering [34]. 

 

There are two types of cathodic sputtering (Figure I.9) depending on the mode of creation of 

the plasma or the nature of the target (conductive or insulating): direct cathodic sputtering 

(DC) only in the case of the sputtering of conductive materials and sputtering radiofrequency 

(RF) which allows the spraying of conductive materials or insulating materials. There are 

many parameters that affect the deposition process such as base vacuum, sputter gas pressure 
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during deposition, sputter power, target and substrate temperature, etc…The magnetron 

device has been used to limit the disadvantages and increase the efficiency of the sputtering. 

 

 

 

Figure I.9: Cathodic sputtering: accelerated Ar
+
 ions extract atoms from the target [35]. 

 

b. Molecular Beam Epitaxy (MBE)  

Epitaxy is a compound of two Greek words Epi = on, Taxi = arrangement. It is defined as the 

formation of a monocrystalline layer called (the epitaxial layer) on a monocrystalline 

substrate [36]. 

Molecular beam epitaxy is a method for developing thin films at low temperature with 

excellent crystalline quality and very low roughness in a very high vacuum (<10
-10

 Torr). The 

principle of this technique (Figure I.10) is based on the reaction of atomic or molecular fluxes 

on a monocrystalline substrate which brought to an adequate temperature [37]. 

As shown in figure II.10, the growth process of the molecular beam epitaxy can be 

summarized in the following steps [37]: 

1) Deposition of atoms onto the surface of the substrate 

2) Nucleation process (creation of di-atomic islands) 

3) Growth of islands by coalescence 
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4) Formation of a layer by coalescence of islands 

 

 

Figure I.10: The operating principle of MBE [37]. 

 

Molecular beam epitaxy has the following advantages [36]: 

 The low growth rate that allows doping at the atomic level 

 Possible controls and in situ analysis (RHEED; Auger XPS) 

 Very precise control of the thicknesses of the thin layers 

 The ability to control all the steps automatically 

No boundary layer. 

 

c. Pulsed Laser Deposition 

Pulsed Laser Deposition (PLD) is a deposition technique that has the advantage of 

transferring the stoichiometry of the target to the prepared layer, in this method a laser beam 

focused on a depositing material (target) placed in an ultrahigh vacuum chamber. Under the 

effect of this laser beam, an amount of the material is pulled away from the target in the form 
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of a dense and light vapor (plasma) and deposited on the substrate placed opposite as 

presented in figure I.11. 

 

 

Figure I.11: Schematic diagram of the Pulsed Laser Deposition (PLD) technique [38]. 

 

Laser ablation has a number of advantages, it enables the deposition at room temperature and 

the coating of all types of the substrate [38], and it also allows the manufacture of the 

complex composition of materials in thin layers. 

 

d. Thermal evaporation  

The thermal evaporation process contains evaporating source materials in a vacuum chamber 

below 10
-6

 Torr and condensing the evaporated particles on a substrate. In this process, 

thermal energy is provided to a source from which atoms are evaporated for deposition in the 

substrate. Heating of the source material can be finished by any of which the material to be 

evaporated is attached. Larger volumes of source material can be heated in crucibles of 

refractory metals, Oxides or Carbon by resistance heating, high-frequency induction heating, 

or electron beam evaporation. The evaporated atoms travel through reduced background 

pressure in the evaporation chamber and condense on the growth surface. The deposition rate 
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or flux is a function of the travel distance from the source to the substrate, the angle of 

impingement onto the substrate surface, the substrate temperature Ts, and the base pressure. 

The conventional thermal evaporation system is mentioned in figure I.12 [39, 40]. 

 

Figure I.12: Schematic diagram of thermal evaporation system [41]. 

 

I.1.8.2. Chemical deposition methods 

a. Chemical vapor deposition (CVD)   

The CVD technique consists of developing materials in the form of thin layers from gaseous 

precursors that chemically react to form these layers on a heated substrate [42], as shown in 

figure I.13. The CVD process can be summarized in five steps [37]: 

 Transporting reactive gas species (or species) to the substrate. 

 Adsorption of the reactants on the surface. 

 Surface reaction and film growth. 

 Desorption of volatile secondary products. 
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 Transport and evacuation of gaseous products to the reactor outlet. 

 

Figure I.13: Schematic diagram of thermal evaporation system [36]. 

 

The improvement of this technique is to reduce the deposition temperature and the reactor 

pressure and remedy the low volatility of the precursors. Several CVD type techniques can be 

given [43]: 

 APCVD: (Atmospheric Pressure Chemical Vapor Deposition) deposition under atmospheric 

pressure. 

 LPCVD: (Low-Pressure Chemical Vapor Deposition) low-pressure deposition. 

 MOCVD: (Metal Organic CVD) the use of organometallic precursors. 

 PACVD: (Plasma Assisted Chemical Vapor Deposition) with the assistance of a plasma. 

 

b.   Sol-gel 

The term sol-gel corresponds to the abbreviation "solution-gelation". The sol-gel method 

(Figure I.14) used to manufacture various materials such as ceramics, powders, fibers, and 

thin films and is particularly well suited for producing coatings such as thin layers of oxides 

[44, 45]. Its principle is based on chemical reactions of a chemical precursor consisting of 
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metal atoms of the material that we want to deposit in a solution to form an oxide network at 

an infinite viscosity called "gel", depending on the nature of the precursors used. We 

distinguish two synthetic voices [46]: 

Inorganic route: obtained from metal salts such as nitrates, sulfates, chlorides, or acetates; 

dissolved in an aqueous solution. 

Organometallic route: The most frequently used precursor is metal alkoxides in organic 

solutions. 

 

Figure I.14: Synthesis of various forms of materials by the sol-gel method [47]. 

 

c. Chemical bath deposition 

The chemical bath deposition (CBD) is also recognized as controlled precipitation; it has been 

applied since to deposit films of many different semiconductors. It is currently attracting great 

attention as it does not necessitate sophisticated instrumentation like vacuum system and other 

expensive equipment. All that is required is a vessel to include the solution (an aqueous 

solution made up of a few usually common, chemicals) and a substrate on which deposition is 
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required. It offers a bottom-up approach to prepare nano-crystalline materials in thin film 

form with better particle size controlled, particle shape, size distribution, particle composition, 

the degree of particle agglomeration, the conventional thermal evaporation system is 

presented in figure I.15 [48]. 

 

 

Figure I.15: Schematic diagram of chemical bath deposition system [48]. 

 

I.2. Barium tin oxide compounds (Ba-Sn-O system) 

 Because of their novel and interesting functional properties, perovskite oxides ABO3 such as 

BaSnO3 and anti-perovskite oxides A3BO such as Ba3SnO, became an important class of 

materials by attracting attention of many researchers for their remarkable physical properties 

[49-51]. These oxides illustrate insulating, metallic, semiconducting and superconducting 

materials behavior [52], which offered them possible applications in many fields such as 

thermal devices [53], photovoltaic solar cells [54] and gas sensors [55]. 

 



Chapter I 
Barium tin oxide thin films 

 

19 
 

I.2.1. ABO3 perovskite oxides 

Metal oxides are a group of earth-abundant materials that display properties relevant to 

numerous technological applications. Depending on the number of components, these oxides 

can range from simple binary oxides, such as ZnO, to more complex ternary and quaternary 

formulations containing multiple cations. A particular class of complex metal oxides that have 

generated much attention over the past few decades are the perovskites [56]. 

 

I.2.1.1. History of perovskite 

Originally, the term “perovskite” was used to denote a specific mineral, the calcium titanate 

CaTiO3, called perovskite in honor of Lev.Aleksevich.von Perovski (1792, 1856) Russian 

mineralogist, by Gustav Rose who first discovered it in 1839 from samples found in the Ural 

Mountains. The name perovskite is commonly used to designate a group of materials that 

have a crystalline structure related to that of CaTiO3. See figure I.16. 

 

 

Figure I.16: Lev Aleksevich von Perovski and the perovskite mineral species (CaTiO3) [57]. 

 

I.2.1.2. Perovskite oxides structure 

 Perovskite oxides have a general chemical formula of ABO3 and crystallize in a cubic 

structure as shown in figure I.17 (a). Although this cubic representation is an 
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oversimplification for most perovskite crystals, it is useful in depicting the three ionic sites in 

the unit cell: corners represent the A site, the body center represents the B site, and the face 

centers are occupied by oxygen. The six oxygen ions surrounding the B site cation form an 

octahedral cage, and the crystal structure in Figure I.17(a) can be equivalently visualized as a 

three-dimensional network of corner-shared BO6 octahedra, as shown in figure I.17(b) [56]. 

 

 

Figure I.17: (a) The perovskite unit cell showing the positions of the A site, B site, and oxygen. 

(b) An alternate presentation of the same crystal showing a three-dimensional network of corner 

shared BO6 octahedra [56]. 

 

I.2.1.3.Deviations from ideality 

Assuming the ions are rigid spheres that touch along the edge and face diagonal of the cube in 

figure I.17 (a),  the lattice parameter, a, can be related to the ionic radii of the A, B, and O 

ions (RA, RB, and RO, respectively) through simple geometry as: 

              2(RA+RO) =  a                     and                 2 (RB+ RO) = a                            (I.1) 
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The above equalities both hold true only for an ideal cubic unit cell. In general, a Goldschmidt 

tolerance factor, t, is used to quantify deviations from the ideal cubic structure and is defined 

by: 

                                      t = 
     

          
                                                               (I.2) 

 

Comparing Eqs.I.1 and I.2, it becomes clear that t = 1 for the cubic crystal structure. 

Surprisingly, the perovskite structure is extremely amenable to variations in the ionic radii of 

the A and B cations, thus resulting in t values in the range of 0.89 – 1.02. This variation in t is 

accommodated through tilting and distortion of the BO6 octahedra, and is accompanied by 

displacements of the cations and changes in the B–O–B bond angle [56] (Figure I.18). This 

lowers the crystal symmetry from cubic to tetragonal, rhombohedral, orthorhombic, 

monoclinic and triclinic [58, 59]. 

 

Figure I.18: Schematic illustration of the BO6 octahedral tilting in perovskite oxides with (a) 

rhombohedral, and (b) orthorhombic crystal structures. The rotational patterns are also 

indicated. Figure adapted from [59]. 
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I.2.1.4. Stoichiometric aspects of the perovskite structure  

For simple ABO3 oxide systems, the following classification can be made, based on cationic 

valences: 

[1 + 5] = A1B5O3 

[2 + 4] = A2B4O3 

[3 + 3] = A3B3O3 

 

Only these three types cover a wide range of compounds. However, a large number of other 

possibilities arise when we consider mixed cation structures of the type: A1+xA′ xBO3. 

The following are also possible: AB1+xB′xO3, A1+xA′ xB1+yB′y O3, A2BB′O9, etc... [60]. 

 

I.2.1.5.Defects in perovskite structure 

Due to their exible structure, perovskite oxides can adapt to a combination of cation oxidation 

states if the charge neutrality condition is satisfied (sum of the oxidation states for cations = 

6). Further modifications to the crystal and electronic structures of perovskite oxides can be 

achieved by alloying (isovalent substitution) or doping (aliovalent substitution) at the A or B 

sites. Structural changes are discernible in oxides when they are alloyed above a certain limit 

due to changes in the tolerance factor [61].  

Doping concentrations, on the other hand, are usually smaller to cause global structural 

changes. Aliovalent substitution introduces extra electrons or holes in the lattice resulting in 

noticeable changes to the electronic structure. Depending on whether the dopant acts as an 

acceptor or donor, p-type (hole) or n-type (electron) carrier transport can be observed, 

respectively. For instance, in SrTiO3, p-type conduction is observed if it is doped with Sc on 

the B site, whereas La doping at A site results in n-type transport [62, 63].  
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I.2.1.6. Physical properties of perovskite oxides 

The perovskite oxide has continuously attracted attention because the members contain an 

extensive range of materials properties. All three common electronic states, metals, insulators, 

and semiconductors, have been observed in the perovskite family. There are also rich physics 

and engineering opportunities in these materials. For example, SrTiO3 is found to have 

ferroelectricity and superconductivity [64, 65], and BaSnO3 has been considered as a great 

candidate as a next-generation transparent conducting oxide [66, 67]. The differences in properties 

of the perovskite family members are associated with different combinations of A and B cations, 

despite the perovskites all sharing the same general crystal structure [68]. 

Figure I.19 (a) shows the elements from the periodic table that can fill the A and B sites without 

destabilizing the perovskite lattice. Thus, Owing to the staggeringly large number of A and B 

cation combinations, perovskite oxides display a myriad of diverse functionalities (Figure I.19 

(b)). 

I.2.1.7. BaSnO3 perovskite oxides 

Oxide materials with the perovskite structure have exhibited a plethora of interesting physical 

properties, such as large photovoltaic effects [69, 70], ferroelectricity and superconductivity 

[64, 65]. BaSnO3 is one of the perovskite oxides that have brought attentions for 

optoelectronic devices due to its high electron mobility,   high transparency, wide band gap 

and flexible doping controllability. 

a. Crystal structure of BaSnO3 

There exist three compounds in the BaO–SnO2 binary system, BaSnO3, Ba3Sn2O7 and 

Ba2SnO4, but barium stannate or barium tin oxide is normally referred to as BaSnO3 because 

BaSnO3 is the best known among these, the most thoroughly investigated and the most useful 

compound. Barium tin oxide (BaSnO3) belongs to the perovskite oxide compounds.  BaSnO3 
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crystallizes in a cubic perovskite structure as shown in the figure I.20. In this cubic structure, 

the Ba
2+

 ions (1.34 Å) occupy the corners of the unit cell, the Sn
4+

 ions (0.71Å), the volume 

center, and the O
2-

 ions (1.40 Å), the surface center. In this structure, the larger Ba
+2

 ions and 

the O
 -2 

ions build a cubic, dense, ball by packing together. 

 

Figure I.19: (a) The periodic table highlighting the elements that can be incorporated into the 

perovskite structure. Elements shaded in green can go into the A site, while those in red can go 

into the B site. (b) Diverse functionalities of perovskite oxides and their derived structures [56]. 

 

A quarter of the octahedral holes is filled with small Sn
4+

ions. Each Ba
2+

ion is coordinated 

with 12 O
2-

 ions and each O
2-

 ion is surrounded by four Ba
2+

 ions and two Sn
4+

 ions. Thus, the 
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crystallochemical formula is Ba 
[12]

 Sn 
[6]

 O3 
[4+2]

. The octahedrons of [SnO6] are linked by 

sharing corners to form a three-dimensional framework as illustrated in figure I.20 [71]. 

Goldschmidt tolerance factor, according to Shannon’s ionic radii, equals to t=1.02 [72]. Its 

value shows that the structure theoretically has no polar distortions and is probably too high to 

have SnO6 octahedral tilts in the lattice. BaSnO3 space group in Hermann Maugain system is 

  -3  (221). Its lattice parameter a of 4.117 Å [73, 74] was determined experimentally and 

theoretically [75, 76] and reported in various papers. BaSnO3 has a lattice volume of 73.5 Å.  

It should be understood that this high-symmetry cubic structure can distort and deform under 

specific conditions so that the structure symmetry degree is lowered [71]. 

 

 

Figure I.20: BaSnO3 perovskite structure. 

 

b. Electronic Band structure of BaSnO3 

In the BaSnO3 structure, the electronic valence configuration for each atomic species 

corresponds to Ba: 5s
2
5p

6
6s

2
, Sn: 4d

10
5s

2
5p

2
, and O: 2s

2
2p

4
. 

Band structure calculations on BaSnO3 have revealed that the conduction band minimum 

(CBM) and valence band maximum (VBM) are positioned at the Γ and R points in reciprocal 

space [77-79], respectively, as shown in figure I.21, indicating BaSnO3 as an indirect band 

gap materials. A wide indirect band gap of Eg ≈ 3 eV results in a visible transmittance ~80% 
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[80, 81]. The CBM is dominated by Sn-5s states, resulting in an increased dispersion of the 

CB, and in turn, a relatively small effective mass [56].   

 

 

Figure I.21: (a) Calculated band structure and (b) corresponding density of states (DOS) of 

BSO. Figure adapted from [77]. 

 

c. Electrical properties of BaSnO3 

BaSnO3 has emerged as one of the potential candidates for transparent conducting oxides with 

room-temperature conductivity exceeding 1.0 × 10
4
 S cm

-1
 [80, 83]. Figure I.22 summarizes 

room-temperature electron mobility as a function of carrier density in BaSnO3 single crystals 

as well as thin films. Interests in BaSnO3 as a potential candidate for transparent conductors 

were generated by the discovery of high room-temperature mobility in single crystals of La-

doped BaSnO3 by Luo et al. when they reported electron mobilities above 100 cm
2
 V

-1
 s

-1
 at a 

carrier concentration of 1.0 × 10
20

 cm
-3

 and a wide direct band gap of 4.0 eV [84]. Later, Kim 

et al. showed that mobility in La-doped BaSnO3 single crystals can reach as high as 320 cm
2
 

V
-1

 s
-1

 at a carrier concentration of 8.0 × 10
19 cm

-3
 [85].  
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Figure I.22: Room-temperature electron mobility in single crystals and epitaxial thin films of 

doped BaSnO3. Data were taken from ref. [82-91]. 

 

High room-temperature electron mobility in doped BaSnO3 is usually attributed to low 

electron-phonon scattering and small electron effective mass (me). The conduction band 

minima in BaSnO3 is derived predominantly from a more dispersed Sn -5s state which results 

in a small me [92]. A wide range of electron effective mass between 0.06 m0 - 0.6 m0 (m0 is 

the rest mass of an electron) have been reported through experiments and theoretical 

calculations for BaSnO3 [83, 93, 94]. However, recently this number has been shown to 

converge towards 0.2 m0 [95, 96], which is comparable to the electron effective mass of other 

transparent conductors such as ZnO, In2O3, and SnO2.  

 

d. Optical properties of BaSnO3 

Besides having high room-temperature mobility, BaSnO3 also has a wide indirect band gap 

experimentally determined to be in the range of 2.9 - 3.2 eV [97, 98], which makes it optically 

transparent. Although theory is prone to underestimate the band gaps, Tran-Blaha modified 

Becke-Johnson (TB-mBJ) and Perdew-Burke-Ernzerhof density functionals predict indirect 
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band gaps of 2.8 eV [92,99]. Compared to SrSnO3 and CaSnO3, the Sn-O-Sn bond angle in 

BaSnO3 is exactly 180°. This leads to a smaller overlap between Sn-5s and O -2p orbitals and 

hence smaller band gap in comparison to SrSnO3 and CaSnO3 that have band gaps in the 

range of 4 - 5 eV [61]. 

 

e. Chemical Doping in BaSnO3  

BaSnO3 can be doped by chemical substitution on either the A (Ba) or B (Sn) sites. While p-

type doping has proved to be extremely challenging, n-type doping has commonly been 

achieved through La
3+

 substitution for Ba
2+

 and Sb
5+

 substitution for Sn
4+

. By far the most 

widely studied doping has been the substitution of Ba by La (LaBa). Lanthanum, like most rare 

earth elements, forms a stable +3 cation, and as such it acts as an electron donor in BaSnO3.  

The electrons donated by La
3+

 occupy these empty antibonding states and hence result in 

repulsive forces between Sn and O leading to a lattice expansion [100]. Liu et al. predicted 

the La donor level to be very shallow (≈50 meV below the CB) in BaSnO3 [101] and, indeed, 

both Ba1–xLaxSnO3 (BSO: La) single crystals and thin films exhibit degenerate metallic 

conduction starting at a low dopant concentration (x) [56].  

 

 f. Application of BaSnO3 perovskite oxides 

High optical transparency, wide band gap and good electrical conductivity in doped BaSnO3 

have prompted researchers to theoretically and experimentally explore this material as a 

potential   transparent conducting oxide (TCO). 

Among various applications using the advantages of wide band gap BaSnO3 (BSO), fully 

solidified perovskite solar cell is recently investigated using BLSO as an electron transporting 

layer (ETL) [102]. A solar cell (Figure I.23 (a)), is an electrical device, converting the energy 
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of light into electricity, appealing as a renewable energy generation and storage devices for 

new generation. As illustrated in figure I.23 (b), the created electron-hole pair by sunlight 

moves to each end metal contact to generate current through external load. Because usual 

metal electrodes are opaque, reducing power conversion efficiency (PCE) in solar cell, TCOs 

such as In2O3: Sn [103], SnO2 [104], ZnO [105] are appropriate, having both transparency and 

conductivity. Usual solar cells use Si pn-junction to make electron-hole pair, but perovskite 

materials based on lead halide (CH3NH3PbX3; X is I and Br) as dyes have shown remarkable 

increase of PCE, appealing as an important candidate for photovoltaic devices [106, 107]. In 

figure I.23 (c), the superior performance of perovskite solar cell fabricated with BLSO as an 

ETL is presented in photocurrent density-voltage (J-V) characteristics and compared with 

mesoporous TiO2, which is a typical ETL for highly efficient perovskite solar cell. The PCE is 

21.2 % for using BLSO as a TCO and 19.7 % for TiO2, which is attributed by higher 

conduction band minimum, higher electron density, and reduced carrier recombination. And 

experiment for photostability under light illumination describes a greater resistance against 

photodegradation than TiO2 in figure I.23 (d), making closer to a commercialization of 

perovskite solar cell [108].  

Apart from the transparent electronics using its wide band gap of BSO, another potential area 

will be high temperature and power electronics [109]. Wide band gap semiconductors 

(WBGs) can perform in a high temperature without losing their electrical property due to its 

wide band gap, so it can function at ambient temperature without external cooling, beneficial 

for the automotive, aerospace, and energy production industries. Moreover, its high 

breakdown voltage makes higher doping levels achievable and higher saturation drift velocity 

makes possible to operate at higher switching frequency. In turn, the lower conduction loss 

and lower switching loss can enable breaking the limit of silicon-based power electronics, e.g. 

radio-frequency application and energy production like photovoltaic inverter technology. 
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Already WBGs such as SiC and GaN are commercially available, so BSO can go beyond 

TCO, if much effort to achieve higher efficiency for high temperature and power device 

requirement are done. [108]. 

 

 

Figure 1.23: Application for solar cell (a) Solar panels. (b) Cross section of solar cell (c) J-V 

curves and PCEs at a maximum power point for the best performing BLSO and TiO2 based 

perovskite solar cell. (d) Long term photostability test under AM 1.5G illumination with a 

metal-halide lamp, including UV radiation for BLSO and TiO2-based perovskite solar cell 

[108]. 

 

I.2.2.A3BO anti-perovskite oxides 

 Anti-perovskites are the counterparts of perovskites. They have diverse properties that make 

them physically rich and technologically relevant. In the recent years, Ba3SnO anti-perovskite 

oxides, with small semiconductor band gap, have captured tremendous attention due to their 
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properties which make them efficient to be used in optoelectronic, photovoltaic conversion 

devices. 

 

I.2.2.1.Crystal structure of anti-perovskite oxides 

Generally, the perovskite oxides are symbolized by the formula ABO3. If the position of A 

and O are exchanged, then the new resultant class of material is formed which is called anti-

perovskite oxides which have cubic structure. Then the general formula for anti-perovskite is 

A3BO. In this structure, The "B" atoms occupy the corner of the cubic lattice, "O" and "A" 

atoms are located at the body-centered and the face-centered of the lattice, respectively. 

Wyckoff atomic positions are: B: 1a (0, 0, 0); O: 1b (1/2, 1/2, 1/2); A: 3c (1/2, 1/2, 0). Thus, 

in anti-perovskite unit cell, the "O" atom is surrounded by six "A" atoms to form an 

octahedral cage generating a three-dimensional network of A6O octahedrons, while the B 

atom is coordinated cuboctahedrally with twelve A atoms (Figure I.24).  

 

 

Figure I.24: Crystal structure of anti-perovskite oxide [110]. 

 

I.2.2.2.Physical properties of anti-perovskite oxides 

Similar to the perovskites, anti-perovskite seek the considerable attention of both the 

theoreticians and the experimentalists because of their appealing technological applications. 
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The anti-perovskite unveil an extensive range of innovative phenomena like giant 

magnetoresistance (GMR) magneto-volume effect (MVE) [111], zero temperature coefficient 

of resistivity [112], negative thermal expansion [113], superconductivity [114] and 

magnetostriction [115]. In addition, they also reveal the semiconducting [116] and insulating 

properties [117]. 

Anti-perovskite oxides A3BO (A = Mg, Ca, Sr, Ba, Eu, Yb and B = Si, Ge, Sn, Pb) ) have 

recently been demonstrated to exhibit Dirac electronic dispersion near the Γ point in the 

Brillouin zone based on first-principles calculations . They have the perovskite crystal 

structure but with O
-2

 ions occupying the center of the octahedron formed by A
+2

 ions.  To 

satisfy the charge-neutrality relation, the B ions, Sn in Sr3SnO, take an unusual 4- oxidation 

state and, as a consequence, their p orbitals are almost filled [118, 119]. This unusual 

electronic configuration can lead to interesting properties. Indeed, theoretical works on 

Ca3PbO predicted a 3D Dirac dispersion in the electronic band [120, 121]. This Dirac 

dispersion originates from the band inversion of the empty Ca-3d and filled Pb-6p bands near 

the Γ point, as well as from the avoided hybridization between these bands due to crystal 

symmetry. 

The Dirac point has a small gap in the order of ≈10 meV [120], due to higher-order 

interactions      originating from the spin-orbit coupling. This gapped state was later predicted 

to be a topological cryrstalline insulator state [122]. 

 

I.2.2.3. Ba3SnO anti-perovskite oxides 

The anti-perovskites materials have been an interesting research topic due to their various 

applications in several fields like in electronics and optoelectronics. In this work, we are 

shading light on the Ba3SnO anti-perovskite due to its narrow band gap. Thus, it can be 

considered as a promising candidate for optoelectronic applications. 
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a. Crystal structure of Ba3SnO 

Ba3Sno crystallizes in the cubic anti-perovskite-type structure as shown in the figure I.25. The 

"Sn" atoms occupy the corner of the cubic lattice, "O" and "Ba" atoms are located at the body-

centered and the face-centered of the lattice, respectively. Wyckoff atomic positions are: Sn: 

1a (0, 0, 0); O: 1b (1/2, 1/2, 1/2); Ba: 3c (1/2, 1/2, 0). Consequently, in anti-perovskite BSO 

unit cell, the "O" atom is surrounded by six "Ba" atoms to form an octahedral cage generating 

a three-dimensional network of Ba6O octahedrons, while the Sn atom is coordinated 

cuboctahedrally with twelve Ba atoms. Its lattice parameter a is 5.51 Å [117]. 

 

 

Figure I.25: Cubic structure of Ba3SnO anti-perovskite oxide [123]. 

 

In Ba3SnO anti-perovskite oxides, one can expect the ionic configuration (Ba
2+) 

3 Sn
4−

O
2−

 with 

a metallic Sn anion. The metallic Sn anion takes a formal 4- valence state to keep charge 

neutrality, which is unusual for a metal element [123]. 

 

b. Electronic band structure of Ba3SnO 

The band structure computed by using mBJ functional for anti-perovskite Ba3SnO is shown in 

figure I.26. As is evident in this figure , the Fermi level (taken at 0.0 eV) appear close to the 

valence band .The conduction band minima for Ba3SnO are located at the Γ point, while the 
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valence band maxima also occur at Γ point, which reveal that these compounds exhibit (Γ-Γ) 

direct band gap. The narrow band gaps Eg = 0.10885eV extracted for Ba3SnO make them 

remarkably useful for technological applications [117]. 

 

 

Figure I.26: The band structure of Ba3SnO determined by applying PBE-mBJ potential [117]. 

 

The figure I.27 illustrate the calculated total (TDOS) and the partial density of states (PDOS) 

elucidating contributions from various constituents states of Ba3SnO. The p-p hybridization 

can be seen on the PDOS above Fermi level. The Sn-5p and O-2p are strongly hybridized 

with a minor contribution from Ba-4s states, which suggest the presence of covalent bonding 

[124].  

 

 

 

Figure I.27: The density of states (total and partial) computed by applying PBE-mBJ potential 

[117]. 
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c. Electrical properties of Ba3SnO 

The small band gap of Ba3SnO Eg = 0.10885eV [117] intensifies the carrier mobility. Ba3SnO 

(BSO) is predicted to be a topological semimetal exhibiting twin Dirac cones near the Fermi 

level [125]. The low-energy electrons in topological semimetals are quite interesting since 

they show very high mobilities due to the linear dispersion character of the corresponding 

electronic states [126, 127].  

The emergence of band dispersion in Ba3SnO [128] leading to the formation of Dirac cone at 

the Fermi level .The emergence of Dirac point in the vicinity of Fermi energy confirms the 

presence of Dirac electrons which can easily cross the valence band leading to enhanced 

carrier mobility [129].  

Recent experiments employing molecular beam epitaxy (MBE) and pulsed laser deposition 

(PLD) techniques for the synthesis of A3SnO (A= Ca, Ba, Sr) thin films on various substrates 

indicate that (001)-oriented surfaces are experimentally achieved showing metallic character 

[130-132]. 

 

c. Optical properties of Ba3SnO 

The absorption of incident radiations leads to the electronic shifts from the VB to the CB to 

form the optical response of a material. Therefore, the optical properties of cubic Ba3SnO   are 

related to their band structures and play an important role to understand the technological and 

industrial applications. Ba3SnO reveals direct (Γ-Γ) and narrow band gap nature, which is an 

attractive material property for optical applications [117].  

Hassan and his co-workers [117] reported that the maximum absorption exhibited within 

3.4eV and the maximum reflectivity at 4.8eV demonstrate significance of Ba3SnO anti-

perovskite oxides for optoelectronic device applications.  
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f. Application of Ba3SnO anti-perovskite oxides 

The anti-perovskite A3SnX (X = C, N or O) have attracted huge interests due to various 

potential applications such as the transparent conducting oxide [133], novel chemical sensors 

[134], water photoelectrolysis [135, 136], antistatic thin layer [137] and the flat panel displays 

[138] etc. The anti-perovskites of carbide and nitride have been extensively studied but the 

family of oxides such as Ca3SnO [139], Mn3SnO [140] and Ba3SnO [14, 15] have been less 

investigated [117]. The A3SnO (A= Ca, Ba, Sr) exhibit narrow direct band gap. The 

transparency and maximum reflectivity to the certain energies of it indicate potential optical 

device applications [117]. 
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In the first section of this chapter, we describe the chemical spray pyrolysis deposition method 

which has been chosen for preparation of both barium–calcium tin oxide and barium lead-tin 

oxide thin films. The deposition parameters of these thin films by this method will be also 

presented. In the second section, we describe the different characterization techniques used to 

study the effect of the substitution of barium by calcium and the substitution of tin by lead on 

structural, optical and luminescence properties of deposited films. 

 

II.1.Chemical spray pyrolysis technique 

II.1.1. Principle of the spray process 

Spray pyrolysis is a processing technique being considered in research to prepare thin and 

thick films, ceramic coatings, and powders. The method has been employed for the deposition 

of dense films, porous films, and for powder production. Even multilayered films can be 

easily prepared using this versatile technique. Spray pyrolysis has been used for several 

decades in the glass industry [141] and in solar cell production to deposit electrically 

conducting electrodes [142].  

Spray pyrolysis is a process where a precursor solution, containing the constituent elements of 

the compound, is pulverized in the form of tiny droplets onto the preheated substrate, where 

upon the thermal decomposition of the precursor an adherent film of thermally more stable 

compound forms [143]. 

Typical spray pyrolysis equipment consists of an atomizer, precursor solution, substrate 

heater, and temperature controller [144]. Figure II.1 shows the schematic representation of 

spray pyrolysis. 



Chapter II 
Experimental procedures 

 

38 
 

 

 

Figure II.1: Schematic representation of spray pyrolysis. 

 

The description of the film formation by the Spray pyrolysis method can be summarized as 

follows: 

(1) Formation of droplets at the nozzle outlet and evaluation of their average size. 

(2) Decomposition of the precursor solution on the substrate surface. 

 

 a. Starting solution (source)   

The composition of the final particle is determined by the dissolved bodies or reagents 

dissolved in the dissolver (starting solution) in a predetermined stoichiometric ratio. As 

precursors, usually inexpensive materials such as nitrates, chlorides and acetates are used, 

which are classified as reagents. Distilled water or alcohol is often used as a solvent. In the 

basic solution it is necessary to eliminate the problems of solubility and phase segregation, 

where the different components precipitate at different times. To overcome this and to obtain 

homogeneous solutions, we recommend adding a small amount of acid (e.g. nitric acid) 

during the preparation. The overall concentration of the solution can be varied from 0.01 to 

some moles/liter. Note that this parameter has the effect of changing the average size of the 

fluid particles ejected. According to the literature, some techniques include preheating of the 

solution. This preheating can, sometimes, be useful and promotes or accelerates the reaction 



Chapter II 
Experimental procedures 

 

39 
 

on the substrate. This increases the deposition rate and improves the quality of the resulting 

films [145]. 

 

b. Droplet generation (Transport) 

The size and homogeneity of the deposited material can be roughly determined from the size 

of the sprayed droplets and the concentration of the solution while its morphology can also be 

determined by the concentration and velocity of the droplets produced by the atomizers. 

Concerning the atomization or the identical way to the production of droplets and their 

dispersion in the air, several methods of atomization have been used in the studies spray 

pyrolysis, for example: pneumatic (air is the carrier gas), ultrasonic (pyro sol), gravitation, 

etc. 

In the deposition device, the base solution can be transported to the substrate by the effect of a 

gas pressure. The gas pressure method has two advantages. Firstly, the flow can be controlled 

very sensitively and secondly, gases can also be used as secondly, gases can also be used as 

reactive elements in the composition of the material to be material to be deposited, in this case 

the semiconductor, such as O2 for ZnO. However, for most compound semiconductors,  2 or 

an inert gas is used to avoid chemical reactions between the compound materials and/or the 

solvent, which would lead to the addition of addition of impurities. In some cases, in order to 

prevent the oxidation of the materials, a binary mixture of  2 and  2 is used as carrier gas 

[146]. 

 

c. Chemical reaction on the substrate (deposit)  

When the aerosol droplets approach the surface of the heated substrate (200-600°C), under 

appropriate experimental conditions, the vapor formed around the droplet prevents direct 

contact between the liquid phase and the substrate surface. 
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This phenomenon occurs above a certain temperature, called the Leidenfrost temperature. 

This evaporation of the droplets allows a continuous renewal of the vapor, so the droplets 

undergo thermal decomposition and give the formation of strongly adherent film. 

It is noted that the gas phase decomposition reaction of ZnCl2 occurring on the substrate 

surface is an endothermic reaction that requires relatively high temperatures for relatively 

high temperatures for the realization of the decomposition (pyrolysis) of the solutions used 

(droplets) arriving on heated substrates [145].  

 

II.1.2. Influence of deposition parameters on thin film properties 

Thin-film deposition, using the spray pyrolysis technique, involves spraying a metal salt 

solution onto a heated substrate. Droplets impact on the substrate surface, spread into a disk 

shaped structure, and undergo thermal decomposition. The shape and size of the disk depends 

on the momentum and volume of the droplet, as well as the substrate temperature. 

Consequently, the film is usually composed of overlapping disks of metal salt being converted 

into oxides on the heated substrate [144].   

 

a.Influence of temperature 

Spray pyrolysis involves many processes occurring either simultaneously or sequentially. The 

most important of these are aerosol generation and transport, solvent evaporation, droplet 

impact with consecutive spreading, and precursor decomposition. The deposition temperature 

is involved in all mentioned processes, except in the aerosol generation. Consequently, the 

substrate surface temperature is the main parameter that determines the film morphology and 

properties. By increasing the temperature, the film morphology can change from a cracked to 

a porous microstructure [144].  
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In many studies the deposition temperature was reported indeed as the most important spray 

pyrolysis parameter. The properties of deposited films can be varied and thus controlled by 

changing the deposition temperature, for instance, it influences optical and electrical 

properties of zinc oxide films [147]. Films with the lowest electrical resistivity were deposited 

using an aqueous solution of zinc acetate at 490◦C resulting in improved crystallinity, while 

films prepared at 420 and 490◦C showed high transmission (90–95%) in the visible range. 

This was attributed to a decrease of the film thickness and an increase in the structural 

homogeneity [144]. 

The physical properties of fluorine-doped indium oxide films were investigated with respect 

to deposition temperature, dopant concentration, air flow rate, and film thickness [148]. It was 

found that the deposition temperature has a remarkable influence on the structure of the films. 

The extent of preferential (4 0 0) orientation increases with increasing film thickness. Terbia-

doped yttria-stabilized thin films have been deposited using electrostatic spray deposition 

[149]. The surface morphology was controlled by changing the deposition parameters and 

solution compositions. By increasing the deposition temperature, the morphology of the film 

was shifted from a dense to a highly porous structure [144].  

 

b. Influence of precursor solution 

The precursor solution is the second important process variable. Solvent, type of salt, 

concentration of salt, and additives influence the physical and chemical properties of the 

precursor solution. Therefore, structure and properties of a deposited film can be tailored by 

changing composition of precursor solution [144].  

Chen et al. have shown that the morphology of the thin films can be changed considerably by 

adding additives to the precursor solutions [150]. The structure of deposited TiO2 film was 

changing from a cracked to a crack-free reticular after the introduction of acetic acid into the 
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precursor solution. The change of morphology was attributed to the modification of precursor 

solution. Porous SnO2 and SnO2-Mn2O3 films have been prepared using the electrostatic spray 

deposition technique [151, 152]. These films were used in Taguchi type hydrogen sensors. 

The grain size of the porous films ranged from 1 to 10 μm. It was observed that the grain size 

increases with a higher concentration of the precursor in the ethanol solvent [144].   

 

II.1.3. Choice of spray pyrolysis technique 

The spray pyrolysis technique was our choice because of its numerous advantages that make 

it attractive and competitive compared to many other techniques used for materials synthesis.  

Examples of these advantages are [153]: 

- Spray pyrolysis is cost effective and can be easily performed.  

-Substrates with complex geometries can be coated.  

- Spray pyrolysis deposition leads to relatively uniform and high quality coatings.  

- No high temperatures are required during processing (up to ~ 500 °C).  

- Spray pyrolysis does not require high-quality substrates or chemicals. 

- Films deposited by spray pyrolysis are reproducible, giving it potential for mass production.  

 

II.1.4. Spray pyrolysis system set-up 
 

Barium-calcium tin oxide and barium lead-tin oxide thin films were deposited onto glass 

substrates using the spray pyrolysis technique. The experimental set-up of our spray pyrolysis 

system was carried out at the Laboratory of Research on Physico-Chemistry of Surfaces and 

Interfaces (LRPCSI) of the University of Skikda. The set-up used is very simple, it is a 

manual sprayer, in which, we put the deposit solution, the sprayer is fixed at a distance of 20 

cm from the substrate, the nozzle of the latter is oriented towards the heated substrate, the 
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heating plate temperature is displayed by a thermometer from a thermocouple on the 

substrate. 

 

II.1.5. Preparation of barium-calcium tin oxide and barium lead-tin oxide thin films 

In this work, we used the following aqueous solutions as precursor sources: 

 0.01M of barium chloride (BaCl2), source of Ba
2+

. 

 0.01M of calcium chloride (CaCl2), source of Ca
2+

. 

0.01 M of tin chloride (SnCl2), source of Sn
4+

. 

 0.01 M of lead chloride (PbCl2), source of Pb
2+

. 

 

For all these precursor solutions, distilled water was used as a solvent. Barium-calcium tin 

oxide and barium lead-tin oxide thin films were deposited onto glass substrates using the 

spray pyrolysis technique.  

For the barium-calcium tin oxide thin films, the precursor solutions were mixed with volume 

ratios RBa:RCa: RSn of 0.5:0:0.5, 0.4:0.1:0.5, 0.3:0.2:0.5, 0.2:0.3:0.5, 0.1:0.4:0.5 and 0:0.5:0.5.  

 

For the barium lead-tin oxide thin films, the precursor solutions were mixed with volume 

ratios RBa:RPb: RSn of 0.5:0:0.5, 0.5:0.1:0.4, 0.5:0.2:0.3, 0.5:0.3:0.2, 0.5:0.4:0.1 and 0.5:0.5:0.  

 

All precursor solutions were sprayed onto the glass substrates kept on a hot metallic plate 

heated to a temperature of 500 °C. The precursor solutions are manually sprayed using a 

perfume nozzle.  

The distance between the nozzle and the substrate was 20cm. The spray rate was 140 mm
3
 per 

spray and the time between two successive sprays was 1s.   
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II.2. Characterization Techniques 

 In this section, the different characterization techniques used to study the effect of the 

substitution of barium by calcium on structural, optical and luminescence properties of 

deposited barium tin oxide films are described. 

Structural, optical and luminescence characterization of the deposited films is performed by 

X-ray diffraction (XRD), UV–visible spectroscopy and photoluminescence spectroscopy 

(PL), respectively. The thickness of the deposited thin films is measured using a profilometer. 

 

II.2.1.  X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a non–destructive technique used to determine the structural 

properties of the crystals based on the scattering of light. Since amorphous materials are not 

organized in a periodic array, they do not scatter light coherently. In a crystal structure each 

atom is arranged in a periodic array and, when an X-ray interacts with it, a certain amount of 

energy is absorbed. Electrons occupy certain energy states around an atom, but the absorbed 

energy is not enough to release the electron, the energy must then be re-emitted in a form of a 

new x-ray with the same energy as the original, this process is known as elastic scattering. At 

specific x-ray incident angles, the scattered x-rays can constructively interfere; this is called 

diffraction and results in a peak in intensity seen in the XRD diffractogram. The diffracted 

peaks can be associated with different planes in an atom structure and they are named after 

the (hkl) Miller indices. 

In the XRD set-up, the sample under test is exposed to a beam of x-rays with a given incident 

angle θ as in figure II.2. The diffracted light is received by the X-ray detector in a 2θ angle. 

Diffraction is used to measure the distance between the atom planes [154]. 
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Figure II.2: Schematic representation of the Bragg’s equation. 

 

The Bragg's law relates the crystal spacing dhkl with the x-ray wavelength λ and the angle of 

incidence by the following expression: 

                               =2  sin                                                                                      (II.1) 

 

 where n is an integer known as the order or reflection. The crystal geometry can be 

determined from the crystal spacing measured by XRD. XRD technique has been used in this 

work to determine the crystalline structure of Barium-calcium tin oxide thin films. 

a.  Lattice parameters 

From the crystal spacing, the lattice parameters can be also determined following the 

expression for a given geometry. For the cubic structure (a = b= c), in which Ba3SnO and 

Ca3SnO perovskite oxides   crystallize, the lattice parameter a is given by [155]:  

                                          
       

      
                                                         (II.2) 

 



Chapter II 
Experimental procedures 

 

46 
 

where h, k, l the Miller indices, λ the x-ray wavelength and θ the angle of diffraction. 

 

b. The crystallites size 

The crystallites size of the different samples was determined from the spectra of x-ray 

diffractions. The crystallites size D of thin films was estimated using the Debye-Scherrer's 

formula given by [155]: 

 D = 
       

       
                                                                                                 (II.3)      

                      

where λ is the wavelength the x-ray, θ is the diffraction angle and β is the broadening of 

diffraction line measured at half its maximum intensity of Gaussian fit (in radians).( Figure 

II.3). 

 

Figure II.3: Illustration showing definition of β from X-ray diffraction peak. 

 

c. Determination of deformations 

In general, the deformations are related to the constraints by the formula: Tji = Cijkl .σkl . This 

method requires knowledge of Cijkl elasticity constants. These are sometimes not available in 

the literature. Another approach to deduce information of deformation in the film, without 



Chapter II 
Experimental procedures 

 

47 
 

using these constants. The latter links the deformation to the broadening of diffraction line 

measured at half its maximum intensity of Gaussian fit β [156].  

 

                                  = 
            

 
                                                                             (II.4) 

 

d. Diffractometer  

X-ray diffractograms of our samples were obtained using a Rigaku-SmartLab X-ray 

diffractometer equipped with a monochromatic source delivering a CuKα1 incident beam (9 

kW, 0.154056 nm) with an acceleration voltage of 45 mV and a current of 40 mA (Figure 

II.4).  

 

 

 

 

 

 

 

Figure II.4: Diffractometer used for characterization of the deposited thin films. 

 

The step of the chosen resolution is 0.01, the scan values (θ-2θ) are between 10° and 60°. 

Each time an angle checks the Bragg law, the counter records an increase in reflected 

intensity. At the end of the collection of rays diffracted at each angle, a diffraction spectrum is 
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obtained on which appear characteristic peaks of the structure studied. For the identification 

of existing phases in the sample, the obtained diffraction spectrum is compared to reference 

spectra of the expected phases from the JCPDS files.  

 

II.2.2. UV-visible spectroscopy 

The Ultraviolet-visible (UV-vis) absorption spectroscopy is a quantitative technique which is 

used to measure the concentration of absorbing specie in a material, typically, in the range of 

200 nm to 800 nm. This is done by measuring the intensity of light that transmitted through a 

sample with respect to the incident light uv-visible. 

The principle of the spectrophotometer is as follow: a source consisting of two lamps that 

allow a continuum of emission over the entire UV-visible wavelength range. A 

monochromator allows to select wavelengths and thus to make a sweep of the range by 

moving this monochromator. The photon beam of selected wavelength passes through a 

mirror that synchronizes the movement of the monochromator then the beam passes through 

the sample and the reference. Finally, an amplifier makes it possible to compare the 

transmitted intensity with the emission intensity [157] (Figure II.5).  

 

 

Figure II.5: Schematic representation of UV-visible spectrophotometer [158]. 
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From the UV-Visible spectra it is possible to determine the thickness, the value of the band 

gap and the optical indices. The transmission and reflection curves were recorded at IPCMS-

France using a Perkin Elmer UV-VIS-NIR spectrophotometer of type LAMBDA 950. 

The obtained spectrum represents the evolution of the transmission as a function of the 

wavelength. The transmission T (%) is defined as the ratio of the transmitted light intensity I 

to the incident light intensity I0. 

 

a. The absorption coefficient Calculation  

We used the Bouguer-Lambert-Beer law to determine the absorption coefficient of the 

material [159]: 

                 T= exp ( -α t )                                                                 (II.5) 

Equation (II.5) may be written as follows: 

α (cm
-1

) =  
 

 
 Ln (      )                                                                       (II.6) 

With α: the absorption coefficient, d:  film thickness, T: film transmittance. 

 

b. Optical  band gap calculation 

To estimate the band gap energy Eg in the high absorption range (α >10
4
cm

-1
), we used 

Tauc’s law [160]: 

αhν= A (hν-Eg) 
1/2

                                                                               (II.7)                                            

where α is the absorption coefficient , d is the film thickness , hν is the photon energy, Eg is 

the optical band gap energy and A is a characteristic parameter independent of photon energy. 

By plotting (αhʋ)
2
 versus hʋ and extrapolating the linear portion of the absorption edge to find 
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the intercept with energy axis, we can determine the value of the optical gap Eg , as shown in 

the figure II.6: 

 

Figure II.6: Determination of the optical gap by extrapolation the linear part of the curve 

[161]. 

 

II.2.3. Photoluminescence spectroscopy. 

Photoluminescence is a powerful optical spectroscopy technique for characterizing 

semiconductor materials and insulators. The principle of photoluminescence (PL) is as 

follows: a photon of a laser source induced, by optical absorption, the transition of an electron 

from its ground state, which is a valence state, to an unoccupied conduction state, leaving in 

its place a hole. The hole and the electron interact with the vibrations of the atomic lattice and 

emit (or absorb) phonons. Then, the electron and the valence hole recombine radiatively by 

emitting a photon whose energy differs from that of the exciter phonon.  

PL therefore consists of a consecutive light emission following an excitation of energy states 

by light absorption. The mechanisms that control the PL signal can be classified into three 

stages (Figure II.7) 

1. The creation of excess carriers in the semiconductor by absorption of exciter light 

(generation of electron-hole pairs and their distribution in the semiconductor). 

2. Radiative recombination of excess electrons and holes. 
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3. The emission of the PL signal from the surface, limited by the reabsorption of photons 

and internal reflection [162]. 

 

 

Figure II.7: Formation and recombination of an exciton in a semiconductor [163]. 

 

When the electron loses its energy by radiative recombinations and recombines with the hole, 

the emitted photons make up the photoluminescence spectrum. The different wavelengths 

composing the PL spectrum reflect the different levels of transition energy allowed in the 

material (Figure II.8). Therefore, a PL spectrum gives information on the nature of defects 

present in the material (gaps, interstitial atoms, impurities, …). To calculate the concentration 

of defects N (in cm
-3

) from the photoluminescence spectrum, the SMAKULA formula given 

by [165] is used:  

N = 1.29 × 10
17

 
 

        
 αW1/2                                                                             (II.8) 

where f: the oscillation force related to the probability of the optical transition giving 

absorption (    ). 

n: the refractive index of the crystal at the wavelength considered. 

α: the maximum intensity of the emission band. 

W1/2: the width at mid-height of the emission band expressed in eV. 
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Figure II.8:  Photoluminescence of a thin film of PEPI (excitation wavelength is 405 nm, from 

a laser diode) [164]. 

 

In this thesis, the photoluminescence spectra were recorded at room temperature at the 

IPCMS-France using, as a source of excitation, a 355 nm line of a tripled frequency 

neodymium-doped yttrium aluminum garnet (Nd-YAG) laser. The PL signal was recorded 

using a cooled CCD camera with an integration time of 500 ms. 

 

II.2.4. Profilometer 

Profilometer is a precise and easy technique for measuring the thickness of thin films. The 

principle of operation of this apparatus is as follows (Figure II.9). A very sensitive diamond 

tip stylus scans the surface of the sample, the surface irregularities of the analyzed deposit 

result directly in a variation in the vertical position of this stylus which is then transformed 

into electrical voltage through a differential transformer. A digital analytical converter allows 

storage the results in the device memory and link to the software. 

We then obtain on the screen the vertical variation of the position of the stylus according to 

the distance it has traveled on the sample (the step between the covered substrate area 

(deposit) and the other uncovered area figure. In our work, the measurement of films 

thickness was performed using a Dektak 8 profilometer available at the IPCMS-France. 
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Figure II.9: Schematic of a stylus profilometer. 

 

https://www.nanoscience.com/wp-content/uploads/2018/04/Stylus-Profilometer.png
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This chapter is essentially devoted to the presentation and the discussion of the results of the 

structural, optical, and photoluminescence characterizations of barium–calcium tin oxide and 

barium lead-tin oxide thin films, as a function of the calcium-based solution volume ratio RCa 

and the lead-based solution volume RPb respectively. These characterizations were performed 

by different techniques such as x-ray diffraction (XRD), UV-visible spectrophotometry, 

photoluminescence (PL) spectroscopy in addition to thickness measurements using the 

surface profilometry. 

 

III.1. Effect of the substitution of barium by calcium 

III.1.1. XRD characterization 

It should be noted that structural characterization by x-ray diffraction (XRD) was performed 

using a Rigaku-SmartLab diffractometer. The X-ray radiation used is the line of copper with a 

wavelength equal to 1.54056 Å. Figure III.1 shows the x-ray diffractograms of barium-

calcium tin oxide thin films deposited by pyrolysis spray as a function of the calcium-based 

solution volume ratio RCa from 0 to 0.5. 

 

 

 

 

 

 

 

 

Figure III.1: XRD patterns of barium-calcium tin oxide thin films. 



Chapter III 
Results and discussion 

 

55 
 

According to the JCPDS# 04-016-3131 record, the diffraction patterns of films with RCa from 

0 to 0.2 are those of the cubic Ba3SnO phase with one peak located at 16.26° corresponding to 

the (100) orientation. One can see, for these values of RCa, that there is no peak corresponding 

to a calcium-based phase. This indicates that the substitution of barium by calcium, for these 

RCa values, did not take effect. The substitution of barium by calcium takes place for RCa 

values from 0.3 (Figure III.1) where, for this RCa value, the two peaks located at 26.43 and 

32.06° correspond respectively to the (110) and (111) orientations of the cubic Ca3SnO phase 

according to the JCPDS# 00-001-0998 record. For the same volume ratio, i.e. RCa=0.3, no 

peak related to the Ba3SnO phase is observed. The peak located at 24.03° correspond to the 

(600) orientation of Ba3Sn2O7 metastable phase according to the JCPDS# 00-025-0077 

record. This shows that the phase transition from Ba3SnO to Ca3SnO is not a direct process. 

Prajapati et al. [166] evidenced the appearing of a secondary phase of La3Sn2O7 when doping 

BaSnO3 with Lanthanum. For RCa values of 0.4 and 0.5, only the Ca3SnO phase is present 

with one peak corresponding to the (111) orientation. The completed phase transition takes 

place for RCa value of 0.4. 

 

a. lattice parameter a 

The variation of the lattice parameter a of both phases Ba3SnO and Ca3SnO is traced, in figure 

III.2, as a function of the calcium-based solution volume ratio RCa. The lattice parameter a, 

for a Ba3SnO and Ca3SnO cubic structure thin films, is determined by equation (II.2). 

We can see, in figure III.2, that the lattice parameter a of the deposited Ba3SnO films is less 

than that of the bulk material (a0=5.448 Å according to the JCPDS# 04-016-3131). This 

indicates that the deposited thin films were exposed to a compressive stress due to several 

factors such as the temperature and the difference of the coefficient of thermal dilatation 

between the substrate and the film. These factors influence also the optical properties of the 



Chapter III 
Results and discussion 

 

56 
 

deposited films [167]. The slight decrease of the lattice parameter a of the Ba3SnO from 5.461 

to 5.452 Å, with the increase of the RCa from 0 to 0.2, reflects that the effect of the 

substitution of barium by calcium is not significant despite the atomic radius of calcium 

(rCa=197 pm) is less than that of the barium (rBa=217 pm). However, the fact that the lattice 

parameter of the bulk Ba3SnO is greater than that of the bulk Ca3SnO (a0=4.834 Å according 

to the JCPDS# 001-0998) suggests that the compressive stress in the Ba3SnO films could be 

also related to the phase transition from Ba3SnO to Ca3SnO induced by the substitution of 

barium by calcium. For RCa values from 0.3 to 0.5, the decrease of the lattice parameter a of 

the Ca3SnO phase from 4.882 Å to 4.846 Å reflects a stress relaxation. The stabilization of the 

lattice parameter a, corresponding to calcium-based solution volume ratios of 0.4 and 0.5, at 

values close to the lattice parameter of the bulk Ca3SnO is related to the presence of this only 

phase which is not the case for the lattice parameter of the sample corresponding to RCa=0.3. 

The high value of the lattice parameter corresponding to RCa=0.3 may be related to the 

presence of the Ba3Sn2O7 phase which could be the cause of the stretching stress. 

 

 

Figure III.2: Variation of the lattice parameter a as a function of calcium-based solution 

volume ratio RCa. 
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b. Crystallites size D 

The crystallites size D of Ba3SnO and Ca3SnO thin films was determined using equation 

(III.3). Figure III.3 shows The Ba3SnO and the Ca3SnO crystallites size D and their 

corresponding peaks intensity as a function of the calcium-based solution volume ratio RCa. 

As can be seen in figure III.3, the different crystallites size, as well as, their corresponding 

peaks intensity varies as a function of RCa. In figure III.3.a, the (100)-oriented Ba3SnO 

crystallite size remains invariant, around 37 nm, when RCa is between 0.0 and 0.2. Given the 

correlation between the XRD peak intensity and the number of its corresponding crystallites, 

the (100)-oriented Ba3SnO crystallites number start decreasing from RCa=0.1 (Figure III.3.b) 

which indicates that for these volume ratios, even the Ca3SnO is not formed, the substitution 

of barium by calcium induced the destruction of the cubic Ba3SnO crystallites and may be a 

formation of some amorphous calcium-based phases. Gholizadeh [168] evidenced the phase 

structure transition when substituting Fe by Co and La by Sr in lanthanum ferrite 

nanoparticles. For RCa=0.3, where the Ba3SnO phase completely disappears, the Ca3SnO 

phase appears with (110) and (111)-oriented crystallites size of 36 and 45 nm respectively 

(Figure III.3.a). The number of (110) and (111)-oriented crystallites is less than that of the 

(100)-oriented Ba3SnO crystallites for RCa values from 0 to 0.2 (Figure III.3.b). Despite the 

size of the (006)-oriented Ba3Sn2O7 metastable phase crystallites (60 nm), is greater than that 

of both (110) and (111)-oriented Ca3SnO crystallites (Figure III.3.a), their number remains 

comparable (Figure III.3.b). This could be explained by the fact that the formation of the 

Ca3SnO crystallites, due to the presence of a considerable quantity of the calcium cations, 

exerted internal stress on the (100)-oriented Ba3SnO crystallites inducing their phase 

transition to (006)-oriented Ba3Sn2O7 crystallites.  

The stress induced phase transition of was theoretically and experimentally evidenced on 

several materials [169-172]. For RCa values of 0.4 and 0.5, the crystallite size of the (111)-
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oriented Ca3SnO phase, which remains constant around 95 nm, is approximately two and a 

half times greater than that of the (100)-oriented Ba3SnO crystallites when RCa is between 0 

and 0.2 (Figure III.3.a) while their number is approximately one and a half time less than that 

of the (100)-oriented Ba3SnO crystallites. This could be explained by the fact that two 

different materials, such as Ba3SnO and Ca3SnO, could not have the characteristics when 

elaborating using the same experimental conditions. 

 

 

 

Figure III.3: Variation of: a) the crystallites size and b) the corresponding peaks intensity as a 

function of calcium-based solution volume ratio RCa. 
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III.1.2. UV-visible characterization 

Figure III.4 presents the variation of transmittance spectra, in the UV-visible domain, as a 

function of the calcium-based solution volume ratio RCa. As can be seen, the shape of 

transmittance spectra is invariant, as a function of RCa, except for RCa=0, i.e. for the Ba3SnO 

phase, which exhibit a different shape. This shows that the weak presence of calcium in the 

Ba3SnO matrix for RCa=0.1 and 0.2, which has no effect on the crystalline phase transition 

(Figure III.1), increases significantly the optical transmittance of the deposited films. As a 

function of the calcium-based solution volume ratio RCa, the mean transmittance, calculated in 

the visible spectral domain (Figure III.5), increases from 50% for RCa=0, which correspond to 

the Ba3SnO phase, to reach 80% for RCa=0.5, which correspond to the Ca3SnO phase. Many 

works have been done on the effect of calcium on the optical transmittance of materials. Zhu 

et al. [173] reported the increase of scintillation ceramics transmittance after doping with 

calcium. The role of calcium in increasing the optical transmittance was also evidenced by 

Yücel et al. [174] when doping PbS with calcium. 

 

a. The film thickness d 

The measurement of barium-calcium films thickness was performed using a Dektak 8 

profilometer. The films thickness d is also traced, in figure III.5, as a function of RCa. As can 

be seen, the films thickness d decreases, as a function of RCa from 120 to 85 nm and it 

correlates with the increase of the optical transmittance which is in good agreement with 

results in [175, 176]. In this work, the decrease of the thickness could be related to the 

crystallographic parameters such as lattice parameters and crystallites size which depend 

directly on the experimental conditions of films deposition. However, establishing a direct 

relation between the thickness and these parameters is not evident due to the presence of other 
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factors that directly influence the films thickness such as surface roughness [177] and porosity 

[178]. 

 

 

 

Figure III.4: Optical transmittance spectra of barium-calcium tin oxide films deposited with 

calcium-based solution volume ratio RCa from 0 to 0.5. 

 

 

Figure III.5: Variation of the mean transmittance and the films thickness as a function of 

calcium-based solution volume ratio RCa. 
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b. Optical band gap energy 

The optical band gap energy of barium-calcium thin films was estimated using the equation 

(II.7) by extrapolation of the linear part of (αhν) ² to hν=0 (Figure III.6). The variation of the 

band gap energy as a function of RCa is shown in the inset of figure III.6. 

 As can be seen, the band gap energy decreases from 3.14 eV, for RCa=0.0 which correspond 

to the Ba3SnO phase, to 3.09 eV, for RCa=0.5 which correspond to the Ca3SnO phase. The 

effect of the calcium addition on the decrease of the band gap energy was evidenced before by 

Omran et al. [179] when doped PZT with calcium. The decrease of the band gap energy by 

doping was also observed in organic materials such as PMMA when doping with CeO2/SiO2 

[180] and Si3N4/PEG [173], polycarbonate when doping with SiC/TaC [174] and polystyrene 

when doping with SiO2/SrTiO3 [181]. The band gap values correlate with that in [182] and 

show that all the deposited films have a semiconducting behavior that allows them to be used 

in many domains such as gas sensing [183] and solar cells [184]. 

 

 

Figure III.6: Plot of (Alpha E) ² as a function of the energy E (Inset: Variation of the band gap 

energy as a function of calcium-based solution volume ratio RCa). 
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III.1.3. Photoluminescence spectroscopy characterization  

The photoluminescence spectra (PL) of barium-calcium thin films recorded at room 

temperature using a source of excitation of 355 nm are presented in figure III.7 as a function 

of the calcium-based solution volume ratio RCa. We can see that the substitution of barium by 

calcium does not affect the main shape of PL spectra however, it increases the PL emission as 

soon as the calcium is added i.e. from RCa=0.1. The role of calcium addition in increasing the 

PL emission was evidenced in phosphors by Fang et al. [185]. The colors emission is 

originated from the presence of point defects such as oxygen vacancies, metal interstitials, 

metal vacancies and clusters [186]. We focus on oxygen vacancies because of the important 

role that they play in the electrical conductivity of metal oxide materials [187]. The emission 

in the violet region is due to the presence of neutral oxygen vacancies (VO) [188]. The blue 

emission is due to the presence of mono ionized oxygen vacancies (VO
+
) while the green 

emission is due to the presence of double ionized oxygen vacancies (VO
++

) [189, 190]. To 

determine the effect of calcium on the contribution of oxygen vacancies in the violet, the blue 

and the green emissions, each PL spectrum is deconvoluted into Gaussian peaks.  

 

Figure III.7: PL spectra of barium calcium tin oxide films deposited with calcium-based 

solution volume ratio RCa from 0 to 0.5. 
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An example of a PL spectrum deconvolution is presented in figure III.8. In addition to the 

emission peaks of oxygen vacancies (Figure III.8), three peaks at 384, 561 and 595 nm could 

be attributed to other types of defects. Their areas are insignificant in front of those of oxygen 

vacancies corresponding peaks which indicate that the emission is mainly due the presence of 

the three types of oxygen vacancies. According to Smakula’s formula [165], the point defect 

concentration is proportional to the defect corresponding peak area. 

 

Figure III.8: Example of a deconvolution of a PL spectrum. 

 

 The variation of oxygen vacancies corresponding peaks area is plotted, as a function of RCa, 

in figure III.9. We can see that the green emission is greater than that of both the violet and 

the blue emissions. This indicates that the substitution of barium by calcium in Ba3SnO 

increases the generation of double ionized oxygen vacancies (VO
++

). The same observation 

could be done for the generation of neutral oxygen vacancies (VO). The blue emission remains 

invariant as a function of RCa which reveals that the substitution of barium by calcium does 

not affect the mono ionized oxygen vacancies (VO
+
). The substitution of barium by calcium 

induced an increase of VO
++

 donor defect which makes this material very promising in gas 

sensing and solar cells domains. 



Chapter III 
Results and discussion 

 

64 
 

 

Figure III.9: Variation of oxygen vacancies corresponding emission peaks areas as a function 

of calcium-based solution volume ratio RCa. 

 

 

III.2. Effect of the substitution of tin by lead 

III.2.1. XRD characterization 

Figure III.10 presents XRD patterns of barium tin oxide films as a function of the lead-based 

solution volume ratio RPb. As can be seen in this figure, the phase of the deposited films 

changes from cubic structure Ba3SnO to cubic structure Ba3PbO as a function of RPb. We can 

also see that this phase transition is an indirect process. For RPb equal 0.0 and 0.1, no effect of 

the substitution of tin by lead can be observed. Only the (100)-oriented Ba3SnO phase is 

obtained according to the JCPDS# 04-016-3131 record. For lead-based volume ratio of 0.2, a 

multiphase structure is obtained composed of, in addition to Ba3SnO phase, Ba2PbO4 phase, 

according to the JCPDS#12-0666 record, and Ba1.2Pb2.8O4 according to the JCPDS#47-0877 

record. 
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Figure III.10: XRD patterns of barium lead-tin oxide films. 

 For RPb=0.2, the Ba3SnO phase is present in these films by grains oriented (110) and (111), 

the Ba1.2Pb2.8O4 phase is present by grains oriented (101) and the Ba2PbO4 phase is present by 

grains oriented (105). These phases disappeared slightly leading the place to (002)-oriented 

grains of Ba2PbO4 phase for the lead-based volume ratio of 0.3. When RPb=0.4 and 0.5, on 

can see that only the Ba3PbO phase is present in the deposited films with two peaks 

corresponding to (100) and (200) plans according to the JCPDS#00-001-0998 record. This 

indicates that from a lead-based solution volume ratio of 0.4, Pb atoms substitutes all Sn 

atoms in the Ba3SnO matrix which involve the formation of Ba3PbO.  

 

a. Lattice parameter 

The variation of the lattice parameter of both Ba3SnO and Ba3PbO crystals is traced, in figure 

III.11, as a function to the lead-based solution volume ratio RPb. We can see that the lattice 

parameter of Ba3SnO increases as a function of the lead-based solution volume ratio which 

reflects the effect of the substitution of tin by lead in the studied samples despite the absence 
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of the lead related phases peaks in the XRD patterns (Figure III.10). The increase of the lattice 

parameter for the Ba3SnO surpassed the reference value (a0=5.448 Å according to the 

JCPDS# 04-016-3131) which reflects the presence of stretching stress. This type of stress is 

also exerted on the elaborated samples using a lead-based solution volume of 0.4 and 0.5 i.e. 

for the Ba3PbO phase. For this phase the lattice parameter is invariant as a function of the 

lead-based solution volume ratio however, it is greater than that of the bulk material 

(a0=5.449 Å according to the JCPDS# 00-001-0998). 

 

Figure III.11: Variation of the lattice parameter of Ba3SnO and Ba3PbO as a function of lead-

based solution volume ratio RPb. 

 

b. Crystallites size 

In figure III.12 is presented the variation of the crystallite size D, as a function of lead-based 

solution volume ratio RPb. One can see that the crystallite size varied from a phase to another 

as a function of RPb. The increase of the crystallite size, for RPb = 0.0 and RPb=0.1 (Figure 
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III.12-a), is accompanied by a rapid decrease of the corresponding crystallite number (Figure 

III.12-b) when supposing the correlation between this parameter and the XRD peak intensity. 

This may be interpreted by a destruction of the Ba3SnO (100) crystallites caused by the 

presence of lead in the material matrix.       

 

Figure III.12: Variation, as a function of the lead-based solution volume ratio, of: a) the 

crystallite size and b) the XRD peaks intensity. 

 

This suggestion could be enforced by the disappearing of (100)-oriented crystallites of the 

Ba3SnO phase for RPb=0.2. For this lead-based solution volume ratio, this disappearing of 
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these crystallites coincides with the appearing of crystallites oriented (110) and (111) which 

indicate that the exerted stress caused by the substitution of tin by lead atoms may induce the 

rotation of (100)-oriented crystallites. According to figure III.12-b, the number of the (110) 

and the (111)-oriented crystallites in the Ba3SnO phase is less than that of the (100)-oriented 

crystallites. For RPb=0.4 and RPb=0.5 where the only obtained phase is Ba3PbO, we can see 

that the (100) oriented crystallites are invariant while for the (200) oriented crystallites, the 

decrease of their size is accompanied with the increase of their number which may indicate a 

stress relaxation without change of the crystals orientation.      

  

III.2.3. Photoluminescence spectroscopy characterization  

The photoluminescence spectra of the barium lead-tin oxide films are presented, in figure 

III.13 as a function of the lead-based solution volume ratio RPb. We can see that the shape of 

spectra remains invariant which indicates no modification of the nature of defects can be 

induced by the substitution of tin atoms by lead atoms.  

 

Figure III.13: PL spectra of barium lead-tin oxide thin films. 
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The effect of the presence of Pb atoms in the Ba3SnO matrix is evident since it influences 

directly the PL emission intensity as we can see in figure III.13. We can see also that the PL 

emission intensity is slightly invariant for the lead-based solution volume ratio from 0.1 

which indicates that the substitution of tin atoms by lead atoms does not affect the 

concentration of the defects present in the deposited films.  

The variation of VO, VO
+
 and VO

++
 defects related peaks areas is presented, in figure III.14, as 

a function of lead-based solution volume ratio RPb. We remain that values were obtained from 

a PL spectrum deconvolution as showed in figure III.8. As cans be seen in figure III.14, no 

modification of the three types of oxygen defect concentration when RPb =0.1. After this 

value, one can see that the substitution of tin by lead does not really affect the oxygen defects 

concentration. For all samples, the dominant donor defect is the double ionized oxygen 

vacancies which play a major role in enhancing the electrical conductivity and this make 

samples suited for application in PV devices.    

 

Figure III.14: Variation of oxygen vacancies related peaks area as a function of RPb.  
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General conclusion 

In this work, we studied the effect of the substitution of barium by calcium and tin by lead on 

physical properties of barium tin oxide thin films deposited onto glass substrates using the 

spray pyrolysis technique. The effect of substitution on the physical properties is studied as 

function of respectively, the calcium-based solution volume ratio RCa and the lead-based 

solution volume ratio RPb. All experiments were done at a substrate temperature of 500°C, 

optimum temperature selected and determined by previous studies. The structural, optical and 

luminescence properties of the deposited films are investigated by means of x-ray diffraction 

(XRD), UV-visible spectroscopy and photoluminescence (PL), respectively.  

According to the XRD patterns, the substitution of barium by calcium induced an indirect 

phase transition from Ba3SnO to Ca3SnO. The Ba3Sn2O7 metastable phase was identified for 

RCa=0.3. The variation, as a function of RCa, of the lattice parameter, crystallites size and 

XRD peaks intensity exhibited the effect of barium substitution by calcium on the structural 

properties of the deposited films. The UV-visible spectroscopy evidenced the effect of the 

substitution of barium by calcium on the enhancement of the optical transmittance. The mean 

transmittance, in the visible region, increased from 50% for Ba3SnO (RCa=0) to 80% for 

Ca3SnO (RCa=0.5) while the films thickness decreased from 120 to 85 nm. The band gap 

energy of the deposited films decreased slightly from 3.14 to 3.09 eV as a function of RCa. 

The semiconducting behavior of the deposited films made them suitable for gas sensing and 

solar cells. PL spectroscopy showed that the substitution of barium by calcium induces a 

decrease of the blue emission, which is due to the presence of mono ionized oxygen vacancies 

(VO
+
) and an increase of the green and the violet emissions, which are due to the presence of 

double ionized oxygen vacancies (VO
++

) and neutral oxygen vacancies (VO) respectively. The 

presence of such donor defects made of Ba3SnO and Ca3SnO promising materials for 

optoelectronic and photovoltaic devices. 
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The XRD patterns of barium lead-tin oxide films showed that the phase transition from 

Ba3SnO to Ba3PbO is indirect as a function of the lead-based solution volume ratio. Other 

phases like Ba2PbO4 and Ba1.2Pb2.8O4 were present for RPb=0.2 and RPb=0.3. The variation of 

the crystallite size and the crystallite number suggested that the substitution of tin atoms by 

lead atoms caused directly the destruction of (100)-oriented crystallites in Ba3SnO phase by 

inducing stretching and rotative stress. PL spectra of the deposited films showed the direct 

effect of the presence of Pb atoms in Ba3SnO matrix which consists on the increase of the PL 

emission intensity and then the increase of the present defects such as VO, VO
+
 and VO

++
. The 

structural and optical characteristics of the deposited Ba3SnO, Ca3SnO and Ba3PbO thin films 

suggested that they could be used efficiently in photovoltaic applications. 
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