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V. ABSTRACT 

 

Tin dioxide (SnO2) thin films are a worthy candidate for an electron transport layer (ETL) in 

perovskite solar cells, due to its suitable energy level, high electron mobility of 240 cm
2 

v
-1 

s
-

1
, desirable band gap of 3.6 - 4.0 eV, and ultimately proves to be suited for a low temperature 

thermal oxidation technique for ETL production. A variety of methods are available to 

prepare SnO2 thin films such as spin and dip coating and chemical bath deposition. However, 

the customary solid-state method, which incorporates thermal decomposition and oxidation 

of a metallic Sn precursor compound in an oxygen abundant atmosphere prevails to be low in 

cost, is repeatable and allows for large-scale processing.  

In this project, we propose to prepare SnxOy thin films by thermal oxidation of a Sn thin film, 

deposited by ultra-high vacuum thermal evaporation. To induce oxidation, the Sn thin film 

was annealed in ambient air for 2 hours at temperatures ranging from 200 - 400 ℃. The effect 

of annealing temperature on the evolution of the structural, vibrational and morphological 

properties of the Sn thin film were investigated. The crystallinity and vibrational properties of 

the samples were probed by x-ray diffraction and infrared absorption spectroscopy, 

respectively. The morphological evolution, elemental composition and the optical properties 

were investigated using high-resolution electron microscopy, Rutherford backscattering 

spectrometry and UV-VIS spectroscopy, respectively. The oxidation of metallic Sn films lead 

to a polycrystalline SnxOy structure containing phases of both SnO and SnO2, with SnO being 

the dominant crystalline phase. The diffusion flux within the oxidation process was 

dominated by that of cation Sn
+2

 diffusion resulting in oxide growth to mainly form at the 
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oxide/gas interface. The analytical techniques reveal that the ideal film formed within this 

study was the film annealed at 400 ℃. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 The Global Energy Crisis and Renewable 

Energy 
 

Throughout the course of history mankind has always relied on the utilization of energy in 

some form or manner to aid in their survival. Over the years, even though the dependence on 

various energy sources may have altered, some patterns have still remained constant as the 

demand and energy usage increased [1.40].   

 

When comparing the present global energy consumption trends to that of long-term historical 

ones, it would seem as if the last 150 years have been remarkable especially in the way 

energy has been used to upscale comfort and the standard of living. According to Jean-Marie 

Chevalier, “from the 19
th

 century until today, the world‟s population has increased by a factor 

of six, and GDP by a factor of sixty” [1.7]. At present, due to the ever growing population 

size and usage of electronic gadgets, the demand for energy has triggered a global energy 

crisis. As a consequence in fulfilling these demands, unsustainable climate change has 

become more prominent during this period [1.16, 1.28].  

 

Fossils, non-renewables and other polluting energy sources such as coal, oil and natural gas 

supplies more than 80% ( 25% coal, 35% oil and 21% natural gas) of the world‟s energy and 

until recently have been accessed relatively easily, is inexpensive and abundant [1.40, 

1.23,1.7]. Nevertheless, it has slowly been discovered that by exploiting these resources that 
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further aggravation of pollutants have severely harmed the planet. Figure 1.1 illustrates the 

various energy resources employed to appease the global energy demand. In addition, the 

global trend in energy resources from the past to the present i.e. 2005 - 2030 and ideal 

alternatives to battle of the energy crisis for the future may also be studied [1.7].  

 

 

Figure 1.1: Schematic of the world energy balance of various energy sources and their 

contribution to the global energy demand predictions and alternative energy consumption 

scenarios [1.7]. 

 

 

The energy crisis and climate change are two separate terms with their own distinctive 

definitions but are still highly relatable to one another in some way [1.16]. It is known that 

the Earth‟s atmosphere is composed of combination of gases which eventually has an impact 

on climate stability. When solar radiation passes through the atmosphere, it heats the Earth‟s 

surface. Once the radiation reaches the Earth‟s surface, some energy is returned to the 
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atmosphere in the form of heat, whilst other parts of the incident solar radiation is retained by 

a layer of gases and the remainder is passed into space. This is known as the greenhouse 

effect. When fossil fuels are burnt or combust in order to generate energy, they emit vast 

amounts of harmful greenhouse gases (GHG‟s) which warms the Earth‟s surface through heat 

retention, which subsequently instigates global warming and climate change [1.23, 1.40]. A 

few of the most forthcoming greenhouse gases in the atmosphere are carbon dioxide (CO2) 

contributing an excessive 71.4%, while methane (CH4) accounts for 17.5% and  nitrous oxide 

(N2O) for 10% [1.7].  

 

Between the years from 1850 - 1899 and 2001 - 2005, the global average surface temperature 

had advanced by 0.57 ℃ and 0.95 ℃, respectively [1.16]. In addition, Levy, R. has founded 

possible scenarios, where models have predicted that these temperatures may rise between 2 - 

6 ℃ by the end of the 21
st
 century [1.19]. Mishra et al. has concurred that in the late 1980s, 

the World Meteorological Organization/ International Council of Scientific Unions/ UN 

Environment Programme Advisory Group of Greenhouse Gases had projected that if these 

threshold temperatures were reached, it would instigate risks of grave damage to ecosystems. 

Such irreparable damage triggers grave threats to endangered species and unique systems 

[1.25]. These threats are executed by the increase of precipitation frequency, thus resulting in 

floods, rising sea levels, acid rain, intense frequent heat waves causing droughts, a decrease 

in both snow cover and sea ice, and even an increase in water-borne diseases implicating the 

standard of health for the human population [1.25, 1.41].  

 

By 2006, it seemed as though the seriousness of the situation had finally been grasped by a 

number of countries globally. Within the same year, the G8 leaders (Canada, France, 

Germany, Italy, Japan, Russia, the United States of America and the United Kingdom) met 
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with the leaders of major developing countries (China, India, Brazil, South Africa and 

Mexico) now known as the „Plus five‟ (+5), had come to a consensus with regards to the 

International Energy Agency‟s (IEA) concerns listed by the World Energy Outlook (2006). 

Through advisement of the IEA, the G8+5 leaders agreed to pursue alternative energy 

scenarios and strategies aimed at a clean, clever and competitive energy future. This decision 

has caused leaders to place an emphasis on renewable energy resources as it seems to be the 

most effective and efficient solution to the crisis at hand [1.7]. 

 

At present, there are a list of renewable energy resources available on earth such as solar, 

biomass, wind and geothermal [1.6, 1.2, 1.16, 1.28]. Nevertheless, even though continuous 

efforts have been formulated to expand the use of such renewable energy sources, not more 

than a mere 20% of these resources are used for electricity generation. Amongst all the viable 

renewable energy sources, solar energy proves to be a feasible answer to the consumption 

and ever dwindling amounts of fossil fuels problem [1.1, 1.16]. The concept of reaping the 

sun‟s energy (green energy) as a means of providing electricity seems the most appealing as 

it is the most inexhaustible renewable source of energy due to the sun‟s 4 - 5 billion year 

lifespan. It has formerly been mentioned by Psomopoulos et al. that the amount of solar 

energy that eventually reaches the earth is estimated to be 173 x 10
12

 kW which is more than 

what is required to support the energy needs by humankind if harvested correctly. Of sun‟s 

total energy 7% is attributed to ultraviolet (UV) radiation which causes damage to materials 

but is considerably filtered out by the ozone layer and upper atmosphere. Visible radiation 

contributes 47%, and 46% is supplied by infrared (heat) radiation, and are both mainly used 

for energy creation in the earth‟s surface by humans and nature [1.34]. 
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Although the amount of solar energy reaching the earth‟s fairly high, the amount which is 

accessible, however, is dependent on a number of factors such as the change latitude, 

elevation, shape of the surface, season of the year coupled with the time of day. Based on 

these influential factors, it is evident that the potential amount of energy availability and 

implementation of the renewable source varies according to weather conditions and 

geographical properties of the area. Figure 1.2 illustrates a mapping of suitable regions for the 

theoretical amount of solar radiation available to the earth‟s surface. The map displays an 

indication of appropriate areas with the best potential for solar energy utilisation technologies 

may be applied globally. Furthermore, by observing these mapping, it is quite clear that 

majority of the developing and some of the developed countries situated along the tropical 

belt of the world exhibits the most promise for the application of solar radiation devices. For 

countries situated along the “Sun Belt” of the world, these regions receive the sun‟s radiation 

for approximately 3000 - 4000 h/year. This translates to an excessive 2000 kWh/m
2
 per year 

in terms of power density and is few thousand times greater than what the estimated global 

energy demand of 4.40 × 10
9
 kWh/year for the year 2040 will be. [1.33, 1.34] .Studies 

performed by the EPIA- Greenpeace in 2011, Luque and Hegedus in 2003, Sen in 2008, and 

 ̅úri et al. in 2007 have all been listed by Psomopoulos et al. who mentioned that “the earth is 

exposed to enough sunlight to generate annually, using current available technology, 

electricity with an average value equal to 1700 kWh/m
2
 of land” [1.34].  
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Figure 1.2: Amount of solar radiation at the Earth’s surface [1.34]. 

  

Photovoltaic solar cell (PSC) devices have the ability to convert solar energy directly into 

electricity [1.1, 1.34, 1.43, 1.15, 1.24]. In recent years, photovoltaics (PVs) has become one 

of the solar powered technologies to have received immense popularity and is one of the 

fastest growing renewable energy sources worldwide. This is based on the amount of 

installations over the past few years. Figure 1.3 shows the global cumulative capacity of solar 

PV installations from the year 1996 - 2019 [1.30].  Since (PSC) devices function on what is 

considered a natural unlimited resource, it therefore provides the potential of creating a 

cleaner, more reliable and affordable electrical system [1.16, 1.29]. In addition to these 

favourable attributes, PSC devices consists of a rugged yet simplistic design, requires 

minimal upkeep, and has a stand-alone assembly system that providing outputs in the range 

from microwatts to megawatts [1.6]. These are basic reasons why governments all over the 

world supporting the development and employment of solar PV technology [1.11, 1.40]. 
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However, as appealing as what these features may seem, PSC devices still faces several 

challenges such as contact shadowing, parasitic resistances or non-radiative recombination, 

and consequently has a negative impact on the efficiency. Due to continuous research, 

numerous ideas have been investigated and proposed to overcome these issues in order to 

fully take advantage of the radiation that the sun provides [1.18].  

 

 

Figure 1.3: Tally of PV installations performed globally from 1996 - 2019 [1.30]. 

 

1.2 Photovoltaic Cells 
 

The term “photovoltaic” is a combination of the Greek word “phos” meaning light, and 

“volt” being the unit measurement of the electro-motive force. Photovoltaic solar cell (PSC) 

devices are primarily based photovoltaic effect discovered by the French physicist 
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Alexander-Edmond Becquerel. In the year 1839, at the tender age of 19, Alexander managed 

to invent the first photovoltaic solar cell [1.32, 1.43]. By illuminating silver chloride based in 

an acidic solution, he noticed a voltage on the connected platinum electrodes [1.43].   

The definition for the photovoltaic effect described by Miles et al., where they define it as 

“the direct conversion of incident light into electricity by a p-n semiconductor junction 

device” [1.24].  

1.2.1 Working Principle 
 

When incoming photons of energy (hv) interacts with the active area of the PSC, they have 

the ability to be absorbed if the requirement of hv ≥ Eg is met.  Eg represents the band gap of 

the depletion region. Once the requirement of hv ≥ Eg is fulfilled, these photons possess the 

potential to free an electron from its bound state within a crystal. [1.1, 1.36]. Once an electron 

is freed, it is allowed to move throughout the crystal in the conduction band (CB), where it 

subsequently leaves behind a missing electron bond also known as a hole within the valence 

band (VB). Since a hole is now available within the VB, a bound electron that is in a close 

proximity to the hole can thus easily jump into the hole, and in doing so, forms another 

incomplete bond i.e. a new hole. This continuous process of nearby electrons exchanging 

positions with holes ultimately causes the random appearance of holes throughout the solid. 

The production of these freely moving electrons and holes is the fundamental procedure 

outlined by the PV effect and is also responsible for the generation of electron-hole pairs. 

This procedure however, is not capable of generating an electric current as yet, and so further 

insight of how a PSC is able to generate such an electric current will be discussed shortly. 

[1.1, 1.13].  
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It is a noteworthy fact that at higher temperatures, the electrons and holes become more 

restless and move more frequently within the material. PSC devices all consist of a potential 

barrier that is formed by opposing electric charges facing one another on either side of a 

dividing line. This potential barrier selectively absorbs light and consequently generates free 

electrons and holes, by continuously transferring both electrons and holes to opposing sides. 

There is a multitude of ways in which this potential barrier can be created within a solar cell. 

Nonetheless, the most common practice is to alter a pure semiconducting crystal with 

impurities so that either side of the dividing line consists of a donor and acceptor 

semiconducting material, respectively [1.13]. 

 

Impurities are introduced to pure semiconductors by dopants. Dopants composing of one or 

more valence electrons called donors because they are able to donate electrons to a pure 

semiconductor. As a result, these donor-type crystals have free negative charges and are 

known as n-type semiconductors. Once bonded with crystal lattice, the impurity atom‟s extra 

electron is relatively free and has no hole (empty bond) to fill. As a consequence, the free 

electron remains crystal‟s CB, readily being available participate in an electric current. A 

crystal with a large amount of impurity dopants would have plenty free mobile electrons 

within the CB. In addition, the excess in free electrons has a similar amount of positive 

impurity ions bound to the crystals structure. Hence in this manner, the crystal as a whole will 

remain neutral since the number of electrons is approximately the same as the number of 

ions. However, these majority charge carries will alter the crystal‟s electrical properties 

immensely [1.13].  

 

Accordingly, a pure semiconductor crystal can also be altered by substituting impurity atoms 

with one or less valence electrons. In doing so, the dopant atom with fewer valence electrons 
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would occupy position of the original crystals atom, however, one of the bonds will lack an 

electron, and hence a hole is created. As we know, holes are relatively mobile within the VB 

in the same way that free electrons are in the CB. Therefore, impurity atoms who have many 

holes act as if they were free mobile positive charges in the lattice. When pure 

semiconducting crystals are altered in this way, they are known as accepters due to its 

capability to readily accept electrons coming from the rest of the crystal normally in the form 

of bonded valence electrons or CB electrons. Due to the presence of majority positive charge 

carriers (moving holes), these accepter-doped materials are called p-type. In a material where 

majority charge carriers are negative (free mobile electrons), and the dopant has an excess of 

valence electrons is called an n-type [1.13].  

 

N- and p- type materials are able to cause a junction along the dividing line responsible for 

the flow of free charges in a PSC. During this process, when n and p-type materials come into 

contact with one another, the free electrons originating from the n-type material makes their 

way to the many holes in the adjacent p-type material and eventually fill the holes. In the 

same way, holes in the p-type material navigates towards the n-type material side, thus 

causing an imbalance of charge. An electric field is configured by charged carriers that have 

already crossed over the junction and forms a barrier for charge carrier separation. This is 

achieved by the enlargement of the barrier which is triggered by increased amounts of 

carriers crossing over the junction. Due to the enlargement of the barrier, navigation of free 

carriers becomes more difficult, until finally equilibrium is reached and statistically speaking, 

no more electrons are allowed to traverse through the junction. This separation between 

electron and hole charges generates a potential difference (voltage) between the two terminals 

of the PSC. This can then be used to drive an electrical current to an external circuit. 

Schematic of the entire process may be observed in Figure 1.4 and 1.5, respectively, such that 
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Figure 1.4 illustrates the internal process within the crystal and Figure 1.5 shows the external 

features of how a PSC is employed for electric current production [1.13]. 

 

Figure 1.4: Formation of the p-n junction within a PSC [1.13]. 

 

Figure 1.5: Schematic of how the absorption of light induces a voltage that drives current 

through a circuit [1.13]. 
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1.2.2 Photovoltaic Solar Cell Classes 
 

PV solar cell devices can be divided into three classes (generations) [1.36, 1.17].  

 

Figure 1.6: Generational classes of available PSC device designs [1.39]. 

 

1.2.2.1 First Generation Solar Cells 
 

First generation solar cells essentially involves devices made up of monocrystalline silicon 

(m-Si), polycrystalline silicon (p-Si) wafers and gallium arsenide (GaAs) PSCs [1.22, 1.36, 

1.11]. Being the most recognized and mature form of PV technological devices, these cells 

dominates above 80% of the solar cell market and reaches efficiencies of approximately 22 - 

25% in the laboratory [1.17, 1.36]. Efficiencies in these types of PSCs are primarily restricted 

by the spectral response of a single-junction semiconductor [1.36].  
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1.2.2.2 Second Generation Solar Cells 
 

Second generation solar cells are fundamentally centred around thin – film devices. The main 

purpose surrounding the manufacturing of these films is to aid in the reduction of high costs 

associated with first generation solar cell prices. Costs are often reduced by lessoning the 

amount of production materials and by using a lower grade in materials deposited on more 

cost effective substrates. Popular materials employed in second generation PSCs include 

amorphous silicon (a-Si), cadmium telluride (CdTe), and copper indium gallium selenide 

(CIGS) [1.17, 1.22, 1.36].   

 

1.2.2.3 Third Generation Solar Cells 
 

Third generation solar cells involves the field of new emerging PV technologies. This class of 

PSCs was initially invented with the intention of manipulating novel materials in order to 

establish new innovative designs. Third generation PSCs are intended to assist in improving 

production costs as well as the enhancement of efficiencies compared to PSC devices that are 

already marketed today. Among the new developing PSCs are multi-junction solar cells 

(MJSCs), dye-sensitized collar cells (DSSCs), quantum dot-sensitized solar cells (QdSCs), 

organic and polymeric solar cells (OPSCs) and perovskite solar cells (PSCs). [1.17, 1.36]. All 

of the above mentioned third generation solar cells individually possesses their own benefits 

and limitations in terms of cost, stability, size, transparency, flexibility and  efficiency. So far, 

47% is the highest reported efficiency in MJSCs [1.36].  
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1.3 Perovskite Solar Cells 
 

Perovskite solar cells (PVSCs) are one of the more popular up-and-coming forms of new 

generation photovoltaic technologies. Like most emerging PSCs, PVSCs offer more 

straightforward and inexpensive way of producing a PSC. In a period of less than 5 years 

PVSCs efficiencies have advanced from a mere 3.8% to a remarkable 20.2% [1.36]. Based on 

these advantageous attributes and its potential of producing high efficiencies, many scientists 

are invested in coming up with a more stable and reproducible cell as an alternative to other 

energy harvesting resource techniques [1.43]. 

 

1.3.1 Perovskite Structure 
 

PVSCs are PSCs which are primarily based around the perovskite material, hence the name 

given to the PSC. Perovskite materials have a general formula of AMX3, such that A and M 

are cations which are different in size relative to one another. More specifically “M” is 

smaller in size than “A”. For a more direct understanding of the structural concept, the 

perovskite crystal may also be expressed in the more general AMX3 formation, where the 

metal cation is given by M, and X represents either an oxide or halide anion. In the case of 

perovskite materials, MX6 forms an octahedral arrangement, such that M is situated at the 

centre of the octahedron surrounded with X at the corners. Figure 1.8 displays an illustration 

of the octahedron perovskite crystal structure. [1.26] 
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Figure 1.7: (a) Ball and stick model of a basic perovskite crystal structure and (b) 

illustration of an extended perovskite crystal structure connected via a corner – octahedra 

[1.26]. 

 

For a closed-packed perovskite crystal structure, the type of cation which assumes the value 

of A must meet a certain criterion. That is, that the cation A must fit in the hole that is 

situated between the eight corners of the octahedron. The types of elements that are capable 

of being the cation A are calcium (Ca), potassium (K), tin (Sn) and lead (Pb). The size of 

both the cation and anion are highly influential to the electronic and optical properties of the 

perovskite material. An ideal perovskite material obtains the crystal structure in the form of a 

cubic geometry. However, in nature this structure becomes distorted and pseudo – cubic 

forms are found. In a perfect perovskite structure, where atoms touch one another, the larger 

cation occupies a 12 co-ordinate position, the distance of M - X is equal to     and the A - X 

distance is         . In this instance, the value of   denotes the cubes unit cell length. 

According to Rao et al., the radii of the ions can be related by the following expression: 

 

                                                         √                                                    (Eq 1.1)  
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Furthermore, Goldschmidt had discovered a tolerance factor  , for perovskite structures in the 

form AMX3 that did not follow the relation outlined by Eq.1.1, and thus deduced the 

following expression: 

                                                                  
     

         
                                                 (Eq. 1.2)  

 

In an idyllic case, where the perovskite structure is cubic, the value of   is unity. In other 

instances where the value for   variates within the range of            , the perovskite 

structure then distorts to tetragonal, rhombohedral, or orthorhombic symmetry  [1.20, 

1.26,1.35].  

 

In two-dimensional (2D) perovskite structures, an appropriately employed cationic organic 

molecule is used as “A”. This is commonly known as the organic part of the structure, while 

octahedron MX6 is the inorganic part. The inorganic part of the perovskite structure is found 

confined between the organic cationic molecules. Due to the cation features of the organic 

molecule, the placement of the organic and inorganic parts are situated at alternating 

locations leading to a 2D organic-inorganic layered perovskite. Figure 1.8 exhibits the 

structure of a 2D organic-inorganic perovskite where: a) consists of a bilayer and b) has a 

single layer of organic molecules. An example of this is given by perovskites consisting of 

the general form of CH3NH3MX3 which are utilized in field effect transistors and 

electroluminescent technologies. The fairly wide direct band gap of the perovskite can be 

controlled by changing the alkyl group and the metal ion. It is for this reason that it can be 

deduced that size, structure, conformation and charge of the organic cation regulates the 

properties of the perovskite material [1.26].  
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Figure 1.8: 2D Structure of an organic-inorganic perovskite structure with a) bilayer and b) 

a single layer of organic molecules. [1.26] 

  

1.3.2 Structure of Perovskite Devices 
 

The standard configuration of a PVSC generally consists of a perovskite structured 

compound employed as the light harvesting active layer [1.22]. Organic-inorganic lead or tin 

halide-based perovskites are often used to this purpose. Adjacent to this active layer, are 

transport layers more specifically an electron transport layer (ETL) either being a mesoporous 

or flat solid material, and a hole transport (HTL) placed on either side of the perovskite 

compound. Upon the ETL layer exists a TCO while the back of the HTL layer has a back 

contact electrode often made up of gold (Au) [1.22, 1.44]. When light passes through the 

TCO to the ETL layer an n-i-p type of cell is formed. The reverse of this cell layout is known 

as a p-i-n structures PVSC. In the p-i-n layered PVSC, the perovskite active layer is deposited 

onto transparent substrates which are shielded with an HTL like poly(3, 4-ethylene 

dioxythiophene): polystyrene sulfonic acide (PEDOT: PSS). Both forms of PVSC has 

demonstrated high performance and stability, but when comparing the two structures to one 
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another with regards stability, the results are still inconclusive as to which outperforms the 

other and is thus still under debate properties [1.44].  

Figure 1.9 displays a diagram illustrating the layout of variant perovskite device designs 

available.  

 

 

 

 

 

 

Figure 1.9: (a) Mesoporous n-i-p structured perovskite device, (b) planar n-i-p structured 

perovskite device and (c) planar p-i-n structured (inverted planar) perovskite device [1.44]. 
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1.3.3 Instability and Degradation factors in Perovskite 

solar cells 
 

Over the past few years PPSC‟s have become quite appealing to many researchers due to 

their many alluring attributes such as low material costs and overall simplistic manufacturing 

procedures. Nonetheless, as promising as what a successfully created PVSC may seem, they 

still experience a number of severe instabilities which prohibits them from being marketable. 

These limitations are influenced by two main factors; i.e. ambient humidity and UV light 

exposure. Moisture causes degradation in both MAPbI3-𝑥Cl𝑥 and MAPbI3 which is triggered 

by the loss of the methylamine group through sublimation where PbI is then formed. When 

perovskites are subjected to UV radiation and dry air conditions, the perovskite decomposes 

into reaction products of methylamine, PbI and I2. Many researchers have made an immense 

amount of efforts to solve these crucial issues [1.44].  

 

1.3.4 Transport layers and their influence on stability 
 

Even though the instabilities which represent themselves within the photoactive layer of the 

device are crucial to the overall performance of PVSC, there are other factors which are able 

to affect the stability of the cell as well. These other vital components are the transport layers 

(ETL and HTL). The function of these two layers are vital for the cells execution simply 

because they provide sufficient charge collection efficiency, and secondly, they act as an 

ohmic contact for the electrode. Therefore, it is of utmost importance that the properties of 

these transport layers are understood properties [1.44]. 
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1.3.4.1 Electron Transport layer 
 

In order to assemble a high performance PVSC obtains a good conversion efficiency, a 

reliable electron selective contact is needed between the ETL and the perovskite active layer. 

This selective layer serves in the purpose of minimizing the potential barrier for electron 

charge transfer and hinder hole transport so that carrier recombination doesn‟t occur at the 

interface. As ETL removes the photogenerated electrons from the photoactive layers, and 

transfers them to the cathode, where they promote photovoltaic performance. Basic requisites 

that should be met before a material is regarded as a suitable match for a PVSC are that it 

should form a suitable alignment between the perovskite film and the electrode. Secondly, the 

material should possess a high electron mobility, have a great stability in air and easy 

termination degradation if exposed to an organic solvent. If a proper ETL is chosen, it is able 

to improve the PVSC by introducing flexible substrates, having lower processing 

temperatures, straightforward fabrication, most importantly decreases the chances of 

hysteresis. On the other hand, if an inappropriately chosen ETL is selected, a poor carrier 

efficiency and damage of the ohmic contact in conjunction with the electrode properties will 

result. [1.44].     

  

1.3.4.2 Hole transport layer  
 

HTL are also critical to the conversion efficiency of PVSC because they are assigned to 

prevent the travelling of electrons between the perovskite and electrode to lessen carrier 

recombination, and thus consequently increasing the device efficiency. Additionally, HTL 

protect the perovskite from harmful external elements which promote degradation by 

moisture, oxygen and heat properties [1.44].  
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1.3.5 SnO2 as an ETL for Perovskite solar cells 
 

A component of PVSC as previously stated in section 1.3.4.1 that is critical to the overall 

stability of the device is the ETL.  The role of the ETL is to support electron extraction and 

hole blocking to prohibit the hole from reaching the transparent electrodes [1.14].  

At the moment there are a variety of options which have been opted for as a candidate for 

ETL use. Organic conducting materials namely graphene, fullerene and some of is variants 

have been studied as possible ETL, but due to their environmental, thermal and photostability 

has brought on apprehension for long-term use [1.14]. Therefore, instigating the search for 

planar and mesoporous n-type metal oxides to satiate these vastly challenging issues. Some 

possible inorganic metal oxides that can be used for ETL are TiO2, SnO2, ZnO2SnO4, WO3 

and so forth have been opted for [1.44, 1.14]. Each of these metal oxides has their own 

appealing factors and limits, however, SnO2‟s overall properties has brought on the most 

appeal [1.14]. Five of these attractive properties as listed by Jiang et al. are: 1) Its deep 

conduction band and excellent energy level for electron extraction and hole blocking. 2) 

Increased electron mobility in its bulk form up to 240 cm
2
 v

-1
 s

-1
 and high conductivity aiding 

in electron transport and reduces the chances of recombination loss. 3) The high level of 

transmittance in the visible region of the EM spectrum combined with its wide band gap 

between 3.6 - 4.0 eV. 4) Its ability to be produced at low temperatures (less than 200 ℃), 

making it an excellent contender for flexible solar cell and tandem solar cell applications 

resulting in simplistic large – scale commercialization. 5) Excellent chemical stability such as 

UV-stability, less photocatalytic activity in comparison to other ETLs and overall its 

robustness [1.14]. 
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1.3.5.1 Modifications of Perovskite solar cells by the 

implementation of SnO2 
 

Hysteresis and its misleading efficiency outcomes is a prevalent and significant problem 

faced by PVSCs. There exist several reasons that have been discussed to clarify as to why 

this phenomena has become quite evident, these are issues such as the charge trapping at 

interfaces and grain boundaries, capacitive, ion migration as well as ferroelectric effects. 

Although lately, charge collection brought on by ion migration seems to be the most logical 

justification [1.14]. SnO2‟s deeper conduction band joint with its higher conductivity and 

electron mobility is what makes it advantageous over most metal oxides. These assets are 

what induce easier charge transference that limits charge accumulation at the interface. 

According to Jiang et al., in comparison to the formidable TiO2, SnO2‟s use as an ETL in a 

regular planar PVSC (n-i-p) structure has displayed a significant decrease in hysteresis 

behaviour and has been successful in solving this problem in n-i-p structured PVSC. The use 

of colloidal SnO2 as a precursor solution and the subsequent spin-coating thereof made way 

for the production of a high quality SnO2 thin film which generated a 19.9% conversion 

efficiency. These results had showed little to no hysteresis, where it has been confirmed that 

it was owed to the increased extraction of electrons by the SnO2 ETL formed as a 

consequence of the deeper conduction band and enhanced mobility of the SnO2 metal oxide 

[1.14].  

 

SnO2 materials are fairly vigorous and show some immunity to oxygen and moisture filled 

environments. Such invulnerability (chemical stability) under atmospheric conditions in a 

material demonstrates quite valuable properties for PVSC devices, more specifically in 

transport layers. A study performed by Fang et al., whilst employing hierarchical SnO2 
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nanosheets as an ETL, proved that PVSC with these kind SnO2 materials could retain 90% of 

its initial efficiency in storage without encapsulation for 3000 hours. Another study was done 

on reverse p-i-n structured PVSC by Jen and colleagues who combined as-synthesized SnO2 

nanocrystals and C60 as an ETL adjacent to the perovskite active layer. In doing so, the use of 

the thick SnO2 compact layer displayed an improved moisture stability varying from 10 - 

80%, and is capable of maintaining 80% of its original efficiency placed under 70 - 80% 

relative ambient humidity for 30 days [1.14].  

 

Photostability in PVSC is another forthcoming concern placed by researchers. In the more 

general TiO2 ETL, UV light exposure promotes the performance degradation by the oxygen 

vacancies present in TiO2 crystal lattice provoked under UV illumination activation. 

Subsequently, desorption of O2
⁻
 passivates these deep electronic traps. When these deep traps 

emerge within the lattice, they cause the electronic properties of the material to worsen. The 

degraded electronic properties which ultimately destroys the activity at the interface ensues 

conversion efficiency loss. Under similar circumstances SnO2 behaves in a more robust 

manner due to its catalytic activity. You et al. substantiated this statement by comparing the 

short time stability while using TiO2 and SnO2 as an ETL in planar PVSC under constant sun 

conditions. The results proved that SnO2-based devices had an improved photostability than 

that of the TiO2-based device. Furthermore, Wang et al. demonstrated that by placing SnO2 

alongside the perovskite layer under continuous UV illumination for 6 hours that the PVSC 

(FTO/SnO2/(FAPbI3)0.85(MAPbBr3)0.15/Spiro-OmeTaD/Au structure) remained stable 

[1.14].  
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1.4 Properties of SnO and SnO2 materials 
 

Tin oxide based-materials are exceptional semiconducting metal oxides (SMOx) and have 

received much interest from researchers in aid to fully exploit the advantages that this 

material and its derivatives have to offer, especially in the nanoscale. A few of tin oxide 

material variations are SnO, SnO2, Sn2O3 and Sn3O4. Amongst all these variations of tin 

oxide SMOx, SnO2 is the most popularly studied and utilized material in a number of devices. 

More recently, SnO based-materials have also been studied due to its ambipolar behaviour 

and the promise of its high mobility. Therefore, in this section a brief overview of the 

properties pertaining to the two most prominently utilised derivatives of tin oxide will 

discussed. Listed in the table below (Table 1.1) are the general properties SnO and SnO2 

materials provided by [1.29]. Moreover, one of the many ways in which tin oxide materials 

may be manufactured is through thermal corrosion of the metallic Sn species. With that said, 

in Figure 1.10 presents a phase diagram of tin (Sn) and oxygen (O) in which the thermal 

conditions can be studied so that an estimate of the desired form of SnxOy may be 

accomplished. Applications SnxOy nanomaterials are in PVSC, TFT‟s, sensors and catalysts. 

 

Table 1.1: General Properties of SnO2 and SnO [1.29]. 
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Figure 1.10: Phase diagram of Sn – O [1.3]. 

 

1.4.1 Crystal Properties 
 

Stannic oxide (SnO2) is the most thermodynamically stable form of tin oxides. SnO2 

crystallizes in a tetragonal rutile structure as illustrated in Figure 1.12, with the space group 

of P42/mnm (   
   symmetry) and has lattice constants a = b = 4.7374 Å and c = 43.1864 Å 

[1.3, 1.9, 1.37]. In the rutile structure of stannic oxide, each Sn(IV) ion is located at the centre 

of the distorted octahedra of oxide ions. The   ⁄  ratio and the internal parameter denoted as 

 , are responsible for the atomic positions of the crystalline structure. Cations are situated at 

equivalent positions of      *            (
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anions form an octahedral surrounding the cations, with two anions at a distance of    

      and four anions at a distance     √  
 

 
        

 

 
  . The perfect octahedral 

coordination is obtained when    and    are equal, which is a consequence of the internal 

parameter   and   ⁄  ratio achieving the best values of         
 

 
(    )        and 

 
 ⁄      

           , respectively. Furthermore, the distortion parameter within the 

crystal is given by the relation    ⁄    . In a perfect crystal structure the distortion of the 

crystal will amount to 0, therefore,   ⁄     = 0 and any deviation from this is an indication 

of distortion within the octahedral [1.37]. Figure 1.11 displays a schematic of SnO2‟s crystal 

structure [1.3].   

 

 

Figure 1.11: Ball and stick model of SnO2 crystal structure [1.3]. 

 

Tin monoxide (SnO) or stannous oxide crystallizes into a distorted tetragonal structure 

commonly known as the litharge structure. The SnO litharge crystal structure can be seen in 

Fig. 2.1, with the space group P4/nmm and has lattice constants a = b= 3.8029 Å and c = 

4.8382 Å [1.3, 1.37]. The crystal structure Sn ions are located at equivalent positions 

     *(
 

 
     )    (  

 

 
  )+ , while the oxygen (O) ions are at 

    *            (
 

 
 
 

 
  )+. In SnO, both the Sn and the O are four-coordinate, such that O 
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ions are centred by a surrounding tetrahedron of Sn ions. The four coordinating O ions are 

located on the same side as the Sn ion, while a lone pair can be found on the opposite side. As 

a consequence, layers are situated in an ab plane, assembled in the c-direction joined by van 

der Waals interactions [1.3, 1.37]. The crystal structure of SnO is displayed in Figure 1.12 

[1.3]. It is worth mentioning that in the presence of poor-oxygenated conditions, SnO2 will 

decompose into SnO [1.37]. 

 

Figure 1.12: Ball and stick model of SnO crystal structure [1.3]. 

 

1.4.2 Electronic Properties 
 

The electron configuration of Sn(IV) is given as               . In Figure 1.13 and 1.15, 

the electronic band structure and density of states for SnO and SnO2 may be studied. Orlandi 

et al. were able to model the electronic band structures using Vienna Ab initio Simulations 

Package (VASP) for density-functional theory (DFT) calculations. In their findings, the best 

modelling technique employed was that of the hybrid function of the generalized gradient 

approximation of Perdew, Burke, and Ernzehof coupled with the Grimme “D3” dispersion 

correction i.e. the PBE0+D3 calculations executed using the python sumo package [1.37]. 
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The electronic structure of SnO2 has a valence band (VB) maximum that is governed by the 

highest occupied O 2p states and some Sn p states. While, the bottom of the conduction band 

(CB) consists of broad minimum antibonding Sn 5s and O    states at Г. The interaction of 

these states consequently forms a highly dispersed conduction band minimum. This highly 

dispersed conduction band minimum is characteristic to n-type materials and results in a low 

effective mass. On the other hand, excellent p-type materials display highly dispersed VBM. 

SnO2 has an effective mass of 0.3 m0 and according to Savioli et al. in Orlandi et al.‟s book of 

Tin Oxide Materials Synthesis, Properties and Applications; the effective mass is associated 

with the electrical conductivity. This is also linked to the curvature of the band edges such 

that a high degree of curvature gives rise to delocalization of electron/holes, and thus 

translates to lower effective mass and high carrier mobility. And therefore, a broad minimum 

can easily be linked to carrier mobility and the conductivity attained by n-type materials 

[1.37].  

 

At the centre of the Brillouin zone due the crystal field effects, the CB of SnO2 is split into   
  

and   
  states, such that   

  is completely symmetric and lower in energy. The VB of SnO2 on 

the other hand,  is split into nine states (  
 ,   

 ,   
 ,   

 ,   
 ,   

 ,   
 , and two   

 ), where   
  

and   
  are doubly degenerate. There is some confusion with regards to the ordering and the 

symmetries associated to the lower-lying states of the VB because according to Orlandi et al. 

experimental and theoretical finding disagree with one another. The direct transition at   

between the CBM and the VBM is dipole forbidden for single photon absorption due to the 

symmetry between the   
  and   

  states. This absorption however, is only permissible for 

two-photon spectroscopy and related to the high onset absorption energy required for SnO2 

materials [1.37]. For SnO2 rutile structures, absorption of direct photon energies where 

      does not take place, instead absorption only occurs for energies above the band gap 
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such that       3.79 eV, where in accordance to M. Dou and C. Persson‟s calculations, 

  0.72 eV [1.37, 1.9].  

 

Analytical techniques such as resonant photoemission spectroscopy, ultraviolet photoelectron 

spectroscopy, two-photon spectroscopy, electron energy loss spectroscopy, and XPS have 

previously been exercised in order to study the electronic structure of SnO2 diligently. XPS 

results have proven that for SnO2 a well-established 3d and 4d peaks can be expected to 

appear approximately at energies of 490 and 26 eV, respectively. At 8.4 eV, a spin-orbit 

splitting between the 3d
3/2

 and 3d
5/2

 peaks occurs, while at 1.1 eV the splitting of 4d
3/2

 and 

4d
5/2

 peaks are found. Additionally, extended XPS studies have shown that the VB width of 

SnO2 is approximately 8 eV, where 3 broad bands situated around 5, 8 and 11 eV is located 

below the Fermi level. While, for SnO Lau and Weirheim have reported binding energies of 

3, 6.5 and 9.7 eV within the VB [1.37]. 

 

Figure 1.13: DFT calculations for a) density of states (DOS) and b) electronic band 

structure of SnO2 [1.37].  
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For the detection of Sn(II) and Sn(IV) being both concurrently present within a sample, a 

characteristic decomposition of the 4d
3/2

 and 4d
5/2

 signals are taken heed of because the 

anticipated 0.7 eV chemical shift is linked the oxidation state. Another chemical shift is also 

projected between 0.5 - 0.7 eV for the Sn 3d core levels [1.37]. Discriminating SnO from 

SnO2 can be awfully complex. Even though, a shift of the size 0.5 - 0.7 eV associated with 

the 3d core level between SnO and SnO2 is expected. There is however, an alternative and 

more consistent way in which the two tin oxide compounds may be identified from one 

another [1.3].  

 

Figure 1.14: Photoelectron spectra of the Sn 4d core level chemical shift of 0.5 eV SnO and 

two SnO2 samples given by Batzille et al. [1.3, 1.37]. 

Distinguishing between SnO and SnO2 may simply be done by making a comparison between 

the VB spectra or the energy difference between the Sn d
5/2

 peak and the foremost edge of the 

VB. The increased energy separation of 22.4 - 23.7 eV belonging to SnO in comparison to 

that of 21.1 - 21.4 eV for SnO2 is caused by the smaller band gap relative to that of SnO2. 
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SnO is characterized by four labelled peaks A - D in Figure.15 c) shows the total density of 

states (DOS) belonging to SnO. According to M. Batzill, these four structures labelled from 

A - D are primarily O 2p states, which are hybridized with Sn-p and Sn-s states. Such that, 

majority of structure A is consistent with the hybridization with Sn 5s states. Similarly, 

structure B also has some 5s states, structure C is caused by the hybridization between the O 

2p and Sn 5p states, and finally, the D structure corresponds mostly to 5s character states 

[1.3].  

 

 

Figure 1.15: DFT calculations for a) density of states (DOS) and b) electronic band 

structure of SnO provided by Orlandi et al, while c) total density of states given by Batzille et 

al. illustrating the 4 structures (A, B, C, D) by which SnO can be distinguished from SnO2 

[1.3, 1. 29].  
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SnO is a metastable p-type semiconductor. Its p-type conductance forms as a consequence of 

the intrinsic Sn vacancies within the lattice which produce shallow acceptor states. This p-

type mobility develops due to the O (2p) - Sn (5s) orbital contribution at the VBM. This 

behaviour ultimately materializes into the distortion of SnO structure. This distortion triggers 

a hopping mechanism through lone pairs within interlayer region. The effective mass 

theoretical values established for the SnO of which belongs to the electron falls within the 

region of 0.21 - 0.27 me, and 2.05 - 2.60 me for a hole [1.37].  

1.4.3 Electrical Properties 
 

Like many other TCO‟s, SnO2 materials are of the n-type variety. As an example of a 

previous discussion (section 1.2.1) pertaining to how n-type materials are created, SnO2 

compounds of this type are often generated by means of creating oxygen vacancies or cation 

interstitials, or otherwise, by the interaction with hydrogen and acceptor impurities [1.42].   

 

The electrical conductivity of SnO2 is related with its intrinsic donor defects. Located in the 

CB is the fully ionized interstitial tin donor level, while below the CB (within the band gap) 

at 0.03 and 0.15 eV, the shallow singly ionized oxygen vacancy and deep doubly ionized 

oxygen vacancy donor levels can be found, respectively.  Hence, it is accepted that oxygen 

vacancies facilitate the electron concentration as a result of the two oxygen donor levels. And 

therefore, the ionized electrons are then mobile and move freely through the SnO2 lattice by 

means of a small-polaron hopping mechanism triggering electron conduction driven by 

temperature or another compelling force [1.10].  

 

SnO2 possesses a high charge carrier concentration of magnitudes between 10
18

 - 10
21

 cm
-3

 

coupled with high carrier mobilities ranging from 80 - 200 cm
2
/Vs. These results have been 
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reported for both single crystal SnO2 and amorphous SnOx derivatives of tin oxide, however 

it is worth noting that the single crystal SnO2 possesses charge carrier mobilities of a higher 

standard than that of the amorphous layered SnOx [1.10]. 

 

SnO owns an intrinsic p-type conductivity due to the existence of majority tin vacancies 

caused by its low energy formation and oxygen interstitials present within the lattice. This 

superior contribution of tin vacancies introduces acceptor defects close to the VBM. SnO 

materials are also capable of showing n-type conductivity according to experiments that 

produced nano- and micro- structures manufactured in a reducing synthesis atmosphere. 

SnO‟s transparency within the visible region is associated with its direct optical band gap 

usually between 2.5 - 3.0 eV and to a small indirect band gap of 0.7 eV. This causes a shift of 

the Fermi level from being close to the VBM towards the CBM by means of element or 

electrostatic doping, thus supporting the ambipolar effect. Having an exceptional high hole 

mobility of 6.5 cm
2 

V
-1

 s
-1

 and an on/off ratio of > 10
5
, SnO materials are especially good p-

type semiconductors since they are proficient enough to operate in ambipolar mode for thin 

film transistors (TFT‟s) and complementary metal oxide semiconductor (CMOS) 

technologies. Contrary to most SMOx like SnO2 who‟s VBM consists of local O 2p orbitals, 

SnO‟s VBM however, as previously mentioned has Sn 5s and O 2p orbitals responsible for 

the hybridized Sn 5s - O 2p states bringing about a high mobility. The ambipolar behaviour 

of SnO can be understood by studying the SnO‟s electron configuration [1.42].  

The small size of SnO‟s 0.7 eV fundamental band gap is what makes it a rare p-type 

semiconductor compared to other p-type semiconductors generally having a fundamental 

band gap greater than 1.7 eV. The energy variation between the VBM and the vacuum level 

is referred to as the ionization potential. For SnO, the ionization potential is approximately 
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5.8 eV (falling in the general range of other p-type materials), and therefore attaining an 

electron affinity of about 5.8 eV similar to that of n-type semiconductors [1.42].  

 

1.4.4 Optical Properties 
 

As previously stated, SnO2 is an n-type semiconductor and has an optical band gap also 

known as the fundamental band gap of about 3.6 - 4.0 eV at the Г point and is dipole 

forbidden. From initiating absorption at around 343 nm, as a TCO, SnO2 is able to reach 

transparency values of above 80% up till wavelengths of 2000 nm. Thus, including the visible 

region of the EM spectrum. Moreover, SnO2 luminescence signal emerges at 350 nm [1.10].  

 

SnO compounds are p-type semiconducting materials [1.12]. Even though, SnO hasn‟t 

received as much research interest as that of SnO2 caused by its metastable nature of 

converting to SnO2 high pressurized oxygenated conditions, it has however been used quite 

frequently as anodes in TFT devices [1.12]. Owed to its effective hole transporting properties 

as a result of Sn 5s nature at the VBM, its high hole mobility (2.6 cm
2
 V

-1
 s

-1
) has proven to 

be comparatively advantageous over most p-type conductive oxides. This may be improved 

further by additive dopants to the material. Possessing an indirect band gap of 0.7 eV and a 

direct band gap typically within the range of 2.5 - 3.0 eV, its large absorption coefficient 

indicates transmission in the ultraviolet, visible and near infrared regions of the EM 

spectrum. Liang et al. reported thermally oxidized (at 400 ℃ for 20 and 40 minutes, 

respectively) SnO films having a 70% transmission, while others like  Sethi et al. have 

reported an 50% [1.38, 1.21]. In addition, Liang et al.‟s SnO thin films exhibited 

photoluminescence (PL) emission bands around 300 and 450 nm at room temperature [1.21]. 
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1.5 Thermal Oxidation of Metals 
 

Majority of metals are produced by reducing ores. Most ores are metal oxides and are stable 

under natural environmental conditions. In order for the formation of metal oxide, a certain 

amount of energy is needed. When metals react with oxygen (O2), they often return to a more 

stable state as an ore. In this case smelting may be performed artificially, where corrosion 

occurs naturally. In dry conditions at a normal temperature around 25 ℃, the corrosion rate 

usually doesn‟t demonstrate any challenges. However, the same outcome isn‟t true at 

elevated temperatures, since the rise in temperature triggers the progression in the corrosion 

rate. Thermally induced corrosion is generally termed as temperature corrosion or thermal 

oxidation. The reaction in which a metallic element denoted M undergoes thermal corrosion 

which ensues in the materialization of a metal oxide MxOy is expressed by the following 

chemical equation: 

                                                            𝑥  
 

 
                                                 (Eq. 1.11) 

Where the change in Gibbs free energy (ΔG) can be determined by the following expression: 

                                                             (
     

      
 
  

)                                   (Eq. 1.12) 

Such that     is the change in standard free energy,   represents the gas constant,   is the 

absolute temperature,    signifies the thermal activity of a species  , while    
 designates 

the oxygen partial pressure. Based on the above equation (Eq. 1.12) the following 

approximations have been understood if: 

    ; The oxidation reaction given by Eq. 1.11 is active. 

    ; A state of equilibrium is reached. 
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    ; A reduction reaction is in progress, i.e the reverse reaction from Eq. 1.11. 

Under the circumstances where     , the oxygen partial pressure (
 

 
   

) is given under the 

condition where the metal and the oxide is balanced. The partial pressure as outlined by Eq. 

1.12 is referred to as the dissociation pressure and is embodied by the following formula: 

                                                            
   𝑥 

(
   

  
)
                                                  (Eq. 1.13) 

If oxygen pressure belonging to the atmosphere is greater than that of the dissociation 

pressure, then metallic oxidation is in progress. Inversely, if the oxygen partial pressure is 

lower than the dissociation pressure the oxide reduces to metal [1.27]. 

By considering the reaction listed by Eq. 1.11, in aid of a better understanding of the reaction, 

an oversimplified practical schematic may be viewed below  

 

Figure 1.16: An oversimplified illustration of the metal, metal oxide and oxygen gas 

interfaces [1.4]. 

 

Although the schematic presented Figure 1.16 may appear quite straightforward, in order to 

fully understand the oxidation procedure, it is imperative that one studies the principles 

pertaining to oxidation mechanism, diffusion process and finally the oxidation rates of the 

formed metal oxide [1.4]. 

1.5.1 Mechanisms of Oxidation 
 

When a metal is exposed to an oxidizing atmosphere at a high temperature, it is often 

assumed that the primary reaction happens at a swift pace thus causing a thin layer to be 
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formed above the metal substrate. The process in which gas molecules interact with the oxide 

surface is given by the following equation: 

                                                                  (Eq.1.14) 

This equation (Eq. 1.14) includes the processes of adsorption, dissociation, chemisorption 

and finally, ionization of oxygen [1.5].  

  

Furthermore, based on the fact that all metal oxides are fundamentally ionic in nature, it is 

therefore impractical to consider the transport mechanism for metallic oxidation to be via the 

transportation of neutral metal atoms travelling through the reaction product (MOx). The 

transport of ions may be subdivided into two groups, that being of stoichiometric crystals and 

non – stoichiometric crystals. Fundamentally however, the main concept around the transport 

mechanism is that of possible defects to some extent in all compounds [1.4].  

 

The main types of defects found in stoichiometric crystal lattices are that of Schottky and 

Frenkel defects. In a crystal composed of Schottky defects, ionic mobility is executed by 

existing vacancies within the lattice. In this practice, in order crystal to maintain 

electroneutrality, it is assumed that an equal amount of cation and anion vacancies are 

present. Therefore, it is expected that both anions and cations are transportable. In Frenkel 

defects it is assumed that the anion lattice is perfect, and hence the defect lies within the 

cationic lattice. In this case cations are mobile, however in order to maintain electroneutrality, 

the amount of cation vacancies are equal to those of interstitials [1.4].  

 

As informative as these concepts may be, however, it does not sufficiently fully describe the 

mechanism of thermal oxidation of metals since none of the defect transport processes 

involves the mobility of electrons. And so, to fully express the metal oxidation system in 
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practice, a principle involving the transport neutral atoms or ions and electrons is required. It 

is for this reason that non-stoichiometric compounds seem like the perfect candidates to 

demonstrate this process. Non-stoichiometric compounds popularly known as 

semiconductors, and although they show positive and negative behaviour, they are still 

electrically neutral [1.4].  

 

n-type oxides (semiconductors) operate under metal-excess and oxygen deficit conditions. In 

these type of semiconductors free mobile interstitial cations M
+2

 and electrons also known as 

quasi free electrons traverse through the lattice in the direction of the oxide/gas interface, 

where the following reactions take place [1.31]: 

 

                                                  
 

 
                                                              (Eq. 1.15) 

                                                     𝑥                                                       (Eq. 1.16)    

                                      

P-type oxides consist of a metal deficit and oxygen excess form of compound. In this case, 

during oxidation M
+2 

cations are supplied at the metal/oxide interface and subsequently 

diffuse in the direction of the oxide/gas interface by means of cation vacancies. Furthermore, 

the positively charged hole travels through the CB, and hence, by means of metal vacancy 

diffusion ionic mass transfer is possible. The following equations outline these reactions at 

the metal/oxide and oxide/gas interfaces, respectively [1.31]: 

 

                                            𝑥                                                           (Eq. 1.17) 

                                                   
 

 
                                                             (Eq. 1.18) 
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Figure 1.17 exhibits a schematic for n- and p- type oxide lattice crystal semiconductor 

structures coupled with defects such as point defects, interstitial cations, cation vacancies as 

well as electron-holes [1.4]. 

 

Figure 1.17: Illustration of metal oxide semiconductors [1.31]. 

 

Moreover, it is also worth mentioning that another type of oxide does exist whose crystal is 

close to stoichiometry and exhibits relatively high electrical conductivities irrespective of the 

oxygen partial pressure. These types of type of materials are named intrinsic or transitional 

semiconductors. In this instance, the concentration of electron defects surpasses that of ionic 

defects. As a consequence, an excited electron is elevated to the CB, thus creating a quasi-

free electron and leaving behind a hole in the VB. And so, in this way an electron-hole pair is 

then generated. 

 

1.5.2 Kinetics of Oxidation in metals 
 

When metals are subjected to oxygen rich conditions at increased temperatures, corrosion 

takes place in form of oxides like n- and p- type non-stoichiometric compounds. The 
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applications of such materials have attested to be quite useful in a number of electronic 

devices such as PSC, TFT‟s and gas sensors. It is for this reason that knowledge pertaining to 

the rate of the oxide layer growth, the diffusion mechanism, and the extent of protectiveness 

in the oxide layer is crucial. Figure 1.18 illustrates the behaviour of oxide formation in metals 

placed under enhanced thermal conditions [1.31]. 

 

Figure 1.18: Diagram showing the dominant molar flux for a diffusion controlled oxidation 

process [1.31]. 

 

Under thermal corrosive conducive conditions the interaction between metal and oxygen 

atoms materializes by initially forming a thin MxOy film situated at the metal/gas interface. 

Once a significant thickness of the oxide thin film is reached, it then acts as a barrier which 

separates or insulates the metallic layer. From here, oxidation proceeds by the diffusion of 

M
+2

 and O
-2

 species through the oxide film, where the diffusion rate of the properties of the 

film will vary [1.31].  

 

Anions are only permitted to diffuse through the oxide if metal vacancies are present within 

the lattice. In the event where O
-2

 anions diffuse at a faster rate than that of the M
+2

 cations 

throughout the oxide, the diffusion molar flux of such activity is then given as Jo
-2 

> JM
+2

. As 

such an imbalance of diffusion molar flux continues, the oxide proceeds to grow and in doing 

so the volume of the oxide increases at the metal oxide/gas interface. An illustration of this is 
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given by Figure 1.16 (a). Once the      
   , the oxide begins to undergo a high stress 

concentration resulting in the oxide layer to rupture. Thus, revealing the metal substrate 

where it may be further oxidised. An example of a metal exhibiting such behaviour is 

titanium (Ti) [1.31]. 

 

Alternatively, if M
+2

 cations diffuse faster than O
-2

 anions, then the diffusion molar flux will 

then be the reverse of the process shown in Figure 1.16 (a), where anions diffuse faster. In 

this case, the molar flux will be given as JM
+2

 > Jo
-2

 displayed in Figure 1.16 (b). Due to this 

molar flux, an outer layer begins to form at the oxide/gas interface. Unlike the situation 

displayed by Figure 1.16 (a), in this instance the stress concentration is mitigated and 

therefore the metal oxide stays attached to the metal substrate. Hence, the metal remains 

covered and is protected from any further oxidation. An example of a metal which falls in 

this category is nickel (Ni). The PB ratio is a means by which one is able to identify the 

degree of how protective a certain metal is [1.31]. 

 

In the case where the ionic radius of the anions O
-2

 exceeds those of the divalent cations M
+2

 

such that           , and the anions traversing (diffuse) through the oxide at such a slow 

rate that it is almost insignificant but cations still continue to diffuse through the oxide, then 

molar flux in this situation will be that of        and         . Subsequently if the 

diffusion rate continues at this pace, the molar flux will eventually slow down until a steady – 

state of conditions is reached [1.31]. 
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1.5.2.1 The diffusion rate of an oxide scale 
 

Mathematically, the diffusion and mass transfer may be expressed in accordance to Fick‟s 

first law of diffusion [1.31]. By the principles outlined by this law, the molar flux is 

associated to the rate of oxide thickness growth (
    

  
) by the following equations: 

                                                               
  

   
                                                          (Eq.1.19) 

                                                              
   

  
                                                           (Eq.1.20) 

Where the rate of thickness growth or drift velocity is expressed as: 

  

                                                          
  

  
 

 

   

  

  
                                                           (Eq.1.21) 

 

Such that D signifies the diffusivity (diffusion coefficient) in units of cm
2
 s

-1
,    

 is the 

concentration of the diffusive species in ions. cm
-3

, xt represents the thickness of the oxide 

scale expressed in cm or µm and t is the period in which oxidation takes place [1.31]. 

 

By integrating Eq. 1.21, the parabolic rate law for thickness is generated as delineated below: 

                                                         𝑥  √   
                                                             (Eq.1.22) 

Where the parabolic rate constant Kx represents: 

                                                         
 

    

   

                                                        (Eq.1.23) 

When corrosion occurs due to enhanced thermal conditions, most variables involved are 

temperature dependant. With this said, it is only natural that the diffusivity and parabolic rate 

law conforms to the principles given by Arrhenius relationship where: 

                                                                𝑥 ( 
  

  
)                                             (Eq.1.24) 
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 𝑥 ( 
  

  
)                                         (Eq.1.25) 

In a similar way in which most variables are temperature reliant, so oxide thickness may also 

be expressed as xt=f(T) by: 

                                                                    𝑥      
                                                (Eq.1.26) 

Therefore, the rate in oxide thickness is given as: 

                                                                   
   

  
  (   

)
 
                                         (Eq.1.27) 

Where the value of the exponent n represents is linked to the diffusive behaviour of the oxide. 

If n has a value of 1, then a linear rate behaviour is established. At this rate, oxides are 

described as possessing an non-uniform, porous and cracked structure achieving PB ratios of 

1 < PB or PB > 2. Such values describe a non-protective oxide layer, where diffusion 

progresses via the cracks, pores and vacancies [1.31]. 

 

If n is equal to 1/2, then a parabolic rate will be apparent. This rate entails an oxide having a 

non-porous structure, is adherent properties. Furthermore, this rate describes a protective 

layer which emerges due to the diffusion mechanism. PB lies within the range of 1 ≤ PB ≤ 2 

where the oxide growth associated with metal cations M
+2

 diffusing through the oxide scale 

towards the oxide/gas interface and reacts with oxygen there [1.31].  

 

If the value of n is given 1/3, then this cubic rate defines properties of a non-porous oxide 

layer that is adherent and protects the metal substrate from any further oxidation. Hence, the 

PB ratio value falls within the range of 1 ≤ PB ≤ 2 [1.31]. 
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For thin layers oxidized under fairly low temperature (~ 400 ℃), a logarithmic behaviour 

exists. With regards to logarithmic behaviour where the weight of the oxide formed is given 

by: 

                                                                                                                  (Eq.1.28) 

 

Where    is the rate constant (g. cm
-1

),    signifies dimensionless constant, and    a constant 

measured in units time
-1 

[1.31].  

 

1.6 Aim 
 

The aim of this study is to find a simplistic and inexpensive way in which SnO2 thin films 

may be created. It is common knowledge that SnO2 films may be prepared by a number of 

techniques namely: sol-gel dip coating, chemical spray pyrolysis of a precursor solution, 

molecular beam epitaxy, chemical bath deposition, thermal evaporation. The preferred 

processing route in this work, however, was that of thermal evaporation of a metallic Sn 

precursor powder, subsequently followed by the thermal oxidation of the Sn thin films placed 

under fairly low temperatures in ambient conditions i.e. without the employment on any pure 

gases at excessive high temperatures.  

 

1.7 Outline of thesis 
 

Chapter 1 outlines the theoretical basis of the study as well as the motivation behind the 

experimental work. The theoretical basis includes a brief introduction regarding the energy 

crisis and why renewable energy sources are becoming a necessity. More specifically, a great 
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amount of detail is focused around photovoltaic technologies such as the emerging perovskite 

solar cell. Moreover, instabilities associated with the device are listed such as the ETL, where 

SnO2 is mentioned as a promising candidate for filling this role (ETL) in the device. In 

addition, the basic characteristic properties of SnO2 and SnO are given because during this 

procedure many derivatives of SnxOy may be formed, but SnO2 and SnO are the most 

probable types of SnxOy to develop. Finally, the mechanism of thermal corrosion used to 

create SnxOy films is discussed in detail. 

 

Chapter 2 highlights the experimental techniques employed to manufacture SnxOy thin films. 

The initial section delineates the experimental procedures utilized for creating the thin film 

samples. Sample preparation procedures are given in conjunction with a theoretical 

background for the instruments exercised. The second part entails a general theoretical 

background (introduction, theory and working principle) of the characterization techniques 

used to analyse the thermally oxidized Sn thin film samples. In addition, every 

characterization technique includes the parameters employed to analyse all thin film samples. 

This is listed under the “Data Acquisition” section. 

Chapter 3 provides a detailed analysis of the results provided by the analytical techniques 

listed in chapter 2. In this chapter, a thorough investigation of the morphological, structural, 

vibrational and optical properties will be scrutinized and compared to that of theoretical 

standards listed by previous studies. A detailed discussion is then followed pertaining to the 

outcomes of these characteristic properties of the SnxOy thin films. 
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In chapter 4, well-thought of deduction and conclusion is listed based on the results given by 

in chapter 3. Based on these outcomes, any future improvements and prospects with regards 

to the study are provided.   
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

 

2.1 Introduction  

 
For a material to be considered useful in its application, prior knowledge pertaining to its 

characteristics are essential. These characteristics of a material are outlined by the synthesis 

procedure and the conditions thereof. It is for this reason that this chapter provides an 

extensive and thorough description of the techniques used to make the SnxOy thin films. 

Section 2.2, offers a full explanation of the steps taken to create such thin films as well as the 

materials involved. Furthermore, section 2.3 provides an overview of the analytical 

techniques used to characterise these SnxOy thin films and encompasses a brief description of 

how data of the films were acquired.        

 

2.2 Sample Preparation  

2.2.1 Substrate Preparation 

Flourine tin oxide (FTO) and silicone (Si) substrates were meticulously selected for the study 

of SnxOy thin films to suite every analytical technique requirement. Initially, FTO films of 

thickness 180 - 200 nm  sheet resistivity ≤ 10 Ω. sq
-1

, and transmittance, ≥ 79% coated on a 

single sided polished glass purchased at Techinstro, Ltd., were cut into dimensions of 1×1 cm 

each. P-type polished single-crystalline (100) Si wafer subtrates of size 100×100 mm
2
, 
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thickness 380 μm, and resistivity ranging from 1 - 10 Ω. cm acquired from Saetra (Pty) Ltd., 

Pretoria, South Africa, were cut into 1.5×1.5 cm. All substrates were successfully sliced by a 

diamond cutter on a rigid surface. Thereafter, all substrates were cleaned using two-part 

solution containing 2% of a hellmanex (III) purchased at Sigma-Aldrich, Inc., and deionized 

(DI) water (H2O). Substrates were then placed in isopropanol (IPA) (99.5%), and finally 

rinsed in deionized (DI) water (H2O). All cleaning stages were performed in an ultrasonic 

bath for    minutes each. Upon removing substrates from the ultrasonic bath, they were 

subsequently dried with high-purity nitrogen (N2) gas. Substrates and fluids used during this 

procedure were placed in polytetrafluoroethylene (PTFE) Teflon beakers, while Teflon 

coated stainless steel tweezers handled all substrates to avoid any forms of contamination. 

Plastic sample holders were then used to protect the substrates from any kind of damage.  

 

2.2.2 The Thermal Evaporation Deposition Chamber 

Metallic Sn thin films were deposition by a thermal evaporation deposition chamber procured 

through VACUTEC and housed in the CADAR lab of the Department of Physics and 

Astronomy (UWC). A simplified illustration of the system can be viewed in Figure 2.1. 

Evaporation takes place when a source material is exposed to exceedingly high temperatures 

of approximately above its melting point within a vacuum chamber. The evaporated atoms 

then follows a linear trajectory directed towards the wafers ensued by a long mean free-path 

caused by the vacuum [2.30]. During this process atoms form a vapour flux where these 

vapour particles ultimately condense on the wafer to form a film [2.14,2.22]. Metal source 

materials are inserted into a crucible, where they can then either be heated by a resistive 

heating system, an RF heating system, or an electron beam. The easiest type of evaporation 
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source is that of a resistively heated system. Heating by a resistive heat source is achieved by 

passing a large current through a resistive wire or foil encompassing the source material. 

Well-equipped resistive heating systems often use boats (crucibles) to hold source material 

instead of a coiled wire because of their convenience. These boats are generally made up 

from materials being able to withstand high temperatures like tantalum (Ta), tungsten (W), 

molybdenum (Mo), or ceramic materials. Furthermore, mechanical shutters are set in front of 

crucibles to control film deposition thickness by being able to start and stop the deposition 

procedure immediately [2.30].   

Wafers are placed into a chamber incorporated with either a diffusion pump, a cryo-pump, or 

a turbo pump. These pumps are responsible for maintaining a highly-vacuumed state within 

the chamber. Metal depositions of molten are performed at pressures below 1.33×10
-2

 mbar. 

Deposition rates as low as (1 - 3 Å s
-1

) are used to produce films of best uniformity [2.30]. On 

the other hand, deposition rates of such magnitudes require extremely high vacuums. Quartz 

crystal monitors measure deposition rates through the execution of a resonator plate 

oscillating at a certain resonance frequency. As additional material is deposited on top of the 

crystal, a shift of resonance frequency is detected. When enough material has been added, 

this shift triggers the oscillator causing a more dampened form of resonance. When the output 

of the frequency measurement system is connected to the mechanical shutters, the thickness 

of the deposited layers can be managed by regulating the deposition rate. Once the change of 

thickness is reported back to the crucible temperature, a constant deposition rate may be 

achieved [2.30].      
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Figure 2.1: Simplified illustration of a thermal evaporation deposition chamber [2.14]. 

 

2.2.3 Deposition of Sn thin films 
 

Prior to performing a deposition on both well-refined FTO and Si substrates, a purging of the 

system was done to eradicate any form of impurities and to avoid contamination of the 

samples. Once the system was thoroughly cleaned, 10 mg of Sn powder (99.9%) source 

material obtained through Sigma -Aldrich. Inc, was planted into a tungsten (W) crucible. The 

crucible connected to the electrodes within the chamber. Samples were then loaded by means 

of a Kapton tape secured in the centre of a flat metal surface. Once the chamber was sealed, it 

was allowed to pump down for a time period of ≈ 2.5 hours by means of a turbo pump until 

finally reaching a base pressure of 10
-5

 mbar. A current ranging between 70 - 75 A was 

supplied to the two electrodes, thus heating the crucible containing the Sn source material. A 

temperature ≤ 1000 ℃ in a deposition pressure of 10
-4

 mbar vapourised the Sn powder 

allowing this flux of Sn atoms to travel a mean free-path of a 12 cm in distance to both FTO 
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and Si substrates. 41 nm thick metallic Sn films were deposited at a deposition rate varying 

between 0.4 - 0.7 Å for a duration of 11.5 minutes.   

 

2.2.4 The Single Tube Furnace System 

SnxOy thin films were thermally oxidized by the single tube furnace (see Figure 2.2) 

purchased at VACUTEC. It is a high temperature vacuum tube furnace capable of annealing 

samples up to temperatures of 1200 ℃ depending on the type of tube being used. The furnace 

has a heating zone length of 20 cm with a maximum heating rate of 10 ℃ minute
-1

 and is able 

to obtain 30 segments of heating and cooling steps with ± 1 ℃ of accuracy. Settings such as 

present temperature (PV) and set temperature (SV) are all managed via a Yudian temperature 

controller (see Figure 2.3). Inside, this instrument is composed of a double steel structure 

with air cooling, fibrous insulation made up of high purity aluminium oxide (Al2O3) for 

saving energy purposes, a split cover for easy tube replacement and is able to hold tubes of a 

size in diameter up to ≈ 5 cm. The mullite or quartz tube of a length ˃ 45 cm incorporated 

within the system is able to reach continuous temperatures of up to 1200 ℃ and 1100 ℃, 

accordingly. With overall dimensions of 34×30×40 cm in terms of width, length, and height, 

respectively, and a weight of the furnace is approximately 18 kg. This furnace is compact and 

convenient for sample use [2.17].    
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Figure 2.2: Single tube furnace situated in a laboratory at the Physics and Astronomy 

department (UWC). 

 

 

Figure 2.3: Yudian temperature controller with a description of its various settings [2.16]. 
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2.2.5 Thermal Oxidation of Sn thin films 
 

After deposition had taken place,       thick Sn thin film samples were set to be annealed at 

temperatures of 200, 250, 300, 350 and 400 ℃ within the single tube furnace located in a 

laboratory situated in the Physics and Astronomy department (UWC). Before Sn films were 

permitted to enter the quarts tube, temperature profiles were deliberated for both Si and FTO 

substrates at temperatures ranging from 200 - 400 ℃, with 50 ℃ intervals. These temperature 

profiles are displayed in Figure 2.4 (a) - (e) are in accordance with the temperature profiles 

established in Figure 2.3. Once a set temperature at point c2 was reached, samples were then 

placed at a distance of 22.5 cm (midway) into the quartz tube by a well standardised meter 

stick. Oxidation was induced by annealing samples in ambient air for 2 hours by allowing 

oxygen (O2) molecules in the atmosphere to penetrate the thin film samples, and thereby 

creating SnxOy bonds. Subsequently, thermally oxidized thin films were naturally cooled in a 

room temperature of about 25 ℃.   
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Figure 2.4: Temperature profiles from (a) - (e) for Sn thin films annealed at temperatures of 

200, 250, 300, 350 and 400 ℃, respectively. 

 

http://etd.uwc.ac.za/ 
 



 

78  
 
 

2.3 Analytical Techniques 
 

2.3.1 Scanning Electron Microscopy  
 

2.3.1.1 Introduction 
 

When examining a material, the microstructural morphology and chemical composition are 

both vital components to consider before using it in an application. The scanning electron 

microscope (SEM) is one of the most versatile instruments that are able to study these 

characteristics of a sample. In order to fully comprehend the fundamentals of electron 

microscopy, it is important to equip oneself with the knowledge of the basic principle of light 

optics. Zhou et al. states that “Generally, at an optimum viewing distance of 25 cm, the 

human eye can independently distinguish objects subtending about 1/60 visual angle, in 

agreement with a resolution of ~ 0.1 mm. Light microscopy obtains a limit resolution of ~ 

2000 Å by means of increasing the visual angle through an optic lens.” This is just one of the 

reasons why light microscopy acts as an imperative study in scientific research. However, 

electron microscopy has advanced in replacing the light source with a highly energetic 

electron beam [2.33]. In this section we will discuss the principles and instrumentation of the 

SEM which was used to analyse the morphology and chemical composition of the SnxOy thin 

films. This encompasses resolution limitation, electron beam interactions with specimens and 

instrumentation.  
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2.3.1.2 Fundamental Principle and Instrumentation  
 

During SEM analysis an electron beam is produced via an electron gun held within a vacuum 

of 10
-6

 - 10
-7

 Torr for LaB6 emitters (10
-9

 - 10
-10

 Torr for filed emitters) [2.1]. The purpose of 

the electron beam is to generate a secure current with an energy that is able to variate 

between 0.1 - 30 keV. Current energies of such a magnitude are implemented in order to suit 

the requirements needed evaluate a sample without causing any damage. There are two kinds 

of electron guns or emission sources which are specifically known as: (1) a thermionic 

emitter (tungsten (W) or lanthanum hexaboride (LaB6)) used in the SEM, and (2) a field 

emitter employed in an FESEM. LaB6-filaments possess a lower work function of 2.4 eV 

than that of W-filaments (4.5 eV) [2.33]. Thus, indicating a stronger emission of electrons at 

certain temperatures, and hence, obtains an elevated brightness of 5 - 10X greater than the 

conventional W-filament. In addition, LaB6-filaments also have longer lifetimes and are 

therefore often preferred. By heating the filament, the work function is overcome and 

electrons begin to emanate from the source. A negative potential within the range of 0.1 - 30 

kV is then applied to both the filament (cathode) and the Wehnelt cylinder, where an electric 

field drives the electrons towards the anode plate. After passing through the anode, the 

electron beam diverges. The condenser lenses then converge these electrons belonging to the 

beam into a collimated and fairly parallel stream [2.33].  

 

The stream then follows a vertical trajectory path through electromagnetic fields to the 

objective lens. Objective lenses are then used to focus the electron beam into a probe point 

before it subsequently scans over a particular area of the samples surface. From here, a scan 

generator controls the deflector coils, which in turn assists the electron beam to raster across 

the surface of the sample. The rastering pattern is governed by the magnification of the 
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instrument. So once the magnification changes, the rastered area alters on the sample [2.1]. 

An illustration of the SEM instrument and a self-biased thermionic electron gun can be 

observed in Figure 2.5 and Figure 2.6, respectively. 

 

 

Figure 2.5: Full diagram of the SEM instrument [2.33]. 
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Figure 2.6: Demonstration of a self-biased thermionic electron gun [2.33]. 

 

When the electron beams strikes the sample material, vast amounts of signals are given off, 

more specifically in the form of electrons and x-rays emitted from the sample. These signals 

are then sensed by detectors accordingly. The various kinds of signals detected are namely: 

BSE signals which are picked up by solid state BSE detectors. The Everhart-Thornley 

detector is used for sensing SE‟s and BSE‟s. While, energy-dispersive x-ray spectrometers 

(EDS) and wavelength-dispersive x-ray spectrometers (WDS) are employed for characteristic 

x-rays signals. Finally, photomulitpliers (PMT‟s) are used for signals in 

cathodoluminescence. After signals are detected, they are then suitably processed and 

projected on a CRT screen or camera where a point-to-point image of a scanned area is 

created (see Figure 2.7). Electron-sample interaction signals provide information pertaining 

to the external morphology (texture), chemical composition and crystalline structure and 

orientation of the sample material [2.33].  
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Figure 2.7: Example of the compartments used to form an image in the SEM [2.33]. 

 

2.3.1.3 Sample Interaction 
 

When the electron beam interacts with a sample an excitation volume is formed beneath the 

sample surface. The three factors that influence the depth of the interaction volume are the 

composition of the solid, the energy of the incident electron, and the incident angle. Every 

electron that is a constituent of the electron beam comprises of kinetic energy which will 

ultimately experience energy loss after the scattering process, and as a consequence, will emit 

a variety of signals.  

 

When an incident electron strikes the sample‟s surface, the electron is not bounced off 

instantaneously. Instead, the energetic electrons penetrate into the sample at a certain distance 

prior to colliding with an atom from the sample. A region of primary excitation is created by 

the interaction between the primary electron beam and the sample. This region of excitation 

subsequently gives off a variety of signals that are later picked up by the detector. Features 

such as the electron beam energy, atomic number, and density plays a crucial role in the size 
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and shape the primary excitation zone. An increase in beam energy enlarges the volume and 

depth of penetration. However, an increase in atomic number generates the opposite effect. 

Atoms which have higher atomic numbers consist of more particles that ultimately prohibits 

further penetration of electrons.  

 

Furthermore, it should be mentioned that the interaction volume affects the signal acquisition 

by means of the accelerating voltage. Figure 2.8 displays how high accelerating voltages 

causes deeper penetration lengths and large primary excitation regions, while low 

accelerating voltages produces smaller excitation regions. Extreme use of accelerating 

voltage ultimately results in loss of detailed surface information. Thus, damaging the sample 

[2.1]. 

 

 

Figure 2.8: Impact of accelerating voltage and atomic number on the primary excitation 

volume. (a) low atomic number and (b) high atomic number [2.33]. 
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2.3.1.4 Type of Signals  
 

SEM instruments form images based on the type of signals acquired from the interaction 

between the electron beam and the sample material. These interactions are categorized into 

two main groups typically referred to as elastic interactions and inelastic interactions. Figure 

2.9 and 2.10, shows the various kinds of signals produced by the interaction between a 

sample and the electron beam [2.33].  

 

2.3.1.4.1 Backscattered Electrons  

 

Elastic scatting occurs when an incident electron is deflected by a nucleus or by an electron 

from an outer shell possessing a similar energy to that of the nucleus. During this collision, 

this kind of interaction is typified by its minimal energy loss and wide-angle directional 

change of the scattered electron. Backscattered electrons (BSE) are incident electrons that 

elastically scatter through an angle greater than 90⁰, and in the process gains a reasonable 

signal used for imaging [2.33].  

 

2.3.1.4.2 Secondary Electrons  

 

Inelastic collisions are caused by a variety of interactions between incident electrons and the 

electrons belonging atoms within the sample material. As a consequence, the electrons from 

the primary beam transfers a considerable amount of energy to the atom. The extent of energy 

loss is dependent on the atom‟s binding energy and whether the samples electrons are excited 

singly or collectively. Secondary electrons (SE‟s) possessing energies of typically < 50 eV 

are given off when a primary electron excites the secondary electrons situated within the 
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surface atoms within the sample. Additionally, if these excited electrons have enough energy, 

they eventually cause surface the atoms to become ionized. SE‟s are used to image or analyse 

specimens. In addition to these signals, the interaction between the electron and a material are 

able to create a variety of signals namely: characteristic x-rays, Auger electrons as well as 

cathodoluminescence [2.1, 2.33]  

 

2.3.1.4.3 Characteristic X-rays  

 

Characteristic x-rays offers information concerning the chemical composition during analysis 

of the material and is considered to be the most popular microanalytical technique used in the 

SEM. These kinds of signals are created when an inner shell electron is displaced by the 

collision with a primary electron. In order to maintain charge balance within the atom and to 

overcome the ionization, an outer electron shell electron may fall into the inner shell, and 

thus will emit an x-ray photon. Therefore, causing the atom to return to its ground state 

[2.33].  

 

2.3.1.4.4 Auger Electrons 

 

Another signal that is able to give elemental composition of a specimen is through the 

generation of Auger electrons. During this process, the interaction between a primary electron 

and the atom belonging to the specimen ultimately results in a vacancy within the inner shell 

of the atom. Following this ionization process, an outer shell electron subsequently fills the 

inner shell vacancy and releases the characteristic excess energy by an Auger electron. Auger 

electrons generally consist of low energies and are emitted from near the sample surface, thus 

only having escape depths of a few nanometres (nm) [2.33].  
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2.3.1.4.5 Cathodoluminescence 

 

The release of excess energy induced by the collision between a primary electron and a 

sample can be in the form of a variety of radiations. Certain materials are able to emit excess 

energy in the form of photons with infrared, visible or ultraviolet wavelengths. In 

cathodoluminescence the photons are detected and counted via a light pipe and a 

photomultiplier similar to the ones implemented for the detection of SE‟s. Images are 

constructed by means of this method. The best resolution for such images have limit of up to 

50 nm [2.33]. 

 

2.3.1.4.6 Transmission of Electrons 

 

A technique that is readily available with the SEM instrument is the use of transmitted 

electrons. Transmitted electrons are used to produce images of the sample under the provision 

that the sample being less than 1 μm thick so that primary beam electrons are able to pass 

through. Through this method the internal ultrastructure of a thin sample is accessible. 

Moreover, by means of x-ray microanalysis, transmitted electrons can be used to attain the 

elemental information as well as distribution of the sample [2.33].   
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Figure 2.9: Interaction with the electron beam with a sample [2.9]. 

 

 

Figure 2.10: Primary excitation volume and the signals generated as a result of the sample 

and electron beam interaction [2.9]. 

 

2.3.1.5 Resolution and Abbe’s Equation 
 

Zhou et al. states that “The limit of resolution is defined as the two minimum distances by 

which two structures can be separated and still appear as two distinct objects.” Ernst Abbe 
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showed that the limit of resolution is influenced by the wavelength of the illumination source 

such that once the limit of resolution is surpassed at a specific wavelength the magnified 

image blurs.  

 

When a beam of light focuses on a specific point, the point cannot be focused as a perfect dot 

caused by interference and diffraction. Instead, the image would appear to have a disk made 

of concentric circles with a fading intensity with a diameter greater than that of the light 

source. This is referred to as an Airy disk (illustrated in Figure 2.11 (a)).    

 

The radius of an Airy disk is given by the distance between the first-order peak and the first-

order trough (see Figure 2.11 (a)). Once a distance of equal magnitude to that of the radius 

belonging to the Airy disk separates the centre of two primary peaks, then two objects may be 

distinguishable from one another. This is displayed in Figure 2.11 (b). Abbe‟s equation 

mathematically defines the resolution in a perfect optical system as: 

 

                                                          
      

      
                                           (Eq. 2.1) 

 

Given that dr is the resolution, λ is the wavelength of the imaging radiation and nr is the index 

of the refraction of medium between the point source and the lens relative to free space. The 

half angle of the cone of light i.e. the angle from a specimen plane accepted by the objective 

is given by α or generally known as the half aperture angle in radians. The numerical aperture 

is popularly given by the term nrsinα. By replacing the illumination source and condenser 

lens with an electron beam, and electromagnetic coils in light microscopes, electron 

microscopes were discovered [2.33].  
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Figure 2.11: Schematic depiction of resolution, where (a) airy disks and (b) wavefronts 

[2.33]. 

 

2.3.1.6 Aperture 
 

Apertures are generally employed for the exclusion of scattered electrons and for the 

regulation of spherical aberrations in the final lens. The two kinds of apertures in existence 

are real apertures and virtual apertures. Real apertures are found at the base of the final lens, 

while the virtual aperture is located in the electron beam on top of the final lens. A virtual 

aperture is known to restrain the electron beam, but both apertures seem to affect the beam 

shape and beam edge sharpness. By decreasing the aperture size, the beam angle α will lessen 

at a given WD. As a result, the increase in the depth of field will diminish the current of the 

final probe (see Figure 2.12) [2.33].   

 

(a) 

(b) 
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Figure 2.12: Illustration of the effects of a small and large aperture presented by (a) and (b) 

respectively [2.33]. 

 

2.3.1.7 Depth of Field and Working Distance 
 

An image that only displays a section which appears well in focus is referred to as the “depth 

of field”. The depth of field is reliant on the convergence angle α of the electron beam, such 

that a smaller convergence angle will result in a larger depth of field. This happens since the 

change in spot size has less influence along the beam direction for a shaper electron beam. In 

addition to the aperture size, another factor which has an effect on the depth of field is the 

working distance (WD). The WD is defined as the distance between the sample surface and 

the objective lens. This is illustrated in Figure 2.13. A change in WD influences the spread of 

electrons interacting with sample. By shortening the WD, the sample is scanned with a wide 

cone of electrons producing an image with a little depth of field. Conversely, at a longer WD, 

the sample will be scanned with a narrower cone of electrons which results in an increased 

(a) (b) 
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depth of field. However, it is important to note that by enlarging the WD the resolution won‟t 

necessarily be improved [2.33].  

 

Figure 2.13: Representative model of the relationship between the depth of filed and working 

distance. (a) Short working distance with a decreased depth of filed. (b) long working 

distance with an enhanced depth of field [2.33]. 

 

2.3.1.8 Sample Preparation 

 

Before samples are analysed with the SEM instrument, they are loaded onto a specific sample 

holder where a stub should be secured to effectively contain the sample on the surface. A 

two-sided carbon tape is commonly used for sticking the sample to the stub. Most 

nanomaterials can be successfully imaged using the SEM. However, nonconductive materials 

require a metal coating or some other complicated sample preparation process to avoid 

overcharging on the sample‟s surface. Overcharging effects of the sample surface 

unfortunately presents itself within images with extreme brightness and poor quality. 

Therefore, non-conductive samples are often sputter coated with a thin layer carbon or a 

(a) (b) 
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material that reflects electrons such as gold, silver, gold/palladium, or platinum in the 

presence of argon gas. Therefore, by coating samples under the aforementioned conditions, 

the overcharging problem is consequently overcome and samples can then readily be studied 

[2.1].  

 

2.3.1.9 Data Acquisition 
 

The morphological evolution and chemical composition of SnxOy thin films in relation to 

varying annealing temperatures were studied by the SEM. All micrographs were scrutinised 

using Zeiss Auriga field-emission gun scanning electron microscope (FEG-SEM) housed at 

the National Metrology Institute of South Africa (NMISA) in Pretoria. Micrographs of SnxOy 

thin films layered ontop of FTO subtrates were attained with a magnification setting of 50 

kX, a WD between 2.1 - 2.5 mm, and an accelerating voltage of 2 kV. Films deposited on Si 

substrates were taken under a magnification setting of 50 kX, a WD of 3.2 mm and an 

accelerating voltage of 2 kV. Elemental composition was executed using Electron Dispersive 

x-ray Spectroscopy (EDS), where analysis was implemented by the Oxford Aztec version 1.2 

software and an Oxford X-Max solid-state silicon drift detector (SDD). This was done by the 

Zeiss Auriga field-emission gun scanning electron microscope (FEG-SEM) situated in the 

Electron Microscopy Unit (EMU) at the Department of Physics and Astronomy (UWC). All 

EDS film specifications was performed with an accelerating voltage of 20 kV.  

 

 

 

 

http://etd.uwc.ac.za/ 
 



 

93  
 
 

2.3.2 X-ray Diffraction 
 

2.3.2.1 Introduction 
 

X-ray radiation possesses wavelengths of a magnitude roughly between 10 - 10
-3

 nm within 

the electromagnetic spectrum. x-rays are generated when a high voltage with a magnitude of 

several tens of kV is supplied between two electrodes [2.31]. When an electrically charged 

particle such as an electron is drawn from the cathode, the electron travels at a high speed 

toward a metallic target commonly known as the anode. Once electron with a sufficient 

amount kinetic energy strikes the anode, the electron consequently rapidly decelerates and 

loses kinetic energy. Continuous x-rays with different wavelengths exist due to the numerous 

ways in which kinetic energy is lost with regards to electrons. If an electron loses all its 

energy in one collision, the produced x-ray will attain the maximum energy with the shortest 

wavelength (λSWL).Waseda et al. mentions that “The value of the shortest wavelength limit 

can be estimated from the accelerating voltage   between electrodes.” 

                                                                                                                            (Eq.2.2) 

                                                      
 

    
 

  

  
                                                           (Eq.2.3) 

Where eV is the kinetic energy of the electron   with a charge of 1.602×10
-19

 C, h and c 

represents Planck‟s constant and the speed of light respectively, and vmax is the maximum 

frequency value corresponding to λmin of the  λSWL. However, it is worth mentioning that when 

a wave is in motion, the corresponding x-ray consists of a frequency lower than vmax, and thus 

a wavelength longer than λSWL. The sum of all these wavelengths, of a range longer than the 

λSWL, will make-up the continuous spectrum. Moreover, Waseda, et al. also documented that 

“The total x-ray intensity released in a fixed time interval is equivalent to the area under the 
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curve.” The intensity related to the atomic number of the material forming anode target 

denoted as Z, and the tube current i such that:  

                                                                                                                            (Eq.2.4) 

Where A is a proportionality constant. For situations where high intensity white x-rays are 

required, Waseda, et al. recommends that tungsten or gold with atomic number Z should be 

employed as the target. Additionally, an increased accelerating voltage V and a larger draw 

current i will assist in the requirement because it correlates to the number of electrons that 

collide with the target per unit time. It should be noted that during the interaction of electrons 

with the anode, that most of the kinetic energy is given off as heat and less than 1% is 

converted into x-rays. 

 

2.3.1.1 Characteristic X-rays 
 

When x-rays are given off, the energy of the photon is equal to the difference in the electron 

energy levels within the atom. During this process an electron that acquires the adequate 

amount of kinetic energy ejects an inner-shell electron, thus causing the atom to enter an 

excited state with a hole in the electron shell. As soon as such a hole is filled by an outer-shell 

electron, an x-ray gets emitted, and hence the atom will becomes stabilized once again. Based 

on the fact that the energy of the produced x-ray is the same as the difference in the energy 

levels, where such energies are distinctive to certain target metals, these x-rays are unique 

and are called characteristic x-rays. Another term used for these x-rays are characteristic lines 

since they are so narrow. These lines correspond to specific subshells referred to as K, L and 

M and are in accordance to their increasing wavelengths or decreasing energies. As a whole, 

these lines ultimately form the characteristic spectrum of a certain metal target. For instance 
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if a molybdenum target is used, the K lines obtain wavelengths of approximately 0.7 Å, L 

lines have about 5 Å, while M lines are even longer. These shells denoted K, L, M, … are 

consistent with the principle numbers n = 1, 2, 3, … , respectively. Furthermore, if an x-ray is 

emitted due to the de-excitation of the atom as a result of an electron filling the vacancy in 

the K shell, this x-ray will then be a characteristic K radiation. This same principle is applied 

to the other shells L, M, … and so forth [2.2] (see Figure 2.14). 

 

Figure 2.14: Schematic of the electronic transitions within an atom, where the types of 

characteristic emissions are illustrated by the arrows [2.2]. 

 

K lines are commonly used for x-ray diffraction since longer lines are more easily absorbed. 

There are numerous lines which exist within the K set, however only the three strongest 

observable lines are made use of. These are called Kα1, Kα2 and Kβ1. Since α1 and α2 are in 

such proximity to each other they are often undistinguishable. If they are able to be resolved 

they are called a doublet, and if resolved they are referred to as a Kα line. In the same way, 

Kβ1 lines are called Kβ lines, where the subscript is omitted [2.2,2.31].  
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2.3.1.2 Geometry of Crystals  
 

Waseda, et al. states that ““Crystallography” involves the general consideration of how 

crystals can be built from small units. This corresponds to the infinite repetition of identical 

structural units (frequently referred to as a unit cell) in space.”  To put this more simply, 

crystal structures can be defined as a lattice with a group of atoms allocated at every lattice 

point. Crystals are divided into 32 point groups which are based on the eight types of 

symmetry elements. There are 7 classes of crystal systems, containing 14 kinds of Bravais 

lattices. This is illustrated in Figure 2.15 for further clarification. Further crystal structure 

classification can be performed by encompassing the inclusion of space groups, by adding 

point groups, Bravais lattices, screw axis, and glide reflection axis, there will officially be 

230 classified space groups. This means that all crystals belong to one of 230 space groups 

[2.31].  

 

Figure 2.15: Assortment of crystals and how they are classed [2.31]. 
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For example, Figure 2.16 (a) displays a three-dimensional array of points called a point 

lattice. When a lattice point is used to outline the position or configuration of an atom in a 

crystal, it can easily be observed that at any point within the lattice the environment remains 

the same i.e. they all have identical surroundings [2.31]. This indicates that the replication of 

the lattice is possible through repetition of a small unit called a unit cell. The arrangement of 

the unit cell is allocated by three translational vectors   ⃗  ⃗⃗ and  ⃗, where the interaxial angles 

between them are α, β and γ, respectively. Therefore, any position within the lattice denoted  ⃗  

given in Eq. 2.5, can be described by these three translational vectors. 

                                                           ⃗     ⃗     ⃗⃗     ⃗                                    (Eq 2.5) 

Where n1, n2 and n3 are integers. The relation between   ⃗  ⃗⃗ and  ⃗ and the angles α, β and γ are 

known as the lattice parameters (lattice constants) of the unit cell and can be seen in Figure 

2.16 (b) [2.18]. 

 

 

Figure 2.16: (a) Illustration of a three-point lattice. (b) Schematic representation of a unit 

cell and its lattice parameters [2.2, 2.31]. 

 

Bravais lattices and real crystals based upon these structures display various kinds of 

symmetry. A structure is considered symmetrical when upon applying any of the four 

macroscopic operations of symmetry (reflection, rotation, inversion and rotatory inversion), 
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the change in orientation of the lattice seems to leave the atoms unmoved i.e. the arrangement 

of atoms within the crystal remains constant. The determination of a particular minimum set 

of symmetry elements is an important property for each crystal system. By applying lattice 

points to the corners (vertices) of the crystal structure for finding these minimum set of 

symmetry elements, one is able to differentiate 7 forms of crystal systems. This implies that 

all possible point lattices or crystals are able to be categorized into one of these 7 crystal 

systems listed in Table 2.1. On the other hand, there are several other means in which this 

condition may also be satisfied, such that each point attains identical surroundings. In this 

manner, the Bravais lattices demonstrates that there are no more than 14 point lattices (see 

Figure 2.17), based on the fact that the unit cell may include two or more lattice points for 

convenience. This results in Bravais lattices being able expressed by other simpler lattices, 

like the face – centred cubic lattice (FCC) can also be defined by a trigonal (rhombohedral) 

lattice containing only one lattice point.  

 

Lattice symbols such as P, F, I. are assigned to each Bravais lattice according to cells being 

classed as simple, or primitive represented by P or R, while non-primitive cells are given any 

other symbol. Primitive cells contain one lattice point per unit cell whereas non-primitive 

cells have more than one. The F and I symbols are allocated to face-centred and body centred 

cells accordingly. The symbols A, B, and C are allocated to base-centred cells where the 

lattice point is located at the centre on one pair of the opposite faces A, B, or C. For example, 

the face C is defined by the b- and a- axis [2.31].  
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Table 2.1: Summary of the 7 crystal systems and Bravais lattices [2.31]. 

 

 

Figure 2.17: The 14 type of Bravais lattices [2.31]. 
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2.3.1.2.1 Lattice Planes and Directions 

 

Lattice planes are indicated by means of Miller indices. According to Waseda et al. Miller 

indices are given by the reciprocal of the fractional intercepts which a plane makes with the 

crystallographic axes. For instance, if we consider a plane intersecting the a, b and c axes at 

 

 
 
 

 
  and 

 

 
 respectively, the miller indices of this plane will be given as (h k l). In the case 

where a plane is parallel to an axis, this particular index will be given the value of zero. So in 

accordance with the steps outlined by the Miller indices, the distance from the origin to the 

axis would be infinite. Even though, it is possible for a set of to be parallel to a specific axis. 

Miller indices generally refer to the planes closest to the origin. Negative intercepts occur 

when a plane intersects an axis on its negative side. As such, these values are then indicated 

by writing a bar over the Miller indices as ( ̅  ̅  )̅. Equivalent lattice planes related by 

symmetry, such as the planes (100), (010), ( ̅00), (0 ̅0), (001), and (00 ̅) of a cube are all 

called “planes of form”. This can also be expressed as {001}, where the amount of equivalent 

lattice planes in one plane form is referred to as its multiplicity [2.31].   

The direction of a crystal lattice is given by the coordinates u v w on a line passing through 

the origin such that ua is in the direction of line in the a-axis, vb is in the direction of the b-

axis, and finally, wc gives the direction in the c-axis. It should be noted that direction of the 

line is also expressed by means of the Miller indices technique. So for a line passing through 

the origin, intersecting the a, b and c axes at 
 

 
 
 

 
 and 

 

 
, respectively, the indices 

corresponding to such a line is represented as [u v w]. In a similar manner to the planes, the 

direction of negative indices are written with a bar over the number, for example   ̅  ̅  ̅ , 

where the equivalent direction by symmetry known as the direction of form is described by 

〈     〉 [2.31].  
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In a hexagonal system, a somewhat different method is employed for the indexing of planes. 

This technique is called the Miller-Bravais indices which refers to the axes as (h k i l) where i 

= – (h + l) since the intercepts of a plane on the a1 and a2 axes determines the intercept of the 

a3 axis [2.2, 2.31]. The index   is defined by the reciprocal of the fractional a3 axis. In terms 

of the directions in the hexagonal lattice, the system of four indices [u v t w] is used, where t 

= – (u + v) [2.31]. 

 

2.3.1.2.2  Interplanar Spacing 

 

The interplanar spacing   is a function of both the plane indices (h k l) and the lattice 

parameters (a, b, c, α, β and γ), and are related to one another based on the type of crystal 

system. Table 2.2, displays the relation between interplanar spacing d, plane indices (h k l) 

and the lattices parameters for various forms of crystal systems [2.2].  

Table 2.2: The interplanar spacing for the 7 different crystal systems [2.31]. 
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2.3.1.3 Diffraction from Crystals 
 

X-ray diffraction occurs when an x-ray beam is confronted with a crystal whose atomic 

arrangement displays a long range of periodicity. The intensity of such x-ray beams are 

influenced by the arrangement of the atoms as well as the crystal‟s atomic species. For an x-

ray emanating from a crystal comprising of a periodic layout of multiple atoms which has a 

wavelength exactly equal to that of an incident x-ray initially interacting with the crystal, will 

most likely be in the form of spherical waves cantering on respective atoms. The phenomena 

of x-ray diffraction by a crystal is dependent on the phase difference between two or more 

waves which are attributed to the variation in their path lengths. A deviation in the phase of 

any two waves is commonly given by the symbol ∆. For two waves that are completely in 

phase, the value of ∆ will be given an integer multiple of wavelength λ. These waves which 

completely coincide will combine to produce a resultant wave of twice the amplitude to that 

of the original two. On the other hand, if two waves cancel one another, they will be 

completely out of phase, giving rise to a value of ∆ being  
 

 
. These two extremes (∆ = λ and 

∆ =  
 

 
 ) are dependent on the direction of the x-ray with respect to the crystal [2.31].  

 

Figure 2.18: Schematic diagram of the diffraction of x-rays by a crystal under conditions of 

the Bragg law [2.31]. 
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2.3.1.3.1 The Bragg Law 

 

The central aim of x-ray diffraction by crystal is to create a situation in which both the 

scattered and incident x-rays completely interfere constructively, thus reinforcing each other 

and causes a detectable diffraction beam. In order to fully grasp the concepts, Waseda et al. 

suggest that it is important to remember the following geometrical concepts: 

1. The angle formed between an incident x-ray beam and the normal to the reflection 

plane is of the same value to the angle formed between normal and the diffracted x-

ray beam. It should also be mentioned that the incident x-ray beam, the normal plane, 

and the diffracted x-ray beam all reside in the same plane.  

2. The diffraction angle, identified as the angle constructed between the diffracted x-ray 

beam and the transmitted one will always be 2θ.  

Once a diffracted x-ray beam is ultimately generated from a crystal as a result of incident x-

rays of wavelength (λ) colliding the crystal‟s atoms arranged in periodic array with an 

interplanar spacing denoted d’. Then the diffracted beam with an appropriate amount of 

intensity will only be detected once the condition outlined the Bragg law in Eq 2.8 is met.   

 

                                                                                                                            (Eq.2.8) 

Where n is the order of reflection.  

Diffraction takes place at angles of incidence namely: θ1, θ2, θ3,…, corresponding  to n = 1, 2, 

3, …, if the values of λ and d’ are static. In Figure 2.18, the symbols 1’, 2’and 3’ all signify 

scattered x-rays emanating from the crystal. For a value of n = 1, also known as the first-

order of reflection, the path differences between these scattered x-rays will all indicate a 

certain amount of wavelengths between them. An example of this is that the path difference 
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between x-rays 1’ and 2’ is one wavelength, and the path difference between x-rays 1’ and 3’ 

are two wavelengths. If the diffracted x-rays coming from all atoms in all the planes are 

completely in phase with a sufficient amount of intensity, and the direction suits the 

requirements listed by Bragg‟s Law, then Eq. 2.8 may be altered in the following manner: 

                                                                                                                            (Eq. 2.9) 

Such that   
  

 
 [2.31]. 

 

2.3.1.4 The X-ray Diffractometer 
 

A diffractometer is an instrument that acquires the intensity data of a diffracted x-ray beam as 

a function of angle in order to satisfy the conditions of the Bragg Law, given that the 

wavelength of the x-rays are known. This equipment operates with two axes namely: 𝜔 and 

2θ, whose rotations both function independently. The x-ray source (F), sample holder (S), 

and a detector (G), are the three major constituents of the diffractometer which are located 

along the circumference of a circle. This is the focusing circle or the Rowland circle. 

Rowland circle found in Figure 2.19 is also defined as the circle going through the focal spot 

target (F), the centre of the diffractometer (S), and the focal point of the diffracted beam (G). 

In the case where the x-ray source is static and fixed to the 2θ - axis, a powder sample is 

analysed and placed into a flat-plate sample holder attached to the 𝜔-axis situated in the 

centre of the diffractometer. Found parallel to the 𝜔 - axis is the line focal spot on the target 

of the x-ray tube. In the process of analysing the sample, the 2θ - axis obtains twice the 

amount of rotations than that of the 𝜔 - axis. For this reason, this procedure is regarded as a 

“two-theta” scan, and ensures the experimental condition which Waseda, et al. states that “the 
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direction of normal to the sample plane should be fit to the direction of the scattering vector 

 ⃗   ⃗    ⃗⃗⃗⃗   defined by the difference between vector   ⃗⃗⃗⃗  of the incident x-ray beam and the 

vectors of the diffracted x-ray beam  ⃗”. 

Slit systems are implemented into the x-ray path in order to lessen the angular dispersion, and 

to mutually enhance spatial resolution for both the incident and diffracted x-ray beam. A 

soller slit is made up of multiple thin plates closely spaced parallel to the plane of the 

diffractometer circle. This slit is employed to limit the perpendicular dispersion of indecent x-

ray beam, as well as the diffracted x-ray beam. Slits such as the divergent slits (DS) and the 

scattering slits (SS) as depicted in Figure 2.19, limits every horizontal dispersion made by the 

incident and the diffracted x-ray beams. The receiving slit (RS), situated in front of the 

detector then regulates the spatial resolution. This collimating and focusing interaction 

between these slits are called para-focusing. The fact the RS is located in front of the detector 

as seen in Figure 2.19, which matches with a para-focusing spot in the diffractometer, ensures 

that the intensity measurement is effective and improves the spatial resolution [2.31].    

 

Figure 2.19: The fundamental layout of an x-ray diffractometer and para-focusing geometry 

[2.31]. 
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2.3.1.5 Data Acquisition 
 

All XRD data regarding the oxidised Sn thin films were obtained through An Empyrean XRD 

system from PANalytical at the National Metrology Institute of South Africa (NMISA) in 

Pretoria (see Figure 2.20). A Cu K-alpha 1 (Cu Kα1) of wavelength 1.5406 Å x-ray radiation 

source was used to ensure a continuous scan of the range 2θ = 10 - 100⁰, in steps of 0.02⁰ was 

performed. The experiment proceeded with a supplied voltage of 45 kV and a tube current of 

40 mA. A fixed divergence slit of the size 0.76 mm was used on both FTO (1×1 cm
2
) and Si 

(1.5×1.5 cm
2
) substrates layered with SnxOy films. The PANalytical X‟PERT Data Collector 

and X‟PERT HighScore software were ultimately used to analyse all data, and in doing so 

was able to identify crucial crystallographic information pertaining to the sample. 

Information such as interplanar spacing (d), peaks position 2θ and FWHM values are 

effortlessly obtained. Peak positions were indexed by means of a data base listed in the 

software, while lattice constants (a, b and c) are computed reorganising interplanar spacing 

equations listed in Table 2.2, according to the 7 different crystal lattices. XRD patterns were 

produced using the OriginPro 8.5.1 software [2.23].    

 

Figure 2.20:  The Empyrean XRD system from PANalytical at the National Metrology 

Institute of South Africa (NMISA) in Pretoria [2.23]. 
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2.3.3  Fourier Transform Infrared Spectroscopy  
 

2.3.3.1 Introduction 
 

Infrared (IR) spectroscopy is based on the interaction between electromagnetic radiation and 

the natural vibrations of the atoms of a molecule [2.24, 2.27, 2.7]. An IR spectrum is obtained 

once IR radiation is passed through a sample, and the fraction of incident radiation absorbed 

at a particular energy. The energy corresponding to any peak in an absorption spectrum, 

correlates with the frequency of a molecule‟s vibration from the sample [2.24]. Molecules are 

only able to absorb radiation once the infrared radiation is of an identical frequency as one of 

the fundamental modes of vibration of the molecule. This means that a small part of the 

molecule‟s vibrational motion is increased and while the remainder of the molecule is left 

unaffected [2.24]. 

The term “Fourier spectroscopy” describes the analysis of any varying signal into constituent 

frequent components. The term was named after the mathematical method created by J.B.J 

Fourier. Fourier transforms has proven to be useful in not only in fourier transform infrared 

spectroscopy (FTIR), but in a number of spectroscopic techniques such as nuclear magnetic 

resonance spectroscopy (NMR) and electron spin resonance spectroscopy (ESR) [2.10]. FTIR 

spectroscopes are able to identify functional groups within materials in various phases 

namely: gasses, liquids and solids [2.11].  

 

2.3.3.2 The Electromagnetic spectrum 
 

 Electromagnetic radiation are all considered to have a dual nature as a stream of particles 

(photons) or as an electromagnetic wave travelling at the speed of light in a vacuum [21,30]. 
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In the case of a photon, the interaction between photons and molecules behaviour may be 

described by the laws of quantum optics. While as an electromagnetic wave, the interaction 

of an electromagnetic wave with a medium is described by the electromagnetic theory using 

Maxwell‟s equations. 

In the former case, the energy of a photon is given as: 

                                                                                                                             (Eq. 2.14) 

Where h is the Planck constants (h = 6.626×10
-34

 J. s) and v is the frequency of light. The 

velocity of light in a vacuum c (c = 3×10
8
 m. s

-1
) and wavelength λ are related by: 

                                                                        
 

 
                                                       (Eq. 2.15) 

Therefore, it can be deduced that the energy of the electromagnetic wave is directly 

proportional to the reciprocal of the wavelength. Vibrational spectroscopy often makes use of 

the reciprocal wavelength denoted  ̅ (wavenumber). The energy of the electromagnetic wave 

in (Eq. 2.14) can then be written as: 

                                                                             ̅                                                (Eq.2.16)     

Generally, the wavenumber  ̅  is written in the form: 

                                                      ̅        
    

     
                                                     (Eq.2.17) 

The second case describes light as an electromagnetic wave. In this situation, the propagation 

of light may then be expressed as: 

                                                                                                                    (Eq.2.18) 
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Where A is the amplitude, 𝜔 the circular frequency, t is the time, 𝛿 is the phase angle and   is 

the polarization angle. The circular frequency may be related to the wavelength λ and the 

refractive index n: 

                                                            𝜔  
 

  
                                                               (Eq.2.19) 

For the propagation of light through an absorbing medium Eq. 2.19 is adjusted by replacing 

the refractive index n by its complex value n∗ such that: 

                                                           ∗                                                               (Eq.2.20) 

where n and k are always non-negative. For an absorbing medium, the absorption coefficient 

α is often used. 

                                                               
   

 
                                                             (Eq.2.21) 

From Eq. 2.18 the light intensity denoted I, can now be described as: 

                                                                   
                                                            (Eq.2.22) 

where 휀 is the molar absorption coefficient and c the concentration of the absorbing 

compound. In the logarithmic form Eq. 2.22 can be expressed as: 

                                                        (
  

 
)    휀                                                      (Eq.2.23) 

This is known as the Beer-Lambert law. It is important to note that the absolute value of 휀 

changes by a factor of 2.303 if the function “log” is replaced by “ln”. When light is absorbed 

by a medium, it causes a transition from an energetic ground state to an excited state. Excited 

states may differ depending on the energy of the light absorbed or the chemical nature of the 

interacting compound as displayed in Figure 2.21. Rotations and vibrations are excited in the 

spectral infrared range [2.28].  
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Figure 2.21: Schematic display of vibrational and electronic transitions. It should be noted 

that distance between electronic states have been reduced by a factor of at least 10 in 

comparison to the distance between the vibrational states. Such that fund: fundamental; 

harm: overtone; fluo: fluorescence and Phospho: Phosphorescence [2.28].   

 

2.3.3.3 Infrared Absorption 
 

The IR region lies between the visible and the microwave end of the electromagnetic 

radiation spectrum. The IR region is parted into three main portions mainly the near-infrared 

(NIR) in the range of λ = 14000 - 4000 cm
-1

, the mid-infrared (MIR) in the range of λ = 4000 

- 400 cm
-1

, and finally, the far-infrared (FIR) within the range of λ = 1400 - 40 cm
-1

. IR 

spectroscopy is used to investigate the structural chemistry with IR radiations. During this 

process, the sample, or more specifically molecules which makeup the sample, absorb the IR 

radiation and the intensities of these absorbed radiations is then consequently displayed by an 
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absorption spectrum. These absorbed infrared radiations trigger a variety of molecular 

motions within the molecule and thus generates a dipole moment. When a molecule is able to 

obtain a net dipole moment it is said to be IR active. Conversely, if a molecule has no net 

dipole moment it is IR inactive [2.15, 2.24]. Before a molecule can absorb IR radiation two 

necessary conditions needs to be met. The first condition states that the molecule must have a 

vibration during which a change in dipole moment occurs with respect a distance being non-

zero. This statement can be given as an equation by the following: 

                                                                
  

  
                                                              (Eq.2.24) 

Where 𝜕μ is the change in dipole moment and 𝜕𝑥 represents the change in distance. 

Vibrations that fulfil the expression above (Eq.2.24) are IR active. The second essential 

condition for IR absorbance is that the energy of the light which interacts with the molecule 

must be equal to the vibrational energy level difference within the molecule. As an equation, 

this is expressed in Eq. 2.14 [2.26]. When this condition is not met, the energy of the light 

will then be transmitted by the sample. On the contrary, if the equation (Eq. 2.3) is satisfied, 

the energy will be absorbed [2.25]. 

 

2.3.3.4 Normal Modes of Vibrations 
 

When IR radiation interacts with matter the phenomena may be understood by gaining insight 

on the changes in molecular dipoles associated with vibrations and rotations. According to a 

basic model, a molecule can be regarded as a system of masses joined by bonds with spring-

like properties. In the most simple case of diatomic molecules, like molecules which possess 

three degrees of translational freedom and two degrees of rotational freedom. The atoms are 

able to move relative to one another, where bond lengths may vary or one atom is able to 
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move out of its present plane. This is jointly referred to as vibrations. For a diatomic 

molecule only one vibration that corresponds to stretching and compression of the bond is 

allowed. This accounts for one degree of vibrational freedom.  

Molecules containing many (N) atoms will have 3N degrees of freedom. In the case where 

molecules contain three atoms, two groups of triatomic molecules are well-known namely: 

linear and non-linear. CO2 (carbon dioxide) and H2O (water) are clear-cut examples of linear 

and non-linear triatomics, respectively. This is illustrated by Figure 2.3. CO2 and H2O both 

exhibit three degrees of freedom. Water has three degrees of rotational freedom, while carbon 

dioxide, a linear molecule has only two. Given that there is no energy detected involved in 

the rotation around the O = C = O axis. By subtracting these from 3N, consequently, any 

linear molecule like CO2 results in 3N - 5 degrees of freedom and 3N - 6 for any non-linear 

molecule such as water. Moreover, water obtains three vibrational modes and carbon dioxide 

four vibrational modes. A summarized version of this is given in Table 2.2, which displays 

the degrees of freedom for triatomic molecules. 

 

Figure 2.22: Water and carbon dioxide molecules [2.24]. 

 

Table 2.3: Degrees of freedom for polyatomic molecules [2.24]. 
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Diatomic molecules only have one mode of vibration which is consistent with a stretching 

movement. Furthermore, triatomic non-linear structured molecules in the form of B - A - B 

has three modes of vibration, two correlating to the stretching motions, and the other 

corresponding to a bending motion. Linear structured triatomic molecules have four modes, 

where two obtain the same frequency and are degenerate.  

Another concept which plays an important role in the frequency of vibrational modes is the 

stiffness of the bond. The stiffness in the bond can be characterized by the force constant   

stemmed from Hooke‟s law. The reduced mass denoted μ, assists by adding the individual 

atomic masses and may be given as follows: 

                                                        (
 

 
)  (

 

  
)  (

 

  
)                                              (Eq. 2.25) 

Where    and    are the masses situated at the ends of the bond. Alternatively, this equation 

may also be expressed as: 

                                                             
    

       
                                                       (Eq. 2.26) 

The frequency of absorption relates the force constant to the reduced mass by the following 

expression: 

                                                            (
 

   
)√(

 

 
)                                                  (Eq. 2.27) 

In order to use the direct wavenumber values for the bond vibrational frequencies, Eq. 2.27 

may be altered as: 

                                                           ̅  (
 

   
)√(

 

 
)                                                  (Eq. 2.28) 

Where c is the speed of light [2.24,2.27].  
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Molecular vibrations display two types of movements, either a change in bond length known 

as stretching or a change in the bond angle commonly referred to as bending. Both stretching 

and bending vibrations consist of more complex categories of vibrational movements. 

Symmetric and asymmetric vibrations are types of stretching vibration, while wagging, 

rocking, twisting, and scissoring are characteristic types of bending vibrations. Stretching 

vibration generally occur at higher energies in comparison to bending vibrations. Since the 

absorption process is quantized, stretching and bending vibrations are therefore present at 

specific allowed energy levels. Moreover, it is important to note that absorption strength is 

dependent on the dipole moment. Since absorption of infrared radiation can only take place 

once there is a change in the dipole moment of a molecule. Therefore, the greater the dipole 

change, the more intense the absorption band will be [2.11]. 

 

2.3.3.4.1 Stretching Vibration 

 

Certain bonds are able to stretch in-phase (symmetrical stretching) or out-of-phase 

(asymmetrical stretching) as displayed in Figure 2.23. In symmetrical stretching the bond 

attached to atoms within the molecule either increase or decrease in length concurrently, 

while in asymmetrical stretching the bond lengths increase and decrease consecutively. If a 

molecule contains at least two or three identical groups, then symmetric and asymmetric 

stretching is able to arise in groups such as CH2, CH3, CCl2, C4H6O3, NO2, and NH2. When a 

molecule has various kinds of atoms connected to the bonds such as HCN, ClCN, or ONCl, 

then the two stretching modes are no longer symmetrical or asymmetrical forms of vibration 

for similar bonds. Hence, these bonds will exhibit a range of stretching motion proportions 

for each group where the amount of coupling will vary. Symmetrical molecules generally 

have fewer infrared active‟ vibrations, and therefore has a lower energy in comparison to that 
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of the asymmetric stretching. A few examples of the variation between the appearance of 

symmetric and asymmetric vibrations are the symmetric stretch of CH3 which appears at 

2872 cm
-1

, whereas for its counterpart the asymmetric stretch is found at 2962 cm
-1

. In the 

same way, the symmetric stretch of NH2 appears at 3300 cm
-1

, while the asymmetric stretch 

is found at 3400 cm
-1

 as shown in Figure 2.23 [2.11].                                                                                    

 

Figure 2.23: Symmetric and asymmetric stretching of the CH3 and NH2 molecules, where the 

asymmetric stretch is found at a higher energy than the symmetric stretching bond [2.11]. 

 

2.3.3.4.2 Bending Vibrations 

 

A bending vibration is also referred to as deformation vibration that involves the change in a 

bond angle while the bond length remains constant. There are two kinds of bending 

vibrations which are in-plane and out-of-plane vibrations. 

In-plane vibrations involve the movements of scissoring and rocking vibrations. In scissoring 

vibration, both atoms approach or move away from each other simultaneously, and hence, the 

bond angle decreases. Whereas the rocking vibration, however, shows no change in the bond 
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angle but participating bonds move within the plane in the same particular direction (see 

Figure 2.24). 

Out-of-plane bending vibrations include the wagging and twisting vibrations. In wagging 

vibrations, both participating atoms move towards the same pane. While in twisting 

vibrations both atoms move toward opposing planes [2.11]. 

 

Figure 2.24: The various forms of bending vibrations in the CH2 group [2.11]. 

 

The difficulty in interpreting an IR spectrums stems from the coupling of vibrations over a 

large fragment of the molecule or the whole of the molecule. These kinds of vibrations are 

referred to as skeletal vibrations, and their associated bands generally correspond to a 

fingerprint of the molecule entirely rather than of a specific group within the molecule [2.24]. 

An IR spectrum is generally split into the functional group region and the fingerprint region. 

The fingerprint varies for each molecule. This means that two functional groups may produce 
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similar absorption spectra within the functional group region but will always differ within the 

fingerprint region. Characteristic vibrations are founded on the type of motions made by 

participating atoms. Generally, stretching vibrations that are found within the molecule are 

characteristic of typical functional groups. In organic compounds, characteristic vibrations for 

a specific functional group will usually take place within the region between 4000 - 1500 cm
-

1
. However, for inorganic compounds this range may differ for compounds with heavier 

atoms, and therefore these characteristic vibrations will be expected at lower frequencies. All 

frequencies which fall below 1500 cm
-1

 (the fingerprint region), often involve the bending 

motion of molecular vibrations. These characteristic vibrations represent the fingerprint of the 

molecule [2.7].  

 

2.3.3.5 IR Analysis 
 

FTIR spectra can be analysed in two ways which are through Qualitative and Quantitative 

techniques.  

2.3.3.5.1 Qualitative Analysis  

 

Interpreting an IR spectrum may be complex due to the various interactions between atoms 

within the molecule, and the fact that IR absorptions of functional groups may differ over a 

broad range [2.21]. However, FTIR spectroscopy is a technique which provides a means in 

identifications functional groups within a sample [2.25]. With this said, every compound‟s 

absorption spectrum is unique and obtains a molecular fingerprint that in most instances can 

be distinguished from the patterns of other molecules [2.29]. Therefore, researchers have 

taken the initiative to outline tables for identifying relative intensities and their absorption 
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bands. Table 2.6, a number provides functional groups and their characteristic absorption 

frequencies [2.21].  

 

2.3.3.5.2 Quantitative Analysis 

 

The foundation of quantitative analysis of IR absorption spectra revolves around the 

Bouguer-Beer-Lambert law expressed in Eq.2.23. This law basically states that the relation 

between absorbance and concentration is linear [2.21, 2.25]. Nonconformities from the 

Bouguer-Beer-Lambert law could be possible as a consequence of stray radiation, chemical 

effects and an inadequate resolution [2.29].  

 

2.3.3.5.3 Organic Compound Interpretation 

 

In order to elucidate an IR absorption spectrum, one needs to identify the absorption bands of 

an unknown compound and subsequently match them to their corresponding absorption 

frequencies to determine the types of bonds present in the sample. Table 2.4 displays certain 

characteristic vibrations belonging to certain functional groups correlating to their absorption 

frequencies within the spectrum [2.21].   
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Table 2.4: Characteristic absorption bands and their corresponding frequencies [2.21]. 

*
s – strong, 

*
v – variable, 

*
m – medium, 

*
w – weak and 

*
b – broad   

 

2.3.3.6 Working Principle  
 

As previously stated, IR spectroscopy is based on the principle of the interaction between 

electromagnetic radiation and matter within the IR range [2.4]. Photons within the infrared 

spectrum possess the ability to cause a group of atoms to vibrate with respect to the bonds 

that join them. Once infrared radiation comes into contact with an IR active sample, the 

radiation is absorbed and consequently creates a variety of vibrational modes. Similar to 

electronic transitions, vibrational transitions correlates to discrete energies, and hence, 

molecules will only absorb radiations that correspond to particular wavelengths or 

Bond Compound type Frequency range (cm
-1

) 

C – H Alkanes 2960 – 2950 (
*
s) stretch 

1470 – 1450 (
*
v) scissoring and bending 

CH3 Umbrella Deformation 1380 (
*
m -

*
w) – Doublet- isopropyl-butyl 

C – H Alkenes 3080 – 3020 (
*
m) stretch 

1000 – 675 (
*
s) bend 

C – H Aromatic Rings 3100 – 3000 (
*
m) stretch 

Phenyl Rings Substitution Bands 870 – 675 (
*
s) bend 

Phenyl Rings Substitution Overtones 2000 – 1600 (
*
w) – fingerprint region 

C – H Alkynes 3333 – 3267 (
*
s) stretch 

700 – 610 (
*
b) bend 

C = C Alkenes 1680 – 1640 (
*
m, 

*
w) stretch 

C ≡ C Alkynes 2260 – 2100 (
*
w) stretch 

C = C Aromatic Rings 1600,1500 (
*
w) stretch 

C – O Alcohols, Ethers, Carboxylic acids, 

Esters 

1260 – 1000 (
*
s) stretch 

C = O Aldehydes, Ketones, Carboxylic acids, 

Esters 

1760 – 1670 (
*
s) stretch 

O – H Monomeric-Alcohols, Phenols 3640 – 3160 (
*
s, 

*
b) stretch 

Hydrogen-bonded -Alcohols, Phenols 3600 – 3200 (
*
b) stretch 

Carboxylic acids 3000 – 2500 (
*
b) stretch 

N – H Amines 3500 – 3300 (
*
m) stretch 

1650 – 1580 (
*
m) bend 

C – N Amines 1340 – 1020 (
*
m) stretch 

C ≡ N Nitriles 2260 – 2220 (
*
v) stretch 

NO2 Nitro Compounds 1660 – 1500 (
*
s) asymmetrical stretch 

1390 – 1260 (
*
s) symmetrical stretch 
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frequencies. As a molecule vibrates, a fluctuation in the molecule‟s dipole moment takes 

place. This then results in a field that interacts with the electric field coupled to the radiation 

[2.25]. During this interaction by absorbing the IR radiation, the molecules are excited to a 

higher vibrational state at a specific frequency. This absorption thus exposes the nature 

(chemical bonding and molecular structure) of these bonds present within the molecule. It is 

precisely for this reason that IR spectroscopy is considered a powerful technique. IR 

spectroscopy is able to provide fingerprint information on the chemical composition of the 

sample with absorption peaks correlating to the frequencies of the molecule present within 

the sample [2.4]. This technique proves to be useful for the analysis of organic and a few 

inorganic materials. By measuring the IR radiation as a function of frequency, one is able to 

obtain a spectrum. Through interpretation of the IR spectra, functional groups and 

compounds are easily distinguished by the absorption bands of the material. Qualitative and 

quantitative analysis of these bands allows for concentration of impurities or host materials to 

easily be deduced [2.21]. 

Once the interferogram is measured, the signal cannot be inferred directly, and hence, 

individual frequencies are then deciphered through the mathematical technique Fourier 

transformations. A resultant spectrum by a computer is then displayed, where further analysis 

can be performed [2.21]. 

 

2.3.3.7 Instrumentation of an FTIR Spectrometer 
 

An FTIR instrument typically composes of an IR light source, an interferometer, sample 

compartment, detector, amplifier, and a computer [2.11]. An oversimplified illustration of the 

process is depicted in Figure 2.6. Unlike dispersive instruments, FTIR spectrometers are not 
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constructed as double-beam instruments since they attain single channelled spectra of a 

sample as well as a reference spectra prior to calculating their ratio [2.28]. In the process of 

analysing a sample, a light source produces radiation which passes through an interferometer 

and subsequently impinges on the sample until finally reaching the detector. Upon the radiant 

beam reaching the detector, the signal is then amplified, and converted from an analogue to a 

digital signal via an amplifier which consequently produces an interferogram. A spectrum is 

then generated by the utilization of the mathematical technique of Fourier Transforms 

[2.11,2.24]. A schematic of an FTIR spectrometer can be seen in Figure 2.25.  

 

Figure 2.25:  Main constituents of an FTIR spectrometer [2.24]. 

 

 

Figure 2.26: Illustration of the operation if a Thermo Nicolet FTIR Instrument. Produced by 

Thermo Fisher Scientific (Madison, WI, USA) [2.12]. 
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2.3.3.7.1 Michelson Interferometer 

 

The interferometer is often regarded as the key component in an FTIR instrument. The most 

widely used interferometer is the Michelson interferometer [2.24]. The Michelson 

interferometer is made up of three main components namely: two flat mirrors situated on 

perpendicular planes to each other (one being fixed in one arm of the interferometer and the 

other mobile within the other arm) and a beamsplitter which bisect the two mirrors (see 

Figure 2.27). The choice of beamsplitter material is dependent on the IR region being studied. 

Typical MIR and NIR beamsplitters are constructed with an IR-transparent materials like 

potassium bromide (KBr) or caesium iodide (CsI) as a substrate, with a germanium (Ge) or 

iron oxide (FeO) multilayer coating. Poly(ethyleneterephthlate) is an organic thin film used in 

the FIR region beamsplitters [2.24,2.28].  

Standard beam – splitters have a reflectivity of 50% and no absorption across its range of use. 

The Michelson interferometer operates on a well aligned monochromatic IR beam of 

wavelength λ (cm
-1

). Once the radiant beam reaches the beamsplitter, the beam is then 

subsequently divided into two parts of equal intensity. After dividing, the beams are then 

reflected accordingly between the fixed and movable mirror back to the beamsplitter, where 

they recombine and interfere [2.28].  Vo-Dinh et al.,  says that “The displacement of the 

movable mirror causes change in the optical pathlength between the two beams, so that the 

conditions for constructive (nλ) and destructive interference (  
 

 
)λ, as well all intermediate 

states between the two, are consecutively met.” [2.24, 2.30]. The recombined IR beam is then 

directed towards the sample or reference (source), interacts with the sample, and finally 

comes into contact with the detector. The beam which exits the interferometer perpendicular 

to the input beam is referred to as the transmitted beam which is the beam detected for 

Fourier transformations (FTIR spectrometry). It should be noted that the position and motion 
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of the movable mirror are controlled by a helium-neon laser (λHeNe = 632.8 nm), where the IR 

interferogram sampling is controlled by the interferogram of the helium-neon laser in 

increments as small as  
     

 ⁄ = 316.4 nm [2.28]. 

 

Figure 2.27: Schematic representation of a Michelson interferometer [2.24]. 

 

2.3.3.7.2 IR Sources 

 

IR radiation is given off by a glowing black body source. An aperture is used to limit the 

amount of radiation that interacts with the sample, and eventually the detector. In the MIR 

region FTIR spectrometers often use a Globular or Nernst source. Globular sources 

composed of silicon carbon rods which are resistively heated. When an electric current is 

passed through the rod, the rod reaches temperatures of 1300 K, and therefore emits large 

amounts of radiation. The progression in metal alloys have allowed for these IR sources to 

operate without the use of cooling water where in the past it was required to avoid damaging 

electrical components. Nernst Glowers are constructed from a combination of refractory 

oxides and has the ability of reaching temperatures exceeding that of the Globular, however, 

they are incapable of yielding radiation greater than 2000 cm
-1

 [2.12]. For samples being 
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studied within the NIR region, a tungsten-halogen lamp is used as an IR source, whilst in the 

FIR region a high pressure mercury lamp is utilized [2.24].    

2.3.3.7.3 Detectors 

 

The most prominent kinds of detectors used for the MIR region are the DTGS and the MCT. 

The abbreviation DTGS is a pyroelectric device which incorporates deuterium tryglycine 

sulphate in a temperature-resistant alkali halide window. These kinds of detectors are 

employed for general routine type of uses. For projects in demanding more sensitive analysis, 

a mercury cadmium telluride (MCT) detector is applied. However, these kinds of detectors 

require cooling to the same temperatures as liquid nitrogen.  

In other regions such as FIR, germanium (Ge) and indium (In)-antimony (Sb) detectors are 

employed and function at liquid helium temperatures. In NIR regions, lead sulphide 

photoconductors detectors are commonly used [2.24].  

2.3.3.7.4 Fourier – Transformation 

 

Stuart, 2004 stated that “The necessary equations required for Fourier Transformations 

relating to the intensity falling on the detector I(𝛿), to the spectral power density at a 

particular wavenumber,  ̅, given by B  ̅ , are given as follows: 

                                               𝛿   ∫            ̅   
  

 
                                       (Eq.2.30) 

Which is one half of the cosine Fourier – transform pair, with the other being: 

                                                 ̅   ∫   𝛿        ̅𝛿  𝛿
  

 
                                    (Eq.2.31) 

These two equations are interconvertible and are known as a Fourier-transform pair. The first 

equation displays the relation between the variations in power density as a function of the 

http://etd.uwc.ac.za/ 
 



 

125  
 
 

difference in pathlength, and as a result an interference pattern is produced. The latter 

displays the change in intensity as a function of wavenumber, which can be altered by fourier 

transformation” [2.24]. 

The objective when using an FTIR spectrometer is to produce an intereferogram which 

ultimately is used to yield an FTIR spectrum. During the course of sample analysis, two 

interferograms are generated with one being (a) the source with sample absorptions and (b) 

the source without sample absorptions. The latter and former are then used to make a ratio 

which corresponds to a double beam dispersive spectrum. 

The new algorithm used for fast Fourier transformation (FFT) displays vast improvements to 

the standard FTIR technique within the MIR region. This, in collaboration with computers, 

makes way for calibrations to be processed and executed at a much faster rate [2.24].  

2.3.3.7.5 Computers  

 

The computer performs a number of functions when operating the FTIR spectrometer. It is 

responsible for the managing of the instrument, scan speeds, scan limit as well as the starting 

and stopping of the scanner. Once the computer reads the spectra from the instrument, it is 

then stored within the computer‟s memory as the spectrum is scanned [2.24]. 

2.3.3.8 Data Acquisition 
 

Chemical information regarding the functional groups and bonds formed within SnxOy thin 

films were given by the Perkin Elmer Spectrum Two FT-IR instrument located in the 

Chemistry Department (UWC). In performing IR analysis on all SnxOy, a LiTaO3 detector 

was utilized, where a resolution of 4 cm
-1

 was used on every                                                                                                                                                                                                                                                               

sample to produce a spectrum within a range of λ = 4000 - 400 cm
-1

. 
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2.3.4 Rutherford Backscattering Spectrometry 
 

2.3.4.1 Introduction  

 
Rutherford Backscattering Spectrometry (RBS) is a technique that relies on the principle of 

ion scattering in order to find the composition of sample. The technique encompasses the 

measurement of the number and energy distribution of these energetic ions such protons or 

He
+
 elastically backscattered within the near-surface region of solid targets. RBS is primarily 

used to analyse nm - μm thin films and is unique in that it permits quantification without any 

knowledge of reference standards and can be used to calibrate other analytical methods 

[2.28]. It is the preferred method with regards to quantitative compositional analysis of thin 

films used for semiconductors, optical coatings, and other applications where the parameters 

pertaining to film composition is essential [2.5].  

2.3.4.2 Theory 
 

During RBS analysis, a beam of mono-energetic ions such as H
+
 and He

+
 of energy generally 

between 0.5 - 2.5 MeV, is aimed towards a target. After the beam of ions interacts with the 

target, the energies of the ions which are scattered backward are scrutinised. In a 

backscattering collision, upon impact, energy is transferred from the impinging particle to the 

static target atom. Binary collision theory provides the energy ratio between the projectile 

energy E1 after a collision and the initial energy    before a collision by the following 

equation: 

                                           
  

  
   [

(  
    

      )
  ⁄

       

     
]

 

                                 (Eq. 2.32)  
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The energy ratio E1/ E0 is known as the kinematic factor K, relates the dependence of the 

energy of the scattering to that of the mass M1 of the projectile, mass M2 of the target atom, 

and the scattering angle θ between the incident and scattered beams. Furthermore, the 

element of the target can be identified if the values of M1, E0 and θ are known. If direct 

backscattering through an angle of 180⁰ takes place, the lowest energy ratio value is then 

given by Eq. 2.33: 

                                                          
  

  
 (

     

     
)
 

                                                    (Eq. 2.33) 

For a scenario where M1 = M2, the incident particle transfers all the energy to the target atom. 

Hence, after this central collision, the incident particle remains at rest. If M2 < M1, then no 

backscattering takes place.  

Eq.2.33 presents the energy of an ion being backscattered after a collision with a target atom 

with reference to the target surface. In RBS however, the ion beam is also able to penetrate 

beyond the target surface, where an ion may be backscattered by target atoms at any point 

along its path. The amount of energy used in this technique gives way for ions to voyage in 

straight lined trajectory. This however, excludes the motion after a backscattering event. 

During this straight-line trajectory, an ion loses energy mainly through excitation and 

ionization of atomic electrons popularly known as the process of electronic energy loss. 

Palmetshofer et al. says that “The energy loss per path length is symbolized dE/d𝑥, also 

known as the stopping power.” Supplementary energy losses such as these ultimately broaden 

the peaks observed in an RBS spectrum of a thin film [2.20]. 
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2.3.4.3 Instrumentation 
 

A standard RBS instrument consists of a particle accelerator that is able to supply beams of 

low – mass ions within the MeV range. In a brief description, ions are initially generated in 

an ion source such as a duoplasmatron, accelerated, then selected by their mass and charge, 

and finally directed towards the specimen. Duoplasmatrons are able to produce ions of both 

polarities. Traditionally, the Van de Graaff electrostatic accelerator has been the most 

extensively used particle accelerator that being of either single or double ended (tandem) 

[2.20]. Generally, the tandem accelerator produces negative ions which are accelerated 

towards a positive potential. The particles then travel within a vacuum system. Upon reaching 

the high voltage terminal, electrons are then stripped off the ion where the charge then 

becomes positive. Particles are then subsequently repelled by the high positive voltage which 

then increases their energy [2.6]. Thereafter, the beam is analysed and navigated via 

electrostatic or magnetic lenses towards the target chamber. The beam diameter at the target 

is approximately 1 mm in size [2.6,2.20]. If smaller beam spots preferred, this can be made 

possible by applying more suitable lens systems. Particle beams typically collide with the 

target upon normal incidence. However, the option of mounting a sample on a multiple axis 

manipulator is also accessible. The multiple axis manipulator allows samples to be rotated 

about a point of ion impact to vary the angle of incidence is available. This is done by means 

of channelling directions [2.20].   

In agreement with Eq. 2.32, the idyllic scattering angle would be θ = 180⁰ because it would 

serve in producing the optimum mass resolution for a given ∆M2 because the largest change 

in K value will then be produced. On the other hand, due to the size of the detector, for 

practical purposes an angle of θ = 170⁰ is chosen [2.20]. When incident particles penetrate 

the target, a few of them will encounter a Coulomb force from the target nuclei and will be 
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redirected from its path. This interaction is dependent on the Rutherford cross section. And 

even though a minute number of the deflected ions will be backscattered, an adequate amount 

will reach the detector [2.6]. Backscattered ions are usually detected using a solid state 

detector such as a silicon barrier detector or a passivized implanted planar silicon (PIPS) 

detector. Detector signals are highly proportional to the energy of the incident particle, are 

intensified and arranged in terms of energy in a multichannel analyser [2.20]. Figure 2.28 

displays the general layout of an RBS instrument during sample analysis.  

 

Additionally, it is important to know that whilst performing RBS analysis of a target matrix, 

that the incident low-mass particles are able to lose their energy in processes other than 

elastic Rutherford events. It is for this reason that for larger sample depths, the energy of E0 is 

vague. However, this value can be acquired before a collision takes place. In actuality, if the 

material of a given target sample known, the change in energy loss can be translated into a 

depth of scale. It is in this manner that RBS is capable of producing depth profile analysis up 

to a few micrometres within a film [2.6].     

 

Figure 2.28: Conventional layout of an RBS instrument whilst performing an experiment 

[2.6]. 
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2.3.4.4 Spectral Information 
 

From a conventional RBS spectrum, one of the most prominent features that may be 

quantified is the depth of elements in a surface layer of the film. The depth of the elements 

within the film includes the deduction of properties such as the mass of the scattering atoms, 

the composition of the surface layer, the depth of the scattering atoms, and the thickness of 

the surface layer.  

By obtaining knowledge concerning the composition of a layer, RBS allows the user to 

achieve information about the distribution of an element within a depth scale and to deduce 

the layer thickness by means of the energy of the scattered particles. Palmetshofer et al. 

declares that “This depends on the energy loss of the projectile on its inward and outward 

paths, as described by in (the theory) section.” The difference in energy (∆E), between a 

particle scattered and a particle scattered at a depth given by 𝑥 is expressed in Eq. 2.34: 

                                                                     𝑥                                                     (Eq. 2.34) 

Where the energy loss factor     is influenced by the stopping power experienced by the 

trajectory of the particles path, the kinematic factor  , and the orientation of the sample with 

reference to the incoming beam and the direction of the detector.  

The RBS in conjunction with channelling is used to detect and measure the thickness of an 

amorphous layer on a crystalline substrate. This technique bestows structural information 

pertaining around the damage of a surface layer of ion-implanted semiconductors, as well as 

being able to study the locations of impurity atoms. Furthermore, this method conveys 

knowledge concerning the eradication of this surface damage caused by annealing [2.20].   
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2.3.4.5 Quantification 
 

Consider an incident beam striking a target thin film where the total number of particles 

within that is represented by the value Q. After colliding with an atom of type A, the number 

QA, provides the sum of the backscattered particles registered in the detector. This is also 

referred to as the yield denoted YA, and is related to QA in the following manner: 

                                                                                                    (Eq. 2.35) 

Where NA is the real density of atoms A in the film measured in units of atoms. cm
-2

. The 

differential cross – section is given by  A (cm
2
. sr

-1
) and ∆Ω is the solid angle of the detector. 

Since the interaction potential between a particle (M1, Z1) and a target atom (M2, Z2) can be 

described through the Coulomb potential, therefore, the Rutherford formula for the cross – 

section is given as:                    

                                       (
      

  
)
  *(  

    
      )

  ⁄
       +

 

       (  
    

      )
  ⁄               (Eq. 2.36) 

In ion – beam analysis c g s units are used. This is applicable to the result of Eq. 2.36, while 

the value of e
2
 ≈ 1.44×10

-13
 MeV is implemented for more practical calculations. The 

Rutherford cross-section (Eq. 2.36) is applied for ions 1 - 2 MeV He
+
. Any deviation from 

this formula occurs for energies out of this range. There are certain experimental 

circumstances, where the scattering cross – section is only a function of the mass and atomic 

number of the scattering atom.  So for experimental conditions deemed as such, the scattering 

cross-section may be easily determined [2.20].  
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Composition of a compound film with elements      may be computed by means of Eq. 

2.35 and Eq. 2.36, such that: 

                                                   
 

 
 

  

  
 

  

  
 
       

       
                                                  (Eq. 2.37)   

This ratio is only reliant measured constraints and is easily determined because the 

complicated quantities like Q and ∆Ω cancels out. 

For a multi-compositional thin film constituting of several elements that may course 

overlapping peaks within the RBS spectrum. Deconvolutions of these peaks are done 

executed computer simulations. A common analysis program that performs such simulations 

is the RUMP code, although a more recent analysis program going by the name of the IBA 

data furnace is also becoming more prominent amongst RBS operators [2.20].  

2.3.4.6 Data Acquisition 
 

RBS analysis of oxidized metallic Sn thin films deposited on Si substrates was executed at 

iThemba Laboratory for Accelerator-Based Sciences (iThemba LABS (NRF) research 

institute) situated in Faure, Cape Town. Examination of the SnxOy thin films samples were 

performed by using a 3 MeV single beam of He alpha particles generated from 1 MV tandem 

accelerator. All thin film samples (as-deposited and annealed Sn films) situated at a (– 5º) tilt 

angle within the vacuum chamber with a pressure of approximately 10
-3

 - 10
-4

 Pa, were then 

investigated by the 2 mm collimated ion beam kept at a constant current at around 70 nA. 

After sample and beam interaction, the consequent backscattered ions originating from the 

sample were then detected by a silicon surface barrier (SSB) detector placed at a 150º (30º 

from the focused ion beam) scattering angle from the sample. The signal from the detector 

was then pre-amplified and lead to the spectroscopic amplifier until it was eventually 

translated into an RBS spectrum. 
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2.3.5 UV-Visible Spectroscopy  
 

2.3.5.1 Introduction  
 

At this point it is quite evident that the interaction between radiation and matter brings rise to 

a number of processes such as reflection, scattering, absorbance, 

fluorescence/phosphorescence (absorption and re-emission), and photochemical reactions 

(absorbance and bond breaking). With regard to the UV-Visible (UV-Vis) instrument, 

majority of the analysis is mainly focused around the absorbance process of radiation within 

the ultra-violet region (λ = 10 - 400 nm) and visible region (λ = 400 - 800 nm) of the 

electromagnetic spectrum. Since light is a form of energy, therefore, when atoms (or 

molecules) are subjected to light through absorbance, the energy content of these atoms 

increase. The absolute potential energy of a molecule is represented as a sum of its electronic, 

vibrational, and rotational energies [2.19]: 

                                                                                                    (Eq. 2.38) 

Owen, T. declares that “The amount of energy a molecule possesses in each form is not a 

continuum but a series of discrete levels or states” The difference in energy between such 

states in order of magnitude is given by the following order: 

                                                                                                           (Eq. 2.39) 

In certain molecules and atoms, absorbed photons with wavelengths of magnitude that falls 

within the UV or visible range acquires sufficient amounts of energy to trigger transitions 

between the various electronic energy levels. By absorbing the wavelength which owns the 

necessary amount of energy for this transition, it ultimately allows an electron to be promoted 

from a lower energy level to a higher energy level. It is for this reason that UV/Vis 
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spectroscopy may be referred to as electronic spectroscopy. Organic chemists often utilises 

this spectroscopic technique for the elucidation of conjugated multiple bonds or aromatic 

rings [2.19]. However, in this case, the analysis will be concerned with the absorbance of 

radiation within thin films.  

 

2.3.5.2 Transmittance and Absorbance 
 

When light imposes on a sample, it may reflect, transmit, or absorb. A UV/Vis 

spectrophotometer measures the intensity of light (I) after passing through a sample. This 

transmitted intensity is a fraction of the intensity of the incident radiation (I0) produced by the 

light source [2.19]. The attenuation in the intensity of the transmitted light occurs as result of 

the absorption by the sample at certain wavelengths. The amount of light absorbed can either 

be given in terms of transmittance or absorbance. The transmittance T, is described by ratio 

between these two intensities as follows:  

                                                                        
 

  
                                                      (Eq. 2.40) 

Transmittance can either be expressed as a fraction of 1, or as a percentage (%) by 

multiplying the result by 100. The absorbance A, as seen in section 2.3.3.2, is related to the T 

in the following manner: 

                                                                                                                       (Eq. 2.41) 

The absorbance can either be expressed in terms of the optical density or by the molar 

absorptivity as outlined by the Bouguer-Beer-Lambert law [2.3]. According to the Bouguer-

Beer-Lambert Law, the fraction of incident monochromatic radiation absorbed by a 

homogeneous medium is proportional to the number of absorbing molecules and the 
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pathlength of the radiation travelling through the medium, as given by Eq. 2.23. For a solid 

sample, the Beer-Lambert described by the following equation: 

                                                          
 

  
    𝑥                                                    (Eq. 2.42) 

Where the proportional factor α is known as the linear absorption coefficient of the medium 

is reliant on the wavelength of the radiation, and 𝑥 is the distance the radiation travels through 

the solid [32, 33]. 

 

2.3.5.3 UV-Vis mechanism  
 

Electronic transitions within a molecule are responsible for the production of UV – Vis 

spectra. These transitions are called electronic excitations and involve the promotion of 

valence electrons from the ground state to a higher energy state. The absorbed 

electromagnetic radiation is of the same magnitude difference in energy these states [2.32]. 

The transition with the highest probability of happening is generally from the highest 

occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO).  

The lowest occupied energy orbitals for most molecules are   bonding orbitals, π bonding 

orbitals, and n orbitals where unshared pairs of electrons (lone pair) are held. The 

unoccupied, or antibonding orbitals with the highest energy are the π∗ and the  ∗ orbitals. It 

should be noted that there are no n∗ orbitals in existence since electrons do not form bonds 

[2.8]. The arrangement of energy required for electronic transitions between orbitals are listed 

below and illustrated in Figure 2.30: 

                                            ∗     ∗     ∗     ∗                              (Eq.2.43) 
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Here,   →  ∗ transitions are prompted by advancement of an electron from a   orbital to its 

corresponding antibonding orbital  ∗. Since   bonds are very strong, this process generally 

requires high levels of energy associated with wavelengths in the range λ = 200 – 800 nm. It 

is for this reason that these transitions are usually not observed within the normal UV – Vis 

range. For an electron promoted from a non-bonding orbital n, to an anti-bonding  ∗ orbital n 

→  ∗ transition is assigned. Compounds encompassing non-bonding electrons on a hetero-

atom is able to absorb an adequate amount of energy for this kind of transition. n →  ∗ 

transitions require lower energy than   →  ∗ transitions. Organic compounds such as halides, 

alcohols, ethers, undergo n → π ∗ transitions. n → π ∗ transitions are caused by the elevation 

of an electron from a π  bonding orbital to a π ∗ orbital. π → π ∗ requires lower energy than n 

→  ∗ transitions. n → π ∗ transitions involves that least amount of energy. This kind of 

transition takes place when electron from a non – bonding orbital to an anti-bonding orbital π 

∗ [2.32]. 

 

Figure 2.29: Electronic transitions and their relative energy [2.32]. 
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2.3.5.4 Instrumentation 
 

Since UV-Vis analysis mainly revolves around the principle of absorbance, it is for this 

reason that a UV-Vis spectrophotometer compares the intensity of the transmitted radiation 

through a medium to that of the incident UV-Vis radiation. The most popular kind of UV-Vis 

spectrophotometers are double beam instruments made up of the following constituents (see 

Figure 2.30): 

 

Figure 2.30: Simplified illustration of a UV-Visible spectrometer [2.32]. 

1. Radiation source – Typically a hydrogen-discharge lamp source is used for the 

analysis UV operating within the UV range (λ = 180 - 400 nm).  If a source with more 

intensity is needed, a deuterium discharge lamp offers 3 - 5 times more intensity. In 

the visible region (λ = 400 - 800 nm) a tungsten-filament lamp is employed in order 

study the absorption within this interval.  

2. Monochromator – The objective of a monochromator is to disperse the radiations 

originating from source into their separate wavelengths. In the UV range a quartz 

prism is transparent, and is the most commonly used dispersing element. Glass is 

typically set in place for the visible region because it absorbs in the UV region and is 

therefore only applicable within the visible range. Once the radiation is dispersed, it is 
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divided into two parallel beams of equal intensity. The beam which passed through 

the transparent cell containing the sample solution is known as the sample beam. The 

other beam is passed through an identical cell containing the solvent and is called the 

reference beam. 

3. Detectors – Detectors are composed of photocells or photomultiplier tubes which 

generate a voltage relative to the radiation inflicted upon them.  

4. Amplifier – The purpose of the amplifier is to subtract the absorption of a solvent 

from that of the solution. This is done electronically by an electronic balancing 

amplifier.  

5. Recorder – The recorders main function is to automatically attain the necessary 

information required to produce a spectrum of the wavelengths of absorbed radiation 

against the absorbance A and the molar absorptivity 휀 [2.32]. 

 

2.3.5.5 Data Acquisition 
 

All data pertaining to the UV-Vis spectroscopy was attained through the experimental set-up 

at the Department of Physics and Astronomy (UWC). Samples were irradiated by continuous 

beam of light of wavelength (λ = 190 - 1200 nm) generated by a deuterium (D) and tungsten 

(W) light source. Absorption of these films were analysed by comparing the intensity of the 

incident beam to that of the transmitted beam. The detector subsequently senses this ratio of 

intensities and converts this information into a digital signal, where a resultant spectrum is 

then produced [2.13].     
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CHAPTER 3 

RESULTS AND DISCUSSION 

 

3.1 Introduction 
 

Nano-sized SnO2 thin films may be applied in a number of devices such as a window layer in 

solar cells, heat reflectors in solar cells, various gas sensors, transparent conductive 

electrodes, photochemical and photoconductive devices in liquid crystal devices, gas 

discharge displays, and in lithium-ion batteries [3.40, 3.1]. Being favourable amongst many 

metal oxides due its aforementioned superior optical, structural, and electrical properties; is 

the reason why novel, relatively easy and feasible methods for manufacturing SnO2 thin films 

are in such high demand [3.40, 3.1]. Such characteristic properties are highly related to the 

composition (concentration of Sn atoms), extent of contaminations, microstructure 

(adsorption of oxygen on the surface or grain boundaries), and most importantly, point 

defects (oxygen vacancies and interstitial Sn atoms) and stoichiometry of the material [3.8, 

3.16]. As it is now known, there are a number of existing ways in which SnO2 films may be 

generated [3.8]. In this study, a cheap and more reproducible route for thermally oxidised 

metallic Sn thin films was opted for in comparison to using other highly complicated and 

costly procedures.  

Thermally produced metal oxides are controlled by the diffusion process of metallic cations, 

anions coupled with electron transfer throughout the metal and metal oxide scale [3.37].As a 

result, characteristic properties such as the electrical conductivity associated with the 

oxidized metallic thin films may vary under ambient environmental conditions placed during 
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fabrication procedures [3.23]. The resulting type of non-stoichiometric crystal metal oxide (n-

type or p-type semiconductor) is dependent on the flux of ion diffusion and mass transfer 

throughout the metal oxide scale [3.37].  

Thermal oxidation of metallic Sn thin films has been reported by a number of researchers 

[3.11, 3.19]. This work aims to find the perfect conditions in which SnO2 thin films can be 

manufactured without the use of excessive high temperatures and external oxygen gas 

supplies placed a high vacuum. In the previous chapter (chapter 2), a detailed description of 

the environment that prompted for the adsorption of oxygen molecules on the films surface 

and subsequent diffusion of metallic Sn
+2

  cations, O
-2

 anions facilitated by a mass transport 

process. As formerly mentioned, such ambient experimental conditions have an influence on 

the characteristic properties on the now post oxidation SnxOy thin film.    

In this chapter, the experimental outcomes of the various characterisation analytical 

techniques as listed in chapter 2 from section 2.3.1 - 2.3.5 are given and discussed. The 

morphological section (3.2.1) investigates the microstructural surface changes SnxOy films 

underwent during fabrication. This includes an average film thickness evolution studies, 

roughness and particle formation. Section 3.2.2 examines crystalline structural formation and 

stoichiometry of the various SnxOy molecules present within the film. The compositional 

section 3.2.3 makes use of the absorbance and the characteristic vibrational properties of 

molecules via FTIR to detect the functional groups of films residing in the film. In addition, 

thickness and relative oxygen content (concentration) of the film was given by RBS surface 

analysis. In the final experimental results section 3.2.4, optical properties such as absorption 

and transmission advancement of films in the UV to visible region is scrutinised.          
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3.2 Experimental Results 
 

3.2.1 Morphology 
 

This section entails information pertaining to the morphological transformations that the 

SnxOy thin films underwent as a function of increasing temperature. The scanning electron 

microscope (SEM) planar micrographs provided a means of physically visualizing 

topographical changes, while the Dektak 6M instrument was employed to evaluate the 

thickness evolution of presumably oxidized films. From there, energy dispersive x-ray 

spectroscopy (EDS) analysis was able to confirm whether in fact oxygen atoms had 

permeated through the metallic Sn thin film surface by bestowing elemental composition of 

selected regions. In addition, this segment also includes further discussions relating to these 

various characteristic techniques and their analytic results with regard to the study.      

Morphological transformations of Sn thin films deposited on Si (100) and FTO substrates as a 

function of increased temperatures can be seen in Figure 3.1 and 3.5, accordingly. As-

deposited and annealed metallic Sn thin films ranging from 200 - 400 ℃ can be viewed in the 

Figures 3.1 and 3.5 from (a) - (f) respectively. By observing the micrographs of the films 

deposited on the Si substrates, it is clear that the microstructural morphology of the thin films 

were not uniform. This can be deduced by observing the deep cracks and fractal-like 

structures such as nano-grains which were evident in both as-deposited and annealed samples 

after the deposition of Sn had taken place. In a similar manner to Laghrib et al.study, 

topographical features also display two distinct regions such as lighter areas in the form of 

grains presumably corresponding to the forms of the amorphous or crystalline structure of 

SnxOy phases present in the film, and in contrast to this, darker areas found between the 

boundaries of the grain interfaces assigned to the exposed Si substrate [3.28]. This was 
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verified by the EDS results of spot analysis performed on all films and will be discussed in 

more detail later (see Figure 3.2).  

From Figure 3.1.(a) - (c), SnxOy films possess compact, randomly arranged, irregular sized 

and „island-like‟ shaped grains with the exposed Si substrates between grain surface 

boundaries. Little to no microstructural changes can be seen for samples ranging from the as-

deposited to the annealed 250 ℃ film. This indicates that the film retains its metallic phase 

after annealing for temperatures ≤ 250 ℃. These observations agree with that reported by 

Chung et al. [3.13]. At 300 ℃ (Figure 3.1 (d)), a striking difference in the film‟s surface can 

be observed in comparison to the as deposited and annealed samples at lower temperatures. A 

more defined and well-pronounced mixture of randomly organised „ellipsoid-like‟ and small 

„spherical-like‟ grains are visible as they seem to nucleate directly on the substrate surface. In 

addition to these changes, it is apparent that Ostwald ripening had taken place since the 

exposure of the substrate along the grain surface boundaries are more pronounced, where 

agglomeration had progressed and is in agreement with the outcomes given by Abdullah et al. 

[3.1]. These morphological transformations reveal that the conversion from the metallic Sn to 

SnxOy phases had occurred as a result of thermally induced oxidation As annealing 

temperature advanced from 300 - 400 ℃ (figure 1.1 (d) - (f)), signs of mass transfer diffusion 

and coalescence between grains are obvious since grain boundary interfaces begin to merge 

and the amount of individual grains in the frame of the micrograph had significantly decrease 

as oxidation temperature increases.  This evolution in morphological behaviour is once again 

in accordance to that reported by Chung et al. while Çakmak et al.‟s study reveals that grain 

interface reactions are related to the existence of interference and defects along the grain 

boundaries which are responsible for the merging process, resulting in larger grains [3.12, 

3.13]. 
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Figure 3.1: SEM planar micrographs of the deposited metallic Sn thin films on Si (100) 

substrates. (a) As-deposited , b) film annealed at 200 ℃ (c) film annealed at 250 ℃, (d) film 

annealed at 300 ℃, (e) film annealed at 350 ℃ and (f) film annealed at 400 ℃. 

EDS was performed on all annealed Sn thin films, excluding the ones deposited on FTO 

substrates. This meticulous decision was executed because FTO substrates contain atoms of 

both Sn and O, which in turn, will impair the integrity of qualitative and quantitative results 

from EDS. In Figure 3.3 (a) - (d), EDS spot analysis was used to reveal the atomic percentage 

of constituent elements within the grains belonging to the film annealed at 300 ℃. Qualitative 

and quantitative EDS results show that the selected grain in Figure 3.2 (a) attained an atomic 

% = 3.23 (Sn) and 68.58 (Si), while the spot in Figure 3.2 (b) acquired an atomic % = 0.48 

(Sn) and 80.42 (Si). Even though, both designated spot areas in sample suggests that Si is a 

major constituent and that Sn is minor constituent, the relative variation in atomic % of both 

elements corroborates that the Si substrate had been exposed in the form of cracks between 

grain boundaries even after thermal deposition had taken place. In Figure 3.2 (f) a grain size 

distribution study of the sample annealed at 300 ⁰C deposited on a Si (100) substrate revealed 

that the average grain size was found to be 303.71 ±77.02 nm. 
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Figure 3.2: (a) and (c) EDS spot analysis of lighter grains on sample annealed at 300 ℃, 

while (b) and (d) EDS spot analysis of lighter grains on sample annealed at 300 ℃. From (e) 

- (f) SnxOy phase grain size distribution for the thin film deposited on Si (100) and annealed 

at 300 ℃. 

Si (100) substrate thin film 

300 ℃ 300 ℃ 

300 ℃ 

http://etd.uwc.ac.za/ 
 



 

150  
 
 

In Figure 3.3 (a) - (f), the elemental composition of thermally oxidised Sn films deposited Si 

(100) substrates are given. In all samples shown in Figure 3.3, selected spots located on 

grains attained a predominance of Si and (carbon) C with an overall average in atomic 

percentage of approximately 69% and 22%, respectively. The high percentage of C may be 

attributed to the contamination found within the internal walls of the vacuum chamber of the 

microscopic system. Figure 3.4 relates the atomic percentage of Sn and O as a ratio of O/Sn 

with respect to annealing temperatures. By studying the image, it is clear that increasing 

amounts of O presents itself within selected grains with reference to increasing annealing 

temperatures. This indicates that O atoms had indeed permeated through the metallic Sn film 

as a function of increasing temperature. However, it is worth mentioning that quantitative 

microanalysis of lighter elements below sodium (Na, where Z< 11) like C, N, O, and F are 

difficult to quantify due to limited sensitivity [3.34]. In addition to sensitivity limits, it should 

be noted that EDS results are susceptible to surface contamination. Since oxygen (O2) 

molecules are readily found in the atmosphere, it can thus easily be detected on the sample 

surfaces, and hence does not necessarily accurately indicate the concentration of O within the 

voluminous spot size selected during EDS analysis. With this said, the outcomes presented in 

Figure 3.4 should only be regarded as a qualitative measure and further analysis regarding the 

films stoichiometry will be investigated in section 3.2.3.  
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Figure 3.3: EDS elemental analysis (right) of selected grains belonging to various SnxOy  

films (left), where (a) - (f) represent that annealed temperatures of the thin films such that: 

(a) as-deposited metallic Sn film, (b) 200 ℃ , (c) 250 ℃, (d) 300 ℃,(e) 350 ℃ and (f) 400 ℃. 

300 ℃ 

350 ℃ 

400 ℃ 
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Figure 3.4: Presence of O and Sn atoms within SnxOy grains as a function of the increasing 

temperature. 

 

Similar to the behaviour of the film annealed at 200 ℃ which was layered onto a Si (100) 

substrate, the film annealed at 200 ℃ (figure 3.5 (b)) on the FTO substrate displays minimal 

amounts of grain-structure and morphological change in comparison to the as deposited 

metallic Sn sample. The film annealed at 250 ℃ (Figure 3.5 (c)), however, shows more 

defined grain structures in the form of smaller ellipsoids and circular-like shaped structures in 

comparison to the grains found in the 300 ℃ thin film deposited on the Si (100) substrate (see 

Figure 3.1 (d)). Furthermore, in addition to the smaller grain sizes to that of the ones formed 

on the Si (100) substrate, it is evident that the grains formed on the FTO substrate are more 

compactly arranged, and hence, less signs of substrate exposure can be seen. This variation in 

grain size and their distribution on the two types of substrates (FTO and Si (100)) may be 

attributed to multiple nucleation factors such as the substrate‟s crystallinity, chemical nature 
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of the substrate, imperfections in the substrate, and substrate surface cleanliness [3.33]. 

However in a similar manner, the evolution in surface morphology as a function of increasing 

annealing temperatures suggests that the change of the structural grains is due to the 

oxidation of the metallic Sn thin films. The grain size for the film annealed at 250 ℃ 

distribution is given by Figure 3.6 where an average size was determined to be 144.72 ± 

58.18 nm. For annealing temperatures > 250 ℃ (figure 1.2 (d) - (f)), mass transfer diffusion is 

once again evident with an increased grain size structural features as annealing temperatures 

proceed.  

 

Figure 3.5: SEM planar micrographs of the deposited metallic Sn thin films on FTO 

substrates. (a) As-deposited , b) film annealed at 200 ℃ (c) film annealed at 250 ℃, (d) film 

annealed at 300 ℃, (e) film annealed at 350 ℃ and (f) film annealed at 400 ℃. 
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Figure 3.6: SnxOy phase grain size distribution for the thin film deposited on FTO and 

annealed at 250 ℃. 

 

Figures 3.7 and 3.8 displays the average thickness (ta) and roughness (ra) for all SnxOy thin 

films deposited on Si (100) substrates as a function of the annealing temperature. Throughout 

Figure 3.1 and 3.5 it is evident that surface morphology had changed as oxidation developed. 

Features such as grains and discontinuity are visible as previously stated. By analysing the 

progression of the film surface in relation to the thickness and roughness presented Figure 3.7 

and 3.8, it is clear that oxidized films exhibit forms of recrystallization that ultimately gives 

rise to a greater film thickness and surface roughness for increased annealing temperatures. 

For oxidation temperatures ≥ 250 ℃, a rapid increase in both ta and ra is observed, where each 

display a thickness from 47.37 - 103. 92 nm and roughness of 3.03 - 5.48 nm variation under 

annealing conditions from as - deposited to 250 ℃. This indicates that surface thickness and 

surface roughness are both influenced by the coalescence and migration of grains presented 

on the films surface. This observation is in agreement with Sefardjella et al. where they 

proposed that cracks along islands and grain boundaries which exposes the substrates acts as 

pathways that aid in the penetration of oxygen molecules via the film surface [3.43]. 
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Moreover, Sefardjella et al. and Ko et al. both mention that the change in the film thickness is 

related to the oxidation process in which, both tin cation (Sn
+2

)  and oxygen anions (O
-2

) 

diffused at the metal/oxide and, or oxide/gas interfaces. Furthermore, both studies mentioned 

that an increase in thickness suggests an enhancement of Sn
+
 ion migration at higher 

annealing temperatures had taken place in the samples [3.27, 3.43]. Therefore, one may 

conclude that grain size and grain boundary grooving induces amplification in thickness as 

well roughness for elevated annealing temperatures [3.4].  

 

Figure 3.7: Thickness of all thin films deposited on Si(100) as a function of annealing 

temperature. 
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Figure 3.8: The average surface roughness of the thin films deposited on Si (100) as a 

function of annealing temperature. 

 

From Figures 3.1 and 3.5 it can be observed that all SnxOY thin films seem to exhibit the 

Volmer-Weber form of film growth, which is distinctively identified by the bond between the 

film and the substrate being weaker than the bonding between adatoms [3.4]. For films 

annealed 300 ℃ and 250 ℃ deposited and Si and FTO substrates respectively, the onset of 

nucleation growth is proposed to be controlled by the adatom - adatom interaction. Therefore, 

it can be deduced that diffusion of some form of O within Sn films had progressed as a 

function of increasing annealing temperatures, since earlier in this section it was mentioned 

that discontinuity (voids) between the grains of the thin films are clearly visible. Such 

discontinuity between grains of the thin film consequently exposes the substrates, where this 

phenomena is more distinctive for films deposited on Si(100) substrates [3.9, 3.4]. According 
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to Birks et al. these apparent grains and voids that expose the substrate surface, are all 

indicative of growth stresses experienced by the oxide during the oxidation process [3.9]. 

As outlined by Perez et al. and Andersson et al.: when adatoms like O diffuse, the surface 

film behaviour becomes more complex as small particles merge to form larger grains [3.37, 

3.4]. In the process of surface diffusion, the coalescence and morphological rearrangement as 

shown for films oxidized > 300 ℃, is suggestive of relaxation of tensile stresses formed upon 

grain boundary formation [3.18]. It must however, be noted that such morphological 

rearrangement cannot independently relieve the compressive stresses related to the 

emergence surface stress effects due to island growth independently [3.8]. Tensile stresses 

caused by the formation of grain boundaries are then alternatively relieved by the diffusion of 

adatoms on the free surface of the film. Subsequently, these adatoms are then trajected 

downwards into the grain boundary by the process of diffusion. This diffusion creeping 

behaviour is analogous to that of the Coble creep mechanism in bulk polycrystals [3.18, 

3.21]. The Coble creep process is regulated by grain boundary diffusion in conjunction with 

low temperature power creep law caused by dislocation of pipe diffusion [3.31]. In this 

instance, surface coble creep of the oxidized Sn thin film relieves tensile stress by merging in 

a grain boundary zipping configuration as a means to adhere to the Sn metal interface [3.9, 

3.18, 3.21]. On the other hand, if the aspect grain ratio of the greater than that of 3:1, the 

creeping is unable to relieve other stresses such as capillary-induced growth stresses situated 

within the central region of the grain, unless some interfacial shear occurs [3.18].  

In addition, Asgarya et al. noted that diffusion along linear and planar surface defects is often 

faster than diffusion in a lattice, since they permit easy diffusion paths. This is due to atoms 

being more mobile at grain boundaries than through the crystal lattice. Fast diffusion along 

grain boundaries acts as a crucial component in most metallurgical processes especially in 
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one involving net mass is transported along boundaries. Asgarya et al. also states “that this 

movement in net mass acts as sources and sinks for the fluxes of atoms. Lattice diffusion 

generally requires the highest activation energy and is the slowest path for mass transport, 

while the activation energy for diffusion along grain boundaries and interfaces are relatively 

less” [3.6]. 

 

3.2.2 Phase Transitions 
 

The structural properties, crystallinity and phase transitions of the thermally oxidized Sn thin 

films were investigated and verified by x-ray diffraction (XRD). Figure 3.9 displays the XRD 

spectra for the as-deposited and annealed metallic Sn thin film samples on Si (100) 

substrates. Identification of crystal patterns regarding the structure of the thin films were 

mainly emphasised on those that were deposited on Si (100) substrates for the same reason as 

that mentioned in section 3.2.1. Diffraction patterns were recorded from 2θ = 10⁰ - 100⁰ , 

albeit that no crystallinity information is present in the range from 2θ = 45⁰ - 110⁰. Therefore, 

only results from 2θ = 15⁰ - 45⁰  is shown. All XRD peaks were identified by the Inorganic 

Crystal Structure Database (ICSD). By observing the spectra as a function of increasing 

temperature in Figure 3.9, notable signs of thermal oxidation of Sn are present since multiple 

SnxOy phases were formed in every sample. In addition to Si peaks present, these SnxOy 

multiphases also suggests that the thin films are composed of a polycrystalline nature. 

Strong peaks predominantly visible in the as-deposited thin film and films annealed at     ℃ 

and     ℃ are located at positions 2θ = 30.87⁰  and 2θ = 32.26⁰, and were indexed to the 

(200) and (101) diffraction planes. These peaks belong to the Sn body centred tetragonal 

(I41/amd) crystal structure and was verified by obtaining lattice parameter values of a = 
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5.798 Å  and c = 3.164 Å. A drastic decrease peak in the intensities belonging to these Sn 

phases takes place for annealing temperatures ≥ 300 ℃. This is an indication that thermal 

oxidation had commenced at these temperatures, and therefore, substantiates the 

pressumption made in the morphological section 3.2.1 that films remained in their metallic 

state ≤ 250 ℃. Phases of SnO, SnO2 and C2O4Sn appear to co-exist in the sample annealed at 

    ℃ indicating the initiation of pure SnxOy phases being formed. Eventhough carbon 

bonded related impurities of the C2O4Sn (tin oxalate) phases are evident, they are more 

prevalent at  temperatures ≤ 250 ℃, and are no longer visible for annealing temperatures > 

300 ℃. This demonstrates that impurities had diminished as higher annealing temperatures 

had progressed. Furthermore, in Kitabayashi and Koga‟s study, they report that formation of 

SnO2 structures may be achieved by the oxidative decomposition of tin oxalate [3.26]. 

 Phases present at 300 - 400 ℃ are assigned to the SnO tetragonal (P4/nmm) crystal structure 

where diffraction pattern peaks appeared at 2θ = 18.55⁰, 29.95⁰ and 37.36⁰, accordingly. This 

corresponds to the (001), (101) and (002) diffraction planes. Additionally for the same 

samples, the SnO2 tetragonal (P42/mnm) crystal structure‟s miller indices of the (110) and 

(101) are indexed to the positions 2θ = 27.00⁰ and 2θ = 33.55⁰, respectively. Lattice 

parameters are calculated to be a = 3.816 Å and c = 4.782 Å for the SnO phase, and a = 4.668 

Å and c = 3.256 Å for the SnO2 phase by using Eq 2.9. Verification of crystallographic phase 

structures are confirmed by the theoretical lattice parameters presented in Table 3.1.      
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Figure 3.9: XRD of the as-deposited thin film and the annealed samples from 200 - 400℃. 

 

Table 3.1 provides the lattice parameters for all SnxOy phases found within the XRD spectra 

presented by Figure 3.5. Lattice parameters denoted with a subscript “e” and “t” represent the 

experimental and theoretical values provided by the ICSD respectively. All SnxOy phases 

belong to the tetragonal crystal structure and can be calculated by using the relation as 

follows (see Table 2.2): 

                                                            
 

 
 (

     

  
)  

  

  
                                                 (Eq.3.1)       
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Table 3.1: SnxOy phase lattice parameters present in thin film samples. 

Crystal Structure hkl ae(Å) ce (Å) at (Å) ct (Å) (c/a)e (c/a)t 

 

Sn (200) 5.798 3.164 5.819 3.175 0.545 0.545 

(101) 

SnO (001) 3.816 4.782 3.780 4.790 1.250 

 

1.267 

(101) 

(002) 

SnO2 (110) 4.668 3.256 4.720 3.170 0.697 

 

0.671 

(101) 

 

According to literature listed by Guo et al.: during oxidation, the transformation from Sn to 

SnO2 does not transpire directly, but passes through the SnO phase first. Since diffraction 

patterns belonging to Sn and SnO are still apparent in the films from 300 - 400 ℃, this 

implies that oxidation within the films are incomplete [3.19]. This therefore gives the 

reasoning behind the poor crystalline nature of the phases present in the film including that of 

SnO2. Nevertheless, given that the aim of the study revolves around the formation crystalline 

SnO2, the rest of the analysis from this point onwards will be concentrated around the 

diffraction patterns corresponding to that of SnO2. Since the (101) diffraction peak belonging 

to SnO2 is the only one available throughout the films annealed from 300 - 400 ℃, the 

Williamson-Hall analysis cannot be performed, and therefore the examination of the 
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crystallite size will centre around this plane. Strain and crystallite size of a given phase within 

a crystal may be determined by the Debye Scherrer equation such that: 

                                                            
      

     
                                                     (Eq. 3.2)                           

Where D is the crystallite size in nm, k is a constant equal to     , λCuKα is the wavelength of 

radiation 1.54056 Å, β is the full peak width at half-maximum intensity and θ is the peak 

position [3.20, 3.25]. The lattice strain εs in the film also causes broadening of the diffraction 

peak and is calculated by the relation: 

                                                                 휀  
 

      
                                                      (Eq.3.3) 

Table 3.2 provides the SnO2 crystallite sizes formed within SnxOy films from 300 - 400 ℃. 

By observing the values given in table 3.2, it can be reported that the crystallites belonging to 

the fomation of the SnO2 phase orientated in the (100) direction residing in the Sn film 

annealed at 300 ℃ experiences the most amount of lattice strain. Such strain experienced by 

the crystal lattice can be brought on by the introduction of new phase transformations that 

occur during oxidation. Therefore such a result is expected since the resultant SnxOy film 

oxidized at 300 ℃ consists of the most crystalline phases in comparison to those annealed at 

350 and 400 ℃. Reduced strain for films SnxOy oxidized under 350 and 400 ℃ thermal 

conditions is an indication of film relaxation as suggested by the morphology section.In 

addition, the reduction  in ꞵ resulting in a larger crystal size is suggestive of an improvement 

of crystalline formation. 

The crystal growth can generally be expressed by the following parabolic equation: 

                                                            
     

(
  

  
)                                               (Eq.3.4) 
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Where D is the crystallite size at a specific time t, D0  is the initial crystallite size, kr is a 

constant, T is the absolute temperature, Q is the activation energy for a diffusion process, and 

m is the growth exponent, which can be assigned various values from 2 - 4 based on the 

microstructure and the growth mechanism. For a growth mechanism where crystal growth is 

governed by grain boundary mobility, m = 2; while conditions where crystal growth is 

controlled by pore mobility, m = 3 and m = 4. In the latter crystal growth, the  mechanism is 

specically allocated for diffusion and gas transport for m = 3, while the mechanism denoted 

for surface diffusion is for m = 4. It should be noted that Eq. 3.4 is only applicable based on 

the assumption that the crystal size distribution function is time invariant under circumstances 

of normal growth. As the oxidation process in this study is isochronal, Eq.3.4 may be reduced 

in the following manner [3.11]: 

                                                                    
     

(
  

  
)
                                        (Eq.3.5)             

Such that k0 is a constant that is depenent on the oxidation time. Figure 3.10  (a) displays the 

growth of SnO2 (101) oriented crystallite size D as a function of increasing oxidation 

temperature, T, i.e. from 300 - 400 ℃. From Figure 3.10 (c) - (d) the evolution of D
m
 is given 

as a function of 1/T for values of m = 2, 3 and 4.      

Table 3.2: SnO2 crystallite (101) orientated diffraction peak properties.         

Annealing T (⁰C) T(K) Position θ (⁰) FWHM (⁰) D (nm) Strain (×10
-3

) 

300 573.15 33.55 0.21926 37.842 3.173 

350 623.15 33.62 0.18484 44.897 2.670 

400 673.15 33.55 0.17336 47.861 2.509 
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Table 33: Arrehius equation fit parameters for the formation so SnO2 (100) crystallites. 

Arrenhius equation fit a B Error in fit R
2
 (COD) (×10

-1
) 

m = 2 3.024×10
-2 

1.72279 9.511 

m = 3 4.630×10
-3 

2.50225 9.504 

m = 4 6.524×10
-4

 3.22825 9.509 

 

By using the coefficient of determination R
2
COD for the variation of D

m
 as function of 1/T, 

from fit in the form of          , it is then possible to establish what growth mechanism 

was mainly responsible for the crystallite sizes. The interpolated values of   R
2

COD for m = 2, 

m = 3, and m = 4 were computed to be 0.9511, 0.9504, and 0.9509, accordingly. This 

suggests that the crystal growth mechanism responsible for the formation of SnO2 was a 

combination of m = 2, 3 and 4 since they all obtain a similar value of ≈ 0.95. However, the 

best approximation for crystallite growth is m = 2 which is indicative of grain mobility within 

the Sn thin films and was induced by an activation energy of Q = 14.32 kJ.mol
-1

. Boulainine 

et al. performed a similar study and obtained a result of Q = 112 kJ.mol
-1

, under the 

conditions where m = 4 was established to be the driving force behind the formation of SnO2 

(101) orientated crystallites [3.11]. This result provided by Boulainine et al. investigations 

suggests that the crystallite growth was governed by that of pore surface mobility 

corresponding to m = 4 [3.11]. 
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Figure 3.10: (a) Formation of SnO2 crystallite sizes along the (101) direction residing in 

300, 350 and 400 ℃ annealed SnxOy films. (b) - (d) Arrenhius fit on crystallite sizes for 

diffusion mechanisms m = 2, 3, and 4. 

 

Interestingly, it is quite obvious that the diffusion through grain mobility falls in line with the 

Coble creep mechanism. Coincidently, this is the exact same mechanism used to describe the 

evolution of the oxidized Sn thin films morphology (see Figures 3.1 and 3.5), and therefore, 

this deduction falls well in agreement to what is proposed in the morphological section 3.2.1. 

As previously mentioned, Coble creep behaviour is brought on by the tensile and 

compressive stresses experienced by the film when migrating from equatorial regions of 

grains to polar regions. Tensile stresses generate hydrostatic compression in equatorial 
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regions due to volume conversions, coupled with hydrostatic tension in polar regions [3.15]. 

Generally, in Coble creep diffusion, the activation energy of grain boundary diffusion is low, 

and the cross-sectional area available for diffusion along grain boundaries are outweighed by 

diffusion of the bulk. Therefore, it is for this reason that this mechanism is predominant at 

relatively low temperatures and form samples with fine grain sizes [3.15].  

 

3.2.3 Compositional Properties 
 

3.2.3.1 Fourier Transform Infrared Spectroscopy (FTIR) 
 

The FTIR technique was used to scrutinize the chemical bonding status and functional groups 

present in the SnxOy thin films. In transmission mode, functional groups may be identified 

effortlessly by the absorption peaks and their associative band positions at certain 

frequencies. In this manner, information relating to the structure of a material is then 

consequently revealed. Band positions and numbers of the absorption peaks are influenced by 

the crystalline structure, chemical composition as well as the morphology of the material 

[3.41].  

 

Figure 3.11 exhibits the absorption coefficient of annealed thin films as a function of 

wavenumber frequency from 4000 - 400 cm
-1

. By examining the overall spectra, one is able 

to observe the existing functional groups and their characteristic vibrational absorption peaks 

located at their corresponding IR bands. For all the thermally oxidized Sn films from 200 - 

400 ℃, a weak broad band is evident in the range of 3946 - 2765 cm
-1

. These vibrations are 

assigned to the O – H stretching hydroxyl group belonging to water molecule absorbed on the 

surface [3.41, 3.39, 3.26]. Furthermore, situated at 2337 cm
-1

, a stretching O = C = O band 
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can be detected in samples from 200 - 350 ℃ and is ultimately formed as a result of  the 

adsorption of  carbon dioxide molecule present within the atmosphere while samples were 

either being handled or in the process of being annealed [3.42]. The bands located at 1467 

cm
-1

, 1231 cm
-1

 and 1033 cm
-1

 correlate to the C – H, C – O and C – N bonds associated with 

the alkane (methane), alkyl aryl ether and amines compound class, respectively [3.42, 3.46]. 

All the above mentioned molecular bonds are present in the films and are naturally occurring 

organic compounds. In addition, the disappearance of the O = C = O peaks and reduction of 

intensities belonging to the molecular vibrations of  O – H, C – H, C – O and C – N  from 

200 - 400 ℃ are indicative of  purging at higher annealing temperatures. This reduction of 

band intensities is formally known as a hypochromic shift, and is associated with a decrease 

in concentrations belonging to impurity molecules within the annealed thin film samples. 

 

Moving towards the region of longer wavelengths known as the  fingerprint region ( see 

Figure 3.12) of the spectrum, the major absorption peaks are associated with the formation of 

SnO  and SnO2  in the range 660 - 420 cm
-1

. Three bands manifests around positions 659 cm
-

1
, 534 cm

-1
 and 420 cm

-1
 in the final sample annealed at 400℃ due to the anti-symmetric 

stretching molecular vibrations of the Sn – O – Sn, Sn – OH and O – Sn – O bonds, 

respectively [3.39, 3.41, 3.26].  

 

The appearance of the stretching modes of Sn – OH and Sn – O vibrations are present 

throughout all annealed samples. For samples 200 ℃ and 250 ℃, the presence of Sn – OH 

bond can be detected at 556 and 514 cm
-1

, accordingly. While, for samples 300 - 400 ℃, the 

vibration of Sn – OH emerges at 534 cm
-1

. In a similar way, Sn – O band also exhibits some 

slight change in vibrational band positions within the oxidized Sn film. For the thin films 

annealed at 200 ℃ and 250 ℃, two peaks are detected around 420 - 500 cm
-1

 which may be 
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assigned to the vibrations belonging to the O – Sn – O bond, accordingly. For both films 

however, the most prominent peak that verified the presence of O – Sn – O bonds emerges at 

495 cm
-1

 for the annealed sample at 200 ℃, and at 446 cm
-1

 for the film annealed at 250 ℃. 

The same bond frequency apparent for the film oxidized at 300 ℃. Above these temperatures, 

more pronounced peaks associated with O – Sn – O vibrations were ultimately situated 

around 420 cm
-1

 in both annealed film films at 350 ℃ and 400 ℃.  

 

Residing in the final SnxOy thin films annealed at 350 - 400 ℃, new peaks presents itself by 

the anti-symmetric stretching vibration belonging to formation of the Sn – O – Sn bond. For 

the film oxidized at 350 ℃  the b nd is centred around 568  cm
-1

, while for the film oxidized 

at 400 ℃, the bond appeared around 660 cm
-1

 [3.41]. This vast shift in vibrational frequencies 

can be explained by the change in bond environment experienced by the film as disorder in 

the bonds lesson as a function of increasing annealing temperatures. The formation of the Sn 

– O – Sn bond within the films is an indication of interaction between cation and oxygen 

bond formed within the film, and according to Priya et al., is caused by the “surface-bridging 

oxide formed by hydroxyl groups.” Thus, implying the formation of SnO and SnO2 bridge 

functional group present in the film annealed at 350 - 400 ℃ [3.38].  

 

Deconvoluted peaks within the region 700 - 400 cm
-1

 were successfully obtained using a 

Gaussian fit function, as given in Figure 3.13. In Table 3.2, vibrational band features such as 

FWHM, intensity, and the integrated area beneath the peaks pertaining to the development of 

SnO and SnO2 bonds within annealed thin films are given. The rise of annealing temperatures 

is linked to a gradual decrease in FWHM in both Sn – OH and Sn – O bonds. For Sn – OH 

bands, an overall gradual decrease in FWHM is detected from 78.40 - 47.04 cm
-
 , as for Sn – 
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O bands, FWHM values are reduced from 78.40 - 25.61 cm
-1

 corresponding to films exposed 

to temperatures from 200 - 400 ℃, accordingly.  

In conjunction to these variations in band widths, a change in band intensities are also visible.  

For Sn – OH peaks, intensities of 6518.40, 1589.68, 493.79, 158.90 and 570.60 cm
-1

 are 

identified for annealed films up to 400 ℃. Likewise for Sn – O molecular vibrations in 

samples leading up to 400 ℃, band intensities of 5922.07, 1633.74, 300.30, 264.80 and 499.38 

cm
-1

 are listed for annealed samples. By examining the intensity of SnO and SnO2 molecular 

vibrations, a dramatic decline in band intensity experienced by both Sn – OH and Sn – O 

modes from 200 - 350 ℃ is apparent, until a final increase in intensity for samples oxidized at 

400 ℃ is noted.  

 

 As a complete interpretation of the overall spectra specifically focused on the hypochromic 

shift, the change in band positions, and the variation in peak widths that have been remarked. 

It has been reported by Saleha et al. that such changes of peak features are connected to 

disorders resulting in defects along the grain boundaries, stoichiometric changes, the grain 

size of the nanoparticles, and the strain experienced by the film [3.41, 3.3].  

 

Overall, the occurrence sharper peaks, decrease in FWHM, and peak positions settling at 

higher temperatures explicitly in films from 300 - 400 ℃, signifies that more impurities, 

stresses and vacancies were present within films oxidized at lower temperatures ≤ 300 ℃. It 

should also be mentioned that the overall decrease of band intensities related to carbon bonds 

as a function of higher annealing temperatures suggests that concentration of carbon in the 

films had decreased and that higher temperatures had removed some impurities within the 

film. Similar behaviour has been reported in section 3.2, where carbon phases had diminished 

as a function of increased annealing temperatures. Then, by focusing on the bands which are 
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associated with SnO and SnO2 formation, it can clearly be seen that at temperatures > 300 ℃ 

that an increase in band intensities was detected. This signifies that in the film annealed at 

400 ℃ experienced an improvement of SnO and SnO2 concentration within the film. By 

taking this observation into consideration, coupled with the decrease in characteristic SnO 

and SnO2 band widths, it can then be deduced that a greater order of bond vibrations for 

samples annealed from 300 - 400 ℃ was present. 

  

Based on the previous remarks within this section, it can be inferred that, as oxygen (O) 

atoms were introduced to the Sn lattice within the film through the process diffusion during 

oxidation. Defects along the grain boundaries instigated forces experienced by atoms in the 

lattice of the film. Such forces implemented in the crystal lattice manifested in the form 

tensile and compressive stresses. Consequently, these stresses triggered a change in bond 

positions. Eventually, once annealing temperatures progressed from 300 - 400 ℃, 

compressive and tensile stresses became less pronounced due to the decrease in lattice energy 

belonging to film surface caused by a decrease in volume of inflicted by oxygen atoms. 

Subsequently, the film then began to renormalize and organized into a metal oxide, thus 

advocating film recrystallization [3.7]. This is phenomena is analogous to the deductions 

made in the morphological and phase transition section in 3.2 and 3.3, accordingly. 
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Table 3.4: Vibrational properties of SnxOy films. 

Sample Frequency 

(cm
-1

) 

Assignement FWHM 

(cm
-1

) 

Intensity (cm
-1

) Error in fit R
2
 

(COD) 

400 ℃ 420 Stretch O – Sn – O 24.38145 499.377 0.94953 

 534 Stretch Sn – OH 45.33019 570.603  

 659 Stretch Sn – O – Sn 21.04343 171.119  

350 ℃ 420 Stretch O – Sn – O  22.29976 264.800 0.96086 

 534 Stretch Sn – OH  31.90744 158.903  

300 ℃ 446 Stretch O – Sn – O  42.17302 300.297 0.991 

 534 Stretch Sn – OH 32.20082 493.794  

250 ℃ 446 Stretch O – Sn – O  37.39425 1633.735 0.99319 

 514 Stretch Sn – OH 135.64342 1589.684  

200 ℃ 495 Stretch O – Sn – O  66.652 5922.065 0.9987 

 556 Stretch Sn – OH  99.597 6518.399  
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Figure 3.11: Overall FTIR spectra for as-deposited and annealed SnxOy samples from 200 -

400 ℃. 
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Figure 3.12: Overall FTIR spectra for as-deposited and annealed SnxOy samples from 200 - 

400 ℃. 
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Figure 3.13: Baseline corrected Gaussian fits for samples annealed from 200 - 400 ℃. 
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3.2.3.2 Rutherford Backscattering Spectroscopy  
 

Characteristic properties such as the elemental composition, stoichiometry and thickness 

regarding SnxOy thin films were all studied using the RBS technique. Figure 3.14 displays the 

RBS results obtained for both as-deposited and thermally oxidized Sn thin films annealed at 

temperatures ranging from 200 - 400 ℃ deposited on a Si (100) substrate. The SIMNRA 

Simplex code was employed to fit the simulated results to the experimental data in order to 

provide information pertaining to the stoichiometry and areal concentration. Adeoye et al. has 

stated that “a previous study has shown that composition of compound semiconductors has a 

strong influence on their properties” [3.2]. It is for this reason that meticulous management of 

composition and accurate examination of elements constituting these thin films are 

fundamental in producing excellent quality and chemical stable thin films [3.2].  

 

In Figure 3.15, the stoichiometry of the film was described by the ratio of O/Sn atoms, and 

thickness is given as a function of annealing temperatures. Table 3.5, summarises all 

simulated fitting data outcomes concerning the composition, concentration, film thickness 

and surface roughness of all samples. SnxOy atomic film thicknesses expressed in terms of 

atoms cm
-2

 were converted into geometrical film thickness (nm) by using the bulk density 

(6.95 g cm
-3

) and molecular mass (150.71 g mol
-1

) of SnO2 [3.34]. In a similar way, the 

roughness was determined by converting the FWHM of the thickness distribution expressed 

in 1
15

 atoms cm
-2

 into units of nanometres (nm).  

 

By reviewing the RBS spectra in Figure 3.14, the most forthcoming observation is that of an 

improvement in O concentration within the film introduced by augmented annealing 

temperatures. This is verified by the compositional results in Table 3.5, and the atomic O/Sn 
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percentage shown in Figure 3.15. The second most prominent feature displayed in Figure 

3.14, is the broadening of the Sn peak observed from the as-deposited sample - 400 ℃. Kabir 

et al. has stated that this broadening of the Sn peak is suggestive of the diffusion of Sn atoms 

towards the Si substrate. For O atoms, however, it proves to be quite problematic to 

distinguish whether the O atoms diffuse through the Si substrate and those which combine 

with the Sn metal to form a Sn metal oxide. This is due to the multi-diffusion occurrence 

from the oxygen sublattice [3.24]. 

 

By now it is recognized that a complete stoichiometric SnO2 crystal material having an O/Sn 

ratio of 2:1 will display properties of an insulator having a large amount of resistance. On the 

other hand the non-stoichiometric form of SnO2 behaves like a semiconductor. By reviewing 

Figure 3.15, the O/Sn ratio obtains values of 0.110, 0.302, 0.602, 0.640 and 0.702 for films 

ranging from 200 - 400 ℃. The optimum value obtained for O/Sn ratio was that of 0.702 at 

400 ℃. This value suggests that the oxidized SnxOy film is composed of a non-stoichiometric 

crystal nature. Furthermore, the fact that O/Sn atomic ratio obtained is more closely related to 

a 1:1 ratio rather than a 2:1 ratio signifies that either majority of the metal oxide film is 

composed of SnO molecules rather than SnO2 molecules, and or, that only a fraction of the 

film was converted into a tin metal oxide while the remainder remained in its Sn phase. This 

is in alignment with what was mentioned in the phase transitions section, which stated that 

oxidation within the films was incomplete.       

 

In the morphological section 3.2.1, a similar study regarding the composition of SnxOy was 

studied. By comparing the EDS results to those established by RBS, the values given via the 

RBS technique proves to be the most reliable quantitative study since the quality of the EDS 

quantitative analysis was hindered by the amount of oxygen and carbon impurities within the 
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system. On the other hand, as a qualitative study both EDS and RBS show a relative increase 

if O/Sn ratio as a function of increased annealing temperatures.  

 

Coupled with the increase in O concentration within SnxOy films, an increase in film 

thickness is displayed in Figure 3.15. In the morphological section 3.2.1, a measure of 

thickness as function of annealing temperatures was also conveyed in Figure 3.7, however, 

the results displayed by the Dektak presents different outcomes with respect to those listed in 

table 3.5 and displayed in Figure 3.15 given by RBS. The main reason that can be 

accountable for this variation in thickness results is that the Dektak profilometer „s stylus 

measured the average thickness of the film by possessing a longitudinal trajectory across the 

films surface until reaching a step down onto the substrate, thus, providing a change in height 

from the substrate to the films surface. On the other hand, the RBS thickness results were 

obtained by an in-situ technique located at one spot where the depth of the film was studied, 

and was able to provide a means of determining the thickness. Granted, that if the films had 

displayed a more homogeneous smooth and level surface, the variation between the RBS and 

dektak profilometer would have been closer in agreement to one another.  

         

Once more, in Figure 3.15 the results implies that the process of the downward diffusion of O 

atoms and the upward diffusion of Sn atoms had occurred and subsequently caused an 

expansion in crystal lattice volume of a body centred tetragonal Sn unit cell of 53.18 Å
3
 

morphing into Sn metal oxide crystal lattices i.e. 69.63 Å
3
 for SnO and 70.75 Å

3
 for SnO2   

[3.24, 3.32, 3.22]. In addition to the increased thickness of the film, it is worth noting that 

although the atomic concentration of O present in the films increases as a function of 

increasing temperature, the atomic ratio of O/Sn is a telling indication that the desired 
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stoichiometry of a non - stoichiometric SnO2 was not attained since a 2:1 of O to Sn atoms 

was not evident and therefore, the results are suggestive of a polycrystalline SnxOy thin film. 

   

Table 3.5: Simulated RBS ion beam depth analysis of SnxOy thin film samples. 

Sample Stoichiometry Thickness Roughness 

 Element Concentration 10
15

 atoms.cm
-

2
 

nm 1
15

 atoms.cm
-

2
 

nm 

400 ℃ Sn 0.587 206 74.178 450 16.2 

 O 0.413     

350 ℃ Sn 0.610 205 73.818 380 13.7 

 O 0.390     

300 ℃ Sn 0.624 213 76.698 400 14.4 

 O 0.376     

250 ℃ Sn 0.768 164 59.054 300 10.8 

 O 0.232     

200 ℃ Sn 0.901 125.206 45.085 4.007 1.4 

 O 0.099     

As-

deposited 

Sn 1 115.62 41.633 3 1.1 
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. 

Figure 3.14: RBS spectra for as-deposited and annealed SnxOy samples from 200 - 400 ℃. 
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Figure 3.15: Atomic O/Sn ratio and with film thickness evolution as a function of annealing 

temperature. 

 

3.2.4 Optical Properties 
 

Interest in manufacturing novel optical materials is an ever growing occurrence in the 

research fields and industry [3.14]. Vital components in the industry of optics are thin films. 

Thin films are applied as coatings on eyeglasses, in solar cells and other electronic devices 

[3.36]. Therefore, optical properties of such films are required. Factors which influence 

optical properties of films are composition, thickness, surface morphology, conductivity and 

impurity centres [3.17]. High performance UV-Vis instruments are generally implemented 

for the characterisation of solid samples [3.44, 3.45]. Absorption spectroscopy is a non-

destructive technique utilized to examine the optical properties of thin films [3.36, 3.17]. 

Absorption in a material can be associated with the photo-excitation of electrons from the 

valence band to the conduction band of the material [3.30]. As previously mentioned in 
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section 2.3.4, optical transmittance may be expressed in terms of absorption as shown in 

equation 2.4.1.The optical transmittance of SnxOy thin films formed on FTO substrates under 

annealing conditions from 200 - 400 ℃ is depicted in Figure 3.16. In this instance, FTO films 

coated on glass substrates were selected to study the optical characterisation of thermally 

oxidized metallic Sn films due to its high transmission values of about 89.50% as opposed to 

the highly opaque crystalline Si (100) substrates in the visible region.  

Optical transmittance of oxidized metallic Sn thin films produced at various temperatures 

were investigated to confirm whether the resultant SnxOy thin films were able to meet the 

transmission requirements for an ETL in conjunction to whether the films had oxidized fully. 

In Figure 3.16 at first glance, it is quite evident that increasing the annealing temperature of 

the SnxOy thin film samples had a positive influence on the average transmittance values. For 

samples 200 - 400 ℃ average transmission had transformed from around 7, 42, 51, 64.5, and 

64% have been obtained accordingly, within the region of 550 - 900 nm (visible - near 

infrared region). By comparatively reviewing the transmittance of the film with respect to 

increasing annealing temperatures, the increase in transmission values suggests that the films 

annealed at higher temperatures like 350 and 400 ℃ possessed higher concentrations of O 

than that of films annealed ≤ 300 ℃. Therefore, indicating that the transformation of pure 

metallic Sn to SnxOy had progressed. Previous studies performed by Liang et al. showed that 

p-type SnO thin films were able to achieve average transmittance value of about 85%, while 

Erken et al. proved that n-type SnO2 were able to obtain a 90% average transmittance [3.29, 

3.16].  The drop in transmittance within a film may be affected by a number of parameters. In 

this particular case, one of the most influential factors may be that the films were not 

completely oxidized. Unfortunately, this cannot be pin-pointed with full confidence as the 

main reason to why the average transmittance of the films obtained in this study values are 
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lower than those provided by literature. However, this statement does fall in line with what 

was proposed in the phase transition section (section 3.3) and the composition section 

(section 3.4), where metallic Sn films were deposited on Si (100) substrates and was oxidized 

under the exact same conditions as Sn oxidized films placed upon FTO substrates.    

 Furthermore, a radical decrease or discontinuity in transmission for all samples may then be 

observed within the range 300 - 500 nm. Such discontinuities in transmittance are formally 

referred to as the absorption edge of a material and in this study manifests at about 300 nm 

for all films. This is an indication of the minimum energy required to free electrons from the 

subshells within constituent atoms residing within SnxOy film structure. Furthermore, the 

number of interference fringes shown in all SnxOy transmittance spectra is related to the 

thickness of the thin film [3.47.]. It is therefore evident that the increase in temperature 

results in the increase of the film thickness, in agreement with the RBS and profilometry 

measurements.   

 

Figure 3.16: Transmission spectra for Sn thin films annealed 200 - 400 ℃. 
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Tauc et al. provided a technique in which the band gap of a semiconductor may be 

determined by means of utilizing its optical absorbance [3.49]. This method was then later 

advanced through Davis and Mott‟s work on amorphous semiconductors, where the method 

proposes that the optical absorption strength is dependent on the difference between the 

photon energy and the band gap in the following manner: 

                                                                 ⁄                                              (Eq. 3.35) 

Where h is Planck‟s constant, v is the photon‟s frequency, α is the absorption coefficient, Eg 

is the band gap, and A is a proportionality constant. The nature of the electronic transition is 

given by the exponent n, such that: 

n = 1/2; for direct allowed transitions, 

n = 3/2; for direct forbidden transitions, 

n = 2; for indirect allowed transitions, 

n = 3; for indirect forbidden transitions. 

 General Tauc analysis entails plotting the (αhv)
1/n

 versus (hv) in order to compare which fit 

best suites the transition type. These type of plots are called Tauc plots, where the band gap 

of a given semiconductor may be extrapolated [3.49].  

Figure 3.17 displays the Tauc plots for a direct allowed transition using optical absorbance 

SnxOy thin films deposited on FTO oxidized from 200 - 400 ℃. By evaluation of every plot 

given in Figure 3.17, the obtained band gap values for films annealed from 200 - 400 ℃ are 

3.83, 3.78, 3.77, 3.75 and 3.73 eV, respectively. The shift towards decreasing band gap 

energy values as a function of increasing oxidation temperature from 200 - 400 ℃ may be 

linked to the increase in amplitude of the atomic vibrations caused by the increase of thermal 
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energy. This behaviour leads to an expansion in atomic spacing, which in turn weakens the 

bonds within the semiconducting crystal lattice. As a result, less energy is required to break 

these bonds. Hence, the promotion of electrons from the VB to the CB necessitates less 

energy and therefore the band gap size decreases [3.5]. Applying tensile and compressive 

stress causes direct modulation of the interatomic spacing and hence alters the band gap. The 

relation between the energy band gap Eg as a function of temperature T is expressed as 

follows: 

                                                                    
   

   
                                          (Eq. 3.36)  

Where Eg(0) is the band gap value at 0 K, and α and β are material constant commonly 

determined by a best fit to experimental data [3.5, 3.48]. 

These experimental band gap values are highly comparable bulk SnO2 band gap of 3.6 - 4.0 

eV as proposed by literature. 

The overall range in which the band gap for every film obtained falls slightly within a higher 

range than that of the bulk SnO (2.5 - 3.4 eV), but is well within the range of the bulk SnO2 

(3.6 - 4.0 eV). By now, it is quite evident that a polycrystalline film had developed as an 

outcome of the experimental procedures delineated by this study. Therefore, it is clear that a 

completely pure metal oxide thin film consisting of only SnO or SnO2 had not formed, but 

rather a mix of both these phases coexisting in one film (see section 3.2.2). With that said, 

structural defects and impurities contributed by these mixed phases may also have an impact 

on the obtained band gap values for films oxidized form 200 - 400 ℃. Furthermore, as 

previously stated, the inferior transparency (64.5%) compared to that obtained by literature 

indicates that Sn phases are still present within the polycrystalline SnxOy thin film since they 

had not fully oxidized [3.43]. 
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Figure 3.17: (a) - (e) Tauc plots for SnxOy thin films oxidized from 200 - 400℃, respectively. 
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3.3 Overview and Discussion 
 

In order to fully summarise and conclude on the experimental results and analysis regarding 

SnxOy films, all characteristic aspects such as the morphological, crystalline, compositional 

and optical properties associated with respect to every sample needs to be overviewed. In this 

study metallic Sn films were deposited on both Si (100) and FTO substrates by means of 

thermal evaporation of 10 mg 99.9% Sn powder, where they were subsequently oxidized to 

produce SnxOy films. 

Enlightenment with regards to the diffusion process that took place in this study was brought 

on by reviewing all characteristic aspects of the oxidised SnxOy. Such properties were 

provided by the employment of analytical techniques such as the SEM, the dektak 

profilometer, XRD, FTIR, RBS and finally, the UV-Vis instrument. By now it is known that 

a number of factors influences conductance within a film like microstructure, crystallinity 

and stoichiometry. In the morphological section of this study, the topographical BSE images 

displayed in Figure 3.1 and 3.5, both suggested morphological changes had progressed as a 

function of annealing temperatures. These microstructural surface changes were then related 

to the diffusion of O adatoms along the Sn grain boundaries situated upon substrates. 

Furthermore, the overall evolution of the microstructural surface behaviour of Sn films after 

being annealed from 200 - 400 ℃ was suggestive of the Coble creep diffusion mechanism. 

The phase transition section conveyed information pertaining to the crystal phases present 

within every sample. It was found that at 300 ℃, that the annealed film was composed of 

multiple crystalline phases such as Sn, SnO and SnO2. This aligned with what was proposed 

in the morphological section that oxidation was initiated at 300 ℃. Hence, the formation of 

„ellipsoid-like‟ and small „spherical-like‟ grains, indicating tensile and compressive stresses 

was due to the multitude of tin oxide phases co-existing in one film. Overall, it was found in 

http://etd.uwc.ac.za/ 
 



 

188  
 
 

section 3.2.2 that majority of the oxidised crystal phases associated with SnxOy formation was 

that of SnO rather than SnO2. In the compositional section characteristic vibrational 

properties were studied combined with in-situ depth analysis performed by RBS. In section 

3.2.4, the stoichiometry of the SnxOy films was given by the atomic ratio of O/Sn. The film 

which possessed the highest amount of O concentration was the film annealed at 400 ℃, 

where the stoichiometry of the film was 0.702. This indicated that majority of the film was 

composed of SnO molecules, and or, that the film had not completely oxidized.  

 Lastly, the highest average transmission for films was that of approximately 65% for films 

annealed at 350 and 400 ℃. Conclusive to the results listed mainly from the phase transition 

section and the stoichiometry given by RBS, it can be deduced that the films produced in this 

study was of a multiphase polycrystalline structure, where majority of the SnxOy phases in the 

films was majority of that belonging SnO. However, the obtained band gap values displayed 

in Figure 3.17 for SnxOy thin films annealed between 200 - 400 ℃ acc  din  y are indicative 

that the formation of defects and SnO2 phase was enough to influence these values since they 

are not with the range for an SnO band gap of 2.5 - 3.4 eV but rather in SnO2 range (3.6 - 4.0 

eV). By analysing all results obtained by this study, it is clear that a polycrystalline SnxOy 

thin film consisting of both SnO, SnO2 and Sn phases were formed.  

However, since the majority of the polycrystalline structure are composed of SnO phases 

rather than SnO2, the rest of the discussion will be based on a p-type SnO film formation 

during oxidation. Non-stoichiometric SnO materials are p-type semiconductors. According to 

Boggs et al., since SnO is a p-type semiconductor with cation vacancies (VSn), the 

semiconductor model and the interface equilibrium equations for p-type non-stoichiometric 

crystals may be expressed as follows:  

                                                                                                         (Eq. 3.6) 
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                                                                                              (Eq. 3.7)  

                                                               
 

 
                                         (Eq. 3.8) 

                                             
 

 
                                 (Eq. 3.9)                         

Where VSn is a tin cation vacancy, h is a positive hole, and IC represents a stoichiometric 

crystal [3.10]. According to Eq. 3.6, the initiating stages of oxidation begins when Sn cations 

(Sn
+2

) are generated at the metal/oxide interface and diffuse towards the oxide/gas interface 

via a hopping gradient mechanism i.e. by exchanging places with the VSn (see Eq. 3.7) 

[3.10,3.37]. Eq. 3.8 shows how oxygen reacts with tin and removes two electrons from Sn at 

the oxide/gas interface. Therefore, leaving 2h and a VSn within the crystal lattice (see Eq. 3.9). 

The positively charged holes then migrate through the CB, where mass transfer serves as a 

result of tin vacancies [3.37].  

Since the growth exhibited by a p-type semiconductor such as SnO emanates from the oxide-

gas interface; this implies that Sn
+2 

diffuse faster than oxygen ions O
-2 

within the metal oxide. 

Therefore, the diffusion flux of Sn
+2 

given by       , is greater than the the diffusion flux of 

O
-2

 denoted by      (            ). According to Perez et al., in such a metal oxide growth 

conditions where           , the stress concentration experienced by the film is eventually 

relieved, and therefore, the oxide layers remains attached to the metal surface protecting it 

from further oxidation [3.37].  
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3.4 Conclusion 
 

In this chapter the experimental results and analysis of thermally oxidized metallic Sn thin 

films placed under conditions of annealing from 300 - 400 ℃ in atmosphere were discussed. 

For the sample annealed at 200 ℃, it was evident that little to no oxidation had taken place. 

This deduction was made since the morphology of the films showed no change in comparison 

to the as-deposited film, exhibited strong Sn peaks belonging to the Sn body centred 

tetragonal (I41/amd) crystal structure, obtained a stoichiometry of 0.110 for O/Sn through 

RBS, and finally the transmittance was 7%. These results were expected since the boiling 

point of Sn is at 232 ℃, and therefore influencing the amount of oxygen atoms from 

penetrating the film surface. At 250 ℃, it was clear that no some morphological changes were 

found for the SnxOy film deposited on the FTO substrate, while for the film deposited on the 

Si (100) substrate displayed none. Crystal properties still showed similar behaviour as to the 

film deposited at 200 ℃, however the intensity of these peaks had decreased. The 

stoichiometry at this point was 0.302 for O/Sn, and transmittance increased to 42%. This 

signalled the onset of oxidation. The first signs of pure tin oxide formation manifested in the 

film annealed at 300 ℃ since XRD crystal analysis displayed phases which were fitting to the 

formation of SnO and SnO2 crystals. In the films from 300 - 400 ℃ signs of coble creep 

mechanism had formed. This movement is linked to the recrystallization through the 

penetration of oxygen adatoms within the films lattice, and as a consequence tensile and 

compressive stresses are experienced by the bonds the within films.  Furthermore, the films 

annealed within this temperature range vibrational bands such as O – Sn – O, Sn – OH and 

Sn – O – Sn FWHM values had decreased and appeared more pronounced as a function of 

increasing temperature. This concurred that recrystallization within the film had taken place 
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verifies that SnO and SnO2 molecules had indeed been formed. The Stoichiometry as well as 

film thickness had increased and was linked to the volume lattice expansion associated with 

the transformation from Sn to SnO and SnO2. The highest transmittance was that of 

approximately 65% which falls short of what was proposed by literature which indicated that 

the film had not oxidized fully. With that said, it is clear that within this study that the 

conditions of the experiment were successful in producing a tin oxide thin film. However, 

these films were of a polycrystalline nature and hence a monocrystalline SnO2 thin film was 

not fabricated.  
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CHAPTER 4 

CONCLUSION AND FUTURE WORK 

 

Semiconducting metal oxide materials are constituted of a wide variety of electrical 

properties ranging from wide band gap insulators to superconductors. Nano-scale metal oxide 

semiconductors are included in many research fields. This owed to their unique physical and 

chemical properties. Such physical and chemical properties are outlined by the shape and size 

of these nano-scaled semiconducting metal oxides, where it is then applied to an assortment 

of technological devices. Tin oxide belongs to a subclass of semiconducting materials that are 

capable of emerging in an array of stoichiometries, for example, SnO, SnO2, Sn2O3 and 

Sn3O4 and so forth. Among these stoichiometric forms of tin oxide based materials, the most 

abundant form on earth is that of SnO2.  

 

SnO2 nanostructures possesses a wide band gap (3.6 - 4.0 eV) n-type semiconductor and 

exists within a collection of sizes and geometries, such as nanorods, nanowires, nanotubes, 

nanospeheres and nanosheets.  In conjunction to its alluring optical, morphological, chemical 

and electrical properties, SnO2 is also revered for being environmentally friendly and 

relatively inexpensive. Due to its inherent superior conductance and high optical 

transmittance features associated with nano-scaled SnO2, it is only natural that they are 

employed as catalysis, gas-sensors, lithium batteries, and ETL‟s in perovskite solar cells. 
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In this study, oxidation of metallic Sn thin films were thermally induced in temperatures from 

200 - 400 ℃ placed under ambient conditions with the aim of generating an SnO2 film as a 

final product. As a result, SnxOy films were subsequently produced where their 

morphological, crystalline, compositional and optical nature was investigated. 

The morphological properties such as the microstructure of the resultant SnxOy films surface 

were scrutinized by means of the scanning electron microscope (SEM). The x-ray 

diffractometer was employed to study the phase transitions and crystallinity of the films. 

Compositional analysis was brought on by the use of a Fourier transform infrared 

spectrophotometer which conveyed information pertaining to the vibrational properties of 

functional groups residing within the thin film sample. In addition, the Rutherford 

backscattering spectrophotometer (RBS) unveiled details with regards to depth analysis of 

oxidized films. Finally, optical properties such as transmission were examined through the 

use of the UV-visible spectrophotometer (UV-Vis). 

The outcomes of the mentioned analytical techniques listed in chapter 2 used on oxidized Sn 

thin films were given in the experimental results section in chapter 3 and are summarized 

below:  

 200 ℃ - 250 ℃: Little to no morphological microstructural surface changes were 

detected for SnxOy compared to the as-deposited Sn thin film deposited Si (100). For 

the film annealed at 250 ℃ layered onto FTO substrates however, signs of Ostwald 

ripening and coalescence had emerged. This new grain formation was related to the 

onset signs of oxidation caused by stresses and strain experienced by the film on the 

FTO substrate. The XRD phase transitions study of films deposited on Si (100) 

substrates revealed strong crystalline Sn peaks with no sign of any pure tin oxide  

formation was present. Furthermore, compositional information displayed presence 
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the of broad Sn – O and Sn – OH vibrations which were suggestive of disorder in the 

bond vibrations ,while the stoichiometry given by RBS results were 0.110 and 0.302 

for 200 and 250 ℃, respectively, showed that oxygen concentration within the films at 

this stage was minimal. Additionally, optical transmittance enhanced from 7.5 -  

44.5% within this temperature range. In addition, both crystalline and compositional 

properties revealed that strong carbon related impurities were constituents within 

films during analysis. Results within this temperature region suggested that minimal 

oxidation had taken place for metallic Sn thin film samples.  

 

 300 ℃: At this stage migration and grain formation were evident for Si(100) samples. 

Once again this change in grain microstructure was indicative on the initiating stages 

of oxidation had commenced within films. XRD phase transformation results 

concurred with the deduction made in the morphological section by revealing a multi-

phase polycrystalline film composed of both SnO and SnO2 was formed. Majority of 

the phases residing within the polycrystalline SnxOy films belonged to SnO formation 

instead of SnO2. FTIR peaks belonging to O – Sn – O  and Sn - OH vibrations had 

experienced a decrease in FWHM values, suggesting that a change in bond 

environment. This change in bond environments suggested that an improvement of 

bond order belonging to SnxOy characteristic vibrations within the fingerprint region 

had taken place. The drastic increase in film thickness and roughness measurements 

given by the dektak profilometer and RBS coupled with the stoichiometric results of 

the atomic ratio of O/Sn revealed that an increase in oxygen concentration was 

present and a change from Sn to SnO and SnO2 crystal unit cell volume had evolved.   
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 350 - 400 ℃: In this temperature range coalescence of SnxOy surface microstructure 

was the most prominent feature. This kind of behaviour was indicative of relaxation 

of the films deposited on both subtrates. At this point SnO and SnO2 related phases 

were still present within the film. SnO2 crystals orientated in the (101) diffraction 

peaks exhibited a decline in FWHM. Thus, illustrating a more crystalline phase 

formation at higher temperatures. In addition, at this stage of the oxidation process, 

resultant SnxOy films showed no signs of any carbon related impurities. This was 

supported by the compositional results which displayed a decrease in concentration in 

band allocated to carbon related bonds. This revealed that purging of the films had 

taken place at elevated temperatures. An overall decrease in FWHM for Sn – OH, and 

O – Sn – O bonds was displayed once more, thus suggesting that more order of these 

bond vibrations were present. The emergence of the Sn – O – Sn also indicated that a 

bond related to a SnO molecule had formed. These results were analogous to the 

morphogical section, since they indicate once more that SnO and SnO2 bonds were 

present within the film. The highest stoichiometry related to the atomic ratio of O/Sn 

and film thickness at this point was that of 0.702 and 127.46 nm, accordingly, and 

was once again related to the unit cell volume expansion from Sn to SnO and SnO2. 

The final optical average transmittance was 65%. 

 

Hence, it may be concluded that oxidation of metallic Sn films annealed 200 - 400 ⁰C lead 

to a polycrystalline SnxOy structure containing phases of both SnO and SnO2. However, 

in accordance with phase transitions and stoichiometric studies, it can be deduced that the 

dominant crystal phase formation of the film was that of SnO. Since SnO is a p-type 

semiconductor, it suggests that the diffusion flux within the oxidation process was 

dominated by that of cation Sn
+2

 diffusion resulting in oxide growth to mainly form at the 
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oxide/gas interface. With that said, analytical techniques reveal that the ideal film formed 

within this study was the film annealed at 400 ℃. 

Future optimization on the thermally induced oxidation of metallic Sn should include the 

use of atomic oxygen gas during sample processing. Inclusion of atomic oxygen may 

increase the probability of oxygen permeating through metallic Sn film surface. In 

addition, a further investigation of an isothermal oxidation study would reveal details 

pertaining to the growth kinetics governing the film whilst diffusion takes place.  

Further insight revolving around the electrical conductance of the film by means of the 

Hall Effect instrument would be a great asset to this study.    
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