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ABSTRACT 

 

Reducing the reflective nature of a substrate will improve the performance of the optical 

devices and other devices which can detect light. Extensive studies for the minimization of 

reflectance involving nanotechnology have resulted in improvising the anti-reflection 

coatings in a significant way. In this work, anti-reflective coatings using titanium and zinc 

metal oxide nanoparticles are layered on glass substrates to improve the optical properties. 

Thin films of nanoparticles are coated on individual glass substrates using the Spark 

deposition technique and these samples are investigated for optical properties using a simple 

method of UV-Visible spectroscopy without requiring a study of refractive indices of 

individual nanoparticles. The nanostructures of the metal oxide nanoparticles and films are 

characterized using Scanning electron microscope (field emission). Water contact angles of 

the surfaces formed by metal oxide thin films on glass substrates are measured using a digital 

microscope. Comparisons between the particle size, film thickness, optical transmittance and 

the surface wettability of the thin films deposited at different conditions are reported in this 

work. 

 

Keywords: TiO2; ZnO; Spark deposition; Sparking rate; Thin film; Transmittance; 

Metal oxide; Anti-reflection  
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CHAPTER 1  

INTRODUCTION 

 

1.1 Background 

 

Surfaces which can minimize the reflecting behavior of the substrates are generally classified 

as antireflective surfaces. Lord Rayleigh (John William Strutt) have incidentally construed 

the idea of Anti-reflection (AR) coatings when he noticed that damaging the surface of a 

glass increased its transmittance instead of decreasing it, eventually this led to the approach 

of developing AR coatings of glass substrates by varying the refractive index [1].  Fraunhofer 

during 1817 has produced the actual anti-reflective coating when he observed that reflection 

was decreased when a surface is etched in the atmosphere of nitric acid and sulfur vapors [1] 

The very basic idea for an anti-reflection surface is that smooth surfaces reflect or shine more 

than that of the rough surface i.e., because roughness is important to reduce the reflection of 

surfaces [2].  

 

There are many AR surfaces in the nature. For example, 300 nm non close packed arrays are 

used by diurnal butterflies as anti-reflective structure (ARS) to improve the visibility of their 

compound eyes by reducing the amount of reflected light [2]. These ARS can suppress the 

reflection losses and can improve the light transmission when placed on cornea. These type 

of AR phenomena provided a great interest for scientists to mimic this effect for many 

applications in today’s technology. 

 

 
Figure 1.1: The corneal nipple arrays of a peacock (Inachis io), a nymphalid butterfly 

as revealed by SEM. (a) Complete image of eye and its enlarged local structure. (b) 

the nipple array in one facet lens. (c) Detail showing the local arrangement of 

domains with highly well-organized nipple arrays. (d) Enlarged again. Source: Bio 

surface and Biotribology2(2016)137–150 [3] 
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AR coatings are used to avoid interruptions from external light source and to ameliorate the 

transmittance of incident light for light absorbing devices. ARCs are widely used in solar 

cells, data storage, ophthalmic lenses and other optical devices. By selecting an appropriate 

nanoparticle dopant optical refractive index of the bulk resin can be manipulated [4]. AR 

coatings are widely used in solar industries to increase the absorption of solar radiation in 

solar collectors, to decrease the outer surface reflection of selective absorbers and glass 

covers [5]. Many applications require higher transmittance levels or decrease in the surface 

reflection of see-through materials [5]. AR coatings have several visual benefits to spectacle 

users as they improve the transmissibility, reduce surface reflections and decreases the glare 

[6].  

 

Throughout the last few decades many strategies and methods have been developed to reduce 

the reflection of light including single, double and multiple layer ARC’s [7]. Anti-reflection 

coatings are being deposited using bottom-up approaches such as layer-by-layer assembly, 

spray coating, dip coating, spin coating, chemical vapor deposition, phase separation and 

top-down approaches such as etching and lithography [2]. Since few of these techniques are 

complicated and expensive to perform other alternatives are being investigated. 

 

The spark deposition technique used in this work is a very simple process and does not 

require heavy machinery and delicate procedures to prepare ARCs. Spark deposition is a 

technique in which metal wires are used to produce metal oxide thin films with the available 

atmospheric oxygen. The technique uses high current pulses to create sparks between the 

electrodes which discharge the nanoparticles on the substrate. 

 

1.2 Statement of the problem 

 

The modern world is experiencing the long overdue transformation to substitutes for energy 

sources especially for solar. Only a twenty-five percent of solar radiation is being absorbed 

by a normal solar panel, almost leaving seventy-five percent due to reflection and other 

losses. This is due to the low conversion efficiency because of the reflection losses caused 

in the conventional photovoltaic modules [1].  

 

Figure 1.2 : Optical losses in a conventional photovoltaic module. 1) Incident rays 

reflect from air-glass. 2) Incident rays are absorbed in glass. 3) Glass-encapsulate. 4) 

encapsulant. 5) Metal fingers. 6) Encapsulate-cell. 7) Back sheet. 8) encapsulate-back 

sheet.[8] 

Cell 
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Encapsulant 

1 

2 

3 
4 5 6 

7 8 

Glass 

Encapsulant 
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To overcome these scenarios many types of AR coatings are being manufactured on these 

panels using different techniques, such as lithography, etching, phase separation, chemical 

vapor deposition and many others. But, for an efficient way of AR coating many complicated 

and expensive techniques are to be performed, which are not preferred for a mass production 

of solar panels in industries. Since solar panels are subjected to different climatic conditions, 

they require frequent cleaning and proper maintenance.  

 

As replacing or reconstructing the existing solar panels would cost very huge amounts for 

the customers there has to be a technique which can be performed on the existing solar panels 

without having a sophisticated manufacturing setup. In this research work, the focus is to 

deposit different metal oxide thin films on glass substrates and to compare the reflective 

properties of the coated glass substrates. The research will explore the potential of spark 

deposition method to deposit the metal oxide thin films as a cost-effective route to produce 

AR coatings. 

 

1.3 Objectives of the research 

 

• To deposit metal oxide thin films on glass substrates using spark deposition method. 

For this purpose, following metal oxides will be explored: 

- Titanium Dioxide (TiO2) 

- Zinc Oxide (ZnO) 

• To investigate and compare the optical behavior of the metal oxide thin film 

deposited on glass substrates. 

 

1.4 Hypothesis 

 

We predict that different metal oxide thin films deposited by spark technique will increase 

the optical transmittance of the glass substrate.  

 

1.5 Scope  

 

The current research is aimed to improve the optical transmission through a glass substrate 

using thin films of TiO2 and ZnO metal oxides deposited by using spark deposition method. 

These coatings are made to avoid the reflection of incident light and enhance the 

transmittance. The improved light absorption efficiency of different samples is investigated 

and compared. The research will explore the possibility of using spark deposition method as 

a cost-effective technique to deposit metal oxide thin films as AR coating and at the same 

time will also compare various types of metal oxides for efficient AR coatings. The outcome 

of this research will lead to better understanding of the application of spark deposition 

technique for metal oxide thin film-based AR coatings. 

 

1.6 Limitations of the study 

 

• The study is aimed only to investigate the optical transmittance properties of metal 

oxide based thin films. 

• This research also explores only the coatings deposited on glass substrates. 
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• Spark deposition technique will be used for the deposition of the coatings and no 

comparison will be carried with other techniques. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Introduction 

 

Glass when subjected to external light source exhibits three different phenomena such as 

transmittance, refraction and reflection. Reflectance is an optical phenomenon resulted from 

the shift carried in the medium in which light is travelling. A parameter which determines 

the reflectance of a medium is called refractive index (n), which evaluates the speed of light 

in the current medium with respect to that in the vacuum. Fresnel equation offers the initial 

mathematical model of reflection and refraction. Reflectance and transmittance are the 

measures of reflected and transmitted light at the medium respectively [1]. 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Different phenomena that occurs on a normal glass. (a) Transmittance of 

light when incident on a normal glass (b) Refraction of light when incident on a glass 

substrate (c) Reflection of light when incident on a glass substrate 

 

Reflectance property of a glass is not encouraged in manufacturing optical and solar devices 

as it decreases the light absorption efficiency of the devices. Reduction of unnecessary 

reflection of light of a surface is very important to improve the efficiency levels of photonic 

devices and optical devices [7]. A mismatch of refractive index between the glass and air 

produces reflectance losses [5]. So, this phenomenon of the glass should be altered for better 

efficiencies of the devices. The reflectance property of a glass is decreased using thin films 

with a RI.   

 

2.2 Anti-Reflection Coatings (ARC) 

 

The general model for decreasing the reflectance includes a thin film on the glass substrate 

assuming the following: 

• Same intensity is resulted by the reflected waves and individual reflected wave per 

interface. 

• Optical interactions such as absorption and scattering are negligible [2]. 

 

 

 

 

(a) (b) (c) 
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Figure 2.2: Working of a single layer film on a substrate (ns>n) 

 

In the above figure ‘d’ is the film thickness which and odd multiple of  
𝛌 

4
 where λ is incident 

beam wavelength. There will be no reflection as the waves R1 and R2 undergo destructive 

interference and cancel each other. R is used to denote the light reflected at normal incidence. 

 

The phase difference of the reflected waves is given by 𝛿 =
𝑛𝜋

2
.  

𝑅 = (
𝑛𝑎𝑖𝑟𝑛𝑠−𝑛2

𝑛𝑎𝑖𝑟𝑛𝑠+𝑛2)          (eq. 2.1) 

Where ns = refractive index of the substrate 

            𝑛𝑎𝑖𝑟 = 𝑅𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝑖𝑛𝑑𝑒𝑥 𝑜𝑓 𝑎𝑖𝑟 

            𝑛 =  𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝑖𝑛𝑑𝑒𝑥 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑖𝑙𝑚 

Since we must achieve maximum transmittance and zero reflectance, the value of R is set to 

zero. Then we get 𝑛 =  √𝑛𝑎𝑖𝑟𝑛𝑠  [1]. 

These thin films which are used to change the RI of glass resulting in avoiding the reflection 

and are known as the anti-reflection coatings. 

AR coatings have a prominent role in manufacturing many optical and photonic devices as 

it has the capability to increase the light absorbing or light transmitting property of the glass 

substrates. Various applications require reduction of surface reflection of transparent 

substrates, such as optical lenses, solar cells and display panels. Thin films of ARC’s can 

reduce the optical losses in multi-element lenses [9]. 

AR property can be achieved when ‘n’ of a single layer coating is √nairns. ‘n’ of ARC 

materials should be 1.22 for a glass substrate as 𝑛𝑠 = 1.5151. Natural materials which have 

such low refractive index are very rare and costly. As shown in Figure.2.3, Insect eyes such 

as moth and flies have excellent optical properties and are anti reflecting [10]. Because of 

this unique nature it inspired scientists to introduce nanopores to the coatings [2]. 

Introducing nanopores became an effective way to achieve proper refractive index. When 

the quantity and volume of the nanopores is controlled the RI of these coatings can be 

designed in an efficient manner. Few requirements are supposed to be fulfilled for 

constructing an ideal ARC. The coatings should be mechanically robust for practical 

applications, property of anti-reflection should be maintained over a broad spectrum of 

d                 Thin film(n) 

                   Substrate(ns) 

Air(nair) 

R1            R2 
Phase difference 
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wavelength of incident light. Since some of the coatings are subjected to the sunlight all day 

coatings should be done in such a way that it is anti-reflective in all directions(omni-

directional). 

 

Figure 2.3: Mosquito eye. (a) Image of AR and anti-fogging mosquito eye. (b) SEM 

image of one mosquito eye. (c)Two neighboring compound eyes. (d) Hexagonally non-

closed-packed nano-nipples covering the compound eye exterior [10] 

 

The wavelength of the light that is used will influence the transmission properties of a 

coating. Factors such as RI of the substrate, RI of the coatings, thickness of the ARC and the 

light’s incident angle also influence the transmission properties. Single layer AR coatings 

are used for moderate reduction of reflectance to 2.5% for a very wide spectral range such 

as 450-1100 nanometers at normal incidence. It is a challenge to select the ARC material for 

single layer coating as the refractive index of the glass (BK7-Optical glass at 633nm) is 

1.5151 and the calculations will set the refractive index to roughly 1.22 [1]. 

 

Anti-reflection (AR) coatings are usually done using dielectric materials such as Titania, 

alumina and silica with the RI’s 2.3, 1.65 and 1.45. The refractive index of a glass that is 

used to cover a solar collector is approximately 1.54 which insinuates an RI of 1.22 for an 

AR coating [5]. Since solar panels which are coated using AR substances are exposed to 

sunlight and other extreme atmospheric conditions there is a finite possibility of dust 

accumulation and other organic contaminants to be adsorbed on it. To avoid this different 

type of coatings are made with self-cleaning capability. 

 

2.3 Optical property theory for nanoparticles 

 

Light scattering and absorption are the main factors that influence the optical behavior of 

particles [11].Single nanoparticle is considered as a light scattering object. If a single particle 
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is subjected to an incident light individually and the neighboring particles do not affect the 

efficiency of scattering of other ones, then it is said to be single scattering. When there is a 

cluster of particles with single scattering particles, then the total scattering efficiency is 

calculated by total amount of scattering occurred by individual particles. If the particles in a 

particular media do not have enough separation, this might lead to effect the scattering 

efficiency of other particles and this case is known as multiple scattering, which occurs due 

to the illumination of individual particle by secondary scattering from other particles and 

incident [11]. Nanoparticles absorb light as they scatter it. The energy that is absorbed can 

be converted into many forms of energy such as heat. The summation of light scattering and 

absorption is known as extinction.  

 

2.3.1 Single scattering: 

 

Mie theory is one of the theories that is used in describing the optical properties of spherical 

particles. The below are the equations that define the optical efficiencies of a single spherical 

particle 

 

𝑄𝑠𝑐𝑎 =  
2

𝑥2
∑ (2𝑛 + 1)(|𝑎𝑛| + |𝑏𝑛|)∞

𝑛=1        (eq. 2.2) 

 

𝑥 =  
2𝜋𝑟

𝛌
           (eq. 2.3) 

 

x = Size parameter. 

an and bn are Mie scattering coefficients, which are calculated numerically. 

n = refractive index of the particle. 

 

When calculating for clusters the above equations require few adjustments [11] 

 

M.D Lechner has investigated the influence of Mie scattering of nanoparticles having 

different shapes and sizes [11]. He explained that an extinction coefficient is used to measure 

the intensity of exiting light from a material based on Lambert-Beer’s law. The below 

equation explains  

 

ln (
𝐼𝑝

𝐼
) =  𝜏 =  휀𝑐 = 𝑁𝑐𝑒𝑥𝑡         (eq. 2.4) 

𝐼𝑝= Intensity of the incident light beam 

I = Intensity of exited light beam 

𝜏 = Turbidity coefficient 

휀 = Extinction coefficient 

c = Particle concentration 

N = Number of particles 

 

 

2.3.2 Multiple scattering: 

 

When particles are dispersed more densely in a media multiple scattering occurs.  The 

scattering and absorption coefficients obtained from Mie theory are used to explain this 

multiple scattering using Kubelka-Munk theory which is used for matte materials and semi-

transparent materials [11]. The below equation is when a beam is incident perpendicular  
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𝐾

𝑆
=  

(1−𝑅)2

2𝑅
           (eq. 2.5) 

 

K = absorption coefficient 

S = scattering coefficient 

R = objects reflectance factor 

 

2.3.3 Rayleigh scattering theory: 

 

Rayleigh scattering is considered in the particles with the sizes less than 50 nm i.e., particles 

with sizes less than the one tenth of the wavelength of the incident light. The scattering 

intensity of the particles depends upon factors such as scattering angle, refractive index of 

the particle, particle size and wavelength of the incident light. The Rayleigh light scattering 

intensity equation is given by  

𝐼 = 𝐼0
1+𝑐𝑜𝑠2𝜃

2𝑅2 (
2𝜋

𝜆
)

4

(
𝑛2−1

𝑛2+2
)

2

(
𝑑

2
)

6

        (eq. 2.6) 

 

Where, 

𝐼 =  𝑆𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒  
𝑅 =  𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 

𝜃 =  𝐴𝑛𝑔𝑙𝑒 𝑜𝑓 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 

𝑛 =  𝑅𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝑖𝑛𝑑𝑒𝑥 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 

 

 

Based on these theories the transmittance of the thin film varies and effects the optical 

property of the coated substrates. 

2.4 TiO2 Thin films 

 

Recently high-performance photo catalytic thin films of TiO2  were successfully deposited 

on a glass substrate using a reactive DC magnetron sputtering. TiO2 thin film was deposited 

using titanium metal wires in atmospheric oxygen on a SiO2 coated glass substrate which 

was maintained at temperatures of 140°C and 220°C. They carried out a comparison between 

TiO2 thin films deposited using sol-gel technique and sputter technique in terms of 

mechanical durability and concluded that the thickness of the film was uniform over a large 

area with an optical transmittance of ~80 % at wavelength range 400-650 nm [12]. 
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Figure 2.4: Optical transmittance of TiO2 thin films deposited using sol-gel method 

and DC sputtering [12] 

TiO2 thin film deposited at Ts= 220°C has an increase in its ability significantly compared 

to films deposited at other substrate temperatures and is also like that of the thin film 

deposited using sol-gel method.  

 

Mohammed Hadi. Shinen et al. has prepared TiO2 thin films using sol-gel technique. The 

sol-gel solution was prepared using Titanium isopropoxide, ethanol and acetic acid as 

catalyst. The sol-gel was prepared by dissolving 3.15 ml of Titanium isopropoxide in 25 ml 

of ethanol and 5 ml acetic acid and the solution for stirred for 1 hour. Spin coating was 

performed at different speeds (1000, 2000, 3000, 4000 and 5000 rpm) on glass substrates 

and were annealed at 550°C for 1 hour. They have stated that sample spin coated with a TiO2 

thin film at 5000 rpm gave transmittance of 95-~99% (Shown in Figure 2.5)within the range 

400-900 nm [13]. 

 

Chemical vapor deposition was used by C. Martinet et al. to prepare thin films of TiO2 and 

SiO2 on Si wafers.  The experimental setup shown in Figure 2.6 was used to deposit SiO2 

and TiO2 thin films. At first, under the electron cyclotron resonance condition the plasma 

was excited at 2.45 GHz frequency and then from the mass flow controller a vapor of TEOS 

was induced into the reactor chamber. Introduction of oxygen gas was done at the microwave 

antenna which was pressurized at 1 mTorr. The substrates were placed at 10 cm away from 

the plasma in the plasma diffusion area. Required precursors such as titanium or silicon were 

placed using the two rings which were place 4 cm away from the substrate and then 

recondensation was done [14]. 
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Figure 2.5: The relation between transmittance and wavelength of TiO2 thin films 

deposited using sol-gel spin coating at different rpm [13] 

  

 

 
Figure 2.6: Experimental setup used for deposition of SiO2 and TiO2  thin films on Si 

wafers using chemical vapour deposition [14] 

 

In Figure 2.7, the thickness of the films was increased in both the films as the deposition 

time increased. Since the double layer thin film has a better anti-reflective property 

compared to a single film, they have deposited TiO2/SiO2 double layer. The reflectance of 

the Si wafer was decreased when coated (shown in Figure 2.8), and the ability of the double 

layer AR coating was seen to be more that of an normal Si wafer [14]. 
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Figure 2.7: Thickness of the Thin film. a) Thickness of SiO2 thin film deposited versus 

time. B) Thickness of TiO2 thin film deposited versus time [14] 

 

 

Figure 2.8: Reflectivity vs wavelength for an uncoated silicon substrate (with squares) 

and with an AR TiO2/SiO2 coating (with crosses) [14] 

B.K. Tay et al. has deposited metal oxide films using cathodic vacuum arc technique. Metal 

oxide films such as titanium oxide, zinc oxide and other oxides. The film transmittance is 

closely related to the amount of oxygen that has been incorporated in the thin film. an 

increase in the working pressure from 1.9 × 10−4 Torr to 3.0 × 10−4 Torr, the film 

transmittance has changed from dark to highly transparent for a titanium oxide thin film [15]. 

The oxygen vacancies decreased in the thin film as there is an increase in working pressure 

which lead to an increase in transmittance. The transmittance plots are shown in the Figure 

2.9. 

a) b) 
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Figure 2.9: Transmittance of titanium oxide thin films deposited by off plane double 

bend filtered cathodic vacuum arc at various working pressures[15] 

2.5 ZnO thin films 

Similarly, thin films of Zinc oxide were also deposited using OPDB FCVA as it has a 

attractive transmittance in the visual range and an ideal window material for a solar cell.  At 

oxygen pressures above 3.45 × 10-3 Torr, the transparency of the thin was observed to be 

between 80-90% based on the thickness and wavelength of the thin film. the variations in 

the transmittance with growth conditions were because of the O2 vacancies in the films 

which was confirmed by XPS and Raman measurements, so it can be said that as the oxygen 

content increases film transmittance also increases. The AFM images are shown in Figure 

10. 

 

Figure 2.10: Atomic force microscopy images of the ZnO thin films deposited by 

OPDB FCVA at different pressures. (a) 𝟐 ×  𝟏𝟎−𝟒 Torr, (b) 𝟓 ×  𝟏𝟎−𝟒 Torr, (c) 

𝟖 ×  𝟏𝟎−𝟒Torr and (d) 𝟏 ×  𝟏𝟎−𝟑Torr [15] 
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Though these techniques are irrelevant to the technique that has been used in our work, there 

are few experiments performed using this device and are not related to anti reflection 

coatings. Spark deposition technique is a new technique which does not require sophisticated 

setup during the experimental procedure. It uses metal in order to deposit metal oxide 

nanoparticulate material on to the substrates. P. Singjai et al. has reported that Titanium 

metal oxide thin films were deposited on quartz substrate using sparking process for 

achieving super hydrophilicity. To deposit a thin film with uniform thickness they moved 

the substrate in raster-like across an area of 1 cm × 1cm using the x-y scanning stage. But 

they also mentioned that the annealing procedure has showed a major change in the 

crystallization procedure which led to the change in surface roughness. The optimum 

temperature for achieving a highest RMS roughness and lowest water contact angle was 

reported as 500°C. Samples were annealed at different temperatures such as 250, 500 and 

750 °C for 1 hr. agglomeration started to occur as the annealing temperature increased, SEM 

images are shown below 

 

 

 
 

Figure 2.11: Scanning electron microscope images of (a) the as-deposited thin film, (b) 

samples annealed at 250 °C, (c) 500 °C, (d) 750 °C [16] 

 

 
Figure 2.12: (a) Thickness of TiO2 thin film annealed at 500 °C and (b) Water contact 

angle [16] 
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Optical and electrical behaviour of ZnO thin films deposited on a quart substrate using 

sparking process were studied by T. Kumpika, W. Thongsuwan, P. Singjai [17]. A single 

electrode pair of zinc metal wires was used in the sparking process at a sparking rate of 1.0 

nm/spark. The optical transmittance of the deposited thin film is related to the annealing 

procedure as the crystallization effects the transmittance property as show below 

 

 
 

Figure 2.13: Optical transmittance of ZnO thin films of (a) as-deposited sample, (b) 

annealed at 400 °C, (c) 600 °C, (d) 800 °C and the inset is the Tauc’s plot for the 

approximation of energy gaps of the thin films [17] 

 

However, there was no report of TiO2 and ZnO thin films deposited by sparking process for 

anti-reflection purposes. In our study titanium and zinc metal oxides were used to deposit 

thin films by sparking process for anti-reflective purposes.  
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CHAPTER 3 

METHODOLOGY 

  

3.1 Glass slide cleaning 

 

Various steps to remove unnecessary particles on the glass substrates are included in this 

process. In the first step glass slides are put into the soap water and cleaned ultrasonically 

for 15 minutes. Then it is cleaned with De-Ionized water for several times till it looks good 

enough. Later these slides are placed in the beaker which contains acetone, and this is 

sonicated for almost 15 minutes and are rinsed with DI water. These glass slides are later put 

in a beaker containing ethanol and sonicated for 15 minutes and then rinsed off using DI 

water. These slides are dried in the oven at 90o C. 

 

3.2 Metal Wires cleaning 

 

Desired metal wire is cut into 8 pieces, 2 centimeters each and are put in a beaker of acetone 

to clean ultrasonically for 15 minutes and are rinsed with DI water. Then these wires are put 

in beaker with ethyl alcohol and sonicated for 15 minutes. After the metal wires are sonicated 

in ethyl-alcohol they are cleaned ultrasonically in DI water for 15 minutes. These wires are 

then placed in a glass plate free of impurities and are placed in oven at 90° C to dry. 

 

3.3 Deposition of Metal Oxides 

 

Titanium metal wires of 0.32 diameter were fixed to the sparking head of the device to act 

as electrodes to make a TiO2 thin film. Four pairs of these wires were used for depositing a 

thin film on the glass. The wires are arranged in such a way that no two pairs interact with 

each other.  

The cleaned glass slide is placed under the electrodes maintaining 2 mm between the glass 

substrate and the electrode head. The electrode pairs were set in such a way that no two 

electrodes have gap more than 1 mm and maintain at least a gap of 1 cm with each pair. 

 

 
Figure 3.1: Spark deposition device. (a) Spark deposition device used in this work. (b) 

Holders for holding metal wires. (c) Surface to place glass substrate. (d) Setup for the 

movement of the sparking holder 

 

 

 

(a) (b) 

c) 

(c) 

(d) 
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The sparking rate and the deposition pattern were instructed to the device using the 

computerized program SPARK XY-36. The computerized program has sparking speed 

inputs as 5 ms, 8 ms, 10 ms, 12 ms, 15 ms and more, which are calculated and converted 

into area that will be covered using the time duration that has been consumed for successful 

completion of a given pattern. Sparking rates were set to different speeds such as 12.16 

mm/sec, 8.13 mm/sec 6.66 mm/sec 5.23 mm/sec and 4.49 mm/sec and the deposition area 

was 20mm x 20mm.  

 

Table 3.1: Calculated measurements from computerized program inputs 

 

Program setting (Seconds) Calculated measurement for 20 mm × 

20 mm input(millimeter/second) 

5 12.16 

8 8.13 

10 6.66 

12 5.23 

15 4.49 

 

 

 
 

Figure 3.2: Sparking device computerized program. (a) Computer controlled 

program of the sparking device. (b) Pattern to be run is given to the device. (c) 

Successful completion of the pattern 

 

 

The computerized program is shown in the Figure 3.2 (a) in which a desired image of 20 

mm × 20 mm is inserted which is pre-designed based on input requirements. In the Figure 

3.2 (b) the image is detected by the program. Once the device detects the image, it is sent to 

the machine using the option “Send image to machine”. Then the Sparking head makes a 

movement according to the given pattern. The electrode head is arranged using the “Action 

control” section, which provides options to move the head to Left-Right positions which are 

(a) 

(c) 

(b) 
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detected by the Motor-X. The movements Top-Bottom will be detected by the Motor-Y 

which moves the substrate holder. 

  

The center of the coating pattern is fixed once the electrode head is pointed to the center of 

the area that must be coated using the Location mode “Centre Locate”. Then the burning 

time in the program which indicates our point to point movement speed is set as required. 

Then the power supply to the electrode head is turned on. Once all the parameters are fixed 

then the “Start” button is clicked which initiates the deposition procedure.  

 

During the deposition procedure, the power supply produces a short duration high current 

sparks to the titanium electrodes. The temperature around these electrodes during spark is 

several thousand degree Celsius, which is a good temperature for Ti metal to react with the 

oxygen present in the air creating titanium dioxide which gets discharged from the electrodes 

and deposits on the glass substrate. These deposited particles tend to require some time to 

cool down from the high temperature at which the metal was subjected to. This led them to 

have a small amount of time to crystallize and sometimes even help the particles to bond 

with the glass substrate creating a thin film of TiO2.Similarly, ZnO thin films were deposited 

by replacing the Titanium metal wires with Zinc metal wires of 0.38mm diameter leaving 

all other parameters like TiO2 thin film deposition procedure. 

 

Samples after deposition were placed in a furnace to anneal. The temperature is set to 250°C, 

which will remain same for two hours and thirty minutes. Samples are subjected to annealing 

as this will lead to the recrystallization of the deformed nanoparticles deposited from the 

metal wires during the sparking. The annealing procedure also increases the adhesion of the 

deposition on to the substrate. 

 

Three replicas of each sample were made using the same procedure to make sure that the 

thin film deposition is consistent for each sparking rate.  

 

3.4 Investigation of optical properties 

 

The Transmittance values of the samples were obtained using a UV-Visible spectroscopy. 

The coated sample is placed in such a way that the incident light is perpendicular to the 

coated substrate. A beam of light is passed through the coated glass using a UV-VIS-NIR 

Light source-Mikropak™. The transmitted light is detected using an OceanOptics™ 

USB4000 spectrometer. The optical transmittance data is displayed in system using a 

software Oceanoptics spectrasuite provided by the spectrometer supplier. This optical 

transmittance data is then copied to excel sheets. Three readings of same thin film were 

measured at different locations and copied to excel sheets as well where the further analysis 

is done. The average optical transmittance is calculated for each sample using these multiple 

reading taken for each thin film deposited on the glass slides. The average transmittance data 

of the coated slides is then compared to the reference plain glass substrate to check the 

difference in optical transmittance before and after the thin film deposition. 

 

3.5 Characterization of thin films 

 

Coating thickness and surface topography were characterized using a Scanning electron 

microscopy. The Characterization procedure was performed using a Hitachi-FESEM 

SU5000. The coated glass slide is pre-processed for the characterization procedure. The 

coated samples are first cut into pieces of 1 cm ×1 cm each and are place in an oven at 90°C 
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for 24 hours to make sure that the samples are moisture free. Then the samples are put in a 

desiccator till the characterization procedure begin to avoid any moisture. The samples are 

then sputtered with a thin layer of platinum since glass is a non-conductive material. These 

samples are then placed in the sample holder provided in the FESEM SU5000. Once the 

samples are placed inside the chamber, they are observed using EM wizard a user interface 

provided by the device supplier. Images are captured at different magnifications such as ×20 

k, ×50 k. images are taken from top view to get details such as nanoparticle size, particle 

distribution and the thin film structure. Cross-sectional images are captured to observe the 

film thickness and the surface roughness of the thin film. 

 

Once the images are captured the individual nanoparticle size of the thin film are measured 

using ImageJ software. The average particle size is calculated using the raw data extracted 

from individual particle size. The film thickness is measured using multiple measurements 

at different parts of the thin film from a cross-sectional view image. 

 

3.6 Investigation of surface wettability 

 

Water contact angle of the thin film was observed using a Dino-Lite Digital Microscope 

Pro™. The coated sample is placed at 0° on a surface in front of the digital microscope and 

then a 2 µl of water droplet was dropped on the coated surface. The images were captured 

using a software Dino-capture in the computer. Later these images were analyzed using the 

same software. Angles were measured at both the ends of the droplet and average was 

calculated. The calculated average is considered as the water contact angle of the thin film. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 Scanning Electron Microscopy of TiO2 thin films 

The particle shape, size and morphology of TiO2 thin films were studied using scanning 

electron microscopy (SEM, FESEM SU5000). Images were acquired for samples made at 

the sparking rates 12.16 mm/sec, 6.66 mm/sec and 4.49 mm/sec and are shown below 

 

 

   
Figure 4.1: SEM images of TiO2 thin film deposited at a sparking rate of 12.16 

mm/sec. (a) x20 k magnification (2.00 µm scale). (b) x50 k magnification (1.00 µm 

scale). (c) Cross-sectional view of the thin film. (d) Histogram plotted for particle size 

with respect to frequency 

 

For a thin film deposited at a sparking rate of 12.16 mm/sec, when a section of image was 

analysed particles of diameter 30-80 nm were present. where most of the particles were of 

size 50-60 nm. The particles were deposited in relatively very large distances, creating a thin 

film as shown in the figure 4.1. when the cross-sectional image was examined it was seen 

that the film was very thin, and the surface was rough due to the nanoparticle’s alignment 

with a thin film thickness of ~36 nm.  
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Figure 4.2: SEM images of TiO2 thin film deposited at a sparking rate of 6.66mm/sec. 

(a) x20 k magnification (2.00 µm scale). (b) x50 k magnification (1.00 µm scale). (c) 

Cross-sectional view of the thin film at x50 k magnification (1.00 µm scale). (d) 

Histogram plotted for particle size with respect to frequency 

 

Nanoparticles of size 30-60 nm were observed on a thin film of TiO2 deposited at a sparking 

rate of 6.66 mm/sec. Wide distribution of nanoparticles with a size range of 30-40 nm was 

observed. The nanoparticles were aligned more uniformly compared to the nanoparticle 

alignment that was observed in thin film deposited at 12.16 mm/sec sparking rate. The image 

captured from the cross-sectional view revealed the thickness of the film, which was 51 nm 

and it was seen that the layer was rougher compared to the thin film deposited at 12.16 

mm/sec sparking rate. From Figure 4.1 (d) & 4.2 (d) the particle size distribution decreases 

as the sparking rate decreases. 

In order to investigate the thin film morphology, we coated another thin film at lower 

sparking rate. The SEM images are shown in Figure 4.3. Particle size distribution of the thin 

film deposited at sparking rate 4.49 mm/sec is shown in Figure 4.3 (d). Since the sparking 

rate was decreased the movement of the sparking head decreases. This leads to repeated 

metal oxides deposit in the same areas forming larger clusters and particle agglomeration. 
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Figure 4.3: SEM images of TiO2 thin film deposited at a sparking rate of 4.49 mm/sec. 

(a) x20 k magnification (2.00 µm scale). (b) x50 k magnification (1.00 µm scale). (c) 

Cross-sectional view of the thin film at x50 k magnification (1.00 µm scale). (d) 

Histogram plotted for particle size with respect to frequency 

 

Nanoparticles of size range 20-150 nm were observed in the TiO2 thin film deposited at a 

sparking rate of 4.49 mm/sec. Though the individual nanoparticle size was decreased 

compared to the thin films deposited at higher sparking rates, agglomerated clusters of 

nanoparticles were observed. These agglomerated clusters were at a size range of 50-150 

nm. Wide range of particles were seen with size ranging between 20-40 nm. When the cross-

sectional view of this thin film was examined it was learnt that the film thickness was 

increased to 93 nm and a uniform layer was deposited as seen in the Figure 4.3 (c).  
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Table 4.1: Particle shape, average size and average thickness based on different 

sparking speeds used for TiO2 thin film deposition 

 

Sparking 

Rate (mm/sec) 

Particle 

range (nm) 

Average thickness of 

the Thin film (nm) 

Remarks 

12.16 50-60 36 Thin film of scattered 

nanoparticles was observed 

6.66 30-40 51 Thin film of uniformly 

distributed nanoparticles 

with similar size range was 

observed 

4.49 20-40 93 Agglomerated clusters of 

TiO2 were observed 

 

From the Table 4.1, as the sparking rate decreases the particle size of the nanoparticles 

gradually decreases and the TiO2 thin film thickness increases. Agglomeration of the 

nanoparticles started to occur as the sparking speed increased. 

 

4.2 Transmittance values of TiO2 thin films 

Transmittance values of the thin films were measured using a UV-Visible spectroscopy 

(OceanOptics™ USB4000) 

 

 

Figure 4.4: Transmittance (%) values of thin films deposited at 12.16 mm/sec, 6.66 

mm/sec and 4.49 mm/sec were plotted with respect to wavelength (nm) 
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From the Figure 4.4, the optical transmittance of the thin film coated at a sparking rate of 

12.16 mm/sec is lower than that of uncoated glass slide and slight absorption of light can be 

observed. The decrease in the optical transmittance can be explained using the Rayleigh light 

scattering intensity equation given below 

 

𝐼 = 𝐼0
1+𝑐𝑜𝑠2𝜃

2𝑅2 (
2𝜋

𝜆
)

4

(
𝑛2−1

𝑛2+2
)

2

(
𝑑

2
)

6

        (eq. 2.6) 

 

In our work we will be concerned about two parameters that is particle diameter and the 

wavelength (High-lighted in Equation 1). Since we are considering a shorter wavelength 

here, as the particle diameter increases the intensity of scattering increases. Understanding 

this phenomenon can explain the increase and decrease of the optical transmittance of TiO2 

thin film observed in our work.  

TiO2 thin film deposited at a sparking speed of 12.16 mm/sec has nanoparticles of size 50-

60 nm, which are of greater size compared to the nanoparticles in thin films deposited at the 

sparking rates 6.66 mm/sec and 4.49 mm/sec. Since the scattering in this film is more, the 

light transmission is comparatively decreased. Similarly, in the thin film deposited at 

sparking rate of 4.49 mm/sec there are two factors that result in decrease of light 

transmission. In the TiO2 thin film deposited at sparking rate of 4.49 mm/sec there are 

agglomerated clusters due to the slower movement of the electrode head which resulted in 

particle size increasing. This led to higher scattering intensities and since there are 

agglomerated nanoparticles this also caused absorption of light. The transmittance plot of 

4.49 mm/sec sparking rate shows an increased absorption compared to thin film deposited 

at 12.16 mm/sec sparking rate due to the presence of agglomeration. 

TiO2 thin film deposited at a sparking rate of 6.66 mm/sec has an increased optical 

transmittance compared to the uncoated glass slide. Since the wide distribution of 

nanoparticles with the size range of 30-40 nm which were aligned uniformly, the scattering 

was less. There was no absorption seen in this thin film. As the scattering of light was less 

the optical transmission of the glass has increased compared to the uncoated substrate. 

4.3 Water contact angle of TiO2 thin films 

Water contact angle tests were done using sessile drop method. A single droplet of 2µl water 

was dropped on the glass slides coated with TiO2 thin films. This was measured using a 

contact angle device Dino-Lite Digital Microscope Pro™. It was seen that, as the sparking 

rate increases the surface roughness of the thin film also increased which resulted in a 

gradual decrease of water contact angle. Figure 4.5 (a) shows the behaviour of a single 

droplet of water on a thin film deposited at a sparking rate of 12.16 mm/sec. the measured 

water contact angle is 34°. The water contact angle on a thin film deposited at a sparking 

rate of 6.66 mm/sec is 25°. On a thin film deposited at a sparking rate of 4.49 mm/sec the 

water contact angle was not measurable resulting in a super hydrophilic nature. 
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Figure 4.5: Contact angle of a 2µl droplet of water on TiO2 thin film. (a) Deposited at 

a sparking rate of 12.16 mm/sec. (b) Deposited at a sparking rate of 6.66 mm/sec. (c) 

Deposited at a sparking rate of 4.49 mm/sec 

 

Table 4.2: Water contact angle on TiO2 thin film at different sparking rates 

Thin film Sparking rate (mm/sec) Water contact angle 

(degree) 

Uncoated Glass - 46° 

TiO2 12.16 34° 

 6.66 25° 

 4.49 Not measurable/super 

hydrophilic 

  

(a) (c) (b) 
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4.4 Scanning Electron Microscope of ZnO thin film 

Since Zinc oxide has good optical property and has a wide band-gap, we have considered to 

investigate the optical transmission that can be achieved using spark deposition technique. 

As we observed an increase in optical transmittance for a TiO2 thin film deposited at a 

sparking rate of 6.66 mm/sec, a thin film of ZnO was deposited on an uncoated glass slide 

using the same parameters. Scanning electron microscopy images are shown below 

 

 
 

Figure 4.6: SEM images of ZnO thin film deposited at a sparking rate of 6.66 mm/sec. 

(a) x20.0k magnification (2.00 µm scale). (b) x50.0k magnification (1.00 µm scale). (c) 

Cross-sectional view of the thin film at x50.0k magnification (1.00 µm scale). (d) 

Histogram plotted for particle size with respect to frequency 

 

From the Figure 4.6 (a) and (b) it is observed that the Zinc Oxide particles are agglomerated.  

The agglomeration of the particles on this thin film is caused due to the discharge of higher 

number of nanoparticles during the sparking at 6.66 mm/sec sparking rate. But for this 

sparking rate it was seen that the particles were uniformly distributed without agglomeration 

in TiO2 thin film, this is because zinc is a soft metal compared to titanium. From Figure 4.6 

(d) the ZnO thin film deposited at 6.66 mm/sec sparking rate has wide distribution of 

nanoparticles with size 60-80 nm. few agglomerated clusters were observed with sizes from 

100-300 nm. Figure 4.6 (c) is the cross-sectional view of the thin film, which reveals the 

film thickness as 87 nm and can be seen that the film is rougher compared to the TiO2 thin 

film deposited at the same sparking rate.  
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4.5 Transmittance data for ZnO thin film 

Transmittance values of the thin film was measured using UV-Visible spectroscopy 

(OceanOptics™ USB4000) 

 

 

Figure 4.7: Transmittance plot for a ZnO thin film coated glass slide at a sparking 

rate of 6.66 mm/sec (%) vs TiO2 thin film deposited at 6.66 mm/sec vs Uncoated glass 

with respect to wavelength (nm) 

From Figure 4.7 the transmission of the ZnO thin film is comparable to that of an uncoated 

glass slide. But when compared to TiO2 thin film deposited at the same speed, the 

transmission of light is decreased. This is due to the agglomerated clusters in the thin film 

of ZnO. As explained previously, these agglomerates cause absorption of incident light and 

increased scattering compared to TiO2 thin film.  

4.6 Water contact angle of ZnO thin film 

 

  

Figure 4.8: Contact angle of a 2µl water droplet on a thin film of ZnO deposited at a 

rate of 6.66 mm/sec 
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Figure 4.8 shows the water contact angle made on ZnO thin film. The calculated contact 

angle is 25°. The contact angle of water on a thin film of ZnO is not like that of an uncoated 

glass slide. Contact angle of water droplet on a TiO2 thin film was 25° and is similar. 

Table 4.3: Water contact angle on an Uncoated glass, TiO2 thin film and ZnO thin 

film 

Thin film Sparking rate (mm/sec) Water contact angle 

(degree) 

Uncoated Glass - 46° 

TiO2 6.66 25° 

ZnO 6.66 25° 

 

Further investigation must be carried out for ZnO thin films at different sparking rates to 

explore the best parameters in order to achieve better optical transmittance. 
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CHAPTER 5 

CONCLUSION AND FUTURE RECOMMENDATIONS 

 

Thin films of TiO2 and ZnO were successfully deposited on glass substrates using spark 

deposition technique and their optical behaviour was studied. The morphology of the 

deposited thin films was learnt using SEM images. the film thickness and particle size were 

estimated using SEM images. It was also learnt that the decrease in sparking rate increases 

the film thickness and effects the particle size distribution. It can be said that the sparking 

speed is inversely proportional to the size of the nanoparticle discharged. However, the cause 

for agglomeration of nanoparticles is not completely studied as annealing might also have 

effect on the recrystallization of clusters. TiO2 thin films deposited at a sparking rate of 6.66 

mm/sec has showed an increase in optical transmittance values up to ~92% and a ZnO thin 

film deposited at 6.66 mm/sec sparking rate had ~91 % at the wavelength range 400-550 nm. 

Since zinc is a soft metal the discharge of nanoparticles was high and led to form 

agglomerates on the glass substrate during deposition, which is considered as a cause for 

decrease in transmittance. The surface wettability was studied for the TiO2 and ZnO thin 

films deposited at different sparking rates and was seen that there is a gradual decrease in 

the contact angle of water as the sparking speed decreases. 

 

However, this study did not include the effects of annealing on the thin film behaviour. It is 

recommended to study the effect of annealing on the optical behaviour of the thin films 

deposited using spark deposition technique. The ZnO thin film deposition must be studied 

using different sparking rates. This study was confined to single layer thin films and it is 

recommended to study the multi-layer behaviour of the TiO2 thin films deposited using spark 

deposition. 
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