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CHAPTER 1 

INTRODUCTION 
 

1.1 Introduction  

Titanium dioxide also called as titanium (IV) oxide is a naturally occurring oxide of titanium 

with a molecular formula TiO2. It is obtained from natural sources such as mined ilmenite ore 

and other minerals. Among all transition metal oxide, TiO2 is the mostly studied compound due 

to its intrinsic properties.  It has gained importance in both theoretical and experimental fields.  

1.2 Physical properties 

TiO2 is an Odorless, insoluble compound with a Melting point 1,843 ºC and Boiling point 2,972 

ºC. Pure titanium dioxide is a fine white powder and widely used pigment because of its 

brightness. Its molecular weight is estimated to about 79.866 g/mol. TiO2is also an 

effective opacifier in powder form. Bulk TiO2 is environmentally friendly, very useful and 

corrosion resistant material. It exhibits semiconducting properties which enables its use in solar 

cells and for photocatalytic reactions. 

1.3 TiO2 phases and crystal structure 

Anatase, rutile, and brookite are three naturally occurring polymorphs of TiO2. Other forms such 

as baddeleyite and α-PbO2-types of TiO2 can be chemically synthesized because of their existing 

high-pressure phases.
2 

TiO2 structures formed at room temperature are often found to be amorphous in nature. It can be 

converted to other phases such as anatase or rutile by an atmospheric thermal treatment under 

optimized conditions. All the three phases of TiO2(anatase, rutile, brookite) have a common 

octahedral geometry with titanium atom at the centresurrounded by six oxygen atomsbut the 

arrangement of these octahedral structure is different for these three phases, creating a tetragonal 

structure for anatase and rutile and forming an orthorhombic structure for brookite
 1

as shown in 

Fig. 1.1 . 

https://en.wikipedia.org/wiki/Opacifier
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Fig. 1.1: Common octahedral geometry of TiO2 with Ti atom at the centre, coordinated to 6 

oxygen atoms and different phases of crystalline TiO2 (rutile, brookite, anatase)
1
. 

Rutile is generally considered to be thermodynamically most stable at any temperature for larger 

particle size. Whereas,anatase and brookite phases are calculated to be thermodynamically stable 

at nanoscale level. 

1.4 Applications of TiO2 

Titanium dioxide has a wide range of industrial and technological applications as pigment, photo 

catalyst and UV absorption. Hence, TiO2 is an important compound suitable for fuel cells, solar 

cells, different sensors, pollution control system, waste management and self-cleaning glass 

coating materials along with food, cosmetics, paint and UV protector
2
. 

1.5 Nano-materials 

Nanomaterials are basically small structures or small-sized materials and its dimension ranges 

from subnanometer to several hundred nanometers. Materials in nanometer scale exibits different 

physical properties from that of bulk, which makes it distinctive from any higher order scales. In 

general, nanotechnology involves understanding the technology of design, fabrication and 

applications of nanomaterials. There are different approaches to fabricate and process 

nanostructures such as top-down and bottom-up approaches.In a top down synthesis method, the 

nanostructures are synthesized by breaking of materials to get nano-sized particles. Whereas, the 

growth of thin films is a bottom-up approach in which the nanostructures are synthesized onto 

the substrate by build-up of small size atoms, ion or molecules. However, the integration of top-

down and bottom-up approaches are suitably best combination to produce order at nanoscale 

dimension and nanofabrication
 3

. 
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1.6 Aim and objective 

This dissertation addresses two major topics: 

1) Physical technique: Pulsed laser deposition  

i. To synthesize TiO2thin films on Soda lime glass substrate by pulsed laser 

deposition technique. 

ii. Optimization of PLD chamber pressure. 

iii. Optimization of substrate temperature by PID-controller. 

iv. Optimization of laser parameters. 

v. Qualitative study of thin films by using characterization techniques such as SEM, 

UV-visible spectroscopy, FTIR spectroscopy. 

2) Chemical technique: Electrochemical anodization 

i. To synthesize self-organisedTiO2 nanotube layer by electrochemical anodization 

optimized at low temperatures. 

ii. To interpret the structure grown by controlled anodic oxidation of titanium metal 

substrate. 

iii. To understand the basic mechanism of TiO2 nanotubes grown in electrolyte 

incorporating fluoride ions. 

iv.  To study the factors affecting the geometry and composition of TiO2 nanotubes. 
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CHAPTER 2 

PULSED LASER DEPOSITION 
 

2.1 Introduction 

Pulsed Laser Deposition (PLD)
4-6

 is a physical vapor deposition technique which basically 

involves the use of high-energy laser to ablate the target material and deposit the ablated 

particles onto the substrate. It is a very flexible and advanced technique for the lab scale 

fabrication of nano-films. A generalized schematic representation of a PLD is shown in the 

Fig.2.1. The PLD system consists of an Ultra High Vacuum chamber, a High-Energy laser, a 

target and a substrate. The target and the substrate are located in the UHV chamber wherein they 

are positioned opposite to each other. The distance between them is adjusted in such a way to 

allow the ablated material to be deposited uniformly across the entire substrate.  

The ablation and deposition processes are quite complex; there are so many factors which affect 

the quality of deposition. Different theoretical and empirical models
7,8

 have been developed to 

control the quality of thin film deposition. This chapter focuses on the basic mechanisms 

involved in the pulsed laser deposition of thin films and the parameters which affect their growth 

process. 

2. 2 Apparatus 

 

Fig. 2.1: A schematic diagram of the Pulsed Laser Deposition System. 
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2.2.1 Laser Device 

The main component of PLD system is the laser device. The commonly used lasers in PLD 

systems are Excimer and Nd-YAG lasers. Excimer lasers are basically gas lasers; use of different 

gases gives different wavelengths. Typical excimer wavelengths are 157, 193, 248, 308, and 351 

nm, which use gas fills of F2, ArF, KrF, XeCl, and XeF, respectively. Depending on the 

wavelength of the laser (which is selectable by changing the excimer gas fill and the associated 

optics), the energy from the laser may either penetrate deeper into the target material, or get 

absorbed over a larger surface area of the target. This can lead to the ablation of large ―chunks‖ 

of material in some cases; in other instances, part of the material may end up melting before it 

thermally evaporates. Neither of these scenarios is optimal and both should be avoided if the goal 

is to produce a high-quality film. Therefore, one must make a careful choice in balancing the 

target material, the laser wavelength, and the laser energy density. 

Excimer laser operates in pulsed mode; laser pulse repetition rate
9
 plays an important role in the 

deposition process. There are two factors
9,10

 that determine an optimal laser pulse repetition rate:  

target heating from the laser energy, and allowing enough time for surface diffusion of the 

ablated species at proper lattice sites on the substrates. The latter becomes especially important 

to consider together with the temperature of the substrate, since surface diffusion is a thermal 

process that increases with increased temperature
11,12

.  

 

2.2.2 Ultra High Vacuum Chamber 

The ultra-high vacuum chamber is a crucial part of PLD system which encloses the target and the 

substrate. Target is attached to the carousel mechanism which is controlled by the externally 

connected motors and the substrate is fixed onto the heating platform. The chamber is installed 

with all the necessary components for creating and controlling the vacuum. It is connected to the 

vacuum pumps which pump out the gas from the chamber. Vacuum gauges fixed to the chamber 

measure the vacuum. There are two valves to inlet the air into chamber in order to bring the 

chamber up to atmospheric pressure and there is also a main valve, called gate valve which 

isolates the chamber from the vacuum system whenever necessary. There is also a provision 

made for inletting the controlled flow of gas into the chamber for deposition in background gas 

environment. The gas flow is controlled by the mass flow controller. The details of the vacuum 

system and its operation is given in section 2.5 
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Fig. 2.2: Ultra high vacuum chamber. 
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2.2.3 Target and Substrate 

The target material is usually made into pellet of desired dimension. In our system we have 

chosen TiO2 as the target material and glass as the substrate. The pellet (Fig. 2.3A) is made out of 

commercially available TiO2 (P25) powder; the required quantity of powder is mixed with 

acetone which acts a binder and grinded for two hours. The pellet is then sintered for one hour 

which evaporates the acetone. 

 

Fig. 2.3: A) TiO2 pellets. B) The pellet is mounted on the stub which is attached to carousel disc. 

C) Schematic diagram of the target carousel showing the motion of both target and the disc 

which is holding the target. 

The pellet is mounted on the stub (Fig B) and the stub is connected to the carousel mechanism. 

The carousel mechanism helps the surface of the target to remain smooth and uniform during the 

entire deposition process. This, in turn, is one of the factors that help to ensure that the ablative 

plume remains constant. The combination of rotating the target and scanning (Fig. C) the laser 

across the diameter of the target allows the laser to cover the entire target surface uniformly with 

laser pulses, thus making the most efficient use of the target. 

The substrate is fixed onto the heating platform whose heating process is regulated by a 

Proportional-Integral-Derivative (PID) controller device. Substrate heating is necessary because, 

the temperature of the substrate determines how quickly the deposited material diffuses across 

the surface of the substrate. This process allows the ablated species to incorporate at the proper 

lattice sites to create a smooth, crystalline film
11,12

.  

The distance between the target and the substrate is selected to match the deposition area with 

the size of a plasma plume to achieve uniform deposition across the entire substrate surface and 

also to avoid sputtering chunks of material onto the films. The size of the plume depends on the 

laser energy density
6,10

, the background gas pressure, the target and even the wavelength of the 

laser. 
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2.3 Mechanisms of PLD process 

The pulsed laser ablation is a very complex process but in simple terms it can be viewed as 

process wherein a pulsated laser beam is focused onto the surface of a target (solid or liquid)
13

 in 

a vacuum chamber and vaporizing the target material as a result of rapid boiling of the material 

within a localized interaction volume close to the surface of the target and ejected away from the 

target. This vapor is a collection of atoms, molecules, ions and electrons, the exact ratio and 

kinetic energy of which depend on the laser parameters (intensity, wavelength, pulse width) and 

to some degree on the target sample. The vapor drives towards the substrate and recondenses on 

its surface. The repeated pulses make more and more plume to be deposited on the substrate 

surface to form a thin film. The growth of this thin film takes different forms and depends on 

different parameters such as material flux, repetition rate, substrate material, substrate 

temperature, the target–substrate gap, chamber pressure, and background gas.  The PLD process 

can be divided into the following steps: laser-target interaction, plume expansion and film 

deposition
4,10

. These three steps are shown schematically in the Figure below. 

 

Fig. 2.4: The three basic steps (processes) involved in the pulsed laser deposition.
4
 

2.3.1 Laser-target interaction 

The laser-target interaction is generally divided into primary and secondary processes
5,8,10

. The 

primary process is sub-divided into three more process—thermal, electronic and macroscopic 

sputtering and their relative dominance is dependent on the nature of target material, laser 

wavelength and pulse duration. 

The electronic process initiates when a ultra-short laser pulse interacts with the target material 

and results in a very rapid excitation of the electron distribution, aided by an efficient electron–

electron coupling leading to an immediate rise in the electron temperature, subsequent heating of 

the lattice at a rate dependent upon the electron–phonon coupling strength, and eventually 

vaporization of the transiently heated target.  
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When the longer laser pulses are used, thermal contributions generally dominate the process. 

This is because a sufficiently long duration allows the photon to couple with both electronic and 

vibrational modes the target material. Other favorable conditions for this process are low 

reflectivity, large absorption coefficient, low thermal diffusion and low boiling point. 

In the macroscopic sputtering process the target material (macroscopic flakes) gets ejected and 

the amount of ejected flux changes dramatically when the laser fluence increases sufficiently to 

induce explosive boiling of the target material. This type of sputtering can arise when using 

target materials having high thermal expansion coefficients and a sufficiently high melting point. 

It can also arise in the case of porous targets, wherein the localised laser induced heating will 

cause very rapid expansion of any trapped gas pockets just below the surface and forcible 

ejection of the surface material. Fig. 2.5 B shows the ablated region of the target with an excimer 

laser which has a rectangular profile. 

 

Fig. 2.5: A) A rectangular profile of an excimer laser
14

. B) A rectangular grove formed on the 

pellet surface resulting from the ablation of target material by the interaction of excimer laser 

beam. C) An optical microscopic view of the grove. D) A SEM image of the cross-section of the 

grove
14

. 

Apart from the primary process, pulsed laser irradiation can lead to a number of indirect, or 

secondary, collision effects. The ejected particle will have some velocity and undergo collision-

free expansion away from the interaction volume, if the density of the ablated material is 

sufficiently low. But in the early stages of the expansion, the density of the ablated material is 

high which results in rapid collisions between the particles. Due to these collisions, some fraction 

of the ablated material back-scattered towards the target surface; upon impacting the surface, 

these particles can induce secondary sputtering or recondense. This secondary sputtering can 

thus affect the ablation process especially when multi-target deposition is done. The secondary 

sputtering can be suppressed if the deposition is done in the presence of an appropriate 

background gas which constrains the higher density of ablated material in the early stages of 

plume expansion and enhanced probability of material re-deposition onto the target surface. 
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2.3.2 Plume Formation 

This section attempts to briefly explain the formation, propagation and properties of the plasma 

plume typically encountered in PLD experiments, as revealed by numerous theoretical studies. 

The plasma plume resulting from the interaction of the nanosecond laser with the target surface 

expands away from the target surface; this process is independent of the primary ablation 

mechanisms and undergoes a series of changes which are termed as secondary ablation 

mechanisms; in the presence of background gas, these mechanisms will differ from those in the 

vacuum and in fact, the important growth parameters such as the spatial distribution, deposition 

rate, and kinetic energy distribution of the ablated species will also change. Here we only focus 

on plume expansion in vacuum. 

 

Fig. 2.6: A) A schematic diagram of the plume showing different regions of the plume
20

. B) A 

blue colored plume inside the chamber during deposition process as visible from the gazing 

window. 

Plume expansion in vacuum 

During the laser-target interaction, the laser energy is absorbed by the localized volume of the 

target resulting in the ablation particles from that volume surface. These ablated particles which 

attain a temperature as high as 10000 K (which is well above the boiling point of most materials) 

form plasma in the region (close to the target surface), called Knudsen layer
15

. The density of the 

ablated particles in this region is high and all the particles in this region will have anisotropic 

velocity distribution with their velocity vectors pointing away from the surface. Later, this 

anisotropic distribution transforms into isotropic distribution by collisions among the ablated 

particles. 

Soon after the laser-target interaction, i.e., when the laser pulse has terminated, the plasma plume 

tends to expand in the forward direction due to inter-particle collisions. The plasma is assumed to 
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have exponential density gradients, and the velocity of various species vary linearly from the 

center of the plasma. The acceleration and the expansion velocities in this regime are found to 

depend upon the initial velocities of the plasma. Consequently, the highest velocities are 

obtained in the direction perpendicular to the target surface, where the initial plasma dimension 

is only tens of micrometers.  

The plume composition is complex
10

, and may change during expansion. In the first few 

millimeters of the plume expansion, emission from atoms and ions, multiple charged ions and 

possible molecules can typically be observed together with Bremsstrahlung emission in the 

plasma. Bremsstrahlung emission is basically the radiation given off by a charged particle (most 

often an electron) due to its acceleration caused by an electric field of another charged particle 

(most often a proton or an atomic nucleus). After the first few millimeters of expansion, 

Bremsstrahlung emission and emission from multiple charged ions are no longer observed. 

Typically, non-emitting particles (i.e.ground-state atoms and ions) have broader velocity 

distributions than emitting particles at PLD conditions
20

.  

 

2.3.3 Film Deposition 

In ideal conditions the deposition of the ejected target material onto the substrate can be simply 

thought of as an adsorption of the ejected particles on the substrate surface but in the real 

environment this process is quite complex and depend on many factors such as substrate 

temperature, diffusional interactions within the film and with the substrate, etc, which modify the 

composition and properties of the growing film surface. In the following sections, we briefly 

discuss some of the typical film growth modes, growth characteristics and different film 

structures. 

 

Typical growth modes 

The ejected particles may interact with each other and nucleate before they come in contact with 

the substrate and diffuse on its surface. Considering this general theory of film nucleation and 

growth we may define the following three conventional modes of nucleation and growth which 

are named after their original investigators, Frank–van der Merwe, Volmer–Weber and Stranski–

Krastanow:
17-19

 

a. The Volmer-Weber growth: Three-dimensional island growth 

b.  The Frank-van der Merwe growth: Two-dimensional full-monolayer growth. 

c. The Stranski-Krastinov growth: Two-dimensional growth of full monolayers followed by 

nucleation and growth of three-dimensional islands 
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Fig 2.7: A schematic diagram showing most common growth modes of film deposition.

17 

 

(a) Volmer-Weber Nucleation and Growth 

The atoms of the ablated material arrive at a rate dependent on the deposition parameters either 

on the bare substrate or on pre-deposited clusters of atoms and subsequently diffuse over the 

substrate or cluster surface. They may also encounter other ablated atoms to form mobile or 

stationary clusters or detach from them and re-evaporate. They could also directly land on the 

substrate surface and remain on it or re-evaporate from it. The balance between growth and 

dissolution processes for a given cluster will be governed by the total free energy of the cluster, 

ΔG, relative to an ensemble of individual atoms. For three-dimensional cluster growth, ΔG will 

have a maximum, ΔG*, at a critical cluster size which means that cluster sizes above this critical 

size are stable. 

 

(b) Frank - van der Merwe Nucleation and Growth 

In this growth mode the nucleation and growth of islands is limited to monolayer thickness, i.e., 

a complete monolayer of atoms is formed on the substrate surface before significant clusters are 

developed on the next film layer. It is essentially a layer-layer by growth mode which has no free 

energy barrier to nucleation, i.e. no    but depends on film-substrate bonding, film surface 

energy and substrate surface energy for its monolayer nucleation. 

 

(c) Stranski-Krastinov Nucleation and Growth 

This growth mode is similar to Frank-Van der Merwe growth initially but after 1-5 mono layers 

it may change to three-dimensional island growth. This might be the cause of an increase in 

stress with increasing layer thickness due to lattice mismatch. 

 

 

 



 

13 

 

2.4 Laser Device 

In the previous sections we have seen how the laser plays central role in ablation process. In this 

section we will talk about it in a little more detail. We will look at the basic principle of the laser 

and then different types of lasers.  Our PLD system uses a Coherence laser excimer laser (Fig. 

2.8); we will also discuss about its basic working principle and construction in the following 

sections. 

 
Fig. 2.8: Coherence excimer laser used in our PLD system. 

2.4.1 Functional Description of the Laser 

The term LASER is an acronym for Light Amplification by Stimulated Emission of Radiation; it 

has become so common and popular in everyday life that it is now referred to as laser. As the 

name suggests, stimulated emission is the basis for the working of laser. Stimulated emission is 

one of the three processes which happen when light interacts with matter. The first theoretical 

explanation of stimulated emission was given by Einsteinin1917 using Plank‘s law of radiation 

that was based on probability coefficients(also called Einsteincoefficients) for absorption, 

spontaneous and stimulated emissionof electromagnetic radiation. Theodore Maiman was the 

first to demonstrate theearliest practical laser in 1960 after the reports by several scientists
21

. 

In this chapter, we solely discuss about the stimulated emission and how it is implemented in the 

laser device. Starting with the basic principles like, conditions for achieving stimulated emission, 

which are population inversion and pumping schemes then move on to explaining the basic 

design and working of the Excimer laser which is employed in our PLD system. 
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Stimulated Emission 

 

Fig. 2.9:Stimulated emission 

According to Einstein, an atom in an excited energy state may, under the influence of the 

electromagnetic field of photon of frequency   incident upon it, jump to a lower energy state, 

emitting an additional photon of same frequency  . Thus, now two photons instead of one move 

on. This is known as stimulated emission of radiation (Fig. 2.9). The stimulated radiation is 

completely coherent with the stimulating radiation. As a result of this process, radiation passing 

through an assembly of atoms is amplified (Fig 2.10). 

The probability of stimulated emission transition     is given by 

             

where    is the Einstein‘s coefficient of stimulated emission of radiation and      is the 

spectral energy density of incident radiation. 

The total probability for an atom in state   to transit to the lower state   is therefore 

                  

where,     Einstein‘s coefficient of spontaneous emission of radiation. 
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Fig. 2.10:Schematic diagram showing the light amplification process in stimulated emission
22

. 

 

Population Inversion 

At thermal equilibrium any material behaves as an absorber. So, considering an assembly of 

atoms in thermal equilibrium at temperature   with radiation of frequency   and energy 

density    ,     and    being the number of atoms in states   and   respectively at any 

instant, the number of atoms in state   that absorb a photon and rise to state   per unit time is 

                 

Conversely, the number of atoms in the state   drops to , either spontaneously or under 

stimulation, emitting a photon per unit time is  

                      

For equilibrium, 
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Then, the distribution of populations in    and   of the ground state (levels 1) and the excited 

state (level 2) with energies    and   respectively, at thermal equilibrium is described by the 

Boltzmann statistics 

  

  
  

        

    

where,  is the Boltzmann constant and T is the absolute temperature. At room temperature, 

      and absorption will dominant over stimulated emission, if however, by some means a 

large number of atoms are made available in the higher energy state, i.e.,      , stimulated 

emission is promoted. The situation in which the number of atoms in the higher state exceeds 

that in the lower state is known as population inversion. The process of achieving population 

inversion is known as pumping of atoms. When the pumping process is employed in optical 

region, it is called optical pumping otherwise it is either electrical or chemical pumping
21,23

. 

 

Laser construction 

 

Fig.2.11:Schematic diagram of a typical laser device showing its three basic components. 

Three basic components are needed for the laser construction: 

 An active laser medium capable for emission of laser light. 

 An optical resonator for the amplification of the laser light. 

 And an energy source to stimulate the emission of the laser light. 

An active laser medium can be a solid, a liquid or gaseous material. The atoms in this-laser 

active medium are pumped, or energized, to an excited state by an energy source. These atoms 
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are stimulated by external photons to emit (stimulated emission) the energy in the form of 

photons. The photons thus emitted travel in step with the stimulating photons and, in turn, 

impinge on other excited atoms to release more photons. 

The emitted photons are further amplified by the optical resonator whichnormally consists of two 

mirrors which are placed on two sides of the active laser medium. Light amplification is 

achieved as the photons move back and forth between the two mirrors (one is fully reflective and 

the other is partially reflective), triggering further stimulated emissions. A part of the intense, 

directional, and monochromatic laser light finally leaves theresonator through one of the partially 

reflective mirror.  

The energy source used in the laser device principally depends on the active lasing medium, and 

this also determines how the energy is transmitted to the medium. An Nd:YAG laser uses a light 

source from a Xenon flash lamp, Helium-Neon laser uses an electric discharge and the Excimer 

laser uses both an electric discharge and chemical reaction. The supply of energy to excite the 

gain medium to produce population inversion is called pumping; depending on the energy source 

this is called optical pumping, electrical pumping and chemical pumping. 

 

2.4.2 Types of Lasers: Excimer Laser 

The classification of lasers can be made by considering different aspects. Commonly the ‗laser 

medium‘ is used as the basis for this classification. We therefore have: Gas lasers, Solid-state 

lasers, Semiconductor lasers, Liquid lasers, and some laboratory developments like free-electron 

lasers or X-ray lasers.
24,25 

Gas lasers dominate any list of commercially available laser types and can emit radiation with 

the widest variety of wavelengths compared to lasers using other active media. Among them, 

excimer lasers are the most powerful lasers which exclusively emit laser irradiation in the 

ultraviolet wavelength range from 126 to 351 nm. Its active laser medium consists of so-called 

excimers; the name excimer comes from excited dimer, a class of molecules formed by the 

combination two identical constituents in the excited state. For the most common excimer lasers 

of today, the name ―excimer‖ laser is used only by convention since here excited complexes 

(exciplexes) of rare-gas monohalides rather than excited dimers form the active laser medium is 

used. In addition, exciplexes exist with some stability only in the excited state.  The rare-gas 

halide exciplexes are formed between the rare gasses Ar, Kr, or Xe and the halides F or Cl. The 

most important lasing species for the excimer laser are given in the table. 
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Sr. No. Gas/gas mixture 
Symbol/ 

molecular formula 

Laser 

wavelength 

(nm) 

1.  Argon     126 

2.  Fluorine    157 

3.  Xenon     172 

4.  Argon fluoride ArF 193 

5.  Krypton chloride KrCl 222 

6.  Krypton fluoride KrF 248 

7.  Xenon bromide XeBr 262 

8.  Xenon chloride XeCl 308 

9.  Xenon fluoride XeF 351 

 

Table 2.1: Lasing species for the excimer laser. 

 

2.4.3 Working principle of Excimer lasers 

Considering the KrF as the active laser medium, the general principle of the excimer laser 

transitions is shown in the Fig. 1.12. The upper laser level is an ionically bound charge transfer 

state of the 
2
P rare-gas positive ion (Kr

+
) and the 

1
S halogen negative (F

-
). The upper laser level 

is formed by the electrically excited noble gas halide bond and laser irradiation is emitted during 

the transition to the non-excited noble gas halide bond, i.e. the lower laser level, where the 

emitted laser wavelength results from the potential difference of both levels. Although this 

process seems very simple, it actually relies on complex plasma reaction processes. As an 

example, a simplified reaction scheme for KrF is shown in Fig. 1.13
26, 27,28

. 
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Fig. 2.12: Excimer laser transitions in KrF laser
27

. 

 

 

Fig. 2.13: A flow diagram of the simplified scheme of the KrF laser
28

. 

According to this scheme, the formation of the rare-gas halogen molecule is dominated by two 

reaction channels: The ion channel, where ion pair recombination of a positive rare-gas ion and a 

negative halide ion takes place in the presence of a third body (buffer gas, for example Ne or 

He), and by the neutral channel, where an excited-state rare-gas atom reacts with a halogen 

molecule in the so-called ―harpooning reaction
29

‖ which is basically a chemical reaction between 

two substances: one prone to form a cation and the other prone to form an anion. 

The most important expressions describing the inherent chemical reactions, the pumping and 

stimulated emission are shown below for the example of a KrF excimer laser. 

Pumping: 

Positive inert-gas ion production, 

                 

Inert-gas metastable production, 

             

Negative halogen ion production, 
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    production (ion branch), 

                

    production (neutral branch), 

             

Stimulated emission: 

                                         

The noble gas halide bond is no longer stable after this mechanism has taken place. It thus 

decomposes into a noble gas atom and a halogen atom within a number of picoseconds after the 

actual laser process. In order to initiate this process, the gas mixture is brought between two 

high-voltage electrodes and excited by an electric discharge. 

The electric discharge can be classified into two stages: first, free electrons are generated 

between the electrodes by a primary discharge, allowing a homogenous ignition by the 

subsequent main discharge. As a result of this principle of excitation, excimer lasers can only be 

operated in the pulsed regime where the pulse duration typically amounts to ten to some 

hundreds of nanoseconds. Even though buffer gases, for example helium or neon, are further 

added to the actual laser active gas mixture in order to increase the efficiency of the laser 

process, the degree of efficiency of excimer lasers is quite low and merely amounts to 2-4%. 

However, this type of laser allows the generation of discrete laser wavelengths in a broad UV 

wavelength range as listed in the Table 2.1. 

 

2.4.4 Design of Excimer laser 

The first experimental evidence of excimer lasing was obtained by N.G. Basov et. al 1970
30

.  

They used a high-current electron beam to excite liquid   . Other excimer lasers were 

discovered after the investigation of fluorescence spectra of the rare-gas monohalides. The 

German start-up company Lambda Physik developed and manufactured its first commercial 

excimer laser, the EMG 500, the commercial multi-gas laser, which was introduced into the 

market in 1977. Since then, it is the major supplier of laser devices in the world. The Excimer 

laser device used in our PLD system is also from is from Coherence which was earlier known as 

Lambda Physik. The interior view of the laser device in shown in the Fig. 2.14 
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Fig. 2.14.: The interior view of the Coherent excimer laser device. The main components of the 

device are: thyratron, service panel HV discharge unit and the laser tube.
46 

The components required for the lasing action are shown in the Fig 2.15. The functional design 

of the COMPexPro laser consists of the  following primary components (Fig 2.15 A): A laser 

tube (A), high voltage power supply (B), thyratron (C), front mirror (partly reflective), rear 

mirror (highly reflective), capacitor array, communication interface (G), energy monitor (H) and 

the vacuum pump (I). 

 

 

Fig. 2.15: A) A schematic diagram showing the primary components of the Coherent excimer 

laser.
46

 B) Schematic diagram of the laser tube of the Coherent excimer laser device.
46 
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The laser tube is the heart of the laser device it can also be considered as the motor of the laser. 

Fig. 2.15 B shows a cutaway drawing of the longitudinally symmetrical laser tube. The laser tube 

(c) is the reservoir for the laser gas. 

A high voltage discharge between the electrodes (B) transfers the energy of the excimer gas 

mixture (e.g. fluorine or krypton premix). This high voltage is generated by charging the storage 

capacitors and discharging by a thyratron. In order to obtain a controlled, spark-free discharge, 

the laser gas has to be pre-ionized, i.e. a sufficiently high density of free charged molecules has 

to be created between the electrodes. This is achieved with pre-ionization pins (A) arranged 

along the main electrodes. The result is a homogenous pre-ionization of the laser gas. The 

switching of pre-ionization and main discharge in series ensures a perfect synchronization 

between pre-ionization and main discharge. 

After the high-voltage discharge, thermal in homogeneities in the laser gas arise in the discharge 

area.  Therefore, the gas volume in the discharge area has to be completely exchanged between 

two laser pulses. A transverse circulation fan (D) positioned within the laser tube causes the gas 

volume between the main electrodes to be completely replaced between two successive laser 

pulses. The circulation fan is driven externally via a magnetic coupling by a single-phase motor. 

The energy efficiency of the excimer laser is to the order of 2%, i.e. the main part of the energy 

supplied has to be carried away in the form of heat. The gas, heated up by the discharge, reaches 

the heat exchangers (F) as a result of the flow in the laser tube and is cooled down to the correct 

operating temperature (approx. 30 degree C). 

Each discharge pulse of the laser results in a load on the pre-ionization pins and main electrodes 

and causes a slight erosion of material. Precipitation of the created particles on the laser windows 

would result in diminishing beam intensity by scattering and absorption. These particles must 

permanently be removed from the laser gas which is done by an electrostatic filter (E) integrated 

in the gas circulation. Due to the pressure conditions generated by the circulation fan, the laser 

gas continuously flows through this electrostatic filter. 
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2.5 Vacuum System 

 

2.5.1 Introduction 

A vacuum is a space from which air or other gas has been removed; it is basically absence of 

matter. All the gas cannot be removed, that is, a perfect or absolute vacuum, which implies a 

space that is entirely devoid of matter is practically unrealizable and even the outer space is not a 

perfect vacuum. For practical purposes, the American Vacuum Society proposed a definition for 

the term vacuum as a space filled with a gas at least less than one atmospheric pressure
31

. In the 

traditional measurement system, normal pressure is expressed in millimeters of a column of 

mercury, and 760 millimeters of mercury is equal to 1 standard atmosphere. There are many 

different measurement units which are generally used, however, the unit, torr (1 millimeter of 

mercury) is the most widely used units of pressure but in our system we have used mbar.  

The amount of vacuum generated depends on the application, and is done for many reasons. The 

main reason for the need of vacuum is to provide a clean surface in an experiment because at 

atmospheric pressure molecules constantly bombard surfaces. These molecules can bounce from 

surfaces, attach themselves to surfaces, or perhaps chemically react with surfaces. Air or other 

surrounding gas quickly contaminates a cleaned surface. A cleaner surface will remain clean in 

an ultra high vacuum chamber for longer periods of time, because the rate of bombardment is 

low. Another reason for having a vacuum is to make a molecule to travel from one wall of a 

chamber to another without colliding with many molecules. By reducing the pressure to suitably 

low value, a molecule from one wall can travel to another without a collision. Many effects 

become possible if molecules can travel long distances between collisions. The average distance 

travelled by a gas molecule or other particle between collisions with other particles is termed as 

mean free path. As the pressure inside the chamber decreases, the mean free path the gas 

molecules increases and the gas flow takes different forms.  

 

2.5.2 Vacuum Fundamentals 

 

Pressure Regions of vacuum 

Measuring a system's pressure is the traditional way to classify the degree of vacuum.Nowadays, 

the general term vacuum refers to a region that consists of about eight ordersof magnitude of 

pressure below 1 atmosphere. For convenience, this extendedpressure range is generally divided 

into several regions that denote thedegreeof vacuum. This division of the pressure scale below 

the atmospheric pressure is somewhatarbitrary and is a convenient method of denoting the 

different physical phenomena that occur within the pressure ranges specified for each category. 

Many industrial applicationsof vacuum can be also be classified using these categories. 
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Degree of vacuum Pressure range (mbar) 

Atmospheric pressure 1013 

Low (or Rough)        

Medium         

High           

Ultra High            

Extreme Ultra High        

Outer Space            

Perfect vacuum 0 

 

Table 2.2: The accepted categories of the vacuum with the corresponding pressure ranges
32

. 

 

Flow Regimes  

The production and maintenance of vacuum involves flow of gas from the vacuum vessel 

through pipelines and pumps to the atmosphere. The gas flow through the pipes takes different 

forms as the pressure starts decreasing (whereby the mean free path of the particles increases) in 

the pumping process. There are three types of flow that are mainly encountered in vacuum 

technology: viscous or continuous flow, molecular flow and at the transistion between these is 

the knudsen flow
32

. 

 

(a) Viscous or continuum flow 

This will be found almost exclusively in the rough vacuum range. The character of this type of 

flow is determined by the interaction of the molecules. Consequently internal friction, the 

viscosity of the flowing substance, is a major factor. If vortex motion appears in the streaming 

process, one speaks of turbulent flow. If various layers of the flowing medium slide over the 

other, then the term laminar flow or layer flux may be applied. Viscous flow will generally be 

found where the molecules‘ mean free path is considerably shorter than the diameter of the pipe. 

(b) Molecular flow 

The molecular flow prevails in the high and ultrahigh vacuum ranges. In these regimes the 

molecules can move freely, without any mutual interference. Molecular flow is present where the 

mean free path length for a particle is very much larger than the diameter of the pipe. 

(c) Knudsen flow 

The transition range between viscous flow and molecular flow is known as Knudsen flow. It is 

prevalent in the medium vacuum range. Knudsen flow is present where the mean free path length 

is comparable with the pipe diameter. 
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Fig. 2.16: Graph of pipe diameter, d versus pressure, P showing different flow regimes in the 

pipe with the variation of pressure of the gas
32

. 

2.5.3 Generation of Vacuum 

Vacuum is generated by means of pumping out the gas from the chamber. There are a variety of 

mechanical pumps available at the present time for the evacuation of a vessel. Most common are 

rotary vane and rotary piston positive displacement pumps (Fig. 2.17), and these are usually 

limited to a lowest inlet pressure. To achieve high vacuum, a turbo-molecular pump is used. It 

cannot create high vacuum all by itself but it requires a roughing pump (rotary pump) which 

generates fore vacuum for the inlet of the turbo. In the following sections we will look at the 

working of the turbo pump and the basic principle of vacuum measurement
32,33

. 

 
Vacuum system for Pulsed Laser Deposition 

The vacuum system for Pulsed Laser Deposition consists of a vacuum chamber (excel 

instruments, Mumbai), turbo-molecular pump, oil-sealed rotary vane pump, gauges for 

measuring the vacuum and operating system. Pulsed Laser Deposition requires a high vacuum; 

for this, the pumps are used in combination to create high vacuum in the chamber. Whereas, the 

turbo-molecular pump, with the input pressure, generated by rotary, can achieve vacuum in high 

vacuum range of      mbar. The rotary and turbo are Pfeiffer based vacuum pumps. Rotary 

pump creates a fore vacuum in the range of             for the turbo-molecular pump. 

Therefore, the rotary pump is also called as a roughing or backing pump for the turbo pump. 

There are two gauges used in the system, one for low vacuum and another for the high vacuum 

measurements. The cold cathode guage is used to measure high vacuum (              ) 

and the thermal conductivity gauge (which is also a Pirani gauge) is used to measure low vacuum 

(                The typical vacuum system for PLD is shown in the Fig.1.18. 

 

 



 

26 

 

 

Fig.2.17: A) A Hipace 300, turbo-molecular pumpused in our UHV chamber
34

. B) An oil-sealed 

rotary pump
35

. 

 

Fig: 1.18: A schematic diagram of the typical vacuum system used in pulsed laser deposition.  
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Turbo Molecular Pump and its Working Principle 

The turbomolecular pump (TMP) invented by Becker in 1957 became commercially available in 

1958. Since then it has become very popular in every field of high- and ultra-high-vacuum 

technique, due to the clean, consistent, and predictable vacuum created, the easy operation, and 

the advanced degree of operating reliability.Itessentially comprises of a casing with a rotor and a 

stator with blades (or disks) attached to them. They are machined from a single block of high 

strength aluminum alloy.The turbo pump includes stationary rows of stator blades in between 

each row of rotor blades. The angle of the stator blades are opposite of the rotor blades and these 

angles are optimized to make it more probably for a gas molecule to move in the pumping 

direction rather than back flow in the opposite direction through the pump. 

The turbomolecular pumping action can be thought of as a combined work of both the rotor and 

stator blades; they together form a pump stage and generate a compression ratio (for air   ) for 

the gas molecules which enter through the inlet. 

 

Fig. 2.19: A) Diagram showing the arrangement of the rotor and stator blades. B) The rotor 

blades of the turbo pumps down gas molecules out of the chamber
33

. 

The rotor blades hit the molecules and transfer the rotor impulse to the molecules by the 

superposition of the thermal velocity of colliding particles with the velocity component of the 

moving rotor surface. With the newly acquired momentum, the gas molecules accelerate along 

the pumping axis. The stator blades then decrease the velocity of the pumped gas. This is 

required so that the next row of rotor blades can impart additional velocity to the molecules 

moving them again farther along the pumping axis. This process is continued resulting in the 

multiplication of the compression effect by the sequential switching of several pump stages 

(modern turbomolecularpump rotors are designed with nine or more blade rows) attaining high 

compression ratios before the gas molecules finally expelled through the exhaust. 
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Fig. 2.20: When a gas molecule comes in contact with the rotor blade it gains velocity (or 

momentum)
32

. 

The blades nearest to the intake of the pump are designed to have a high pumping speed and 

lower compression ratio since they will be pumping gas molecules at low pressure. As the gas 

molecules pass through the turbo pump they are compressed and therefore the blades nearest to 

the turbo exhaust are designed for high compression and low pumping speed. 

The blade tip velocity of the turbo-molecular pump rotor has to be on the order of thermal 

molecular velocities. This high tip speed requires that turbo pumps operate at high rotational 

speeds. The angular frequency is dependent on the rotor diameter, such that, smaller turbo rotors 

are required to rotate faster than larger pumps, e.g., small turbo-molecular pumps often rotate 

between 70,000 and 90,000 rpm. Higher tip velocity provides better pump performance through 

higher gas compression which results in a lower ultimate pressure. For this reason, the blades of 

turbo-molecular pumps do not go to the center of the pump as area closer to the center of the 

pump will have slower speed and lower compression. For these reasons, turbo pumps are 

designed with blade length no longer than 30% of the rotor diameter. Turbo pump designs are 

also optimized to prevent back-flow between the rotor and stators along with preventing leakage 

around rotor blade tips. 

When the mean free path of the particles is larger than the spacing between rotor and stator 

blades, particles collide primarily with the rotor, resulting in an efficient pumping process, and 

there is no interacting influence of the different gases. In the laminar flow range, the action of the 

rotor is diminished by the frequent collisions between the particles. Therefore, normally, a TMP 

is not capable of pumping gases against atmospheric pressure and must be backed by an 

adequate roughing pump. 
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2.5.4 Vacuum measurement 

The ultra-high vacuum chamber of PLD system is fitted with two vacuum gauges, Cold cathode 

gauge and Pirani gauge which measure the pressure inside the chamber. The Pirani gauge is used 

for low vacuum                 and Cold cathode gauge is used for high vacuum (     

          . In this section we discuss the working principle these two gauges in brief. 

Pirani gauge 

The Pirani gauge (Fig. 1.21 A) which is named after its inventor, Marcello Pirani, is a thermal 

conductivity gauge.  It consists of a hot metal wire usually made of Tungsten, Nickel or 

Platinum, suspended in a tube that is exposed to gas pressure of the chamber. The Pirani gauge 

measures the vacuum by monitoring the heat transfer from the wire to the surrounding gas.  

The Pirani wire filament is connected to one leg of the Wheatstone bridge (Fig. 2.21 B); the 

other three elements are set for balancing and temperature compensation of the bridge circuit. 

The filament wire is maintained at a constant temperature and when the gas density changes and 

thereby thermal conductivity changes the energy required to maintain the wire changes 

accordingly. Consequently, the voltage supply to the Wheatstone bridge becomes vacuum 

pressure dependent and the measured bridge voltage can be converted to a pressure value. 

 

Fig. 2.21: A) A Pirani gauge for the measurement of low vacuum
36

. B) A schematic diagram of 

the working principle of the Pirani gauge
37

. 
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When the gas molecules collide with the hot wire, heat is transferred to the molecules from the 

hot wire. If the gas pressure is reduced the number of molecules present will fall proportionately 

and the wire will lose heat more slowly. Thus, the heat loss is a function of the gas pressure and 

at low pressure the low gas density and long mean free path between gas molecules provides a 

low thermal conductivity. At high pressure the high gas density and short mean free path 

between molecules will result in high thermal conductivity.  

 

Cold-cathode gauge 

Cold cathode ionization vacuum gauge essentially consists of only two electrodes, a cathode and 

an anode, between which a high voltage is applied. Negatively charged electrons leave the 

cathode through field emission, moving at high velocity from the cathode toward the anode. As 

they travel this path, they ionize neutral gas molecules, which induce a gas discharge. The 

measured gas discharge current is a function of pressure. However, only few molecules are 

ionized in the case of straight electron trajectories, which results in lower sensitivity. To avoid 

this disadvantage, the anode is surrounded by cylindrical cathode (which also forms 

measurement chamber, (Fig. 2.22) and an axially magnetized cylindrical, permanent-magnet ring 

is placed on the exterior of the cathode to generate a magnetic field within the chamber.The 

electrons travel through the magnetic field on spiral trajectories. The electron paths extended in 

this manner increase the probability of collisions with the gas molecules and ensure that 

sufficient ions are generated to maintain the gas discharge.  

 

 

Fig. 2.22: A) A schematic diagram of the Cold cathode gauge showing the internal components. 

B) A cold cathode gauge used for measuring high and ultra-high vacuum
38

. 
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CHAPTER 3 

ELECTROCHEMICAL ANODIZATION OF TIO2 
 

3.1 Introduction 
Electrochemical anodization is a versatile method for the formation of a thick oxide layer on a 

metal surfaceunderoptimized electrochemical treatments.Such thick oxide layers are corrosion 

and abrasion resistant enhancing the hardness of a material along with their adhesion properties. 

Anodizing is basically a matter of highly controlled oxidation. Self-organized oxide pores and 

oxide tube arrays can be grown by anodization of a suitable metal. By using valve metals, 

different oxide morphologies are obtained. The formation of nanotubes, degree of self-

organization, tube dimensions, propertiesof nanotubes, tube length, pore diameter, thickness, and 

morphology of TiO2 films can be easily controlled by the anodizationparameters. During 

anodization process the color of Ti platechanges due to increase in thickness of TiO2. 

  

A compact oxide layer of considerable thicknessis grown at the anode in a suitable electrolyte, 

where growth is proportional to the applied potential. TiO2 is very stable in neutral electrolytes 

and with decreasing pH its dissolution rate increases. The anodic oxidation of metal surface is 

also controllable, making it a cost effective process. Tubes prepared by this method have a good 

surface adherent strength. A complete different morphology of the oxide can be seen by 

introducing electrolytes containing fluoride ions. Further, by annealing the substrates to certain 

temperatures, different phases of the crystalline materials can be obtained. It does not only 

influence the phase change, but also affects the morphology.  

RBA(rapid breakdown anodization) is a process of formation of nanotubes in which random 

growth of nanotubes is observed which are less organised. They grow in bundles within tens of 

seconds and are generally non-substrate-adherent. 1-Dimensional TiO2 nanostructures can also 

besynthesized by various other methods such as sol-gel method, hydro/solvothermal method, 

template assisted methods and by other electrochemical means. Anodization is also used for 

creating nanoporous templates for various applications in nanotech. Materials in nanoscience 

have gained importance in recent technology due to its high performance which is determined by 

the geometry and morphology of nanostructures. 
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3.2Apparatus 

The electrochemical setup basically comprises of abeaker containing an 

electrolyte,twoplates;anode and cathode, power supply and a digital multimeter for current 

measurement. Low temperature experiment additionally includes a circulating chiller bath and a 

double jacketed beaker. A typical apparatus for anodization is shown in the figure below. 

 

Fig. 3.1:Anodization apparatus. 

 

 

3.3Stages involved in TiO2nanotube growth 

The formation of nanotube layer by anodizationwas carried outin potentiostatic mode at 40V. 

The potential range for aqueous electrolyte is 1-30V and for non-aqueous electrolytes is 5-150V, 

containing approximately 0.1–1 wt.% fluoride ions
39

. The growth of oxide layer can be 

interpreted by recording the current-time characteristics and plotting a graph of current density 

(j) v/s time(s)as shown in Fig. 3.5.Anodizingis achieved by halfway-immersing the titanium 

plate (anode) and platinum plate (cathode) into anelectrolyte bath and applying a constant 

voltage to it. Since titanium acts as the anode, oxygen ions released from the electrolyte combine 
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with the titanium atoms at the surface of the part being anodized and forms an oxide layer of 

finite thickness over it. 

The anodization process involves the formation of ions such as Ti
4+

, O
2-

. The formation of TiO2 

nanotubes includes two competitive reactions: anodic oxide formation by oxygen anions 

(O2
−
 and OH

−
)and the chemical dissolution reaction caused by fluoride ions in the electrolyte

40
. 

Equation (1) represents the formation of metal ion 
43

. 

Ti→Ti
4+

 + 4e
-
…… (1)

 

In the absence of fluoride ions in the electrolyte, a compact oxide layer is formed on the surface 

of TiO2 due to the reaction of metal species with O
2-

 ions from H2O.According to equation (2): 

Ti
4+

+ 2H2O→TiO2+ 4H
+
...... (2) 

 

  

Fig. 3.2: A schematic diagram of oxide layer formation.
38 

 

This oxide layer is formed due to the electrolysis of water, causing O2
− 

and OH
−
 anions to evolve 

at the oxide-electrolyte interface. The field generated, causes the transport of these anions to the 

oxide-metal interface and simultaneously, Ti
4+ 

ions diffuses through the oxide layer (in the 

opposite direction) towards the oxide-electrolyte interface and reacts with O2
−
ions, thus forming 

the TiO2 layer
40

.Therefore, the growth of the anodic oxide layer depends onthe migration of ions 

(Ti
4+

,O
2-

)through the oxide layer aided by the field induced. As shown in Fig. 3.4.  

Since the process is carried out in potentiostatic mode, the field inside the oxide is progressively 

reduced with the increasing oxide thickness. The exponential current decay is a result of the 

decreasing field strength
41

.  
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Hydroxide layer formation: if the incoming Ti
4+

 ions are not made soluble at the oxide-

electrolyte interface by complexation, a precipitate will be formed in the electrolyte which is lose 

n porous. It has no contribution in the field but it affects the diffusion rate
41

.  

A counter reaction which takes place simultaneously at the cathode with hydrogen being evolved 

is given by equation (3): 

  zH2O + ze
-
→ z/2 H2↑ + zOH

-
             …… (3)

39 

Electrolytes containing fluoride ions stronglyaffect the anodizationprocess.Therate of migration 

of F
-
 ions through the oxideis twice as that of O

2-
 ions, (due to the smaller ionic radii of the F

-
 

ions) therefore they can react with Ti
4+

 at the oxide-metal interface
41

. 

F
- 

ions reacts with Ti/TiO2 to form water soluble titanium fluoride complex[TiF6]
2-

. This 

complex is easily dissolved in electrolyte due to its high solubility in water. Complexation occurs 

with Ti
4+

 ions, ejected at the oxide-electrolyte interface (after migration through the oxide layer) 

and by (permanent) chemical attack of the formed TiO2and prevents precipitation as Ti
4+

 ions 

arriving at the oxide-electrolyte interface is solvatized to [TiF6]
2-

 as shown inthe following 

equations
 39,41

.  

Ti
4+

 + 6F
-
→ [TiF6]

2-
…… (4)           

…… (5) 

Equation (5) also represents the steady-state situation between the tube formation at the bottom 

and etching at the top surface.  

 
 

Fig. 3.3: A schematic diagram of tubular growth structure.
41 

 

TiO2+ 6F
-
→[TiF6]

2-
+ 2H2O  H+ 
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The presence of F
−
 ions makes a honeycomb-like porous structure that transforms into an array 

of tubes with a F
−
-rich layer between the TiO2 layer and the Ti metal. Thisresults in the 

formation of a hemispherical oxide-metal interfacial structure. The separation of this porous 

layer into tubes is due to good solubility of fluoride rich layer in water. 

Tube ordering can be achieved by using a pre-structured surface that provides geometric 

requirement. By performing first step anodization, nanotubes are formed followed by the 

removal of tube layer and finally, a second step anodization. Here, the organized dimpled Ti 

metal surface after the removal of tube layer, acts as initiation sites for the tube growth in second 

step anodization. 

 

 

 
 

Fig. 3.4: A general diagram showing field aided transport of mobile ions through the oxide layer 

in the absence and presence of fluoride ions.
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3.4 Role of fluoride ions 

A key factor responsible for the electrochemically formed titanium nanotubes is the amount of 

fluoride ions present in the electrolyte
43

.The fluoride ion concentration yields different oxide 

morphologies.The solubility of the fluoride rich layers in the electrolyte causes the separation of 

a porous layer into tubes. 

Classification of fluoride concentration : 
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1) Low fluoride concentration (≤ 0.05 wt. %): a fluoride-ion free case is observed and a stable 

compact oxide layer is formed. 

 

2) High fluoride concentration (1 wt. %): no oxide formation takes place as all Ti
4+

 formed 

reacts with abundant fluoride ions to form soluble [TiF6]
2-

. 

 

3) Intermediate fluoride concentrations: a competition between oxide formation and 

Ti
4+

solvatization takes place, leading to the formation of porous oxides or nanotubes
39

.  

Fluorides maintain a thinner bottom oxide layer by chemical etching of the oxide layer and 

solvatization of Ti
4+

 species at the oxide-electrolyte interface.Therefore the etching rate is 

determined by the fluoride and water concentrations in the electrolyte
 40

.  

 

3.5Theoretical explanation for the stages involved in anodization process 

 

 

 

 

 

Fig. 3.5: A typical current-time curve after applying a voltage in 

the absence (  ) and presence (  ) of fluoride ions. 
39 
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The curve involvesfollowing three stages:   

I) In the initial phase of anodization, there is an exponential current decay caused by the 

barrier oxide layer formed on the surface of the sample. A fluoride free behaviour is 

observed.  

 

II) The current increases slightly due to formation of nano-sized pores, with a time 

lagcaused by increasing surface area of deposition at the anode .With shorter time lag, 

the fluoride concentration will be higher due to fluoride induced dissolution of 

formed TiO2 and pore formation. 

 

III) The initially formed irregular nanoscale pores penetrate the initial compact oxide, and 

a tubular structure begins to grow beneath the pores, due to which the current 

decreases again.When the pore growth rate at the metal oxide interface and induced 

dissolution rate of the formed TiO2 at the outer interface reaches an equilibrium 

condition, the current then reaches a steady state 
42

. 

 

 

3.6Different stages involved in the Pore formation 

 

There are three stages involved in the pore formation process. 

In the 1
st
 stage, a barrier oxide is formed leading to an exponential current decay. During 2

nd
 

stage, the surface becomes locally activated and pores start to fabricaterandomly.  In the 3
rd

 

stage, due to the pore growth the current increases. After sometime of pore formation, a tree like 

growth is observed. Hence, the individual pores starts interfering with the neighbouring pores 

and compete for available current. This happens under optimized conditions leading to a 

situation where the current is shared equally amongst all the pores and self-ordering under steady 

state takes place 
42

. 
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Fig. 3.6: The three different stages involved in the formation of TiO2nanotube arrays (I-III). 

Stage I: A barrier oxide layer is formed.Stage II: Pores starts to grow randomly. Stage III: 

Formation of Self-organized nanotube layer.
42 
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3.7  Factors responsible for the change in geometry and composition 

Different Titanium dioxide structures can be obtained by controlling the electrochemical 

anodization parameters of Titanium, such as a flat compact oxide, a disordered porous layer, a 

highly self-organized porous layer, and finally a highly self-organized nanotubular layer
43

.The 

tube length or anodic layer thickness is defined by anodization time and etching rate.The 

diameter of the nanotubes is controlled linearly by the applied voltage. 

Under steady-state conditions, the nano-tubular oxide layer thickness depends linearly on the 

anodizationtimei.e. the charge passed during anodization. However, due to etching by the 

electrolyte, at some point an equilibrium state between the growth of the oxide and chemical 

dissolution takes place
39

.  

Applied voltage 

The voltage is a strong parameter in controlling the diameter, inner pore distance of the 

nanotubes gown by anodization and it also influences film thickness.At low voltages the 

morphology of porous TiO2 film is similar to that of porous alumina. 

Variation of thickness with voltage: 

When a constant voltage (U) is applied, the field (F) drops constantly and thus the driving force 

(for solid state ion migration) is reduced, which results in the increase of film thickness (d) given 

by: 
39 

F=U/d             

This results in an exponential decay in current-time characteristics until the field effect is lost. 

Now, a finite thickness is achieved which mainly depends on the anodization voltage. 

The final thickness is given by d=fU 

where,  f = growth factor of the oxide (2-4nm V
-1

)
39

 

At low applied voltages, less electric field dissolution occur forming smaller diameter TiO2 

nanotubes. If the voltage is too low, only a compact TiO2 layer is formed and no nanotubes 

appear. However,a spongy-like porous structure is seen when the voltage is too high.  At low 

voltages, tubes with few 100nm in length and few tens of nm in diameter can be obtained. For 

higher potential, formed nanotube layers are not self-organized. The level of diameter control 

grants various applications where the alteration of the diameter can be of specific use. For e.g. a 

defined size for embedding of biological species
42 

.If applied potential is very high, dissolution 

rate may increase leading to permanent dissolution of oxide layer and hence no tubes will be 

formed. 
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Electrolyte: 

The nature of the electrolyte strongly affects the formed structure. Under same conditions, 

different electrolyte can produce different electric field intensities which results in difference in 

morphology and composition of the nanotubes grown.Synthesis of nanotubes can be carried out 

either in organic electrolyte or aqueous electrolyte.Fluoride rich electrolyte such as 

NH4F/CH3COOH, H2SO4/HF, Na2HPO4/NaF or the organic electrolyte like (NH4)H2PO4/NH4F 

and (NH4)2SO4/NH4F can be used.Titanium nanotubes can also be synthesized in fluoride free 

electrolytes such as perchlorate and chloride containing electrolytes
42

. 

Etching:The etching rate depends on the type of electrolyte. In acidic electrolytes, etching is 

faster and tube length is limited to 500-600nm. In neutral electrolytes, the thickness is much 

more than in acidic conditions, and the layer thickness ranges from 2-4µm (due to reduced 

chemical dissolution).Chemical dissolution can be further decreased in glycerol or ethylene 

glycol based organic electrolytes. In long duration anodization experiments, the etching of tubes 

at their top may cause inhomogeneous top structure and collapsing and bundling tube tops may 

appear. 

Thewatercontentin the electrolyte also affects the growth rate of the oxide layer (tube bottom) 

and chemical dissolution of the nanotubes. Organicelectrolyte has a small amount of water 

content. Whereas in aqueous electrolytes there is high water content which results inthe 

formation of ripples at the side walls of the nanotubes. In Organic electrolyte, long and self-

organised tubes with smooth tube walls can be grown upto large diameters (up to 700nm) since 

theTube splitting is controlled by low water content.Inner tube layer: in some organic 

electrolytes, and for higher voltage anodization, the inner tube layer shows high uptake of carbon 

from the electrolyte due to decomposition of organic electrolyte. Whereas, in aqueous electrolyte 

the inner tube is hydroxide rich than the outer layer
43

. A V-shaped tubular morphology is present 

for both types of electrolytes i.e. Aqueous and non-Aqueous electrolytes
39  

as shown in Fig. 3.7 

Tube morphology  

 
 
 

Fig. 3.7: Structure of typical TiO2 nanotube formed in organic electrolyte. 
39 
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The nanotube layer grown in fluoride containing electrolyte, show a V-shaped morphology. This 

is due to exposure of tubes to fluoride-containing electrolyte responsible for permanent etching 

and thinning of tube walls. The general shape as shown in Fig. 3.7 describes the composition 

distribution of tubes. The inner part of the shell (IST) is of a more loose nature and consists of 

incorporated electrolyte constituents, and the outer part of the tube is generally dense and very 

pure TiO2
39

. 

Effect of pH of Electrolyte 

The effect of pH alters the self-organization behaviour of titanium nanotubes. The difference in 

pH causes variations in thickness and in turn the pore diameter. At low pHthe dissolution rate is 

greater than that of the higher pH i.e. the etching rate is faster in acidic electrolytes. In case of 

neutral electrolyte, the layer thickness is much more due to the reduced chemical dissolution. 

Thus, the chemical dissolution rate of TiO2 is a highly pH dependent process
43

. 

Chemical dissolution can be further reduced by carrying out the anodization process in glycerol 

or ethylene glycol based electrolytes. In such electrolytes linear growth behavior could be 

extended
39

. 

 

Annealing: (change in phase structure) 

The as-formed TiO2 nanotubes have an amorphous nature. The nanotubes can be converted to 

various crystalline formssuch as anatase, mixture of anatase and rutile, or rutileby annealing at 

higher temperatures. Annealing can be carried out in oxygen rich environment such as air or O2 

or in different gas atmospheres such as N2, or a N2/H2 mixture that leads to different anatase-

rutile ratios of TiO2. A significant conversion of nanotubes into anatase phase occurs 

approximately at 280°C.With an increasing annealing temperature up to a certain limit, the 

anatase formation can be enhanced. A mixture of anatase and rutile can be obtained at 

temperature above 450°C.  Above 500°C rutile phase starts to form and It is seen that the 

nanotubular integrity is maintained below 600°C. Above this temperature the nanotubes are not 

stable and at higher temperatures the nanotube bundles starts collapsing. Moreover, annealing at 

700°C favors sintering and tends to destroy the nanostructure. Due to unfavorable conditions 

sometimes, cracks may develop in the tube walls
39 

. 

Conductivityalong the tubes is also affected by the heat treatment; hence appropriate duration of 

annealing of the substrate is required for different applications.  The annealing duration and 

ramping speed also has a significant effect on the crystal structure and composition of the newly 

formed phase of TiO2.Formation of Ti
3+

:Ti
3+

 species may be formed during the heat treatments. 

Heat treatment carried out under vacuum or in the absence of O2 environment leads to a loss 

ofO2 from the material and formation of Ti
3+

. The material formed shows visible light absorption 
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and enhanced conductivity. By heat treatments, approximately 1% of the lattice atoms may be 

reduced to Ti
3+

. The effect of annealing temperature can be later observed from the tube wall 

morphology
 42,43

.  

Anodization time dependence:The layer thickness is directly proportional to the 

anodizationtime.As the reaction proceeds, the conductivity of the electrolyte changes and thus 

variations in the diameter are observed for longer anodization time. The fastest growth 

conditionstypically represent conditions for optimized ordering. 
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CHAPTER 4 

CHARACTERIZATION TECHNIQUES 

 

4.1 X-Ray Diffraction Technique 

X-Ray diffraction is a powerful, non-destructive and common analytical technique for the study 

of structure, phase identification and atomic spacing of crystalline materials. It is also used to 

determine the thickness of thin films and multi-layers. By using precise lattice parameter 

measurement, the lattice miss-match of a thin films (or an epitaxial layer) and its substrate can be 

determined with great precision. The credit for the broad applications of XRD goes to Rontgen, 

Laue and Bragg. Rontgen discovered the X-rays in 1895; Based on the fact that wavelength of 

X-rays is comparable to the atomic spacing, Laue, in 1912 discovered that crystalline substances 

act as three-dimensional diffraction gratings for X-rays similar to the spacing of planes in a 

crystal lattice and finally, Bragg formulated the simple law for the constructive interference 

condition for the incident X-rays on the crystalline sample (Fig 4.1).  

 

 
Fig. 4.1: Bragg’s law

47
. 

 

The basic XRD method involves the generation of X-rays by a cathode ray tube, filtered to 

produce monochromatic radiation, collimated to concentrate, and directed toward the sample. 

The sample being crystalline, the incident X-rays interact with periodic lattice sites and produce 

constructive interference whenever the Bragg‘s condition is satisfied. For a periodic crystal 

lattice with inter-planar spacing,    and incident angle,   of X-rays, the Bragg‘s law is given as  
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Where,   and   are the numeric constants known as order of diffracted beams and characteristic 

wavelength of X-Rays impinging on the sample respectively. Each interference condition 

corresponds to a peak in the XRD pattern of a crystalline sample. The peak positions give all 

information about the crystal.  

 

4.2 FTIR Spectroscopy 

FTIR spectroscopy is an improved method of IR spectroscopy and where FTIR stands for 

Fourier Transform InfraRed. In infrared spectroscopy, IR radiation is passed through a sample, 

some of the infrared radiation is absorbed by the sample and some of it is passed 

through(transmitted). The resulting spectrum represents the molecular absorption or 

transmission,creating a molecular fingerprintof the sample. Like a fingerprint  no two unique 

molecularstructures produce the sameinfrared spectrum. This makesinfrared spectroscopy useful 

for several types of analysis like, identification of unknown materials, determination of quality or 

consistency of a sample, determination of the number of components in a mixture, etc. 

 

Fig. 4.2: Schematic diagram of FTIR spectrometer.
44 

 

Originally, infrared spectrometers used a dispersive technique, which is basically a technique to 

separate the individual frequencies of energy from the infrared source by the use of a prism or 
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grating. An infrared prism works exactly the same as a visible prism which separatesvisible light 

into its colors (frequencies). A grating is a more modern dispersive element which 

betterseparates the frequencies of infrared energy. The IR radiation of individual frequencies is 

then incident on the sample. The detector measures the amount of energy at eachfrequency 

which has passed through the sample. This results in aspectrumwhich is a plot of intensity vs 

frequency. Since each individual frequency is checked for absorption one after the other, this 

technique is very time consuming in producing the absorption or transmission spectrum of the 

sample. To overcome this limitation a new technique has been developed, which employs the 

principle of interference and Fourier transform to measure all the infrared frequencies 

simultaneously which results in the quick generation of the absorption or transmittance spectrum 

of the sample.  

An Interferometer (Fig. 4.2) is used for this purpose. It produces a unique type of signal which 

has all of the infrared frequencies ―encoded‖intoit. Most interferometers employ a beam-splitter 

which takes the incoming infrared beam anddivides it into two optical beams. One beam reflects 

off from a flat mirror which is fixed in place and the other beam reflects off froma flat mirror 

which is on amechanism which allows this mirror to move a veryshort distance (typically a few 

millimeters) away fromthe beam-splitter. The two beams reflect off fromtheirrespective mirrors 

and are recombined when they meetback at the beam-splitter. Because the path that one 

beamtravels is a fixed length and the other is constantlychanging as its mirror moves, the signal 

which exitsthe interferometer is the result of these two beams ―interfering‖ with each other. The 

resulting signalis called an interferogramwhich has the unique property that every data point (a 

function of themoving mirror position) which makes up the signal has information about every 

infrared frequencywhich comes from the source. The interferogram is then incident on the 

sample and the transmitted signals through the sample are detected by the detector. Since the 

transmitted signals are also an interferogram, they need to be converted to frequency form. This 

is done by Fourier transform of the measured interferogram to produce a frequency spectrum 

which is easy for analysis. 

 

4.3 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy is a surface microscopy technique used for material 

characterization. SEM uses high energy electron beam, focused onto a sample to generate variety 

of signals of both photons and electrons such as X-rays, cathode-luminescence, auger electrons, 

primary back-scattered electrons, secondary electrons, etc at the surface of it, among which, 

secondary electron and back-scattered signals are commonly used for imaging the samples.  

SEM can generate highresolution (with a resolution better than 1 nanometer) images of shapes of 

objects (SEI) to study their morphology. It can also be used to determine crystalline structure, to 

show spatial variations in chemicalcompositions and other physical and chemical properties of a 

species. 



 

46 

 

 

Fig. 4.3: Schematic diagram of the scanning electron microscope
48

. 

Electrons from an electron source (thermionic, Schottky or Field-emission cathode) are 

accelerated through a voltage difference between cathode and anode to generate a highly 

energetic electron beam. This beam of electrons is passed through various electro-magnetic 

lenses and apertures situated in the electron column to produce a finely focused beam of reduced 

diameter (also called an electron probe) on the surface of the specimen. A deflection coil system 

in front of the final lens field scans the electronprobein a raster across the specimen. The 

interaction between the electron beam and the sample produces different signals like secondary 

electrons, backscattered electrons, and characteristic X-rays. These outgoing signals are detected 

by various detectors and fed to the computer to form 2D image of the specimen (Fig. 4.3). 

 

4.4 UV visible spectroscopy 

Ultra Violet Visible spectroscopy is type of absorption spectroscopy which involves the 

absorption of ultra-violet light (200-400 nm) by chemical compounds, which results in the 

production of distinctspectra. When a chemical compound absorbs UV radiation, the molecules 

present in it undergo excitation. The energy of the UV radiation that is absorbed is equal to the 

energydifference between the ground state and higher energy states (     ). Generally, the 

most favored transition isfrom the highest occupied molecularorbital (HOMO) to lowest 

unoccupiedmolecular orbital (LUMO). The relation between absorption and intensity of the 

incident radiation is given by the Beer-Lambert‘s law, which states that, when a beam 

ofmonochromatic light is made incident on a solution that contains a substance thatabsorbs the 

monochromatic light, the rate at which the intensity of the beam decreasesalong the thickness of 

the solution is directly proportional to the concentration of theabsorbing substance in the solution 
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and is also directly proportional to the intensity ofthe incident monochromatic radiation.From the 

Beer-Lambert law it is clear that greater the number of molecules capable ofabsorbing light of a 

given wavelength, the greater the extent of light absorption. This isthe basic principle of UV 

spectroscopy. It is useful in the detection of functional groups, identification of unknown 

compounds, determination of purity of a substance, etc. 

 

Fig. 4.4: Schematic diagram of UV spectrometer.
45 

The basic components of the modern UV spectrometer (Fig.4.4) are the light source, 

monochromator, sample and reference cells, detector and amplifier. Tungsten filament lamps and 

Hydrogen-Dueterium lamps are mostly used as they cover the whole UV region. Tungsten 

filamentlampsspecifically emit the radiations of 375 nm and Hydrogen-Deuterium lamps emit 

radiation below 375 nm.Monochromatorsaregenerally composed of prisms and slits. The 

radiation emittedfrom the primary source is dispersed with the help of rotating prisms. The 

various wavelengths of the light source which are separated by the prism are then selected bythe 

slits such the rotation of the prism results in a series of continuously increasingwavelength to 

pass through the slits for recording purpose. The beam selected by theslit is monochromatic and 

further divided into two beams with the help of another prism.One of the two divided beams is 

passed through thesample solution and second beam is passé through the reference solution. Both 

sampleand reference solution is contained in the cells. These cells are made of either silicaor 

quartz. Glass can't be used for the cells as it also absorbs light in the UV region. 

There are two photocells in the spectrometer which serve the purpose of detection of the signals 

in the UV spectroscopy. One of the photocells receives the beam from sample cell and 

seconddetector receives the beam from the reference. The intensity of the radiation from 

thereference cell is stronger than the beam of sample cell. This results in the generation 

ofpulsating or alternating currents in the photocells.The alternating current generated in the 

photocells is transferred to theamplifier where the weak signals from the photocells are amplified 
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many times to get clear and recordable signals. The signals are then processed by the computer 

to produce the spectrum of the desired compound. 
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CHAPTER 5 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

 

5.1 Pulsed Laser Deposition 

5.1.1 Introduction 

Pulsed laser deposition (PLD) has emerged as an important technique of preparing thin films 

which can improve layer-by-layer growth. The growth process of thin films in pulsed laser 

deposition depends on a number of experimental parameters which dramatically affect the 

morphology, crystallinity, and composition of the deposited material. To obtain the good quality 

films with the desired properties, these parameters need to be optimized. The optimization of 

parameters involves the process of testing the effect of one parameter keeping the others constant 

which gives the better understanding of the role of that specific parameter in improving the 

quality of the film and its properties.  

 

5.1.2 Observations 

The observation Table 5.1 shows the parameters being studied for optimization. The common 

parameters studied are: pulse repetition rate (reprate), substrate temperature and pulse energy 

(laser fluence). As a part of the study it is also important to understand the operation of the laser 

device to have better control over pulse rate and energy of the laser. The Coherent excimer laser 

can be operated either in No Gas Replacement (NGR) or Partial Gas Replacement (PGR) 

condition. In each working condition there are two fundamental running modes -- Constant 

Energy (EGY CONST) and Constant High Voltage (HV CONST) mode. It often requires to 

switch the mode of operation for judicious use of the laser gas as it ages with time resulting in 

the decrease of pulse energy. The pulse energy (output energy) of an excimer laser is dependent 

upon the charging voltage (high voltage) and condition (age) of the excimer laser gas. When the 

pulse energy (E) is considered as a function of the charging voltage (U), the result is 

approximately the function shown in the Fig. 5.1 A. As excimer laser gases age, the pulse energy 

obtained from a given charging voltage will decrease. When the Energy Constant mode is 

selected, the laser control continuously adjusts the high voltage to achieve laser operation at a 

preset energy level (Fig. 5.1 B). When the HV Constant mode is selected, the pulse energy 

decreases with time as excimer laser gases have a limited lifetime (Fig.5.1 C). Regardless of the 

running mode used, the laser gas quality will reach a state which is insufficient to adjust the HV 

power supply at a level that provides the preset beam output energy. In this case, the laser gas is 

to be exchanged completely (i.e. New fill). 
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Table 5.1: Observation table of the PLD parameters studied for the optimization. The shaded 

region of the table: deposition with no substrate heating. *Air annealed sample. 

 

Fig. 5.1: A) Variation of energy with charging voltage. B) Constant energy mode: voltage increases with 

time. C) Constant voltage mode: energy decreases with time.
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H
V

 M
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HV 

(kV) 

RepRate 

(Hz) 

Substrate 

Temp 

(
0
C) 

Deposition Time 

(min) 

22 2 -- 6 

30 5 -- 6 

20 4 -- 10 

20 8 500 10 

20 8 500 20 

20 8 500 30 

 

E
G

Y
 M

o
d
e 

EGY 

(mJ) 

RepRate 

(Hz) 

Substrate  

Temp 

(
0
C) 

Deposition Time 

(min) 

165 8 500* 6 

165 8 500 6 

165 8 500 10 

165 8 500 20 

165 8 500 30 
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5.1.3 Parameters 

Sr. No. Parameter Details 

1. Target TiO2 (P25) 

2. Substrate Soda Lime Glass Slide 

3. Target-Substrate Distance 38 mm 

4.  Pulse Repetition Rate 8 Hz 

5.  Energy 165 mJ 

6.  Substrate Temperature 500 
0
C 

 

Table 5.2: Parameters of PLD 

 

5.1.4 XRD  

The XRD pattern of commercial TiO2 as shown in Fig.5.1 revealed well-defined reflections at 

2θ values of 25.28°, 37.80°, 48.05°, 54.06°, 62.69°, 68.76°, 70.31° and 75.03° which are the 

typical characteristic peaks of Anatase TiO2. The existence of a weak peak at about 2θ = 30
o 

points out an exceptionally small amount of the brookite phase, while the rutile phase was not 

observed. The Fig.5.3 shows the XRD pattern of air and vacuum annealed thin films at different 

grazing incidence angles. The amorphous pattern reveals that the film thickness is so less that the 

x-rays penetrate into the substrate (glass) which is amorphous. 

 

Fig. 5.2: XRD pattern of TiO2. 
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 Fig. 5.3: XRD pattern of: A) Glass, B) and C) air annealed samples (at grazing incidence 1and 

0.05), D) and E) vacuum annealed sample (at grazing incidence 3 and 0.1 respectively). 
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5.1.5 FTIR  

The FT-IR spectrum of TiO2 showed various characteristic peaks as shown in Fig. 5.4. In this 

spectrum, the intensive and broad band at low wavenumber range between 400 and 800 cm
-1

 

were ascribed to the strong stretching vibrations of Ti–O and Ti–O–Ti bonds
49

. The absorption 

band at 3454 cm
-1

 is related to stretching and 1631 cm
-1

 to bending vibration of O-H, 

representing the water as moisture.
50 

 

Fig. 5.4: FTIR spectrum of TiO2 
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5.1.6 SEM  

The SEM images of the surface morphology of the deposited thin films on the soda lime glass 

substrate are shown in the Fig. 5.5. From Fig. 5.5 A and B, we can see that the deposited film is 

not uniform across the surfaces of the substrate; the density of the deposited particles is not 

uniform; at some regions, the growth density is very high and at other regions it is very low.  

This non-uniformity results in varying thickness of the film. The non-uniformity depends on the 

following factors: ‗rotation of target and the substrate‘ and ‗distance between the target and the 

substrate‘. If target and the substrate are made to rotate in the opposite directions during the 

deposition, the deposition will be uniform. The target-substance distance should in such a way 

that the plume touches the entire surface of the substrate. In our case we have kept the target-

substrate distance to be 38 mm. 

 

Fig. 5.5: A) Low density of Island aggregation which primarily depends on reprate and laser 

fluence. B) High density of Island aggregation of the same sample showing uneven film 

deposition. C) A typical Island formation in PLD. D) Morphology of the air-annealed sample. 

Effect of pulse repetition rate (reprate): The density and the quality of the film can be 

controlled by optimizing pulse repetition rate (reprate), laser fluence (or energy), and the 

substrate temperature. We have done series of experiments to optimize the parameters. We 

started with low reprate, i.e. 2Hz and increased till 8 Hz which was found to be sufficient. The 
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pulse repetition plays an important role in controlling the density of the deposited particles. At a 

low pulse repetition rate, there is such a longer pulse interval that islands are given more time to 

ripen (Fig 5.4 A). Thus, the total of cluster (or island) density reduces and film aggregation tends 

to compact shape. The deposition time can effect on islands aggregation to a certain extent; a 

smooth surface can be obtained if deposition rates are chosen by varying the number of shots per 

second, keeping the amount deposited per shot constant. Thus, the laser repetition rate plays an 

important role in smoother films growth process. It also affects the deposition and diffusion rates 

if desorption and sputtering of the ablated particles are neglected.
10, 51

  

 

Effect of laser fluence (energy): The instantaneous flux of highly energetic depositing species 

is strongly dependent on the laser fluence. The number of ions deposited in the first pulse is not 

enough to generate stable nucleation centers, and thus non-stable centers are produced. The 

incoming species from the next laser pulse tend to stabilize these nucleation centers by the 

addition of new species. After a few pulses, a stationary regime is reached and the arriving 

species join the stabilized centers that become islands (Fig 5.4 C). Together with the laser 

repetition rate, the most direct way to increase the particle flux is to raise the laser fluence. 

Incoming energetic species produce the self-sputtering of a fraction of the already deposited 

metal. Self-sputtering yield increases with the kinetic energy and the degree of ionization of the 

incoming species. These two parameters are strongly correlated and increase with the laser 

fluence.
10,52

  

Effect of the crystallinity of the substrate: Irrespective of the deposition technique, the 

substrate can play an active role in the nucleation process in PLD as it is believed that a 

significant percentage of nucleation centers for the clusters occur at point defects, generated by 

the high fluxes of energetic atoms of the plume, and the nucleation rate is linear with the average 

flux. For crystalline substrates, a minimum requirement for the epitaxial growth to be fulfilled is 

that the lattice mismatch between the materials to be deposited on the substrate has to be lower 

than 9%. The shape of the clusters changes when crystalline substrates are used with respect to 

the amorphous one.
10

  

 Lattice parameter of the nanoparticulate film on glass substrate demonstrates the closest match 

to that of the bulk material as compared to the film on crystalline substrate. The slight deviation 

in the lattice parameters of thin films on the single crystal substrates from the single crystal bulk 

sample may be due to the substrate induced strain in the film. However, glass, being an 

amorphous substrate, does not provide any substrate induced strain and hence the films grow 

completely relaxed leading to its lattice parameter being very close to the bulk value. Usually 

when the lattice mismatch between the film and substrate materials is very large, the substrate 

control over the film growth is weak.
53 

Effect of substrate temperature: Substrate temperature is also an important factor that affects 

morphology, crystallinity, and composition of the deposited material. It helps in dewetting 

process of thin films. The dewetting process is characterized by the breaking up of a continuous 
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liquid film into holes, followed by hole growth, coalescence, and finally decay into 

nanostructures on the substrate This is important because the production of large supported NPs 

by PLD at room temperature is limited by the critical film thickness, a common method to 

overcome this limit and to produce surface covered with large NPs is the thermal annealing after 

the deposition of the film. The temperature for the dewetting to occur can be well below the 

melting temperature of the bulk material, and it decreases with the film thickness. The film 

surface exhibits a certain degree of roughness and increases as the annealing temperature 

increases. The surface roughness changes the optical properties of the film. The experimental 

conditions for annealing also effects the film properties. The air-annealed films (Fig. 5.5 D) 

show good crystalline order with few defects. Conversely, the vacuum-annealed films (Fig. 5.5 

B) exhibit a highly disordered surface.
10,54-56 

5.1.7 Optical properties 

The TiO2 thin films exhibit good transmission in the spectral range of 360–800 nm wavelengths. 

It is found that average transmittance of as-deposited and annealed TiO2 films is about 67% in 

the visible region with respect to reference blank glass substrate. However, there is strong 

absorption in the ultraviolet region which is characterized by a sharp drop in optical 

transmittance. This can be ascribed to fundamental absorption of TiO2 nanoparticulate thin film 

layer owing to the transition of electrons from the valence to conduction bands.  

The transmittance-absorption edge for as-deposited thin film is found to be at 402 nm and for the 

air and vacuum annealed films the band edge is found to be at 360 nm. The transmittance 

absorption edge is sensitive to change in substrate temperature, which is shifted to long 

ultraviolet region as the substrate temperature increases.  

 

Fig. 5.6: UV-Vis spectrum of as-deposited and air and vacuum annealed thin films. 
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5.2 Anodization 

5.2.1 Apparatus 

The electrochemical setup basically comprises of a beaker containing an electrolyte, two plates; 

anode and cathode, power supply and a digital multimeter for current measurement. Low 

temperature experiment additionally includes a circulating chiller bath and a double jacketed 

beaker.  

 

5.2.2 Experimental 

 

Materials and Methods 

 

Titanium was used as a substrate which acts as anode on which thin film deposition takes place. 

Platinum was used as a cathode, made up of material which is chemically inert. 

 

Pre-treatment of titanium plate: Prior to the experiment, the titanium foil was cut in a ratio of 3.7: 

1.7 and mechanically polished by ultrasonicating in DI H2O, Acetone and Isopropyl alcohol for 

30 minutes each to remove the grease, debris or any sharp edges remnant on the surface of 

Titanium plates. The plates were then rinsed with deionised water and dried in air.  

Anodization was performed using titanium plate as the working electrode and platinum as the 

counter electrode at room temperature and at low temperatures.  

 

Preparation of Electrolyte 
 

  
The requirement for electrolyte preparation was 0.5 wt. % of NH4F, 2 wt. % Deionized water (DI 

H2O), and 98 wt. % of Ethylene glycol (EG) 
51

. 0.75mg NH4F was weighed and put into a clean 

beaker, further adding 2.5mL DI H2O and 147mL EG to it. The mixture was ultrasonicated for 

30 minutes and then kept for ageing for approximately 72 hours. The prepared electrolyte could 

be stored in a desiccator for further usage.  

Procedure 

The Experiment consists of two sets: 1) One step anodization 2) Two step anodization and is 

performed in two temperature range: Room temperature and at Low temperatures.  

Room temperature 

Make the appropriate connections: Cathode- platinum plate, Anode- titanium plate, a power 

supply and a digital multimeter. Fill the beaker with prepared electrolyte up to a level such that 



 

58 

 

both the plates are halfway immersed into it completing the conductive circuit. Immerse the 

titanium plate as per desired surface area needed to be coated. Note down the Temperature and 

set the required voltage on the power supply. The experiment was carried out at potentiostatic 

mode (40V) by anodizing each Titanium plate at different time intervals T(s) and simultaneously 

noting down the values of current (mA) followed by plotting a graph of Current Density (j) v/s 

Time (s). Similar procedure was followed for 2
nd

 step anodization for different time intervals. 

Before proceeding with the second step anodization the removal of top layer of anodised plates 

was done using scotch tape. 

 

Low temperatures experiment 

Low temperature was attained by using a refrigerated circulating chiller bath and the same 

experiment (room temperature) was performed. A circulating chiller bath is designed to 

maintain a low temperature which can be set manually. Inside it there is a chamber in which 

coolant is stored. A thermocouple (rod like structure) is dipped inside this coolant bath which 

controls the temperature. A double jacketed beaker was connected to the chiller by a silicon pipe 

through which the coolant circulated maintaining a lower temperature. Coolant was prepared by 

mixing 7.5L of deionised water with 4L of ethylene glycol. 

The electrolyte was poured in the double jacketed beaker making all the necessary connections 

and setting the temperature on the circulating chiller bath to carry out the experiments.  

5.2.3 Observations 

SET-1 

Temperature (°C) Time (s) 

1
st
 step anodization 

12.5 30 

2.2 120 

  

2
nd

 step anodization 

0.9 120 

0.5 300 

 

SET-2 
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Temperature (°C) Time (s) 

1
st
 step anodization 

4.8 20 

4.1 25 

4.0 30 

  

2
nd

 step anodization 

3.8 60 

3.3 300 

3.2 600 

 

5.2.4  SEM 

SET-1 

    

Fig. 5.6:   SEM images of anodized plates(Set-1) 

Growth of thick oxide barrier layer on the surface of titanium is observed. 

SET-2 
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Fig. 5.7: SEM images of anodized plates (Set-2) 
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Conclusions 

 

Different parameters of pulsed laser deposition are being studied and optimized. The deposited 

films with optimized parameters were studied using Scanning Electron Microscopy (SEM) and 

UV-Visible Spectroscopy. UV visible transmission is studied to understand the transmission 

properties and band edge positions of the as-deposited and annealed TiO2 films. SEM images 

reveal effect of variation of different parameters on the film morphology as inferred from the 

literature report. Nature of the bulk TiO2 is being studied using X-Ray Diffraction (XRD) and 

Fourier Transform Infra-Red (FTIR) Spectroscopy. From XRD studies the bulk TiO2 was found 

to be in anatase phase with small amount of brookite phase. FTIR studies also reveal the purity 

of TiO2 with only water as moisture. The XRD studies for the deposited films show the thickness 

of the films to be very less.   

The anodized samples are amorphous in nature and heat-treated at 500°C for 1 hour to form 

crystalline phases (anatase, rutile etc.). UV visible absorption is studied to understand the band 

edge position of TiO2 nanotubes with respect to change in wall thickness as well as the thickness 

of these TiO2 thin film samples. FTIR studies were done to find any remnant fluorine and 

carbon, present on the surface of TiO2 nanotubes due to adsorbed molecules from anodization 

bath, having NH4F and ethylene glycol. Surface morphology was studied using SEM and found 

to be nanotubes covered with thick layer of nanoparticles on the top converting the entire 

nanotubular structures. 
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