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ABSTRACT

The research in this thesis demonstrates a novel electrohydrodynamic preparation 
of titanium dioxide (Ti02> films. In this process, a liquid breaks up into spray 
droplets under influence of an electric field. This process is influenced by many 
factors; properties of the liquid -  surface tension, electrical conductivity, relative 
permittivity, viscosity, density and liquid flow rate and applied voltage. This 
technique has unique advantage like simple set-up and economical way to 
formulate the films.

Many modes of processing were identified by drawing the mode-selection map for 
various applied voltage and flow rate using a titania sol. For a fixed flow rate, 
changing the applied voltage changed the processing mode. For a fixed applied 
voltage, changing the flow rate changed the shape of the liquid filament at the end 
of the needle. The stable cone-jet mode processing produced a near mono-disperse 
of droplets. The stable cone-jet processing of TiC>2 films showed anatase phase and 
converted to rutile phase at higher annealing temperature. The morphological 
characterisation revealed the dense and crack free surfaces of the TiC>2 films.

The dielectric constant of the electrohydrodynamically processed TiC>2 films was 
~7. The increase in annealing temperature reduced the dielectric constant of the 
films. The leakage current density of the films was improved by post deposition 
annealing. The optical characterisation of the films showed a good transparency in 
the visible light region. The transmission in the visible range varied between 70- 
90%. The annealing temperature influenced the transmittance of the films. The 
energy bandgap is -3.50 eV for indirect transition.

The larger coverage area nitrogen doped titanium dioxide films were obtained by 
using a metal clamped needle -  ground electrode set-up for the first time. Metal 
clamping the needle lowered the stable cone-jet operating voltage window. The 
nitrogen doping in TiC>2 films retarded the phase formation; however, showed 
anatase phase even at higher doping concentration. The absorption in doped films 
is higher than that of undoped ones by 8-15%.
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CHAPTER 1 

Introduction
1.1 Fundamentals of electrohydrodynamic processing

Electrohydrodynamic processing is a process where a nozzle carrying liquid 

subjected to a high voltage, breaks up in to droplets. It is also referred as 

electrohydrodynamic atomisation (EHDA) or electrospraying (ES). The liquid 

under electric stress due to high potential difference between the nozzle and the 

ground electrode, emit plume of droplets which is called as spray. This spraying 

phenomenon was subjected to study for nearly a century.

The first systematic study of this phenomenon with a published work was dated 

back to 1914 by Zeleny. He further continued his research and reported on this 

phenomenon in the following years as well (Zeleny, 1915, and 1917). There after 

many people contributed to understanding this process however, Taylor (1964) was 

the first to calculate analytically the process by balancing the surface tension force 

and the electric field force acting on the droplet at the end of the nozzle. After the 

discovery of mass spectroscopy of large biomolecules by Fenn et al. (1989), the 

interest in electrohydrodynamic processing has grown in recent years as 

applications to material processing.

One of the most important features of electrohydrodynamic processing is the mode 

of spraying. The modes of spraying differ in the process of formation of the 

meniscus (droplet at the end of the nozzle) and the jet emerging from this meniscus 

(Cloupeau and Prunet-Foch, 1990; Jaworek and Krupa, 1999). The modes of 

spraying observed in the electrohydrodynamic processing namely dripping, micro
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dripping, spindle, stable cone-jet and multi-jet together with their numerous 

manifestations. Of these, the stable cone-jet mode is mostly studied by many 

people as it generates near mono-dispersed droplets of a few micrometers in size 

(Cloupeau and Prunet-Foch, 1989).

In the stable cone-jet mode, a liquid is forced through a nozzle and an electric field 

is applied over the nozzle and a ground electrode. This electric field induces a 

surface charge on the droplet formed at the exit of the nozzle. Due to this surface 

charge, and due to the electric field, an electric stress is created in the liquid 

surface. These electric stresses transform the droplet shape in to a conical shape by 

balancing the surface tension force acting against the electric stress. The tangential 

electric field accelerates the charge carriers at the liquid surface towards the cone 

apex. When these charge carriers collide with the surrounding liquid molecules the 

acceleration of the surrounding liquid take place. As a result a thin liquid jet 

emerges at the cone apex. This jet can break up into a number of main droplets 

with a narrow size distribution and a number of smaller secondary droplets and 

satellites (Cloupeau and Prunet-Foch, 1989; Tang and Gomez, 1994; Chen et al., 

1995).

The electrohydrodynamic processing is influenced by liquid properties such as 

surface tension, electrical conductivity, relative permittivity, viscosity and density 

along with processing parameters such as liquid flow rate and applied voltage. For 

an example, a research work carried out by Jayasinghe and Edirisinghe (2002a) 

showed that, the increase in viscosity of the solution will increase the droplet size 

produced in a stable cone-jet mode processing.
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The droplets obtained in the electrohydrodynamic processing are highly charged up 

to a fraction of the Rayleigh limit. The Rayleigh limit (1882) is the magnitude of 

charge on a drop which overcomes the surface tension force that leads to the drop 

fission. The charge and size of the droplets can be controlled by adjusting the liquid 

properties and processing parameters. The deposition of a charged spray on an 

object can be more effective than for uncharged spray (Jaworek et al., 2001). Some 

of the advantages of electrohydrodynamic processing in stable cone-jet mode are:

i. Droplets have size smaller than those available from conventional 

mechanical atomisers, and can be smaller than 1 pm.

ii. The size distribution of the droplets is narrow (monodispersity of droplets) 

and the shape of the droplets are spherical. The size distribution of the 

droplets could be controlled by adjusting the liquid properties and 

processing parameters.

iii. The charged droplets are self-dispersing in the space, which results in 

absence of droplet agglomeration and coagulation.

iv. The motion of charged droplets could be controlled by electric field 

modulation between the nozzle and the ground electrode.

v. The deposition efficiency of the charged spray on an object is much higher 

than for uncharged droplets.

23



1.2 Contents of this thesis

Chapter 1 of this thesis introduces the fundamentals of electrohydrodynamic 

processing. It briefly states the origin of the spraying phenomenon and the main 

features of the processing. The stable cone-jet mode processing and the advantages 

of that mode are briefly stated. This chapter also presents the overview of the thesis 

contents. The aims and objectives of the research carried out are clearly mentioned. 

This chapter further states the scope of the research under taken.

Chapter 2 includes a detailed literature study of the investigations that have been 

carried out previously by other people in the area of electrohydrodynamic 

processing. The various modes of electrohydrodynamic processing are analysed 

and discussed in depth. The main processing steps involved in the 

electrohydrodynamic processing in stable cone-jet mode are presented. This 

chapter also states the properties influencing the electrohydrodynamic processing 

including liquid physical properties and processing parameters. The fundamental 

concepts and theories underlying this research are discussed in the form of scaling 

laws derived by researchers in this field. This chapter goes on to explain the other 

deposition methods have been in use to prepare the films and thin films alternative 

to electrohydrodynamic processing. Their relative merits and demerits are tabulated 

along with the electrohydrodynamic processing. Finally, this chapter explains the 

structure and properties of TiC>2 and the applications of the TiC>2 in various fields. It 

concludes with doping of TiC>2 by external atoms and the reason for selection of 

nitrogen atom to improve the optical properties of the films.
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Chapter 3 discusses the experimental details and procedures under taken in the 

research described in the following chapters. It describes the materials and 

preparations of the sols used in the research. The characterisation techniques and 

procedures of sols are explained in detail. The equipments used for the 

electrohydrodynamic processing are clearly discussed. The novel method used for 

the film preparations and the annealing steps followed for the prepared films are 

explained. The MOS capacitor fabrication for the electrical characterisation is 

given as well. The characterisation techniques used for the prepared films are well 

addressed. The basic principles behind the various characterisation techniques used 

for the prepared films are also summarised.

Chapter 4 explains the first investigation carried out in this thesis, the TiC>2 film 

preparation and the microstructural characterisation of the films. This research is 

the stepping stone for the research carried out in the following chapter. This 

chapter includes the effect of applied voltage and flow rate in preparing the TiC>2 

films. The applied voltage-flow rate map (mode-selection map) was constructed 

with various spraying mode domains in order to select the best processing 

condition for the TiC>2 film preparation. The stable cone-jet and droplet 

characterisation is also given in this chapter. The microstructural characterisation 

of the prepared films was done using the Raman spectroscopy, x-ray diffraction 

studies and scanning electron microscope studies. The results obtained with these 

techniques are clearly demonstrated and discussed in this chapter.

Chapter 5 discusses the electrical and optical characterisation of 

electrohydrodynamically processed TiC>2 films. The Fourier transform infrared

25



spectroscopy studies of the prepared TiC^ films on Si substrate are explained. The 

electrical characterisation of the films was done using the fabricated simple MOS 

structure. The capacitance-voltage and current-voltage characteristics of processed 

TiC>2 films are analysed in this chapter. The dielectric constant of the prepared TiC>2 

film was evaluated for different annealing temperatures. The effect of annealing 

temperature on dielectric constant and leakage current density of the films are well 

discussed in this chapter. The optical properties of processed TiC>2 films were 

evaluated from the uv-vis spectroscopy studies of the films annealed to different 

temperatures. Further, the effect of annealing temperature on optical properties is 

discussed. Finally, the energy bandgap of TiC>2 films is determined and the effect of 

annealing temperature on their values is explained.

Chapter 6 describes the electrohydrodynamic processing of N-doped TiC>2 films 

and their characterisation. The novel method employed to process the N-doped 

TiC>2 films with a larger deposition area is presented. This chapter explains the 

effect of applied voltage and flow rate in preparing the N-doped TiC>2 films. The 

mode-selection map was drawn with various applied voltage and flow rate values 

for two set-ups used in processing the N-doped TiC>2 films. The different spraying 

mode domains were identified and the best processing conditions were selected in 

order to prepare the N-doped TiC>2 films. The effect of metal clamped needle on 

applied voltage and deposition area is discussed. This chapter further describes the 

effect of nitrogen concentration on structural features of N-doped TiC>2 films. The 

structural features were studied by Raman spectroscopy and x-ray diffraction. The 

atomic bonding was studied by Fourier transform infrared spectroscopy. The x-ray 

photoelectron spectroscopy was used to find out the nitrogen content in the films.
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The morphological studies were carried out by scanning electron microscopy and 

atomic force microscopy. The optical characterisation of N-doped TiC>2 films was 

done using the uv-vis spectroscopy. The energy bandgap of N-doped TiC>2 films are 

determined and the values are tabulated for different nitrogen doping 

concentrations. Finally, the effect of nitrogen concentration on energy bandgap of 

the N-doped TiC>2 films is discussed.

Chapter 7 points out the conclusions made on the investigations carried out in 

chapters 4, 5 and 6. It also summarises the future work that should be carried out 

to exploit this interesting area of research.

1.3 Aims and objectives of the research

The main aim of this research is completely understanding the 

electrohydrodynamic processing and making use of this technique as a novel 

method to prepare the TiC>2 films compared to other alternative processing routes. 

The research aims to understand the basic principles underlying the 

electrohydrodynamic processing in stable cone-jet mode. There are various 

spraying modes have been identified in this processing which are influenced by 

liquid physical properties and processing parameters. Therefore, a careful study of 

the physical properties of liquid with processing parameters such as applied voltage 

and flow rate is paramount in this research. This study helps to establish the 

suitable processing conditions for preparing the TiC>2 films in stable cone-jet mode.

The basic understanding of principles which drive the electrohydrodynamic 

processing and the influencing parameters on this process should be carefully
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studied before undertaking the research. Of the many modes of processing, the 

unique feature of stable cone-jet mode processing is to generate near mono- 

disperse droplets in micro and nano size range. Therefore, this research also aims 

to conduct a thorough literature survey to understand the various principles behind 

the electrohydrodynamic processing and the importance of the stable cone-jet mode 

over all other modes. The jet breaks up mechanism in the stable cone-jet mode and 

the reasons for the formation of near mono-disperse droplets are to be understood.

There are various methods available to deposit the films and coatings such as 

chemical vapour deposition and physical vapour deposition. A clear understanding 

about these techniques along with their merits and demerits is very important. The 

distinct advantages of electrohydrodynamic processing over these techniques are to 

be thoroughly understood. This research aims to carry out a detail literature study 

on this as well.

It is very important to understand the mechanism in which crack free crystalline 

TiC>2 films could be processed. The careful collection of charged droplets produced 

in the stable cone-jet mode processing helps to prepare the uniform films. The 

characterisation of films helps us to investigate the factors that dominate the 

formation of the microstructures. This could help us to vary the conditions or 

parameters in which material should be processed. The characterisation of films 

could be done by various methods. To compare the results of each method the films 

should be prepared in the same conditions.
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This research also intends to show that the electrohydrodynamic processing could 

be utilised for preparing the TiC>2 films as an alternative to other methods. Since the 

stable cone-jet mode processing produce near mono-disperse droplets and have 

same polarity charge it could be used for preparing the uniform films with 

controlled thickness. The TiC>2 films are frequently found in applications related to 

microelectronics, photocatalysis and photoelectric. Therefore, the electrical and 

optical properties of TiC>2 films should be carefully studied and analysed. To 

completely understand the properties of TiC>2 films, the electrical and optical 

characterisation of the processed films are to be done and the associated properties 

are to be evaluated.

The TiC>2 films are efficient photocatalyst, however it absorbs ultraviolet light 

below 380 nm wavelengths (Shen et al., 2007). Therefore, to effectively utilise the 

sunlight, its absorption should be extended to visible light region. One of the ways 

to achieve this objective is to doping the Ti02 by external atoms. The nitrogen 

doping in Ti02 films are useful in visible light absorption (Asahi et al., 2001). This 

research aims to show that the N-doped Ti02 films could be processed by 

electrohydrodynamic route and it could improve the visible light absorption.

The doping concentration of the nitrogen based precursors could alter the physical 

properties (surface tension, electrical conductivity, viscosity and density) of the 

sols used to prepare the N-doped TiC>2 films. This in turns influence the 

electrohydrodynamic processing along with processing parameters. The careful 

study of the physical properties of N-doped sols and then the processing parameters 

like applied voltage and flow rate is very important to establish the suitable

29



processing conditions for process the N-doped TiCh films in the stable cone-jet 

mode. This research also aims to show that the doping concentration influence the 

microstructural features of the N-doped TiC>2 films and the optical properties of 

films.

In electrohydrodynamic processing, increasing the flow rate will normally result in 

a larger deposition area, however, this can lead to secondary droplets and satellites 

(Hartman et al., 2000; Jayasinghe and Edirisinghe, 2004a). Therefore, an 

alternative route for depositing larger coverage area films by electrohydrodynamic 

route should be found. This research aims to show that the metal clamped needle 

could be used for preparing the larger coverage area films at low flow rate regimes.

1.4 Scope of this research

This research offers various interested parties the fundamentals and insight 

knowledge of electrohydrodynamic processing of TiC>2 films and N-doped TiC>2 

films. It will benefit the films and coatings industries as electrohydrodynamic 

processing route could be capitalised to prepare the uniform and controlled 

thickness films. The various deposition methods including chemical vapour 

deposition and physical vapour deposition have their own limitations. This research 

offers an exciting new route for processing the TiC>2 and N-doped TiC>2 films. It has 

unique advantages like simple set-up and economical way to prepare the films. 

Depending on the applications it could be used to process the other films have 

different compositions as well.
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The TiC>2 is a popular material with many applications in electronics and 

optoelectronics due to its high permittivity and refractive index (Chong et al.,

2006). The electrohydrodynamically processed TiC>2 films could be used in 

microelectronic applications. The high permittivity of TiC>2 could pave a way to use 

this material as a gate oxide in complementary metal oxide semiconductor 

(CMOS). In addition to this, the electrohydrodynamically processed Ti02 films 

could be used in anti-reflection coatings, sensors and photocatalysis.

The ecological elimination of pollutants is an issue of increasing concern in today’s 

society. The Ti02 is an excellent photocatalyst that permits the degradation and 

finally the mineralization of stable organic pollutants. However, it requires UV 

radiation whose energy exceeds the bandgap of TiC>2 hence ruling out the use of 

sunlight as an energy source for the photodegradation (Justicia et al., 2002). The 

electrohydrodynamically processed N-doped TiC>2 films could be useful in 

absorbing visible spectrum of the sunlight and hence could be lead to 

photodegradation of pollutants using sunlight. The electrohydrodynamically 

processed N-doped TiC>2 films could also very useful in photovoltaic applications 

to generate current.
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CHAPTER 2 

Literature Review
2.1 Electrohydrodynamic processing

Electrohydrodynamic processing is a process where a liquid breaks up into spray 

droplets under the influence of an electrical field. There are many modes of 

electrohydrodynamic processing, of these the stable cone-jet is attractive, in this 

process, liquid flowing through a capillary maintained at high potential is subjected 

to an electric field, which causes elongation of the meniscus to a form of jet and 

subsequently the jet deforms and disrupts into droplets. This basic technology, even 

though it deems to be simple technique to appearance, it could be more complex in 

understanding the exact phenomenon due to inter-relationship between the liquid 

properties and the dependence on liquid flow rate and applied voltage to certain 

extent.

The disruption of a liquid surface into a spray of charged droplets when subjected 

to an intense electric field has been known for more than two centuries since Bose 

recorded the phenomenon in 1745. This phenomenon was later explained as the 

action taking place on a liquid drop of electric forces opposing those of surface 

tension. Rayleigh (1879) found that when the charge on the drop reaches a certain 

value, the electric forces become stronger than those of surface tension, and the 

drop becomes unstable. Rayleigh made the earliest observation of instability of a 

droplet due to electric charge. The stability of a drop is depended upon the balance 

of forces, between the outward electrical stress tending to disrupt the drop and the 

counteracting surface tension forces which tries to hold the drop together 

(Rayleigh, 1882).
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Rayleigh calculated the electric charge beyond which a droplet is no longer stable. 

This charge is given by the following equation and it is called as Rayleigh limit of 

the charges (Rayleigh, 1882).

Qr = 2/r(16j£„r3)1/2 (2.1)

in which y is the liquid surface tension, e o is the electric permittivity of the free 

space and the r is the droplet radius.

However, it is only since beginning of this century that this phenomenon has 

attracted considerable interest from both a fundamental and an application point of 

view. The pioneering work by Zeleny (Zeleny, 1914,1915, and 1917) with a nozzle 

carrying liquid and a ground electrode set up subjected to a high voltage that 

marked the important break through into this exciting field of research. The set up 

he used was followed by many researchers there after and it is still in use. He 

photographed drops held at the end of capillary tubes. He observed different modes 

of disruption of liquids and it is the first ever classification of modes reported. 

Some of the pictures showing the different modes of spraying taken from his work 

have been shown in Figure 2.1.

Although a good deal of interest in isolated electrified droplets existed for some 

years after but very serious effort was made on this phenomenon until Vonnegut 

and Neubauer (1952) noticed that mono-disperse aerosols having a particle radius 

of a micron or less can be formed if the capillary is positively charged and if the 

liquid having low electrical conductivity are used. Drozin (1955) has systematically
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investigated the electrical dispersion of liquid as aerosols and evaluated the 

dispersion of liquid in terms of physical properties such as specific conductivity, 

dielectric constant and dipole moment. He found that a liquid with a negligible 

dielectric constant could not be dispersed and liquid dispersion could only take 

place only if the conductivity is below an upper limit. But the quantitative 

measurements regarding the limits were not explained in detail in his reporting.

The existence of steady state mode has not been satisfactorily explained on that 

time. Taylor (1964) was the first to derive the conditions for a meniscus to exist in 

equilibrium in conical form under the competing actions of electric filed and 

surface tension. Taylor (1964) studied the break-up of a droplet using glycerine and 

glycerine-water mixture when electric field is applied to the capillary tube carrying 

the liquid. He noticed in his investigations that when a fluid is conducting and the 

jet having a high viscosity the liquid does not vibrate before spraying but rather it 

would adopt a conical shape. He measured the conical shape to be having a sharp 

apex at a semi-vertical angle that was nearly equal to 49.3°. This is the angle at 

which a conical meniscus of a conducting liquid can exist in equilibrium under an 

applied electric field. The captured pictures in his research are shown in Figure 

2.2 .

Hogan and Hendricks (1965) measured the charge to mass ratio and considered the 

key factors influencing this, an important break through during this period. Jones 

and Thong (1971) found that electrical dispersion of a jet of kerosene into spray of 

mono-disperse droplets could only achieved within a range of applied voltage and 

the droplet size is almost independent of voltage however a function of flow rate.
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Mutoh et al. (1979) claimed that steady state mode exist only if the conductivity of 

the liquid between certain limits. In the later year, Nagorynyi and Bezrukov (1980) 

investigated the decrease in droplet diameter at increasing applied potential, 

thereby suggesting the conditions necessary to produce smaller droplets.

Smith (1986) presented his experimental study on the process in terms of liquid 

properties such as conductivity, surface tension and viscosity. He also outlined a 

model for the process assuming that the meniscus is not quite an equipotential 

surface. In the later year Hayati et al. (1987) studied the effect of surrounding gas 

breakdown potential with the process. They said if that potential is lower than that 

required for liquid instability then electrostatic atomisation is not possible. It is 

only possible the gases with a higher breakdown potential than required for liquid 

instability. They also pointed out that the conductivity of the liquids plays a major 

role in the electrostatic disruption of liquids flowing through a capillary. With 

insulating liquids little disruption occurs since insufficient free charges are 

available in the bulk of the liquid. With conducting liquids very unstable streams 

are produced with some sparking at higher potential. Stable jets are only produced 

with semi conducting liquids when a sufficient voltage is applied.

The most significant work in electrohydrodynamic processing after Zeleny (1917) 

and Taylor (1964) was the classification of functioning modes of spraying by 

Cloupeau and Prunet-Foch (1990). The main modes of electrohydrodynamic 

processing will be discussed in detail in the following section. For constant liquid 

properties and flow rate electrohydrodynamic processing progresses through 

several visual and measurable differences with increasing applied voltage. These
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differences are defined as spray modes. The particular spray mode achieved 

depends on the operating conditions of the experiments. Cloupeau and Prunet-Foch 

(1990) described the specific characteristics of each mode such as the different 

types of particle size distribution of aerosols emitted and the causes of irregularity 

in drop sizes. Followed their work Jaworek and Krupa (1999) characterised and 

presented the modes of electrohydrodynamic processing by two criteria: (1) The 

geometrical form of the liquid at the outlet of the capillary (2) The type of the jet 

behaviour in its disintegration into droplets. The differences between processing at 

positive polarity compare to negative polarity indicated in their work. At positive 

polarity the droplets are usually finer and the jet elongating from the meniscus is 

much longer.

For the larger application potential the stable cone-jet mode attracted more 

attention from researchers. Balachandran et al. (1992) have achieved a stable cone-

Q T 1jet for high flow rates ( - 1 0 ' m s )  and a highly conducting fluid. Rulison and 

Flagan (1993) generated monodisperse droplets in the order of micron and studied 

their electrical properties. A later work by Gomez and Tang (1996) used the 

capillary-plate configuration with a constant pressure source and flow rates to study 

the doped heptane. They investigated the cone-jet disintegration in to droplets due 

to electrical surface instability. Some excellent photographs of droplets during this 

process are presented and these are shown in Figure 2.3. Another significant work 

during 1990s was the scaling laws derived by various researchers (De la Mora and 

Loscertales, 1994; Ganan-Calvo et al., 1997). The relationship between the various 

liquid properties (liquid flow rate, electrical conductivity, surface tension, relative 

permittivity, density and viscosity) which are used to estimate the droplet diameter
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and the current through the liquid cone are called scaling laws. This will be 

discussed in detail in section 2.5.

The electrohydrodynamic processing in application point of view was well 

investigated by Edirisinghe and his co-workers. A lot of pioneering work marked 

important break through in ceramic processing industry. The most contributing and 

significant work was the invention of electrostatic atomization printing (EAP) for 

ceramic processing (Jayasinghe and Edirisinghe, 2002b). This gave a new 

dimension to ceramic processing field. They used a point-like ground electrode to 

control the trajectory of the droplets to print tracks with the aid of a stepper motor. 

Figure 2.4 shows the printed track in their investigations. Jayasinghe and 

Edirisinghe (2002c) used the electrohydrodynamic processing to form ceramic 

foams which could be used in many applications namely catalyst support, fluid 

filters and gas diffusers. They also used this technique to prepare chitosan 

(Jayasinghe and Edirisinghe, 2003) and aspirin particle formation (Li et al., 2005) 

where they are useful in biomedical applications.

2.2 Main modes of electrohydrodynamic processing

Electrohydrodynamic processing, also called electrospraying refers to a process 

where a liquid breaks up into droplets under the influence of electrical forces. 

Depending on the strength of electric stresses in the liquid surface relative to the 

surface tension stress, and the kinetic energy of liquid leaving the nozzle, different 

spraying modes will be obtained. The mode of electrohydrodynamic processing 

refers to the way how the liquid is dispersed into droplets (Jaworek and Krupa, 

1999). Many researchers have discussed the different modes of
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electrohydrodynamic processing and have classified it according to the properties 

of meniscus and jet.

According to the investigations by Jaworek and Krupa (1999) the modes are 

discussed based on mainly two characteristic criteria;

(1) The geometrical configuration of the liquid at the end of the capillary

(2) Type of jet behaviour in the disintegration into droplets

Based on these criteria the processing modes are generally divided into two groups. 

The first group consists of the modes in which fragments of liquid are ejected from 

the capillary, such as the dripping and spindle modes. Second group includes the 

modes in which the liquid produces a long continuous jet which disintegrates into 

droplets at some distance usually a few mm from the outlet of the capillary; an 

example is the stable cone-jet mode. The meniscus and the jet in the second group 

can be stable, vibrating, or rotating spirally around the capillary axis.

Each mode has multiple characteristics and the transition between modes is not 

always well defined. However, for a liquid of given property the processing modes 

changes from one to another. This change takes place with the corresponding 

change in applied voltage and flow rate. This led to the work of classification of 

different processing modes. These modes are discussed below in detail.

2.2.1 Cone-jet mode

This is the mode that attracts most of the researchers, because of its ability to 

produce near monodisperse liquid droplets with a reasonable production frequency.
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It also referred to as Taylor cone mode of spraying. In the cone-jet mode the liquid 

leaves the capillary in the form of a regular cone with a thin jet at the apex, 

stretching along the capillary axis. The jet is usually 100 micrometers in diameter 

(Hartman et al., 1999).

Electrohydrodynamic processing in the cone-jet mode has three different processes. 

The first process is the acceleration of the liquid in the liquid cone. This 

acceleration process and the shape of the liquid cone are mainly a result of the 

force balance of surface tension and electric stresses in the liquid surfaces. Taylor 

(1964) was the first to calculate analytically a conical shape, which balanced the 

surface tension and the electrical normal stress. However, in his assumptions there 

was no liquid jet at the cone apex.

The second process in electrohydrodynamic processing in the cone-jet is the break 

up of the jet into droplets. Each liquid has a minimum flow rate, below which a 

stable cone-jet mode cannot exist. At this minimum flow rate the jet breaks up due 

to axisymmetric instabilities. These instabilities are also called varicose 

instabilities. At higher flow rates, the current through the liquid cone increases due 

to this surface charge on the jet increases. Above a certain surface charge the jet 

break up will also be influenced by lateral instabilities of the jet. These instabilities 

are also called kink instabilities. When the influence of these kink instabilities 

increases, the produced size distribution of the main droplets become wider 

(Cloupeau and Prunet-Foch, 1989). Above a certain maximum flow rate, no stable 

cone-jet mode can exist.

39



The different forms of the cone are possible linear sides, convex or concave. The 

bottom part of the jet may undergo either varicose or kink instability. Figure 2.5 

shows a cone jet undergoing varicose and kink instabilities. In the case of varicose 

instabilities the waves are generated on the surface of the jet, but the jet does not 

change its linear position. The wave contracts in the nodes and the jet disintegrates 

into equal droplets. In the case of kink instabilities the jet moves irregularly, and 

breaks up into droplets due to electrical and inertial forces (Hartman et al., 2000). 

The space charge in the cone-jet mode is much more stable than in other spraying 

modes because the droplets are smaller and less mobile. The jet diameter becomes 

lower and its length becomes shorter with the increasing voltage.

The third process is the development of the spray after droplet production. 

Electrical interaction between highly charged droplets with different sizes and thus 

different inertia causes the size segregation effect. Small droplets will be found at 

the edge of the spray and the larger sizes will be found in the spray centre (Ganan- 

Calvo et al., 1994). If the highly charged droplets evaporate, then the Rayleigh 

limit for droplet charge can be reached. In that case, droplet fission can take place 

which changes the produced size distribution. The droplet size and droplet charge 

depend mainly on the liquid flow rate and on liquid properties like density, 

viscosity, conductivity, electrical permittivity, and surface tension. Depending on 

the liquid properties, the main droplet size produced ranges from nanometres with 

production frequencies in the order of 109 Hz to hundreds of micrometers with 

production frequencies of about 104 Hz. (Hartman, 1998).

40



2.2.2 Dripping, micro-dripping, spindle mode and intermittent cone-jet mode

A liquid is fed through a nozzle at a constant flow rate. In case of a low liquid flow 

rate, without an electric field applied over the droplet hanging down from the 

nozzle, droplets are produced at frequencies lower than 1 Hz. When an electric 

field is applied, which slowly increases, and then the frequency of droplet 

production increases. This is called dripping mode.

In the dripping mode the drops take the shape of regular spheres detaching from the 

capillary as the gravity force and the electric force together overcome the surface 

tension forces. After the detachment of the drops, the meniscus usually contracts 

back to form a hemispherical like meniscus before the same process take place 

again. The drop formation time is much longer than that of the fall of the former 

drop, so the drop formation is not affected by the charges carried by those previous 

drops.

When the voltage is increased there is an increase in electrostatic force, resulting in 

the elongation of the meniscus and hence smaller droplets are obtained. If the 

electric voltage applied is increased further, the drop is connected with the capillary 

by a thread, which breaks up as the drop falls, and a sibling is generated from this 

thread as shown in Figure 2.6. The sibling is usually perpendicular to the capillary 

axis. Also the emission of drops occurs at regular time intervals without creation 

of satellites; therefore all the drops can have nearly the same size, which is 

generally greater than the capillary diameter. The production frequency is usually 

low (Jaworek and Krupa, 1999) compared to other modes.
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Micro-dripping occurs at the lowest liquid flow rates, and produces a narrow size 

distribution at a production frequency of a few kHz (Cloupeau and Prunet-Foch, 

1990). Figure 2.7 shows the occurrence of micro-dripping mode. In this mode, the 

electric force near the capillary exit is sufficiently high to keep a stable 

hemispherical or ellipsoidal meniscus. Therefore the meniscus does not need to 

contract back after each time when the droplet has formed at the tip of capillary 

which is another difference in the micro-dripping mode. The charge on the 

droplets approaches half of the Rayleigh limit. Even though the droplet production 

frequency becomes higher, the space charge formed by previously generated 

droplets is too weak to affect the generation process. Because the droplets are 

quickly removed by the electric field as well as that the size of the droplet is not 

sufficiently big enough (Jaworek and Krupa, 1999).

The spindle and the intermittent cone-jet mode occur at a higher liquid flow rate 

and at higher electric fields than micro-dipping. The spindle mode occurs when the 

flow rate and electric field are sufficiently increased, the liquid can elongate in the 

direction of the electric field, ending up with a relatively thick jet and a spindle-like 

fragment before a continuous jet is formed. This mode is shown in Figure 2.8. The 

spindle mode occurs at higher voltages than the dripping mode, and differs from 

the dripping mode in that no regular droplet is formed. After the detachment, the 

spindle like jet disrupts into several smaller droplets of different sizes, while the 

meniscus contracts to its initial shape, and a new jet starts to be formed. The 

intermittent cone-jet mode sometimes referred as unstable cone-jet mode is similar 

to spindle mode. However, there is a different observed in the size distribution of 

droplets formed. In the spindle mode a significant part of the liquid flow is used for
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the formation of the main drops of relatively large size but in the intermittent cone- 

jet mode the entire flow resolves into a multitude of fine droplets (Cloupeau and 

Prunet-Foch, 1990).

2.2.3 Multiple-jet mode and rim-emission mode

The multi-jet mode can be developed from the cone-jet mode by increasing the 

electrical potential. When increase the applied potential difference, the electric field 

strength around the liquid cone will increases. Then the spraying mode goes from 

the cone-jet mode into the multiple-jet mode or into rim-emission mode.

With increasing potential difference the liquid cone of the cone-jet mode becomes 

smaller and smaller. At a certain moment, the liquid cone is too small for the 

capillary. The cone moves from the centre of the capillary toward the edge. When 

the potential difference increased further, then a second cone will occur. With 

increasing potential difference, more and more cones will be formed. For a 

multiple-jet mode, the bases of these cones are still attached. Together, these cones 

can be considered to be one droplet with multiple spraying points. In the rim- 

emission, a large number of very small cones are formed in a thin layer of liquid on 

the edge of the capillary. Which mode will occur depends mainly on the shape of 

the capillary, but also on the applied potential difference (Hartman, 1998). This 

mode is shown in Figure 2.9.
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2.2.4 Simple-jet mode and ramified mode

In the absence of the electric field, if the liquid flow rate is relatively high, then 

kinetic energy of the liquid leaving the capillary can be too large to be 

compensated by the surface tension. In this case, a free jet is formed, which breaks 

up into droplets. This is the simple-jet mode. The electric forces are mainly used to 

control the break-up of the jet into droplets. Frequency modulation can enhance the 

monodispersity of the produced droplets. If the electric field around this free jet 

increased, the radial electric stresses in the jet can overcome the surface tension 

stress. In that case, small jets are emerging from the surface of the main jet. These 

jets break up into polydisperse spray. This mode is called the ramified-jet mode. 

Figure 2.10 shows the occurrence of ramified modes.

2.2.5 Oscillating-jet mode

Oscillating-jet mode takes place at higher flow rates where the jets become 

continuous and are steadily connected with the capillary because of this increase in 

flow rate. This is shown in Figure 2.11. The intermittent drop generation no longer 

exists, but is replaced by a continuous jet which oscillates or rotates as a result of 

the space charge of previously formed droplets. In the oscillating jet mode the jet 

issues smoothly from the meniscus at the needle tip, changing its position to an 

oscillating one. The jet disintegrates into small but unequal droplets due to kink 

instabilities. The jet deflects off the capillary axis because of space charge, 

however when the droplets are removed to the collecting plate the jets starts to 

move back. Aerosol is sprayed into a cone of an elongated ellipsoidal base and an 

apex angle greater than 90°. The droplets are smaller than 200 Jim in diameter 

(Jaworek and Krupa, 1999).
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2.2.6 Precession mode

The precession mode is characterized by that the liquid detaches from the capillary 

in a skewed cone form which then smoothly changes into a thin jet (Jaworek and 

Krupa, 1996). Figure 2.12 shows the precession mode of operation. Both the cone 

and the jet rotate regularly around the capillary axis taking the shape of a fragment 

of a spiral. The jet of diameter is smaller than 100 pm becomes thinner at its end, 

also rotates spirally. The jet disintegrates into small droplets under the influence of 

repulsive electrostatic forces and probably also due to the centrifugal forces, at the 

distance of about 5-10 mm from the tip of the capillary. With increasing voltage 

the jet becomes longer. This mode of spraying allows generation of fine aerosols 

forming uniform spatial dispersion. The droplets are finer compared to oscillating- 

jet mode. The droplets are of a lower mobility and take a longer time to reach the 

collecting electrode (Jaworek and Krupa, 1999).

2.2.7 Corona discharge

The corona discharge occurs when the electric field between the nozzle and the 

ground electrode becomes larger than the electrical breakdown threshold of the 

surface energy of liquid surrounding air interface. If they occur before the electrical 

field initiating the cone-jet regime is reached, they prevent the establishment of this 

mode. This phenomenon occurs especially with liquids having a high surface 

tension and requiring high fields to offset the capillary pressure (Cloupeau and 

Prunet-Foch, 1989). Conversely, corona discharge can favour stability by allowing 

a reduction in the density of the surface charge of the jet or by reducing the electric 

field near the outlet of the nozzle.
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2.3 Processes involved in electrohydrodynamic processing in cone-jet mode

There are many physical and chemical processes involved in the 

electrohydrodynamic processing of layers in cone-jet mode, occurring either 

sequentially or simultaneously. The possible sequential steps are spray formation; 

droplet transport, evaporation, disruption; preferential landing of droplets, 

discharge, droplet spreading, penetration of droplet solution, drying; surface 

diffusion, reaction. All of these processes can influence the morphology of the 

deposited layer.

2.3.1 Spray production

In the electrohydrodynamic processing a capillary-plate configuration is usually 

adopted (Grace and Marijnissen, 1994). The precursor solution is placed in a 

syringe which is connected to a metal capillary tube. When a voltage is applied to 

the capillary, an electrostatic field is immediately set up across the capillary and the 

grounded plate. This field also penetrates the liquid surface and acts on the ions in 

the solution. In the case of a positive potential at the capillary, positive ions move 

to the surface of the solution at a rate which depends upon the electrical relaxation 

time constant, which in turn depends upon the electrical conductivity and the 

absolute permittivity of the solutions (Vellenga and Klinkenberg, 1965).

While this surface charge completely shields the bulk of the solution so that there is 

no free charge inside the solution. The surface charge causes an outward 

electrostatic pressure on the solution, which is opposite to the inward directed 

pressure from the surface tension. This leads to surface instabilities, which are 

normally called Rayleigh-Taylor instabilities (Bailey, 1988). Taylor has shown that
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when the electric field is strong enough, the electrostatically stressed liquid surface 

can be distorted into a stable conical shape (Taylor cone) (Taylor, 1964). The 

applied electric field accelerates the surface charge towards the cone apex. Due to 

this acceleration, a jet with a high charge density occurs at the cone apex. This jet 

breaks up into a number of primary or main droplets and a number of secondary 

droplets and satellites (Cloupeau and Prunet-Foch, 1989). These primary charged 

particles are usually mono-dispersed.

2.3.2 Aerosol transport

An electrostatically produced charged droplet will be attracted towards a grounded 

substrate by a Coulomb force. To determine the state of the droplet at deposition, 

the position of droplet as a function of time has to be known (Rietveld et al., 2006). 

The motion of a charged droplet in the axial direction of the spray under influence 

of an electric field can be described with a gravitational force and a viscous drag 

force act on the droplet. The trajectory as well as the flight time taken from the 

nozzle to the substrate for this droplet will be determined mainly by these forces. 

The gravitational force may be neglected in the case of electrostatic spraying 

because the droplets produced in this way are very small.

2.3.3 Solvent evaporation and droplet disruption

The evaporation does not alters the droplet transport greatly after the jet break up in 

stable cone-jet mode, but it can drastically reduce the droplet size depending on the 

solvent properties, humidity, surrounding air movement and processing
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temperature (Wilhelm et al., 2003). Evaporation of the solvent results in shrinkage 

of the droplet, keeping the total charge the same (Abbas and Latham, 1967).

Charged droplet may be disrupted into a few smaller droplets, after reaching a 

maximum attainable charge density. This is the so-called Rayleigh limit (Rayleigh, 

1882). The disruption of a droplet ( ‘mother droplet’) usually occurs with the 

ejection of a few highly charged, very tiny drops (‘daughter droplets’).Therefore, 

for solutions with rather volatile solvents and/or a long nozzle-to-substrate 

distance and/or a high deposition temperature, the effect of droplet disruption 

should be taken into account. In that case, there is no longer a mono-dispersed 

particle size distribution. In contrast, for solutions with a relatively non-volatile 

solvent and/or a short nozzle-to-substrate distance and/or a low deposition 

temperature, the mono-sized distribution may remain during droplet flight.

2.3.4 Preferential landing of droplets on the substrate

In the strong electrostatic field, induced charges exist on the surface of the 

grounded substrate, with a sign opposite to that of the droplets or the nozzle. The 

charge distribution generally is not uniform, but depends on the position relative to 

the nozzle and, in particular, on the local curvature of the surface. The charges 

concentrate more at the places where the curvature is greater. Therefore, the 

electric field there is stronger than at other places. When a charged droplet 

approaches the surface, it will be attracted more towards these more curved areas; 

this is referred to as ‘preferential landing’. This action will cause agglomeration of 

the particles, especially when the incoming droplets are small (Chen et al., 1996). 

Also, this means that the roughness of the substrate surface may influence the
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morphology. An increase in the surface roughness will lead to more particle 

agglomeration.

2.3.5 Discharge, spreading and penetration of solution droplets on the surface

As soon as a charged droplet contacts with the surface of the substrate or the earlier 

formed layer, it starts to discharge by transferring the charge to the grounded 

substrate either immediately or through the layer to the substrate. This process is 

very fast, when the electronic conductivity of the substrate (usually a metal) and 

the deposited layer is relatively high. In this case, the discharge process is not 

expected to determine the morphology of the layer. However, in the cases of using 

insulating substrates or depositing insulating layers, the discharge may proceed 

slowly and hence, it influences the morphology. Nevertheless, when wet droplets 

reach the substrate surface, the discharge process could also be completed through 

electrical conduction in the concentrated solution on the surface. If the evaporation 

of all of the solvent has not been completed when a droplet reaches the surface of 

the heated substrate, the solution wets the surface of the substrate or the earlier 

deposited layer. The type and dynamics of spreading depend strongly upon the so- 

called spreading coefficients (S) (Davies and Rideal, 1961). The spreading rate is 

also influenced by the viscosity of the liquid. Qualitatively, the spreading rate 

decreases with increasing viscosity. However, even if S > 0 in an 

electrohydrodynamic processing, the spreading may not be complete when the 

simultaneous drying process proceeds rapidly.
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2.3.6 Decomposition, reaction and surface diffusion of the solute(s)

The decomposition and reaction (either partial or complete) of the solute(s) may 

have occurred before the droplets reach the substrate, which is expected if the 

surrounding temperature is high enough and dried droplets have been formed. 

Rearrangement of these dry particles on the substrate surface by surface diffusion 

is not expected at moderate deposition temperatures < 500 °C used in this 

electrohydrodynamic processing (Chen et al., 1996). At relatively low temperatures 

the spreading of solution droplets on the surface and the following process, which 

is actually a wet chemical process of an alcohol solution of metal salt precursors, 

determine the layer morphology.

For the spreading process, the viscosity change of the solution droplets is 

important. For the wet chemical process, there are many factors which influence 

the morphology. Specifically, among them are the solution chemistry including the 

solvation state, for instance whether there is complexation of the metal ions by the 

alcohol, evaporation and/or reaction with ambient gas of the solvent on the heated 

substrate, nucleation and precipitation of the solutes, and dissociation and chemical 

reaction of the solutes. This may be the only way to form a relatively dense 

morphology except at an extremely high surrounding temperature at which the 

whole droplets will be vaporized before reaching the substrate surface.

2.4 Properties influencing electrohydrodynamic processing

The researchers were shown that all of the liquid properties (i.e. electrical 

conductivity, relative permittivity, viscosity, surface tension and density), applied 

voltage, liquid flow rate and configurations of equipment can affect the
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electrohydrodynamic processing. Even though there is no complete theory exists 

that describes how the atomisation process proceeds as a function of both external 

(applied voltage, flow rate and experimental setup or geometry,) and internal (fluid 

properties) parameters, many attempted to identify the variation of operation modes 

with these parameters to some extent.

2.4.1 Process parameters

2.4.1.1 Effect of applied voltage

The electrical field strength between the liquid and the ground electrode is one of 

the main controlling parameters in the electrohydrodynamic processing. This is 

determined by the applied voltage and other factors such as the inter-electrode 

spacing (Sung and Lee, 2004) and the configuration of the ground electrode (Kim 

et al., 2004). The break up of the liquid takes place mainly due to electrical forces 

produced by this field, therefore a higher applied voltage leads to a stronger 

atomisation effect on the liquid. Tang and Gomez (1996) reported applied voltage 

to be an important variable in establishing the cone-jet mode. They observed that 

different modes of operation can be obtained if the applied voltage is increased 

gradually.

At a higher and well defined voltages the meniscus of liquid become conical and 

stationary. A filament issued from the apex of this cone and subsequently forming 

aerosol. This is called as electrohydrodynamic (EHD) mode or stable cone-jet 

mode. Below this voltage the spray always operate in pulsating mode (Smith, 

1986). In his studies, Smith (1986) mentioned that the increase of voltage resulted 

in slight elongation of the cone where the potential reached for which no steady
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state mode exists. These are called as unstable modes with different instabilities. 

Therefore the applied voltage will affect the spraying mode and thereby the process 

it will adopt under a specific experimental condition.

Jayasinghe and Edirisinghe (2004a) investigated the shape of the stable cone-jet in 

a ceramic suspension, subjecting it to different applied voltages. They observed, for 

a fixed flow rate the increase of voltage resulted in decrease of cone depth. These 

effects are shown in Figure 2.13. This is showing the shape of the liquid cone will 

be different under different electrical field strength. The applied voltage could also 

affect the production of droplets in this process. Therefore the droplets produced 

from the liquid cone will be of different sizes. A higher applied voltage induces 

higher electrical field strength and stronger electric forces can cause a stronger 

atomisation effect. This in turn will have higher droplet production frequency with 

smaller droplet sizes. A higher applied voltage generates smaller droplets and a 

reduced cone diameter. But the droplet size was reported to be virtually 

independent of the applied voltage for liquids of relatively high conductivity (De la 

Mora and Loscertales, 1994). However, Tang and Gomez (1996) observed that the 

droplet size decreases monotonically with the increase of applied voltage with low 

conductivity solutions.

The applied voltage has an effect on the current produced during the 

electrohydrodynamic processing with different modes. Chen et al. (1995) showed 

in their studies that the current produced during the processing varied with the 

applied voltage. There was a little current observed in the dripping mode at low 

voltages. When increasing the voltage the pulsating mode was produced and the

52



current increased gradually. Again increasing the voltage they observed the stable 

cone-jet mode with increasing current. These are showing that the applied voltage 

plays an important role in electrohydrodynamic processing.

2.4.1.2 Effect of flow rate

The flow rate is a key parameter in electrohydrodynamic processing. The flow rate 

could be divided into two categories: high (> 10'5 m is1) and low (<10'5 m is1) 

(Grace and Marijnissen, 1994). Usually for a specific condition there exists a flow 

rate range beyond which the stable droplet production cannot be achieved. At 

relatively high flow rate conditions achieved by Meesters et al. (1992) showed 

Taylor-like cone, but no visible jet. However, Balachandran et al. (1992) have 

achieved a stable cone-jet for high flow rates with highly conducting liquids. In the 

low flow rate conditions De la Mora (1992) produced spray to study their electrical 

properties. These sprays typically generated monodisperse droplets on the order of 

a micron and below.

Droplet sizes spanning more than two orders of magnitude can be easily generated 

from the cone-jet electrohydrodynamic processing just by varying the liquid flow 

rate (Tang and Gomez, 1996). The liquid flow rate like electrical field strength can 

affect the production of the droplets significantly. Tang and Gomez (1996) defined 

the onset voltage conditions, as the minimum voltage required for a cone-jet spray, 

which corresponds to the lower voltage boundary of the cone-jet domain. They 

established that the droplet size increases monotonically with the liquid flow and a 

power law fit their dependence with exponent equal to 0.68 for the low 

conductivity and 0.62 for the larger conductivity solutions. Figure 2.14 shows a
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graph in that an average diameter of the droplet increases with simultaneous 

increase in flow rate.

Jayasinghe and Edirisinghe (2004a) observed that the relic sizes of the alumina 

ceramic suspension increases with the flow rate too. Their results are shown in 

Figure 2.15. The same authors in their later work (Jayasinghe and Edirisinghe, 

2005) processed alumina ceramic suspension in pico-flow rates and observed that 

the increase of flow rate gave increase of jet diameter of the suspension. This is 

shown in Figure 2.16. Within a stable flow rate range, electrostatic atomization at 

relatively low flow rates produces finer particles and this could be utilized for nano 

particle fabrication and mass spectrometry (Grace and Marijnissen, 1994). For 

higher flow rates, the particles may become bigger; the increase in flow rate can 

also lead to increase in polydispersity of the droplets (Higuera, 2003).

Borra et al. (1999) mentioned that, when the conductivity of the liquid increases the 

liquid flow rate has to be decreased. When the conductivity and voltage increase, 

the intensity of the electric field at the liquid surface increases, which implies that 

surface tension has to be increased to balance the increase of forces. In this respect, 

the liquid flow rate has to be decreased in order to create a smaller cone. The 

variation in the length of the liquid column with a variety of high voltage inputs 

and liquid fluid flow was observed by Sung and Lee (2004). They plotted a 

comparative table of the influence of applied voltage and flow rate on the droplet 

and on the jet length (Figure 2.17). For a given set of flow rate the shape of the 

liquid column at the exit of needle differs depending upon the applied voltage. 

Thus the flow rate plays an important role in the mode of spraying.
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2.4.1.3 Needle size and electrode configuration

The investigations by Cloupeau and Prunet-Foch (1989) showed that the needle 

size has an effect on electrohydrodynamic processing. In their work, for a given 

liquid the range of possible flow rates varied according to their size. Tang and 

Gomes (1996) in their studies found that the droplet size was independent of needle 

size. They plotted the graph of droplet size of various needle sizes and flow rate 

and obtained a single curve indicating that droplet size is independent of the needle 

size. However, they showed that the needle size significantly affect the stable cone- 

jet domain of electrospray. The maximum liquid flow rate for the stable cone-jet 

electrospray decreases dramatically as the needle diameter increases. This is 

showing that in the voltage-flow rate graph the stable cone-jet domain of the 

electrospray becomes smaller as the needle size increases. Consequently, the larger 

the needle sizes the narrower the operational domain of stable cone-jet 

electrospray.

To test the effect of the geometric parameter of the electrode configuration, Tang 

and Gomez (1996) varied the electrode separation with the liquid flow rate. They 

found that the droplet size together with the total electric current of the spray were 

independent of the electrode separation for a fixed liquid flow rate as long as the 

spray was operated at reference onset voltage conditions. They were shown that the 

onset voltage of the spray increased with monotonically with the increase of the 

separation between the needle and ground electrode at given flow rate. These 

results suggesting that once the stable con-jet mode is established, the droplet size 

is independent of the geometric dimensions of the electrodes.

55



Jayasinghe and Edirisinghe (2002b) reported the droplets trajectories depend on the 

configuration of the ground electrode. For a point-like ground electrode, the 

smaller the radius of the point, the higher concentration of the droplets produced in 

the spraying pattern. They pioneered the use of a point-like ground electrode for 

their work by which they focused most of the ceramic suspension droplets. This 

configuration of the ground electrode was the key to their innovation of 

electrostatic atomization printing (EAP). The trajectory of the droplet moving 

towards the point shape ground electrode is shown in Figure 2.18. By 

incorporating the needle set up to a stepper motor that could move in XY direction 

the droplets were printed.

Princivalle et al. (2005) reported the control of porosity of films by changing the 

nozzle to substrate (which was functioned as a ground electrode). The amount of 

precursor solution arriving onto the substrate was controlled by the electrode 

separation. The larger the electrodes distance higher the porosity of the films. Since 

small quantity of precursor solution arriving to the substrate the dense and smooth 

films could not be obtained in larger electrodes separation.

2.4.2 Influence of liquid physical properties

2.4.2.1 Influence of electrical conductivity

This is the most important liquid physical property in controlling both the stability 

of the electrospray and size of the droplet produced, researchers has given much 

attention to this parameter. The liquid should have sufficient electrical conductivity 

to be processed in stable cone-jet mode. If the electrical conductivity is too low it 

can not be processed in the stable cone-jet mode as there is no charge build up in
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the liquid. If the electrical conductivity is too high the processing is not possible 

unless the flow rate is lowered, which is not the possible due to equipment 

constraints (Hartman et al., 2000).

Jones and Thong (1971) was the first to indicate that the maximum liquid electric 

conductivity for a stable electrospray was 10'3 Sm'1. Mutoh et al. (1979) claimed 

that a stable electrospray would be impossible to establish when the liquid electric 

conductivity was higher than 10'5 Sm '1. Hayati et al. (1987) had also made a 

similar conclusion and they reported that a stable electrospray could be established 

only for semi conducting liquids, although no specific upper conductivity limit was 

mentioned in their paper.

However, Smith (1986) was the first to point out that no such limit exists. His 

suggestion is the value of liquid conductivity has influence on the morphology of 

the liquid issued in the stable cone-jet mode. In general, as conductivity increases, 

the filament width, length, droplet size and flow rate all decreases. It is believed 

that droplet size decreases as conductivity increases, from large droplets produced 

by poorly conducting liquids to the disappearance of the aerosol, owing to 

extremely small drop size for liquid conductivity > 10'1 Sm'1. De la Mora and 

Loscertales (1994) showed that the stable electrospray can be established for liquid 

conductivities spanning a five order of magnitude range from 1 Sm'1 to 10'5 Sm'1 

with the resulting sprays producing droplets in the submicron size range.

Cloupeau and Prunet-Foch (1989) reported that the electrical conductivity is the 

most important since a liquid with conductivity too low cannot be atomized due to
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lack of tangential stress caused by the charges. This was established as the driving 

force responsible for producing the jet. Their observation showed that electric 

conductivity as the most important physical property in controlling both the 

stability of the electrospray and the size of the droplets. However, De la Mora 

(1992) mentioned that if the conductivity is too high then the electrical discharge 

becomes inevitable with surrounding atmosphere.

2.4.2.2 Influence of viscosity

The viscosity is another vital liquid property which plays a significant role in the 

jet break-up process and influence the size of the produced main and secondary 

droplets. According to Weber (1931) an increase in viscosity will lead to lower 

dominant wave numbers. The lower dominant wave numbers will lead to increase 

of droplet size in electrohydrodynamic processing.

Jayasinghe and Edirisinghe (2002a) studied the effect of viscosity on the size of 

relics produced by electrohydrodynamic processing. They found the greatest effect 

of increased viscosity is upon the relic size, which increases dramatically. They 

established that the increase in viscosity over three orders of magnitude would have 

a dramatic effect on the electrohydrodynamic processing of liquids and their 

mixtures. Figure 2.19 shows the relics pictures of their experimental results. 

Jayasinghe and Edirisinghe (2004b) showed another interesting effect of high 

viscosity dielectric liquids in their later studies. In these studies they used family of 

silicone oils and produce a novel ball cone effect which is different from the 

fundamental stable cone-jet behaviour. Here, the jet evolves from a ball cone and 

increases in diameter with increasing viscosity. This behaviour is shown in Figure
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2.20. They also pointed out the micro-threading effect of liquid with viscosity >104 

mPa s. This effect is shown in Figure 2.21.

2.4.2.3 Influence of surface tension

In order to form a stable cone-jet mode, the surface tension has to be overcome by 

the electric stresses. The higher the surface tension the stronger the required 

electric field strength. According to the experimental results obtained by Smith 

(1986) the onset voltage for the stable cone-jet spray will increase with the liquid 

surface tension. If the liquid surface tension is large, a stable electrospray may not 

be established because the field required exceeds that for the electric break down in 

the gas surrounding the cone. Tang and Gomez (1995) used gases with higher 

electrical break down strength as a surrounding fluid instead of air to obtain the 

stable cone-jet mode for water.

2.4.2.4 Influence of dielectric constant

The dielectric constant of a material determines the polarization of this material in 

an electric field. The polarization reduces the electric field inside the liquid. The 

electric field and the liquid conductivity determine the time constant for the charge 

transport toward the cone surface. According to Vellenga and Klinkenberg (1965) 

the following relaxation time ( te) can be used at the cone apex.

p £ n
t e = iY ~  (2 .2)

where /? is the relative permittivity and K  is the electrical conductivity.

59



Chen and Pui (1997) have studied the effect of dielectric constant on scaling laws 

for electrohydrodynamic processing. They studied eight different solvents with 

dielectric constants ranging from 12.51 to 182.4. They reported the liquids obeyed 

the scaling laws with a little exception.

2.4.2.5 Influence of density

Another liquid property in the scaling law is the density. It may affect the droplet 

production and the flow rate range for stable configuration (Hogan and Hendricks, 

1965). The liquid density is of some importance since the density play a role in the 

acceleration process of the liquid near the cone apex. Gravity is not relevant in that 

area because the electrical stresses and the surface tension stress are much larger 

than the hydrostatic pressure. At the cone base the acceleration of the liquid is very 

small and does not play an important role. However, the liquid density is of some 

importance due to the influence of gravity on the cone shape. For large capillaries, 

diameters larger than 1 mm gravity influence strongly the shape of the liquid cone 

(Hartman, 1998).

2.5 Scaling laws

The scaling laws are established for characterising a defined electrohydrodynamic 

processing. It enables the produced droplet size and the emitted current to be better 

correlated with the factors involved in the processing. It provides better 

understanding of the mechanisms involved in the process. Basically, the droplet 

size and the emitted current are given by liquid physical properties (electrical
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conductivity, density, viscosity, surface tension and dielectric constant) and liquid 

flow rate.

The scaling laws derived by De la Mora and Loscertales (1994) and Ganan-Calvo 

et al. (1997) are well correlating the liquid physical properties with the droplet size 

and the emitted current. Before stating these scaling laws, the conditions for 

classical electrohydrodynamic processing to take place is given below. This is the 

inequality criteria established by Ganan-Calvo et al. (1997). They established the 

criteria that the hydrodynamic time ( th) should be much greater than the electrical

relaxation time ( te) as a condition that should be satisfied to have a steady state 

cone-jet structure.

th » te (2.3)

(2.4)
Q K

where Q is the flow rate, D  is the jet diameter and L is the axial length of the jet.

Consequently, the liquids having electrical relaxation time higher than the 

hydrodynamic time can not be electrohydrodynamically processed unless their 

electrical relaxation time is modified well below the hydrodynamic time with some 

additives (Ganan Calvo et al. 1997).
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The scaling laws for the droplet size and the emitted current during 

electrohydrodynamic processing derived by De la Mora and Loscertales (1994) are 

given below.

where Dd is the droplet diameter, I is the emitted current, G(j3) and /( /? )  are 

functions of liquid relative permittivity (J3) .

Ganan-Calvo et al. (1997) obtained scaling laws for the spray current and the 

droplet size base on the theoretical model of charge transport and these are given 

below.

For liquids with high viscosity and conductivity: The Q U2 law

(2.5)

(2 .6)

(QKy)]l2
~ ( / ? - l ) 1/4

(2.7)
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d  ~
(J3-1)uzQ£0

K

1/3

(2 .8)

For liquids with low viscosity and conductivity: The Q1/4 law

I ~
f e oKQ

1/4

(2.9)

pg06 3
1 / 6

(2 .10)

where /  is the spray current, d  is the droplet diameter and p  is the liquid density.

2.6 Classification of other deposition methods

Deposition technology can well be regarded as the major key to the creation of 

devices such as computers, since microelectronic solid-state devices are all based 

on material structures created by film deposition. Another important reason for the 

rapid growth of deposition technology is the improved understanding of the physics 

and chemistry of films, surfaces, interfaces, and microstructures made possible by 

the remarkable advances in analytical instrumentation during the past twenty years. 

A better fundamental understanding of materials leads to expanded applications 

and new designs of devices that incorporate these materials.

There are many dozens of deposition technologies for material formation. Since the 

concern here is with film deposition methods for forming layers in the thickness 

range of a few nanometers to about ten micrometers, the task of classifying the
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technologies is made simpler by limiting the number of technologies to be 

considered.

Basically, film deposition technologies are either purely physical, such as 

evaporative methods, or purely chemical, such as gas- and liquid-phase chemical 

processes. The following film deposition technologies such as evaporative,

sputtering and chemical vapour deposition are briefly discussed below.

2.6.1 Evaporative technologies

Although one of the oldest techniques used for depositing thin films, thermal 

evaporation or vacuum evaporation, is still widely used in the laboratory and in 

industry for depositing metal and metal alloys. The following sequential basic steps 

take place:

(i) a vapour is generated by boiling or subliming a source material,

(ii) the vapour is transported from the source to the substrate, and

(iii) the vapour is condensed to a solid film on the substrate surface.

Although deceptively simple in principle, the skilled practitioner must be well 

versed in vacuum physics, material science, mechanical and electrical engineering, 

as well as in elements of thermodynamics, kinetic theory of gases, surface mobility, 

and condensation phenomena. Evaporants cover an extraordinary range of varying 

chemical reactivity and vapour pressures. This variety leads to a large diversity of 

source components including resistance-heated filaments, electron beams; crucibles 

heated by conduction, radiation, or rf-induction; arcs, exploding wires, and lasers.
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Additional complications include source-container interactions, requirements for 

high vacuum, precise substrate motion (to ensure uniformity) and the need for 

process monitoring and control.

2.6.2 Sputtering technique

Sputtering and sputter deposition are widely used techniques for the erosion of 

surfaces and the deposition of films. Sputtering is usually practiced by means of 

plasmas which generate charged particles which can be accelerated towards a 

surface electrically. Sputtering is simply the process of erosion of that surface by 

the energetic particles, a sort of atomistic sandblasting. Sputter deposition is 

nothing more than the accumulation of these atoms which are blasted off the 

surface onto a nearby sample. Sputtering occurs whenever any particle strikes a 

surface with enough energy to dislodge an atom from the surface. The sputter yield 

is just the ratio of the number of emitted particles per incident particle:

Y = (number of emitted particles/ number of incident particles)

Sputtering can occur for virtually any incident species, including atoms, ions, 

electrons, photons, and neutrons as well as molecules and molecular ions. For 

virtually all practical cases, sputtering almost always utilizes ion bombardment, 

either with inert gas ions such as Ar+ and Kr+, or small molecular ions such as N2+, 

02+, and so on. The yield for bombardment of a surface with an ion or an atom of 

the same energy will be virtually identical; physical sputtering relies on the transfer 

of physicalmomentum and kinetic energy from the incident particle to the surface 

atoms, and this is independent of the particle’s charge (Seshan, 2002).
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The sputtering process is shown generically in Figure 2.22. The incident particle 

impacts the surface or near-surface atoms of the solid with sufficient energy to 

break bonds and dislodge atoms. If, during this process, one or more atoms are 

removed from the solid, they are considered to be sputtered atoms.

The most commonly used sputtering technique is reactive sputtering, where it is 

used for deposition of oxides and nitride thin films. There are two approaches to 

reactive deposition, one where the cathode is a metal plate, and the other where the 

cathode is composed of the material of interest to be deposited, for example, a 

nitride or an oxide. The latter case is usually complicated by the nonconductive 

nature of many oxide and some nitride targets, requiring the use of rf power to the 

cathode, as well as the poor physical stability of many of these compounds. This 

last issue may result in cracking or shattering the compound target, or else in 

difficulties in bonding it to the cathode, which is usually water cooled. Reactive 

sputtering with a metal cathode has received the most attention because of the 

opportunity for high rate, controlled deposition, as well as the ability to use dc 

rather than rf power. Reactive sputtering is made more difficult with metallic 

targets, though, because of the tendency of the cathode itself to react, forming a 

thin film on the cathode of a nitride or oxide, which can significantly alter the 

sputtering process.

A reactive sputtering system is shown in Figure 2.23. In this system, the cathode is 

placed in a chamber with walls and a pumping system. The walls are important, 

because films will also be deposited and reacted there as well as on the sample and 

the cathode. Typically, a system like this would be operated with some partial
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pressure of an inert gas, such as Ar, and a partial pressure of a reactive species, 

such as O2 or N2 .

2.6.3 Chemical vapour deposition

Methods of film formation by purely chemical processes in the gas or vapour 

phases include chemical vapour deposition and thermal oxidation. Chemical 

vapour deposition (CVD) is a materials synthesis process whereby constituents of 

the vapour phase react chemically near or on a substrate surface to form a solid 

product (Figure 2,24). The deposition technology has become one of the most 

important means for creating thin films and coatings of a very large variety of 

materials essential to advanced technology, particularly solid-state electronics 

where some of the most sophisticated purity and composition requirements must be 

met.

The main feature of CVD is its versatility for synthesizing both simple and 

complex compounds with relative ease at generally low composition and physical 

structure can be tailored by control of the reaction chemistry and deposition 

conditions. Chemical reaction types basic to CVD include pyrolysis (thermal 

decomposition), oxidation, reduction, hydrolysis, nitride and carbide formation, 

synthesis reactions, disproportionate, and chemical transport. A sequence of several 

reaction types may be involved in more complex situations to create a particular 

end product. Deposition variables such as temperature, pressure, input 

concentrations, gas flow rates and reactor geometry and operating principle 

determine the deposition rate and the properties of the film deposit (Seshan, 2002).
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Most CVD processes are chosen to be heterogeneous reactions. That is, they take 

place at the substrate surface rather than in the gas phase. Undesirable 

homogeneous reactions in the gas phase nucleate particles that may form powdery 

deposits and lead to particle contamination instead of clean and uniform coatings. 

Kinetics controls the rate of reactions and depends on temperature and factors such 

as substrate orientation. Considerations relating to heat, mass, and momentum 

transport phenomena are especially important in designing CVD reactors of 

maximum efficiency. Since important physical properties of a given film material 

are critically influenced by the structure (such as crystallinity), control of the 

factors governing the nucleation and structure of a growing film is necessary.

Thin film materials that can be prepared by CVD cover a tremendous range of 

elements and compounds. Inorganic, organometallic, and organic reactants are used 

as starting materials. Gases are preferred because they can be readily metered and 

distributed to the reactor. Liquid and solid reactants must be vaporized without 

decomposition at suitable temperatures and transported with a carrier gas through 

heated tubes to the reaction chamber, which complicates processing, especially in 

the case of reduced-pressure systems. Materials deposited at low temperatures (e.g. 

below 600 °C for silicon) are generally amorphous. Higher temperatures tend to 

lead to polycrystalline phases. Very high temperatures (typically 900 °C to 1100 °C 

in the case of silicon) are necessary for growing single crystal films. These films 

are oriented according to the structure of the temperatures (Seshan, 2002).

A general comparison between chemical vapour deposition (CVD), physical

vapour deposition (PVD) and electrohydrodynamic processing (EHDP) and their
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relative strengths and weaknesses are tabulated below (Table 2.1). This was 

extracted from Choy (2002) and modified to great extent.

Table 2.1 A comparison between different film processing methods, CVD, PVD 

and EHDP

CVD PVD EHDP

Sophisticated reactor 

and/or vacuum system 

needed.

Sophisticated reactor and 

vacuum system needed. 

Vacuum system is required to 

facilitate the generation of 

vapour species and increase 

the mean free path of the 

vapour species to reach the 

substrate.

No need of sophisticated 

reactor or vacuum system. 

The processing could be 

even carried out in open 

air atmosphere.

Expensive technique 

since sophisticated 

reactor and vacuum 

system are high cost.

Expensive technique since 

sophisticated reactor and 

vacuum system are high cost.

Relatively low cost 

technique.

Non line of sight 

process. It can coat a 

complex shapes and 

deposit coating with 

good conformal 

coverage.

Line of sight process. There 

is difficulty in coating a 

complex shapes and 

conformal coverage.

Non line of sight process. 

It can coat a complex 

shapes and deposit 

coating with good 

conformal coverage.

Tendency towards Tendency for using expensive Less volatile and more
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volatile and/or toxic 

chemical precursors.

sintered solid targets/sources 

with difficulties for large area 

deposition and varying the 

composition or stoichiometry 

of the deposits.

environmentally friendly 

precursors are used.

Multi source 

precursors tend to 

produce non- 

stoichiometric film.

Multi targets or single targets 

have difficulty in controlling 

the stoichiometry of the films 

because different elements 

will evaporate or sputter at 

different rates.

Mostly single source 

precursors are used to 

avoid non-stoichiometry 

problems.

High deposition 

temperatures needed.

Low to medium deposition 

temperatures used.

Low to medium 

deposition temperatures 

used.

2.7 Titanium dioxide (TiCh)

TiC>2 as a transitional metal oxide has been investigated in both industrial 

applications and scientific research in the last few years. Due to their unique 

dielectric and optical properties, TiC>2 films are used in memory cell capacitors, 

anti reflection coating, optical interference filtering and optical wave guides 

(Subramania et al., 2002). TiC>2 is a well known material having noticeable 

photocatalytic properties. It has been studied for air clean-up, water purification, 

anti-bacterial coatings and deodorant fiber and so on (Shimizu et al., 1999). More 

importantly it has found application in dye-sensitised solar cells (Gratzel, 2003) to 

increase the photoconversion efficiencies. Due to its high permittivity, high
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physical and chemical stability in modem complementary metal oxide 

semiconductor (CMOS) fabrication, Ti02 is largely investigated for replacement of 

Si02 in dynamic random access memory (DRAM) and micro electro mechanical 

system (MEMS) (Kim et al., 1996).

2.7.1 Structure and properties of Ti02

In nature titanium dioxide crystallizes in three common polymorphs: rutile, anatase 

and brookite. The Ti02 films most often consist of anatase and rutile phases. Rutile 

is the most stable phase. Anatase is metastable at room temperature. It transforms 

irreversibly into mtile upon heating above a threshold temperature. At atmospheric 

pressure, the transition occurs usually at about 1000 °C. However, the phase 

transformation temperature depends on grain size, presence of impurities, dopants, 

precursor materials and synthesis method (Hirano et al., 2003).

The basic unit cell structures of the three phases of TiC>2 are shown in Figure 2.25. 

The crystal parameters, the Ti-O interatomic distances and the O-Ti-O bond angles 

for the three phases are summarized in Table 2.2. The rutile and anatase phase 

show the tetragonal crystal structures containing 6 and 12 atoms per unit cell 

respectively. In both structures each Ti atom is co-ordinated to 6 O atoms and 

each O atom is co-ordinated to 3 Ti atoms. In each case, the TiC>6 octahedron is 

slightly distorted, with two Ti-O bonds slightly greater than the other four, and with 

some of the O-Ti-O bond angles deviating from 90 °. The distortion is greater in 

anatase than in rutile. The structure of rutile and anatase crystals has been 

described frequently in terms of chains of Ti06 octahedra having common edges
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(Cromer and Herrington, 1955). Two and four edges are shared in rutile and 

anatase respectively.

The third form of TiC>2 , brookite has a more complicated structure. It has eight 

formula units in the orthorhombic cell. The interatomic distances and the O-Ti-O 

bond angles are similar to those of rutile and anatase. The essential difference is 

that there are six different Ti-O bonds ranging from 1.87 °A to 2.04 °A. 

Accordingly, there are 12 different O-Ti-O bond angles ranging from 77 ° to 105 °. 

In contrast, there are only two kinds of Ti-O bonds and O-Ti-O bond angles in 

rutile and anatase. The brookite could be envisioned by joining together the 

distorted Ti06 octahedra sharing three edges (Baur, 1961).

Table 2.2 Crystal structure data of Ti02
Rutile a Anatase a Brookite b

Crystal structure tetragonal tetragonal orthorhombic

Lattice constants ( xlO '10 m) a = 4.5936 a = 3.784 a = 9.184

c = 2.9587 c = 9.515 b = 5.447

c = 5.145

Density (kgm'3) 4130 3790 3990

Ti-O bond length (x lO 10 m) 1.949(4) 1.937(4) 1.87 ~ 2.04

1.980(2) 1.965(2)

O-Ti-O bond angle 81.2° 77.7 ° 77.0 ° ~ 105 °

90.0° 92.6°

a Reference (Cromer and Herrington, 1965) 

b Reference (Baur, 1961)
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The bulk TiC>2 has valuable properties such as high refractive index, excellent 

transmittance in the visible and near-infra red frequency. The bulk anatase TiC>2 has 

a dielectric constant to be 48 (Clark, 1968). On the other hand the bulk Ti02 

crystals in the rutile phase have a dielectric constant of 170 in the plane parallel to 

the c axis and 89 perpendicular to it (Lee et al., 1999). The energy bandgap of the 

Ti02 is reported to be about 3.5 eV for amorphous films (Fuyuki and Matsunami, 

1986), 3.2 eV for crystalline films in the anatase phase and 3 eV for the films in the 

rutile phase (Pascual et al., 1978).

2.7.2 Ti02 in microelectronic applications

The dramatic improvements in microelectronics performance over the past few 

decades have been accompanied by a severe reduction in the size of the memory 

and logic devices. This scaling has required drastic decreases of the SiC>2 dielectric 

film thickness to achieve ever higher capacitance densities. The fundamental limits 

of SiC>2 as a dielectric material, imposed by electron tunnelling, will be reached as 

this SiC>2 film thickness approaches 2 nm (Murarka et al., 2003).

The significant parameter for scaling is not the physical thickness, but instead the 

capacitance per unit area (Campbell et al., 1997).

C„,= —  (2.11)
t ox

where Cox is the oxide capacitance, £ is the oxide permittivity and tox is the oxide 

thickness.
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One route to continued dielectric scaling then is to employ materials with much 

higher permittivity than Si02. One of the difficulties with this approach is that 

when the permittivity of simple dielectric increases, the bandgap decreases. Figure 

2.26 demonstrates that effect. Thus a significant improvement of the permittivity is 

not practical when using simple dielectrics. Alternatively one can use lattice 

polarisable materials to overcome this difficulty. In these materials a high 

permittivity obtained by a physical displacement of one or more atoms in a 

response to an applied electric field. Most lattice polarisable materials are metal 

oxides. Ti0 2  could be an alternative material with this kind could be used as an 

alternative material in microelectronics (Singh et al., 2005).

2.7.3 TiC>2 in photocatalytic and photoelectric applications

TiC>2 is a wide bandgap semiconductor that has been extensively investigated and 

applied to a wide spectrum of disciplines. The discovery (Fujishima and Honda, 

1972) of photosensitization of water to yield hydrogen and oxygen by using TiC>2 

electrodes leads the way to extensively research this unique material for over three 

decades.

As a semiconductor, TiC>2 functions by having a large bandgap which can be 

described as an energy threshold that electrons must obtain in order to flow through 

a material. The bandgap is located between the filled valence band and the higher 

energy conduction band. The magnitude between the electronically occupied 

valence band and the largely unpopulated conduction band determines both the 

extent of thermal population of the conduction band (i.e. the electrical conductivity 

of the material) and the wavelength sensitivity of the semiconductor to irradiation.
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That is a material with a larger bandgap requires higher energy radiation to 

populate the conduction band than one with a smaller bandgap. Figure 2.27 shows 

the excitation of an electron from the valence band to the conduction band initiated 

by light absorption with energy equal to or greater than the bandgap of the TiC>2 .

The ecological elimination of pollutants is an issue of increasing concern in today’s 

society. TiC>2 is very useful material in photocatalytic applications. In 

photocatalysis, it has been used for decomposition of water and degradation of 

organic pollutants in air as well as aqueous media. In recent years there is an 

increasing interest to find sustainable alternative energy sources due to the 

heightening cost of fossil fuels and the detrimental effect of global climate change. 

Photovoltaic cells have received significant attention due to limitless influx of 

photons from the sun (Luke et al., 2008). The TiC>2 as a semiconductor material is 

useful for this application. Upon illumination of the TiC>2 with light of equal or 

greater energy than the bandgap, charge transfer from valence band to conduction 

band occurs, creating a hole and a free electron. These species are useful in 

photovoltaic to generate current for endless needs.

This inherent property of TiC>2 curtails the overall efficiency based on the total 

solar radiation reaching the Earth’s surface thus only absorbing a small UV fraction 

of solar light (Cong et al., 2007). Therefore, the most important and challenging 

issue is to develop efficient visible light sensitivity TiC>2 . There are generally two 

approaches to tune the visible light sensitivity of TiC>2 one is to attach the organic 

dyes to surface of the TiC>2 and other is to modify the composition of TiC>2 by 

means of doping to alter the electronic structure of TiC>2 .
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2.7.4 Doping of Ti(>2 and improvement its optical property

Modifying the band structure of Ti02 to make it more responsive to visible 

wavelengths has been an enduring effort. A common method used to sensitize the 

Ti0 2  in visible light is accomplished by attaching organic dyes such as ruthenium 

complexes to the surface of Ti02 (O'Regen and Gratzel, 1991). Unfortunately this 

method is expensive and such dyes degrade in the presence of oxygen. Ruthenium 

dyes also detach from TiCh surface in aqueous medium.

The other method involves manipulating the chemical composition of the TiC>2 

towards modifying its electronic structure. This could be done by doping the TiC>2 

by an external atom. The doping refers to the intentional introduction of impurities 

to the material for the purpose of modifying electrical characteristics. The doping 

can be with metals and non-metals. The cationic doping of TiC>2 with transition 

metals has been extensively studied and there is an improvement in the optical 

absorption for visible wavelengths observed. However, they need expensive ion- 

implantation facilities; there is also an increase in thermal instability and a decrease 

in carrier life times which limits overall conversion efficiencies (Shankar et al., 

2006).

2.7.5 Nitrogen as a dopant in TiC>2

With the above limitations in mind an ideal dopant should not impart any 

instability be it thermal or chemical and must improve the carrier life time to get 

maximum conversion efficiencies with optimally be inexpensive to apply. These 

demanding led to numerous anions such as C (Hsu et al., 2007), F (Huang et al.,
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2006) and S (Chen and Liu, 2007) been used for doping to improve the visible light 

sensitivity of Ti0 2 .

The anion doping was proposed by Asahi et al. (2001) and they found that nitrogen 

doping as a substitute for oxygen in the TiC>2 lattice to be most feasible and 

successful approach among these anions because,

(i) Nitrogen has comparable ionic radius to oxygen

(ii) The 2p  states of N contribute to bandgap narrowing by mixing with 

O 2p states thus capable of absorbing visible light
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(C )

(d)

Figure 2.1 (a, b, c & d) First ever classification of different modes of 

electrohydrodynamic processing (Zeleny, 1917)

79



Figure 2.2 (a, b & c) Stages involved in establishing steady state cone (Taylor, 

1964)
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(b)

Figure 2.3 (a & b) Stable cone-jet mode and jet break-up (Tang and Gomez, 1996)
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Figure 2.4 (a, b, c & d) An innovative electrostatic atomisation printing (EAP) of 

ceramic tracks obtained at different applied voltages (Jayasinghe and Edirisinghe, 

2002)
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(a) (b)

Figure 2.5 Jet break-up in stable cone-jet mode (a) varicose instability (b) kink 

instability (Jaworek and Krupa, 1999)

Figure 2.6 Dripping mode of electrohydrodynamic processing (Jaworek and

Krupa, 1999)
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Figure 2.7 Micro-dripping mode of electrohydrodynamic processing (Jaworek and 

Krupa, 1999)

Figure 2.8 Spindle mode of electrohydrodynamic processing (Jaworek and Krupa,

1999)
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Figure 2.9 Rim-emission mode of electrohydrodynamic processing (Jaworek and 

Krupa, 1999)

Figure 2.10 Ramified mode of electrohydrodynamic processing (Jaworek and

Krupa, 1999)
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Figure 2.11 Oscillating-jet mode of electrohydrodynamic processing (Jaworek and 

Krupa, 1999)

Figure 2.12 Precession mode of electrohydrodynamic processing (Jaworek and

Krupa, 1999)
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Figure 2.13 Variation in cone shape with change in applied voltage (Jayasinghe 

and Edirisinghe, 2004)
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Figure 2.14 Droplet average diameter as a function of liquid flow rate (Tang and

Gomez, 1996)
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Figure 2.15 The variation of relic sizes with flow rate (Jayasinghe and Edirisinghe, 
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Figure 2.16 The variation of jet diameter with flow rate (Jayasinghe and

Edirisinghe, 2005)
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Figure 2.17 The variation of length of liquid column with flow rate and applied 

voltage (Sung and Lee, 2004)
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Figure 2.18 The trajectory of the droplet of suspension moving from the exit of the 

needle to point like ground electrode (Jayasinghe and Edirisinghe, 2004)
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Figure 2.19 The optical micrographs of relics obtained with variation in viscosity 

of the liquid mixtures (Jayasinghe and Edirisinghe, 2002)
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Figure 2.20 An innovative ball cone effect obtained with the silicone oil 

(Jayasinghe and Edirisinghe, 2004)
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Figure 2.21 The micro-threading effect of liquid with viscosity >104 mPa s 

(Jayasinghe and Edirisinghe, 2004)
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Figure 2.23 A typical reactive sputter deposition system (Seshan, 2002)
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Figure 2.24 A typical CVD process set-up (www.timedomaincvd.com)
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Figure 2.25 Different phases of T i0 2 (a) rutile (b) anatase (c) brookite
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Figure 2.26 A relationship between bandgap and dielectric constant for simple 

dielectrics (Campbell et al., 1997)
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Figure 2.27 Excitation occurs in TiO: when light absorption with energy equal to 

or greater than bandgap energy
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CHAPTER 3 

Experimental Details

This chapter gives a detailed explanation of the experimental procedures that were 

followed in the investigations. The materials that were used, corresponding 

supplier, and product details are given. The methods followed for the preparation 

of titania sol, titania films, MOS capacitors, nitrogen doped titania sol, nitrogen 

doped titania films and the characterization techniques implemented are discussed. 

The detail of experimental set up that was used in electrohydrodynamic processing 

is also presented. All the equipments used in the experiments were calibrated 

against the reference data.

3.1 Materials

3.1.1 Titania sol

Titanium (IV) isopropoxide, Ti [OCH (C H i^k (Sigma-Aldrich, Poole, UK) was 

used as a precursor in research carried out in chapter 4. In order to make titania sol, 

99.7 % ethanol (VWR International, Lutterworth, UK) was used as a solvent. 

Precursor sol, which has precursor weight 2 %, had been made. The measurements 

for the precursor and solvent were carried out in a AND HF-1200G balance (A&D 

Instruments Ltd, Japan).

3.1.2 N-doped titania sol

Titanium (IV) isopropoxide, Ti lOCH (CH-O2 I4 (Sigma-Aldrich, Poole, UK) was 

used as a titania precursor in the experiments carried out in chapter 6. In order to
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make titania sol, 99.7 % ethanol (VWR International, Lutterworth, UK) was used 

as a solvent. The ammonia solution in ethanol (Sigma-Aldrich, Poole, UK) was 

used as a nitrogen dopant precursor in the experiments. The measurements for the 

precursors and solvent were carried out in a AND HF-1200G balance (A&D 

Instruments Ltd, Japan).

3.2 Preparation of sols

3.2.1 Preparation of titania sol

The titania precursor sol was prepared by transferring 2 wt % of precursor to an air 

tight bottle containing ethanol and the resulting solution was stirred using a 

magnetic stirrer for 3 hours at ambient conditions. The air tight bottles were used in 

order to prevent any evaporation or contamination until they were used. The sol 

obtained using ~2 wt % of precursor was very stable and no sedimentation 

occurred on standing indefinitely. However, it was kept on rollers for repeated use.

3.2.2 Preparation of N-doped titania sol

A 2 wt % of the precursor was added drop wise into a know weight of ethanol in an 

air tight bottle and stirred continuously for 3 hours to obtain a homogeneous sol. 

After that the ammonia solution in ethanol was added slowly drop by drop in to the 

aforementioned sol. Then it was subjected to vigorous stirring for 24 hours to 

obtain nitrogen doped colloidal solutions. The weight percentage of ammonia 

solution in ethanol was varied -0.23 %, ~1 % and ~2 % to prepare three different 

sols and named Sol-1, Sol-2 and Sol-3.
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3.3 Characterisation of sols

The important parameters governing the electrohydrodynamic processing are 

density, surface tension, viscosity, electrical conductivity and relative permittivity 

of the solution, and these physical properties were measured for the prepared sols. 

All the equipments used for characterisations were cleaned well and dried before 

each measurement and calibrated against the reference data. The characterisations 

were performed at ambient conditions.

3.3.1 Electrical conductivity

Electrical conductivity was measured using a HI-8733(Hanna Instrument) 

conductivity probe for research carried out in chapter 4 and chapter 6. The 

electrode was always cleaned with distilled water and dried up before 

measurements. The electrical conductivity measurements were taken by using -30 

ml of sols in a beaker. The electrode was immersed in the sols up to the specified 

mark for a specified time and reading shown on the meter was recorded. The air 

bubbles residing in the sols were removed by agitating the sols slowly before the 

recordings. Five consecutive readings were taken and averaged for all 

investigations. These values are reported in this thesis.

3.3.2 Surface tension

Surface tension was measured using a Kruss Tensiometer K9 (Wilhelmy’s plate 

method) for experiments done in chapter 4 and chapter 6. The plate was hanged 

from a hook and a beaker containing the sample was placed in the stage below that. 

The plate was completely immersed into the sample whose surface tension is to be
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measured and gradually lifted up. The reading recorded at point for which the 

surface of the liquid just detaches from the plate without breaking the surface gives 

the surface tension for the sample. Around 100 ml of the sols were used and five 

consecutive surface tension readings were taken to obtain the mean value of sols. 

The instrument was calibrated using ethanol before measuring the surface tension 

of the samples at every instance. The plate was cleaned and dried after each reading 

to minimize error.

3.3.3 Viscosity

Kinematic viscosity ( v  ) was determined by using a U-tube viscometer (BS/U

type) in water bath at 20 °C for the research undertaken in chapter 4 and chapter 6.

This was determined by measuring the time (t) taken by samples to travel between 

the two marked regions in the U-tube viscometer. The time was recorded using 

stop watch with millisecond accuracy. Then, the kinematic viscosity was obtained 

by multiplying the viscometer constant (C) with the time (t).

v = Ct (3.1)

Finally, the dynamic viscosity (rj) was calculated by multiplying the kinematic

viscosity with the relative density ( p  ) of the sample.

H = yp (3.2)

The de-ionised water was used to calibrate the viscometer. The average value of 

five readings has been reported in this thesis.
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3.3.4 Relative permittivity

Relative permittivity was measured using a permittivity cell containing two copper 

plates of known area A mm2 (=^491) and separated by length d mm (~66) apart for 

the research described in chapter 4. The sol was inserted between the plates and 

capacitance(C) across the plates was measured using the resistance-inductance- 

capacitance meter (RLC 100 -meter, Digimess, Korea). Taking the permittivity of 

free space to be £0 as 8.85 x 10‘12 Fm'1, relative permittivity( e r ) value was 

calculated using equation,

(3-3)
£*0A

The permittivity cell was always cleaned with distilled water and dried up before 

each measurement was taken.

3.3.5 Density

The densities of the samples were determined by using standard density bottle with 

the volume of 50 ml for the investigations mentioned in chapter 4 and chapter 5. 

The standard density bottle was supplied by VWR International, Lutterworth, UK. 

Both the weight of the empty bottle and bottle filled with samples were measured 

on the chemical balance (AND HF-1200G A&D Instruments Ltd, Japan) which 

was capable of giving precise value up to the four decimals. All the measurements 

were carried out in ambient temperature and the density bottle was calibrated with 

ethanol. Five consecutive measurements were taken and average value of five 

density readings has been reported in this thesis.
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3.3.6 Thermo gravimetric analysis (TGA)

The thermo gravimetric analysis (TGA) for the sol was carried out using a PEPKIN 

ELMER thermal gravimetric analyser for the research described in chapter 4. The 

sol was placed in the sample holder and heated with the reference sample holder 

and the data were plotted in the computer. The thermal curves of TGA were 

obtained in flowing nitrogen gas at a heating rate of 10 °C min The temperature 

ranged from the room temperature to 400 °C.

3.4 Equipment used for electrohydrodynamic processing

3.4.1 Needle set-up

The equipment used for electrohydrodynamic processing of titanium dioxide films 

described in chapter 4, consisted of a stainless steel needle with an internal and 

external diameter of -330 pm and -635 pm, respectively. It was held in epoxy 

resin, which insulates and imparts rigidity. The ring ground electrode with inner 

and external diameter of -14 mm and -16 mm respectively held below the axis of 

the needle was used for the droplet characterisation. The ground square shape plate 

(90 mm x90 mm) attached to the rotating electric motor was used for film 

preparation. In the film preparation the ground plate was rotating at an off set to 

the axis, at 2 rpm with the help of a motor (Pareta and Edirisinghe, 2006). The 

needle exit to ring ground electrode or ground plate distance was kept at 40 mm. 

The schematic representation of the set-up is shown in Figure 3.1.
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3.4.2 Metal clamped needle set-up

The N-doped titanium dioxide film preparation illustrated in chapter 6 was carried 

out using a metal clamped needle set-up. The epoxy resin holding a stainless steel 

needle with an internal and external diameter of -330 pm and -635 pm, 

respectively was supported by -5  mm thick metal clamp. The ground square shape 

plate (90 mm x90 mm) was held below the axis of the needle at a distance of 40 

mm. The schematic representation of the set-up is shown in Figure 3.2. This set-up 

was employed to investigate the wider coverage area films at relatively low flow 

rate. For comparative purposes the N-doped titanium dioxide films also prepared 

using the same set-up with out a metal clamp (Figure 3.3).

3.4.3 Syringe pump

For the research carried out in chapter 4 and chapter 6, the needle set-ups were 

connected to a syringe mounted on a Harvard Apparatus PHD 4400 programmable 

infusion pump using silicone rubber tubing. Syringes of different capacity were 

used for investigations and the syringe pump was calibrated for flow rate over long 

and short periods of time.

3.4.4 High voltage power supply

The needle and the ground electrode were connected to a high voltage power 

supply (Glassman Europe Ltd., Tadley, UK) using high voltage power cable which 

was capable of applying voltage up to 30 kV for the work mentioned in chapter 4 

and chapter 6.
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3.4.5 Data recording

The images of the cone-mode and cone-shape were captured using microscopic 

lens in conjunction with a high speed camera (Weinberger AG, Dietikon, 

Switzerland) which was connected to a computer for research in chapter 4 and 

chapter 6. A fibre optic light source was used for illumination.

3.5 Measurement of droplet and relic sizes

3.5.1 Sympatec laser diffraction

Droplet size distribution resulting from electrohydrodynamic processing in chapter 

4 was measured using a computer controlled Sympatec Helos Model KF (helium 

laser optical spectrometer) sizing system (Sympatec Ltd., System Partikel-Technik, 

Bury, UK), which recorded and subsequently plotted the data collected. The laser 

system was incorporated in the electrohydrodynamic processing equipment by 

placing the 2.2 mm diameter laser beam approximately 15 mm below the needle 

exit, the same distance where manual collection of droplets took place. The 

sympatec system is based on the diffraction of light occurring when a laser beam 

impinges on the droplets of the spray. The laser beam travels perpendicular to the 

needle and measurements were synchronized with the appearance of the droplets in 

the measurement zone by monitoring the decrease in laser light transmission 

caused by droplet scattering. The lens used for the measurements had a droplet 

detection capability in the size range of 0.5 - 175 pm. The measurements were done 

in ambient conditions and reference background was taken prior to the 

measurements. The experiment was repeated 10 times, for which the 10 sets of 

droplet size distribution data were obtained for the sample.
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3.5.2 Optical microscopy

The relics obtained from the investigation in the chapter 4 due to jet break up were 

collected on a microscopic glass slide approximately 15 mm below the needle exit 

and investigated on optical microscope (Nikon Eclipse ME 600). A joy stick 

connected to the table axis of microscope helps to move the table in x and y 

directions. The measurements were carried out by means of Acquis digital imaging 

software (Synoptics Ltd, Cambridge, UK).

3.6 Film and MOS capacitor preparation

The research on chapter 4 describes the titanium dioxide film preparation which 

was prepared using the set-up explained in section 3.4.1. The nitrogen doped 

titanium dioxide film preparation which is described in chapter 6 was prepared 

using the set-up explained in section 3.4.2. The description of substrates and heat 

treatment cycles used for the studies are given below. The MOS capacitor 

preparation for the research on chapter 5 also illustrated below.

3.6.1 Substrates

The silicon and glass slides were used mainly as substrates in the research carried 

out in chapter 4, chapter 5 and chapter 6. The aluminium also used as a substrate in 

processing of the TiCL films in chapter 4. The details of the substrates are given 

below.

• Silicon: single crystal, (100) oriented, 500 pm thick, a specific resistivity of 
0.1 Qm, p-type doping

• Glass slides: amorphous, electrical insulator (microscope slides)
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• Aluminium: 1mm thick, 10x10 mm2 area

The silicon substrate was used for the structural and morphological studies of the 

films in chapter 4 and chapter 6. This is also used in chapter 5 for the electrical 

characterisation of TiCF films. The glass substrate was used to analyse the optical 

properties of films described in chapter 5 and chapter 6. The aluminium was used 

for the morphological studies of TiCh films in chapter 4. Prior to the preparation of 

films, substrates were cleaned with ethanol and distilled water, finally dried 

carefully.

3.6.2 Heat treatment

The heat treatment was carried out on the as-deposited TiCF films and as-deposited 

N-doped TiCF films on silicon substrate in order to convert the films from 

amorphous to the crystalline structure using a furnace ( Lenton Eurotherm 2216e) 

which can go up to the maximum temperature of 1000 °C. The as-deposited films 

were underwent heat treatment by ramping the temperature from the ambient 

temperature to 500 °C at 1 °Cmin 1 followed by annealing at 500 °C for a further 

1800 s. Finally, the films were cooled down from 500 °C to the ambient 

temperature at 1 °Cmin'1 as shown in Figure 3.4. This procedure was followed in 

heat treating films to different temperatures in the investigations.

The TiO: films and N-doped TiCF films were deposited on microscope glass slides 

were annealed to various temperatures in the range of 400 °C to 600 °C using
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similar conditions mentioned above. The TiC>2 films deposited on the aluminium 

substrate underwent heat treatment at 500 °C for morphological studies.

3.6.3 MOS capacitor

The metal-titanium dioxide-silicon structure was prepared before the electrical 

characterisation of the Ti02 films at ambient conditions described in chapter 5. The 

electrohydrodynamically processed TiCh films annealed to different temperatures 

on silicon substrate were used to prepare the MOS structure. The evaporated silver 

paste (Johnson Matthey Electronics, Hertfordshire, UK) was used as the top 

electrode in the MOS capacitor. The aluminium ohmic contact was made to the 

back of the silicon substrate by soldering. The active area of the structure is 3 mm" 

and 7 mm" for different characterisation purpose.

3.7 Characterisation of Films

Various characterisation techniques were used in all investigations mentioned in 

chapter 4, chapter 5 and chapter 6. These are explained in the following sections 

below.

3.7.1 Raman spectroscopy

Raman scattering measurements were done using a Renishaw Raman microscope 

The Ar laser with 514.5 nm incident wavelength was used to illuminate the as- 

deposited and annealed films The Raman spectroscopy relies on inelastic 

scattering or Raman scattering of monochromatic light which is from the laser The 

laser light interacts with phonons or other excitation in the system resulting in the 

energy of the laser photons being shifted up or down. The shift in energy gives the
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information about the material. The samples were kept in the microscope slides and 

focused using the lens of microscope. Five different areas of the samples were 

selected and illuminated with the laser. The average of ten scans in the wave 

number range of 200-800 cm '1 is reported in this thesis. Before the measurements 

were taken, the instrument was calibrated using a standard Si substrate and during 

the measurements the room light was switched off to prevent the illumination from 

surroundings.

3.7.2 X-ray diffraction (XRD)

X-ray diffraction (XRD) was used for crystal phase identification and estimation of 

the crystallite size. Two x-ray diffractometers were used as per availability. The 

XRD measurements described in chapter 4 were made using a Siemens 

diffractometer D5000 using a Cu-Ka radiation source of wavelength X=0.1540 nm. 

The diffracted intensity was recorded in the 20 range 20-65° with a step of 0.02° 

per second. The power used for x-ray excitation was 40 kV voltage and 40 mA 

current. The XRD measurements described in chapter 6 were made using a Brucker 

D8 Discover system with a radiation source of wavelength >^=0.1540 nm. The 

diffracted intensity was recorded in the 20 range 20-50° with a step of 0.02° per 

second. The power used for x-ray excitation was 40 kV voltage and 30 mA current.

Basically, x-ray diffraction is scattering of x-rays by crystals with accompanying 

variation in intensity due to interference effect. When the x-ray beam falls on 

crystals scattered radiation is produced by the all atoms. These scattered waves 

spread out spherically from all the atoms in the sample and the interference effects 

of the scattered radiation from the different atoms cause the intensity of the
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scattered radiation to exhibit maxima and minima in various directions. This is 

used for identification of crystal phase and orientation of the given material. This 

intensity of scattered radiation could be related to the angle of the incident x-ray 

hitting the crystal by Bragg’s law (Cullity, 1978).

2ds\nO = nA (3.4)

Where, 6 is angle which the incident ray makes with the crystal plane, d is distance 

between the same set of planes, A is wavelength of the x-ray and n is an integer.

The crystallite size t was estimated for the research carried out in chapter 4 and 

chapter 6 using the peak corresponding to orientation (101) and the Scherrer 

formula (Cullity, 1978), which is a generally accepted method of estimating the 

mean crystallite size.

0.9/1
t = —------- (3.5)

f3 cos 0

A is the x-ray wavelength used (0.1540 nm), /? the broadening of the diffraction line 

measured as half of its maximum intensity (FWHM) and 6 is the corresponding 

Bragg angle.

3.7.3 Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared (FTIR) measurements were done in transmission mode 

with a Perkin-Elmer system 2000. This technique is based on the interaction of
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infrared radiation with the material to reveal information like the type of bonding in 

side the material. Molecular bonds in a material vibrate at various frequencies 

depending on the elements and the type of bond it has. Certain molecules absorb 

light at certain frequencies, which increases their vibrations. Here, the infrared 

radiation is absorbed by the molecules resulting in transition from ground state to 

an excited state. By examining the transmitted light after passing the light on to the 

sample how much energy is absorbed at each frequency could be determined. 

These could be used to find the different type of bonding in the material. The 

samples were placed in a sample holder and the infrared in the wave number range 

of 400 - 4000 cm '1 was directed to impinge on the samples. Ten scans were 

averaged at 4 cm '1 resolution has been reported in this thesis. Before the 

measurements, the background spectrum was obtained in N2 gas flow and this was 

compared to the measurement with sample spectrum to determine the peaks of the 

spectra.

3.7.4 Scanning electron microscopy (SEM)

For the morphological characterisation of films, Jeol JSM 6300 F field emission 

scanning electron microscope (FE-SEM) was used. The FE-SEM uses an electron 

gun and capable of producing high resolution images at low as well as high keV 

range. The electrons are generated in a source and accelerated under influence of a 

strong electrical voltage gradient. With electromagnetic coils an electron gun is 

formed that scans the sample and secondary electrons are produced by interaction 

with the atoms at the surface of the sample. These electrons contain valuable 

information that is employed to reconstruct a very detailed image of the topography 

of the surface of the sample. The FE-SEM is a high resolution microscope with a
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low energy input. The aluminium stub stuck with carbon sticker was used to hold 

the samples. Before placing the samples in the microscope they were gold coated 

with sputtering machine (Edwards Sputter Coater S150B) for 2 minutes.

For the as-deposited films prepared in chapter 4, the samples were examined with 

the accelerating voltage of 10 kV and working distance set at 25 mm. The annealed 

films prepared in Si substrate were examined at accelerating voltage of 6 kV and 

working distance set at 25 mm. The images of annealed films prepared in A1 

substrate were obtained with the accelerating voltage of 10 kV and working 

distance of 15 mm. The cross sectional image of the film was taken by cutting the 

sample with diamond cutter and sticking it on an aluminium stub with an oblique 

surface. The image of N-doped TiC>2 film in chapter 6 was obtained with gold 

coating the sample on an aluminium stub for 2 minutes. The sample was examined 

with the accelerating voltage of 6 kV with working distance set at 25 mm.

3.7.5 Atomic force microscopy (AFM)

In chapter 6, the atomic force microscopy (AFM) image was used to obtain the 

grain size of the N-doped TiCh film. The Si3N4 tips (Nanosensors) of 7 nm radius 

in non- contacting mode was used to obtain the image. When the tip connected to 

the cantilever beam travels over the surface of a sample it attracts or pushed away 

from the sample’s surface due to forces between the tip and the surface and it 

deflects the cantilever beam. The laser measures the deflection with help of the 

photodiodes inside the machine. Before placing the sample inside the machine it 

was vacuum evacuated with help of a pump. The sample was placed inside the
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machine and stuck with glue at backside of the sample. The scan frequency was in 

the range of 0.5 s '1.

3.7.6 Electrical characterisation

The electrical characterisation of the films described in chapter 5 was done in room 

temperature, putting the samples in a light tight electrically shielded box. For 

reporting the effect of annealing temperature on processed films the electrical 

measurements were done for the films annealed at various temperatures. The 

capacitance-voltage (C-V) measurements for the MOS structures were conducted 

by measuring the capacitance as a function of bias voltage using Hewlett Packard 

LCR meter for different frequencies (100 kHz and 500 kHz). The bias was taken to 

be positive when the p-type Si substrate was held at a voltage higher than the top 

silver electrode deposited on the TiCb films. The leakage current-voltage (I-V) 

measurements through the structures were recorded using a Keithley electrometer.

3.7.7 UV/Vis spectroscopy

The experiments on chapter 5 and chapter 6 were carried out on an uv/vis 

spectrophotometer (Shimadzu UV-2401 PC). The films on glass microscope slides 

were used to record transmission spectra of the films in the wavelength range of 

200-700 nm with an identical glass slide in the reference beam. The uv/vis 

spectrophotometer uses light in the visible and near ultraviolet to measure the 

electronic transition takes place inside the sample. It measures the intensity of light 

passing through a sample and compares it to the intensity of light before it passes 

through the sample over the range of wavelength. The produced uv-vis spectra
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have broad features very useful for quantitative measurements. The light source 

used for the measurements was deuterium lamp for uv measurements and tungsten 

lamp for visible measurements. Before doing the measurements the baseline 

corrections were done in the spectrophotometer without placing any samples in the 

instruments. After that the sample and the reference sample were placed in a 

double-beam instrument where the light was split in to two beams. The one beam 

passed through the sample and the other through reference sample and analysed 

using the photodiode detector. The uv-vis spectra were plotted in the computer 

during the measurements. All the measurements were done in ambient conditions.

3.7.8 X-ray photoelectron spectroscopy (XPS)

The x-ray photoelectron spectroscopy studies described in chapter 6 was carried 

out using a Kratos Axis Ultra spectrometer with a monochromated A1 Ka source 

(1486.6 eV). The measurements were performed in a high vacuum chamber with a 

base pressure of 10'8 Torr. Samples for the XPS measurements were prepared by 

putting the samples on the carbon tape stuck to the XPS sample support.

XPS is a surface chemical analysis technique that can be used to analyse the 

surface chemistry of the material. The XPS spectra are obtained by irradiating a 

material with a beam of x-rays while simultaneously measuring the kinetic energy 

(KE) and number of electrons escape from the surface of the material. A typical 

XPS spectrum is the plot of the number of electrons detected versus binding energy 

of the electrons detected. The energy of a particular x-ray wavelength equals a 

known quantity so the electron binding energy of each of the emitted electrons by 

using an equation (E Rutherford, 1914),
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E  binding — E  photon “ E  kinetic (3.6)

Where E binding is the energy of the electron emitted from one electron configuration 

within the atom, E photon is the energy of the x-ray photons used, E kinetic is the 

kinetic energy of the emitted electron as measured by the instrument and O is the 

work function of the spectrometer.

The instrument used here was calibrated with the C (Is) binding energy at 284.7 

eV. Multiplex XPS spectra of N (Is), O (Is) and Ti (2p) were recorded and fitted 

with an aid of CASA XPS software. The nitrogen content in the films was 

estimated from the relative area intensities of the N (Is), O (Is) and Ti (2p) peaks 

that were normalised using their relative sensitivity factors.
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Figure 3.1 Electrohydrodynamic processing set-up for TiC>2 films investigations
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CHAPTER 4

TiC>2 Film Preparation and Microstructural 
Characterisation_______________________________

The research work on this chapter investigates the electrohydrodynamic processing 

viability of TiCF films. This route uses an electric field to generate a jet, which later 

breaks down to droplets, hence leading to a spray, which is a good source of 

material to prepare films on a substrate. The electrohydrodynamic processing has 

been used to form ceramic thin films due to relatively easy generation, narrow 

distribution of droplets in stable cone-jet mode (Watanabe et al., 2003). This 

chapter describes the effect of applied voltage and the flow rate employed during 

the electrohydrodynamic processing of titania sol to form the TiCF films. If the 

electrohydrodynamic processing method is used to prepare the TiCF films, it is very 

important to analyse the processing parameters such as applied voltage and flow 

rate on formation of the cone-modes. For this, the mode-selection map was drawn 

for various voltages and flow rates and the conditions for forming the stable cone- 

jet mode were established. The droplets in the stable cone-jet mode were 

characterised to determine the mono-dispersity.

This chapter further discusses the microstructural investigation of the 

electrohydrodynamically processed TiCb films annealed at various temperatures. 

The microstructural investigations were carried out using Raman spectroscopy and 

x-ray diffraction studies. The annealing temperature effects on microstructures of 

the TiC>2 films were analysed. The morphology studies of the 

electrohydrodynamically processed TiCF films were carried out using scanning 

electron microscopy.
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4.1 Titania sol

The successful of electrohydrodynamic processing depends on stable solution for a 

long time. To achieve this, a low weight percentage (-2% ) of precursor was used to 

prepare the titania sol for processing the TiC>2 films. The high weight percentage 

(-5%) of precursor used to obtain the titania sol was viscous and formed a 

sedimentation and gave a fog like appearance. The sol obtained using ~2 wt % of 

precursor was very stable and no sedimentation occurred on standing indefinitely, 

however it was kept on rollers for repeated use.

4.1.1 Sol physical properties

Since the electrohydrodynamic processing depends on physical properties of the 

liquids which are used in atomisation it is very important to understand and analyse 

the physical properties of the titania sol. The titania sol properties were determined 

as discussed in section 3.3. The physical properties of the prepared TiO: sol and 

the ethanol are given in Table 4.1.

Table 4.1 Physical properties of TiO: sol and ethanol
Sol Ethanol

Electrical conductivity Sm '1 6 x 100 1 x 10 ̂

Surface tension mNm'1 26 23

Density kgm'3 791 790

Relative permittivity 17 26

Viscosity mPa s 1.5 1.3
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The ethanol is widely used as a liquid carrier in electrohydrodynamic processing 

because of its low surface tension, which enables the electric field to overcome the 

surface forces and generate a jet. The usage of water is avoided here in hydrolysing 

the metal organic precursor because it is very difficult to atomise the aqueous 

medium in electrohydrodynamic processing in air due to high surface tension of 

water, which will result in corona discharge (Smith, 1986). Since the weight 

percentage of the sol in ethanol is small (-2%), its density was only slightly higher 

than ethanol Its electrical conductivity is greater than ethanol but not sufficiently 

high to make the process unstable (De la Mora and Loscertales, 1994). The surface 

tension and viscosity of the titania sol is also higher than the ethanol. The relative 

permittivity of the titania sol was considerably lower than the ethanol's relative 

permittivity. This parameter along with the electrical conductivity is very crucial 

in determining the electrohydrodynamic jetting which will be discussed later in the 

section 4.2.4

4.1.2 TGA of titania sol

Figure 4.1 shows the TGA curve for the titania sol which was used in 

electrohydrodynamic processing. The figure shows two break-up points, one 

between the room temperature and "160 °C and another between 160 - 250 °C The 

rate at which the loss of weight is higher in the first step compared to the second 

step Thereafter, the weight remained constant. The first step weight loss 

corresponded to a loss of water and solvent molecules which were adsorbed in the 

titania sol The second weight loss is associated with the loss of structural hydroxyl 

groups and the substances like unhydrolyzed isopropoxide/organic residues which
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might left in the titania sol. The constant weight obtained above 250 °C indicating 

that the titania sol was independent of the dehydration.

4.2 Electrohydrodynamic processing of TiC>2 films

For ceramic thin films and coatings, the electrohydrodynamic processing in stable 

cone-jet mode exhibiting a very promising potential with its inherent capability of 

producing fine droplets in micro and sub-micrometer range with a narrow size 

distribution (Miao et al., 2002). The electrohydrodynamic processing of titania sol 

was carried out to prepare the TiO: films using the equipment configuration 

explained in section 3.4.1, The electrohydrodynamic processing is depends on 

electrostatic forces to break the liquid filament in to fine charged droplets. The 

applied voltage was varied between 3 - 6 kV to create an appropriate electric field 

between the capillary and the ground electrode to overcome the surface tension 

forces. The flow rate was varied between 2 x l0 'n - 2xlO '10 m V 1. The flow rate 

regime was selected low as possible to minimise the current through the liquid cone 

and the surface charge on the jet to prevent or minimize the formation of secondary 

and satellites droplets (Hartman et al., 2000; Jayasinghe and Edirisinghe, 2004).

A careful selection and observation of physical properties of the processing 

medium and the processing parameters are essential to establish the stable 

electrospray for a long time to process the films. For example, the high surface 

tension solutions need a very high voltage for establishment of a stable 

electrospray, in some cases this might be higher than the surrounding atmosphere’s 

electrical break down threshold where a stable electrospray can not be formed 

(Tang and Gomez, 1994). On the other hand, every liquid used in this process has a
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minimum flow rate below which there is no stable cone-jet mode established 

(Hartman et al., 2000). In order to find out the suitable processing conditions for 

the titania sol to prepare the Ti0 2  films the mode-selection map was drawn for 

various combinations of applied voltage and flow rate. The mode-selection map is 

very useful to identify the stable cone-jet domain and hence establish the 

processing conditions.

4.2.1 Mode-selection map

Figure 4.2 shows the mode-selection map for the titania sol used to process TiC>2 

films as a function of flow rate and applied voltage. The map consists of different 

domains for each spraying modes identified in the electrohydrodynamic processing 

spans over the various applied voltages and flow rates. Each domain has an 

operating voltage window where their respective modes start and end in that 

particular range. By connecting the operating voltage window at different flow 

rates the boundaries for the each domain was developed. The stable and mono- 

disperse spraying could be established only within the certain ranges of applied 

voltages and liquid flow rates for a fixed experimental set up and a liquid medium 

which defines the stable cone-jet mode domain.

The stable cone-jet domain was narrower in the low flow rate (< 8 xlO '11 m V 1) 

regime obtained within the applied voltage of 4 - 4.4 kV. At higher flow rates (> 8 

xlO '11 m Y 1) the domain was broader and the stable cone-jet mode was obtained in 

the wider applied voltage window of 4.1 - 5.8 kV. However, the domain was 

shrunk when the flow rate was increased above 1.8x1 O'10 m Y 1. Out side the stable 

cone-jet mode domain dripping, micro-dripping, spindle, unstable cone-jet and
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multi-jet mode domain were existed with their respective operating voltage 

window.

4.2.2 Effect of applied voltage

The applied voltage is an important processing parameter and affects the magnitude 

of electric field strength in the electrohydrodynamic processing. The different 

modes of operation can be observed as the applied voltage is gradually increased 

(Cloupeau and Prunet-Foch, 1990). The effect of applied voltage on the titania sol 

was studied carefully. For a fixed flow rate of lx lO '10 m V 1 increasing the applied 

voltage changed the operating modes from dripping—► micro-dripping —► 

unstable—> stable—► multi-jet.

4.2.2.1 Operating mode and cone-shape

The mode of electrohydrodynamic processing is the way the liquid is dispersed into 

droplets and it could be characterised by geometrical form of the liquid at the end 

of the capillary (Jaworek and Krupa, 1999). Figure 4.3 shows the dripping mode at 

no applied voltage. A near spherical drop was hung at the outlet of the capillary. 

Increasing the applied voltage changed the shape of the drop and the drop was 

elongated in the vertical direction. This is called micro-dripping mode and 

observed at the applied voltage of 3.1 kV. This has been shown in Figure 4.4. 

Figure 4.5 shows the unstable cone-jet mode at the applied voltage of 4.1 kV 

where the shape of the drop changed between semi-spherical and cone shape. The 

stable cone-jet mode was achieved at the voltage of 4.5 kV. A very fine cone shape 

was observed and at the apex of the cone a fine jet was clearly seen. This is shown
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in Figure 4.6. At this mode the electric filed strength and surface tension of the 

titania sol are equal. Figure 4.7 shows the multi-jet mode. This was resulted when 

increasing the voltage beyond the stable cone-jet voltage window. Two attached 

cones with an oblique appearance were seen and at each of the cone apex the jets 

were ejected.

4.2.3 Effect of flow rate

The flow rate is a key variable in electrohydrodynamic processing and it influences 

the droplet size of the electrospray. According to Ganan-Calvo et al. (1997) the 

droplet size is directly proportional to the flow rate. The effect of liquid flow rate 

over the electrohydrodynamic processing of titania sol was investigated by keeping 

the applied voltage constant.

4.2.3.1 Operating mode and cone-shape

The stable cone-jet mode was obtained at a constant applied voltage of 5.5 kV as 

the flow rate was varied between 1.2xlO‘10 - 2.4xlO'10 m V 1. When the flow rate 

was increased the cone depth was increased notably. Figure 4.8 shows the stable 

cone-jet mode obtained at a flow rate of 1.2xlO~10 m V 1 and applied voltage of 5.5 

kV. The measured cone depth was 384 pm. The cone depth obtained at a flow rate 

of 1 .6 x l0 10m V  was 408 pm. This is shown in Figure 4.9. Figure 4.10 shows the 

cone shape at a flow rate of 2xlO"10 m V 1 and the measured cone depth was 537 

pm. The increase in cone depth was significant in this case when compared to 

previous case. The cone depth was even further increased when the flow rate was
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increased to 2.4xlO'10 m V 1. This is shown in Figure 4.11. The cone depth 

obtained was 686 pm.

4.2.4 Cone-jet and droplet characterisation

The stable cone-jet diameter and the droplet size distribution of the titania sol 

flowing at a rate of lx lO '10 m V 1 determined and compared with the scaling law 

given by Ganan-Calvo et al. (1997).

On top of that, for a classical electrohydrodynamic stable cone-jet mode 

atomisation to take place, te, the electrical relaxation time must be much smaller 

than, th, the hydrodynamic time this establishes the inequality (Ganan-Calvo et al., 

1997).

(4.11k a

as a prerequisite for film preparation, where /? is the relative permittivity, K  is the 

electrical conductivity, Q is the flow rate, D is the jet diameter and L is the axial 

length of the jet, eG is the permittivity constant (8.85 x 10'12 Fm'1) . In the stable 

cone-jet mode, the cone and jet dimensions were measured using the video 

recordings. The measured jet diameter (D ) is 8 pm at an axial distance of 1000 pm 

from the exit of the needle (L). Using the values in Table 4.1 and equation (4.1), it

6  *4gives te 2.51x10' s and th 6.4x10' s. Therefore, th »  te and the classical 

electrohydrodynamic atomisation is taking place.
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4.2.4.1 Jet characterisation

Using the values in Table 4.1, the jet diameter (D ) in the stable cone jet mode can 

be estimated by (Ganan-Calvo et al., 1997)

Equation (4.2) gives D as -  4 pm; as stated before the measured jet diameter at a 

distance of 1000 (jm from exit of the needle is ~ 8 pm. This discrepancy probably 

lies in the fact that equation (4.2) does not take viscosity into account.

4.2.4.2 Droplet characterisation

The electrohydrodynamic processing modes differ in the way droplets are produced 

and this affects the droplet size and size distribution. According to the classification 

of electrostatic atomisation by Jaworek and Krupa (1999), more than 10 distinct 

modes are found to give fine aerosols during spraying. On the other hand, only the 

droplets generated from the cone-jet and micro-dripping modes are near mono- 

disperse; while most other modes usually give polydisperse droplets although some 

times the size distribution can be narrow. Therefore, the cone-jet mode is 

considered to be the only suitable choice because it generates both fine and mono- 

disperse droplets.

The quality of the ceramic thin films and coatings are heavily dependent on the size 

and size distribution of the ceramic powder particles during deposition process 

(Balachandran et al., 1994), because the fine particles with narrow size distribution

(4.2)

128



have the effect of limiting the size of voids between particles, this enables coatings 

to be deposited with high homogeneity and without flaws.

Figure 4.12 shows the droplet size distribution measured using a laser 

spectroscopy. The repeated experiments showed a clear narrow unimodal droplet 

size distribution with a peak at ~2 pm. The average droplet size was 1.9 pm. 

However, the droplets collected and viewed immediately after the deposition are 

strikingly near mono-disperse and are ~ 1.5 pm (Figure 4.13). The narrowing of 

the size range to 1.5 pm during the flight of the droplets towards the ground 

electrode is most probably caused by the straying and loss of some finer droplets 

towards the extremities of the ground electrode and evaporation of the ethanol from 

the coarser droplets (Grigoriev and Edirisinghe, 2002).

4.3 Film preparation

The titania sol flowing at a rate of lx lO '10 m V 1 was utilised for film preparation. 

The films were prepared by the method proposed by Pareta and Edirisinghe (2006). 

The centre of the substrate was slightly off-set to the exit of the needle. Since the 

spraying time would influence the film thickness, it was kept as short as possible 

whilst not affecting the film uniformity. A film thickness of ~ 200 nm was obtained 

by spraying up to 60 s.

4.3.1 Characterisation of TiCh films

The characterisation of the processed films is quite important in order to widely 

apply the method to the large scale. The characterisation could be related to
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determining the mechanical, electrical and optical properties of the processed films. 

The electrohydrodynamically processed TiOo films were characterised using 

Raman spectroscopy, XRD and SEM. The structural characterisation of the films 

was done to identify the phases of TiC>2 films formed in electrohydrodynamic 

processing. The morphological studies were carried out to assess the surface 

quality of the processed films.

4.3.1.1 Raman spectroscopy of T1O2 films

A Raman spectroscopy is a very powerful tool for detecting the different crystalline 

phases in TiC>2 films. The results from Raman spectroscopy showed the films 

consisted of the anatase phase of titania and increasing the annealing temperature 

results in the rutile phase of titania.

The Raman spectra are shown in Figure 4.14. A strong peak characteristic of the Si 

substrate is present at 520 cm '1 in all the films. The as-deposited film showed no 

characteristic peaks other than Si substrate peak. This is indicating that the as- 

deposited films were amorphous in nature. The film annealed at 500 - 700 °C 

display three well defined peaks at 143 cm '1, 396 cm''and 638 c m 1. These are 

attributed to the anatase phase. It is clearly seen that the films annealed at these 

temperatures didn’t exhibit any peaks related to the rutile phase which 

demonstrates that the films contain only the anatase phase. The intensity of Raman 

signals is well correlated with the degree of crystallinity. As the temperature is 

increased, progressive increases in the peak intensity accompanied by sharpening 

of the peaks are observed, implying an increase in the crystallinity of the anatase 

phase with increased temperature.
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The film annealed at 800 °C shows an additional strong peak at 196 cm '1, which 

also belongs to the anatase phase (Kelly et al., 1997). As annealing temperature 

increased to 900 °C a weak peak starts to appear at 439 cm '1 which is a feature 

resulting from the evolution of the rutile phase. According to Czandema et al. 

(1958) the anatase phase irreversibly transforms to the rutile phase on heat 

treatment above 450 °C. However, the phase transition temperature depends upon 

the grain size, presence of impurities, dopants, precursor materials and synthesis 

methods (Hirano et al., 2003).

4.3.1.2 XRD study of TiCh films

Figure 4.15 shows the XRD studies of the electrohydrodynamically processed 

TiC>2 films annealed at various temperatures. It can be seen that all films show a 

dominant reflection at 20 value of 25.28. This is corresponds to anatase phase with 

(101) direction and indicates that all films yielded this preferred orientation. In 

addition to this the film annealed at 500 °C showed three more distinctive peaks at 

20 values of 37.98, 48.08 and 55.07. These are related to anatase phase with (004), 

(200) and (211) orientations because of the closeness of their relative intensities to 

the standard data (JCPDS-ICDD 21-1272).

The films annealed in the range of 600 - 800 °C showed the stronger and sharper 

peaks compared to the film annealed at 500 °C means that increasing the annealing 

temperature leads to improvement in the crystallinity of the films. The films 

annealed in this range showed three more orientations at (103), (112) and (105). 

These also correspond to the anatase structure of TiC>2 films. At these temperatures 

there is no reflection related to the rutile phase of the TiC>2 film was observed.
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However, the film annealed at 900 °C showed a peak at 20 = 27.38 and this is 

attributed to the rutile phase. These results were well agreement with the results of 

the Raman spectroscopy results discussed in the section 4.3.1.1.

The average crystallite size of TiC>2 films annealed at various temperatures 

estimated using Scherrer’s formula mentioned in the section 3.7.2. The broadening 

of the diffraction peaks could be related to the average crystallite size of the films. 

Increasing the annealing temperature resulted in less broadening of the diffraction 

peaks indicating that annealing temperature increases the crystallite size. The 

relationship between the annealing temperature and the crystallite size is shown in 

the Figure 4.16.

The growth in crystallite size was non-linear between the annealing temperatures 

500 - 700 °C but the crystallite size was linearly increasing with the annealing 

temperature between 700 - 900 °C. The crystallite size calculated at 500 °C was 

~21 nm and this result is in agreement with the grain size of ~ 30 nm observed 

using a scanning electron microscopy results described below (Figure 4.23).

4.3.1.3 Morphological study of TiC>2 films

The FE-SEM image (Figure 4.17) shows that the deposited film is very 

homogeneous and containing a reticular network of particles. The average particle 

size is ~ 1 pm. A high magnification investigation on one region (Figure 4.18) 

indicates that these particles are starting to become agglomerated particles, a 

process which can lower the total surface energy to stabilize the system. Figures 

4.19 and 4.20 shows that the films annealed at 500 °C have very dense and crack-
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free surfaces. The formation of dense films could be explained by the following 

mechanism.

The droplets generated from the instability of the jet emerging at the tip of the cone 

contains particles (solutes) arriving at the substrate still “wet enough” to bond to 

the substrate. Once hitting the substrate the droplets start to spread and the 

spreading rate is influenced by surface tension forces at the substrate and viscosity 

of the precursor sol. It is well known that surface tension for the Si substrate is 

much higher than that of dielectric oxides. Therefore, the initial spreading rate must 

be rapid to lower the systems energy. The viscosity of the precursor sol in our case 

is also only slightly higher than water and helps it to increase the spreading rate 

considerably. For surface diffusion to take place there should be enough 

temperature where solute atoms migrate from one place to another to form the 

preferential orientation. At 500 °C particle (solute atoms) rearrangement takes 

place and the nature of the film becomes amorphous to crystalline.

The film annealed at 500 °C has some rough spots. This is due to the fact that 

particles are agglomerated and grow on the previously deposited layer of dielectric 

film rather than the Si substrate. The dielectric film has lower surface tension than 

the Si substrate and therefore spreading of droplets is reduced leaving some rough 

spots. Apart from this the film produced was very dense and crack free compared 

with those obtained on an Al substrate (Figure 4.21 and Figure 4.22) where 

cracking in the layer is widely prevailant due to the higher different thermal 

expansion coefficient between the substrate and the film.
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The film thickness of the TiC>2 films was measured using a scanning electron 

microscopy. The thickness of the films could be controlled by the spraying time. 

Figure 4.24 shows the cross sectional view of the film obtained after spraying up 

to 60 s and the thickness was -200 nm.

In summary, this investigation reveals crack free TiO: films can be processed 

electrohydrodynamically in the stable cone-jet mode. The effect of applied voltage 

and flow rate on processing TiC>2 films also investigated and analysed in this 

chapter. Well characteristic features of TiC>2 film were obtained by varying the 

annealing temperature. Surface morphology showed dense and crack free surfaces 

which can be useful in many applications.
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Figure 4.1 TGA of titania sol
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Figure 4.2 Mode selection map for the titania sol
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Figure 4.3 Dripping mode at flow rate of 1x10'10 m V 1 and no applied voltage

Figure 4.4 Micro-dripping at flow rate of 1x10 ^ m V 1 and 3.1 kV
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Figure 4.5 Unstable cone-jet mode at flow rate of 1x10'10 m V 1 and 4.1 kV

635 gm

Figure 4.6 Stable cone-jet mode at flow rate of lxlO  ^ m Y 1 and 4.5 kV
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Figure 4.7 Multi-jet mode at flow rate of lx lO '10m3s'1 and 6 kV

635 pm

Figure 4.8 Stable cone-jet mode at flow rate of 1.2xlO'10m3s‘1 and 5.5 kV

635 pm
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Figure 4.9 Stable cone-jet mode at flow rate of 1.6xlO"10 m V 1 and 5.5 kV

635 |jm

Figure 4.10 Stable cone-jet mode at flow rate of 2xlO 'I0m3s'1 and 5.5 kV
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Figure 4.11 Stable cone-jet mode at flow rate of 2.4xlO*10m3s*1 and 5.5 kV
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Figure 4.12 Droplet size distribution obtained by laser spectrometry. Results of 

repeated experiments are shown as different coloured plots
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Figure 4.17 SEM image of as-deposited TiC>2 film electrohydrodynamically 

processed at lx lO '10m3s 1 and 4.5 kV on Si substrate (magnification xlOOO)

1 0 K U

Figure 4.18 SEM image of as-deposited TiC>2 film electrohydrodynamically

processed at lx lO '10m3s"1 and 4.5 kV on Si substrate (magnification x6500)
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Figure 4.19 SEM image of Ti02 film electrohydrodynamically processed at 1x10 

10 m V 1 and 4.5 kV on Si substrate annealed at 500 °C (magnification x2700)

Figure 4.20 SEM image of TiC>2 film electrohydrodynamically processed at 1x10

,0m3s '1and 4.5 kV on Si substrate annealed at 500 °C (magnification x6500)
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Figure 4.21 SEM image of TiCE film electrohydrodynamically processed at 1x10 

10m V'and 4.5 kV on Al substrate annealed at 500 °C (magnification xl400)

U C L A R C  1 0 K U

Figure 4.22 SEM image o f TiCh film  electrohydrodynam ically processed at 1x10

10nrY'and 4.5 kV on Al substrate annealed at 500 °C (magnification x6500)
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10 ^Figure 4.23 SEM of T 1O 2 film electrohydrodynamically processed at 1x10 m s 

'and 4.5 kV with high magnification (x230 000)

Substrate

Figure 4.24 Cross sectional view of TiC>2 film electrohydrodynamically processed 

at 1x10 10 m V 'and 4.5 kV (spray time 60 s)
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CHAPTER 5

Electrical and Optical Characterisation of  
Electrohydrodynamically processed TiOz films

This chapter describes the electrical and optical characterisation of 

electrohydrodynamically processed TiC>2 films which were illustrated in chapter 4 

TiCF has been one of the extensively studied oxides because of its remarkable 

optical and electrical properties. It could be used in thin film capacitors and gate 

dielectrics in micro electronic applications (Duenas et al., 2005) TiCF is also 

extensively used in optical thin film device applications owing to its optical 

properties and high thermal and chemical stabilities in hostile environments (An, 

2005). Due to its potential applications in many fields it is vital to study the 

electrical and optical properties of the TiCF films. This is the first ever study of the 

electrical and optical properties of electrohydrodynamically processed TiCF and 

this will set the platform for the future research being carried out in this field

The electrical properties of processed TiC>2 films were studied by fabricating a 

simple metal-oxide-semiconductor (MOS) structure. The electrical measurement 

methods used are described under experimental details (chapter 3). The 

capacitance-voltage and current-voltage characteristics of processed TiCf films are 

analysed The effect of annealing temperature on dielectric constant and leakage 

current density of the films are discussed in this chapter. The optical properties of 

processed TiCf films are evaluated from the uv-vis spectroscopy studies of the 

films Further, the effect of annealing temperature on optical properties is analysed.
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5.1 MOS capacitors

MOS capacitor is the most powerful for investigating nearly all the electrical 

properties of the MOS system. The superiority of the MOS capacitor rests on its 

simple structure, simple fabrication and simplicity of the analysis. In this study the 

fabricated metal-titanium dioxide-silicon capacitor was used to analyse the 

capacitance-bias voltage characteristics and the leakage current-bias voltage 

characteristics of the system.

Before getting in to the electrical characterisation of the electrohydrodynamically 

processed titanium dioxide films, the FTIR studies on the films were done. The 

FTIR studies of the TiO: films prepared by electrohydrodynamic processing are 

useful for analysing the organic residues remaining in the films and to elucidate the 

nature of the bonding in the film.

5.2 FTIR study of T i0 2 films

The FTIR results of the TiO: films are shown in Figure 5.1. In the as- deposited 

film a broad absorption peak at 3200-3400 cm '1 is observed corresponding to -OH 

stretching region. The absorption peaks around 2700 cm 1 are associated with 

hydrocarbon groups such as -CH, -CH: in the films (Zhang et al., 2002). After 

annealing the films to higher temperatures these peaks are disappeared, indicating 

the removal of hydroxyl groups and hydrocarbons in the films. The peak located 

near 435 cm '1 in the annealed films is corresponding to the anatase phase of TiO:. 

No anatase phase was found in the as-deposited films. The absorption bands near 

1080 cm '1 and 810 cm '1 are characteristic features of the SiO: and correspond to 

stretching and bending vibrations of the Si-O-Si bond respectively (Mosaddeq-ur-
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Rahman et al., 2000). This shows there is a growth of interfacial SiC>2 layer 

between the processed TiC>2 film and the silicon substrate. The diffusion of oxygen 

ions through the TiC>2 film covering the substrate facilitated the interfacial SiC>2 

formation. The absorption peaks of the films annealed above 700 °C shifted 

towards the higher frequency side. This is indicating that the interfacial layer is not 

purely stoichiometric SiCK In addition to this, the film annealed at higher 

temperatures showed a peak around 1250 cm ' 1 is also corresponds to the SiC>2 bond 

(Han and Aydil, 1997).

5.3 C-V characteristics of MOS capacitors

The dependence of capacitance on bias voltage is expected for an oxide grown on 

silicon substrate. These features are shown in Figure 5.2 and Figure 5.3 for 

electrohydrodynamically processed films annealed at 500 °C and 600 °C for two 

different frequencies. Figure 5.2 shows the low frequency C-V characteristics and 

Figure 5.3 shows the high frequency C-V characteristics of the fabricated MOS 

capacitors. These are characterised by the presence of accumulation, depletion and 

inversion regions. These are shown in the figures by a, b and c.

When a negative bias was placed on the top electrode, the negative charges on the 

electrode attracted the holes to the silicon surface to form an accumulation region. 

At the very large negative bias, the hole density at the silicon surface was greatly 

exceeded the hole density in the bulk. The large hole charge density at the silicon 

surface was contributed to a large capacitance of the MOS system. When the bias 

voltage was made less negative, the negative charges were removed from the
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electrode and the surface hole density was decreased consequently the capacitance 

of the MOS system was decreased.

As bias voltage was made positive, the holes repelled from the silicon surface 

resulted in the formation of a depletion layer of ionized acceptors. The capacitance 

of the MOS system was even lowered in this range. This bias range is called the 

depletion region. As bias voltage was made increasingly more positive, the surface 

hole density was decreased whereas the surface electron density was increased. 

When the surface electron density was exceeded the surface hole density the 

inversion layer of electrons was formed. This bias range is called the inversion 

region. However, the high frequency C-V characteristic showed the inversion 

region capacitance constant since the minority carrier density wasn’t changed with 

bias voltage.

5.3.1 Low frequency (100 kHz) C-V plots

The low frequency C-V plot of MOS capacitor is shown in Figure 5.2 for 

electrohydrodynamically prepared titanium dioxide films annealed at two different 

temperatures 500 °C and 600 °C. They showed a well characterised regions 

accumulation, depletion and inversion marked by a, b and c in the figure. The 

maximum capacitance in the accumulation region was 9.5 x 10 10 F for the film 

annealed at 500 °C. The film annealed at 600 °C showed a maximum capacitance 

of 9.2 x 10' 10 F. When decreasing the negative bias voltage there was a sudden 

capacitance drop observed. At the bias voltage of -0.5 V the capacitance was 6  x 

10 10 F for the film annealed at 500 °C and 4.9 x 10 10 F for the film annealed at 

600 °C. Increasing the positive bias voltage even lowered the capacitance of the
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MOS system. At the bias voltage of 0.5 V the capacitance was 2 x 10' 10 F for the 

film annealed at 500 °C and 1.8 x 1 O' 10 F for the film annealed at 600 °C. At the 

higher positive bias voltage the capacitance of the MOS system was increased. At 

the bias voltage of 1.5 V the capacitance was 5 x 1 0 10 F for the film annealed at 

500 °C and 4.5 x 10 10 F for the film annealed at 600 °C. The film annealed at 600 

°C showed a capacitance value lower than the film annealed at 500 °C for all bias 

voltages. This decrease in capacitance of the MOS system containing the film 

annealed at 600 °C is associated with the grown interfacial SiCF layer. The grown 

interfacial SiCF layer produces an in-series combination with the deposited TiCF 

layer. Therefore, there is a net reduction in the total capacitance is observed.

5.3.2 High frequency (500 kHz) C-V plots

The high frequency C-V plot of MOS capacitor is shown in Figure 5.3 for 

electrohydrodynamically prepared titanium dioxide films annealed at two different 

temperatures 500 °C and 600 °C. The characteristic regions were same as for low 

frequency plots except the inversion layer region. The maximum capacitance in the 

accumulation region was 9.4 x 10' 10 F for the film annealed at 500 °C. The film 

annealed at 600 °C showed a maximum capacitance of 9.1 x 10 10 F. There was a 

sudden drop in capacitance when the bias voltage was increased. At the bias 

voltage of -0.5 V the capacitance was 5.8 x 10 10 F for the film annealed at 500 °C 

and 4.8 x 10 10 F for the film annealed at 600 °C. When increasing the positive bias 

voltage the inversion region capacitance showed the constant value of 1.8 x 10 10 F. 

This is because at the high frequency there was a little time for minority charge 

carrier to respond with the bias voltage. Therefore, the minority charge carrier 

wasn’t contributed to the capacitance variation in inversion region.
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5.4 Dielectric constant of TiCh films

The dielectric constant of electrohydrodynamically processed titanium dioxide is 

calculated from the maximum capacitance in the accumulation region. The 

effective dielectric constant of the TiO: films could be calculated from,

(5.1)
d

Where d is the thickness of TiO:, £ r is the effective dielectric constant of TiO:, £„ 

is the permittivity constant and A is the device area.

By substituting the values of each variable the effective dielectric constant of the 

TiO: films are derived. These are shown in the Table 5.1 for the films annealed at 

500 °C and 600 °C.

Table 5.1 Effective dielectric constant of TiO: films
Annealing Temperature (°C) Frequency Dielectric constant

500 100 kHz 7.15

600 100 kHz 6.93

500 500 kHz 7.08

600 500 kHz 6.85

5.4.1 Effect of annealing temperature on dielectric constant

The electrohydrodynamically processed TiO: films annealed at 500 °C showed a 

higher dielectric constant compared to the TiO: films annealed at 600 °C. The
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annealing temperature had two contrary effects on the dielectric constant of the 

TiO: films deposited in the silicon substrate. On the one hand, due to increase in 

the crystalline phase, in this case the anatase phase content in the films is increased 

when the annealing temperature is increased. This was evidenced by the Raman 

spectra of the annealed TiO: films deposited in the silicon substrate (Figure 4.14). 

The sharper peaks were obtained when increasing the annealing temperature 

indicating the increase in the anatase phase content. The improvement in the 

crystalline quality of the TiO: films is increased the dielectric constant of the films.

On the other hand, the interfacial SiO: layer is grown with the annealing 

temperature. This was clearly seen by the FTIR study of the TiO: films (Figure 

5.1). The increase in intensity of the SiO: peaks was observed when increasing the 

annealing temperature. The growth of the interfacial SiO: layer is effectively 

reduces the total capacitance since it was in-series combination with the TiO: films. 

Consequently, the dielectric constant of the TiO: films is decreased when the 

annealing temperature is increased. This behaviour indicates that the effect of 

grown SiO: interfacial layer is greater than the structural property at high 

temperature. Based on the above discussion, it is obvious that the dielectric 

property of the electrohydrodynamically processed TiO: films is decreased when 

increasing the annealing temperature.

5.5 I-V characteristics of MOS capacitors

The leakage current behaviour of dielectric oxide is paramount need in 

microelectronic applications. The leakage current -  bias voltage characteristics for 

the films annealed at 500 °C and 600 °C are shown in Figure 5.4.
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It can be seen that the leakage current at negative bias is higher than that at positive 

bias. In the negative bias charge conduction is dominated by the metal/oxide 

interface and at the positive bias charge conduction is controlled by silicon/oxide 

interface (Yang et al., 2006). The charge conduction in metal/oxide interface is 

higher than that of silicon/oxide interface hence the leakage current is higher at 

negative bias.

The leakage current was increased with the applied bias voltage. For the films 

annealed at 600 °C (Figure 5.4) the leakage current was 31 pA at the bias voltage 

of -0.5 V. It was increased to 131 pA at -1.5 V. At the bias voltage of -2.5 V it was 

256 pA. The increase in leakage current with the bias voltage is due to increase in 

the electric field strength across the capacitor. It was also noted that the leakage 

current increase between the bias voltages -0.5 V to -2 V was higher than the 

leakage current increase beyond -2 V. The same trend was observed for the 

positive bias voltages where the leakage current increase between the bias voltages 

0.5 V to 2 V was higher than the bias voltage beyond 2 V. However, the leakage 

current found to be lower compared to the negative bias voltages. A similar trend 

was observed for the films annealed 500 °C.

5.5.1 Effect of annealing temperature on leakage current density

The leakage current density was obtained by dividing the leakage current by the 

electrode area and it shows the current passing through the film per unit area. The 

post deposition annealing had significantly influenced the leakage current density 

of the films. The as-deposited films showed a completely leakage behaviour even 

at lower bias voltage. However, the post deposition annealing improved the leakage
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current behaviour which is shown in Figure 5.5 for the films annealed at 500 °C 

and 600 °C. The films annealed at 700 °C showed again a completely leakage 

behaviour.

The as-deposited films were contained loosely bonded particles with a reticular 

structure (Figure 4.17). It also showed the amorphous phase in the Raman spectra 

characterisation (Figure 4.14). The FTIR studies also showed there were 

anhydrolysis carbon contaminants in the films (Figure 5.1). Therefore the as- 

deposited films had the high density of oxygen vacancies and high defect density 

due to carbon contaminants. The charges conducted easily through this 

microstructure. Therefore they showed a completely leakage behaviour.

The leakage current density of heat treated films also found to be sensitive to the 

annealing temperature. The films annealed at 500 °C showed a higher leakage 

current density than the films annealed at 600 °C for both negative and positive 

bias voltages. The leakage current density was 51 pA/mm2 at a bias voltage of -2.5 

V for the films annealed at 500 °C and 36 pA/mnr for the films annealed at 600 

°C. This is because of annealing eliminates the structural disorders like oxygen 

vacancies and reduce the leakage current density. Annealing at high temperature 

promotes the oxygen atoms to diffuse into the film and fill the oxygen vacancies in 

the TiO: films. As the annealing temperature increases, the concentration of diffuse 

oxygen atoms increased, the number of vacancies decreased and the leakage 

current lowered. Another reason is the growth of interfacial SiO: layer between the 

Si and TiO: during the annealing process which also helped to reduce the leakage 

current (Singh et al., 2005). The growth of interfacial SiO: was identified in the
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FTIR studies with the absorption bands near 1080 cm ' 1 and 810 cm ' 1 are confirmed 

the Si-O-Si bond (Figure 5.1).

In spite of this advantage provided by the grown SiC>2 for reducing the leakage 

current density, later it was found to be detrimental to the films annealed at 700 °C. 

The complete leakage behaviour of the films annealed at 700 °C is due to this 

abnormal growth of the interfacial SiCb where it forms a non-stoichiometric oxide 

leading to a defect rich interface layer facilitating the charge conduction. Therefore 

the optimised annealing temperature for improving the leakage current density was 

found to be 600 °C. This is clearly shows the annealing temperature plays a 

dominate role in the leakage current of electrohydrodynamically processed titanium 

dioxide films.

5.6 UV-Vis spectroscopy study on T1O2 films

The optical properties of electrohydrodynamically processed TiCb films are 

evaluated using the uv-vis spectroscopy. The properties of thin films are known to 

differ from that of bulk materials. As the diameter of crystallites approaches the 

exciton Bohr diameter, the quantum size effect where splitting of the energy bands 

into discrete quantized energy levels occurs (Ge et al., 2006). The transmittance 

characteristics of the TiCb films in the wavelength of 200-700 nm are shown in 

Figure 5.6. The energy bandgap of the films are determined from the 

transmittance of the films are shown in Figure 5.7 and Figure 5.8. The effects of 

annealing temperature on the energy bandgap of the films are tabulated in Table

5.2.
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5.6.1 Effect of annealing temperature on transmittance of TiCh films

The transmittance spectra of the TiC>2 films annealed at different temperatures are 

presented in Figure 5.6. There are no oscillations observed in the spectra. 

Therefore, the interference effect due to reflections at the air-TiC>2 and TiC>2-glass 

interfaces are negligible. The transmittance in the visible light range varies between 

70% to 90%. The transmittance drops almost to zero when the photon energy at 

shorter wavelength approaches the energy bandgap value. The optical transmission 

edge is not significantly affected by annealing at shorter wavelength (< 320 nm).

The film annealed at 400 °C showed higher transmission in the visible light range 

compared to other two. There was a drop in the transmittance for the film annealed 

at 500 °C. However, the film annealed at 600 °C showed higher transmission than 

the film annealed at 500 °C. The maximum transmittance observed ~ 90% for the 

film annealed at 400 °C. The change in transmittance in the visible light range for 

the film annealed at different temperatures may be attributed to several 

possibilities, primarily the anatase-rutile transformation, the film densification and 

the partial reduction of TiC>2 films at high temperatures (> 700 °) (Ting et al., 

2000).

However, there is no anatase-rutile phase transformation observed in this case. The 

main reason for the increase in transmittance for the film annealed at 400 °C 

compared to the as deposited film was the film densification. The film densification 

improves the porosity of the film and reduces the scattering of the light. The 

decrease in transmittance for the film annealed at 500 °C compared to the film 

annealed at 400 °C may be due to the crystallinity. When increasing the
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temperature up to 500 °C the film changes from the amorphous to polycrystalline 

anatase phase. The polycrystalline phase has more micro structural defects like 

grain boundaries and oxygen vacancies leading to more light scattering and/or 

absorption at these sites. However, the increase in transmittance for the film 

annealed at 600 °C compared to the film annealed at 500 °C could be attributed to 

the grain or crystallite size increased by the annealing thus reducing the scattering 

between the grains and hence increasing the transmittance. Another possible reason 

is the elimination of oxygen vacancies when annealing at 600 °C. This is well 

agreeing with the results of leakage current density at 600 °C mentioned in the 

section 5.5.1.

5.6.2 Determination of bandgap of T1O2 films

The bandgap energies of the films annealed at different temperatures are 

determined by the transmittance measurements. Firstly, for a transparent thin film, 

the absorption coefficient per unit length (a) is determined from its transmittance 

(T) neglecting any reflection effects (Garcia Sole., 2005).

ln(l/r>
a  = — ------ (5.2)

Where d is the film thickness. Secondly, a is plotted against the photon energy hy, 

from the functional relationship between a and hy (Pancove, 1971).

a  = ( h y - E Y  (5.3)
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n = 2 for indirect transition. The bandgap energy E is thus obtained for indirect 

transition in the films annealed at different temperatures.

Figures 5.7 shows a 1 2 plotted against hy for low photon energies for different 

annealing temperatures. By extrapolating the linear section of the graphs to the 

photon energy axis (x-axis) the bandgap energies of the films are obtained for 

indirect transition. These are shown in Table 5.2 for different annealing 

temperatures. The absorption of the films is increased with the photon energy The 

strong absorption structures start to appear between 3 . 5 - 4  eV. The energy band 

structure of TiC>2 in the bandgap region consists of O 2 p states in the valence band 

and Ti 3d states in the conduction band (Mo and Ching, 1995). The stronger 

absorption implies that more electrons could be promoted from the valence band 

into conduction band and more separate electrons or holes could be produced

Table 5.2 The bandgap of TiC>2 films annealed at different temperatures 
Annealing temperature (°C) Eg(eV)/indirect

transition

T54

3.50 

3.47

400

500

600

The film annealed at 500 °C exhibit an indirect bandgap of 3.50±0.05 eV This 

value is agrees well with those of Nakamura et al. (2005) for TiC^ films. However,
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this value is slightly higher than the literature data for the anatase titania film 

annealed at 500 °C (Karunagaran et al., 2003).

The increase in the value of the bandgap of film compared to bulk titania ( K =3.2

eV) may be due to the nanocrystalline nature of the film where the absorption edge 

will shift to a shorter wavelength of the radiation with the effect of quantization 

The energy bandgap of indirect transitions not significantly changed with annealing 

temperatures. But they were slightly decreased with the increase in annealing 

temperature. This change may be related to density and structural modifications 

The electronic disorder induced by the presence of point defects like oxygen 

vacancies in the film, which is supposed to be between conduction and valence 

bands creating a localised field and hence changing the electronic structure of the 

titania film. Thus the probability of electron and hole trapping can change and this 

could result in a change of the measured bandgap. On the other hand increasing the 

annealing temperature change the structure from amorphous to crystalline, and 

hence lower the interatomic spacing leading to decrease in bandgaps (Vasantkumar 

and Mansingh, 1991).

In summary, the electrical properties of electrohydrodynamically processed Ti0 2  

films were investigated for the first time. The dielectric constant of TiO: films was 

-7. The films annealed at 500 °C showed a higher dielectric constant and 

increasing the annealing temperature decreased the dielectric constant of the films 

The leakage current density of the films was improved by post deposition 

annealing. The optical characterisation of the films showed a good transparency in 

the visible light region. The annealing temperature was influenced the
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transmittance of the films. The energy bandgap of the films were -3.50 eV for 

indirect transition.
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CHAPTER 6

Electrohydrodynamic processing of Nitrogen doped 
TiQ2 Films____________________________________

The research on this chapter describes a novel method to prepare the nitrogen 

doped TiC>2 films with a wider coverage area using an electrohydrodynamic 

processing. The TiC>2 films prepared using a needle held in an epoxy resin was 

described in chapter 4. But here the nitrogen doped TiC>2 films prepared using a 

metal clamp holding the epoxy resin needle is investigated for the first time is 

mentioned. Increasing the flow rate will normally result in a larger deposition area; 

however, this can lead to secondary droplets and satellites (Hartman et al., 2000; 

Jayasinghe and Edirisinghe, 2004). This could be detrimental to the film 

preparation where the fine particles with a narrow size distribution are essential in 

forming a high quality films. This research shows a metal clamp could be used to 

prepare the larger deposition area films compared to an unclamped set-up. The 

effect of metal clamp on processing parameters and cone-mode formation were 

investigated and appropriate conditions for depositing the nitrogen doped TiC>2 

films were established.

The N-doped TiC>2 films have been attracting much more attention in the view of 

their potential application in solar energy conversion and environmental cleaning. 

This is a first ever study of the nitrogen doped TiC>2 films prepared by 

electrohydrodynamic processing. This chapter further describes the effect of 

nitrogen concentration on structural features of the N-doped TiC>2 films. The 

structural features were studied by Raman spectroscopy and x-ray diffraction. The 

atomic bonding was studied by Fourier transform infrared spectroscopy. The x-ray

169



photoelectron spectroscopy was used to find out the nitrogen content in the films. 

The morphological studies were carried out by scanning electron microscopy and 

atomic force microscopy. The optical characterisation of N-doped TiC>2 films were 

done by uv-vis spectroscopy and the energy bandgap of the films were evaluated. 

Finally, the effect of nitrogen concentration on the energy bandgap of the N-doped 

TiC>2 films was discussed.

6.1 N-doped Ti(>2 sol

The preparation of N-doped titania sol is the key for electrohydrodynamic 

processing since the physical properties of the sol are main parameters in the 

processing. For an example the conductivity of the sol must fall in a suitable range 

in order to obtain the stable cone-jet (Hayati et al., 1987). The preparation method 

of the N-doped TiC>2 sol with various amount of nitrogen was described in section

3.2.2. The addition of titanium tetraisopropoxide (TTIP) to ethanol solution leads 

to the hydrolysis of the TTIP to form reactive monomers. These reactive monomers 

react with each other to form the titania sol. There after the addition of ammonia 

precursor in the titania sol leads to the formation of N-doped titania colloidal 

solution which was used in electrohydrodynamic processing. The nitrogen doped 

titania synthesised using a wet chemical method commonly use aqueous ammonia 

(NH4 OH) as the nitrogen source. Here, the ammonia in ethanol used as a nitrogen 

source taking in to the account that it is difficult to electrohydrodynamically 

process the aqueous medium in air in the stable cone-jet mode due to high surface 

tension of water, which will result in corona discharge (Taylor, 1964; Smith, 

1986).
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6.1.1 Sol physical properties

The N-doped titania sol’s physical properties including surface tension, density, 

electrical conductivity and viscosity were determined as discussed in section 3.3. 

The physical properties of the sol with processing parameters, the applied voltage 

and flow rate governs the electrohydrodynamic processing. The sol’s physical 

properties are compared with the solvent ethanol and given in Table 6.1.

Table 6.1 Physical properties of N-doped TiC>2 sol and ethanol
Ethanol Sol-1 Sol-2 Sol-3

Conductivity Sm"1 5x10° 4.9xl0 '4 6 .2 x l 0 "4 8 .6 x l 0 ' 4

Surface tension mNirf1 2 2 2 1 . 8 21.9 2 1 . 8

Viscosity mPa s 1.19 1.53 1.54 1.54

Density kgm ' 3 785 791 791 792

Comparing the properties of N-doped titania sols with ethanol reveals that the 

electrical conductivity increased by an order of magnitude. On the other hand 

comparing the sols indicate that there is a gradual increase in the electrical 

conductivity with increase in weight percentage of ammonia precursor in the sols. 

Therefore, this increase in electrical conductivity must be due to nitrogen source 

used to dope the titania sol. Even the increase in electrical conductivity of sols not 

made the electrohydrodynamic processing in stable cone-jet mode unstable.
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The surfaces tension of the sols remained almost same at -22 mNm' 1 and inline 

with ethanol. The viscosity of the sols was increased considerably compared to 

ethanol but not made any noticeable difference between them. The density of sols 

also increased noticeably and remained nearly same between them.

6.2 Electrohydrodynamic processing of N-doped TiC>2 films

The titanium dioxide is a wide bandgap semiconductor could be used in many 

applications. The impurity doping is one of the typical approaches to tune the 

electronic structure and alter its optical properties. The nitrogen doping is one of 

the ways to achieve that goal. The electrohydrodynamic processing is a technique 

particularly suitable in tailoring the film morphology of a large variety of ceramic 

thin films and presents a good reproducibility (Kelder et al., 1994; Lintanf et al., 

2007). The electrohydrodynamic processing of N-doped TiC>2 films were 

performed using two set-ups described in section 3.4. The first set-up contains a 

needle in epoxy resin which was used in the TiC>2 film preparation in chapter 4 

while the second set-up contains a metal clamp holding epoxy resin needle was 

employed to increase the film deposition area.

The electrohydrodynamic processing history runs over a century and it was first 

systematically studied by Zeleny (Zeleny, 1914) followed by many others (Taylor, 

1964; Vonnegut and Neubauer, 1952). The ceramic films prepared via 

electrohydrodynamic processing have been studied over a decade and no one 

specifically reported its deposition area. According to Chen et al. (1999) a larger 

deposition area could be obtained by increasing the flow rate and it was observed 

in normal experiments but increasing the flow rate increases the current through the
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liquid cone in the stable cone-jet mode because a high flow rate requires more 

electric power to accelerate the liquid in the jet. Keeping this in mind, a novel 

method to prepare a wider coverage area N-doped TiC>2 films was established and 

investigated.

As already mentioned this is the first ever study of the N-doped Ti0 2  films by 

electrohydrodynamic processing. The flow rate regime was kept low as possible 

and varied between 2x10'" - 2xlO '1 0 m3s '1. The applied voltage was tuned between 

0 -  8  kV to create an electric field between needle and grounded substrate.

6.2.1 Mode-selection map

The mode selection map is very useful to identify the stable cone-jet domain and 

hence establish the processing conditions. The mode selection map was drawn for 

various combinations of applied voltage and flow rate for the two set-ups described 

in section 3.4 in order to find out the suitable processing conditions to prepare the 

N-doped TiC>2 films. The mode selection maps for the N-doped titania sol-1 are 

shown in Figure 6.1 and Figure 6.2 for the set-up 1 and the set-up 2 respectively.

For a fixed flow rate there exist two applied voltage limits within which the stable 

cone-jet mode is achievable. Below the lower limit the unstable cone-jet mode was 

obtained and above the upper limit the multi-jet mode was produced. The stable 

cone-jet domain was broader between the flow rates of 2 x 1 0 ' ' 1 - 8  xlO ' 11 m V 1 and 

obtained within the applied voltage of 5 - 5.8 kV for the set-up 1 and 3.7 - 4.6 kV 

for the set-up 2. There after the domain was narrowed until the flow rate of 2x1 O' 10

3 1m s' . However, the unstable mode domain was broader in these flow rate regimes.
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The stable cone-jet domain for the N-doped titania sol was very different to the 

domain obtained for titania sol (Figure 4.2). This is indicating that the physical 

properties of the sols played a crucial role in determining the domains for the stable 

cone-jet mode.

The mode selection maps for the two set-ups showed various mode domains with 

different operating voltage windows and this was due to the electric field 

modulation between the nozzle and the grounded substrate. This will be explained 

in section 6.2.3. The same operating voltage window was observed for the N-doped 

titania sol-2 and sol-3. There was no noticeable different in the operating voltage 

window for the stable cone-jet mode in the all three sols used in these flow rate 

regimes. Tang and Gomez (1996) studied the effect of electrical conductivity in the 

cone-jet domain over increasing flow rates and observed the change in position and 

shape of the domain. Their studies were based on the lower conductivity solutions 

of the order of 10'6 S/m. However, at lower flow rates there is no significant change 

in the cone-jet operating voltage window for varying electrical conductivity. The 

effect is prominent where the flow rates >5x1 O'10 m V 1, especially because the top 

end of the cone-jet operating voltage window showed a greater variation. Even 

though the sols used in this work showed a higher conductivity, the cone-jet 

operating voltage remained almost same at low flow rate regimes and this is 

consistent with their results (Tang and Gomez, 1996).

6.2.2 Operating mode and cone-shape

The electrohydrodynamic processing of N-doped titania sol generated different 

type of operating modes and cone-shapes. For a fixed flow rate of 0.67xl0 '1°m 3s'1,
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varying the potential difference between the needle and the ground electrode 

produced dripping, micro-dripping, unstable, stable and multi-jet modes. The 

dripping mode was obtained at zero applied voltage where the N-doped titania sol 

flowed drop by drop at the end of the needle. This is shown in Figure 6.3. 

Increasing the applied voltage changed the mode to micro-dripping, here the 

meniscus was elongated in the electric field direction and is shown in Figure 6.4. 

The unstable cone-jet mode was obtained at the applied voltage of 3.3 kV. The 

meniscus was pulsating and the shape was changed between the semi-spherical and 

cone shape. The unstable cone-jet mode is shown in Figure 6.5.

The stable cone-jet mode was generated at an operating voltage window of 3.7 -

4.6 kV. This mode is shown in Figure 6 . 6  at the applied voltage of 3.7 kV. With an 

increase in voltage, the base of the cone contracted as cone angle widens and the 

cone height became shorter. This is shown in Figure 6.7 and Figure 6.8. As the 

voltage was increased further the cone decreased in size and became closer to 

needle exit eventually formed the multi-jetting mode. This is shown in Figure 6.9 

and Figure 6.10.

6.2.3 Effect of metal clamped needle on applied voltage and deposition area

For the set-up 1 , for a fixed flow rate of 0.67x1 O'10 m V 1 the operating voltage 

window for obtaining the stable cone-jet mode was 5.1 - 5.8 kV. Increasing the 

voltage beyond this point generated the multi-jetting mode. The set-up 2 gave an 

operating voltage range of 3.7 - 4.6 kV for the stable cone-jetting at the same flow 

rate. This is because of the introduction of the metal clamp increased the electric
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field strength near the nozzle tip. The electric field normal to the surface of the 

Taylor cone is given by (Taylor, 1964; Smith, 1986),

E = 2ycoi6
£„R

(6 .1)

where y is the surface tension, 0 is the semi-angle of the Taylor cone, eo is the

permittivity of vacuum and R is the local radius. Therefore, to form a cone-jet 

mode the electric field > E. In the case of set-up 2, the electric field strength near 

the tip of the nozzle increased due to metal clamp thus it needed a lower applied 

voltage to initiate the cone-jet mode. At the lower voltage the electric field near the 

nozzle tip is enough to overcome the surface tension stress to form a cone-jet 

mode.

To find out the deposition area and the spray angle by the two set-ups it was 

assumed that the spray is an ideal cone so the deposition area is given by:

A = 7r(d tan a ) 2 (6.2)

where d  is the nozzle tip to collecting plate distance and a is the half spray angle.

The Table 6.2 below shows the deposition area and the spray angle calculated from 

the two set-ups with their corresponding processing conditions. The spraying time 

was kept for 30 minutes for the two set ups.
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Table 6.2 Deposition area and spray angle for two experimental set-ups
Processing conditions

--------------------------------- -----
Deposition area (cm ) Spray angle (°)

Set-up 1 0.67xl0 'lu mV, 5.5 kV 15.91 58.72

Set-up 2 0.67xl0‘10 mV1,4.1 kV 78.57 1 0 2 . 6 8

In each case it was found that the deposition area was -15.91 cm for the set-up 1 

and -78.57 cm for the set-up 2. The spray angle for the set-up 1 was 58.72° and 

102.68° for the set-up 2, approximately 1.75 times higher than the earlier one. This 

is clearly shows that the metal clamped needle could be used to produce the larger 

deposition area films at lower flow rate regimes in electrohydrodynamic 

processing. The effect of metal clamp in increasing the film deposition area could 

be explained by the following mechanism.

The droplets trajectory is influenced by the Coulomb repulsive forces and electric 

field forces. By modulating the electric field strength and shape between the nozzle 

and the ground electrode, the spray pattern could be controlled. In the set-up 2 the 

focusing is weak and in the set-up 1  the focusing is strong due to strong electric 

field at the bottom of the spray system. In addition to this the increase in electric 

field strength in the radial direction of the cone in the set-up 2  results in more 

charge carriers in the jet, thus increasing the Coulomb forces and this results in 

more repulsion between the adjacent droplets (Kumbar et al., 2007). Therefore, the 

set-up 2  resulted in larger deposition area than the set-up 1 .
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6.3 Film preparation and characterisation

The N-doped TiC>2 films were prepared using the set-up 2 (Figure 3.2) at a flow 

rate of 0 .67xl0 '10 m V 1 and in the operating voltage window of 3.7 - 4.6 kV. The 

films were marked as TiC>2-Nl,  TiC>2-N2  and TiC>2-N3 , respectively, corresponding 

to sols 1, 2 & 3 used to prepare them. The characterisation of processed films 

annealed at different temperatures is done by various techniques. The structural 

evaluation and atomic bonding in the N-doped TiCb films were performed using 

Raman spectroscopy, x-ray diffraction and Fourier transform infrared 

spectroscopy. The morphological studies were carried out by scanning electron 

microscope and atomic force microscope. The uv-vis spectroscopy was used to 

study the optical properties of the films.

6.4 Effect of nitrogen concentration on structural features and atomic bonding 

of N-doped TiC>2 films

The nitrogen concentration of nitrogen doped TiC>2 films were controlled by 

varying the nitrogen precursor concentration of the prepared sol (section 3.2.2). 

The identification of structural features of the N-doped TiCb films is quite 

important since the properties of the films depend on its structural features. The 

effect of nitrogen concentration on formation of different phases of the TiCb was 

carefully studied for the TiCh-Nl, TiC>2 -N2  and TiC>2-N3  films annealed at various 

temperatures.
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6.4.1 Raman spectroscopy of N-doped TiCh films

The Raman spectroscopy permits a detail analysis of various phases of titanium 

dioxide. There are six fundamental Raman active modes for the anatase phase 

titanium dioxide including Aig (519 cm '1), Big (399 and 519 cm '1), and Eg (144, 

197, and 639 cm '1) (Cong et al., 2007). The Raman spectra of nitrogen doped 

titanium dioxide films TiC>2 -Nl,  TiC>2-N2  and TiC>2 -N3  annealed from 500 °C to 

1000 °C are shown in Figure 6.11, Figure 6.12 and Figure 6.13.

A strong peak characteristic of the Si substrate is present at 520 cm' 1 in all the 

films. The as-deposited films show no peaks other than those of the Si substrate, so 

the films are amorphous. Increasing the temperature from the ambient temperature 

(~ 22 °C) to 500 °C changes the phase of the film from the amorphous to 

crystalline. The peaks observed at 143 cm '1, 196 cm '1, 396 cm' 1 and 638 cm ' 1 can 

be attributed to the anatase phase. The results indicate that the films retained the 

anatase phase of titanium dioxide even for the films prepared with higher doping 

concentration of nitrogen precursor. However it can be clearly seen that increasing 

the doping concentration depresses the phase formation. The TiC>2-N2  and TiC>2 -N3  

films only show two prominent peaks of the anatase compared to Ti0 2 -Nl films 

where five peaks are seen.

The rutile TiC>2 shows four Raman active modes at Bjg (144 cm '1), Eg (448 cm '1), 

Aig (613 cm '1) and B2g (827 cm '1) (Chen et al., 2005). There are no Raman features 

observed at these frequencies even in the films annealed at 1000 °C indicating no 

rutile phase is present in the films. In the previous work (chapter 4) where the 

undoped titanium dioxide films were prepared by electrohydrodynamic processing,
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a peak for the rutile phase was observed in the film annealed at 900 °C. This 

comparison shows that the nitrogen doping retards the phase transformation. The 

introduction of nitrogen atom in to the TiC>2 structure made obstacle for diffusion 

of atoms to form the rutile phase.

According to Mwabora et al. (2004) the presence of small amount of nitrogen 

facilitates the rutile to anatase phase transformation. However, they prepared the N 

doped TiC>2 films using a sputtering technique. Okato et al. (2005) observed higher 

N concentration resulted in more rutile phase. They used a pulsed laser deposition 

to prepare their films. These contradictions clearly show that the processing 

method strongly influences the structure of prepared films. For the non- 

stoichiometric titanium nitride films the Raman bands appear at 200 cm'1, 330 cm' 

’, and 550 cm ' 1 (Gyorgy et al., 2002). There is no such peak in the prepared films 

ruling out the possibility of formation of a TiN structure. The peaks of the anatase 

phase notably shift towards the lower wave numbers, for an example the peak 

obtained at 391 cm ' 1 for TiC>2-N3  film and that at 396 cm ' 1 for Ti0 2 -Nl film with 

increasing nitrogen precursor concentration might be due to the increase of residual 

stresses created by nitrogen in the crystal lattice which leads to a peak shift in the 

films.

6.4.2 XRD study of N-doped TiCh films

The XRD patterns of TiC>2 -N2  films at different annealing temperatures are shown 

in Figure 6.14. The dominant feature is the peak at 20 = 25.4° observed in all 

films, corresponding to the anatase ( 1 0 1 ) phase, which is the preferential 

orientation of the prepared films. The intensity variation of the peaks normally
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relate to either changes in crystallinity or film thickness. In this case there is no 

change in film thickness because all films were prepared under identical 

conditions. Therefore, a variation in intensity is mainly due to crystallinity. The 

peaks get sharper and stronger when increasing the temperature, indicating 

improved crystallinity. However, at 1000 °C the peak intensity diminishes but there 

is no sign of any peaks relating to TiN or the rutile phase. Additional peaks relating 

to the anatase phase observed at 20 -  38° and 20 -  48° correspond to (004) plane 

and (200) plane respectively. These results are in quite good agreement with the 

Raman spectra results shown in the previous section 6.4.1 because it shows only 

the anatase phase and no other phases.

The average crystallite size of TiC>2 films annealed at various temperatures 

estimated using Scherrer’s formula mentioned in the section 3.7.2. The variation of 

crystallite size with annealing temperature is shown in Figure 6.15. The average 

crystallite size was increased with the annealing temperature. However, it was not 

increased to the extent where titania crystals could be observed in the micro

structure, probably due to the dopant N hindering their growth.

The lattice parameters a and c were estimated from the following equation by 

substituting for the interplanar distance d.

2 1 2 Va a c

The estimated values are 0.380±0.002 nm and 0.952±0.004 nm for a and c, 

respectively. The values are close to the standard values of 0.378 nm and 0.951 nm
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(JCPDS-ICDD 21-1272). A slight variation in parameters may be associated with 

the doping effect of N in crystals. The ionic radius of Ti4+ (0.68 °A), O2 (1.40 °A) 

and N3’ (1.46 °A) indicate that nitrogen ions are bigger than the other two, so 

interstitial doping of N may create stress in the lattice leading to variation in the 

lattice constant.

6.4.3 FTIR study of N-doped TiC>2 films

The FTIR studies of the N-doped TiC>2 films prepared by electrohydrodynamic 

processing are useful for analysing the surface functional groups and elucidate the 

nature of bonding in the film. The FTIR results of the Ti0 2 -Nl, TiC>2-N2  and TiCh- 

N3 films are shown in Figure 6.16, Figure 6.17 and Figure 6.18 respectively. In 

the as- deposited films a broad absorption peak at 3200-3400 cm' 1 is observed 

corresponding to adsorbed water and hydroxyl groups. After annealing the film to 

higher temperatures these peaks disappeared indicating the removal of hydroxyl 

groups in the films. The peak located near 435 cm ' 1 in the annealed films 

corresponding to the anatase phase of TiC>2 (Duenas et al., 2005). The absorption 

bands near 1080 cm ' 1 and 810 cm ' 1 are characteristic features of the SiC>2 and 

correspond to stretching and bending vibrations of the Si-O-Si bond respectively 

(Mosaddeq-ur-Rahman et al., 2000). In addition to this, the peak around 1250 cm ' 1 

is also corresponds to the SiC^bond (Han and Aydil, 1997).

According to Chen et al. (2005) the amine residues display a peak at 2950 cm '1. 

This peak has been detected in all as-deposited films however, the annealed films 

didn’t display it. Chen et al. (2005) mentioned that the infrared bands of N 0 2 occur 

at 1618 cm '1, 1318 cm' 1 and 750 cm '1. There are no peaks related to these wave
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numbers in the films prepared in the present work, ruling out the chances of 

formation and/or physisorption of NO2 species on the surface of the films.

6.4.4 XPS study of N-doped T1O2 films

The presence of nitrogen in the films was confirmed by XPS measurements. 

Figures 6.19, 6.20 and 6.21 show the high resolution Ti (2p), O (Is) and N (Is) 

XPS spectra of the Ti0 2 -N l, TiC>2-N2  and TiC>2-N3  films annealed at 500 °C 

respectively. The films showed two peaks for Ti (2p) associated with Ti 2 p3/2 and 

Ti 2 pi/2 core levels at the binding energy of 458.2 eV and 464.1 eV respectively. 

The O (Is) core level peak was obtained between 530 - 532 eV for the films. A 

broad N (Is) core level peak was observed between 398 - 403 eV.

The XPS quantification was performed to find out the N content in the films. The 

estimated N content was 0.11 with respect to Ti for the Ti0 2 -Nl film. Similarly, 

the N content in the TiC>2-N2  and TiC>2-N3  films were found which are given in the 

Table 6.3. The estimated N content in the films were low compared to which in the 

initial sol this is probably due to some of the N related species may be removed 

during annealing process.

Table 6.3 The nitrogen content in the nitrogen doped TiC>2 films
Film N/Ti ratio

T i0 2-Nl 0 . 1 1

T i0 2-N2 0.17

T i0 2-N3 0.26
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6.5 Morphological study of N-doped Ti02 films

The surface morphology study was done to determine the quality of the processed 

films. The morphology studies of electrohydrodynamically processed N-doped 

TiC>2 films were carried out using scanning electron microscopy and atomic force 

microscopy.

6.5.1 Scanning electron microscopy

The FE-SEM micrograph of the N-doped TiC>2 film processed at a flow rate of 

0.67x1 O'10 m V 1 and the operating voltage range of 3.7 - 4.6 kV is shown in Figure 

6.22. The film was annealed to 500 °C. The morphology of N-doped TiC>2 film 

shows a relatively flat surface with some rough areas. The films were dense and no 

cracks observed in the processed films. In electrohydrodynamic processing, the 

droplets contain solutes arriving to substrate spread to form layers. Spreading of 

droplets is restricted in the already formed previous layer. This might be the reason 

for rough areas in the processed films.

6.5.2 Atomic force microscopy

The AFM image for the N-doped TiC>2 film is shown in Figure 6.23. The AFM 

image shows that the film consists of granular features. A substantial difference 

observed between the AFM grain size and XRD measurements. It may be due to 

the aggregation of small particles lead to an increase in the grain size in the AFM 

image.
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6.6 Optical characterisation of N-doped Ti02 films

The optical characterisation of the Ti0 2 -Nl, Ti0 2 -N2  and Ti0 2 -N3  films were 

done by uv-vis spectroscopy. The spectroscopy measurements were used to 

evaluate the energy bandgap of the processed films.

6.6.1 UV-Vis spectroscopy study on N-doped Ti02 films

The transmittance characteristics of the Ti0 2 -Nl, Ti0 2 -N2  and Ti0 2 -N3  films 

along with the undoped Ti0 2  film annealed at 500 °C measured in the wavelength 

range of 200 - 800 nm are shown in Figure 6.24. Their transmittance decreased 

with decreasing wavelength and the films with nitrogen doping showed a greater 

drop in transmittance compared with the undoped film in the wavelength between 

400 - 500 nm. The transmittance of the N-doped TiC>2 films decreased with 

increase in doping concentration in the films. This indicates that there is a 

pronounced effect due to nitrogen doping in visible light range. The transmission 

drops almost to zero when the photon energy at shorter wavelength approaches the 

energy bandgap value. The optical transmission edge is not significantly affected 

by doping concentration at shorter wavelengths.

6.6.2 Determination of bandgap of N-doped TiC>2 films

The fundamental absorption edge of the films corresponds to electron transitions 

from the valence band to the conduction band and this edge could be used to 

calculate the bandgap for indirect transition (Pancove, 1971) using:

a  -  { h y - E g) 2 (6.4)
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where a is the absorption coefficient, hy is the photon energy and Eg is the 

bandgap of the films.

Figure 6.25 shows the plots of am  vs. hy for all films. The extrapolation of 

absorption edge to a - 0  will yield the bandgap of the films, which were estimated 

and tabulated in Table 6.4. These values are agrees well with those of Nakamura et 

al. (2005) for TiC>2 films and there is no noticeable different in the bandgaps of the 

doped films. This is indicating that there is no bandgap narrowing due to doping 

and contradict the results of Asahi et al. (2001) where they claims that the N dopant 

occupies the substitutional site and its 2 p  states contributing to bandgap narrowing 

by mixing with O 2p  states.

6.6.3 Effect of nitrogen concentration on bandgap of N-doped TiCh films

To investigate the dopant effect and absorption in the visible range in the N-doped 

TiC>2 films the low energy tail known as the Urbach tail (Urbach, 1953) was 

analysed. This provides overall disorder in the films. The absorption coefficient 

just below the band edge should vary exponentially with absorbed photon energy 

(Dutta et al., 2007) according to:

a  = a o exp (6.5)

where a o is a constant and E(t is an empirical parameter representative of the 

width of the band tail states. E() could be estimated by the reciprocal of the slope of
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the linear plot of ln(cr) vs. hy  curve which is shown in inset of Figure 6.25. The 

Ea value obtained for the films are shown in Table 6.4. The value of E() increased 

when nitrogen was introduced in the structure. This is indicating that the localised 

states created by nitrogen increased in the structure. The value of Ea increased

with nitrogen concentration in the TiCb films. The increase in the width of band tail 

states is the reason behind the optical transition in the visible light range. The 

occupied states in the valence band tail will pump the electrons to unoccupied 

states of the conduction band edge. The localised states should be created by 

interstitial nitrogen rather than the substitutional nitrogen. If nitrogen is substituted 

in the lattice an abrupt change in transmission could have been observed in the 

nitrogen doped films. So in these nitrogen doped films, nitrogen occupies the 

interstitial sites rather than the substitutional site. This interstitial site nitrogen 

occupancy is consistent with the structural characterisation results (section 6.4).

Table 6.4 The bandgap and value of empirical parameter for films of different

composition

Film E«, (eV)/indirect transition Ea (eV)

T i0 2 3.50 1.65

T i0 2-Nl 3.52 1.87

T i0 2-N2 3.52 1.92

T i0 2-N3 3.51 1.95

In summary, the preparation of nitrogen doped TiC>2 films by electrohydrodynamic 

processing was investigated for the first time. The effect of applied voltage and 

flow rate on processing N-doped TiC>2 films also investigated and analysed in this 

chapter. A new method to increase the film coverage area is proposed; metal
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clamping the nozzle lowered the stable cone-jet operating voltage window and 

increased the spray angle leading to wider area coverage. The nitrogen doping was 

retarding the phase formation of TiC>2 films. The absorption in visible light region 

was increased by nitrogen doping and could be used in many applications including 

photocatalysis and photoelectric.
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Figure 6.3 Dripping mode at flow rate of 0 .67xl0 '1°m 3s '1 and zero applied voltage

635 pm

Figure 6.4 Micro-dripping at flow rate of 0.67x10 10 m V 1 and 2 kV
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Figure 6.5 Unstable cone-jet mode at flow rate of O ^ x lO '^ m Y 1 and 3.3 kV

635 pm

Figure 6.6 Stable cone-jet mode at flow rate of 0 .67xl0 ',0m3s 1 and 3.7 kV

192



Figure 6.7 Stable cone-jet mode at flow rate of O ^ x lO '^ m V 1 and 4.3 kV

Figure 6 . 8  Stable cone-jet mode at flow rate of 0 .67xl0 '1°m 3s '1 and 4.5 kV
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Figure 6.10 Multi-jet mode at flow rate of 0.67xlO'lom3s 1 and 7.5 kV
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Figure 6.22 SEM image of TiC>2-N2 film electrohydrodynamically processed at 

0 .6 7 x l0 '10 m 'Y 1 and 3.9 kV on Si substrate annealed at 500 °C (magnification 

x6500)

0 0

Figure 6.23 AFM image of TiC>2-N2 film electrohydrodynamically processed at 

0.67x1 O'10 m V  and 3.9 kV on Si substrate annealed at 500 °C
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CHAPTER 7 

Conclusions and Future Work
7.1 Conclusions

The following conclusions are drawn from the investigations carried out in this 

research.

• The mode-selection map was constructed for the electrohydrodynamic 

processing of titania sol to prepare the TiO: films to understand the 

effect of electrohydrodynamic processing parameters on the mode of 

spraying. The mode-selection map was resulted in different domains 

with various applied voltages and flow rates. There existed an applied 

voltage window to electrohydrodynamically process the TiC>2 films in 

stable cone-jet mode. The window was narrowed in the low flow rate 

regime and get broaden when increasing the flow rate and narrowed 

again further increasing the flow rate.

• The applied voltage had an effect on the mode of spraying of tiania sol 

for a fixed flow rate. The increase in applied voltage changed the 

operating modes from dripping, micro-dripping, unstable, stable and 

multi-jet for a fixed flow rate. The flow rate had an effect on the shape 

of the stable cone obtained at a fixed applied voltage. The increase in 

flow rate resulted in increase in depth of the cone at a fixed applied 

voltage. The droplets and relics obtained in stable cone-jet mode 

spraying showed a near mono-disperse characteristics with the mean 

droplet size of 1.9 pm.
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• The structural characterisation of electrohydrodynamically processed 

TiC>2 films revealed the well defined phases of nanocrystalline TiC>2 

films. The annealing temperature played a role in the phases obtained in 

the TiC>2 films. Increasing the annealing temperature changed the phase 

from the anatase to rutile. The surface morphology studies showed 

dense, crack free surface and nanocrystalline grains could be obtained in 

electrohydrodynamic processing. These are showing that the 

electrohydrodynamic processing in stable cone-jet mode could be used 

in preparing the nanocrystalline TiC>2 films with the good structural and 

surface textural features.

• The electrical characterisation of electrohydrodynamically processed 

TiCK films was reported in this research. The capacitance-voltage 

graphs of the prepared MOS capacitor showed three distinct regions 

named the accumulation, depletion and inversion. The dielectric 

constant was obtained from the maximum accumulation capacitance 

was ~7. The annealing temperature had an effect on dielectric constant 

of the films. Increasing the annealing temperature decreased the 

dielectric constant of the films due to the growth of interfacial SiCT 

layer between the substrate and the TiCT film. The leakage current-bias 

voltage characterisation showed a leaky behaviour for the as-deposited 

films and improved for the annealed films. The annealing temperature 

had an effect on leakage current density of the films. The films annealed 

at 600 °C showed a lower leakage current density compared to the films 

annealed 500 °C.
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• The optical characterisation of the processed TiC>2 films showed good 

transmittance features in the visible light region. The transmittance was 

dropped when reducing the wavelength of the light. The annealing 

temperature had an effect on transmittance of the TiC>2 films. These 

were due to macro and micro structural changes in the films during 

annealing. The calculated energy bandgap of the processed TiC>2 films 

was ~3.5 eV for indirect transition. The energy bandgap of the films 

were not changed significantly with the annealing temperature, however 

a slight decrease in the bandgap was observed with the increase in 

annealing temperature

• A novel electrohydrodynamic processing of N-doped TiC>2 films was 

demonstrated in this research. The N-doped TiC>2 films were prepared in 

electrohydrodynamic processing route for the first time. The 

electrohydrodynamic processing was achieved for all three sols with 

various nitrogen concentrations. The mode-selection map was drawn to 

choose the right processing conditions for the stable cone-jet mode 

processing. The mode-selection maps were constructed for the 

electrohydrodynamic processing in the metal clamped needle set-up and 

the normal set-up with various applied voltages and flow rates.

• The mode-selection map for the two set-ups resulted in the various 

mode of spraying domains with defined boundaries The operating 

voltage windows for the metal clamped set-up showed a significant 

change compared to the normal set-up due to electric field modulation
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between the needle and the ground plate. The applied voltage had an 

effect on mode of spraying for a fixed flow rate. The increase in applied 

voltage resulted in dripping, micro-dripping, unstable, stable and multi

jet modes.

• It was shown in this research that the metal clamping the needle would 

increase the coverage area of the films. This is very useful for preparing 

the films with a wider coverage area in the electrohydrodynamic 

processing route even at low flow rate regimes. The stable cone-jet 

spray angle for the metal clamped needle was increased by 1.75 times 

than the normal set-up needle.

• The structural characterisation of the processed N-doped films revealed 

the films consisted of the anatase phase. The nitrogen doping 

concentration had an effect on structural features of the prepared TiO: 

films. The increase in doping concentration retarded the phase 

formation of TiC>2 films. There was no rutile phase or TiN observed in 

all processed films even at higher annealing temperatures. The 

morphological studies showed the N-doped TiC>2 films contained dense 

and crack free surfaces.

• The optical characterisation of N-doped TiC>2 films showed a drop in 

transmittance in the visible light region. The nitrogen doping 

concentration had an effect on transmittance of the prepared films. The 

increase in doping concentration lowered the transmittance in the visible
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light region. The calculated energy bandgap of the films was -3.50 eV 

for indirect transition. The analysis of Urbach’s tail effect showed the 

nitrogen doping created the localised states within the energy bandgap 

and this was the reason behind the absorption of visible light of the N- 

doped TiC>2 films.

• The novel electrohydrodynamically processed N-doped TiO: films 

could be used in many applications including the following.

1) They could be applied to hospital floor and wall tiles to reduce the 

surface and airborne bacteria with the use of interior lighting.

2) They could be deposited in self-cleaning glasses used in structural 

and decorative applications where cleaning is difficult.

3) They could be also used in interior of the vehicles such as cars and 

vans to reduce the odour caused by cigarette smoke.

7.2 Future work

The research carried out in this thesis produced some exceptional results and 

offering the electrohydrodynamic processing route could be used for preparing 

films with very good properties. To further exploit this interesting and exciting area 

of research the following recommendations for the future work are given below.
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• The mechanical properties of electrohydrodynamically processed TiC>2 

films should be evaluated like the electrical and optical properties since the 

TiC>2 films could be used in biomedical implants due to its biocompatibility, 

chemical inertness and non-toxic nature. It is a promising material to use as 

a wear resistant with good tribological properties. Therefore, the 

nanoindentation and the scratch test should be done to find out the hardness 

and the adhesion property of the deposited TiC>2 films.

• The rapid thermal annealing in O2 atmosphere should be carried out instead 

of conventional annealing to the electrohydrodynamically processed TiC>2 

films to further improve the electrical properties of the films particularly the 

dielectric constant of the prepared films. The conventional annealing 

exposed the prepared films to longer time and promoted the growth of SiCb 

interfacial layer during the annealing. The rapid thermal annealing can help 

to reduce the interaction at the interface.

• The electrohydrodynamic processing route should be used to produce the 

TiC>2 and the N-doped TiC>2 particles in the future. Since the flow rate is 

proportional to the droplet size of the produced spray, the particle size could 

be controlled and produced in the range of micron to nano-meter. The 

particle size could be also varied by changing the sol concentration that is 

being electrohydrodynamically processed. A slight modification in the set

up used in this research by incorporating a heater near to the collection 

point of the droplets or surrounding the droplet formation zone these 

particles could be produced. These particles are very useful for
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photocatalysis especially in the textile industries for the degradation of used 

dyes and the waste water treatment.

• The porous TiC>2 films with excellent pore size control could be processed 

in the electrohydrodynamic route. The use of templating agent (eg: 

polymeric binder) with the titania sol can aid the preparation of micro, meso 

and macro porous TiO: films. The uniform porous TiCb films could be 

prepared because of near mono-disperse droplets produced in the stable 

cone-jet mode of processing. This research will be challenging and 

fascinating as polymeric binder will alter the physical properties of the sol 

particularly the viscosity come in to play the dominant role. The careful 

study of this could lead to prepare the uniform porous TiC>2 films. These 

films are very useful in gas sensors and capturing CO2 gas which are crucial 

to the next generation technologies. The same method should be employed 

to prepare the porous TiC>2 particles by slightly modifying the processing 

conditions mentioned above.

• The electrohydrodynamic processing of TiC>2 and mixed oxides like 

alumina, silica and zirconia should be investigated. This mixed oxide 

composite can improve the mechanical strength, thermal stability and 

surface area of doped titania. The high hardness alumina mixed with titania 

is very useful for thermal shock resistance, micro-hardness and wear 

resistance. Therefore, the textural and structural property variations in 

titania with varying amounts of other oxides should be carefully studied.
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• The feasibility study should be conducted to process the TiC>2 and N-doped 

TiC>2 incorporated textile materials like silk and wool. The silk and wool are 

textile materials valued for their strength, warmth, water resistance and 

texture. But they are lack in stain resistance. To improve the stain resistance 

TiC>2 and N-doped TiC>2 could be included in these materials and should be 

tested for their stain degradation ability under solar light. This is very useful 

for the textile industries.

• The electrohydrodynamically processed TiC>2 and N-doped TiC>2 films 

should be deposited in various substrates and studied for the photocatalytic 

degradation of dyes under the visible and uv light. The influence of crystal 

structure, particle size, surface area and porosity of the films on various 

substrates should be investigated in detail and the comparison between 

them should be made to evaluate the maximum photocatalytic efficiency. 

The film -substrate coupled system could also be tested for their reaction 

efficiency.

• The TiC>2 fibers with controllable size and shape could be processed by 

adjusting the sol properties. When the applied electric field overcomes the 

surface tension of the liquid a continuous jet is ejected which upon 

subsequent solvent evaporation and bending produces the fibers. Here, the 

technique is referred as electrospinning. The fibers could be produced by 

increasing the viscosity of the sol either by increasing the precursor 

concentration or increasing the polymeric binder concentration. The fibers 

with core-sheath, hollow and porous structures also processed by varying
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the composition of the sol. These fibers with high surface area to volume 

ratio have a great potential and play a vital role in photonics, 

nanoelectronics and data storage.

• Another possible and interesting area of research might arise introducing an 

UV lamp in to the electrohydrodynamic processing set-up. There is a 

possibility to process new polymeric materials using the 

electrohydrodynamic route and induce a polymerisation simultaneously by 

using the UV light. Here, the idea is to start the photochemical and 

chemical reactions in the organic materials while processing. The solvent 

evaporation could also be facilitated by the UV light. This new technique 

will give a new dimension to the electrohydrodynamic processing and offer 

some significant contributions to a wide variety of industries.

• The electrohydrodynamic processing route should be incorporated with a 

three dimensional printing to print and pattern the quantum dots using the 

stable cone-jet mode. This could be achieved by keeping the substrates 

above the jet break up point where the stable jet will impinge on the 

substrates to form well defined structures. The printable patterns could be 

extended to printing conducting tracks, nano-wires, nano-ribbons and nano- 

rods. These are the emerging technologies and have a great potential in 

photonic and electronic applications.
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• The composite materials could be processed by the electrohydrodynamic 

route through employing two needle set-ups. The usage of two needles 

positioned one inside the other and a set of immiscible liquids pumped into 

each needle could be help to form the composite materials. For a certain 

range of values of the electrical potential and flow rates, a stable cone forms 

at the exit of individual needles will result in atomisation of each materials. 

This set-up could be extended to process the fiber composite materials by 

pumping the viscous liquid in the outer needle. A wide variety of 

composites including metal-ceramic, metal-polymer, polymer-polymer and 

ceramic-ceramic composites could be processed by carefully studying the 

processing conditions. As an example the carbon nanotubes on the polymer 

matrices could be processed and it has a potential being used as a structural 

materials due to its higher mechanical strength arising from the carbon 

nanotubes.

• The two needle set-up should also be investigated to process the 

encapsulated drugs for controlled release. The controlled drug delivery is 

very important in curing certain diseases and eliminating the chances of 

under and over dosing the patients. It could be processed by encapsulating 

the specific drug by a biocompatible material in a way that the drug is 

released from the material in an appropriate manner. More detail study must 

be done to assess the processing viability of encapsulated drugs for 

controlled release.
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• The two needle set-up has to be further modified to incorporate several 

needles of small size within a larger size needle. This could result in 

encapsulating a different variety of materials inside a microstructure. These 

are very useful in protecting the core from the pollution, decreasing the 

adverse effects on environment from poison, shielding smells, and 

controlling the release of the substance.

• More studies should be carried out to deposit metal, semiconductor, 

biological and organic nanoparticles by electrohydrodynamic processing 

route. The nanoparticles are very fine particles with high surface area and 

their physical properties are intermediate between those of the bulk solid 

and molecules. The physical properties of the various systems will 

determine their viability to be processed in the electrohydrodynamic route. 

For an example the conductivity of the metals are commonly high and their 

processing may be challenging therefore careful studies should be done.

• The future investigation should also be done in reducing the spray angle of 

the produced electrospray in stable cone-jet mode. For certain applications 

like coating a complex component or hidden areas of a component, the 

narrower spray would be an advantage. The produced electrospray could be 

narrowed by attaching a non conducting plate to the needle and might 

reduce the electric field effect surrounding the needle. A thorough 

investigation should be carried out to find out the spraying conditions in 

terms of the applied voltage and the flow rate.
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• The electrohydrodynamic processing of multilayer films should be 

investigated. These multilayer films could be processed by employing the 

multi nozzles with a rotating ground plate set-up. A systematic study should 

be done in using the multi nozzle set-up since droplet trajectory, the 

recombination of droplets, and other interactions between the charged 

droplets might result when processing the different materials. The electric 

field effect is high when using the multi nozzle set-up compared to single 

nozzle set-up. The processing of multi layer film could be challenging 

because depositing one layer by other may reduce the electric field effect 

between the nozzle and the ground plate. This research might lead to a new 

way to produce multi layer thin films and these multilayer films are 

promising in controlled drug delivery applications. The multi nozzle set-up 

also very useful in scaling up of the electrohydrodynamic processing route.
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