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Abstract 

Cathodic electrodeposition (CELD) is achieved via hydrolysis of metal ions by 
electrogenerated base to form metal oxide/hydroxide films on a cathodic substrate. 
Hydroxides and peroxides can then be converted to oxides by thermal treatment. In 
this study, TiO2  thin films (both rutile and anatase phases) and cobalt-doped anatase 
films were successfully produced through this method. These materials have 
presented applications in electronic and magnetic devices, such as piezo-ceramics as 
well as in catalysis. The CELD technology and the characterization of these thin 
films are described in detail in this thesis. 

The various parameters (deposition time, current density and annealing temperature 
etc.) that affect the characteristics of TiO2  films deposited on Pt and Ti substrates 
have been explored. Focus ion beam imaging (FIB) and scanning electron 
microscopy (SEM) analysis show that the thickness of the film increases as the 
deposition time increases. Applying current density greater than 30 mA•cm-2  results 
in the film having a porous structure, however, little difference between films was 
observed when the current density was 20 mA•cm-2  or less. XRD data gave an 
indication that the as-deposited films were amorphous; after annealing at elevated 
temperatures (400°C — 1000°C) anatase and rutile phases were formed successfully. 

Samples were thermally treated under three different atmospheres: air, argon and 
argon/hydrogen (10% hydrogen). Different characteristics were observed after 
annealing. SEM and atomic force microscopy (AFM) show that the particle size 
increased after annealing in argon and argon/hydrogen. Preferred orientation of the 
films annealed in different atmospheres was observed and further investigated using 
high temperature in-situ XRD. 

Tii_xCox02..6 films were successfully prepared on Ti and Si substrates. When the 
annealing temperature was above 600 °C a CoTiO3  phase was detected in the film, 
whilst maintaining the anneal temperature below 600 °C resulted in only anatase 
peaks ((101) and (200)) being observed. The films annealed at 400 °C show 
room-temperature ferromagnetism as determined by vibrating sample magnetometry, 
and the magnetization per unit volume was of the right order of magnitude 
(0.2-0.6uB/Co) for dilute ferromagnetic oxide thin films. X-ray absorption 
spectroscopy studies showed that the cobalt was present as Co2+  and the XRD data 
were consistent with cobalt substituted anatase lattice as the lattice parameter 
increased from 9.0080(2) to 9.4780 (3). 
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Chapter 1 Introduction 

1.1 Ceramic Oxide Films 

Ceramic oxide films such as Ti02, and Pb(Zr,Ti)03  (PZT) and are of considerable 

interest for electrochemical and electronic areas because of their interesting 

properties. They can be used, for example, as bimorphs in microphones, earphones, 

loudspeakers, and stereo pick-ups, as fuel solenoid ignition systems and cigarette 

lighters, sonar generators and ultrasonic cleaners, etc. For doped materials they can 

be used in magnetic devices. 

TiO2  is one of the most important ceramic oxide materials; as a raw material it 

supports industries worth billions of dollars annually in the USA. The common and 

important phases for TiO2  are rutile and anatase which both have a tetragonal 

structure. Rutile is the most thermodynamically stable phase; anatase is less dense 

and less stable when compared with rutile. Anatase will transform to rutile when 

thermally treated above 800°C [1]. 

TiO2  has many valuable properties. Due to its high refractive index and good 

insulating properties it can be used as protective layers for very large scale integrated 

(VLSI) circuits and stainless steels [2]. The high dielectric constant makes TiO2 

useful as the dielectric gate of metal-oxide-semiconductor field effect transistors 

(MOSFET) devices [3]. It can also be used to make dimensionally stable electrodes 

to react as a photo catalyst for degradation of pollutants and super hydrophilic 

materials [4]. 

Considering that TiO2  belongs to the n-type semiconductor and the bandgap is wide, 

TiO2  can theoretically be used as a matrix in diluted magnetic semiconductors (DMS) 
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to increase the Curie temperature above room temperature and make the 

ferromagnetism stable in DMS materials [5]. 

Recently, Matsumoto et a/. [6], reported that cobalt-doped anatase thin films, 

produced by laser ablation in high vacuum, displayed room-temperature 

ferromagnetism (RTF). According to these authors, when the concentration of cobalt 

in the film is between 0 and 8 at %, the film shows ferromagnetic long-range 

ordering. The magnetic moment of saturated cobalt was reported to be 0.32 1.1.13, and 

the film exhibited a positive magnetoresistance (MR) up to 60 % at 2 K in an 8 T 

field. The reason that Co-doped anatase films have RTF characteristics, however, is 

still unclear. Some researchers [7, 8] have suggested that the observed FM behaviour 

is caused by cobalt cations substituted into the anatase lattice which is similar to the 

local structure environment of Co in CoTiO3. Others [9, 10] believed that clusters of 

Co metal in these films generated the observed RTF properties. More recently, a new 

theory suggesting that oxygen vacancies play an important role in room temperature 

ferromagnetic behaviour was reported by Liu et al. [11]. 

1.2 Fabrication 

Synthesis of ceramic oxide films and diluted magnetic semiconductors (DMS) has 

been achieved by a variety of methods including the sol-gel method, sputtering, wet 

chemical, spray pyrolysis [12], and oxygen-plasma-assisted molecular-beam epitaxy 

(OPA-MBE) etc. 

A more recently applied method which was used in this study is cathodic 

electrodeposition. Cathodic electrolytic deposition (CELD) has been defined as a 

process in which film deposition is achieved via the hydrolysis of a metal salt 

solution using an electrogenerated base such as 01-f in order to form oxides, 
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hydroxides or peroxides on a cathodic electrode. Hydroxides and peroxides are then 

converted to oxides by thermal treatment. This method has previously been used 

successfully to deposit ceramic oxide films such as Ti02, Zr02 and ZrTiO4  [13] by 

Zhitomirsky et a/. Other researchers prepared CeO2  powders [14], MoxWi _ x03 films 

[15] and Cu2_xMnx0 films [16] using this method as well. The difference is these 

researchers deposit ceramic oxide on to the electrode directly; whereas, Zhitomirsky 

et al. deposit peroxocomplex on to the electrode and then use thermal treatment 

convert them to oxides. This is due to titanium salt immediately reacting with water 

to form precipitates without formation of TiO2  [17], therefore peroxocomplex has to 

be used to resolve the problem. In this research, cobalt doped anatase films have 

been prepared by an electrochemical technique for the first time. In comparison with 

other methods the advantages of CELD are that: it is a low temperature synthesis 

technique, the procedure is simple and relatively inexpensive, the film can be 

controlled through varying the composition of the bath and finally, the coatings can 

be deposited on various substrate shapes. Considering the benefits of the CELD 

method, we report here on the successful growth of pure and cobalt doped anatase 

films on both titanium and silicon substrates using electrolytic deposition. 

This method also has some drawbacks. For example, it is difficult to get crack free 

films because of the shrinkage during this drying process; the detailed mechanism of 

the deposition procedure is unknown and only certain types of substrate can be used 

depending on the conductivity. 

1.3 Aim of This Work 

The aim of this work was, first, produce TiO2  film with good quality, which is 

continuous and crack-free using the cathodic electrolytic deposition method. Once 

formed, change the deposition parameters such as deposition time, current density 
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and annealing temperature to investigate the deposition parameters that influence 

film characteristics. 

As it is known that the preparation methods and the post thermal treatment 

conditions strongly influence TiO2  film properties, it is necessary to study the 

relationship between the post thermal treatment conditions and the TiO2 film 

properties. In this research the as-deposited TiO2  films are thermally treated in air, 

argon and argon/hydrogen (10% hydrogen) respectively to evaluate the influence of 

oxygen availability during thermal treatment for CELD produced TiO2  films. 

The second aim is to make co-deposited films with good quality by the CELD 

method, for example, to produce cobalt-doped anatase film, and to investigate its 

structural and magnetic characteristics. 

1.4 Thesis Organization 

In Chapter 2 the relevant literature is reviewed: the concept and the applications of 

electroceramics and diluted magnetic semiconductor are introduced first, especially 

some of the popular materials such as Ti02, PZT and newly developed cobalt doped 

anatase etc. Two methods which are commonly used to produce these materials are 

also discussed in this chapter. The last subsection of this chapter elucidates the 

CELD method which was used in this study in detail. 

Chapter 3 introduces the experimental procedures: deposition procedure, solution 

preparation, substrate preparation and the thermal treatment of the TiO2  films are 

described. Moreover experimental techniques that were used to characterize the 

ceramic deposits are also discussed here. 
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The fundamental characteristics of cathodic electrodeposited TiO2  film are examined 

in Chapter 4, followed by the study of the relationship between deposition 

parameters and film characteristics. The influence of thermal treatment on film 

properties is discussed in the last part. 

In Chapter 5, successfully synthesised Co-doped TiO2  anatase thin films were 

studied. Several technical instruments are used to investigate film characteristics, 

especially film RTF characteristics and cobalt oxidation status in the film. 

The last chapter contains the summary and a conclusion of the work presented in this 

thesis, and future work is briefly discussed. 
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Chapter 2.0 Literature Review 

2.1 Electroceramics 

Electronic ceramics, more commonly known as electroceramics, are ceramic 

materials that are specially formulated for specific electrical, magnetic or optical 

device applications [18]. Three features are common to all ceramics and 

electroceramics: the first is that they all have ionic-covalent bonding; the second is 

that their thermal properties change in proportion with temperature change, and the 

third is that their microstructures comprise inorganic crystal compounds and/or 

amorphous glass in varying proportions. These properties can be changed for some 

materials by thermal treatment. 

Thermal treatment is given to ceramic products for two reasons; first, to increase the 

kinetics of ceramic reactions, this means that raw materials which used to constitute 

ceramics usually decompose at high temperatures and form more stable compounds; 

and second, the properties related to the density of ceramics can be enhanced by 

sintering. Before sintering there is a large percentage of porosity and only weak 

bonding between neighboring particles. However, after thermal treatment porosity is 

almost eliminated and more stable bonds are developed. Different types of thermal 

processing produce different ceramic microstructures, and consequently allow the 

formation of different sorts of electroceramics. On the other hand, thermal treatment 

can also result in the formation of different phases of ceramics, depending on the 

chemical composition. 

Electroceramics have different applications, including: (1) ceramic conductors; (2) 

dielectrics and insulators; (3) piezoelectric ceramics; (4) pyroelectric materials; (5) 

electro-optic ceramics; and (6) magnetic ceramics. 
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While all these applications play a significant role in modem technology, this thesis 

will focus mainly on piezo-ceramics and magnetic materials and their newly 

identified production technologies. 

2.1.1 Ferro-, Piezo- and Pyro- Electric Materials 

A selected group of ceramic materials can be polarized in order to render them active 

through some convenient and reliable means, for example, piezoceramics, 

pyroelectric ceramics and ferroelectric ceramics [19]. 

1PE 

IPIE 

• A (Pb) 

• B (Zr or Ti) 

0 0 

Figure 1 - Typical unit cell of ferroelectric materials; 'P' polarization, 'E' external field [20]. 

A ferroelectric material is a material that exhibits, below some range of temperature 

(the Curie temperature), a spontaneous electric polarization in the absence of an 

electric field [21]. Figure 1 shows the typical ferroelectric material unit cell (ABO3, 
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A and B: atom, 0 oxygen). It can be seen that the direction of the polarization (P) 

moves when an external field is applied. This is due to the deformation of the B06 

octahedron in order to accommodate the electrical stress caused by the external field. 

Pyroelectric materials characteristically develop an electric polarization if their 

temperature is changed. It should be mentioned that all ferroelectric materials are 

pyroelectric. A piezoelectric material is one which develops an electric polarization 

on applying mechanical stress. Conversely, a mechanical distortion can also be 

obtained when a piezoelectric material is subjected to an electric field. Pyroelectric 

materials all have the piezoelectric property, and ferroelectric materials are 

inherently piezoelectric [22]. 

Due to their specific characteristics piezoceramics and ferroelectric ceramics have 

been used for many years as transducers for converting mechanical to electrical 

energy, and vice versa. This kind of material can be employed in a range of areas, for 

example, used as bimorphs in microphones, earphones, loudspeakers, and stereo 

pick-ups; used in fuel solenoid ignition systems and cigarette lighters, sonar 

generators and ultrasonic cleaners. Transformers, filters and oscillators employ 

piezoelectric ceramics as well [23]. The most common materials used in these 

applications are lead zirconium titanate (PZT) ceramics, quartz, etc [24, 25]. 

TiO2  Films 

Traditionally TiO2  is one of the most common ceramic materials. TiO2  has three 

different common crystal phases; these are rutile, anatase, and brookite [26] as 

shown in Figure 2. Rutile has a tetragonal crystal structure in which the Ti-0 

octahedra share four edges, for anatase it has a tetragonal crystal structure as well, 

with the main difference being that the octahedra share four corners instead. Brookite 

has an orthorhombic structure. At present only anatase, rutile and amorphous films 

have been observed in TiO2  thin films. Among them rutile is the most stable phase, 
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both anatase and rutile are very common for commercial use in powders and in films. 

Anatase transforms to the rutile phase when thermally treated at temperatures above 

800 °C [1, 27, 28]. The transition is however, not reversible. 

The total energy of periodic TiO2  slabs was calculated by Ramamoorthy and 

Vanderbilt [29] using a self-consistent ab initio method. The result shows that (110) 

plane of rutile has the lowest surface energy, whereas, the (001) plane of rutile has 

the highest. Scanning tunneling microscopy (STM) and non-contact atomic force 

microscopy (AFM) were employed on three low-index rutile surfaces ((110), (001), 

and (100)) and the results were consistent with the calculations with (110) being the 

most stable surface [2]. For the anatase phase, the surface which was calculated to 

have the lowest surface energy was (101) [2]. 

Rutile 
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Figure 2 - Three crystal structures of Ti02; rutile, anatase, and brookite respectively 1301. 

In recent years, titanium dioxide powders or thin films have attracted attention due to 

their wide applications in so many areas. Fujishima and Honda [31] reported in 1972 

water photolysis on illuminated TiO2  electrodes and since then, the photoelectric and 

photochemical properties of TiO2  have been exploited through use as a photocatalyst. 

Recently it has been used for photo-assisted organic molecules degradation [32, 33]. 
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Titania tends to lose oxygen and become sub-stoichiometric even when the reducing 

atmosphere is mild; therefore, the conductivity of the semiconducting metal oxides 

may change as the oxygen content changes in the atmosphere. TiO2  can moreover be 

used as an oxygen gas sensor, for example, employed in car engines to control the 

mixture of the air/fuel [34, 35]. Tons of TiO2 pigments are produced world-wide 

every year [36], for use in almost all sorts of paint because of its high refractive 

index [2]. It can also be used in cosmetic products and food additives [37, 38]. The 

high dielectric constant makes TiO2  suitable to be used as the dielectric gate of 

metal-oxide-semiconductor field effect transistors (MOSFET) devices [3], and is 

considered to replace SiO2  [39]. Nanocrystalline TiO2  films are employed in 

electrochromic devices [40] which can control light reflection in mirrors or light 

transmission in windows. Pure and doped TiO2  nanocrystalline films are also 

important in dye-sensitised solar cells [41, 42] . 

Dumitriu, et al. [43] found that TiO2 films with different structures varied in optical 

and photo catalytic properties and the films consisting of anatase and rutile phases 

with an appropriate ratio have the best photo catalytic activity. It should be 

mentioned that the different proportion of film microstructure (anatase or rutile) 

would influence the photo-catalytic activity; therefore, in order to obtain films with 

the desired phase composition optimizing the process of preparation is essential. It 

should be noted that the key factors that influence the microstructure of the fmal 

TiO2  films are the substrate and anneal temperatures [40]. Meng et al [44] and Wang 

et al [45] who deposited TiO2  films by sputtering reported that when the temperature 

of the substrate increase from room temperature to 500 °C the orientation of the TiO2  

film changes in the order of preferred orientation, random orientation and preferred 

orientation. The first preferred orientation is a different orientation to the third one. 

Moreover, the properties of the films, such as refractive index and optical bandgap 

change as substrate temperature varies. However, how the nature of the substrate 

influences the TiO2  film is still not clear. 
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2.1.2 Ferromagnetic Materials 

Originally, `ferromagnet' meant materials that exhibit spontaneous magnetization in 

the absence of an external magnetic field [21]. However, recently when there is more 

than one magnetic ion per primitive cell the different classes of spontaneous 

magnetization have been identified. The new definition of lerromagnet' is that most 

of the magnetic ions in it have a positive contribution to the net magnetization 

(Figure 3, a), in order to distinguish it from lerrimagnef in which some of the 

magnetic ions have a negative contribution to the net magnetization (Figure 3, b). 

Therefore, ferro- and ferrimagnets have very different magnetic ordering. Permanent 

magnets are either ferromagnetic or ferrimagnetic. It should be remembered that, as 

with ferroelectric materials, for both ferromagnets and ferrimagnets when 

temperature is above a certain temperature (the Curie temperature), the characteristic 

magnetic properties disappear [46]. 

liiiiiiiii 	 I 
a. 	 b. 

Figure 3 Schematic diagrams of magnetic ordering on cation sites for (a) ferromagnetic and (b) 
ferrimagnetic material. 

Ferromagnetic materials have been widely used for mass storage of information 

(hard disks, magnetic tapes, and magnetooptical disks, etc) (Figure 4, a) as a result of 

spin polarization of electron in these materials. Conventional electronics use only the 

charge of the electron; however, both the spin and charge of the electron may be 

manipulated independently offering a further degree of freedom to enhance existing 

microelectronic device performance. [47]. However, as the semiconductors used in 

circuits and high-frequency devices (normally Si or GaAs) do not contain magnetic 

ions (as shown in Figure 4 c) it is difficult to make this idea become operable. 
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Recently, dilute magnetic semiconductors (DMS) - also known as semi-magnetic 

semi-conductors [48] - have been produced and stimulated considerable interest 

[48-50]. In general, DMS refers to the nonmagnetic semiconductors, whose lattice is 

partly substituted by magnetic ions to make them magnetic (Figure 4 b). Considering 

that the common magnetic ions are Mn, Fe and Co in which the valence is between 

II-VI, the studies of DMS are mainly concentrated on II-VI semiconductors. 

a 111 b  
I I 1 
I I 

Figure 4 - Schematic illustrations of three types of semiconductors, a: a magnetic semiconductor, 
b: a dilute magnetic semiconductor and c: a nonmagnetic semiconductor. Blue circles are 

magnetic ions 1491. 

In the past decades, Mn doped ZnSe [51], GaAs [52] and InAs [53] DMS have 

successfully been produced. However, the major drawback for these semiconductors 

is that they cannot be used as room-temperature ferromagnets in practical 

applications such as spintronics because they have low Curie temperatures [54, 55]. 

Later on Diet! et al [5] used the Zener model to theoretically predict that the Curie 

temperature can be increased above room temperature if it is a p-type semiconductor 

— based DMS (The p-type semiconductor is used instead of semiconductors in which 

holes are the predominant charge carriers responsible for electrical conduction. In 

general, the acceptor impurity atoms can induce the excess holes [21]), and if a DMS 

is based on a wide bandgap semiconductor the ferromagnetism should be stable. 
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These theoretical calculations precipitated a large amount of research why 

oxide-based DMS were the milestone of oxide-diluted magnetic semiconductors. 

Cobalt doped TiO2  films 

Recently, Matsumoto et al. [6], used a combinatorial screening approach to study a 

huge range of the solid solubility transition metals in TiO2  found only cobalt doped 

anatase (the bandgap energy, Eg  = 3.2eV) thin films, produced by laser ablation in 

high vacuum display room-temperature ferromagnetism (RTF) as shown in Figure 5. 

According to these authors, when the concentration of cobalt in the film is between 0 

and 8 at %, the film shows ferromagnetic long-range ordering. The magnetic moment 

of saturated cobalt was reported to be 0.32 1.1B, and the film exhibited a positive 

magnetoresistance (giant magnetoresistance (MR) is one of the representative 

features of DMS materials) up to 60 % at 2 K in an 8 T field. 

Magnetic Field [Gauss] 
Figure 5 - Magnetization (M) measured as a function of magnetic field strength (11) for a 

Ties3Coo0702, film deposited on Sr1103  (001) at room temperature (300K) [6]. 
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Following this report, synthesis of cobalt doped thin films has been achieved by a 

variety of methods including spray pyrolysis [12], sol-gel [56], solid state reaction 

[57], spin-on technique [58], oxygen-plasma-assisted molecular-beam epitaxy 

(OPA-MBE) [7], and reactive co-sputtering [10] and the RTF properties of these 

films were confirmed. However, various values of the saturation magnetic moment 

per Co atom were observed, ranging from 0.34B  to 1.71.1B  [6, 10, 59]. 

The reason that Co-doped anatase films have RTF characteristics and various 

saturation magnetic-moment-per Co atom values, however, is still unclear. Some 

researchers [7, 60, 61] have suggested that the observed FM behaviour is caused by 

cobalt cations substituted into the anatase lattice, the carrier-induced interaction 

between the cobalt atoms is the reason for film ferromagnetism [62]. The structure of 

Co in anatase is octahedral and asymmetric. It is the same as Co substituted in to the 

Fe304  lattice to form CoFe2O4, as it is suggested that this environment enhances the 

magnetic properties of Co2+  in the Fe304  lattice [63]. It may also enhance the 

magnetic properties of Co2+  in anatase. Samples were judged by X-ray absorption 

and normal-emission X-ray photoemission spectroscopy shows only +2 Co state and 

according to the data measured by VSM and super conducting quantum interference 

device (SQUID) Co2+  is in low spin state as its magnetic moment value is close to 

the low spin (S=1/2) state of Co 2+. Moreover, cobalt is well distributed in the film 

with no aggregation observed in TEM and SEM images [7, 60]. 

Chambers et al. [7, 64] used synchrotron radiation to measure Cobalt K-shell X-ray 

absorption near-edge structure (XANES) and extended X-ray absorption fine 

structure (EXAFS) of the film. The first one is used to identify oxidation states and 

fractional d-electron density of the atoms in materials, while the second provides the 

local structure of the atoms and detects the distance, amount and the species of the 

atoms. They agreed that in the films Co is in the +2 oxidation state, no Co metal was 

observed and they found that the local structure of Co strongly resembles that of Co 

in CoTiO3  (distorted octahedral cage) rather than that of Co in CoO (undistorted 
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octahedral cage). Moreover, the spherically-averaged effective coordination number 

of cobalt, N, is calculated: N = 5.45+0.3. This result is expected since if Co (II) is 

substituted for Ti (IV) in the lattice, in order to maintain charge neutrality one 

oxygen vacancy must be created for each Co (II). 

Others [9, 10, 65] believed that since the solubility of Co is low during the deposition 

process, the Co in the films is not only substituted into the film but also the 

remainder forms clustered Co metal. The cluster size (about 20-60 nm) was also 

suggested in the film by magnetic circular dichroism (MCD), FEG-SEM, and 

time-of-flight secondary ion mass spectroscopy (TOF-SIMIS). Considering that the 

magnetic moment is very large (1.18-1.55µB  per Co atom or even higher), it is 

thought clusters of Co metal in these films generated the observed RTF properties. 

More recently, a new theory suggesting that oxygen vacancies play an important role 

for film room temperature ferromagnetic behaviour was reported by Liu et al[11] as 

it is observed that the magnetic moment strongly increased after films were annealed 

in vacuum and when annealed in air again, the magnetic moment decreased. 

Moreover, only when films were annealed in vacuum were the oxygen vacancies 

observed to form. This suggestion is supported by other authors [62, 66, 67] who 

reported that when Co2+  substitutes for Ti", an oxygen vacancy forms near the Co 

site to compensate the balance of the charge, and a pyramidal structure is formed by 

the remaining five oxygen anions. The crystal field is reduced in this structure and 

the spin state of Coe-  is enhanced. The ferromagnetism arises because of exchange 

interactions between Co2-  cations via Co—O—Co; it is thought that oxygen vacancies 

near Co2+  sites are essential to this kind of exchange interaction. The strong 

interaction between Co2+  cations and oxygen vacancies increases the local magnetic 

moment. The reason for this is still controversial. In general, it suggests that the 

growth process, not only the growth conditions, for example, deposit temperature, 

anneal temperature and applied oxygen pressure, but also the growth technique have 

significant influence on the film properties, especially for the TiO2  films [6]]. After 
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Matsumoto et al., other ferromagnetic materials which have room-temperature 

ferromagnetism for DMS are reported by other researchers gradually, such as Co 

doped ZnO [68], Ti doped a-Fe203  [69] and Mn doped SnO2  [70]. 

Cobalt Doped ZnO Materials 

In addition to Ti02, other compounds can also be used as a matrix. Considering that 

ZnO is a H-VI compound semiconductor with wide bandgap energy (about 3.35eV) 

and even though the nature of it is n-type semiconductor it can change to a p-type 

semiconductor by co-doping. It is widely studied by researchers for producing 

oxide-diluted magnetic semiconductors [71]. ZnO crystallizes in the hexagonal 

structure, the lattice parameters are a =3.25A and c = 5.12 A [72]. 

Cobalt doped ZnO films were successfully produced through pulsed laser deposition 

(PLD) and laser molecular beam epitaxy (MBE) etc. However, the solubility of the 

cobalt dopant they observed are not the same [71], the range is from 10% up to 50%. 

The reason for these various values may be that the different deposition technique 

makes Co distribution inside the ZnO wurtzite structure different. It should be 

mentioned that when cobalt substitutes in the film it does not change the wurtzite 

structure of ZnO and the changes of the c-axis lattice constant follows Vegard's law 

[73]. 

According to different growth methods the resulting magnetic properties for the Co 

doped ZnO films are different. For example, some of the authors that used the PLD 

technique reported that FM was observed above room temperature, whereas others 

who used the MBE method found no evidence of FM for these films [71]. Again 

these differences chould be attributed to the growth method and the growth 

conditions. Prellier et al [74] reported that even though the hysteresis of the 

magnetization is very small the film is ferromagnetic at around 300K. They 

suggested that this ferromagnetic effect has no relationship with the cobalt clusters 
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since the transition from the ferromagnetic state to the paramagnetic state can be 

observed clearly. The saturation magnetic moment per Co atom was 0.7gB  for a 

Zn0.92Co0.08 O2,  film which is considered very small when compared to 1.7µB/Co of 

metallic Co; it is suggested that the state of the Co in the film could be Co2+. 

Kim et al [75] reported that as the cobalt content varies three types of 

magnetoresistance (MR) behavior were observed at low temperature (<20K). When x 

= 0.02 the only negative MR was shown; x = 0.15 only positive MR was shown and 

x = 0.10 negative MR and positive MR were observed close to Hmax  and at weak H 

respectively. When the temperature was above 50K all the samples exhibit a weak 

negative MR. 

Cobalt is not the only dopant that has been used in DMS systems. Others such as Mn, 

Fe and V can also be utilized, as long as it is a 3d transition element. Even though 

additional work is needed to study the reason for the magnetism in oxide-diluted 

magnetic semiconductors, this type of DMS system still has a bright future. 

2.2 Preparation of Ceramic Oxide Films 

There are several routes to prepare ceramics oxide films, such as the sol-gel method 

[76, 77], chemical vapor deposition [78], sputter deposition [79], pulse laser 

deposition [80], and electrodeposition [17, 81]. Among them there are three very 

common routes which will be discussed here: sputtering, sol-gel and 

electrodeposition. 

2.2.1 Sputter Deposition 
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In reactive sputter deposition atoms and small molecules are ejected from a target 

surface and travel through the "discharge" together with a reactive gas to the 

substrate (Figure 2.5). The kinetic processes at the surface of the target, in the gas 

phase, and at the substrate control the chemical reactions which can determine phase 

formation of the film. Since the film growth procedure is not under equilibrium 

conditions, reactive sputter deposition is suitable for technologically controlled 

growth of non-equilibrium structures, for example, ceramic phases which have high 

melting points grown near room temperature, nanoscale layered ceramics, metastable 

ceramic phases as well as ceramic-metal structures [82]. 

A schematic of reactive sputter deposition is shown in Figure 6. This geometry is 

named 'planar diode'; the source of coating material known as 'target' and the 

substrate are put on the cathode, and the anode respectively in a vacuum chamber. 

The pressure of the chamber is in the range of 1 torr with a continuous flow of a 

reactive gas, for example, oxygen being used to backfill the evacuated chamber in 

order to provide ion bombardment which is necessary for sputtering. The pressure of 

the sputtering gas is in the range of 10-3 
-10-2 ton [83]. 
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Figure 6 - Schematic graph of sputter deposition, after [82]. 

The deposition process includes three steps: first, atomic, molecular, or ionic species 

must be produced on the cathode as needed; second, transport these species to the 

anode (substrate) through a medium and third, growth on the substrate via chemical 

or electrochemical reaction [84]. 

The cathode receives a large negative voltage (on the order of one kilovolt) to initiate 

positive-ion bombardment on the target surface. A self-sustained glow discharge is 

formed by the sputtering gas. For an electrical conductor target direct current (dc) 

excitation can be used, however, for nonconducting targets or if it is reactive sputter 

deposition radio frequency excitation must be used. 
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When the high negative potential transport from the target surface to the interface of 

Crookes dark space/plasma the potential decreases to ground (Figure 5 (A)) and then 

increases to a positive value in the plasma. In the anode dark space the potential 

changes again. Because of the strong negative cathode field, the charged particles in 

the Crookes dark space (also known as 'cathode dark space') go through a beam-like 

motion. Therefore, when positive gas ions from the plasma enter the Crookes dark 

space, the kinetic energy is obtained by accelerating in the negative cathode field, 

and then hitting the target surface, after this; through the momentum transfer during a 

collision cascade or knock-on process target atoms and small molecules are ejected. 

The ejected atomic, molecular, or ionic species are then transported to the substrate 

and condense on the substrate surface. This is how the film is deposited on the 

substrate [85-87]. The formation of the film contains two steps; nucleation and 

growth [84]. 

It is believed that sputtering is a very effective means for large area TiO2  coating 

because it provides a high uniformity of film thickness and quality. However, the 

deposition rate of sputtering TiO2  film is slow [88]. 

2.2.2 Sol-gel Deposition 

Sol-gel deposition starts with a colloidal suspension, in which 'sot' means ceramic 

particles are dispersed in a liquid or polymerizable metallorganic precursor, and then 

aggregated to form a solid called 'gel'. Following this stage, thermal treatment at 

high temperature is employed to convert the coating to dense (or porous) oxide 

ceramics [89]. Sol-gel synthesis can be used to produce electrochromic layers on 

windows [90], dielectric coatings [91] and ferroelectric thin films for electronic 

devices [92]. 
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Figure 7 shows the flow diagram for preparation of coatings by sol-gel methods. As 

can be seen from the diagram, there are mainly three steps to prepare the sol-gel 

coatings: coating solution preparation, deposition and drying and thermal treatment. 

As mentioned previously, the coating solution is made of colloidal or metallorganic 

ceramic precursors which are most commonly metal alkoxides, M(OR)n, where, M is 

a metal, n is the valence of the metal, (OR) is an alkoxy group, for example, R is 

ethyl, (C2H5), or methyl, (CH3). The prepared solution is then deposited onto a 

substrate; the layer is liquid, after the solvent evaporation the coating becomes solid. 

The processes of drying, pyrolysis of residual organics, densification and 

crystallization all occur during thermal treatment, and the inorganic ceramic oxide 

formed [89]. 

The drawbacks of sol-gel deposition are, it is difficult to produce thick coatings 

without cracks (normally less than I p,m), during thermal treatment some metastable 

crystalline phase may form, and the viscosity of the solution is easy to change with 

aging and exposure to atmospheric moisture. 
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Figure 7 - Flow diagram for preparation of sol-gel coatings, after [891. 

2.2.3 Electrodeposition 

Electrodeposition is a type of deposition that is driven by an electric field in order to 

form certain sorts of films or powders. During recent years the electrodeposition 

method has commonly been used to prepare electroceramic powders and films [13, 

14, 93-96]. Switzer et al. [95] reported that there are mainly two categories for 

electrosynthesis, the first one is redox change, in which a metal ion or complex is 

oxidized at the electrode surface. It is based on a change of the metal oxidation state. 
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This is done anodically for AgO films [96], Fe304  films [97], and ceramic 

superlattices [98] etc. The second category is the electrogenerated base method that 

uses a cathodic process to generate hydroxide at an electrode surface causing 

supersaturation followed by precipitation of the ceramic material; examples are CeO2  

[99] films, ZnO [100] films and PbO films [101]. The particle size can be controlled 

by the applied current and bath temperature [99]. Switzer et al. successfully 

electrodeposited epitaxial films on single crystal substrates [102, 103]. These authors 

suggested that these epitaxial films have thermodynamically controlled orientations 

as they are determined by the film free energy of formation on the single crystal 

surface, which is bonds that form between atoms in the substrate and the film control 

the orientation of the film [104]. Amblard et al. [105] studied the texture of thick Ni 

films on polycrystalline substrates. They suggested that a competitive growth 

mechanism following grain coalescence induced film texture. In this study we 

concentrate on films produced by cathodic electrodeposition. 

Zhitomirsky et al. divided cathodic electrodeposition technique to two parts, one 

whereby a charged suspension of particles are dispersed into a solution and move to 

the electrode. This is known as electrophoretic deposition (EPD). The other by 

means of which metal ions in solution fabricate colloidal particles in an electric field 

in order to form a thin film is called electrolytic deposition (ELD) [106]. Both these 

techniques result in accumulation of ceramic particles or formation of oxide films on 

the relevant electrode [18]. 

Electrophoretic Deposition 

Compared with ELD, electrophoretic deposition tends to form thick films and uses 

organic liquids as a suspension medium [107]. No chemical reactions occur in the 

solution, charged particles move to the cathodic electrode because of the attraction of 

the oppositely charged ions. EPD provides important advantages in the deposition of 

complex compounds and ceramic laminates. 
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Cathodic Electrodeposition 

Zhitomirsky [93] modified cathodic electrodeposition as a process which is achieved 

via the hydrolysis of a metal salt solution using an electrogenerated base such as 01-i 

in order to form oxides, hydroxides or peroxides on the cathodic electrode. 

Hydroxides and peroxides can then be converted to oxides by thermal treatment. 

Compared with some other methods such as chemical vapor deposition, sputtering 

and sol-gel deposition, cathodic electrodeposition provides several interesting 

advantages [108]: (1) the whole process takes place at low temperature and only 

demands atmospheric pressures, (2) due to this requirement for only simple 

apparatus it is a cost-effective method and (3) it is easy to control the film thickness 

and weight via adjustment of such parameters as, for example, deposition time, 

current density and cell voltage. 

Electrogeneration of base 

Typically, when an electric current is passed through a metal salt solution, the metal 

is deposited at the cathode [109]. This principle is widely used by plating 

technologists to obtain metal coatings. However, according to the deposition 

potential, choice of anions and the pH of the solutions, various other reactions take 

place at the cathode as well. They include: 

(1) Reactions which consume H+  ions such as 

(a) 21/± +2e-  -4 H2 	 2.1 

(b) NO3-  + 21/+ + 2e-  —> NO2-  + H 20 	 2.2 

37 



(c) NO; +10H+  +8e-  —+ NH4 +3H20 	2.3 

(2) Electrolysis of water 

(d)2H20 + 2e-  --> 2 +20H- 	 2.4 

(3) Anion (for example, nitrate) reduction reactions 

(f) NO3 + H2O +2e-  —* NO2-  +20H - 	2.5 

(g) NO3 +71120 +8e-  —* NH4 +100H- 	2.6 

The pH of the electrolyte is increased near the electrode for all these reduction 

reactions. Therefore, these reactions effectively compete with the metal ion reduction 

reaction. In this case, the amount of OH ion in solution is one of the most important 

conditions for electrodeposition. The OH" in this solution is called an 

electrogenerated base. 

In recent years more and more interest has focused on employing EPD and ELD 

techniques to fabricate advanced materials, such as electrodes and films for solid 

oxide fuel cells, fiber-reinforced and graded ceramic composites, and nanostructured 

materials as well as a variety of advanced films and coatings for electronic, 

biomedical, optical, catalytic and electrochemical applications [110]. ELD is 

especially used in the preparation of nanostructured films for various applications 

and to provide the basic conditions for the design of novel materials and devices. 

Important areas for future development include electrode materials, ferroelectric and 

magnetic films, hybrid films, photonic crystals and materials for capacitors. 
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Despite the fact that ELD has many significant advantages, it does have some 

problems [111, 112], several of which are now discussed, together with suggestions 

on how to resolve them. 

The first problem encountered when ELD is used to form titania films is that water 

and nitrates cannot be used. This is because titanium nitrate is not a stable compound 

and moreover, other Ti4+  salts such as TiC14  are hydrolyzed immediately in water to 

form a titanium hydroxide precipitate. 

However, as mentioned previously, water and nitrate are important cathodic reactants 

for Off generation and researchers have therefore looked in detail at this obstacle. 

This problem has been solved by Zhitomirsky through using the peroxocomplex of 

titanium ([Ti(02)(OH),,..2r9 ) instead of titanium ions [113]. The titanium 

peroxocomplex is more stable under certain conditions in aqueous solutions. 

Therefore, water can be used as a solvent and as the source of Off groups, which is 

necessary for the deposition process. The way to fabricate this complex is by adding 

a small quantity of hydrogen peroxide into the solution. The whole reaction is shown 

below [114]: 

1) Solution preparation, considering the stabilization of Ti cation species, titanium 

peroxo complex is used as precursor, the reactions are: 

TiC14  Ti4+  + 4C1- 
	 2.7 

Ti4+  +II 202  + (n —2)H20 —›[Ti(02 )(OH)(n-2)14-,1)+ n1-1+ 	2.8 

2) Cathodic electrodeposition of oxyhydroxide, titanium peroxocomplex combines 

with Off and H2O to form hydrated titanium peroxide film in electrochemical cell, 
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[Ti(02 )(OH)(n_2)14-11)+  n0H -  + kH 20 —>TiO3 -(H20)x 	 2.9 

3) Thermal treatment, the as-deposited film is heated to dehydration and 

decomposition. 

2TiO3  -(H20), ---> 2TiO2  +2x1-120+ 02(g) 	 2.10 

In summary, titanium tetrachloride is dissociated in methanol at low temperature and 

reacts with hydrogen peroxide and water to form the peroxocomplex, after this the 

complex is hydrolyzed by the electrogenerated Off formation of the titanium 

peroxide on the cathodic electrode. The final step is to heat the as-deposited film in 

the furnace which then converts the hydroxyl complex to titanium dioxide. 

Complex oxide compounds such as ZrTiO4  and PZT were obtained via the 

peroxoprecursor method as well [108]. In addition, the research literature also 

confirmed that the use of the peroxoprecursor approach would allow production of 

stoichiometric deposits. Since for individual components the deposition rates are 

different, however, by using peroxoprecursor approach hydrolysis reactions result in 

the formation of complex preoxospecies and then form complex oxides after thermal 

treatment. ZrTiO4  and PZT films were obtained after thermal treatment of the 

precursors at relatively low temperatures, compared with the temperatures of 

formation of these materials via wet chemical methods. However, in order to have a 

better understanding of the mechanism of deposition using peroxoprecursors much 

more investigation is needed. 

A number of researchers [93, 94] confirmed the advantages of adding H202  into the 

aqueous solution. They reported that it can not only form titanium oxide films on the 
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substrate but can also make the films more continuous and uniform with significantly 

less cracking. 

A major problem which all 'wet' chemistry methods of productions has is that it is 

difficult to get thick films without cracks. When the thickness of the film is below 

0.3µm no cracks can be detected. In most circumstances cracks will appear when the 

thickness of a film is more than 1 	probably because of the non-uniform 

contraction of the wet coating and drying shrinkage, the roughness of the substrate 

surface also may initiate cracking [94, 101]. In general, films produced by physical 

deposition methods, for example, pulsed laser deposition when thickness is on the 

order of 0.5 ttm also exhibit cracking [115]. 

The evaporation rate of H2O from the gel surface, Re1120, is faster than the diffusion 

rate of H2O from the gel bulk to the surface layer, RdH20. If le1120 >RdH2O, stress 

will build up on the gel surface due to the shrinkage of the surface which contains 

less H2O than the bulk gel layer. Therefore the greater the deposition time or 

deposition thickness the less RdH20 will cause large stresses and resulting increase in 

the width of the crack. To date, there is little literature on the effect of the heat 

treatment on the cracking of the films. 

If electrodeposition is employed for depositing ceramic films, how to provide the 

desired strength of film adhesion is one of the most important things that should be 

taken into account. There are several factors that influence the adhesion of the film 

[107, 116]: 

1. Certain amounts of additives, such as hydrogen peroxide and N, N-Dimethyl 

—Formamide (DMF), improve the film adhesion. 

2. Low current density, for example, 5 mA•cm-2, prevents the spallation of the 

films. 
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3. Increasing the deposition duration (more than l5mins) will also improve 

adhesion; however, this will make films become thicker. 

4. If materials with high electrical conductivity and inert to hydrogen bonds were 

used as a substrate, this will exhibit poor film adhesion. This means for example 

that platinum, which is well known as an inert material, is difficult to use as a 

substrate. Active substrates are generally considered better at improving 

adhesion of films compared with inert substrates. However, ceramic films 

deposited on platinum substrates have a wide range of applications. Therefore if 

this problem could be solved, certain kinds of new devices could be fabricated. 

5. Some times, even through the bonding is strong the interfacial morphology may 

lead to easy fracture. 

6. Stress gradients, no matter whether they are from intrinsic or applied stress, may 

result in adhesive failure though chemical bonding is high. 

The mechanism of electrodeposition can be viewed as the hydrolysis of solutions by 

an electrogenerated base, with the formation of colloidal particles of the 

peroxoprecursor near the cathode and their subsequent electrophoretic motion toward 

the cathode, resulting in the formation of the deposit. However, this mechanism has 

not been clearly understood by researchers [93]. Zhitomirsky et al. [117] suggested 

that a local pH increase influences the mechanism of the deposition, this is because 

increasing pH results in precipitation of a peroxo-titanium hydrate. 

One important recent suggestion is that the formation of a ceramic deposit during 

ELD is caused by flocculation introduced by the electrolyte[113]. In attempts to 

fundamentally understand the exact mechanism of deposition, the classic Derjaguin, 

Landau, Verwey and Overbeek (DLVO) theory of colloidal stability has been applied 

[112, 118]. 
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Therese and Kamath [109] have summarized the positive features of electrochemical 

synthesis, in order to distinguish it from other kinds of synthetic methods. 

1. Electrochemical synthesis can form products that are impossible to obtain by 

chemical synthesis due to the fact that it has a very high potential gradient 

(about 105Vcm -1) at the electrode. 

2. The coatings can be deposited on various substrate shapes. 

3. It is a low temperature technique. 

4. Kinetic control and thermal dynamic control can be exercised by controlling 

current density and cell potential respectively. 

5. Varying the bath composition can control the composition of a film. 

6. The procedure of experiments is simple and apparatus is cheap. 

7. Can be deposited (usually) from aqueous solutions. 

However, there are also disadvantages, such as it is difficult to get crack free films 

because of the shrinkage during drying process, and deposits can only be fabricated 

on conducting substrates. 

Despite the fact that electrodeposition has some disadvantages, it is gaining 

increasing interest as a ceramic processing technique for a variety of technical 

applications [103, 116]. 
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Chapter 3.0 Experimental Procedure 

3.1 Preparation of TiO2  films 

In this section, the experimental procedures, deposition procedure, solution 

preparation, substrate preparation and the thermal treatment of the TiO2  films are 

described. The experimental set up for the cathodic electrodeposition of TiO2  films is 

introduced in order to understand the requirements for each solution and substrate 

and the essential steps in the synthesis procedure. Moreover experimental techniques 

that can be used to characterize the ceramic deposits are also discussed here. 

3.1.1 Cathodic Electrodeposition of TiO2  Films 

To enable the electrodeposition of the film, a conventional three-electrode cell was 

used, Figure 8. A mercury sulfate electrode (MSE) was used as the reference 

electrode (0.68 vs. NEE); Pt wire was used as the counter electrode, with the Pt, Ti 

or Si substrate being the working electrode. The prepared solution discussed in 

section 3.1.2 was used as the electrolyte. The electrochemical cell was immersed in a 

large glass beaker that contained iced water to keep the temperature of the solution 

below 2°C during the experiment. 
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Figure 8 - Schematic representation of the experimental set up of the 3-electrode cell used in the 
electrolytic deposition of ceramic films. Counter electrode: Pt wire; working electrode: Pt or Ti 

foil; reference electrode: MSE. 

The procedure developed by Zhitomirsky [17] was followed for the electrolytic 

deposition of TiO2  films. Since TiCl4  is very unstable at room temperature, the 

temperature of the whole electrodeposition procedure was controlled to between 

land 2°C; NaC1 was used in the iced water to maintain the temperature. A constant 

current was applied by an ACM Gi1IAC galvanostatic instrument (model; Auto AC 

DSP) linked to a windows based computer to record data and control the galvanostat. 

However, due to the voltages (up to 13 V) of the experiment being beyond this 

instrument's upper limit (8 V), a small voltage meter (model: Auto-range digital 

mutimeter 22-163) was used and data recorded manually. The duration of the 

experiment was varied from 15 to 45 mins. Since all of the substrates were cut to 
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1 cm x lcm pieces and only one side is covered by deposition therefore, the average 

deposit area of each specimen was approximately about lcm2  estimated visually. 

After the experiment the sample was removed from the solution and washed gently 

with distilled water in order to remove Cl impurities. Each sample was then dried in 

air for half an hour and stored in a desiccator, before further analysis of the film was 

performed. 

3.1.2 Solution Preparation 

Before electrodeposition can be undertaken a precursor solution has to be prepared; 

in this case, following the lead of Zhitomirsky [17], the precursor solution consists of 

titanium tetrachloride (TiC14, purity>99%, BDH GPRTM), methyl alcohol 

(Purity>99.5%, BDH AnalaR) and H202  27.5wt% (Aldrich Chemical Co. Ltd.) The 

total amount of the solution prepared was 1 litre. 

Methanol, 720 ml, was measured in volumetric glassware and transferred to a IL 

volumetric flask, to which 0.56 ml of TiCI4  was dropped through a lml volumetric 

pipette (This stabilizes the Ti4+  in solution, since Ti4±  salts such as TiC14  are 

hydrolyzed immediately in water). After this, the solution was well mixed by turning 

the volumetric flask upside down several times. At this stage significant white gas 

evolution was observed, which is due to a small amount of TiCl4  reacting with water 

in the air. Once the solution is well mixed the white gas disappears. 

To this solution, 1.114 ml of H202  is dropped into the volumetric flask using a 2 ml 

volumetric pipette. The colour of the solution suddenly changed from colourless to 

light red, which suggests the tetravalent titanium peroxocomplex is formed [119]. 

Finally, 240 ml of de-ionized water was added to the volumetric flask in order to 
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provide a volumetric ratio of methanol/water — 3/1. The last step is to add the 

prepared well mixed methanol-water solution (3:1) to the volumetric flask, to make 

the total amount of the solution 1 liter. The reaction for solution preparation is shown 

in equations 2.7 and 2.8. TiC14  react with 1-1202  and H2O form titanium 

peroxocomplex solution. The solution was left to age for two or three days for 

complete reaction. The whole procedure of cathodic electrodeposition is described in 

Chapter 2.2.3. 

TiC14  —> Ti 4+  + 4C1- 	 2.7 

Ti4+  + H202  + — 2)1120 --> [Ti(02 )(OH),_2 14-'41-  + nH +  2.8 

3.1.3 Substrate Preparation 

Platinum foil (purity 99.99%, 0.125 x 25 x 25 mm, weight 1.676 g)) was obtained 

from Advent Research Materials Ltd to be used as the substrate on to which the 

ceramic film would be deposited. The platinum foil was divided in to individual 

pieces (10 mm x 10 mm) using scissors. A second substrate, titanium, (purity 99.99% 

obtained from Advent Research Materials Ltd), was also cut into small pieces (10mm 

x 10mm) using scissors. 

Prior to deposition each of the substrates were polished using a polishing machine 

(model: BuehlenrMetasery universal-polisher) with both 31.tm and 14tm diamond 

media in order to obtain a smooth surface. 

After polishing, the substrates were washed in methanol and deionized water 

respectively, to remove dust. The final step in the substrate preparation was cleaning 
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in an ultrasonic bath using acetone to degrease the sample and finally a rinse in 

de-ionized water. 

3.1.4 Thermal treatment 

There are three atmospheres that were used during crystallisation of the as-deposited 

film: air, Ar, and Ar/H2 (10% of hydrogen). For the as-deposited samples, an Elite 

Thermal Systems Ltd furnace (model: BRF15/5-2416CG) was used at temperatures 

of between 400 °C and 1000 °C with a heating rate of 10 °C per min used for a 

period of 60 mins. For the as-deposited samples annealed in Ar and Ar/H2, a tube 

furnace with atmosphere control was used. Before heating the alumina furnace tube 

was purged with either Ar or Ar/H2  for half an hour to ensure the p02  of the 

environment was constant. 

3.2 Preparation of Co doped TiO2  films 

3.2.1 Solution Preparation 

To prepare cobalt doped TiO2  films a measured amount of CoC12.6H2O (H&W Ltd.) 

was added to the previously prepared precursor solution (Section 3.1.2) and stirred. 

The amount of CoC12  added corresponded to the required stoichiometry of the Co 

doped Ti02. Two ratios of Ti: Co were evaluated, 10:1 and 20:1 in molar ratio 

respectively. 
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3.2.2 Sample Preparation 

Two substrates were used in the preparation of these films. As previously described 

(section 3.1.3) Ti was used and prepared by carefully polishing and cleaning. 

To provide a suitable substrate for electrical/magnetic measurements a Si substrate 

was used. A Si wafer (Compart Technology Ltd.) was cut into small pieces 

(approximately 2 x 1cm) using a diamond pen. Each piece was then dipped in dilute 

HF (2.6 ml 48.5% HF, 20 ml de-ionized water) for 15 s to remove silicon oxide, and 

then cleaned in acetone in an ultra-sonic bath for 10 mins. Finally the substrates were 

rinsed with de-ionized water. 

3.2.3 Cathodic Electrodeposition of Co-TiO2  Films 

The conditions for depositing the cobalt doped films were identical to those 

described previously for the preparation of TiO2  films (section 3.1.1). 

3.2.4 Thermal Treatment 

There were also three atmospheres used to control the as-deposited cobalt doped 

TiO2  film: air, Ar, and Ar/H2  (10% hydrogen). An Elite Thermal Systems Ltd 

furnace (model: BRF15/5-2416CG) was used at temperatures of between 400 °C and 

800 °C, with a heating rate of 10 °C per min used for a period of 90 mins to make 

sure the Co doped TiO2  films were fully crystallized. For the as-deposited samples 

annealed in Ar and Ar/H2  (10% of hydrogen), a tube furnace with atmosphere control 

was used. Before heating the alumina furnace tube was purged with either Ar or 

Ar/H2  for half an hour to ensure the p02  of the environment was constant. 
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3.3 Analysis of the Deposited Films 

There are many experimental techniques that can be used to characterize the ceramic 

deposits. These are essential in the investigation of both chemical and physical 

properties and the structure of the deposits. In this research, some of the most 

suitable techniques have been used. 

3.3.1 X-ray Diffraction (XRD) & High Temperature X-ray 

Diffraction (HTXRD) 

3.3.1.1 X-ray Diffraction (XRD) 

The X-ray diffraction technique (XRD) is a common tool for the characterization of 

crystalline materials and the determination of their crystal structures [120]. 

The principle of XRD is as follows (Figure 9): X-rays interact with electrons in 

matter. When a beam of X-rays impinges on a material it is scattered in various 

directions by the electron clouds of the atoms. If the wavelength of the X-rays is 

comparable to the separation distance between the atoms, then interference can occur. 

For an ordered array of scattering centers (such as atoms or ions in a crystalline 

solid), this interference gives rise to interference maxima and minima. The 

wavelengths of X-rays used in X-ray diffraction experiments therefore lie between 

0.6 and 1.9 A, typical atomic interplanar spacings. 

When the X-rays hit the surface of the crystals and are diffracted, the atoms or ions 

act as secondary point sources and scatter the X-rays. The most common approach in 

treating diffraction by crystals is by applying Bragg's law (equation 3.3). Bragg's 

law regards crystals as built-up of layers or planes such that each acts as a 
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semi-transparent mirror. Some of the X-rays are reflected off a plane with the angle 

of reflection equal to the angle of incidence, but the rest are transmitted through one 

plane and then reflected by the next plane. 

Figure 9 - A schematic diagram for determining Bragg's law 

2dsin0=n2 	 3.3 

Here d refers to the perpendicular distance between pairs of adjacent planes, which is 

also referred to as the d-spacing; 0, relates to the Bragg angle which is the angle of 

incidence; and A. is the X-ray wavelength; finally, n, is the diffraction order. 

As the interplanar spacing d is observed from Bragg's law, lattice parameters of 

cubic, tetragonal and hexagonal systems etc. can be calculated. For example, lattice 

parameters of Ti02, tetragonal, were calculated using the listed spacing equation 

[1211: 

a 
(Tetragonal) dm = h2  + k2  +/2(a2 c2 ) 	

3.4 
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Where dhki  is the interplanar spacing, h, k and I are different planes and a and c 

indicate the lattice parameters. 

When x-rays encounter any form of material, not all of them are transmitted, they are 

partly absorbed. Röntgen established that the fractional decrease in the intensity I of 

an x-ray beam as it passes through any substance is proportional to the distance 

traversed, x, (also called penetration depth) [121]. The differential form is: 

- I = ,Ildx 
dl 

3.5 

Where the constant p is the linear absorption coefficient, it is dependent on the 

material properties, its density and the wavelength of the x-rays. The integration of 

equation 3.5 is: 

1 = 	 3.6 

1,9 is original intensity, I, is intensity remaining, and the linear absorption coefficient, 

g, is proportional to the density, p, which means that the quantity pip is a constant of 

the material, referred to as the mass absorption coefficient. Therefore, the equation 

can be written as: 

I x  = loe " 	 3.7 

According to equation 3.7, the x-ray penetration depth can be calculated. 

Scherrer's formula below (3.8) is used to calculate the size of very small crystals. 
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0.92. t = 	 
B - Cos 0 3.8 

Where t is particle size, k is the wavelength of Cu K.; B is FWHM (full width at half 

maximum) of the broadened diffraction line on the 20 scale (radians). 

For polycrystalline films, if most of the grains in the film are grown randomly this 

means the film has no preferred orientation; on the contrary, if most of the grains are 

oriented along a certain direction this indicates that the film has preferred orientation 

also known as texture. Texture is seen in almost all engineered materials, and it can 

have a great influence on material properties. X-ray diffraction also can provide a 

texture scan to determine whether the film has preferred orientation or not. Instead of 

doing one-dimensional scans, a texture scan is a two-dimensional scan in which the 

surface of a hemisphere in reciprocal space is scanned for the reflections (hkl) off the 

substrate surface. In this research, a Philips X'Pert Pro-Materials Research 

Diffractometer with Cu lc radiation was used to determine film orientation. 

3.3.1.1 High temperature X-ray diffraction (HTXRD) 

As mentioned before (Chapter 2, section 2.3) in all ceramics and electroceramics 

their thermal properties change in proportion with temperature changes. However, 

high temperature X-ray diffraction (HTXRD, also known as in-situ XRD) has the 

ability to perform the characterization measurement at elevated temperatures. 

Compared with conventional XRD, the advantages of high temperature XRD are: it 

is able to reveal the elementary formation processes of film surfaces and to elucidate 

the relation between temperature and time during the phase transformation. 

Therefore, high temperature XRD is very useful in understanding the structural and 

phase stability of crystalline materials. 
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In this research, the HTXRD instrument used was a Philips X' Pert MPD with Biihler 

HDK2.4 high temperature chamber X-ray diffractometer. Samples can be heated 

both in static air and in flowing gas. For samples annealed in flowing gas the gas was 

purged for at least one hour to evacuate the air in the chamber prior to any 

measurement. A platinum strip was used to heat the sample, and also to act as the 

sample holder. Since the sample is heated from the back through the platinum strip, 

the true temperature of the sample is not exactly the anneal temperature, normally the 

difference is about 20 °C, and the difference increases as the heating temperature 

increases. The heating range is from room temperature up to 1200 °C depending on 

the anneal atmosphere and temperature control instrument. The heating rate is 

usually 60 °C/min. 

The software equipped with this instrument can program the experimental process as 

needed. For example, some of the samples were heated from room temperature to 

800 °C at a rate of 60 °C/min. the program was set as: after temperature increase 

every 100 °C, hold for an hour and scan once until temperature reaches 800 °C, then 

cool the samples again to room temperature and scan again. The duration of the scan 

time can also be set as the experiment demands. 

3.3.2 Scanning Electron Microscopy (SEM) & Field Emission 

Gun Scanning Electron Microscopy (FEGSEM) 

In this study, a JEOL T200 scanning electron microscope (SEM) equipped with an 

energy dispersive x-ray detector (EDS), a JEOL high voltage 5610 scanning electron 

microscope (SEM) and a LEO 1525 field emission gun scanning electron microscope 

(FEGSEM) equipped with energy dispersive x-ray detector (EDS) were used for 

surface topography and compositional analysis. 
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3.3.2.1 Scanning Electron Microscopy (SEM) 

Normally, an SEM is comprised of: an electron gun, electron lens, spray aperture, 

scan coils, magnification control, scan generator and display CRT. The principle of 

the SEM (Figure 10) is that it uses the electron beam which is generated by 

thermionic emission from a metal filament through applying a voltage (in the kV 

range) to construct images at a high resolution magnification. The sample surface is 

scanned line by line by the electron beam which is focused to a spot 	10 nm in 

diameter). For each position x and y, the detector signal intensity, I, is recorded and 

displayed as an image I (x, y). Since the amount of emitted secondary electrons 

varies due to the material properties of the illuminated spot area, the intensity of the 

detector changes as well. Therefore, different materials have different brightness in 

the scan image. Compared with other instruments used in the characterization of 

these films one of the advantages of SEM is that sample thickness and sample 

preparation are less important [120]. 

Figure 10 - Schematic diagram of a Scanning Electron Microscope [122]. 

55 



Tungsten is usually used as the filament, which produces a high-intensity focused 

electron beam. This electron beam is then focused through a series of 

electromagnetic lenses, which make the electrons spiral down the column on to the 

sample. A sample is placed on a stage in a vacuum chamber positioned under the 

electron column and the path of the electron beam. SEM should be carried out under 

a high vacuum, normally at 10-6  Torr or lower. This specimen should be conductive, 

otherwise the electron beam would charge up the surface; for non-conducting 

specimens, gold or graphite should be coated on the sample surface, to avoid surface 

charge build-up and degradation the image definition. 

3.3.2.2 Field Emission Gun Scanning Electron Microscopy (FEGSEM) 

Another type of SEM technique is Field Emission Gun Scanning Electron 

Microscopy (FEGSEM). It can be used for imaging the sample surface topography at 

the nano-meter scale. The original SEM has relatively low resolution of topography. 

The reason that the resolution of SEM usually lower than 2 nm is because of the 

escape depth of the secondary electrons from a solid surface [123]. 

However, FEGSEM instruments are equipped with an objective lens having a short 

focal length and an electron gun that provides narrower probing beams and higher 

electron energies which means that resolutions down to 0.5 nm are possible. 

Considering that the ceramic oxide films in this work are all made of nano-scale 

particles, the use of FEGSEM becomes necessary. In this research, all the images 

were taken from multiple samples in multiple areas to confirm the consistency of the 

measurement. 

3.3.2.3 X-ray Energy Dispersive Spectroscopy (EDS) 

X-ray energy dispersive spectroscopy (EDS) is an analytical tool predominantly used 

for identifying and quantifying elemental compositions in materials [124]. Oxford 
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Instruments Energy Dispersive X-ray detection (EDS) in both T200 scanning 

electron microscope (SEM) and LEO 1525 field emission gun scanning electron 

microscope (FEGSEM) is used for determining the elements that are contained in a 

specimen. Normally, the EDS system used with SEM can detect all elements (from 

atomic number 4 to atomic number 92) in concentrations from 0.1% upwards. 

When the incident electron beam impacts the sample surface in some cases the 

electrons which orbit around the atoms nuclei displace. The atom changes to an 

exited state due to this interaction and in order to move back to the stable state, the 

electrons from the outer shell therefore need to fill inner shell vacancies. The 

energy released during this process results either in Auger electrons that produce 

back scattered (BS) radiation, or by emitting X-rays. The emitted X-ray is then 

detected by an X-ray spectrometer and produces characteristic lines. As each line 

corresponds to a particular elemental material, the elements in the sample can 

therefore be identified [125]. 

It is quite useful for the researcher to confirm whether the desired sample has been 

produced or not. Before each sample analysis session, a standard Co is analysed in 

order to calibrate the computer software. Samples were analysed in several areas to 

ensure the consistency of the measurement. 

3.3.3 Atomic Force Microscopy (AFM) 

The atomic force microscope (Figure 11) is a scanned-proximity probe microscope. 

The scanning probe is made of a small tip which has a cone shape with elliptical 

cross section and the angle of the cone is 40° -50° in one direction and 50°-60° in the 

other. The height of the tip is — 10-15µm. It is used for measuring a local property 

such as height, optical adsorption, or magnetism. The advantage of this instrument is 
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that it can give images with very high resolution and also can be used on many sorts 

of materials, for example, metals, metal oxides and polymers. In this study an 

Agilent 4500 AFM is used for sample analysis. 

Detector and 
feedback 
electronics 

Photodiode 
(detector) \ Laser 

• • 
Cantilever and tip 

Sample surface 

Figure 11 - Schematic diagram showing the operation of an Atomic Force Microscope 

The AFM has two modes; one is the contact mode, which means that during the 

measurement the instrument lightly touches the sample by the tip, which is at the end 

of the cantilever; the other mode is the non-contact mode, which means the tip does 

not touch the sample. In our research, the contact mode has been used to analyze 

samples. It should be mentioned that the tip is very fragile and therefore, care should 

be taken when adjusting the tip close to the sample surface manually. And scanning 

should be observed at minimal possible force as determined by the tip-sample force 

curve. 

The principle of AFM is as follows [126]: the tip is moved close to the sample 

surface, when the tip contacts with the sample it can measure the attractive forces 

(van der Waals forces) whereas, when the tip is lifted above the surface the repulsive 
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forces (Coulomb force) is measured. The force information is shown from the force 

curve. 

It should be mentioned that if the distance between tip and sample surface reaches a 

few nanometres, van der Waals forces are strong enough to move AFM cantilevers. 

Therefore, when the interaction between tip and film surface occurs, there is 

oscillating in the cantilever which can cause deflection of the cantilever. In order to 

keep the deflection constant the vertical position of the tip has to be adjusted, which 

is achieved by applying a voltage to the vertical direction of the scanner. If the 

voltages applied to the scanner are divided into horizontal (x, y) and vertical (z) 

directions, and the corresponding deflections in these directions are measured for the 

whole sample surface, the AFM software can manage to determine the height of the 

tip (z) for the relevant surface point (x, y). This is how the topography of the sample 

is measured [127]. 

3.3.4 Focused Ion Beam (FIB) 

Focused ion beam microscopy was invented in the mid 1980s and since then it has 

been widely used for not only sample preparation but also in semiconductor 

manufacturing. It has the capability of milling, imaging and depositing materials. 

The primary gallium focused ion beam used in FIB systems can be operated at low 

beam currents (as low as 1 pA) for high resolution imaging or at high beam currents 

(as high as 20 nA or 30 nA) to mill material from a defined area. Usually the FIB 

accelerating voltages are in the range of 5-50 eV. FIB instruments can either be 

single beam instruments or incorporated with other analytical instruments, such as 

secondary ion mass spectrometry (named FIB/SIMS dual platform instrument). The 

instrument used in this research is FIB-TEM 200 equipped with SIMS detector 

which is not be used in this research. 
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A schematic diagram of a typical FIB microscope is shown in Figure 12. As can be 

seen from the diagram, the basic FIB instrument consists of a vacuum system and a 

chamber, a liquid metal ion source (LMIS) in a column, detectors, gas delivery 

system, a stage for mounting samples and a computer to run the program and monitor 

[128]. 

Both ion column and sample chamber are required to be at high vacuum (on the 

order of 1x10"8  Torr for the column and 1x10 Ton for the chamber) in order to 

evacuate the contamination of the column and the chamber and to obviate the 

electrical discharges due to the high voltage in the column. The liquid metal ion 

source (LMIS) makes small probe sputtering possible; it can provide an ion source as 

narrow as —5 nm in diameter. Gallium is commonly used as the metallic element for 

LMIS. After Ga ions are obtained from the LMIS, they are accelerated and sent 

down to the ion column by a potential. The beam is first sent through a condenser 

lens to form the probe and then sent though objective lenses to focus the ion beam at 

the sample surface. It should be mentioned that compared with other instruments the 

FIB has a relatively large working distance (— 2cm or less); this allows the user to 

observe the varied topography without worrying about field changes. 

When the charged gallium ion beam scans the sample surface sputtered material, 

secondary ions and secondary electrons are all generated. Among them secondary 

electrons and the secondary positive ions are collected by an electron multiplier 

detector to form the FIB image. It should be noted that a small beam current is used 

for the FIB imaging process because the sample is subject to destructive sputtering 

during FIB image formation. The sputtering rate will vary as the texture of the 

sputtered material various. 
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Figure 12 - Schematic diagram of a typical FIB microscope, after [1281 

Milling is a significant advantage of the FIB instrument; it provides valuable 

microstructure information beneath the sample surface. The way of milling is 

performed by physical sputtering of the target. When the beam hits the sample 

surface the momentum transferred from the incident ions to the target results in a 

series of elastic collisions. Some of the surface atoms receive the kinetic energy 

which is strong enough to overcome the surface binding energy (SBE) and thus are 

able to be ejected. As the applied current increases the amount of ejected atoms 

increases thus milling proceeds. 

In this research, milling is used to create a 'ramp' on the film surface to investigate 

microstructural information from beneath the sample surface, the reason for making 

a ramp is because it is easier to observe the situation from sample surface to the 

bottom of the film, and since the ramp efficiently 'stretches' the thickness observed, 

it is easier to perform the SIMS analysis and also for SEM observation of the film 

interface as well. 
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Figure 13 shows a brief introduction of how to make a ramp. For normal samples, the 

ion beam is perpendicular to the sample surface (Figure 13 a), the direction of the 

beam is impossible to change; therefore, the sample was rotated to have a certain 

angle 0 with the beam (for example, 0 = 10°), the beam then starts to mill the sample 

until it reaches the metal substrate, this step usually takes several hours, depending 

on what type of material is being milled and the size of the ramp. As shown in Figure 

13 b, the sample is returned to the horizontal position, the white rectangular area is 

the created ramp, the dotted line indicates the sample interface, which is the 

boundary area between the film and the substrate, from the top of the rectangular 

area is the 'stretched' film area; from the dotted line until the bottom of the 

rectangular area is the substrate area. Figure 13 c and d illustrates how the observed 

length 'D' of the film is related to the actual length 'x' of the film: x = D tan 0, where 

0 is the rotated angle (Figure 13 d). 

Figure 13 - Schematic illustration of the procedure used to generate ramp sections using FIB 
milling: D: the length from observation, x: real thickness of the film. 
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3.3.6 X-Ray Absorption Spectroscopy (XAS) 

The X-ray absorption spectroscopy spectrum can be divided into two basic regions 

[129]: the near edge region, named X-ray absorption near edge structure (XANES) 

and the other is named extended X-ray absorption fine structure (EXAFS). The first 

one is used to identify oxidation states and fractional d-electron density of the atoms 

in materials, while the second provides the local co-ordination of the atoms and is 

sensitive to distance, amount and the variety of the atoms. 

When the X-ray hits the sample, the sample begins to absorb the X-ray, as soon as 

the energy of the X-ray reaches the absorption edge of the atoms in the sample, the 

electron of the atom begins to absorb the photon of the X-ray and is excited. The 

energy of this absorption is dependent on the atom and its oxidation state, this is the 

XANES region. 

There are two modes of XAS spectroscopy used very commonly [130]. The first one 

is transmission, where the X-ray beam intensity is measured both before and after the 

sample using ion chambers. The second one is fluorescence, where the intensity of 

the X-ray beam is measured before the sample and the intensity of fluorescence 

signal emitted from the sample is measured using a solid state detector. 

In this study the experiments were conducted at Stanford Synchrotron Radiation 

Laboratory (SSRL) at the beamline 10-2 with the grazing incidence stage on 

transmission mode. A Ge 13-element detector was used. Co foil, Co3+  (LiCoO2) and 

Co2+  (Co(OH2)) standards were run at the same line to calibrate the edge position. 
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Chapter 4.0 Results & Discussion -- TiO2  Films 

Electrodeposition experiments were performed from stock solutions (TiCI4  mixed 

with H202 and methanol-water) and cathodic deposits were obtained on both the Pt 

substrate and the Ti substrate. The colour of the as-deposited films is light green 

which indicates formation of peroxo bonds [131]. In order to study the deposition of 

Ti02, the voltage was measured during the experiment and different characterization 

techniques such as SEM, FEGSEM, AFM, and XRD were used to analyze the films 

both before and after thermal treatment. Samples were also annealed in different 

atmospheres to investigate the influence of the anneal environment on film 

characteristics. 

4.1 As-deposited TiO2  films 

4.1.1 Effect of Variation of Voltage and Time on Film Quality 

4.1.1.1 Film deposited on Pt substrate 

Measuring the electrode potential during the experiment provides information about 

the deposition process in terms of voltage with time. Figure 14 shows the measured 

potential of a TiO2  film deposited on a Pt substrate. From this Figure it appears that 

the voltage changed during the electrodeposition. In general the voltage of the 

experiment is between 5 to 10 volts. In the first few minutes the voltage increased 

rapidly, however, after that the rate of change decreased, reaching a plateau after 33 

mins until the deposition was terminated. 
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Figure 14 - Variation of electrode potential with deposition time for a TiO2  film deposited on a Pt 
substrate. Deposition temperature is 0-2°C, 11202  concentration of 0.01M, applied current is 

20mA•cm-2. 
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Figure 15 - Cell voltage with deposition time for TiO2  films deposited on Pt by Zhitomirsky et al, 
deposition temperature is 0-2°C, supplied current is 20mA•cm-2, H202  concentration of 0.01M 
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For the galvanostatic regime the potential U is determined by equation 4.1[101]; 

U=Uo+iRsof-FiRd 	 4.1 

Where Uo is initial (open circuit) potential, it is almost constant for selected solutions 

and electrodes, the initial potential here is 0.5 ± 0.1V, and it is observed by 

measuring the cell potential before applying current density; R,01 is the resistivity of 

the solution and Rd is the resistivity of the deposit. Current density is 20 mA•cm-2. 

After current is applied on the electrodes, the conductive Ti substrate starts to 

generate Off all over the surface, therefore OW can react with the titanium 

peroxocomplex to form oxy-hydroxy-Ti films easily (shown in equation 2.9). At the 

beginning of the experiment, due to the zero deposit resistivity the voltage is 

relatively low and the deposition rate is high. 

[Ti(02  )(OH),„2  14-14+  + m (OH) + kH2O TiO3(H20)x 	2.9 

According to titanium-H20 Pourbaix Diagram [132], thermodynamically peroxide 

TiO3(H20)x  can be stably formed when the voltage is between 1.2 to 2.2 V (NHE) 

when the pH value >0.5. Considering that the film thickness increases during the 

deposition process the deposit resistance increases as well, therefore, as can be seen 

from the equation 4.1, the cell potential increases with the deposition time. This is 

the reason that the voltage increased rapidly for the first few minutes. As the 

deposition continues, the film continues to grow forming an insulating layer which 

makes the deposit resistance much higher than the beginning and result high voltage. 

Moreover, when the film grows to the certain thickness it prevents Off generation 

and the cell voltage tends to plateau after about 33 minutes. This implies that films 

form up to a limiting thickness. From the process described above, it can be 

determined that the electric field in the electrolytic deposition makes the formation of 

uniform films possible. The reason for this is: because of the deposit resistivity for 
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the thick area of the film the current and the deposition rate is low, therefore, film 

grows slowly, whereas, for the thin area of the film the current and the deposition 

rate is high, film grows fast. 

This result is different from the result reported by Zhitomirsky (Figurel5, (a) 

corresponds to this research) [17]. According to this author the cell voltage increases 

from 25 volts to 65 volts. 

The deposition duration is also different. Zhitomirsky reported that the thickness of 

the film deposited on Pt substrate is greater than 0.3 microns after a deposition of 15 

mins. In the current work, after a deposition time of 15 mins little film formation was 

observed. According to equation 4.1, potential U is dependent on the applied current 

and the resistivities of solution and deposit. Since the potential is different, this 

means the resistivities or thicknesses are different. Therefore, in order to increase the 

film thickness, the deposition time was increased to 45 mins. One possibility for this 

difference is that the concentration of hydrogen peroxide is greater than the reference 

concentration (0.01 M) H202  which could suppress hydrolysis of the titanium ion as 

Zhitomirsky et al. reported [17]. 

4.1.1.2 Film deposited on Ti substrate 

For the film deposited on the Ti substrate the range of the voltage is from 7.5 volts to 

11.5 volts. The value of the maximum voltage is slightly higher than for films 

deposited on a Pt substrate but comparable. This may due to the different cathodic 

efficiency and the different adhesions between substrate and film. 
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4.2 Characterisation of Electrodeposits 

4.2.1 Thermal Treatment 

As described in chapter 3, the as-deposited film is composed of a peroxocomplex 

(TiO3  (1420) x) and therefore, it needs to be annealed to decompose at elevated 

temperatures and form a TiO2  film. 

Most of the samples were heated in air to 800 °C with the heating rate of 10 °C/min 

and held at this temperature for one hour. The program for the thermal treatment is: 

heat sample from room temperature to 800 °C at a rate of 10 °C/min and hold for one 

hour, then cool the sample down from 800 °C to room temperature at the same rate. 

However, on cooling the rate is not exactly following the programmed rate, as at 

lower temperatures the cooling is limited by the surrounding environment. But this 

does not influence the quality of the film. Some of the samples were annealed to 

1000 °C to avoid the anatase phase and leave only the rutile phase. 

Some of the samples were also annealed in different atmospheres (Argon or 

Argon/Hydrogen (10% hydrogen)) to study the annealing environment influence on 

the film characteristics. For these samples because the air in the furnace needs to be 

evacuated, argon or argon/hydrogen gases were used to purge the furnace for half an 

hour before annealing. 

4.2.1.1 Film deposited on Pt substrate 

Figure 16 shows the XRD comparison pattern of a TiO2  film deposited on Pt 

substrate before and after heat treatment; the scan range is between 10 and 90 
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degrees 2 theta. It can be seen that before annealing only peaks attributed to the Pt 

substrate were observed and in the AFM image shown later in Figure 21 (a) there is 

no evidence for a crystalline phase which indicates that the as-deposited film is 

amorphous. Moreover, the thickness of the as-deposited film is 0.77 + 0.18 itim 

which decreases after thermal treatment because of dehydration (0.33 ± 0.16 µm). 

Therefore, thickness is not limiting the observation of Bragg peaks. This result 

agrees with Zhitomirsky et al. who also reported that the as-deposited film is 

amorphous [17]. However, after heating to 800 °C in air for one hour the situation 

has changed. Peaks corresponding to both anatase and rutile phases were observed, 

which means that the film has crystallised. The peaks attributed to the anatase phase 

have higher intensities than the peaks attributed to the rutile phase. 
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Figure 16 XRD pattern of TiO2  film deposited on Pt substrate before and after annealing. A: 
anatase phase; R: rutile phase; Pt: substrate and * is attributed to the peaks which formed 

because of the tungsten radiation. Black line indicates the as-deposited film; red line indicates 
annealed film. 

It is known that TiO2  undergoes a phase transformation from the anatase structure to 

the rutile structure as a function of temperature and in order to further investigate this 
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process in the deposited thin films, in-situ HTXRD experiments were carried out. 

Figure 17 shows the in-situ HTXRD pattern of a TiO2  film deposited on a Pt 

substrate and annealed from 100 °C to 1000 °C (since it was not known at which 

temperature the film will crystallize 100 °C to 1000 °C was chosen to include all the 

possibilities of crystallization temperature). The scan range is from 24 degrees to 36 

degrees 20 and the heating rate is 60 °C/min. A pattern was recorded every one 

hundred degrees over this temperature range. Prior to measurement the film was 

allowed to thermally equilibrate for half an hour. It shows that the as-deposited films 

were amorphous; when the temperature increased to 400 °C the weak peaks 

attributable to the anatase phase started to appear indicating crystallization of this 

polymorph. On further increasing the temperature it appeared that the transition for 

these electrodeposited films from the anatase phase to the rutile phase begins at —800 

°C, corresponding with the rutile phase. Above this temperature the intensity of the 

rutile phase increases, whereas the intensity of the anatase decreases indicating a 

graded transformation of the anatase to rutile polymorph. At 1000 °C the X-ray 

diffraction pattern shows only rutile peaks. This observation agrees with the 

literature data for anatase to rutile transformation [133]. As only a short equilibration 

period was used prior to each scan crystallization of the anatase phase at 400 °C is 

limited, and hence the intensity of the anatase peak is very low, and considerably 

broadened. The peak shift to lower values of 20 during the experiment is due to the 

thermal expansion of the film, as the d-spacing of lattice increased, and therefore the 

peak position moves to the left. After cooling the peaks were observed to shift back 

to higher values of 20 consistent with the room temperature lattice parameter of the 

anatase phase. 
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Figure 17 - In-situ XRD patterns of a TiO2  film deposited on a Pt substrate. Heating was from 
100-1000 °C in 100 °C steps (111-anatase, 0-rutile, A-platinum) 

4.2.1.2 Film deposited on Ti substrate 

The XRD pattern of the TiO2  film deposited on a Ti substrate is shown in Figure 18. 

The scan range is between 20 to 68 degrees 2 theta. As observed with the Pt substrate, 

the sample deposited on Ti was observed to be amorphous prior to heating. Again, 

after annealing both anatase and rutile structures were observed. However, the peaks 

of rutile are more intense than the peaks of anatase and there are more rutile peaks 

than anatase peaks. This is due to the oxidation of the Ti substrate at 800 °C which 

forms a stable rutile structure. 
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Figure 18 - XRD pattern of a TiO2  film deposited on a Ti substrate before (black line) and after 
(red line) annealing. As-deposited film was annealed at 800°C for one hour. Both scans were 

collected at room temperature. A: anatase phase; R: rutile phase; Ti: substrate. 

Compared with the sample deposited on a Pt substrate the sample deposited on the Ti 

substrate is of better quality; this can be deduced from the following points. First, 

both before and after annealing the Pt substrate has the highest intensity peeks, with 

the intensity of both anatase and rutile phases being very weak. For the sample 

deposited on Ti, after annealing the peaks attributable to the substrate can hardly be 

seen; the intensity of the rutile phase is very high and secondly the sharp rutile peaks 

indicate that the film is well crystallized. Third, the arbitrary intensity order of the 

sample deposited on a Pt substrate and the sample deposited on the Ti substrate are 

different as well, 103  and 104  respectively. The reason for this maybe due to the Ti 

substrate oxidizing when the temperature was above 750 °C influencing the film 

decomposition characterization during thermal treatment. 

Figure 19 shows the in-situ HTXRD patterns of a TiO2  film deposited on the Ti 

substrate and annealed from room temperature to 800 °C (as it is known from Figure 

17 that at 800 °C film transforms from the anatase phase to the rutile phase, therefore, 
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all the following samples were annealed to 800 °C). The scan range is from 24 to 37 

degrees 20 and the heating rate is 60 °C/min. The scan program is: scan at room 

temperature — heat to 400 °C and scan directly — hold at 400 °C for one hour and scan 

again — heat to 800 °C and scan once — hold at 800 °C for one hour and scan again —

cool down to room temperature scan again. Considering the peak shift from 800 °C 

to room temperature is distinct and this will influence the observation of the entire 

in-situ XRD pattern, the pattern of the sample after cooling to room temperature is 

not shown here. 

When the temperature reached 400 °C the peak corresponding to the anatase phase 

appeared and after holding at this temperature for one hour the peak became sharper 

and narrower which means that the crystallite size is increasing. It could also indicate 

that there is significant growth in the particle size over this period of time. At this 

stage peaks attributed to the Ti substrate can still be seen. When the temperature was 

increased to 800 °C these peaks became weaker and the high intensity rutile peaks 

appeared. Meanwhile, the intensity of the anatase peak did not decrease much as 

expected. This information indicates that the Ti substrate was oxidised at high 

temperature and formed stable rutile phase along with the deposit. After holding at 

800 °C for one hour peaks attributed to both anatase and rutile became sharper and 

the peaks attributed to Ti can hardly be seen. The intensity ratio of rutile and anatase 

was increased from 2.5 when temperature was 800 °C, to 3.4 when temperature 

returned to room temperature, this indicates that the film began to transform from the 

anatase phase to rutile phase. 
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Figure 19 - In-situ XRD pattern of a TiO2  film deposited on a Ti substrate. 35°C_1 scanned at 
room temperature; 400 °C_1: scanned first time when temperature was increased to 400 °C; 

°C_2 scanned second time after temperature was held at 400 °C for one hour; 400 °C_1: scanned 
first time when temperature increased to 800 °C; °C_2 scanned second time after temperature 

was held at 800 °C for one hour; 35 °C_2: scanned after temperature was decreased from 800 °C 
to room temperature 
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4.2.2 Film Surface Morphology & Grain size 

4.2.2.1 Film deposited on Pt substrate 

Figure 20 is the SEM surface image of an as-deposited TiO2  film deposited on a Pt 

substrate before thermal treatment. After drying in air for approximately 30 minutes 

the sample surface undergoes a dehydration process forming cracks in the film as 

shown. Scratches on the substrate caused by the polishing process can easily be seen, 

indicating that the film is very thin. In general, the film surface is flat and uniform. 

Figure 20 - SEM image of the as-deposited TiO2  film on a Pt substrate before annealing. 

The as-deposited samples were annealed to 800 °C and held at this temperature for 

one hour. After thermal treatment film changes to thousands of small fragments due 

to the shrinkage and the poor quality, FEGSEM was fail to take clear image of 

magnified fragment surface even after gold coated since surface charges a lot, 

therefore, AFM was used to investigate film topography. Images show the film 

topography difference from the amorphous to crystalline state and from the anatase 
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to rutile structure (shown in Figure 21). For films deposited on Pt substrate, the 

surface of the as-deposited sample is 'fluffy', uneven and no particles were observed 

(Figure 21 (a)), this is confirmed that the as-deposited film is amorphous. After 

thermal treatment at 800 °C for one hour the situation has changed with some areas 

of the film constituted by many small nano-scaled particles as shown in Figure 21 (b), 

indicating the anatase structure has formed, in good agreement with the results of 

Hassan et al. [134]. In some areas of the film, the same flat terrace-like structure as 

observed in the FEGSEM images was observed indicating rutile structure formation, 

Figure 21 (c). 
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4.2.2.2 Film deposited on Ti substrate 

An SEM image of an as-deposited film deposited on a Ti substrate is shown in 

Figure 22. The deposition time for the films deposited on both the Pt and Ti 

substrates are the same (45 minutes), however, no Ti substrate scratches were 

observed from Figure 22 as in Figure 20, suggests that film is thick enough to cover 

the substrate without showing scratches. Cracks can still be seen but not all over the 

surface. The color difference of the image indicates that the film surface is not flat. 

Figure 22 - SEM image of the as-deposited TiO2  film on a Ti substrate before annealing. 

Several methods were used to minimize the film cracking. For example, considering 

that the cracks may be due to the slow spontaneous drying process in air, samples 

were dried by blowing nitrogen gas over the film immediately after removal from the 

solution; thermal expansion of the Ti substrate during the temperature change 

between 0 °C in the solution and room temperature was also taken in to account. In 

order to avoid cracking as a result of thermal expansion mismatch between the 

substrate and the film the as-deposited sample was placed in 0 °C deionized water 

immediately and was not removal until the temperature of the water had gradually 
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increased to room temperature. These precautions did not affect the level of cracking 

observed. Therefore, the reason for the film cracking is not due to the substrate used 

but is a feature of the deposit itself. The problem of film cracking has not been 

resolved. 

The as-deposited samples were annealed to 800 °C and held at this temperature for 

one hour. At low magnification (<5,000) there is no obvious film topography change 

after thermal treatment; however, as mentioned before, the film is crystalline after 

annealing. The quality of the film is improved; therefore, FEGSEM was used to 

observe the film surface at the nano scale to investigate the film crystallization 

process. 

Figure 23 shows FEGSEM images of a TiO2  film deposited on a Ti substrate after 

annealing at 800 °C in air for one hour. It can be seen that the result is the same as 

film deposited on Pt substrate (AFM images, Figure 21 b, c) which can help 

distinguish which part is deposited film and which part is oxidized substrate. Film 

actually has two morphologies in different areas. The uniform spherical-shape 

particles as shown in Figure 23 (a), the size is approximately between 36 + 18 nm, 

the same shape also shown in Figure 21 b. And the terrace-like structure as shown in 

Figure 22 (b), the size of it is approximately 80 + 31 nm, the same shape shown in 

Figure 21c. 

For samples annealed at 1000 °C for one hour, no spherical particles were observed 

which indicates that the spherical structure is instead the anatase phase; Kim et. al 

and Kholmanov et. al also confirmed this structure [76, 135]; whereas the 

terrace-like structure is the rutile structure. The rutile structure observed is the same 

as that observed by Leyens et. al [136]. This result is in line with the XRD result that 

the peaks corresponding to the rutile phase are of greater intensity than the peaks 

corresponding to the anatase phase. In general the spherical particle sizes are uniform; 

if the temperature increases the spherical particles will grow and transform to the 
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terrace-like rutile structure. The terrace-like structured film looks compact when 

compared with the spherical particle structured film. 

After annealing most of the film consists of the terrace-like structures rather than 

spherical particles, whilst there are some areas where both structures are present as 

shown in Figure 23 (c). The middle area is deposited TiO2  with anatase phase, with 

the film thickness of approximately 200 nm, some part of the film is detached from 

the substrate; the right corner of the image is the oxidized Ti substrate. As it can be 

seen that it is under the detached TiO2  film of anatase phase, since Ti metal oxidize 

when temperature above 800 °C, only rutile phase can be observed for oxidized Ti. 

For the left part of the image it looks like the terrace-like structure is growing on the 

spherical structure indicating film transferring from spherical particles to terrace-like 

structure. Therefore, the left corner is deposited TiO2  film. Therefore, for the film 

that adheres well on the substrate the morphology of the film is growing influenced 

by the oxidized Ti substrate, whereas, for the film that detached from the substrate 

the morphology of the film because of the shrinkage is not influenced by the 

oxidized Ti substrate. 
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Figure 23 - FEGSEM images of a TiO2  film deposited on a Ti substrate after annealing at 800 °C 
in air for one hour. (a): spherical morphology, (b): terrace-like morphology. (c): mixed 

morphology 

In general, even though the TiO2  films are deposited on different substrates, the 

topographies of the film surface are the same; in both cases anatase and rutile phases 

are observed after annealing at 800 °C for one hour. 

Figure 24 shows the image of two small film fragments highlighting a crack in the 

film. The deposited film is of the anatase structure, whereas, Ti metal thermally 

grown TiO2  is of the rutile structure. It is clear from this image that the Ti substrate is 

effectively 'growing up' to fill the gap between the two fragments, meaning that 
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during thermal treatment at 800 °C the oxidation of the Ti substrate occurs mainly by 

diffusion of Ti rather than oxygen through the growing oxide layer. This observation 

agrees with references [137, 138]. At the edge of the fragment the film is relatively 

thin, therefore, the thermally oxidized Ti metal 'growing over' the deposited film. It 

should be remembered that the thickness of the thermally grown TiO2  depends on the 

annealing temperature, the annealing time and the oxygen content. Kofstad et al. 

[139] estimated that the diffusion coefficient of oxygen, D, in the alpha-Ti (normally 

titanium has alpha phase, when the temperature above 882.5 °C it will transfer to beta 

phase [140]) can be calculated using the equation below: 

D= 50 exp (-2,412, 000/ (RT)) 	 4.2 

Where 2,412,000 J/mol is the activation energy for the diffusion of oxygen in 

alpha-Ti; 'R' is gas constant, 8.314 J• mole-1  • deg ICI ; 'T' is temperature, K. 

Therefore, at the annealing temperature of 800 °C the diffusion coefficient of oxygen 

is 9.695 x 101  cm2s-1. After annealed at 800 °C for one hour the calculated thickness 

of the oxide layer is 5.908 gm. Since the deposited film is on top of the Ti substrate 

therefore, the thickness of the oxide layer will be thinner than calculated data. 

Ti metal oxidised 
110 film (rutile) 

Figure 24 - FEGSEM images of cracks in the TiO2  film deposited on a Ti substrate after 
annealing at 800 °C in air for one hour. 
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The reason for using Ti as a substrate, even though it will oxidize to form TiO2  itself 

during high temperature annealing is because the deposit quality (such as adhesion, 

cracks) was poor when Pt was used as a substrate maybe due to the weak bonding 

capability between the film and substrate. Considering that the native thin TiO2  layer 

on Ti can first reduce the lattice mismatch, which probably improves film properties, 

and second, the thin TiO2  layer can be used as 'seed layer' for nucleation. Park et al. 

[141] also used ZnO thin layer as buffer layer to produce ZnO films. The results 

shows that films deposited on a Ti substrate do have better quality and its oxidation 

behavior can be controlled by careful change of annealing atmosphere and 

temperature. 

4.2.2.3 EDS Analysis 

Energy dispersive X-ray analysis was used to determine the elemental content of the 

films. Several points on the sample surface were taken to measure the elemental 

content in order to get the average data. An EDS spectrum of a TiO2  sample 

deposited on a Ti substrate is shown in Figure 25. From this data it is clear that, the 

film is pure with only Ti and 0 observed; the atomic percentage for Ti and 0 on 

average is 33.32% and 66.64% respectively. This corresponds well with the nominal 

stoichiometry of the film. The maximum penetration depth of the EDS instrument is 

up to 2 nm depending on the materials, therefore, the EDS data of the film deposited 

on Ti substrate is not influenced by the substrate, as the film thickness is > 21.tm. 

For samples deposited on the Pt substrate the atomic percentages were the same. 
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Figure 25 - EDS image of TiO2  film deposited on Ti substrate after annealing. 

4.2.2.4 Particle Size 

From the AFM image (Figure 26) of the annealed film it is clear that the same rutile 

structure as was observed with the FEGSEM is also observed. From this image and 

Figure 23 (b) the particle size of the rutile particles in the film can be estimated to be 

between 50 nm to 120 nm; the anatase particle size is between 30 nm to 60 nm 

(Figure 23 (a)). 

003 

4000 ormailareol5z   
ao 	2do ' 	nrn 

Figure 26 - AFM image of a TiO2  film deposited on a Ti substrate after annealing at 800 °C for 
one hour in air 

In order to confirm these particle sizes, the Scherrer equation [121] was used to 

calculate the grain size from the XRD data (equation 3.8). 
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t= 	 0.9A. 	 3.8 
B -Cos° 

Where t is particle size, A. is the wavelength of Cu Ka; B is FWHM (full width at half 

maximum) of the broadened diffraction line on the 20 scale (radians) which can be 

observed from the XRD data. Note: B is corrected for instrumental broadening, Binst, 

using equation 4.3 [121] where Bexp  is the experimentally measured FWHM, Bing  is 

the FWHM due to the instrument. The result of this calculation is listed in Table 1 

and shows good agreement with the FEGSEM and AFM data. 

B2  = Bexp2  Bmst2 
	

4.3 

Table 1- Particle sizes and XRD parameters of deposited TiO2  film. 

20 d 	([A]) FWHM t 	(nm) AFM/SEM(nm) 

Anatase 

(101) 

25.27 3.527 0.281 + 

0.008 

34 + 1 36 + 18 

Rutile 

(110) 

27.38 3.258 0.158 + 

0.004 

115 + 12 

80 + 31 

Rutile 

(101) 

36.02 2.495 0.169 + 

0.002 

89 + 4 

4.2.3 Film Thickness 

In order to measure the thickness of the films and to gain insight into the film growth 

mechanism, focused ion beam (FIB) milling was used to create a 38° ramp on the 

film surface. As mentioned in chapter 3.3.4, the reason for making a ramp is because 

it is easier to observe the sample from the surface to the bottom of the film, and since 

the ramp efficiently 'stretches' the thickness observed, it is easier for SEM 

observation of the film interface. 
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The size of the ramp is about 3 gm x 4gm and the beam was sputtered from the 

surface to the Ti metal substrate. A layer of gold was deposited on the film to 

increase the conductivity of the sample. As shown in Figure 27, it is clear that the 

sample has three layers; from the top of the image to bottom there is the dark layer 

which is Ti metal, a middle layer which is the interface (titanium oxide layer which 

is caused by substrate oxidation with a thickness of about 0.55+0.04 gm) and the 

2.71+0.09gm deposited thick film layer. It should be mentioned that as the ramp is 

taken at 38° the actual thickness of the film shown here is obtained by multiplying 

the measured thickness by tan 38° (explained in chapter 3.3.4, FIB section). Micro 

porosity was found at both the top and bottom of the thick TiO2  film layer. The 

porosity in the bottom is due to Ti and oxygen transfer during high temperature 

annealing and the porosity in the top is due to film surface dehydration. The centre of 

the deposited film is relatively compact. 

For the samples deposited on a Pt substrate, since the film quality is poor and films 

are composed of thousands of fragments, it is difficult to create a ramp, and therefore, 

no measurement was performed for these samples. However, from some of the SEM 

images of these samples an estimate of the film thickness can be made and for these 

films a range of < lgm was determined. 
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Figure 27 - FIB image of a annealed TiO2  film deposited on a Ti substrate. A 38° ramp has been 
created allowing the substrate, interface and film to be observed. 
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4.3 Influence of Electrodeposition Parameters on Film Quality 

As mentioned in chapter 2 one of the advantages of cathodic electrodeposition is that 

it is relatively easy to control the film thickness and weight via adjustment of these 

parameters, such as, deposition time and current density etc. In this chapter, 

parameters as well as annealing temperature are investigated to determine the impact 

of the electrodeposition parameters on the film characteristics. 

4.3.1 Current Density 

Initially the applied current density for deposition was 20 mA•cm-2. In this section 

the applied current was varied with samples being deposited at 30 mA•cm-2, 20 

mA•cm-2, 10 mA•cm-2  and 5 mA•cm-2  respectively. All other parameters were 

maintained the same. Table 2 lists the start and end potential of the samples 

deposited under different currents. It can be seen that the initial potential of the four 

samples are different. This is because at the very beginning, the Rd  in equation 4.1 is 

zero, the cathodic substrate is conductive and the whole surface is covered by 01-F, 

therefore, the deposition rate at this stage is very high, which induces an insulating 

layer to form quickly, also Rd increases rapidly [101]. The situation described above 

takes place within seconds, therefore, it is difficult to record precisely the initial 

potential. The end potentials for these samples are very similar, due to no further OH-

being provided so the film growth tends to saturate. 
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Table 2 - Parameters of samples deposited under different current densities 

Current density Start Potential End potential Deposition Film thickness 

(mA•cm-2) (V) (V) Time (1m1) 

(minutes) 

-30 6.44 10.79 45 2.79+0.38 

-20 5.36 11.03 45 2.93+0.29 

-10 3.84 11.01 45 1.27+0.25 

-5 2.90 10.96 45 1.45+0.16 

Figure 28 shows the SEM images of TiO2  films electrodeposited on a Ti substrate 

under different applied currents. In Figure 28 (a) it is clear that, the sample deposited 

under high current has pores all over the surface. This is due to that at the higher 

current there is more rapid nucleation of the film so it is easier to get more fragments, 

whereas, the lower current will allow slower growth and therefore better crystals. 

From Figure 28 (c) and (d), it is clear that films deposited at low currents are more 

uniform; however, the problem of cracking is still serious due to shrinkage during 

drying process. In general, compare with Figure 28 (a), (c) and (d), Figure 28 (b) is 

more uniform has less cracks and less porosity, this indicate that current of 20 

mA•cm-2  is suitable for deposit TiO2  films. Film thicknesses were measured (Table 

2), for film deposited at 30 mA•cm-2  due to the porous surface the thickness is 

different in different area; film deposited at 20 mA•cm-2  is thicker than films 

deposited at 10 and 5 mA•cm-2. The data also confirmed that film deposited at low 

current has uniform thickness. 
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(a) 
	

(b) 

(c) 
	

(d) 
Figure 28 - SEM images of TiO2/Ti films electrodeposited under different currents before heat 

treatment. (a): 30 mA•cm-2, (b): 20 mA•cm2, (c): 10 mA•cm-2, (d): 5 mit-cm-2  respectively. 

The XRD patterns of post annealed TiO2  films deposited on Ti substrate at different 

current densities (30 mA•cm-2, 20 mA•cm-2, 10 mA.cm-2, and 5 mA•cm-2  respectively) 

are shown in Figure 29. As can be seen from the Figure, the XRD patterns of 

samples deposited at 20, 10 and 5 mA•cm-2  are similar, however, the global 

intensities are decreased in this order. Both anatase and rutile phases were observed, 

since the Ti substrate was oxidized during thermal treatment and forms rutile directly, 

the intensity of rutile is higher than the intensity of anatase. The peaks attributed to 

the Ti substrate can still be observed, this means Ti was not completely oxidized. 
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Figure 29 - XRD patterns of TiO2/Ti samples deposited at different currents, after heat 
treatment at 800 °C for one hour. 
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For films deposited at 30 mA•cm-2  the XRD pattern is different, first of all the 

intensity of the film is several times higher than the intensities of other samples, 

second, only rutile phase, no peaks corresponding to anatase or Ti substrate were 

observed, and third, the intensities of rutile peak at 2 theta — 27.5° (rutile (110) plane) 

is much higher than the other rutile peaks. One of the possible explanations for these 

differences maybe that the film deposited at high current has pores on the film 

surface and therefore, it is much easier for the Ti substrate to react with oxygen in air, 

and Ti substrate oxidized to form rutile completely. As mentioned in chapter 1, rutile 

(110) is the most stable orientation, so when Ti metal reacts with oxygen it grows 

towards rutile (110) plane. 

There are some orientation differences were observed for film deposited at 10 

mA•cm-2. For films deposited at other currents anatase peaks at — 38° have relatively 

high intensity, however, for film deposited at 10 mA•cm-2  anatase peaks at 25 have 

high relative intensity. The reason for this is not clear yet, will be studied in the 

future work. 

Comparing these four SEM images and XRD patterns; it can be concluded that films 

deposited at 20 mA•cm-2  film have relatively flat surface with lower porosity, and 

therefore, 20 mA.-cm-2  is the optimal deposit current density in this research. 

4.3.2 Effect of Deposition Time 

For TiO2  films deposited on a Pt substrate, various deposition times were used to 

determine the influence of time on the film characteristics. Figure 30 shows the SEM 

images of TiO2/Pt films deposited under various deposition times before heat 

treatment. The current density employed was 20 mA•cm-2  for all samples. 
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a 

b 

c 
Figure 30 - SEM images of Ti02/Pt films deposited for (a) 15 mins, (b) 30 minutes, and (c) 45 

minutes before heat treatment. The current density was 20mA-cm2  for all samples. 
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For the sample deposited for 15 mins, Figure 30 (a), the film did not cover the whole 

substrate and, except for some large fragments, the film was found to be very thin 

with the scratches of the substrate clearly visible. For the sample deposited for 30 

mins, Figure 30 (b), even though the scratches of the substrate can still be seen, the 

film is relatively uniform, dense and the thickness is even. After a deposition time of 

45 mins Figure 30 (c), the situation is even better with the deposit being more 

uniform with even adhesion and a continuous film. In general, the film is much more 

homogenous rather than consisting of split fragments. This result indicates that the 

film quality is improved as deposition time increases. However, if the film thickness 

reaches a maximum because of the deposit resistivity increasing the deposition time 

further will have no influence on the film characteristics. 

4.3.3 Variation of the Annealing Temperature 

As described in section 4.2.1, for samples deposited on a Pt substrate, annealing from 

room temperature to 1000 °C the film changes from an amorphous phase to the 

anatase polymorph, mixed anatase and rutile phases and finally the rutile polymorph. 

For samples deposited on a Ti substrate, since the substrate will oxidise during high 

temperature annealing, and therefore it may stick on to the in-situ XRD heating 

platinum strip, so in-situ XRD only shows sample heated from room temperature to 

800 °C. As the temperature increased, the evolution of the phases was the same as 

previously observed with the film deposited on the Pt substrates. 
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Figure 31 - XRD pattern of a TiO2  film deposited on a Ti substrate annealed at 1000 °C and held 
for one hour. "R" indicates the rutile phase 

Samples deposited on a Ti substrate and annealed at 1000 °C directly were analyzed 

by XRD and the result is shown in Figure 31. It is clear that, after annealing at 1000 

°C for one hour only peaks corresponding to the rutile phase were observed which 

means that either the deposited film is too thick to detect the substrate or a certain 

thickness of the Ti substrate has been oxidized. In order to confirm this point the 

penetration depth was calculated for both the anatase and rutile phases using 

equation 3.7 from chapter 3 [121]: 

Ix =Ioe P 
	

3.7 

Where 10  is original intensity, Ix  is the transmitted intensity, the quantity gip is a 

constant of the materials (mass absorption coefficient), and p is the theoretical 

density. For the rutile phase p = 4.25 g/cm3. The penetration depth, x, is the distance 

that x-rays can penetrate through the sample; to obtain the real thickness, t , scan 

angle sin0 has to be included as illustrated in Figure 32. According to equation 3.7, it 
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is calculated, that 90% intensity is absorbed, for 20 between 20° and 90° the 

penetration depth for rutile is between 4µm and 15Firn. The deposited film thickness 

(film annealed at 800 °C) determined from the FIB measurement is —2.71 p.m. 

Therefore, it is not likely that the deposited film is too thick to detect peaks which are 

attributable to the Ti substrate. This means that the thickness of several microns of Ti 

substrate was oxidized. 

Figure 32 - A schematic diagram for the determination of the X-ray penetration depth of the 
sample. 

Figure 33 is a phase diagram of the titanium — oxygen system; it can be seen that at ---

885 °C titanium starts to transform from the alpha to the beta polymorph. The 

structure changes from a hexagonal closed-packed (hcp) structure to a 

body-centered-cubic (bcc) structure [142]. It is known that the rate of diffusion of 

oxygen in beta titanium at 1000°C is 2.28 x 10-8  cm2s-1, it is much higher than alpha 

titanium [137, 143], therefore, for film annealed at 1000 °C for one hour the 

calculated diffusion length is 90.058 urn. Even though Ti substrate is covered with 

deposited film, it is reasonable that thickness up to several microns of titanium is 

oxidized. 
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4.4 Effect of Annealing Atmosphere on Film Morphology 

In this section, the as-deposited TiO2  films which were deposited on a Ti substrate 

were annealed in different atmospheres: air, argon and mixed argon and hydrogen 

(10% hydrogen) respectively, in order to investigate the influence of the annealing 

atmosphere on the film characteristics. 

4.4.1 Impact on Film Surface Morphology 

The SEM images of TiO2  films deposited on Ti substrates thermally treated in air (a, 

b), argon (c, d) and mixed argon and hydrogen (10% hydrogen, e, f) at 800 °C for 

one hour respectively are shown in Figure 34. It is noted that, at low magnification (a, 

c, and e, x 500), there is no obvious difference in the film topography and the film 

surfaces are dense and uniform. On increasing the magnification (b, d, and f, x 8,000), 

there are clear differences in the film topographies. For the sample annealed in air, 

the crystallite size is relatively small (-50 nm); grain size was found to increase from 

the sample annealed in air to the sample annealed in Ar/H2. The grain size of samples 

annealed in Ar (-100 nm) and Ar/H2  (-120 nm) are several times larger than samples 

annealed in air. Each film appears homogeneous. 
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a. Annealed in Air x 500 
	

b. Annealed in Air x 8,000 

c. Annealed in Ar x 500 
	

d. Annealed in Ar x 8,000 

e. Annealed in Ar/H2  x 500 
	

f. Annealed in Ar/H2  x 8,000 
Figure 34 - SEM images of Ti02/Ti films annealed in different atmospheres at 800 °C for one 
hour. (a), (b): annealed in air; (c), (d): annealed in Ar; and (e), (f): annealed in mixed Ar/H2 

(10% H2). 
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c. annealed in Ar/H2 
Figure 35 - AFM images of film topography of TiO2  film deposited on Ti substrate, annealed at 

800 °C for one hour in (a), Air, (b), Ar and (c), Ar/H2  
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The original motive for annealing samples in argon was to avoid substrate oxidation. 

However, it was found that after annealing in argon the film topography changed 

dramatically, and there was still evidence of substrate oxidation. Considering that 

this may have been due to the oxygen content of the argon remaining relatively high, 

mixed argon and hydrogen (10% hydrogen) was introduced to further reduce the p02 

during annealing. 

The same topography was observed from the AFM images, Figure 35 (a), (b) and (c). 

It is clear that the particle size changed significantly in a changing atmosphere. For 

these films heated in air the particle size is —70nm, whilst the films annealed in argon 

had particle sizes of the order of —100nm and on annealing in argon/hydrogen the 

particle sizes were —120nm. Small amounts of microporosity were observed for all 

samples. 

EDS was used to analyse the elemental components in each of the film, in order to 

investigate the elemental distribution of the film as a function of thickness. FIB was 

used to create ramps on every films with the ramps milled at 10 degrees. Four points 

were taken from different areas of each film. They were point 1 for the film surface, 

point 2 for the upper interface, point 3 for the lower interface, and point 4 for the 

substrate. FEGSEM was used to observe the topography of the ramp. As can be seen 

from Figure 36, films annealed in Ar and Ar/H2  have a porous upper interface, small 

pores were also observed from the samples annealed in air as shown in Figure 27, 

however, not to the same extent as in the two alternate atmospheres. 

The atomic percentages of Ti and 0 determined by EDS at the four points of each 

film are shown in Table 3. It can be seen that, for the sample surface on average the 

ratio of Ti: 0 is = 0.50 ± 0.06; this means the film surfaces are of the correct 

stoichiometry. For the upper interface of the film (the porous area), the atomic 

percentage for both Ti and 0 had changed with the ratio of Ti: 0 = 0.86 ± 0.09, this 

means that for the porous area, the interface is not of the right stoichiometry for bulk 
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TiO2  as the Ti content is significantly higher than expected. At point 3, the lower 

interface, this is also the denser area, the average ratio of Ti: 0 is again = 0.48 ± 0.02. 

At point four the atomic percentage for Ti is 100%, which confirmed that the 

relatively bright area in each film was attributable to the substrate. Of importance 

here is that no impurities were observed in all four areas of each film, indicating that 

the film are of high purity. 

Table 3 - Atomic percentages of Ti and 0 at four points of each film (shown in Figure 35) tested 
by EDS. Films were deposited at current 20mA•cm-2  for 45 minutes and annealed at 800 °C for 

one hour. 

Atomic 

percentage of 

Ti and 0 

Point 1 

Film surface 

Point 2 

Interface 

(upper) 

Point 3 

Interface 

(lower) 

Point 4 

Substrate 

TiO2  film 'I'1:31.11+2.94% Ti :42.77+0.12% Ti:31.87+0.65% Ti: 100.00% 

annealed in 0: 68.89+2.94% 0: 57.22+0.12% 0: 68.13+0.65% 0: 0.00% 

Air 

TiO2  film Ti:37.44+1.86% Ti:49.18+0.21% Ti:33.60+0.34% Ti: 100.00% 

annealed in Ar 0: 62.56+1.86% 0: 50.82+0.21% 0: 66.40+0.34% 0: 0.00% 

TiO2  film Ti:32.19+0.28% Ti:46.21+0.05% Ti:31.57+1.53% Ti:100.00% 

annealed in 0: 67.81+0.28% 0: 53.72+0.05% 0: 68.41+1.53% 0: 0.00% 

Ar/H2  

Film thicknesses were measured for each sample as well, the way of measuring it is 

as described in chapter 3.3.4; it should be mentioned that it is difficult to smooth the 

ramp surface after creating it because the ramp is taken at 10 degrees, and the size is 

very small (around 120µm x 30m). After making the ramp the sample has to be 

taken out for FEGSEM examination and then returned to the FIB, it is difficult to 

find exactly the same orientation and to smooth it which is why the ramps of the 

three samples that are shown in Figure 36 are all in different directions. Only the film 
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annealed in Ar (Figure 36 (b).) is smoothed after the ramp was made. It can be seen 

that the surface is clearer after smoothing. 

b. 
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Figure 36 - FEGSEM images of the FIB ramps of TiO2iTi films annealed in different 
atmospheres. a) Film annealed in air; b) film annealed in Ar and c) film annealed in Ar/H2. Four 

points on each film were analysed by EDS. 

As described in chapter 3.2.3, the thickness of the film annealed in air was 2.71 + 

0.09µm for the film layer and 0.55 + 0.04µm for the interface layer giving at total 

thickness of 3.26 + 0.09µm. The total thickness measured in this sample was 3.27 ± 

0.02µm (Figure 36 (a)), in excellent agreement with the earlier sample. 

For the film annealed in Ar the situation is more complicated, as shown in Figure 36 

(b). As well as the film layer and the dense interface layer the sample also has a very 

clear porous layer. Even though small pores are also observed at the film layer and 

the dense interface layer, however, the pores in the porous layer are several times 

larger. The thickness of the film layer is 0.97+0.03µm, the porous layer is 

1.46+0.01µm and the dense interface layer is even thicker than the film itself at about 

5.29+0.02µm. Figure 36 (c) shows the Ti02/Ti sample annealed in Ar/H2  and it can 

be seen that no porous layer is present in this sample, however, pores can be found in 

the film layer. In this case the film thickness is 1.71+0.05µm for the interface layer 

the thickness is as much as the film layer, around 1.88+0.05µm. The boundary of the 

interface layer is not very clear and some uncertainty over this thickness is 

inevitable. 
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The ramps of the films annealed in different atmospheres were magnified through 

FEGSEM to investigate the microstructural details of the porous layer (Figure 36). 

The strip-like shapes (a, b, e, and f) in the ramps is caused by the ion beam; for the 

smoothed sample (c and d), the surface is flattened by the smoothing beam. 

a. film layer 	 b. magnified porous area 

c. porous layer 	 d. interface area 

e. film layer 	 f. interface layer 
Figure 37 - FEGSEM images of the porous microstructure of TiO2  /Ti films annealed in different 

atmospheres. (a) and (b), annealed in Air, (c) and (d), annealed in Ar, (e) and (f), annealed in 
Ar/H2, 
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Figure 37 (a) is the film layer of the Ti02/Ti film annealed in air. It can be seen that 

the pores were observed close to the surface of the film and on magnifying porous 

area (Figure 37 (b)) it can seen that the size of the pores was very small, about 

100nm. For the sample annealed in Ar, the pores are mainly in the pores layer 

(Figure 37 (c)) with the size of the pores reaching 0.5µm. The pores size reduced on 

approaching the interface layer as shown in Figure 37 (d), to around 0.1p.m. No 

porous layer was observed in the films annealed in Ar/H2, and in the film layer 

(Figure 37 (e)) few pores were observed. Of the pores that were observed the size 

was approximately 0.25µm, with no change in the pore size on approaching the 

interface layer (Figure 37 (f)). The interface of film annealed in Ar/H2  was of greater 

density than the interfaces of the films annealed in air and Ar. 
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4.4.2 Effect on Film Orientation & Grain Size 

4.4.2.1 Film Orientation 

After analyzing these samples by XRD it was evident that not only the film particle 

sizes were changing but also the film orientations were different for the films 

annealed in different atmospheres. Figure 38 shows the XRD patterns of the 

as-deposited samples and the samples after annealing in different atmospheres. It is 

clear that the XRD patterns of the three as-deposited samples are identical, the films 

are amorphous and no other peaks but those attributed to the Ti substrate were 

observed (Figure 38, (a)). It should be mentioned that since the Ti metal is rolled, it 

has (000L) preferred orientation, as (0002) and (1012) peaks have much higher 

intensity than standard X-ray diffraction card of Ti, the results are 

with typically obtained for hot rolled Ti sheets [145]. 
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Figure 38 - (a) Comparison of XRD patterns of the three as-deposited samples, and (b), XRD 
patterns of TiO2 films annealed in different atmospheres. Films were deposited at current 

density 20mA•cm2 for 45 minutes and then sintered at 800 °C for one hour. The thicknesses of 
the films are shown in Table 6. 
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Differences were found in Figure 38 (b) where patterns of the three samples are 

shown. For films annealed in Ar and Ar/H2  the peaks corresponding to the rutile 

phase have much higher intensity than the peaks that correspond to the rutile phase 

of the film annealed in air, this means these two films are better crystallized than the 

film annealed in air. Peaks corresponding to the anatase phase were only found in the 

film annealed in air. 

Some other titanium oxides such as Ti30 or Ti60 were also observed indicating that 

the oxygen is soluble in the metallic Ti substrate [146] (also shown in the phase 

diagram, Figure 33). As can be seen from the phase diagram Ti30 appears when the 

atomic percentage of oxygen is between 20 and 30%, and the anneal temperature is 

between 400 and 500 °C. Kornilov et al. concluded that Ti30 is stable up to 1400 °C 

[147]. Kofstad et al. [139] reported that Ti60 appears when the oxygen concentration 

is between 14 and 15% for anneal temperatures of 650 - 700 °C. Low concentration 

of the oxide likely to be below the detection limit of the EDS technique. 

Moreover, films annealed in Ar and Ar/H2  had narrower peaks when compared with 

the films annealed in air, which means they have larger crystallite sizes; this result is 

in agreement with both the FEGSEM and AFM results. The observed results are 

beyond expectation; it is thought that films annealed in air may have more rutile due 

to Ti substrate oxidize when annealed in air. For films annealed in Ar and Ar/H2, 

since oxygen is evacuated the substrate should not be oxidized. 

One interesting observation is that the film annealed in air had grown randomly with 

no preferred orientation. However, the films annealed in Ar tended to have a (110) 

orientation and films annealed in Ar/H2, also have a (110) orientation, other peaks 

corresponding to the rutile phase such as (101) and (220) are very weak. Figure 39 

shows the intensity ratios of rutile (110) and rutile (101) annealed in air, Ar, and 
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Ar/H2  respectively. For films annealed in air, the ratio is close to 2, increasing to 11 

when annealed in Ar, and then jumps to 40 when the films were annealed in Ar/H2. 

The other XRD data for films annealed in different atmospheres are shown in the 

appendix. 

This result is consistent with SEM result shown in Figure 34. Since films annealed in 

Ar and Ar/H2  have preferred orientation, Thompson and Wong et al. [148, 149] 

suggested that orientation selective grain growth ( also known as secondary grain 

growth) in thin films can lead to much larger final grain size than normal grain 

growth. This is because for secondary grain growth, surface energy anisotropy 

provides a major component of the driving force, which makes large secondary 

grains grow at faster rates until all normal grains have been annihilated. 

30 - 

20 
0 

10 - 

Rr r/H2 

Figure 39 - Intensity ratios of rutile (110) and rutile (101) annealed in air, Ar, and Ar/H2. 

Films annealed in air and Ar/H2  were analysed by texture measurement to confirm 

the XRD observation. The texture results (Figure 40) show that indeed the films 

annealed in air grew randomly as shown by the coloured circles with relatively wide 

and even distribution and the centre of the circle is separated whereas the films 

annealed in Ar/H2  grew with preferred orientation as shown by the coloured circles 

concentrated in central grid and the centre of the circle is symmetric. Moreover, the 

intensity of the central circle of films annealed in Ar/H2  is double that of the film 
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annealed in air. These results agree with the XRD observation. This confirmed that 

the films annealed in Ar and Ar/H2  have preferred orientation in the (110) direction. 
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Figure 40 - Pole figures of (a) Ti02/Ti film annealed in air at 800 °C for one hour; (b) Ti02/Ti 

film annealed in Ar/H2  at 800 °C for one hour. 

Considering that no preferred orientation was observed when cobalt doped anatase 

films were annealed in different atmospheres, the reason for TiO2  films having 

preferred orientation may be due to substrate oxidation, as the Ti substrate only 

oxidizes when the annealing temperature is higher than 750 °C. One possibility is 

that since the Ti substrate has (000L) orientation, when it oxidizes at high 

temperature it tends to grow films with low film-substrate interfacial energy, it is 

known that the energy of the interface will be relativly low when the lattice 

mismatch is small [/50], therefore, films tend to grow with low lattice mismatch. 

The lattice mismatch of film/substrate can be calculated via equation 4.3 [151]. This 

equation is also used by other researchers to calculate mismatch [152, 153]. 

d film   d sub  
f = dsub 

4.3 



Where `f is film/substrate misfit parameter, dfibu  and drub  are the plane spacings. 

Table 4 lists the plane spacing data. It should mention that since rutile has tetragonal 

structure (lattice parameter: a= 4.5845A; c= 2.9533 A) it has different plane spacing 

for different orientations. The calculated data shows the lattice mismatch 	between 

R (110) and Ti (0002) is 0.402; the lattice mismatch f' between R (101) and Ti 

(0002) is 0.074, and the lattice mismatch f' between R (211) and Ti (0002) is -0.272. 

As can be seen from Figure 37, rutile (110), (101) and (211) were all shown up in 

every annealing atmosphere. Comparing lattice mismatch among these three 

orientations, the rutile (101) orientation has smallest lattice mismatch, this means if 

lattice mismatch is the main reason for film growth towards certain orientation it 

should be (101) direction. Therefore, lattice mismatch is not the main reason that 

oxidized Ti substrate grows towards (110) orientation. 

Table 4 - Plane spacing of Ti metal and rutile, data observed from 11541 and 11551. 

Ti (0002) R (110) R(101) R(211) 

Plane spacing 

(A) 

2.316  3.247  2.487 1.685 

4.4.2.2 Grain Size 

The particle sizes of the TiO2  films annealed in different atmospheres were 

calculated, by using the Scherrer equation, and the result is shown in Table 5. These 

data agree well with the FEGSEM, AFM and XRD results showing that, the particle 

size of the films increased in the order of the film annealed in Air, Ar and Ar/H2. 
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Table 5 - Calculated particle sizes for TiO2  films annealed in different atmospheres 

TiO2  film annealed in 

Air (nm) 

TiO2  film annealed in 

Ar (nm) 

TiO2  film annealed in 

Ar/H2  (nm) 

R(l 10) particle size 72 + 3 81 + 9 88 + 5 _ 

R(101) particle size 60 + 3 55 +3 _ 64 + 5 

Average particle size 57 — 75 52 — 90 60 — 93 

In general, as described above, compared with the Ti02/Ti film annealed in air, 

Ti02/Ti films annealed in Ar have larger particle sizes, preferred orientation (rutile 

phase (110)) a thicker interface layer and an additional porous layer. Ti02/Ti films 

annealed in Ar/H2  have slightly larger particle sizes, more significant preferred 

orientation and a less porous interface layer. One explanation of this situation may be 

that the film itself reacts and changes character when annealed in different 

atmospheres, however, no characteristic changes occur when the samples are 

annealed in different atmospheres and heated to 400 °C and held for one and half 

hours. This means that films annealed in different atmospheres change character only 

when the temperature is greater than 800 °C. 

It is known that the Ti substrate will oxidize when the temperature is higher than 750 

°C [136] and when annealing Ti at high temperatures (> 800 °C) and low oxygen 

pressures (< 10-3  torr) titanium dissolves large amounts of oxygen rather than 

forming an oxide scale [137]. This could explain that the film annealed in argon has 

a deep interface as the oxygen partial pressure of an Ar atmosphere is 10-7  ton. 

Therefore the differences in oxygen pressure caused by the annealing atmospheres 

may influence the oxidation of the Ti substrate and subsequently influence the film 

characteristics. 
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4.4.3 Ti Control Test 

In order to clarify this, pure Ti metal substrates were annealed in three different 

atmospheres directly as a blank test to investigate thermally grown oxide films, and 

to see if there are any orientation effects. 

Figure 41 shows SEM images of a Ti substrate annealed in different atmospheres (air 

(a, b), argon (c, d) and mixed argon and hydrogen (10% hydrogen, e, f) respectively ) 

all held at 800 °C for one hour. As previously observed from the SEM of the TiO2/Ti 

films annealed in different atmospheres (Figure 33), at low magnification, all three 

sample surfaces are identical, dense and uniform (a, c, and e, x 500). Again, film 

topography changed in Figure 41 b, d and f when the magnification was increased to 

x 2,000. as observed in Figure 41 b, d, and f, the films annealed in Ar and Ar/H2 

(Figure 41, images d and f respectively) have larger particle sizes than films annealed 

in air (Figure 41, image b). 

114 



a. Ti annealed in Air x 500 
	

b. Ti annealed in Air x 2,000 

c. Ti annealed in Ar x 500 
	

d. Ti annealed in Ar x 2,000 

e. Ti annealed in Ar/H2  x 500 
	

f. Ti annealed in Ar/H2  x 2,000 
Figure 41 - SEM images of a Ti substrate annealed in different atmospheres at 800 °C for one 
hour. (a, b): annealed in air; (c, d): annealed in Ar; and (e, I): annealed in mixed Ar/H2  (10% 

112)- 
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Figure 42 shows FEGSEM images comparing the surface topography between a 

Ti02/Ti film and a Ti substrate annealed in different atmospheres. (a) and (b), film 

and Ti substrate annealed in air, (c) and (d), film and Ti substrate annealed in Ar, and 

(e) and (f), film and Ti substrate annealed in Ar/H2. It can be seen that the 

topographies of Ti02/Ti film and Ti substrate annealed in different atmospheres are 

identical. The particles of Ti02/Ti film and Ti substrate annealed in Ar/H2  have a 

more regular shape (Figure 42 (e) and (0), which means that they are more 

crystalline, and agree with the XRD data that they have stronger preferred orientation. 

It should be mentioned that Ti02/Ti films annealed in air and Ar were gold coated, 

others were not and that is the reason why the Figure 42 (a) and (c) are not very 

clear. 

a. Ti02/Ti film Annealed in Air 	 b. Ti Annealed in Air 

c. Ti02/Ti film Annealed in Ar 	 d. Ti Annealed in Ar 
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e. Ti02/Ti film Annealed in Ar/H2 	 f. Ti Annealed in Ar/H2  
Figure 42 - FEGSEM images comparing the surface topography between Ti02/Ti film and Ti 
substrate annealed in different atmospheres at 800 °C for one hour. (a) and (b), film and Ti 

substrate annealed in air, (c) and (d), film and Ti substrate annealed in Ar, and (e) and (f), film 
and Ti substrate annealed in Ar/H2, respectively. 

Ramps were also created on each Ti substrate oxidized film using FIB to observe the 

cross-section topography and measure the thickness of the Ti substrate oxidized film 

(ramps were taken at 10 degrees). Oxidized films were then analyzed by FEGSEM; 

the FEGSEM images are shown in Figure 43. Again, the FEGSEM images in Figure 

43 are very similar with the images shown in Figure 35. 
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Figure 43 - FEGSEM images of the FIB ramps of Ti substrate oxidized films annealed in 
different atmospheres. (a) Ti substrate annealed in Air; (b) Ti substrate annealed in Ar and (c) 

Ti substrate annealed in Ar/H2. Four points on each film were the EDS tested area. 

Table 6 lists thickness differences of Ti oxidized film and deposited film. For the Ti 

substrate annealed in air, even though the ramp was smoothed the interface can 

hardly be seen. The total thickness of the oxidized film (Figure 43 (a)) is — 

thinner than the thickness of Ti02/Ti film annealed in air. For a Ti substrate annealed 

in Ar (Figure 43 (b)) the porous layer appears again, moreover, micro pores can be 

found in both the film layer and the dense interface layer. However, the thickness of 

the layer is too thin to be measured. Both the film layer and the dense interface layer 

are thicker than the Ti02/Ti film annealed in Ar. Figure 43 image (c) shows the Ti 

substrate annealed in Ar/H2, the pores were observed at film layer, but there is no 
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porous layer in this sample. For the interface layer, the same as the Ti02/Ti film 

annealed in Ar/H2, no pores were observed. Compared with the Ti02/Ti film 

annealed in Ar/H2, the interface layer did not change too much; the film layer 

thickness increased. In general, except for the Ti substrate annealed in air, the 

oxidized films of the Ti substrate annealed in Ar and Ar/H2  are thicker than Ti02/Ti 

film annealed in Ar and Ar/H2. 

The porous layer on both Ti02/Ti film and Ti substrate annealed in Ar is attributed to 

the Kirkendall effect; this is due to during annealing, oxygen diffusion to titanium 

side is much faster than titanium diffusion to oxide side. Kun et al. also made the 

same observation when zirconia films were annealed on titanium substrates in argon 

at 1550°C [156]. For samples annealed in air as described in 4.4.2.2, the 

concentration of oxygen is relatively high, an oxide layer is formed on the film 

surface, and this will decrease the speed of oxygen diffusion, whereas, for samples 

annealed in Ar/H2, the oxygen concentration is even lower than samples annealed in 

Ar, therefore, the amount of the porous is not enough to form a layer. In general, 

oxygen pressure is the main reason for porous layer formation. 

Table 6 - Thicknesses comparison of Ti oxidized film and deposited film 

Annealed in air (pm) Annealed in Ar (pm) Annealed in Ar/H2  (11m) 

Ti oxidized 

film 

Total 	thickness: 

2.27+0.15 

Film 	layer 	+ 	porous 

layer:2.91+0.40 

Interface layer: 10.84+1.03 

Film 	with 	porous 	layer: 

2.57+0.14 

Interface layer: 1.76+0.16 

TiO2 	deposited 

film 

Film layer + porous 

layer:2.71+0.09 

Interface 	layer: 

0.55+0.04 

Film 	layer 	+ 	porous 

layer:2.43+0.26 

Interface layer: 5.29+0.53 

Film 	with 	porous 	layer: 

1.71+0.15 

Interface layer: 1.88+0.24 

119 



The reason that Ti substrates annealed in Ar and Ar/H2  are thicker than Ti02/Ti film 

annealed in Ar and Ar/H2  is that when Ti is annealed at high temperatures (> 800 °C) 

and low oxygen pressures (< 10'3 torr) titanium dissolves large amounts of oxygen 

rather than forming an oxide scale during the initial period of reaction[137]. It is the 

same when titanium with TiO2  films are annealed at high temperature in high 

vacuum. Kofstad et. a/ reported that due to the high oxygen solubility and the 

competition between oxide layer formation and oxygen solution effects, the 

oxidation of titanium is very complex, therefore, no simple explanation can be given 

to the various phenomena which are observed at different oxygen pressures and 

temperatures. For the Ti substrate annealed in air, since the oxygen pressure is 

relatively high an oxide layer forms and a small amount of oxygen dissolves [157]; 

for Ti annealed in Ar or Ar/H2  the oxygen pressure is relatively low, large amounts 

of oxygen dissolves rather than forming an oxide scale. 

Figure 44 shows the XRD comparison pattern of the Ti substrate annealed in 

different atmospheres. These results are similar with the results of the three XRD 

patterns shown in section 4.4.2.1 (Figure 37). Both of the thermally oxidized films 

which were annealed in Ar and Ar/H2  have preferred orientation (rutile phase (110)) 

with higher relative intensity compared with Ti substrates annealed in air. Titanium 

sub-oxide, Ti30 and Ti60 were observed in these thermally oxidized films as well. 

These are the oxides with low oxygen contents [158]. Differences were observed 

from the Ti02/Ti film annealed in different atmospheres (Figure 37); no anatase 

phases were observed in any XRD pattern and for thermally oxidized film in Ar/H2, 

(101) rutile peaks can barely be seen, which indicates this film has stronger preferred 

(110) orientation. 
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Figure 44 - XRD comparison patterns of the oxidized films of Ti substrate annealed in different 

atmospheres. Substrates were sintered at 800 °C for one hour 

Combining all of the observed results it is not difficult to conclude that the Ti 

substrate influences TiO2  film characteristics during thermal treatment in different 

atmospheres. The reason for the TiO2  film having preferred orientation after 

annealing in Ar and Ar/H2  may be due to much smaller oxygen partial pressure (p02  

about 10-7  torr) than when annealed in air and therefore, the thermodynamic 

parameters such as surface free energy and strain energy influence the formation of 

film orientation [159]. 

As described previously when Ti is annealed in air the concentration of oxygen is 

relatively high, therefore, a relatively dense oxide layer will form on the substrate 

surface first. For Ti annealed in Ar and Ar/H2  the concentration of oxygen is 

relatively low, therefore, more oxygen dissolves in Ti rather than reacting at the Ti 

surface to form an oxide layer. This can be observed in Figure 43; Ti annealed in air 
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has the thinnest oxide layer. Ting et al. [157] suggested that strain energy increases 

with increasing film thickness, therefore, in this study since Ti annealed in Ar and 

Ar/H2  is likely to have more oxygen dissolved in the substrate inducing a thicker 

oxide layer. Strain is therefore higher and in order to reduce this energy the Ti 

substrate tends to grow towards the orientation which has the lowest surface energy. 

It is known that rutile (110) phase exhibits the lowest surface free energy and is the 

most stable surface [2, 160], therefore, the oxidized Ti substrate forms preferred 

rutile (110) orientation in order to reduce the overall energy and then induces the 

deposited film to grow in that orientation. Since Ti substrate acts as a 'getter', it 

tends to get the oxygen from the TiO2  deposit. There is an apparent driving force to 

absorb the oxygen from the TiO2  deposit. Therefore, rutile TiO2  crystallites are 

strongly influenced by the crystallinity and orientation of Ti. This is one of the 

possible reasons for TiO2  films deposited on Ti metal having preferred orientation, 

however, the mechanism of formation/orientation is not clear yet, and will be studied 

in future work. 
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Chapter 5.0 Results & Discussion -- Co doped TiO2  Films 

Successfully synthesised Co-doped TiO2  anatase thin films on Ti and Si substrates 

were studied in this chapter. X-ray diffraction, high temperature X-ray diffraction, 

field emission gun scanning electron microscopy equipped with energy dispersive 

x-ray spectroscopy, focused ion beam, atomic force spectroscopy and x-ray 

absorption spectroscopy were used to investigate film characteristics. Vibrating 

sample magnetometry (VSM) was employed to study the ferromagnetic properties of 

the film. Moreover, films were annealed in different atmospheres to investigate the 

effect of heat treatment under various atmospheres on the film characteristics. 

5.1 As-deposited cobalt doped TiO2  films 

5.1.1 Effect of Variation of Voltage and Time on Film Quality 

The preparation of the solution is described in Chapter 3.2.1. During deposition the 

electrode potential was measured to provide information about the synthesis process 

according to voltage with time. Figure 45 plots the potential versus time of one of the 

cobalt doped TiO2  samples. It is clear that the voltage changed during the 

electrodeposition. During the first five minutes the potential rapidly increased from 

7.49 V to 9.5 V, and subsequently increased relatively slowly from 9.5 V to 10.5 V. 

It appeared that a plateau was recorded after a time of 45 mins. The reason for the 

voltage increase during deposition is described in section 4.1.1, and is attributed to 

the increase of the film thickness. 

It should be mentioned that the measured voltage is influenced by the different 

solution components, solution temperatures, deposition substrates, or the quality of 

the substrate polishing, therefore, even though the applied current was constantly 20 

mA•cm-2, the measured value of the starting voltage and the final voltage may 
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slightly vary. The reason for using low temperatures during film deposition (both 

TiO2  film and cobalt doped TiO2  film) is that the titanium peroxocomplex tends to 

form agglomerates in the solution and before electrodeposition the solution needs to 

be stirred to allow the titanium peroxocomplex to dissolve in the solution. Therefore, 

during deposition the low temperature is used to decrease the titanium 

peroxocomplex agglomeration in order to allow the titanium peroxocomplex to react 

with OW. 
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Figure 45 - Variation of electrode potential with deposition time for a cobalt doped TiO2  film 
deposited on a Ti substrate; Co2' concentration of 0.05%. Deposition temperature was 0-2 °C, 

supplied current was 20 mA•cm-2. 

No significant difference was observed after comparing the potential of 

electrodeposited TiO2  films with the potential of electrodeposited cobalt doped TiO2 

films. The resistances of these two films during deposition are virtually identical (7.5 

V -11.5 V for electrodeposited TiO2  films). This means Co2+  in the solution does not 

significantly influence electrodeposition. 
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5.2 Characterization of Electrodeposited Films 

5.2.1 Thermal Treatment 

Before annealing the as-deposited film is amorphous and this thermal treatment is 

used to decompose and dehydrate the titanium peroxocomplex and crystallize the 

film. Therefore, thermal treatment is a very important step for film formation. 

Usually, sample heating is progressed in air with a heating rate of 10 °C/min, at first 

with a initial duration of one hour. From XRD data (not shown here) obtained it is 

clear that the peaks corresponding to anatase had no sharp top, this means the film is 

not fully crystallized, and therefore, indicates that annealing for one hour is not 

enough and therefore the anneal time was increased to 1.5 hours resulting in sharp 

anatase peaks observed in the XRD patterns indicating that the film is crystallized. 

To investigate the effect of atmosphere on film quality samples were annealed under 

either Argon or Argon/Hydrogen (10% hydrogen). Prior to the annealing the gas was 

allowed to purge the alumina furnace tube for at least one hour in order to exclude 

oxygen. 

Initially, the proportion of Ti: Co was set at a molar ratio of 10:1 according to the 

paper of Matsumoto et a/.[161}. This is achieved by adding a molar ratio (Ti: Co = 

10:1) of CoCl2  in to the stored titanium peroxocomplex solution. The EDS result 

shown later confirmed that the Co: Ti ratio in the deposited film agreed well with the 

Co: Ti ratio in the solution. After deposition films were examined using in-situ XRD 

from room temperature to 600 °C. A scan range of 10° to 60° 20, with a heating rate 

of 60 °C/min was used with the whole scan lasting for 4 hours. It can be seen from 

the data, Figure 46 that both at room temperature and 300 °C only peaks attributed to 

the Ti substrate were observed, which means the as-deposited film is amorphous; at 

400 °C small peaks corresponding to anatase and CoTiO3  are observed, the film 
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begins crystallizing; the anatase peaks became sharper when temperature is increased 

to 500 °C, meanwhile, peaks corresponding to rutile were observed. The intensities 

of the rutile peaks significantly increased at 600 °C, indicating rutile particle size was 

increasing, whereas, peaks corresponding to anatase and CoTiO3  nearly stay the 

same; when the sample is cooled down to room temperature, the intensities of the 

anatase peaks decreased while the intensities of rutile peaks kept increasing, this 

means part of TiO2  continues transforming from the anatase phase to the rutile phase. 

It should be mentioned that peaks of Pt are due to the heating strip. 
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Figure 46 - The In-situ XRD pattern of Co-TiO2  deposited on Ti substrate (cobalt content 10%). 
Sample was heated from room temperature to 600 °C and then cooled down to room 

temperature. A-anatase, 0-rutile, 11-CoTiO3, *-Ti substrate, mc-Pt 

Comparing with Figure 19 in chapter 4, the anatase to rutile phase transition 

temperature decreased to 500 °C (the anatase to rutile phase transition temperature is 

800 °C in Figure 19); this result is in line with Reidy et. al, and the reason could be 

that defect sites are created and thus provide a low energy mass transport route [162]. 

Considering that only cobalt doped anatase has been reported to have ferromagnetic 

126 

VI 
	 1-t• 	 t  . 	11-71'rrfl- hs 

40 	45 	50 	55 



properties [161], therefore, at present neither CoTiO3  or rutile are wanted in the film. 

And it was observed that no peaks attributable to the rutile phase were observed 

when the temperature was held at 400 °C, therefore, maintaining the temperature 

below 400 °C could avoid formation of the rutile phase. Moreover, the reason that 

CoTiO3  formed could be due to cobalt having a low solubility limit below the 10% 

used here. One method to avoid CoTiO3  formation is therefore to maintain the Co 

concentration significantly below 10%. Therefore, the proportion of Ti: Co was 

changed to a molar ratio of 20:1 giving an expected cobalt content of 5 % to see if 

stoichiometric deposition occurs. 

Figure 47 shows the HTXRD pattern of Co doped anatase film (nominal cobalt 

content 5%) annealed in Ar at elevated temperature. In order to avoid oxygen effects 

(such as oxidation of the Ti substrate) during annealing the sample was thermally 

treated under Ar. Before annealing the chamber was purged with argon for one hour. 

The scan program was set as: scan at room temperature — heat to 400 °C — hold at 

400 °C for one hour — scan at 400 °C , increase this heat in step of 100 °C, hold for 

one hour and then record data until reaching the maximum temperature of 800 °C 

and then cool down to room temperature and scan again. As can be seen from Figure 

45, the main phase evolution happens in the range between 24° to 37°20, so the scan 

range was therefore reduced to decrease the scan duration and extend the scan time at 

each point to improve the data quality. This time scan range is changed to 24°- 37° 

20, with a heating rate of 60 °C/min with the whole data collection lasting for 18 

hours. 

At room temperature only peaks attributed to the titanium substrate were observed 

which means the as-deposited film was amorphous. Peaks corresponding to anatase 

were only observed when the temperature was increased to 400 °C, however, the 

peak was not sharp, indicating that the film had not crystallized completely; at 500 

°C the anatase peak became sharp but now no peaks attributed to CoTiO3  were 

observed. Once temperature was increased to 600 °C, peaks attributable to the 
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CoTiO3  phase were observed, coincident with the transformation from anatase to 

rutile confirming that Co was present in the anatase film. When the temperature 

reached 800 °C both anatase and rutile phases were observed, meanwhile, the peaks 

attributed to CoTiO3  became sharp indicating that it had completely crystallized. 

2 Theta 

Figure 47 - In-situ XRD pattern of Co doped anatase deposited on titanium substrate annealed 
in Ar from 0 °C to 800 °C. Molar ratio of Ti: Co in the solution is 20:1, deposited at current 

density 20mA•cm-2  for 45 minutes 

Two important points can be obtained from this pattern. First, peaks attributed to 

CoTiO3  appeared only from 600 °C indicating that Co was in the film. Secondly, it 

shows that CoTiO3  did not appear until the temperature increased to 600 °C. 

According to this, in order to avoid the formation of CoTiO3  the anneal temperature 

should be controlled under 600 °C; moreover, the ruffle phase will also be avoided by 

following that heating regime. 

It should be mentioned that there is a peak shift during the in-situ measurements 

because of the thermal expansion of the film. When the temperature decreased to 

room temperature the peaks returned to their initial positions. It should also be noted 
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that the HTXRD experiment under argon results in the intensity of all peaks being 

approximately 1/10 weaker than when annealed under air, as argon is a better 

absorber. 
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Figure 48 - XRD comparison of Co-TiO2  deposited on Ti substrate with current density 
20mA•cm-2  before and after annealing in air (black line: before heat treatment; red line: after 

heat treatment) the annealed sample was held at 400 °C for 90 minutes 

A comparison of the XRD pattern of Co-TiO2  deposited on Ti before and after 

annealing is shown in Figure 48. The heating program is: heat sample from room 

temperature to 400 °C, at a rate of 10 °C/min and hold for 1.5 hours, then cool the 

sample from 400 °C to room temperature at a rate of 10 °C/min. The XRD pattern 

post annealing is magnified as the intensity of the Ti substrate is very strong 

therefore it is difficult to see the anatase peaks clearly. The same result as HTXRD 

pattern, Figure 46, before thermal treatment the only peaks shown were attributed to 

the Ti substrate and the film intensity is very low. These observations all confirmed 

that the as-deposited film is amorphous. After annealing at 400 °C, with increased 

heating time to 90 minutes to allow the film to be fully annealed and no peaks 
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Figure 49 - XRD comparison pattern for doped (x = 0.05) and un-doped anatase film thermally 

treated at 400°C for 90 minutes. Black line: anatase film deposited on Ti substrate; red line: 

cobalt doped anatase film deposited on Ti Substrate. 

Figure 49 is a comparison of the XRD patterns of doped and un-doped anatase films 

thermally treated at 400 °C for 90 minutes. Very little difference between the films 

was observed. However, the shift in angstrom scale can be observed if specifically 

magnifies those two anatase peaks. The shift of the peaks was measured in order to 

obtain the change in d spacing and to calculate the lattice parameter. The method 

used to calculate the lattice parameter is described in section 5.2.2. 

Matsumoto et al. [6] reported that only peaks corresponding to (004) and (008) 

anatase phase were observed, but in the present work the (101) and (200) peaks of 

the anatase phase were observed. Punnoose et al. also reported the (101) and (200) 

peaks [8]. These results are all consistent with this study regarding the random 

orientation of the film. No peaks attributable to CoTiO3  were observed when the 
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anneal temperature was maintained at 400 °C or lower. Shinde et al. [163] reported 

that the intensity of doped film peaks should be lower than pure anatase films under 

the same conditions, however, the situation in the current investigation is entirely 

opposite, with the peak intensity of the Ti095C000502 film being greater than in pure 

TiO2  films prepared under the same condition. The reason for this is still unclear. 

5.2.2 Film Surface Morphology & Grain size 

Figure 50 shows the surface of the as-deposited Co doped TiO2  film. The film 

surface is initially flat and smooth all over the substrate immediately after the 

deposition; however, as it dries in air for about 10 minutes at room temperature. The 

film suffers shrinkage and cracking due to dehydration with only small parts 

remaining as a continuous film. The sizes of the fragments are different; this is 

because the thickness of the film is not even. It can be seen that, for the thicker areas 

of the film the size of the fragments are large and the shrinkage gap between the 

fragments is wide. In the thin areas of the film the size of the fragments is relatively 

small and the gap is significantly smaller. Moreover, for the very thin areas of the 

film, no fragments can be seen at all and the whole area looks flat and smooth. This 

result is consistent with Zhitomirsky et al. [101] who state that because of the 

non-uniform contraction of the wet coating the film surface will have micro-cracks. 
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Figure 50 - SEM image of the as-deposited Co doped film on Ti substrate before thermal 
treatment after air drying at room temperature 

Co doped anatase films were also deposited on Si substrates in order to carry out 

electro/magnetic test for the film. However, it was found that film grown on the Si 

substrate actually had better quality than films grown on Ti substrates. Figure 51 

shows that the film deposited on Si has dehydration effects but did not shrink and 

fragment, and the whole surface is uniform and even. This indicates that the substrate 

influences film growth and shrinkage. In preparing Ti substrate, polishing by 3 gm, 

1 tm and 1/4gm diamond machine was used, however, small scratches were still 

observed under optical microscopy. Compared with the Ti substrates, the Si substrate 

was very flat and had no scratches at all, and this improved substrate quality may 

influence the final film quality. 
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Figure 51 - SEM image of Co doped film on Si substrate before thermal treatment 

After annealing at 400 °C for 90 minutes, samples were removed for further analysis. 

No significant surface morphology change was observed at low magnification after 

thermal treatment (Figure 52). Some of the fragments peeled off the Si substrate after 

annealing, indicating that film adhesion was poor. Most of the film was still flat and 

even. The colour of the film changed from golden brown to blue. This is due to the 

colour change of the oxidized substrate. 
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Figure 52 - FEGSEM image of Co doped TiO2  film after annealing at 400 °C in air 

Increasing the magnification of the FEGSEM it is clear that (Figure 53) spherical 

particles were present, indicating that the film had crystallized. The grain size 

distribution is relatively homogeneous and about 50 nm in diameter. Energy 

dispersive x-ray analysis (EDS) was used to analyse the elements present in the film. 

EDS confirmed that even though the Co content is different in different areas (for 

example, in some areas Co the content was 1% and in other areas was 5%) Co is 

detected everywhere in the film. On average, the Co: Ti ratio in the film was 4%, 

implying near-stoichiometric deposition from the solution. The same grain shape of 

the doped film is presented in the AFM image, Figure 54. No evidence of Co clusters 

were observed in either the nano scale FEGSEM or AFM images. This confirms that 

Co is substituted in to the TiO2  structure, since cobalt is detected by EDS, but no 

second phase is apparent in the FEGSEM image indicating no segregation of Co 

metal. This result disagrees with the report of Kim et al. whose Co doped films were 

prepared by magnetic circular dichroism (MCD) [9]. 
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Figure 53 - FEGSEM image of Co-doped TiO2  film deposition on Ti substrate after annealing at 

400 °C in air (magnified image) 

Figure 54 - AFM image of Co-doped TiO2  film deposition on Ti substrate after annealing at 400 

°C in air 
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By using the XRD measurements the grain size was calculated though the Scherrer 

equation 4.1, and the result is between 50 nm to 100 nm it is in agreement with the 

FEGSEM result. 

In order to investigate the changes of lattice parameter for doped and un-doped 

anatase films, lattice parameters were calculated using the listed spacing equation 

[121]: 

(Tetragonal) dial  = 
4h2 442 +12(a2 /c2) 
	5.1 

Where didd is interplanar spacing, h, k and 1 are different planes, a and c indicate the 

lattice parameters. As shown in Table 7, the d-spacing increased for the doped films 

as expected. The c axis was also found to increase from 9.0080 A to 9.4780 A; the 

results in references [163] and [161] also agree that the value of the c axis increases 

after doping with cobalt .. 

From the table below it is clear that the d-spacing of the cobalt doped anatase film 

has increased and therefore, the lattice parameters of the cobalt doped anatase film 

were deduced to have increased as well. The possible valence state for Co in the film 

would be expected to be either Co 2+  or Co 3+. The ionic radii for Co2+, Co3+  and Ti4+  

are listed in Table 8. According to Table 7, lattice parameters of the cobalt doped 

anatase film increased, it is likely that the Co ionic radii is > Ti4+  ionic radii, and 

considering that the value of the ionic radii should be as close to the original one as 

possible therefore, it is most likely that, the most likely one is either Co2+  in low spin 

state or Co3+  in high spin state that substitutes for Ti4+. 

a 
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Table 7 - Lattice parameter for doped and un-doped anatase films 

Film Co 

content 

at % 

Anneal 

Temperature 

°C 

Anneal 

Atmosphere 

d spacing 

A 

Lattice 

parameter A 

TiO2 0 400 Air 4/03-3.501 

d200=1.888 

a=3.7930(9) 

c= 9.0080(2) 

Tio 95Coo 0502 5.0 400 Air dl0n-3.505 

d200-1.890 

a= 3.7853(8) 

c= 9.4780(3) 
Table 8 - Ionic radii for Co,e-' Co" and Ti 	[164] 

Co2+  Low spin 0.065 nm 

Co2+  High spin 0.0745 nm 

Co3+  Low spin 0.0545 nm 

Co3+  High spin 0.061 nm 

TO+  -- 0.0605 nm 

In order to confirm the valence state for Co in the film, X-ray absorption near-edge 

structure spectroscopy (XANES) was employed. (Synchrotron data were collected by 

Dr. Bridget Ingham at the Stanford Synchrotron Radiation Laboratory (SSRL) and 

analysed by the candidate.) Three nominally identical cobalt doped anatase films 

were measured along with cobalt foil, LiCoO2  (Co3+) and Co(OH)2  (Co2+) as 

references. Each sample was scanned at least 4 times to improve data quality, and 

one scan each for the references. Figure 56 is shown the normalized XANES spectra 

of cobalt doped anatase films in different energy ranges. From Figure 55 (a), it can 

be seen that at energy — 7700 eV edge position (determined at the maximum of the 

first derivatives of the XANES spectra) samples are very close to Co2+  and Co3+  (red 

line and green line respectively) but far away from Co foil (black line). If show close 

up of the edge region (Figure 55 (b)) it is clear that the shape of the spectra and the 

absence of a distinct pre-edge feature is close to Co 2+  (red line). The final normalized 

XANES spectra is shown in Figure 55 (c), it is concluded that Co in the film is in +2 

state. This result is in agreement with Chambers et al. [64]. 
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Figure 55 - Normalized XANES spectra of cobalt doped anatase films, (a), energy range between 
7500-8100 eV, (b), energy range between 7700-7780 eV, and (c), energy range between 7660-7800 

eV. 
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5.2.3 Film Thickness 

The film thickness of electrodeposited cobalt doped anatase was measured by a 

combination of FIB and FEGSEM. Figure 56 is a FIB image of a Co doped TiO2  film 

deposited on a Ti substrate and was taken at a tilt angle of 35°. It can be seen that 

because of the dehydration the fragments of the films have delaminated from the 

substrate and curled. It is difficult to make a ramp to measure the thickness under 

these conditions. Therefore, the thickness of the film was obtained by measuring 

several edges of the fragments (as shown in Figure 56, the distance between the red 

lines) and then averaging the results. After careful calculation, the average thickness 

of Co doped anatase was found to be 0.54+0.09 pm. This image shows that the 

thickness of the fragments is quite uniform which indicates that in general the film 

has grown evenly. 

Figure 56 - FIB image of Co doped TiO2  deposited on Ti substrate. Image was taken at 35°. 
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Figure 57 - FEGSEM image of Co doped TiO2  deposited on Si substrate, cross section. 

Figure 57 shows the FEGSEM cross section image of Co doped TiO2  deposited on a 

Si substrate. Even though the substrate was changed, the thickness of the film does 

not change. Uniformly fragment edge is clearly observed from the image. The 

thickness is again around 0.51.im. As mentioned in section 5.1.1, films deposited on 

Ti and Si substrates have similar deposition voltage, and here it is confirmed that the 

film thicknesses are similar as well, therefore, the as-deposited cobalt doped TiO2 

films have similar conductivity to the as-deposited TiO2  films. A small 'ramp' 

(100pm x 120p,m) is created on a cobalt doped anatase film, In order to investigate 

microstructural information from beneath the sample surface. 

Figure 58 shows the different magnifications of the ramp made by FIB. Image (a) 

shows the surface topography near the ramp. Some fragments were observed, other 

place are flat and looks dense. Image (b) is the shape of the ramp, the size of the 

ramp is 70 X 120 	The beam was rastered from the top right of the ramp, the 

bottom of the ramp is not flat, due to the hardness of the Ti substrate. 
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a. 	 b. 

c. 	 d. 
Figure 58 - FEGSEM images of Co-TiO2  film deposited on Ti (a) film surface topography at low 
magnification; (b) the ramp made by FIB, the ramp is taken at 30 degree from surface; (c) the 

magnification of the ramp, white area: film, dark area: Ti substrate; (d) very high magnification, 
white area: film, dark area: Ti substrate. 

At higher magnification there is evidence for a large concentration of pores, and the 

difference between substrate and film is very clear with the substrate being dense and 

uniform. Increasing the magnification to image (d), it can be seen that the shape of 

the film crystals is no longer spherical, and the substrate changes to strips, this is 

because of the beam damage to the film and the substrate during the creation of the 

ramp. However, it can still be seen that the film growth is homogeneous from the 

bottom to the top. 
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5.3 Film Magnetic Properties 

Vibrating sample magnetometry is used to measure the film magnetic properties. 

(Magnetic measurements were performed by Dr. Will Branford, Department of 

Physics, Imperial College London.) The film magnetization was measured as a 

function of magnetic field as shown in Figure 59. There are three samples (denoted A, 

B and C) produced under normally identical experimental conditions (the same 

samples used for XANES measurement). In order to observe relatively precise data, 

the magnetic result was observed by averaging the results of these three samples. The 

differences between the three samples are most likely attributable to errors in the 

estimate of film volume; the XANES and XRD data for the three samples are 

identical. The magnetic field was applied parallel to the film surface and the 

hysteresis loop was taken at room temperature. 

After comparing the shape of these hysteresis loops with a reference standard 

ferroelectric hysteresis loops [165], it is clear that ferromagnetic material is present 

in the films and this suggests that the cobalt doped anatase film has ferromagnetic 

properties at room temperature, which agrees with Matsumoto et al. and other 

researchers [6, 7, 58]. By measuring the magnetization of the film surface and the 

volume of the deposit, the magnetization per unit volume was deduced. For A, B and 

C there are 0.4µB/Co, 0.6gB/Co and 0.403/Co respectively, therefore, 0.31.1B/Co on 

average. The signal is of the right order of magnitude for dilute ferromagnetic oxide 

thin films [48]. 

Matsumoto et al. reported that cobalt ions in the film should either exist as Co2+  in 

the low spin state ( LS t2g6eg' S=1/2) [166] or high spin state (HS t2g5eg2  S=3/2) [167], 

or as Co3+  in low spin state (LS t2g6eg°  S=0) or high spin state (HS t2g4eg2  S=0) [168]. 

As discussed in section 4.2.2, due to the relatively adjacent ionic radii either Co2+  at 

low spin state or Co3+  at high spin state may substitute Ti4+. Considering that the 

magnetization per unit volume measured in our research is 0.3µB/Co, it is too low for 
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high-spin Co3+  [168, 169], therefore, cobalt ions in the film exist as Co2+  low spin 

configuration, which is consistent with the XRD and XANES data. This suggestion 

fully agrees with some of the researchers [6, 7], but not with others [9, 10, 65] who 

suggested that it is the Co metal clusters generated the observed RTF properties. It is 

clear from the literature that the processing conditions deeply affect the magnetic 

behavior. 

-2 -1 0 1 2 3 
B (T) 

Figure 59 - Room temperature in-plane magnetization vs. magnetic field for three Co0.05Ti0.9502  
samples (denoted A, B and C) produced under nominally identical experimental conditions. 
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5.4 Effect of Atmosphere on Annealing 

In order to investigate the effect of annealing atmosphere on the characteristics (film 

surface topography, film orientation, and crystal size etc.) of cobalt doped anatase 

films, cobalt doped TiO2  films were annealed under Air, Ar and Ar/H2  (10% H2) 

respectively at temperature of 400 °C for 90 minutes. 

The 3D XRD comparison pattern is shown in Figure 60. It can be seen that even 

though samples were heat treated in different atmospheres, the XRD patterns are 

very similar. In contrast to the TiO2  films annealed in these atmospheres (chapter 4) 

the (101) and (200) anatase peaks were observed but with no preferred orientation. 

Moreover, the Ti substrate is detected instead of some Ti30 or Ti60 peaks; indicating 

that the substrate was not oxidized. 

Figure 61 shows the AFM images of samples annealed in air, Ar and Ar/H2  (H2 10%) 

respectively. Unlike AFM images of rutile annealed air, Ar, and Ar/H2  atmospheres, 

the particle diameters in these images are nearly the same; the range of the particle 

size is between 30 nm to 65 nm. It is also calculated using equation 3.7; the result is 

listed in table 9. 

Table 9 - The scale of the particle size for cobalt doped anatase and TiO2  films annealed in 
different atmospheres. 

Annealed in air Annealed in Ar Annealed in Ar/H2  

Co doped anatase 

(A101) 

36 + 18 nm 37 +12 nm _ 43 + 19 nm _ 

TiO2  (R110) 72 +3nm 81 + 9 nm 88+5nm 
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Figure 60 - XRD comparison pattern of cobalt doped anatase annealed in different atmospheres. 
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Figure 61 - AFM images of cobalt doped anatase films deposited on Ti substrate.(a) film 
annealed in air; (b) film annealed in Ar; (c) film annealed in Ar/H2  (10% hydrogen). 
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It should be mentioned that it is very difficult to observe the cobalt doped anatase 

image from the AFM we use and it is difficult to get high resolution FEGSEM 

images as well. 

The reason that it is difficult to get good AFM images of cobalt doped anatase is 

because from the low resolution FEGSEM images it can be seen that the film has 

some fragments, however, it is impossible to observe these fragments by eyes. The 

AFM tip has to be put in touch of the sample surface manually, therefore, it is 

relatively easy to place the tip either at the edge of the film fragment or at the gap 

between the two fragments. With the TiO2  films the situation improves because of 

the relatively good quality of the TiO2  films. As mentioned in chapter 2, FEGSEM 

samples should be conductive and if insulating or partly conductive it should be gold 

coated. For high resolution images the conductivity should be even higher since the 

applied voltage is relative low (about 3Kv). The cobalt doped anatase films have 

very poor conductivity, even though they have been gold coated twice before the 

experiment, and it was only possible to take images at low magnification. And there 

is no point to increase the thickness of the gold coat, because the image we demand 

is in nano-scale, if the gold coat is too thick the particles of the gold can actually 

been observed. 

Figure 62 shows the FEGSEM images obtained at high resolution. Due to the 

difficulty of taking images at high magnification the images were taken not in the 

same scale. However, the influence of the gold coat can still be recognized by 

comparing with other FEGSEM images. The result is the same as observed from the 

AFM images, the grain size of the three samples has very little difference. 
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Figure 62 - FEGSEM images of cobalt doped anatase deposited on Ti substrate annealed in a) 
Air; b) Ar and c) Ar/H2  (10% hydrogen). Samples are all annealed at 400 °C held for 90 minutes. 

148 



Combining the results of XRD, AFM and FEGSEM it is possible to determine that 

the annealing atmosphere did not change the characteristics of the cobalt doped 

anatase films. The explanation of this is as discussed in chapter 3 that the Ti substrate 

oxidation influences the film characteristics, Ti metal oxidizes when the anneal 

temperature is above 750 °C [170] and since cobalt doped anatase films were 

annealed at 400 °C, the Ti substrate does not oxidize at this temperature and 

therefore it has no influence on the film and thus the characteristics of cobalt doped 

anatase films stay the same. 

5.4 Summary 

In order to broaden the applications of TiO2  films, such as to increase the 

photocatalytic or ferromagnetic properties of the TiO2  films, Co doped anatase films 

were successfully prepared on Ti and Si substrates by cathodic electrolytic deposition. 

The film deposited on a Si substrate is of better quality than the film deposited on Ti 

substrates due to the substrate roughness, but the adhesion may be worse. 

When amorphous as-deposited samples were annealed at temperatures above 600 °C 

CoTiO3  phase was detected in the film, while after controlling the anneal temperature 

below 600 °C only anatase peaks ((101) and (200)) were observed. After the films 

were annealed at 400 °C and held for 90 minutes spherical particles were observed in 

the range of between 50 nm and 100 nm. VSM data confirmed the room-temperature 

ferromagnetism of the film, and the signal was of the right order of magnitude 

(0.2-0.6p.B/Co) for dilute ferromagnetic oxide thin films. Cobalt ions in the film exist 

as Co2+  low spin configuration. 

Combining all of the information above suggests that there were no Co metal clusters 

in the film; Co was substituted for Ti in the lattice and the origin of the 
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ferromagnetism in the film might be due to the ordered low spin Co2±. Moreover, the 

film characteristics did not change after annealing in different atmospheres indicating 

that substrate is the reason for changing film characteristics during heat treatment of 

TiO2  above 750°C. 
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Chapter 6 Conclusions & Future Work 

6.1 Conclusions 

The cathodic electrodepositions of TiO2  films and cobalt doped anatase films on Pt, 

Ti and Si substrates have been successfully performed. A peroxo precursor method 

was used in order to produce films in aqueous solution. All as-deposited films were 

found to be amorphous, but can be crystallized by thermal treatment. 

During thermal treatment at a temperature above 400 °C the anatase phase starts to 

form, at 800 °C the film transforms from the anatase phase to the rutile phase, and 

finally at 1000 °C only the rutile phase can be observed. After thermal treatment at 

800 °C for one hour the surface morphology of the film was analyzed by FEGSEM 

and AFM. It can be seen that the film actually has two morphologies, the spherical 

particles which indicates anatase phase, with the grain size of approximately between 

36+18 nm, and the terrace-like structure which indicates rutile phase, with the grain 

size of approximately 80+31 nm. In order to confirm these particle sizes the Scherrer 

equation was used to calculate the grain size from the XRD data, the result of this 

calculation agreed with the FEGSEM and AFM data. The thickness for films 

deposited on the Pt substrate is in the range of 0.33+0.16 gm, whereas, for films 

deposited on a Ti substrate the film thickness is 2.71+0.09 p,m. Electrodeposition 

parameters such as current density, deposition time and annealing temperature 

influence film quality such as thickness and surface topography. 

It is found that compared with films annealed in air, films annealed in Ar and Ar/H2 

(10% hydrogen) have larger grain size (72+3, 81+9, and 88+5 nm respectively) and 

the films annealed in Ar and Ar/H2  also are thicker than film annealed in air. 

Moreover, films have preferred rutile (110) orientation when annealed in Ar and 

Ar/H2. This is due to the influence of the oxidation of the Ti substrate on the 
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deposited film during thermal treatment in different atmospheres. For films annealed 

in Ar and Ar/H2  the oxygen partial pressure (p02  about 10-7  torr) is much lower than 

when annealed in air and therefore, the thermodynamic parameters such as surface 

free energy and strain energy influence the formation of film orientation, it is known 

that the rutile (110) orientation exhibits the lowest surface free energy and is the 

most stable surface, so the oxidized Ti substrate forms preferred rutile (110) 

orientation and then induces deposited film to grow in that orientation as well. 

Cobalt doped anatase films, Tii_xCox02_6, were successfully prepared on Ti and Si 

substrates by the cathodic electrolytic deposition method as well. When the 

annealing temperature is greater than 600 °C a CoTiO3  impurity phase is formed 

along with the rutile polymorph. However, when controlling the annealing 

temperature below 600 °C only single phase anatase is observed and the lattice 

parameter is consistent with site-substitution by Co cations. 

The films annealed at 400 °C show room-temperature ferromagnetism, and the 

magnetic moment is on the order of (0.35-0.61.43/Co) as expected for such dilute 

ferromagnetic oxide thin films. No cobalt clusters were observed from the films. The 

Co oxidation state was detected by XANES and it confirmed that Co in the film 

exists as +2 state. 

Cobalt doped anatase films were also annealed in different atmospheres (Ar and 

Ar/H2), however, no grain size change or preferred orientation were observed, since 

Co-doped anatase films were normally thermally treated at 400 °C and the Ti 

substrate is not oxidized at that temperature. This point confirms that the oxidation of 

the Ti substrate influences the film growth orientation. 
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6.2 Future Work 

Even though TiO2  and cobalt doped anatase films were successfully obtained the 

films still have cracks. One way to reduce the crack is to control the dehydration 

process, this means to separate the dehydration and crystallization procedure during 

thermal treatment. Another way is electrochemical cycling or pulsing, the first one is 

stop provide current several times during deposition the second is multi-deposit. 

Both of them try to reduce the coating resistivity. Moreover, some polymer additives 

such as Poly(diallyldimethylammonium chloride) (PDDA), acting as a binder can 

also help reduce cracks [171]. Substrate effects such as lattice matching should also 

be considered. Since Pt, Ti and Si were all employed as substrates, the qualities of 

the films were increased in this order. Mass spectrum and depth profile of the film 

needs be studied under SIMS. This equipment provides more precise information of 

sample component and film thickness. 

In order to control the deposit homogeneity, to understand initially formed chemistry 

and structures and to know the deposition kinetics in-situ XAS such as XANES 

(X-ray Absorption Near Edge Structure) needs to be employed. The rate of the 

deposition, valency and coordination of Ti in the deposit shall also be studied under 

XANES. This equipment can determine the correlation between electrochemical 

parameters, cell composition and film chemistry, specifically Ti speciation during 

deposition. Subsequently, film transformation processes during annealing from 

amorphous to nanocrystalline anatase will be studied. 

The reason for TiO2  films annealed in Ar and Ar/H2  (10% hydrogen) having larger 

grain size and the thicker films as well as having preferred rutile (110) orientation is 

due to the Ti substrate oxidation influencing TiO2  film characteristics during thermal 

treatment in these atmospheres at low oxygen pressure. The p02  influence during 

thermal treatment needs to be further studied. And the mechanism of Ti substrate 
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influences TiO2  film characteristics at low oxygen pressure also needs to be 

researched. 

Pb and Zr will also be added to the solutions to make PZT films. As mentioned 

previously, PZT film can be used in different areas, therefore, it is worthwhile to 

obtain PZT film from electrochemical deposition. 

Even though cobalt doped anatase were successfully prepared on Ti and Si substrates 

by the cathodic electrolytic deposition method, films show room-temperature 

ferromagnetism, and the magnetic moment is on the order of (0.35-0.6vB/Co), the 

reason that Co-doped anatase has RTFM is still not clear. The extended X-ray 

absorption fine structure (EXAFS) of the film needs to be employed to investigate 

the local structure of the cobalt atoms in the film and detect the distance, amount and 

the variety of the atoms to understand the reason that cobalt doped anatase has 

RTFM. Co-doped anatase films will be annealed in different atmospheres and 

temperatures to see if the RTFM change or not, as mentioned in literature review that 

processing conditions affect the magnetic behavior. 
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7.0 Appendix 

7.1 Master Table for Sample Preparation Conditions 

Sample Figure Current 

Density 

(mA•cm-2  

Deposition 

Time 

(minutes) 

Substrate Anneal 

Temperature 

(°C) 

Anneal 

Time 

(Minutes) 

Anneal 

Atmosphere 

1 14, 20 20 45 Pt 

1 16,21 20 45 Pt 800 60 Air 

2 17 20 45 Pt From 100 to 

1000 

Up to 480 Air 

3 18, 22, 23, 24, 

25, 26, 27 

20 45 Ti 800 60 Air 

4 19 20 45 Ti From Room 

temperature 

to 800 

Up to 360 Air 

5 28a, 29 30 45 Ti 800 60 Air 

6 28b, 29 20 45 Ti 800 60 Air 

7 28c, 29 10 45 Ti 800 60 Air 

8 28d, 29 5 45 Ti 800 60 Air 

9 30a 20 15 Pt 

10 30b 20 30 Pt 

11 30c 20 45 Pt 

12 31 20 45 Ti 1000 60 Air 

13 34a,b, 	35a, 

36a, 37a,b, 38, 

39, 40a, 42a, 

20 45 Ti 800 60 Air 

14 34c,d, 	35b, 20 45 Ti 800 60 Ar 
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36b, 	37c, 	d, 

38, 39,42c 

15 34e,f, 	35c, 20 45 Ti 800 60 Ar/H2 	(H2 

36c, 37e,f, 38, 10%) 

39, 40b, 42e 

16 41a,b, 	42b, Ti 800 60 Air 

43a, 44 

17 41c, 	d, 	42d, Ti 800 60 Ar 

43b, 44 

18 41e, 	f, 	42f, Ti 800 60 Ar/H2 	(H2 

43c, 44 10%) 

19 45,48,49, 	50, 20 45 Ti 400 90 air 

52, 53, 54, 56, 

58 

20 46 20 45 Ti From 	room 

temperature 

to 600 

Up to 240 Air 

21 47 20 45 Ti From 	room Up 	to Ar 

temperature 

to 800 

1,080 

22 49 20 45 Ti 400 90 Air 

23 51, 55, 57, 59 20 45 Si 400 90 Air 

24,  60 20 45 Ti 400 90 Air, Ar and 

25, 26 Ar/H2 	(H2  

10%) 

24 61a, 62a 20 45 Ti 400 90 Air 

25 61b, 62b 20 45 Ti 400 90 Ar 

26 61c, 62c 20 45 Ti 400 90 Ar/H2 	(H2 

10%) 
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Sample Table Current 

Density 

(mA•cm-2  

) 

Deposition 

Time 

(minutes) 

Substrate Anneal 

Temperature 

(°C) 

Anneal 

Time 

(Minutes) 

Anneal 

Atmosphere 

3 1 20 45 Ti 800 60 Air 

5,6,7, 

8 

2 30, 	20, 

10, and 

5, 

45 Ti 

13,14, 

15 

3,5,6 20 45 Ti 800 60 Air, Ar and 

Ar/H2 	(HZ  

10%) 

16,17, 

18 

6 Ti 800 60 Air, Ar and 

Ar/H2 	(H2  

10%) 

19,22 7 20 45 Ti 400 90 Air, 

24,25, 

26 

9 20 45 Ti 400 90 Air, Ar and 

Ar/H2 	( 12 

10%) 
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Dilute magnetic semiconductors (DMS), also known as 
semi-magnetic semiconductors,' have stimulated considerable 
interest in recent years.2.3  Their combined ferromagnetic and 
semiconducting character is of particular interest for spin-
tronics.2  However, most DMS cannot be used as room-
temperature ferromagnets in practical spintronics applications 
because they possess low Curie temperatures.45  

Recently, Matsumoto et al .6  reported that Co-doped anatase 
thin films, produced by laser ablation in high vacuum, display 
room-temperature ferromagnetism (RTF). According to this 
report, when the concentration of Co in the film is between 
0 and 8 atom %, the film shows ferromagnetic long-range 
ordering. The magnetic moment of saturated Co was reported 
to be 0.32 pn, and the film exhibited a positive magneto-
resistance (MR) up to 60% at 2 K in an 8 T field. The reason 
that Co-doped anatase films have RTF characteristics, 
however, is still unclear. Some researchersv have suggested 
that the observed ferromagnetic behavior is caused by Co 
cations substituted into the anatase lattice, which is similar 
to the local structure environment of Co in CoTiO3. Others 
believed that clusters of Co metal in these films generated 
the observed RTF properties 9"10  More recently, a model 
based on oxygen vacancies was reported by Liu et 
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Synthesis of Co-doped thin films has been achieved by a 
variety of methods including spray pyrolysis,I2  oxygen-
plasma-assisted molecular-beam epitaxy (OPA-MBE),1  and 
reactive co-sputtering"' and the RTF properties of these films 
were confirmed. In this study we demonstrate the formation 
of ferromagnetic Co-doped anatase TiO2 films by a solution-
based process. Cathodic electrolytic deposition (CELD)13  has 
been defined as a process in which film deposition is 
achieved via the hydrolysis of a metal salt solution using 
an electrogenerated base such as OH-  to form oxides, 
hydroxides, or peroxides on a cathodic electrode_ Hydroxides 
and peroxides are then converted to oxides by thermal 
treatment. This method has previously been used successfully 
to deposit ceramic oxide films such as TiO2, Zr02, and 
ZrTiO4.14  In comparison with the other methods electro-
chemical routes offer several advantages: they are a low-
temperature synthesis technique, the procedure is simple and 
relatively inexpensive, and the film can be controlled through 
varying the cell parameters (potential or current) or by the 
composition of the bath. Considering the benefits of the 
CELD method, we report here on the successful growth of 
Co-doped anatase films on Ti and Si substrates using 
electrolytic deposition. The postannealed films are transparent 
and nanocrystalline and show ferromagnetic behavior at mom 
temperature with no evidence for the formation of Co metal 
clusters. 

The preparation of Ti02-based films from aqueous solution 
requires the stabilization of the Ti4+ cation in solution; here 
a peroxo-complex was used (eq 1). On application of a 
cathodic current to the substrate material, locally generated 
OH-  reacts with this complex resulting in the precipitation 
of a Ti-hydroxy film (eq 2). 

Ti4+  +H202  + (tt - 2)H20 — 
[11(02 )(OH)0,_204-44-  + nH+  (1) 

[Ti(02)(OH)(7_2)](4-4+  + n0H-  + kH2O TiO3-(H20)x 
(2) 

With the addition of Co2+ to the electrolyte this becomes 

(1 - y)[Ti(02)(OH)0,214-h)+  n0H-  + kH20 + 
yCo2+  Tio_y)Coy0,-(H20)r (3) 

The as-deposited material is gel-like (amorphous and hy-
drated). The Co cation is incorporated into this gel as it 
deposits onto the surface (eq 3) in approximately equivalent 
concentrations as the molar fraction in solution, as confirmed 
by energy dispersive X-ray spectroscopy (EDS). The total 
film thickness after 45 min deposition is -500 nm (measured 
in cross section in the scanning electron microscope) 
indicating an average deposition rate of around 0.2 nm-s-1. 
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Figure I. HTXRD pattern of Tio.95Coo 0502 film deposited on a Ti substrate, 
annealed in situ from room temperature to 800 °C. "A" denotes anatase 
peak positions, and "R" denotes rutile. 
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Figure 2. Comparison of the XRD patterns for un-doped and doped (x = 
0.05) anatase films thermally treated at 400 °C for 1.5 h. 

Figure 1 shows the high-temperature X-ray diffraction 
(HTXRD) pattern of a Tio95Ca3,0502  film annealed from room 
temperature to 800 °C (under an Ar atmosphere to minimize 
substrate oxidation). 

Only peaks attributed to the substrate (Ti) were observed 
at room temperature which confirms that the as-deposited 
film was amorphous. When the anneal temperature was 
increased to 400 °C, peaks corresponding to the anatase phase 
were observed indicating the crystallization and dehydration 
of the as-deposited structure (eq 4). 

2Ti(,_y)Coy03.(H20)x 2Ti(t _y)Coy02  + 2xH20 + 02  (4) 

Upon further increasing the temperature to 600 °C a 
transition to the rutile polymorph is observed with simulta-
neous ejection of CoTiO3  from the lattice. Thus, careful 
control of the annealing temperature below 600 °C is required 
for maintained solubility of the Co in the host TiO2  lattice; 
below 600 °C the formation of CoTiO3  is completely 
suppressed. A comparison of the XRD patterns for both the 
doped and the un-doped anatase films are shown in Figure 
2. 

From these data the lattice parameters were calculated from 
a Le Bail extraction of the diffraction data using the GSAS 
suite of programsis (Table 1). The d-spacing increased for 
the doped films in agreement with predictions for a Co-doped 
anatase matrix. In particular the c-axis was found to increase 
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Figure 3. Film morphology for anatase Tio 95030.0502. (left) FESEM image, 
(right) AFM image. 

Table 1. Lattice Parameters from XRD Data for Un-Doped and 
Co-Doped Anatase Films Annealed at 400 °C 

film 	 d spacing (A) 	lattice parameter (A) 

TiO2 	 = 3.501 	 a = 3.7930(9) 

	

dzoo =1.888 	 c = 9.008(2) 
Tio.9sCooas02 	dim = 3.505 	 a = 3.7853(8) 

	

d200  = 1.890 	 c = 9.468(3) 

markedly from 9.008(2) A to 9.478(3) A; these results are 
consistent with those in the literature for films formed using 
vacuum techniques.6,16  In addition there is a clear shift of 
the diffraction peaks with temperature corresponding to the 
thermal expansion of the film. 

Matsumoto et al.° reported that only the (004) and (008) 
peaks corresponding to anatase were observed, indicating a 
high degree of texture in their films. However, in the current 
work it is clear that the (101) and (200) peaks of the anatase 
phase are predominant, indicative of randomly oriented 
material, as was reported by Punnoose et al.8  The reason for 
these differences may be due to different deposition methods, 
Co contents, or substrate effects. 

The morphology of the annealed doped film is shown in 
Figure 3. Before thermal treatment, the film is amorphous 
and no crystallites were observed. After annealing at 400 
°C for 1.5 h in air, spherical particles can be seen in the 
field emmision scanning electron microscopy (FESEM) 
image, Figure 3. The particle size distribution is relatively 
homogeneous and about 50 nm in diameter. 

EDS analysis confirmed that Co is distributed throughout 
the film with only slight variations in the composition. On 
average, the Co:Ti ratio is 4%, and this agrees well with the 
nominal stoichiometry of 5% Co in the solution. According 
to Matsumoto et al .° the maximum solid solubility of Co in 
TiO2  is 8%, and above this value CoTiO3  forms. From the 
current work it is clear that at elevated temperatures (greater 
than 600 °C) the solubility of Co in TiO2  is significantly 
decreased, as evidenced by the ex-solution of CoTiO3. The 
absence of CoTiO3  at low temperature is consistent with the 
level of Co suggested in this study and in previous literature 
reports. 

The same grain shape of the doped film is shown more 
clearly in the atomic force microscopy (AFM) image, Figure 
3. Using the XRD measurements the grain size was also 
calculated using the Scherrer equation (eq 5): 

0.9A  t = B cos 0 

where t is particle size, A. is the wavelength of Cu Ka, and 
B is fwhm (full width at half-maximum) of the broadened 
diffraction line on the 20 scale (radians). This calculation 

(5) 
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Figure 4. Room temperature in-plane magnetization vs magnetic field for 
two ColosTio.9502 samples (denoted A, B) produced under nominally 
identical experimental conditions. 

gives a value of 50-100 nm, consistent with the FESEM 
and AFM data. 

Finally, the magnetic character of the electrodeposited 
material is confirmed. Figure 4 shows room temperature in-
plane magnetization versus magnetic field for two samples 
produced with nominally identical experimental conditions 
(denoted A and B). The difference of the two hysteresis loops 
may be due to the variation of the Co concentration in the 

(15) Von Dreele, R. B.; Larson, A. C. General Structural and Analytical 
System; Los Alamos National Laboratory: Los Alamos, NM, U.S.A., 
2006. 

(16) Shinde, S. IL; Ogale, S. B.; Das Sarnia, S.; Simpson, J. it; Drew, H. 
D.; Lofland, S. E.; Land, C.; Buban, J. P.; Browning, N. D.; Kulkami, 
V. N.; Higgins, J.; Sharma, FL P.; Greene, IL L; Venkatesan, T. Phys. 
Rev. B 2003, 67 (11), 115211-1--115211-6. 

films or due to variation in the volume of the deposited 
materials. The behavior is clearly ferromagnetic, and the 
signal is appropriate for a dilute ferromagnetic oxide thin 
film (0.35-0.6 /4B/Co) and in agreement with Matsumoto et 
al.6  Coupled with the XRD results, we suggest that in these 
films the magnetic behavior observed is related to Co cations 
substituted in the TiO2  structure. 

In summary, Til,Co502-6  films have been successfully 
prepared using a simple solution-based approach. The 
composition of the films is directly related to the solution 
concentration. When the annealing temperature is greater than 
600 °C a CoTiO3  impurity phase is formed along with the 
ruffle polymorph. However, when controlling the annealing 
temperature below 600 °C only single phase anatase is 
observed, and the lattice parameter is consistent with site-
substitution by Co cations. The films annealed at 400 °C 
show room-temperature ferromagnetic behavior as observed 
for films grown under vacuum conditions. This approach is 
an attractive method of producing forumagnetic material 
with well-controlled stoichiometry and crystallization be-
havior. 
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