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to increase the Curie temperature above room temperature and make the

ferromagnetism stable in DMS materials [5].

Recently, Matsumoto et al.[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 pg, and
the film exhibited a positive magnetoresistance (MR) up to 60 % at2 Kinan 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 CoTiOs. 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 OH 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 TiO,, ZrO; and ZrTiO4 [13] by
Zhitomirsky et al. Other researchers prepared CeO, powders [14], Mo,W; . O3 films
[15] and CuxMnyO 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 TiO; [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 TiO; 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 TiO; film properties, it is necessary to study the
relationship between the post thermal treatment conditions and the TiO film
properties. In this research the as-deposited TiO 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 TiO; 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 TiO,, PZT and newly developed cobalt doped
anatase efc. 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 TiO; 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 TiO; 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 TiO, 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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A and B: atom, O 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 BOs

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, efc [24, 25].

TiO; Films

Traditionally TiO, is one of the most common ceramic materials. TiO; 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-O
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 TiO; thin films. Among them rutile is the most stable phase,
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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. TiO, 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 TiO, 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 TiO, suitable to be used as the dielectric gate of
metal-oxide-semiconductor field effect transistors (MOSFET) devices [3], and is
considered to replace SiO; [39]). Nanocrystalline TiO, films are employed in
electrochromic devices [40] which can control light reflection in mirrors or light
transmission in windows. Pure and doped TiO, nanocrystalline films are also

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

Dumitriu, et al. [43] found that TiO; 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 final
TiO; films are the substrate and anneal temperatures [40]. Meng ef al [44] and Wang
et al [45] who deposited TiO; films by sputtering reported that when the temperature
of the substrate increase from room temperature to 500 °C the orientation of the TiO,
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 TiO; film is still not clear.
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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 TiO; films

Recently, Matsumoto ef al.[6], used a combinatorial screening approach to study a
huge range of the solid solubility transition metals in TiO, found only cobalt doped
anatase (the bandgap energy, E; = 3.2eV) thin films, produced by laser ablation in
high vacuum display room-temperature ferromagnetism (RTF) as shown in Figure 5.
According to these apthors, 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 pg, 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.
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Figure 5 - Magnetization (M) measured as a function of magnetic field strength (H) for a
Tip.93C00.07024 film deposited on SrTiQ; (001) at room temperature (300K) {6].
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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-Fe;O3 [69] and Mn doped SnO; [70].
Cobalt Doped ZnO Materials

In addition to TiO,, other compounds can also be used as a matrix. Considering that
ZnO is a I1-VI compound semiconductor with wide bandgap energy (about 3.35¢V)
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 =325Aandc=5.124 [72]).

Cobalt doped ZnO films were successfully produced through pulsed laser deposition
(PLD) and laser molecular beam epitaxy (MBE) ezc. 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 0.7up for a
719 92C0008 O2.4 film which is considered very small when compared to 1.7up/Co of

metallic Co; it is suggested that the state of the Co in the film could be Co®'.

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

deposition rate of sputtering TiO; film is slow [88].

2.2.2 Sol-gel Deposition

Sol-gel deposition starts with a colloidal suspension, in which ‘sol’ 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 - Flow diagram for preparation of sol-gel coatings, after [89].

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], Fes;O4 films [97], and ceramic
superlattices [98] efc. 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 CeO;
[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 onjder 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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(c) NO; +10H* +8¢™ — NH, +3H,0 2.3

(2) Electrolysis of water

(d)2H,0+2e” = H,+20H" 24

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

() NO; +H,0+2¢” - NO,” +20H" 2.5

(8) NO; +7H,0+8¢™ — NH} +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 Ti*" salts such as TiCl, are hydrolyzed immediately in water to

form a titanium hydroxide precipitate.

However, as mentioned previously, water and nitrate are important cathodic reactants
for OH" 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)n2]*™ 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 OH™ 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:

TiCl, - Ti* +4CI- 27

Ti* + H,0, +(n—2)H,0 — [Ti(0,(OH) o [~™" +nH* 28

2) Cathodic electrodeposition of oxyhydroxide, titanium peroxocomplex combines

with OH and H,O to form hydrated titanium peroxide film in electrochemical cell,
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[1i(0,)(OH),,., | ™" +nOH™ + kH,0 - TiO, -(H,0), -

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

decomposition.

2Ti0, -(H,0), — 2Ti0, +2xH,0 + 0, 210

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 OH 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 H,O, 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
0.3um no cracks can be detected. In most circumstances cracks will appear when the
thickness of a film is more than Ilpm, 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 um also exhibit cracking [115].

The evaporation rate of H,O from the gel surface, R°H;0, is faster than the diffusion
rate of H,O from the gel bulk to the surface layer, RYH,0. If R°"H,0 >R%H,0, stress
will build up on the gel surface due to the shrinkage of the surface which contains
less H,O than the bulk gel layer. Therefore the greater the deposition time or
deposition thickness the less R*H,0 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?, prevents the spallation of the

films.

41






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 10°Vem ™) at the electrode.

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

3. Itisa 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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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/H, (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/Ha, a tube
furnace with atmosphere control was used. Before heating the alumina furnace tube
was purged with either Ar or Ar/H, for half an hour to ensure the pO; of the

environment was constant.

3.2 Preparation of Co doped TiO, films

3.2.1 Solution Preparation

To prepare cobalt doped TiO- films a measured amount of CoCl,'6H,0 (H&W Ltd.)
was added to the previously prepared precursor solution (Section 3.1.2) and stirred.
The amount of CoCl, added corresponded to the required stoichiometry of the Co
doped TiO,. Two ratios of Ti: Co were evaluated, 10:1 and 20:1 in molar ratio

respectively.
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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.

Incident Scattered
Beam Beam
o
d
L ]
Figure 9 - A schematic diagram for determining Bragg’s law
2dsin@ =nA 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 efc. can be calculated. For example, lattice
parameters of TiO,, tetragonal, were calculated using the listed spacing equation

[121]:

a

(Tetragonal) Ay = th W +12(a2 /cz) 34
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Where dpy is the interplanar spacing, A, k and [/ are different planes and a and ¢

indicate the lattice parameters.

When x-rays encounter any form of material, not all of them are transmitted, they are
partly absorbed. Rontgen established that the fractional decrease in the intensity / 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:

‘T=ﬂdx 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:

I =]e™ 3.6

Iy is original intensity,  is intensity remaining, and the linear absorption coefficient,
U, is proportional to the density, p, which means that the quantity p/p is a constant of
the material, referred to as the mass absorption coefficient. Therefore, the equation

can be written as:

I =Ioe p 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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Where t is particle size, A is the wavelength of Cu Kq; 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 K, 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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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].

Elgctron sun
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collector —»
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Figure 10 - Schematic diagram of a Scanning Electron Microscope [122].
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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® Torr for the column and 1x10°® Torr 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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Chapter 4.0 Results & Discussion -- TiO, Films

Electrodeposition experiments were performed from stock solutions (TiCls mixed
with H,0, 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
TiO,, 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 TiO, 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 TiOz 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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For the galvanostatic regime the potential U is determined by equation 4.1[101]:
U=Ug+iRsoi R4 4.1

Where Uy 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; Ry is the resistivity of
the solution and Ry is the resistivity of the deposit. Current density is 20 mA-cm™.
After current is applied on the electrodes, the conductive Ti substrate starts to
generate OH™ all over the surface, therefore OH™ 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(0,)(0H),_, "™ + m(OH) + kH,0 — TiO,(H,0). 2.9

According to titanium-H,O Pourbaix Diagram [132], thermodynamically peroxide
TiO3(HO)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 OH" 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) H,O, 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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Where t is particle size, A is the wavelength of Cu Kg; 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 Beyp is the experimentally measured FWHM, Biyg; 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 - Binst2 4.3

Table 1 - Particle sizes and XRD parameters of deposited TiO, film.

20 d (A) | FWHM | t (nm) | AFM/SEM(nm)
Anatase 25.27 3.527 0.281 + 34+1 36 +18
(101) 0.008
Rutile 27.38 3.258 0.158+ | 115+12
(110) 0.004 80 + 31
Rutile 36.02 2.495 0.169 + 89+ 4
(101) 0.002
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 um x 4pm 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 pm) and the
2.71+0.09um 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 TiO; 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 < 1um was determined.
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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 changesvfrom 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 33 Phase diagram of titanium — oxygen system [144]
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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 pO;

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/H; 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 O 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: O 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 O had changed with the ratio of Ti: O = 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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Figure 37 (a) is the film layer of the TiO,/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 0.5pm. The pores size reduced on
approaching the interface layer as shown in Figure 37 (d), to around 0.lum. No
porous layer was observed in the films annealed in Ar/H,, and in the film layer
(Figure 37 (e)) few pores were observed. Of the pores that were observed the size
was approximately 0.25um, with no change in the pore size on approaching the
interface layer (Figure 37 (f)). The interface of film annealed in Ar/H, was of greater

density than the interfaces of the films annealed in air and Ar.
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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 TiO»/Ti
films annealed in different atmospheres (Figure 33), at low magnification, all three
sample surfaces are identical, dense and uniform (a, ¢, 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/H,
(Figure 41, images d and f respectively) have larger particle sizes than films annealed

in air (Figure 4'1, image b).
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The reason that Ti substrates annealed in Ar and Ar/H; are thicker than TiO»/Ti film
annealed in Ar and Ar/H; is that when Ti is annealed at high temperatures (> 800 °C)
and low oxygen pressures (< 10 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 TiO; films are annealed at high temperature in high
vacuum. Kofstad et. al 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/H; 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/H; have preferred orientation (rutile phase (110))
with higher relative intensity compared with Ti substrates annealed in air. Titanium
sub-oxide, Ti3O and TisO were observed in these thermally oxidized films as well.
These are the oxides with low oxygen contents [158]. Differences were observed
from the TiO,/Ti film annealed in different atmospheres (Figure 37); no anatase
phases were observed in any XRD pattern and for thermally oxidized film in Ar/Ha,
(101) rutile peaks can barely be seen, which indicates this film has stronger preferred

(110) orientation.
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has the thinnest oxide layer. Ting ef al. [157] suggested that strain energy increases
with increasing film thickness, therefore, in this study since Ti annealed in Ar and
Ar/H, 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 TiO, deposit. There is an apparent driving force to
absorb the oxygen from the TiO, deposit. Therefore, rutile TiO, crystallites are
strongly influenced by the crystallinity and orientation of Ti. This is one of the
possible reasons for TiO, 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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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 al.[161]. This is achieved by adding a molar ratio (Ti: Co =
10:1) of CoCl; 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 CoTiO; are observed, the film
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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]:

a
(Tetragonal) d,y, = 5.
i " R R @ )

Where dpy is interplanar spacing, A, k and / are different planes, a and ¢ 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 ¢ 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 **. The ionic radii for Co**, Co®" and Ti**
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 > Ti*' 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 Co? in low spin

state or Co’* in high spin state that substitutes for Ti*".
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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 TiO. films were annealed under Air, Ar and Ar/H; (10% Hy)

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 TiO, 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 Ti;O or TigO peaks; indicating

that the substrate was not oxidized.

Figure 61 shows the AFM images of samples annealed in air, Ar and Ar/H, (H, 10%)
respectively. Unlike AFM images of rutile annealed air, Ar, and Ar/H; 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 TiO, films annealed in
different atmospheres.

Annealed in air Annealed in Ar Annealed in Ar/H;
Co doped anatase | 36 + 18 nm 37+ 12 nm 43+ 19 nm
(A101)
TiO; (R110) 72+ 3 nm 81 +9nm 88 +5nm
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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 TiO, films, such as to increase the
photocatalytic or ferromagnetic properties of the TiO, 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
CoTiO; 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
(0.2-0.6u5/Co) for dilute ferromagnetic oxide thin films. Cobalt ions in the film exist

+ . .
as Co®* 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 Co®*. 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

TiO, above 750°C.
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7.0 Appendix

7.1 Master Table for Sample Preparation Conditions

Sample | Figure Curent | Deposition | Substrate | Anneal Anneal Anneal
Density | Time Temperature Time Atmosphere
(mA-cm? | (minutes) (°C) (Minutes)
1 14,20 20 45
1 16,21 20 45 800 60 Air
2 17 20 45 Pt From 100 to | Upto 480 | Air
1000
3 18, 22, 23, 24, | 20 45 Ti 800 60 Air
25,26,27
4 19 20 45 Ti From Room | Upto 360 | Air
temperature
to 800
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
8 284,29 5 45 Ti 800 60 Air
9 30a 20 15 Pt
10 30b 20 30
11 30c 20 45 Pt
12 31 20 45 Ti 1000 60 Air
13 34a,b, 35a, | 20 45 Ti 800 60 Air
36a, 37a,b, 38,
39, 40a, 42a,
14 34cd, 35b, | 20 45 Ti 800 60 Ar
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36b, 37c, d,

38,39,42c
15 3def, 35c, | 20 45 Ti 800 60 ArH, (H,
36¢c, 37e,f, 38, 10%)
39, 40b, 42e
16 41ab,  42b, Ti 800 60 Air
43a, 44
17 41c, d, 42d, Ti 800 60 Ar
43b, 44
18 41e, f, 42f, Ti 800 60 ArH, H:
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 | Upto 240 | Air
temperature
to 600
21 47 20 45 Ti From room | Up to | Ar
temperature 1,080
to 800
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 ArH, (H,
10%)
24 6la, 62a 20 45 Ti 400 90 Air
25 61b, 62b 20 45 Ti 400 90 Ar
26 6lc, 62c 20 45 Ti 400 90 ArH, (H;
10%)
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Sample | Table Current Deposition Substrate Anneal Anneal Anneal
Density Time Temperature Time Atmosphere
(mA-cm? | (minutes) °C) (Minutes)
)
3 1 20 45 Ti 800 60 Air
5,67, |2 30, 20, | 45 Ti
8 10, and
3,
13,14, | 3,5,6 20 45 Ti 800 60 Air, Ar and
15 ArH, (H;
10%)
16,17, | 6 Ti 800 60 Air, Ar and
18 AtH, (H;
10%)
1922 |7 20 45 Ti 400 90 Air,
2425, 19 20 45 Ti 400 90 Air, Ar and
26 Ar/H, (H;
10%)
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Dilute magnetic semiconductors (DMS), also known as
semi-magnetic semiconductors,! have stimulated considerable
interest in recent years.> 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.*>

Recently, Matsumoto et al.® 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 up, 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 researchers?® have suggested
that the observed ferromagnetic behavior is caused by Co
cations substituted into the anatase lattice, which is similar
to the lacal structure environment of Co in CoTiOs. Others
believed that clusters of Co metal in these films generated
the observed RTF properties.*!° More recently, a model
based on oxygen vacancies was reported by Liu et al."!

* Corresponding author. E-mail: m.pryan@imperial.ac.uk.

? Department of Materials, Imperial College London.

! Department of Physics, Imperial College London.

§ University College London

" London Centre for Nanotechnology, Imperial College London.

(1) Furdyna, J. K. J. Appl. Phys. 1988, 64, R29—R64.

(2) Ohno, H. Science 1988, 281, 951—956.

(3) Fukumura, T.; Jin, Z.; Ohtomo, A.; Koinuma, H.; Kawasaki, M. 4ppl.
Phys. Lett. 1999, 75, 3366—3368.

(4) Ohno, H. Science 2601, 291, 840—841.

(5) Yang, Z. X;; Liu, G.; Wu, R. Q. Plys. Rev. B 2003, 67, 060402-1—
0604024,

(6) Matsumoto, Y. J; Murakami, M.; Shono, T. J; Hascgawa, T.;
Fukumura, T.; Kawasaki, M.; Ahmet, P.; Chikyow, T.; Koshihara, S.
Y.; Koinuma, H.; Koinuma, H. Science 2001, 291, 854—856.

(7) Chambers, S. A.; Thevuthasan, S.; Farrow, R. F. C; Marks, R. F.;
Thiele, J. U,; Folks, L.; Samant, M. G.; Kellock, A. J.; Ruzycki, N.;
Ederer, D. L.; Dicbol, U. Appl. Phys. Lett. 2001, 79, 3467—3469.

(8) Punnoose, A.; Sechra, M. S.; Park, W. K.; Moodera, J. S. J. 4ppl.
Phys. 2003, 93, 7867—7869.

(9) Kim, J. Y_; Park, J. H,; Park, B. G.; Noh, H. J.; Oh, S. J; Yang,J. S.;
Kim, D. H; By, S. D.; Noh, T. W.; Lin, H. J.; Hsien, H. H.; Chen, C.
T. Phys. Rev. Lett. 2003, 90, 017401-1-017401-4.

(10) Wan, K. Y.; Ricardo, P.; Ortega-Hertogs, J.; Jagadeesh, S.; Punnoose,
A. M;; Sechra, M. S. J. Appl. Phys. 2002, 91, 8093—8095.

(11) Liy, L. F; Kang, J. F.; Wang, Y.; Tang, H.; Kong, L. G.; Zhang, X.;
Han, R. Q. Solid State Commun. 2006, 139, 263—267.

Synthesis of Co-doped thin films has been achieved by a
variety of methods including spray pyrolysis,'? oxygen-
plasma-assisted molecular-beam epitaxy (OPA-MBE),” 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 TiO» films by a solution-
based process. 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 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 TiOQ,, ZrQ,, and
ZrTi04.'* 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 room
temperature with no evidence for the formation of Co metal
clusters.

The preparation of TiO»-based films from aqueous solution
requires the stabilization of the Ti** 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).

Ti** +H,0, + (n — 2)H,0 —
[Ti(ONOH) ] ™" + nH* (1)

[Ti(0)(OH),, )] ™" + nOH™ + kH,0 — TiO,*(H,0)x
@)

With the addition of Co?* to the electrolyte this becomes

(1 = YITONOH), )" + nOH™ + kH,0 +
¥Co™ —Tig_,,Co,05(H,0)x (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™.
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Figure 4. Room temperature in-plane magnetization vs magnetic field for

two Cog05Ti09502 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
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Communications

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 up/Co) and in agreement with Matsumoto et
al.® Coupled with the XRD results, we suggest that in these
films the magnetic behavior observed is related to Co cations
substituted in the TiO, structure.

In summary, Ti;-.Co0,0;-5 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 CoTiO; 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 ferromagnetic behavior as observed
for films grown under vacuum conditions. This approach is
an attractive method of producing ferromagnetic material
with well-controlled stoichiometry and crystallization be-
havior.
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