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SYNTHESIS AND ELECTRICAL PROPERTIES OF THIN FILM TRANSITION
METAL OXIDES.
By Joshua Charles Whittam
BaTiO3 thin films were deposited onto polycrystalline Pt using a dip-coating technique,
with calcination temperatures of 750 to 900 °C. To avoid film imperfections such as
cracking or regions of zero BaTiO3 coverage (pinholes), key conditions, including aging
periods, water content, and stirring speeds, were refined to produce pinhole free, uniform
films with some porosity. Whilst those coated a single time short circuited during electrical
characterisation, this could be avoided if films were produced by multiple coating cycles.
The relative permittivity of a 600 nm BaTiO3 film was measured at 290 by fitting solid
state impedance data in the frequency range 100 Hz to 1 MHz. Electrochemical impedance
with an aqueous electrolyte allowed evaluation of the porosity, which remained fairly
constant between one and five coating cycles. Using this method, it was possible to
estimate the effective permittivity of the BaTiO3 itself as 374 and hence to evaluate the
increase in the relative permittivity that could be achieved by minimising porosity.
Strontium and zirconium doping of thin film BaTiO3 was performed on the refined solgel synthesis of BaTiO3 by replacing Ba(OAc)2 and Ti(OiPr)4 with Sr(OAc)2 and Zr(OiPr)4,
respectively. Producing phase pure (Ba1-xSrx)TiO3, Ba(Ti1-yZry)O3 and
(Ba1-xSrx)(Ti1-yZry)O3 where x ≤ 0.30 and y ≤ 0.15. The inclusion of each dopant affected
the sols aging process, where strontium decreased the aging time, most likely due to the
inclusion of extra absorbed water. Zirconium, on the other hand, increased the aging
duration, this was because the main component in the gelation process, Ti(OiPr)4, was
being replaced. The change in relative permittivity was measured as the concentration of
dopant species was increased. The addition of either species individually, or together
decreased the relative permittivity, this was because isovalent dopants of barium titanate
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with a smaller cation size (Sr), or larger cations (Zr) retards the vibration of the ions along
<111>, and the <100>, respectively. This affects the Curie temperatures phase transition
and the crystals structures ability to polarise.1
A stable, alkoxide-based electrolyte for the electrochemical deposition of TiO2 thin films
was developed. Films with controllable thicknesses between 60 nm and 2.4 μm were
electrochemically deposited onto polycrystalline Pt thin film substrates. Films of around 80
nm thickness were smooth, crack-free and well adhered. Annealing at temperatures
between 300 and 1000 °C resulted in anatase or rutile-structured TiO2, with crystallite sizes
increasing with temperature from 5 to 50 nm.
Barium titanate was electrodeposited under the same conditions as the TiO2 by
incorporating BaCl2 into the sol, and by substituting methoxy ethanol, potassium nitrate
and nitric acid with methanol, potassium chloride and hydrochloric acid with the resulting
film annealed at 750 °C. This allowed for the co-deposition of titanium and barium by
gelation and precipitation mechanism, respectively. The crystallite size was estimated as
8.8 +/- 3.6 nm, and the BaTiO3 had a lattice parameter a=b=c= 4.019 Å which matched the
literature value of 4.014 Å,2 with an overall film thickness was 340 nm.
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Objectives
The objectives of this project are the production of high quality, crack free, pinhole free,
uniform thin films of barium titanate and related oxides for future applications in
multilayer ceramic capacitors (MLCCs). Two methods will be utilised; sol-gel synthesis,
and electrodeposition.
The synthesis of BaTiO3 via the sol-gel method is well documented in the literature, but
film quality is not generally mentioned due to the difficulty of depositing a high quality
thin film. Electrodeposition of BaTiO3 has been reported, but using an unstable process
and with very low cathodic potentials,3,4 so an intermediary step of electrodepositing TiO2
will be performed. This method will then be translated to BaTiO3 by incorporating a
barium salt in to the TiO2 based electrolyte with refinements to the electrolyte synthesis,
deposition process, and the film curing.
Various characterisation methods are used to establish: crystal structure, film quality,
particle sizes, purity and porosity. These include grazing incidence X-ray diffraction,
scanning electron microscopy, optical microscopy, energy/wavelength dispersive X-ray
spectroscopy, Raman spectroscopy, X-ray photoelectron spectroscopy, solid state and
electrochemical impedance spectroscopy.
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Chapter 1 Introduction

1.1

Metal Oxides in Capacitors

Bulk metal oxides have a range of applications from charge storage5–7 to catalysis8 due to
their various physical,9 magnetic,10 optical,11 and chemical12 properties, depending on the
oxide in question. Thin film metal oxides are used in devices such as smart windows,13,14
supercapacitors,15 and photovoltaics,16 with the idea that reducing the size of the material
by changing from bulk (> 1 mm) to the thin film (< 1 mm) form will aid miniaturisation of
devices,17 but also retain specific, important properties.
Ceramic capacitors are one of the devices in question, where polarisable metal oxides are
used to store charge. In the early 20th century naturally formed mica was used as the main
dielectric material for ceramic capacitors,18 with a dielectric constant of 8.19 Over the
course of the Great War supplies diminished and so efforts to find a new material began.
This led to titanium dioxide (rutile), initially. With a dielectric constant of 100, rutile began
to usurp mica as the leading ceramic capacitor material.18 Over the Second World War
efforts to improve this dielectric constant led to rapid progress, with one outstanding
material being produced by modifying TiO2 with BaO.20 With dielectric constants
exceeding 1000, BaTiO3 became a major interest as a dielectric material.21 Over 70 years
later BaTiO3 is still used in the ceramic capacitor industry, more specifically in multilayer
ceramic capacitors (MLCC). In 2001, over 10 000 T of BaTiO3 was used per year in the
ceramic capacitor industry, accounting for 90 % of the total BaTiO3 production22 and with
over 1 trillion discrete units sold by 2010.21 Shipments of MLCCs have increased by 15 %
annually due to their extensive use in mobile phone technology23 (400 MLCCs per
phone),22 with their sizes decreasing every year.
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To further improve MLCCs storage capability and to meet growth projections (Figure 1)
the dielectric layer has to be made thinner, the number of layers inside the device needs to
increase, or the contact area can be amplified by the construction of 3D capacitors24
(Equation 1).22

Figure 1: The increase in the number of layers in multilayer ceramics compared to the
decrease in the thickness of the layers over 8 years of production, starting in 1994
(reproduced with permission from reference 25).

Equation 1: The change in capacitance as the distance between the dielectric layers
decrease and the number of layers increase. Where C=capacitance (F), ε0=permittivity of
free space (m-3kg-1s4A2), εr=relative permittivity of the material, A=electrode area (m2),
d=dielectric layer thickness (m), and N=number of layers.
Current market projections suggest that by 2020 MLCC sales volume will approach 4
trillion units. The current goals are to reduce unit size, but to retain capacitance.26 MLCCs
need thin film technologies to retain the number of layers but to reduce layer thicknesses.
Sol-gel deposition and electrodeposition provide the necessary tools to produce dielectric
layers of less than a micron, with the reproducibility to do this consistently over 1000
layers.
3

Chapter 1 Introduction

1.2

Thin Films

Thin films, as the name suggests, are films of a particular material usually of up to
hundreds of microns in thickness.27 Thin films are normally used to improve the surface
properties of solids such as, transmission, reflection, absorption, hardness, abrasion
resistance, corrosion, permeation and electrical behaviour compared to the bulk material.28
The film itself can be deposited in several ways and classified under 3 headings: physical,
chemical and physical-chemical methods. Examples include physical vapour deposition
(physical),29 molecular beam epitaxy (physical),30 cathodic arc deposition (physical),31 dip
and spin coating (chemical),32,33 chemical vapour deposition (chemical),34 atomic layer
deposition (chemical),35 and hybrid physical-chemical vapour deposition (physicalchemical).36
These deposition methods are experimentally very different, but the deposition
mechanisms, especially for PVD, CVD and electrodeposition, are similar, starting with
nucleation, followed by coalescence and finally film thickness growth.37 Nucleation has 3
models relating to growth modes; the Frank-van der Merwe mode, also known as the layer
by layer approach, where the first atoms to condense form a complete monolayer, then
each layer afterwards is bound less tightly. This mode is observed for adsorbed gases.38 An
alternative mode was described by Volmer-Weber, also known as the island mode. This
describes crystallites of critical size nucleating on the surface of the substrate as isolated
islands, eventually forming a network of islands when they impinge.39 The final mode is
the Stranski-Kratanov (SK), a combination of the other modes, so suitably known as layer
plus island growth, firstly a few monolayers form, followed by island formations.30
Using the SK mode, once the islands have formed they start to touch, forming a continuous
network.37 This process is coalescence and is important in particle growth. There are
several mechanisms through which growth occurs; condensation (the reaction of two larger
species, with the loss of a small molecule such as water), surface reactions (the selflimiting nature allows for precise control of deposit thickness, allowing for homogeneous
films)40 and coagulation (instant coalescence of particles after collision).41 If the rate of
particle collision is faster than that of their coalescence, then non-spherical (agglomerate,
aggregate) particles form.42
Another atomistic mechanism of growth emerging from the SK model, would be the TSK
(Terrace-Step-Kink) model of a surface. These elements, along with elemental entities in
4
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film growth, are shown in Figure 2. This model helps to explain why diffusion of the
adsorbed atom (ad atom) is important in the production of smooth films, which is not
possible without sufficient surface mobility.43 There are two important parts to this
mechanism;
1. Finding and joining of existing islands
2. The meeting of another adsorbed atom to create the possibility of nucleating a new
island
As nucleation continues, the distance between adsorbed atoms decreases and eventually
becomes constant.

Figure 2: The TSK model of thin film growth using a simple cubic crystal showing the
definition of adsorbed atoms, vacancies, kinks, steps, adsorbed dimers and islands
(reproduced with permission from reference 43).
There are also other factors included in the SK and TSK growth modes, such as percolation
of the island array and channel filling to form continuous thin films. For polycrystalline
thin films grain coarsening can occur during and after coalescence.44 The real structure is
also controlled by shadowing, which is caused by peaks overlooking valleys, enhancing
instabilities and ultimately leading to surface roughness.45 Surface and bulk diffusion
related to the mobility of adsorbed molecules and recrystallization could also lead to a
complete change in crystal orientation.37
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Thin films can exhibit strains due to deposition onto a substrate with different lattice and
thermal expansion behaviours, or defects arising from film deposition. This can result in
detrimental effects on the ferroelectric and dielectric properties of the films.46 Intrinsic
properties of films can therefore be much different to that of a bulk, unstrained material
and because of this special considerations are needed. If these effects are used correctly,
enhancement of properties can be achieved; this process is known as strain engineering.
Increases in the driving forces for film relaxation can be induced with strain and film
thickness,47 where relaxation towards a zero strain state can then occur by the introduction
of dislocations. Ferroelectric properties can substantially diminish as the ferroelectric film
gets too thin (roughly 10 nm), caused by finite grain effects.48,49
In this thesis two deposition techniques are used extensively; (1) sol-gel synthesis, more
specifically deposition of the sol via dip coating, (2) and electrodeposition, using specially
designed electrolytes, to allow for the growth of metal oxides onto the surface of
substrates. These processes will be explained in more detail in the following sections.

1.3

The Sol-Gel Process

Chemical methods such as sol-gel processing allows for exceptional control over particle
morphologies and purity, thus permitting them to be widely used in the production of
advanced ceramic materials.22 The sol-gel method offers several advantages over
mechanical methods in the production of powders including:50–52
1. Minimised thermal degradation due to low temperature processing (except
densification), with high purity and stoichiometric control.
2. Volatile alkoxide precursors are easily purified to a high degree.
3. Miscible organometallic precursors allow for homogeneously controlled doping
4. Mild chemical conditions.
5. Preparation of highly porous materials and nanocrystalline materials.
6. Control over the rate of hydrolysis, rate of condensation, pore size and porosity
using precursor modifications.
7. Mechanical strength control is possible by controlling the aging and drying
conditions.
8. Good Optical Quality.
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There are 2 types of sols; colloidal and polymeric, either consisting of a colloidal or a
polymolecular suspension of solid particles (1-1000 nm) in a liquid, respectively, such that
the dispersed particles are so small that gravitational forces are negligible and short range
interactions dominate. Colloidal gels are particles connected by Van der Waals or
hydrogen bonds (metal oxides or hydroxide sols), on the other hand, metal-oxane polymers
are inorganic polymers interconnected via covalent or intermolecular bonding (hydrolysis
and condensation of metal alkoxides).53,54
A gel consists of a porous, three dimensionally continuous solid network surrounding and
supporting a continuous liquid phase. In “colloidal” gels, the network is made of an
agglomeration of dense colloidal particles. Formation of a gel can also arise from the
entanglement of polymer chains.42 The sol-gel method has 2 common synthesis routes: (1)
gelation of a solution of colloidal powders; (2) Hydrolysis and polycondensation of
alkoxide or nitrate precursors.55
Metal alkoxides are widely considered the best starting materials for sol-gel preparation
due to the control provided by the organic substituents. Metals form alkoxides with the
general formula M(OR)x. These alkoxides undergo hydrolysis to produce an oxide matrix
with the general reaction scheme below (eqn. 1.1-1.2).56
M(OR)x + xH2O  M(OH)x + xROH

(1.1)

2M(OH)x  M2Ox + xH2O

(1.2)

The simplest preparation method of a multicomponent system involves making a solution
of all metal components in the form of alkoxides, using a suitable organic solvent. The
solution can then be reacted with water to produce an oxide mix. Multiple reactions occur
(hydrolysis then polycondensation) producing the metallometalloxane polymers (M-O-M
linkage) (eqn. 1.3-1.5).56
M-OR + H2O = M-OH + ROH

(1.3)

M-OR + M-OH = M-O-M + ROH

(1.4)

M-OH + M-OH = M-O-M + H2O

(1.5)

Problems with most multicomponent systems come about due to electronegativity
differences between the metal alkoxide components, the partial charge model considers
7
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this and estimates stability and reactivity of alkoxides. Hydrolysis rate increases as the
electronegativity of the metal decreases but can also be affected by alkyl group size and
steric effects. Additives such as bidentate ligand moderators (e.g. acetyl acetonate and
acetic acid) can be used to slow down hydrolysis by blocking nucleophilic centres.57
For some metals, such as the alkali metals and alkaline earth metals, it is not possible or
convenient to use alkoxides since they are unavailable or difficult to prepare. In these
situations, alternative reactants are found. Viable alternatives, due to their ability to
dissolve, reactive properties and loss of anion during annealing, include metal salts such as
acetates, carbonates, hydroxides and citrates.22
There are three main factors which influence the outcome of the sol;
1. Aging: when a sol cross-links and oligomerises it produces a solution of higher
viscosities. During aging four processes can occur, singly or simultaneously. These
are polycondensation (multiple condensation steps, forming an oxide network),
syneresis (condensation continues, causing shrinkage and so expulsion of solvent
and deflocculation of aggregates),54 coarsening (continued growth of islands, with
others shrinking, and in extreme cases disappearing, sometimes attributed to
Ostwald ripening where particles dissolve and redeposit on the surface of larger
crystals),58 and phase transformations.55,59
2. Drying: In stage 1 a decrease in volume of the gel equal to the volume of liquid lost
by evaporation is observed. The gel network is deformed by large capillary forces,
which cause shrinkages of the object.
Stage 2 begins when the “critical point” is reached. This occurs when the strength
of the network has increased, due to greater packing densities of the solid phase
resisting further shrinkage, creating high capillary pressure. This causes liquid
transport through the films to the surface where evaporation takes place. Flow is
driven by the gradient in capillary stress.
Stage 3 is when the pores have substantially emptied, meaning liquid can only
escape through evaporation from within the pores and diffusion of vapour to the
surface. During this stage there are no dimensional changes, only slow progressive
weight loss until equilibrium is reached.55
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3. Densification: This is the increase in density due to certain factors; high curing
temperatures and high sintering temperatures. This is also a problem because these
temperatures can cause propagation of cracks, and ceramic brittleness.60 When the
substrate’s and film’s thermal expansion coefficient differs and then this film is
heated to high temperatures, and then cooled too rapidly, cracking often occurs due
to in-plane tensile stresses. Other reasons are due to large solvent evaporation
causing shrinkage in parts not bonded to the substrate.61
Further control of sol-gel reactions can be employed, such as reactivity modifications.
Acetylacetonate (acac) can be used in the case of titanium isopropoxide, adopting a
bidentate ligand binding mode to increase the metal coordination number (Figure 3).
Similar results can be obtained by treating metal alkoxides with acetic acids.50

Figure 3: Effects of the bidentate ligand acetylacetonate on titanium isopropoxide. (a)
Ti(OiPr)3(acac) complex (1:1 ratio of Ti:acac) and (b) Ti(OiPr)2(acac)2 (1:2 ratio of
Ti:acac).
The disadvantages of moderators appear structurally in the gel, as the rate of hydrolysis is
lowered there is a decrease in the reactivity of the metal alkoxide. This results in fewer
crosslinks and the stereochemical steering of the hydrolysis and polycondensation reaction
into certain sites.54
Sols also have a high versatility over other techniques as not only can thin films be
produced from the sols by dip, spray, or spin coating, powders can be obtained by drying
and annealing of the gels, and gel fibres can be drawn directly from the sol. Here, gelation
occurs during the preparation of the film or fibre due to rapid evaporation of the solvent.42

1.4

Dip Coating

Dip coating, also known as free-meniscus coating, or viscous lifting or drag-out,62 is
extensively used in many processes to deposit thin films on a substrate for such purposes
9
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as protection, controlling refractive index, lubricating, and magnetisation.63 The purpose of
this process is to deposit a thin layer of material onto a substrate, usually with the material
dissolved in a pertinent, typically organic solvent. A substrate moving with a constant
velocity, carries a thin layer of liquid solution/gel, which evaporates, leaving a thin layer of
the material deposited onto the substrate.63 There are 3 different methods of dip coating;
substrate immersion, coating by drainage and continuous dip coating.
This whole process of immersion, withdrawal (coherent liquid film is entrained on the
substrate), consolidation drying (where the chemical reaction occurs; in this case draining,
evaporation, hydrolysis and condensation) and curing/sintering is explained in Figure 4.
Any turbulence or variation in atmosphere occurs there will inevitably be inhomogeneities
in the film.

Figure 4: The fundamental stages of sol-gel dip coating (flow of air is described by the
arrows) (reproduced with permission from reference 64).
As the gel starts to thicken (consolidation drying), it is said that the gel is initially saturated
with solvent, but as drying continues, the liquid-vapour meniscus begins to recede into
larger pores and the gel becomes a partially saturated porous medium. Tensile capillary
pressure in the liquid then causes a compressive deformation and hence a reduction in
thickness and pore size of the coating.65 This process of drying after withdrawal is
illustrated further in Figure 5.
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Figure 5: Stages of drying in porous gel films, where the left line represents film
thicknesses throughout the stages (reproduced with permission from reference 65).
High curing temperatures required to crystallise the deposited gel can result in detrimental
surface imperfections, such as; macro/microscopic shrinkage which lead to severe cracking
of the sol-gel structure. This is due to substantial volume contraction and internal stress
accumulation as large amounts of solvent and water evaporate. To help avoid this, high
expansion coefficient materials can be used.66

1.5

Electrodeposition

Classical inorganic deposition techniques include; physical vapour deposition,67 molecular
beam epitaxy,68 and atomic layer deposition.69 These methods often require harsh
conditions and high temperatures which are energy consuming, as an alternative,
electrodeposition of metals provide a cleaner way of processing thin film materials.70
In the event of either the diffusing species being charged or the diffusion medium being
porous, layered, or defective, it is possible to induce diffusion by the application of an
electric potential. This is achieved by passing an electrical current between two or more
electrodes separated by an electrolyte. This process takes place at the electrode–electrolyte
interface. There are several important features of electrodeposition:71
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1) Takes place close to the electrode, within the double layer.
2) Products are deposited onto the electrode in the form of a thin film or coating.
3) It is a low temperature technique, usually limited by the boiling point of the
electrolyte.
4) Kinetic control exists through controlling the applied current.
5) Involves oxidation or reduction reactions, where potential can be fine-tuned to suit
selective syntheses.
6) Varying electrolyte compositions can be employed, providing controlled film
compositions.
7) Self-limiting film deposition, if the deposit is insulating.
8) Simple to perform and uses inexpensive instrumentation.71
Electrodeposition as a technique has been around as long as electrochemistry, where
electroplating of metals, such as Cu,72–74 Pd,75–77 and Au78–80 (from Cu2+, Pd2+, and Au1+ or
Au3+, respectively) can be performed when a cathodic current is used to reduce the cationic
species at the electrode surface to deposit the metallic form (eqn. 1.6).81
Mn+ + ne- = M

(1.6)

This process was first discovered by depositing Pb and Cu dendrites onto silver wires in
1801. Gold was then plated by 1805, and in 1840 the first Au electroplating process was
patented. In the following years, many other metals were electrodeposited.82 This gave way
to early applications to improve the appearance of jewellery (gold plating),83 but advanced
extensively during World War I and II where chromium, nickel, copper, zinc, tin, silver
and rhodium were all electroplated onto specialised equipment, saving time, materials and
money.84
There has been a sudden surge in interest for metal deposition, mainly due to three
technologies: (1) metal deposition for the fabrication of integrated circuits, (2) deposition
for magnetic recording devices and (3) deposition of multilayer structures.81 Nucleation
can be regarded as the most critical stage of growth for definition of the final film
properties of thin films in the scale of nanometres.85 If 3D nucleation is present a crossed
voltammogram (nucleation loop) is expected in a cyclic voltammetry experiment, since the
activation energy needed to start nucleation is greater than that to continue the process. An
example would be copper electrodeposition where Cu2+ is reduced to Cu on the surface of
a substrate, the cathodic current in the forward cycle after the crossover represents the Cu
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deposition, whereas before the crossover stripping of this deposit occurs and at the point of
crossover, the start of nucleation.85
The efficiency,86 simplicity,87 and substrate versatility88 of the metal electrodeposition
process opened the door for metal oxide deposition, but with many deposition mechanisms
available across the d-block elements. There are two main techniques to depositing
transition metal oxides; anodic89–94 and cathodic16,95–100 deposition. The first is the
application of a positive potential, generally in a mildly basic solution101–103 to allow for
two processes to occur. Firstly the oxidation of a stable metal species, towards a cation that
is less stable (eqn. 1.7), and secondly the reaction of the electrogenerated species at the
substrate surface with the hydroxides present in the basic solution, forming a precipitate on
the substrate (eqn. 1.8).104,105
M(n+z)+ = Mn+ + ze-

(1.7)

Mn+ + nOH- = M(OH)n

(1.8)

Cathodic deposition is like anodic deposition in the fact that it requires an electron transfer
process to facilitate a reaction at the substrate interface. In this case, a negative potential is
used in the electron transfer reaction to generate hydroxide ions, or consume protons106
(eqn. 1.9 - 1.24) to raise the pH which destabilises the metal species to produce a deposit107
(this requires the electrolyte to be acidic in nature), or a direct reaction of the hydroxide
ions with the metal species at the surface of the substrate.108–110 The generation of
hydroxide ions typically occurs through the reduction of nitrate ions (eqn. 1.10 - 1.19) or
peroxide and perchlorate (eqn. 1.20 - 1.22), but can also occur through O2, or H2O
reduction (eqn. 1.23 - 1.24).111 There are multiple reduction processes that can occur
depending on the electrolyte pH and composition, in general, electrode process shown in
equation 1.11104,107,108,112 is mentioned across most of the literature pertaining to this
process.
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H+

NO3-

NO2-

H2O2

2H+ + 2e- = H2 (E0 = 0.0 V)

(1.9)111,113

NO3- + 2H+ + 2e- = NO2- + H2O (E0 = 0.934 V)

(1.10)111,114

NO3- + 10H+ + 8e- = NH4+ + 3H2O

(1.11)111

NO3- + 3H+ + 3e- = NO + 2H2O (E0= 0.96 V)

(1.12)115

NO3- + 7H2O + 8e- = NH4+ + 10OH- (E0 = -0.12 V)

(1.13)111,112

NO3- + H2O + 2e- = NO2- + 2OH- (E0 = 0.01 V)

(1.14)107,111

NO3- + 6H2O + 8e- = NH3 + 9OH-

(1.15)116,117

2NO3- + 6H2O + 10e- = N2 + 12OH-

(1.16)118,119

NO2- + 2H2O + 3e- = 0.5N2 + 4OH- (E0 = 0.406 V)

(1.17)111,120

NO2- + 5H2O + 6e- = NH3 + 7OH- (E0 = -0.165 V)

(1.18)111,120

NO2- + 4H2O + 4e- = NH2OH + 5OH- (E0 = -0.45 V)

(1.19)111

H2O2 + 2H+ + 2e- = 2H2O (E0 = 1.776 V)

(1.20)111

ClO4- + H2O + 2e- = ClO3- + 2OH- (E0 = 0.36 V)

(1.21)111,121

ClO4- + 4H2O + 8e- = Cl- + 8OH- (E0 = 0.51 V)

(1.22)111,121

O2

O2 + 2H2O + 4e- = 4OH- (E0 = 0.401 V)

(1.23)111,122

H2O

2H2O + 2e- = H2 + 2OH- (E0 = -0.828 V)

(1.24)111,122

ClO4-

1.6

Transition Metal Oxides

Transition metal oxides have an assortment of properties, some are highly conductive
(RuO2123 or ReO3124) with others being insulating (BaTiO3).125 Some exhibit
ferromagnetism (CrO2),126 where on the opposite side of the spectrum antiferromagnetism
can occur (NiO).127 There are also ferroelectrics (KNbO3),128 and ferroelastics
(Gd2(MoO4)3).129 Superconductivity can even occur (YBa2Cu3O7) at low temperatures
(92 K).130 Their broad range of properties can be partly attributed to the multitude of
crystal systems such as rock salt (MgO, CaO, NiO, CoO, MnO, SrO, and EuO),131 wurtzite
(ZnO),132 rutile (TiO2, NbO2, TaO2, ReO2, OsO2, CrO2, MnO2, RuO2, RhO2, PtO2, and
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IrO2),133 perovskites (CaTiO3, LaVO3, and YTiO3),134,135 and spinel (NiCo2O4, NiMn2O4,
ZnCo2O4, and ZnMn2O4),136 this allows for an assortment of orbital overlap and material
defects like vacancies,137 dislocations,138 and grain boundaries.139 Bulk and thin film metal
oxides have commercial applications in MLCCs (BaTiO3),18 smart windows (WO3),140 dye
sensitised solar cells (TiO2)140 and catalysis (ZnO, and NiMoO4).141 There is currently
research in the fields of; photocatalysis,142 fuel cells,143 thermoelectrics,144
electrochromics,145,146 energy storage,147–150 acoustic wave devices,151
optoelectronics,152,153 solar cells,154 gas sensors155,156 and transistors157 showing the
versatility of metal oxides and how widely it is researched. Properties of synthesised metal
oxides can be changed or enhanced by using different synthesis techniques and conditions
to manipulate the particle shapes. This can alter surface area,158 surface to volume ratio,159
stability,160 and conduction lengths.161 Nano structures include octahedra,162 wires,163
cages,164 cubes,165 multipods,166 and “cauliflowers”167 (Figure 6). Some structures are not
always easy to make, or commercially viable due to the possible scales of the reactions but
it has been proven to improve specific capacitances,168 photocatalytic,169 chemical sensing
abilities,170 and water oxidation yields.171

Figure 6: SEM images of octahedra (a), nanowires (b), nanocubes (c), and cauliflowers
(reprinted with permission from reference 169 (a). Copyright (2010) American Chemical
Society, 172 (b), 165 (c) and 167 (d). Copyright (2008) American Chemical Society).

1.7

Dielectrics

Dielectric is a term which is interchangeable with non-conductor and insulator, as a
dielectric material has no loosely bound or free electrons, and its ionic charges have
limited mobility. The movement of these charges can only occur when they have overcome
their intertia, once a charge is received via an electrostatic field, it is retained, confining it
to a localised region in which it was introduced.22 The dielectric constant (κ) is usually
expressed as the ratio of the absolute permittivity of a material (ε) to the permittivity of a
vacuum (ε0=8.854 x10-12 Fm-1).173
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When a dielectric material is placed under an electric field, its dipoles are induced, there is
alignment of the permanent dipole, and the material concentrates the displacement field.
The displacement field is directly proportional to the electric field and is explained
mathematically by one of Maxwell’s equations (Equation 2).22

Equation 2: Maxwell’s equations where D=displacement field (total field after dipole
orientation), ε=permittivity of the material and E=electric field strength.
This alignment is called polarisation, in a dielectric material there are 4 possible
mechanism of polarisation (Figure 7).
1. Electronic: When an atom is situated in an electric field, the charged particle
experiences an electric force, as a result the centre of the negatively charged
electron cloud is displaced with respect to the nucleus (opposite to the applied
electric field). A dipole moment is induced in the atom and is said to be
electronically polarised.174
2. Ionic: The result of small relative displacements of oppositely charged ions that
propagate and result in polarisation of the whole material.175
3. Dipolar: Dipolar polarisation is uncommon in ceramics because most of the
permanent dipoles cannot be reoriented without destroying the crystal structure. An
example is barium titanate, where its octahedrally coordinated Ti4+ ion is displaced
slightly from its ideal symmetric position. Applying an alternating electric field
causes this ion to move back and forth between its two allowable positions,
ensuring polarisation alignment with the field.52
4. Interfacial: Interfacial polarisation is caused by space charges (collection of
particles with a net electric charge), in the film/electrode interfaces (normally
resulting from impurities).176
The total P for the material is the sum of all individual contributions (Equation 3).52

Equation 3: Total polarisation of a material.
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Figure 7: Different polarisation mechanisms in a solid (reprinted with permission from
reference 52).
The dielectric constant is a measure of the ability of an insulating material to store charge
when subjected to an electric field.22 Table 1 shows various materials and their
corresponding dielectric constants.
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Table 1: Dielectric constants of various materials at room temperature – When available stated for the respective thin films. (All crystal
structures and space groups were obtained from ICSD).
Medium

Crystal Structure

Space group

Dielectric Constant

Ref.

Vacuum

N/A

N/A

1

-

H2 O

N/A

N/A

78.54

52

NaCl

Cubic

F m -3 m

5.9

52

SiO2

Monoclinic

C1c1

3.7-3.8

52

TiO2 – Anatase

Tetragonal

I 41/a m d S

18.9

177

TiO2 – Rutile

Tetragonal

P 42/m n m

63.7

177

SrTiO3

Cubic

P m -3 m

475

178

Pb[ZrxTi1-x]O3

Trigonal

R3cH

273.1

179

BaTiO3

Cubic

P m -3 m

630

180

CaCu3Ti4O12

Cubic

I m -3

2000

181
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BaTiO3 and other titanates and zirconates exhibit a very large dielectric constant due to
their permanent dipoles. These permanent dipoles are bound to arise when atoms of
different types form molecules, since the partners differ in electron affinity with their
electron clouds being displaced eccentrically towards the stronger binding atoms.182
Dielectric materials are able to withstand a certain applied electric field strength before
they break down and current flows. High dielectric strengths are important in applications
where thickness of the material is small (e.g. capacitors).183
Dielectric materials have a broad range of applications including but not limited to; DRAM
(Dynamic Random Access Memory) capacitors,184 bypass capacitors,185 IR detectors,186
tuneable microwave devices (resonators, filters and phase shifters),187,188 multilayer
ceramic capacitors (MLCCs),189 printed circuit boards,190 and electro-optic devices.191
Dielectric materials have tuneable properties to excel in these applications. Properties can
be changed by:
1. Film Thickness; bulk dielectric materials generally have a higher permittivity than
thin films. As the thickness decreases so does the permittivity. Thicker films also
produce a lower leakage current. This makes film thickness uniformity important
(Table 2 shows a short list of differing deposition techniques and the conformality
produced).192
Table 2: Representative thin film conformality (topography differences) achieved with
various deposition methods.184
Deposition Method

Conformality

Sputtering

< 60 %

Sol-Gel

20-65 %

Plasma Enhanced Metal Organic Chemical
Vapour Deposition (MOCVD)

40 – 65 %

Thermal MOCVD

> 80 %

2. Annealing Conditions; measured dielectric constants increase as the annealing
temperature and duration increases. It is suggested that even with similar grain
sizes and density of each sample there is still an increase, this is due to a better
19

Chapter 1 Introduction
developed defect structure.193 Furthermore, annealing in an argon atmosphere
increases the dielectric constant, this may increase the concentration of oxygen
vacancies and hence charge carriers.193 This has limits, where up to a 50 % O2/Ar
mixing ratio produced the highest dielectric constant for (Ba,Sr)TiO3 thin films.194
3. Grain Size: directly related to annealing conditions, with decreasing grain size, the
dielectric constant is said to decrease. Coarse grained samples (60 μm) undergo a
structural phase transition whereas the medium- (15 μm) and fine- (2 μm) grained
samples show diffuse phase transitions. Increases in grain size also aid voltage
loss.195 It is said that the smaller the grain size, the smaller the grain to boundary
ratio, therefore the smaller the overall permittivity.196
4. Stress: for a free-standing film, a voltage applied across its thickness causes the
film to contract by an electrostrictive strain. The stress in the plane of the film
causes a change in permittivity measured through the film thickness (Equation 4).
When stress is applied to ferroelectric thin films, the permittivity drops, in fact the
stress free room temperature capacitance was found to be 23 % higher than the
capacitance of films under residual stress.196

Equation 4: Thermodynamic theory of Devonshire. Q12=electrostrictive coefficient,
σ=stress, εf=permittivity of the stressed film and εu=permittivity of the unstressed film.

1.8

Ferroelectrics

The characteristic feature of a ferroelectric crystal is the appearance of a spontaneous
electric dipole moment which can be reversed (switching) by reversing the applied electric
field. Many ferroelectric materials possess a spontaneous dipole moment below the Curie
temperature. The phases with and without a spontaneous dipole moment are referred to as
ferroelectric and paraelectric, respectively.197 Ferroelectricity has an indicative hysteresis
which is displayed in terms of polarisation, P, and electric field, E (Figure 8a).198 At high
field strengths ferroelectric substances have a saturation polarisation, PS, and when the
potential is reduced to zero a remanent polarisation, PR, is observed. To remove the
polarisation a coercive field of strength, Ec, is used. The Ti4+ in BaTiO3 shifts 0.1 Å, which
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is roughly 2.5% of the unit cell size. These charges give rise to dipoles and the high
dielectric constants that are characteristic of ferroelectrics.199

Figure 8: Polarisation for a ferroelectric (a) and an ideal dielectric (b) material, where P is
the polarisation and E is the electric field strength.
Ferroelectricity and dielectric behaviours are very similar, but there is a subtle difference.
When polarisation is induced in a dielectric material (Figure 8b), P, it is exactly
proportional to the applied external field E, making the polarisation a linear function
(Equation 2). In most ferroelectric materials a spontaneous non-zero polarisation, even at a
zero applied field is observed. They also have a lower permittivity compared to an ideal
dielectric, and retain residual electrical polarisation even after the applied voltage is
switched off.199,200
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2.1

X-Ray Diffraction

X-ray diffraction (XRD) involves the elastic scattering of X-rays by the electrons in atoms.
Diffraction can occur for a periodic array of scattering centres separated by distances
similar to the wavelength of the radiation (about 100 pm).201 For example, Kα1 X-rays
produced from a Cu metal target have a wavelength of 1.54 Å (154 pm). When this
monochromatic beam penetrates a series of identical parallel planes in a crystal, each plane
of atoms scatters the radiation. If the angle of incidence is equal to the angle between the
scattered beam and the normal, a Bragg reflection has been created (Figure 9).173 The array
of black dots represents a section through a crystal and the lines joining the dots mark a set
of parallel planes with Miller indices hkl and the interplanar spacing dhkl. A parallel beam
of monochromatic X-rays (AD) is incident to the planes at an angle θhkl. Photon A is
scattered by atom B, photon D is scattered by atom F and so on. For the reflected beams to
emerge with a reasonable intensity and as a single beam, they must be in phase with each
other so that constructive interference can occur.202

Figure 9: Bragg reflection in a crystal (adapted with permission from reference 202).
The addition of vectors EF and FG equals the difference in path length, which also must be
equal to an integral number, n, of wavelengths, λ (nλ = EF + FG = 2EF = 2FG). EF and FG
are also equal to dhklsinθhkl. As this is the case, the Bragg equation (Equation 5) can be
formed by combining these facts which relates the spacing between the crystal planes, dhkl,
to a particular Bragg angle, θhkl.203

Equation 5: The Bragg equation, relating wavelength, λ, to crystal spacing, dhkl, and the
Bragg angle, θhkl.
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Crystals have a multitude of lattice planes (Figure 10), these result in different reflections
on the X-ray diffraction pattern. The planes with the smallest Bragg angle will have the
largest dhkl spacing. In the primitive cubic system the (100) plane will have the largest
separation and so will give rise to the first reflection. As a = b = c and α = β = γ = 90 ° in a
cubic system, the (010) and (001) will reflect at the same position. The spacing of the
reflecting planes, dhkl, can be calculated for a cubic system with a unit cell dimension, a
(Equation 6) and can then be combined with the Bragg equation (Equation 5) allowing for
the calculation of lattice parameters from the X-ray diffraction pattern (Equation 7).202

Figure 10: Examples of the (100), (110), (111) and (200) lattice planes, respectively.22

Equation 6: Calculation of d-spacing in a cubic lattice from the lattice planes (h, k, and l)
and the lattice parameter, a.

Equation 7: Relationship between the Bragg angle, hkl, and the Miller indices in a cubic
lattice derived from Equation 5 and Equation 6.
There are separate equations for each of the seven crystal structures (cubic, tetragonal,
hexagonal, rhombohedral, orthorhombic, monoclinic and triclinic). For example, tetragonal
systems where a = b ≠ c and α = β = γ = 90 °, the 100 and 010 reflections appear in the
same place but the 001 does not (Equation 8).

Equation 8: The lattice parameter equation for a tetragonal crystal structure.
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X-ray diffraction is often used as a fingerprint method for detecting the presence of a
known compound or phase in a product. This is made possible due to the extensive library
of X-ray diffraction patterns stored by databases such as the Inorganic Crystal Structure
Database (ICSD),202 and the Joint Committee on Powder Diffraction Standards (JCPDS)
providing a method for identification of products, impurities, or amorphous content in bulk
powders or thin films. Another method takes advantage of X-ray diffraction patterns is by
using peak broadening (Full-Width Half-Maximum/ FWHM) to calculate crystallite sizes,
and was developed by Scherrer in 1918.204 If crystallite sizes are sufficiently small, the
maxima of the diffraction pattern are broadened by an amount inversely proportional to the
crystallite size. This gives rise to the Scherrer equation (Equation 9).205

Equation 9: The Scherrer equation where τ=‘true’ crystallite size (m), K=Scherrer constant,
β0=breadth/FWHM (radians), βs=breadth/FWHM (radians) of a highly crystalline standard
and θ=Bragg angle.
The value of K depends on at least three things, the peak breadth, the crystallite shape and
the crystallite-size distribution. The value for K also changes for crystal structure and the
differing lattice planes.205 Another quantitative analysis method is Rietveld refinement.
This method is widely recognized to be uniquely valuable for structural analyses of nearly
all classes of polycrystalline materials, and is comprised of a least-squares refinement
(Equation 10) which is carried out until the best fit has been obtained.206

Equation 10: Least-squares refinement where Sy=quantity minimized, wi=1/yi, yi=observed
(gross) intensity at the ith step, and yci=calculated intensity at the ith step.
This method takes into account models for the crystal structure, diffraction optic effects,
instrumental factor, and other specimen characteristics (e.g. lattice parameters), but does
not allocate observed intensities to particular Bragg reflections nor to overlapped
reflections, instead the whole pattern is fitted, this gives rise to the Rietveld equation
(Equation 11).207
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Equation 11: The Rietveld equation where S=scale factor, K=Miller indices, h k l, for a
Bragg reflection, LK=Lorentz, polarisation, and multiplicity factors, Φ=reflection profile
function, PK=preferred orientation function, A=absorption factor, FK=structure factor for
the Kth Bragg reflection, ybi=background intensity at the ith step.
The intensity of each reflection is given by the structure factor equation (Equation 12).208
The parameters which are refinable via the Rietveld method are: xj, yj, zj, Bj, Nj, scale
factor, specimen profile breadth parameters, lattice parameters, overall temperature factor,
individual anisotropic thermal parameters, preferred orientation, crystallite size and
microstrain.206

Equation 12: The structural factor equation where FK=the structure factor, Nj=site
occupancy, fj=atomic force factor, h k l=Miller indices, xj, yj, and zj=position parameters of
the jth atom in the unit cell, Bj=thermal displacement parameters, and λ=wavelength.
The reasons that X-ray diffraction is used in the characterisation of thin films are that it is
non-destructive and so other methods can be used after XRD has been performed, average
structures can be obtained over large areas and analysis depth can be controlled by the
incident angle (< 10°) relative to the surface. This is so that the penetration depth is
reduced, hence only the surface (not the bulk) was being analysed.52 The grazing incidence
X-ray diffraction (GIXRD) technique was used throughout this project and identified the
phase of the material, and the presence of any impurities. This project used a 1° incidence
angle to reduce signals from the platinum substrate, a 5° Soller slit, with a 10 mm incident
slit. The X-ray beam was a monochromatic Cu Kα1 with a wavelength of 1.5406 Å using a
Rigaku 2D detector to collect the data.209
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2.2

Scanning Electron Microscopy (SEM)

In optical microscopy the maximum useful magnification is 1000 times, depending on the
equipment used. This gives a need for an alternative technique that gives better resolution,
a greater magnification (depending on the conductivity of the specimen magnifications can
reach over 100 000 times) and is more easily accessible. In scanning electron microscopy,
electrons are produced via 3 techniques:
1. Heating a tungsten filament to over 2500 °C, with a magnetic field focusing under
high vacuum, accelerating the electrons to high energies.
2. LaB6 filaments, which also work by thermionic emission, but have a larger
maximum beam current and a longer lifetime.
3. Lastly, electrons can be emitted through field emission guns that provide the
brightest beam but require a lower working pressure compared to the other 2
methods (by a factor of 10000 Torr).
These beams are then scanned across a selected area of the specimen surface in a raster by
scan coils. The interaction of the electron beam with the specimen produces secondary,
backscattered and Auger electrons, and also X-rays, providing multiple SEM imaging
techniques.210 Secondary electron imaging uses electrons which leave the specimen surface
with energies ≤ 50 eV when the object is bombarded with primary electrons (Figure 11).

Figure 11: Arrangement for measuring the secondary electron emission, where the
secondary electrons (SE) are released by the primary electrons (PE) and by backscattered
or reflected electrons (RE). The mean escape depth λ nm from the metal, with the detector
(D) collecting all emitted electrons.
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Secondary electrons have a mean escape depth of about λ = 1 nm and so are influenced by
very thin surface layers.211 SE SEM provides the highest spatial resolution images, as the
SE can only escape from a very shallow, near surface layer of material. This technique
primarily gives topographical information, as well as some compositional contrast.210
Back scattered electron (BSE) imaging requires an elastic interaction (whereas SE is an
inelastic), meaning that the elastically scattered electrons will have energies similar to
those of the primary electrons. BSEs originate from within the target specimen (10 – 100
nm) by elastic scattering events in one of two ways.


Strong Coulombic fields of an atoms nucleus can cause a large deflection (>90°) in
the trajectory of an incident electron (i.e. Rutherford scattering)



Incident electrons can undergo multiple low-angle deflections which together
comprise a deflection of >90°.

These scattered electrons can provide images based on compositional and crystal structure.
However BSE spatial resolution is inferior to that of SE since the emission of SE occurs
from a much smaller, near surface volume (Figure 12).212

Figure 12: Comparison of penetration ranges (Rs, Rb, Rx) and spatial resolutions (SE, BSE,
X) for secondary electron, backscattered electrons and X-ray emission signals from
elements with low to medium atomic numbers (reproduced with permission from reference
212).
Back scattered electrons provide compositional information, where elements of higher
atomic mass give brighter contrasts. Crystallographic information can also be obtained due
to electron channelling.210
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SEM does not always have to be conducted under high vacuum. When the specimen is
insulating or wet, the use of environmental mode is preferred. The two main differences
compared to conventional SEM are:


Instead of the specimen being under high vacuum, a gas (frequently water vapour)
is present in the specimen chamber (still retaining the resolution of conventional
SEM).



Insulators do not need to be coated with a conducting layer (gold or graphite)
before imaging (this is a requirement for conventional SEM since insulators will
build up charge, as they cannot dissipate the electrons provided by the electron gun
(charging)).

Environmental modes can be used to image insulators because when the electrons (SE or
BSE) are emitted, they collide with the gas molecules, with a high probability of ionising
them, with the generation of an additional electron (cascade amplification). The electrons
produced are drawn to the positively biased detector. The cations produced from ionisation
drift towards the specimen to compensate for the charge build-which have resulted from
the emitted electrons not dispersing on the insulating specimen (Figure 13).213

Figure 13: The cascade amplification process, where the gas molecules are ionised by the
emitted electrons, producing a daughter electron. The daughter electron travels towards the
positively biased detector whereas the cation drifts towards the specimen surface
preventing charging (reproduced with permission from reference 213).
SEM (and optical microscopy) was very important for the work presented in this thesis. It
was used to image the surface topography, and to view any cracks formed on the surface of
the films. As BaTiO3 is very resistive, wet mode could have been employed to reduce
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charging of the films, although gold coating was preferentially chosen in cases of surface
charging. SEM was also used for the cross sections, to allow for a side-on view of the films
to allow measurements of the film thickness, which is necessary for the permittivity
calculation. The SEM in this project was performed using either a JEOL JSM6500F
Microscope or a Philips XL30 ESEM and optical microscopy images were collected using
a Nikon Eclipse optical microscope.

2.3

Energy Dispersive/ Wavelength Dispersive X-

Ray Spectroscopy (EDS/WDS)
As mentioned in the previous section, Auger electrons and X-rays are also produced from
targeting the specimen with electrons. The emission of X-rays is a phenomenon produced
by inner-shell excitation with incident electrons. The inner shell electron transits to a highenergy level, the hole in the inner shell is filled by an electron at a high energy level,
resulting in emission of a characteristic X-ray with energies between the two energy levels
(which corresponds to the difference of the quantum number of orbital angular momentum
(Δl = ±1)). The emission process of the Kα1 characteristic X-ray due to L3  K transition
results from the hole formation in the 1s inner shell (K shell). In the same way, L and M
series correspond to the X-ray emitted when the electron transits to the L shell and the M
shell, respectively (Figure 14). Each characteristic X-ray has a specific energy
corresponding to each element, and therefore the element can be identified from the peak
energy.214

Figure 14: Energy levels of atomic electrons and species of characteristic X-rays.214
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Energy dispersive and wavelength dispersive X-ray spectroscopy are non-destructive
chemical characterisation techniques. The theory above applies for both techniques, but the
differences lie in the detection and collection.215 The main advantage of EDS compared to
WDS is its ability to detect all lines in the emission spectrum simultaneously (tens of
seconds) and with high photon-counting efficiency. This is due to the high resolution solid
state detector, consisting of liquid nitrogen cooled lithium drifted silicon diode (connected
to a low-noise preamplifier), which absorbs incoming X-ray energy by ionisation, yielding
free electrons in which an electrical charge bias can be produced.216 Limitations in EDS
consist of peak overlap among different elements (e.g. Ti-Kα and Ba-Lα peaks arise at
4.508 and 4.465, respectively). This is where wavelength dispersive spectrometry becomes
relevant. WDS instruments are designed to measure one element at a time, using an
analytical crystal with specific lattice spacings. The spectrometers have great flexibility
and a multiple selectable single crystals which provide good dispersion over a wide range
of wavelengths, hence this is a very high resolution technique.217 This is because when Xrays encounter the crystal at a specific angle, only the X-rays that satisfy Bragg’s law
(Equation 5) are reflected and a single wavelength is passed onto the detector, this
wavelength is changed by adjusting the position of the crystal to analyse different elements
(Figure 15).218

Figure 15: Configuration of the analytical crystal and detector compared to the sample
specimen within a wave dispersive spectrometer (adapted with permission from 218,
Copyright (2002) American Chemical Society).
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EDS was used for its quantitative analysis tool, where either an INCA x-sights EDS/EDX
detector or a Thermofisher Ultradry detector was used. This showed the ratio of Ba:Ti in
the sol-gel produced barium titanate thin films. It also allowed determination of the
percentage inclusion of strontium and zirconium during the doping of the BaTiO3 thin
films. This meant that a quantification of the dopant concentration could be performed.

2.4

Raman Spectroscopy

Raman and Infrared (IR) spectroscopy arise from the use of a specific frequency range
(1012-1013) to excite the translations, vibrational, and rotational modes of a molecule to
higher virtual energy states to obtain characteristic rovibronic transitions (Figure 16).199

Figure 16: The main regions of the electromagnetic spectrum and the associated
spectroscopic techniques (reproduced with permission from reference 199).
IR is different to Raman spectroscopy as the former is an absorption technique, which uses
variable incident frequencies with the amount of absorbed or transmitted radiation is
obtained, whereas the latter is a scattering technique, which uses a monochromatic beam
(usually generated by a laser), where inelastic and elastic radiation is produced from its
interaction with the molecular vibrations or phonons.219
The elastic radiation, also known as Rayleigh scattering is rejected using a notch or edge
filter220 as it produces much larger signals than the important Raman radiation, which is
inelastic. There are two types of inelastic radiation; Stokes or anti-Stokes.221 This is
because the total energy of the system must remain constant after the shift to a new
rovibronic state, therefore the scattered photon shifts to a higher (Stokes) or lower (antiStokes) energy state, thus a lower or higher frequency, respectively (Equation 13),222 the
Jablonski diagram shows this pictorially (Figure 17).221
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Equation 13: The Planck-Einstein relation showing the change in frequency when the
energy changes. Where E=energy (J), h=Planks constant (J s-1), c=speed of light (m s-1),
and λ=wavelength (m).

Figure 17: The Jablonski diagram, showing the difference between Rayleigh, Stokes, and
Anti-stokes radiation.
The magnitude of the Raman effect is directly related to the polarisability of electrons in a
molecule (induced dipole),223 and is based on the interaction of the electron cloud with the
external electric field of the monochromatic light. This can create an induced dipole
moment within the molecule depending on its polarisability (Equation 14).224

Equation 14: The calculation of Raman shift, Δω (m-1), using the excitation wavelength
(m), and the Raman spectrum wavelength (m).
Raman spectroscopy was used on all the thin films made, this was because tetragonal
BaTiO3 has a peak at 304 cm-1, which does not appear in the cubic system. This means
when doping with strontium or zirconium you can see the decrease in tetragonality as
dopant is incorporated. The Raman measurements were performed using a Renishaw InVia
spectrometer with a 785 nm HeNe laser (100 mW) at a 5 % laser power.
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2.5

X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is a non-destructive technique that measures the kinetic
energy of electrons that are emitted due to the bombardment of ionising radiation. The
kinetic energy, Ek, of the ionised electron emitted from either the valence or inner shell is
equal to the difference between the energy, h, and the binding energy, Eb (Equation
15).199

Equation 15: Relating the kinetic energy, Ek (J), of the ejected electron, to the applied
energy, h, where h=Planck’s constant (J s), and =frequency of the ionising radiation (Hz
or s-1). This gives the binding energy of the emitted electron, Eb (J).
The binding energy of the ejected electron can then be calculated from the detector’s
measurement of the kinetic energy, and the known energy of the ionisation radiation. This
is typically the Kα radiation from Al and Mg targets with energies of 1487 and 1254 eV,
respectively.225 The Auger effect can also occur, this happens when a core electron is
ejected and an outer electron fills the vacancy, releasing the energy of the transition.226
Each binding energy is characteristic of the shell and element it originates from (e.g. 1s,
2p, 3d), this allows for the identification of the elements present in the material (Figure 18)
and an elemental quantification to be performed.227

Figure 18: The XPS emission process for an elastic scattering event to produce a
photoelectron (a), and an Auger electron emission (b).
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XPS is a surface sensitive technique, with the escaped depth of the ejected electron
typically being < 3 nm.228 Any excited electrons at a higher depth are absorbed back into
the material it was being ejected from.199 XPS has been applied to many different
applications, including to analyse inorganic229 and organic230 compounds alike, for
corrosion,231 catalysis232 and even dental applications,233 showing its versatility. In this
work XPS was used to identify the grain boundary concentration of dopants included into
the BaTiO3 thin films, as an alternative to EDS as it generally has lower associated errors.
The XPS was collected by Samantha Soulé using Al Kα X-Rays produced from an MXR1
Gun with a spot size of 400 μm and was quantified using CasaXPS.

2.6

AC Impedance Spectroscopy

AC impedance is very useful due to the flexibility in the presentation of the data (from
Nyquist to Bode plots) and it has a range of applications from the characterisation of a
material to corrosion analysis. In AC impedance a small amplitude, sinusoidal potential
(< 25 mV) is superimposed upon an applied potential and the current response is
monitored. The current response will still be sinusoidal, with the same frequency, but will
differ in phase and applied potential (Equation 16). The phase shift arises because
electrode reactions usually behave equivalently to an electrical circuit that contains
capacitors as well as resistors.

Equation 16: Potential and current response; where E=potential (V), ΔE=maximum
amplitude of the applied sinusoidal potential (mV), f=frequency (Hz), t=time (s), I=current
(A), ΔI=maximum amplitude of the current response (A) and Φ=phase angle.
In the most common experiments, the impedance of the electrode, Z, is analysed as a
function of the potential perturbation frequency, f, and in view of the phase shift in the
current response (Equation 17).234
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Equation 17: Impedance response in terms of the potential (E) and current (I) and its
respective equation in terms of frequency and phase angle.
Interpretation of AC impedance data is generally performed by the use of an Argand
diagram (Nyquist plot), where one plots –Im(Z)=-Z’’ (y axis) vs. Re(Z)=Z’ (x axis), giving
a complex plane impedance plot (Figure 19).

Figure 19: Impedance, Z, plotted as a planar vector using rectangular and polar coordinates
(a), and an Ideal Argand diagram (Nyquist plot) where Ru = uncompensated solution
resistance (Ω), Rct = charge transfer resistance (Ω), f = frequency (Hz), and Cdl = double
layer capacitance and σ = Warburg coefficient (Ω s-1/2) (b).
Impedance (Z(ω) = Z’ + jZ’’) is a vector quantity and may be plotted in the plane with
either rectangular or polar coordinates (Figure 19a), where the rectangular coordinates are:
Re(Z)≡Z’=│Z│cos(θ) and Im(Z)≡Z’’=│Z│sin(θ)
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The phase angle is:
θ=tan-1(Z’’/Z’)
And the modulus:
│Z│=[(Z’)2 + (Z’’)2]1/2
This defines the Argand diagram, in polar form, Z may now be written as
Z(ω) = │Z│exp(jθ) where j is the imaginary number (-1)1/2. The Euler relationship can be
used to convert the polar form to rectangular form so exp(jθ)=cos(θ) + jsin(θ).235 The
main disadvantages of these plots are they do not indicate the frequency response.236

2.6.1 Electrochemical Impedance Spectroscopy (EIS)
Electrochemical impedance spectroscopy can be displayed using an Argand diagram, the
ideal plot is shown in Figure 19b and can be represented by an ideal equivalent circuit; the
Randles circuit (Figure 20). The Randles circuit helps to explain the components shown in
the Argand diagram, where at high frequencies, due to near instantaneous charging of the
capacitor (Cdl) this is the favoured route, therefore Ru is modelled. When at low
frequencies, due to near infinite charging of the capacitor (Cdl), the favoured route is
through the secondary resistor (Rct), therefore Ru + Rct is modelled, when an electrolyte is
used the Warburg element (Zw) can model the diffusion of the electrolyte from the
electrode. If the Nyquist plot shows an ideal semicircle, the response corresponds to a
single activation-energy-controlled process. A depressed semicircle indicates that a more
detailed model is required. As frequency dependence, and low impedance values are
obscured, a different representation can be used, a Bode diagram.237

Figure 20: The Randles circuit (reproduced with permission from 237).
Bode representations has log(f) vs. log(|Z|) and Φ. Where both plots show the contributions
from capacitors and resistors, among other components. An advantage of Bode plots is the
impedance behaviour at high frequencies is shown with equal weight along the plot to that
of low frequencies, whereas on Nyquist plots the high frequency data tend to become
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bunched together at the origin. Purely capacitive behaviour is shown on a Bode diagram
when Φ = -90° and purely resistive behaviour when Φ = 0°. This can be explained by the
use of the Euler relationship and Cartesian coordinates.235
Another equivalent circuit element which enters the Randles circuit in parallel to the Cdl is
the Warburg element. This represents diffusional transport of an electroactive species to an
electrode surface. This is frequently observed in impedance and can be identified when
Φ = 45 °. This applies strictly to semi-infinite diffusion to a planar surface. If the system is
not quiescent, the impedance assumes a different form, and the Warburg is often mistaken
for a depressed semi-circle.238
Electrochemical impedance will be used during this project to ascertain the double layer
capacitance of the deposited films, to deconvolute the effect of the platinum double layer
from this value, which will then show the area of “active platinum” and hence the film
porosity. This will be performed using a Biologics SP-150 potentiostat using an area
defined by nail polish.

2.6.2 Solid State Impedance
Solid state impedance is comparable with electrochemical impedance, where instead of a
liquid electrolyte, a solid takes its place. Gold, silver, platinum, palladium, nickel or carbon
can be applied (depending on chemical compatibility) by evaporation, sputtering, screen
printing, hand painting or pressing against a foil onto the upper face of the thin films, and
the under face is of the same or a different conductive medium.239, 240 This technique
mimics a parallel plate capacitor (Figure 21) where a metallic anode and cathode of area A
is separated by a distance d.

Figure 21: Parallel plates separated by a defined distance (d) and contact area (A), where
the material separating the two places can be a dielectric.
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The capacitance values identified through impedance are directly proportional to the
permittivity when there is a constant area and separation distance (Equation 18).241 The
permittivity of air ≈ 1 and vacuum = 1, this means that the dielectric constant of any
material measured in this way is relative to a vacuum.

Equation 18 Parallel plate equation where C=capacitance (F), κ=dielectric constant,
ε0=permittivity of free space (F m-1), A=area (m2) and d=distance (m).
Solid state impedance is generally performed on electroceramics, predominantly oxidebased materials. They contain electro-active intra-granular (bulk) and inter-granular (grain
boundary) regions. Solid electrolytes, dielectric and non-ohmic devices are such examples
which rely on a combination of these regions.242 The brick layer model, which allows for
interpretation of the regions mentioned above, treats the microstructure as an array of cubic
grains, separated by flat grain boundaries (Figure 22).

Figure 22: Bricklayer model for a two-phase ceramic overall view, showing array of cubic
grains, separated by flat grain boundaries (a). Exploded view of a single cell, showing
parallel electrical paths: (i) through grains and grain boundaries, and (ii) along grain
boundaries (b).240
The grains have a size, D, and the grain boundaries a thickness, d, where d<<D, and so the
volume fraction of the grain boundary phase is 3D/d. Assumptions of this model
include:235
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1D current flow.



Curvature of the current paths at the corners of the grains are neglected.



Current can only travel through grains and across grain or along grain boundaries
(Figure 22b).

The microstructure of the material is important, as the bricklayer model shows. There are
lots of alternative impedance responses that can be identified, which is why it can be used
in so many applications, such as:


Characterisation of materials240



Electrolyte-Insulator-Semiconductor sensors243



Corrosion of materials244



Electrochemical Power Sources245

The multitude of capacitance and resistance values which are observed (Table 3) each have
a phenomenon responsible.
Table 3: Capacitance values and their typical interpretations.246
Capacitance /F

Phenomenon Responsible

10-12

Bulk

10-11

Minor, Second phase

10-11 - 10-8

Grain Boundary

10-10 - 10-9

Bulk Ferroelectric

10-9 - 10-7

Surface Layer

10-7 - 10-5

Sample-Electrode Interface

10-4

Electrochemical Reactions

This means that validation of the Nyquist and Bode plots are also very important. This can
be performed via a Kramer-Kronig relationship, which can be employed to evaluate and
analyse complex impedance data of electrochemical systems. Where the imaginary and
real components are constrained so that they satisfy the conditions of causality, linearity,
stability and finite impedance values at the frequency limits of zero and infinity.247
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Solid state impedance will be performed to identify the BaTiO3 and its doped counterpart’s
film capacitances using multiple defined area gold electrodes, deposited by gold
evaporation, which emulates the parallel plate model (Figure 21). This capacitance can
then be converted to a relative permittivity value using the parallel plate equation
(Equation 18), with the help of the defined electrode area (A), and the film thickness (d),
which was defined by optical microscopy and cross sectional SEM, respectively. An
Agilent 429A Precision Impedance Analyser was used to record these measurements.
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3.1

Introduction

3.1.1

Barium Titanate

Barium titanate (BaTiO3) was the first ceramic in which ferroelectric behaviour was
observed and as a result has become one of the most extensively investigated material.52 In
this thesis, BaTiO3 will be explored due to its ferroelectric properties and high permittivity
values. Barium titanate thin films have a relative permittivity value of roughly 521,
depending on the synthesis technique, the grain size and film thickness,248 whereas a
similar perovskite structure, such as strontium titanate, has a relative permittivity of only
225.249 These large permittivities observed for BaTiO3 allow for ceramics applications
including: high charge-density capacitors, dynamic random access memories, multilayer
ceramic capacitors, thermistors and electric devices.250
At high temperatures (> 120 °C), BaTiO3 has a cubic ABO3 (A = Ba2+, B = Ti4+)
perovskite structure (lattice parameters a=4.014 Å2 annealed at 700 °C, Pm-3m space
group).251 The Wyckoff positions for A and B are 1b, ½, ½, ½, and 1a, 0, 0, 0, respectively,
the O atoms is 3d ½, 0, 0 - 0, ½, 0 - 0, 0, ½.252 This perovskite structure is centrosymmetric
with A at the corners; B in the body centre and oxygens in the face centres (Figure 23).

Figure 23: BaTiO3 high temperature cubic crystal structure (where a = b = c and
α = β = γ = 90 °).
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The A-cation is always larger than the B-cation to be able to form the perovskite structure.
The Goldshmidt tolerance factor (t) (Equation 19) can be used to find the suitability of the
cations used (0.89 – 1 ideal).253

Equation 19: Goldshmidt tolerance factor (t), defining an ideal perovskite structure. Where
ra=A-cation radius, rb=B-cation radius, ro=Anion radius and a=axis of the unit cell.
For BaTiO3 (ra = 135 pm, rb = 67 pm, and ro = 140 pm) the Goldshmidt tolerance factor is
0.94 with a calculated lattice parameter, a, as 3.89 Å (using the A-cation) or 4.14 Å (using
the B-cation), the average of these two calculated lattice parameters is 4.015 Å which is
very close to the aforementioned literature value.
At temperatures below 120 °C, the small cation (Ti4+) shifts from its ideal symmetrical
position at the centre of each of the octahedral interstices (by 6 pm). This shift creates an
electric dipole that polarises the structure electrically. Polarisation allows the material to
store large amounts of charge: an important prerequisite for a capacitor.52 Barium titanate
goes through successive phase transitions: at 393 K it undergoes a transition from cubic to
a tetragonal structure, it is orthorhombic between 278 K and 183 K and below this the
rhombohedral phase is observed (Figure 24).254

Figure 24: Phase transformation temperature in solid state synthesised bulk barium titanate,
and its respective dielectric constant.255
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3.1.2

Barium Titanate Dielectrics

Barium titanate’s high relative permittivity and piezoelectric properties depends on crystal
structure, shape, size, stoichiometry, homogeneity and surface properties, which in turn
depend on synthesis methods (Table 4).256 The two main crystal structures of BaTiO3 are
cubic and tetragonal, which exhibit paraelectric and ferroelectric properties, respectively.
The tetragonal phase of BaTiO3 has an atomic displacement which results in the
ferroelectric property (Figure 25).257 The permittivity of bulk BaTiO3 below its Curie point
shows a maximum permittivity of 5000 at grain sizes of 0.7 – 1 μm. As the particle sizes
decreases from 0.7 μm the permittivity decreases exponentially258 (Xu et al. reported that
the room temperature dielectric constant of tetragonal BaTiO3 reached 6900 whereas cubic
phase BaTiO3 only reached 1900).259

Figure 25: Crystal structure of (a) cubic and (b) tetragonal BaTiO3. The blue, yellow and
white spheres denote Ba, Ti, O atoms, respectively where the arrows in (b) denote the
direction of displacements for Ti and O atoms (adapted with permission from 257.
Copyright (2008) American Chemical Society).
The possible synthesis techniques of thin film BaTiO3 were mentioned in section 3.1.1,
where the progression of a bulk powder towards a thin film shows a decrease in relative
permittivity. The deposition technique is not as important as the grain size, film thickness,
and the applied frequency, although different deposition techniques will inherently change
these properties. Table 4 shows these changes and thus the effect on the relative
permittivity.
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Table 4: Various synthesis techniques for thin film barium titanate and the effects of film thickness, annealing temperature and particle size on
the relative permittivity (sorted by film thickness then particle size).
Synthesis

Relative

Film Thickness /

Annealing Temp/

Substrate

Particle Size/ nm

Ref.

Technique

Permittivity

nm

°C

Ball Mill

2400

Bulk

1200

N/A

280

258

Ball Mill

4600

Bulk

1200

N/A

700

258

Sol-Gel

1235

Bulk

700

N/A

1000

260

Ball Mill

1800

Bulk

1200

N/A

6800

258

rf sputtering

100

45

500

Si/SiO2/Ti/Pt

30

261

IBE

35

100

25

Si(100)/SiO2/Al

-

262

Sol-Gel

29

120

600

SiO2/Si(100)

200

263

Sol-Gel

82

120

650

SiO2/Si(100)

200

263

rf sputtering

200

150

500

Si/SiO2/Ti/Pt

35

261

rf sputtering

100

180

500

Si/SiO2/Ti/Pt

-

264

Sol-Gel

105

180

600

SiO2/Si(100)

200

263

Sol-Gel

185

240

600

SiO2/Si(100)

200

263
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Synthesis

Relative

Film Thickness /

Annealing Temp/

Substrate

Particle Size/ nm

Ref.

Technique

Permittivity

nm

°C

Sol-Gel

200

300

750

Si/SiO2/TiO2/Pt

25

265

Sol-Gel

575

300

900

Si/SiO2/TiO2/Pt

40

265

LASER ablation

220

330

600

Si/Pt

-

266

Sol-Gel

370

400

700

Si/SiO2/Ti/Pt

-

260

ARE

550

400

600

Pt(110)

-

267

rf sputtering

240

450

500

Si/SiO2/Ti/Pt

45

261

Sol-Gel

318

600

800

Si/SiO2/Ti/Pt

45

268

rf sputtering

400

600

900

Pd foil

56.8

269

MOCVD

1040

1200

800

MgO/Pt

500

270

Sol-Gel

430

1500

700

Pt

50

271

MOCVD

250

3000

600

NiCr/BaTiO3

-

272

rf sputtering

1000

6000

1150

Pt

200

273

Sol-Gel

400

16000

850

-

25

274
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Table 4 shows some interesting trends, the first is that bulk powders have the highest
permittivity. This is true as the pellet thicknesses compared to thin films are ~2 orders of
magnitude greater, but also because the particle sizes are a lot larger. In comparison, the
next highest permittivity value is of a film synthesised by MOCVD, which not only has a
thickness of 3 μm, but also a very large grain size and is comparable to the bulk powders
(much like the film synthesised through rf sputtering with a thickness of 6 μm and a grain
size of 200 nm). The table shows that once the film thickness reaches 1000 nm, the
permittivity increase becomes limited when particles sizes are constant. In comparison, the
crystallite size is of much greater importance, where the larger the size of the particle the
higher the relative permittivity, although this seems to reach a maximum value, depending
on the synthesis, when the crystallite sizes reaches 700 nm.

3.1.3

Barium Titanate Sol-Gel Synthesis

Barium titanate sol-gel synthesis generally consists of the use of glacial acetic acid, barium
acetate, titanium isopropoxide, H2O and a volatile solvent, such as 2-methoxy ethanol or 2propanol.250,275–279 Acetyl acetonate275 is frequently used along with ethylene glycol,263 due
to their chemical modifying abilities, to prepare stable sols and crack free films.275 The
modifiers also help to prevent self-polycondensation of the titanium isopropoxide and to
allow inclusion of barium ions. It has been suggested that the titanium species actually
forms oligomers with itself, whereas barium remains dissolved in acetic acid, and is
encapsulated by rapid formation of titanium oligomers (Figure 26).280

Figure 26: BaTiO3 formation mechanism, via hydrolysis and polycondensation.
Complete distribution of the barium is pivotal to allow the correct BaTiO3 stoichiometry to
be produced after annealing. High H2O concentrations are used with H2O/Ba(OAc)2 ratios
from 50 275 to 150.250 These high concentrations promote large amounts of
polycondensation, which produces thick, often cracked films, which can be transformed
into a crystalline solid by calcination (heating at low temperatures or under vacuum to
avoid cross-linking).
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The advantages of sol-gel over other deposition methods were mentioned in section 1.3,
but there are specific drawbacks which occur in the BaTiO3 synthesis. Compositional
inhomogeneities occur due to crystallisation of BaCO3 during heat treatment above certain
annealing temperatures (T > 800 °C), which can make thermal decomposition of gels a less
favourable route compared to solid state synthesis.281

3.1.4

Pinhole Formation

Films do not always crack, in inorganic films thinner than 0.5 μm the film’s stress is
approximately equal to the tension in the gel and the driving force for crack propagation
comes from the relief of the stress. As the film thickness proceeds towards zero it will drop
below the critical stress intensity of the material and will create a pinhole rather than
propagating into a crack (Figure 27).282

Figure 27: A diagram of a pinhole where R is the radius at the film, a is the radius at the
substrate interface, and L is the thickness of the substrate. The pinhole propagates by
peeling (a grows, R fixed) (reproduced with permission from 282).
Pinholes are disadvantageous not only due to their effects on film quality, but are also very
detrimental to the device’s performance, causing electrical shorting, and also having a
significant influence on capacitance,283,284 These pinholes are thought to be produced in a
multitude of manners, such as:
1. Substrate Cleaning:
(a) Lee et al. found that minimisation of residual deionised water on the substrate after
cleaning was a key factor in reducing the number of pinholes.285
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(b) Lisco et al. found that when a substrate was cleaned by O2/Ar plasma the hydrophilicity
of the substrate increased (less residual carbon), with a large reduction in pinhole
density, presumably due to better substrate wetting.286
(c) In very thin films, particulates on the substrate surface can cause pinholes. A group
from the University of Illinois, rather than preventing the pinholes themselves, used a
two layer dielectric and minimized pinhole problems by the use of a 200 nm SiO2
film.287
2. A lack of grain coalescence is a natural cause for pinhole formation, where voids are
left, exposing the substrate.288 Coalescence is very important and there are a few
factors which can affect this:
(a) Sol Viscosity: The rate of coalescence in silica particles is directly related to the sol
viscosity; as the particles grow the viscosity of the sol-gels increase. Viscosity can be
attributed to:289
(b) Water content and humidity.290
(c) Aging time.290
(d) Aging velocity.291
3. Solvent: The increase in solvent concentration improves the particle coalescence of
TiO2, with the suggestion that the ethanol stabilises the titanium isopropoxide and so
the stacking of the particles improves.292
4. Temperature: BeO was synthesised at multiple temperatures and the rate of
coalescence was dependent on the increase in temperature of the material due to the
enhancement of diffusion.293
The aims of Chapter 3 were to synthesise sub-micron BaTiO3 thin films using sol-gel
synthesis. To remove any detrimental film features such as; phase impurities, cracks and
pinholes. Then to measure the relative permittivity of these films using solid state
impedance, and then to assess the film porosity using electrochemical impedance
spectroscopy.
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3.2

Experimental

3.2.1

Introduction

In this study, all the chemicals were used without further purification. The deionised water
was obtained from a Purelab Options, ELGA LA620 deioniser. The other chemicals used
in this chapter are listed in Table 5. Thin film grazing incidence X-ray diffraction was
collected using a Rigaku Smartlab diffractometer with a parallel beam of Cu-Kα X-rays,
incident angle of 1° and a DTex250 1D detector. Rietveld refinement was carried out using
PDXL. Annealing of thin films was performed in a Lenton tube furnace with a Eurotherm
3216 controller. Dip coating was performed with a NIMA Technology 5.20 dip coater.
Scanning electron microscopy (SEM) and Energy Dispersive X-Ray Spectrometry (EDS)
were performed on a Jeol JSM6500F microscope. Optical images were taken on a Nikon
Eclipse optical microscope.
Solid state impedance measurements were performed with an Agilent 4294A Precision
Impedance Analyser. Gold top electrodes of various diameters (0.4 mm, 0.5 mm, 0.6 mm)
were evaporated onto the BaTiO3 thin film using an Edwards 306 evaporative coater. The
Pt of the Si/Pt/BaTiO3 substrate was then contacted as the working electrode (90 nm
Pt-coated Si(100) substrates, Ti adhesion layer; ECS Partners Southampton). The
sinusoidal potential amplitude was 500 mV, and the measurement frequency was from 1
MHz to 100 Hz. Data were fitted with ZView (Scribner Associates Inc.). Electrochemical
impedance measurements were carried out using a Biologics SP-150 potentiostat, where
the working electrode used was the BaTiO3 thin film on the Si/Pt substrate with defined
areas which were masked off using an insulating medium (nail polish), the counter
electrode was a high surface area Pt gauze, a Hg/HgSO4 reference electrode was used in a
0.5 M K2SO4 (20 mL) electrolyte. The sinusoidal potential was 10 mV, and the
measurement frequency was from 1 MHz to 10 mHz. The subsequent Nyquist plots were
analysed using ZView (Scribner Associates Inc.) to give the capacitance and resistance
values.
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Table 5: List of chemicals used in this chapter and their sources.
Name

Chemical Formula

Manufacturer

Purity

Sulphuric acid

H2SO4

Fisher Scientific

S.G. 1.83 >95 %

Hydrogen peroxide

H2O2

Fisher Scientific

100 volumes >30 % w/v

Acetone

C3H6O

Fisher Scientific

Laboratory Grade

Propan-2-ol

C3H7OH

Fisher Scientific

99.5 %

Ethanol

C2H5OH

Fisher Scientific

99.86 %

2-Methoxy ethanol

C3H8O2

Sigma Aldrich

99.8 %

Acetylacetonate

C5H8O2

Sigma Aldrich

>99 %

Titanium isopropoxide

Ti(OiPr)4

Sigma Aldrich

97 %

Barium acetate

Ba(OAc)2

Sigma Aldrich

99 %

Acetic acid

CH3COOH

Fisher Scientific

>99 %

Potassium sulphate

K2SO4

Fisher Scientific

99 %
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3.2.2

Si(100) Pre-treatment Procedure

Si substrates (20 x 25 mm, roughness= 0.054 nm, native oxide layer thickness = 1.6 nm)
were first rinsed with deionised water, then blown dry with N2 gas, followed by pouring
freshly prepared piranha solution, which was made by adding H2SO4 (30 mL) into a glass
beaker which had been placed in an ice water bath. H2O2 (10 mL) was carefully added into
the H2SO4 in 3 mL increments over a 30 min. period, this was then poured onto the
polished side of the Si(100) in a petri-dish. The substrates were then left undisturbed for
2-4 h. After the desired time, the piranha solution was decanted off, the Si(100) substrate
was rinsed with copious amounts of deionised H2O and then blown dry with N2.

3.2.3

Si/Pt Pre-treatment Procedure

Si/Pt substrates (20 x 25 mm, SiO2 thickness = 90 nm, Pt Thickness = 90 nm) were
sonicated in deionised H2O, then acetone, ethanol, IPA, and finally, the wafers were rinsed
with deionised water and blown dry with N2.

3.2.4

Original Synthesis of BaTiO3 Thin Films

Inside the glove box; methoxyethanol (23.505 g, 0.309 mol), acetylacetone (1.508 g, 15.6
mmol), and Ti(OiPr)4 (2.618 g, 9.21 mmol) were mixed in a dry bottle. In a separate beaker
Ba(OAc)2 (2.357 g, 9.22 mmol) was dissolved by stirring in glacial acetic acid (15 mL),
then allowed to cool to room temperature. Deionised H2O (1 mL) was added and then
stirred for 2 min. before dropwise addition into the Ti(OiPr)4 solution (over a 30 min.
period). The sol was then stirred at 250 rpm and left to age for 1-3 days. Si (100) (15 x
20 mm) substrate was dipped into the solution and allowed to dry for 10 min., then placed
into a furnace at 750 °C for 40 min. with a ramp rate of 1 °C min-1.
The dip settings were:
-Speed Down: 30 mm min-1.
-Wait at Bottom: 30 s.
-Speed Up: 40 mm min-1.
-Wait at Top: 600 s.
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3.2.5

Final Synthesis of BaTiO3 Thin Films

Synthesis 3.2.4 was followed exactly, but one variable was changed at a time to allow
refinements of the process to produce pinhole free, crack free, and phase pure BaTiO3 thin
films. The variables changed were water volume, stirring velocities, and aging duration
(Table 6).
Table 6: The experimental variables changed to produce the refined, final synthesis of
BaTiO3 thin films.
Experimental Variable

Experimental Iterations
1

Water Volume/ mL
1

Aging Duration/ Days

2
2

3
250

Stirring Velocity/ rpm

4
4

5

8
6

7

15
8

9

1000

The final synthesis consisted of mixing methoxyethanol (23.505 g, 0.309 mol),
acetylacetone (1.508 g, 15.6 mmol) and Ti(OiPr)4 (2.618 g, 9.21 mmol) in a dry bottle
inside an N2-filled glove box. In a separate beaker Ba(OAc)2 (2.357 g, 9.22 mmol) was
dissolved by stirring in glacial acetic acid (15 mL), then allowed to cool to room
temperature. Then H2O (4 mL) was added and then stirred for 2 min. before dropwise
addition into the Ti(OiPr)4 solution (over a 30 min. period). The sol was then stirred at
1000 rpm for up to 6 days, Si/Pt (15 x 20 mm) substrates were dipped into the solution and
allowed to dry for 10 min., then placed into a furnace at 750 °C for 40 min. (1 °C min-1
ramp rate).
The dip settings used were the same as in section 3.2.4
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3.3

Results and Discussion

3.3.1

Modification of the Synthesis of BaTiO3 Thin Films

Initially, the synthesis of thin film barium titanate through dip coating was performed using
a Si(100) substrate with the Ti(OiPr)4-Ba(OAc)2 oligomerated sols. These sols were aged
for 3 days with a titanium isopropoxide: barium acetate: H2O: methoxy ethanol: acetic
acid: acetyl acetonate ratio of 1:1:6:34:28:2, respectively. After annealing at 750 °C, the
BaTiO3 thin films were produced. The thin films produced on Si(100) wafers contained
significant impurities, due to the substrate reacting with the gel at high temperatures, and
forming a fresnoite phase (Ba2(TiO)Si2O7), as identified by X-ray diffraction (Figure
28).294 The substrate was changed to a Si(100) wafer with a native SiO2 layer, a 20 nm
titanium layer for adhesion and a 90 nm Pt film. Once annealed with the BaTiO3 gel on the
surface, films on this substrate showed no such impurities present (Figure 28).

Figure 28: 1 ° GIXRD of the thin film barium titanate deposited onto Si (100) and Si/Pt
substrates where *= BaTiO3 cubic phase, ~= Pt and Si signals from the substrate and △=
fresnoite phase.
Various annealing temperatures were then explored to identify the ideal annealing
temperature, and also the effects of temperature on phase composition. The GIXRD
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(Figure 29) shows that as the annealing temperature increased from 750 to 900 °C (50 °C
intervals), at 900 °C a Ba2Ti13O22 impurity appeared. The calculated lattice parameter for
the 750, 800, and 850 °C BaTiO3 barely changed (a=b=3.993(2) Å and c=4.027(4) Å),
although due to the impurities in the 900 °C thin film, the errors in the lattice parameter
refinement were much larger (a=b=3.987(4)Å and c=4.008(17) Å). The crystallite size
retained a similar value (16(3) nm). Therefore, the annealing temperature for the rest of the
study was fixed at 750 °C.

Figure 29: GIXRD (1° incident angle) of thin-film BaTiO3 (*) deposited on Si/Pt substrates
and annealed at the indicated temperatures. ∼ indicates Pt signals from the substrate, and
(i) is the Ba2Ti13O22 impurity in the 900 °C sample.
Once the composition of the film was reduced to a single phase and annealing condition,
the quality of the film was tackled next. As described in section 3.1.4, once the film had
been coated onto the substrate many pinholes appeared on the surface of the film (Figure
30).

Figure 30: Photograph of the BaTiO3 thin films with apparent pinholes.
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Optical microscopy was used to take a closer look at the pinholes (Figure 31a). In the
centre there was clear delamination and exposure of the substrate. This can be confirmed
by using SEM and EDS on the centre of similar features (Figure 31b-d). The EDS map
(Figure 31c) shows the exposure of silicon, with little presence of any other atoms. This
was because the substrate was a thin coating of Pt on a silicon substrate. The film was still
present, but was raised from the surface, and shows a 1:1 ratio of Ti to Ba. Figure 31d and
Table 7 suggests delamination, rather than the presence of a different crystalline material.
There was no extensive crack propagation due to the film thickness, as it has dropped
below the critical stress intensity of the material thus creating a pinhole rather than
propagating the crack.
Table 7: Quantitative analysis of the EDS map (Figure 31d) performed on a pinhole.
Element

Oxygen

Silicon

Titanium

Barium

Platinum

Total%

Weight%

12.62

5.06

15.49

43.56

22.84

99.57

Atom%

44.99

10.29

18.45

18.10

6.68

98.51

Figure 31: (a) Optical microscopy images of the BaTiO3 surface at x20 zoom. (b) SEM of
a pinhole at x2000 magnification. (c) EDS map of a pinhole where the blue, green, red,
purple and yellow dots correspond to oxygen, silicon, titanium, barium and platinum,
respectively. (d) The quantitative results from the EDS map.
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The source of the pinholes has been identified as delamination of the film during one of the
stages of synthesis. Controlled modification of the sol synthesis, deposition and annealing
conditions was therefore explored in order to rectify this. The main sources of pinholes
were likely to be dust particulates on the surface of the substrate or incomplete
coalescence. As the silicon substrate was cleaned by using piranha etch, and the Si/Pt
substrate was washed with acetone, ethanol, IPA and water for extended durations, the
large pinhole density was not likely to correspond with substrate particulates. Therefore,
modifications to improve coalescence were performed by varying three of the main
parameters:
1. H2O volume; the more H2O present the faster oligomerisation occurs as the rate of
hydrolysis (initial step) increases.
2. Aging duration; the longer the aging of the sol, the more gelation occurs. This affects
the viscosity and the number, size and extent of cross-linking in the oligomers.
3. Stirring speed; the faster the rotations per minute, the higher the probability of
collisions, hence speeding up the reaction.

3.3.2

The Effects of Varying the H2O Content, Aging, and Stirring

Rate
Water was an important component in sol-gel synthesis and the quantity present was
clearly a significant control parameter. Too little means that no oligomers will form and so
no coalescence will occur, too much and a gel will form too quickly and will not adhere to
the substrate. In this experiment 2, 4, 8, and 15 mL of deionised water was used under
exactly the same synthesis conditions. The first observation was that 4 mL of H2O after 1
day aging produced the smallest number of pinholes (Figure 32). The quantity of water
used does not fully prevent pinhole formation, but clearly helps to minimise it. The
additional quantity of water speeds up oligomerisation and in turn increases the viscosity
of the sols, this was important in the dip coating process to prevent pinhole formation. This
suggests that aging effects should be explored to see if longer aging times would eliminate
or reduce the formation of pinholes.
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Figure 32: Images of the BaTiO3 thin films deposited using the 1 day aged sol with 2 mL,
4 mL, 8 mL, and 15 mL deionised H2O volume from left to right, respectively.
A single sol was synthesised and was allowed to age up to 9 days (using 4 mL of H2O).
Theoretically, the sols will form more numerous and larger oligomers as the aging duration
increases. Films produced with the sol aged for 6 days contained considerably fewer
pinholes, then at 8 days the proportion of pinholes across the thin film BaTiO3 was visually
negligible. The films were then annealed at 750 °C. The improved film quality was due to
the sol’s viscosity, which allowed for slower evaporation of the solvent and hence slower
film formation and densification. By the 9th day the sol had fully gelated, making adhesion
to the substrate impossible (Figure 33).

Figure 33: Films produced from 1, 2, 3, 4, 5, 6, 7, 8, and 9 day (left to right) aged Ba-Ti
sols at 250 rpm.
Altering the stirring speed was then tested to see if the rate of gelation could be increased,
Marchisio et al. suggests that a higher mixing parameter causes faster hydrolysis and
condensation in titanium isopropoxide sols, and even in some cases an almost
instantaneous formation of a gel.295 Changing the rotation of the stirrer to a higher rpm
(1000 rpm instead of 250 rpm) will increase the number of oligomers and the extent of
cross-linking in a shorter time frame. The comparison of a 1-9 day aged sol deposited on
Si/Pt stirred at 250 rpm (Figure 33) to 1000 rpm (Figure 34) shows the difference in the
film quality. Pinhole free films were produced after 4-6 days. After the 6th day of aging a
substantial amount of cracking was appearing at the bottom of the films, suggesting a
thicker film was being deposited at the bottom compared to the top, what can also be noted
was that unlike the 250 rpm full adhesion to the substrate can still be achieved after 9 days.
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To conclude a faster stirring speed (1000 rpm) will be used, an aging time of 4 to 6 days
will be used along with a higher concentration of H2O (4 mL).

Figure 34: Films synthesised from Ba-Ti sols at 1000 rpm of 1, 2, 3, 4, 5, 6, 7, 8, and 9 day
aged from left to right, respectively.
Optical microscopy of each step in the modification process was performed so that not
only the visible features (pinhole density) could be recorded, but also the micro features
(Figure 35). When a Si substrate (Figure 35a-b) was used, round white spots were
observed, but upon moving to a Pt substrate (Figure 35c-d) these were no longer apparent.
This was attributed to the disappearance of the fresnoite phase which was a consequence of
the silicon substrate. When using 4 mL of water (Figure 35e-f) compared to 1 mL of water
(Figure 35c-d) in the synthesis of the sols, the thin film produced had much larger particle
sizes. This was due to the probability of hydrolysis increasing, allowing for a greater
chance of polycondensation to occur. Lastly, as the aging was increased from 1 day (Figure
35e-f) to 6 days (Figure 35g-h) the film became more porous. As the sol’s viscosity had
greatly increased during the dip coating the expulsion of the solvent during the drying
stages has occurred from the bottom and middle of the coated gel, creating these pores.

60

Chapter 3 Barium Titanate Thin Films

Figure 35: Optical microscopy of thin film BaTiO3 on Si substrate at (a) 20 times
magnification and (b) 100 times magnification. Thin film BaTiO3 on Pt substrate at (c) 20
times magnification and (d) 100 times magnification. Thin film BaTiO3 on Pt substrate
using 4 mL of H2O at (e) 20 times magnification and (f) 100 times magnification. Thin
film BaTiO3 on Pt substrate using 4 mL of H2O and aged for 6 days at (g) 20 times
magnification and (h) 100 times magnification.
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GIXRD (Figure 36b) was performed on the BaTiO3 thin film produced by the optimised
sol procedure (Figure 36a), which involved an increase in water content (4 mL), a faster
stirring speed (1000 rpm) and a longer aging duration (4-6 days). The film contained a
single BaTiO3 phase with broad features, this was because broad features are inherent in
the grazing incidence technique, but also due to the crystallite size being very small at
18.0(8) nm. As these peaks are broad, the tetragonal splitting features are not observed.
Raman spectroscopy, however, is a sensitive probe for the tetragonal phase (Figure 37). A
broad peak at 265 cm-1, a sharp peak at 315 cm-1, an asymmetric and broad peak at
520 cm-1 and finally, a weak, but broad peak at 720 cm-1 can be attributed to tetragonal
BaTiO3.296 Cubic BaTiO3 is Raman inactive so would not produce any signals. Lattice
parameters calculated from the GIXRD data, using a tetragonal BaTiO3 peak broadening
standard synthesised via solid state synthesis, were a=b=3.9903(4) and c=4.0237(6) Å.

Figure 36: GIXRD of the thin film barium titanate deposited onto Si/Pt substrates, where
*= BaTiO3 cubic phase and ~= Pt and Si signals from the substrate, with a BaTiO3 thin
film inset.
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Figure 37: Raman spectrum obtained from the BaTiO3 thin film (Figure 36a) using 5 %
laser power, and 10 accumulations, where * is from the Pt substrate.297
In conclusion, the amendments to the original synthesis have improved not only the time
scale over which deposition can occur by changing the mixing speed, but also the film
quality (pinhole formation). The Si(100) substrate was changed to a Si/Pt to prevent
formation of any fresnoite phases, the number of days for aging was increased to 4-6 days,
which lengthens the amount of time oligomerisation and cross-linking can occur and in
turn making the sol more viscous, the quantity of water was increased from 1 mL to 4 mL
to once again improve the hydrolysis of the titanium isopropoxide and finally the stirring
speed was increased to 1000 rpm to speed up the aging process, the changes in the
synthesis removed larger defects in the films, but as a result produced microscopic pores.
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3.3.3

Solid State Impedance Spectroscopy

The optical microscopy (Figure 35) suggested that the films after the modified synthesis
were uniform, pinhole and crack free, but porous. When normal solid state impedance was
carried out using gold, gallium, or gallium-indium eutectic to contact to the BaTiO3 thin
film there was short-circuiting due to the permeation of the metal through the pores and as
a result had contacted to the Pt substrate. To counteract this problem multiple dip and
anneal cycles were employed. This has been suggested in the sol-gel literature to fill in any
open pores to produce a dense thin film.32,180,248,260,277,298–300 Firstly, the number of dipping
and firing cycles were assessed. GIXRD (Figure 38) shows that the phase composition was
unchanged by the number of coating iterations.

Figure 38: GIXRD (1° incident angle) of BaTiO3 films deposited on Si/Pt substrates and
annealed at 750 °C. Reflections due to cubic BaTiO3 are marked with Miller indices.
The coating cycles did not affect the quality of the films by eye (Figure 39), although
differences were apparent by optical microscopy (Figure 40). Over the first three layers of
BaTiO3 deposited, the pores became smaller, but had a larger presence across the film. In
layer 4, cracks started to appear, and by layer 5, these had propagated to a network of
narrow cracks, leaving ~5 μm BaTiO3 islands. This suggests that the maximum number of
coatings should be three.

Figure 39: Photographs of each BaTiO3 thin film produced using multiple dip and anneal
cycles
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Figure 40: Optical micrographs (left 10×, right 100×) of BaTiO3 films produced using
multiple dip and anneal (750 °C) cycles: (a, b) 2 layers; (c, d) 3 layers; (e, f) 4 layers; (g, h)
5 layers.
The final phase was to determine the effect of these coating cycles on film thickness.
Therefore, each film was fractured through the centre, and cross sectional SEM (Figure 41)
was used to analyse film thickness, this technique will also allow for the calculation of the
relative permittivity of the BaTiO3. The film thicknesses progressively increased from 300
nm with one dip and anneal cycle, to 550, 600, 930, and 1250 nm with two, three, four, and
five cycles, respectively. Another observation was that there are clear voids within the
film, and become clearer as the film thickness increases, further suggesting that the
porosity has not been mitigated by the multiple dipping process.
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Figure 41: Cross sectional SEM of BaTiO3 films produced with 1 (a), 2 (b), 3 (c), 4 (d) or 5
(e) iterations of dip and anneal at 750 °C.
Solid state impedance was then performed on the thickest film which was shown to be
devoid of cracks and pinholes, i.e. the three dip, 600 nm, BaTiO3 thin film. Gold was then
evaporated onto the surface of one of these films using a mask with three different contact
diameters. Optical microscopy was used to analyse the diameter of these films, which will
be needed to calculate the contact area (Figure 42).

Figure 42: Image of Au contacts evaporated onto a three dip and anneal cycle BaTiO3 film
with diameters of (a) 0.420 mm, (b) 0.520 mm, and (c) 0.615 mm.
The gold pads were used as the top contact and the Pt substrate as the bottom contact.
Impedance spectroscopy was then carried out with a frequency range of 1 MHz to 100 Hz
and a sinusoidal amplitude of 500 mV on each of the three pad sizes. The Nyquist and
Bode plots (Figure 43a-f) show a purely capacitive response consistent with an equivalent
circuit of a resistor and a constant phase element (CPE) in series (Figure 43g). The Bode
plot shows a phase angle that was just below -90° across the frequency range, the modulus
gradient was -0.99, and the magnitude of the capacitance (on the Nyquist plot) was scaled
according to the pad area. CPE components are often used to model non-ideal capacitance
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(e.g. inhomogeneities),235 but as the modulus gradient was so close to -1, the capacitance
measured was close to ideal. The electrical response was highly reproducible across the
different pad areas, with a decrease in electrical noise as the pad area increased. The
capacitance was then obtained by fitting the data to the aforementioned equivalent circuit
(Figure 43g). This was then converted to a relative permittivity value by using the parallel
plate equation (Table 8). The average relative permittivity value was calculated to be 290
from all solid-state measurements calculated between 270 and 299 further confirming the
reproducibility across multiple pads of differing diameters and locations.
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Figure 43: Nyquist (left) and Bode (right) plots of the solid-state impedance of a BaTiO3
thin film produced by dipping and annealing at 750 °C three times: (a and b) 0.4 mm; (c
and d) 0.5 mm; (e and f) 0.6 mm diameter contact areas. Each experiment was performed
on three gold pads of the same diameter to confirm reproducibility and the equivalent
circuit used to fit the data (g).
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Table 8: The capacitances and calculated effective permittivity of the 3 dip and anneal cycle BaTiO3 thin films extracted by fitting the Nyquist
and Bode plots of the impedance data using ZView.
Pad Size

Diameter / mm

Area / mm2

Capacitance / nF

Areal Capacitance / μF cm-2

Relative Permittivity

0.4 mm (1)

0.420

0.139

0.584(11)

0.421

286

0.4 mm (2)

0.420

0.139

0.55(3)

0.398

270

0.4 mm (3)

0.420

0.139

0.582(12)

0.420

285

0.5 mm (1)

0.515

0.208

0.908(17)

0.436

295

0.5 mm (2)

0.515

0.208

0.914(19)

0.439

297

0.5 mm (3)

0.515

0.208

0.914(19)

0.439

297

0.6 mm (1)

0.615

0.297

1.311(17)

0.442

296

0.6 mm (2)

0.615

0.297

1.290(19)

0.436

296

0.6 mm (3)

0.615

0.297

1.250(16)

0.420

285
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Another way the solid state impedance data was displayed was the effect of capacitance
across a frequency range (Figure 44). Generally, at high frequencies there was an
incomplete charging effect that results in the capacitance/relative permittivity being lower
than at mid-range frequencies. The opposite effect was true at low frequencies, where
infinitely long charging times can be experienced, leading to an over prediction of the
capacitance and so the permittivity values. The noise at low frequencies was also larger
compared to that at high frequencies. This was because the current response becomes
harder to measure especially in high resistance samples like BaTiO3.

Figure 44: The change in capacitance (a) and the effective permittivity (b) as a function of
frequency of the 3 dip and anneal BaTiO3 thin film using multiple pad diameters.
The average capacitance can be calculated from these plots across the whole frequency
range and thus the relative permittivity can be extracted (Table 9). The first observation to
note was that the relative permittivity has decreased compared to the fittings obtained from
ZView. This was due to the large amount of noise, and differences in the capacitances at
the lower frequencies. The values obtained are still highly reproducible and confirm the
viability of this experiment.
In bulk BaTiO3 powders a large increase in permittivity at the tetragonal to cubic
(ferroelectric to paraelectric) phase transition at 120 °C in observed.271 The synthesised
BaTiO3 thin film was subjected to an ever increasing temperature during solid state
impedance (Figure 45). When the temperature was raised from 20 °C there was an initial
drop in permittivity, attributed to the remnants of an orthorhombic to tetragonal phase
transition. There was then a small increase in permittivity when the film temperature
reached 40 °C, leading to a very diffuse peak with a maximum at about 105 °C. This peak
cannot be considered the Curie temperature as this small increase could be due to the
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increasing temperature affecting the capacitance. The reason that a peak which can be
attributed to the Curie temperature was not observed was because of the small particle
sizes. As the particle size decreases, a decrease in the resolution of the Curie temperature
occurs. Kinoshita et al.301 showed this phenomenon at very large grain sizes (53 – 1.1 μm)
starting to appear; this effect becomes very prominent at very small particle sizes (1.7 –
0.07 μm) as shown by Frey et al.302 The BaTiO3 thin films synthesised during this project
have particle sizes of 0.018 μm and so no phase transition will be observed.

Figure 45: The effect of temperature on the relative permittivity at multiple applied
frequencies for the three dip and anneal BaTiO3 thin film.
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Table 9: The capacitances and calculated relative permittivity of a three dip and anneal cycle BaTiO3 film extracted by averaging the
capacitance across the applied frequency range (Figure 44).
Pad Size

Diameter / mm

Area / mm2

Capacitance / nF

Areal Capacitance / μF cm-2

Effective Permittivity

0.4 mm (1)

0.420

0.139

0.508

0.367

249

0.4 mm (2)

0.420

0.139

0.461

0.333

225

0.4 mm (3)

0.420

0.139

0.457

0.330

223

0.5 mm (1)

0.515

0.208

0.781

0.375

254

0.5 mm (2)

0.515

0.208

0.783

0.376

255

0.5 mm (3)

0.515

0.208

0.781

0.380

258

0.6 mm (1)

0.615

0.297

1.13

0.380

257

0.6 mm (2)

0.615

0.297

1.11

0.374

253

0.6 mm (3)

0.615

0.297

1.07

0.360

244
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3.3.4

Electrochemical Impedance Spectroscopy

It has been reported in the sol –gel literature that multiple sol-gel coating cycles fill the
pores in BaTiO3 thin films, allowing for solid state impedance measurements to be
obtained.299 However, the cross sectional SEM data in this work (Figure 41) indicate that
porosity was retained, and this was further confirmed by the optical microscopy (Figure
40) which shows more pores appearing as the coating cycles increases. Cyclic voltammetry
in an acid electrolyte (1 M H2SO4) of the one (Figure 46a), two (Figure 46b) and three dip
(Figure 46c) and anneal iterations were performed. All CVs showed the same features,
typical of platinum electrochemistry (Figure 46d). Hydrogen adsorption (Hads) and
hydrogen desorption (Hdes) peaks in the potential range between -0.6 and -0.4 V were
present, suggesting that the electrolyte penetrates through the pores and contacts with the
underlying Pt substrate. The current densities are enhanced by coating with the porous
film, this was an effect of the pore structure303 and the thermal processing which was close
to the platinum Tammann temperature, which increases the Pt surface area due to surface
roughening.304

Figure 46: Cyclic voltammograms of BaTiO3 thin films produced on a Si/Pt substrate with
1 (a), 2 (b), or 3 (c) cycles of dipping into a sol followed by firing at 750 °C. 1 cm × 1 cm
regions were defined using nail polish; the scan rate was 100 mV s−1. A Pt gauze counter
electrode and a Hg/HgSO4 reference electrode were used with a non-aerated 1 mol dm−3
H2SO4 electrolyte. An ideal cyclic voltammogram of the effects of polycrystalline Pt and
nanowire platinum in H2SO4 is also shown (d) (Reproduced with permission from
reference 305 - Published by the PCCP Owners Societies).
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As the process occurring in the electrochemical system was known, an electrochemical
impedance study was undertaken in 0.5 M K2SO4 at 0 V vs. Hg/HgSO4, with the aim of
ascertaining how large an effect porosity has on the film capacitance. Firstly, a 100 mV s-1
cyclic voltammogram with a -0.8 V to +0.5 V potential window was collected to show that
there are no redox reactions occurring at 0 V in the electrolyte (Figure 47), there was an
onset of a reduction feature at more negative potentials than this, but it will not affect the
electrochemical impedance measurements.

Figure 47: Cyclic voltammograms of the Si/Pt substrate, with a scan rate of 100 mV s-1, a
Pt gauze counter electrode and a Hg/HgSO4 reference electrode were used with a nonaerated 0.5 mol dm-3 K2SO4 electrolyte.
Next, a comparison of the electrochemical impedance response from a bare, post-annealed
Pt substrate and a single dip and anneal cycle BaTiO3 thin film was performed (Figure 48).
The bare substrate shows a much lower charge transfer resistance (smaller semicircle in the
area normalised Nyquist plot) than the resistive BaTiO3 thin film. The Bode plots (Figure
48b) show a purely resistive behaviour at high frequencies, due to the solution resistance
(Rs) and mainly a capacitive behaviour from 0.1 to 1000 Hz, which was arising from the
platinum double layer capacitance and the polarisation of the dielectric. At low frequency,
the response reverts towards a resistive behaviour, modeling both the dielectric resistance
(RD) and the solution resistance (Rs). The Bode plot was almost identical for both samples,
with only a shift along the frequency axis, resulting from the resistive component of the
BaTiO3 film.
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A porous dielectric film was expected to exhibit two parallel impedances associated with
transport through the dielectric and the pores. The dielectric part was expected to contain
parallel dielectric capacitance and resistance components, whereas the pores should exhibit
a double-layer capacitance from the platinum surface in series with a pore resistance
(Figure 49a). There is an argument to suggest that the BaTiO3 ceramic produces a double
layer itself (Figure 49b), as when the material is polarised a double layer would be
induced, but there are two reasons why this double layer would not be included in the
measurement:
4. The BaTiO3 double layer response will be produced over a much larger surface
area compared to the dielectric polarisation and so the capacitance value will be
much larger (CD<<<CDL). When capacitances are in series with each other, the
value is inverse additive (Equation 20). This means if the double layer capacitance
of the barium titanate (Cdl) is much larger than the dielectric capacitance (CD) the
double layer capacitance will not be represented, this can be explained by using a
simplistic view (Equation 21).
5. As the perturbations have such a low amplitude 10 mV, and the BaTiO3 have such
a high resistivity (~22 Ω.m), only changes in phase and magnitude at the substrate
surface will be observed in the Nyquist plots.

Equation 20: Mathematical representation of capacitors in series where CD=capacitance of
the dielectric material and Cdl=double layer of the material.

Equation 21: Simplified representation which explains why the double layer capacitance
will not be represent when Cdl is much larger than the CD.
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Figure 48: Electrochemical impedance data for a Pt film substrate and a BaTiO3 thin film
produced by dipping and annealing at 750 °C. Data were collected in 0.5 mol dm−3 K2SO4
(20 mL) with a Pt gauze counter electrode and a Hg/HgSO4 (sat. K2SO4) reference
electrode. A sinusoidal potential with 10 mV amplitude was applied at frequencies from
0.1 MHz to 10 mHz. (a) Nyquist plot using data normalised to the exposed surface area of
the substrate or film, (b) Bode plot without this normalisation, and (c) equivalent circuit
used in data fitting, where Rs is the uncompensated solution resistance, CDL is double-layer
capacitance, CD is dielectric capacitance, and RD is dielectric resistance (pore resistance
was discounted).

Figure 49: Equivalent circuit describing a porous dielectric film on a platinum electrode,
where Rs is uncompensated solution resistance, CDL is double layer capacitance, CD is
dielectric capacitance, RP is pore resistance and RD is dielectric resistance (a) What the
equivalent circuit would look like if there was the dielectric produced a double layer
capacitance (Cdl) (b).
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Electrochemical impedance was performed on each film (one to five dip and anneal cycles)
using different areas of film exposed to the electrolyte to confirm the data. Nyquist and
Bode plots for a series of samples with nominally increasing deposit thicknesses are shown
in Figure 50. The Nyquist plots only show partial arcs from near the origin to the lowfrequency parallel resistance, scaling inversely with the sample area. The Bode plots all
show a linear slope of –0.95 in modulus and a constant phase angle of around 85° from
about 1 Hz to 1 kHz, signifying a capacitance on the order of 100 μF and scaling with
sample area. At frequencies below 1 Hz, a lowering of both the phase angle and modulus
suggests a parallel “leakage” resistance in the range of MΩ, which can be attributed to the
redox behaviour of impurities such as oxygen in the solution. At frequencies higher than
100 Hz, the phase angle decreases to almost zero, coinciding with a levelling off of the
impedance to a constant value of a few ohms. The latter value corresponds well to the
estimated series resistance of the electrolyte.
The effects of a complex porosity prevent a resolution of the capacitance into Cdl and CD,
and the equivalent circuit was effectively reduced to that shown in Figure 48c, where the
capacitances are effectively placed in parallel across the same leakage resistor, and the
solution resistance was in series with all other components, this allowed for the unresolved
data to be obtained (Table 10). The CPE in this case was used to account for the depression
of the semicircle, which can be attributed to the energetic heterogeneity due to the random
geometric distribution of the two capacitances.306 An alternative approach to fit the data is
the use of random R−C networks.307,308 Capacitance values varied between 6 and 11
μF cm−2, with similar values throughout and no obvious trend in the values (Figure 51). An
obvious conclusion from this data was that the exposed Pt surface area was similar in all
films and hence pores are not filled during multiple coating cycles. The ability to measure
solid-state impedance on such samples must be due to increasing thickness of the films and
increasing tortuosity of the pores, resulting in a lower tendency for the evaporated gold, or
other contact material, to penetrate to the substrate surface.
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Figure 50: Nyquist plots (left) and Bode plots (right) of the electrochemical impedance
data for BaTiO3 films on Pt film substrates produced by dipping and annealing at 750 °C:
(a) and (b) 1 cycle; (c) and (d) 2 cycles; (e) and (f) 3 cycles; (g) and (h) 4 cycles; (i) and (j)
5 cycles. Data were collected in 0.5 mol dm-3 K2SO4 (20 mL) with a Pt gauze counter
electrode and a Hg/HgSO4 (sat. K2SO4) reference electrode. A sinusoidal potential with 10
mV amplitude was applied at frequencies from 0.1 MHz to 10 mHz. The area exposed to
the electrolyte is indicated.
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Table 10: Fitted parameters from the electrochemical impedance of BaTiO3 films produced by dip and annealing at 750 °C 1, 2, 3, 4 or 5 times
Number of coatings

Area exposed / cm2

RD / MΩ

Rs / Ω

CDL+CD / μF

Areal Capacitance / μF cm-2

1

1.87

0.823(6)

21.020(16)

20.3(3)

10.8

1

1.26

2.028(18)

17.760(16)

11.69(12)

9.28

1

0.70

3.45(4)

16.010(24)

6.88(10)

9.82

2

3.12

0.633(6)

8.220(9)

20.20(3)

6.47

2

2.31

1.232(11)

11.960(10)

14.513(16)

6.28

2

1.80

2.08(3)

13.060(13)

10.887(12)

6.05

3

2.86

0.619(5)

10.950(2)

22.64(3)

7.92

3

2.20

0.980(5)

8.97(10)

18.626(16)

8.47

3

1.45

2.07(2)

11.79(2)

12.092(16)

8.37

4

3.84

0.365(3)

20.92(2)

32.18(6)

8.38

4

2.64

0.868(8)

7.52(9)

23.80(3)

9.02

4

1.90

2.99(8)

9.99(16)

14.88(3)

7.83

5

4.48

0.2371(14)

6.835(6)

36.24(4)

8.09

5

2.16

0.92(14)

11.090(16)

18.49(3)

8.56

5

1.60

1.59(6)

13.12(4)

13.62(5)

8.52
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Figure 51: Variation in area normalised capacitance of BaTiO3 films produced by dipping
and annealing at 750 °C 1−5 times and each measured using three different areas exposed
to the electrolyte. The broken line is a guide to the eye.
When looking at the impedance data, the electrochemical impedance shows the unresolved
platinum double-layer capacitance and the dielectric capacitance, whereas the solid-state
impedance data gives just the dielectric capacitance. This allows for a calculation to be
performed to obtain the platinum double-layer contribution, with the assumption that the
pore contribution in the initial solid-state capacitance was negligible. The three dip film,
where the overall film capacitance from the solid state impedance was 0.43 μF cm-2, can be
subtracted from the electrochemical capacitance, 8.26 μF cm-2, provides a platinum double
layer capacitance contribution of 7.83 μF cm-2. This can then be divided by the Pt doublelayer of the bare Pt substrate after annealing (Figure 48) which was 34.8 μF cm-2 yielding
an overall exposed platinum area, or film porosity, of 22.5 %. This means that the BaTiO3
measured in the solid-state impedance only covered 77.5 % of the surface and thus the
effective permittivity of the BaTiO3 itself was higher than that of the film overall, with a
value of 374, rather than 290. Hence, if the sol-gel coating process could be refined to
eliminate all porosities, an increase in permittivity of the films of around 29 % would be
feasible.
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Conclusion

The synthesis of BaTiO3 thin film was optimised to remove any impurities, pinholes or
surface imperfections, by identifying the source of the impurity (fresnoite) and
demonstrating that coalescence was a significant contributing factor to the formation of the
pinholes. This meant that the substrate was changed to Si/Pt, preventing Si contacting with
the Ba and Ti based sols. The quantity of water, aging duration and the stirring speed were
all increased to allow for complete removal of pinholes, but the production of pores in the
film was a by-product of this. Optical microscopy revealed that the BaTiO3 thin films were
porous, which was further confirmed by the cyclic voltammetry data from a pure Pt
substrate compared to one with a BaTiO3 thin film on its surface. The BaTiO3 films have a
film thickness of 300 nm per iteration and the films produced are pure BaTiO3 with very
few impurities, as shown by the grazing incidence X-ray diffraction patterns, and Raman
spectroscopy. The EDS confirms this and shows the atomic percent composition to be
50:50 for Ba:Ti.
The electrochemical impedance spectroscopy shows that this film was complex due to its
porous nature, which in turn exposes the Pt and so reveals a double layer capacitance.
Fortunately, this can be resolved by the combination of solid state and electrochemical
impedance data. A BaTiO3 thin film deposited this way exhibits a relative permittivity of
290, validated by the fact that three different contact areas were used, with similar results,
with the film porosity being calculated by delineating this from the combined platinum
double layer and dielectric capacitance, to give a value of 22.5 % and thus a relative
permittivity of the BaTiO3 itself was 374. This approach could be powerful in evaluating
the effect of porosity on the properties of electroceramic films and in optimising deposition
processes to minimise porosity effects.
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Chapter 4
Strontium and Zirconium Doping of Barium Titanate
Thin Films

4.1

Introduction

4.1.1

Doping

There are two types of doping that can be performed on BaTiO3 thin films. (i) isovalent
doping, where ions are substituted by other ions of the same charge, and so no additional
changes are needed to retain charge balance. (ii) aliovalent doping, where extrinsic defects
can occur because of variations in composition and may arise on doping pure crystals with
aliovalent impurities. There are two types of aliovalent doping:
1. Acceptor doping, where the replacement ions charge has decreased compared to the
parent ion.
2. Donor doping, where the replacement ions charge has increased compared to the
parent ion.
To compensate for the increase or decrease in charge because of the aliovalent doping,
creation of vacancies309 or interstitials (ionic compensation) or electrons or holes
(electronic compensation) are needed.199 There are four possibilities for cation substitution
to preserve electroneutrality:
1. Creating cation vacancies, where the replacement cation has a higher charge then
small amounts of cations are left out of the host structure.310
2. Creating interstitial anions, which is not common due to interstitial sites not being
large enough to accommodate extra anions but may occur when the replacement
cation has a high charge compared to that of the host cation.199
3. Creating anion vacancies, where the replacement ion has a lower charge the charge
balance can be maintained by creating anion vacancies. An example would be if a
small amount of Ca2+ were to replace Zr4+ in zirconia, then oxide vacancies occur
to preserve the charge balance.310
4. Creating interstitial cations can be performed to balance charges as long as the host
structure has suitably sized interstitial sites to accommodate the lower charged
replacement cation.199

4.1.2

Doping and Stress Effects in Barium Titanate

In comparing the bulk barium titanate with thin film barium titanate, there is a large drop
(x102) in the dielectric constant, but there is still a large increase in the relative permittivity
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at the point of phase transition (paraelectric to ferroelectric).311 The possible causes of the
reduction of the dielectric constant from bulk to thin films include fine grains, interfacial
capacitance, and residual stress. Stress in the plane of the thin film in the cubic paraelectric
phase causes change in the permittivity measured through the film thickness (Equation
22).312

Equation 22: Thermodynamic theory of Devonshire where Q12=electrostrictive coefficient,
σ=residual stress, εf =permittivity of the stressed film, εu=permittivity of the unstressed
film.
Equation 22 can help to explain the capacitance drop if the permittivity of the unstressed
film, εu, the interfacial capacitance, Ci, and the film thickness, t, are constant. Then as the
residual stress is increased the inverse capacitance also increases (Equation 23), suggesting
a correlation between strain and capacitance and so film permittivity. This can then be
directly related to doping as cation size variance leads to a size mismatch between cations
located at the same site, changing the lattice parameters, creating strain (Equation 24).313

Equation 23: Relationship between the film permittivity (εf), and capacitance (C), including
terms for interfacial capacitance (Ci) and film thickness (t).

Equation 24: Mean A-cation radius, <rA> and A-site size mismatch described by the
statistical variance in the distribution of the radii, σ 2.
A-site and B-site doping is important as tailoring stress within the film lowers the Curie
temperature (phase transition temperature) between tetragonal BaTiO3 and cubic BaTiO3.
This information suggests that the ferroelectric to paraelectric phase transition can occur at
room temperature with the correct dopant ion and concentrations. Many different cations
and anions can be incorporated into the BaTiO3 perovskite structure (Figure 52), whether it
is via aliovalent or isovalent doping, a few of the possibilities are listed below (Table 11).
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Figure 52 The effect of different dopant concentration on the tetragonal to cubic phase
transition temperature.314
Isovalent dopants of barium titanate include strontium, calcium, zirconium and tin. When
the dopant ion is of a smaller size (Sr or Ca), the adjacent oxygens will displace towards
the substituents to have a more closely packed structure, closing the open space for the
movement of titanium ions. This retards the vibration of the ions along <111>, but the
effect on the vibrations along <100> is minimal, thus not affecting the sharp transition at
the Curie temperature. Isovalent dopants of a larger size (Zr or Sn) force the adjacent
oxygen to displace outwards. This causes impingement on the neighbouring unit cell, thus
affecting the <100> titanium vibration and causing a diffuse phase transition at the Curie
temperature.1
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Table 11: Examples of ions that can be incorporated into BaTiO3 and their effects on Curie temperature.
Dopant Ion

Insertion Site

Type of Doping

Effects

Reference

Sr2+

A-site

Isovalent

Tc lowers

315

Zr4+

B-site

Isovalent

Tc lowers

316

La3+

A-site

Aliovalent

Tc lowers

317

Ce4+

B-site

Isovalent

No Change

318

Ce3+

A-site

Aliovalent

Tc lowers

318

Ca2+

A-site

Isovalent

Tc lowers

319

Pb4+

B-site

Isovalent

Tc raises

320
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4.1.3

Barium Strontium Titanate

The doping of strontium into the barium titanate perovskite structure is isovalent in nature
(Table 11), the effect is that there is a linear decrease in the Curie temperature with the
addition of Sr ions. BaTiO3 has a Tc = 393 K (120 °C),254 whereas strontium titanate has a
Tc = 32 K (-41 °C).321 The difference in the Curie temperature is 361 K, as the addition of
Sr ions is linear with the decrease in Curie temperature every percent of Sr added lowers
the Curie temperature by 3.61 K. This is important because as the Curie temperature
reaches room temperature (25 °C), which requires roughly 26 % of strontium, then not
only does the relative permittivity increase (Adikary et al.322 found that when x=0.7 in
BaxSr1-xTiO3 thin films that the permittivity more than doubles compared to BaTiO3); due
to the film behaving more like an ideal ferroelectric (polarisation linear compared to
electric field), the grain size also increased suggesting an interrelated grain size effect and
lowering of Tc to give a higher permittivity.322
Table 12 shows the effects of strontium content on the relative permittivity values. There
are a few things to note before comparing values across the literature. Permittivity will
inherently drop with decreasing film thickness, Panda et al.323 suggests this is due to the
formation of a space charge layer at the electrode interface, this layer has a much greater
effect when the film is thinner because it becomes a more prominent feature. There is also
suggestions of a ‘dead layer’ effect where the formation of a low permittivity ultra-thin
film at the metal/dielectric interface which similarly is more prominent at lower film
thicknesses.324 The frequency in which the permittivity values are obtained is important, at
fast rates (high frequency) the capacitor may not fully charge, thus underestimating the
capacitance and vice versa for low frequencies.325 Annealing temperature also affects the
relative permittivity, this is mainly due to grain size effects on the relative permittivity. The
larger the grains (which grow with higher synthesis temperatures) the higher the
permittivity presented will be. Cho et al. suggests this is due to the gradual loss of
tetragonality as the particle sizes decreases.326 Even the gas flow is important, where it is
found that different Ar/O2 ratios during the annealing stage of the synthesis can increase
the relative permittivity.327 This synthesis versatility greatly affects the relative permittivity
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value, making it hard to decipher a trend in the relative permittivity; some reports stating
that it increases with increasing Sr content and others stating the opposite (Figure 53).

Figure 53: Literature reports on the variation of relative permittivity of (Ba1-xSrx)TiO3 with
Sr concentration.
.
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Table 12: The effect of strontium content on the permittivity of barium strontium titanate thin films at 25 °C when annealed in air.
Strontium Content/ %

Permittivity

Film Thickness/ nm

Synthesis Technique

Frequency/ kHz

Ref.

0

350

340

Sol-gel

1

322

10

400

330

Sol-gel

1

322

20

160

100

RF magnetron sputtering

1000

323

20

180

200

RF magnetron sputtering

1000

323

20

195

400

RF magnetron sputtering

1000

323

20

200

500

RF magnetron sputtering

1000

323

20

210

900

RF magnetron sputtering

1000

323

20

675

300

Sol-gel

1

322

30

82

-

Sol-gel

1

325

30

100

15

CVD

-

328

30

150

40

CVD

-

328

30

200

68

CVD

-

328
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Strontium Content/ %

Permittivity

Film Thickness/ nm

Synthesis Technique

Frequency/ kHz

Ref.

30

300

150

CVD

-

328

30

500

200

CVD

-

328

30

650

580

CVD

-

328

30

825

280

Sol-gel

1

322

40

680

600

Sol-gel

100

329

50

39

150

Sol-gel

1

330

50

47.5

300

Sol-gel

1

330

50

67.5

600

Sol-gel

1

330

50

70

450

Sol-gel

1

330

50

84

-

Sol-gel

1

325

70

73

-

Sol-gel

1

325

80

749

600

Sol-gel

100

329

100

68

-

Sol-gel

1

325
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4.1.4

Barium Zirconate

It is known that there are several isovalent substitutions in BaTiO3 other than Sr which are
also able to shift the Curie temperature below room temperature. Among them, Zr is of
interest because a different character of dielectric response with respect to the paraelectricto-ferroelectric phase transition can be achieved by the substitution of Zr compared with Sr
in BaTiO3 due to the disparate distortions of oxygen octahedra in the perovskite lattice.
Zr4+ is also chemically more stable than Ti4+, therefore conduction by electron hopping
between Ti4+ and Ti3+, if any, would be suppressed by this substitution.264
For every percent of Zr4+introduced to the barium titanate structure the Curie point reduces
by 5.3 °C.314 This suggests that when x=0.18 in Ba(ZrxTi1-x)O3 the temperature for the
tetragonal to cubic phase transition (ferroelectric to paraelectric) would be 25 °C. The
substitution of zirconium into thin film barium titanate has been reported and a relative
permittivity increase has been noted, even up to 40 %. Table 2 shows the change in
permittivity that can occur when doping with Zr. There have been many observed changes
across the literature, where the relative permittivity can increase or decreasing depending
on the extent of doping. This is due to the effects doping has on grain sizes, film density,
the Curie phase-transition temperature and therefore the relative permittivity. Even the
deposition, and synthesis method matters. The general trend (Figure 54) of the values
obtained from the literature shows a slight increase in the relative permittivity when a
small amount of dopant is added, then a large decrease as the dopant concentration is
increased.

Figure 54: Literature reports on the variation of relative permittivity of Ba(Ti1-xZrx)O3 with
Zr concentration.
91

Table 13: The effect of zirconium concentration on the relative permittivity of barium zirconium titanate thin films.
Zirconium Content/ %

Film Thickness/ nm

Frequency/ kHz

Permittivity

Ref.

0

600

100

1050

331

5

600

100

1200

331

10

600

100

950

331

10

500

1

120

332

12

180

1

300

264

15

600

100

500

331

20

600

100

600

331

20

500

1

165

332

20

750

1

150

333

22

180

1

215

264

30

500

1

245

332

40

180

1

150

264
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4.1.5

Barium Strontium Titanate Zirconate

Co-doping of strontium and zirconium can also be attempted in solid solutions, this has the
benefits of lowering the Curie temperature and modifying properties attributed to the
strontium and zirconium, but does not alter the underlying BaTiO3 tetragonal structure as
much as a larger A or B site individual dopant would. Using the information provided in
the previous sections, a formula (Equation 25) can be used to predict the percentage of Sr
and Zr doping that would be expected to lower the phase transition temperature to room
temperature:
3.6 °C.x + 5.3 °C.x = 120 °C – 25 °C ∴
8.9 °C.x = 95 °C ∴
x = 10.7 %
Equation 25: The prediction of Sr and Zr percentage (x) required to lower the Curie
temperature (120 °C) of BaTiO3 to room temperature (25 °C).
This suggests that to obtain an ideal dielectric by using Sr and Zr doping on BaTiO3 the
composition needed is (Ba0.89Sr0.11)(Ti0.89Zr0.11)O3. Particle sizes, film thicknesses, and
synthesis conditions are also very important in producing high relative permittivity
ceramics. A series of Ba0.80Sr0.20(ZrxTi1-x)O3 films reported by Kai-Huang Chen et al.
(where x=0.04 for the phase transition to occur at RT) delivered the highest permittivity
(475) when x=0.35, although the phase transition temperature was lower than room
temperature. The sample with x=0.05 had a Curie temperature around room temperature,
but a lower permittivity (240), even lower than a pure BaTiO3 sample. Once again, this
suggests that dopant concentration is not the only important factor, and that film thickness
and grain size also contribute to a higher relative permittivity.334 Table 14 shows the trend
in changing the zirconium and strontium content. When the strontium content is fixed the
relative permittivity decreases with zirconium content. When the strontium content is
increased the relative permittivity also seems to fall, with a few data points opposing this
idea, but generally the data conforms to this trend. The aims behind this chapter is to
explore the feasibility of incorporating Sr, Zr and Sr and Zr into the Ba and Ti based sols,
and then to synthesise phase pure doped films. This will then be extended to the effect of
these dopants on the film quality and their ability to store charge.
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Table 14: The effect of zirconium and strontium concentration on the relative permittivity of barium strontium zirconate titanate thin films.
Strontium Content/

Zirconium Content/ Film Thickness/ nm

Frequency/ kHz

Permittivity

Deposition method

Ref.

%

%

10

5

-

100

298

Sol-gel

335

10

10

-

100

249

Sol-gel

335

10

20

-

100

220

Sol-gel

335

10

30

-

100

142

Sol-gel

335

10

40

-

100

135

Sol-gel

335

20

5

-

100

230

Sol-gel

336

20

20

-

100

180

Sol-gel

336

20

35

-

100

430

Sol-gel

336

20

50

-

100

120

Sol-gel

336

25

25

600

160

PLD

337

45

10

400

600

PLD

338

1
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4.2

Experimental

4.2.1

Introduction

In this study, all the chemicals were used without further purification. All equipment used was the same as in chapter 3.
Table 15: List of chemicals used in this chapter and their sources.
Name

Chemical Formula

Manufacturer

Purity

Acetone

C3H6O

Fisher Scientific

Laboratory Grade

Propan-2-ol

C3H7OH

Fisher Scientific

99.5 %

Ethanol

C2H5OH

Fisher Scientific

99.86 %

2-Methoxy ethanol

C3H8O2

Sigma Aldrich

99.8 %

Acetylacetonate

C5H8O2

Sigma Aldrich

>99 %

Titanium isopropoxide

Ti(OiPr)4

Sigma Aldrich

97 %

Zirconium isopropoxide

Zr(OiPr)4

Sigma Aldrich

99.9 %

Barium acetate

Ba(OAc)2

Sigma Aldrich

99 %

Strontium acetate

Sr(OAc)2

Sigma Aldrich

97 %

Acetic acid

CH3COOH

Fisher Scientific

>99 %
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4.2.2

Synthesis of (Ba1-xSrx)TiO3 Thin Films

Inside the glove box methoxyethanol (23.505 g, 0.309 mol), acetylacetone (1.508 g,
15.6 mmol), and Ti(OiPr)4 (2.618 g, 9.22 mmol) were mixed in a dry bottle. In a separate
beaker Ba(OAc)2 (2.357x g, 9.22x mmols) and Sr(OAc)2 (1.897(1-x) g, 9.22(1-x) mmols)
were dissolved by stirring at 60 °C in glacial acetic acid (15 mL), then allowed to cool to
room temperature. H2O (4 mL) was added and then stirred for 2 min. before dropwise
addition into the Ti(OiPr)4 solution (over a 30 min. period). The sol was then stirred at
1000 rpm for up to 10 days. The Si/Pt (15 x 20 mm) substrate was dipped into the solution
and allowed to dry for 10 min., then placed in a furnace at 750 °C for 40 min. with a ramp
rate of 1 °C min-1. The dip settings were the same as those used in Chapter 3.

4.2.3

Synthesis of Ba(Ti1-xZrx)O3 Thin Films

Inside the glove box; Zr(OiPr)4 (3.574(1-x) g, 9.22(1-x) mmols), methoxyethanol (23.505
g, 0.309 mol), acetylacetone (1.508 g, 15.6 mmol), and Ti(OiPr)4 (2.618x g, 9.22x mmols)
were mixed in a dry bottle. Ba(OAc)2 (2.357 g, 9.22 mmol) was dissolved by stirring in
glacial acetic acid (15 mL), then allowed to cool to room temperature. H2O (4 mL) was
added and stirred for 2 min. before dropwise addition into the Ti(OiPr)4 solution (over a 30
min. period). The sol was then stirred at 1000 rpm for up to 10 days. Si/Pt (15 x 20 mm)
substrate were dipped into the solution and allowed to dry for 10 min., then placed in a
furnace at 750 °C for 40 min. with a ramp rate of 1 °C min-1. The dip settings were the
same as those used in Chapter 3.

4.2.4

Synthesis of (Ba1-xSrx)(Ti1-xZrx)O3 Thin Films

Inside the glove box; Zr(OiPr)4 (3.574(1-x) g, 9.22(1-x) mmols), methoxyethanol (23.505
g, 0.309 mol), acetylacetone (1.508 g, 15.6 mmol), and Ti(OiPr)4 (2.618x g, 9.22x mmols)
were mixed in a dry bottle. In a separate beaker Ba(OAc)2 (2.357x g, 9.22x mmols) and
Sr(OAc)2 (1.897(1-x) g, 9.22(1-x) mmols) were dissolved by stirring at 60 °C in glacial
acetic acid (15 mL), then allowed to cool to room temperature. H2O (4 mL) was added and
stirred for 2 min. before dropwise addition into the Ti(OiPr)4 solution (over a 30 min.
period). The sol was then stirred at 1000 rpm for up to 10 days, Si/Pt (15 x 20 mm)
substrate was dipped into the solution and allowed to dry for 10 min., then placed in a
furnace at 750 °C for 40 min. with a ramp rate of 1 °C min-1. The dip settings were the
same as those used in Chapter 3.
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4.3

Results and Discussion

4.3.1

Characterisation of Doped Barium Titanate Thin Films

4.3.1.1

X-ray Diffraction

Incorporation of Sr(OAc)2 into the BaTiO3 crystal structure should decrease the lattice
parameter as Sr has a smaller ionic radius than Ba (Sr = 132 pm, and Ba = 149 pm). Zr on
the other hand has a larger ionic radius than titanium (Zr = 86 pm, and Ti = 74.5 pm), thus
should increase the lattice parameters. This suggests that there should only be a subtle
difference in the lattice parameter when barium titanate is doped with both Sr and Zr.
These different dopants each influenced the aging times of the sols. When strontium was
present the aging duration was two days, as using durations longer than this resulted in
substantial cracking. This suggests that the presence of any strontium decreases the aging
time. This could be due to the strontium acetate containing a small quantity of water, thus
speeding up the gelation period. The inclusion of Zr has the opposite effect, when 5 and
10 % of zirconium was present, the aging duration was four days, suggesting that the
presence of a low percentage of zirconium does not affect the sol chemistry. As this
percentage increased to 15 % the sol took eight days to age. This might be due to the
decreased amount of titanium isopropoxide and so a slower speed of oligomerisation due
to the decreased concentration of an important sol reactant. A major problem resulting
from this was that the 20 % Zr doped BaTiO3 sols had an extended aging duration, which
was shown by the sol’s viscosity not changing, even after eight days. This results in
unidentifiable impurities being observed in the GIXRD (Figure 55), which could be ZrO2,
TiO2 rutile, or BaO. Clearly, these films were not phase pure and so were not pursued
further.
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Figure 55: GIXRD of the 20 % zirconium doped barium titanate thin film, where * is the
Ba(Ti0.80Zr0.20)O3, ~ is the substrate peaks and ^ marks the unidentified peaks.
Grazing incidence X-ray diffraction (Figure 56) was performed on five (Ba1-xSrx)TiO3 (x =
0.05, 0.10, 0.15, 0.20, 0.25 and 0.30) and the four Ba(Ti1-xZrx)O3 (x = 0.05, 0.10, 0.15, and
0.20) thin films synthesised via the sol-gel method described in the experimental section.
The GIXRD shows a shift in the peak positions compared to pure BaTiO3. This was
attributed to the dopants affecting the d-spacing of the tetragonal crystal structure due to
the atomic radius of the Sr and Zr.

Figure 56: GIXRD of the 3 dip BaTiO3 (black), (Ba0.95Sr0.05)TiO3 (red), (Ba0.90Sr0.10)TiO3
(blue), (Ba0.85Sr0.15)TiO3 (pink), (Ba0.80Sr0.20)TiO3 (green), (Ba0.75Sr0.25)TiO3 (navy),
(Ba0.70Sr0.30)TiO3 (violet), Ba(Ti0.95Zr0.05)O3 (purple), Ba(Ti0.90Zr0.10)O3 (wine), and
Ba(Ti0.85Zr0.15)O3 (olive) at a 1 ° grazing incidence angle.
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When combining the dopants to make a (Ba1-xSrx)(Ti1-xZrx)O3 (x = 0.05, 0.10, and 0.15)
the aging time for these sols increased compared to the BaTiO3, this was because the Sr
barely affected the aging time, but Zr greatly changed it, as it made the oligomer formation
worse. The GIXRD (Figure 57) of these films showed a slight shift in the peak positions to
the left, this was expected due to the effect of the differing ionic radii. Sr shifts these peaks
to the right as it is 12.9 % smaller than Ba in the A site. Zr shifts this peak to the left as it is
15.4 % larger than the Ti in the B site. This shows that Zr will have greater effect on the
lattice parameter.

Figure 57: GIXRD performed on (Ba1-xSrx)(Ti1-xZrx)O3 thin films where x = 0.05 (red),
0.10 (blue), and 0.15 (pink).
The lattice parameters (Table 16) calculated from these XRD patterns confirm these
details. The lattice parameter slowly decreases, where the a lattice parameter converges on
the c lattice parameter as the amount of Sr increases in the BaTiO3 thin films, suggesting a
decrease in tetragonality towards a cubic structure. As the concentration of Zr increases, so
do the a and c lattice parameters, which slowly converge until a=b=c when the Zr content
is 100 %. This was consistent with literature values when BaTiO3 has a unit cell value of
roughly 4.000 Å,339 SrTiO3 is 3.901 Å,340 and BaZrO3 is 4.195 Å.341 This trend can be seen
in Figure 58. Across the literature, (Ba1-xSrx)TiO3 and Ba(Ti1-xZrx)O3 is suggested to be
cubic when larger amounts of dopant is added to BaTiO3, but what can be seen was that
experimentally obtained lattice parameters under this assumption fall between the fitted a,
and c lines, suggesting that there was an uncertainty about when the structure genuinely
becomes cubic, so it is still possible for low loadings of dopant to be tetragonal.
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Table 16: The change in the 2θ and crystallite size as the strontium content in the (Ba1-xSrx)TiO3, Zr content in the Ba(Ti1-xZrx)O3, and Sr, Zr
content in the (Ba1-xSrx)(Ti1-xZrx)O3 thin films increases. The unit cell parameters and crystallite sizes were calculated by using PDXL with a
BaTiO3 broadening standard (synthesised via the solid-state method).
Strontium Content/ %

Zirconium Content/ %

Lattice Parameter a/ Å

Lattice Parameter c/ Å

Crystallite Size/ nm

0

0

3.9834(12)

4.0326(12)

18.0(8)

5

0

3.9784(4)

4.0184(7)

26.9(16)

10

0

3.9731(3)

4.0106(6)

32.0(20)

15

0

3.9648(4)

4.002(7)

34.1(11)

20

0

3.9619(4)

3.9999(7)

36.3(12)

25

0

3.967(2)

3.986(2)

20.7(5)

30

0

3.9469(14)

3.9922(16)

21.9(6)

0

5

4.0004(3)

4.0286(5)

23.1(10)

0

10

4.0156(16)

4.042(2)

25.5(10)

0

15

4.0184(5)

4.0499(9)

19.1(15)

5

5

3.9992(6)

4.0336(10)

13.4(5)

10

10

3.9969(6)

4.0257(9)

25.1(26)

15

15

4.0006(8)

4.0295(12)

18.0(12)

100

Figure 58: The trend in lattice parameter as the strontium and zirconium content increases.
The strontium values; 25,342,343 35,343 50,343–345 60,346,347 74,348,349 75,342,343 80,347 and
100 %340 and the zirconium values; 20,350 25,351 35,352 50,187 74,353 and 100 %354 were
obtained from the literature (when it was proposed that the crystal structure was cubic).
There also appear to be no major change in the crystallite sizes once the Sr, Zr or the Sr
and Zr have been incorporated, where the average size was 28.7 +/- 8 nm, 22.6 +/- 3.5 nm,
18.8 +/- 6 nm, respectively. The crystal structure for SrTiO3, BaZrO3 and SrZrO3 is cubic,
suggesting a decrease in the tetragonality as the amount of dopant included into the films
increases. This was hard to see clearly in the GIXRD due to the broadness of the peaks (not
only arising from the crystallite size and the diffraction technique itself, but the fact that to
get clear peak splitting of the 200 reflection you need longer range order). Raman
spectroscopy, on the other hand, is sensitive to smaller domain sizes.
4.3.1.2 Raman Spectroscopy
Raman spectroscopy shows the effect of doping on the BaTiO3 thin film’s crystal
structures, more specifically the tetragonality. A sharp peak at 306 cm-1 is indicative of the
B1, E(TO+LO), a well-known tetragonal scattering band for barium titanate, along with
peaks at 250, 520, and 720 cm-1 due to the A1(TO), E(TO) + A1(TO), and the E(LO) +
A1(LO), respectively.355 Whilst the cubic crystal structure theoretically shows no Raman
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active modes,356 although broad bands at 250, and 520 cm-1 are usually observed due to
local disorder associated with the position of the Ti atoms.355
The Raman spectroscopy performed on the 0 to 30 % Sr doped samples (Figure 59a), 0 to
20 % Zr doped samples (Figure 59b), and the 0 to 15 % Sr and Zr doped samples (Figure
59c) all show an obvious decrease in the tetragonality as the dopant percentage increases,
with the sharp peak at 306 cm-1 quickly diminishing. Finally, at the maximum dopant
concentration there are only broad peaks present, suggesting a crystal structure nearing
cubic, consistent with the c lattice parameter converging towards the a value.

Figure 59: Raman spectroscopy performed at 5 % laser power over 10 accumulations on
the strontium doped barium titanate (a), zirconium doped barium titanate (b), and the
strontium and zirconium doped barium titanate (c), where * is the signals from the Pt
substrate.297
4.3.1.3 SEM and Optical Microscopy
SEM of the strontium doped thin films (Figure 60 and Figure 61) shows the surface of each
film and the difference that strontium causes. The first thing to notice was that the surface
of the (Ba0.95Sr0.05)TiO3 thin film contains many different features, which appear to be
protruding from the film, suggesting these are particles on the surface. The presence of
these features decreases as the amount of strontium increases. The SEM (Figure 62) of the
zirconium doped films shows that the 5 % to 15 % zirconium doped barium titanate thin
films have differing contrast across the films surface. This could be the growth of a grain
boundary, or density differences between cubic and tetragonal parts of the film, or even the
separation of zirconium from the titanium. The Sr and Zr films (Figure 63) have slight
cracking on the surface. This arises because of the zirconium, as it does not occur in the
strontium doped films. The SrZr 10 % film has blotches along the surface, suggesting that
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there was a separation of composition, and that was why it was evident in the SEM, as
there was a difference in resistance and so a difference in surface charging.

Figure 60: SEM of the (Ba0.95Sr0.05)TiO3 films at 200 and 1000 times magnification (a) and
(b), (Ba0.90Sr0.10)TiO3 film at 200 and 1000 times magnification (c) and (d), and
(Ba0.85Sr0.15)TiO3 film at 200 and 1000 times magnification (c) and (d), respectively.
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Figure 61: SEM of the (Ba0.80Sr0.20)TiO3 films at 200 and 1000 times magnification (g) and
(h), (Ba0.75Sr0.15)TiO3 film at 200 and 1000 times magnification (i) and (j), and
(Ba0.70Sr0.30)TiO3 film at 200 and 1000 times magnification (k) and (l), respectively.

104

Figure 62: SEM of the 5 % zirconium doped barium titanate films at 200 and 1000 times
magnification (a) and (b), 10 % zirconium doped barium titanate film at 200 and 1000
times magnification (c) and (d) and the 15 % zirconium doped barium titanate film at 200
and 1000 times magnification (e) and (f), respectively.
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Figure 63: SEM of the 5 % strontium and zirconium doped barium titanate films at 200 and
1000 times magnification (a) and (b), 10 % strontium and zirconium doped barium titanate
film at 200 and 1000 times magnification (c) and (d) and the 15 % strontium and zirconium
doped barium titanate film at 200 and 1000 times magnification (e) and (f), respectively.

106

Optical microscopy (Figure 64 - Figure 67) was then used to further explore the effect of
the type of dopant, and the dopant concentration on the surface features of the BaTiO3 thin
films. The Sr doped barium titanate thin films (Figure 64 - Figure 65) show a loss of the
surface features as the amount of strontium increases. This suggests that increased
concentration of Sr improves the film quality and lowers the amount of porosity which was
initially shown in Chapter 3.
The optical microscopy of the Zr doped films (Figure 66) showed the difference in contrast
observed in the SEM but clearer. Cracking can be seen across the 5 % and 15 % films, this
may suggest that the film thickness was too high, allowing for internal stress, hence the
cracks. The common feature across the Zr dopant concentration range was that there are
localised blotches across the film. This suggests that there are different areal Zr
concentrations across the area of the films. This was also a feature in the SEM showing
different regions of charging.
Similar features to the Zr can also be seen in the Sr and Zr doped barium titanate thin films
(Figure 67). The SEM and optical microscopy both show that Zr has a larger influence on
the surface features of BaTiO3 thin films compared to strontium, and this translates across
to the Sr and Zr doped films, suggesting zirconium greatly effects the surface of the films
and could mean that there was a higher Zr concentration along the surface, or differing
areal concentrations.
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Figure 64: Optical microscopy of (Ba0.95Sr0.05)TiO3 thin film at times 10 (a) and times 100
(b) magnification, (Ba0.90Sr0.15)TiO3 thin film at times 10 (c) and times 100 (d)
magnification, and (Ba0.85Sr0.15)TiO3 thin film at times 10 (e) and times 100 (f)
magnification.
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Figure 65: Optical microscopy of (Ba0.80Sr0.20)TiO3 thin film at times 10 (a) and times 100
(b) magnification, (Ba0.75Sr0.25)TiO3 thin film at times 10 (c) and times 100 (d)
magnification, and (Ba0.70Sr0.30)TiO3 thin film at times 10 (e) and times 100 (f)
magnification.
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Figure 66: Optical microscopy of Ba(Ti0.95Zr0.05)O3 thin film at times 10 (a) and times 100
(b) magnification, Ba(Ti0.90Zr0.10)O3 thin film at times 10 (c) and times 100 (d)
magnification, and Ba(Ti0.85Zr0.15)O3 thin film at times 10 (e) and times 100 (f)
magnification.
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Figure 67: Optical microscopy of (Ba0.95Sr0.05)(Ti0.95Zr0.05)O3 thin film at times 10 (a) and
times 100 (b) magnification, (Ba0.90Sr0.10)(Ti0.90Zr0.10)O3 thin film at times 10 (c) and times
100 (d) magnification, and (Ba0.85Sr0.15)(Ti0.85Zr0.15)O3 thin film at times 10 (e) and times
100 (f) magnification.
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Cross sectional SEM (Figure 68 - Figure 70) was performed on the doped barium titanate
thin films so as to know the film thickness where the solid state impedance was performed.
When the BaTiO3 thin films were doped with strontium, the film thicknesses decreased
substantially compared to the BaTiO3 films (Figure 68). This was because the inclusion of
strontium in the sols changed its viscosity, allowing for a faster evaporation of the solvent.
This was consistent with the films being more densely packed, suggesting faster
evaporation. The film thickness across the 5, 10, 15, 20, 25, and 30 % Sr doped barium
titanate thin films was consistent, with values of 220, 220, 150, 270, 200 and 200 nm,
respectively, also suggesting this was a reproducible method with the amount of strontium
not affecting the sol composition across the doping range.
The Ba(Ti1-xZrx)O3 thin films had thicknesses of 690, 280, and 440 nm for the 5, 10, and
15 % Zr doped films, respectively (Figure 69). This measurement confirms the idea that
the cracking observed by the optical microscopy was because the 5 and 15 % thin films
were thicker than the 10 % Zr doped BaTiO3 thin films. The 5 % doped film was very
porous, and thick; this could have been a result of over-aging, meaning a more viscous sol,
and so a harder for evaporation to occur, hence creating large voids throughout the film.
This porosity can be seen in the Sr and Zr doped cross sectional SEMs (Figure 70), with
the film thickness decreasing as the amount of dopant increases, giving film thickness of
990, 540, and 190 nm for the 5, 10, and 15 % Sr and Zr doped films, respectively. This can
only be a result of the aging duration greatly increasing as the concentration increases due
to the sols viscosity altering at a slower speed.

Figure 68: Cross sectional SEM of the (Ba0.95Sr0.05)TiO3 (a), (Ba0.90Sr0.10)TiO3 (b),
(Ba0.85Sr0.15)TiO3 (c), (Ba0.80Sr0.20)TiO3 (d), (Ba0.75Sr0.25)TiO3 (e), and (Ba0.70Sr0.30)TiO3 (f)
thin films, showing the film thicknesses as 220, 220, 150, 270, 200, and 200 nm,
respectively.
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Figure 69: Cross sectional SEM of the Ba(Ti0.95Zr0.05)O3 (a), Ba(Ti0.90Zr0.10)O3 (b), and
Ba(Ti0.85Zr0.15)O3 (c) thin films, showing the film thicknesses as 690, 280, and 440 nm,
respectively

Figure 70: Cross sectional SEM of the (Ba0.95Sr0.05)(Ti0.95Zr0.05)O3 (a),
(Ba0.90Sr0.10)(Ti0.90Zr0.10)O3 (b), and (Ba0.85Sr0.15)(Ti0.85Zr0.15)O3 (c) thin films, showing the
film thicknesses as 990, 540, and 190 nm, respectively.
4.3.1.4 EDS and XPS
EDS (Figure 71) was performed on the (Ba1-xSrx)TiO3, Ba(Ti1-xZrx)O3, and
(Ba1-xSrx)(Ti1-xZrx)O3 thin films, using the same area shown in the 1000 times
magnification SEMs (Figure 60 - Figure 63). There was a large amount of peak overlap
across the samples for the Sr L(α) peak (1.806 keV) and Si K(α) peak (1.740 keV), Ba L(α)
peak (4.466 keV) and Ti K(α) peak (4.512 keV), and the Pt M(α) peak (2.050 keV) and the
Zr L(α) peak (2.044 keV), this makes quantification hard manually, but the NSS program
quantifies it automatically by fitting the Gaussian without standards and by using Kramer’s
law, which can calculate and subtract the theoretical background.357 The quantitative
analysis (Table 17) shows that the Pt inclusion was consistent with the film thickness, there
are some fluctuations in these values but it will also depend on the film porosity.
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The percentage of strontium and zirconium content can be obtained by comparing it to the
barium atom percent (Equation 26) and the titanium atom percent (Equation 27),
respectively.

Equation 26: Calculation of strontium percentage in the strontium doped barium titanate
thin films using EDS, where, xSr=atom percent of strontium and xBa=atom percent of
barium.

Equation 27: Calculation of zirconium percentage in the zirconium doped barium titanate
thin films using EDS, where, xZr=atom percent of zirconium and xTi=atom percent of
titanium.
The percentage content of strontium in the (Ba1-xSrx)TiO3 thin films, as shown by the EDS,
was always above the predicted content, but when the errors in the EDS was accounted for
these values coincide with the predicted inclusion (Figure 72a). This shows that the direct
replacement of barium with strontium barely affects the sol composition, the deposition
process and the film aging and drying. It might be the case that too much strontium was
included into the sols or the EDS characterisation was less accurate as hoped for due to the
overlapping peaks. When doping the sols with zirconium instead of strontium, the
fluctuation of inclusion percentage was higher. Only the 10 % doped barium titanate film
overlaps with the predicted inclusion content (Figure 72b). The errors in these values are
much higher than in the strontium doped films due to the direct overlap of the Zr Lα with
the characteristic Pt peaks. This has a much bigger effect than the Sr overlap with Si,
because the Si was under 3 separate layers; the film, the Pt coating, and the Ti adhesion
layer, and so unlikely to be detected in the EDS measurements. This was also why there
was always a higher titanium content, due to the Ti adhesion layer. This can be clearly seen
in the thicker films where the Ba:Ti ratio was closer to 1:1, due to there being less
contribution from the adhesion layer. These observations carry through to the
(Ba1-xSrx)(Ti1-xZrx)O3 thin films, where the Sr content was closer to the predicted content
than the Zr (Figure 72c), but all doped samples are above this line, especially the Zr
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content when x = 0.15. The characterisation throughout this section showed that the Sr
behaves as expected whereas the Zr affects not only the film quality, thickness and the sol
reactivity, but also leads to compositional gradients.

Figure 71: EDS performed on the 5, 10, 15, 20, 25, and 30 % strontium doped barium
titanate (a), 5, 10, and 15 % zirconium doped barium titanate (b), and 5, 10, and 15 %
strontium and zirconium doped barium titanate (c) thin films at 1000 times magnification.

Figure 72: Graphs showing the predicted percentage of dopant included into the sol versus
the percentage content obtained by EDS, where the orange trend line shows the ideal
relationship.
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Table 17: The quantitative analysis obtained from EDS (atom percent) on the (Ba1-xSrx)TiO3, Ba(Ti1-xZrx)O3, and (Ba1-xSrx)(Ti1-xZrx)O3 thin
films.
Sr (x)

Zr (x)

C-K

O-K

Ti-K

Zr-L

Ba-L

Sr-L

Pt-M

Zr %

Sr %

0.05

0

7.8(2)

52.3(4)

18.9(10)

0

11.5(3)

0.70(10)

8.90(10)

0

5.8(10)

0.10

0

6.7(2)

53.6(4)

18.8(9)

0

12.7(3)

1.60(10)

6.60(10)

0

11.2(10)

0.15

0

9.9(2)

48.1(4)

18.2(9)

0

7.4(2)

1.60(10)

14.90(10)

0

17.8(17)

0.20

0

6.4(2)

51.5(3)

20.9(8)

0

10.6(2)

2.80(10)

7.8(0)

0

20.9(12)

0.25

0

5.9(2)

52.4(3)

20.6(7)

0

10.5(2)

3.90(10)

6.7(0)

0

27.1(13)

0.30

0

8.2(2)

48.7(4)

20.0(9)

0

6.8(2)

3.10(10)

13.10(10)

0

31.4(19)

0

0.05

7.90(10)

53.4(3)

19.3(4)

1.40(10)

17.4(2)

0

0

6.8(6)

0

0

0.10

8.7(2)

52.2(3)

18.1(3)

1.8(2)

13.8(3)

0

4.60(10)

9.1(12)

0

0

0.15

8.40(10)

54.1(3)

16.9(5)

3.7(3)

14.7(2)

0

1.70(10)

18(2)

0

0.05

0.05

7.40(10)

53.0(3)

22.1(2)

1.4(0)

15.1(2)

1.1(0)

0

5.91(5)

6.88(8)

0.10

0.10

7.6(2)

52.7(3)

20.4(2)

2.70(10)

13.8(2)

2.0(0)

0.90(10)

11.7(6)

12.66(16)

0.15

0.15

10.4(2)

52.1(3)

14.6(2)

4.4(4)

9.6(2)

1.9(0)

7.0(2)

23(3)

16.5(3)
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XPS was used as an alternative composition characterisation route, the benefits of this
technique is thst there is no peak overlap between the Ba, Ti, Sr and Zr. However, XPS is a
surface sensitive technique, so the bulk composition cannot be analysed. The XPS of the
(BaxSr1-x)TiO3, Ba(TixZr1-x)O3, and the (BaxSr1-x)(TixZr1-x)O3 thin films (Figure 73a-c)
showed the presence of all the expected components in the films, with no unexpected
elements detected. The compositional analysis used the Ba 3d, Ti 2p, Sr 3d, Zr 3p, O 1s
and the C 1s peak integrals to obtain accurate values for the percentage inclusion in the
surface of the films.
The results (Table 18) showed that there was a larger ratio of barium and strontium to
titanium on the surface of the grains compared to the expected bulk composition. The
rationale for this was that during the drying and gelation of the film, barium and strontium
was being encapsulated by the titanium. Then when calcination occurs solute elements,
such as Sr, segregate to the grain boundaries in order to mitigate energy occurring from
boundary migration.358 This was a result of unequal diffusion of solute and solvent
atoms.359 This is known as the solvent drag effect. The strontium to barium ratio calculated
using Equation 26 for the (Ba1-xSrx)TiO3 increases linearly with increasing strontium
content, suggesting that a similar amount of strontium was being expelled compared to
barium, but the amount of strontium included (as shown by the XPS) was in line with the
predicted amount (Figure 74a). This result concurs with the EDS result, but also shows that
there was a compositional change across the grain boundaries.
The quantification of the Ba(Ti1-xZrx)O3 thin films (Figure 73b) demonstrates that there
was a high surface concentration of zirconium, much higher than that of any other atoms
(Figure 74b). The XPS suggests that the zirconium preferentially sits on the grain boundary
and with an increasing concentration of zirconium present this phenomenon becomes more
apparent, this can be explained by the solute drag effect. Ramirez et al. found that a large
amount of Nd3+ segregates at the grain boundaries in yttrium aluminium garnets due to the
effect of an increased atomic mass and ionic radius has on the solute drag effect.360 The
fact that large concentrations of zirconium are on the grain boundaries suggests that much
like strontium and barium, zirconium was not incorporating into the titanium oligomers.
This was why the gelation period was extended with an increasing concentration of
zirconium, as the main oligomerisation component (Ti(OiPr)4) was being removed. This
was also why the film surfaces contain dark patches, and imperfections in the surface SEM
(Figure 62). This also agrees with the EDS where there was a larger than predicted ratio.
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The calculated EDS ratio was not as high as the calculated XPS ratio due to the difference
in penetration depths between the two techniques.
The (Ba1-xSrx)(Ti1-xZrx)O3 results correlate with the previous quantifications (Figure 73c),
and demonstrate that there was a high surface concentration of barium and strontium
compared to titanium and zirconium, and that the zirconium content was much higher than
the predicted results (Figure 74). Confirming suspicions that the titanium will
preferentially react with itself, whilst still expelling some of the barium and strontium.

Figure 73: XPS performed on the (Ba1-xSrx)TiO3, Ba(Ti1-yZry)O3, and (Ba1-zSrz)(Ti1-zZrz)O3
thin films where x = 0.05, 0.10, 0.15, 0.20, 0.25, and 0.30 (a), y = 0.05, 0.10, and 0.15 (b)
and z = 0.05, 0.10, and 0.15 (c).

Figure 74: Graphs showing the predicted percentage of dopant included into the sol versus
the percentage content obtained by XPS, where the orange trend line shows the ideal
relationship for the (Ba1-xSrx)TiO3 (a), Ba(Ti1-xZrx)O3 (b) and the (Ba1-xSrx)(Ti1-xZrx)O3 (c)
thin films.
118

Table 18: XPS Quantification of the (Ba1-xSrx)TiO3, Ba(Ti1-xZrx)O3, and (Ba1-xSrx)(Ti1-xZrx)O3 thin films using the C 1s, O 1s, Ti 2p, Ba 3d, Zr
3p, and Sr 3d occurring at binding energies of 286, 530, 459, 780, 333, and 134 eV, respectively.
Sr (x)

Zr (x)

C 1s

O 1s

Ti 2p

Ba 3d

Zr 3p

Sr 3d

Zr Content/ %

Sr Content/ %

0.05

0

6.64

59.75

13.3

19.68

0

0.63

0

3.1

0.10

0

17.22

51.83

12.33

16.60

0

2.03

0

10.9

0.15

0

25.75

48.49

11.52

11.99

0

2.14

0

15.1

0.20

0

24.19

49.26

10.63

12.75

0

3.16

0

19.9

0.25

0

27.25

44.73

11.51

12.56

0

3.95

0

23.9

0.30

0

29.37

42.71

11.00

11.88

0

5.04

0

29.8

0

0.05

22.81

47.85

10.33

16.78

2.33

0

18.4

0

0

0.10

25.48

46.64

9.67

15.64

2.57

0

21.0

0

0

0.15

23.4

51.56

7.8

12.26

4.99

0

29.1

0

0.05

0.05

18.98

50.49

10.84

16.81

1.8

1.09

14.2

6.09

0.10

0.10

24.28

45.86

10.24

14.62

3.47

1.52

25.3

9.42

0.15

0.15

24.50

46.84

8.87

11.33

6.01

2.46

40.3

17.8
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4.3.2

Thin Film Impedance Analysis

4.3.2.1

Solid State Impedance

The (Ba1-xSrx)TiO3, Ba(Ti1-xZrx)O3, and the (Ba1-xSrx)(Ti1-xZrx)O3 thin films were
subjected to various impedance analyses. Firstly the solid state impedance (Figure 75 Figure 77) shows similar results to that of the BaTiO3 thin films, with large leakage
resistances shown in the Nyquist plots, attributed to high resistances inherent to dielectric
materials. The Bode diagrams show the phase angles just below -90 °, indicative of a
capacitive system. Once again, this should occur due to the natural polarisation of the
perovskite material under an electric field. The modulus shows a gradient of -1, which is
indicative of a capacitor. These results are expected due to the nature of the material being
studied. The next step was to extract the data relevant to the amount of Sr, Zr, or Sr and Zr
being added to the thin films; the capacitance, the relative permittivity and the porosity.
The doped BaTiO3 thin film’s capacitance was calculated in two different ways, firstly
using the ZView fit, which by using a constant phase element and resistor in series, a
capacitance value can be obtained (Table 19), then converting this to a permittivity value
requires the parallel plate equation which gives an average permittivity for these films.
The average permittivity for the (Ba1-xSrx)TiO3 thin films where x = 0, 0.05, 0.10, 0.20,
0.25, and 0.30 were 290 +/- 20, 174 +/- 24, 271 +/- 22, 223 +/- 50, 255 +/- 28 and
170 +/- 11, respectively, using the film thicknesses obtained from the cross sectional SEM
(Figure 68). The (Ba0.85Sr0.15)TiO3 thin film short-circuited whilst the solid state impedance
was being performed, suggesting that the film was either too porous or too thin. This film
was reprepared but continued to short-circuit. It was unlikely that the amount of strontium
affected this as it was still possible to perform the solid state impedance on the samples
with either lower or higher dopant concentration and suggests that further refinement to the
synthesis is still needed.
The Ba(Ti1-xZrx)O3 thin films where x = 0, 0.05, 0.10 and 0.15 had an average permittivity
of 290 +/- 20, 297 +/- 15, 240 +/- 25, and 107 +/- 28 using the film thickness obtained by
the cross sectional SEM (Figure 69). The solid state impedance was successful on all the
films but not always multiple times on the same pad area. This could be due to the
inconsistencies of the films surface shown by the SEM, EDS and XPS, outliers in the data
due to surface imperfections were removed giving very consistent data points.
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The (Ba1-xSrx)(Ti1-xZrx)O3 thin films had a permittivity of 290 +/- 20, 284 +/- 3, 302 +/- 12,
and 111 +/- 13 when x = 0, 0.05, 0.10, and 0.15, respectively when using the film thickness
obtained by the cross sectional SEM in Figure 70. The only pad diameter collected for the
5 and 10 % doped samples was 0.4 mm. This was due to short circuiting at the larger pad
sizes, this may be a result of film thickness because as the films become thicker the
porosity becomes more apparent. This can also be observed in the cross sectional SEM
(Figure 68 - Figure 70), where the porosity becomes more apparent in the thicker films.
The fact that there were less data collected increases the uncertainty in the results, but
previous results from this technique do confirm that there are always consistent values
across the pad areas.
The next method was to plot the capacitance versus the frequency (Figure 78 - Figure 80),
which can then be converted to a permittivity value and an average permittivity can be
found across the frequency range (Table 20), this was performed to show the effect of
frequency on the film, but also to show that these results coincide with the fitted data,
albeit with a smaller value. The (Ba1-xSrx)TiO3 thin films had an average permittivity when
x = 0.05, 0.10, 0.20, 0.25, and 0.30 of 258 +/- 25, 139 +/- 19, 215 +/- 25, 155 +/- 31,
199 +/- 24 and 147 +/- 13, respectively. The Ba(Ti1-xZrx)O3 thin films when x = 0.05, 0.10,
and 0.15 had permittivity values of 258 +/- 25, 248 +/- 12, 184 +/- 11, and 101 +/- 17,
respectively. The final (Ba1-xSrx)(Ti1-xZrx)O3 thin films had an average permittivity of
258 +/- 25, 223 +/- 6, 242 +/- 10, and 101 +/- 8 when x = 0.05, 0.10, and 0.15,
respectively.
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Figure 75: Nyquist and Bode plots of the solid state impedance data using different pad
diameters for the (Ba1-xSrx)TiO3 thin film produced by dipping and annealing at 750 °C 3
times where x = 0.05 (a), 0.10 (b), 0.20 (c), 0.25 (d), and 0.30 (e).
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Figure 76: Nyquist and Bode plots of the solid state impedance data using different pad
diameters for the Ba(Ti1-xZrx)O3 thin film produced by dipping and annealing at 750 °C 3
times when x = 0.05 (a), 0.10 (b), and 0.15 (c).
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Figure 77: Nyquist and Bode plots of the solid state impedance data using different pad
diameters for the (Ba1-xSrx)(Ti1-xZrx)O3 thin film produced by dipping and annealing at
750 °C 3 times when x = 0.05 (a), 0.10 (b), and 0.15 (c).
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Table 19: The capacitance values of the (Ba1-xSrx)TiO3, Ba(Ti1-xZrx)O3, and (Ba1-xSrx)(Ti1-xZrx)O3 thin films obtained through ZView fits,
where the equivalent circuit used was a CPE in series with a resistor. Measurements marked with an asterisk are considered outliers
(determined by using the difference in the maximum and minimum value, added or subtracted from the average to obtain the upper and lower
limits).
Sr (x)

Zr (x)

Pad Diameter/ mm

Capacitance/ nF

Areal Capacitance/
nFmm-2

Permittivity

1.311(17)

4.42

296

1.290(19)

4.36

296

1.250(16)
0.908(17)

4.20
4.36

285
295

0.914(19)

4.39

297

0.914(19)
0.584(11)

4.39
4.21

297
286

0.55(3)

3.98

270

0.582(12)
2.950(16)

4.20
9.93

285
247*

2.06(2)

6.94

173

2.15(5)
1.462(19)

7.22
7.02

179
174

1.558(18)

7.48

186

1.612(18)
0.834(15)

7.74
6.02

192
150

0.884(15)

6.38

159

0.999(16)

7.21

179

0.6

0

0

0.5

0.4

0.6

0.05

0

0.5

0.4

125

0.6

0.10

0

0.5

0.4

0.6

0.20

0

0.5

0.4
0.6

0.25

0

0.5

0.4

126

4.39(13)

14.8

367*

2.98(5)

10.0

249

3.28(7)
2.16(5)

11.0
10.4

274
257

2.24(4)

10.8

267

2.33(4)
1.55(3)

11.2
11.2

278
279

1.56(3)

11.2

279

1.58(3)
2.28(6)

11.4
7.68

282
234

2.52(19)

8.47

258

2.36(7)
1.41(16)

7.94
6.75

242
205

1.8(9)

8.84

270

1.52(5)
0.79(3)

7.32
5.68

223
173

0.80(3)
3.61(4)

5.80
12.2

177
275

3.27(4)
2.61(3)

11.0
12.5

249
283

2.50(2)

12.0

271

2.45(2)
1.453(14)

11.7
10.5

265
237

1.395(14)

10.1

227

1.440(14)

10.4

235

3.13(9)

15.0

339*

1.667(7)

8.00

181

1.623(10)
0.990(11)

7.79
7.02

176
161

0.4

1.011(12)

7.30

165

0.6

1.015(10)
1.192(5)

7.33
4.01

165
313

0.5

0.788(6)

3.78

295

0.52(3)

3.75

295

0.72(2)

5.20

402*

0.511(7)
2.18(5)

3.68
7.34

287
232

1.8(3)
1.74(6)

6.06
8.35

194*
264

1.55(3)

7.44

236

1.47(2)
1.021(17)

7.06
7.37

223
233

1.13(3)

8.16

259

1.0(5)
0.81(5)

7.22
2.73

230
135*

0.71(9)
0.43(6)

2.39
2.06

118
102

0.47(7)
0.29(2)

2.26
2.09

111
105

0.301(13)

2.17

108

0.265(12)

1.91

95

0.5
0.30

0

0

0.05
0.4

0.6

0

0.10

0.5

0.4

0.6

0

0.15

0.5

0.4

127

0.05

0.10

0.05

0.10

0.4

0.4

0.6

0.15

0.15

0.5

0.4

128

0.348(15)

2.51

281

0.355(14)

2.56

286

0.658(17)

4.75

290

0.713(17)

5.15

314

0.685(14)
1.595(2)

4.94
5.37

301
115

1.5140(17)
1.0450(3)

5.10
5.02

109
108

1.0790(3)

5.18

111

1.0600(3)
0.6470(2)

5.09
4.67

109
100

0.7990(5)

5.77
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1.166(3)

8.42

181*

Figure 78: Graphs showing the effect of changing frequency on the capacitance (left) and
the relative permittivity (right) using different pad diameters for the (Ba1-xSrx)TiO3 thin
film produced by dipping and annealing at 750 °C 3 times where x = 0.05 (a), 0.10 (b),
0.20 (c), 0.25 (d), and 0.30 (e).
129

Figure 79: Graphs showing the effect of changing frequency on the capacitance (left) and
the relative permittivity (right) using different pad diameters for the Ba(Ti1-xZrx)O3 thin
film produced by dipping and annealing at 750 °C 3 times where x = 0.05 (a), 0.10 (b), and
0.15 (c).
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Figure 80: Graphs showing the effect of changing frequency on the capacitance (left) and
the relative permittivity (right) using different pad diameters for the Ba(Ti1-xZrx)O3 thin
film produced by dipping and annealing at 750 °C 3 times where x = 0.05 (a), 0.10 (b), and
0.15 (c).
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Table 20: Average permittivity of the (Ba1-xSrx)TiO3, Ba(Ti1-xZrx)O3, and (Ba1-xSrx)(Ti1-xZrx)O3 thin films across a frequency range of 100 Hz
to 1 MHz. Measurements marked with an asterisk are considered outliers (determined by using the difference in the maximum and minimum
value, added or subtracted from the average to obtain the upper and lower limits).
Sr (x)

Zr (x)

Pad Diameter/ mm
0.6

0

0

0.5

0.4

0.6

0.05

0

0.5

0.4

132

Average Capacitance/ nF

Average Permittivity

1.13

257

1.11

253

1.07
0.791

244
257

0.782

254

0.780
0.579

254
283

0.542

265

0.522
1.55

255
129

1.67

140

1.85
1.27

155
151

1..24

148

1.16
0.787

138
141

0.704

126

0.668

119

0.6

0.10

0

0.5

0.4

0.6

0.20

0

0.5

0.4
0.6

0.25

0

0.5

0.4

133

2.53

211

2.35

196

2.87
1.81

240
216

1.76

210

1.68
1.23

201
221

1.22

219

1.21
1.72

217
176

1.68

173

1.71
1.12

176
165

1.10

161

0.929
0.572

136
126

0.562
2.53

124
192

2.86
1.93

217
210

1.97

213

2.02
1.11

219
181

1.07

175

1.13

184

1.42

154

1.48

161

2.11
0.877

228*
143

0.4

0.867

141

0.6

0.847
0.994

138
261

0.5

0.659

247

0.428

241

0.513

288*

0.436
1.45

245
154*

1.68
1.28

179
195

1.23

187

1.20
0.785

181
179

0.803

183

1.02
0.704

233*
135

0.634
0.383

118
102

0.426
0.261

111
105

0.267

108

0.5
0.30

0

0

0.05
0.4

0.6

0

0.10

0.5

0.4

0.6
0

0.15

0.5
0.4

134

0.05

0.10

0.05

0.10

0.4

0.4

0.6

0.15

0.15

0.5

0.4

135

0.277

95

0.269

217

0.283
0.527

229
232

0.569

250

0.557
1.48

245
107

1.38
0.965

99
99

1.00

103

9.82
0.599

101
93

0.688

107

0.861
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When comparing the relative permittivity values (Figure 81a-c) obtained from the solid
state impedance measurements for the (Ba1-xSrx)TiO3, Ba(Ti1-xZrx)O3, and the
(Ba1-xSrx)(Ti1-xZrx)O3 thin films, the frequency averages are always lower than the ZView
calculated counterpart. As explained in Chapter 3, this was due to the speed of charging at
higher frequency not allowing for the complete polarisation of the doped barium titanate,
thus lowering the permittivity value.
The spread in the relative permittivity values was large across the (Ba1-xSrx)TiO3 thin films
(Figure 81a), this was across multiple pad areas. This suggests that there was a large
variance in capacitance across the films, which cannot be attributed to a film thickness
variation as there was not a significant change in film thickness across the sample area. To
further test these results, another sample made from a different sol would need to be tested.
Based on these results, strontium doping was expected to decrease the permittivity, but not
drastically.
In the Ba(Ti1-xZrx)O3 thin films (Figure 81b), when x = 0.05 there seems to be little to no
change, or even a slight increase in the relative permittivity. As the extent of doping
continues, the relative permittivity starts to drop exponentially. This was because the Zr
was affecting the B site which is the major reason why BaTiO3 has such a high relative
permittivity, due to the polarisation of the titanium. Therefore, as the amount of titanium
was decreased, the crystal structures ability to polarise was decreased, and hence the
permittivity drops rapidly. This also helps to explain why the strontium barely affects the
relative permittivity of BaTiO3 as this involves changing the A site rather than the B site.
For the (Ba1-xSrx)(Ti1-xZrx)O3 thin films (Figure 81c), when x = 0.05 and 0.10 there seems
to be no change in relative permittivity, and even an increase when doped with 10 % of Sr
and Zr which may suggest a contribution from the decrease in the Curie phase transition
temperature. Another reason could be that because the porosity has been greatly reduced
the measurements are more indicative of the true film permittivity, and thus appears to be a
similar value to that of a porous BaTiO3 thin film. As x goes towards 0.15, there was a
large drop in the permittivity. This was also seen in the zirconium doped BaTiO3 thin films
and, as discussed previously, the zirconium appears to have a larger effect on the relative
permittivity than the strontium. These results show the consistency between the doping
with either Sr or Zr compared to doping with both Sr and Zr, and that if the synthesis of the
Zr doped sol is refined to improve the deposited films quality and composition it can be
employed for the co-doping with the expectation that the results will be the same.
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Figure 81: The trend of strontium (a), zirconium (b), and strontium and zirconium (c)
doping on the relative permittivity of barium titanate.
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4.3.2.2 Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy was performed on the 5, 10, 20, 25, and the 30 %
Sr doped three dip and anneal samples using the same procedure as explained in Chapter 3.
This was performed to try and determine the porosity of the films and to obtain the true
relative permittivity of the films. The experiment was only performed on the strontium
doped sample as it was clear from the optical microscopy and the SEM that strontium had
a direct effect on the porosity without changing the quality of the films significantly. This
was not the case for any films doped with Zr, where cracking, and concentration gradients
were observed across the film and the grains.
The Nyquist and Bode plots (Figure 82) show partial arcs, where at very high frequencies
the resistance on the 0.5 M K2SO4 was measured, which was shown with a phase angle of
0 ° and a modulus gradient of 0 in the Bode plot. There was a linear slope in the modulus
gradient of -0.95, and a constant phase angle around 85 ° from 1 Hz to 1 kHz, signifying a
capacitive response, with scaling depending on the sample area. At frequencies below 1
Hz, a lowering of both the phase angle and modulus suggests a parallel “leakage”
resistance in the range of MΩ. To recap from chapter 3, the complex porosity prevents
resolution of the capacitance into Cdl and Cd, and the equivalent circuit was reduced. This
allows for the unresolved data to be obtained (Table 21).
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Figure 82: Nyquist plots (left) and Bode plots (right) of the electrochemical impedance
data for (Ba1-xSrx)TiO3 films on Pt film substrates produced by dipping and annealing at
750 °C: for 3 cycles where x = 0.05 (a), 0.10 (b), 0.20 (c), 0.25 (d), and 0.30 (e). Data was
collected in 0.5 mol dm-3 K2SO4 (20 mL) with a Pt gauze counter electrode and a
Hg/HgSO4 (sat. K2SO4) reference electrode. A sinusoidal potential with 10 mV amplitude
was applied at frequencies from 0.1 MHz to 10 mHz. The area exposed to the electrolyte is
indicated.
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Table 21: Fitted parameters from the electrochemical impedance of (BaxSr1-x)TiO3 thin films produced by dip and annealing at 750 °C 3 times.
Sr (x)
0.05

0.10

0.20

0.25

0.30

Area/ cm2

RD/ MΩ

Cdl + CD/ μF

Areal Capacitance/ μF cm-2

Porosity/ %

0.56

1.67(3)

3.455(12)

6.17

15.72(12)

1.00

0.685(10)

6.05(2)

6.07

15.42(11)

1.30
0.72

0.122(6)
1.12(2)

9.82(6)
5.98(2)

7.55
8.30

19.7(19)
20.72(16)

1.10

0.479(5)

9.76(2)

8.85

22.30(13)

1.89
0.68

0.156(5)
0.567(12)

17.50(7)
8.09(3)

9.26
11.9

23.48(20)
31.93(28)

1.14

0.420(8)

12.62(4)

11.1

29.57(24)

1.67
0.55

0.218(4)
1.09(3)

19.72(7)
4.820(19)

11.8
8.72

31.74(26)
21.82(18)

1.21

0.812(14)

9.65(3)

7.99

19.71(14)

2.08
0.34

0.48(2)
2.02(4)

16.11(17)
1.936(6)

7.75
5.70

19.01(30)
14.312(10)

0.90

1.449(19)

4.810(12)

5.33

13.26(8)

1.50

1.029(17)

8.13(2)

5.44

13.57(9)
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The areal capacitance values increase across the 5, 10, and 20 % strontium doped samples,
these values then decrease as the doping was increased to 30 %. This suggests that the
contribution from the Pt double layer reaches a maximum at 20 %. The trend was the same
for porosity, where the electrochemical impedance suggests that the 20% strontium doped
film was the most porous, whereas the least porous film was the 30 % doped. (Figure 83).

Figure 83: The trend of the areal capacitance and the film porosity obtained via the
electrochemical impedance on the 5, 10, 20, 25, and 30 % strontium doped thin films.
The increase in pores does not correlate which the reduction of surfaces features shown in
the optical microscopy (Figure 64-Figure 65). This could be a feature of strontium
improving the topography of the films surface but there was still retention of porosity
through the layers. There also could be residual stress in the film as strontium was added
causing a lattice mismatch at the surface of the substrate and exposing more platinum. As
the strontium percentage increases relaxation between the film and the substrate occurs
cause a more favourable adhesion.
The film permittivity, which was calculated from the capacitance values obtained from
ZView and the average across the frequency range impedance data, was adjusted to include
the film’s average porosity (

Table 22). The errors were calculated from the ZView fits. The trend was best shown in a
graphical form (Figure 84), when porosity was taken into account, the permittivity is
decreasing, but more linearly than previously thought. The permittivity calculated from the
frequency data shows this most clearly. The 5 % strontium doped film seems to be
anomalously low, and further measurements on other 5 % doped films should be made to
confirm this value.
Table 22: The strontium doped BaTiO3 thin films permittivity values calculated by
removing the pore content from the solid state impedance data.
Sr (x)

Permittivity

Permittivity

Real

Real Permittivity

(ZView)

(Frequency)

Permittivity

(Frequency)

(ZView)
0

290(20)

258(25)

355(25)

316(31)

0.05

174(24)

139(19)

203(28)

163(22)

0.10

271(22)

215(25)

331(27)

263(31)

0.20

223(50)

155(31)

392(66)

203(41)

0.25

255(28)

199(24)

30(34)

239(29)

0.30

170(11)

147(13)

193(13)

167(15)

Figure 84: The trend in the permittivity of the strontium doped BaTiO3 thin films when
porosity was accounted for.

4.4

Conclusion:

Single phase BaTiO3 thin films were synthesised with 5, 10, 15, 20, 25, and 30 % inclusion
of strontium, 5, 10, and 15 % inclusion of zirconium and 5, 10, and 15 % strontium and
zirconium. Strontium doping decreased the lattice parameter of BaTiO3, zirconium
increased the lattice parameter, while doping with both strontium and zirconium led to the
lattice parameter being essentially unchanged. This was as expected due to the differing
atomic radii of strontium compared to barium and zirconium compared to titanium. The
addition of strontium led to slightly faster gelation of the sols (due to the solid strontium
precursor absorbing water), whereas the addition of zirconium slowed down the gelation
(as the species involved in the gelation was slowly being removed). This suggests that the
titanium precursor was the only species involved in the gelation, which was proven by the
XPS, as the other ions were expelled to the boundaries of the grains.
The solid state impedance showed that as the strontium replaced barium in the A site, there
was not much effect on the relative permittivity. When electrochemical impedance
spectroscopy was used to measure the film porosity, and resolve the real film permittivity,
it showed a gradual decrease in relative permittivity, with Sr 5% being an outlier. The
zirconium affects the B site, and replaces titanium, so there was an exponential drop in
permittivity as the zirconium replaces the titanium, indicative of the loss of polarisation
(through the removal of titanium). The SrZr thin films showed a trend more similar to
zirconium, this also shows that the co-doped films has a combined response of the
individual dopant ions.
In the future, solid state impedance should be attempted again to show the difference, if
any, of the permittivity of the same film synthesised using different sols, thus confirming
these results. Low film quality was a major factor in not obtaining multiple measurements
on the larger pad sizes (mainly on films with a higher concentration of dopant). Therefore,
the synthesis of the sol should be altered to aid gelation due to the removal of the gelling
agent (titanium isopropoxide) or the addition of a solid containing some moisture. To
further improve the relative permittivity, larger particles sizes should be achieved, as the
relative permittivity greatly increases with particles sizes up to 1 μm. It would also be
favourable if polarisation measurements were performed to see the effect of doping on the
ferroelectric loop of BaTiO3.

Chapter 5
Electrodeposition of Thin Film Titanium Dioxide and
Barium Titanate

5.1

Introduction

5.1.1

Electrodeposition of Transition Metal Oxides

There are a wide range of electrodeposition techniques available for metal oxides
especially for materials such as ruthenium oxide and titanium dioxide (discussed further in
the next section) due to their popularity in applications of supercapacitors and
photocatalysis, respectively. Deposition conditions such as duration, potential, bath
temperature and pH affect not only the film quality, but also preferential growth
orientations, porosity and particle shape, which in turn affects the suitability of the thin
film material for particular applications.
Most thin films of binary 3d and 4d transition metal oxides have been successfully
electrodeposited using aqueous electrolytes and cathodic or anodic deposition. Transition
metal oxides that have been successfully deposited via cathodic deposition include
Y2O3,361 TiO2,95 ZrO2,362 Nb2O5,363 MoO3,364 WO3,365 Fe2O3,366 RuO2,367 CoO,108 NiO,368
Cu2O,369 CdO370 and ZnO.371 There are multiple reaction mechanisms and techniques for
the cathodic deposition of transition metal oxides.
The first would be through the electrogeneration of hydroxides (this was discussed in
section 1.5), these hydroxides can then react with the unstable metal ions to form M(OH)x
at the surface of the substrate (5.1). This technique has been demonstrated for the
following transition metals (and the precursors used); yttrium (YCl3.xH2O106,361,372 or
Y(NO3)3373), iron (FeCl2,366 FeCl3,374 and Fe(NO3)3112), ruthenium (RuCl315,367,375–381),
cobalt (Co(NO3)2382), nickel (Ni(NO3)2383), zinc (ZnCl2 and Zn(NO3)2)167,371,384–387 and
cadmium (CdCl2 and Cd(NO3)2)370,388,389
Mn+ + nOH = M(OH)n

(5.1)

Aghazadeh et al. found that plating bath temperatures are important in controlling the
morphology of yttrium oxide deposition where 10, 25, 40 and 80 °C creates ultrafine
nanoparticles, nanospheres and nanorods, respectively.122 Y2O3 thin films prepared at low
current density, e.g. 0.1 mA cm-2, create highly porous, interconnected flakes. When the
current density is increased to 0.25 mA cm-2, plate-like structures are observed. At current
densities higher than 0.25 mA cm-2 the deposited film has agglomerated, spherical
particles.107
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Another technique involves the use of metal peroxo complexes to help stabilise the metal
species at low pH, i.e. once the base is electrogenerated, it raises the pH and forces
precipitation of the metal. This technique is one of the most favourable as it can be applied
to the most unstable transition metals and in many cases the metal can be dissolved directly
into the peroxide. These include; titanium (TiCl3,111,118,119,390 TiCl4,380,391 TiOSO4,392–394 or
[NH4]2[TiO(C2O4)2]),395,396 niobium (NbCl5),363,397,398 molybdenum (Mo),88 and tungsten
(W,399–408 Na2WO4,409 WCl3,410 or K2WO4.411). Shahizuan et al.412 found electrochromism
can be improved in WO3 by changing the deposition pH (1.8, 1.3, and 0.80), where the
film produced at the lowest electrolyte pH showed the best H+ intercalation, deintercalation properties. Giannouli et al. found that with increasing aging duration, the
amount of agglomeration in the electrolyte increased, this in turn increases surface
roughness of the film produced and thus the surface area, which can be important for both
electrochromism and capacity.408 Pulsed electrodeposition, which utilises short, high
potential pulses allowing for nucleation at a much higher number of sites compared to a
continuous applied potential, can also be employed.399
The next technique involves the reduction of the metal itself, where the metal species is
stabilised in an aqueous solution, a negative potential or current is applied to create a lower
oxidation state species which is unstable in water and so precipitates out onto the substrate
surface, for example zirconium (eqn. 5.2-5.3),362 and copper (eqn. 5.4-5.5) using
ZrO(NO3)2,413 ZrOCl2, CuSO4,16,161,414 and CuCl2415.
ZrOCl2 + e- = ZrOCl + Cl-

(5.2)

2ZrOCl + 2H2O = 2ZrO2 + 2HCl + H2

(5.3)

Cu2+ + e- = Cu+

(5.4)

Cu + OH- = Cu(OH)s

(5.5)

One of the simpler techniques is where the metal oxide can dissociate in solution, the metal
cation can then be reduced using a negative potential and subsequently reacts with
hydroxides present in the solution. This is the case for molybdenum (eqn. 5.6-5.7), where
[NH4]2MoO4416,417, [NH4]6Mo7O24364,418,419 or sodium molybdate (Na2MoO4),420–423 can be
used.
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(NH4)MoO4 = 2NH4+ + MoO42-

(5.6)

MoO42- + 2e- + (4+2n)H+ + 2n(OH)- = MoO2-n(OH)2n + (4+2n)H2O

(5.7)

Anodic deposition is another popular electrodeposition technique for transition metal
oxides. The metal oxides deposited in this way include; V2O5,424 Fe2O3, RuO2, CoO and
NiO. The main observation is that this technique is less versatile, since the only process
involved in this method is the oxidation of the metal cation to an unstable ion, which then
reacts with either water or hydroxide ions depending on the solution pH. The precursor
used for vanadium, iron, ruthenium, cobalt and nickel are V(acac)3425 and VOSO4 (eqn.
5.8-5.9),424,426–430 Fe(NH4)2(SO4)2431 and Fe3(BO3)2432 (eqn. 5.10-5.11),104,431
RuCl3.xH2O92,105,433,434 (eqn. 5.12-5.13),105 Co(NO3)2,435 CoCl2,436 Co(OAc)2,437 NiCl2438
and Ni(SO4)2,439 respectively.
VO2+ + H2O = VO2+ + 2H+ + e-

(5.8)

2VO2+ + H2O = V2O5 + 2H+

(5.9)

Fe2+ = Fe3+ + e-

(5.10)

Fe3+ + -OH = Fe(OH)3

(5.11)

Ru3+ = Ru4+ + e-

(5.12)

Ru4+ + 4OH- = RuO2.2H2O

(5.13)

Anodic deposition, cyclic voltammetry and cathodic deposition each have their benefits for
applications in supercapacitors. The substrate of choice would be carbon, preferably
carbon nanowires or nanorods, giving the best surface area possible for your material,
which is indicative of a high capacitance supercapacitor. It has been suggested that anodic
deposition cannot be performed on these substrates, as they are susceptible to oxidative
attack. For example, it is very difficult to avoid destroying the substrate while depositing
ruthenium.92 Acetic acid can be used to lower the deposition potential and to decrease the
effect of oxidative attack on carbon substrates, with an increase concentration of acetate
ions facilitating the deposition of ruthenium oxide, although increases the amount of
cracking across the film.92 Another deposition technique used is cyclic voltammetry, which
uses a changing deposition potential, and has been suggested to be the best deposition
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method for obtaining high capacitances, where specific voltage ranges give different
outcomes. Ahn et al. showed that a deposition potential range of 0.25 V to 1.45 V gives a
specific capacitance of 534 Fg-1 for RuO2 whereas a deposition range of -0.2 V to 1.5 V has
a capacitance of 78 F g-1.440 This was attributed to higher potentials removing less water
from the amorphous porous structure and hence facilitates proton transfer (section 1.5).440
This suggests that anodic deposition and cyclic voltammetry deposition would theoretically
give better specific capacitances, compared to cathodic deposition, although cathodic
deposition would not oxidise carbon substrates due to a negative potential being used.

5.1.2

Electrodeposition of Titanium Dioxide

Titanium dioxide is the most widely studied photocatalyst due to its high activity, chemical
inertness, low cost and non-toxicity.441 The rutile phase of TiO2 has a high refractive index
and UV absorptivity, but anatase is chemically and optically more active under UV
excitation and is generally considered to be the most efficient TiO2 polymorph in
photocatalytic reactions.111,442 These properties allow for a versatile range of applications
in degradation of organic materials,443 gas sensors,444 water and air purification,445
electrochromic devices446 and solar cells.447 Thin films allow for easy integration into
various types of devices for applications in optoelectronics, photonics and magnetic
devices.448 Titanium dioxide thin films have been produced using a broad range of
deposition techniques including magnetron sputtering,449 spray pyrolysis,450 sol-gel
coating,451 chemical vapour deposition,452 and anodisation.453 Electrochemical deposition
provides good control of film thickness through deposition potential and duration,392 ability
to deposit uniformly over complex shapes454 or through templates to produce structured
nanowires,455 electrical control over the deposition site,456 low processing temperatures457
and has a low apparatus cost.95,396 However, electrochemical deposition of TiO2 has not
been attempted to a great extent, with similar methods being implemented. Zhitomirsky
suggests that electrosynthesis of titanium dioxide is similar to the sol-gel method of oxide
processing, making use of electrogenerated base to promote condensation reactions instead
of alkali.379,380,391,458,459 However, the electrodeposition of titania in this way presents
difficulties. This is because titanium nitrate is an unstable compound, and there are
difficulties associated with Ti4+ salts in aqueous solution since they are easily hydrolysed
to form a titanium hydroxide precipitate.391,458
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The main route reported for depositing titanium dioxide is through cathodic deposition.
This involves using a titanium precursor, such as TiCl3,111,118,119,390 TiCl4,380,391
TiOSO4,95,116,117,392–394 and [NH4]2[TiO(C2O4)2]395,396 which is then stabilised in an acidic
medium ranging from pH 1.895 to 4395,396 (using oxalic acid,390 hydrochloric acid,119
H2SO4117, or HNO3117). This is important especially for the Ti4+ precursors, as if they are
exposed to water or hydroxides at higher pH, precipitation of titanium hydroxide will occur
immediately.23 The electrochemical deposition requires a cathodic potential, which can
supply electrons to electrogenerate hydroxide ions. Once generated at the electrode
surface, the pH rises, inducing the formation of a Ti(OH)2.xH2O gel on the electrode (eqn.
5.14).117
TiO2+ + 2OH- + xH2O = TiO(OH)2.xH2O

(5.14)95

This gel can then be calcined to produce amorphous or crystalline TiO2. In most cases
H2O2 is used to form Ti peroxo complexes (eqn. 5.15),95,116–118,391–394,460 which can then
react with hydroxides to form the same Ti(OH)2.xH2O gel (eqn. 5.16).95 Hydrogen
peroxide can be considered as a catalyst as it is regenerated at the end, and any deposition
solution containing H2O2 exhibits a higher rate of TiO2 deposition.118 This is very similar
to the sol-gel method, where a titanium peroxo complex is formed which is then coated
onto a substrate and annealed to produce TiO2.461
TiOSO4 + H2O2 = Ti(O2)SO4 + H2O

(5.15)

Ti(O2)SO4 + 2OH- + (x+1)H2O = TiO(OH)2.xH2O + H2O2 + SO42-

(5.16)

There are a few electrodeposition techniques for TiO2 available on a broad range of
substrates and using slightly different electrolytes. The lesser employed techniques, such as
sacrificial electrodeposition, use high potentials on a titanium anode with an applied
potential of 50 V for 10 min., the sacrificial titanium anode then corrodes into the
electrolytic solution. As the process occurs, the cathode generates hydroxide ions by
reducing H2O, and condensation reactions form a “polymer-like hydrous titania” at the
cathode surface (eqn. 5.17).462
Ti + 2H2O = TiO2 + 4H+ + 4e-

(5.17)

More recently, the use of indirect electrodeposition to produce a 5 μm thick TiO2 film was
reported, but once again hydroxides were formed via the reduction of nitrates, which then
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diffuse towards the surface of the non-conducting substrate and react with the decomposed
form of titanium(IV) bis(ammonium lactato)dihydroxide (TALH) (eqn. 5.18-5.19). This
can then be annealed to form a thin film of TiO2 (eqn. 5.20).463
[NH4]2Ti(OH)2(C3H4O3)2 = Ti(OH)2(C3H4O3)22- + 2NH4+

(5.18)

Ti(OH)2(C3H4O3)22- + 2OH- = Ti(OH)4 + 2C3H4O32-

(5.19)

Ti(OH)4 = TiO2 + 2H2O

(5.20)

Cathodic electrodeposition seems to be the favoured method for depositing the group 4
transition metal oxides. This is probably due the availability of soluble metal ions that are
stable in basic mediums. The deposition of titanium dioxide and indeed zirconium dioxide
revolves around the electrogeneration of hydroxide ions, which force the metal species to
form a gel at the surface of the electrode. This deposition requires specific conditions to
allow for the gel to occur, an acidic medium, the presence of nitrate or water, a stable metal
ion source and a negative potential. The favourable deposition temperatures seems to be
lower than room temperature, with thick films being produced. The thicker titanium
dioxide films have peroxide present in the electrolyte composition; this will speed up
deposition as the peroxo titanium complex reacts quickly and would not be ideal for use in
thinner films (Table 23). For both metal species the deposit is amorphous and requires
dehydration and annealing for a crystalline form. Amorphous titanium dioxide has been
reported to give better capacitance in supercapacitors. However, this also creates a problem
for lithium ion batteries as water has been incorporated throughout the titanium and
zirconium gels, and this water will react with the Li electrolyte. Calcination temperatures
between 100 °C and 300 °C can be used to keep it amorphous.
The common problems associated with these methods are the stability of the electrolyte,
e.g. the peroxo complexes become turbid after 1 or 2 days even at low pH.464 The peroxide
route produces heavily cracked films,117,380,462 and other electrolytes produce
particulates95,111,119,392–394 or very porous films.111,119,457 Also, peroxide-containing electrolytes
cannot be used with a number of other transition metals, and in the presence of chloride
they generate Cl2 gas,398 while metal ions such as RuCl3 decompose in peroxide.367,375–
377,381,465
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Table 23: Electrochemical synthesis of titanium dioxide, showing multiple precursors and deposition conditions.
Precursor

TiCl3

Concentration

Deposition

Film

Deposition

Supporting

pH

Ref.

/ mM

Temperature/ °C

Thickness/ μm

Conditions

Compounds

25

25

7 cycle-1

-0.5 to -1.6 V

HCl, NaNO3

-

111

at 5 mV s-1
TiCl4

5

1

-

20 mA cm-2

H2O2

-

391

TiCl4

5

2

1-2

20 mA cm-2

H2O2, H2O, MeOH

-

380

TiOSO4

5 - 500

-

0.6

-0.9 to -1.4 V

H2O2, KNO3

3

117

TiOSO4

10-1000

10

-

-1.2 V

H2O2, NH4OH

1.5-3

394

TiOSO4

20

10 °C

1.2

-1.1 V

H2O2, KNO3

1.8

95

TiOSO4

-

RT

-

-0.9 to -1.2 V

KNO3

2-3

116

TiOSO4

5 - 500

-

1.2

-0.9 to -1.2 V

H2O2, HNO3,

3

392

KNO3
TiOSO4

50

10

-

-1.2 V

H2O2, NH4OH

-

393

[NH4]2[TiO(C2O4)2]

10

-

2

20 mA cm-2

(COOH)2, NH4OH

4

395
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5.1.3

Electrodeposition of Barium Titanate

The electrodeposition of barium titanate is barely reported across the literature. It is
difficult to include barium and titanium into the same electrolyte, and even more difficult
to deposit stoichiometric materials. Perovskite LaCoO3 can be deposited using
electrochemical oxidation with several cobalt salts, but various applied potentials,
durations and La:Co ratios needed to be tested to achieve the target material.466 Lead
zirconate has also been successfully electrodeposited by the use of electrochemical
reduction. This was achieved by the use of nitrate reduction and the peroxo route
previously mentioned.467 This suggests it should be possible to electrodeposit BaTiO3
using a similar method of reducing nitrate ions to force the precipitation of Ba(OH)2,
whilst at the same time form a titanium gel.
There are two main routes to the electrodeposition of titania, as previously mentioned. One
through the use of TiCl3, which then is stabilised as a Ti(IV) cation. Electrochemical
reduction of nitrate is performed to produce hydroxide ions which forces the precipitation
of a titanium dioxide. The other is using an acid stabilised titanium peroxo precursor, as
the pH is raised due to the formation of hydroxide ions through the reduction of nitrate a
film is formed. This is exactly what Matsumoto et al.3 and Nomura et al.4 did to produce
BaTiO3 thin films, with the addition of one other compound, Ba(NO3)2.
For Matsumoto et al.3 the goal was to electrodeposit BaTiO3 for future use in the
electronics industry. Although the deposition of thicker films was preferred, the lack of
SEM suggests that the films were not of high quality. However, this method proves that it
is possible to deposit barium titanate, with the formation of Ba(OH)2 and Ba(NO3)2 by
electrochemical reduction of nitrate and water, respectively.
Nine years later Nomura et al.4 performed the electrodeposition of BaTiO3 with the use of
Ba(NO3)2, TiCl4, and H2O2. Once again, reduction of nitrate ions and water was used to
produce the target BaTiO3 film, where the correct Ba:Ti ratio was achieved by altering the
deposition potential. In this case it was found by the use of XPS that the barium was being
deposited in the form of Ba(NO3)2. It was also mentioned that Ba(NO3)2 is a difficult
compound to work with due to its low decomposition temperature. However, in the
electrochemical deposition it allowed crystallisation temperatures as low as 500 °C to be
used.

153

The goals of this chapter is to create an electrolyte that can be used in the electrodeposition
of TiO2, which emulates the sol-gel process by the electrogeneration of hydroxide ions,
and then forming titanium oligomers on the surface of the substrate. This electrolyte and
deposition conditions will then be refined to produce uniform amorphous titanium dioxide
and then crystallised at multiple temperatures to see the phase transition from anatase to
rutile.
This electrolyte will then be used for the electrodeposition of BaTiO3 by incorporating a
barium salt, such as Ba(NO3)23,4 and performing a co-deposition of titanium and barium by
hydroxide generation and barium hydroxide precipitation, respectively. Once BaTiO3
deposition occurs, refinements to the electrolyte will be made to produce a high quality
film, much like through sol-gel synthesis.
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5.2

Experimental

5.2.1

Introduction

In this study, all the chemicals were used without further purification. All equipment used was the same as in chapter 3. Electrochemical
deposition methods were carried out using a SP-150 potentiostat, where the counter electrode was a high surface area Pt gauze, and an HgO
reference electrode was used.
Table 24: List of chemicals used in this chapter and their sources.
Name

Chemical Formula

Manufacturer

Purity/Strength

Hydrochloric acid

HCl

Fisher Scientific

37 %

2-Methoxy ethanol

C3H8O2

Sigma Aldrich

99.8 %

Acetylacetonate

C5H8O2

Sigma Aldrich

>99 %

Titanium isopropoxide

Ti(OiPr)4

Sigma Aldrich

97 %

Nitric acid

HNO3

Fisher Scientific

70 %

Potassium nitrate

KNO3

Fisher Scientific

> 99 %

Methanol

CH3OH

Sigma Aldrich

99.8 %

Ammonium Hydroxide

NH4OH

Fisher Scientific

0.88 (35 %)

Potassium Chloride

KCl

Fisher Scientific

99.07 %

Barium Chloride

BaCl2

Sigma Aldrich

99.9 %
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5.2.2

Cathodic Electrodeposition of Titanium Dioxide

The preparation of the TiO2 electrochemical deposition electrolyte was performed under
N2. Titanium isopropoxide (4.000 g, 14.1 mmol) was dissolved in methoxyethanol
(21.385 g, 0.281 mol). HNO3 (1 mol dm-3, 7 mL) and KNO3 (1 mol dm-3, 10 mL) were
added slowly dropwise into the titanium solution. A white precipitate formed initially and
then re-dissolved as the solution was stirred overnight at 500 rpm. The resultant electrolyte
was a transparent solution. When stored under N2 these electrolytes can be used for
electrodeposition for at least a week, although the data reported herein are for films
deposited the following day.
Deposition was performed in a three-electrode electrochemical cell under N2, using 2 x 1
cm, 90 nm Pt-coated Si(100) substrates (Ti adhesion layer; ECS Partners Southampton,
cleaned by sonicating for 15 min. each in acetone, ethanol, IPA and deionised water) as the
working electrode (WE), a Pt gauze as the counter electrode (1.7 cm separation) and a
Ag/AgCl reference electrode in 4 mol dm-3 KCl (calibrated using a Fe(III)/Fe(II) solution
and converted to SHE). The cell was flushed with N2, the electrolyte was then transferred
into the cell using a syringe until 1x1 cm of the WE was submerged. Potentials of -0.58 to 1.28 V (vs. SHE, in 0.1 V increments) were applied for 10, 20, 30, 45 or 60 s, or 2, 4, 6 or
8 mins. The substrates, coated with a visible layer of a gel-like film, were washed in
deionised water 3 times, and then left in a mildly basic ethanol/water mixture overnight
(1:20:67 volume ratio of NH4OH:EtOH:H2O, respectively; pH ≈ 8). The substrate was
washed in deionised water a further 3 times to remove the basic solution and then in
ethanol 3 times to remove water. The substrate was allowed to dry in air, after which a
translucent blue thin film was apparent on the surface. This film was then annealed in air at
300, 400, 500, 600, 700, 800, 900 or 1000 °C (1 °C min-1 for 1 hour).

5.2.3

Cathodic Electrodeposition of Barium Titanate

The preparation of the BaTiO3 electrodeposition electrolyte was performed under N2 at all
times. Methanol (9.005 g, 0.281 mols), then acetylacetonate (0.705 g, 7.0 mmols) and
titanium isopropoxide (4.000 g, 14.1 mmols) were syringed into a Schlenk tube inside a
glovebox. It was then removed from the glove box and placed under N2 using a Schlenk
line. 1 mol dm-3 HCl (7 mL) and 1 mol dm-3 KCl (10 mL) were slowly dropped (using a
syringe) into the titanium solution, a yellow solution forms. BaCl2 (2.930 g, 14.1 mols)
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was then added to the solution and allowed to stir for 15 min., followed by deionised H2O
(4 mL), the solution was then left to stir overnight at 500 rpm.
Deposition was performed in a standard single compartment, three-electrode
electrochemical cell under N2, using a 2 x 1 cm 90 nm Pt-coated Si(100) substrates (20 x
30 mm; Ti adhesion layer; ECS Partners Southampton; cleaned by sonicating for 15 min.
each in acetone, ethanol, IPA and deionised water) as the working electrode, a Pt gauze
was used as the counter electrode (1.7 cm separation) along with a Ag/AgCl reference
electrode. The electrolyte was then transferred to the cell using a syringe until 1 x1 cm of
the WE was submerged. Potentials of -1.08 V (vs. SHE) for 30 s and 60 s were applied.
The substrate with a gel like film was then treated by washing in NH4OH.The substrate
was allowed to dry and was then annealed at 750 °C for 1 hour (1 °C min-1)
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5.3

Results and Discussion

5.3.1

Cathodic Deposition of Titanium Dioxide

Sols have been used as electrolytes for the electrochemical deposition of silica, typically in
the presence of a surfactant to produce porous films.303,468 In the same way as with aqueous
titanium solutions, the electrogeneration of hydroxide ions in an acid sol raises the local
pH, inducing pre-hydrolysed silicate species to undergo polycondensation at the surface.
To emulate this process for TiO2 deposition, a typical sol-gel system for this material was
adapted. The electrolyte used here was based on a combination of sol-gel procedures,
using; titanium isopropoxide, acetylacetonate, methoxy ethanol and HCl to reduce the
pH.469,470 Initial studies showed that the titanium was too strongly stabilised, as no
deposition could be achieved by applying cathodic potentials, so the reaction moderator
(acac) was excluded from the electrolyte bath. The bath also contained methoxyethanol,
which could also stabilise the titanium centres via chelation. Its volume was reduced by
50% relative to the sol-gel recipe. The acid was substituted by HNO3 in order to allow the
possibility of generation of hydroxide by nitrate reduction.112
Cyclic voltammetry of the sol-derived nitrate-based electrolyte (Figure 85) shows a
reduction feature at -0.80 V vs. SHE, accompanied by an oxidation at 0.15 V, which
closely resembles the published redox features for the Ti4+/Ti3+ couple.471 A similar feature
was present in the 1 mol dm-3 (pH 3) KNO3 and KCl standard electrolyte solutions,
however, this could not be attributed to nitrate reduction or oxidation as it was also present
in a standard with only chloride anions. This suggests this feature was a result of the Pt
substrate and was masked by the titanium redox features when the electrolyte was used.
This was also why no nitrate reduction features are observed (Figure 86), although the
reduction of nitrate was still expected to proceed in this system. The onset of hydrogen
evolution on the platinum surface, using the standard electrolyte, was in a similar potential
range to the observed redox couple.
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Figure 85: Cyclic voltammetry (25 mV s-1 scan rate) of the electrolyte used in the TiO2
electrodeposition (black), of an electrolyte with the NO3- anions replaced by Cl- (red), of a
1 mol dm-3 (pH 3) KNO3 standard (blue), and of a 1 mol dm-3 (pH 3) Cl- standard (pink).
The WE was the Pt substrate, CE was a Pt gauze and the RE was Ag/AgCl.

Figure 86: Cyclic voltammogram of a 1 mol dm-3 standard (pH 3) KNO3 electrolyte. The
WE was a glass substrate with Au deposited onto one surface, the CE was a Pt gauze, and
the RE was Ag/AgCl.
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The potentials applied for the deposition of the titania thin film ranged from –0.58 V
to -1.28 V (vs. SHE). This range was studied to examine the film thicknesses and film
quality that could be achieved. Nitrate and water reduction were not well observed in the
CVs as described above, so depositions at a series of potentials through the region at which
a pH swing was likely to be achievable were investigated. The chronoamperometry
measurements (Figure 87) performed on a 1 cm2 Pt working electrode show that as the
potential decreases, the initial current drop also decreases, but then different electrode
reactions dominate. As the potential becomes more negative, water reduction becomes
more prominent; this was shown by the increase in gradient and the change in shape of the
chronoamperometry.

Figure 87: Current transients during the electrochemical deposition of titanium dioxide
at -0.58 (black), -0.68 (red), -0.78 (blue), -0.88 (pink), -0.98 (green), -1.08 (orange), -1.18
(gold) and -1.28 V (purple) vs. SHE on 1 cm2 Pt film electrodes.
As increasingly negative potentials were applied, the deposition rate increased (the gel
became thicker after the 60 s deposition time). However, at potentials more negative than 1.08 V (i.e. -1.18 and -1.28 V), the films start to become streaky and are noticeably more
cracked after drying. This was due to the generation of larger amounts of hydrogen at these
potentials, meaning formation of gas at the electrode surface was more likely. This
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reasoning allowed for the deposition potential to be fixed at -1.08 V. At this potential Ti4+,
nitrate and water could all be reduced, and the deposition mechanism can rely on
precipitation of a Ti3+ species or base-induced condensation of the titanate species in
solution. The annealing temperature was explored to establish the effect on the crystal
structure and phase, with temperatures of 300 to 1000 °C (in 100 °C increments) being
employed. X-ray diffraction at a 1 ° grazing incidence (Figure 88) shows that at 300 °C
and 400 °C the films are amorphous, when the temperature was raised to 500 °C the
anatase phase was produced. The films remain phase pure until 900 °C, where a rutile peak
(4.22(19) % content using the RIR method) appears at 28 °. At 1000 °C the thin film was
100 % rutile. Bakri et al. report that the formation of thin film anatase via a sol-gel
procedure occurs at temperatures as low as 300 °C, with a mixed phase of rutile and
anatase occurring at 900 °C.472 Kim et al., on the other hand, reported that the amorphous
to anatase phase transition occurs at 400 °C, with the mixed anatase rutile phase occurring
at 1000 °C and a complete crystal structure change to rutile at 1100 °C, which was not
dissimilar to this work.472

Figure 88: X-ray diffraction patterns at 1 ° grazing incidence of the titanium dioxide thin
films produced from an nitrate containing electrolyte and annealed at 300 (red), 400 (blue),
500 (pink), 600 (green), 700 (orange), 800 (grey), 900 (purple) and 1000 °C (brown).
The crystallite sizes were calculated using the Scherrer equation on the 101 reflection
(using a silica peak broadening standard to account for instrumental broadening), giving
anatase crystallite sizes of 5.0, 5.1, 7.3, 10.4, 15.0 and 52.4 nm for the films annealed at
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500, 600, 700, 800, 900 and 1000 °C, respectively. This gave a polynomial trend (Figure
89) for the increase in crystallite sizes for anatase, the 500 °C point was excluded from the
fit as there was no inter-particle sintering occurring. When the polynomial equation
(y=-5x10-8 x3 + 0.0002 x2 – 0.1433 x + 39.571, where x = temperature/ °C and y=crystallite
size/ nm) was applied to the rutile phase produced at 1000 °C, a crystallite size of 46.3 nm
was estimated. The difference between the theoretical particle size and the experimental
crystallite size could be attributed to the density difference between anatase and rutile (3.79
– 3.97 g cm-3 vs. 4.232 g cm-3) suggesting a good correlation between temperature and
crystallite size. Tanaka et al. previously observed that with bulk TiO2 there was an increase
in density and crystallite size as temperature increases.473

Figure 89: The effect of annealing temperature on the crystallite size of the anatase
component of the titanium dioxide thin films.
These experiments were repeated with HNO3 and KNO3 replaced with HCl and KCl. This
still resulted in a gel being formed on the surface of the substrate and after annealing at
500 °C, the GIXRD (Figure 90) shows that the electrodeposition of TiO2 was still
successful. This shows that the key deposition process was either the reduction of the
cationic titanium or the pH increase due to water reduction, and not nitrate reduction. The
possibility of changing the ions present in the electrolyte suggests that this
electrodeposition process has the prospect of being very versatile and that the incorporation
of alternative metals not available as nitrate salts may also be possible.
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Figure 90: 1 ° GIXRD of the TiO2 dioxide deposit using HCl and KCl instead of HNO3 and
KNO3 at -1.08 V for 60 s and annealed at 500 °C where *=Pt substrate.
The deposition duration was then explored to determine when thin film formation occurs.
Literature suggests that with longer deposition durations, the film thickness increase.474
However, at some point the deposition thickness will increase to a point at which cracking
occurs, due to increased residual stress. Films were deposited at 10, 20, 30, 45 and 60 s and
grazing incidence XRD analysis (Figure 91) was performed on each of the TiO2 films
produced. It was evident that the intensity of the 101 peak increases with longer deposition
durations. This was accompanied by a decrease in the Pt signal from the substrate. At 10 s
there was a very weak 100 reflection which can be seen better in the expanded view in
Figure 91b. The increase in intensity of this reflection with increasing deposition durations
was consistent with increasing film thicknesses being produced with longer
electrodeposition durations, as expected.

Figure 91: X-ray diffraction patterns (1° grazing incidence angle) (a) and expansion of the
20 to 30 ° region (b) performed on the TiO2 thin films deposited at -1.08 V and annealed at
500 °C, for deposition durations of 10 (black), 20 (red), 30 (blue), 45 (pink) and 60 s
(green).
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Cross sectional SEM (Figure 92) was performed on films deposited at durations of 60, 45
and 30 s (films deposited for lower durations did not have complete coverage). The film
thicknesses measured were approximately 180, 80 and 58 nm, respectively.

Figure 92: Cross sectional SEM images for films deposited at -1.08 V, annealed at 500 °C
for durations of 60 (a), 45 (b) and 30 s (c), and showing films thicknesses of 180, 80, and
58 nm, respectively.
When the deposition of titania was performed for durations longer than 60 s, significant
cracking occurred. To record the film thickness, the thicker films were scraped onto
separate SEM stubs where any film fragments lying edge on were used to estimate the film
thickness (Figure 93).

Figure 93: SEM of films deposited for 120 s (a), 240 s (b), 360 s (c) and 480 s (d) showing
film thicknesses of 0.60 μm, 1.30 μm, 2.00 μm, and 2.40 μm, respectively.
The films thicknesses for the depositions performed at -1.08 V for 8, 6, 4, and 2 min. were
2.40, 2.00, 1.30, and 0.60 μm, respectively. When this was put into graphical form (Figure
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94), along with the depositions at 60, 45 and 30 s, a linear trend was observed with a
gradient of 0.3293x – 0.0997, allowing for the prediction of film thicknesses. The reason
that the y intercept was not 0 was because the initial induction of gel formation takes time
(as an immediate pH increase does not necessarily mean an immediate gel formation),
when the current response levels off, as shown in the chronoamperometry, the film
thickness will progress linearly at 0.32 μm min-1 until H2O, NO3-, or Ti(OiPr)4 is
consumed.

Figure 94: Trend in the TiO2 film thickness with increasing deposition time.
Top surface SEM (Fig. 7) shows any features on the films surface; 45 s deposition time
results in a smooth, featureless surface, while 30 s deposition time results in some
roughness on the film surface, suggesting that this was insufficient time to produce a
conformal coverage of the gel on the Pt substrate. Nonetheless, these films were still of
better quality than those reported for TiO2 depositions from other electrolytes. After 60 s a
small number of short cracks are starting to develop in the annealed films, suggesting that
the film thickness was sufficient to cause strain in the films. However, the cracks do not
develop fully until deposition times of 120 s or more are applied.
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Figure 95: SEM of the surfaces of the film deposited at -1.08 V (vs. SHE) and annealed at
500 °C for durations of 30 s at x1500 magnification (a), 45 s at x1000 magnification (b),
and for 60 s x1500 magnification (c).
Energy dispersive X-ray spectroscopy was performed on the films’ surface at 50 times
magnification (Figure 96) and 1000 times magnification (Figure 97). At longer deposition
times there was an increase in titanium content which was indicative of a thicker film, this
was further confirmed by the decreasing Pt and Si content (Table 25), suggesting there was
less penetration into the substrate as the film deposition duration increases. This then
defines the optimal duration and deposition potential for the electrodeposited titanium
dioxide thin films being 45 s at -1.08 V, respectively. This was confirmed by XRD, SEM,
and EDS analysis.

166

Figure 96: SEM performed at 50 times magnification on TiO2 films deposited at -1.1 V for
30 s (a), 45 s (b), 60 s (c) and annealed at 500 °C and the EDS performed on the total
imaged area (d).

Figure 97: SEM performed at 1000 times magnification on TiO2 films deposited at -1.08 V
for 30 s (a), 45 s (b), 60 s (c) and annealed at 500 °C and the EDS performed on the total
imaged area (d).
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Table 25: The atom % of the EDS performed at 50 times magnification (Figure 96), and
1000 times magnification (Figure 97) on TiO2 thin films deposited at -1.08 V for 30, 45
and 60 s, and annealed at 500 °C
Magnification Deposition Duration/

C-K

O-K

Si-K

Ti-K

Pt-M

s
50 x

30

28.0

25.9

6.0

8.5

31.7

50 x

45

23.1

41.8

3.7

12.3

19.2

50 x

60

22.0

43.0

2.6

15.4

17.0

1000 x

30

26.1

25.5

6.2

9.2

33.0

1000 x

45

21.9

41.7

3.7

12.5

20.2

1000 x

60

18.9

44.0

2.8

16.3

18.0

5.3.2

Electrodeposition of Barium Titanate

The successful electrodeposition of titanium dioxide was an important stepping stone
towards electrodepositing barium titanate. Hence, the next target was to incorporate barium
into the titanium dioxide electrolyte.
The first stage was to find a barium source that was compatible with the titanium
electrolyte, which could be incorporated in a 1:1 ratio and was stable until a negative
potential was applied. The compounds explored were Ba(OAc)2, Ba(NO3)2, Ba(SO4),
Ba(OH)2, Ba(OiPr)2.xPrOH, and BaCl2. The main challenge was to find a salt with
sufficient solubility in the electrolyte to produce a 1:1 ratio of titanium to barium. This
resulted in the most soluble barium salt being used, BaCl2 (375 g/l at 25 °C).475 Once the
barium was dissolved in the minimum amount of water, it was added into the titaniumbased electrolyte. Immediate precipitation was observed, the assumption was that there
was an unfavourable reaction with the nitrate ions present in the electrolyte that caused the
barium to create the less soluble compound, Ba(NO3)2, and hence a precipitate formed.
This meant that a change of the original electrolyte composition was needed. The anions
present in the previous electrolyte, NO3-, were replaced with the same Cl- anion present in
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the barium salt. Therefore, 1 mol dm-3 HNO3 and KNO3 were replaced with 1 mol dm-3
HCl and KCl, respectively, and section 5.3.1 showed that the electrodeposition of TiO2
was still possible using chloride rather than nitrate ions (Figure 90). BaCl2 was then added
to the titanium electrolyte and, once again, immediate precipitation of the barium
compound occurred. This meant that there was some other reason for the precipitation
observed.
The next rationale came from a paper by Aghaie et al.,476 who suggested that ethanol
reduces the solubility of barium salts. As methoxy ethanol was present in the electrolyte, it
was hypothesised that this solvent may be having a similar effect. BaCl2 is slightly soluble
in methanol, this suggests that it should not decrease the solubility limit and may even aid
the dissolution.
This led to another problem, when titanium isopropoxide was added to methanol there was
an immediate precipitate of titanium methoxide, which is less soluble than titanium
isopropoxide, occurred. At this point 1 M KCl and HCl (10 mL and 7 mL, respectively)
were added to this suspension and left to stir overnight, which caused the titanium to
dissolve back into the solution, creating a turbid solution like the initial titanium
electrolyte. BaCl2 was then added directly to the solution and allowed to dissolve. A large
amount of the BaCl2 was still undissolved, hence 11 mL of water was then added, causing
the immediate dissolution of the BaCl2 and affording a stable electrolyte, with a pH of 2
and containing the required 1:1 ratio of barium and titanium.
The electrodeposition was performed at -1.08 (vs. SHE). This potential was chosen not
only because the electrodeposition of titania was performed at this potential, but also
because the CV performed on the new Ba-containing electrolyte showed the same features
as the titania electrolyte (Figure 85). Electrodeposition was performed for 60 s in this
electrolyte, followed by directly by annealing at 750 °C. This was because inclusion of
barium was not certain, and washing may affect the film. The XRD showed that including
barium in the electrolyte did not affect the deposition of the titanium dioxide, however
there was no evidence for incorporation of barium into the film (Figure 98).
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Figure 98: 1 ° GIXRD comparing the deposition of titanium dioxide (red) and the
attempted deposition of BaTiO3 using the Ba-Ti electrolyte (black), where there are no
change in the deposit but a larger proportion of the Pt substrate (*) suggesting a thinner
film.
The first modification of the electrolyte to drive the re-precipitation of the barium
component during electrodeposition was by altering the pH. Therefore, the amount of 1
mol dm-3 HCl included into the electrolyte was altered from 7 mL to 5, 3, and 1 mL. The
electrolyte solutions were then stirred overnight, giving a dense white precipitate in each
case, with pHs of 1, 3 and 5, respectively, suggesting that the titanium methoxide did not
dissolve and required a much lower pH compared to when methoxy ethanol was used in
the deposition process.
The next modification was the water content. This was to take advantage of the previous
dissolution issues. As water reduction can occur at low potentials, it should be possible to
remove the species that is stabilising the barium salt, thus precipitating the barium at the
same time as the titanium dioxide deposition. This requires the absolute minimum of water
present to maximise barium precipitation, and then, once annealing occurs, there should be
rearrangement to form crystalline BaTiO3. 5 mL, 4.5 mL, 4.0 mL and 3.5 mL of H2O was
included into separate electrolytes (rather than the 11 mL used initially), after stirring
overnight the electrolyte change was observed. The solution containing 3.5 mL of H2O still
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contained a small amount of undissolved BaCl2, suggesting the solubility limit has been
reached. Therefore, electrodeposition was performed at -1.08 V for 60 s, where the
deposited gel was washed with ethanol, or water then ethanol to emulate the washing
procedure in the titanium dioxide deposition. A precipitate formed on the surface of the
film washed with ethanol, this was assumed to be barium as its solubility limit was
reduced, the ethanol then evaporated off to produce a substantially cracked film. The film
washed with water and then ethanol produced a crack free film, similar to the titanium
dioxide electrodeposition. These films were then annealed at 750 °C for 1 hour and X-ray
diffraction analysis was performed. The film washed in water and then ethanol was entirely
composed of anatase (Figure 99). The film only washed in ethanol contained barium
titanate, a titanium rich barium titanate compound and anatase (Figure 100). This
confirmed that barium was successfully co-deposited with the titanium, but not at the
correct ratio and with poor film quality. It was therefore clear that washing with water was
now to be avoided as it dissolved the barium from the film and created an anatase thin film.

Figure 99: GIXRD of the electrodeposited film using the Ba:Ti electrolyte which was then
washed with water then ethanol before firing at 750 °C.
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Figure 100: GIXRD of a thin film electrodeposited using the Ba:Ti electrolyte at -1.08 V
(vs. SHE) for 60 s and then washed with only ethanol before firing at 750 °C.
Barium chloride and other barium compounds such as Ba(OH)2 are the most likely
compounds to be deposited from this Ba-containing sol. These both have very good
solubility in water. This meant that the washing step had to be performed using a solvent
which neither dissolved nor precipitated the barium from the electrolyte or the film to
prove whether electrodeposition or coating of the film with barium occurred. In the future
a solvent will need to be found which precipitates the barium, but does not extract all the
water immediately, to allow for a controlled drying step. Ammonium hydroxide was
chosen as it was the basic solution which aided the formation of the TiO2 electrodeposited
films, but concentrated NH4OH was used in this case. The GIXRD (Figure 101) shows the
presence of a near phase pure BaTiO3 thin film produced by washing with concentrated
NH4OH before annealing.
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Figure 101: GIXRD of film which was washed with NH4OH prior to annealing
Deposition conditions were then refined to form a film of a higher quality, as using these
current conditions the films adhesion was poor and the film was cracked. This also
occurred in the TiO2 electrodeposition with large film thicknesses. The BaTiO3 film was
scraped onto an SEM stub and the thickness was measured to be 1.5 μm (Figure 102), this
was equivalent to a duration of 270 s in the TiO2 electrodeposition. This showed the
deposition process was a lot more rapid due to the titanium precursor, Ti(OMe)4, formed
by the exchange of the isopropoxide ligands by the methanol solvent, being far more
reactive.

Figure 102: SEM of the BaTiO3 thin film scraped onto an SEM, showing a perpendicular
view of the film, thus allowing for the measurement of the film thickness, 1.5 μm.
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The deposition potential was fixed at -1.08 V as this had been the best potential to perform
the TiO2 deposition, then the deposition duration was decreased in intervals of 10 s (Table
26). A concern was that the deposition of barium could initiate at a different time
compared to the titanium deposition or could have a different deposition rate compared to
the titanium. However, once the film quality was improved further, electrolyte alterations
could be applied.
Table 26: The alterations in deposition duration.
ID

Duration/ s

Film Thickness/ μm

EDR141-68

50

1.4

EDR142-68

40

1.5

EDR143-68

30

1.0

EDR144-68

20

1.3

EDR145-68

10

1.1
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The film quality improved as the deposition time decreased, at 30 s the film was
reasonably crack free, although this was not across the whole deposition area, suggesting a
variation in thickness across the film (this may be overcome by an overnight maturing step
in the NH4OH solution). SEM, EDS, and XRD analysis was performed on these five films
to determine film thickness, barium inclusion and phase purity, respectively.
The XRD (Figure 103) of the films deposited over different durations shows that with
increasing deposition duration there was a decrease in the impurities attributed to titanium
rich barium oxide compounds, eventually after 60 s there was a massive decrease in the
impurity. This could be due to the mass reduction of water causing a sudden precipitation
of barium or an eventual pH change big enough to precipitate Ba(OH)2.

Figure 103: The GIXRD of an electrodeposited film using the Ba-Ti electrolyte at -1.08 V
for 10 s (dark blue), 20 s (green), 30 s (pink), 40 s (blue), 50 s (red), and 60 s (black).
The SEM (Figure 104) of the flakes of material scraped onto a carbon stub shows the film
thickness by vertical aligning the film on carbon stubs, shows that there was no trend in
film thickness as the duration increases. This was because the deposition has become more
rapid and unstable creating uneven film thicknesses across the substrate, therefore making
it more difficult to measure a comparable film thickness from sample to sample.
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Figure 104: SEM of vertically aligned films that have been deposited at -1.08 V (vs. SHE)
for 10 s (a), 20 s (b), 30 s (c), 40 s (d), and 50 s (e) with film thicknesses of 1.1, 1.3, 1.0,
1.5, 1.4 μm
The EDS was performed on points of each of the films shown in Figure 104. The
quantification shows that there was also variation in barium content across the deposited
films. This was because these films are not phase pure and so composition will vary across
the film and will depend on the region of the film analysed. The main conclusion from
these data results was that barium was being incorporated into the film. The next step is to
improve the film quality and achieve uniform composition.
Table 27: The quantification of films shown in Figure 104 when deposited at -1.08 V (vs.
SHE) at multiple durations.
Deposition

C-K

O-K

Ti-L

Ba-L

Ti:Ba Ratio

Duration/ s

(+/- 0.1)

(+/- 0.4)

(+/- 0.5)

(+/- 0.2)

10

4.9

59.3

27.6

8.2

3.4:1

20

7.7

52.8

26.0

10.4

2.5:1

30

9.3

54.6

26.8

9.4

2.9:1

40

7.3

47.6

34.8

10.3

3.4:1

50

13.9

18.9

45.0

22.2

2:1

60

14.5

53.7

23.4

8.4

2.8:1

To retain the improved film quality, and to also maintain the film coverage the deposition
conditions were set at -1.08 V for 30 s. The maximum amount of barium that could be
deposited had been reached, so to improve the phase purity the amount of titanium being
deposited had to be reduced. This was also likely to decrease film thickness and improve
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the quality of the film. Hence, the same moderating agent that was used in the sol-gel
process, acetylacetonate was reintroduced. 0.705 g, 1.110 g, and 1.410 g of acetylacetonate
was added before the titanium isopropoxide, but after the addition of the methanol. These
amounts were based on the EDS where the minimum ratio of Ti:Ba was 2:1, therefore half
the molar amount of titanium was used for the acetylacetonate molarity (0.705 g), the
largest ratio was 3.5:1, therefore a 1:1 ratio of acetylacetonate to titanium isopropoxide
was chosen. The first observation was that there was no longer a precipitate formed when
the titanium isopropoxide was added; this already suggests the stabilisation of the titanium
precursor, then, when the water was added to the electrolyte to dissolve the BaCl2 the
solution changed to a yellow transparent solution.
The electrodeposition was performed at -1.08 V (vs. SHE) for 30 s, and the produced film
was washed with NH4OH, annealed at 750 °C for 1 hour and then GIXRD was performed
(Figure 105). This shows that the BaTiO3 film with the lowest acac concentration
contained the fewest impurities and has a crystallite size of 8.8 +/- 3.6 nm, which was
approximately the same as the value which would have been predicted at annealing
temperatures of 750 °C from Figure 89 and has a lattice parameter of a=b=c= 4.019 Å
(assumed to be cubic due to the amount of broadening occurring on the GIXRD
reflections).

Figure 105: GIXRD of a film electrodeposited from the Ba-Ti electrolyte that included
acetylacetonate where * is reflections occurring from the substrate.
This was a strange observation, as the assumption would be that the more acetylacetonate
used the more stabilised the titanium becomes, and so the deposition concentration of
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titanium decreases. The film quality was also best for the film formed using 0.705 g of
acetylacetonate, with good enough adhesion that scratching the film onto an SEM stub was
not possible. Cross sectional SEM was used to obtain this film thickness, which was
approximately 110 nm. There was also 230 nm of rough material on the surface of the
solid film, which could suggest a different phase of deposition, or uncontrolled film
growth. This suggests that future work refining the acac concentrations may allow the
selective deposition of dense or porous films.

Figure 106: Cross sectional SEM of the BaTiO3 thin film containing impurities,
electrodeposited from an electrolyte containing 0.705 g of acetylacetonate. Showing to
different types of growth, 1 densely pack film with a thickness of 110 nm and a more
porous film on the surface with a thickness of 230 nm.
This unexpected result can be explained by SEM of the 1.410 g sample (Figure 107). The
deposit on the Pt substrate was scraped onto the SEM stub. The difference between this
film and all the other deposited films was that it was formed solely of particulates, rather
than forming a dense film. This suggests that the large amount of acetylacetonate
moderates the reaction as first suspected, but so much so that it prevents the formation of
oligomers and crosslinkers, so particulates rather than a film was produced. This also
explains why the film quality deteriorates when more than 0.705 g of acac was used and in
fact the film quality may improve by using slightly higher or lower concentrations.
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Figure 107: SEM of the deposit produced from the Ba-Ti electrolyte containing 1.410 g of
acetylacetone, deposited at -1.08 V (vs. SHE) for 30 s.
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5.4

Conclusion:

High quality thin films of TiO2 have been electrodeposited over a potential range of -0.58
V to -1.18 V for durations ranging from 10 s to 8 min. using a novel four component, one
pot, sol-based electrolyte. This electrolyte was stable over several days. At deposition
durations below 60 s, dense, crack free thin films are produced, and the film thickness and
crystallite size can be controlled by tuning the deposition time and calcination temperature.
The electrodeposition process described above has a broad range of possible applications,
including, but not limited to, supercapacitive and electrochromic devices and for
photocatalysis (when deposited onto a conductive transparent substrate). As there are three
reductive processes occurring; Ti(IV), NO3- and H2O reduction, the sol allows for a range
of component modifications. For example, when the nitrate was replaced with chloride, a
TiO2 thin film was still produced. Also, titanium(IV) is very unstable in water391,458 and
this suggests that if titanium is replaced or supplemented by a similar material (e.g. Nb397),
the electrodeposition should still occur, giving this process a large amount of versatility,
not only in terms of deposition conditions, but also in terms of the nature and form of the
material that can be deposited. Doping and templated electrodeposition are obvious future
targets.
Barium titanate has successfully been electrodeposited by altering the electrolyte used for
TiO2 electrodeposition. The crystallite size was estimated as 8.8 +/- 3.6 nm, and the lattice
parameter of a = b = c = 4.019 Å matches the literature value of 4.014 Å.2 The overall film
thickness was 340 nm. This was achieved by incorporating BaCl2 in a methanol-based
electrolyte, whilst using a reactivity moderator to slow down the gelation and formation of
the titanium species on the surface of the film, thus allowing for the stoichiometric
deposition of thin film BaTiO3. Impurities are still retained in the films produced to-date,
however, to reduce the impurities and to produce single phase electrodeposited BaTiO3,
future experiments such as further small alterations to the amount of acetylacetonate
around 0.705 g will be needed. Raising the pH can be re-explored to see the effect on the
deposition rate of barium, as it may be possible that at higher pH the precipitation of
Ba(OH)2 can occur more readily. Lowering the amount of titanium present in the
electrolyte (whilst retaining the Ti:acac ratio) may change the amount of titanium
deposited on the surface of the substrate. Electrodeposition potential and duration should
be further altered to suit the new electrolyte composition. The most important stage is the
film drying step after the deposition, for a film to be produced that is suitable in MLCCs
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and other applications a solvent that is more volatile than NH4OH but still has the same
immiscibility towards barium must be found.
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Chapter 6
Conclusion

6.1 Conclusion
The objectives set out at the beginning of this project were to produce high quality, crack
free, pinhole free, uniform thin films of barium titanate and related oxides for future
applications in MLCCs. This was to be performed by utilising two method; sol-gel
synthesis, and electrodeposition as shown in chapter 3 and 4, and chapter 5, respectively.
Chapter 3 demonstrated that thin film BaTiO3 with no impurities, pinholes or surface
imperfections could be synthesised by using an alkoxide based sol-gel process. This was
achieved by identifying that coalescence was a major factor to their formation and by
modifying the quantity of water, the aging duration and stirring speed, optimisation of this
process was accomplished. The downside was the production of pores, Brinker et al.477
suggests that porosity increases with extended aging times, with a film being over 50 %
porous after 3 weeks of aging. McDonagh et al.478 agree with this, suggesting that an
increase in sol viscosity creates more stable films but have a higher porosity. This suggests
that for this system there is a decision to be made about whether pores, pinholes or cracks
are the least detrimental to your applications as one of these features will form.
The film porosity brought difficulties to obtaining solid state impedance data, due to the
penetration of the top, gold contact through the BaTiO3 and conductive pathway to the
platinum substrate. This was circumvented by re-coating and re-annealing the films using a
different sol with the same composition up to 4 more times, this was a very common
technique to obtain solid state impedance data on porous films in the literature, although it
was normally mentioned in passing, or as a reason to obtain thicker
films.32,180,248,260,268,277,298 Cyclic voltammetry in an acidic medium showed that the
electrolyte penetrates through the pores of the BaTiO3 thin films and hydrogen adsorption
and desorption occurred at the surface of the platinum substrate, no matter the number of
coatings, suggesting the retention of porosity (and increasing the tortuosity of the pores),
rather than the filling of the pores which was a common misconception.299
BaTiO3 thin films deposited this way exhibited a relative permittivity of 290, validated by
the fact that 3 separate contact areas were used. Electrochemical impedance spectroscopy
was then used to explore the films porous nature by obtaining the combined film
capacitance and the Pt double layer capacitance. As the film capacitance was already
known through the solid state impedance, the area of exposed Pt, and so the film porosity
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can be calculated, giving a value for the film porosity of 22.5 %. Thus, if the complete
removal of pores can be performed the relative permittivity of the BaTiO3 itself would be
374. This approach could be powerful in evaluating the effect of porosity on the properties
of electroceramic films and in optimising deposition processes to minimise porosity
effects.
To use sol-gel deposition for thin film synthesis in the ceramic capacitor industry the main
hurdle to overcome is the removal of pores to allow for a single thin coating that does not
short circuit. To minimise porosity shorter aging times should be employed,479 this can
occur with the inclusion of more water, combined with a higher stirring velocity, and
possibly a lower amount of acetylacetonate, which will improve and speed up aging.
Ivanova et al.480 found an increased annealing temperature on thin film TiO2 decreased the
amount of porosity, this would have a combined benefit as it would also increase the
particle size, and so the relative permittivity. Film porosity in the BaTiO3 thin films could
also be avoided by filling in pores by the use of the electrodeposition technique. This
would involve depositing a barium rich thin film by sol-gel deposition, then electrodeposit
TiO2 into the pores. This film can then be annealed at extremely high temperatures to aid
the diffusion and rearrangement of the ceramic to afford a dense BaTiO3 ceramic film.
Doping of BaTiO3 thin films was of interest initially because doping lowered the Curie
phase transition temperature, and with a certain amount of dopant this transition
temperature would be at room temperature, greatly increasing the relative permittivity of
the films.255 Co-deposition was also of interest as using smaller amounts of dopant on the
A and B sites would minimise the effect of altering the crystal structure, and would also
make the phase transition more diffuse, which would be needed for MLCC applications as
they are used at variable temperatures. Although Chapter 3 showed there was no phase
transition due to extremely low particle sizes of the BaTiO3, these experiments showed that
it was possible to incorporate Sr and Zr into the sols and to synthesise phase pure
(Ba1-xSrx)(Ti1-yZry)O3 thin films where x=0.05, 0.10, 0.15, 0.20, 0.25, and 0.30 (when
y=0), where y=0.05, 0.10, and 0.15 (when x=0) and when x=y=0.05, 0.10, and 0.15.
Sr doping decreased the lattice parameter of barium titanate whilst zirconium doping
increased it linearly. This was because the A and B site was replaced with a smaller or
larger cation, respectively. The addition of strontium sped up the gelation of the sols, this
was most likely due to the solid strontium precursor absorbing water, in future this can be
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avoided by drying the precursor before use under high vacuum and moderate temperatures.
The addition of zirconium on the other hand slowed down the gelation as the most
prominent species in the gelation mechanism was slowly being replaced with the dopant
precursor. XPS showed that there was large amounts of Zr on the grain boundary, rather
than in the bulk. This segregation was caused by the calcination step in order to mitigate
energy occurring from boundary migration.358 This was more prominent than Sr due to Zr
having an increased atomic mass and ionic radius which increases the consequences of the
solute drag effect.360
The solid state impedance showed that strontium doping had little effect on BaTiO3
relative permittivity. This was because the isovalent doping of the A site does not change
the B’s cations ability to polarise. The minor decrease in the relative permittivity exhibited
as the inclusion of the Sr dopant increased was due to the decreasing lattice parameter and
the removal of tetragonality from the crystal structure. The trend in the relative permittivity
became more apparent after taking the film porosity into account which was obtained
through electrochemical impedance spectroscopy. Another factor which may affect this
result was the large decrease in film thickness when Sr was incorporated, as mentioned
throughout film thickness does affect the relative permittivity when less than 1000 nm.
Zirconium doping of BaTiO3 has a much larger influence on the relative permittivity
compared to Sr, with low concentrations of zirconium added there was no change in the
relative permittivity, and it could be that with < 5% of zirconium inclusion there may be an
increase in the relative permittivity. As zirconium was incorporated and starts to replace
titanium in the B sites this forces the oxygen atoms to impinge on their neighbouring unit
cells and creates less room for polarisation to occur. This affect can be seen in the resulting
relative permittivities where there was an exponential drop in its value suggesting that the
inclusion of Zr greater than 5 % would be detrimental. The SrZr co-doped thin films
showed a trend more like zirconium than strontium as its influence on the crystal structure,
the polarisation and so the relative permittivity was much greater.
In the future solid state impedance should be re-attempted on all the doped iterations of
films synthesised from a different sol to show the reproducibility of this synthesis and the
impedance method (especially for the (Ba0.95Sr0.05)TiO3). Another interesting property of
BaTiO3 that can be explored is the effect of doping on the polarisation hysteresis loop. It
has been suggested that with increasing strontium dopant that the generic ferroelectric
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hysteresis loop goes more towards an ideal dielectric response where there is more control
over polarisation.481
Some literature suggests there is an increase in permittivity with large amounts of Sr
quantity,322 this trend was not found here and could be an artefact of decreasing the film
porosity (and thickness). In the future, only small dopant quantities should be attempted (05 %) to improve the relative permittivity, which will be the case for the co-deposition of
BaTiO3. This method easily allows for the inclusion of low dopant quantities without
effecting the sol compositions or film qualities. Strontium doping also reduced the film
thickness, and consistently produced multiple dips with thickness less than 300 nm. This
suggests that a one dip film would be sub 100 nm. This is important in the MLCC industry
as a lower film thickness will give room for more dielectric layers and an enhanced
capacitance.
Electrodeposition is a technique of interest not only due to its efficiency,86 simplicity,87
substrate versatility88 but extensive modification of deposition conditions such as duration,
potential, bath temperature and pH allow for preferential growth orientations, porosity and
particle shape which allows for tuning of deposition for a broad range of applications.
Chapter 5 showed a novel approach to producing high quality thin films of TiO2 which
were electrodeposited over a potential range of -0.58 V to -1.18 V (vs. SHE) for durations
ranging from 10 s to 8 minutes using a novel four component, one pot, sol-based stable
electrolyte. At deposition durations below 60 s, a dense, crack free thin film was produced,
and the film thickness and crystallite size can be controlled by tuning the deposition time
and calcination temperature.
The electrodeposition process described above has a broad range of possible applications,
including; supercapacitors, where anodised titanium dioxide has been reported to have a
high capacitance,482 if compared to this electrodeposition process, high surface area TiO2
mesopores can be created using electrochemically assisted self-assembly (EASA)303 and
can be annealed at low temperatures to give an amorphous, and high capacitance (due to
the trapping of water in the film aiding proton transport)440 This method can be extended
further by electrodepositing other porous supercapacitive oxides into the mesopores
creating high capacitance composite oxides.483
There are 3 reductive processes occurring during the electrodeposition process; Ti(IV),
NO3- and H2O reduction which allows for the electrolyte to have major modifications to
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tailor it for different systems. This became clear when barium salts were incorporated into
the electrolyte, where the solvent, acid, and supporting salt where changed but
electrodeposition of TiO2 still occurred. Barium titanate was also successfully
electrodeposited after methodical modifications to the TiO2 electrolyte. The crystallite size
was estimated to be 8.8 +/- 3.6 nm, with a lattice parameter of a = b = c = 4.019 Å which
matches the literature value of 4.014 Å,2 and an overall film thickness of 340 nm. The
main problem was that these films still contained moderate quantities of impurities.
A new route to barium titanate electrodeposition has not be reported in roughly eight years
with only two routes being available. Matsumoto et al.3 showed that it was possible to
electrodeposit BaTiO3 by the use of two separate deposition mechanisms using only one
electrolyte. The downside was this deposition method was used to deposit thicker films,
also the film quality was not shown, so was more than likely to be of a poorer quality.
Nomura et al.4 also electrodeposited BaTiO3 in the same way. This study was performed to
understand the deposition mechanism, where Ba(NO3)2 was deposited rather than the
expected Ba(OH)2 suggesting a re-precipitation mechanism rather than an electrochemical
induced reaction. The electrodeposition of TiO2 thin films (chapter 5) showed the
possibilities of BaTiO3 electrodeposition via the technique presented in this thesis. As it
could afford an extremely thin film (sub 100 nm), with a high quality thin film being
produced by a simplistic deposition method. This synthesis technique contains new
solvents, less harsh acids and the removal of peroxides.
To lower the amount of impurities and to produce single phase electrodeposited BaTiO3
future experiments such as further small alterations to the amount of acetylacetonate, pH
Ti(OiPr)4 concentrations and electrodeposition potential and duration. The most important
stage to create a uniform, crack and imperfection free thin film is the post deposition
drying step. As concentrated NH4OH was being used, fast withdrawal of water from the
film occurred causing a rate limited hydrolysis step and so poor film quality. A solvent that
is more volatile than NH4OH but still has the same immiscibility towards barium must be
found to fix this. This method would then allow for subsequent deposition of barium
titanate, and a conducting oxide to produce a thin MLCC which would make the
engineering and construction process significantly easier and less labour intensive.
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