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Abstract

Abstract
Alumina-Zirconia thin films were grown on a range of substrates using dual magnetron
sputtering.

Film growth was achieved at a relatively low temperature of

450 °C and at higher temperatures up to 810 °C. The films were grown on well-defined
surfaces such as silicon (100) but also on industrially relevant substrates such as
hardmetal (WC-Co). Radio frequency power supplies were used in combination with
magnetron sputtering to avoid problems with target arcing. A range of film compositions
were possible by varying the power on each target. The influence of sputtering target
were investigated, both ceramic oxide targets and metallic targets being used.

The phase composition of the as-deposited films was investigated by x-ray diffraction.
The pure zirconia films contained the monoclinic zirconia phase, while the pure alumina
films appeared either amorphous or contained the γ-alumina phase. The composite films
contained a mixture of amorphous alumina, γ-alumina and the cubic zirconia phase. Indepth high-resolution electron microscopy studies revealed that the microstructures
consisted of phase-separated alumina and zirconia nanocrystals in the case of the
nanocomposites. In-situ spectroscopy was also performed to characterise the nature of
the bonding within the as-deposited films.

The oxygen stoichiometry in the films was investigated as a possible reason for the
stabilisation of the cubic zirconia phase in the nanocomposite. Ion beam techniques such
as Rutherford backscattering scattering and electron recoil detection analysis were
used in these studies. The growth of films with ceramic targets led to films that may be
slightly understoichiometric in oxygen, causing the phase stabilisation. The growth of
films from metallic targets necessitates oxygen rich plasmas and it is not expected that
such films will be oxygen deficient.
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Abstract
Initial attempts were also made to characterise the mechanical properties of the new
material with nanoindentation. The nanocomposite appeared to have greater resistance to
wear than the pure zirconia film. In doing so, some surface interactions and some
material interactions have been studied. Figure 1, below, outlines this work in relation to
the entire process of raw material deposition to final product and other interactions that
must be studied in order to obtain a complete understanding of the material problem.

Raw Material
Sputter Target Interactions

Tarnsport to Substrate
Plasma Interactions

Reactions on Substrate
Surface Interactions

This Study
Resultant Properties
Material Interactions
Figure 1: From Raw Material to Final Material and Relevance of This Study
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Introduction

Introduction
Oxide ceramics have been well established as having a good combination of mechanical
properties and oxidation resistance.

They are thus often used in demanding high-

temperature environments [1]. Alumina and zirconia are typical examples of so-called
structural ceramics. Recently there has been increasing interest in alumina-zirconia thin
films for a number of applications; these include wear resistant coatings [2], diffusion
barriers [3], thermal barrier coatings [4] and dielectric coatings [5]. The interest in
particularly thin films has arisen as novel microstructures can be achieved by techniques
that operate far from equilibrium, such as vapour techniques [6]. For the aluminazirconia system, this is of particular interest as both pure oxide systems contain a
multitude of metastable phases that can be beneficial in various applications [7,8]. The
wide range of possible phases mean that the properties of a film can designed according
to nature and proportion of phases present in a particular microstructure. Materials
tailored to a particular function in this fashion are typically referred to as functional
materials or functional ceramic coatings in this case.

Magnetron sputtering is a well established thin film growth technique that offers a
compromise between depositing at an atomic level and reasonable deposition rates. This
method also allows deposition at reasonably low temperatures, which is valuable in the
synthesis of metastable, non-equilibrium phases. The low temperatures also mean that
the selection of substrate is not limited; indeed substrate choice is more limited by the
properties of the final coating-substrate material desired and the capability to characterise
the results rather than limitations on the deposition process. Such a non-equilibrium
process is however, difficult to control and also difficult to analyse.
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Introduction
The aim of this work has been the synthesis of new microstructures in alumina-zirconia
thin films. Characterisation of the microstructures is a natural step that follows the
production of the thin films in order to understand the interaction of the various phases
formed. Due to the small size of the grains in the structures produced in this study,
characterisation is no trivial task. A large part of this thesis will be devoted to describing
the characterisation techniques that have been used.
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The Alumina-Zirconia Material System
Alumina
Alumina is one of the most studied ceramics due to a favourable combination of physical,
chemical, mechanical and thermal properties [7]. Alumina is used in refractories, hard
coatings, electrical applications and glassmaking, just to take a small selection of the
possible applications. This versatility comes from the many different forms in which
alumina can be produced. The most commonly studied form is the α-phase alumina,
commonly known as corundum. This is the thermodynamically stable phase of alumina
at atmospheric temperature and pressure, remaining stable up to the melting point [9].
There exist many metastable phases that are also commonly synthesised, allowing
alumina-containing materials to be tailored to specific applications, although obtaining a
particular desired alumina phase or structure may be quite difficult. Metastable phases of
interest in thin films include the κ, γ and θ alumina phases. The oxygen sublattice is
close-packed in all phases of alumina, with only slight distortions between the various
phases, see Figure 2.
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Figure 2: Alumina Phases of Interest in Thin Films [10 – 12]
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α-Alumina
The pure, room-temperature phase of alumina is both transparent and uncoloured. This
phase is trigonal, belonging to the space group R3̄c and has two formula units (10 atoms)
in the primitive unit cell [13]. It is more commonly represented as a hexagonal structure
[12] with six formula units in each unit cell and has also been referred to as being in the
-3-

The Alumina-Zirconia Material System
rhombohedral system [7,14]. The oxygen sublattice is represented by hexagonal closepacked structure with the aluminium atoms occupying two thirds of the octahedral
interstitial sites and features ABAB stacking [7,15]. No stable condensed phase exists
that is richer in oxygen than the α-alumina phase [9].

κ-alumina
The κ-alumina phase is a metastable phase that is common for wear resistant coatings
produced by chemical vapour deposition. The phase features an orthorhombic structure
with octahedral and tetrahedral coordinated aluminium ions, the stacking in the structure
is ABAC [16]. This phase belongs to the Pna21 space group [17]. The unit cell of the
κ-alumina phase is larger than that for α-alumina, it is thus less dense and a volume
contraction is associated with the transformation to the stable phase commonly causing
cracking upon cooling [18].

γ-alumina
Common in films deposited through sputtering, γ-alumina remains somewhat a mystery
with some debate to the actual structure. It has been represented as a cubic, defect spinel
structure in the Fd3̄m space group [12,10,19], but also as a tetragonal structure [20].
There has been considerable interest in the γ-alumina structure recently for wear resistant
thin-film coatings and as a catalytic surface [11,21 – 24]. A major advantage of the
,22,23

γ-alumina coatings has been the ability to produce this structure at ~750 °C, considerably
lower than the temperatures required to produce crystalline alumina films of the
κ-alumina and α-alumina phases.

θ-alumina
θ-alumina is monoclinic belonging to the C2/m space group [10]. This phase has been
suggested as an intermediate phase for transformations from γ-to-α particularly in bulk
materials [12,25,26]. Phase-mixed alumina coatings containing the θ-alumina phase have
also been produced with ionised magnetron sputtering at low temperatures [27]. This
structure is considerable less dense than the α-alumina phase.
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Zirconia
Zirconia in bulk form is well known for high temperature stability and corrosion
resistance [28]. Indeed, zirconia is used in the harsh conditions of glass making and steel
casting [29]. As a thin film coating, zirconia has been applied as thermal barrier coatings
where high temperature stability and corrosion resistance are critical [30]. Zirconia has
been studied as bulk material extensively due to the tetragonal-to-monoclinic phase
transformation [31]. This transformation has led to zirconia being referred to as “ceramic
steel” [32]. There are three main phases of interest in the equilibrium phase diagram
[9,31]: the monoclinic, tetragonal and cubic phases, seen below in Figure 3.
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Figure 3: The Main Phases of Interest in Zirconia: Monoclinic [33] (left), Tetragonal
(centre) and Cubic (right) [31,33]

Monoclinic Zirconia
This is the thermodynamically stable phase at room temperature and as such is generally
the final phase after the transformation of metastable phases. The structure belongs to the
P21/c space group [8]. The Zr4+ ion has a seven-fold coordination, while the oxygen
atoms are nearly tetrahedral, one angle deviating significantly from the tetrahedral angle.
This phase is the largest of the equilibrium phases by volume [31,34]. Under equilibrium
conditions, this phase is stable up to 1170 °C, upon which it transforms to the tetragonal
phase.
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Tetragonal Zirconia
The tetragonal phase belongs to the P42/nmc space group and is typically stable at
temperatures between 1170 °C and 2370 °C [8].

The Zr4+ ion has an eight-fold

coordination, while the oxygen ions are split evenly into two types: those coordinated as
a flattened tetrahedron and those as an elongated tetrahedron.

The volume of the

tetragonal phase is smaller than the volume of the monoclinic phase, leading to a 4%
volume expansion upon transformation to the monoclinic phase. The tetragonal phase is
typically stabilised in bulk ceramics through the addition of other oxides such as yttria,
ceria or magnesia [35], stabilisation is also possible in alumina-zirconia nanocomposites
when the grain-size reduces below 1 μm [36,37].

Cubic Zirconia
The cubic phase is the high-temperature phase of zirconia and is typically present from
2370 °C to the melting temperature 2680 °C [8]. The structure belongs to the Fm3m
space group [9]; each Zr4+ ion has eight-fold coordination, while each oxygen ion is
tetrahedrally coordinated. The cubic phase is even smaller than the tetragonal phase of
zirconia.

The cubic phase can be attained at room temperature by the addition of

stabilisers, in greater quantity than that required for the tetragonal phase [31]. The cubic
phase is the only phase of the equilibrium phases with a sizeable oxygen homogeneity
region, ranging from 61 at.% to 66.6 at.% [9].

This understoichiometry has been

observed previously in thin films [38].

Other metastable phases
Many metastable phases exist outside the three main phases. Many such phases are
distortions of the tetragonal or the cubic phases [39,40]. Indeed, the tetragonal phase can
be considered as a distortion of the cubic phase. These phases are common in coating
processes, such as plasma spraying, which deposit material far from equilibrium
conditions [4]. There also exists an orthorhombic phase, typically associated with high
pressures [41].
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Alumina-Zirconia
Binary Phase Diagram
Pure alumina or pure zirconia are both ceramic materials and as such, are inherently
brittle. It is possible to toughen these materials through the addition of a second phase
[42], thus the motivation for the development of alumina-zirconia composites. Upon
mixing alumina and zirconia, a number of metastable phases may form, such as the
aforementioned tetragonal or cubic zirconias [8,43] and the γ-alumina phase [22]. The
alumina-zirconia quasi-binary system in Figure 4 is characterised by little phase
solubility between the equilibrium phases at room temperature or higher temperatures up
to the eutectic point [43,44]. The alumina and zirconia form a eutectic at 1866 °C [45]
and naturally feature greater solid solubility at this temperature (8 at.% ± 2 at.% Al2O3 in
ZrO2 and 3 at.% ± 2 at.% ZrO2 in Al2O3). Most composites are thus likely to form phase
separated microstructures unless supersaturation occurs. The presence of alumina has
been shown to affect the transformation of the tetragonal zirconia phase in the bulk form
[37] and in the thin film form [46,47]. The solubility of individual solute atoms, such as
aluminium in zirconia or zirconium in alumina, should also be considered given the
nature of thin film growth. The cubic zirconia phase has the most tolerance for the
aluminium atom, at 2 at.% solubility [8]. The tetragonal zirconia phase features little
solubility. It should however be noted that in cases of extreme oxygen deficiency, the
alumina-zirconia quasi binary phase diagram is no longer valid and as such aluminiumzirconium ordered phases are possible [48].
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Figure 4: Alumina-Zirconia Quasi-Binary Phase Diagram [44]

Material Toughening in Composites
The phase separation into distinct alumina and zirconia phases has been used extensively
to toughen the ceramic materials. There are a variety of mechanisms outside the phase
transformation in zirconia that make ceramic composites tougher than ordinary pure
single oxide phase counterparts. A short review of toughening mechanisms has been
provided by Kuntz et al. [42], outlining the major mechanisms for toughening in
nanocomposite ceramics.

Composites containing alumina and zirconia have been

extensively studied in the bulk form, these composites commonly referred to as zirconiatoughened alumina (ZTA) [31].

Microcrack toughening involves the presence of small microcracks that deflect or take
energy from the main crack tip [42]. These microcracks are normally produced by
thermal residual stresses in two-phase structures upon cooling. Nanocomposites are
particularly effective in toughening a structure as nanocomposites contain many grain
boundaries where microcracks are usually generated, thereby maximising the number of
-8-
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microcracks. There is an additional benefit from increased hardness, due to smaller grain
sizes according to the well known Hall-Petch equation, which describes the inverse
relationship between grain size and hardness.

Nanocomposites may be classified

according the nature of the two phases, it is worth noting that the only fully crystalline
alumina-zirconia thin film coating produced thus far has been of the so-called “nanonano” type where the two phases each form grains interdispersed within each other.

One mechanism particular to zirconia based composites is transformation toughening
[31,37]. The transformation from tetragonal-to-monoclinic and subsequent expansion
causes a compressive stress to form within the microstructure. Stress fields associated
with crack tips may activate the transformation for any metastable tetragonal zirconia in a
microstructure, thus providing a compressive force precisely at the location of the crack
tip. A great deal of work has been focussed on stabilising the tetragonal polymorph
within a structure in order to utilise transformation toughening. It has been found that the
fracture

toughness

of

alumina

can

be

increased

from

4.89

MPa.m1/2 to

5.88 - 8.12 MPa.m1/2 through the addition of zirconia [37,49,50]. Extensive studies have
been made on the behaviour of alumina-zirconia composites during cutting and
subsequent transformations within the zirconia from the tetragonal phase to the
monoclinic phase.

Applications
Alumina-zirconia composites are commonly applied where a ceramic material is required
with a combination of hardness and toughness. As thin films, alumina-zirconia has been
focussed mainly on thermal barrier coatings [51]. But have also been developed for
diffusion barriers [3], high-k dielectric films [5], and also for wear resistant coatings [2].
Each application typically requires its own type of microstructure that must be tailored.
This study has focussed on the development of new nanocomposite thin-film
microstructures within the alumina-zirconia system.
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Thin Film Growth
Sputtering
A wide variety of methods can be employed for the deposition of thin films, sputtering
belongs to a class of techniques known as physical vapour deposition (PVD) since the
primary mode of film synthesis is physical [52]. During sputtering, the atoms and
molecules to be deposited are transferred in vapour form to the surface of the material
being coated, thus forming a thin film. A schematic of a typical deposition system is
shown in Figure 5, below. The system shown was used to produce the films in paper 2.

Heater
Sample
Shutter
Magnetron

Loadlock

O2 Gas
Ar Gas
Power Supply
Tuning Box
Figure 5: Typical Sputtering Deposition System
(Equipped with Radio Frequency Power Supplies)

Sputtering is a plasma-based process, meaning that a stable plasma must be present
during the sputtering process [52]. A plasma is a weakly ionised gas, typically a noble
gas, whose behaviour is different from typical gases, condensed liquids or solids. An
electric potential is applied to a low-pressure gas in order to form a plasma. Any stray
electrons near a metal cathode, such as the sputtering target, will be accelerated toward an
anode, such as the chamber wall. Collisions inevitably occur with the remaining neutral
gas atoms. The collision will result in a positively charged ion and two electrons, if the
initial electron has sufficient energy. The resultant electrons will, once again, be attracted
toward the anode, while the resultant ions will be attracted toward the cathode. Many
- 11 -
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particles are generated when the ions impact on the cathode, including secondary
electrons, see Figure 6. The entire process results in the formation of several more
charge carriers that continue the process in the gas leading to a self-propagating ionised
gas, or plasma. The remaining particles that are expelled from the target travel to the
material being coated, the substrate, and form the coating.

Figure 6: Particle Interactions in Sputtering [52,53]

This is, of course, a simplified model of sputtering, there are many factors which can
affect plasma characteristics, including the ability to self-propagate, gas pressure,
electrode separation, mean free path of particles in gas, breakdown voltage of the gas and
cathode characteristics [54].

The sputtering process can be optimised by confining the electrons close the cathode
(target), thereby increasing the degree of ionisation and the sputtering rate, consequently
increasing the deposition rate. This can be typically achieved by the addition of magnets
under the cathode, see Figure 7.

This configuration is commonly referred to as

magnetron sputtering, as opposed to conventional or diode sputtering. The sputter rate
increase can be an order of magnitude greater than that of conventional sputtering [52]. It
should be noted, that the confinement of electrons in a magnetron leads to a circular
track, known as a racetrack, on the surface of the target that may not be of the same
composition as the remainder of the target.
- 12 -
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Racetrack

Racetrack

Balanced Magentron

Unbalanced Magentron

Figure 7: Magnetron Sputtering Cathode Configuration [54]

Direct Current (DC) and Radio Frequency (RF) Sputtering
The process described previously has been based on the assumption that the cathode and
anode remain fixed. This is typically achieved using a direct current power source. An
obvious drawback in this situation is the inability to sputter insulating materials, since
current must flow through the target [52]. A RF power source can, however, be coupled
to any target, conducting or non-conducting. Light electrons move with the oscillating
field but heavy ions are not able to follow the field. The electrons have enough energy to
ionise the sputtering gas, reducing the need for secondary electrons to sustain the plasma,
allowing lower operating pressures compared to DC sputtering.

Another effect of RF sputtering is the self-biasing of the target to a negative potential
[52]. In the positive half of the cycle, the electrons are drawn toward the target, causing
collisions, while in the negative half of the cycle; the remaining ions are not affected to
the same extent. The result is a negative potential.

- 13 -
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While RF sputtering does solve numerous problems associated with direct current
sputtering, there exist many problems in applying a RF power source to a target. RF
circuits are much more complex than DC circuits, with each piece of equipment being
required to maintain the same impedance and each piece of equipment being shielded
from other RF signals. The RF signal must also be matched through the use of a tuning
circuit.

RF sputtering was utilised to produce the films central to both paper 1 and paper 2.

Reactive Sputtering
The addition of a chemically reactive gas, such as oxygen or nitrogen, into the deposition
chamber causes reactions with the metal deposited on the substrate.

In this way,

compounds such as alumina (Al2O3) can be formed without the need for an insulating
target [52], this variant of sputtering is known as reactive sputtering. Synthesis of
compounds with reactive sputtering may be desirable since the overwhelming majority of
compounds can not be produced in the form of a sputtering target. Reactive sputtering is,
however, significantly more complex than metal sputtering or sputtering from compound
targets.

The metal targets also react with the gas to form compounds on the target, these
compounds inevitably reduce the effectiveness of sputtering from the target leading to
markedly reduced sputtering rate. A poisoned target refers to a metal target that has
enough compound formation on the surface to act as a compound target, with
corresponding low deposition rate [55 – 57]. Once a target is poisoned, the gas flow must
,56,

be reduced until there is insufficient reactive gas to react fully with the target; this region
is commonly known as metallic mode sputtering. It should be noted that the reactive gas
flow required to induce metallic mode sputtering may be much lower than that to induce
a poisoned target, leading to the well known hysteresis curves inherent to reactive
sputtering, see Figure 8. One way of avoiding the hysteresis curve is to increase the
pumping speed to such an extent that reactive species requires more time to poison the
target [58]. While there is no direct evidence to suggest that this occurs in the present
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work, it is suspected since the hysteresis effects were not readily observed in the
depositions studied in paper 2. While such a solution is convenient for avoiding the
problems associated with poisoning, it is hardly applicable to industrial deposition
systems which are typically much larger than laboratory deposition systems and thus
require impractically large pumps to achieve the required pumping speed to avoid target
poisoning.

Figure 8: Hysteresis in Reactive Sputtering due to Target Poisoning [55]

Nanocomposites Through Sputtering
Production of composites by sputtering can be significantly more complex since different
metals sputter differently under similar conditions [54]. Sputtering from a single target
containing both metals is one such option, this can be found in alloyed targets or targets
where there are metal “plugs” in a second metal or sputtering from alloyed targets
[52,54]. The alternative is to sputter with two targets, each with a separate magnetron, as
was performed in this study. This allows for a more accurate control over the sputtering
process since the composition can be tailored by varying the power applied to each
individual target. There are, however, complications with this approach, particularly in
the case of dual RF sputtering. The two oscillating electric fields within the chamber
interact with each other making analysis of the resultant waves in the chamber quite
complex. Such a situation may be detrimental to the film deposition process.

- 15 -
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Analysis Techniques
X-Ray Diffraction (XRD)
XRD is a technique that is commonly applied for the analysis of material structure. The
technique is popular as it is both non-destructive and can be applied to almost any solid
sample without any special preparation techniques. The information provided by XRD is
concerned with periodicity in a structure. Each atom in a periodic structure acts as a
point of scattering for waves. These scattered waves may interfere constructively to form
sharp peaks in intensity. The requirements for constructive interference are described by
Bragg’s law, as given below in Equation 1 with a simplified model given in Figure 9.
XRD provides information regarding crystal structure, since periodicity and symmetry
are components of ordered crystal structures. Distortions or alterations to the periodic
structure can also be observed through distortions in the x-ray diffractogram, this
provides information regarding grain size, epitaxy and texture and even residual stress
[59,60].

nλ = 2d sin θ
Where:

n

–

Equation 1

Integer

λ – Wavelength (for X-rays from a Cu Kα Source)
d – Distance Between the Periodic Atoms
θ – Diffraction Angle

λ

θ

θ
2θ
dsinθ dsinθ

Figure 9: Diffraction in an Atomic Lattice as Described by Bragg’s Law
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Alternatively, XRD can be viewed through the von Laue construction and the Ewald
sphere. In reciprocal space, a sphere is drawn with origin at the tip of the incident x-ray
vector, k. X-ray peaks are located at points where the edge of the sphere crosses the
reciprocal lattice, see Figure 10 [61]. The von Laue / Ewald sphere method and Bragg
method of viewing x-ray diffraction are essentially equivalent.

k
k’
O
K

Figure 10: von Laue / Ewald Sphere Representation of Diffraction [61]
K is diffraction vector, k is the incident x-ray vector

Bragg's law is not restricted to XRD. It is indeed simply a mathematical description of
the requirements for constructive interference from an array of atoms. All waves with
wavelength approximately equivalent to the distance between atoms (or less) will feature
such peaks in intensity characteristic of Bragg reflections. An additional consideration
should also be made to destructive interference from such an array of atoms. Another
mathematical description, the structure factor, is often used to determine where peaks
that fulfil Bragg’s law do not appear due to such destructive interference. Consideration
should also be made to the spatial resolution of XRD, which is limited by the interaction
volume of incident x-rays. In practical terms, structures of less than ~5 nm cannot be
observed with XRD. This has been observed in this work, where crystalline films did not
readily show distinct peaks under XRD due to the limited size of the crystallites.
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There are many methods of rotating a sample while performing XRD analysis shown
below in Figure 11. Each method provides different information regarding the crystal of
interest. The following are the most common geometries:
•

θ-2θ on-axis

•

φ rotation of the sample

•

ψ tilting of the sample

φ
θ/ω

θ/ω

ψ

Figure 11: Possible Rotation Angles for X-Ray Diffraction

θ-2θ
The most common type of XRD performed is a so-called θ-2θ scan. In this method, both
φ and ψ are fixed at particular values. The incoming beam angle, ω (=θ), and the
reflected angle that is scanned, 2θ, are varied in tandem. In practice, the x-ray source is
fixed; the sample moves along the θ axis while the detector moves in the θ axis at twice
the speed. In vector space, one can visualise the incident wave vector, k, remaining
constant, while the reciprocal lattice is rotated (as the crystal rotates around θ). A peak is
formed when the Ewald sphere cuts the reciprocal lattice [61].

Omega Scans
Omega scans are applied to determine the relationship of planes with the surface of single
crystal samples and to determine the full width half-maximum (FWHM) of the peak of
interest. Single crystal samples may not have their surfaces precisely parallel to the
orientation of interest, a small offset can determined with such an omega scan. The
detector and x-ray source is fixed while the sample is rotated a few degrees in the ω (θ)
direction
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Grazing Incidence
The interaction depth of x-rays beams incident onto a material can be minimised to a
depth < 1000 Å by using a different geometry known as grazing incidence x-ray
diffraction (GIXRD) [62]. This geometry alleviates problems typical to θ-2θ scans in
thin film samples of substrate peaks dominating all other peaks as the interaction depth is
restricted exclusively to the film. The incoming beam angle, ω (≠ θ), is fixed in this
geometry at a low angle (usually 1 – 4 °) [63].

While GIXRD minimises substrate effects, the intensity is also reduced which means that
GIXRD scans are typically much longer than normal θ-2θ scans. GIXRD also raises
additional complications during analysis of textured films. The diffraction vector, K, is
no longer perpendicular to the surface for all 2θ values as in a normal θ-2θ scan, see
Figure 12. As a corollary, the peak information comes from different grains for different
2θ values. Consequently, analysis of preferred orientation is significantly more complex
since peak heights may not correspond to reference values. Indeed, in the case of paper
1, the 200 peak in cubic zirconia was not present due to the special GIXRD geometry and
preferred orientation in the films.

θ-2θ
θ Geometry

Grazing Incidence Geometry

K

ω

K

K

θ

θ

ω

ω

θ

Figure 12: Geometry of the GIXRD Showing Variation of Diffraction Vector K
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Pole Figures
A pole figure provides information regarding preferred orientation or epitaxy in a film. A
pole figure can be measured for each crystalline peak that is present in the material. The
incoming beam angle and reflected beam angle, θ and 2θ, are fixed at a particular value
corresponding to an expected peak. Rotation around φ is performed for each ψ value.
The result can be displayed in 2, 2,5 or 3 dimensional plots. An example is shown in
paper 1, where a pole figure is shown for the 200 peak in cubic zirconia.

Transmission Electron Microscopy (TEM)
The TEM is a powerful technique for investigating materials on the nano scale. The key
benefit in using an electron source is that the wavelength is significantly smaller than
other wave forms such as x-rays or visible light. Direct imaging of the lattice of a
particular material is thus possible. The TEM is the electron analogue of the desktop
optical microscope in many ways, a simplified TEM arrangement is shown in Figure 13.

Figure 13: Simplified Transmission Electron Microscope Layout [64]
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Sample Requirements
A key requirement for TEM samples is, naturally, electron transparency, as a thick
sample would cause too many interactions leaving no intensity in the transmitted beam.
Thin samples also minimise the risk that two different features, say two different grains,
overlap in the path of the electron beam, thus minimising confusion in the projected
image [65]. A thick sample also increases the risk that an electron is scattered on
multiple occasions, which confuses the image. Samples are generally prepared by a
combination of mechanical abrasion and ion etching. Damage to the sample is always a
consequence of such thinning techniques due to the mechanical forces and thermal
energy that is required to remove material, in addition to implantation effects due to the
ion etching [66]. Samples exposed to air are the subject to oxidation. Care must also be
taken to ensure that the prepared specimen is representative for the material being studied
since the ultra thin specimens analysed with TEM may be relieved of stresses present in a
sample given that elastic restraint is removed when surrounding material is removed.
The key aims in each preparation step are thus two-fold: to remove the damaged layer
from the previous preparation step and to provide a progressively finer (flatter) surface.
The risk does, however, remain that the sample can be considerably altered by the sample
preparation techniques.

An example is shown in paper 1, where crystallisation of

amorphous film material occurred due to the energy of bombarding ions during final
thinning. Chemical analysis performed in the TEM may also be distorted since atoms in
the sample may be preferentially sputtered by the ion bombardment or resputtered.

Imaging
Contrast must be induced in order to produce images for analysis.

Many contrast

forming mechanisms exist; interpretation of images is complicated due to the interplay of
the different mechanisms. The most common imaging techniques in TEM are massthickness imaging, diffraction imaging and phase contrast imaging.
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Mass-Thickness Contrast
Electrons which are incident on a sample will undergo Rutherford scattering; the
electrons are diverted to an off-axis path by elastic nuclear interactions. The larger the
atomic nucleus for the scattering object, the greater the scattering. As the mass of an
atomic nucleus is also correlated to the size of the nucleus, mass can also be correlated to
the degree of scattering of the electron beam [66]. The thicker the sample, the greater the
probability of a scattering event as the mean free path remains constant. This contrast
forming technique is generally used for amorphous samples or low magnification
imaging in the TEM images but is also particularly useful in Scanning Transmission
Electron Microscopy (STEM – discussed later). It is possible to quantify the contrast in
mass-thickness images but this has not been performed in this study.

Diffraction Imaging
When the electron beam is incident on the sample, scattering events will occur since all
illuminated parts of the sample will act as scattering sources.

Interference causes

coherently scattered beams when Bragg’s law is fulfilled. The coherently scattered
beams are recorded as a “spot” pattern residing in the back focal plane. This is, again,
analogous to the optical microscope. Precisely as in the optical microscope, apertures
can be placed in the back focal plane to select either the central, transmitted or nonscattered, spot (bright field diffraction imaging) or one of the diffracted spots (dark field
diffraction imaging), see Figure 14. The interactions that form an image with contrast are
more complex than presented here, thus requiring analysis of the amplitude of the
diffracted and transmitted beams [67].
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Birght Field TEM

Dark Field TEM

Dark Field TEM
(High Resolution)

Sample

Objective Aperture

Objective Lens

Figure 14: Comparison of Bright Field and Dark Field Imaging [65,66]

Phase Contrast Imaging
Each scattering event produces a phase shift which is particularly useful in obtaining high
resolution images at high magnification, this is known as phase contrast imaging. When
a beam is scattered, a phase shift of –π/2 is induced on the beam. The scattered beam
then follows a path that differs from the unscattered beam, further increasing the phase
shift between the two beams. The scattered beam will then interfere with the unscattered
beam, producing contrast. The path-dependent phase shift is sensitive to many factors
such as the specimen thickness, orientation, scattering factor, astigmatism, beam-tilt and
defocus in the objective lens [66]. Lens aberrations can be used to manipulate further this
phase shift by varying the phase for different scattering angles and reciprocal vectors.
The interference of the unscattered and scattered beams that have been affected by these
three phase shift phenomena result in contrast that is dependent on the spacing of the
scattering objects. In order to produce such images, several diffracted beams are required
- 24 -

Analysis Techniques
and in general, the more beams included the better the image up to the point where the
multitude of beams containing aberrations begin to distort the image again. The majority
of TEM images presented in paper 1 and paper 2 utilise this technique to achieve
contrast.

A particular configuration of the microscope in terms of aberrations and defocus will lead
to a certain phase shift for each scattering object spacing.

This can be described

mathematically through the contrast transfer function of which a typical example is
shown in Figure 15. This function allows calculation of the spacing of scattering objects,
which is in-turn, related to the correct atomic positions [68,69]. This is the true nature of
high resolution TEM. Lattice resolved images are presented in paper 1 and paper 2.
Note that an approximation has been made here, where (Fresnel) diffraction effects have
been ignored, for medium-heavy elements the assumption begins to breakdown after a

Sinχ (u)

sample thickness of ~3 nm is exceeded [70].

u

Figure 15: Typical Contrast Transfer Function [70]
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Focussed Images and Resolution
The conditions for best imaging vary widely depending on sample materials and
thickness. While not necessarily the best method for obtaining the best image for small
features, Scherzer defocus does provide a general condition for good imaging. A perfect
contrast transfer function would feature an overall phase shift of –π for scattering objects,
such as atoms, and no phase shift where no scattering objects exist. Scherzer defocus is
the closest approximation during normal TEM imaging to this perfect contrast transfer
function where the aberration function is almost uniformly –π/2 which when combined
with the phase shift of the scattering event results in an overall phase shift of –π, that is,
exactly out of phase with the incident beam. This means that scattering objects appear
almost uniformly dark. A good example of Scherzer defocus and non-Scherzer defocus
is found in paper 1, where the defocus was altered significantly from Scherzer defocus in
order to image a set of pores at the film interface.

Scherzer defocus maximises the area of the contrast transfer function to the first
crossover [70] meaning that the range of spacings where scattering objects appear dark is
maximised. More sophisticated techniques can be used for imaging, an example of such
is passband imaging where “windows” in the transfer function are optimised to provide
even contrast for features much smaller than those imaged using Scherzer defocus, see
Figure 16. Analysis of passband images are complex since contrast reversals are present
in certain windows at larger spacing where the phase shift is +3π/2, hence certain
scattering objects will appear bright, while others will appear dark. Such techniques were
not applied in this study due to the complexity.

- 26 -

Sinχ (u)

Analysis Techniques

Sinχ (u)

Sinχ (u)
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Figure 16: Ideal Contrast Transfer Function (Top),
Typical Contrast Transfer Function at Scherzer Defocus (Centre) and
Contrast Transfer Function for Passband Imaging of Si (111) (Bottom) [66]

It is clear then that resolution must be accompanied by the contrast transfer function that
specifies the conditions upon which the resolution is obtained. Different contrast transfer
functions will differ in the smallest spacing which information will be obtained.
Resolution (or point resolution) is defined as being the reciprocal of the highest spatial
frequency or atomic spacing where the contrast transfer function is approximately equal
to -1. This is not equivalent to measuring resolution as the smallest distance of scattering
objects that provide information since objects spaced at smaller distances will continue to
provide contrast in the image. This is evident in Figure 16, above, where the contrast
transfer function at Scherzer defocus continues to provide bright contrast (+1) and dark
contrast (-1) at spatial frequencies significantly higher than the initial dark contrast
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region. This area is nearly impossible to analyse due to the rapid undulations in the
contrast transfer function.

The discussion so far has assumed that the incident beam acts as a parallel, planar wave.
This is not the case as the initial electron source is not a point source; beam incoherence
and chromatic aberrations combine dampen the contrast inducing effects and essentially
the phase relationships at higher spatial frequencies (smaller distances) are lost [71]. A
similar effect is also achieved by increasing the convergence angle of the incident beam
[72].

Mathematically, these effects are described by the information limit, which

represents the limit that information can be transferred by the lenses. This is typically
visualised as a damping of the contrast transfer function as shown in Figure 17, below.

Figure 17: Damped contrast Function Showing Information Limit [66]

Diffraction Pattern
Altering the configuration of the lenses in the TEM allows the projection of the back
focal plane onto the imaging plane, see Figure 18. The spot pattern obtained is known as
the diffraction pattern and can be correlated to the position of the scattering objects
within the structure.

This pattern provides information regarding the crystal lattice

spacings, symmetry, orientation and distribution of grain sizes. Individual areas on the
film can be selected through the use of a selected area aperture, allowing analysis of the
diffraction pattern from individual areas. The combination of bright-field TEM image
and selected area electron diffraction pattern provides a mass of information regarding
the structure and as thus are often presented together, see paper 1.
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Figure 18: Comparison of Imaging Mode (Left) and Diffraction Mode (Right) [64]

Energy Dispersive Spectroscopy (EDX)
The interaction of the electron beam with a sample does not only lead to diffracted
electrons. A variety of other emissions occur, see Figure 19. Incident electrons lose
energy by knocking out (ionisation) bound electrons from the atoms in the specimen.
These atoms are then excited, since they are no longer in their “normal” state. In order to
return to their normal state, the atoms release energy in the form of x-rays. These can be
collected and analysed since the energy of the x-ray released is characteristic of the
excited atom. This method is known as Energy Dispersive Spectroscopy (EDS or EDX)
[60].

The wavelength of such x-rays can also be analysed, this being known as

wavelength dispersive spectroscopy (WDX).
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Figure 19: Emissions due to the Electron Beam [70]

EDX is a convenient analysis technique as the analysis is relatively simple compared to
other techniques; standard calibration is performed quickly, in some cases with the use of
virtual standards. The method can, however, be quite time consuming since x-rays must
be generated from the sample, something that does not occur readily from light elements,
and collection angles are poor since the x-ray detector is also located to the side of the
sample due to space requirements and the need to accommodate the objective lens pole
pieces. This situation is not optimal since x-ray intensity is low parallel to the sample
surface [72]. Absorption of x-rays into the sample, large probe sizes compared to the
grain sizes, interactions with the substrate, stray x-rays from interactions of the electron
beam within the microscope and electron beam broadening within the sample also serve
to confuse the analysis. Samples which contain adjacent elements in the periodic table
are not suited to x-ray analysis since the fluorescence of the x-rays affect the analysis of
each individual spectrum. These negative factors lead to the use of EDX as a semiquantitative method in order to gain a rough knowledge of sample composition before
proceeding to more complex methods. In paper 1 EDX was used to demonstrate the
phase separation between alumina and zirconia phases, although full quantification was
not performed, for the aforementioned reasons.
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Electron Energy Loss Spectroscopy (EELS)
Electrons that ionise the bounding electrons of the elements in a sample lose energy
during the process. These electrons do not, however, deviate significantly from the path
of the transmitted beam. A magnetic prism spectrometer located after main imaging
lenses can collect the transmitted beam and disperse the electrons according to energy
loss, see figure 20. This is known as electron energy loss spectroscopy or EELS. Since
each element in the sample features characteristic ionisation energy, it follows that the
energy loss will also be characteristic to an element and can thus be used for
characterising the elements within a sample.

TEM / STEM Probe
Sample
Lenses for Image/Diffraction Spot Forming
QX QY

Q = Quadrupoles

SX SY

S = Sextupoles
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Thermoelectric
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Photodiode

Cooler
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Q1 Q2 Q3 Q4
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and Transverse

Drift-Tube

Deflector

YAG
Fibre-Optic
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Figure 20: Typical EEL Spectrometer Configuration (for Parallel Imaging) [60,73]

The transmitted beam contains a wealth of information that can be characterised by
EELS, see Figure 21 [74,75]. The first feature is the zero-loss peak. Most electrons
actually pass through a thin specimen without an energy loss. This peak, while not
- 31 -

Analysis Techniques
important for spectroscopy, provides information regarding the energy coherency of the
electron source and hence the energy resolution available in any particular EELS
measurement. Phonons are present close to the zero-loss peak, these are not usually
resolved except in high-resolution reflection mode experiments (HREELS). These can be
used in a similar way to other vibrational spectroscopic techniques such as Raman
spectroscopy (described later). Following the zero-loss peak is the low-loss region where
plasmons are typically present. The thicker the sample, the more plasmons present. Each
plasmon represents the density of the valence electrons and the width of the rate of decay
for a particular mode; this can be calculated from solid-state physics [61].

Shifts in the

plasmon peaks also provide indications where valence electrons can be excited to lowlying unoccupied electronic states above the Fermi level.

In the high-loss region

ionisation edges are present which correspond to the ionisation of inner shell electrons.
In addition to characterisation of the energy loss, the ionisation edge contains information
regarding the density of states (DOS), since the unoccupied states near the Fermi level
can be modified by the chemical bonding within a solid. This is generally reflected in
alterations of the ionisation edge shape 30 – 40 eV from the threshold. This region is
known as the electron energy loss near-edge structure (ELNES) and provides structure
and bonding information. Exact interpretation is quite difficult but can be aided through
electronic structure calculations that model the density of states for a particular material.
Beyond this region the extended energy loss fine structure (EXELFS) contains
information regarding the bond distances and coordination of atoms.

Finally, the

Compton profile results from large scattering angles where the electrons are essentially
hard spheres, the width of this feature can also provide information regarding bonding,
although it is rarely used. In this study, the ionisation edges of particular elements in
different samples have been investigated, the differences in structure are evident in paper
2.
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Figure 21: Typical Linear (Top) and Logarithmic (Bottom) EELS Spectra [74]

It must be noted that while a thicker specimen results in more inelastically scattered
electrons, more plasmons also result and the spectrum becomes confused due to
convolution between plasmons and edges. In practice, a thin area (<1-0,5 λ) [60,73] for
viewing is almost always desired.

Scanning Transmission Electron Microscopy (STEM)
The electron beam may be focussed into an atomic-sized probe, rather than the parallel
illumination typical in TEM.

This probe may then be scanned across a sample;

information comes only from the area where the probe is scanning. At each point, a
diffraction pattern is formed.

This pattern can be collected and an image can be

constructed by taking the intensity of the scattered rays for each particular point, or pixel,
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that is scanned, this method is known as Scanning Transmission Electron Microscopy
(STEM) [66]. A comparison between STEM and conventional TEM is given below in
Figure 22.
TEM

STEM

Incident

Incident

Beam

Beam

Sample

Sample

Objective
Lens

Bright Field Detector
(<10 mrad off axis)
Annular Dark Field Detector

Back Focal Plane

(10 – 50 mrad off axis)
High-Angle Annular Dark Field Detector
(> 50 mrad off axis)

Figure 22: Schematic of the Layout of STEM in Comparison to TEM [66]

Imaging is possible on a scale much finer than available from traditional TEM imaging;
the lenses are not directly involved in the formation of the image after the electron beam
has interacted with the sample and as such objective lens aberrations are not a factor in
image formation (but are a factor in probe formation). Magnification is achieved by
scanning a smaller area with more points, or pixels. Resolution must be redefined in this
case as being related to the interaction area of the electron probe.

This is mainly

dependent on the electron source and the size of the probe formed using the condenser
but also the objective lenses, here the elimination of lens aberrations is extremely
important to the formation of the smallest imaging probe possible. Analysis techniques
such as EDX and EELS remain compatible with STEM and are even enhanced by the
ability to restrict the area where information is obtained to sub-nanometre resolution and
precision.
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Imaging is also time consuming compared to normal TEM imaging since the electrons
are used less efficiently [76].

The best information for mass-thickness contrast is

typically provided from large diffraction angles, but at these angles the scattered intensity
is quite low. This technique is demonstrated in paper 1 where in-situ EDX analysis
showed phase separation on a scale of a few nanometres.

Ion Beam Techniques
Rutherford Backscattering Spectrometry (RBS)
Rutherford Backscattering Spectrometry (RBS) involves a beam highly energetic light
ions, typically hydrogen or helium, incident on the surface of a sample at near normal
angles. The ions will penetrate deep into the surface of the material, generating elastic
collisions when incident on other atoms within a sample, these collisions lead to
backscattering of the incident ions, see Figure 23. The energy of the scattered ions can be
related to the mass of the atom in the sample, through the conservation of momentum.
[52,77]. The collision itself is insensitive to the electronic configuration or chemical
bonding of the atoms in the material and is sensitive only to relative masses and energies.
The energies of the backscattered ions can be expressed in-principle by Equation 2,
giving the mass of the atoms present in the sample. Analysis becomes naturally more
complex when the scattering cross-section and energy loss prior to the scattering are
considered, these parameters are generally used when depth profiling or calculating
concentrations. Since this is a first principles calculation, no elemental standards are
required for the chemical analysis. In order to analyse the data, a simulation is made of a
hypothetical material with a particular composition and depth profile.

This is then

compared to the measured spectra. In this work, simulations were created using the
SIMNRA 5.0 code that incorporates stopping powers for various ions published by
Andersen-Ziegler [77,78,79]. This process involves iterative fitting and it is important
that other measurement techniques are also used to estimate the composition and film
thickness since it is easy to confuse elements. An example from this study: tantalum can
be easily confused with hafnium, which is appears as an impurity in zirconium targets
and hence zirconia films. RBS was used in paper 1 and paper 2 for the analysis of the
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ratio of metal atoms in the films. When these measurements were combined with other
ion beam techniques, a full picture of the stoichiometry could be obtained; leading to a
hypothesis that oxygen understoichiometry is an important factor in the stabilisation of
the cubic zirconia phase in the nanocomposites.
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Figure 23: Schematic of Rutherford Backscattering [77]
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Where:

E1 –

Energy of Backscattered Ions

E0 – Energy of Incident Ion
M –

Mass of Atom in Material

M0 –

Mass of Incident Ion

θ –

Scattering Angle

KM – Kinetic Factor
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Elastic Recoil Detection Analysis (ERDA)
Light elements do not readily backscatter other atoms, at least not with energies sufficient
for detection. This is clearly seen by placing a small mass M in Equation 2. The
mechanics of particle collisions is, however, changed if the beam is incident at an angle.
In this case, light atoms are more likely to be ejected from the sample (recoiling), while
the heavy incident atoms can also be forward scattered into a path roughly similar to the
recoiled light atoms, see Figure 24. The energies of the recoiled atoms are again related
to the mass of a particular species based on collision kinematics [77]. Depth profiling is
also possible by approximating the surface energy and the stopping power of particular
ions. ERDA is able to detect hydrogen, an element that is typically quite difficult to
detect with other methods given the low mass of the hydrogen atom.

ERDA

measurements were used to investigate the hypothesis that oxygen understoichiometry was
responsible for the formation of metastable zirconia phases as presented in paper 1 and
paper 2. Since aluminium is a relatively light metal, the ERDA measurement of the
aluminium was normalised with the RBS measurement of the same metal. In this way,
both heavy elements and light elements could be quantified. It should be noted that while
RBS is suited to heavier elements and ERDA is suited to lighter elements, it is possible to
make measurements of the “unsuitable” elements with both techniques. It was found that
the variation between RBS and ERDA in the case of aluminium, zirconium and oxygen
were not tremendous. It may have sufficed to use one technique only but by normalising
the result, greater accuracy is achieved.
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Figure 24: Schematic of Elastic Recoil Detection Analysis [77]

Vibrational Spectroscopy
Vibrational modes of a structure can be linked to the strength of the bonds and the
symmetry of a particular crystal [61,80]. Various light sources can be used to excite the
internal vibrational modes. Light from a monochromatic laser will be scattered by a
material, the scattering has a particular frequency that is related to the vibrational modes.
Analysis of the scattered light is known as Raman scattering spectroscopy. It has been
shown that Raman scattering can separate between the cubic and the tetragonal zirconia
phases [81,82], which is traditionally quite difficult with x-ray diffraction in
nanocrystalline samples. Infrared light can also be used as a method of determining the
vibrational modes in a material. The absorption spectra in this case are taken, instead of
the scattered light. This technique is known as Fourier transform infrared (FTIR). Both
vibrational spectroscopy techniques, Raman and FTIR, were attempted for this study,
although no satisfactory results have been attained, as yet. This is partially due to the
influence of the substrate in such films as well as their limited thickness.
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Nanoindentation
Indentation has long been used in materials science as a characterisation technique for
mechanical properties of materials, particularly hardness. While the general principle
remains the same for measurement of similar properties on a sub-micron scale, a more
sophisticated analysis is required. The analysis follows a technique developed by Oliver
and Pharr [83,84]. This method takes the load-displacement curve of the indenter as an
impression is made into a film. The initial gradient upon unloading is used to extract the
reduced modulus according to Equation 3.

The contact mechanics of the diamond

indenter and the material must also be taken into account, hence Equation 4 [85]. The
hardness is then defined as the force at peak load.

Where:

Er =

1 π ⎛ dP ⎞
⋅⎜ ⎟
2 A ⎝ dh ⎠ InitialUnloading

Er –

Reduced Modulus

A –

Contact Area

P –

Load

h –

Displacement

2
)
(1 − ν 2 ) + (1 − ν Indenter
1
=
Er
E
E Indenter

Where:

Er –

Reduced Modulus

E –

Modulus

ν –

Poisson’s Ratio

Equation 3 [85]

Equation 4 [85]

The contact area that appears in both equations above cannot be readily calculated from
contact mechanics alone. It is generally measured by an atomic force microscope (AFM)
or approximated by measuring the hardness of a known material over the entire load
range of the nanoindenter. An approximation can then be made through a smoothing
function which usually includes corrections for tip rounding [85]. While smoothing
functions are typically more convenient than measuring the area function with an AFM, it
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has been found that systematic errors can arise through the smoothing function due to the
scatter of data points at low loads. Even a small error in the area function can lead to a
large error in the final parameters obtained from the nanoindenter. The films produced in
this study were not, in general, sufficiently thick to test with nanoindentation, even
though attempts were made. While a nanoindentation may only penetrate to the order of
60 nm, the material response arises from a volume much greater. As a general indicative
rule, indentation depths must not exceed 10% of the film thickness [86]. This was not
possible with the ~ 300 nm thick films presented in this study.
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Results
Paper 1
Films were synthesis by RF sputtering from pure alumina and zirconia ceramic targets.
Deposition of pure zirconia led to the formation of the stable monoclinic phase, while
pure alumina was amorphous. Deposition of a composite film led, however, to the
formation of either the cubic or tetragonal zirconia phase. X-ray diffraction suggested
that the phase was cubic with some preferred orientation. This was the first time that an
alumina-zirconia nanostructured composite film had been produced across a wide
composition range without additional techniques to restrain the lattice, such as the use of
multilayer deposition techniques. This was achieved at a relatively low temperature
(450 °C). The stabilisation was of particular interest but proper phase identification
proved difficult. The assumption of a cubic zirconia structure was made on the basis of
the oxygen understoichiometry and the relatively close match to the cubic phase in the xray diffraction. Phase separation was evident between the amorphous alumina and cubic
zirconia in the nanocomposite films. The pure alumina films remained amorphous after
deposition, although crystallisation of the amorphous phase was shown after ion
bombardment.
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Paper 2
Films were produced in a reactive environment with two metallic targets, compared to the
sputtering from oxide targets. The result was a faster growth rate compared to the
sputtering of oxide targets, indicating that thick films were a possibility. Pure zirconia
films formed the monoclinic phase, while pure alumina films formed the γ-alumina
phase. The formation of crystalline alumina phase is broadly in agreement with previous
studies of pure sputtered alumina [22]. The nature of the composite depended on the
substrate temperature.

At relatively low temperatures (450 °C), the composite was

amorphous, while at higher temperatures (750 °C), small crystallites were formed of the
cubic zirconia phase. At these higher temperatures, undesired reactions began to occur
between the substrate and the film, leading to large pores at the substrate interface. All
films produced were not faceted, indicating that the surface mobility is greater. EEL
spectra for sputtered alumina-zirconia coatings were presented for the first time.
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Future Work
Further studies are required in order to fully understand the sputtering of aluminazirconia composites. A particular problem has been the thickness of the films, since the
~300 nm films limit the available characterisation techniques. The deposition of thicker
films without increasing the deposition time will require changes to the method of
sputtering. A number of possible alternatives are available here. Any change would
most likely involve moving away from RF sputtering to DC sputtering. In making such
move, new methods are required to avoid target poisoning. In this respect, new studies
have indicated that the presence of nitrogen in the working gas may extend the working
region, avoiding target poisoning without any additional nitrogen incorporation in the
films [87]. Thicker films are also important for industrial applications, especially those
related to metal cutting applications, since films are typically of the order ~10 μm, two
orders of magnitude greater than the films achieved thus far.

The lack of facets in the films studied in paper 2 indicates greater surface mobility but
the failure to form a crystalline phase indicates the opposite. One possible reason is that
the species arriving at the substrate surface may differ when reactive sputtering is
compared to sputtering from oxide targets. Plasma characterisation, either with a dual
probe or with mass spectrometry will aid the understanding of this phenomenon. This
will also resolve questions arising regarding the effect of two RF fields from the two
targets. Such a study would also cover the first two aspects described in Figure 1 that
have not been addressed in this study.

Modelling of the zirconia and alumina structures will also aid in the understanding why
some phases form under reactive sputtering conditions, while other phases do not form.
Such studies will also contribute to the interpretation of the EEL spectra as such studies
would be possible to describe the density of states present in the ELNES.
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