Linköping Studies in Science and Technology
Dissertation No. 1153

Nanocrystalline Alumina-Zirconia
Thin Films Grown by
Magnetron Sputtering
David Huy Trinh

Thin Film Physics Division
Department of Physics, Chemistry and Biology (IFM)
Linköpings universitet, SE-581 83 Linköping, Sweden

2008

Cover image
Alumina-zirconia coated silicon wafers mounted on a stage awaiting
x-ray photoelectron spectroscopy measurements.
The different colours result as the films are of different thicknesses in the region
(<1 µm) where the light reflecting off the film/substrate interface constructively
interferes with light reflecting off the film surface. As the thickness of the films vary,
the wavelength of light that constructively interferes will change and hence the
different colours. This effect, while interesting physics,
is only tangential to the ideas promoted in this thesis.

© David Huy Trinh, 2008
ISBN: 978-91-85895-18-2
ISSN: 0345-7524

Printed by LiU-Tryck, Linköping, Sweden

“But what is the point of dawn now,
when one can read outside without it?

I challenge you all now, all of you atheists:
how are you going to save the world
and where have you found the right road for it –
you men of science, industry, associations, wages and the like? How?
With credit? What is credit? Where will credit take you?

Yes, but the universal need to live, drink and eat,
and the most complete, indeed scientific conviction,
that one cannot satisfy need without universal association and
a solidarity of interests, is,
I think, an idea of strong enough to serve as a point of support and
a “spring of life” for future ages of mankind”

Gavrila Ardalionovich in The Idiot by Fyodor Dostoyevsky

Abstract

Abstract
Alumina-zirconia thin films have been deposited using dual magnetron sputtering.
Film growth was performed at relatively low-to-medium temperatures, ranging from
~300°C to 810 °C. Different substrates were applied, including silicon (100), and
industrially relevant materials, such as WC-Co hardmetal. Both radio-frequency
sputtering and direct-current magnetron sputtering were utilised to achieve a range of
film compositions. The influence of sputtering target was investigated; both ceramics
and metals were used as sources. Microstructural characterisation was performed
with a range of electron microscopy and x-ray diffraction techniques which show that
the pure zirconia was deposited in the monoclinic phase. Reduced mobility of
depositing species, as in the case of direct-current sputtering, yielded preferred
crystallographic orientation in the {100} directions. The initial nucleation layer
consisted of the metastable tetragonal zirconia phase. This phase could be grown over
film thicknesses ~1 µm through the addition of ~3 at.% Al under similar low mobility
conditions. For cases of higher mobility, as obtained through radio-frequency
sputtering, the metastable cubic zirconia phase formed in the film bulk for aluminazirconia nanocomposites. A combination of two mechanisms is suggested for the
stabilisation of metastable zirconia phases: oxygen-deficiency and aluminium
segregations with resultant restraint on the zirconia lattice. The sputter deposition
process was investigated through energy resolved mass spectrometry in the case of
radio-frequency RF sputtering; the sputter deposition flux contained a mixture of
metallic ions, metal-oxygen clusters, and oxygen ions. The presence of metal-oxygen
clusters was found to be important in oxygen-stoichiometry and thus the phase
selection of the resultant film. The energy distributions were similar when comparing
sputtering from ceramic and metallic targets. A mass-balance model has also been
developed for the transport phenomena and reactions of particles in reactive sputtering
of two targets in a two-gas scenario for the alumina-zirconia system. Addition of
nitrogen to the working gas was found to eliminate the hysteresis in the target
poisoning for oxygen reactive sputtering. The higher reactivity of oxygen contributed
to a higher oxygen content in resultant films compared to the oxygen content in the
oxy-nitride working gas. The model was thus shown to be successful for tuning
depositions in the alumina-zirconia oxy-nitride system.
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Preface
“Once more unto the breach, dear friends, once more;”
William Shakespeare: Henry V

This doctorate thesis concerns the growth and characterisation of alumina-zirconia
nanocomposites. It is a collaborative effort between Linköpings universitet and
Sandvik Tooling AB. The research has also been supported through the Swedish
Research Council (VR) and the Swedish Foundation for Strategic Research (SSF)
Strategic Research Centre on Materials Science for Nanoscale Surface Engineering
(MS2E).
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Introduction

Introduction
“And what if – without waiting – I plunge myself head down?
Would it not be the only, the correct way – disentangling everything at once?”
Yevgeny Zamyatin: We

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 such oxide 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 thin films has arisen as novel structures can be
achieved by techniques that operate far from equilibrium, such as vapour techniques
[6]. For the alumina-zirconia system, this is particularly the case as both pure oxide
systems contain a multitude of metastable phases that can be beneficial in various
applications [7,8] and which have properties that vary significantly from the
thermodynamically stable phases. The wide range of possible structures means that
the properties of a film can be designed according to nature and proportion of phases
present in a particular film structure. In order to achieve these metastable phases,
non-equilibrium growth techniques must be employed.
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 relatively low temperatures, which is valuable
in the synthesis of novel structures containing metastable, non-equilibrium phases or
of highly oriented materials. The process is, however, rather complex with many
variables affecting the final coating. There is a need not only for the development of
new coatings but also for investigation of how the synthesis process affects the final
properties of a film.
Growth of pure alumina by sputtering has posed numerous problems in terms of
achieving crystalline films, which has traditionally required temperatures >500 °C [9],
and in terms of achieving a stable process that provides for high growth rate [10].
Growth of pure zirconia thin films is comparatively easier, with larger process
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windows and many reports of crystalline films sputtered at low substrate temperature
[11 – 14]. Sputter deposition of mixed alumina-zirconia thin films remains, however,
dominated by the same challenges of depositing pure alumina films by sputtering. As
a result, alumina-zirconia thin films produced by sputtering have often employed
special micro and nanostructures, such as multilayers [15,16], or required annealing at
temperatures > 1000 °C [17,18] in order to form crystalline films. In addition, the
understanding of the mechanisms that underlie the formation of crystalline phases in
the sputtering process must also be investigated. Hence the plasma and its interaction
to the sputter system are also of interest.

Objectives
The aims of this work are, first, to synthesise nanocomposite oxide thin films with
novel structures; alumina-zirconia nanocomposites were chosen due to their wide
range of potential applications. Secondly, having achieved these new structures,
characterisation of the resultant micro- and nanostructure must be performed. Finally,
the growth mechanisms behind the formation of these films must be studied. To this
end, the sputtering plasma, particularly the particles within the plasma and the
transport phenomenon of these particles, has been studied.

Outline
In this thesis the alumina-zirconia material system is first presented. Following this,
the growth process of sputter deposition and mechanisms of thin film growth are
examined. The methods used to characterise the films are then catalogued followed
by a summary of the major results obtained and the future outlook of such work. The
results themselves are presented in the form of the five included papers, of which
Papers 1 – 3 focus on the growth of novel micro- and nanostructures and
characterisation of such structures, while Papers 4 and 5 focus on understanding the
sputter deposition process and the actual mechanism of growth of the structures
presented in the former papers.
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The Alumina-Zirconia Material System
“The realities of nature surpass our most ambitious dreams.”
Francois Rodin

Zirconia
Zirconia in bulk form is well known for high temperature stability and corrosion
resistance [19]. Indeed, zirconia is used in the harsh conditions of glass making and
steel casting [20]. As a thin film coating, zirconia has been applied as thermal barrier
coatings where high temperature stability and corrosion resistance are critical [21].
Zirconia has been studied as bulk material extensively due to the tetragonal to
monoclinic phase transformation and the associated metastable structures [22]. This
transformation has led to zirconia being referred to as “ceramic steel” [23]. There are
three main phases of interest in the equilibrium phase diagram [22,24]:

the

monoclinic, tetragonal and cubic phases, seen below in Figure 1.

Figure 1: The main phases of interest in zirconia:
Monoclinic [25,26] (left), tetragonal (centre) and cubic (right) [22.25,26].
Anions marked in grey, cations marked in black.

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
[22,27]. Under equilibrium conditions, this phase is stable up to 1170 °C, upon which
it transforms to the tetragonal phase. The monoclinic phase was the primary phase
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formed when pure zirconia was deposited in Papers 1 – 3. This phase remained
stable upon addition of small amounts, ~1 at.%, of aluminium, but upon further
addition of aluminium, other phases formed. None of the films produced in this study
resulted in phase pure monoclinic zirconia and this phase always coexisted with other
zirconia phases.

Tetragonal zirconia
The tetragonal phase belongs to the P42/nmc space group and is typically stable at
temperatures between 1170 °C and 2370 °C under equilibrium conditions [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 that of the monoclinic
phase, leading to a 4% volume expansion upon transformation to the monoclinic
phase.

The tetragonal phase is typically stabilised at room temperature in bulk

ceramics through the addition of other oxides such as yttria, ceria or magnesia [28],
stabilisation is also possible in alumina-zirconia nanocomposites when the grain-size
reduces below 1 µm [29,30]. This was the case in Paper 3 where ~3 at.% aluminium
was sufficient to stabilise the tetragonal phase. Size effects have long been known to
influence the formation of tetragonal zirconia, even without additions of other
elements [23]. It has been suggested that the stabilisation is due to the lower surface
energy of the tetragonal phase compared to the monoclinic phase [31], although there
is some conjecture as to whether this is actually the case [32]. Additional stabilising
effects have also been suggested in Paper 3, where the tetragonal zirconia formed as
an initial nucleation layer prior to the formation of the thermodynamically stable
monoclinic phase.

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 based on the fluorite structure, a face-centred cubic structure
[24,26]; each Zr4+ ion has eight-fold coordination, while each oxygen ion is
tetrahedrally coordinated and form a simple cubic sub-lattice. The cubic phase has an
even smaller volume than the tetragonal phase of zirconia and is attained at room
temperature by the addition of stabilisers, in greater quantity than that required for the
-4-
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tetragonal phase [22]. The cubic phase is the only phase of the equilibrium phases
with a sizeable oxygen homogeneity region at room temperature, ranging from
61 at.% to 66.6 at.% [24]. This oxygen deficiency has been observed previously in
thin films [33] and it is suggested that this mechanism is responsible for the formation
of the cubic zirconia phase in Paper 1. Another mechanism must, however, exist
since the formation of a similar cubic phase in Paper 2 was found in a situation where
an abundance of oxygen in the plasma existed.

Other metastable phases
Many metastable phases exist outside the three main phases, some of which are
distortions of the tetragonal or the cubic phases [34,35]. Indeed, the tetragonal phase
can be considered as a distortion of the cubic phase. The difference arises by simply
shifting oxygen columns alternatively up and down in the [001] directions [26]. This
shift leads to new periodicity in the (112) plane. Other distortions are often marked t’
or t’’. 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 and a cotunnite structure, typically associated with high pressures
[26,36].

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 glass-making, just to take a
small selection of the possible applications. This versatility arises from the many
different forms in which alumina can be produced. The most commonly studied form
is the α-phase, commonly known as corundum. This is the thermodynamically stable
phase of alumina at atmospheric temperature and pressure, remaining stable up to the
melting point [24]. 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 κ-, γ- and θalumina. The oxygen sub-lattice 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 [37 – 39]

α-alumina
The pure, room-temperature phase of alumina is both transparent and uncoloured.
This phase is trigonal, belonging to the space group R3c and has two formula units
(10 atoms) in the primitive unit cell [40]. It is more commonly represented as a
hexagonal structure [39] with six formula units in each unit cell and has also been
referred to as being in the rhombohedral system [7,41]. The oxygen sub-lattice is
represented by hexagonal close-packed structure with the aluminium atoms occupying
two thirds of the octahedral interstitial sites and features ABAB stacking [7,42]. No
stable condensed phase exists that is richer in oxygen than the α-alumina phase [24].

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 octahedrally and tetrahedrally coordinated aluminium ions, the stacking
in the structure is ABAC [43]. This phase belongs to the Pna21 space group [44]. The
κ-alumina phase is less dense and a volume contraction is associated with the
transformation to the stable α-alumina phase commonly causing cracking upon
cooling [45].

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 Fd3m space group [37,39,46], but also as a tetragonal
structure [47]. In the former case, which is more frequent, the structure can be
described with one single cubic close-packed anion sub-lattice and two cation sub-
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lattices, one containing octahedral sites and the other containing tetrahedral sites [48].
Alternatively, γ-alumina can be described as six repeating non-equivalent (111) planes
of either Al or O atoms based on a hexagonal arrangement of O atoms with 2.80 Å
spacing [49]. It should be noted that the structure does contain some partial disorder
in the ions [50], since aluminium does not fully occupy all the available cation sites
[48]. There has been considerable interest in the γ-alumina structure recently for wear
resistant thin-film coatings and as a catalytic surface [51 – 55]. A major advantage of
the γ-alumina coatings has been the ability to produce this structure at considerably
lower temperatures than required to produce crystalline alumina films of the κ and α
phases. The γ-alumina phase is also stable up to temperatures of 750 °C [56]. This
phase was deposited in the case of pure alumina in Paper 2. Given the low deposition
temperatures and the thermodynamics of mixing, the films containing alumina in the
other papers were generally amorphous.

θ-alumina
θ-alumina is monoclinic belonging to the C2/m space group [37]. This phase has
been suggested as an intermediate phase for transformations from γ to α particularly
in bulk materials [39,57,58]. Phase-mixed alumina coatings containing the θ-alumina
phase have also been produced with ionized magnetron sputtering at low temperatures
[59]. This structure is considerable less dense than the α phase.

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
[60], hence 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 [8,61] and the γ-alumina phase [52].
The alumina-zirconia quasi-binary system in Figure 3 is characterised by little
solubility between the equilibrium phases at room temperature or higher temperatures
up to the eutectic point [61,62]. A eutectic is formed at 1866 °C [63] and naturally
there is greater solid solubility at this temperature (8 at.% ± 2 at.% Al2O3 in ZrO2 and
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3 at.% ± 2 at.% ZrO2 in Al2O3). Most composites are thus likely to form phaseseparated microstructures unless supersaturation occurs. The presence of alumina has
been shown to affect the transformation of the tetragonal zirconia phase in the bulk
form [30] and in the thin film form [15,16]. 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 aluminium-zirconium ordered phases are possible [64].

Figure 3: Alumina-zirconia quasi-binary phase diagram [62]

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. [60], outlining the major forms of
toughening in nanocomposite ceramics. Composites containing alumina and zirconia
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have been extensively studied in the bulk form, these composites commonly referred
to as zirconia-toughened alumina (ZTA) [22].
Microcrack toughening involves the presence of small microcracks that deflect or
remove energy from the main crack tip [60].

These microcracks are normally

produced by thermal residual stresses in two-phase structures upon cooling.
Nanocomposites are particularly effective in toughening a structure as the materials
contain many grain boundaries where microcracks are usually generated, thereby
maximising the number of microcracks. There is an additional benefit from increased
hardness, due to smaller grain sizes according to the well known Hall-Petch equation
[65,66], 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 “nano-nano” type where the two phases each form grains
interdispersed within each other.
One mechanism particular to zirconia based composites is transformation toughening
[22,30]. The transformation from tetragonal to monoclinic and subsequent expansion
causes a compressive stress to form within the microstructure. For any crack in the
composite structure, the stress fields associated with the crack tip may activate the
transformation for any metastable tetragonal zirconia in a microstructure, thus
providing a compressive force precisely at the location of the 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 [30,67,68]. 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
and a stochastic model developed to predict stresses involved in the process [67].

Applications
Alumina-zirconia composites are commonly applied where a ceramic material is
required with a combination of hardness and toughness. As thin films, aluminazirconia has been focused mainly on thermal barrier coatings [69], but have also been
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developed for diffusion barriers [3] and high-k dielectric films [5] with suggestions
that the same system may also be used for wear resistant coatings [2].

Each

application typically requires its own type of microstructure that must be tailored.
This thesis is focussed on the development of new nanocomposite thin-film
microstructures within the alumina-zirconia system.
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Plasmas and Sputtering
“Gas! Gas Captain!
Whatever the Klingon designation for it is,
it is merely ionized gas.”
Captain Spock in Star Trek VI: The Undiscovered Country

Plasma Basics
Lieberman and Lichtenberg describe plasmas as “A collection of free charged
particles moving in random directions that is, on average, electrically neutral” [70].
There is a wide range of conditions that can induce the formation of plasmas. In the
deposition of thin films weakly ionised, low-temperature discharges are of primary
interest as distinct from other types, for example high-temperature plasmas, common
in nuclear fusion, or low density plasmas, such as the solar wind. In order to achieve
the desired plasma, an electric field is applied to a gas, in many cases in combination
with a magnetic field. The interactions between the external fields that induce the
plasma and the particles within the plasma are complex, as such simplified models are
common to characterise the plasma. The starting point for building a model is the
macroscopic field equations, Maxwell’s equations:
∂H
∂t

Equation 1 [70]

∂E
+J
∂t

Equation 2 [70]

∇ × E = −µ 0

∇ × H = ε0

Where:

ε 0∇ ⋅ E = ρ

Equation 3 [70]

µ0∇ ⋅ H = 0

Equation 4 [70]

E –

Time and space varying electric field vector

H –

Time and space varying magnetic field vector

J

–

Time and space varying current density

ρ

–

Time and space varying charge density

ε0 –

Permeability of free space

µ0 –

Permittivity of free space

Since the plasma is due to an electric field, a charge flow or current must exist. By
considering the charge flow across the plasma and assuming that variations in the
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magnetic field are negligible then Poisson’s equation relating the potential to the
charge density can be obtained:
∇2Φ = −

Where:

ρ
ε0

Equation 5 [70]

Φ –

Electric potential

ρ

Time and space varying charge density

–

ε0 –

Permeability of free space

Particles in a plasma
Plasma consists of electrons, ions and neutral particles. The particles may be assumed
to move independently of each other within the bounds that the plasma must remain
macroscopically neutral or quasi-neutral, this is often called the plasma
approximation [70,71]. Electrons, being light, fast moving species are almost always

at thermal equilibrium; ions being heavy, slow moving species are almost never at
thermal equilibrium while neutrals may or may not be at equilibrium depending on the
plasma [70].

Whether the particles interact with themselves or mainly with the

applied electric field depends on the Debye Length which is naturally a factor of the
density of particles in the plasma and the speed at which the plasma is moving, both
of which are important parameters of the plasma itself. It is also worth noting that the
speeds at which electrons move are quite high, corresponding to an electron
temperature >1000 K, but in low-density plasmas, the particles are so few that little of
this heat is transferred to chamber walls. The distribution of particles in the plasma
and effect on film deposition has been studied in Paper 5 where the presence of
metal-oxide clusters has been linked to the changes in the stoichiometry of the asdeposited film.

Surfaces immersed in a plasma
Light and fast electrons will accumulate on any surface immersed in the plasma faster
than the ions, leading to a negative charge. This charge will repel other electrons and
attract ions until equilibrium is reached. This equilibrium negative potential relative
to the plasma is called the floating potential. All non-earthed surfaces immersed in
the plasma will acquire this potential. In a similar way, the plasma will initially loose
more electrons to the electrodes than ions, resulting in a positive potential in the
plasma. This potential will reduce the flow of electrons to the electrodes which, in- 12 -
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turn, reduces the positive potential. Eventually a steady-state is reached where the
plasma potential is the positive potential of the plasma, see Figure 4. The region

where the electrons are repelled from the walls, the anode, is known as the anode
sheath. The plasma sheath parameters such as thickness and potential are related to

the plasma parameters at steady state by the Child Law, see Equation 6 [70].
Attraction, or acceleration of, positive ions toward a surface leads to ion
bombardment and by placing a material of interest at this surface, the deposition
process of sputtering is obtained.

Figure 4: The plasma potential, Vp, and cathode sheath potential [72]

4  2e 
J0 = ε0 
9 M 
Where:

1

2

3

V0 2
s2

J0 –

Constant ion current across the sheath

V0 –

Potential at sheath edge

s

Sheath width

–

M –

Mass of ions accelerated in sheath

e

Charge of an electron

–

ε0 –

Equation 6 [70]

Permeability of free space

Sputtering
In sputtering, a target of the material to be sputtered forms the cathode, to which a
high negative potential is applied [73]. A gas is introduced into the anode-cathode
chamber, typically argon but sometimes also krypton, xenon or even a non-noble gas.
The potential across the gas causes stray electrons to accelerate toward the anode and
collide with the gas atoms along the way, forming a plasma. 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
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the resultant ions will be attracted toward the cathode due to the large negative
potential. The ions will be attracted through the cathode sheath. See Figure 4, and
bombard the target surface. The impact of the ions on the cathode causes atoms or
ions to be removed, or sputtered, from the target in addition to secondary electrons,
see Figure 5.

Figure 5: Particle interactions in sputtering [72,74]

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 as a vapour travel to the
material being coated, the substrate, and condense to form the coating.
Sputtering belongs to a class of techniques known as physical vapour deposition
(PVD) since the primary mode of film synthesis is physical as opposed to chemical
methods [72]. A schematic of a typical deposition system is shown in Figure 6. The
system shown was used to produce the films in Paper 2 and perform the study of
plasma deposition flux in Paper 5.
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Heater
Sample
Shutter
Magnetron

Loadlock

O2 gas
Ar gas
Power supply
Tuning box

Figure 6: Typical sputtering deposition system
(Equipped with radio-frequency power supplies, see later section)

This is, of course, a simplified model of sputtering, there are many factors which can
affect plasma characteristics, including the ability to self-propagate, these include gas
pressure, electrode separation, mean free path of particles in gas, breakdown voltage
of the gas and cathode characteristics [75].

Magnetron sputtering
If a magnetic field is applied to the sputtering plasma then the electrons normally
travelling in a direct path describe a helical path instead*. If magnets are placed
behind the sputter cathode then the electron is subject to a radially decreasing
magnetic field in combination with the applied electric potential, or field, see
Figure 7.

*

Since the magnetic force acts perpendicular to the direction of the electric current as governed by the

Lorentz Law.
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Figure 7: Magnetron sputtering cathode configuration [75]

The combination with a magnetic field and electric field linearly decreasing from the
surface results in the electrons describing a half-helix originating and returning to the
cathode surface [75], see Figure 8. The electrons are hence confined close to the
target surface, thereby increasing the degree of ionisation as well as the sputtering rate
and thus increasing the deposition rate. This configuration is commonly referred to as
magnetron sputtering, as opposed to conventional, or diode, sputtering. Magnetron
sputtering typically operates at lower voltages, 500 – 600 V, compared to several kV
in conventional diode sputtering [76]. The increase in sputter rate may be an order of
magnitude greater than that of conventional sputtering and lower pressure regimes can
be used [72,73]. A secondary effect is that the electron bombardment of the substrate
and the chamber walls is minimised. 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
[77].
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Electric field
Electron motion
Magnetic field

Figure 8: Motion of electrons in a planar magnetron [73]†

Reactive Sputtering
The addition of a chemically reactive gas, such as oxygen or nitrogen, into the
deposition chamber can be used as a method for depositing compounds such as
alumina without the need for a compound target [72], this variant is known as reactive
sputtering. Synthesis of compounds with reactive sputtering is generally preferred
since the overwhelming majority of compounds can not be produced in the form of a
sputtering target. Noting also that in the models presented thus far, the target is the
cathode and thus, must be a conductor, and the vast majority of compounds are not
conductors, hence reactive sputtering is the preferred method for depositing
compounds. This process is, however, significantly more complex than sputtering a
metal or compound target with a noble gas.
A number of changes in the plasma occur when a reactive gas is allowed into a
chamber. These changes can be related to the reaction of the gas with either target or
substrate, noting that they do not occur within the plasma as there are no mechanisms
that dissipate the heat of the reactions and simultaneously conserve momentum and
energy [77]. Changes in the reactions with the target are the most critical when
comparing reactive sputtering to metallic sputtering as the compounds formed
inevitably produce fewer sputtered atoms for each incident ion, that is, the compounds
have lower sputter yield. When sputtering compounds, the majority of energy goes
into breaking bonds and accelerating the resultant secondary electrons, hence a higher
secondary electron yield results, but in doing so, less energy is available for sputtering
atoms and hence the deposition rate is significantly lowered.

The amount of

compound formation on a metallic target becomes an important parameter, this is

†

Sputtering systems in this thesis were circular. The change in geometry does not affect the physics,

other than adding the radial dimension as a parameter.
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investigated in Paper 4, where compound formation on the target forms part of a
mass-balance model for sputtering.

Target poisoning and hysteresis
Initially, a metallic target will not have any compound on the surface but upon
reactive sputtering, compound formation will begin. Provided the rate of compound
formation is slower than the rate of compound sputtering, then the target will continue
to behave as a metallic target, noting that the film formed is then mostly metallic with
some compound formation on the surface. In order to produce a stoichiometric
compound, the reactive gas flow rate must be increased. In doing so, more compound
will form on the target surface. This will cause a decrease in the sputtered atoms and
the amount of reactive gas consumed. At some point, the target will be completely
covered by compound and the gas consumed will drop sharply coupled with a marked
reduction in the sputter rate. The target is referred to as being poisoned at this point
and will remain so even when the reactive gas flow is decreased until there is
insufficient flow to react fully with the target. This occurs at a different flow to where
the layer formed, hence a hysteresis results, see Figure 9. It should be noted that for a
magnetron sputtering system the flow to the target is not uniform and hence certain
parts of the target may be poisoned while others may not be poisoned [77 – 79].

Metal
mode

Transition Poisoned
mode

mode

Figure 9: Hysteresis in reactive sputtering due to target poisoning [80]
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Berg model for reactive sputtering
Modelling of the hysteresis in reactive sputtering has been achieved through what is
known as the Berg model for reactive sputtering [80 – 82]. The model considers the
fractional coverage of both sputter target and substrate with compound. The incoming
gas flows to the target, substrate and the gas flowing through the system to the pump
are also considered. A mass flow balance is then taken in order to determine the
parameters of a sputtering process. This simple and, in certain aspects, crude model‡,
see Figure 10, has proved to accurately describe experimental results regarding the
hysteresis in a reactive sputtering process. Indeed, from the model, the effect of
changing target material, reactive gas, pumping speed, substrate distance, target ion
current and target area can be determined. The model has since been expanded to
include reactive co-sputtering from two targets or alloy targets and sputtering a single
target in two gases to form multiple compounds. In Paper 4, this model has been
expanded to consider the sputtering of two targets in a dual-gas environment. Here,
the addition of nitrogen into the sputter process was found to suppress the hysteresis
effect in the aluminium-zirconium oxide deposition process.

The nitrogen

incorporation into resultant films was minimal, albeit non-zero. Such development in
the process may be useful in the long-term future to reduce target poisoning in
industrial systems, without partial-pressure control or over-pumping (see next two
sections) [83].

‡

Many assumptions are made to the model in order to ease the burden of calculation.

Such

assumptions include, although are not limited to, a single compound monolayer target coverage,
uniform gas kinetics with simple chemical reactions, two-atom molecular sputtering for compounds
and uniform secondary electron emission coefficients.
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Ac

–

Receiving area

Αt

−

Target area

θt

–

Fraction of target with compound molecules

θc

–

Fraction of receiving area with compound molecules

J

–

Ion current density

Qtot

−

Total supply rate of reactive gas

Qt

−

Reactive gas consumption of target

Qc

−

Reactive gas consumption of collecting area

Qp

−

Reactive gas consumption of pump

Fm

−

Sputtered elemental species per unit time

Fc

−

Sputtered compound molecules per unit time

Figure 10: The Berg model for reactive sputtering, (above) important parameters in
the model (below) typical notations for flux calculations [80]
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Partial-pressure control
A method of avoiding target poisoning involves the measurement of one of the
process parameters, such as the reactive gas partial pressure, and use of a feedback
signal loop to constantly correct the flow of reactive gas into the system. In doing so,
the deposition can be maintained in the transition region, ideally close to the turning
point where a metallic target actually enters into the transition mode, so as to achieve
high deposition rate while maintaining the stoichiometry of the compound being
deposited [10]. In this thesis, specifically Paper 3, the oxygen partial-pressure was
measured with a lambda probe [84,85].

This signal was then coupled to a

proportional-integral-derivative (PID) controller in combination with a piezoelectric
actuator to the oxygen flow valve, see Figure 11. With this apparatus, any detected
increase in the oxygen partial-pressure, indicating less target sputtering, causes the
flow valve to close, returning the deposition to the original point. While this method
was successful in producing near-stoichiometric compound films, there are at least
two shortcomings affecting the applicability in an industrial context. Firstly, as the
target becomes slowly covered by compound, the oxygen flow is decreased, but not to
the extent to return to metallic mode sputtering, so the target eventually becomes
poisoned if the process is run for a sufficiently long time. Secondly, there is a certain
delay in the measurement of oxygen partial-pressure and the reaction of the valve, this
is necessary to ensure that flow is not changed in response to momentary changes or
inhomogeneity in oxygen partial-pressure and in this time either a metallic film may
result or further target poisoning.
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Flow setpoint on

Oxygen partial-pressure

control unit

from lambda probe

Error -e(t)

Proportional

Pout = C p e(t )

Integral

Derivative

t

I out = C i ∫ e(τ )dτ

Dout = C d

de
dt

0

Cp, Ci, Cd tunable
New flow

parameters

Pout+Iout+Dout

Piezoelectrically controlled flow valve

Reaction of deposition to new parameters

Figure 11: Process for PID control used in Paper 3

Over-pumped systems
If the pumping speed of a deposition is set such that the rate at which the reactive gas
is pumped away dominates over compound film growth rate on the target, then the
hysteresis region will progressively be elongated to a point where the pumping speed
is sufficiently high that the reactive gas does not adequately form a compound layer
on the target. Hence, the hysteresis disappears. This effect is evident in the vacuum
chambers used for Papers 1, 2 and 5, see Figure 12. Since no hysteresis was evident
in the sputtering process, over-pumping may have also affected the results in Paper 5.
While such a solution is convenient for avoiding the problems associated with
poisoning on a laboratory scale, it is hardly applicable to industrial deposition systems
which are typically much larger.
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Figure 12: Laboratory-scale vacuum chamber used in Papers 2 and 5 (left) and
industrial pilot-plant vacuum chamber used in Papers 3 and 4 (right)

Capacitive Plasmas – Radio-Frequency
In the model presented so far, a constant electric field has been assumed: the cathode
and the anode remain fixed and a direct-current (DC) power supply is used to create
the electric potential. Since the system is an electric circuit then all components of the
system must be electrical conductors [72].

This means that insulators, such as

alumina or zirconia cannot be cathode materials, since charge will simply build up on
the insulating surface and lead to unstable arcing. A solution to this problem is by
oscillating the electrical field with a certain frequency. In doing so, charge build-up is
avoided and insulators may be sputtering [72].

Here, the important parameter

becomes the capacitance, rather than the conductivity, and hence, insulators may be
sputtered. Many different frequency regimes can be used to oscillate the electric field,
radio-frequency (RF) lies between the megahertz and gigahertz range and has been
used in Papers 1 and 2 to deposit films.
The already complex plasma becomes even more so when the electric field has a
time-dependent frequency. Light electrons move with the oscillating field but heavy
ions are not able to follow the field and only respond to time-averaged potentials [70].
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 [73]. Another effect of RF sputtering is the self-biasing of
the target to a negative potential [72]. In the positive half of the cycle, the electrons
are drawn toward the target, causing collisions, while in the negative half of the cycle,
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the remaining ions are not affected to the same extent. The result is a negative
potential.

The RF sheath
Since the potential is oscillating with a certain frequency, it is only natural that the
sheaths in an RF plasma also oscillate with a time dependent frequency [86]. In
addition to this, a bimodal distribution results in the ion energy distribution [87]. The
dynamics of the sheath are hence, significantly different from the sheaths in DC
sputtering. The sheath parameters are typically calculated by integrating Poisson’s
equation and a adding boundary condition that the electric field is zero at the sheath
edge. Assuming that the voltage drop across the plasma is small relative to the
voltage drop across the sheaths, the combined voltage across both sheaths, and hence,
the voltage across the discharge can be expressed by:
V ab =
Where:

2en ss 0

ε0

sin (ω t)

Vab –

Voltage drop across both sheaths

e

–

Electron charge

n

–

Plasma density

s

–

Average (DC) sheath width

s0 –

Constant

ω –

Cyclotron frequency

t

Time

–

ε0 –

Equation 7 [70]

Permeability of free space

Since ions flow according to the time-averaged potential such as the RF potential,
ions will steadily flow through both the cathode and anode sheaths. As there is no
charge build-up, and there are no electrons in the sheath, then electrons must reach the
electrode at some point to neutralise this charge. This implies that the sheath, while
continuously varying, collapses to near zero at some point during the RF cycle [70],
see Figure 13.
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Figure 13: Sheath thickness dependence with time [70]

DC bias
The anode area, typically the chamber walls of the deposition system, is significantly
larger than the cathode area, typically the sputtering target.

To a rough

§

approximation , the anode sheath capacitance is larger than the cathode sheath
capacitance. This means that the voltage, inversely proportional to the capacitance,
differs between the anode and the cathode sheath. As such, a DC bias voltage with
respect to ground is attained at the electrode that is driven by the power supply. This
is often known as simply the DC bias and is readily measurable. The DC bias is often
used in RF reactive sputtering in two contexts:
•

The DC bias is greatest when the entire circuit is correctly tuned

•

DC bias changes markedly whether a target is an insulator or conductor and can
be an indication of target poisoning

Matching networks
While RF sputtering does solve numerous problems associated with DC sputtering,
there exist many problems in applying a RF power source to a target. RF circuits are
much more complex than DC circuits, see Figure 14, with an equivalent expression
for the power transferred shown in Equation 8. It is obvious from this equation that
the maximum power transfer occurs when the discharge reactance is zero and the
discharge resistance is greater than the source resistance.

Now, typically the

discharge reactance is not zero and the discharge resistance is much smaller than the
source resistance [70]. Hence a matching network consisting of a shunt capacitor and
§

The sheath thickness is also dependent on voltage which is in turn a function of capacitance. A more

rigorous calculation will lead to a Child Law dependence on the thickness of the capacitive sheath [70].
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series inductor is normally inserted into the system to match the parameters and to
ensure efficient power transfer and this network can be tuned to the individual plasma
parameters.
RT

+

IRF

jXM
Y3

+

Z2

_
VT

jXD

VRF

jBM

CStray
RD

_

_
Power

Matching

supply

network

Plasma

Figure 14: Typical matching network for RF discharge [70]
P=
Where:

1
VT
2

2

(RT

RD

+ R D ) + X D2
2

Equation 8 [70]

P –

Power transferred

VT –

Complex voltage amplitude of power source

RD –

Discharge resistance

RT –

Source resistance

XD –

Discharge reactance

Characterising Plasmas
Langmuir probe
Electrostatic probes such as the Langmuir probe are quite common in the
measurement of plasma parameters [88,89].

A probe consists of one or more

electrodes that are inserted into the plasma. A voltage potential is applied to the each
electrode, this causes the formation of a sheath around the electrode. By measuring
the current response to the potential and taking the radius of the collector, or sheath,
the distribution of velocities of the ions arriving at the sheath boundary and total
potential drop of the sheath can be calculated. From here the speed at which electrons
move, known as the electron temperature, and the plasma density can be calculated.
So as not to disturb the plasma during measurement, the probe tends to be constructed
of a thin wire with radius smaller than the Debye length. Taking several electrodes at
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the same time allows the mapping of the spatial distribution of plasma properties. For
Langmuir probe measurements of RF plasmas, a small matching network is applied to
the actual probe to ensure that the probe oscillates with the same frequency as the
plasma, hence forming an electrostatic probe [90].

Optical emission spectroscopy
Since the plasma consists of a range of excited particles, including ions, electrons and
neutrals, that combine and collide, a range of photons are constantly being emitted
from the plasma. The energy emitted will depend on the particular excited particle.
By cataloguing the emission from a plasma and coupling this to a model for the
excitation and relaxation processes in the plasma, a clear image of the plasma can be
obtained [89,91]. In this “image”, the particles present, the energy states and energy
distribution are included.

Mass spectrometry
An alternative, or more precisely a complement, to both the previous methods for
characterising a plasma involves the collection of individual particles from the
plasma, such a technique is known as mass spectrometry, see Figure 15 [92,93]. An
electrical probe, generally consisting of a cylinder with a small orifice is inserted into
the plasma. Particles from the plasma will enter into this orifice as a matter of course
through their normal motion within the plasma, noting that since the probe is a surface
a sheath will also form on the probe surfaces. If neutrals are being analysed, an ion
source is present to convert the neutrals to ions. The ions, or ionised neutrals, pass
through an electrostatic energy filter or a quadrapole mass filter to separate certain
energy or ions of a particular mass:charge ratio. The remaining current is then
scanned, typically the energy distribution of a particular particle mass, or the number
of particles with a particular energy are displayed. The former was used extensively
in Paper 5 in order to analyse the plasma and to further understand differences in the
phases formed in Papers 1 and 2. Typically, and in this case, a mass spectrometer is
differentially pumped in order to increase the mean-free path of the particles, boosting
the intensity, as the particles would otherwise collide with other particles causing a
decrease in intensity. Noting that in the case of Paper 5, the off-axis geometry of the
magnetrons posed special problems to the detection of particles. Since the flow of
particles in a sputtering system is directed away from the magnetrons, the majority of
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the flow is directed toward the walls of the cylinder in the mass spectrometer, rather
than directly into the filters. The result is decreased intensity and the loss of highenergy particles, which proceed directly into the wall of the mass spectrometer
without being diverted by the filters.

Ion detector

Electronics

Turbopump

Mass filter

Energy filter

Ion source
Extraction hood

Plasma

(Orifice)

Figure 15: Schematic of a mass spectrometer [94,95]

- 28 -

Thin Film Growth

Thin Film Growth
“Men can do all things if they will”
Leon Battista Alberti

Novel Structures
Once a desired material is sputtered, the particles that pass through the plasma will
eventually reach the material to be coated, the substrate. The energy that the particles
have upon reaching the substrate is measured at the substrate position, see previous
chapter and Paper 5. Three basic growth models exist, the Volmer-Weber mode,
where the film grows as small islands, the Frank-Van der Merwe mode, where the
film grows layer-by-layer and Stranski-Krastanov mode, a mixture of the two former
modes [72]. The Volmer-Weber mode is most relevant for this study, and proceeds as
follows [75]:
1. Adsorption of particles and clusters onto the surface, kinetic energy of particle
used in adsorption process;
2. Movement of species on the surface as the arriving species are not in
equilibrium with growth surface.

Species interaction amongst themselves

resulting in larger clusters;
3. Clusters either desorb due to thermodynamic instability or grow with the aid
of collisions with other arriving species.

Past a critical size, the cluster

remains as it is large enough to be thermodynamically stable. This is known
as nucleation;
4. Stable nuclei grow in number and volume on the surface. Nuclei begin to
form islands;
5. Small islands coalesce, with or without faceting, to minimise surface area and
hence surface energy. New nuclei may form on the surface of this new area;
6. Larger islands grow bridges, leaving channels and holes uncovered, these
becomes pores if not filled by mobile species.
The key in the above process is the mobility of the arriving species on the surface.
This is controlled by either varying the energy of the arriving species, or the energy
supplied by the surface [96].

The easiest way to achieve this is to change the

temperature of the substrate; a warmer substrate imparts more energy to the arriving
species than a colder substrate. To design novel nanocomposite structures, as per the
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aims of this study, the mobility of species on the surface must, however, be restricted
so that thermodynamically stable structures do not form hence the substrate
temperatures are often restricted to relatively low values, <500 °C.

Structure zone models
Empirical structure zone models have been developed to describe the microstructures
formed with respect to energy of arriving species, expressed as the sputtering gas
pressure, and the mobility of species of the surface, as reflected in the substrate
temperature [97 – 99]. An example is shown in Figure 16. The columnar structure
typical of competitive growth, shown as “zone T” in Figure 16, is evident in all the
crystalline films produced in Papers 1 – 3 and will be discussed further.

Figure 16: Structure zone model developed by Barna and Adamik [99]
for pure elemental films relating substrate temperature (Ts)
and material melting point (Tm)
In the competitive growth mode, larger islands coalesce in order to minimise the
energy per atom by reducing the surface area and interface energy [100]. This is
achieved through surface atom diffusion and grain boundary motion. Initially, as the
grain boundaries come into contact, they become immobile, this causes unfavourable
growth orientations to stop growing.

The orientation and size of individual

crystallites will determine their behaviour during the growth process. Adatoms on the
surface of a crystallite diffuse easily on low surface-energy planes, and have little
probability of sticking on such planes, rather diffuse to other planes or grain
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boundaries.

Low-diffusivity surfaces are generally those that have more lower-

potential-energy sites and high surface-energy.

These surfaces have a higher

probability of retaining atoms and hence, grow faster. Along grain boundaries, the
diffusion is more limited, as the structure is less open and atoms do not tend to move
from this boundary. A pronounced columnar structure with grains elongated on the
low-diffusivity surfaces result. Note that the column width can be a measure of the
energy available for surface diffusion in a self-organising growth mode. In multicomponent systems, particularly in alumina-zirconia, where the materials are
generally not compatible, the presence of the other phase tends to interrupt the growth
along low-energy planes by virtue of surface segregation and cause renucleation,
hence smaller grain size [100].

Structural Morphology
The formation of columns is often associated with two other morphological features
found in the films deposited in this thesis, facets and pores. Both are the result of a
combination of the restricted mobility and the geometry of the sputter deposition
system used, see Figure 17. The restricted mobility means that atoms cannot diffuse
from the exposed areas to the shadowed areas, and hence, the areas remain unfilled.
Columnar growth is often perpendicular to the substrate when there is sufficient
mobility [72]. In Paper 3, the mobility was presumably lower than in Papers 1 and 2
due to the lower substrate temperature, ~300 °C compared to 450 °C, and the lower
ion energy associated with DC sputtering compared to RF sputtering, a few electron
volts compared to 10 – 15 eV. This change in mobility may partially explain the
formation of different metastable phases when RF sputtering is substituted with DC.

Deposition flux

Shadowed

Exposed

Mean substrate surface

Figure 17: Formation of facets and pores [101]
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Crystallographic Effects
Preferred orientation
If the barrier to nucleation is low, then randomly oriented islands may arise [100].
The grain orientations depend on a range of factors including the nature of the
substrate, particle energy arriving at the surface and geometry of actual deposition
system [72]. In Papers 1 and 3, preferred crystallographic orientation is observed in
the cubic and monoclinic zirconia phases respectively.

The reasons behind the

preferred orientations are generally related to the low mobility that restricts movement
of adatoms on the growth surface.

Metastable phases
The formation of metastable phases in the alumina-zirconia system due to the lattice
restraint is known in bulk materials [29]. In addition to this restraint, there is the
crystallite size effect previously mentioned [31]. In Paper 1, the cubic zirconia phase
was observed after the addition of alumina into the film. Here, it was suggested that
the alumina separated from the zirconia matrix, restraining the zirconia matrix from
forming the thermodynamically stable monoclinic phase. This was further developed
in Paper 3 which linked the mobility of aluminium in the zirconia matrix to the
formation of the tetragonal zirconia phase.
In addition to the size restraint, there were indications for an oxygen deficiency in the
films deposited from ceramic targets in Paper 1. The reasons behind this deficiency
were investigated in Paper 5, being linked to the presence of metal-oxide clusters in
the plasma and subsequent availability of oxygen on the substrate surface. This
oxygen deficiency contributed to the prevention of the formation of the
thermodynamically stable monoclinic zirconia phase.

Amorphous films
When the mobility of the atoms is reduced further, such as in the case of depositions
at low substrate temperature, or in cases where alumina and zirconia were mixed in
almost equal proportions, then amorphous films resulted.

The diffusion distance of

atoms is simply too great for enough atoms to coalesce and form a crystalline phase
with long-range order. While amorphous films can be of interest for a number of
applications, such as metallic glasses [102] or semiconductors [103], the aim of this
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work was the synthesis of novel structures and hence amorphous films were not of
immediate interest. In Papers 1 and 2, the amorphous structure could be avoided by
increasing the diffusion range of the adsorbed species through increasing substrate
temperature. A limit was, however, often reached, since higher temperatures also
promote inter-diffusion of the substrate and film elements, which was undesirable.
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Analysis Techniques
“To see is not a question of the senses”
John Coetzee: The Master from St Petersburg

X-Ray Diffraction
This technique is commonly applied for the analysis of the structural properties of
materials. 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 x-ray diffraction (XRD) is primarily 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 9 with a simplified model given in Figure 18. XRD provides
primarily information regarding crystal structure, since periodicity and symmetry are
major 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 [104,105].
nλ = 2d sin θ
Where:

n

–

Equation 9

Integer

λ –

Wavelength (for x-rays from a Cu Kα Source 1,54Å)

d

Distance between the periodic atoms

–

θ –

Diffraction angle

λ

θ

θ
2θ
dsinθ dsinθ

Figure 18: 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 19 [106]. The von Laue / Ewald sphere
method and Bragg method of viewing x-ray diffraction are essentially equivalent.

k
k’
O

K

Figure 19: von Laue / Ewald sphere representation of diffraction [106]
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 Papers 1 – 3, where crystalline films did not readily show distinct peaks under
XRD due to the limited size of the crystallites.
There are many methods of rotating a sample while performing XRD analysis shown
below in Figure 20. Each method provides different information regarding the crystal
of interest. The following are the most common geometries:
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•

θ-2θ the axis

•

φ rotation of the sample

•

ψ tilting of the sample

φ
θ/ω

θ/ω

ψ

Sample

Figure 20: 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 also moves on the same
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). As the Ewald sphere cuts a reciprocal lattice point, a peak is formed [106].
This technique has been used extensively to catalogue the phase composition of the
films produced in Papers 1 – 3. In addition, a change in the x-ray optics allowed
differentiation between the cubic and tetragonal zirconia phases.

This has been

achieved through making measurements of the full-width at half-maximum (FWHM)
for various peaks. In the tetragonal phase, the 002 and 110 peaks have similar, but
different lattice plane spacing. It is common in thin films that the peak spreading due
to small grain size is large and hence these two peaks may be observed as a single
peak. The FWHM of this peak should, however, be larger than the 101 peak if the
two peaks have combined into a single peak. If this is not the case, as in Paper 2, it
can be concluded that the cubic zirconia phase is present.

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) [107]. This geometry alleviates problems typical to θ-2θ scans
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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 ° [108].
While GIXRD minimises substrate effects, the intensity is also reduced which means
that scans are typically much longer than normal θ-2θ scans.

Additional

complications are also raised 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 21. 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. GIXRD
was used extensively in Papers 1 – 3 as a complement to θ-2θ scans.

θ-2θ Geometry

Grazing Incidence Geometry

K

ω

K

K

θ

θ

ω

ω

θ

Figure 21: Geometry of the GIXRD showing variation of diffraction vector, K

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. In doing so, the orientation of the planes corresponding to that peak
is determined. In a polycrystalline material, a pole figure would show merely diffuse
intensity as planes of the same type in different grains are oriented in a random
fashion with respect to each other. When a material, or film, has some preferred
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orientation or epitaxy, then distinct peaks will emerge in the pole figure. 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.

ψ-2θ
An alternative to pole figures for the analysis of films with preferential orientation is a
ψ-2θ map [109]. Instead of scanning only φ and ψ for only one peak, a θ-2θ scan is
performed for a range of ψ values. In doing so, several peaks with similar plane
spacing can scanned at the same time resulting in several distinct peaks. The angular
relationships between such planes with similar plane spacing can be elucidated and
related to the theoretical angles between the planes in a structure to confirm a
proposed structure. This technique is demonstrated in Paper 3 when identifying the
monoclinic zirconia phase. A pole figure of singular peaks resulted in a single diffuse
ring, while the ψ-2θ map highlighted the differences between the 002 and 020 peaks
in monoclinic zirconia, which have similar spacing.

Transmission Electron Microscopy
The transmission electron microscope (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 [110]. 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 and a simplified TEM arrangement is shown in Figure 22.
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Condensor lens 1
Condensor lens 2
Sample

Objective lens
Intermediate lens

Projector lens

Screen
Camera

Figure 22: Simplified transmission electron microscope layout [111]

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 reducing confusion in
the projected image [112]. 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 [110]. The key aims in each preparation
step are thus two-fold: to remove the damaged layer from the previous step, and to
provide a progressively finer, that is, flatter, surface. The risk does, however, remain
that the sample can be considerably altered by the sample preparation techniques.

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
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relieved of stresses present in a sample, given that elastic restraint is relieved when
surrounding material is removed. The zirconia phase selection is sensitive to the
elastic restraint [31] and when the surrounding material is removed during sample
preparation, there exists a risk that a phase transformation may occur. In the work in

Papers 1 – 3, care was taken to ensure that any metastable zirconia phases did not
transform to the stable monoclinic phase during sample preparation, results from the
TEM were compared with those obtained through XRD, prior to TEM sample
preparation.

Another 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 or mixed across interfaces by the ion
bombardment.

Diffraction imaging
When the electron beam is incident on the sample, 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 and apertures can be placed in the back focal plane to select either the
central, transmitted or non-scattered, spot (bright-field diffraction imaging) or one of
the diffracted spots (dark-field diffraction imaging), see Figure 23. 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 [113].
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Birght-Field TEM

Dark-Field TEM

Dark-Field TEM
(High Resolution)

Sample

Objective aperture

Objective lens

Figure 23: Comparison of bright-field and dark-field imaging [110,112]

Phase contrast imaging
Each scattering event produces a phase shift which is particularly useful to obtain 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 scattered beam. The
scattered beam then follows a path that differs from the unscattered beam, further
increasing the phase shift between the two beams. 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 [110].

Lens

aberrations can be used to manipulate further this phase shift by varying the phase for
different scattering angles and reciprocal vectors.

The unscattered beam will

subsequently interfere with the scattered beam that has been affected by these three
phase shift phenomena resulting in contrast that is dependent on the spacing of the
scattering objects. In order to produce such images, several diffracted beams are
required 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.
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The majority of TEM images presented in Papers 1 – 3 utilise this technique to
achieve contrast.

Focussed images
The conditions for best imaging vary widely dependent 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.

Resolution
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.

This function allows

calculation of the spacing of scattering objects, which is, in-turn, the correct atomic
positions [114,115]. This is the true nature of high-resolution TEM. 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
sample thickness of ~3 nm is exceeded [116]. It is clear then, that resolution must be
accompanied by the contrast transfer function that specifies the microscope
conditions. 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; objects spaced smaller than this distance will continue to cause contrast
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in the image but the contrast transfer function undulates rapidly at such small spacings
making analysis of such contrast mechanisms impractical.
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 dampen the contrast inducing effects and
essentially the phase relationships at higher spatial frequencies, smaller distances, are
lost [117]. A similar effect is also achieved by increasing the convergence angle of
the incident beam [118].

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 24.

Transfer Function

2

0

Å-1

Figure 24: Damped contrast transfer function [110]

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 25. The spot pattern obtained is known
as the diffraction pattern and can be correlated to the position of the scattering planes
within the structure of the material. 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 wealth of information regarding the structure and as thus are often
presented together, see Papers 1 – 3. A particular example is shown in Paper 3,
where XRD analysis showed the monoclinic zirconia phase in the film bulk, but
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through the use of selected-area diffraction patterns, the initial nucleation of the
tetragonal zirconia phase on the substrate could be identified.
Objective plane (sample)

Objective lens
Back focal plane
Image plane

Selected-area
aperture

Intermediate lens
Back focal plane
Object plane

Object plane

Image plane

Projector lens

Microscope screen
Figure 25: Comparison of imaging mode (left) and diffraction mode (right) [111]
Where the electron beam passes through only one crystal, then a single diffraction
pattern arises, see Figure 26. A polycrystalline sample will have multiple grains, that
is multiple orientations of the same material, superimposed, resulting in a ring pattern,
as often demonstrated in Paper 1 and 2. A film preferred orientation will have
several patterns superimposed, but with only certain orientations present, hence the
presence of arcs in Paper 3, rather than full rings.

Figure 26: Single crystal diffraction pattern (left) three single crystal diffraction
patterns slightly rotated (centre) and five single crystal diffraction patterns (right)
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Energy dispersive spectroscopy
The interaction of the electron beam with a sample does not only lead to diffracted
electrons, a variety of other emissions occur, see Figure 27. Incident electrons lose
energy by knocking out bound electron from the atoms in the specimen, essentially
ionising the atoms. These ions 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) [105]. The wavelength of such x-rays can
also be analysed, this being known as wavelength dispersive spectroscopy (WDX).
Electron beam
Secondary electrons (SE)
X-rays

Backscattered
electrons (BSE)

Cathodoluminescence (CL)

Auger electrons

Specimen

Heat
Elastically scattered electrons

Inelastically scattered electrons

Unscattered electrons

Figure 27: Emissions due to the electron beam [116]
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 [118]. 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
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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 semi-quantitative 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.

Electron energy loss spectroscopy
Electrons that ionise the bounding electrons of the elements in a sample loose 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 28. 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 formation of image/diffraction spot

Alignment quadrupoles and sextupoles

Photodiode

90° prism
Beam trap

array
YAG

aperture

Electrically
isolated

Quadrupoles and
transverse deflector

drift-tube
Fibre-optic window

Thermoelectric
cooler

Figure 28: Typical EEL spectrometer configuration for parallel imaging [105,119]
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The transmitted beam contains a wealth of information that can be characterised by
EELS, see Figure 29 [120,121].

The first feature is the zero-loss peak.

Most

electrons actually pass through a thin specimen without an energy loss. This peak,
while not 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. 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 solidstate physics [106].

Shifts in the plasmon peaks also provide indications where

valence electrons can be excited to low lying 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.

- 48 -

Analysis Techniques

Figure 29: Typical linear (top) and logarithmic (bottom) EEL spectra [120]
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)
[105,119] for viewing is almost always desired.

Scanning transmission electron microscopy
The electron beam may be focussed into an atomic sized probe, rather than the
parallel illumination typical in TEM. This atomic-sized 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 that is scanned, this method is known as scanning
transmission electron microscopy (STEM) [110]. A comparison between STEM and
conventional TEM is given below in Figure 30.
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TEM
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Sample
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High-angle annular dark-field detector
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Figure 30: Schematic of the layout of STEM in comparison to TEM [110]
Imaging is possible on a scale much finer than available from TEM with a parallel
beam; 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 do
not directly affect the quality of the image**. 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 mainly 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 subnanometre resolution and precision.
Imaging is also time consuming compared to normal TEM imaging since the electrons
are used less efficiently [122]. The best information for mass-thickness contrast is
typically provided from large diffraction angles, but at these angles the scattered
**

Objective lens aberrations do, however, affect probe formation, and hence, indirectly affect the

quality of the image.
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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
Rutherford backscattering spectrometry (RBS) involves a beam of highly-energetic
light ions, typically hydrogen or helium, directed toward the surface of a sample at
near-normal angles. The ions will penetrate deep into the surface of the material,
generating elastic collisions with the atoms within the sample, these collisions lead to
backscattering of the incident ions, see Figure 31. The energy of the scattered ions
can be related to the mass of the atom in the sample, through the conservation of
momentum [72,123]. The collision itself is insensitive to the electronic configuration
or chemical bonding of the atoms in the material; it is sensitive only to relative masses
and energies. The energies of the backscattered ions can be expressed in-principle by
Equation 10, 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 [123 – 125].

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
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 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
under-stoichiometry is an important factor in the stabilisation of the cubic zirconia
phase in the nanocomposites.
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Figure 31: Schematic of Rutherford backscattering [123]
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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

Equation 10 [123]

KM – Kinematic factor

Elastic recoil detection analysis
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 for M in

Equation 10. 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 32. The energies of the
recoiled atoms are again related to the mass of a particular species based on collision
kinematics [123].

Depth profiling is also possible by approximating the surface

energy and the stopping power of particular ions. Electron recoil detection analysis
(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
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were used to investigate the theory that oxygen under-stoichiometry 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 (> 2 at.%). It may have sufficed to use
one technique only, but by normalising the result, greater accuracy is achieved.
Light atoms

α
β

Incident ions

φ θ

Recoiled light atoms
Mylar stopping
foil

Forward scattered ions

Detector

Figure 32: Schematic of elastic recoil detection analysis [123]

X-Ray Photoelectron Spectroscopy
X-ray photons incident on a sample surface cause the atoms near the surface to eject
core and valence level electrons [126], see Figure 33. The kinetic energy of the
electron corresponds to the initial energy of the x-ray photon minus the energy
required to remove the electron, being the characteristic binding energy and the work
function [127], see Equation 11.

By collecting the electrons in a hemispherical

analyser and measuring their kinetic energy, the elements present on the surface of a
material can be characterised.

This technique is known as x-ray photoelectron

spectroscopy (XPS). The information provided is not, however, limited to which
atoms that are present, the technique also provides information about the chemical
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environment which the atoms are present since the binding energies of atoms of the
same element can still vary due to differences in formal oxidation state, molecular
environment, valance electron density and core electron shielding [127].

For

example, zirconium atoms that are bonded to an electronegative element, such as
oxygen, will exhibit a slightly higher binding energy compared to zirconium atoms
bonded to metallic elements, such as other zirconium atoms, even when the same core
level electrons are examined.
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Hole
Objective
Lenses

aperture

Field

Detector
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Figure 33: Schematic of XPS measurement apparatus and
(inset) electron energy diagram showing the XPS process [126,127]
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E K = hυ − E B − eφ
Where:

Equation 11 [127]

EK –

Kinetic energy of ejected photoelectron

EB –

Core level binding energy

eφ –

Work function

hν –

Characteristic energy of X-ray photon

Quantification of the XPS spectra requires calibration of the energy dependence of the
intensity/energy response of a particular spectrometer [128]. This is achieved through
the measurement of standard reference compounds and calculating the appropriate
sensitivity factors to allow proper background subtraction. The peak areas may then
be related to the relative amount of each element in the material. The binding energy
scale is also calibrated from elements of high purity where the energy is well-defined,
such as gold and copper. To obtain a depth profile, an argon beam is used to sputter
the material effectively allowing information from a greater depth. The problem with
sputtering is, however, that different atoms sputter preferentially [127], leading to
inaccuracies. This technique was utilised in Paper 3, where the intensities of the
peaks for each element were measured and then correlated to the amount of material
in the film. Indications on whether the metals were bonded to oxygen only, as in a
stoichiometric film, or were bonded to other metals, as in an oxygen-deficient film
were also obtained.
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Summary and Contribution to the Field
“If we do not forget, then the world is soon nothing but a gigantic library”
John Coetzee: The Master from St Petersburg

Alumina-zirconia thin films were produced by different sputter deposition methods,
including from ceramic and metallic targets, with two types of power sources, leading
to a range of possible plasma conditions. Paper 1 is the first report of aluminazirconia sputtered films that are nanocrystalline without post-deposition heat treatment
or special, multilayer structures.

The growth of such films was achieved at a

relatively low substrate temperature, ~450 °C. The films deposited in that particular
part of this study were, however, limited to the zirconia rich part of the quasi-binary
phase diagram. In Paper 2, composites in the alumina-rich part of the phase diagram
were also synthesised. In addition, the electron energy loss spectra for the composites
were reported. The films in Paper 1 and Paper 2 were deposited with RF magnetron
sputtering. Further results from DC magnetron sputtering in Paper 3 pushed the
already low temperatures for the formation of crystalline phases even further down, to
~300 °C, opening new possibilities for substrate materials. In addition, the growth
rate for the films was increased markedly, demonstrating that such films are
achievable in industrial pilot-plant scale systems.
In Papers 1 – 3, the monoclinic zirconia phase was formed films of pure zirconia.
Crystalline preferred orientation in the <100> directions was present in Paper 3. Two
metastable zirconia structures have also been synthesised. In Paper 1, the cubic
zirconia phase was deposited. The suggested mechanisms for the formation of this
cubic polytype phase have been alumina segregation from the grains causing lattice
restraint and oxygen deficiency in the zirconia phase. In Paper 2, this hypothesis was
tested by increasing the oxygen partial-pressure. Here, the cubic zirconia formed, but
required higher substrate temperatures. The γ-alumina phase was also deposited, this
phase has long been of interest as a possible wear-resistant coating [51].

The

metastable tetragonal zirconia phase was achieved in Paper 3; the suggested
mechanism being further reduction in adatom mobility by change of the power supply
and hence change in the energy of the particles in the plasma.
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Summary and Contribution to the Field
The process involved in the formation of these novel structures has been studied in

Papers 4 and 5. In Paper 4, the transport phenomenon of particles across the plasma
has been studied by modelling the flow of reactive species. The resultant model is
capable of describing reactive sputtering from two targets in a dual-gas environment,
building on the previous models [80]. In Paper 5, the actual deposition flux from
various sources has been analysed and the energy distributions coupled to the
formation of individual phases. The role of metal-oxide ionic clusters, such as AlO+
and ZrO+ to the stoichiometry of the final film has been highlighted. In addition, the
energy distribution of ions has been reported for alumina and zirconia.
These results presented here show that a range of metastable zirconia and alumina
phases can be controllably deposited by magnetron sputtering.

Through the

parameters available in a sputtering system, the structures and properties of a
nanocomposite can also be tailored.
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Future Outlook
“but yet it is not the last stroake that fells the tree,
nor the last word nor gaspe that qualifies the soule.”
John Donne: Deaths Duell

Alumina-zirconia nanocomposite films with a range of metastable phases and novel
microstructures can be fabricated through magnetron sputtering.

Further

understanding of the mechanisms that underlie the formation of various crystalline
phases would allow tailoring the microstructure to specific needs.

A functional

ceramic in the alumina-zirconia system would result. To understand the mechanisms
of formation, studies of the effects of the substrate bias as a deposition parameter are
required.
In tailoring the microstructure a full range of compositions should be achieved. As
compositions close to 50:50 alumina:zirconia are currently amorphous, more work
must be directed in the formation of crystalline phases, without promoting additional
reaction with the substrate. Again, this points toward a study of substrate bias effects
on the growth of alumina-zirconia nanocomposites. Altering the flux of particles to
an ionised flow, such as with high-powered impulse magnetron sputtering (HiPIMS)
would also be a possible avenue of study.
Density functional theory 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 since it would be possible to describe the density of states present
in the ELNES. Future characterisation techniques will also elucidate whether the
current indications that alumina separates at the grain boundaries in the
nanocomposite are correct.
Preliminary results, not included in this thesis, indicate that vibrational spectroscopy
techniques, such as Raman scattering, can be used for phase identification and further
characterisation of alumina-zirconia nanocomposites.

The initial study was

performed on the films produced in Paper 1, which were limited in thickness. Since
thicker films are now possible, vibrational spectroscopy should be revisited.
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Future Outlook
Having developed nanocomposite alumina-zirconia nanocomposite thin films, the
applicability of such nanocomposites should be examined. Similar composites have
proved successful in bulk ceramics and in cutting tool applications [67,68] but in
order to apply thin films to these applications, the pores between the columns must be
removed. Once again, substrate bias may play a role in avoiding the formation of
pores.

With a denser film, mechanical testing, such as nanoindentation, can

characterise the performance of these films.
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”Nanocrystalline Alumina-Zirconia
Thin Films by Magnetron Sputtering”
David Huy Trinh
Institution för fysik, kemi och biologi (IFM)
Dagens materialforskning är fokuserad mot utveckling av avancerade material med
skräddarsydda egenskaper. Genom att kontrollera ett materials uppbyggnad på
nanometerskalan (miljondels millimeter) ges nya möjligheter att växa material som är
exempelvis energisnålare, fungerar vid högre temperaturer eller har högre
korrosionsmotstånd än befintliga material. Tillverkning av sådana material kräver
dock precisa tillväxtförhållanden med avseende på materialflöde, temperatur, tryck
o.s.v. för att styra materialets sammansättning och struktur. Här har material växta
som tunna filmer visat sig särskilt lovande. Med tunnfilmsteknik beläggs ett
basmaterial, så kallat substrat, med en film med tjocklek som varierar från ett
atomlager, till en tusendels milimeter. Filmens egenskaper skräddarsys för en viss
funktion, medan basmaterialet ger form och mekanisk hållfasthet.
I den här avhandlingen har tunnfilmstillväxt av två teknologiskt viktiga keramiska
material, aluminiumoxid och zirkoniumoxid studerats. En tillämpning för filmerna är
inom skärande bearbetning. Här är aluminiumoxidfilmer i dag dominerande, givet sin
höga motståndskraft mot kemiska angrepp, höga hållfasthet och slitstyrka vid höga
temperaturer. Ett tillkortakommande i sådana tillämpningar är dock aluminiumoxids
låga brottseghet, vilket leder till skiktförstöring. Syftet med arbetet har varit att
förbättra redan goda egenskaper genom att på nanometernivå designa skikt
innehållande de båda keramerna, så kallade nanokompositer. Tendensen till
sprickbildning i aluminiumoxid kan minskas genom att blanda i zirkoniumoxid och på
så sätt få ett mer brottsegt material. Förbättringen är dock beroende på vilken fas av
zirkoniumoxid som används, där de största fördelarna inte fås med den stabila
monoklina fasen utan med den tetragonala fasen. Den senare kräver stabilisering med
andra oxider typiskt från sällsynta jordartsmetaller såsom yttrium och cerium. Det har
visat sig svårt från vanliga tillverkningstekniker att framställa och bibehålla andra
faser förutom den stabila, vilket beror på de höga temperaturer och tryck som är
nödvändiga under materialsyntesen. I detta arbete har en teknik som kallas för PVD
(Physical Vapour Deposition) använts, mera specifikt magnetronsputtring. Principen
är att energirika joner i ett plasma, typiskt en joniserad ädelgas som argon,
bombarderar ytan av ett källmaterial. Kollisionen mellan jonerna i plasmat och
atomerna i källan gör att ytatomerna lösgörs från källan och transporteras bort i form
av en ånga. Processen har slående likheter med första sprängningen i en biljardmatch
där objektbollarna (de numrerade kloten) får representera materialkällan, emedan
köbollen utgör den energirika jonen. Den transporterade ångan av högenergetiska
atomer kondenserar slutligen mot substratets yta för att skapa en fast film. Under
denna process kommer energin från atomerna att överföras till subtratets yta. Detta
skapar tillväxtförhållanden långt från termisk jämvikt och gör extern uppvärmning av
substratet i det närmaste överflödig. PVD- och sputtringprocesser kan därför utföras
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vid relativt låga temperaturer, vilket möjliggör syntes av strukturer där atomerna intar
positioner som de normalt inte har vid förhållanden av normal temperatur och tryck.
Dessa är så kallade metastabila faser varav den tetraongala zirkoniumoxidfasen är ett
exempel.
Vidare är lågtemperaturprocesser fördelaktiga vid beläggning av
exempelvis värmekänsliga basmaterial. På det hela taget erbjuder således PVDtekniken uttalade fördelar vid tillväxt av framtidens tillämpningsdesignade material.
Studierna presenterade i denna avhandling visar att nanokompositer med metastabila
faser är möjliga vid temperaturer inom området 300-800oC. Med tre studier har
författaren visat att olika metastabila faser kan växas i nanokompositform vid en
mängd olika beläggningsbetingelser. Djuplodande analyser med högupplösande
elektronmikroskopi visar att de växta nanokompositfilmerna består av 10-20
nanometer stora kristaller av zirkoniumoxid, vilka omsluts av en nanometertjock
hinna av huvudsakligen amorf aluminiumoxid. En sådan designad struktur på
nanometerskalan är lovande för utsikterna att ytterligare förbättra egenskaperna
jämfört med enskilda oxider. Förutom tillväxt av nanokompositfilmer omfattar
avhandlingen också ett arbete där transportfasen av sputtrat material genom plasmat
studeras. Ett viktigt resultat är att sammansättningen av sputterångan och därigenom
fasinnehållet hos filmen kan kopplas till parametrar i sputtringprocessen, t.ex. typen
av kraftaggregat som driver sputtringsprocessen, eller om det finns en reaktiv gas i
närvaro i plasmat. Detta visar på vikten av att studera processen i alla dess aspekter,
d.v.s. från skapandet av sputterångan via transporten av sputtrat material och slutligen
kondensationen av ångan. Med den motivationen har ett arbete inriktats mot att
vidareutveckla en teoretisk modell gällande transport under sputterprocessen.
Resultaten från studien visar på stor överensstämmelse mellan modell och
experimentella observationer; framförallt gällande filmernas sammansättning, men
även också sputterprocessens stabilitet. Genom att studera kombinationen av
tillverkningsprocessen och materialet har författaren visat att design av material med
bättre egenskaper är möjligt inom aluminiumoxid-zirkoniumoxid-materialsystemet.
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