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Abstract

Metal oxide thin films are the subject of considerable research due to their novel optical and
electrical properties which make them suitable for use in many applications. These applications
include gas sensors, solar cell arrays, anti dazzling rear view mirrors, smart windows, display
devices, gate dielectrics, semiconductors and many more. The possibilities for new metal oxide
based materials is forever growing with the introduction of novel deposition methods which
allow precise control of the deposition parameters and the ability to dope in order to tailor
properties. The conditions used for the deposition of these coatings has an influence on the
microstructure which in turn plays an important role in determining physical properties, such as
the optical transmission and electrical conductivity. In addition, for many metal oxide materials
the structure-property relationship is not well understood. The aim of this thesis was two-fold.
Firstly, to deposit some metal oxide thin film coatings using several physical vapour deposition
techniques and characterise their microstructure and physical properties. Secondly, to make a
comparison between films deposited using different techniques to determine how the properties

of a film depend on the conditions under which they are formed.

To achieve these aims, tungsten oxide, zinc oxide doped with aluminium (also known as
aluminium zinc oxide - AZO) and hafnium oxide coatings were deposited and the
microstructure and physical properties were investigated. For tungsten oxide deposition, films
were deposited using pulsed magnetron sputtering and pulsed cathodic arc. It was found that
films deposited using magnetron sputtering were highly disordered. In contrast, those deposited
with cathodic arc were a highly ordered and exhibited a tetragonal phase, usually only observed

at high temperatures.

In the case of AZO, films were deposited using pulsed cathodic arc, pulsed magnetron

sputtering and high power impulse magnetron sputtering (HIPIMS). The pulsed cathodic arc
VII




films were found to have both good transmittance in the visible region and the best resistivity of

all of the samples.

It was found that magnetron and HIPIMS produced films that exhibited non-uniform properties
across their surface due to in situ oxygen bombardment during deposition. This undesirable
effect was eliminated by incorporating a novel magnetic filter into the deposition setup which
acted to improve both the crystallinity and the resistivity. This thesis also performed the first
comprehensive investigation of hafnium oxide films prepared using a filtered cathodic vacuum
arc. Samples deposited at high substrate biases were found to damage readily which made
them electrically leaky. Samples deposited at room temperature were found to have a
disordered microstructure and had a good electrical breakdown. At elevated temperatures the
crystallinity of the samples increased, resulting in a microstructure containing large monoclinic
crystals. However, it was also found that the electrical breakdown worsened at elevated
temperatures, in agreement with other researchers who also find that hafhium oxide films with

disordered microstructure have the best electrical characteristics.

Ab initio calculations of the near edge structure found in x-ray and electron loss edges were

found to be a powerful way of distinguishing between the phases of tungsten oxide.
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Chapter 1

Introduction

Nanotechnology is one of the fastest growing areas in materials science, with billions of dollars
spent in the western economies to develop national nanotechnology initiatives and further
research into enhanced products that improve our lifestyles. Within the realm of
nanotechnology, the metal oxide group of materials plays an important role because of their
diverse range of properties and their outstanding performance for many applications. These
applications include capacitive devices, gas and bio sensor arrays, modulated refractive index
layers in optical coatings, solar cells and energy saving applications. The diversity of metal
oxide properties (and applications) arises from their complex atomic and electronic structures.
The reason for this complexity is the variety of oxidation states, coordination number,
symmetry, density, and stoichiometry giving rise to properties ranging from electrically

insulating to conducting and from optically opaque to transparent.

The focus of this thesis was the investigation of three different types of metal oxides, all of
which are technologically important. These are tungsten oxide, aluminium doped zinc oxide
(also known as aluminium zinc oxide or AZO) and hafnium oxide. Tungsten oxide and AZO
are members of a group of metal oxides known as transparent conducting oxides (TCO’s).
Normally conductive materials (such as metals) are opaque due to their large carrier
concentration, and insulating materials (such as glasses) are transparent. TCO’s are a unique
group of materials that combine the conductivity usually inherent in metals with the

transparency of glasses.




Tungsten oxide is a d’-transition metal oxide which exhibits many interesting optical, electrical
structural and defect properties. Interest in this TCO material begun back in 1837 when Wohler
observed an intense metal lustre in LiIWOs [1, 2]. Thinking that formation of metal alloys
caused this lustre, he named this set of materials ‘tungsten bronzes’. Considerable experimental
and theoretical work was performed by Mott [3], Sienko [4] and many others from the 1950’s
on tungsten bronzes because they are unusually conductive for oxidised materials [3-6]. Since
then in the mid 1960’s, thin film MoO; and WO; both have been studied to investigate
photochromism, an effect which causes thin films show reversible bleaching and
discolouration. This led to the discovery of the electrochromic (EC) effect in highly disordered

films.

Soon ‘thin film sandwiches’ were being constructed, whereby a multilayer film stack is
synthesised and has been shown to exhibit a reversible change in colouration. Figure 2-1 shows
an example of WO; used in a multilayer stack for electrochromic windows [7]. The EC effect
was originally demonstrated using semi solid state devices were used with a liquid electrolyte,
but a much more practical solution is to use a multilayer stack film to construct a full solid state
device. An example of this structure is M-SiO-WO;-TCO, which has been modified to include
other transition metal oxides, and has since been studied extensively. Although studied for
some time, there is still considerable interest in investigating the structure-property

relationships in tungsten oxides.
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Figure 2-1: Electrochromic multilayer stack. Figure is adapted from a paper by Cui et. al [7], in

which multilayer stacks are constructed for electrochromic windows.

Another TCO of importance is doped zinc oxide. In particular aluminium doped zinc oxide (or
AZO for short) is currently of interest as a competitor for indium doped tin oxide (ITO).
Currently ITO is in widespread use for opto-electronic applications such as flat panel displays
and thin-film solar cells because it has high transmittance and low resistivity. However,
because of the limited reserves of indium, the manufacturing costs have recently risen by a
factor of ten [8] and the search for an efficient ITO substitute has attracted attention from many
researchers [9-16]. AZO films are a promising choice as a replacement to ITO because of the
abundance of the constituents. However, researchers have yet to find a cost effective way of

readily synthesising AZO films with optical and electrical properties comparable to ITO.

Hafnium oxide is a promising candidate as a high-k gate oxide material in microelectronic
components. It has a large band-gap (5-6 eV) and readily forms device grade interfaces with
silicon, making it a potential replacement for SiO,. High-k dielectrics have been thought to be
a suitable replacement for SiO, because they combine a high gate capacitance and low leakage

which can be maintained for thicker films. This has not only attracted the attention of many




research groups [17-21], but is also being studied by the Intel Corporation for use as a
complementary metal oxide semiconductor in transistors [22, 23]. It remains a challenge to
indentify the most effective method of synthesising HfO, films with high dielectric constant

and low leakage current.

It is clear that tungsten oxide, AZO and hafnium oxide are technologically important materials.
However, for these materials to fulfil their potential, precise control over their synthesis is
needed. Since most applications require thin films, methods for synthesis are required which
allow the deposition of high quality films with precise thicknesses. In addition, depending on
the deposition method used, different microstructure can result leading to vastly different
electrical and optical properties. It has been shown, for example, that depending on deposition
method ZnO films can be grown to be spherically shaped, lenticular or columnar [13, 24, 25].
Since electrical and optical properties of materials are dependant on the microstructure, in order
to fully optimise a material for use in industry, their structure must be understood on an atomic
level. Therefore, methods which are capable of studying structure at high spatial resolution are
critical. For this reason, this thesis employs electron microscopy, diffraction and spectroscopy
techniques which are capable of accurately investigating the atomic level, structure and

bonding.

This thesis synthesises thin films with a process known as physical vapour deposition (PVD) in
which a coating is deposited from a plasma of its constituent elements. Several different PVD
methods are available which differ in the way they produce the plasma. For example, sputtering
methods produce a plasma by bombarding a target with inert gas ions (usually Ar), whereas in a
filtered cathodic vacuum arc (FCVA) the plasma is generated by applying a high current to a
conducting cathode. These plasmas differ considerably in their nature and this can lead to
considerable differences in the microstructure of the deposited films. For example, in
conventional sputtering, films are formed mainly by low energy neutrals while in the cathodic

arc, deposition occurs from energetic ions. It is therefore important that the relationship
4
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between synthesis method and the resulting microstructure and properties of a particular type of

film be investigated. By properly understanding the strengths and weaknesses of the deposition

techniques, it is possible to extend this knowledge to other fields and enhance the properties of

other thin films.

The specific aims of this thesis are:

to study tungsten oxide thin films deposited by two very different deposition techniques
— pulsed magnetron sputtering and pulsed cathodic arc so that the relationship between

deposition conditions and resulting microstructure can be determined.

to investigate AZO coatings prepared using pulsed cathodic arc, pulsed magnetron
sputtering and high power impulse magnetron sputtering (HIPIMS) in order to
determine the optimum conditions under which films can be prepared with high optical

transparency and good electrical performance.

to undertake a thorough investigation of hafnium oxide coatings prepared using a
filtered cathodic vacuum arc. An important aspect of the study was to find a link
between the type of structure of the deposited film and its breakdown voltage so that
the electrical properties can be optimised for future use as a gate dielectric in

microprocessor applications.

This thesis is divided into several chapters. Chapter 2 outlines the background theory,

describing both the deposition methods used to synthesise the thin film coatings and the

techniques used to study them. Chapters 3, 4 and 5 present the main results of the investigation

of the three metal oxide coatings outlined in the aims above. Chapter 6 provides a summary on

the work presented in this thesis as well as some future work to be explored.




The major outcomes of this thesis include:

Tungsten oxide films deposited using pulsed cathodic arc and pulsed magnetron
sputtering exhibit very different microstructures. Films deposited using pulsed cathodic
arc were ordered and exhibited a phase which is usually only observed at high
temperatures, while pulsed magnetron sputtering produced films that were highly

disordered.

A comparison of AZO films prepared using several physical vapour deposition
techniques found that films deposited using pulsed cathodic arc displayed the best

electrical properties.

Non-uniformity in magnetron sputtered AZO coatings, which had previously been
thought to be due to in situ oxygen ion damage during film growth, was confirmed by
using a novel magnetic filter to remove these ions during deposition. The magnetic
filter was also found to increase the deposition rate in HIPIMS, potentially overcoming

the major limitation of this technique which is a low deposition rate.

Hafnium oxide films deposited at room temperature using an FCVA display a
disordered microstructure and exhibit good breakdown characteristics. Those deposited
at elevated temperatures have improved crystallinity, however, the breakdown
characteristics are compromised, supporting the proposition that disordered hafnium

oxide films exhibit the best electrical breakdown properties.

Throughout this thesis, ab initio calculations were found to be extremely useful for
simulating near-edge structure of metal oxides and help identify changes in local

bonding and microstructure.
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Chapter 2

Background

This chapter describes the techniques used to deposit the metal oxide films and explains why
they were selected. Following this, the experimental methods used to characterise the thin films
are presented. Finally, the ab initio codes which was used to predict the fine structure on
absorption edges measured using electron energy loss and x-ray absorption spectroscopy are
described. This calculated fine structure was found to be particularly useful for helping to

identify phases in the several of the metal oxides of interest in this thesis.




2.1 Metal oxide deposition

For the work outlined in this thesis, metal oxide thin films were deposited using a variety of

techniques. In the following sections, details of these deposition techniques are presented.

2.1.1 Cathodic arc deposition

In this deposition technique, a conducting cathode is kept under vacuum and is connected to a
high current (20-200 A), low voltage power (~20 V) supply. After being initiated by striking
the cathode with an earthed trigger, a plasma stream is formed. This plasma stream expands and
is directed away from the cathode towards the substrate material to form a thin film. The
mechanisms for this plasma deposition process are still hotly debated [1-4], but one theory
suggests that the high current forms localised intense electric fields and explosive field
emission of electrons [5]. This field emission causes local heating in the cathode, and in turn
thermally emitted electrons are also released. The constant emission of electrons in this way
forms a positive feedback loop, and thermal runaway occurs forming microscopic non-
stationary regions known as ‘cathode spots’. These microscopic cathode spots have extremely
high current density, power density and plasma density. Over time the plasma spots increase in
size, which in turn reduces the current density and the voltage at the spot will drop. The rapid
heating of the material in this localised region also reduces the conductivity, making it less
favourable for the spot to remain stationary. This extinguishes the plasma spot at its current
location and a new spot will form with the same current density in a new location, giving rise to
a near continuous plasma emission. The plasma expanding from the cathode contains charged
ions (of kinetic energy approximately 18-150 eV), and due to the explosive nature of the
process the plasma stream also contains macroparticles and neutral atoms. Macroparticles are

undesirable since they can degrade film quality.
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2.1.2 Filtered cathodic vacuum arc (FCVA) deposition

For the removal of macroparticles, the FCVA was developed by Akensov et al in 1978 [6]. In
this design, a 90° toroidal magnetic filter was used to direct the plasma stream from the cathode
to the substrate. When using a magnetic field in this manner, the plasma stream follows the
filter around the 90° bend because it is highly charged. Any macroparticles and neutral atoms
are unaffected by the field, thus will continue in their original trajectory and are filtered out.
Further improvements to the magnetic filter have since been made. The FCVA located at RMIT
University (used in this study, shown in figure 2-1) uses an off-plane double bend magnetic

filter, first developed by Shi et al [1], to more effectively remove macroparticles.

Figure 2-2 shows a schematic of the FCVA at RMIT University. The cathode is water cooled to
prevent heating damage to nearby components, and is rotated during deposition to further
randomise the location at which the cathode spots appear so that even wear of the cathode
surface is achieved. The plasma produced at the cathode is directed through an off plane double
bend magnetic filter towards the sample holder holding the substrate. The sample holder is
connected to a DC power supply so that a controllable bias can be supplied to the substrate to
increase the deposition energy of the plasma. The deposition system was pumped by a turbo-

molecular pump backed by a scroll pump.

11



Figure 2-1: The FCVA deposition system at RMIT University (Melbourne, Australia) used for

these experiments in this thesis. Note the double bend filter on the right. The plasma is generated
near the cathode and directed through the off-plane double bend magnetic filter to the sample

holder and substrate.

For the energetic deposition of metal oxides in this work, the films were grown in the presence
of background gases. During the plasma production process, a mixture of argon and oxygen gas
was bled into the chamber. The oxygen gas is present to react with the metal film as it grows,
and the argon gas is present to encourage plasma stability. Due to the nature of cathodic arc
deposition, a conductive cathode is required, which can be “poisoned” when oxygen is present
due to the build up of an insulating layer on the surface of the cathode. To help combat this, the
argon and oxygen gases were bled into the chamber at two different locations. The oxygen gas
was bled into the deposition chamber near to the substrate and the argon was bled into the

chamber near to the cathode so that it provides stability to the plasma, as well as providing

12
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upwards pressure in the bottom half of the chamber, reducing the amount of oxygen gas

reacting with the cathode.

Main Chamber

Shutter

Double Bend Filter

Substrate

Gas inlet

Arc Striker

Turbo Gas inlet
Molecular Cathode
Pump Material

Figure 2-2: Schematic of the continuous FCVA system (not to scale).

If the substrate is electrically grounded during film deposition, then the ions within the plasma
will deposit onto the substrate with their original ion energy. It is possible to modify the energy
of the depositing ions by placing an electrical bias onto the substrate to either accelerate the
ions (with a negative bias) or decelerate them (positive bias) [7, 8]. The equation that describes

the ion energy during deposition is:

Ei=e(V,—V3)+E,.

Equation 2-1: Energy of ions in a plasma during film deposition

13



where E; is the energy of the ions reaching the substrate, q is the charge state of the ions, V, is
the plasma potential, V,, is the substrate potential and E, is the original energy of the plasma. It
has been shown [8, 9] that by modifying the substrate bias (and hence the ion energy), it is
possible to change not only the microstructure of the film, but its physical properties such as
hardness, density and optical properties. Also possible in FCVA deposition is the growth of
films with increased substrate temperatures. This was performed using a specimen stage and
controller. Generally, increasing the substrate temperature increases the surface mobility of the
deposited atoms, giving them enough energy to find lower energy states and therefore more

ordered films result.

2.1.3 Pulsed cathodic arc deposition

In addition to conventional cathodic arc deposition a pulsed cathodic arc was used to deposit
films (see figure 2-3). In a pulsed cathodic arc system much higher deposition rates are
achieved by controlling the current to the cathode with a pulse generator. Doing so allows for a
much higher power density and the system will cool in between pulses. As shown
schematically in figure 2-4 the substrate, macroparticle filter and plasma source are connected
to a master pulse generator. This controls the entire system so that the high voltage pulses

within each of the components will only be applied during the short deposition periods.
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Figure 2-3: The pulsed arc system located at Lawrence Berkeley National Labs (Berkeley, USA)

arc pulse master gated
power |a—— pulse f—m pulse
supply generator generator

SUDSITALE s— Y
high voltage
pulse generator
-+ |

Figure 2-4: Schematic of the pulse generation systems used with the pulsed cathodic arc setup [10].

For the pulsed cathodic arc experiments, a 90° single bend macroparticle filter was used to

remove the macroparticles and low energy neutrals, as well as direct the plasma towards the
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substrate. The substrate was mounted onto the sample holder which rotates during the

deposition to promote even coverage.

2.1.4 Magnetron sputtering

Magnetron sputtering is a highly regarded thin film deposition technique whose origins go back
to the introduction of the planar magnetron by J. S Chapin in 1974 [11, 12]. It is used by many
research groups for the development of advanced coatings and is also in widespread use in
industry for large scale coating of high quality films. In a conventional sputtering process, inert
gas ions (such as argon) are accelerated towards a negatively biased target material. This target
contains at least one of the constituents to be deposited onto the substrate. When the target is
sputtered, the material to be deposited and secondarily electrons are ejected and form a thin
film on the substrate placed nearby within the vacuum. It is also possible to deposit compounds
such as metal oxides by introducing another gas into the chamber. This process is often referred

to as reactive sputtering. A schematic of the magnetron sputtering process is shown in figure 2-

Substrate

Growing film

5.

Inert Gas
inlet

Directed neutral flux of
target atoms

Low voltage
sheath

Normal
sputtering
power

supply

Figure 2-5: Schematic of a conventional magnetron sputtering system. Shown in the image are the
field lines trapping the secondary electrons to form more ionisation events, increasing the

deposition rate.
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In magnetron sputtering the target is mounted upon a series of negatively biased magnetrons
which are used to attract the positive ions [11]. Inclusion of the ring magnets traps the
secondary electrons within the magnetic field allowing for more ionisation events to occur,

further increasing the deposition rate of the target material.

2.1.5 High power impulse magnetron sputtering (HIPIMS)

HIPIMS is a technique based on magnetron sputtering that was first utilised by Kouznetsov in
1999 [13]. Unlike magnetron sputtering, HIPIMS, as the name suggests, uses extremely high
power density pulses, achieving a greater ionisation of the sputtered material. Very high plasma
densities exceeding 10™ m™ [13-15] have been reported for some materials such as titanium
and copper. The HIPIMS plasma appears to be less confined by the magnetic field of the
magnetron and is believed to be sustained by intense secondary electron emission from the
target surface. The concentration of target ions is high enough to allow “self sputtering” (figure

2-6).

r
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Figure 2-6: Schematic of the HIPIMS deposition process. Shown in the schematic are the field lines
produced by the magnetrons as well as the region of the extending plasma in which self sputtering

occurs.
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A universal problem in HIPIMS, for both non reactive and reactive processes, is a low
deposition rate. A recent report has shown that ions can be more efficiently directed towards the
substrate in the so called “unbalanced” magnetron which uses a magnetic field with open lines

of force that connect the substrate to the target [16, 17]

2.2 Experimental Analysis Methods

2.2.1 Scanning electron microscopy (SEM)

SEM images were obtained using a FEI Nova NanoSEM field emission SEM in high vacuum
mode with a spot size of 3.5 nm and an accelerating voltage of 20kV. Carbon strapping was run
from the surface of the samples to the stub (earth) to minimise any possible charging effects on

the sample surface during image acquisition.

2.2.2 Atomic force microscopy (AFM)

AFM is a technique which can be used to provide very high resolution surface profiles of a
sample. It can be used to determine the RMS roughness of a surface and give topographic
information. AFM was performed using a Veeco Dimension 3100 AFM operated in tapping
mode over an area of 500um x 500um to determine the RMS roughness and defect density of

the samples.

2.2.2 X-ray diffraction (XRD)

XRD is a technique which takes advantage of Bragg diffraction, in which x-rays of a known
wavelength are used to probe a sample. XRD studies were carried out on a Bruker D8
ADVANCE wide-angle diffractometer, using a graphite-monochromated Cu Ko source of
wavelength A= 1.5406 A. Data was collected with a scan range of 26= 10-90°, a step size of

0.02° and a count rate of 2s per step.
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XRD spectra can be used to estimate of the average grain size of crystallites within a sample.

The Scherrer formula is given by:

p-_ KA
Bcos b,

Equation 2-2: Scherrer equation to determine average grain size

where D is the grain size, K is the shape factor, A is the wavelength of the x-rays being used,
is the FWHM of the peaks (radians) and 0z is the Bragg angle (radians). The shaping factor is
usually approximated to 0.9 for particles of unknown geometry [18-20]. Sherrer’s equation
assumes that the stress-related and instrument-related broadening is negligible in comparison to

particle size effects.

2.2.3 X-ray photoelectron spectroscopy (XPS)

In XPS, the sample is probed using an x-ray beam and the resulting photo-emitted electrons
usually from the top 1-10 nm of the sample are analysed. The energies measured from the
electrons correspond to the energy levels between the electronic orbitals of the atoms, and are
thus indicative of not only the elements present within the sample, but also the bonding state of
those elements. Using this technique depth profiles can be performed by sputtering the sample
using an ion beam to study the properties of the sample as a function of depth. It is also possible

to study any variations in chemistry across the surface of the sample.

The XPS work in this thesis was performed using two different instruments. The first part of
this work (chapter 3) was performed using a VG Microlab 310F with a dual Al/Mg anode
unmonochromated x-ray source operated at a power of 300 W and 15 kV excitation voltage.
The sample was tilted such that the electron analyzer normal to the sample surface collected the
escaping electrons. The analyzed area was determined by the electrostatic lens and slits of the

analyzer and in this case was approximately a rectangular area of 5 x 1 mm?. The second part of
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this work (chapters 4 and 5) were performed using a Thermo Scientific K-Alpha Spectrometer
with an Al anode x-ray source. The spot size for measurements was ~400um and a flood gun
was utilised to remove the possibility of sample charging during analysis. Depth profiles were
performed to remove surface contaminants with a 500eV Ar ion beam with a low sputter

current so as to not damage the sample during analysis.

In addition to collecting spectra in the region of the oxygen 1s, carbon 1s and metal bonding
peaks, broad survey spectra were also collected to check for the possibility of impurities within
the films. Samples were argon ion sputter cleaned before measurements were performed to
remove any surface contaminants. Since cleaning may alter the bonding of the sample, care
must be taken when analysing bond information. Gaussian peaks were fitted to these binding
energy spectra using the Thermo Avantage software, the peak area was calculated, normalised

and sensitivity factors of the corresponding peaks were applied to determine the composition.

2.2.4 Optical transmission

Optical transmission spectra were performed on the AZO films to determine their suitability as
a transparent conducting oxide (TCO). Transmittance measurements were performed using a
Perkin-Elmer Lambda 19 and 950 by spectrophotometry in the wavelength range of 200-2500
nm. The sample must be deposited onto a transparent substrate so that the transmittance of the
film can be determined. In a spectrophotometry experiment, a light source is shone onto a
monochromator, a device with a diffraction grating used to select a particular wavelength. This
monochomated light then passes through the sample and then has its intensity measured using a
light sensitive detector. By cycling the monochromator through a variety of wavelengths, the

transparency of the films can be determined as a function of wavelength.
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2.2.5 Resistivity and Hall measurements

The resistivity (p) of a thin film coating is a measure of how strongly it opposes the flow of
electrons. In this thesis, TCO’s coatings are studied, in which low resistivities are desirable.
Routine measurements of the resistance (R, measured using a 4 point probe) and the thickness
(t, using step height analysis with a Dektak IIA profilometer) were carried out with each

sample. The resistivity of a coating is given by:

p=Rxt

Equation 2-3: The resistivity of a thin film coating

Hall measurements were performed in order to determine the, the carrier concentration (n.) and
the charge mobility (i) of the samples. Hall effect measurements were performed in the Van
der Pauw geometry using an Ecopia HMS3000 system. With this apparatus the resistivity was

also determined using the same method outlined above.

In the Hall effect, an electric current travelling in the x direction is subjected to a magnetic field
perpendicular to it (z direction). This causes the flow of electrons to drift in the y direction. As
the electrons drift, an electric field is generated, exerting a force in the —y direction [21]. At

equilibrium (no charge drift) the Hall field is given by:

_1B

E
" one

= RH JXB
Equation 2-4: The Hall field at equilibrium.
where jy is the current in the x direction, B is the magnetic field in the z direction, n is the

carrier concentration and Ry is the Hall coefficient. Using Ry, the mobility () of the charge

carriers can be determined using:
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Equation 2-5: Mobility of the charge carriers as a function of the resistivity

2.2.6 Breakdown voltage

The breakdown characteristics of a dielectric thin film are related to the potential at which
current flows through it. A requirement for a dielectric film is to able to hold charge without
leakage currents due to crystal grain boundaries and quantum tunneling [22-25]. The higher the
breakdown field of a metal oxide semiconductor device, the better the performance as a
transistor. The electrical breakdown characteristics of the films were measured using
lithographically defined NiCr contact pads on the surface of the films, a probing station and a
programmable semiconductor parameter. The E(J) (leakage) characteristics were obtained
using a programmable voltage ramping source and a PC-interfaced digital multimeter. Film
thickness measurements (required to calculate the electric-field from applied voltage) were

performed using a surface profiler.

2.2.7 Transmission electron microscopy (TEM) sample preparation

Cross sectional TEM (X-TEM) samples were prepared by first mechanical polishing with a
tripod polisher and then further thinning with argon ion beams. X-TEM samples allow for the
study of films as a function of depth, allowing the microstructure and electronic structure of the

films to be thoroughly explored.

The first step for mechanically thinning the samples involves cleaving 3mm x 1mm strips from
the samples and preparing strips of blank silicon in the same manner. The pieces are then
affixed together using epoxy glue as shown in figure 2-7a. This sandwich structure is affixed to
a polished silicon flat on a quartz stub (figure 2-7b) and is then mechanically polished on
increasingly fine diamond paper (30um =>9um->3um->1um) until the sample is less than 1um

in thickness (figure 2-7c). An oval shaped copper grid with a section cut out of it is then affixed
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to the sample using epoxy glue. The X-TEM sample is then cut out of the structure using a

razor blade (figure 2-7d) and lifted from the structure by soaking it in acetone.

Place grid in PIPS until
] . d
@) [~ Polished @) film thickness < 100 nm

. I."
Film ~ / surface

Glue polished surface
on polished Si wafer Glue copper grid
on sample,
Cut around dotted line,

(b) (©)

Polish until < 1 um thick //
—

Figure 2-7: Mechanical polishing X-TEM preparation thinning process. This figure has been

adapted from Desmond Lau’s thesis 2009 [26].

For ion beam thinning of the sample the copper grid with sample attached is placed into the
precision ion polishing system (PIPS, Gatan Model 691) where the sample is ion beam thinned

until a region surrounding the thin film is less than 100nm in thickness (electron transparent).

X- TEM samples were also prepared using a JEOL ion slicer. Samples were prepared by first
epoxy gluing a protective capping material (eg. a microscope coverslip or silicon) on top of the
sample of interest. This was then polished down in cross-section to approximately 100 um in
thickness and cut into 2.8 mm x 1 mm pieces. After mechanical polishing, the sample was
placed into the ion slicer. An ion gun is positioned above the specimen and a thin masking belt
is used to protect the centre region by acting as a sacrificial shield. During milling the sample
rocks back and forth parallel to the masking belt to provide even thinning. There are two ion

beam milling steps, the first step was a basic thinning of the sample to make a thin channel
23




down the centre. The second step involves setting the ion gun to thin the region of interest at a

selected angle until a hole appears in the specimen.

2.2.8 TEM and selected area electron diffraction (SAED)

TEM is one of the major analytical techniques employed in this thesis to determine the
microstructure of the metal oxide thin films. Analysis was performed on either a JEOL 2010
TEM or a JEOL2100F TEM, both fitted with a Gatan imaging filter (GIF) spectrometers. A
GIF not only allows the collection of electron energy loss spectroscopy spectra but can also be

used to collect energy filtered TEM images [27, 28].

Figure 2-8 shows a basic schematic of the TEM system. Included are ray diagrams to show how
the electrons pass through the TEM to provide high resolution images (Figure 2-8a) and
diffraction (Figure 2-8b). Electrons are generated from a LaBg filament, accelerated to 200kV
and then pass through a series of magnetic filters (depicted as ovals in figure 2-8). Images are
formed when the flux of electrons are focussed onto the specimen using the condenser lens
system, following this the objective lens focuses the image onto the 1% image plane and is thus
focussed onto the phosphor screen using the projector lens system. For diffraction, the
condenser lens system is used to project a parallel beam through the specimen. In diffraction
mode, the projector lens system focuses on the back focal plane of the objective lens, producing
a diffraction pattern instead of an image on the viewing screen. Diffraction patterns give a
reciprocal space representation of the crystal planes within a film, where the spots appear
perpendicular to the planes. Using the distance from the primary beam to a diffraction spot, the
d-spacing can be calculated using Bragg’s law [29]. In a disordered sample the crystal planes
are in many directions, thus the diffraction pattern appears as ring patterns where the d spacings

and can be deduced in a similar way.
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Figure 2-8: Schematic of a TEM. This figure is adapted from Desmond Lau’s thesis [26]. The green
ray diagram (a) represents the imaging mode of the TEM, and the red ray diagram (b) represents

the TEM in diffraction mode.

2.2.9 Electron energy loss spectroscopy (EELS)

EELS is the process in which the energy lost by the electrons in their passage through the
specimen is measured using a spectrometer (in the form of a GIF in this thesis). After passing
through the specimen the electrons pass through an entrance aperture (in which the radius can
be altered) and are then directed onto a magnetic prism by a set of quadrupole and sextapole
alignment lenses. Electrons with different energies (velocities) will have a different magnetic
force applied to them as they travel through the GIF spectrometer, resulting in them traveling
with different trajectories through the magnetic field. High energy electrons that have not lost
any energy (zero loss) will be attenuated less, while electrons which have lost a lot of energy
due to interactions with the sample will be attenuated more by the magnetic field. The result is
a distribution of electron energies projected onto the CCD to form an electron energy loss

spectrum.
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Figure 2-9 shows the main features of an EELS spectrum. Located at 0 eV is the zero loss peak.
This region represents the electrons which have passed through the sample (or missed it
entirely) without incurring energy loss. Theoretically this peak would appear as a Dirac-Delta
function, but it gains a finite width due to the spread of energies being emitted from the TEM

electron gun as well as the resolving power of the spectrometer itself.

Between 0-50 eV is the low loss region, which is dominated by plasmon peaks. This region
represents the electrons which pass through the sample and lose a small amount of energy due

to plasmon vibrations in the sample.

At higher energies are the core loss ionisation edges. The onset of these edges occur at the
energy required to knock out a core electron from a particular atom After the removal of the
background, the intensity under these edges can be used to determine the concentration of

elements in a sample [27].
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Figure 2-9: The main features of an EELS spectra. At 260 eV the intensity of the spectra has been
multiplied by 500 times to show the features of the low intensity core loss edges. The example

shown here is the carbon 1s core shell ionization event [26].
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2.2.10 Energy loss near edge structure (ELNES)

The core shell event occurs when an incident electron removes an electron from the core shell
of an atom and excites it to an unoccupied energy level. The incident electron is inelastically
scattered from the atom and the energy of the interaction can be measured using a spectrometer.
A schematic of a core shell interaction is shown in figure 2-10. Superimposed on each EELS
core loss edge is a fine structure which arises because the final state wave function of the
excited electron is modified by chemical bonding. Due to this, the ELNES of a material is
representative of the unoccupied density of states and thus contains a large amount of
information, including coordination, valence and types of bonding present. In figure 2-9

ELNES on the carbon k-edge can be seen.
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Figure 2-10: Core shell interaction which results in a core loss edge on an EELS spectrum.

2.2.11 X-ray absorption near edge structure (XANES)

X-ray absorption spectroscopy (XAS) is a technique using synchrotron radiation in which the
near edge structure (NES) of a core-hole edge is probed with x-rays, revealing a fine structure
known as XANES. The technique itself is analogous to the EELS technique in that the local

bonding arrangements of a sample can be investigated. But unlike EELS, bulk samples can be
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used in the synchrotron, which therefore has the advantage of minimal sample preparation. A
disadvantage of XANES is that there is a relatively poor spatial resolution due to the large x-ray
beam used (typically ~1 mm). However, XANES has a much better energy resolution than can

be achieved in EELS.

In XAS experiments, an X-ray beam is shone onto the sample to excite photoelectrons from the
inner shells (core electrons) from atoms in the sample (figure 2-11a). In order for the electron
to leave the atom, it must be given sufficient energy by the incident x-rays to be promoted to an
unoccupied state above the Fermi energy. Therefore, x-ray absorption spectra, like ELNES,
provides information on the unoccupied DOS of the sample. Several different detectors are
used to measure the intensity as a function of x-ray energy. After the core shell electron (n) is
removed from the atom, a transition will occur where an outer shell electron (n) will fill in the
newly created core hole. In dropping down an energy level, the electron releases energy in the
form of a photon (figure 2-11b) or Auger electron (figure 2-11c). Photons are measured using a
fluorescence detector (known as the fluorescence yield, FY) and the Auger electrons are
measured using a hemispherical detector (known as the Auger electron yield, AEY). The other
method for obtaining spectra is by monitoring the total electron yield (TEY, also known as the
drain), in which the back of the sample is connected to ground through an ammeter and the total

number of secondary electrons generated are measured (figure 2-11d).
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Figure 2-11: The photonic processes involved in x-ray absorption spectroscopy.
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The beamline used for this analysis was the soft x-ray beamline at the Australian Synchrotron.
A horizontally polarized beam incident at 45° to the substrate normal was used to
simultaneously study the FY, TEY and AEY in the vicinity of the oxygen K-edge (525 eV to
560 eV), zinc L-edge (1015 eV-1070 eV) and the aluminium K-edge (1560 eV-1590 eV). For
each edge a step size of 0.1 eV was used, a pass energy of 60 eV was used for the oxygen K-
edge, and a pass energy of 80 eV was used for the aluminium K-edge and zinc L-edges. The
energy of the x-rays was controlled using a monochromator and an elliptically polarised
undulator (a variation of the Apple Il undulator from Danfysik) in conjunction with a series of
mirrors was used to maximise the intensity of the beam at the selected energy. The intensity of
the incident beam (ly) is measured on a gold grid located within the beamline before the
analysis chamber. Iy is used to normalise the data to remove any anomalies due to the cycling of

the undulator and the decrease in beam intensity over time.
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In the case of oxygen K-edge measurements, it is necessary to take into account that I has
features of an oxygen K-edge on it due to the beam interacting with oxygen in beamline
components before the sample. To remove this from the data, the beam is shone onto a
photodiode within the analysis chamber and the measured intensity is used to normalise the

oxygen K-edge spectra taken from each sample using:

IOphotodiode % Slgnal (FY ,TEYOrAEY)

Spectrum -
Signal

Normalised — |
photodiode 0

Equation 2-6: Method to normalise the oxygen K-edge to remove variations in signal from the

undulator and absorption due to oxygen contaminants on beamline components.

2.3 Theoretical methods

Interpretation of near edge structure is not normally straight forward and accurate theoretical
modelling is essential [30]. To assist in the interpretation of core loss edges from ELNES
(2.2.10) and XANES (2.2.11) ab initio codes were employed. Given that the near edge
structure is dependent on the local bonding environment, it is possible to use these codes to
simulate the near edge structure for a variety of possible phases. These calculations can then be
compared to the experimentally determined near edge structure (using EELS or XAS). Two
different codes for calculating near edge structure were employed known as FEFF and

WIEN2k.

2.3.1 Multiple scattering calculations using the FEFF code

FEFF is a real space multiple scattering code which is used to simulate the near edge structure
of clusters representing the metal oxide thin films. The benefit of using a real space code is that
it can be used for periodic and non-periodic materials alike. Real space codes were once

thought to be inaccurate compared to their band structure counterparts, but this is often not the
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case [31] with improvements of the codes and the inclusion of self consistent field potential
calculations giving which compare well to experimental data [32-35].

The FEFF code uses a muffin tin potential scheme, in which the initial potential of the crystal is
a set of circularly symmetric atomic potentials located at each atom position (figure 2-14).

Regions I; and I, refer to the areas surrounding the atoms in which the net potential V(r) is
constructed using the coulomb potentials V/ (ri) and exchange potentialsVy,, (ri). The net

potential within these regions is given by:
V(r) =2V, (1) +Vy, (1)

Equation 2-7: The net potential within the muffin tin regions in the FEFF calculations

which is expressed as a series of spherical harmonics, and by taking only the first spherically
symmetric term (I = m = 0) the potential assumes a ‘muffin tin’ form. Region II, the ‘inner
potential’, is taken to be a constant averaged value. The potential in region Il is averaged with

respect to the centre of the crystal [36].

Figure 2-12: Muffin-tin potential calculated in the self consistent field calculation [36].

After the potential of the system has been calculated, the multiple scattering part of the code
follows. ELNES and XANES are formally given by Fermi’s golden rule. The probability of

core electron moving from an initial state (i) into a final state (f) is given by:
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Equation 2-8: Fermi's golden rule, describing the probability of core-level electron transition.

where &-r is the dipole operator for the incident electromagnetic wave interacting with the
material and the sum is over all energies above the Fermi energy (Ef). When the atom absorbs
the incident electron or x-ray and the core hole is formed, the ejected photoelectron propagates
outwardly and scatters from surrounding atoms until the core hole is refilled [33]. Figure 2-13
shows a representation of the photoelectron wavefront scattering from multiple atoms within a
material. Each of these paths must be considered as these multiple scattering events add

towards the final near edge structure on the EELS and XAS core loss edges.
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Figure 2-13: Multiple scattering with the wavefront scattering between multiple atoms in the

material until the core-hole is refilled.

The input structure files for the FEFF code were generated using the atoms code [37]. Into this
program it is possible to insert the space group, the lattice parameters, the electron shell to be
studied, the size of the atomic cluster as well as the crystallographic coordinates of each of the

atoms in the unit cell. The FEFF code often calculated the Fermi energy incorrectly. The
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correct Fermi energy was found by examining the DOS and determining the energy of the gap
between occupied and unoccupied states. Calculations were run repeatedly with increasing
number of shells of atoms until increases in cluster size no longer resulted in differences in near
edge structure. Lorentzian broadening to account for experimental and lifetime broadening in
the ELNES and XANES was included in the calculations by adding an imaginary “optical”
potential using the EXCHANGE card [32]. An important consideration when calculating the
NES of a structure is the core-hole effect, which may affect the potentials within the muffin tin
radius. FEFF uses a self consistent fully screened core-hole, which acts in shifting the spectra to

lower energies while increasing the intensity of the main peak [32].

In this thesis, two versions of the FEFF code were used to calculate the near edge spectra.
FEFF8.2 (which will be referred to as FEFF8 for the remainder of this thesis) was used in

chapters 3 and 5. FEFF9, the latest version of the code, was used in chapter 4.

2.3.2 Band structure calculations using the WIEN2k code

Band structure calculations are performed in reciprocal space and are based on density
functional theory in which the electronic structure of many body systems is calculated [38, 39].
From this it is possible to calculate many ground state properties, such as optical constants,
density of states, low loss spectra and high loss spectra. The band structure calculations in this
thesis were performed using the WIEN2k code which uses parameters provided in an input file
to calculate many properties of a crystal. Band structure calculations have the benefit of being
able to calculate many physical properties, however the main drawback for using this technique
is that the properties are calculated for the ground state [40]. Despite this, WIENZ2K has been
shown [40-43] to give good results in the simulation of XANES and ELNES spectra. For the
WIEN2K calculations in this thesis, the electron wavefunctions and eigenvalues were calculated
by the full-potential (linearised) augmented plane-wave ((L)APW) + local orbitals (Io) method.

Exchange and correlation were treated using the generalized gradient approximation (GGA).
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Chapter 3

The microstructure and electronic structure of

tungsten oxide thin films

In this chapter, the microstructure of tungsten oxide (WOs) thin films prepared using pulsed
magnetron sputtering and pulsed cathodic arc deposition is investigated. As discussed in
chapter 2, the differences between these two techniques are significant. Cathodic arc deposited
films are formed from energetic and charged ions while sputtered films are deposited primarily
from low energy neutrals. Transmission electron microscopy (TEM) and electron energy-loss
spectroscopy (EELS) are used to characterize the films. The oxygen K-edge measured with
EELS provides a convenient way of distinguishing between the various phases of WOs. In
addition to experimental measurements, this chapter employs theoretical calculations to
calculate the near edge structure (NES) which is present on each oxygen k-edge for different
phases or WOs. These calculated edges are used to help identify the particular phase of WO;

present in the samples.
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3.1 Introduction

As discussed in chapter 1, transparent conductive oxides (TCO’s) are of growing interest to the
scientific community for the purposes of solar cell research and energy saving applications [1].
Electrochromic (EC) coatings have the ability to reversibly change their optical properties by
applying a small on/off voltage. These properties have led to many applications including anti
dazzling rear view mirrors and various display devices [2, 3]. Of specific interest for tungsten
oxide is the production of ‘smart windows’ [4]. Using the electrochromic effect it is possible to
manufacture a window with reversible colouration change simply by applying a small voltage.
This is important in energy saving applications, in that large office buildings can be fitted with
these windows and be heated or cooled by controlling the amount of IR radiation allowed into

the building.

3.1.1 Tungsten oxide asa TCO

Of all the transition metal oxide materials studied thus far, WOj; is one of the most extensively
studied [5-7]. In addition to EC applications, WO;3; has also been investigated for use in gas
sensing [8], biosensors [9], superconductors [10], imaging recording [11] and optical storage
[12]. Many of these applications require the preparation of high quality thin films. Therefore, it
is important to investigate how different deposition techniques give rise to different film
microstructure. Before considering previous work on tungsten oxide thin films, in the next

section, the type of structures that tungsten oxide forms in the bulk is discussed.

3.1.2 The crystal structure of WO;

Bulk crystalline WO;3; is known to have a perovskite type structure which at atmospheric
pressure undergoes several phase changes depending on temperature [13, 14]. However, all of
the tungsten oxide phases are made up of a basic structure comprised of many WOg octahedral

units. The details of the structure including the W-O distance and the tilting of the octahedral
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units determines the symmetry of the material. Figure 3-1 shows an example of an individual

WOgs octahedral unit and several joined units forming the monoclinic y-WO; phase.

Figure 3-1: An individual WOg octahedral unit (left) where the green sphere represents the
tungsten atom and the red spheres represent the oxygen atoms. When combined these octahedral
units can form the monoclinic y-WOj; structure (right) with the different amounts of tilt on the

highlighted WOg octahedral units [15].

Many different phases of WO; have been reported. A summary of these are shown in table 3-1,
including details of the space groups and lattice parameters found in the individual studies for

each phase. The relevant references are shown in the table.

Salje et. al [16] have reported a low temperature monoclinic (g) phase. These samples were
prepared by first heating a commercial WO3; powder to 800°C for two days and then rapidly
heating the sample to 1480°C for two hours. The sample was then allowed to cool to room
temperature over a period of 2 days before experimental work was undertaken. The samples
were ground and cooled down to 5 K by placing them into a rectangular can and cooling it with
a He-flow cryostat while neutron powder diffraction data was taken. Structure refinement
calculations were performed to determine the lattice parameters and the fractional atomic

coordinates for the heating and cooling between 5 K and 250 K.
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Table 3-1: Details of the crystallography of the phases of WO; and the method of formation of the

bulk crystal. Those marked with ‘Powder’ in the formation method were a commercially

purchased polycrystalline powder of unspecified phase.

Structure Symmetry Space Group Lattice Parameters Formation method
_ Tetragonal P4/ncc a=5.2885 A Powder >
c=7.8626 A 1373 °C [17]
o—-WO; Tetragonal P4/nmm a=5.3031 A Powder >
c=3.9348 A 740°C [14, 17]
B-WO;  Orthorhombic Pmnb a=7.341 A Powder >
b=7.570 A 480 °C [14, 18]
c=7.754 A
1-WO; Monoclinic P2:/n a=7.30084 A Room temp [14, 19]
b=7.53889 A
c=7.68962 A
0=y=90°
3=90.892°
5-WOs3 Triclinic P a=7.31278 A Powder >
b=7.52540 A 1200 °C 800 °C
c=7.68954 A >room temp >LN2
0=88.847° cooled - room temp
$=90.912° [14, 16, 19]
v=90.940°
£-WOs5 Monoclinic Pc a=5.27710 A Powder =800 °C
b=5.15541 A —1480 °C >room
c=7.66297 A temp > -50 °C
3=91.97592° [14, 16]

Aird et. al [13] and Woodward et. al [19] report a mixing of phases at room temperature. Both

have reported evidence of a triclinic phase (8) and another monaoclinic phase (y). In these

works, Aird et al synthesised WOj; by recrystallising WO; powder to small single crystals by

annealing it within a furnace at temperatures up to 1723 K before cooling it back to room

temperature. Aird then went on to perform reduction experiments on the newly formed powder

samples and compared x-ray diffraction data and the sheet superconductivity between the

40



Chapter 3: The microstructure and electronic structure of tungsten oxide

reduced sample and the fully stoichiometric WOs. In the study performed by Woodward et al
[19], neutron powder diffraction was performed on WO; samples that had first been heated to
1200°C in air, and then cooled in stages to room temperature. It was found that the samples
contained mixed phases of both triclinic (5) and monoclinic phases (y). The sample was then
cooled in liquid nitrogen and then allowed to heat back up to room temperature. Repeating the
same neutron diffraction experiment yielded only single phase triclinic WO;. Using this neutron
data, Rietveld structure refinement calculations were performed to determine the lattice

parameters and the oxygen/tungsten positional parameters of the triclinic structure.

At elevated temperatures of 480°C and 770°C y-WO; transforms into orthorhombic () and then
to tetragonal (o) phases respectively. The B-WO; was studied by Salje et al [18] in which -
WO; crystals were placed onto nickel wire and heat treated to form orthorhombic crystals of
space group Pnmb. The lattice parameters a,b and ¢ as well as the atomic positions of the 2

unique tungsten atoms and 8 unique oxygen atoms were determined using x-ray analysis.

The o-WO; phase was studied and refined by Locherer in 1999 [17] using ab initio
calculations. In this work the superconductive nature of WO; was studied, as well as the
existence of further tetragonal phases when the sample is heated beyond 1100 K. At this high
temperature, a new tetragonal phase (shown in table 3-1 with space group P4/ncc) was found
with slightly different lattice parameters, as well as slight shifting in the WO, octahedra about

the [001] direction.

3.1.3 Growth of thin films of WO,

WOQO; films have been deposited using several methods including sputtering [5, 6], evaporation
[20, 21], pulsed laser deposition [22] and filtered cathodic arc deposition [23]. In general, the
microstructure and performance of the films depends on the method, deposition temperature

and other process conditions, with both amorphous and polycrystalline materials reported [24].
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In the work by Cui et al [5], a dc magnetron sputterer was used to deposit the WO; films grown
specifically for the purpose of smart windows. It was found that the films were initially
amorphous, however the microstructure changed and monoclinic crystals formed following
annealing to 500°C. Given the importance of this research for smart windows, it would have
been very important for this study to perform electron microscopy and diffraction on the films
to get a stronger understanding of the microstructure being deposited. It has been accepted that
highly disordered films perform better as EC devices [25], so it would also have been
interesting for the authors to have published transmittance and electrical measurements on the
500°C film to see how great a change in these properties a crystalline film has over an

amorphous film.

Gillet et al [20] and Shigesato et al [21] used a simple thermal evaporator for deposition. Gillet
deposited the WO; films onto an alumina substrate and found that the as-deposited films were
highly disordered and showed broad rings in the reflection high energy electron diffraction
(RHEED) patterns. Annealing these films resulted in the crystals aligning and an observable
single crystal diffraction which was indexed to a <001> oriented monoclinic structure. TEM
and electron diffraction data is presented in this paper clearly showing the difference in
microstructures between the two films. Shigesato used Raman Spectroscopy to study WO;
films evaporated onto glass substrates. It was found that the as-deposited films were
amorphous, but crystallinity of the films increased when annealed between 40°C and 145°C.
Although both of these thermal evaporation studies of WO; look at many aspects of the films,
neither of them probe the electronic structure of the films. This could have been performed
easily with x-ray photoelectron spectroscopy (XPS), EELS or x-ray absorption spectroscopy
(XAS). This not only would have allowed for confirmation that the deposited films were
stoichiometric, but it would have given in depth knowledge on the bonding configurations

between the tungsten and oxygen atoms.
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Pulsed laser deposition (PLD) has been used for the deposition of WO; films by Rougier et al
[22]. PLD is an interesting technique, because in using a high powered laser to ablate a tungsten
target. A highly energetic plasma plume forms, similar to that found in a cathodic arc. In the
work by Rougier [22], the WO; films were deposited onto SnO,:F substrates, and it was found
that the crystallinity of the films was highly dependent on the oxygen partial pressure and the
temperature. All of the films deposited at room temperature were found to be amorphous, but
those deposited at 400°C with a partial pressure of 10 mbar were found to contain monoclinic
crystals. Higher partial pressures (10™ mbar), regardless of the deposition temperature always
resulted in an amorphous structure. The x-ray diffraction results in this paper suggest that a new
third phase (thought to be a cubic phase) appears when the substrate is heated to 400°C but a
detailed phase analysis was not undertaken. It is noted that for a better knowledge of the
structure that TEM measurements were to be pursued. This in combination with EELS and ab
initio techniques would certainly provide the necessary structural information so that this third

phase could be characterised.

It is clear that the microstructure of WO; films is highly dependent on the deposition method. In
this chapter, the microstructure of WQO; films prepared using pulsed magnetron sputtering [26,
27] and pulsed cathodic arc are compared [28-30]. These techniques were selected because film
growth occurs from differing regimes; one which utilises a high energy plasma compared to
one which deposits via low energy neutrals. The change in incident energy of the depositing
particles is known to have an important influence on the microstructure of the films [31, 32].
Both techniques were performed at room temperature with approximately the same base and

oxygen partial pressures.

In my honours project [33], | performed some preliminary spectroscopy and TEM
measurements on pulsed magnetron and pulsed cathodic arc tungsten oxide films. These results
showed a disordered structure in the magnetron sample and that the films were close to

stoichiometric. The work presented in this chapter was all performed after the completion of
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my honours project and includes much more detailed measurements including high resolution
TEM imaging, diffraction patterns as well as the use of the ab initio calculations to help

interpret the NES observed on the absorption edges measured using EELS.

3.2 Experimental Techniques

3.2.1 Deposition using pulsed cathodic arc

Details of the cathodic arc deposition system are provided in chapter 2, For the WOs;
depositions, the chamber was pumped down to a base pressure of about 7 x 10 Torr (9 x 10™
Pa) and backfilled with O, at a flow rate of 10 sccm to a pressure of about 6.6 mTorr (0.88 Pa).
The pulsed arc source [34], equipped with a tungsten rod cathode and a 90° open-coil
macroparticle filter, was fed from a switched capacitor bank (0.3 F) charged to 270 V, resulting
in an arc current of about 180 A, limited by a 1.5 Q resistor in series. The arc repetition rate
was 3 pulses per second each with a duration of 3 ms. After 7600 pulses, a film thickness of
200 nm was obtained, with the holder placed about 90 mm from the filter exit. Throughout the
deposition process, the sample holder was pulsed-biased to -200 V with pulse cycle of 10 us on

(-200 V) and 90 ps off (ground).

3.2.2 Deposition using magnetron sputtering

The magnetron sputtering was performed in the system outlined in chapter 2. The chamber was
initially pumped down to a base pressure of about 1.3x10° Torr (1.7 x 10™ Pa) using a
cryogenic pump with a pumping speed of 1500 I/s. The pumping speed was reduced using an
adjustable gate valve to obtain a relatively high total pressure of 42 mTorr (5.6 Pa) with Ar and
0, gas flows of 50 and 40 sccm, respectively. The gas was introduced into a gas plasma source
of the constricted plasma source type [35] operated with a Pinnacle Plus power supply at 1500
W (pulsed-DC, 100 kHz, 1 ps reverse time). It was noted that the total pressure was reduced to

about 36 mTorr (4.8 Pa) during deposition, which is due to the consumption of oxygen by the
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growing film. A 76 mm diameter W target with a sputter power of 1200 W was used. The
substrate was placed 90 mm away from the sputtering gun and the plasma source. Total

deposition time was 10 mins.

3.2.2 Theoretical methods
Using the structures outlined in table 3-1, ab initio simulations were performed to calculate the

oxygen K-edge using both multiple scattering and band structure calculations.

The multiple scattering calculations were performed using the FEFF8 code (outlined in section
2.6). Cluster sizes of up to approximately 150 atoms as found to be sufficient to obtain
convergence. A core-hole following the final state rule was used because it was found to
provide a better approximation of the NES. A muffin-tin overlap of 15% was employed and the
Hedin—Lundqvist exchange potential was used as it is recommended for solids [36]. Each of the
WO, structures listed in table 3-1 has multiple unique oxygen positions in the unit cell.
Therefore, the NES of each unique oxygen atom was modelled separately and then combined to
provide an average. Unbroadened spectra were used to compare the features on the calculated
WO; phases. Lorentzian broadening of 1.3 eV was included into the calculation by adding the
imaginary optical potential (as detailed in section 2.3.1) in order to compare with the

experimental ELNES and XANES spectra.

For the WIEN2k calculations, the parameter determining the size of the basis set, RytKmax,
was set to 7. The muffin tin radii were chosen as large as possible but without overlapping
spheres. The number of k-points in the irreducible Brillouin zone (BZ) was 90 for o-WO; and
54 for y-WO;. Convergence tests showed that this number of k-points were adequate. A core-
hole was not included in the results presented here, as it only changed the relative intensity of
peaks by a small amount, but with a considerable increase in computational time. The oxygen

K-edge was calculated using the XSPEC subroutine within WIEN2k. Spectra were calculated
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for all inequivalent positions in the unit cell and an appropriate average taken. Differences
between the different atomic sites were very small. Lorentzian broadening of 1.3 eV was

included to account for the experimental energy resolution.

3.3 Results and Discussions

3.3.1 X-ray photoelectron spectroscopy (XPS)

Figure 3-2 shows XPS spectra in the region of the tungsten 4f7 and 4f5 binding energy peaks
for the films with the indicated deposition method. Figure 3-3 shows the corresponding spectra
for the oxygen 1s binding energy peaks. It can be seen that over the relatively large area of
analysis the spectra for the pulsed cathodic arc and the pulsed magnetron sputtered samples are
near identical, indicating that both films have similar bonding. This is not unexpected since all
tungsten oxide samples are comprised of WOG6 octahedral units with only slight distortions
between phases. It is important to remember the possibility that the sputter cleaning used to

remove contaminants also could damage the sample, altering the bonding at the surface.

Magnetron

Intensity (arb. units)

Cathodic Arc

44 40 36 32 28
Binding Energy (eV)

Figure 3-2: Tungsten 4f XPS binding energy peaks. Both samples have equivalent peaks with no

shift in the binding energy.
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Magnetron

Intensity (arb. units)

Cathodic Arc

540 536 532 528 524 520
Binding Energy (eV)

Figure 3-3: Oxygen 1s XPS binding energy peaks. Both samples have equivalent peaks with no

shift in the binding energy.

With sensitivity factors applied, the normalised areas of the spectra are compared to acquire the
relative oxygen/tungsten atom ratio within the film area. The stoichiometry of the sputtered and
cathodic arc deposited films was determined to be WO, g; and WO, 73, respectively. These films
were found to be close to stoichiometric, with a slightly reduced oxygen concentration,

probably due to preferential sputtering of oxygen during the sputter clean.

3.3.2 Cross sectional transmission electron microscopy (TEM)

Cross-sectional TEM images are shown in figures 3-4a and 3-4b for the pulsed magnetron and
pulsed arc samples respectively. The figures show the glass substrate on the left hand side of
the TEM micrographs, the sample running down the centre of the micrographs and sample
bonding glue used for the TEM sample preparation on the right hand side. The pulsed
magnetron sample (shown in figure 3-4a) appeared to be highly disordered and crystallites were
not able to be found within the film. This was confirmed by the selected area diffraction image
of the area shown in figure 3-5a in previous work [33, 37] . The rings around the centre spot of

the primary beam indicate that the sample is highly disordered, and it was not possible to index
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this diffraction pattern. Amorphous WO; has been seen previously in thin film form deposited

both with magnetron sputtering [37] and other deposition techniques [6, 21].

The pulsed cathodic arc sample is shown in figure 3-4b. The TEM image shows small
crystallites within the sample and the film itself appeared darker than the pulsed magnetron
sample. The inset of this figure shows a high resolution TEM image of one of these crystallites,
which reveals a highly ordered crystal lattice. Figure 3-5b shows the selected area diffraction
pattern of this area and it can be clearly seen that this area exhibits a highly ordered crystalline
structure. The pattern has been indexed to the a-WO; phase. This is an interesting result given
that previous investigations of WO; films prepared using physical deposition methods have
exhibited a y-WO; structure [20, 22, 24]. The energetic plasma associated with cathodic arc
deposition clearly had an impact on the microstructure on the resulting WO3 producing the high

temperature a-phase with improved crystallinity.
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200nm
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Figure 3-4: Cross-sectional TEM Images of the deposited films. (a) Magnetron sputtered sample

(b) Cathodic arc sample. Insert: high resolution image of cathodic arc sample.

49



Figure 3-5: Selected area diffraction patterns of the (a) magnetron sputtered [33] and (b) cathodic

arc films shown in figure 3-4. The diffraction pattern in (b) has been indexed to a.-WOs.
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3.3.4 Electron energy loss spectroscopy (EELS)

Figure 3-6 shows the oxygen K-edge measured using EELS from the pulsed magnetron and
pulsed cathodic arc deposited coatings. The main features have been labelled A-H for clarity.
Due to experimental error in the offset associated with EELS data, the spectra have been
aligned such that peak ‘A’ has been fixed to 530.7 eV, the value measured by Purans et al [24]

in the work performed previously using XAS of a magnetron sputtered y-WOj; film.

The features in the EELS spectrum of the pulsed magnetron sample are broad, probably the
result of a high level of disorder within the film. In contrast, the fine structure of the pulsed
cathodic arc sample is more distinct and has well defined features. It also includes an additional
peak located at 551.7 eV (labelled “G” in Figure 3-7) which has an intensity dependent on the
angle between W-O-W atoms [24]. The large peak intensity observed here indicates that there
is a near linear atomic chain, an indication of orthogonal axes and further evidence that the

tetragonal a-WO; phase is present.

C/D  EF

Magnetron

Cathodic Arc

Intensity (arb. units)

530 540 550 560 570
Energy (eV)
Figure 3-6: Oxygen K-edge EELS spectra for the 2 experimental samples where (a) refers to the
film deposited by magnetron sputtering and (b) refers to the cathodic arc deposited film. The main

features have been labelled for clarity.

51



3.3.4 Local density of states (LDOS)

The oxygen local s and p projected density of states (DOS) calculated using FEFF8 for the o
and vy phases are shown in figure 3-7. Differences in the DOS are clearly seen between these
phases, particularly in the pDOS above the Fermi energy which is expected to be reflected in

the NES of the corresponding oxygen K-edge.
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Figure 3-7: The local s and p projected density of states for oxygen calculated using FEFF8 for the

o and y phases of WOs.

3.3.5 Energy-loss near edge structure (ELNES)

The real space approach employed in FEFF8 allows the variation in the near edge structure as a
function of cluster size around the absorbing atom to be explored. Using this information the
relative intensities of the features in the near edge structure were studied to gain an
understanding of the physical structure of the films. Figure 3-8 shows the variation of NES
(left) on the oxygen K-edge calculated using FEFF8 as the cluster size (right) is increased for

the a-WO; phase. The basic edge shape is formed for a small cluster consisting of an oxygen
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atom bonded to its two adjacent tungsten atoms. The dominant first peak (A) appears when the
absorbing oxygen atom is surrounded by its eight nearest oxygen atoms, four from each
adjoining octahedral unit. The next significant change in the oxygen K-edges occurs for a
cluster size of twelve atoms, when the two adjoining octahedral units are completed and peaks

C/D and E/F form.

In a study by Purans [24] the electronic origin of these peaks has been deduced. Peaks A and B
arise from empty oxygen 2p states which are dependent on the occupancy of the conduction
band and the degree of covalency of the atom. The more covalent the bonding in the material,
the more intense these peaks will be. Peaks C and D arise from the hybridisation of the 5d
tungsten electrons and the 2p oxygen electrons and is strongly influenced by the distortion in
the WO, octahedra. The intensity of these peaks is a measure of the symmetry of these
octahedra. Peaks E and F are attributed to the tungsten 6sp to oxygen 2p 