The University of

Nottingham

UNITED KINGDOM - CHINA - MALAYSIA

Magnetron sputtered thin films and composites for
automotive and aerospace el ectrical insulation

Benjamin Vincent Timothy Hanby

Thesis submitted to the University of Nottingham for the
Degree of Doctor of Philosophy,

May 2019




Declaration

Declar ation

| Benjamin V. T. Hanby, herby certify that this thesis has been composed by myself
and that it is arecord of my own work over the period from October 2015 to October
2018.

Except where specific reference is made to other sources or collaborators, the work
presented in thisthesisis the original work of the author. It has not been submitted, in

whole or in part, for any other degree.

Benjamin V. T. Hanby




Acknowledgements

Acknowledgements

I would like to acknowledge the support of my supervision team David Grant, Miquel
Gimeno-Fabra and Christopher Gerada for their wealth of knowledge, support
throughout my studies and providing funding so | could complete this work. Special

mention also goes to Bryan Stuart who pushed me to be my best.

I would like to thank staff at the university of Nottingham NMRC facility specifically
Christopher Parmenter and Michael Fey for FIB lift out and TEM characterisation.
Additional thanks go to Colin Grant of Bradford University and Jonathan Moffat of
Oxford Instruments for carrying out AFM DB measurements on thin film samples.

| would also like to thank the following technical staff for training and advice on
characterisation and preparation instrumentation through the course of my work: Nigel
Neate, Hannah Constantin and Max Mason (all Wolfson), Martin Roe and Beth Steer
(both NMRC) and Nick Botterill. Additionally | would like to thank Rory Screton,
Graham Malkinson, Matthew Carrington and John Kirk for assistance with machining

and rig development.

| would also like to thank my friends and colleagues for their support and for making

my doctoral studies such an enjoyable experience.

Finally | would like to express my gratitude to Vilma, Mum, Dad and the rest of my

family for unconditional proof reading and unwavering confidence in me throughout.




Abstract

Abstract

Ceramics are highly prised as insulating materials because of their high stability under
demanding conditions (thermal, chemical and radiological). However, the use of
ceramics as wire insulation is currently limited to powder packed and relatively thick
low voltage coatings. This work follows the development of sputtered Al>Osz and
Al203, SIO2 and TaxOs composite films as deposited onto copper. Copper disk studies
will ultimately be translated onto Cu wire for a proof of concept study.

Initial Al2Os deposition utilised RF or DC sputtering but this found to have low
deposition rate (up to 16 nmh?) and to contain crystallite and metallic defects (up to
19.6 at. % Al°) respectively. These issues were addressed by introducing pulsed DC
(PDC) deposition conditions, producing films with no crystalline or metallic defects
(up to 146 nmht). The dielectric strength of PDC films measured by AFM time
dependant dielectric breakdown was 310+ 21 Vum™, higher than that of the DC
deposited films which had a dielectric strength of between 165+ 19
and 221 £ 20 Vum™. A dielectric strength of 310 Vum™ is suitable for applications
with a voltage rating below 150 V and is aso a good platform for the production of
higher quality coatings. The mechanical properties of the filmsdid suffer from alower
amount of blending a the interface, DC pull off strength was 25.8+9.8
- 72.3 £ 5.6 MPawith the PDC pull off strength being 55.7 + 2.9 MPa). Wires coated
with such PDC Al>O3 showed promise with full circumference coating, however, short
circuiting was apparent in the wires potentially caused by micro cracking induced
either during or post deposition.

The use of multilayer composites consisting of the aforementioned PDC Al>Oz and RF
SOz or RF TaxOs resulted in significant gains with respect to the material’s electrical
properties. The films deposited with 2 layers of each PDC Al>Oz and the RF addition
performed best in terms of dielectric strengths of 513 + 18 and 466 + 86 Vum™ for
TaOs and SIO> composites respectively. The success of the 2x2 layer configuration
resulted from a compromise between the number of RF layers and their thickness. The
mechanical properties did, however, suffer as a result of increased intrinsic stress
caused by the use of multilayers of materials with varying expansion coefficients,
reducing pull off adhesion strength to a maximum of 34.4 + 4.4 MPa, where ideally
the pull off adhesion would be above 80 MPa.




Abstract

Heat treatment of these coatings resulted in decreased adhesive properties, with a
maximum pull off adhesion strength of 20.1 + 0.9 MPa being apparent. Most of the
electrical properties remained the same or were decreased by heat treatment, however
the dielectric strength of the SIO> composites improved by an average of 12 %
resulting in a maximum dielectric strength of 517 + 24 Vum™ dueto areductionin the
defect density in the films. Conversely the electrical properties of TaxOs composites
suffered greatly following heat treatment with a maximum dielectric strength of
358 + 31 Vum™. Thiswastheorised to result from Cu migration from the substrate and
the potential for TaxOs to crystallise at temperatures close to 500 °C.

Coating of Cu wires with PDC alumina was shown to be possible, with coatings of
variousinterlayer and coating thickness. Characterisation showed that the wire coating
rig enabled the whole circumference of the wire to be coated with alumina. Tensile
testing resulted in transvers cracking followed by longitudinal cracking above an
applied strain of 1.5and 4.0 % respectively. Following heat treatment the copper
substrate softened and resulted in delamination failures in the coatings during tensile
testing. Electrical testing of the wires was inconsistent due micro cracking in the wire

coatings.

It has been shown that the use of mixed material composites sputtered by PDC and RF
sputtering have potential as high dielectric strength insulating materials, improving
upon the base Al>Os believed to be a result of passivation of structural and
compositional defects. Additionally, it has been shown that physical vapour deposition
in conjunction with amodified sample holder can be utilised for coating of bare copper

wire with the potential to act asisolative coatings.
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1: Introduction

1 Introduction

1.1 Dielectric coatings

Dielectric materials are key for many components used in the electronic industry, such
as transistors and capacitors, as they can provide electrical insulation and charge
storage whilst maintaining thermal conductivity [1,2]. Thin ceramic materials are
already well accepted in the microelectronics industry with tantalum pentoxide a
stalwart of capacitor technology, where it is utilised as a dielectric layer between the
anode and cathode, in widely available tantalum capacitors [3].

One of the biggest uses of insulating materials is as magnet wire insulation, which is
used heavily in motor windings. Wire insulation comes in many forms and can be
composed of many kinds of materials such as polymers and ceramics. It is often
selected with a specific application in mind, taking into account environmental and

operational factors.

1.2 Market for Insulation and cable materials

The market for wire insulation is driven by three main industries: construction, power
and communication. This is a market completely dominated by poly vinyl chloride
(PVC) and poly olefins consisting up to 85 % of the market according to estimates
made by Frost and Sullivan in 2012, with the market for electrical insulating materials
set to be worth 9.58 billion (USD) by 2021 [4,5].

These markets become especially important when considering the recent drive towards
“more electrical aircraft” (MEA); for example the need to develop insulation to
facilitate a higher number of windings which can be used to modify the electric field,
for example an increase in the energy density of 4 pole permanent magnet motor from
286.5 to 573 kJm3, resulted in the output power and starting torque increasing by 25-
30 % [6]. Other research focuses on the use of creative winding motifs to increase
motor efficiency and power density, by improving the copper fill factor to ca. 90%
such asin the orthocyclic patterns discussed by Stenzel et al. [7,8]. The wires have the
potential to help replace pneumatic and hydraulic systems with electrical power
transmission in the form of cabling and windings. An increase in thermal stability of

insulators would also help to facilitate an increased packing density and potentially a
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reduced weight because a smaller core could be used to accommodate the same
currents (because the thinner wire has a higher resistance meaning more heat would
be generated for the same applied current) [9]. Kilometre lengths of coated wire would
be needed to utilise these benefitsin every motor winding, see Figure 1.1. The amount
of wire depends on the number and the volume of windings, fill factor and wire

thickness, once these parameters are known the wire length can be calcul ated.

Magnet wire in electric motors and actuators is of particular importance when
considering the growing number of electric vehicles (EV), because of their key rolein
motor windings. The EV market is projected to grow to 150 million units by 2030 with
one of the most telling predictions made by the international energy agency being the
complete el ectrification of two wheel vehicles by 2055 [10].
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Figure 1.1: Schematic and image of the windings in a brushless single-phase
brushless DC motor [11].

There are also many other challengesin MEA, such as the design and selection of the
most suitable type of motor as discussed by Hashemnia and Asael, [12]. This study
showed that the type of motor implemented needs a number considerations with
respect to cost/ efficiency and model of motor for instance, brushless DC motors can
offer higher efficiencies because thelack of abrush, however, they typically cost twice
as much as brushed DC motors and whilst high efficiency motors (IE2) have a larger
starting cost than alow efficiency motor (IE1), for example Torrent et al. have shown
that an IE2 motor running at 300 W could save more than 800 €/year compared to an
IE1 motor [13].
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Consideration towards the bulk wire material has led in most cases to the use of Cu,
because of itslow resistivity (1.68x108 Qm) [14]. Whilst materials such as Al, Ag and
C could provide aternative cores: cost (for instance to wind the electric motor of a
Toyota Prius with Ag would cost $4,118, compared to Cu $572) and higher electrical
resistivity (with Al 2.65 x108 Qm) are amongst a number of properties seen to be
obstructive. Composites are also an attractive option for decreased resistivity at higher
temperatures (for instance Cu carbon nano tube composites can have average
conductivity 20% higher than Cu) [15,16].

1.3 Historical wireinsulation solutions

Sincethe development of electrical systems such asthe dynamo, devel oped by Faraday
in 1821 and the introduction of Volta's Voltaic cell ways to isolate current have been
sought, in order to prevent short circuiting, damage and injury. Early solutions
included the use of impregnated papers as well as fabrics modified with organic
varnishes. The shortcomings of these methods soon became apparent such as their
bulk, susceptibility to moisture and tendency to stick to themselves in storage became
clear. Silk was employed to address these shortcomings, being wound in a helical
pattern around the wire [17,18]. Currently textile coatings are rarely applied and are
used primarily for decorative purposes.

Rubber insulation was also commonly implemented in the early part of the 20"
century, a number of different fillers were subsequently used alongside rubber. Kerite
was one such material, developed by A. G. Day, who combined it with rubber to
produce insulation with improved moisture and temperature resistance (capable of
running at 1.1 kV) [19]. Rubber insulation was the only polymeric insulating material
used until the 1930's when it was replaced by synthetic polymer materials due to
dielectric strength and cost improvements, including polyvinyl chloride (PVC —often
used with an outer coating of nylon) and polyimides such as Kapton® which has
improved thermal resistance properties, see Table 1.1 for some typica properties of

historically employed electrically isolating materials[19].
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Table 1.1: Historical wire insulation solutions

diclectric Thermal

Example -
. Cons strength  stability ref
Materials .
(Vum™)  (°C)
silk,
Textiles/ e Bulky
cotton, 51.13 155 [20,21]
papers e Moisture sensitive
flax etc.
e Poor properties
Paper/
without 120 105 [21,22]
boards _ _
impregnation
e Bulky
Sand, e Difficult to form
Minerals mica, e Terminals needed / 1000 [23]

asbestos e Moisture sensitive
o (difficult to repair
Bakelite, e Brittle
modified e Hazardous 9.8-16 230 [24]

rubber chemical synthesis

Manmade

insulation

1.4 Current wireinsulation solutions

Wiring insulation is often selected from commercialy available materials and not
specifically tailored from research. The insulation solutions typically employed in
different wiring systems vary depending on electrical, mechanical and structural
requirements. Systems need to be rated for purpose; for instance domestic electrical
insulation for AC 230 V at 50 Hz requires a minimum resistance of 1 MQ. Above
1 kV a typical guide is that 1 MQ resistance needs to be added for every additional kV
[25]. The breakdown voltage must also be considered and rated accordingly to the
required operating voltage.

ASTM D1676 “Standard Test Methods for Film-Insulated Magnet Wire” contains
many material characterisation methods which should be used in order to test the
electrical properties of wire insulation and provide proof of its suitability. The main
methods set out in this standard are wide ranging but include AC breakdown methods
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utilising wire pairs to determine insulation dielectric strength [26]. The following

subsections consider current polymer, composite and ceramic insulation solutions.

141 Polymers

Wires are commonly coated with polymeric materials, such as PVC and polyimide,
brand name K apton®, commonly used where arelatively high temperature stability up
to 300 °C isrequired. Magnet wire is normally supplied as enamelled, and despite the
name this coating is actually a thin coating of polymer (such as polyimides,
polyestherimides and polyamide-imides) with a thickness in the region of around
20 um [27].

Key considerations of polymers include degradation and thermal stability because of
arc tracking in aged insulation. Arc tracking is an event caused by the creation of a
conductive pathway in insulation due to carbonisation of the polymer material. This
pathway then allowsthe creation of apotential difference between multiplewires. This
can result in short circuiting and potentially an arc can then be sustained between these
wires resulting in further damage to the insulation [28]. This kind of breakdown in
polyimide films has been an issue in the past and was researched by NASA and the
FAA among other groups, who showed that the use of polyimide laminated with SiOx
and fibreglass meant that “ disastrousflashover” didn’t occur, whereit did in polyimide
films [28]. Breakdown of this kind has been overcome with the application of
composite materials, summarised in the following section. Another down side of
widely used polymer insulation is that it limited to low temperature operating
conditions below 300 °C as shown in Table 1.2 along with other selected properties.

Table 1.2: Electrical properties of selected polymeric materials.

Dielectric Didlectric Volume Max.

Strength  Constant  Resistivity Operating Ref.

(Vum')  at1MHz (Qcm) temp. (°C)
u-PvC 14 2.7-3.1 106 75-105 [29]
Polypropylene 30-40 2.2-2.6 10%6-10%8 128-126 [29,30]
Polyethylene 27 22235  10%5-1018 80 [29]
Polyimide 22 34 1018 249 [29,30]
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1.4.2 Compositeinsulation

Composite insulation materials such as multi layered materials and materials
containing ceramic fillers have been used to enhance coating properties. Current wire
insulation solutions often contain multiple layers of insulation, consisting of multi
sheathed polymer materials, such as polyimide/fluoropolymer composites (such as
tufflite 2000) or the polyimide/SiO«/fiberglass composite mentioned earlier, for their
arc track resistance [31]. Polyimideis utilised in many of these wires especially those
that require higher operating temperatures (260 °C and below) [32].

Nano-filler inclusion (< 10 wt% and < 100 nm particle size, otherwise known as
micro-composites) into polymer insulation provides a number of improvements in
thermal, electrical and mechanical properties over traditional polymers. The addition
of alumina trihydrate fillers can be used to achieve improved arc tracking resistance,
for example by adding 130 phr of the alumina trihydrate a ca. 60 s increase in arc
resistance time to 420 s was achieved in high temperature vulcanised silicone rubber
[33]. The thermal stability of hydrogenated butadiene rubber was increased from 460
to 484 °C with theinclusion of 16 phr sepiolite [34].The addition of ceramic fillers has
also been explored to increase the thermal conductivity of polymeric materials, the
addition of 40 wt% silica nanoparticles to epoxy has been shown to increase the
thermal conductivity from ca. 0.22 to 0.29 WmK ! [35]. Specifically with respect to
improvement in electrical breakdown the addition of exfoliated BN nano sheets to a
polymer matrix, as shown by Xie et al. can be used to improve breakdown strength
(with 6 wt% exfoliated sheets and 5 wt% BaTiOs a breakdown strength of 400 Vum™
was achieved, which was 40 % higher than the BaTiOs and polymer aone). Thisis
because of the sheets high resistivity and fine dispersion acting as an effective barrier
to charge conduction [36]. A review by Zhang et al. has explored the benefits of
composites with respect to both thermal conductivity and electrical insulation. The
work concluded that a high loading (> 30 vol.%) of ceramic was needed to take
advantage of improved properties. For example the thermal conductivity of epoxy
composites increased from 3.60 to 13.46 WmK -1 when Al.Os loading was increased
from 55 to 70 vol.%, however, with some fillers chemical modification is required to

negate an increase in conduction when added to the composite [37,38].
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1.4.3 Ceramic coated wires

Commercial ceramic coatings applied to wires are available, such as those produced
by Ceramawire, who use a large combination of oxides within their coatings as listed
in Table 1.3. These coatings are applied to Ni and Ni coated copper wire for
applications such as coil or stator winding, with maximum temperature and voltage
handling of 540 °C and 150 - 200V (wire gauge dependant) respectively and a

minimum warrantied bending radius of 7 times the wire diameter [39].

Table 1.3: Composition of Ceramawire ceramic wire coating

Component % By Weight
Lead Oxide 30.0-50.0
Titanium Oxide 15.0-25.0
Silicon Dioxide 15.0-25.0
Magnesium Dioxide 8.0-15.0

Boron Oxide 1.0-5.0
Nickel Oxide 1.0-3.0
Manganese Dioxide 1.0-3.0
Cobalt Oxide 0.5-2.0

Aluminium Oxide 0.5-2.0

Other ceramic coated wires are available, with ssimilar wires produced by Compagnie
Générale des Plastiques; both products can suffer from poor moisture handling, low
voltage rating (similar to the ceramawire with a maximum 150 V), and both have a

similar maximum continuous operating temperature of 500 °C [40].

1.5 Magnet wireinsulation solutions

With aclimate which is shifting towards el ectrifying power transition systems, magnet
wire is set to play a huge role in power transmission. Magnet wire is named as such
because it is used to convert electrical to magnetic energy, hence is used extensively,
specifically in components containing windings such as electric motors. These wires
consist of acopper core with an “enamelled” coating which consists of alayer of resin
varnish. These coatings are usually formed of various polyimide polymers and have
evolved from earlier textile coatings as discussed previously [41]. High temperature
stability (> 300 °C) in insulating materials is of high importance for improving
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insulation lifetime and applicability for high temperature environments, such asin the
wires discussed in the previous section, which have maximum operating temperatures
of 540 °C.

Sol derable magnet wires were developed in which the insulation is decomposed at the
soldering temperature, leaving bare copper. Materials such as polyurethane which
decomposes at 360 °C are incorporated into composites for this reason. Payette
showed that increasing the amount of urethane groups improved the solderability, a
reduction in imide groups was also found to improve solderability to the detriment of
the thermal stability, where the modified coatings typically had a maximum thermal
rating of 155 °C [42].

1.6 Summary of issueswith current wiring systems

Polymeric coatings are the most commonly used insulation, whether in the form of an
extruded or varnished material. Chemical resistance and inertness can be achieved by
modifying the use of different polymers and multilayers[37]. However, thereisalack
of commercialy available polymeric coatings which can provide reliable insulation
above ca. 260 °C, which is somewhat limiting in the design aspect of high temperature
devices. Thus, a coating which is stable at high temperatures is crucial for further

development of high temperature stable apparatus.

1.7 Coating production methods
The following section will explore the established methods for wire coating as well as

some of the research conducted on wire coating for electrical and other applications.

1.7.1 Polymer coated wire

Typicaly polymer insulation has been applied using extrusion techniques whereby the
wireisdrawn through extruded polymer following annealing of the Cu to remove work
hardening after drawing. Control systems are used to make sure of consistent coating
thickness and quality [43]. Often multiple polymer layers are needed as discussed
previously, such as the combination of nylon and polyimide for arc protection.
Polymers can also be dip coated requiring the use of appropriate concentrations where
an increased concentration results in increased viscosity and coating thickness
(typically of the order of 1um), whereby film uniformity is dependant on drainage,
solvent evaporation and drying [44].
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Magnet wire insulation can be applied in a number of ways. Tapes and sheets are
utilised by companies such as DuPont ™ by combining heat sealable Kapton ® films
which are wound helically around the wire with fluoropolymer adhesive [45]. Ait-
Amar et al. also outline the typical coating process of drawing wire through trays
containing varnish dissolved in solvents. However, such processes are described as
heavily polluting as well as energy intensive. Ait-Amar et al. explored the potential of
polyester and polyester acrylate films deposited through solvent free methods as
magnet wire insulation. They found that a composite insulation produced wires with a
breakdown voltage of ca. 8000V comparable to the commercially available
(polyester-imide/polyamide-imide) wires, showing the potential for new coating
methods [27].

1.7.2 Ceramic coated wire

Methods for applying ceramic insulation include packing, dip coating and other
solution based methods. Packed insulation of MgO and to a lesser extent SO, and
Al203 are used in highly demanding environments. The properties which facilitate
include high temperature stability up to 1000 °C, ionisation resistance (where
MgO.nAl>Oz insulation can strongly resist the formation of defects under energetic
particle bombardment, e.g. no defects were found under irradiation with 1 MeV
electrons) and combustibility resistance due to the high thermal stability [23,46].
Mineral insulated cable generally consists of ametal sheath which contains conductors
packed into the appropriate insulator. Bulk ceramics can also be formed using a
herring bone conformation using pressing and joined along the length of awire. Whilst
this provides ample electrical insulation and a certain degree of flexibility (determined
by the size of the rings) this solution is extremely bulky and limited in use to vacuum

environments.

Chemical methods can also be used for the production of insulating coatings. Coating
of tapes of various composition in reel-to-reel systems has been studied by a number
of groups using sol-gel processing. Whereby the tape is drawn through appropriate
precursors and solvents, resulting in relatively thick coatings (> 50 um) of various
oxide components (including ZrO2, MgO, Y203 and CeO-) being required to achieve
a reasonable breakdown voltage of above 500V [47,48]. Benefits of this kind of
technique include its relatively low cost when compared to vacuum deposition

methods, ease of implementation of multilayers and doped structures (without

9
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necessarily needing large amounts of material) and ease of implementing areel to reel
system. However, films produced through sol-gel and dip coating processing suffer
from porosity which is one of the major breakdown routes in ceramic insulators and
whilst thisis abonus in some applications such asin filter materials it can be seen as
detrimental to isolative films because of breakdown and pre-breakdown conduction
[49,50]. An additional issue with sol-gel coating is that the production of precursor
materials can be time consuming, for instance production of TiO powder by Liang et
al. required the hydrolysis of tetrabuty! titanate and required 12 h to form the TiO2 sol
[51].

Other methods for deposition had been considered for coating of wires, such as
chemical vapour deposition (CVD), which can be assisted in many ways such as with
a plasma or highly ionised pulsed magnetron sputtering (HiPMS). However, the
expense of additional equipment (a HiPIM S power supply can cost three times more
than a DC power supply of a similar power) and relatively low deposition rate
(deposition efficiencies for HiPIMS range between up to 40 % of conventional
magnetron sputtering) were seen as additional barriers to coating and thus such

methods were not considered further [52-54].

Cost is often cited as a draw back for the use of plasma/ sputtering based technol ogy,
however, a continuous process could be utilised to coat kilometre sections of wire
relatively quickly, creating a high through put process. This combined with the use of
inexpensive starting materials (such as aluminium and copper targets) and reactive
sputtering could also keep the cost of raw materials down. The improved structure and
electrical properties of PVD films results in a higher dielectric strength, whilst lower
thickness also allows potential improvements in flexibility as shown by the higher
fracture strain in the thinnest RF sputtered ZnO:Al films deposited by Mohanty et al.
[55].

10
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2 Aims and Objectives

Theaimsof thisstudy areto produce highly isolating ceramic films, which adhere well

to copper and offer a potential increase in thermal stability and packing density

compared to commercially available insulation. Ideally for use in motor windings and

actuators for electrical vehicles.

To achieve this aim a number of key objectives were considered:

1

Investigation of different approaches to sputtering Al>Oz onto copper by
examining the potential selection of: power supply options (RF, DC and pul sed
DC) and the tuning of deposition parameters (including optical emission
intensity, deposition bias and film substrate interface), in order to optimise
Al>0s films so that they possess suitable electrical properties including a
dielectric strength above 500 Vum™ and would aso be adherent to copper.
Explore the potential of multilayers of PDC Al>O3 and different RF sputtered
ceramics, to further enhance the dielectric strength of the sputtered coatings by
up to 50 %.

Develop a processing route through which suitable coatings will be applied to
copper wire substrate, to produce wires suitable for winding applications.
Examine the role of temperature on adhesive and electrical properties through
heat treatments on these films. Thiswill help assess the films potential as high
temperature insulation coatings above the traditional limit of 300 °C and to

observe any change in properties upon annealing.

11



3: Literature Review

3 Literature Review

3.1 Physical Vapour Deposition

Physical vapour deposition (PVD) is aterm used to describe a variety of techniques
whose basic principle is to use physical methods (such as plasma) to vaporise atoms
of adesired material which are then allowed to condense onto a substrate. This method
allows the deposition of films from <1 nm ranging up to 2 um, of any material which

can be used to produce a suitable target.

3.1.1 Sputtering

The origins of sputtering lie in the creation of the first glow emission in vacuum
chambers. Very early development of plasma was credited to Faraday in 1853,
whereby passing a current through a low pressure working gas created a glow
discharge [56]. Other early work on plasma was carried out by W. Crookes who
experimented with discharges in vacuum tubes as discussed in hislecture “ On Radiant
Matter” [57,58]. In its infancy, and possibly the first documented use of plasma as a
method for deposition, sputter deposition was used by Grove in 1852 to coat polished
silver surfaces [59-61]. All of these discharges consist a state of matter (Plasma)
whereby electrons in a low pressure gas are liberated from their atom creating a

positively charged atom with an electronically neutral state of matter overall.

The typical profile for a plasma discharge between a cathode and anode, confined
within a glass tube with alow pressure working gasis shown in Figure 3.1 [62]. It is
also important to note here that there is the potential for different kinds of discharge
depending on the working gas pressure and the applied current. Of such dischargesarc
evaporation is also another physica method, which can be used for coating and

involves using a higher discharge current.

12
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Figure 3.1: Schematic of the regions of a typical glow discharge between a cathode
and anode with a low pressure working gas [62].

Great improvements have been made upon the base technique with the improvement
of vacuum technology and implementation of magnetrons, solenoids and varying
power supply options among other techniques. Sputtering processes and the

improvement of deposition equipment will be discussed in the following section.

3.1.1.1 Sputtering Theory

At its core sputtering technology relies on the use of an inert gas plasma to remove
target atoms by momentum transfer. In the plasma atoms of the working gas (usually
argon) become ionised by a voltage applied between the target and substrate, causing
the plasma glow and are accelerated towards the target. Target atoms are then sputter
gjected as neutrals through momentum transfer with these ions and can condense on a
substrate [63].

13
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Figure 3.2: Principles of sputter deposition, based in the TEER UDP-650. The
target is being sputtered using Ar, which isionised by the application of a potential
difference over the target and chamber which acts as the anode. The Ar ions then
bombard the target releasing secondary electrons and target neutrals, as shown in
the high resolution section. Bombarding species may also become embedded in the
target. It is also important to note that target poisoning due to the reactive gas can
become an issue in reactive deposition, whereby charge builds up on non-conductive

regions of the target leading to arc events [63].

There are anumber of phenomenawhich can occur at the target surface as outlined by
Mattox amongst others [63,64]; including sputtering, implantation, reflection and re-
deposition, see Figure 3.2 for a schematic of these phenomena at the target surface.

14
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3.1.1.2 Sputtering Parameters

As aresult of the physical processes occurring at the target and film surfacesit can be
seen that the processing parameters will play a large role in the properties of the
resulting film. The main effect of modifying a parameter is to modify the energetics
of the sputtered and sputtering particles. For instance chamber pressure, non-reactive
gas species and flow rate (determining the number of collisions) have the potential to
reduce the energy of sputtered particles resulting in films of decreased density as well
as decreased thickness because of lower energy and fewer sputtered particles reaching
the substrate [65]. These effects are the result of processes such as thermalisation,
where the energy of vaporised materia is lowered to that of the ambient gas and
scattering, where at higher pressures ions can undergo physical and charge exchange
collisions. It isfor these reasons that the substrate target distance is also key [63].

The target material and its surface binding energy plays arole in sputter yield; see
Figure 3.3a) for reference to the variance in sputtering yield for selected elementswith
respect to atomic number [63]. The shape and size of the target will also play apart in
film properties such as the increased plasma density offered by a hollow cathode
source, forming denser coatings through a higher level of ionisation [66]. Specific
material phases and structure such as grain structure can also effect sputtering. It is
worth noting that Ar is often the sputtering gas of choice because it is of a suitable
mass that it results in sufficient momentum transfer to sputter a large range of
materials, the cost compared to other noble gases is another attractive aspect of Ar
[59,63]. Anincreasein target power will also lead to an increase in deposition rate and
an increased plasmadensity, leading to improved crystallinity dueto the higher energy
sputtered species, as shown by research on the effect of target power and Ar pressure
on sputtered Ti films by Kavitha et al., see Figure 3.3b) for thickness power
relationships [65].
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Figure 3.3: a) Souttering yield with relation to atomic number when sputtering with
400 eV Ne' ions, reproduced from[60]. b) Target power and resulting film thickness
after 20 min coating froma Ti target, reproduced from [65].

Substrate biasing and sample heating are other optional parameters which some
equipment can utilise. Biasing of the substrate isapowerful addition which can modify
film composition and structure. The applied bias has the effect of bombarding the
growing film with energetic particles which can modify the growing film in a number
of ways such as heating, atomic peening, sputtering and contaminant desorption [67—
69]. A large number of benefits can be achieved through this ‘ion bombardment’ such
asimprovementsinintrinsic stressas seen by Cemin et al. for sputtered Cu filmswhere
grain growth was modified by bias application [70]. Kovac et al. aso showed an
improvement in defect density with the application of asuitable substrate biason Al-Sc
sheets [71]. Studies by Kelly et al. found that a high substrate bias was conducive to
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the formation of stoichiometric alumina[72]. Heating is also another route to inducing
morphology changes as it can be used to increase adatom kinetic energy resulting in
an increased film density [65]. This can be beneficial to afilm’s protective qualities as
demonstrated by the improved leakage current density with increasing substrate bias
for TiO films deposited by Chandra Sekhar et al. (1x10° to 1.41x10" Acmr2 when a
bias of 1.5V was applied)[73]. Increasing the energy of sputtered species through
ionisation has also been shown to be useful in creating crystaline films, such as in
HIPIMS[74].

3.1.1.3 Reactive sputtering

According to Mattox the first meaningful use of reactive sputtering was when Berry
deposited TN filmsfrom a Tatarget in an N atmosphere [63]. The processfacilitates
deposition of compound materials from metallic targets by the addition of a reactive
gas into the inert gas plasma. The sputtered target atoms will react with the reactive
species to form acompound. However, this does not exclusively occur at the substrate
surface [75]. This leads to one of the complications of reactive sputtering with direct
current (DC) power resulting in arcing at the target as charge builds up at the poisoned
sites. These problems are often mitigated by using radio frequency (RF) or Pulsed DC
sputtering enabling the sputtering of insulators and selective preferentia sputtering of
poisoned regions [63,76,77].

Generally because of the low atomic mass of the reactive gas (i.e. O2 or N2) they are
ineffective for sputtering so they are used in combination with a heavier sputtering gas
such as Ar [63]. Reactive sputtering, however, is a sensitive method since small
additions of reactive gas can lead to a change in the state of the target (i.e. metallic or
poisoned) meaning a means for gas control is crucia. The flow of gas is typically
controlled by mass flow, however, a hysteresis behaviour can be seen whereby the
sputtering rate is dependent on the reactive gas flow rate, because of the cycle on the

target surface between poisoned/ compound and metallic modes, see Figure 3.4 [78].
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Figure 3.4:Relationship between sputtering rate and reactive gas flow rate

reproduced from[78].

Gas flow can also be controlled by using an optical emissions monitoring system
(OEM, aso known as optical emission spectroscopy) as demonstrated by Schiller et
al. who carried out pioneering work showing that optical emission can be used in a
feedback |oop to maintain a desired stoichiometry [79]. Monitoring of thiskind relies
on the observation of a certain emission wavelength determined by the sputtered
material, whereby the addition of a reactive gas will decrease the intensity and thus
can be used in conjunction with a feedback loop to constantly control reactive gas
flow. The selection of the desired emission line is outlined by Chen et al. for TiOx
sputtering [80]. This removes the need for constant manual adjustment to the gas flow
rate, to achieve reasonable deposition rates. The OEM relies on the control of the
plasma emission intensity, which is changed through the addition of a reactive gas,
where the plasma intensity when sputtering in 100% Ar is used as a calibration
[72,81,82].

Reactive sputtering is not limited to nitride ceramics, it can be used to deposit oxides,
oxynitides and diamond like carbon films (whereby a hydrocarbon species is used
whilst sputtering from a graphite target to promote the production of sp® C materials)
among other materials [83-85].
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3.1.1.4 Power supply options

Conventional DC deposition relies on the delivery of DC power to a metallic
sputtering target and is the simplest sputtering technique, this is the kind of power
which was used in early diode sputtering. DC sputtering has found use for metallic
films with high deposition rates which are dependent on the target material. DC
deposition can also be utilised to reactively sputter non-metallic material from a
metallic target, with sputtering rates lower than the pure target material, caused by
target poisoning [63,86]. However, as mentioned previously target arcing becomes a
problem (with respect to target, power supply life time and coating quality) once the

target becomes poisoned by the reactive gas, see section (3.1.1.3) [87].

Pulsed DC deposition — developed in the early 1990's - is more suited to the
deposition of ceramic materials than reactive DC sputtering because of the target
charge neutralisation and reduction in the build-up of target poisoning offered, as a
result of periodic reversal of applied voltage[88]. Unlike when utilising RF sputtering,
itispossibleto control the frequency and duty cycle at which the power is pulsed when
using pulsed DC power, see Figure 3.5. The duty cycle and the pulse frequency,
typicaly between 20 and 60 kHz, can be controlled in order to optimise arc free
deposition time [87]. The pulsing of the supplied power alows the preferential
sputtering of contaminant material from thetarget surface asthebiasisreversed during
the deposition, alowing any surface charges to be neutralised and thereby preventing
arcing. This also has the effect of creating a higher potential difference between the
poisoned surface and results in the preferential sputtering of this material, meaning
that the surface contaminants can be controlled [89].
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Figure 3.5: Schematic of the voltage sequence in bipolar pulsed DC sputtering,
showing the cycling used to alleviate charging on the surface dielectric materials.
Taken from [90].

HI1PIM S methodology uses apulsed profile aswith pul sed power sputtering, however,
it is differentiated by the use of extremely short pulses (ca. 100 ps, to avoid arcing
during deposition) at high power with peak powers up to 100 MW [77,91]. These high
power pulses produce a highly dense plasma, with a much higher degree of ionisation
in the sputtered material, because of the self-sputtering which takes place at the target
[92,93]. This dense plasma is useful for creating highly dense defect free films. The
benefits of ion bombardment resulting from the higher amount of ionisation have been
discussed previoudly, see section (3.1). The downside of this technique is the start-up

cost coupled with the potentially low deposition rate [94].

Radio frequency (RF) deposition isatechnique which requiresthe use of aRF power
supply in conjunction with a matching unit to supply power to atarget. This method
of sputtering was developed in the 1960’'s by Davidse and Maiseel for sputtering
dielectric materials [95]. RF power is delivered at radio frequencies, typically
13.5MHz. RF deposition is commonly used to deposit ceramics from compound
targets, because during sputtering the target is alternatively bombarded with electrons
and ions [91,95]. Despite sputtering from compound targets materials can still benefit

from the inclusion of areactive gas (during sputtering or as a conditioning stage), with
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regards to stoichiometry and structure, such as improved stoichiometry of Al2Os

deposited using RF reactive sputtering from a ceramic target as noted by Bhatia [96].

However, there are drawbacks to RF power, including high equipment cost and low
deposition rates when compared to DC deposition. The use of compound targets also
needs to be considered because of potential for preferential sputtering, varying surface
binding energy and the effect of different target power on such, such astheincreasein
Al liberation seen when sputtering from an Al>Os target at higher powers as sputtered
by Reddy et al. [88,97].

3.1.2 Magnetrons

Magnetrons are magnetic arrays which are placed behind the sputtering target and are
used to contain the secondary electrons close to the target (electrons movein ahelical
path due to the non-uniform magnetic field lines). The helical path causes electrons to
have alonger free path, thus they have the potential to ionise more of the working gas
close to the target see Figure 3.6 and Equation 1. It has been shown that the deepest
erosion occurs at the point where the magnetic field lines are parald to the target

surface [98].

Equation 1: Velocity of electron in perpendicular magnetic and electric fields as

shown in Figure 3.6.

V,=Ex*B

E B

1O

;Vd

Figure 3.6: Helical path of an electron in perpendicular electrical and non-uniform

magnetic fields reproduced from [98].

Magnetron implementation has allowed considerable advantages over conventional
diode sputtering and they have become an integral component in sputtering equipment,
especialy inindustry because of improved deposition rates. It isimportant to note that

magnetrons do decrease the target utilisation when compared to standard diode
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sputtering, because of the increased target erosion directly below the high intensity

plasma region due to the confined electrons.

3.1.2.1 Varieties of magnetron

The magnetron sputtering method was developed by a number of researchers as a
response to poor deposition rates in diode sputtering, relying on the control of electron
motion near the sputtering target. Early work by GE among others to control the
electron density in many fields was followed by Chapin who patented a closed field
planar magnetron for sputtering applications [77,99].

One of the major benefits of magnetron sputtering is that the target can be cooled (as
well as the chamber) allowing the temperature to be moderated. This cooling benefits
the growing films because it inhibits diffusion of the target materials, allowing

stoichiometry to be maintained when sputtering compounds or alloys.

The fixed magnet configuration can be changed to provide a number of different
magnetron options, including balanced and unbalanced magnetrons. The differencein
these two is increased ion current density at the target on an unbalanced magnetron,
caused by an increase in the strength of the magnets in the outer ring relative to the
inner pole, see Figure 3.7 for aschematic of the magnetron systems, noting the magnet
sizes[100]. Work by Constantin and Miremad in the deposition of decorative coatings
showed the importance of the unbalanced magnetron on the decorative and mechanical
properties [101].

It is also important to note that in multi magnetron systems the plasma density can be
controlled even further by modifying the magnet arrangement of adjacent magnetrons.
In closed field configurations the magnets are opposite polarities and in the case of
mirrored arrangement the polarities are the same. A closed field reduces the losses of
electronsto the chamber and increases the plasma density at the substrates[100]. More
recently flat magnetrons have been developed by which a higher percentage of the
target material can be utilised, before the target must be changed, with a patent granted
to Clarke of Tegal for aflat magnetron design [102].
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Figure 3.7: Magnetron configurations and the resulting plasma density (top row).
Closed and mirrored field magneton arrangements (bottom row), all as shown by
Kelly and Arnell [100].
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3.2 Electrical breakdown in dielectrics

Electrical breakdown in dielectric materials occurs once the material’s insulating
properties deteriorate to the point where the material becomes a conductor. This will
occur if avoltage abovethat of the breakdown voltageis applied and may result in soft
(where the material can recover) or hard breakdown (where material is completely
broken down and will not recover) [103]. There are a number of mechanisms for
conduction in normally insulating materials, which can be grouped into two categories:
bulk and electrode limited mechanisms. Bulk limited conduction is dictated by the
material properties and electrode limited conduction is determined by the electrode
dielectric interface. There may be a number of conduction mechanisms operating at
one time [104]. A more comprehensive discussion of the electrical conduction in thin
films will follow an appreciation of the breakdown mechanisms in dielectrics. Hence
the following section will look at the factors which lead to breakdown within dielectric

materials.

Intrinsic breakdown is considered wholly related to the material and is the absolute
maximum field that can be applied before breakdown will occur, where the only
influences aretheintrinsic material properties and the temperature [105]. Theintrinsic
breakdown of amaterial relies on the evolution of charge carriers, which occurs when
the species gain energy from the applied voltage at a greater rate than it can lose it
[106]. When alow voltage electric field is applied energy gained by charge carriersis
lost relatively easily through phonon collisions. Under alarge enough applied electric
field an electron hasthe potential toionisethelattice. At thispoint more charge carriers
are created and an avalanche can occur breaking bonds in the material [50,105,107].

Extrinsic factors still play alarge rolein initiating breakdown (because measurement
systems are not ideal), factors such as surface defects, including chemical impurities
and voids in the film and variation in the materia structure as well as differencesin
the measurement configuration [105]. For instance, breakdown in polymer insulation
can also occur through arc tracking events caused by the production of carbonised
tracks which can conduct electricity as seen in a study of the pyrolysis of polyimide
by Stueber and Mundson [28]. The carbonisation of some materials depends on the
service time as well as the atmospheric conditions. The following section will explore

anumber of other breakdown mechanisms driven by external factors.
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Defects within the dielectric material such as crystal faults/grain boundaries, porosity
and contamination are potentially a route to breakdown in the material, acting as
charge traps or as sites for ionisation among other things [50,108]. These sites can
cause premature breakdown and iswhy careful consideration should be given to the
material production method to avoid such defects [109].

Electr omechanical breakdown relies on the maximum electrical stressamaterial can
withstand before breakdown. Mechanical instability will occur when the thickness
decreases by 40% (thinning is caused by build-up of charge on opposing sides which
causes an attraction). The breakdown occurs when the materials mechanical properties
cannot compensate for such attractive forces [110]. As a result of the mechanical
properties required, electromechanical breakdown is restricted to a number of low

strength and high ductility polymers such as polyethylene [111].

Thermal electronic breakdown occurs due to heating caused by the passage of current
and dielectric losses. Once the level of heat generated is above the heat that can be
emitted then the material will begin to undergo thermal breakdown, thus this kind of
breakdown takes a longer time to initiate, see Figure 3.9 [112]. Sawa has expanded
upon the mechanisms of thermal breakdown of polymeric dielectrics which included:
field impulse breakdown caused by field dependant electric conduction and
filamentary thermal breakdown [113].

Chemical/ electrochemical breakdown is caused by the action of the operating
environment on the material, such as the action of solvents, for example in the process
of Al anodization as discussed by Tajima the anodizing electrolyte dissolves the film,
producing a porous film, leading to premature breakdown [110,114]. Treeing and
tracking are essentially the stepped breakdown of materials between impurities/ voids
within the material. Failure of thisilk isusually caused by long exposure to electronic
stresses and contamination, such as those that cause arc events as discussed for

polyimide insulation [28,110].

25



3: Literature Review

10 um 100 um

Figure 3.8: Images of catastrophic breakdown sites on a) alumina thin film
produced using sol-gel methodology and b) anodised Ta>Os (mid grey) on sputtered
Ta (light grey) [49,111].

The breakdown of polymeric insulation is always considered catastrophic, where all
instances of catastrophic breakdown are considered electronic/thermal in nature
because of carbonisation (in the case of polymers), melting or vaporisation of the
dielectric material [115]. Breakdown spots in the film can often be characterised
through light or scanning electron microscopy, as seen in sol-gel Al20s films seen by
Yao et al. , see Figure 3.8 [49].

As evidenced by this section routes to increasing the dielectric strength often include
improving structure and decreasing the defect density, resulting in less weak spotsin
the film which could result in lower breakdown [108,109]. Other routes such as

composites as discussed in the introduction will be discussed further in section (3.13).
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Figure 3.9: Relationship between breakdown voltage and breakdown mechanism
with time and the different mechanisms which occur relative to both (reproduced
from[110]).

3.2.1 Breakdown (dielectric strength) measurements

Breakdown measurements can be made by applying an electric field across the sample,
with a voltage greater than that needed to initiate a current flow, as discussed above.
This can and often does include the measurement of current voltage characteristics
prior to breakdown. From these voltage characteristicsit is also possible to calculate a
materials resistance at specific DC voltages using Ohm'’s law. These results can also

facilitate characterisation of the conduction mechanism.

Breakdown voltages of thin films have been measured extensively for many kinds of
materials and the results are usually expressed in the form of dielectric strength the
breakdown voltage per unit thickness see Equation 2, with values often expressed in
Vum=[50].

Equation 2: Dielectric strength (Esp) as calculated from breakdown voltage (Vep)
and filmthickness d.

Vgp(V
Egp(Vm™1) = sﬁrgl))

Dielectric strength has been measured in a number of different ways, often utilising a
multi probe system and a high voltage power supply for analysis. Often aresistor is
placed in series in the circuit to prevent damage to the power supply on eventual
breakdown, voltage over such aresistor can also be used to calculate the current flow
[116]. It can be seen in the literature that the probe selection can have an effect on the
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measurement values and consistency depending on the material preparation, size and
probe material are of great importance, for the roles they play in interaction with
defects and space charge injection, see Table 3.1 [117]. For instance a smaller probe
contact area has been shown to result in a lower breakdown strength, because of the
more localised charge density, for example a ca. 50 Vum™ decrease in dielectric
strength of acrylic elastomers was seen with a decrease in probe radius from 1.0 from
2.5 mm when an initial stress of ca. 10 MPa was applied) [118]. Groner et al. have
utilised mercury probes for well-defined area of measurement on Al>Os films [119].
AFM instruments have also been used to measure the conduction and breakdown
properties of thin films, some asthin as 10 nm, as studied by Ganesan et al. [103,120].
Inherent benefits of these AFM measurementsinclude ability to avoid extrinsic defects
and provide consistent local area measurements in tuneable arrays. See Table 3.1 for
a summary of methods used to measure breakdown strength on different batches of

alumina.

Table 3.1: Measurement methods used to determine dielectric strength of Al>Os films
and typical dielectric strength values obtained.

Film thickness Didlectric
Probe type method Ref.
(nm) strength (Vum™)
(0.004 cm?)
ALD 12 530 [119]
Hg probe
(0.25 cm?)
Souttered 2000 80 [116]
Cu contact
(0.13 cm?)
Souttered 1000 620 [121]
Al Contact
(0.008 cn?)
Sol-gel 216 276 [122]
Au contact
2 1000
C-AFM ALD [120]
04 2000
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3.3 Conduction mechanismsin thin films

Conduction in insulating materials is awidely studied topic and a number of reviews
have been produced focusing on conduction mechanisms in insulators and oxide
materials. Conduction properties depend heavily upon the measurement system
(electrode substrate interaction) and material purity and structure [104,106,123]. The
following is a review of the conduction mechanisms that have been commonly
attributed to insulating materials. It is important to note here that in ultra-thin films
conduction can be attributed to direct tunnelling because the material is not thick
enough to eliminate the probability that the electron can exist on the other side of the
potential barrier [124]. Figure 3.10 displays diagrams of selected conduction

mechanisms.

3.3.1 Electrode limited mechanisms

Electrode limited mechanisms result from the interaction between the dielectric
surface and electrodes, where the most important parameters are: the barrier height
between the two materials and the rate at which electrons can be supplied by the

electrode. The most well-known mechanisms include:

e Schottky emission, whereby electrons areinjected from the electrode into the
conduction band of the dielectric. These electrons gain sufficient energy
through thermal excitation (leading to an increased probability of electrons
being in a higher energy state). Thus testing over arange of temperatures can
be used to help demonstrate a temperature dependence. Often this mechanism
is responsible for conduction in dielectric materials at high temperature.
Measurements of RF sputtered TaxOs films by Atanassove et al. indicated that
below a field of 1.3 MVcmt Poole-Frenkel or Schottky emission were the
driving conduction mechanism [125]. Atanassova et al. also reiterated the
importance of using thermal testing for more accurate mechanism
differentiation.

e Fowler-Nordheim (FN) tunnelling relies on electrons tunnelling through the
triangular potential barrier between the electrode and insulator. The electron
may penetrate this barrier when the applied field is high enough.
Measurements made at low temperature can be used to negate the effect of
thermally excited electrons on the current. Fowler-Nordheim conduction is
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often seen at high applied fields such as in 12 nm thick Al,Os and thermally
grown SO films as seen by Groner et al. and Lenzinger and Show
respectively [119,126].

Direct tunnelling as mentioned previously is a mechanism which relies on
the thickness of material being extremely low, creating a potential barrier
small enough that electrons can tunnel through the whole barrier. Often seen
in ultrathin films less than 40 nm [104]. This differs from FN tunnelling
because the direct tunnelling doesn’t rely on an applied voltage for electrons
to tunnel through the barrier, see Figure 3.10 for the difference in tunnelling

barriers for FN and direct tunnelling mechanisms.

3.3.2 Bulk limited mechanisms

Bulk limited conduction mechanisms in thin films depend entirely upon the rate at

which electrons can flow through the material, which is determined by the intrinsic

material properties (such as purity and crystal structure). Among these mechanisms

the following are some of the most prominent:

Poole-Frenkel Emission is a mechanism where electrons within the material
(which are held at traps) are thermally excited into the conduction band of the
material. Poole-Frenkel is a common conduction mechanism seen to be the
dominant in many films, such as in Boron Nitride (BN) and TaOs at high
applied fields[127-129].

Space charge limited conduction (SCLC) is a mechanism that is composed
of anumber of different conduction regimes. Initial conduction in the material
at low field is attributed to ohmic conduction, where the leakage current is
proportional to applied voltage, thisisfollowed by the trapsfilled limit, where
the current is proportional to square of the applied voltage until the charge traps
are filled. The final relationship obeyed is known as Child's law where the
current is proportional to the applied voltage because conduction at this point
Is governed by space charge, which limits the amount of additional charge
carrierswhich can beinjected. Thiskind of conduction has been seen in cobalt
phthalocyanine at high fields by Malik and Adbel-Latif [130].

Ohmic conduction is caused by the movement of free electrons in the

conduction band and or holesin the valence band. Due to the large bandgap of
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insulators there are very few electrons in the conduction band promoted from
valence or discrete energy levels. This conduction method is seen to be
particularly important in the low resistance state in resistive switching devices
and isseenin films composed of cobalt phthal ocyanine at low applied voltages

[130,131].
Thermionic emission Tunnelling
R
e €
Insulator Insulator\
Metal Metal Metal Metal
\
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Insulator Insulator
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Figure 3.10: Energy level diagramsfor MIM based electrical systems. Included are
thermionic mechanisms: Schottkey (top) and Pool-Frenkel emission (bottom) and
tunneling mechanisms. Fowler-Nordheim (top) and Direct tunneling (bottom) [104].
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3.3.2.1 Mechanism determination

Plotting graphs of the current and voltage characteristics can be used to determine the
relationship between the material and the conduction mechanism at different applied
fields [104,132]. For instance linear relationship between 1/E and In (JE?) could
indicate FN tunnelling as discussed by Chaneliere et al, usually occurring at high
applied fields [133]. Table 3.2 identifies the graphical relationships for the most

common conduction mechanisms.

Table 3.2: linear plot relationship for conduction mechanisms and plots of their

current voltage properties [104,132-134].

Mechanism Plot
Fowler-Nordheim (In(J/E?)) vs (EY)
Schottky (Ln(J)) vs (E¥?)
Poole-Frenkel (In(J/E)) vs (E¥?)
CLC (Ohmic conduction)
(Childs law)
Ohmic conduction (J) vs(E)

Determination of thermal dependence of the voltage current characteristics can help to
differentiate between electrode limited and bulk limited mechanisms, however, the
attribution can often be difficult as discussed by Ezhilvalavan and Tseng who explored
the conduction mechanisms of various TaxOs materials [135]. Additional graphical
analysis such as data fitting, can be combined with measurements at varying
temperatures to differentiate between electrode and bulk limited mechanisms as well
as divulging information such as the tunnelling or thermionic barrier heights. It isalso
important to note that other film properties may be useful for the full electrical
characterisation, for instance dielectric constant can also be useful for differentiation

between electrode and bulk limited conduction mechanisms [104,136].
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3.4 Mechanical properties and adhesion of thin films

This section will focus on the adhesion of sputtered films onto metal substrates and
analysis of different adhesion metrics. The mechanical properties of thin films vary
considerably from that of their bulk counterparts and are linked very closely to the
deposition mechanism, as well as the relationship between the substrate and film. Itis
these factors which determine the intrinsic and extrinsic stress in the films (intrinsic
stress results from the coating methods and extrinsic stress relates to the differencesin
thermal expansion coefficients) [137]. An idea of the differences in stress between
some deposited films can be gained by FTIR measurements as demonstrated by
Haanappel et al. who used saw peak shiftingin CVD Al20s films [138]. Some typical
values for the stress in sputter deposited films are given in Table 3.3. The stress
evaluation was generally measured by observing the variation in curvature of the
sample following coating in combination with Stoney’s formula, which is used to
relate the curvature to the average film stress.

Table 3.3: Stressin various sputter deposited films, in relation to working gas

pressure.
. Stress .
_ Deposition Pressure As deposited
Film measurement Ref.
method (mTorr) stress (MPa)
method
Optical beam 3.8 -150
Cu DC Sputtered _ [139]
bending 45 150
Surface 3.8 -1000
Ta DC Sputtered _ [140]
profilometry 7.5 1100
Optical beam 5.0 -90
SO, RF sputtered ) [141]
bending 20 -310
Light
J . -190
A0z  RF sputtered selection 30 23 [142]
profilometry

The design of the desired system isimportant with respect to the adhesion of the films
and the use of interlayers and careful surface preparation should be considered where

good adhesion is not inherent to the coating system. Interlayers have been utilised by
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many groups, specifically when binding metals and ceramics. Ti is a popular choice
because reactive metals that form stable oxides have been shown to exhibit good
adhesion to other oxides. For instance Ramos and Viera showed that an increase in
critical failure in Al>O3 coatings on high speed steel could be achieved by using a Ti
interlayer, additionally it was suggested that Ti was suitable for this system because of
its potential to react with oxygen from the substrate and the coating [143,144]. It is
also important to note that interlayers can be used to template the growth of crystalline
films, such as the use of CrO for sputtering a-Al>Os instead of amorphous films for
cutting tools [145,146].

The adhesion of thin coatings is of key importance when considering an isolative
coating with specific importance in the flexibility and durability of the resulting wire
before delamination becomes an issue. There are a number of reasons increased
thickness of the coating can modify mechanical behaviour. With increasing thickness
the effect of any ion bombardment of the sample becomes less when depositing onto
insulating substrates (if using aDC bias) and thusresultsin alower amount of mobility
during film growth, because the film acts as a barrier to the plasma flux. This effect
manifests because of the charging of the surface of the growing film/substrate (asit is
bombarded) and thus it is beneficial to use a pulsed substrate bias [147]. Another
reason for decreased adhesion properties with increasing thickness is the increase in
internal stress, as seen by Detor et al. who showed an increase in average stress of
beryllium films (sputter deposited at 10 mTorr Ar) from ca. 0.2 to 0.48 GPa with a
thickness increase from 0.5 to 2.0 um. A specific mechanism was difficult to assign in
this case and the increase was ascribed to a thickness dependence on properties such
as grain size, surface roughness, substrate heating, in-plane crystallographic texture
and impurities. The negative impact of increasing film thickness is one reason why a

high dielectric strength isimportant for an electrically insulating thin film.

Sputtering allows tailored deposition which can mitigate cracking and delamination
upon flexural testing, namely by mediating thickness and mitigating thermal expansion
variation and high internal stress, which is beneficial for flexural properties[148,149].
As seen in ALD deposited Al>Os onto polymer the critical bending radius increases
from 2.59 to 12.02 mm with a coating thickness from 5 to 80 nm [150]. Increasing the
thickness has the effect of increasing the residual stress, meaning that the mechanical

properties decrease and cracking upon bending will occur moreeasily. Theapplication
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of an elastic top layer has also been shown to help reduce cracking in brittle films.
Work by Musil et al. showed that by using materials with a high elastic recovery and
a hardness: Young’s modulus ratio > 0.1 as a top layer cracking could be prevented in
Zr-Si-O sputtered films [151]. This last advantage is particularly important for
maintaining mechanical properties when coating flexible substrates such as that

required for copper wires and tapes.

Multilayer systems aso require attention when considering their mechanical
properties, the adhesion between the layers and any extraintrinsic and extrinsic stress
introduced by mismatchesin thermal expansion or material matching. For examplethe
mismatch in silicon and insulator materials results in generation of residual stress as
the system cools from the deposition temperature to room temperature [152].
Multilayers have been explored extensively as wear resistant coatings such as those
discussed by Holleck and Schier, who explored the use of PVD TiC/TiN based
multilayers, showing that additions of intermediate layers could improve hardness by
(ca. 2810 to 3140 HV0.005 for TiC and 100 layers of TiN-TiC respectively) [153].
The improvements seen were the result of a number of effects including crack
deflection, reduced stress and nanoplasticity. Other multilayer systems have also been
used to improve hardness and wear resistance in Ag/Cu composite films (when
compared to Ag or Cu alone) [154].

3.4.1 Determination of critical loadsin thin film coatings

The use of scratch testing for the determination of adhesion has developed from work
performed by Heavens and Benjamin and Weaver, [155,156]. Bull et al. have
comprehensively analysed the effect of scratch testing on many materials and have
explored the failure mechanisms which are associated with reaching critical load
points [144,157]. Scratch testing is also commonly coupled with acoustic emission in
order to determine the load required to initiate critical loads. Scratch testing on thin
films can give an indication of the adhesion strength as well asthe failure modes which
can give a better understanding of the interfacial and bonding properties. For example,
poorly adhered Al>Os films have critical adhesive failure loads as low as 5N (with
sever spallation seen) [143]. Thefailure mechanismistypically aresult of compressive
(in front of the indenter) or tensile (behind the indenter) deformation of the films. In
the case that adhesion is poor - for example thin films on a ductile substrates - both

tensile and compressive failures can occur, contrasting to failure occurring within the
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coating for well adhered films [144]. For instance, low resistivity (12-14 pQcm) Mo
films deposited by Scofield et al. showed poor adhesion due to compressive stress, but
noted an improvement resulting from anincreasein Ar pressure (whereby films passed
a qualitative tape pull test above 2 mTorr Ar) [158]. The critical load of a coating
system is also impacted by the coating thickness, this is because a lower load is
required to deform the substrate when a thinner coating is used. For example, a three
timesincrease in the thickness of a CVD Al2Os coating resulted in atwo fold increase
in the critical scratch failure load to ca. 120 mN [159].

Direct pull off testing is a technique where a stub is adhered (this can be done by
using epoxy or solder) to a coating system and then pulled off perpendicular to the
sample surface, the force required to remove the stub can be converted to a pressure
using the stub size. The pull off sites can be analysed further for information on the
failure site, for example fallure at substrate, at an interface within the film system,
cohesive failure within the coating or failure within the epoxy. This technique is
limited by the strength of the adhesive and by alignment issues [160,161]. For
example, pull off testing was carried out by Suzuki et al. who argued that in the case
of metal oxides and nitrides deposited onto glass the bond strength was dependant on
the chemical bonding in the metal oxide interlayer [162]. Thiswas aresult of amixed
layer which led to greater improvement in adhesion with increasing thickness.

Tensile and flexural properties of thin films are also dependant on the deposition
method and preparation of the sample as well as the thickness and morphology of the
deposited film. For instance tensile testing can be carried out on free standing films,
as evidenced by Huang and Spaepen who tested a range of electron beam evaporated
materials (ca. 3 um thickness), measuring strain using an optical diffraction method,
giving reliable Y oung’ s modulus and strain behaviour data[163]. Micro tensile testing
work on free standing films by Cheng et al. showed that adecreasein thefailure strains
and Young's moduli in micro Al and Cu compared to larger specimens [164].
However, when depositing onto a substrate, the properties of the substrate will
dominate and other methods are required for assessment of the failure mechanisms and
failure stress/strain. When a ceramic film is deposited onto a ductile metal substrate
transverse cracking perpendicular to the direction of travel will form, followed by
longitudinal cracking/ buckling during tensile testing, similar cracking patterns are

observed when brittle metallic films are deposited onto flexibl e substrates, as displayed
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in Figure 3.11 [165]. For instance, anodic alumina films were deposited onto ductile
Al-5%Mg by Xie and Tong who discussed the forces acting at the interface and film
during tensiletesting [166]. They reasoned that during application of tensile stress the
coating must undergo elastic deformation as the substrate deforms to maintain
continuity which givesrise to interfacia shear stress. This shear stress allows transfer

of the tensile force into the film until the coating fracture strength is reached.
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Figure 3.11: Cracking and buckling in Mo and MoRe sputtered thin films, cracking
and buckling have been shown. As shown by Jorg et al. [167].

It has been shown inwork by Jen et al. utilising work by Suo et al. on coated foils that
the critical strain can be used to calculate the bending radius of the coating. Showing
that 5nm Al>Os films deposited using atomic layer deposition onto polymeric
substrates  (Polytetrafluoroethylene) can achieve bending radii as low as
2.59 mm (before de-adhesion) [150,168].

The mechanical properties of the films also rely heavily on the surface preparation
prior to film deposition. This includes the cleanliness of the samples (free from
contaminants especially grease), surface roughness and surface composition. It has
been shown that contaminants and loose surface oxides can lead to a decrease in
adhesive strength. For example Cu films deposited onto Al>O3 by Lim et al. showed
improved adhesive strength with solvent cleaning (5.4 to 6.1 MPa) and was further
improved with heating and bias etching stages (up to a maximum of 16.9 MPa) .
Degreasing and sample biasing have both discussed with respect to their improvement

of adhesive properties, because of the removal of surface contaminants[143,169-171].
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Aswell as effecting adhesion surface roughness can affect the structure and density of

agrowing film [170].

3.5 Sputtering of ceramic thin film candidates

The control which can be exercised over film properties by varying the sputtering
parameters (as highlighted in the previous section), makes it an ideal technique for
depositing flexible insulating coatings capable of achieving high breakdown strength.
For that to be achieved, the coatings require low defects and good adhesive properties

to prevent premature and uneven breakdown.

This section of the review will focus on specific cases of materials which are strong

candidates for use as isolative thin films.

3.6 Alumina

3.6.1 Bulk material

Bulk alumina is a very well-studied material which comesin a number of allotropes
depending on the material formation. Alumina is often produced from raw materials
such as Bauxite which contains high amounts of aluminium hydroxide (using the
Bayer process) [172]. Once obtained a umina can be formed into components, such as
the herringbone insulation discussed earlier, through processes including sintering.
Bulk alumina is commonly used for high temperature crucibles and also in the

production of aluminium [173].

The mechanism of breakdown in crystaline alumina is described by the
electromechanical model. This is because of the brittle nature of the ceramic the
propagation of defects caused by electrical stresses can act asinitiators to breakdown.
Breakdown likely starts at surface pitsformed by grain pull-out [174]. The breakdown
strength of polycrystalline alumina is proportional to the purity and inversely
proportional to the film thickness and electrode radius. Breakdown in poly crystalline
aluminaresultsin acrater, which isformed at the site of breakdown, it is suggested by
Tabli et al. that the crater isformed prior to breakdown, asseenin Figure 3.12[175].
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100 pm

Figure 3.12: A breakdown crater in polycrystalline alumina [175].

Thin films of alumina have been sputtered as early as the 1960’ s through means such
as the reactive sputtering route carried out by Frieser [176]. Since then alumina has

been sputtered using a number of methods, asillustrated in the following sections.

3.6.2 RF sputtered films

Generally auminathin films deposited using RF techniques are amorphous in nature,
however, after vacuum annealing at 500 °C certain crystalline phases (theta 0, delta &
and chiy) become apparent in XRD analysis, as shown by Reddy et al. [177].
However, no crystalline peaks have been observed in samples annealed at 300 °C. RF
sputtered alumina films can suffer irreversible expansion caused by heating and
contraction during argon evolution at temperatures above 850 “C [178]. Irradiation can
be used to alter surface properties such as micro surface roughness whereby treatment
with energetic He* modifies the electrical and optical properties (where bombardment
increased the refractive index by amaximum of 1.15 times) [179]. Deposition rates for
RF alumina have been reported for fixed substrates at 40 nm min-* with atarget power
of 800 W and a substrate target separation of 25 mm [95].

Mechanical properties of RF sputtered aluminafilms have been studied variously with
respect to their mechanical strength and wear resistance [143,180]. Al>0Oz has been
shown to have poor adhesion to copper without the use of an interlayer, this results
from mismatching thermal expansion coefficients of 5.4x10° and 1.7x10 for Al,O3
and Cu respectively, this mismatch causes residual stress evolution upon cooling from

the processing temperature, thus work has been done to improve this situation. Critical
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scratch adhesion failure of RF sputtered Al>Os films onto steel were shown to improve
from 10 to 30 N when a Ti/TiN interlayer was implemented [143]. An improvement
in the adhesion of Al>Os Cu systems was also found when using Ni/Ti interlayersin
tensile testing by Jarvinen et al. [181]. The interfacial layers in these studies work
because they utilise materials with thermal expansion coefficients between that of the
substrate and the coating which reduces the residua stress in the films following

coating.

The dielectric strength of RF alumina has been explored by Vuoristo et al. showing
breakdown strengths of up to 50 Vum™ could be produced [182]. The use of oxygen
within the sputtering gas mixture has been shown to improve the diel ectric strength by
decreasing the Al:O ratio, because even in RF sputtered films randomly distributed
aluminium rich weak spots can exist. The addition of extra oxygen helps to passivate
such weak spots, increasing the breakdown strength. Films sputtered at 500 W Ar+5 %
Oz at 0.5 Pa gave films with a breakdown strength of close to 300 Vum™, it is also
noted, however, that the addition of O> leads to a decrease in sputtering rate due to
poisoning effects [96,182,183].

3.6.3 Reactive DC sputtering

Reactive DC deposition of Al>Os is carried out by sputtering Al in an Ar-O:
atmosphere facilitating high deposition rates of up to 23 nm mintwith atarget sample
separation of 130 mm [184]. OEM control is an effective way to ensure the desired
stoichiometry is achieved through the thickness of acoatings. For stoichiometric Al>Os
the plasma intensity needs to be tuned to at least 25 % of the initial intensity of the
396 nm emission line at 100 % Ar as shown by Kelly et al. [76]. As with RF Al>O3
coatings the adhesive properties of DC deposited alumina films have been shown to
improve with theinclusion of ametal interlayer Ti or Ni [181].

DC sputtered Al20s films have been shown to have dielectric strength in the range of
up to 120 Vum™ when measured at 200 °C [182]. This work suggests that DC films
are generaly inferior to RF films with respect to dielectric strength, but the potential
for amuch increased deposition rate, and therefore a higher throughput process, means
that the technique still has value. It was shown these poorer electrical properties were

aresult of structural defects.
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3.6.4 Reactive Pulsed DC sputtering

The implementation of OEM control combined with pulsed DC power has been shown
to produce good quality Al>Oz films. The pulsing of the power supply during film
deposition is used as a meansto stop the build-up of Al>Os on the target surface, which
leads to arcing, and causes defects in the form of crystallites within in the deposited
film. This method has successfully been used to form alumina films in many cases
with tuning of the pulse parameters used to generate the fewest arc events [185].
Dielectric strengths as high as 620 Vum™ were produced for films produced by
Bartzsch et al. using pulsed DC sputtering from a double ring magnetron [121].

Pulsed power deposition has been applied to produce dense defect free aumina thin
films. Carreri et.al have produced highly insulating alumina films (breakdown
strengths of up to 1500 Vum?) through the use of the power supply controls which
minimised the expulsion of macro particulate from the target during arcing events (a
result of the equipment’s ability to switch off power extremely quickly within 1 ps in
the event of an arc, combined with the equipment’s ability to limit current spikes
during arcing limiting the energy to the arc spot. The control imparted through the mid
frequency cycling which resulted inlow arc countsand arc control resulted in materials
with very low levels of defects and high breakdown strengths [186].

As discussed in section (3.3) the dielectric strength depends heavily on the number of
defects in the materia structure [187]. Conduction in amorphous aumina thin films
has been attributed to multiple mechanisms including Shottkey and Poole-Frenkel
conduction as determined by Zhu et al. and Kolodzey et al. , see section (3.3) for an
explanation of the conduction mechanisms[131,188]. See Table 3.4 for a summary of

the electrical properties of Al>Os films sputtered using different methodologies.
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Table 3.4: Assorted electrical data for selected alumina thin films deposited through

various sputtering routes

Carrerietal. Bartzchetal. Vuoristoetal. Voigtetal.

Sputtering Reactive MF _ RF/ Reactive
_ Reactive PDC RF
method +arc handling RF
DC resistivity
/ 2x1016 / 2.5x10!
(2cm)
Dielectric
strength 1500 510 50-150 <100
(Vum™)
Dep. Rate
P _ <67 65 27-77 /
(nmmin?)
Ref. [186] [121] [182] [189]
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3.7 Silica

Bulk silica is a very diverse material and exists naturally in a number of forms
produced geologically most commonly as quartz, however silica can also be formed
by bio-mineralisation, in organisms such as diatoms. Bulk silica is often used for the

production of silicon, for making glass and ceramics and as fillers in some polymers
[190].

3.7.1 Sputtered Thin films

Sputtered silicafilms have excellent dielectric properties, including high resistivity (up
to 10 Qm) and a large bandgap ca. 9eV [121]. Silica films can be grown through
oxidation of silicon wafers/substrates as well as through other physical and chemical
methods [191]. Insulating silicafilms play anumber of rolesin the electronicsindustry
[192]:

e Surface passivation by providing environmental protection or
electrical/compositional stabilisation.

e Isolation layers, diffusion masking films [191].

o Gatelayersinfield effect transistors.

e Packaging to prevent the loss of dopant from doped oxide layers and protection

from moisture or chemical attack.

As with aumina, amorphous silica films have been deposited using a variety of

different sputtering techniques which will be discussed next.

3.7.1.1 RF deposition

Asalluded to silicafilms can be deposited using RF (from asilicatarget or with silicon
and oxygen to make reactive RF) or reactive DC or PDC (from a silicon target with
oxygen reactive gas) sputtering methods. RF reactive sputtering has the potential to
improve the surface morphology and stoichiometry of silicafilms, producing smoother
surfaces which are less likely to absorb water [193]. He and Xu showed that reactive
RF sputtering (from a pure Si target) had the potential to produce films with a
stoichiometric composition when the ratio of [O2]/[Ar] was above 0.075, and aso
noted that the resistivity and breakdown strength of the films increased with an
increase in oxygen pressure (a maximum breakdown strength of 330 Vum™ was

achieved) [194]. Deposition of silicamaterials using reactive magnetron sputtering has
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also been realised by Jun et al. who showed films could achieve breakdown strength
of up to 561 Vumt, making it an attractive insulating film material. This maximum
breakdown voltage was achieved for films produced at a temperature of 300 °C with
an oxygen fraction of 0.15 and a sample bias of 150 V. The Si target was sputtered at
200 W RF, 3 mTorr pressure, 300 °C, 25.0/4.4 sccm Ar/O2[195].

RF sputtering of SIO> targets has aso been shown to produce stoichiometric films,
without the addition of oxygen [193]. Reactive sputtering can also be realised with
silica targets, as the addition of oxygen can improve wear resistance whilst not
affecting film stoichiometry [191]. The improved mechanical properties can be
explained because of the reduced defect count in the films, which also explains the
improvements in the breakdown strength from 161 to 561 Vum™when asubstrate bias
of 150V and heating at 300 °C were used. The introduction of oxygen reduces the
number of dangling bonds, pores (through the coating thickness), vacancies and non-
stoichiometric sites in the films. Further to this it was found that the resultant
breakdown strength was not affected by substrate biasing [195].

3.7.1.2 DC/PDC sputtering

DC sputtering of SIO> thin films has been achieved in transition mode (sputtering
between a fully metallic or fully oxidised target, by voltage monitoring) by Ohsaki et
al. who sputtered from a Si target in an Ar/O2 gas mixture, showing that SiO- could be
deposited at relatively high rates such as 900 nm min* at a power of 1170 W [196].
However, careful control of the voltage is needed to achieve stable arc free deposition,
making the method difficult to achieve. However, surprisingly OEM controlled
deposition of SIO> has not been reported widely. Reactive PDC sputtering has been
carried out by Bartzch et al. who achieved high breakdown strengths for bipolar pulsed
DC sputtered Al2Os films (510 Vum™). They also found that substrate bombardment
improved the dielectric strength of the SiO, films (430-620 Vum™) when an RF
substrate bias was applied to the growing films[121].
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3.7.2 Summary of SiO2

Alternatives methods exist for depositing silicathin films such as vacuum evaporation,
CVD and sol-gel transitions to name a few methods. Silicon oxynitrides (such as
SiOo.e0No.93) have been produced for their increased dielectric constant (with respect
to SiIO. aone) [197]. Silicon oxynitride has aso presented itself as a candidate with
films prepared by low pressure CVD, as they had breakdown strengths in the region
of 1000 Vum'?, which is markedly improved on values for silica alone [198].

Table 3.5: Selected electrical properties of silica thin films as deposited by various
sputtering methods.

Deposition technique

Property RF Reactive RF  Reactive PDC
DC Resistivity (Qm™) 9.6x10"3 / 6.3x10%6
Dielectric strength (Vum™) 330 570 560
Ref [194] [195] [121]

An improvement in the mechanical properties of thin film SiO, was shown when an
increase in substrate temperature during sputtering was used, increasing the critical
tensile strain by up to 75%. This improvement was attributed to removal of thermal
compressive residua stress, which could be a route to improving film properties in

post treatment, if films suffer from poor adhesion [199].

Conduction mechanisms in thin film silica have also been explored by a number of
groups and has been attributed to Fowler-Nordheim tunnelling in variously produced
film conductor configurations such as metal-insulator-metal and metal-oxide-
semiconductor systems [134,200,201]. The breakdown mechanism in silica films has
been attributed to impact ionization/recombination models, whereby charge carriers
gain sufficient energy to remove electrons from the lattice and initiate an avalanche
breakdown [134].

Sputtered composite materials have been produced by Martinez-Perdiguero et al. by
PDC sputtering from Al and Si targets. They showed that 8 layers of stacked alumina
and silicawere able to significantly reduce the leakage current from a maximum of ca.
2 to <0.5mAcm? (for SIO; and a 4 layer SiO2-Al-Os structure respectively) as
discussed further in section (3.13) [116].
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3.8 Tantalum Pentoxide

Bulk tantalum pentoxide is a ceramic material with high chemical inertnesswhich also
boasts exceptional dielectric constants (such as 23 and up to 27.6 for anodic films) and
high band gaps and dielectric strength (up to 4.36 ¢V and up to 600 Vumfor anodic
and RF filmsrespectively) [135,202,203]. As aresult TaxOs is used in the electronics
industry for capacitors and dynamic random access memory (DRM) [133]. Besides
its high desirability in optic and electric devices TaxOs offers biocompatibility which
means it also has potential application in medical devices. TaOs thin films heated
above 600 °C results in the formation of fTa>0s [204].

3.8.1 Thin Films

Tantalum pentoxide thin films are of great interest mainly because of their high
dielectric constant (23 compared to 6 of Al20s), which makes them suitable for thin
film capacitors and other applications. As well as this high dielectric constant TapOs
has high dielectric strength of up to 600 Vum™, and band gap of up to 4.36 eV for
pulsed DC films, also making it suitable as an insulator [203]. TaOs thin film
capacitorsare of interest in computing, finding use in resistive random access memory,
because of the resistive switching properties of the films which would allow the
material to act as“atomic switches’ [205].

Formation methods for TaxOs thin films were explored thoroughly in a review by
Chaneliere et al. showing that films can be formed through a large range of methods
including oxidative, CVD, PVD, atomic layer deposition and sol-gel methodology.
The electrical properties of the thin films have a dielectric constant above 20 with

dielectric strengths estimated to be between 1 and 600 Vum™[133].

3.8.1.1 RF deposition

RF deposition of tantalum from a tantalum pentoxide target was carried out in 1983
by Oehrlein et al. achieving a breakdown strength between 300 and 400 Vum™™ [204].
Higher breakdown voltages for RF deposition of films between 56 and 60 nm thick
have been produced yielding a breakdown strength of 600 Vum™ as shown by Seki et
al. [206]. RF produced films also show extremely low |eakage current when annealed
in oxygen. Post treatment of crystalline Ta:Os films has a so been used to improve the
leakage current with annealing in gas such as O, and N2O [135]. Reactive RF
deposition using a TaO target has been accomplished by Corbella et al. who used an
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oxygen ratio up to 16%, the resulting deposition rate was linked strongly to the Oz
flow rate and the films exhibited a dielectric strength of up to 110 Vum™[207].

3.8.1.2 DC/PDC sputtering

DC sputtering of TaxOs is typically carried out by controlling the reactive gas flow
directly [208]. No OEM tuning or set points were found in the literature which could
be used for OEM control of reactive DC sputtering of TaxOs. Despite this, amorphous
tantalum pentoxide films have been produced by Sethi et al. in 2007 and achieved a
breakdown strength of 400 Vum™, using pulsed DC sputtering in combination with 16
% O to generate the oxide films [209].

3.8.2 Summary of TaxOs films

Studies show that conduction in thin film amorphous Ta:Os is potentially a result of
Schottky or Poole-Frenkel mechanisms, the latter described as a mechanism by
Corbella et al in reactive RF deposited films [136,207]. Breakdown strengths have
been shown to have quite a range with results being as high as 600Vum™ for RF
sputtered samples, see Table 3.6. The adhesive properties of TaxOs thin films to other

ceramics however are not well studied.

Table 3.6: Dielectric strength of Ta.Os sputtered films deposited using various

techniques.
Deposition technique
RF Reactive RF PDC
Dielectric strength (Vum™) 600 100 400
Ref. [206] [207] [209]

3.8.2.1 Composites

Multilayer tantalum alumina composites have been formed by a number of groupsin
order to achieve materialswith high dielectric constant (above 8.9 seen for pure Al>20O3
and up to 16 for 42% TaOs inclusion in layers) and leakage current as low as 10'1°
and <107 Acm? for TaOs and layered composites respectively [210]. Chemically
produced TaxOs/Al>03 composites have been studied by Ezhovskii and Klusevixh, who
showed the electrical properties to be linked to the relative amounts of each oxide and
the thickness of the layers with tantalum increase directly linked to increase in
permittivity (films composed of ca. 80 and 50% T&a0s had dielectric constants of 18.1
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and 13.7 respectively) [211]. RF Sputtered composites have been produced for a
number of materials including TiO. specifically with a view to improving the
mechanical propertiesof optoel ectronic thin film devices[212]. The use of these Ta,Os
composites shows the promise of the material as a component in high dielectric
breakdown films.

3.9 Diamond like carbon

Diamond like carbon (DLC) is a term which refers to films of carbon based material
which resemble diamond in chemical structure and composition. Early DL C coatings
were deposited by PV D methods (glow discharges) by Schmellenmeier in 1953 [213].
Since the discovery of DLC major strides have been made and DL C coatings are now
utilized as hard, anti-corrosion and low friction coatingsin awide variety of industries

including: aerospace, electronics, machining industries [214,215].

Further to thisDL C films have been produced through other CVD and PV D techniques
which allowed further development of material properties. Reactive sputtering has
mainly been utilized to form DLC films because of the high level of control over
system parameters which can be achieved. The main production route for these
materials is to sputter from a graphite target, with the inclusion of a hydrocarbon
reactive species such as methane or acetylene as areactive gas[216,217]. The selected
gas and flow can affect the eventual material properties. The versatility of the
sputtering technique means that DLC can be sputtered with varying amounts of sp®
and sp? hybridization, for insulating films high levels of sp® are critical, whereas higher

films with a high sp? content can offer useful wear resistant properties [215].

3.9.1 RF sputtering

As well as producing DLC films through the use of hydrocarbons RF sputtering has
been used to deposit from graphite targets, producing hydrogen free DLC films[218].
However, these films typically suffer from alack of sp? hybridized carbon and would
still require a hydrocarbon feedstock to increase the amount of sp? carbon. Generally
RF deposited films have good electrical properties with high dielectric strength above
700 Vum* which was found to decrease with increasing gas content [219].
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3.9.2 Summary of DLC films

The adhesion characteristics of DLC are often such that a complex bonding motif is
required, as evidenced by Joneset al. who used the Ti-TiN-TiC-DLC motif to promote
adhesion of DLC filmsto Ti [220]. Given that the current work will focus on a copper
substrate development of a new set of interlayers to promote adhesion could also be
required. This means that implementation of the material for an insulator could be
hampered by the requirement for athick interlayer which is not necessarily insulating.
Additionally the potential for poor mechanical properties, caused by the very low
thermal expansion coefficient 1.0x10°°C, is seen as an obstacle to keeping coating
thickness low, because grading between the many layers would be required to keep
intrinsic stress low. Prevention of sharp boarders was shown by Pei et al. to improve
elastic modulus, tensile yield and tensile elongation (by a minimum of 1.3 times) in
ZrCu/Cu multi-layered films because of the reduced stress and mismatches at the
interfaces [221].

The need for a highly specialised adhesion layer, the hydrocarbon feedstock required
to produce materials with a high level of sp® hybridisation and the potential for
inclusion of sp? centres, were seen as detrimental to using DLC as a possible
accompaniment (multilayer/ composite) to sputtered Al>Os which requires Oz

feedstock in the same coating rig.

3.10 Boron nitride

Boron nitride (BN) is commonly found in 2 crystalline phases, hexagonal and cubic
forms (analogous to graphite and diamond respectively). BN materials have been
formed through high temperature processing of suitable reagents such as sodium
borates and ammonia, or nitrogen and boron as well as vapour deposition techniques
which will be discussed further in this section [222]. BN is typicaly a white colour
caused by defects and impurities (intrinsically BN is transparent) further synthesis

methods have been covered in areview by Paine et al. [223]

Hexagonal boron nitride (h-BN) has properties that could lend their strength to
electrical insulation with ahigh band gap and large breakdown strength. Using thermal
annealing amorphous BN can be converted into h-BN, which has asimilar structure to

graphite as seen in Figure 3.13. However, the electrical properties of h-BN differ
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considerably from graphite, with h-BN capable of insulation having a dielectric
strength of 1200 Vum™[224].

Covalent bond

Figure 3.13: Graphite like structure of hexagonal boron nitride.

Cubic boron nitride (c-BN) is an extremely hard material (hardness of 50-60 MPain
sputtered films) being only bettered by diamond, thus offering high wear resistance.
c-BN also has high thermal stability up to 1100°C and chemical inertness to ferrous
metals, hence it is regularly applied to cutting tools [225,226]. However, the high
internal stress in deposited films due to high ion bombardment is a cause for concern

with regards to film adhesion and cracking.

3.10.1 Thin Films

3.10.1.1 RF deposition

BN thin films have been formed using sputtering methods as far back as the 1970's
and 1980’ s with RF sputtering being commonplace. In 1976 Puchevrier et al. formed
films using cathodic sputtering in a nitrogen atmosphere [227]. Formation of
amorphous BN using RF plasma consisting of Ar and N> was carried out by Wiggins
et al. who found that by increasing the amount of N2 in the gas mixture the amount of
excess boron decreased whilst also increasing the band gap from 3.3 to 5.6 eV;
furthermore stoichiometric films with high band gap were grown in 25-100% N 2.[ 228]
Other methods have also been successful in producing mixed films including plasma
jet methods with extremely high deposition rates of up to 40 pm min"t[229]. In 2009
h-BN was formed by Jin-Xiang et al. using RF sputtering from an h-BN target with a
band gap comparable to that of single crystal h-BN (5.86 eV) [230]. RF sputtering was
used by Yu et al. to form dense films, finding that films produced at an Ar pressure of
2 mTorr were dense, stoichiometric and also exhibited micro hardness comparable to
other deposition methods. Films consisting of c-BN were also produced by Seidel et
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al. by applying a highly negative substrate bias during reactive cathode sputtering
[231]. More recently RF deposition has been performed to generate BN with a higher
content of c-BN. Zhang et al. used two stage RF deposition with a bias etching stage
between RF deposition periods depositing onto Si(100) wafer in order to form films
containing more cubic phase fraction whilst also minimising stress, as additional
annealing of these films helped to reduce residual stress indicated by shifting towards
the bulk value for c-BN in FTIR data[127]. Ding et al. deposited films using a pul sed
substrate bias and a sample heater. The main findingswere that c-BN content increases
with substrate bias up to 150V (with sputtering rates adversely effected above this
voltage), 75% c-BN content films were sputtered at 800 W target power, 400 °C
substrate temperature, 150 V substrate bias and 20 % N2[232]. Despite this work the
breakdown properties of RF sputtered BN are scarce. One of the main benefits of cubic
boron nitride over the hexagonal alotropeisthelarger band gap (6.36 + 0.03 compared
to0 5.96 + 0.04 eV respectively), [233]. The mechanical properties of the cubic phase
are also strikingly different with h-BN exhibiting lower hardness (60 MPa, henceit’s
applicability as a solid lubricant) compared to c-BN (ca. 80 GPa) [234,235].

3.10.1.2 DC/PDC deposition

DC deposited films produced from boron metal targets are not as well reported as RF
methods because of difficulties caused by nitride poisoning on the target surface
reducing sputtering rate and effecting film quality (surface arcing dueto the insulating
nature of the BN on thetarget could cause dropl et g ection asfor the Al>Os as discussed
previously ( )) . Jensen et al. formed h-BN in 1995 by using nitrogen as the
sputtering and reactive gas during deposition [236]. Reactive DC sputtering was also
carried out by Schzitze et al. from conducting B4C targets, however the level of c-BN
inthesefilmswasrelatively low at 14 % [226]. PDC sputtering has been used by Yang
et al. to produce c-BN films which contained carbon again utilising a conducting B4C
target. Thiswork showed films produced in this manner can reach high c-BN content
(95 %) by careful control of substrate bias and heating to increase the number of c-BN
nucleation sites [237]. Generally, however, films deposited this way form BCN films
which have a lower breakdown strength (340 Vum™* compared to the possibility of up
to 2000 Vum discussed previously) and thusis not so desirable [238].
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3.10.1.3 BN composites

BN has been applied in composites with many polymers (such as epoxy,
polymethylsiloxane and rubbers), mainly through the introduction of particlesinto the
structure. This is often achieved by exfoliating the BN and then mixing with the
polymer but it has also been achieved through polymer filling of a ceramic backbone
structure. These composites are favoured for use in electrical insulation with high
thermal conductivity (up to 1.34 WmrK-1) whilst maintaining flexibility, and thus are
looked at as a solution for cooling in advanced electronic applications, however there
are downsides to BN addition including a reduction in volume resistivity from
> 50x10™ to 6.3x10' Qcm (caused by the addition of defects following the addition
of 50wt.% h-BN) [239,240]. BN composite materials have also been produced
through sputtering, with materials such as WBN and BNSIO, composites, having been
deposited with a view to decrease the wear rate (from ca 6.0x10° to
2.2x10% mm3N-*mm* at 0 and 38 at.% B respectively), whereby the properties were
modified through the tweaking of B content [241]. There are no cases of sputtered BN
and Al>0O3 composites in the literature. This could be aresult of the anisotropy in the
thermal expansion coefficients of BN, in the a and c directions the coefficients of
thermal expansion are -2.7x10°° and 3.8x10°° °C! respectively [242-244].

3.10.2 Summary of BN films

RF sputtering would be the most desirable way to sputter BN films from an isolative
standpoint because of the better control of stoichiometry granted by the BN target. BN
has a number of attractive properties including high thermal conductivity and high
hardness, however, challenges in obtaining a single phase material could be a
hindrance to using the material for a number of reasons. grain boundaries and defects
associated with lattice mismatches (which could potentially be detrimental to dielectric
and mechanical properties) and intrinsic stress (introduced by anisotropy in thermal
expansion and lattice mismatches) [127]. Difficulties would also arise when
combining with Al>Oz for the same reasons as discussed for DLC ( ), which

revolve around the aforementioned increase in intrinsic stress.
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3.11 Glasses

Glass materials have been employed as insulation materials as far back as the 1850's
primarily for the isolation of overhead electrical and communication lines [245].
Following this glasses have been used as eectrical insulation for wires, typically

applied in abraided configuration often used for high temperature applications [ 246].

Because the composition of thin film glasses is so wide, they have been utilised in
areas such as biomedical applications and within the electronics and architectural
industries (such as in TV screens or in architectural glass) but have not been used
extensively for electrical insulation [247]. Sputtered glass (barium alumina silicate,
corning 7059) was, however, used by Probyn to produce thin film capacitors which
were able to achieve a dielectric strength of 200 Vum™ for very thin films (ca. 20 nm)

produced with a sputtering rate of 40 nm min't on a static sample holder [248].

The low deposition rate associated with the limitations of an RF power supply and the
composition determination combined with preferential sputtering effects on the
composition (aca. 18% increase in the mol.% of P.Os was seen by Stuart et al. with a
6.6 times increase in Ar pressure, which was still ca. 10 mol.% lower than the target
composition) are seen as prohibitive to the use of glasses as insulators in this work

[247].

3.12 Other candidates

The range of insulating ceramics is broad and includes materials such as ZrO, TiOy,
and Y 203 which can all be sputtered using RF, or reactive DC sputtering as discussed
previously with dielectric strengths of up to 500 Vum™ [249]. However, they have
downsides, such as crystallisation temperatures as low as 275 °C for ZrO based films
and inherent crystallinity in as deposited TiO, materials. These properties would lead
to problems with electrical insulation at higher temperatures or with thermal cycling
due to increased current leakage at grain boundaries and potentially also issues with
adhesion asthefilmscrystallise. These properties are seen as barriersto the application

of alternatives such as TiO- and ZrO in composite ceramic insulation [250-252].

3.13 Composite materials
As touched upon earlier, composite materials are an attractive solution to deficiencies
apparent in currently available materials because of the combination of properties

which are possible. Composite materials can come in the form of doped materials and
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multi-layer materials which can be used to combine properties in different ways.
Specific examples of alumina, tantalum pentoxide and silica composites will be

discussed towards the end of this section.

3.13.1 Multilayer and inclusion materials

Multilayer coatings are used for a number of reasons including the tuning of thermal,
electrical, diffusive and mechanica properties and are a common way to combine
desirable materials properties. These coatings can also be produced using many
deposition techniques such as dip coating, polymer extrusion, CVD, and PVD which

will be specifically discussed further in this section.

Advantages of multilayer coatings include the combination of multiple desirable
properties in conventional polymer wire coatings. For example as mentioned
previously that the combination of polyimide and various silica components or fluoro
polymers can be used to completely stop “catastrophic flashover” events [28,31].
Many routes to improve fire resistance have also been shown (mainly focused on
surface charring). For instance Beyer showed an increase in thermal stability from
452.0 to 493.5°C, by incorporation of layered 5wt.% clay structures, into melt
blended ethylene-vinyl acetate [253]. Improved corrosion resistance of copper in a
neutral medium was imparted by Balaji and Sethuraman by combining electroplating
and adense surface protective sol-gel coating [254]. Maand Lel showed that including
15 wt.% layered double hydroxide modified with perfluorooctane sulphonate into
polyimide coatings increased the corona resistance time 10 fold to 150 min. The glass
transition temperature was aso increased by ca. 1.5 times by applying with the same
addition as above. However, the addition of the modified double hydroxide did
decrease the breakdown strength, where a 10 wt.% addition resulted in adecrease from
224 to 168 Vum™ [255].

Layering in polycarbonate and polyvinylidene fluoride-hexafluoropropylene
materials has been shown to improve dielectric strength, a result of the formation of
treeing patterns which help prevent breakdown as shown by Mackey et al. [256]. In
the study the materials were chosen for their high breakdown voltage and high
dielectric constant ca. 650 Vum™ and 10 at 1 kHz respectively [257]. Multi layering
materialsis also interesting from the point of view that conduction can be tailored. For
instance conduction in core shell structures can be tailored through the use of
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conductive particles, showing the potential for polymer composites in energy storage
applications[258]. Additions of Al2O3to Ta:Os can also be used to fabricate filmswith
extremely high dielectric constant up to 42.8 for metalorganic solution deposited
materials [259].

Multilayer ceramics have been explored as a route to high volumetric efficiency in
capacitors. With a view to improving dielectric strength of such materials, layer
thickness and the number of layers can be modified in order to tune the properties.
Whilst it isclear that increasing the total thickness resultsin alarger amount of defects
(such as the decrease in dielectric strength from 1000 to 488 Vum™ seen in 5.0 and
49.4 um thick films), the effect of changing the thickness of individual layers and the
number of layersin a structure is more difficult to determine [260]. The barrier effect
plays a large role in any improvements seen in certain multilayer materials (because
of the suppression of treeing and charge migration through a material), however, the
efficacy of the barrier on preventing breakdown depends on composition, position,
thickness and interfaces [256,261].

3.13.2 PVD multilayer coatings

Multilayer PVD films can easily be created by using a multi cathode system or by
alternating reactive motifs (modifying the reactive gas concentration or species). The
use of equipment which has the capacity to rotate, or a system with multiple sources
can also be used to make layered films which can potentialy blend into one another.
Work by Knotek et al. has discussed the benefits of these different multi component
deposition techniques for improved wear properties because of the mixed crystals in
multicomponent films which permit higher strength and hardness [262]. The benefits
of multilayer and multicomponent filmsinclude improved dielectric strength, reduced
leakage current, increased dielectric constant and increased corona resistance,
improvements to other properties such as increased thermal conductivity can also be

achieved.

PVD multilayer coatings have been used for a wide range of applications as well as
improving wear resistance, of particular interest is the improvement of corrosion
properties. This could have much wider implications as “removing” defects can lead

to improved leakage current and potentially increase breakdown strength by making a
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conductive pathway harder to create. Hence the use of multilayer PVD films in

electrical applications will be discussed in the following section.

3.13.3 PVD deposited compositesfor electrical application

Multilayers have been used extensively in electrical applications especialy in
capacitor technol ogy to combine multiple materials. The use of multilayers/ interfacial
layerswhen using TaxOs isimportant in reducing the leakage current through capacitor
devices, for example Hori showed a maximum of 10 and a minimum of 10 Acm
leakage current density in annealed Ta.Os films with and without an interfacial SiO2
layer. Leakage in capacitors becomes a problem because of crystallisation following
annealing which is often used to increase the diel ectric constant above 20. Such current
limiting multi/interfacial layers discussed by Hori can be created through annealing in
O- on a silicon suitable substrate or by using modified deposition techniques [263].
Reducing grain boundaries, in the case of crystaline materials, or structural/
stoichiometric defects is key to improving leakage current and breakdown strength.
Work based on HfO>-SiO- sputtered thin film transistors showed improvements in
leakage current, which decreased by more than one order of magnitude to a minimum
of 101° Acm? with the application of a moderate substrate bias (10 W RF) [264].

Al203 and SIO2 multilayers were deposited using pulsed magnetron sputtering by
Martinez-Perdiguero et al. to a thickness of 2 um. The multilayer films showed
improved leakage current reaching a minimum of 108 A and the breakdown voltage
improved from 40 to >140 Vum™ with respect to Al.Oz alone. Further improvements
to the electrical properties were also made following annealing the multilayer structure
at 500 °C, which could be aresult of areduction in the amount of defects as seen in
other studies [116,265,266].

The addition of Al2O3 layers to TaxOs in atomic layer epitaxy deposited films as
explored by Kattelus et al. showed a decrease in leakage current by several orders of
magnitude (from greater than 1x1072 to less than 1x10® Acm?), suitable for memory
applications [267]. Multi component systems produced by sputtering have also shown
benefits to the leakage current in TaxOs and HfO> systems whilst still maintaining a
relatively high dielectric strength, whereby additions of AlOs and SiO2 and

modification of deposition parameters can offer improved leakage current.
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The improvements in leakage current for multilayer materials could also potentially
result in improved breakdown strength. Thus making multi-layering an attractive
technique for improving electrical properties in thin films, by combining high
breakdown strength RF films with high breakdown strength pulsed sputtered films
with a higher deposition rate. Blending and heat treatments can also be employed to

maintain mechanical properties.

3.13.4 Doping materials

Another route to modifying film properties is to use doping, which is often seen in
sol-gel film production, whereby additional material is incorporated into a coating
[268]. Doping is used extensively in the semiconductor industry for instance in

transistors and can be used to tune the band gap or add discrete energy levels.

Doping in sol-gel technology has been used to improve electrical properties of
ceramics. Doping of sol-gel produced alumina films with lanthanum metal has been
carried out by Zou et al. finding that the introduction of 10% La decreased |eakage
current three fold as well as increasing the breakdown strength (from ca. 310 to
393 Vum) [269]. The breakdown strength increase resulted from La trapping and
scattering charge. The La also causes a more compact structure because of its larger

radius resulting in decreased ion mobility.

3.13.5 Doping during PVD deposition

Doping can be achieved using PVD, by reactive sputtering or through the use of
composite targets or co sputtering with suitably fast rotation. For instance, reactive and
co-sputtering techniques were combined by Ortega et al. to produce AgN ZnO
composites with improved semiconductor properties compared to ZnO alone (the best
electrical properties being a low resistivity of 8.56x10°Qcm and a high hole
concentration of 3.17x10'° cm3) [270]. Dopants are often used to produce filmswhich
are highly conductive because the additional species have the potential to create
electron carriers through p, n and dual doping. For instance doping of RF sputtered
ZnO films with up to 10at.% Al produced films with a resistivity as low as
3.84x10* Qcm [271]. Sputtered films have also benefited from improved corrosion
resistance, improved thermal stability and conductive properties through doping

[241,272,273]. Whilst doping in sputtered films has been used for many applications
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as mentioned above, no reports of doping for improved isolative properties

(breakdown strength/ resistivity) have been found.

3.13.6 Nano composites

As discussed previously (1.4.2), nanocomposites can be utilised in order to improve
the therma conductive properties of polymer coatings. However, the use of
nanocomposites can also be used to aid in decreasing current leakage. Boron nitride
nano sheets were utilised by Xie et al. in order to decrease the leakage current in
polyvinylidene fluoride materials. For example when up to 6-8 wt.% was dispersed

within the matrix the breakdown strength was 400 Vum™ [36].

3.13.7 Conclusion on the potential for composites

The use of multilayer sputtered materials, consisting of the ceramics as discussed
above, has the potential to improve film properties with regards to the potential to
passivate structural defects. The use of other materials with high breakdown strength
such as SIO2 or TaOs could offer a multilayer composite with improved leakage
current and potentially improved corrosion resistance. Composites of this nature could
also be annealed in order to improve mechanical properties as shown with SiO2-Al203
films. The use of tantalum pentoxide could offer the benefits seen using doping of
sol-gel produced films and of multilayer constructsif ablending stage isincorporated.
Thiswould create a graded structure where the TaxOs initially dopesthe Al2Os. Silica
multilayer films would combine the properties of the two materials which can be
sputtered to achieve a high breakdown strength, similarly to Al2Os. The use of
multilayers would also be aroute to utilising relatively cheap Al>Oz layers with more
expensive materials which could potentially see improved electrical properties. Whilst
doping isaroute to improving breakdown strength as evidenced with the use of the La
+ Al203 sol-gel preparation, difficulties in obtaining consistent composition and
structure using this method were seen as barriers to application [269]. A summary of
the key attributes which were considered when designing an insulating system for
copper for the discussed materials is included in Table 3.7. The decision to choose
Al203, SIO2 and Ta205 reflects the assignments in this table.
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Table 3.7: Summary table indicating the suitability of the explored materials for thin
film electrical applications considering a number of different properties. +++
represents the most promising attributes and — represents a negative property with

respect to the material acting as an insulator as deposited onto copper.

_ Band Dielectric  Mechanical Thermal Ease of
Material . o ,
Gap strength properties  conductivity deposition

Al2O3 +++ +++ ++ + ++

SO, +++ +++ + + ++

TaxOs ++ ++ ++ + ++
DLC +++ +++ - - -
BN ++ ++ - +++ -
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3.14 Red toreel coatings

Roll to roll coatings utilising sputtering as the coating source have been explored by a
number of groups but generally focuses on coating asingle side. Currently reel to reel
coating is of much interest in the production of flexible electronics and groups have
deposited sputtered coatings onto flexible glass, while flexible polymer structures have
been coated using sputtering or electroplating [274,275]. See Figure 3.14 for areel to
reel coating system schematic.

Interleaf

Glass Film Roll
with Interleaf Guide
Roller
Glass Main
Film Drum
DMS DC
Cathode

Cathode

Figure 3.14: Modified roll to roll deposition system as used by Tamagaki et al. to
coat flexible glass substrates [274].

The use of multiple or hollow cathode magnetrons could be used to facilitate the
coating of wire, and are often used to coat complex 3D objects. Hollow cathode
magnetrons are also utilised for their high plasma density and ability to deposit dense
films [276]. A multi pass system could also be utilised to fully coat both sides of the

60



3: Literature Review

substrate, with multiple layers, however, no examples were found concerning the

coating of wire using this method in the literature.

3.14.1.1 Coated Wires and tapes

Coating of wires - as discussed previoudly in (1.5) - is often carried out using polymer
materials and extrusion. However, other coating processes do exist for instance, electro
plating can be used to deposit a metal coating, and sol-gel processing can be utilised
for organic and inorganic coatings [47,277]. These methods generally work by passing
the wire through a solution depending on the chemistry and the anode cathode

configuration in the case of electroplating.

Celik et al. produced a number of coated wires and tapes and showed that upon
increasing the number of dips the breakdown voltage decreased through crack
covering and a thicker coating [47]. However, the sol-gel materials produced in the
study were extremely thick (2 to 5 um) and offered relatively low crystalline transition
temperature (400 to 550 °C) which would be detrimental to the electrical properties at
high temperature, resulting in breakdown strengths at @ maximum of ca. 220 Vum™
for ZrO, coatings. Similar results have been found in a number of other studies on sol-
gel produced coatings and also noted other limitations within the technique; namely
mechanical problems, rigidity resulting from coating thickness and thermal treatment

causing cracking, resulting from trapped organic species [278].

No reports of wire sputter coated using ceramic were found as cost is often cited as a
prohibitive factor in excluding PVD methods for coating wire. However, if a high
throughput system can be developed to deposit a coating which is thermally stable
enough with alarge enough dielectric strength to permit a decrease in wire thickness,
the weight and space saved could potentially impact many industries including

automotive and aerospace.
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3.15 Literature summary

Thisliterature review hasidentified anumber of potential deposition techniqueswithin
PVD sputtering (specifically looking at the power supply options) which have the
potential to produce thin insulating films; films which could offer higher thermal
stability than current commercially available insulation. Ceramics have been sputtered
extensively and literature exists with characterisation data on el ectrical and mechanical
properties of such thin films.

Aluminahas been shown to be an excellent candidate for electrical isolation with PDC
sputtered materials exhibiting a maximum dielectric strength of 620 Vum™[121]. SIO
also has a high dielectric strength and can be RF sputtered with a high breakdown
strength of up to 570 Vum™ as shown by Jun et al. and has already shown possibilities
for use in amultilayer material with other ceramicsincluding Al203 [116,195]. TaOs
Is a high band gap material and can be easily deposited in an amorphous form with a
high breakdown strength up to 400 Vum* using RF sputtering, as achieved by Sethi et
al. [209]. Thus SIO. and Ta,Os would make ideal partnersto Al>Os where the use of a
blended interlayer could facilitate good adhesion in multilayer systems.

DL C coatings also show good potential but issues with film adhesion and the reactive
gas composition resulting in the materials exclusion from testing at the current time.
BN and other ceramics/ glasses as discussed in sections (0),(3.11) and (3.12) could
offer properties suitable for thin insulation but issues with sputtering rate, reactive gas
composition, target composition, materia structure and crystalline transitions meant

they were not implemented in this work.

The importance of deposition technique has been shown and that a trade-off between
film quality and deposition rate is an important aspect with respect to stoichiometry
and structure. The use of OEM control has also been shown to be critical to both film
quality and deposition rate and should be used where reactive sputtering is applied.
DC, PDC and RF sputtering all have potential to produce isolative coatings and can be
combined to produce quality films with sufficient electrical properties whilst also
considering deposition rate. These coatings would be particularly useful in aerospace
and automotive applications given the drive towards el ectrification of various systems,

especially those connected to motor and cable technology. The use of interlayers such
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as Ti and Ni have been explored. However, because Al also oxidises rapidly it will be

considered as an interlayer in this work.

Multilayer composites offer the potential to improve mechanical and electrical
properties, hence combining a number of materials is seen as a route to improving the
electrical properties isolative coatings. Doping has aso been shown to lead to
improved properties, however, insertion of multilayersis seen asamore practical route
when depositing using magnetron sputtering as there is less requirement to make
precise custom targets. Structural and compositional defects in thin films can
potentially be capped, through the use of multilayers and have been shown to improve
the dielectric strength of Al203, SIO, through incorporation SO layers [116,279]

Reel to reel applications aready exist within sputtering where one of the mainamsis
to produceflexible electronics. The review has highlighted alack of literature detailing
the deposition onto wires in a reel to reel process that utilises planar magnetron
sputtering as the deposition technique. It has however, provided information about the
design of such systemsfor large rolls of ribbon and design of systems which use other
deposition methods such as sol-gel deposition. Whilst the coating of copper with
alumina has been explored (Vuoristo et al.) reel to reel coating of Cuwiresusing PVD

has not been explored and is thus an area with potential for development [182].

Following this section, details of the experimental procedure have been included,
focusing on the deposition of thin film ceramics and the characterisation of such,
exploring their structural, electrical and mechanical properties for their suitability as

isolative coatings.
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4 Materials and Methodology

This section will focus on sample preparation and manufacture of thin film coatings,
before expanding upon the methods used to assess coating structure and composition

and the electrical and mechanical testing of the coating systems.

4.1 Thin film deposition

Thin films were deposited using a TEER UDP-650 coating rig equipped with OEM,
ENI RPG-50 power supply and a custom reel to reel multilayer wire coating system,
see Figure 4.1. The wire coater was specifically designed for this project to coat both
sides of awire and provide flexibility with regards to the layer structure and thickness
of the deposited films. A central shaft which is used for sample rotation was utilised
in order to drive the spool rotation and coat the samples, whilst also supplying a bias
to the substrate.

Copper disks (20mm, 10mm and 5 mm diameter, 2mm thick, >99.9%) were punched
using a fly press from CWO004A-H065 Cu sheet ordered from Smith’s metal. Disks
were polished using sequentially higher grit silicon carbide paper (P240-P4000) with
water as a lubricant, followed by polishing on a MD-Chem polishing pad (Struers®)
utilising colloidal silica (particle size 0.06 um). Disks were then sonicated in acetone
and IMSfor 10 min each before being dried with pressurised air. Samples were |oaded
into the rig using double sided Kapton® tape. The rig was pumped down to a vacuum
of at least 3x10° Torr. Once vacuum was achieved the substrates were bias etched
at -150 V under pulsed conditions (250 kHz with a 500 ns pulse width) for 20 minutes
prior to deposition. Bias etching was carried out on the sample holder within the rig

with power supplied by an Advanced Energy Pinnacle Plus power supply.
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TEER UDP 650 - Plan Configuration
e,

Substrate/
Holder

Figure 4.1: (left) TEER UDP-650 rig top down configuration used during thin film
deposition and substrate preparation. Magnetron (Mag) 2 is equipped with RF
power and a Cu Target and Mag 3 is equipped with DC and PDC power and an Al
target. (right) 3D render of the TEER-UDP650 showing magnetron and sample

holder placement.

4.1.1 RF deposition

RF deposition was carried out using the TEER UDP-650 equipped with an Advanced
Energy Dressler CESAR RF power supply and matching unit programmed to deposit
at afrequency of 13.5 MHz. Pulsed DC substrate bias was applied using an Advanced
Energy DC Pinnacle power supply in all subsequent coatings (the same as used for
substrate etching). The default target position (RF 1, RF SiO2 and TaxOs) had a target
to sample separation of 55+ 0.5mm and sample 2 (RF2) had a target sample
separation of 120 = 0.5 mm. See Table 4.1 for additional deposition parameters. The
rig was pumped down to a minimum of 3x10° Torr and had a sample rotation speed
of 5 RPM. The sameinitial vacuum, rotation speed and etching stages were maintained
for subsequent DC, Blended DC (BDC) and PDC depositions.
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Table 4.1: Deposition parameters for RF deposited thin film material s sputtered onto

copper substrates.

Coating Samplebias Al:Ostarget  Ar gasflow

Sample
time (min) V) power (W) (sccm)
RF 1 480 -60 100 40
RF 2 1140 -60 100 40
RF SO, 480 -60 100 140
RF Tax0s 480 -60 100 140

Note that RF2 samples were produced with no substrate cleaning to observe the effect

of substrate cleaning the films adhesive properties.

4.1.2 DC deposition

DC samples were prepared using an OEM turn down of 23% at constant Ar gas flow
of 23 sccm, target separation (55 = 0.5mm) and a coating time of 90 min. An
Advanced Energy DC Pinnacle power supply equipped with the rig was used for DC
deposition. All depositions used a sampl e rotation speed of 5 RPM. Table 4.2 contains
al additional DC and BDC deposition parameters.
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Table 4.2: Deposition parameters for BDC and DC alumina films, with a constant
sample target separation of 55 + 1 mm and a rotation speed of 5 RPM.

Coatingtime Samplebias OEM setpoint Al target current

Sample
(min) V) time/ (min) (A)
DC-10 90 -10 5 6
DC-45 90 -45 5 6
DC-60 90 -60 5 6
DC3-6 60 -60 5 6
DC6-6 30 -60 5 6
DC12-6 120 -60 5 6
BDC-10 90 -10 10 6
BDC-45 90 -45 10 6
BDC-60 90 -60 10 6

The OEM was calibrated to 100 % whilst pure aluminium was sputtered in Ar. Once
the set point was reached and the interlayer was deposited, O, was then added
according to the OEM feedback loop to achieve 23 % of the origina intensity. This
turn down was carried out over a set amount of time before deposition of alumina

began to form a blended interface.

The interlayer between DC and BDC films varied as follows: DC films had an Al
interlayer sputtered for 5 min prior to a5 min OEM ramp down to 23 % from 100%.
BDC films had a blended Cu/Al layer followed by 5 min Al deposition and a 10 min
100 to 23 % OEM ramp down. The blended BDC layer was created by ramping the
Cu power from 60 to 0 W (RF) over 5 min whilst the Al target was ramped from O to
6 A (DC).
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4.1.3 PDC deposition

A pulsed power supply (ENI RPG50 with arc handling capabilities) was equipped to
magnetron 3 of the TEER UDP-650, in order to allow a pulsed deposition motif.
Various pulsing parameters were trialed in order to deposit stably without arcing.
Parameters are outlined in Table 4.3 and the caption includes constant parameters. The
interlayers and OEM ramping techniques employed for PDC films were the same as

for DC sputtered films deposited previously.

Table 4.3: PDC film deposition parameters, note that the duty cycle varies within
samples deposited at the same pul se frequency with a constant sample target
separation of 55 + 1mm and a rotation speed of 5 RPM.

OEM
Coating Sample _ Al target Argas Pulse Duty
Sample _ . set point
time bias el current flow freq.  cycle
im
(min) V) _ (A) (sccm)  (kHZ) (%)
(min)
240 -60 5 4 140 50 40.0
240 -60 5 4 140 50 24.0
PDC-60 240 -60 5 4 140 150 40.0
240 -60 5 4 140 150 225
240 -60 5 4 140 201 40.0
240 -60 5 4 140 201 24.0

PDC coatings deposited with 150 kHz and a 40% duty cycle were selected as the most
appropriate and thus subsequent Al.Oz PDC depositions utilised these parameters and
was subsequently named PDC-60.

4.1.4 Multilayer films

PDC films were combined with RF deposited films of SIO, and Ta,Os. The position
of the RF layers are outlined in Figure 4.2. PDC Al>Os layers were deposited using
the same deposition parameters as PDC-60 above. Layered film deposition was carried
out by using RF deposition of ceramic materials from compound targets. A maximum
100 W RF power was applied to the ceramic targets whilst maintaining the similar gas
pressure and substrate bias used for PDC depositions. Total sample thickness was
maintained at 200 nm throughout the multilayer sample production. With ca. 150 nm
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of PDC Al>0s and ca. 50 nm of additiona RF material split between the assigned
number of layers. The interlayer used in BDC films was also carried through and the
process involved the same Cu to Al blending stage prior to reaching the Al OEM set
point and also included the 10 min Al to Al>Os blending stage.

(1x1)
[ ] RF sputtered addition
[ ] PDC Alumina
Al
(2x2) L]
[_] CuAlblend
[] Cu Substrate
(4x4)

Figure 4.2: Schematic of PDC alumina RF multilayer materials. Showing

nomenclature asrelating to film structure.

Ramping of the RF (SO, or TaOs) target 15 min prior to deposition was used to
improve adhesion, ramping of the PDC target was not used past the initial film
deposition. Fused SiO (purity > 99 %) and TaxOs (99.99 %) targets of 57 mm @ were
utilised for RF components. See Table 4.4 for deposition parameters used following
interlayer deposition.

Table 4.4: Multilayer sputtering parameters for Al2O3, TaxOs and S O> composites

as deposited onto Cu foil and disks as well as borosilicate cover slides.

Tax0s ] RF
Al>O3 SO per Ar Gas Pulse Duty
Sample per target
per layer layer Flow Freg. Cycle
. layer . power
(min) . (min) (sccm)  (kH2) (%)
(min) (W)
Ix1 133.3 30.9 155.4 100 140 150 40
2x2 66.7 155 77.2 100 140 150 40
4x4 333 7.3 38.6 100 140 150 40
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Notethat TaxOs and SiO> sputtering timeswere varied in order to obtain the same layer
thickness in both sets of composites. See Figure 4.3 for an example process graph

used for the multilayer composites.
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Figure 4.3: Process graph for 4x4 Al2O3 Ta2Os composite film shows the extensive

blending stages used to ensure a cohesive film.

4.1.5 Wirecoating

For the experiments on wire coating the bespoke winding rig was designed and
fabricated, fixing into the existing TEER UDP-650 chamber by attaching to the rail
fixings (typically used for the 2 dimensional coating attachment) see Figure 4.4.

Wire specific pre-treatment was carried out asfollows: 3 mlong Cu wire sampleswere
sonicated in acetone followed by IMSfor 15 min each. Samples were then wound onto
the coating apparatus and the chamber was pumped to a vacuum > 3x10° Torr. A bias
etch was applied to remove any surface contaminants at a rotation speed of 0.5 rpm
for 2 cycles (with one cycle referring to the complete movement of wire from one reel
to the other see Figure 4.4). The bias etch was ultimately carried out as for the disk
sampleswith apulsed bias of - 150 V to remove unwanted surface contaminants whilst
not damaging the wire. The Al target was aso cleaned (behind the shield) at 0.2 A
during the bias etching stage.
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TEER UDP 650 + wire coater
Plan Configuration

Cu wire
Al interlayer

Al,O; coating

Figure 4.4: (left) Render of the wire coating apparatus as loaded into the
TEER UDP650, showing on and off reels as well as the chain drive, (top right) plan
view of the coating apparatus as |oaded into the TEER-UDP650 and (bottom right)

schematic of the copper wire as coated using the sputtering apparatus.

Wires were coated using Pulsed DC power for aluminium interlayer and subsequent
aumina layers. The initial parameters for the coated wires were as follows. a base
layer of aluminium was deposited at 4 A (150 kHz 40% duty cycleusing a 1.5, 3.0 or
4.5 rpm rotation speed). Subsequently an Al>Oz layer was applied at the 23% OEM
turn down as used for the PDC Al20z disk samples. A rotation speed of 0.5 rpm was
used for al Al>Oz coating steps. A number of different passeswere utilised in order to
achieve varying aluminathickness. Additional passes were achieved by reversing the
main shaft rotation allowing the chain to drive the second reel. A substrate target
separation of 10 mm was used for the deposition of optimised coatings onto the wires.
Sample specific layer sputtering times have been included in Table 4.5.
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Table 4.5: Sputtering and drawing parameters for aluminium and alumina coated

wires. Note that one of the wire interlayers was used prior to all subsequent Al>Os

regardless of the number of Al.Oz layers, the interlayer speed will be added to the
start of the sample name for instance 1.5 rpm 3x.

Sample Al target

Al>03 Ar Gas Flow
Sample Bias Current RPM
Passes (sccm)
V) (A)
| nterlayer / -40 4 140 1.5,3.0,45

1x 1 -40 4 140 0.5

3X 3 -40 4 140 05

5x 5 -40 4 140 05

4.1.6 Heat treatments

Heat treatments were carried out in an attempt to improve interfacial mixing in the
composite filmsaswell asremove defects and stressincorporated into the films during
theinitial deposition process. PDC Al>.Oz and multilayer samples as deposited onto Cu
disks, foil and borosilicate glass slides were heat treated at 500 °C for 60 min in a
Carbolite HRF 7/22 furnace with a Eurotherm 808 controller. Heating and cooling
rates were 10.8 and 1.4 °Cmin! respectively. Once samples were cool the base copper
of samples required for electrical testing was cleaned using 1200 grit silicon carbide
paper to expose the copper electrode. Coated wire samples were heat treated in the
same manner, for further mechanical testing.
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4.2 Structural characterisation

It should be noted here that the errors displayed for results produced using al of the
following techniques is the standard error mean.

4.2.1 Fourier transform infrared spectr oscopy

Infra-red (IR) spectroscopy is based on the interaction of covalent bondswith infra-red
radiation. Common modes of interaction include bending and stretching. IR
spectroscopy usually focuses on the mid IR range (600-2000 cm't), however, there are
options to study near and far IR. Depending on the type of bond and absorbance mode
a different energy of radiation is absorbed. Whilst FTIR is usually used for organic
compounds the technique is a so suitable for some ceramic materials depending on the
nature of the bonding [280].

The use of an attenuated total reflectance (ATR) module, can alow the use of solid
materials not typically suitable for transmittance measurements (with an interaction
depth of between 0.5 and 1.0 um). This technique relies on absorbance of radiation
by the sample, thus good surface contact with the ATR crystal is absolutely crucial.
Total interna reflectance within the crystal creates an evanescent wave which
penetratesinto the sample, at energieswhere the evanescent waveis absorbed the beam
will be attenuated, this attenuation is then used to create the spectrum [281].

4.2.1.1 Sample preparation and parameters

Fourier Transform Infrared Spectroscopy (FTIR) was carried out using a Bruker
Tensor FTIR instrument equipped with ATR attachment consisting a diamond mirror
and ZnSelens. IR absorbance between 500 and 4000 cm* wavenumbers was measured
with aresolution of 2 c? using 64 scans. Following background scans samples were
analysed by pressing the coating surfacein contact with the ATR diamond (Filmswere
deposited onto copper film, to alow adequate ATR crystal contact). FTIR anaysis

using opus software - of all filmswas carried out to confirm Al-O bonding.

4.2.2 X-ray diffraction

X-ray diffraction (XRD) is a powerful tool which can be used for material and phase
identification as well as for more in depth modelling of structure for single crystals.
This technique relies on the interaction of X-rays with the crystalline phases within a
material. X-rays are generated by irradiating a copper filament with high energy

electrons, as electrons are expelled from the inner shell the relaxation of electronsinto
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the vacancy is accompanied by the release of an X-ray photon. The X-rays are fired at

the surface of the sample through a pre sample monochromator [282].

The Bragg equation can be used to calculate the 20 angle from the d spacing, the X-ray
wavelength and the angles between incident rays see Figure 4.5 and Equation 4.1.
The Bragg equation, when satisfied by an integer, identifies the angles at which
constructive interference will take place and thus angles that will result in a peak of
increased intensity.

Equation 4.1: Braggs law
nA = 2d sin @

Crystallite size can also be determined using this method, by treating the peak width
with the Scherrer equation, where L is the crystallite size, A is the X-ray wavelength
and k is a constant related to the crystallite shape (Equation 4.2) [283]. Modifications
of this equation exist in order to generate results with less error attributed. The X-ray
amorphous/ amorphous nature of a material can also be confirmed by presence of an
amorphous hump in the diffraction pattern.

Equation 4.2: Scherrer equation

kA

L=
BcosO

Figure 4.5: Diffraction of X-rays as they interact with the atoms within a crystal

structure.
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For the analysis of thin samples particularly films and also powders a glancing angle
scan can be used to diminish signal generated from the substrate. This kind of scan

positions the X-ray source at a shallow angle moving only the detector

4.2.2.1 Procedure

Filmsto be analysed with XRD were deposited onto borosilicate glass coverdips (Agar
scientific L46R19-5 19 mm g cover glasses) to avoid signal from the underlying
copper substrate. Samples were affixed planar to the top of the sample holder and
levelled flat with the top of the sample holder, to avoid peak shifting due to improper
alignment. A Bruker D8 advanced (Cu Ka source at 40 kV and 35 mA) was used for
glancing angle scans at 1.2 °, scanning between the 26 values of 15 and 80 °using a
step size of 0.04 ° with adwell time of 12 s. Phase identification was carried out using
EVA software with a PDF Database.

4.2.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a powerful technigue which allows the
compositional analysis of thetop 10 nm layer of asample[284]. Thistechnique allows
the quantification of elemental composition as well as the analysis of the electronic
states through peak deconvolution. This technique is based upon the gjection of
photoelectrons from the surface layers of atoms which is caused by X-ray

bombardment as seen in Figure 4.6 [282].

The binding energy of the photoel ectron can be cal culated by using the energy of X-ray
source used and the kinetic energy of the unbound electron as measured by the
instrument Equation 4.3 [285]. The kinetic energy of the gjected electrons depends on
the strength with which they are bound, thus the orbital from which the electrons are
released can be determined. This means that shifts in peak position can be used to

account for variance in oxidation states.
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Incident X-ray

o 1S Photoelectron

@ 2S/ 2P Photoelectron

Figure 4.6: Removal of core shell photo electrons by X-rays asin XPS,

Equation 4.3: calculation of Electron binding energy in XPS gener ated

photoelectrons

EB = EPhoton - (EPhotoelectron + Ecorr)

4.2.3.1 Preparation and analysis

Prior to analysis samples were stored in Al foil, to avoid contaminants, organics or
atmospheric particulate which could affect the surface composition. XPS of coating
surface was conducted using a VG scientific Escalab Mark II with an AlKa non-
monochromatic source. The X-ray source was operated at the following parameters:
12 kV, 4.6 A and 20 mA. Survey spectra consisting of 2 scans was collected between
0 and 1200 eV using a step size of 1.0 eV and dwell time of 0.2 s. The survey was
followed by high definition scans which used a step size Of 0.2 eV and dwell time of
0.4 swith 5 scansfor O_1S, Al 2P, S_2P, Ta 4d and C_1S photoel ectron emissions
(The positions of which were determined by the survey scan).

Casa XPS was used for elemental quantification, peak deconvolution and oxidation
state analysis. All spectrawere calibrated with respect to C_1S photoel ectron emission
at 284.8 eV. Gausian-L aurentz peak fitting for Al_2P consisted of fitting the Al3* peak
followed by fitting of the peak shoulder for Al°, note that Si_2P* and Si_2P* peaks
were also fitted to Si_2P peaksin SIO> composites. A Shirley baseline was applied to
peaks prior to all fitting operations.
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4.2.4 Electron microscopy

4241 SEM

Scanning electron microscopy (SEM) utilises an electron beam focused by
electromagnets to scan an area on the sample surface, able to resolve artefacts in the
nm range. Resolution is heavily dependent on the electron generation method, for
instance a higher resolution is achieved using a Field emission gun when compared to

amoretraditional tungsten filament, aswell asthe sample type and conductivity [286].

The interaction of these electrons causes a number of different phenomena, perhaps
most importantly secondary electron emission, electron backscattering and the
production of characteristic X-rays when electrons are removed from the inner shells
within the material see Figure 4.7. Secondary electrons (SE) are the most common
mode used for observing a samples topography and are generated by inelastic
collisions relatively close to the surface. Backscattered electrons (BSE) are electrons
from the beam which are reflected from the atoms within the material (Elastic
collisions) thus are heavily influenced by atomic weight and are useful in determining
compositional differences. The characteristic X-rays are detected by an Energy
dispersive X-ray detector (EDX) which can be used to generate maps, line-scans or

point compositional datafor elemental distribution or point composition [286,287].

Electron Beam

Secondary electrons
Backscattered electrons
A Characteristic X-rays

I\

l N Scattered electrons

Sample

Transmitted electrons

Figure 4.7: Interaction of surfaces with an electron beam, showing the interactions
which result in SEM, TEM and EDX detectable phenomena.
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4.1.1.1.1 Sample preparation

Samples were either deposited onto Pt coated glass disks or onto copper substrates.
Glass coated samples were scored with a diamond pen and mounted vertically to view
a cross section. Copper coated samples were mounted perpendicularly in conductive
resin (Metprep Conducto-mount) then ground and polished as for the copper disks
(4.1) with sequentially higher grit silicon carbide paper and colloidal silica. Following
polishing sampleswere sonicated in distilled water (to remove any remaining colloidal
silica) and ethanol to remove any organic residue.

Coating of samples containing alumina was carried out using a Q150R Plus coater
with C, Pt or Ir depending on the microscope and whether EDX analysis of the sample

was required.
Microscopes

A Philips XL 30 ESEM-FEG, was used with the following parameters. working
distance of 10 mm, an accelerating voltage of 15 kV and a spot size of 4. This

microscope was used for thickness measurements of Al2Os RF deposited films.

A JEOL 7100F FEG SEM was used for high resolution imaging of thin films and their
interlayers where thicker than 100 nm. An accelerating voltage of 15 kV and aperture
4 were used along with a working distance of 10 mm. Samples were plasma cleaned
before coating. An 8 nmiridium coating was generally used for samplesanalysed using

this instrument.

A Quanta 650ESEM equipped with an oxford instruments silicon drift detector was
used for EDX mapping of the surfaces and pull off sites aworking distance of 10 mm,
with an accelerating voltage of 15 kV and aspot size of 4 was used in order to generate
maps of sufficient quality. This microscope was also utilised for tensile testing of
coated wire samples.
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4242 TEM

Transition electron microscopy (TEM) isused for higher resolution imaging than SEM
and relies on the detection of electrons which are transmitted through a suitably thin
sample (see Figure 4.8). Samples can be thinned by methods such as using a
microtome or focused ion beam (FIB) milling using a suitable SEM equipped with an
ion-milling gun, as utilised in thiswork [288].

TEM works from the same principals as SEM where afocused electron beam is used
to image asurface however the detection methods are different. There are two common
scanning TEM (STEM) modes, bright field and dark field. Bright field mode is the
standard imaging mode where electrons are transmitted through the sample with little
deflection. Dark field mode however, images only using scattered electrons by tilting
the electron beam, and thusis more sensitive to high molecular weight materialswhich
result in abright image. A third imaging mode known as high angle annular dark field,
utilises an annular detector to detect only highly scattered electrons and is used to
generate high contrast images with regard to mass [289].

Bright Field Dark Field

Electron Beam

B Transmitted electrons
=== Scattered electrons

Sample

\
\
Aperture L1 —

Imaging plane

Figure 4.8. Smplified beam diagrams for bright (left) and dark field (right) TEM

imaging modes.
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4.2.4.3 Procedure

Sample cross sectioning was carried out on the samples using FIB lift out techniques
at the University of Nottingham NMRC facility. A FEI quanta 200 3D dua beam
FIB/SEM equipped with a Gaion beam (Magnum™ Column). A 5 um Pt top layer to
protect the sample was applied prior to milling around the desired site. Lift outs were

performed on BDC and PDC samples, with an average size of 15x5 um.

Cross sectional STEM was carried out on the lift out sample in order to obtain high
resolution images of the film structure. In particular looking for any short range order
which would could avoid detection in XRD. A JEOL JEM 2100+ was used for
Imaging with an accelerating voltage of 200 kV. The microscope was equipped with a
Gatan US1000X P detector and a JEOL STEM detector for conventional imaging and
bright field and annular dark field scanning TEM respectively. An Oxford instruments
X-MAX 150 was used for EDX analysis.

4.25 Atomic force microscopy

Atomic force microscopy (AFM) utilises a cantilever which scans over a surface to
give information about surface topography [290]. A laser focused on the back of the
cantilever tip feeds back to a detector and allows the contours of the surface to be
mapped. A range of scanning modes can be used, commonly tapping mode, where the
tip is oscillated and changes in amplitude are used to map the surface and is used if
sample preservation is desired, opposed to contact mode where the tip is moved whilst
in contact with the sample surface. AFM is aso capable of performing electrical
measurements including conductive mapping and breakdown measurements as well as

mechanical testing, such as nano indentation and tensile testing [109].

4.25.1 Procedure

Atomic force microscopy (AFM) was carried out using a Bruker Fast Scan Bio
Dimension ICON instrument in peak force mode using 01-0.025 Ohm-cm antinomy
(n) doped S tips (model TAP525A). Gwyddion software was used to generate
roughness values, assess surface artefacts and generate 3D images. Roughness values

taken as an average from n=>5 surface locations.

80



4: Materials and Methodol ogy

4.3 Electrical measurements
Dielectric breakdown of thin films as deposited onto disks was assessed using two
methods a standard probe method (Figure 4.9) and an AFM based method. Electrical

characterisation of coated wireswas carried out using a crossed pair method.

4.3.1 Electrical breakdown probe methods

Direct voltage stress evaluation of the dielectric breakdown for each coating was
carried out according to ASTM D3755-14 “Standard Test Method for Dielectric
Breakdown Voltage and Dielectric Strength of Solid Electrical Insulating Materials
Under Direct-Voltage Stress” with modification in the electrodes that were used to
accommodate the coated disk geometry. A schematic of the circuit used for measuring
dielectric strength can be found in (Figure 4.9 and Equation 4.4). A brass spring
loaded electrode (RS pro 2.54 mm pitch spring test probe with flat head tip 3 A) was
used as the top electrode whilst the copper substrate was used as the bottom el ectrode.
An EA PSI 8720-15 power supply (max 750 V, 15 A) was ramped stepwise with steps
of 10V for 20 s (500 mVs?) until film breakdown occurred. Breakdown was defined
as the point at which an abrupt increase in current density was observed and the film
completely failed to resist the flow of current. VVoltage across aresistor in parallel (470
kQ metal film) was measured to allow leakage current density to be calculated by
dividing the current flow across the sample by the probe area which was 2.8 mm?.
Voltages were measured using Kiethley 2700 and 2010 series multi meters. For each

film 5 sample sites were measured.

Equation 4.4: current calculation for in house probe testing
A= Vr

" Rr

Equation 4.5: equation to calculate current density

2 _ A
electrode area mm?

Acm~™
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Vp 1 I Rs

Vp - Power supply voltage (EA-PSI 8720-15)
Vr - voltage over resistor
Rr - Resistor (470k)
Rs - Coating
I - Current Flow

Figure 4.9: Schematic for in house electrical probe breakdown testing apparatus.

4.3.2 AFM didectric breakdown measur ement

Conductive AFM isapowerful tool for ng the electrical properties of thin films
because of its high spatial resolution, granted by the small tip radius [109]. AFM
dielectric breakdown measurement (DB) is a process which is used to measure local
electrical properties of materials, and given a sufficiently large power supply with
respect to the film thickness material breakdown can be characterised. Equation 4.5
was used along with the voltage data generated by the probe to calculate the leakage
current density prior to breakdown.

4.3.2.1 Procedure

AFM dielectric breakdown (AFM DB) measurements were carried out using AFM
using an Oxford instruments Cypher equipped with a high voltage module and an
asylum research ASY ELEC.02 Ti/Ir coated tip was used to apply a voltage ramp (top
electrode) of 0 - 150 V over 40 s or until a sharp increase in current was seen above
20 nA. Thinned DC and BDC samples were produced for these measurements with an
alumina deposition time of 12.5 min hence aluminium interlayer was acting as the
bottom electrode.
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4.3.3 Crossed pair method

The crossed pair method used for measuring the electrical properties of the coated
magnet wire is often used to determine the dielectric strength of the isolative coatings,
measurements following mechanical and thermal strain could also be made (with heat
treated samples for instance). In this method current is passed through one wire and
the current in the second wire is monitored, giving an idea of leakage current and
values for breakdown strength once there is no resistance. As with the AFM DB
measurements, 1V data can be used to generate information about conduction methods
and film resistance.

4.3.3.1 Procedure

Measurement of AC breakdown was carried out by measuring the breakdown in a
crossed pair of wires which were taped with polyimide to ensure continuity between
the wires. The coating was removed from the ends of each wire using 1200 grit silicon
carbide paper. Using aMegger DELTA400 series 12 kV insulation diagnostic system,
a voltage ramp of 10 Vmin? was applied to the sample until breakdown occurred.
Breakdown measurements were recorded using the same Megger instrument.
M easurements were carried out according to ASTM D1676 “Standard Test Methods
for Film-Insulated Magnet Wire” [26].
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4.4 Mechanical Properties

Mechanical properties were analysed in order to assess the adhesion for the ceramic
insulators to copper substrates. Thiswas carried out with the wider goal of depositing
these materials onto copper substrates including onto wires.

44.1 Disk

Thefollowing tests were used to assess the adhesion of aluminathin films as deposited
onto copper substrates, with varying interlayer and film deposition parameters. DC,
BDC, PDC and al multilayer variants. Annealing of PDC and PDC multilayer films
was carried out in order to assess the mechanical properties following thermal

treatments and determine whether any decrease in adhesion was observed.

44.1.1 Subadhesion

Stub adhesion is atechnique which is commonly used to measure adhesive strength of
films and gives additional information about the films mechanical properties through
the determination of failure mode and the failure strength (MPa) [160,161].

4.4.1.2 Procedure

Pull off testing was carried out using a P.A.T. handy (DFD instruments) pull off
adhesion testing unit. Dollies of 2.8 mm diameter were glued to the film surface using
DFD E1100S epoxy and cured at 140 °C for 60 min on a heat plate in direct contact
with the base of the coated disk. Prior to curing stubs were cleaned with compressed
air to remove any particulate, stubs were pressed down once the epoxy was applied to
remove any air bubbles. Excess glue was removed with the supplied DFD cylindrical
cutting tool following curing. Stubs were then removed from the surface using the
P.A.T Handy instrument. Removal sites were analysed using light microscopy using
a Nikon LV100ND, to determine the failure mechanisms because it was possible to
differentiate between the different materials using this method. Failure mechanisms
and procedure are outlined in Figure 4.10.
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Cure 140°C 1 h

Excess glue
removed
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Figure 4.10: Pull off adhesion schematic, showing the procedure as well as

representations of adhesive and partial and complete interfacial failures.

4.4.1.3 Scratch testing

Scratch testing is a commonly applied technique for assessing the adhesion of thin
filmsto substrate materials, which is dependent on the characteristics of both substrate
and surface materials as indicated in Figure 4.11. In this technique an indenter is
drawn across a sample surface with either a constant or increasing load for a
predetermined time and distance. Cohesive failure is caused by tensile stress within
the coating and results in cracking and chipping. Adhesive failure occurs between the
substrate and coating and results in coating de-adhesion aresult of compressive stress
in front of the indenter [157].
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Major Scratch Test Failure Regimes

Chipping
Through-
Thickness

Coating
Cracking Buckling/Spallation

Plastic deformation

Coating Hardness

Substrate Hardness

Figure 4.11: Major scratch test failure mechanisms with respect to substrate and

coating hardness, re-processed from [157].

4.4.1.4 Procedure

Scratches were made using aCETR UMI multiple specimen test system equipped with
a Rockwell C indenter. The indenter was cleaned using isopropy! alcohol and dried
after each scratch. A force ramp of 0.75 Ns* was used to apply a 3 mm scratch over a
period of 20 s with a max load of 15 N. Large image capture was carried out using a
Nikon LV100ND to map whole length of the scratches. Image J software was
subsequently used to analyse scratches with cohesive, adhesive and complete
interfacial failures being identified. Failures in this case were defined as the first
appearance of specific failure. Testing was carried out in accordance to BS EN 1SO
20502:2016. A schematic of scratch testing and failure has been included in Figure
4.12.
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bk

Figure 4.12: Scratch testing depicting 1) test parameters 2) cohesive film failure
(cracking) 3) further cohesive failure with partial filmremoval and 4) adhesive
failure and complete film delamination.

442 Wire
The following tests were carried out on coated wire to determine the adhesive
properties. Much like large scale macro testing the testing will yield a stress strain

relationship from which critical failure strains can be determined.

4421 Tensletesting

Tensile testing was used to assess the onset of cracking and delamination in the
coatings. Failure in the coating occurs as a result of plastic deformation in the
substrate, as with scratch testing cohesive and adhesive failures loads can be
determined by finding the onset of cracking and delamination as well as give
information about the critical bending radius [168]. The crack density can aso be
generated from surface micrographs [150,167].
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Equation 4.6: Calculation for the determination of the critical bending radiusin thin

film coatings [168].

_(df+ds\ A+ 20+ xm?)
or =\ TR (1+nA+yxn)

Where the strain (&.,,,) on the top of the sample can be calculate using Equation 4.6

where d; is the film thickness ds is the substrate thickness, R is the bending radius and

n =di/dsand x = Y#/Ys (whereY isthe Y oung’'s modulus).

4.1.1.1.2 Procedure

Wire sections were cut to 55 mm in length and a5 mm section of wire was bent into
right angles at each end in opposite directions to produce the tensile specimen see
Figure 4.13. Samples were loaded into a Deben® Microtest 200N with a maximum
load of 200 N. A motor speed of 1.5 mm min! was applied with a sample time of
500 ps. The tensile stage was then loaded into a quanta 650 electron microscope. An
accelerating voltage of 15 kV and a spot size of 4.5 were used with asample separation
of 30 mm, to prevent crashing and charging on the samples. Secondary electron
Images were then taken to determine critical failure sites at tensile loads of 40, 80,
120, 160, 180, 190 and 200 N. Ciritical failure modes were determined by observation
of cracking and delamination in the coatings. Image J was also used to determine the

average crack density.
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Wire test
specimen

5 mm
—/

~~

Transverse
cracking in
coating

Combination
cracking/

delamination in

coating

Figure 4.13: Test specimens and failure motif during micro-tensile testing of wire.

Arrows indicate direction of force applied to each end of the specimen.
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5 Results: DC and RF sputtering

This first results chapter is focused on depositing Al2Oz with a breakdown strength
above 300 Vum™ onto copper using RF and DC sputtering techniques. Additionally
this chapter will explore the effect of using mixed interlayers, increasing substrate bias
and increasing layer thickness on the structural, compositional, electrical and adhesive

properties of the films.

Primarily this section will display the results obtained for different deposition methods
used for aluminalayers. Starting with ashort appreciation of initial RF deposition with
IR and Thickness analysis of these films. Following this a more comprehensive
assessment of the DC deposition results including: structural, mechanical and
electrical properties. Thiswill lead onto the next results chapter which focuses on the

characterisation of films produced using PDC deposition techniques.

5.1 RF materialscharacterisation

RF samples were deposited according to the procedure outlined in section ( ). The
sample target separation, gas flow rate and target composition were modified. Bias
etching and sample cleaning and sonication were also assessed for their effect on film
adhesion.

511 AIxO3

Film composition was assessed using FTIR. Spectra of the films showed LO phonon
vibration peak at 904 and 897 cm! for Al-O respectively asshownin Figure5.1. This

confirmed the presence of alumina.
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Absorbance (a.u.)

1400 1200 1000 800 600

Wavenumber (cm™)

Figure5.1: FTIR spectra for 8 hour (RF 1) and 19 hour (RF 2) RF deposited
alumina (Cu disk substrates) using a target holder target separation of 55 and
120 mm respectiviey.

SEM cross sections taken from glass cover slips were used to assess deposition rate
and film structure. RF deposition rates in this study were found to be much too slow
to produce films of asuitable thickness with deposition rates of 16 nmh-* and 11 nmht

respectively (Figure5.2).

Substrate

Substrate

Film

200 nm 100 nm

Sample Thickness (nm)
RF1 117+ 2
RF2 217+ 4

Figure 5.2: Backscattered electron SEM cross sections of RF thin films as deposited
onto borosilicate cover slides with thickness of 217 nm (RF 2 deposited for 19 h
with a target separation of 100 £ 0.5 mm) and 117 nm ( RF 1 deposited for 8 hours
with a target separation of 55 + 0.5 mm).
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XRD of RF samples as deposited onto Cu, confirmed that the RF deposited filmswere
X-ray amorphous in nature. Peaks for the copper substrate were apparent in the
diffraction pattern seen in Figure 5.3 with no contribution from a potential crystalline
alumina phase. No amorphous hump was seen for the film because of the lack of

instrument sensitivity.

o
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Figure 5.3: Diffraction pattern for RF deposited alumina on a Cu disk (RF 1 8h and
RF 2 19 h). Diffraction peaks result from the copper substrate which were matched
to PDF 01-085-1326.

Material adhesion was assessed on RF deposited films in order to examine the extent
of the effect of target substrate separation on the pull off adhesion strength, of the
alumina films on copper. RF 1 films deposited onto non-sputter cleaned copper
substrates had a failure strength of 6.9 = 0.2 considerably lower than RF 2 samples
deposited onto cleaned substrates having a pull off strength of 45.7 + 3.8, see Table

5.1.

Table 5.1: Ahession strength and failure mechanisms for RF deposited alumina films
RF 1 and RF 2 as deposited onto Cu disks.

Sample Failure strength (MPa) Main failure mechanism

RF 1 6.9+0.2 partial interfacial failure

RF 2 457+38 Partial interfacial failure
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Failure occurred mainly through partial interfacial delamination for RF 1 and RF 2

samples as seenin Figure 5.4.

Figure5.4: Light microscope images of pull off failure images of RF 1 (complete
interfacial delamination) and RF 2 (partial interfacial delamination) as deposited
onto Cu disks.

512 RF sputtered SiO; and Tax0s

5121 Characterisation

FTIR analysis of RF sputtered SiO» gave spectrawith peaks at 1150.5 and 807.2 cm't
resulting from Si-O. The same analysis of TaOs films gave a spectra with a broad
absorbance peak at 754.1 cm with shoulders at 650.0, 806.2 and 890.1 cmr®. See
Figure 5.5 for spectra and peak positions.
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Figure5.5: (left) XRD diffraction patterns for RF SO, and TaxOs films deposited
onto silicate glass substrate. (right) FTIR spectra for SO, and Ta>Os RF sputtered
films as deposited onto copper foil.
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XRD analysis showed that all of the RF films were X-ray amorphous as expected for
RF sputtered films with relatively low substrate bias, see Figure 5.5 for diffraction
patterns. Large amorphous humps were seen in the spectra at ca. 20 ° for SO, and
between 20 and 40 ° and 40 and 70 ° for TaxOs.

SEM analysis showed Featureless films for both of the RF sputtered materials, some
detachment from the substrate was seen along with some artefacts from the polishing
stage. Films were found to be 154 and 774 nm thick (See Figure 5.6) for SiO, and
Ta0s films respectfully. The thicknesses gave deposition rates of 19 and 97 nmh- for
SOz and TaOs films respectively.

Figure 5.6: Secondary electron SEM cross sectional micrographs of SO and Ta2Os
films as deposited onto Cu disks at 100 W RF power for 8 h.

XPS survey scans were used to determinea Si:O ratio of 0.43 and aTa:O ratio of 0.36
for RF deposited films. The survey spectra was also used to generate high resolution
scansof Si_2P and Ta_4f electron emissions. Si_2P showed asingle peak at 97.53 eV.
Ta_4f showed a doublet consisting of Ta 4fs» at 28.25 eV and Ta_4f7 at 26.37 eV.
See Figure 5.7 for XPS survey and high resolution spectra. Two peaks in the survey
spectrum for the RF sputtered SiO> likely resulted from Mg surface contaminants as
has been indicated in Figure5.7.
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Figure5.7: XPSsurvey spectra for 8 h RF deposited SO2 and TaxOs films as
deposited on Cu disk substrates. High resolution spectra for Ta_4fand S_2p
photoel ectron emissions are fitted with constituent peaks depending on the spin and

charge of the gected electron.

95



5. Results: DC and RF sputtering

5.2 DC Material characterisation

Materials in the following section

_ _ N [ ] Reactive
were deposited using DC deposition DC Al,O;
according to section ( ), see ] Al

[ ] CuAlblend

Figure5.8. However, itisimportant to
] Cu Substrate

reiterate the naming system, where DC
refers to films deposited via reactive  Figure5.8: DC (top) and BDC (bottom)

DC sputtering and BDC referstofilms ~ 1yer configuration see experimental
deposited using the same method with section for more details.

an additional mixed RF Cu, DC Al interlayer. The number following the DC/ BDC
nomenclature refers to the substrate bias used during deposition.

521 FTIR

DC and BDC films showed Al-O bonding with longitudinal optical phonon vibrations
(LO) between 800 and 950 cm*. Shifts between the peaks were seen and displayed in
Figure 5.9. The Al-O peaks for DC and BDC films were comparable but those for

BDC were lower in wavenumber than DC films deposited at the same bias voltage.

) Al-O LO phonon
Film

- \ peak (cm™)
3 DC-10 867.9
N’
3 DC-45 883.4
_cE \ DC-60 875.7
S \ BDC-10 865.0
= BDC-45 849.6

BDC-60 862.2

BDC-60

1400 1200 1000 800 600

Wavenumber (cm‘l)

Figure 5.9: FTIR spectra and peak positions for Al-O bonding in DC and BDC
Al>Os films as deposited onto Cu foil. Samples were deposited onto Copper foil to

achieve sufficient ATR crystal contact.

95



5. Results: DC and RF sputtering

5.2.2 XRD

DC and BDC films were deposited onto borosilicate glass slides and were assessed by
XRD. Diffraction results (Figure 5.10) showed no distinguishable peaks relating to
crystaline alumina. Amorphous humps were present between 20 and 40 26° in the
spectra. Four diffraction peaks at 38.3, 44.6, 65.0 and 78.4 26° were found to be
associated with metallic aluminium |CDD-PDF-00-004-0787.

— DCIO 0 AL- ICDD-PDF-00-004-0787

— DC45

——  DC-60 =

—— BDC-10 =

— BDC45 — £ = ~
BDC-60 e Q =

Counts (a.u.)

15 25 35 45 55 65 75
20°

Figure5.10: XRD diffraction data for DC and BDC Alumina films. Diffraction peaks
were attributed to the metallic Aluminium |CDD-PDF-00-004-0787 whilst the
amor phous hump present between 20 and 40 26° was attributed to the combined

structure of the film and glass substrate.
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523 XPS

As deposited surface compositions and structures of DC and BDC films on copper
substrates were analysed by XPS. The Al _2P photoelectron emission was present in
all high resolution spectra located between 74.18 and 74.85 eV and was attributed to
Al3* (Al203) [97]. DC and BDC sputtered films contained a distinct shoulder on the
Al3* Al 2P emission peak, at variable locations between 71.77 and 72.20 eV
associated with Al%metallic aluminium, see Figure 5.11.
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Figure5.11: XPS spectra containing DC and BDC alumina films as deposited onto
Cu disks. Peak deconvolution for BDC-60 is also included to show the shoulder
position, with the dashed black curves representing Al®* and Al°components as

labelled.

The percentage of Al° in DC and BDC films were found to vary from 0.8 to 16.6%
following quantitative peak deconvolution. Additionally Al:O ratios were obtained
from the survey spectrafor al films and were found to vary from 0.37 and 0.67. An
increase in the negative bias from -10 to -60 V for DC and BDC films resulted in
improved Al:O ratios closer to the stoichiometric aluminaratio of 0.66 (Table 5.2).
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Table 5.2: Component positions and % concentration for the de-convoluted Al_2P
photoel ectron emmisions. Al: O ratios for deposited films were calculated from the
O_1Sand Al_2P relative peak areasin CASA XPS software. See Figure 5.11 for the
peak deconvolutions for Al_2P photo electron emission of DC, BDC and PDC films.

_ _ Al_2p/Al%* Al_2p/Al°
Film Al:O Ratio -~ - Al° (%)
Position (eV) Position (eV)
DC-10 0.74 74.99 7177 1.88+0.03
DC-45 0.51 74.75 72.10 548+ 0.04
DC-60 0.66 74.73 71.98 195+ 0.10
BDC-10 0.37 74.85 72.20 134+ 0.28
BDC-45 0.56 74.53 7177 7.81 + 0.07
BDC-60 0.62 74.60 71.84 5.79 + 0.06

5.24 Film structure and topographical features

524.1 SEM

The thickness of DC and BDC films varied with bias voltage and interlayer
configuration, yielding average deposition rates of 1.1 and 1.2 umh for DC and BDC
films respectively. No structure was seen in SEM cross sectional imaging colluding
with the XRD data. See Figure 5.12 for cross sections and thickness measurements.
Interlayers were seen more clearly in DC samples also indicated in Figure 5.12 and
no discrete layers were seen for Cu and Al in BDC films. Analysis of the interlayers
shows apreferential growth of the aluminium interlayer in the direction perpendicular
to the substrate. The metallic layers also showed some signs of columnar growth motif
with athickness of ca. 200 nm.
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b |

100 nm
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Substrate .

100 nm 100 nm
BDC-10 r BDC-60
500 nm l 500 nm
= ‘B Substrate e N Substrate
Sample Thickness (nm)
DC-10 1566 + 27
DC-45 1326+ 6
DC-60 2095 + 10
BDC-10 1755+ 12
BDC-45 1854 + 13
BDC-60 1868 + 13

Figure 5.12: Thickness of Al2Os films determined using SEM micrographs of
sputtered alumina films, as deposited onto copper substrates and mounted in
conductive resin to obtain a cross section. High resolution images of the interlayer
section have been inset in the top right of each image.
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5242 TEM

TEM analysis of a BDC-60 sample displayed in Figure 5.13 showed the DC films
contained materials with short range order with a diameter in the order of 10 nm. The
films also contained striated layers with varying oxygen content as seen in the EDX

analysis.
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Figure 5.13: (top row) TEM analysis of BDC films showing layer configuration and

short range order (circled) and finally EDX mapping for Al, Cu and O. (bottom row)
TEM micrographs displaying short range order and cracking seen in the films
respectively. Striations running through the material can be seen in the EDX analysis

as well as the micrographs on the bottom row.

Film deposition led to an increase in surface roughness when compared to the uncoated
polished copper substrates which had an average roughness of Ra 5.6 = 1.1 nm the
addition of the PVD film increased roughness each time with the bias and deposition
procedure having little effect.
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5.2.5 Didectricstrength and leakage current
The following section will display the results of probe based and AFM DB
measurements of the dielectric strength of the DC and BDC films.

5.2.5.1 Probe based methods

The breakdown strength of each film was determined to be at the point at which the
leakage current abruptly increased. DC and BDC films showed very substantial
increases in current leakage density during the voltage ramp from 5to 10 V. In every
case for the DC and BDC films current leakage was above 10 nAcm? even at an
applied voltage of 5V, which relates to a different field strength depending on film
thickness. Dielectric strength values are given in Table 5.3, the standard error
associated with the voltage measurements has also been included.

Table 5.3: Breakdown strength and dielectric strength of DC and BDC films as
deposited onto 5 mm Cu disks and measured using the in house probe based
methods.

Thickness Breakdown Didlectric

Sample
(nm) AVG. (V)  Strength (Vum™)
DC-10 778+ 34 93.3+x44 120 £ 57
DC-45 557 + 47 212+ 44 366 = 82
DC-60 637+31 48.3%93 23.1+46
BDC-10 721+16 100+ 19 139+ 27
BDC-45 633+40 167 £ 25 26343
BDC60 835+ 30 88.0x 22 47.1x12
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5. Results: DC and RF sputtering

It can be seen from the breakdown voltage and the current |eakage graphs below that
the measurements had a large degree of inconsistency within samples (note the
logarithmic scale on the x axis in Figure 5.14) as well as differences in the current
leakage profile. Meaning an analysis of the conduction mechanism was unfeasible.
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Figure 5.14: Applied voltage plotted against |eakage current density for DC and
BDC films as deposited on Cu substrate and tested using the in house breakdown
testing equipment.
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5. Results: DC and RF sputtering

5.2.5.2 AFM DB measurements
Films deposited for 12.5min had breakdown voltages assessed using AFM DB

methods, the shorter sputtering time was used in order to produce films which broke

down before the end of the 150 V voltage ramp.
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Figure5.15 AFM electrical breakdown of films deposited for 12.5 min, DC films
deposited with a bias voltage of -10, -45 and -60 V (left) and BDC films deposited

with a bias voltage of -10, 45 and -60 V (right). Current voltage measurements for

this data were carried out using AFM DB methods on a 30x30 um array.
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5. Results: DC and RF sputtering

The average breakdown across all applied biases was found to be lower for films
deposited without the mixed material interlayer. It was also noted that for DC samples
all 16 tests resulted in the breakdown of electrical properties. For the BDC films a
varying number of film failures occurred between 4 and 14 further detailsare displayed
in Table 5.4 and Figure 5.15. However whilst the complete breakdown and average
breakdown voltage was higher for the BDC films higher initial leakage was seen in
these materials, with oscillations prior to breakdown seen in all sets of films. There

was no significant difference in breakdown voltage when varying the bias conditions.

Table 5.4: AFM DB summary where N is the number of tests out of 16 which broke
down below the 150 V limit of the power supply. Dielectric strength calculated from
breakdown voltage (V) and thickness.

Sample Thickness Breakdown N Dielectric
(nm) AVG. (V) Strength (Vum™)
DC-10 778+ 34 128+ 5 16 166 + 9
DC-45 557 + 47 108+ 3 16 195+ 17
DC-60 637 + 31 128+ 3 16 201+ 11
BDC-10 721+ 16 145+ 3 4 202+6
BDC-45 633+ 40 139+ 9 14 221+ 20
BDC-60 835+ 30 137+ 15 10 165+ 19

The dielectric strength values as calculated were shown to be higher than when
measured with the probe based methods as well as having lower standard error and

lower variation between samples, see Figure 5.16 for breakdown voltage comparison.

500
Hm DC probe
400— Em DC AFM
Bl BDC probe
Em BDC AFM

Dielectric breakdown
strength (Vp m'l)
=
]

10 45 60 10 45 60 10 45 60 10 45 60

Sample bias (V)
Figure 5.16: summary of the dielectric breakdown strength values obtained for DC

and BDC films measured using in house probe based methods and AFM DB methods
with respect to the substrate bias.
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5. Results: DC and RF sputtering

5.2.5.3 Determination of conduction mechanism

The conduction mechanism in these films was determined with further current voltage
curve analysis. SE, PF and FN analysis were carried out on the films in order to
confirm or rule them out as possible conduction mechanisms. It was determined for
DC and BDC-60 films that Fowler-Nordheim tunnelling potentialy acted as the
conduction mechanism at high fields, containing multiple tunnelling barriersindicated
by multiple linear regions see Figure 5.17. At low fields it wasn’'t possible to

determine a mechanism due to high variance in the measured current at low fields.
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Figure5.17: Current leakage plotted against applied field for DC and BDC films as
deposited for 12.5 min onto Cu disks. Inset are Fowler-Nordheim plots with multiple
linear regions highlighted in each case (indicating multiple tunnelling barriers).
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5. Results: DC and RF sputtering

5.2.6 Mechanical properties

Coating substrate adhesion was assessed for all coatings deposited onto copper for
90 min using pull off testing and scratch testing, the loads at which complete adhesive
failure occurred in these films was found to vary substantially with the inclusion of a
mixed material interlayer and the use of a pulsed power option, as shown in section
(6.5).

52.6.1 AFM

Topographical analysis using AFM showed surface artefacts in al films, with the
largest seen to be in the magnitude of 1000 nm. AFM also showed the presence of
pores in the structure with some penetrating deeply into the coatings (Figure 5.18).
Pores were not common, only being found in BDC-60 and BDC-45 samples and were
typically > 1000 nm wide. It is also important to note that the defects on the surface

could also be introduced during measurement.
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Figure 5.18: Pores found in BDC-45 and BDC-60 films with 3D view and graphical
pore profile. Pore profiles were generated for the area within the black squares
using the Gwyddion AFM analysis package.
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5. Results: DC and RF sputtering

Surface roughness (Ra) values varied between 5.6 and 38.2 nm for DC-60 and DC-45

respectively. Generally higher roughnesswas seen for BDC filmsasseenin Table 5.5.

Table 5.5: Average AFM surface roughness Ra (nm) for DC and BDC alumina films

as deposited onto CU disk, as averaged from five 400 um? scans with standard error

values included (nm).

Average Average
Sample Error (nm) Sample Error (nm)
Ra (nm) Ra (nm)
DC-10 20.8 + BDC-10 17.7 +4.2
DC-45 38.2 + BDC-45 30.7 +79
DC-60 56 +57 BDC-60 30.6 +112
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5. Results: DC and RF sputtering

5.2.6.2 Pull off adhesion testing

Pull off failures consisted of a mixture between complete and partia interfacial
delamination and failures within the adhesive layer. With adhesive failures occurring
between the adhesive and film surface and within the epoxy layer see Figure 5.19

a) EDX: Al Ka b) EDX Al Ka c) EDX: Al Ka
DC-10 BDC-60 o BDC-45
Interfacial Partial Adhesive
delamination delamination failure
Image: 10.4 MPa Image: 56.8 MPa Image: 65.6 MPa
Avg.: 25.8 MPa Avg.: 55.7 MPa Avg.: 76.2 MPa
2 mm
SEM
. Complete Partial . .
Average failure . _ _ _ Failurein
Sample interfacial interfacial _
strength (MPa) _ ) adhesive
failure failure
DC-10 25.8+9.8 3 5 0
DC-45 64.3+64 0 8 0
DC-60 63.0+6.4 0 8 0
BDC-10 73.0+ 3.6 0 6 2
BDC-45 76.2+ 3.3 0 6 2
BDC-60 72.3%+5.6 5 2 1

Figure5.19: Failure modesin pull off adhesion tests a) DC-10 interfacial
delamination b) BDC-60 partial film delamination ¢) BDC-45 failure in adhesive.
The remaining Al appears light in the EDX maps. Average adhesive failure values

are given in the table below with standard error as well as a summary of failure
modes from each sample.
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5. Results: DC and RF sputtering

Pull off adhesion testing showed that the range of film/substrate adhesive failure for
alumina films deposited onto copper via reactive DC magnetron sputtering was above
25.8 MPa, the upper limit was not determined due to cohesive failure within the epoxy
before film failure occurring at ca. 75 MPa. The mechanisms behind this failure
included complete adhesive failure and complete cohesive failure. BDC films showed
failure strengths between 72.3 and 76.2 M Pa showing an improvement with respect to
DC samples produced at -10 V bias. Failure of BDC films was a mixture between
partial interfacial delamination and failure in the adhesive, with samples produced

at -60 V bias aso showing complete interfacial delamination.

5.2.6.3 Scratch testing

In the cases of DC films the decrease in substrate bias to -60 V increased the force
required to initiate cohesive and adhesive failure compared to films deposited with
- 10 and -45 V substrate biases. Cohesive failure occurred in the form of a combination
of arc tensile and chevron cracking between 0.58 and 1.6 N critical loads. Adhesive
failures of the samefilms generally consisted of buckling spallation occurring between
1.21 and 2.14 N, with maximum observed at -60 V bias (Figure 5.20).

Cohesive failures in the form of chevron and arc tensile combination cracking, were
noted to occur at lower critical load in BDC samples between 0.35 and 0.52 N
increasing with applied bias. The onset of adhesive failure was higher in BDC samples
occurring between 2.25 and 4.38 N. Both maximum values were achieved at -60 V
substrate bias. The critical load for adhesive failure in BDC films was higher than for
DC films deposited at comparative substrate bias, however, the critical loads for

cohesive failure were higher in DC films.
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5. Results: DC and RF sputtering

500 pm

50 um  50pm

Cohesive scratch failure

Adhesive scratch failure

Sample
(N) Mechanism (N) Mechanism
a) DC-10 0.80+0.04 Combination 1.74+0.25 Buckling
b) DC-45 0.58 + 0.53 Combination 1.21+0.08 Buckling
c) DC-60 1.60+0.10 Combination 214+0.18 Buckling
d) BDC-10 0.40 £ 0.08 Combination 259+0.24 Buckling
€) BDC-45 0.35+0.03 Combination 2251024 Buckling
f) BDC-60 0.52+0.03 Combination 4.38 + 0.07 Buckling

Figure 5.20 Scratch test failure modes and adhesion for DC films produced at a)-10
b)-45 and c) -60 V substrate bias and BDC films produced at d) -10, €)-45 and

f) -60 V substrate bias. Lc1+2 indicates chevron, arc tensile and combination

cracking, Lcs indicates the onset of adhesive failure through buckling and L4 onset

of complete film delamination.
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5. Results: DC and RF sputtering

Graphical representation of the adhesion results presented for DC and BDC films has

been included in Figure 5.21
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10 45 60 10 45 60 104560 104560 104560 104560
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Figure 5.21: Summary bar charts of pull off adhesion and scratch test failure loads

for DC and BDC films deposited under varying sample bias conditions as indicated.
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5. Results: DC and RF sputtering

5.3 Timedependant study on DC deposited films

DC films deposited onto Cu disks with differing deposition times (30, 60 and 120min,
DC3, DC6 and DC12 respectively) were all produced with a substrate bias of -60 V.
The main reason for the analysis of films deposited at different thicknesses was to

assess the effect on the mechanical properties of the film.

5.3.1 Structural characterisation

53.1.1 FTIR

FTIR studies of these films showed the characteristic LO phonon vibration peak
alocated to Al-O. Shifting in the peaks was seen between the samples. The sample
deposited for 30 min had the highest wavenumber with 914 cm?* and samples
deposited for 120 min had the lowest at 843 cmt as seen in Figure 5.22.

— DC3-60
— DC6-60
— DCI12-60

Absorbance (a.u.)

T T
1000 900 800 700

Wavenumber (cm'l)

Figure 5.22: FTIR spectra for Al>Oz films deposited onto Cu disks for sequentially
longer periods of time all with -60 V bias, the peak positions have been indicated
with dashed lines..
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5. Results: DC and RF sputtering

53.1.2 XRD

XRD analysis showed that deposition time didn't affect the crystalinity of the
deposited films, with all exhibiting X-ray amorphous diffraction patterns as seen in
Figure 5.23. With peaks relating to the deposited Al interlayer.

— DC3-60 < Al-ICDD-PDF-00-004.0787
— DC6-60
— DC9-60
— BDCI12-60

i

Absorbance (a.u.)

20°
Figure 5.23: XRD diffraction patterns for films deposited with varying time to
produce films of different thickness. Diffraction peaks were attributed to metallic
Aluminium (ICDD-PDF-00-004-0787) whilst the amor phous hump present between
20 and 40 26° was attributed to the combined structure of the film and glass

substrate.

5313 SEM

Films thickness was determined by SEM analysis which also showed the amorphous
nature of the films. In DC12-60, however, some through thickness defects were found
in the forms of pits. As seenin Figure 5.24 d) the through thickness defects could be
detrimental to mechanical and electrical properties. The micrographs aso show a
decrease in deposition rate with an increase in sputtering time (from 1520 to
1000 nm h!) asin Figure 5.24.
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5. Results: DC and RF sputtering

Sample Thickness (nm) Dep. Rate (nmh?)
DC3-60 760+ 10 1520
DC6-60 1150 + 45 1150
DC12-60 2030+ 25 1000

I pum
Substrate Substrate

I uym

Substrate

Figure 5.24: Table of average thickness values for DC films as deposited onto
borosilicate glass slides (above). Cross sectional SEM (Backscattered el ectron)
micrographs of DC films deposited onto borosilicate cover slips for different time
scales below (Below). d) Shows secondary electron image included to show pinholes
which were located in DC12-6 samples (bottom right).
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5. Results: DC and RF sputtering

53.1.4 XPS

XPS showed Al_2P peaks confirming the presence of Al3*. Peaks also confirmed the
presence of elemental auminium, with the shoulder at a lower binding energy
correlating to the binding energy of Al see Figure 5.25 and Table 5.6.

DC12-60

DC6-60

Counts (a.u.)

DC3-60

I I I

78 76 74 72 70
Binding Energy (eV)

Figure5.25: XPS Spectra for Al_2P electronsin DC deposited alumina films on Cu
disks. Deconvolution is used to indicate the position of the Al° shoulder at ca. 72 eV.
Note that for the deconvolution shown for DC3-60 the dotted line represents Al3*

and the solid green line represents Al°.

The Al_2P peaks were found at 74.72 £ 0.04 eV with elemental aluminium shoulder
at 71.92 eV shifting an average of 2.36 eV. The material compositions were shown to
be relatively consistent between 0.48 and 0.52, with elemental Al ratios between 3.6
and 7.0 % concentration.

Table 5.6: XPS peak positions and Al: O ratios for reactively sputtered DC alumina

films deposited for different lengths of time (as indicated in the sample name) onto

Cu disks.
_ _ Al 2p/Al3* Al 2p/Al°
Film  Al:ORatio N N Al° (%)
Position (eV) Position (eV)
DC3-60 0.48 74.67 72.02 7.67 +0.08
DC6-60 0.52 74.83 72.12 5.21+0.07
DC12-60 0.50 74.67 71.61 1.01+0.02
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5.3.1.5 Mechanical properties
The mechanical properties of the filmswere then assessed to facilitate di scussion about
the effect of thickness on the adhesive properties. Which could be used as an aid for

the selection of a coating to use on other geometries.

53.1.51 AFM

AFM surface measurements were used to determine roughness as well as identify any
pores and defects in the films. No pores were found in these films, however this may
just be aresult of the areas picked for roughness measurements. Roughness (Ra) values

were found to be between 10 and 25.6 nm, as seen in Table 5.7.

Table 5.7: Average AFM surface roughness summary for time dependant DC films

as deposited onto Cu disks.
Average roughness
Sample Error (nm)
(Ra) (nm)
A3-6 10.0 0.9
A6-6 25.6 8.7
A12-6 10.4 2.2

5.3.1.5.2 Direct pull off method
Pull off studies reviled that the adhesion strength was lowest with 120 min deposited
samples. Samples deposited for 60 and 120 min failed with almost exclusively

complete interfacial delamination.

Table 5.8: Direct pull off stub adhesion failure strength (MPa) and failure modes for
time dependant DC films.

Sample Averagefailure Complete Partial interfacial Failurein
strength (MPa) interfacial failure failure adhesive
DC3-6 514+54 0 8 0
DC6-6 324+438 5 1 0
DC12-6 265+ 25 6 2 0
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5. Results: DC and RF sputtering

None of the DC samplesin this section failed through adhesivefailure in the glue layer
see Table 5.8. The average failure strength decreased with increasing film deposition
time and therefore thickness (see Figure 5.24) from a maximum of 51.4 to 26.5 MPa.
Aswell asthisthe failure mode changed from predominantly partial interfacial failure

to complete interfacial failure with longer deposition time, seen in Figure 5.26.

DC12-6

Figure 5.26: Light microscope images of pull off adhesion failure sites for time
dependant alumina films. The most common failure modes were partial interfacial
delamination as seen for DC3-60 and complete interfacial failure for DC6-60 and

DC12-60.

5.3.1.5.3 Scratch testing

Scratch testing showed adecrease in both Lc1+2 and Lcs with an increase in deposition
time as seen in Figure 5.27. It is shown through DC12-60 that there is a critical
thicknessvaluefor films deposited at -60 V biaswhich resultsin asignificant decrease
in mechanical properties which is accompanied by a change in adhesive failure

mechanism to trackside spallation, with a greater area of delaminated coating.
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5. Results: DC and RF sputtering

Cohesive scratch failure Adhesive scratch failure
Sample (N) Mechanism (N) Mechanism
DC3-6 145+ 0.6 Combination 5.04+04 Buckling
DC6-6 0.78+0.1 Combination 220+£0.2 Buckling
DC12-6 066+0.1  Combination  1.33+0.1 Trackside
spallation

Figure 5.27: scratch testing carried out on time dependent coatings as deposited
onto Cu disks (descending 30 min, 60 min and 120 min) note extensive buckling
delamination on D12-60 sample. Lci+2 and Lcsfailures have been indicated in each

case with the attributed mechanism given in the subsequent table.
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54 Summary

RF films were generally featureless but were deposited extremely slowly with
deposition rates as low as 16 nmht, It is exclusively this low deposition rate which
limits the application of RF sputtered films on their own. However, the high quality of
the RF films could be utilised in a composite structure, with reports in literature

showing their high dielectric strength up to 600 Vpum™[121].

The most important link between the deposition technique and results observed in this
section is the detrimental effect of arcing on the composition and structure of the
reactively sputtered DC films. TEM (Figure 5.13) was crucial for imaging defectsin
the films which were reasoned to result in the premature dielectric breakdown and
charge trapping and de trapping in the alumina films. This conclusion is key in
progressing to depositing materials with increased breakdown strength above
250 Vum™ by removing defects capable of creating conductive pathways.

The mechanical propertiesof the DC filmswere also studied and showed the potential
for mixed material interlayers to increase pull off adhesion up to 76.2 = 3.3 MPa and
adhesive scratch failure up to 4.38 = 0.07, through improved material mixing at the
interfaces. It isalso important to note at this point that increasing the deposition time
to 120 min was found to decrease the mechanical propertieswhich islikely aresult of
increased internal stress due to increased film thickness.
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6. Results: PDC deposited films

6 Results: PDC deposited films

As eluded to at the start of the previous section PDC deposition needs to be explored
as a route to producing insulating coatings with a breakdown strength above that of
the DC and BDC films. In order to achieve this PDC has a number of key parameters
which need to be optimised such as the duty cycle and pulse frequency. Thus this
chapter will look at the development of PDC alumina as a low cost, easily produced
base material to be incorporated into composite materialsin order toimprove dielectric
properties through structural and compositional improvement, whilst also relating

these improvements to the applied pulse parameters.

6.1 Duty cycleand frequency optimisation

The following section will focus primarily on the modification of pulsing frequency
and duty cycle of the pulsed power supply, in order to determine the most suitable
deposition parameters. The frequency of the pulse determines how often the voltage
will be reversed and the duty cycle determines how long the reverse pulse lasts, so
these are key parameters to consider for film quality. The characterisation of these

filmsis presented below.

6.1.1 Structural analysis

6.1.1.1 FTIR

FTIR analysis confirmed Al-O binding with LO phonon peaks at an average of 856.4
and 803.4 cm! for samples deposited at 20-22.5% and 40% duty cycle respectively.
Thisisindicative of a shift between samples deposited with a duty cycle of 20-24 or
40%, with higher wave numbers mainly seen for films deposited at the higher duty
cycle of 40%, films deposited at 50 and 201 kHz with a40 % duty cycle also having a
noticeably less broad peak. See Table 6.1 and Figure 6.1 for FTIR peak position and

spectra.
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6. Results: PDC deposited films

Table 6.1: FTIR peak positions for pulsed DC alumina films as deposited onto Cu

foil with varying pulse frequency and duty cycle (as designated in the film column).

Film Al-O LO phonon peak (cm?)
50 kHz 24.0% 846.7
50 kHz 40.0% 908.4
150 kHz 22.5% 858.3
150 kHz 40.0% 804.3
201 kHz 24.0% 864.1
201 kHz 40.0% 898.8

Shifting between samples deposited at different frequencies (with the same duty
cycles) was not as noticeabl e, there was, however, aslight decrease in wavelength seen
for samples deposited a 40 % duty cycle compared to the samples deposited at 24 and
22.5 %.

50 kHz 24%
— 150 kHz 22.5%

\ 201 kHz 24%
J — 50 kHz 40%
e — 150kHz 40%
N — 201 kHz 40%

Absorbance (a.u.)
\

W

N
\”"‘\n

T T T
1400 1200 1000 800 600

Wavenumber (cm'l)

Figure 6.1: FTIR spectra for films deposited onto Cu foil using pulsed DC
deposition with varying frequency and duty cycle (as indicated in the legend).
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6. Results: PDC deposited films

6.1.1.2 SEM
Structural analysis carried out showed that the films were generaly featureless as

Imaged in secondary electron micrographsin Figure 6.2.

200 nm

200 nm

Sample Thickness (hm) Rate (nmh)

50 kHz 24.0% 468 + 24 117
50 kHz 40.0% 450 + 23 113
150 kHz 22.5% 370+ 4 93
150 kHz 40.0% 585+ 12 146
201 kHz 24.0% 353+9 88
201 kHz 40.0% 439+ 11 110

Figure 6.2: SEM (secondary electron) cross section images of pulsed DC films
deposited for 240 min with a -60 V substrate bias onto Cu substrates. The pulse
frequency and duty cycle were as follows: a) 50 kHz 24%, b) 50 kHz 40%, c)
150 kHz 22.5%, d) 150 kHz 40%, €) 201 kHz 24% and f) 201 kHz 40%. Additionally
to this a table including the thickness and deposition rate of each coating is seen
below

Film deposition rates remained relatively constant in most cases with between 88 and
117 nmht, excluding the sample produced at 150 kHz with a 40 % duty cycle which
had a deposition rate of 146 nmh?, see Figure 6.2 for film thickness and deposition

rates.
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6.1.1.3 XPS

XPS analysis showed that the surface layer of each film wasfully oxidised, asthe peak
resulting from Al3* lacked any kind of shoulder, which would have indicated metallic
impurities. The peak was seen at an average binding energy of 74.22 + 0.04eV.
Stoichiometry varied between an Al:O ratio of 0.53 and 0.68 with no discernible trend
with respect to the applied frequency or pulse width. See Figure 6.3 and Table 6.2 for
XPS summary data.

Table 6.2: XPSAl_2P binding energy and Al: O ratio assessed using casa XPSfor
pulsed DC films as deposited onto Cu disks.

Al_2P binding
Sample Al:O
energy (eV)
50 kHz 24.0% 74.08 0.53
50 kHz 40.0% 74.26 0.61
150 kHz 22.5% 74.08 0.60
150 kHz 40.0% 74.24 0.68
201 kHz 24.0% 74.36 0.60
201 kHz 40.0% 74.31 0.58
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— 50 kHz 24%
— 50 kHz 40%
— 150kHz 20%
— 150kHz 40%
201 kHz 24%
201 kHz 40%

CPS (a.u.)

S

J

78 76 74 72 0

Binding Energy (eV)

Figure 6.3: XPS Al_2P peaksfor films as deposited onto Cu substrate with varying
pulse frequncy (kHz) and duty cycle as indicated in the legend.

6.2 PDC-60 characterisation

The PDC deposition parameters of 240 min, with a substrate bias of -60 V, a pulse
frequency of 150 kHz and duty cycle of 40% were carried forward and hence called
PDC-60. This was reasoned because the produced films had good stoichiometry as
shown by XPS (closest to the desired 0.66 Al:O ratio), coupled with the lack of Al®in
the film which should result in improved electrical properties compared to DC and
BDC films. Thisfollowing section focuses on the production of these filmsand further

characterisation, such as electrical testing, TEM and mechanical anaysis.
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6.3 PDC-60 structural characterisation
Further characterisation on these films was continued from the previous section with
films produced at 150 kHz and with a 40 % duty cycle.

6.3.1 XPS

XPS analysis further confirmed the lack of elemental auminium at least in the top
layer of the films shown by the lack of a shoulder on the AlI®* peak, see Figure 6.4.
The Al_2P peak position was at 74.37 eV indicative of Al®*.

— Spectra
— Al 2P*"
- -+ Background

AP

Counts (a.u.)

I I
80 75 70

Binding Energy (eV)

Figure 6.4: XPSof PDC-60 thin film as deposited onto copper indicating no Al®in
the surface layer of the film, due to the absence of a shoulder at 70 eV which was
seen in DC and BDC films.

XPS analysis of the sample showed that the films had an Al:O ratio of 0.68, close to
that of stoichiometric alumina (0.66).
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6. Results: PDC deposited films

6.3.2 SEM and TEM

SEM showed that films produced under these conditions had a thickness of
285 + 3.4 nm with no visible striations or defects (see inset in Figure 6.5). TEM
analysis of PDC thin films showed that opposed to DC and BDC films the material
contained no visible cracking or striations. The films had a deposition rate of 64 nmh-2.,
EDX analysis also confirmed consistency across the film with no striations or large

crystallite apparent.

a)

Figure6.5: a) TEM (SEM inset) micrographs of PDC-60 as deposited onto Cu, with
cross sections showing film thickness, interlayer and structure. b) TEM EDX analysis
isincluded to show the consistency of the oxygen distribution and lack of striations

in the films.

6.4 PDC-60 dectrical characterisation

Initial electrical testing showed that the breakdown strength of the materials was
superior to that of the DC and BDC alumina films, with breakdown field as high as
275 Vumt. However, as measured by probe based methods the average breakdown
voltage was 155+37V yielding a dielectric strength of 265+ 65 Vum™. The
maximum leakage current in the PDC film prior to breakdown was < 10°Acm?
(Figure 6.6).
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Figure 6.6: Current leakage density graph for PDC-60 as deposited onto 5mm Cu
disks, with measurements made using the in house probe based method based upon
ASTM D3755-14.

Testing using AFM methods showed that the closer the test sites were to each other
the lower the breakdown strength, Figure 6.7 shows the results of measurementstaken
using different sized arrays on PDC-60. The sample measured using a 5x5 pm array
showed breakdown voltages between 15 and 150 V. Samples measured using the
bigger array lacked any breakdown at al, and showed no significant |eakage.

Current (nA)
T
Current (nA)
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Figure6.7: Elctrical testing for PDC-60 as deposited onto 10 mm Cu disks,
measured using AFM DB with 5x5 um (left) and 30x30 um (right) arrays.
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6. Results: PDC deposited films

The testing on PDC-60 films also showed a much more erratic breakdown voltage
when the measurements were carried out closer to each other, thus only an array size

of 30x30 um was carried forward.

Testing on PDC-60 samples showed that for 270 nm films no breakdown occurred.
Films of 107 £ 3 and 215 + 10 nm were produced by decreasing the deposition time
and testing showed dielectric breakdowns at averages of 31 + 2 and 67 + 5V relating
to dielectric strength of 301 £ 22 and 310 +26 Vum™, which are not significantly
different, for the thinner and thicker films respectively. Breakdown occurred relatively
quickly after the onset leakage and the maximum leakage current seen was smaller
with the thinner films. Current oscillations were seen only in 5 measurements for the
215 nm sample at high applied fields (> 327 Vum™), see Figure 6.8.

Samplethickness (nm) Dielectric strength (Vum™)
107+ 3 301+ 22
215+ 10 310+ 26

200 nm
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Figure 6.8: Table displaying dielectric strength with respect to film thickness. Cross

sectional backscattered electron SEM micrographs used to determine film thickness

and breakdown voltage for PDC-60 as deposited onto 10 mm Cu disks to thicknesses
of a) 107 nmand b) 215 nm respectively. Also included below each micrograph is

the current voltage data for each sample.
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6. Results: PDC deposited films

The conduction mechanism in the PDC films was determined through analysis of the
AFM DB current voltage curves for the PDC 200 nm sample. It was determined that a
possible mode for conduction was Fowler-Nordheim tunnelling. The single linear
region shown indicates a single tunnelling barrier at high applied fields, as seen in
Figure 6.9. Analysis of other conduction mechanisms (such as Schottkey or Poole-
Frenkel) yielded graphs containing a large spread of data, due to relatively large
current distribution meaning no mechanism could be determined at low applied field.
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Figure 6.9: Leakage current density plot for PDC-60, 200 nm samples as deposited
onto Cu disk with inset Fowler-Nordheim plot with red highlighted linear region.
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6. Results: PDC deposited films

6.5 PDC-60 mechanical characterisation
AFM measurements showed the films had a (Ra) roughness of 11.9 + 0.4 nm with a
minimum of -60.7 nm and a maximum of 380 nm. Films were generally featureless

when mapped using AFM.

6.5.1 Direct pull adhesion testing

Mechanical properties of the film was assessed in the same manner as the DC and
BDC films. Pull off testing indicated that the average failure for these films occurred
at 55.7 £ 2.9 MPa, six samples failed through partial interfacial delamination and two
samples failed in the adhesive (Figure 6.10).

Figure 6.10: Light micrographs of the prevalent pull off failure mechanismsin PDC

Al>Os (all indicate some degree of partial interfacial failure).
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6. Results: PDC deposited films

6.5.2 Scratch Testing

Scratch testing indicated that the film had the same failure mechanisms that were seen
for DC and BDC films. Combinational cracking (L c1+2) was seen at 0.87 £ 0.05N
resulting from cohesive failure and buckling (Lcs) a 1.96 = 0.16 N resulting from
adhesive failure. See Figure 6.11 for failure onset and appearance.

Figure 6.11: Scratch failure for PDC-60 Films as deposited onto Cu Disk,
displaying cohesive and adhesive failures with combination cracking (Lci1+2) and
buckling (Lcs) respectiviey. The maximum scratch load was 15 N, with scratch length
of 3 mm.
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6. Results: PDC deposited films

6.6 Reproducibility of PDC-60 films
PDC-60 films were remade and analysed accordingly to observe reproducibility in the
films. The following data resulted from the reproducibility study.

6.6.1 Structural characterisation

PDC FTIR Al-O LO phonon peaks were shifted from the initial measurement seenin
Figure 6.12. XRD and XPS results, however, were the same as previously with XRD
confirming the amorphous nature of the film (amorphous hump at low 26°) and XPS
giving Al_2P binding peak at 73.9 eV with the absence of any shoulder. The Al:Oratio
was higher in the second batch of produced films at 0.70 compared to 0.68 for the

previous set of films.

— Spectra
- AT 2P
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Counts (a.u.)
Counts (a.u.)

200 1000 800 20 40 60 80 78 76 74 72 70
Wavenumber (cm™) 20° Binding Energy (eV)
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Figure 6.12: FTIR, XRD and XPS spectra of PDC alumina as deposited onto Cu fail,
borosilicate glass slide and Cu disk respectively.

6.6.2 Mechanical Testing

Pull off adhesion testing showed a maximum adhesive strength of 41.9 + 2.0 MPa. All
failures occurred through partial cohesive failure in the film, showed by the Al seen
on the pull off stubs and the lack of copper seen in the micrographs of the failure sites
(Figure 6.13).
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PDC PDC
Partial interfacial failure Partial interfacial failure

1 mm

Figure 6.13: Light microscope images of pull off adhesion failure sites for PDC
films. Al EDX of the pull off site isincluded to show the presence of Al on the pull off
stub.

Scratch testing showed conformal cracking (cohesive failures) at 1.22 + 0.03 N and
buckling (adhesive failure) at 1.29 + 0.03 N asseenin Figure 6.14.

Figure 6.14: Light microscope images of scratch tests for PDC films deposited to
Ca. 200 nmonto Cu disks showing Lc1 and Lc failure in the high magnification

image.
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6. Results: PDC deposited films

6.7 Summary

The most crucial result from this section is evident in the TEM analysis of the PDC
films (Figure 6.5), which show that there are no defectsin the form of ordered regions
in the structure, which were seen in DC films. This improvement in structure can be
used to explain the improvement in dielectric strength up to 310 =26 Vum™ for these
films. Thisis also the reason for the scarce current oscillations seen in the PDC films.
It can, however, be seen that the mechanical properties of the films suffered likely as
aresult of poorer interfacial mixing caused by the slower PDC deposition rate. The
pulse parameters studied were shown generally to have an effect on the FTIR results
indicating a variation in internal stress when applying different duty cycles because of
the varying energy of the sputtered species. This section has shown that PDC Al2Os
films are superior to DC films with respect to electrical properties and will be carried

forward for use in composite films.
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7 Results: Multilayer composite materials

The am of the work in this results

section was to improve upon the (1x1)

. . . RF addition
electrical and mechanical properties ] (S0, or Ta,0)
of the materials deposited in results [] pDC ALO,
sections 1 and 2, hence, this section (2x2) [ Al

[L_] CuAlblend

concentrates on the production PDC
P |:| Cu Substrate

and RF multilayer composites,
deposited as outlined in the (4x4)

experimental procedure in section

( ) and shown in Figure 7.1.

Key considerations for these . . . , ,
Figure 7.1: Multilayer filmlayer configuration

it ill be the |
COMPoOSItes  wi © e TS or additional information see methodol ogy

frequency and number of layers as
e y & section.

well asthe interlayer configuration.

Initially results are presented for the first batch of films deposited using PDC (Al203)
and RF (SIO). Thisisfollowed by the results of films deposited using PDC (Al2Os)
and RF (SI02) or RF (Tax0s) and more refined deposition parameters. Both procedures
are outlined in section ( ) with the major distinction between the two procedures
being the initial method did not utilise the shield to cover the Al target during
deposition of the SIO;.

7.1 Initial Al2O3 SO2multilayer materials

Aninitial study of SO, as a suitable material for composites was carried out, forming
1x1 and 2x2 layered samples. Notably this set of films were produced with no shield
movement during deposition, meaning that the Al target was uncovered during SiO-

sputtering.

FTIR spectrum identified the presence of two main peaks at 830.3 and 825.8 cm* for
Al-O bonding and 1228.6 and 1223.8 cm for Si-O bonding. Each of these peaks had
a shoulder shifted to alower wavenumber, see Table 7.1 and Figure 7.2 for peak and

shoulder positions.
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7. Results: Multilayer composite materials

Table 7.1: FTIR peak positions for alumina silica composite films (with 2 to 4 layers)

as deposited onto Cu foil for maximum ATR crystal contact.

Al-O (cm?) Si-O (cm)
Sample Peak shoulder Peak Shoulder

Ix1 9190 8303 12219 1146.6
2x2 9152 8258 1216.6 11486

XRD indicated that samples were still amorphous, evidenced by the lack of crystalline
peaks. The amorphous hump <40 ° is a result of the amorphous film structure and

amorphous glass substrate, see Figure 7.2.

S_2P (eV) Si:0
1x1 10341 0.3947
2x2  103.21 0.4164

a) c) --- Si*"2p
~
= — Spectra
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Figure 7.2: (top) Table showing xps S_2P peak positions and S: O ratios. (bottom)
a) FTIR, b) XRD and c) XPSdata for silica alumina multicomponent films as
deposited onto Cu foil (FTIR), borosilicate glass slides (XRD) and Cu disks (XPS)

using initial multilayer deposition techniques.

Si_ 2P peaks were present in XPS spectra at 103.31 €V corresponding to Si** and the
lack of photo electrons bound at 100 eV indicated the lack of elemental Si. A Si:O
ratio of ca. 0.4 were determined using the XPS survey spectra where an ideal ratio
would be 0.5 see Figure 7.2.
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7. Results: Multilayer composite materials

SEM of 1x1 films showed a film of ca. 500 nm thick with no clear layer structure at
the magnifications used. See Figure 7.3 for film thickness and structure.

Figure 7.3: Cross sectional secondary electron SEM of Al20s, SO, multilayer as
deposited onto Cu Disk.

Electrical characterisation of these films reveaed that through thickness conduction
could be measured using a multi meter indicating the films had very low resistance.
As a result of this further electrical testing wasn't carried out and indicated

modifications to the deposition procedure were needed.

7.2 Alx03, SOz and Ta2Os multilayer films

As aresult of through thickness conduction in the initial multilayer films a number of
changes were made. The following section shows the characterisation results for the
refined multilayer systems consisting of PDC aumina combined with either RF Ta>Os
or RF SiO..

7.2.1 Structural characterisation

Similarly to the RF films discussed at the start of this section, FTIR gave information
on the bonding in the films. Combination of peaks resulting from the alumina and the
RF additions were seen for thefilms. Analysis of Ta,Os multilayer composites resulted
in abroad absorbance band with modes at lower wave number < 900 cm- attributed to
TaxOs modes, whereasthe peak at 901.7 cm was attributed to Al-O bonding. For SiO2
multilayer composites peak shoulders at 825.5 (bending) and 1140.0 cm (stretching)
were contributed by Si-O bonding, with the peak at 910.4 cm™ again attributed to Al-O
bonding. A peak at 1228.6 cm™ was also identified in the SIO, multilayer films and
attributed to Si-O-Al or Si-O-Si bonding [291]. All peaks asseenin Figure 7.4.

137



7. Results: Multilayer composite materials
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Figure 7.4: FTIR spectra for TaxOs (left) and SO2 (right) multilayer materials as
deposited onto copper foil. Spectra for the RF single Absorbance bands have been
mar ked.

XRD indicated the amorphous nature of all composite films. Resulting in only
amorphous humps and no peaks were seen for the deposited Cu/Al interlayer, see

Figure7.5.
RF Ta,0Os Mj&
= ~
3 3
< — Ta0slxl | & — Si0yIx1
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Figure 7.5: XRD diffraction patterns for multilayer films of ca. 200 nm thick
deposited onto glass substrates and 8 hour deposited RF films, with Ta,Os Al2Os
composites (left) and SO, Al20s composites (right).

XPS analysis of the films confirmed the presence of Si** and Ta>* with photo electron
peaks at 103.23 £ 0.01 eV and 26.30 + 0.05 eV respectively. The XPS spectra showed
alack of peaks resulting from Ta metal but did, however, reveal the presence of sub
stoichiometric silicon, with peaks appearing at 100.45 + 0.13 eV accounting for up to
15 % of the Si content in the analysis of SiO> multilayer composites. See Figure 7.6
for peak positions, Si:O and Ta:O ratios and peak deconvolution results. TaOs
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7. Results: Multilayer composite materials

multilayer films were sub stoichiometric with Ta:O ratios below 0.4 and SIO;

multilayer films were found to contain excessive Si with ratios generally above 0.5.

— Spectra A @l — Spectra
s Sit St || G+ op
— Ta 4F7/2 A+
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32 30 28 26 24 22 106 101 96
Binding Energy (eV) Binding Energy (eV)

Sample Ta> 4F (eV) Tal 4F (eV) Ta’ % Ta:Oratio

RF 26.31 N/A N/A 0.36
X1 26.45 N/A N/A 0.35
2x2 26.25 N/A N/A 0.36
4x4 26.19 N/A N/A 0.40
Sample Si** 2P (eV) Si° 2P (eV) Sit* % Si:Oratio
RF 103.20 100.80 3.46 £ 0.06 0.43
X1 103.17 100.20 1.90+0.01 0.62
2x2 103.24 100.19 439+ 0.04 0.57
4x4 103.25 100.37 15.76 + 0.21 0.56

Figure 7.6: High resolution XPS spectra for multilayer composite films as deposited

onto Cu disks, for Ta_4F (left) and S_2P (right) photoelectrons. Fitting is indicated

in the key next to each set of spectra. The subsequent table includes binding energies
and atomic ratios.
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Deconvolution of the O_1S peak for the SIO. composites gave information as to the
binding energy and composition of the Si species, see Figure 7.7 for deconvoluted

spectra.

Si# Shoulder 1 Shoulder 2

Sample (evV) % ev) % ev) %
RF 532.64 68.8 53458 29.1 53161 21
Ix1 53253 939 53451 34 53022 26
2x2 53259 912 53452 51 53083 3.7
4x4 53259 936 53454 44 53069 22

RF Si-O-Si Il

T T |
538 533 528 538 533 528

2x2 4x4
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Binding energy (eV)
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Figure 7.7: Deconvolution results of XPSO_1S peaks for SO, composites as
deposited onto Cu disks. Included below is the deconvol ution spectra showing the
S4 peak shoulders.
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7. Results: Multilayer composite materials

SEM micrographs of the film cross sections are given in Figure 7.8. All films were
generaly featureless and layers were indistinguishable using EDX or secondary
electron imaging. However, for TaxOs composites backscattered electron imaging
showed bright sectionsindicating layer formation. See Figure 7.8 for micrographs and
average sample thickness (nm). Thickness varied between 150 and 236 nm with SiO>

composite films seen to be thicker for 2x2 and 4x4 layered structures.

Ix1 2x2 4x4

PN i |

[ iiats e |

Resin 100 RGNS

Film Thickness (nm)

Layers
Ta,Os Composites SO, Composites
1x1 203+ 6 191+4
2x2 152+ 4 182+ 4
4x4 210+ 9 236+ 11

Figure 7.8: Cross sectional secondary and backscattered (inset) SEM micrographs
of TaxOs (top row) and SO- (bottom row) multilayer materials as deposited onto Cu
disks. Average thickness values are given in the table below.
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7.2.2 Mechanical Properties

AFM surface roughness values (Ra) varied between 4.7 £ 0.1 nm and 18.1 £ 8.2 nm
for the composite films as shown in Table 7.2. No clear trend between the roughness

and the number of layers or the composition of the films was observed.

Table 7.2: Average surface roughness values (Ra) for multilayer composite films as
deposited onto Cu disks. Average taken from 3 2x2 um areas as analysed by
Gwyddion AFM analysis software

Ra (nm)
TaxOs SOz
Ix1 6.6+19 114+44
2x2 181+82 47+01
4x4  165+33 17.0+x83

Sample

7.2.2.1.1 Scratch adhesion testing

Scratches (procedure as outlined in section ( )) on the multilayer composites
resulted in a maximum cohesive failure loads of 1.22 and 1.25 N for Ta2Os and SIO>
composites respectively and adhesive failures of 1.40 and 1.34 N for TaxOs and SIO>
composites respectively. See Table 7.3 for failure modes and average critical loads.

Table 7.3: Critical failure loads (N) and failure modes for multilayers deposited onto
Cu disks as identified using light micrographs. Whereby conformal cracking has

been abbreviated.

Sample Lci (N) Mode Lc2 (N) Mode
Ix1 0.98+0.15 Conformal C. 1.18+0.15 Buckling
Tax0s 2x2 115+ 0.04 Conformal C. 1.40+0.08 Buckling
ax4 1.22+0.06 Conformal C. 1.28 + 0.06 Buckling
1x1 0.99+0.10 Conformal C. 0.95+0.11 Buckling
SO 2x2 0.84+£0.06 Conformal C. 0.97+0.04 Buckling
4x4 1.25+0.20 Conformal C. 1.34+0.11 Buckling
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Cohesive failures occurred generally through conformal cracking and adhesive failure

occurred through buckling for all samples as shownin Figure 7.9.

100 pm

Figure 7.9: Scratch test images depicting the archetypal failure modesin TaOs
(left) and SO (right) multilayer films as deposited onto Cu disks.

7.2.2.1.2 Pull off adhesion testing

Pull off testing carried out on the multilayer composite films showed that the adhesive
strength varied between 11.4 and 34.3 MPa with failure occurring through complete
interfacial delamination and partial interfacial delamination mechanismsfor all of the
films. Average pull off values (MPa) and failure mechanisms for each film are given
in Table 7.4.
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Table 7.4. Average adhesive pull off strength (MPa) and failure mechanism for
TaxOs and SO- multilayer films as deposited onto Cu disks.

) Complete Partial Failure
Averagefailure . _ . _ .
Sample interfacial interfacial in
strength (MPa)

failure failure Adhesive
Ix1 246+ 3.1 4 3 0
Ta0s  2X2 160+ 2.2 8 0 0
4x4 15.3+28 8 0 0
1x1 220+ 34 6 2 0
SO 2x2 11.4+18 8 0 0
4x4 343144 1 7 0

It can be seen that the 1x1 TaxOs films composites had a larger adhesion strength than
2x2 or 4x4 (ca. 1.5 timeslarger). The 4x4 composite had the highest adhesion strength
for SIO> composites at least ca. 1.6 times larger. EDX mapping of the pull off stubs
revealed alayer of copper indicating that failure occurred at theinitial Cu-Cu interface,

see Figure 7.10.
Ta,O4 1x1 Ta,O5 4x4 Si0, 1x1 Si0, 2x2
Partial interfacial Full interfacial Full interfacial Partial interfacial
delamination delamination delamination delamination

I mm

Figure 7.10: Pull off adhesion sites showing a) and d) partial interfacial
delamination in Ta2Os 1x1 and SO> 2x2 composites respectively and complete
interfacial delamination for Ta>Os 4x4 and SO> 1x1 compositesin b) and c)
respectively. Where available EDX maps showing Al and Cu apparent on the stubs
following testing are included below the pull off site.
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A summary of the pull off and scratch test failure with respect to the composition and

layer configuration of the PDC composite filmsisgivenin Figure 7.11.
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Figure 7.11: Summary of the mechanical adhesion testing data for PDC composite
materials, with pull off adhesion displayed on the left and scratch test critical

failureson theright.
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7.2.3 Electrical characterisation

DB measurements were carried out as for the DC, BDC and PDC films. This testing
showed a range of breakdowns for the multilayer materials. The highest dielectric
strength was provided in both the case of TaxOs and SiO> films by the films with the
2x2 motif, at 513 + 18 and 466 + 86 Vum™ respectively. The lowest diglectric strength
was seen in 1x1 composites at 332 + 159 and 350 + 38 Vum™ for SiO, and TapOs
respectively.

The standard error in the voltage measurements was much lower for TaxOs films as
seen in Figure 7.12, the error in 1x1 films was also highest for each set of materials.
It canbeseeninFigure7.13and Figure 7.14 that leakage current prior to breakdown
was larger in the TaxOs composites with a maximum leakages of ca. 6.48, 3.13 and
2.35 nA (1x1, 2x2, 4x4) whilst leakage prior to breakdown was < 1 nA in all SIO2
composite films. Oscillationsin the current |eakage prior to breakdown were also seen

in TaxOs composites but not in SiO. composites see Figure 7.13 and Figure 7.14.
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Sample  Thickness Breakdown N Dielectric Strength
(nm) AVG. (V) (Vum™)

1x1 190.7 + 3.6 63.4+ 304 16 332 £159

SO, 2x2 181.9+ 3.8 84.9+15.6 16 466 + 86
4x4 235711 98.3+16.5 16 416+ 73

Ix1 203.0+£6.0 71075 16 350+ 38

Ta0s 2x2 1520+ 35 780%21 16 513+ 18
4x4 209.6+9.3 84.6+4.1 16 403 + 26

Figure 7.12: Plot and table of AFM breakdown voltage and dielectric breakdown for

TaxOs and SO multilayer composites deposited onto Cu disks. Layer structure and

filmthickness are included (and was used to calculate the dielectric strength). N

represents the total measurements that resulted in breakdown (out of 16).
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Figure 7.13: AFM DB current, applied field plots, for Ta2Os composites deposited
onto Cu disks. Layer configuration is indicated on the top of each graph.
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Figure 7.14: AFM DB current, applied field plots, for SO, composites deposited

onto Cu disks. Multilayer configuration is asindicated on the top of each graph.
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FN, schottky and PF analysis of the current voltage data (AFM DB) gave no clear
indication as to the dominant conduction mechanism in the SiO, or TaxOs composites.
Therewas high current variation at low fields and at high applied fields current leakage
and oscillations (especialy in the Ta,Os composites) made assignment in the high filed

region problematic.
7.3 Reproducibility of Ta>Os composites

TapOs composite films were produced for a second time and analysed to check the
consistency of the deposition procedure. Characterisation in the form of FTIR, XRD
and XPS was carried out to confirm structure and stoichiometry, for comparison to
previously produced films. All data discussed hereis shownin Figure 7.15.

FTIR of multilayer films showed peaks consistent with the measurements made
previously in this study, with peaks at 910.4 and 799.1 cm™. Also exhibiting a slight
depression in the peak resulting from Ta-O bonding with an increase in the number of
layers. XRD also showed a broad amorphous diffraction peal at ca. 20°. XPS analysis
also confirmed the presence of Ta 4F peakswith abinding energy of 26.23 + 0.09 eV
and an absence of peaks resulting from Ta metal. The Ta:O ratio was also generaly
similar with the exception of 1x1 films which appeared to have a lower Ta:O ratio of
0.29 whereas 2x2 and 4x4 films had Ta:O ratios of 0.35 and 0.33 respectively.
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Figure 7.15: FTIR spectra for Ta-O and Al-O bonding, XRD and XPS Ta_4F results
for reproduced Ta>Os multilayer films deposited onto Cu foil, borosilicate glass
dlides and Cu substrates respectively.
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7.1 Summary

Multilayer films have been shown in this results chapter to improve upon the dielectric
strength set by the PDC Al>Os films deposited in the previous chapter. The increasein
breakdown strength to a maximum of 513 + 18 Vum™ was the result of the inserted RF
layers acting as a barrier to charge flow through capping structural or compositional
defects. The properties varied with the number and distribution of layers, which was a
result of the varying effectiveness of the RF layers to block current flow. The
mechanical properties of the composites were shown to be at |east 2.4 times|ower than
the PDC films, this was theorised to be aresult of an increased internal stress, because

the total thickness and surface pre-treatments were the same for PDC films.
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8 Results: Reel to reel coating of wires

Following the production of coatings with breakdown strength > 300 Vum™in results
chapters 2 and 3, it was considered a priority to apply coatings to wires in order to
assess the mechanical and electrical properties when considering the coatings actual
application. For the success of such isolating systems it was considered critical to
assess the relationship between the thickness and mechanical and electrical properties

to maintain coating continuity.

In light of this the following chapter will display the development of the wire coating
apparatus, paying close attention to substrate biasing, which was carried out in order
to produce coatings which adhere to the wires and provide sufficient electrical
isolation. Characterisation of three thicknesses of PDC Al>Oz coatings deposited with
varying Al interlayer thickness will be included to assess how successful the coatings
were. The resultsin this chapter will be displayed in the following order: the results of
an initial deposition of Al utilising a system with plain bushings, results of films that
were produced using a coating system which utilised bearings and then coatings made
with the assistance of adrive chain. When displaying the results for films deposited on
the final coating apparatus, the use of different thickness Al interlayers will progress
onto the deposition and characterisation of different thickness Al.Os layers, deposited
on top of the aforementioned interlayers.

8.1 Trial deposition

Wires were initially coated with aluminium (15 min, 4A, 140 sccm Ar) for proof of
concept, using a prototype coating rig (similar to the resulting rig but made using Al
and plain Ag bushings). SEM and EDX analysis confirmed the presence of aluminium
on the surface of the wire asindicated in Figure 8.1.
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Figure 8.1: Secondary electron SEM micrographs and EDX mapping of the cross

section of an Al coated Cu wire, coated using the trial deposition apparatus.

The coating was up to 6.7 um thick, and contained cracking and sites of delamination.
This could be a result of the processing methodology and the large thickness of the

film. Thetrial tests showed that the coating rig would apply a coating to the wires.

8.2 Coating without chain drive

Al coatings were deposited as in the methods section using the final coating rig. The
Al coatings applied at different rotational speeds, werethenimplemented asinterlayers
for subsequent alumina coatings. In these initial coatings polyimide tape was used in

the bearing grooves to reduce abrasion as the wire was pulled around the system.
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8.2.1 BiasApplication

Application of sample bias during the cleaning stage resulted in the etching of surface
contaminants from the wires. However, the application of a substrate bias during the
deposition period led to arcing along the length of the wire, limiting its use in the
deposition of Al and Al2Os. Bias voltages during etching was maintained at -40 V
because above this there was a risk of the wire arcing and breaking (which occurred
for bias etching at -150 and -100 V).

8.2.2 Tensletesting

Tensile testing was used to determine the load required to initiate coating failure.
Delamination/ cracking of the coatings as deposited onto 1 mm @ Cu wirewas not seen
in the force extension graph. However, sample dlipping in the jaws resulted in some

differences from the response of bare copper seetest 1in Figure 8.2.
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Figure 8.2: Force extension plots for 2 A 0.5 RPM Al with thickness of ca. 300 nm.
Note dlipping in test 1 resulted in dips in the plot.

Light microscopy was used to assess the delamination that was visible in samples
following tensile testing. This showed patches of bare copper varying in size along the
length of the wire, which were not visiblein the coating prior to the testing see Figure
8.3. This indicated that intermittent tensile testing could be used to determine the
extent of coating damage during testing.
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Figure 8.3: Light micrographs of untested (top) and tensile tested (bottom) Al

coated copper wire. Bare copper is seen in the bottom images following testing, as a
result of delamination of the wire coating.

8.2.3 Initial alumina coatings

PDC alumina coatings as developed earlier in thiswork (section (4.1.3)) were applied
to the wire following the deposition of an Al interlayer as deposited at 0.5 rpm. FTIR
peaks correlating to Al-O bonding were identified in the FTIR taken around a samples
of coated wiresasin Figure 8.4.
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Figure 8.4: FTIR spectra for wires coated with 1 layer of alumina using the
methodology stated in section (4.1.5) with one Al2Os coating run. An Al interlayer
was deposited on the wire at 1.5 rpm. The legend indicates the measured sites across

thewire.
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8.3 Coating with chain drive

Results from this point onward relate to films deposited once the reel to reel drive
chain had been implemented along with bias etching of thewireat 0.5 rpmand - 40 V
(for two complete reel to reel cycles) with a view to improving adhesion and

decreasing wait time for deposition.
8.3.1 Initial deposition at sputtering distance of 55 mm

This section will show the results of wires coated with no substrate bias at a distance
of 55 mm. Due to arcing along the wire when depositing using a substrate bias, the

bias was turned off when the shield was not in front of the target.

Interlayer deposition was carried out resulting in a colour change as the Cu was coated
with Al. Micrographs of the wire didn’t show any significant delamination. However,
the adhesion of this film was poor and once bent the films could easily be rubbed off.
This made further mechanical testing impractical because the wire would need to be
straightened and the ends bent for testing.

The Al>Os films when deposited at this distance showed significant delamination and
cracking along the sample as shown in Figure 8.5. Delamination meant that carrying
out further mechanical or electrical testing was not beneficial for these coatings,

because of short circuiting and the presence of cracking before tensile testing.
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Figure 8.5: Micrographs of Al (left) and Al.Oz (right with Al interlayer) coated Cu
wire with inset high magnification micrographs displaying delamination with visible

Cu in both cases.

SEM showed the Al2Os3 film had a thickness of 349 + 15 nm and 345 + 10 nm on the
opposite side. The films appeared to be featureless, see Figure 8.6.
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Figure 8.6: Cross sectional secondary electron SEM micrographs of Al.Os coated
wirewith an Al interlayer deposited at 1.5 rpm followed by 0.5 rpm reactive PDC
Al>03 coating from two opposite sides of the wire.
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FTIR was used to confirm the presence of Al>Os on all sides of the wire and showed a
peak with an average position of 917.6 cm* resulting from Al-O bonding, as shownin

Figure 8.7. A shoulder in the peak was seen at the higher wavelength of 1107.6 cm™.,
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Figure 8.7: FTIR spectra taken from around the circumference of the Al.Os film as
deposited onto Cu wire (T=top, L=Ieft, R=right and B=bottom sides) at a distance of
55 mmwith no substrate bias at 0.5 rpm.

8.3.2 Methodsfor resolving arcing during deposition with a substrate bias

Whilst the above work has shown it possible to deposit Al and Al>Os films consistently
around awire, the arcing events prevented the use of biasing, leading to poor adhesion
and delamination in the Al>Os films. As a possible solution the distance between the
substrate and the target was increased from 55 to 100 mm with a view to reducing the
charge build up on thewire. However, arcing still occurred upon application of a-40 V
bias, which was the lowest which could be consistently applied using the
TEER-UDPG50.

Removal of bearing insulation (in the form of Kapton® tape) which was initially
implemented as a way to remove wire abrasion, was shown a 100 mm wire target
distance to resolve arcing issues along the length of the wire. Thus atarget separation
of 100 mm was maintained without Kapton® with a view to depositing the most

adherent films.
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8.4 Optimised wire coatings

Using the chain drive, increased substrate distance (100 mm) and longer bias cleaning
period (two complete reel to reel cycles at -150 V) and application of bias during
deposition Al20s (- 40 V) coated wire was produced. Al20s was applied on top of Al
interlayers, which were deposited to different thickness by varying the reel to reel
rotational speed. Note that in the final films the bearings were machined to remove a
step in the wire groove, upon the discovery that the Al 203 coating was being removed

following deposition as seen in Figure 8.9.

8.4.1.1 Interlayer Characterisation

Light microscope images showed that PDC Al coated the wire regardless of coating
speed, however, in each case some small delamination sites could be seen as
highlighted in Figure 8.8.
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Figure 8.8: Light microscope images of Cu wires coated in PDC Al, deposited at
increasing reel to reel speed to modify the coating thickness as indicated above the
micrographs. Defects in the wires have been circled in each instance.
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8.4.2 Al,O3coated wire characterisation

Wires were coated with an Al interlayer as previously shown at 1.5, 3.0 and
4.5 rpm (see Figure 8.8) and then coated with a single layer of Al.Os applied at
0.5 rpm, using the same PDC parameters as used in section (4.1.3). Light microscopy
showed bare copper throughout for al of the Al>Oz coatings. The delamination was
systematic on both sides of the wire which weren't directly exposed to the plasma.
Every wire experienced this delamination to asimilar extent. Following the machining
of the bearing grooves to remove a step it was clear that the wear of the films was
considerably reduced. Figure 8.9 shows practically no wear on the samples made with
a 1.5 rpm interlayer and smoothed bearings, the bias cleaning stage also implemented

a higher bias voltage the smoothed bearing samples.

Bearings
as sold

Smoothed
Bearings

Figure 8.9: Light microscope images of the surface of Al,0O3 coated Cu wires with
varying rotation speed during interlayer deposition (indicated above the image).
(top) With as received bearings, (bottom) with step machined away from the bearing

grooves.

It was shown that the average film thickness for single layer Al 20z filmswith 1.5, 3.0
and 4.5 rpminterlayerswere 312 £ 40 nm, 208 £ 15 nm and 202 = 16 nm respectively.
It can also be seen from Figure 8.10 that the films were generally featureless.
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Interlayer speed (rpm) Average total film thickness (nm)

15 312+ 40
3.0 208 + 15
45 202 + 16

1.5 rpm 3.0 rpm 4.5 rpm

Cu Al,O; Resin Cu  AlLO; Resin ABO; Resin

200 nm 200 nm

> —p

AlLO, t

Resin 200 nm

Resin ALO;  Cu

200 nm

Figure 8.10: A table of thicknesses followed by secondary electron SEM
micrographs from the cross section of Cu wires coated with a single Al interlayer
with a deposition speed as indicated above each column and one layer of Al2Og,
deposited at 0.5 rpm. Images are taken clockwise around the samples going down the

columns.
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Tenslle testing of the wires showed that coatings produced using a 1.5 rpm Al
interlayer and a - 40 V bias cleaning stage had failures at > 180 MPa and > 206 M Pa
resulting from transverse and combination cracking/ delamination respectively
(Figure 8.11). Samples produced using the same conditions except with smoothed
bearings and a bias clean at -150 V produced coatings with transverse and longitudinal
cracking failures stress of > 177 and > 216 MPa respectively; minimum possible

failure strain and stress are shown in Figure 8.11.

Combination
No Cracking Transverse Cracking Cracking

Gl (N }
- | B

0 MPa

1.5 rpm

Bearings as sold

> 177 MPa
> 2%

K}

Smoothed bearings
1.5 rpm

20 um
Figure 8.11: Cracking in Cu wires coated with an Al interlayer deposited at 1.5 rpm
and 1 layer of PDC Al>Os deposited at 0.5 rpm. It can be seen that transverse
cracking is followed by combination cracking during tensile testing at loads above
125 MPa. Note tensile stress was applied in the direction horizontal to the page.

Asaresult of the decreased wear (see optical images Figure 8.9) in the films produced
using the smoothed bearings the following characterisation was carried out on wire
cleaned at - 150 V bias using the new bearings. FTIR analysis showed the presence of
Al-O bonding on all sides of the wire in al cases despite different interlayers (see
Figure 8.12). There was aso no shift in the FTIR peak position regardless of the side
of the wire the spectra was taken, or the thickness of the interlayer.
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Wavenumber (cm?)
I nterlayer (rpm)

Top Bottom Left Right

15 924 922 922 920
3.0 910 916 889 899
4.5 899 920 897 921
1.5 rpm int. 3.0 rpm int. 4.5 rpm int.
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Figure 8.12: FTIR Al-O peak positions for coated wire, measured around the
circumference of same samples, coated with an Al interlayer with speed asindicated
and a single layer of Al>Os. Associated spectra from around the wire are included
below.

Electrical testing of the wire was not possible in this case because the layer of Al>Os
was not thick enough to prevent wire to wire conduction in wound pairs, as identified

using a multi meter.
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8.4.3 Multi-pass AloOs films

8.4.3.1 3layer Al>Os coatings

Multiple passes of the PDC Al,Oz coating were applied in order to give athicker Al2Os
layer. This was carried out in order to facilitate electrical measurements of the film.
FTIR again showed the presence of Al-O peaksin al of the coatings regardless of the
number of coating passes. Using interlayers deposited at speeds higher than 1.5 rpm

resulted in broader peaks with alower wavenumber, see Figure 8.13.

Wavenumber (cm™)

I nterlayer (rpm) :
Top Bottom Left Right

15 921 914 916 923
3.0 842 860 833 842
45 86 831 854 826
1.5 RPM inter 3.0 RPM inter 4.5 RPM inter
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Wavenumber (cm'l) Wavenumber (cm'l) Wavenumber (cm'l)

Figure 8.13: FTIR Al-O peak positions for coated wire, measured around the
circumference of same samples, coated with an Al interlayer asindicated and 3

layers of Al>Os. Associated spectra are included below.

163



8. Results: Reel to reel coating of wires

SEM thickness analysis showed average thickness as laid out in Table 8.1 respective
to interlayer deposition speeds of 1.5, 3.0 and 4.5 rpm. The thicknesses were relatively
consistent around the cross section of the wire and the largest variation of 300 nm was
seen in 1.5 rpm films. The greatest variation within the measurements was seen
between samples which were perpendicular to each other, see Table 8.1 for thickness
variations. SEM also showed the films to be generally featureless with no crystal

structure apparent as seen in Figure 8.14.

Table 8.1: Average, minimum and maximum coating thickness and in sample
variation for Cu wires coated with 1 layer of Al (speed indicated in the left column)
and 3 layers of Al2Os deposited at 0.5 rpm.

Sampleinterlayer Averagecoating Error (nm) Min (nm) Max (nm)

speed (rpm) thickness (nm)

15 470 25 355 650
3.0 395 10 315 442
4.5 375 20 262 432

164



8. Results: Reel to reel coating of wires

1.5 rpm 3.0 rpm 4.5 rpm

&S

Figure 8.14: Cross sectional back scattered SEM (with secondary el ectron inset)

images of wire coated with 3 passes of Al20Oz 0on top of an Al interlayer deposited at
the speed indicated. Images are taken from around a cross section of the

corresponding wire moving around in a clock wise fashion down the columns.
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Light microscopy showed some wear on the wires much less, however, than when the
as received bearing were used and when the lower substrate bias was applied. Wear
was most obviousin the wire coated with thinner interlayers asseenin Figure 8.15. It
appears that the Cu which is seen has come from wear caused by the processing,
opposed to delamination caused by poor adhesion or high internal stress, as seen in

Figure 8.5.

1.5 rpm interlayer 3.0 rpm interlayer 4.5 rpm interlayer

500 um 100 um 500 um 100

500 pm § 100 u " 0();,l_m IOOu_m
Figure 8.15: Light microscope images of Cu wire bias cleaned at -150 V for two
winds and coated with an Al interlayer at 1.5, 3.0 or 4.5 rpm and then coated with 3
Al>O3 layers deposited at 0.5 rpm. Cu which is visible through the coating is more
prevalent in the 3.0 and 4.5 rpminterlayer coatings. Top row taken from the top side,
2" row images from the inside of the wire as wound onto the on reel, 3" row from

the outside and the 4™ row taken from the bottom of the wire.
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8.4.3.1.1 Mechanical Testing

Tensile testing showed the lowest possible onset of cracking failure in the Al2Os
coating was above a strain of 1.5% and a stress of 177 MPa. Cracking initially
appeared perpendicular to the direction of the wire, with longitudinal cracking
occurring at a minimum strain of 4 % and a stress of 204 MPa. Figure 8.16 shows
crack formation and gives the minimum possible stress and strain at formation for each
sample.

Transverse Combination

Cracking Cracking

>178 MPa
>1.6%

No Cracking

>203 MPa i MPat |
25 % ‘ ‘>52 %{ '
» ) X ' l‘

)
| i
{

! H
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Figure 8.16: Coating crack formation (secondary electron SEM images) on Cu
wires. The coatings consist of an Al interlayer deposited at 1.5, 3.0 or 4.5 rpm
followed by 3 layers of Al2Os deposited at 0.5 rpm. Inset are the minimum failure
stress and strain for each test group. Note tensile stress was applied in the direction
horizontal to the page. A longitudinal crack has been highlighted in the top right tile.
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The minimum and maximum possible failure values were determined from the SEM
micrographs and the stress strain data that was obtained. This data shows no specific
relationship between the tensile properties and interlayer thickness (Table 8.2).

Table 8.2: Minimum and maximum cracking failures perpendicular and parallel to
the direction of tensile stress for Cu wire samples coated with 3 layers of Al2Os at 0.5

rpmon top of an Al interlayer as outlined in the table.

Cracking, (Strain (%) Longitudinal / Delamination,
(Stress (MPa)) (Strain (%) (Stress (MPa))
Alint. (rpm) Min Max Min Max
15 1.6 (178) 1.7 (204) 4.0 (204) 12.9 (229)
3.0 2.5(203) 6.3 (216) 5.2 (216) 32 (229)
4.5 1.5(177) 1.6 (178) 4.0 (204) 8.0 (216)

Crack density for the tested samples was determined and showed that samples

produced with a3 rpm interlayer had the lowest crack density up to 15% strain as seen
in Figure 8.17.
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Figure 8.17: Crack density - resulting from tensile testing - for Cu Wire coated with
3layersof A0z at 0.5 and an Al interlayer deposited at 1.5, 3.0 or 4.5 rpm.
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8.4.3.2 5layer Al,O3 coatings

Coatings with a 1.5rpm Al interlayer and 5 layers of Al2Os were produced as
previously. FTIR identified a broad absorbance band < 1000 cm with a peak at an
average wavenumber of 802 cmt indicating Al-O bonding, as seen in Figure 8.18.

b e

Absorbance (a.u.)

: —— ,
1400 1000 600

Wavenumber (cm'l)
Figure 8.18: FTIR spectra for Cu wire coated with 1 layer of Al at a speed of

1.5rpmand 5 layers of Al.Oz deposited at 0.5 rpm. Where measurements wer e taken
around a sample T (top), B (bottom), L (left) and R (right).

Light microscopy of the wires showed that there were areas of bare copper wire
exposed, these appeared to be the result of external wear, as opposed to adelamination
caused by the deposition process. However, the extent of the wear was not as
detrimental as in samples deposited using the original unaltered bearings see Figure
8.19.

1 pum
Figure 8.19: Light micrographs of Cu wire coated with 1 Al layer deposited at
1.5 rpmand 5 layers of Al.Os each deposited at 0.5 rpm. Where a) isthetop b) isthe
inside, c) isthe bottom and d) is the outside of the wire respective to the off reel of

the coating apparatus.

169



8. Results: Reel to reel coating of wires

SEM analysis showed these films had an average thickness of 1160 + 74 nm, see
Figure 8.20 for cross sectional SEM images of the wire, which aso show no
morphology which would indicate a crystalline structure.

Figure 8.20: Cross sectional SEM of Cu wire coated with one layer of Al at 1.5 rpm
and 5 layers of Al2Os at 0.5 rpm showing the thickness around the wire.
Backscattered electron micrographs are displayed with secondary electron images
inset.

Tensile testing revealed that the coatings initially failed above a strain of 1.6 % and a
stress of 179 MPa. Further failurein the form of longitudinal cracking occurred above
a strain of 4.4% and a stress of 216 MPa. Longitudinal and transverse cracking

occurred as seen in Figure 8.21.
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Transverse cracking Longitudinal cracking

(Strain (Stress (MPa))) (Strain (Stress (MPa)))

Al>Os layers Min Max Min Max
1 2.3(177) 7.5 (216) 4.9 (216) 20.2 (242)
3 1.6 (178) 4.1 (204) 4.0 (204) 12.9 (229)
5 1.6 (179) 4.8 (216) 4.4 (216) 9.4 (229)

No Cracking Transvc.arse Combingtion

Cracking Cracking

>216 Mpa
>414 %

0 MPa

1.5 rpm

40 um

Figure 8.21: Maximum and minimum range for cracking failure seen in multilayer
Al>Os (deposited at 0.5 rpm) coated wire with an Al interlayer (Deposited at
1.5 rpm). Data was generated by finding the maximum and minimum possible onset
of failure from SEM micrographs. (Below) Tensile test failure sites for Cu wire
coated with an Al interlayer deposited at 1.5 rpm and 5 layers of PDC Al>Os
deposited at 0.5 rpm. Note tensile stress was applied in the direction horizontal to
the page

Crack density was determined to increase with decreasing film thickness as seen in
Figure 8.22, where the minimum crack density was seen for samples produced with 5

layers of Al20s.
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Figure 8.22: Crack density in Al.O3 coated wires with an Al interlayer deposited at
1.5 rpmwith varying layers of Al2Oz applied at 0.5 rpm (1x, 3x and 5x).

The critica bending radius was calculated using the equations outlined in the
experimental procedure (see section ( )). These calculations resulted in the values
given in Table 8.3. Calculated critical bending radii were found to be relatively

consistent within the range between 200 and 333 um.

Table 8.3: Critical bending radii as calculated for Al.O3 coated copper wires with

various interlayer and coating thickness.

Calculated Critical
Interlayer Al2Os layers
Bending radius (um)

15 1 217
3 313
5 313
3.0 3 200
4.5 3 333
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8.4.4 Electrical testing

Because of the apparent reduction in the amount of delamination seen in Figure 8.9
1.5 rpm interlayer wires produced with the - 150 V bias cleaning stage were used for
electrical measurements. The tested samples had 3 or 5 Al,Os layers on top. However,
breakdown testing was not possible as the testing resulted in short circuiting of the
system. This suggested discontinuity in the coating. This was shown to be the case for
both 3 and 5 layer coatings in crossed pair, wound and single wire measurement
configurations.

845 Cost summary

A cost analysis taking into account raw materials and power required to run the rig
was carried out to show a standing cost to load the rig which also takes into account
the cost of cleaning and the dead length of wire in the rig and would need to be added
to the cost of every run and a cost per additional meter of coated wire. Thiswas purely
looking at the cost on a research scale, and costs could be reduced by scaling the
experiment. Thefollowing coststook into account system elementsincluding the PSU,
pumps and the water chiller aswell as consumables such as solvents, substrates, targets
and gases.

e Standing cost including a pump down time of 5 h: £13.05

e Cost to coat each additional m of wire: £1.60
Further note on cost analysis: these costings take into account stated power ratings of
equipment and that the equipment is running at full capacity and has not factored in
any deterioration in running specifications. The initial equipment coat has also not
been taken into account.

8.5 Summary

The alumina coatings deposited in this chapter have shown that the deposition process
needs to be carefully tailored to avoid defects in the films. Coatings were shown to
conform around the circumference of the wire and FTIR confirmed the composition
of the films. The thickness was shown to shift in Al-O binding peak suggesting a
change in internal stress, which could be a limiting factor in future coating design.
Additionally transverse cracking at strains below 1.6 % was followed by longitudinal
cracking below 4.0 % as a result of plastic deformation in the coatings during tensile

testing. Defectsin the wire did, however, cause problems with electrical continuity.
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9 Results: Heat treatment of sputtered films

It was hypothesised that heat treatment could be aroute to improving the electrical and
mechanical properties of the as deposited PDC films and PDC + RF composites;
through removal of defects and intrinsic stress. This treatment would also have the
potential to increase interfacial blending in the composites which could improve
adhesion. Thus an initial investigation into heat treatment of PDC samples revealed
that 300 and 500 °C hour long treatments resulted in no observable delamination and
FTIR analysis showed that there was no shift in the peak position for the Al-O phonon
vibrations see Figure 9.1. Thus 500 °C was chosen because it was higher than the
polymeric insulation and would demonstrate the coatings high temperature potential.
Further to this results outlining the effect of heat treatment on the composites is

included with the goal of assessing whether heat treatment improved these properties.

Absorbance (a.u.)

T T T
1400 1200 1000 800 600

Wavenumber (cm'l)

Figure 9.1: FTIR spectra for thermally treated PDC thin films as deposited onto
copper fail.
There were varying degree of colour change between the samples, those treated at
500 °C became transparent showing only a copper surface where those treated at
300 °C showed the same change to a lesser extent. As there was no observable
delamination upon a500 °C heat treatment, it was chosen as the treatment temperature

for subsequent films.
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9.1 Heat treatment of PDC films

Thefollowing section concernsthe structural, mechanical and electrical characteristics
of PDC films, as produced for section ( ) and heat treated at 500 °C in air for one

hour as in section ( ).
9.1.1 Characterisation

FTIR showed two main peaks, one resulting from Al-O LO phonon vibrations at
921.94 cm* and one at 1219.93 cmt. XRD analysis showed the deposited material
was X-ray amorphous with an amorphous hump seen > 20 °. XPS analysis showed an
electron binding energy of 74.2 eV for Al_2P electrons and a Al:O ratio of 0.73. No
additional hump for Al° was seenin the Al_2P high resolution spectra. See Figure 9.2

for FTIR, XPS and XRS spectra.
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Figure9.2: FTIR, XRD and Al_2P high resolution XPS spectra for PDC thin films
deposited onto Cu fail, borosilicate glass coverdlips and Cu disk respectively, all
having a post deposition heat treatment at 500 °C.

The pull off adhesion strength for heat treated PDC filmswas 21.8 + 3.4 MPa ca. two
timeslower than that of non-heat treated films. All tested samplesfailed through partial
adhesive failure between the substrate and Al20s films, shown by Al on the pull off
stubs analysed by EDX and the lack of substrate seen in the light micrographs, see
Figure 9.3 for stub EDX and typical failure images profiles.
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PDC HT PDCHT
Partial interfacial failure Partial interfacial failure

Figure 9.3: Pull off test light micrographs showing typical pull off partial interfacial
delamination for heat treated PDC films as deposited onto Cu disks. Al EDX of the
pull off stub has been included to the bottom right of each sample, note that high
amounts of Al seen around the side of the sample result from the Al stub holder.
Surface roughness of the heat treated samples was determined by AFM to be
59+ 36 nm. Analysis of scraich tests revealed that cohesive failure occurred at
1.55+ 0.35 N through arc tensile cracking with adhesive failure occurring through
buckling at 1.79 + 0.43 N see Figure 9.4. Note that the combination cracking seenin
thicker PDC films was not present in the thinner PDC or as in this case heat treated

PDC films.

Figure 9.4: Scratch test failure mechanisms for heat treated PDC films as deposited
onto Cu disks. Lc1 indicates the onset of tensile cracking and L indicates the onset

of buckling.

PDC films had a breakdown voltage of 67.6 + 5.8V corresponding to a dielectric
strength of 330 + 30 Vum given an average thickness of 205 + 6 nm as determined
from the cross sectiona SEM micrographs. The maximum leakage current prior to
breakdown varied considerably with the maximum being ca. 10 nA as seenin Figure

9.5.
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Figure9.5: a) AFM DB dielectric breakdown measurements of heat treated PDC
alumina films deposited onto Cu disks as carried out using AFM DB. b) Cross

sectional secondary electron SEM of heat treated PDC films as mounted in resin.

9.2 Heat treatment of multilayer films

The Al>Os composites containing either SIO2 or TapOs with 1x1, 2x2 or 4x4 layer
configurations (as discussed in section (4.1.4)) were heat treated using the same

procedure as the PDC films, see section (4.1.6).
9.21 Characterisation

A colour change was seen upon heat treatment of the samples, Ta>Os multilayer films
were generally a metallic blue colour and evolved into a more silver purple colour,
SiO, multilayers were generally deep blue and became more copper coloured
following heat treatment see Figure 9.6.
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Si0,  Ta,Os Si0,  Ta,O.

1x1

20 )

4x4

Figure 9.6: Images of SO- and Ta2Os multilayer films as deposited onto Cu disks

before (left) and after heat treatment (right) at 500 °C. Layer configuration isas
indicated on the left of the images.

However, in some samples the colour change wasn't complete, showing patches of
original colour dispersed in the second colour. Signs of delamination appeared in a
number of the films, on one disk of each of the 1x1 and 4x4 SiO, composites and on
two disks for the 2x2 TaOs multilayer composites. This was only partial and at the
extremities of the disks such that it didn’t prevent mechanical or electrical testing from

being carried out on any of the samples.

FTIR spectra showed that heat treasted SO, films had two pesaks, at 922.6 and
1240.8 cm™. In both cases the peaks had shoulders at lower wavenumbers (839.0 and
1172.0 cm? respectively). TaxOs films also showed two peaks with average positions
of 1259.5 and 911.0 cm™, the peaks at 911.0 cm* all had a shoulder at ca. 804 cm™?,
which dlightly decreased in intensity with respect to the main peak, as the RF layer
thickness decreased, asin Figure 9.7.
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Figure9.7: FTIR spectra for Tax0s (left) and SO> (right) multilayer composites as
deposited onto copper foil. Peak positions have been indicated using the dashed

lines.

XRD showed a lack of peaks in any film, showing that the 500 °C treatment was
insufficient to induce crystalinity in the ceramic materials, with no crystalline
diffraction peaks. Amorphous regions in the diffraction patterns were found resulting
from the films and substrate. Potential peaks were the result of elemental Al sputtered
during thelonger Al-Al>Oz transition see Figure 9.8. Note that the possible peakswere
assigned to Cu/Al materials at the substrate interface.
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T3205

1x1

Counts (a.u.)

20°

20°

Figure 9.8: XRD diffraction patterns for Ta2Os composite (top) and SO composite
(bottom) materials with varying layer configuration as deposited onto borosilicate
glass slides. Dashed lines are used to indicate potential peaks resulting from the

interlayer.

The photo electron binding energy of Si_2P and Ta 4F electrons in the multilayer
films was determined by XPS, which was also used to confirm stoichiometry and the
oxidation state of the S and Ta. Ta 4F and Si_2P electrons had average binding
energies of 26.25 + 0.04 eV and 103.33 + 0.04 eV respectively corresponding to Ta®*
and Si**.
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Sample Ta>_4F (eV) Tal_4F (eV) Ta® % Ta:Oratio
Ix1 26.17 N/A N/A 0.29
2x2 26.32 N/A N/A 0.30
4x4 26.33 N/A N/A 0.27

Sample Si4 2P (eV) Si° 2P (eV) Si* % Si:Oratio
Ix1 103.43 100.63 11+01 0.55
2x2 103.32 100.55 34+01 0.58
4x4 103.24 100.33 158+ 0.2 0.61

Figure 9.9: XPShigh resolution spectra for Ta 4F and S_2P in Ta;Os and SO>
319multilayer composites deposited onto Cu disks, followed by heat treatment at
500 °C. The table contains peak position data aswell as S_2P deconvolution data
and Ta:O and S:Orratios.

However, aswith non-heat treated films, the levels of Sit* increased with anincreasing
number of layers to a maximum of 15.76 % for 4x4 films determined using the
shoulder positioned at 100.5+ 0.1 eV. The Si:O ratios of the films were al much
higher than 0.5 reflecting the excess Si in the composites which increased with an
increasing number of layers. Deconvolution of the O_1S peak also revealed that the
contribution from the shoulder at 534.4+ 0.1 eV remained consistent to the %
concentration seen prior to heat treatment, whereas the contribution from the shoulder
at 530.8+0.1eV increased. Binding energies and contributions can be found in
Figure 9.10. It isimportant to note that contributions to the component of the O_1S
peak at lower binding energy may be made by other metal oxides including for copper

as discussed later.
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Figure 9.10: Deconvoluted O_1S spectra, peak positions and % contribution, for
heat treated SO. composite films as deposited onto Cu disks. Layer configurations
are indicated in the top left and peak assignments are indicated in the first spectra.

No peaksresulting from Tameta were seeninthefilms, however, in the survey spectra
of both SIO2 and TaxOs films, peaks resulting from Cu_2P photoel ectrons were seen.
The Cu_2P32 peaks had positions of at 933.3 + 0.1 eV and 933.2 + 0.2 eV for TaOs
and SiIO> composites respectively. The at.% of copper decreased to a minimum of
0.9 £ 0.01 at.% for the SIO2 2x2 composites. The at.% of Cuwasat least 4 timeshigher
in the TaxOs composites. The amount of CuO was taken into account when cal culating
the Ta.O and Si:O ratios; Cu peaks were attributed to CuO (Cu?*) because of the large
satellite peaks characteristic of this oxidation state, see Figure 9.11 . This CuO could
also contribute to the sub stoichiometric SiIO. shoulder seen in the O_1S peak in

Figure 9.10.
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2x2 7301 09+0.1
ax4 5201 20+01

Figure 9.11: XPS spectra for Cu_2P%2 and Cu_2PY?photoel ectrons from TaOs (left)
and SO (right) multilayer composites as deposited onto Cu disks and heat treated at
500 °C for 1 h. Peaks have been identified, including satellites at a higher binding
energy and are indicated using a dashed line. The table below displays the Cu at.%

in the composites.

There was a large prevalence of delamination in resin mounted heat treated films
imaged using SEM. Cracking and delamination was apparent in some of the films
especialy in the TaxOs composites. Heat treated films were generally featureless and
showed thickness similar to that of non-heat treated films. Thickness and cross

sectional imaging of filmsis provided in Figure 9.12.
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Ix1 221+ 21 185+ 6.3
2x2 210+ 85 187+ 6.0
4x4 226+ 8.0 171+5.0

Figure 9.12: Cross sectional secondary electron SEM images of heat treated Ta>Os

composites (top row) and SO composites (bottom row) with inset backscattered

electron images.
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9.2.2 Electrical properties

AFM DB measurements made on heat treated samples showed the highest breakdown
values for heat treated composite films, with the 2x2 layer configuration. With
dielectric breakdown occurring at 358 + 31 and 517 + 24 Vum™ for TaOs and SiO;
composites respectively. The 1x1 composites had the lowest dielectric strength in the

case of both sets of composites, as seenin Figure 9.14 and Figure 9.15 .

S 600
E‘_‘/‘\ [ ] Ta205 HT
T E mm SiO,HT
g 3 400 mm PDC HT
=2
£ go 200
= _
I~
2E
2 @
= 0-
1x1 2x2 4x4
Layer configuration
Thickness  Breakdown AVG. Dielectric Strength
Sample 1
(nm) (V) (Vum™)
1x1 185+ 6.3 68.8+ 6.8 16 372+ 39
SO 2x2 187+ 6.0 96.8+ 3.2 16 517+ 24
4x4 171+5.0 844+40 16 493 £ 28
Ixl 221 +21 60.3+21 16 273+ 28
Tax0s  2x2 210 £85 752+58 16 358 + 31
4x4 226+ 8.0 77.7+26 16 344 + 17

Figure 9.13: Graphical and tabulated AFM breakdown voltage and dielectric
strength values for heat treated Ta,Os and SO, multilayer composites as deposited
onto Cu disks. Composite thickness and the number of test sites achieving breakdown

(N) are also shown.

As can be seen in these results, the SiO. composites had higher dielectric strength than
the TaoOs composites (a minimum increase of 36 % as seen in 1x1 composites) when
comparing samples with the same layer configuration. The maximum current leakages
prior to breakdown were ca. 9 and ca. 7 nA for TaeOs and SiO. composites
respectively, asseenin Figure 9.14 and Figure 9.15.
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Figure 9.14: AFM DB current plotted against applied field for heat treated Ta>Os
composite films as deposited onto Cu disks. The layer configuration is as indicated at

the top of each graph.
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Figure 9.15: AFM DB current plotted against applied field for heat treated SO»
composite films as deposited onto Cu disks. The layer configuration is as indicated at

the top of each graph.
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Graphical analysis of the data was used as an indicator to conduction mechanism in
the films. Schottky, Poole-Frenkle and Fowler-Nordheim analysis were all tested for
their applicability, but due to high current variation and leakage a mechanism could
not be reliably assigned.

9.3 Mechanical properties

AFM surface roughness values are included in Table 9.1 and ranged between a Ra of

35 and 9 nm with the roughest films seen for the 2x2 films.

Table 9.1: AFM average surface roughness (Ra) for heat treated multilayer films as

deposited onto Cu disks.
Ra (nm)
Sample :
Tax0s SO,
1x1 9+2 10+£1
2x2 22+5 35+24
ax4 12+2 10+ 3

Roughness of heat treated films was generally consistent regardless of treatment or

layer configuration as seen in Figure 9.16.

100
Il PDC
80 PDC HT
) SiO, HT
£ 40
[ ] Ta205
20- :[ TazOSHT
I = I T
0_
N v ™
& ¥ o w0

Multi layer configuration

Figure 9.16: Surface roughness (Ra, taken from 4 um? surface maps) values given

for multilayer and heat treated multilayer films as deposited onto Cu disks.
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9.3.1 Scratch testing

Scratch test failures for heat treated composite films showed critical failures at a
maximum of 1.38 £ 0.35and 1.19 + 0.09 N for Lc1+2 (combination cracking) in TaOs
and SIO, composites respectively, both maximums occurring for 1x1 films.
1.99+0.13 and 1.52 + 0.37 N were the maximum Lcz (buckling failure) loads for
TaOs and SIO2 composites respectively. All critical loads and micrographs of failure

can be found in Figure 9.17.

500 pm 100 pm

Complete interfacial

Sample Lcis2 (N) Lcz (N) L
delamination (N)

Ixl 138+035 1.99+0.42 6.40+2.34

Taz0s 2x2 1.35+011 1.95+0.18 10.8+0.68
4x4 097+0.10 1.48+0.16 9.90+0.68

Ixl 119+009 1.02+0.13 4.00+£0.32

SO 2x2 114+0.07 152+0.37 6.18 + 0.37
4x4 0.77+£0.05 1.01x0.08 6.68 £ 0.25

Figure 9.17: Scratch test failure for heat treated composite materials as determined

by light microscopy, high magnification images for the identification of failure

mechanisms have been included.
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9.3.2 Pull off testing

Pull off testing on heat treated multilayer materials yielded an average adhesive
strength which varied between 9.7 and 20.1 MPa. Average pull off values and failure
mechanisms for each film are given in Table 9.2. Films faled through complete
interfacial delamination or partial interfacial delamination at the coating substrate
interface, and no cohesive failure within the films was seen. EDX analysis revealed
Cu on the surface of the film removed on the stub indicating failure at the Cu-Cu

interface opposed to the Al-Cu interface.

Table 9.2: Average failure strength for heat treated (500 °C) multilayer films as

deposited onto copper disks, with corresponding failure mechanisms for each

sample.
_ Complete Partial ) )
Averagefailure _ ) _ Failurein
Sample interfacial interfacial .
strength (MPa) . . Adhesive
failure failure
1x1 146+ 26 4 4 0
Tax0s 2x2 13.2+35 6 2 0
4x4 19.7+ 34 8 0 0
1x1 9.70+0.8 6 2 0
SO 2x2 20.1+ 0.9 0 8 0
ax4 175+21 3 5 0

There was no significant difference in pull off adhesion for TaxOs composites when
compared to the as deposited samples. A larger scatter was seen within the SiO>
composites, as seen in Table 9.2. Generally a significant trend in adhesion strength
upon heat-treatment was not seen except for those films produced in a 1x1 layer
fashion where a decrease in adhesion strength was seen compared to the other SiO»

composites (Figure 9.18).
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Figure 9.18: Illustrative adhesive light microscope failure sites for heat treated
TaxOs and SO, multilayer composites as deposited on Cu disks, with Al and Cu EDX
maps of the associated pull off stub below. Included below is a plot of average
failure strength (MPa) for as deposited and heat-treated multi-layer composite

samples.

Failure mechanisms were confirmed using alight microscope and SEM/EDX analysis
(confirming the failure interface). This confirmed complete interfacial delamination
occurred generally at the substrate film interface, through the presence of Cu on both

the stub and pull off site see Figure 9.18.
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9.4 Heat treated Al,O3 coated wire

Cu wires as coated with varying thicknesses of Al>Os (using an increasing number of
coating passes) with an Al interlayer deposited at 1.5 rpm were heat treated in order to

study the effect of temperature on their mechanical properties.

FTIR of the samples showed the Al-O phonon peak as seen in all previous wires
confirming the presence of Al>Os. There was also a shift to a lower wavenumber

accompanied by an increase peak broadness as the number of Al>O3 layers increased,

see Figure 9.19.
Average
Al,Os Layers
Wavenumber (cm™)
907
818
705
Ix A1203 3x A1203 5x A1203

bsorbance (a.u.)
Absorbance (a.u.)
Absorbance (a.u.)

T T T
1400 1050 700 1400 1050 700 1400 1050 700

Wavenumber (cm'l) Wavenumber (cm'l) Wavenumber (cm'l)

Figure 9.19: FTIR average peak position and spectra for heat treated films as
deposited onto Cu wire cleaned at -150 V bias and with a 1.5 rpm Al interlayer with
1, 3 or 5 layers of Al.Oz deposited at 0.5 rpm.
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Light microscopy of the heat treated samples showed that there were some
delamination sites within the wire upon heat treatment. Cracking was also seen in

certain samples asindicated in Figure 9.20.

1x ALO; 3x ALO, ALO,

ki

5x

50 um

Figure 9.20: Optical microscope images taken from sites around the circumference
of the Cuwires asbias cleaned at - 150 V and coated with a 1.5 rpm Al interlayer
with 1, 3 or 5 layers of Al.O3 deposited at 0.5 rpm. Below the corresponding columns
are high magnification images of transverse cracking found on the inside of the 3

layer Al>O3 coating and on the outside of the 5 layer Al>O3 coating.
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SEM cross sectional imaging showed that films were unchanged in terms of structure,
showing no features relating to defects. However, the film thickness decreased
following the heat treatment for 5 layer films see Table 9.3 and Figure 9.21 for
thickness and cross sectional SEM images.

Table 9.3: Average coating thickness for heat treated AloOs coated wires with a

1.5rpm Al interlayer. Also included is the lowest and highest average thickness.

Thickness (nm)

Al,Oz layers Average Min Max

1 220 185 283
3 423 373 469
5 708 613 783
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3x AL,O, 5x AlLO,

Figure 9.21: Back scattered electron (secondary electron inset) SEM micrographs
for heat treated coated wireswith 1, 3 and 5 layers of Al.O3 deposited on top of an
Al interlayer deposited at 1.5 rpm. Images are taken from sites around a cross
section of wire mounted in conducting resin.
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9.4.1 Mechanical testing

9.4.1.1 Tensletesting

The heat treatment softened the Cu wire substrate, which resulting in cracking and
delamination failure occurring a a minimum of 0.4 and 3.7 % strain with applied
stress of 49 and 102 M Parespectively, see Figure 9.22 and Table 9.4.

Heat treated
1.5 rpm interlayer 1.5 rpm interlayer

3 Layer Al O3 3 Layer Al, O3
250

Stress (MPa)
it et [
S hn S
i

Stress (MPa)

N
=]
|

=]

I T T
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.05 0.10 0.15 0.20
Strain Strain

Cracking failure Delamination

> 178 Mpa
>1.6 %

Figure 9.22: Sress strain curves for the tensile testing of non-heat treated and heat
treated Cu Wires coated with 3 layers of Al2O3 and an Al interlayer deposited at
1.5 rpm. With imaging of cracking and delamination failure modes and the average
stress and strain at which they were observed. Note that depressions in the data
relate to losses during imaging and tensile stress was applied in the direction

horizontal to the page

See Figure 9.22 for acomparison of heat treated and non-heat treated failuresin three
layer Al>Oz coatings and Table 9.4 for the failure ranges for heat treated coated wire.
From this data it can be seen that increasing the film thicknesses with multiple passes

has little effect on onset of cracking but decreased the minimum strain at the onset of
delamination.
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Table 9.4: Maximum and minimum failure stress and strain for tensile failure in heat

treated Al.O3 coated wires with an Al interlayer deposited at 1.5 rpm.

Cracking, (Strain (%) Delamination, (Strain (%)
(Stress (MPa)) (Stress (MPa))
Al>Os layers Min Max Min Max
1 0.5 (51) 7.5 (152) 11.3 (178) 12.4 (179)
3 0.4 (50) 4.0 (103) 7.8 (153) 11.4 (178)
5 0.6 (49) 4.0 (102) 3.7 (102) 9.4 (152)

Cracks such as those seen in the light microscopy (Figure 9.20) were not seen during
the micro tensile testing of the wires. The crack density of the heat-treated samples
was similar to that seen in non-heat treated samples. The highest average crack
densities were seen for samples with asingle layer Al>.Os, however, when taking into
account the error there was no significant difference between the samples. For

measured crack densities see Figure 9.23.
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Figure 9.23: Crack density in heat treated Cu wires coated with an Al interlayer at
1.5rpmand 1,3 or 5 layers of Al.O3z deposited at 0.5 rpm.
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The critical bending radius was cal cul ated using equations as given in the experimental
procedure, see section ( ). Results of these calculationsresulted in the values given
in Table 9.5.

Table 9.5: Critical bending radii calculated using critical stress from tensile testing

on wires deposited with a 1.5 rpm interlayer and varying layers of Al2Os.

Calculated critical bendin
Interlayer Al>Ozlayers g

radius (mm)
15 1 1.00
3 1.25
5 0.83

9.4.2 Electrical testing

Aswith non-heat treated wires continuity was found to be lacking because of problems
with delamination/ micro cracking in the coatings, which were either a result of the
coating apparatus or of the post deposition manipulation. The continuity issues were
preventative to electrical testing and cross pair, wound pair and single samples on a

Cu electrode all displayed continuity issues which prevented measurement.
9.5 Summary

Heat treatment of the PDC Al>O3 coatings on disks showed no significant change in
electrical properties but did show a decrease in mechanical properties which was a
result of thermal expansion mismatches. PDC Al>Os coated wires aso suffered
mechanically, aresult of the softening copper substrate which decreased the minimum

failure strain for transverse and longitudinal cracking to 0.4 and 3.7 % respectively.

Heat treatment of the PDC composites revealed that the TaxOs composites were
insufficient for isolative purposes at higher temperatures. Increased leakage current
and premature breakdown strength in these films was potentially a result of copper
migration and partial crystallisation of the Ta.Os layersresulting in defect sites capable
of trapping charge. Conversely the SiO2 composites dielectric strength didn’t decrease
and rose on average of 12 %, which is potentially a result of a decrease in defect
density caused by annealing. The heat-treatment did not, however, have the desired
effect of improving the adhesive properties, which again resulted from the thermal

expansion mismatches in the layered structures.
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10 Discussion

The initial section of this discussion will examine the selection of reactive DC
deposition over RF sputtering and the further refinement to pulsed DC sputtering, for
the production of insulating coatings. Contained within is an assessment of the effect
of deposition parameters such as: interlayer configuration, bias voltage, deposition
length and pulsing parameters on the films mechanical and electrical properties. This
data will be used to validate the selection of pulsed DC deposition for further Al>2O3

coatings.

Following this an account of the electrical and mechanical properties of composites
produced using PDC alumina will be discussed in (10.2) including a comparison of
the effect of the composition, layer thickness and number of dielectric layers applied

in such composites.

Finally, in section (10.3) the exploration of the mechanical and electrical properties of
the as deposited and hest treated PDC Al>Os coatings on Cu wires is discussed. This
assessment is critical to the suitability of these coatings for their purpose and will be
used to determine future stages of coating devel opment.
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10.1 RF, DC, BDC and PDC films

The following section will focus on the characterisation of Al>Osz films as deposited
using RF, DC and PDC power supply variants, as well aslooking at the properties of
heat treated PDC films. Characterisation will be organised into sections consisting of
Structure and compositional analysis, electrical properties and mechanical properties.
A critical assessment of these results will be used to determine the candidate material
most suitable for use as an electrical isolative layer. This material will then be carried
through further studies, in the following sections of this discussion.

10.1.1 Structureand composition

FTIR analysis of the bonding in the films as deposited onto Cu foil confirmed the
presence of Al20Os, showing Al-O LO phonon peaks regardiess of the deposition
parameters, confirming the formation of Al>03[292,293]. FTIR analysis of RF SiO-
and RF TaOs films confirmed the main bonding within the films as Si-O and Ta-O
respectively, with major peaks for SiO, at 1150.5 and 807.2 cm* resulting from Si-O
stretching and bending respectively [193,294]. Magjor TaxOs peaks at 890.1, 806.1,
650.0 and 745.1 cm* were attributed to Ta-O-Tastretching vibrational modesin Ta:Os
and its sub oxides. The FTIR confirmed the bonding in the oxides to be consistent with
theliterature [52,295]. FTIR, SEM and XPS results presented in the results section are
also summarised in Table 10.1.

Shifting in the wavenumber of the Al-O binding peaks between films was also
observed, because of its potential to divulge information about the intrinsic stress in
the films these relationships were examined further. RF deposited films had a higher
wavenumber than all of the DC and BDC films at 901 cmt, where the LO phonon
absorption bands were seen between 862.2 and 875.7 cm (see Table 5.2 and Figure
5.9). Within the DC and BDC films the application of different substrate bias did not
have a clear effect on the position of the Al-O peak, however, the implementation of
the blended Cu-Al interlayer resulted in wavenumbers shifting to lower values by an
average of 17 cm®. FTIR measurements of DC samples deposited for shorter and
longer amounts of time revealed an increase in wavenumber for thinner films and a
decreasefor thicker films, showing that there was awavenumber thickness dependence
for the films, see results for DC, 30, 60, 90 and 120 in Table 10.1. The position of
Al-O bandsin pulsed DC films were also found to be heavily reliant on the duty cycle,
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generally shifting to a lower wavenumber (e.g. 903 to 856 cm) was seen when

decreasing the duty cycle.

In the results discussed aboveit islikely that the decreased wavenumber resulted from
an increasein internal stress, thus the RF films, thin DC films (deposited for 30 min),
PDC films deposited at 40 % duty cycle and the heat treated PDC samples had the
lowest internal stress. Part of the reason for the lower internal stressin the filmsisthe
result of lower thickness where a maximum thickness of 760 £ 10 nm was observed
for RF, PDC and thin DC films. The dlight shift in the BDC films was seen as aresult
of the additional material at the interface and can al so be attributed to thickness effects.
The PDC sample produced at 150 kHz where a duty cycle of 40 % was used showed
ashift in the Al-O FTIR absorption band to 805 cmL. This could also be an indicator
of higher levels of intrinsic stress within this specific PDC film when compared to DC
and BDC films and the other pulsed DC films deposited at the same duty cycle. The
intrinsic stress of a film system can be in tension or compression and is heavily
dependent on the film deposition parameters. Often for increasing thickness a
transition from compressive to tensile stress is seen. For instance in Cu films studied
by Liu et al. a shift from compressive stress to tensile stress was seen between 500 and
1000 nm and a ca. 3.5 fold increase in the tensile stress was seen when increasing the
film thickness from 1000 to 2000 nm [296]. Thus the shift in wavenumber can be
accounted for by considering as the residual stress become more tensile in character

for the bond length increases and thus the FTIR frequency decreases.

Studies of PDC deposited amorphous carbon films and ITO (indium tin oxide) glass
have shown a 4.5 times increase in internal stress with increasing duty cycle from 30
to 50 %, a result of the increase in the energy of the sputtered particles, and the bond
lengths in the resulting material respectively [297,298]. Reinforcing the idea that the
shiftinthe FTIR resultsin thiswork was the result of anincrease internal stress caused
by increasing the duty cycle. Shifting in the wavenumber (920 to 970 cm?) of Al>Os
thin films when increasing deposition temperatures has also been noted by Haanappel
et al. (for CvD films) [138] . Thus the stress likely increased due to cooling from the
deposition temperatures and the mismatch between the substrate and coatings thermal
expansion, hence the shifting to a lower wavenumber was the result of an increasing

internal stress as discussed above.
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All RF and reactively sputtered (DC, BDC and PDC) films were X-ray amorphousin
structure as evidenced by the lack of Bragg diffraction peaks associated with
crystalineauminainthe XRD scans (Figure 5.3, Figure 5.5, Figure 5.10 and Figure
6.12). There were however some peaksin the diffraction patterns, which resulted from
the crystalline aluminium interlayer deposited between the substrate and alumina
coating. Thefilms analysed by XRD were deposited on borosilicate glass substrates to
eliminate copper Bragg diffraction peaks from the spectra- resulting in an amorphous
hump. Increase in deposition bias has been shown to aid the formation of crystalline
Al20s films deposited at high temperature [299]. This shows that the substrate biases
applied in this study were not high enough to induce crystallinity.

Deposition rates for the RF films in this work were measured using cross sectional
SEM Figure5.6. TaxOs was deposited at 96 nmh-twhereas Al,Oz and SiO, had similar
deposition rates of ca. 18 nmhl. The much higher deposition rate seen for TaOs
compared to SIO- is unexpected as a number of sources determine the sputtering rate
of SiO2 should be higher; the sputtering yield of SiO> was reportedly up to two times
faster than TaOs [300-302]. This phenomena could be a result of a number of
different parameters including: different levels of target erosion, the varying effect of
substrate biasing or target thickness in combination with thermal conductivity,
whereby atarget would produce a different thickness of film depending on how well
cooled the target surface was, which can aso play a part in film structure [303].
Takatsuji et al. studied the effect of target cooling and showed a poor cooling
efficiency could cause outgassing from the chamber, which caused the formation of
an amorphoustop layer in layer intheir Al-Cu films caused by reaction with outgassed
N2 and O, affecting the thickness of the film [304]. However, in the current study the
chamber of the TEER-UDP650 coating rig is cooled with a double skin, reducing the
likelihood of outgassing. The melting temperatures of SiO2 and TaxOs are also similar
at 1710 and 1872 °C respectively, mitigating potential for any hot cathode effects
(caused by mismatches in the melting temperature of the target materials), the bond
dislocation energies are also relatively similar at 800 and 839 kJmol™! respectively,
showing that the bond strength didn’t contribute to the observed increase [305,306]. It
Is therefore postulated that the difference seen in coating rate, in contrast to the
theoretical rates mentioned above, resulted from a combination of reasons including

the different levels of erosion in the targets, target thickness and through thickness
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target cracking which was seen in the targets which gave the lower sputtering rate:
Al>03 and SiOs.

The thickness of DC and BDC films varied with deposition bias, in both the case of
DC and BDC applied substrate bias of -10 V yielded the thinnest films (1566 + 27 and
1755 + 12 nm respectively for a 90 min run). There was no significant difference in
the thickness seen in the BDC samples produced at -45 and -60 V, however, in the case
of DC films there was a ca. 500 nm increase in thickness for the films deposited
at -60 V. Typically, however, areduction in thickness is expected once alarger biasis
used, due to densification and or re-sputtering effects. This could be the result of the
substrate bias being too low to influence an increase in the mobility of the condensing
species/ re-sputter deposited species but being large enough to increase the number of
sputtered ions condensing into the film. Such an effect has been noted in IPVD
deposition of Al and Al>Os by Brown et al., who reported an increase in deposition
rate at low substrate bias, once the bias was increased above -90 and -300 V for Al and
Al>Os respectively the deposition rate decreased [307]. The use of the blended
interlayer increased the coating thickness due to the additional copper and 5 additional
minutes of OEM set point time, leading to a thicker transition layer. The average
deposition rate of the reactively sputtered DC films deposited for 90 min was ca. 44
times higher than those deposited by RF using an Al>Os target. As the sputtering time
increased a decrease in sputtering rate was observed, from a maximum of 1520 nmht
at 30 min to a minimum of 1000 nmh* at 120 min. The deposition rate decrease is a
result of the Al target becoming increasingly poisoned throughout deposition. The
reduction in deposition rate with increasing reactive gas flow rate has been reported
widely and shows that poisoned targets have lower sputtering rates (Ti targets
sputtered by Chen et al. decreased by over half upon the introduction of a 20 % O>

flow) and would account for the decrease seen in thiswork [80,91].

Cross sectiona SEM analysis of PDC films showed that the thickest films were
produced at higher duty cycles except for 50 kHz films where there was no significant
change in the thickness. This was expected because of the combined larger target
sputtering time when using the higher duty cycle. The highest deposition frequency of
201 kHz, was shown to produce the thinnest films with an average thickness of

792 £ 14 nm, there was no significant difference between the other frequencies.
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Following heat treatment of the sample deposited at 150 kHz and 40 % duty cycle

there was no significant densification observed.

The effect of deposition frequency has been studied by Kelly et al. for sputtered
aluminium doped zinc oxide which showed a clear decrease in sputtering rate with an
increase in deposition frequency where a six fold decrease accompanied a 250 kHz
increase in pulsing frequency. This dependence was attributed to a dead zone in the
“on” cycle [308]. The decrease in sample thickness of the 201 kHz samples deposited
in this study are attributed to similar reasoning applied by Kelly et al., see Table 5.2.
This phenomena has also been seen in other pulsed deposition techniques such as
pulsed electrodeposition [309]. The deposition rates for PDC were ca. 10 times lower
than DC aluminabut ca. 4 times higher than RF films. The variance in deposition rate
between the different power supplies was a direct result of the down time caused by
the reverse cycles in RF and PDC methods, these reversals are however key for the

stability of the deposition by removing target arcing.

It is important to note that whilst it is possible that intrinsic stress changes in the film
caused the observed FTIR shifting, it could also be a result of optical effects which
have been shown by Gunde to result in thickness dependant peak position of
absorbance lines which was noted in this work [310].

10.1.2 Film quality

Cross sectional SEM showed the films were mostly featureless indicative of an
amorphous nature, however, striations parallel to the substrate were seen and increased
in frequency closer to the surface of the films, were apparent in micrographs of DC-
10 and -60 and BDC-10 and -60 films, see Figure 5.12. TEM analysis of BDC films
revealed further defects in the form of cracking as seen in Figure 5.13, which may
have been caused by the intrinsic stress incorporated during deposition. Additionally,
TEM revealed the presence of short range order, which likely resulted from target
arcing, despite XRD analysis indicating the films were amorphous. The sites of short
range order were dispersed within the X-ray amorphous films in the sub 10 nm size
range as indicated in Figure 5.13. AFM aso revealed the presence of pore defectsin
the BDC45-6 and BDC6-6 samples, see Figure 5.18. These defects would be
detrimental to thefilm’ sisolative properties asthey could promote current |eakage and

premature breakdown. Such defects were found only in two cases in AFM analysis,
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however, the sparsity suggests that the pores could be an issue for other films but
simply weren’t observed. The striations within the filmswere al so apparent (as aluded
to in SEM) with TEM EDX identifying layers of oxygen deficient material. These
striations became more abundant with increasing sputtering time. Hence thisis likely
aresult of target poisoning cycles resulting in more arc events. This short range order
and striations, which were throughout the film, are important when considering the

electrical properties of the films and will be discussed in section ( ).

Crystalite defects in reactive DC deposited films are not uncommon and have been
previously noted in alumina systems, for instance metallic crystallites has also been
noted in sputtered aluminium nitride, aluminium oxynitride and tantalum pentoxide
[72,84,209]. The number of defects seen by Koski et al. in reactively sputtered
aluminium oxide decreased 6 fold from 98 to 630 defects mm2 when the target voltage
was increased from 405-330 V [311]. This was because the target was in compound
mode at low voltages, in the current study because of the large number of defectsin
the films it can be assumed the target was poisoned during deposition. Meaning that
an increase in target voltage could provide a route to improving the quality of DC

films.

Conversely TEM analysis of the PDC films (Figure 6.5) showed a purely amorphous
structure absent of crystallites/ short range order; moreover, the film had no striations,
which were commonplace in the BDC films. This is directly a result of the pulsed
power and the improved process stability, alowing the formation of an amorphous
film with fewer defects and an absence of cracks and striations. The use of pulsed DC
power has been summarised by Kelly and Arnell, who state that the use of a sputtering
frequency between 10 and 200 kHz can reduce the number of arcs, supporting the case
for removal of crystalline defects as seen when using pulsed power in the current study
[72].

10.1.3 Stoichiometry and composition

XPS analysisfound the Al: O ratios at the surface (top 5 nm) of the filmsto be variable
compared to stoichiometric alumina (0.66) with values between 0.37 and 0.67. In
addition to the AlI3* photo electron peak a shoulder in the Al_2P peaks for DC and
BDC films was observed, indicating the presence of metallic aluminium which could

become part of conductive pathways (Figure5.11). The Al_2P shoulder was at alower
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electron emission energy than the peak for Al3* by an average of 2.78 eV as stated in
Table 5.2, confirming the presence of Al°. XPS of alumina films deposited by Reddy
et al. showed the presence of peakswith abinding energy for auminium oxide at 74.0-
74.9 eV and metallic aluminium at 73.0-72.3eV, supporting the assignment of Al3*
and Al° in this study [97]. An increase in sputtering time resulted in a variable Al:O
ratio and elemental Al content, however, thiswas likely due to the poisoning cycles as
discussed above. This is potentially the reason why no clear trends were seen when
assessing the effect of the bias voltage on the Al:O.

Films produced using pulsed DC deposition with varying pulse parameters yielded
Al:Q ratios between 0.53 and 0.68. No specific trend in the ratio was seen with respect
to duty cycle or pulse frequency. Further to this XPS aso reveaed that none of the
films contained any elemental aluminium as evidenced by the lack of shoulder on the
Al_2P photo electron peak which was seen in DC and BDC films.

Metallic Al was introduced into the films during arcing caused by the build-up of the
dielectric material on the target surface, resulting in the gection of metallic target
material [100]. Hence the removal of elemental aluminium was a direct result of the
use of pulsed power, which considerably reduces arc events resulting it the removal of
Al droplets. Pulsed DC power aso has the potential to selectively sputter poisoned
sites on the target surface during the reverse section of the pulsing cycle as discussed
by Kelly et al.. XPS analysis of alumina films reported by Kelly et al., showed that
stoichiometric alumina could be deposited reactively using an OEM set point of 25%
[76]. In this study, film stoichiometry was determined for films produced at 23% of
the maximum 100 % OEM response, where the reduced value was selected in order to
ensure the films were not rich in Al, which supports the formation of close to
stoichiometric alumina by the PDC methods use in this study.
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Table 10.1: FTIR Al-O phonon peak positions, SEM cross sectional thickness and
XPSAI:O ratio and Al° content for RF, DC and PDC AlOs thin films.

SEM FTIR XPS
Sputt. Bias Thick. Al-O peak
Sample N Al:O Al° (%)
method V) (nm) position (cm'?)
RF Al20s 480 min -60 170+ 10 901 / /
DC DC 90 min -10 1566 + 27 868 0.74 1.88x0.03
90 min -45 1326 £ 6.0 883 051 548+0.04
90 min -60 2095+ 10 876 0.66 19.58+0.10
DC 30 min -60 760 + 10 914 048 7.67+0.08
60 min -60 1150 + 45 844 052 5.21+0.07
120 min -60 2030+ 25 843 050 1.01+£0.02
BDC 90 min -10 1755+ 12 865 0.37 16.56+0.28
90 min -45 1854 + 13 850 056 7.39x0.07
90 min -60 1868 + 13 862 0.62 5.79%0.06
Pulse
Duty cycle Bias Thick. Al-O peak
freq. N Al:O Al° (%)
(%) V) (nm) position (cm™)
(kH2)
PDC 50 24.0 - 60 468 £ 24 847 0.53 /
50 40.0 -60 450 £ 23 908 0.61 /
150 22.5 -60 370+ 4.0 858 0.60 /
150 40.0 -60 585+ 12 805 0.68 /
201 24.0 -60 353+9.0 864 0.60 /
201 40.0 -60 439+ 11 898 0.58 /
HT PDC 150 40 -60 205+ 6.0 922 0.73 /
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10.1.4 Electrical properties

DC and BDC Films deposited for a duration of 12.5min onto polished copper
substrates had varying dielectric strength, as measured by AFM DB methods and the
in-house probe. AFM measurements gave considerably lower standard error than those
made using the probe (see Table 5.3 and Table 5.4) hence al disk measurements made
subsequent to DC and BDC films utilised the AFM DB method. The benefits of the
AFM DB method stem from the high spatial resolution of the AFM tip, which also
allows measurements to be carried out in a well-defined matrix. Therefore, the
following discussion will focus on the AFM DB electrical results.

The DC and BDC films had dielectric strengths of > 220 Vum™, however, the
breakdown was not instantaneous, a maximum leakage prior to breakdown of ca. 2 nA
was seen. The pre-breakdown leakage included current oscillations in some cases as
displayed in Figure 5.15. These oscillations were attributed to charge trapping and de-
trapping, whereby sites containing short range order and elemental aluminium in the
material likely acted as trapping sites within the films, see Figure 10.1. This is
reinforced by the TEM analysis which identified short range order and other defects
in the films, and further supported by the presence of elemental aluminium in the

surface of the film as evidenced in the XPS data, see sections ( ) and ( ).
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Figure 10.1: Schematic to describe charge trapping and de-trapping in reactive DC
sputtered Al>Os films. In stage one electrons can flow from the electrode into defects
in the material structure causing an increase in current. Sage two shows the
negative charge that has built up in a defect repelling the addition of further charge.
It is these actions cycling, which cause the oscillations in the current prior to
breakdown.

No clear effect on the dielectric strength could be seen despite changing the substrate
bias voltages between -10 and -60 V. For instance, in the DC films abias voltage of -45
or -60V produced films with the highest dielectric strength, however, for BDC films
the application of a substrate bias of -60V was shown to decrease the dielectric
strength. The interlayer addition was found to have no significant effect on the
electrical properties, with average AFM DB dielectric strength values of 187 + 23 and
196 + 28 Vum for DC and BDC films respectively, see Table 10.2 for all AFM DB
results. It was expected that an increased bias would improve the dielectric strength,
through densification and defect removal. For instance the leakage current in TiO2 as
shown by Chandra Sekhar et al. decreased by seven times with the application of a -
150V substrate bias, which was attributed to structural changes in the system [73].
This suggests that application of a bias higher than that applied in this study could
potentially be another route to improving the dielectric strength. The lack of trend in
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the deposition rate as discussed above could aso indicate that a higher bias voltage
would be required to have areliable effect on the films.

AFM DB measurementswere investigated relative to matrix sizefor PDC Al2Oz films.
AsseeninFigure6.7, the breakdown voltages in films measured using a 5x5 um AFM
matrix were considerably lower (between 15 and 150 V) than measurements made
using a 30x30 pm matrix where no breakdown was observed, showing it is likely that
the breakdown paths affected further measurements when they were made too closely
together. Thus the 30x30 um matrix was maintained for further measurements. As no
breakdown was observed when using a 30x30 um matrix, films of a ca. 200 nm
thickness were required in order to measure the breakdown voltage. The
implementation of pulsed power gave rise to a stark increase in dielectric strength,
with PDC Al2Os films showing al.7 times increase in dielectric strength when
compared to DC and BDC films, with an average of 310 + 28 Vum™. Thisis a direct
result of their improved structure, as discussed in ( ), see Figure 10.2. The
leakage current was also considerably lower than the DC and BDC films with an
average maximum leakage of 0.13 nA. The electrical properties remained similar
following heat treatment having a dielectric strength of 329 + 33Vum™. However, the
heat-treated sample had three measurement sites where breakdown occurred with
increased leakage current of up to 10 nA, indicating that some defects could have been
incorporated into the structure during heat treatment.

Both as deposited and heat-treated PDC films exhibited high breakdown strength,
better than that for polyimide films, for instance films deposited using chemical
methods by Diaham et al., achieved values >200 Vum™, which is encouraging as
polyimideis commonly used in magnet wireinsulation [312]. The 310 Vumt achieved
for PDC Al20sis, however, lower than breakdown seen in films produced by Bartzsch
et al. using pulsed DC sputtering from a double ring magnetron having a breakdown
of 620 Vum™. Dielectric strength was also four times lower than films produced by
Carreri et al.. Their higher value was attributed to the use of mid frequency pulsed DC
power supplies, equipped with special arc handling equipment, producing filmswhich
had a breakdown strength of 1.5 kVum™ [121,186]. These works showed that there
was still room for improvement in the dielectric strength of the PDC films, however,
the routes mentioned above would require considerable investment to implement thus
other routes will be explored in (10.2).
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Current voltage analysis has been used regularly to generate information about
conduction mechanismsin metal insulator metal (MIM) or metal oxide semiconductor
(MOS) systems. Conduction in such systems is routinely a result of one of the
following mechanisms:. Fowler-Nordheim tunnelling, Schottky emission or Poole-
Frenkel emission. Charge transport mechanisms and graphical analysis of current
leakage have been studied extensively [104,132]. This analysis was used to generate

information about the conduction mechanismsin the deposited films.

At lower electric fields conduction mechanismsin DC, BDC and PDC films were not
clear dueto high variation in current, which carried through in further analysis making
fitting the data impractical. Despite this, it is likely that thermionic emission
contributes to the conduction at lower fieldsin the DC and BDC films, as the presence
of acrystalline material, as seen in high resolution TEM micrographs in Figure 5.13
and Figure 6.5, could facilitate charge trapping, meaning that Poole-Frenkel emission
could be a suitable conduction mechanism. The presence of elemental aluminium, as
seen in the XPS results, could form conductive pathways through the material
contributing to conduction, whereby the conduction mechanism would be determined
by the conduction between such defects/pathways. Tunnelling between metallic
channelsin sputtered AINxOy films, similar to metal insulator metal (MIM) structures
has been documented by Borges et al., lending credit to the theory that the metallic Al
in the films produced in the current study, were detrimental to the electrical properties

of the films specifically resulting in premature breakdown [84].

Conduction at high applied fields prior to breakdown in the DC and BDC films was
observed based upon the analysis of E-J curvesasin Figure 5.17. The analysis shows
alinear relationship between the reciprocal of the applied field (cmMV-1) and In (JE?)
at high fields relative to breakdown (<120 Vum™), which is consistent with the
Fowler-Nordheim mechanism. In the current study two linear regions were observed
for both BDC and DC films, in their Fowler-Nordheim plots. Thisindicated that there
were multiple barriers being tunnelled through. Fowler-Nordheim conduction at high
fields has also been seen by Groner et al., in ALD aumina films thinner than 10 nm,
at fields of above 380 Vum™ [119]. Such multiple linear regions have been observed
in Fowler-Nordheim analysis of GaN nanorods by Evtukh et al., where the regions
resulted from tunnelling barriers with different barrier heights, see Figure 5.17 [313].
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Current leakage in PDC films had an average maximum of 0.13 nA asseen in Figure
6.8. This clear improvement over leakage seen in DC films prior to breakdown is a
result of the improved structure as seen in TEM and XPS as discussed previously
( ). The removal of elemental auminium and short range order from the surface
and bulk of the materials is a direct result of reduction in arc events, due to the
implementation of the pulsed power supply. This reduction in the number of potential
charge trapping sites directly contributed to the improved dielectric strength, as well
as the reduced leakage current. Current oscillations were seen only for a number of
measurements and were again attributed to charge trapping and de-trapping. Fowler-
Nordheim tunnelling is again proposed as a candidate for the conduction mechanism
at high fields due to the linear response when plotting E against In (JE), see Figure
6.9. Thinner films (107 £ 3 nm) gave breakdown values of 31.3 + 2.1 V, equating to a
dielectric strength of 301 Vum™. However, typicaly dielectric strength is inversely
proportional to sample thickness due to an increased number of defects [103]. The
lower value obtained for the 107 nm films compared to the ca. 200 nm films obtained

in thiswork, could be aresult of different conduction mechanisms in the thinner film.

Conductive AFM measurements were carried out by Ganesan et al. in order to assess
the electrical properties of thin aluminafilms<1 nm produced by ALD, reiterating that
an increase in dielectric strength should accompany decreasing thickness. The work
also showed breakdown voltages as high as 13 kVum™. Pre breakdown oscillations
such as those seen in DC and BDC films (Figure 5.15), were seen in these ultra-thin
alumina films and were also attributed to charge trapping and de-trapping [103,120].
Defects created by the applied field contributed to stress induced leakage current
within their studies, and islikely to be the origin of the oscillationsin PDC filmsfrom
the current study. Conduction mechanisms in aluminafilms have been studied widely
and often attributed to multiple mechanisms at different applied field strengths as seen
by Zhu et al. who explored the resistive switching within anodic alumina structures
(finding ohmic, Poole-Frenkel and Schottky mechanisms) [131]. Poole-Frenkel
conduction has also been determined to be the predominating conduction mechanism
in auminafilms, as seen by Kolodzey et al. [188]. This body of work shows that the
conduction mechanism in Al>Oz films varies widely as a result of the films intrinsic

properties.
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Figure 10.2: Schematic showing the reasoning behind the improved breakdown
characteristics of the PDC films, TEM micrographs showing short range order in the
DC/BDC films and the lack of such order in PDC films are inset. Defects shown in
DC sputtered films were potentially a route to their premature electrical breakdown.

For the PDC films a heat treatment was carried out to assess any improvements in
electrical properties, which could potentially be the result of removal of compositional
or structural defects. It was shown however, that the electrical properties remained
similar to those of the non-heat-treated films. The heat-treated sample had three
measurement sites where breakdown occurred with increased leakage current of up to
10 nA, otherwise the other test sites had very low leakage < 0.1 nA and all test sites
reached breakdown before the 150 V limit of the equipment. The areas of high leakage
could be caused by defects generated during heat treatment. However, because the
breakdown strength was relatively high at 329 Vum™, the material may still be suitable
as an insulating layer depending on the alowable leakage current of the specific
application.
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Table 10.2: Summary of the AFM DC properties of DC, BDC and PDC Al,Os films
as deposited onto Cu disks and heat-treated in the case of PDC films.

. Sample . .
Sputtering Sample ) Breakdown Dielectric
Sample _ thickness
method Bias (V) voltage (V) strength
(nm)
DC DC -10 778+ 34 128.76 + 4.4 166+ 9
-45 557 £ 47 108.59+ 2.9 195+ 17
-60 637 £ 31 128.14+ 3.3 201+11
BDC -10 721+ 16 14533+ 25 202+ 6
-45 633 + 40 139.54 + 9.0 221+ 20
-60 835+ 30 137.40+ 15 165+ 19
PDC PDC - 60 215+ 10 66.7 + 4.6 310+ 26
HT PDC -60 205+ 6 67.6+5.8 329+ 30

10.1.5 Mechanical properties

The mechanical properties of DC, BDC and PDC films are of importance because of
the flexibility and adhesion required in winding wire insulation. Pull off and scratch
testing were carried out in order to assess the film suitability for purpose asathermally
stable insulator. The surface roughness (Ra) of all films was below 40 nm, meaning
that it was suitable to carry out scratch testing on the films as deposited onto polished

copper substrates.

The mechanical adhesion of the DC films presented in this study appeared to improve
with the addition of this bi-metallic interlayer, which also included alonger sputtering
period, during the transition between aluminium and alumina whereby DC and BDC
films had pull off adhesion of 63.0 + 6.4 and 72.3 £ 5.6 MPa respectively. The
improved adhesion strength isaresult of higher amounts of material mixing at the Cu-
Al interface facilitated by the RF Cu sputtering [314]. The lack of pull off failure at
the Al-Al2Oz interface for DC films, suggests that the additional time taken to reach
the 23% OEM set point was not necessary for promoting adhesion at this interface.
The prevalence of partial interfacial delaminationin DC films could be aresult of non-
uniform film stress distribution, arising from the lack of Cu in the interlayer. Pull off

testing for PVD deposited aluminais not widely documented but values obtained in

214



10. Discussion

this study agree well with results published for electron beam evaporated copper
deposited onto sputter cleaned polycrystalline alumina by Erck et al., who achieved a
maximum pull off adhesion strength of 88 MPa[160]. Variancein the applied bias had
no significant effect on the adhesion strength of the coatings, suggesting there was no
appreciable change in internal stress, which was also eluded to by the lack of
discernible trend in the Al-O phonon shifting in the FTIR of sampleswith comparable
interlayers (but variable bias voltages), see Table 10.1. However, increasing the
sputtering time beyond 90 min for the DC films resulted in an appreciable decrease in
the pull off adhesion strength to 26.5 £ 2.3 MPa, aso see Table 10.3. This suggested
increase in internal stressis also indicated by the FTIR shifting from 876 to 843 cm't
for the films deposited for 90 and 120 min respectively.

The pull off failure strength of 55.7 £ 2.9 MPafor PDC filmswas 25 % lower than the
average for BDC films. Due to the lower sputtering rate of the PDC processit can be
assumed that the Al interlayer was smaller and that there was a lower amount of
material mixing in the Cu/Al blending stage, which would have resulted in a sharper
interface which has been shown to be detrimental to adhesive properties [221]. The
heat treatment of PDC filmsresulted in afurther two fold decrease in pull off adhesion
strength, caused by the mismatch in thermal expansion of Cu and Al2Os (bulk copper
17.1x10°% and 5.4x10°6 °C* for sputtered Al>Os). Such a mismatch would potentially
cause micro-cracking at the interface upon heating, weakening the adhesive properties
as seen for the PDC films[315]. This suggests that the material mixing stage employed

for the heat-treated films was insufficient to promote adhesion.

Alumina adhesion has been explored using various substrates and with a number of
interlayer configurations. Jarvinen et al. showed a delamination in aumina film at
10 % strain (RF deposited) deposited on copper where aTi or TiN interlayer was not
used. The benefit of interlayers in aluminathin film systems has been widely shown
and other metal systems have also shown promise [143,181,182]. Vuoristo et al. have
produced thin Al>Os coatings on copper substrates using magnetron sputtering with
varying power supply options focusing on the use of the coatings for electronic
applications. Adherence was again found to improve with the application of a suitable
bond layer, such as Ti or Cr to protect the coating from delamination during thermal

cycling [182].
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Scratch testing showed the DC films exhibited average Lci+2 and Lcs forces of
1.0+ 05and 1.7+ 0.3N and BDC films had average failure loads of 0.4+ 0.1 and
3.1+ 0.3 N for Lci+2 and Lcs, with both sets of films exhibited combination tensile
cracking and buckling. Despite the addition of Cu and the longer Al-Al>Os blending
in BDC films improving the pull off adhesive strength, no significant change in Lci+2
critical loads (cohesive failure) were noted, however, an increase in the average Lcs
was seen following the implementation of the blended interlayer. For PDC films the
failure load at cohesive failure (Lci1, conformal cracking) and adhesive failure (Lco,
buckling failure) compared favourably to the DC films at 0.87+0.05N and
1.96 + 0.16 N. No change in failure mechanism was seen following heat treatment of
PDC films, which resulted in cohesive failure at 1.55 + 0.35 N and adhesive failure at
1.79 + 0.43 N which compared favourably to the as deposited PDC films. All the
scratch test adhesion datais summarised in Table 10.3.

The application of bias voltage had no consistent effect within DC or BDC films.
However, the application of a -60V substrate bias during Al.O3 deposition did
increase the average adhesive and cohesive failure load in DC and BDC films, see
Table 10.3. Thisis likely a result of film thickness effects or because of the — 60V
bias potential to reduce internal stress in the films, however, no FTIR shift was seen.
There was no clear relationship between sputtering time and the critical load for
cohesivefailureinthe DC films, however, the critical load for adhesive failure showed
a clear decrease in every instance where the sputtering time was increased from a
maximum of 5.04 + 0.4 t0 0.66 + 0.1 N, for 30 and 120 min deposition times for DC
films respectively, see Table 10.3. This relationship is likely a result of an increased
stressin the films caused by the increased thickness and processing times.

Scratch failure modes studied by Bull et al. in Al.O3z scales were similar to those
observed in the current study for the aluminafilms, displaying cohesivefailure through
conformal cracking and subsequently adhesive failure through buckling, as seen in the
scratch test imaging of sample in this study, see Figure 5.20 [144]. Scratch loads
identified in the current study were comparable to those of aluminafilms deposited by
CVD onto stainless steel by Haanappel et al. which showed critical loads of
ca. 0.130 N for 1 um thick films [159]. The work by Haanappel et al. also outlined
the improvements seen in critical loads with increasing film thickness, which was not

the casein thiswork with respect to the cohesivefailure of thicker BDC films produced
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with a-60 V substrate bias. Elsewhere the lack of trend in scratch test results may be

because the difference in thickness was not substantial.

Table 10.3: Summary of the pull off and scratch adhesion of DC, BDC and PDC
Al>Oz3 films as deposited onto Cu disks and heat treated in the case of PDC films.

: Pull off
Sputtering S.ample } Sample adhesion Lcl (N) Lc2 (N)
method Bias (V) thickness (nm)
strength (MPa)

DC -10 1566 + 27 258+9.38 0.80+0.04 1.74+0.25
-45 1326+ 6 64.3+6.4 0.58+0.53 1.21+0.08
-60 2095 + 10 63.0+ 6.4 1.60+0.10 2.14+0.18
DC -60 760 £ 10 51.4+54 145+ 06 5.04+04
-60 1150 + 45 324+48 0.78+0.1 220+0.2
-60 2030 £ 25 265+25 0.66+0.1 1.33+£0.1
BDC -10 1755+ 12 730+ 3.6 0.40 + 0.08 259+ 0.24
-45 1854 + 13 76.2+3.3 0.35+0.03 225+0.24
-60 1868 + 13 72.3+5.6 0.52+0.03 4.38+0.07
PDC - 60 215+ 10 55.7+2.9 0.87 + 0.05 1.96 £ 0.16
HT PDC -60 205+ 6 21.8+34 1.55+0.35 1.79+0.43

10.1.6 Reproducibility

Reproducibility studies of the PDC film deposited at 150 kHz and 40 % duty cycle
were carried out. These repeats showed that the films were consistently X-ray
amorphous, and free of elemental defects at the surface of the films. The Al:O ratio
was slightly larger at 0.70 and the FTIR peak shifted to a higher wavenumber. These
discrepancies could be aresult of target aging and increased race track erosion, which
has been shown by Madsen et al. to effect deposition rates during reactive pulsed DC
sputtering [303]. The mechanical properties of the films were still lower than those of
the DC and BDC films and adhesive and cohesive failure mode remained the same.
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10.1.7 Summary

The properties discussed in this section lead to the determination that PDC Al2Os films
were the most suitable for isolative coatings. Specifically, the samples produced at
150 kHz with a duty cycle of 40% were selected as the Al:O ratio of 0.68 was closest
to ideal for aumina. Thus from this point in the discussion PDC will refer to samples
produced with these conditions. Whilst the deposition rate was lower than DC
deposited films, the rate was till four times that of RF films and the films had an
appreciably higher dielectric strength than the DC films, which was the result of a
reduced number of defects caused by the diminished amount of target arcing.

There was no observable trend between applied substrate bias and the properties of
these films. An increase in sputtering time for the DC films was shown to have a
negative effect on the mechanical properties for both pull off and scratch testing; as a
result of an increased internal stress. The effect of sputtering time on structure and

stoichiometry was, however, shown to be inconstant.

However, when looking at the dielectric strength of other films such as Bartzsch et al.
and Carreri et al., it is clear there is room for improvement [121,186]. Thus routes to
improvethe dielectric strength of the materials further will be focused upon in the next

section (10.2).
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10.2 Multilayer composite films

The objective of this section was to take the optimised single layer PDC Al.Os and
improve it further through the use of multilayers. The highest dielectric strength
material produced in the previous section ( ) was the PDC Al20z and thusit was
chosen to be combined with additional candidate layersto improve dielectric strength
further. Thisstudy combined it with SO, or TaoOs RF layerswith the goal of achieving
a higher dielectric strength. Multilayers have shown promise in improving the
electrical properties of Al2Oz previously in Al203-SiO2 systems. It is aso noteworthy
that SiO> and TaxOs are utilised widely in electronics and would not be disconcerting

or hazardous to an end user.

In addition, the multilayer composites will also be combined with the interlayer used
in the BDC films which exhibited increased adhesion as seen in the previous section.
Given that the thickness of the coating is one of the main issues for application as
insulating coatings because of packing space aswell as deposition time and increasing
defectsin thicker filmsand ultimately the higher the dielectric strength the thinner that
allows the isolative coating to be. The multilayer composites were characterised in

order to assess their suitability for insulating coatings.

10.2.1 Initial SIO> composites

SO, layers were initially added to PDC Al>Os without moving the shield during
deposition however thisled to filmswhich suffered from through thickness conduction
and thus were not fit for purpose. The films contained no elementa Si as evidenced by
the Si_2P binding electron energy being at 103 eV correlating to Si*. XPS did,
however, reveal that the films were Si deficient, with Si:O ratios of 0.39 and 0.41 for
1x1 and 2x2 motifs respectively. FTIR analysis suggested that the films contained
Al>03 and SIO2 with a combination of peaks resulting from Al-O and Si-O bonding,

seeFigure 7.2.

The XPS results combined with the fact that films conducted through thickness
suggested that during ramping of the Al target, elemental Al may have been sputtered
into the films causing conduction, a similar effect to the arcing seen in DC and BDC

films.
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10.2.2 Structural characterisation of PDC RF composites

Asshown for the RF films at the start of the discussion section ( ), the deposition
of amorphousthin SIO, and Ta:Os using RF power was possible. These materials were
combined with PDC aluminawith aview to improving current leakage and breakdown
strength, whilst maintaining a reasonable deposition rate. To mitigate the through
thickness conduction which was seen for initial deposition of SiO> composites, see
section ( ), layer blending was carried out by ramping only the RF target (turning
off the Al target during blending stages). The following section will discuss the
characterisation of such films, deposited with 1x1, 2x2 and 4x4 layer configurations
with RF sputtered SiO; or taxOs. For nomenclature see section ( ) and Figure 7.1.
As in the last section heat treatment was used with a view to improve the films
mechanical and electrical properties further and will be discussed in tandem with the

as deposited films.

For the composite films multiple infrared absorption peaks associated with the
constituent layers of the composite films were seen, see Figure 7.4. For TaOs
composites a broad absorbance peak resulted from Al-O phonon vibrations combined
with TaxOs peaks at ca. 785 cm™* which decreased in intensity from 0.97 to 0.92 with
an increasing number of layers as less of the TaxOs was at the surface. The FTIR
spectraof SiO2 composites as shownin Figure 7.4, consisted of overlapping Al-O and
Si-O peaks. There was also a peak at 1229 cm! assigned to Al-O-Si bonding at the
Al203-SIOz interfaces, which may lead to improved adhesion [291]. However,
because of the mismatch in thermal expansion coefficients between SIO; and Al>O3
the adhesion was only better for the SIO, composites (when compared to TaOs

composites) where the 8 layer structure was used, see ( ).

Upon annealing in air, the composite multilayer structures underwent colour changes.
SiO2 composites went from a deep blue to a copper like colour. The TaOs films
transitioned from a light metalic blue towards a copper colour, see Figure 9.6.
Transitions in the colour of heat-treated films suggest that they become transparent as
a result of oxidation of the underlying Al interlayer. This suggests that upon heat
treatment, oxygen from the film is being used to oxidise the film and is supported by
the colour and oxidation of the TaOs composites discussed below. Another
explanation could be oxidation through pinholes; however, no pinholes were found in
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AFM or SEM analysis of the films. The XPS results which show an increase in the
amount of oxygen at the surface of the heat treated Ta,Os composites but not for the
heat treated SIO. composites suggests that the oxidation of the interlayer occurs
through different methods in each set of composites. Thus it is likely that oxygen
migrates through the film in TaoOs composites and that in SiO> composites oxygen
migrates only from the area close to the interlayer. The activation energies for oxygen
diffusion in the amorphous ceramics are al in the order of 1 eV, suggesting that the
mechanism variation must be aresult of structural/ compositional defectsin the TaxOs
composites [316,317].

In the heat-treated TaxOs composites a decreasing layer thickness resulted in a
diminished absorption peak for Ta-O-Ta bonding, as seen in the as deposited
composites. Peaks positioned at 781 cmt with a shoulder at 817 cm® observed by
Mannequin et al. in electron beam evaporated and sputtered TaxOs films, again agreed
well with the peaks observed in the heat-treated films [205]. The same combination of
peaks seen for as deposited SiO» composites - resulting from Al>Os and SiO- vibrations
and Al-O-Si linkages was maintained following heat-treatment. Aerogels consisting
of Al20s and SiO. produced by Wu et al. showed the same peak combinations and
suggested the existence of Si-O-Al bonding with the evolution of a peak at 1181 cm'?
[318]. Hence assignment of the peak at 1229 cmr! was to either Al-O-Al bonding or
Al-O-Si bonding in the current study.

The XRD pattern for RF TaxOs was not replicated in multi-layer TapOs films, which
was because of their much thinner nature of up to ca. 50 nm compared to 774 nm and
alack of sensitivity from the XRD instrument. All as deposited and heat-treated film
samples were X-ray amorphous as evidenced by the lack of diffraction peaks for the
constituent materialsin the XRD diffraction patterns. Possible peaksin the diffraction
patterns of heat-treated composites resulted from Al/Cu mixing at the interlayer.
Discrete layers were too thin to be imaged in any of the as deposited or heat-treated
composite films using SEM techniques, with all films appearing relatively featureless
as seen in Figure 7.8. The heat-treated composites showed an average thickness of
219 + 8 and 181 + 4 nm for TaOs and SiIO. composites respectively. These values
were not far removed from the thickness of non-heat-treated films at 188 + 6 and
203+ 6nm. This lack of significant thickness change suggests no significant

densification, possibly prevented by the layered structure.
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XPS of both sets of compositesindicated the presence of oxide material as seen for the
films reviewed at the start of the discussion chapter ( ). For the SiO2 composites
XPS showed that the level of Sil* increased in every instance where the number of
layers was increased (1.9 to 15.8 for 2 and 8 layers respectively), see Figure 7.6. The
lack of Al in the survey spectra rules out the influence of compound material at the
boundaries such as Al-O-Si as suggested by FTIR, this is therefore likely a result of
the increase in total sputtering time resulting in preferential sputtering effects when
considering the multiple blending stages required in the 4x4 films, which increased the
amount of compositional defects. Deconvolution of the O_1S peaks was used to
determine the identity of the Si'* species (Figure 7.7). This analysis showed that the
Sit* shoulder was made up of contributions from surface hydroxides with a peak at
534.52 + 0.01 eV accounting for between 2.13 - 3.73 % of the Si in the film, and a
SiO.x peak at 530.58 + 0.15eV accounting for between 3.4 - 5.1 % of the Si in the
film. The amount attributed to SiO..x species was much lower than the 29.1 % seen
for RF films [319]. This improvement with respect to the level of SiO2.x in RF films,
is attributed to target conditioning during reactive PDC Al>Os sputtering as well asthe
decreased sputtering time [96]. Upon heat treatment the Si:O remained consistent
suggesting that no further oxidation took place at the surface see Table 10.4. An
unintended consequence of the heat treatment was through thickness copper migration
from the substrate, which is discussed below.

Conversely to this TaOs films contained only Ta> and all experimental Ta:O ratios
were close to stoichiometric (between 0.35 and 0.4, see Figure 7.6). The variance in
the stoichiometry is likely the result of preferential sputtering from the RF target and
the number of conditioning stages (where the RF target was off during PDC Al>Os
sputtering), which could influence the level of oxide on the target surface. The 4x4
layer material which had the shortest conditioning stages had the best Ta:O ratio of 0.4
and were not oxygen rich, suggesting that the extended conditioning stagesin the other
configurations could be causing the offset in the Ta:O ratio. Deconvolution of the
O1_S peak in the XPS results for the TaxOs composites yielded two peaks, similarly
to work by Mannequin et al. who showed the possibility of the peaks resulting from
O-H, oxygen vacancies or O-C from contaminants or surface species [205,320].
Following heat treatment, the materials became increasingly oxygen rich with TaO
ratios falling from an average of 0.38 to 0.31. As with the SiO, composites an
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undesired consequence of the heat treatment was the migration of copper from the
substrate.

Copper migration was identified through analysis of the survey spectrafor both sets of
heat-treated composites, which reveaed the presence of Cu_2P photoelectrons at an
average binding energy of 933.4 + 0.2 eV suggesting either Cu or Cu?* (see Figure
9.11). The scan contained strong satellite peaks ultimately leading to the CuO (Cu?*)
designation and as only the top surface of the film is analysed by XPS the copper had
to have migrated through the whole film thickness [321]. This effect was not seen in
the heat treated PDC films, suggesting that Al>Os acted as a sufficient barrier to copper
migration. The 2x2 layer configuration displayed the lowest amount of Cu migration
in both cases with 7.3 and 0.9 a.% at the TaOs and SiO. composites surface
respectively, showing the importance of multiple barrier layers of suitable thicknessin
the structure [322]. The amount of copper in the SIO> composites was ca. six times
lower than in the TaxOs Figure 9.11 suggesting that the SiO> layers were more suitable
for insulation at higher temperatures. Whilst XRD showed the material was X-ray
amorphous, the migrationissuesare likely the result of small amounts of crystallisation
related defects in the films or defect channels such as pores, whereby copper diffusion
would be facilitated at these sites. This is supported by the fact that crystallisation to
some degree has been seen in TaxOs films sputtered with a high substrate bias and at
400 °C by Huang et al. [322,323].

Migration behaviour of Cu has been studied due to its use in microelectronics and
many materials including sputtered metal nitrides have been suggested as barriers
because of their high thermal stability and conductivity [322,324]. Ta prevents
diffusion of Cu because it doesn’t form a compound with it and Cu and Ta are also
immiscible, with no stable Ta-Cu compounds being known [325]. The addition of N
or O to Ta barrier films was shown to improve the barrier properties, and this was
reasoned to be a result of obstruction of Cu diffusion at the grain boundaries. Such
additional materials could be implemented to mitigate problems seen here in TaOs
composites. Oxidation of Cu nanorods has been seen by Qin et al. through a porous
Al203 nano structure, causing an outward diffusion of Cuions, resulting in a build-up
of CuO/CuO:z on the surface [326]. However, once a non-porous coating was applied
no migration/oxidation was seen. In the case of the films produced in this study, PDC

Al>03 and the RF SIO, composites showed little to no copper migration to the surface
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layer, XPS analysis showed no Cu?* photo electron peaks for heat treated PDC and
Cu?* accounted for up to 2.7 at.% to in the case of heat treated SiO, composites, as
shown in Figure 9.11. This suggests that the films were mainly non-porous and thus
suitable for high temperature isolative applications.

Migration of Si through Ta:0s films was seen upon annealing of films TaOs films at
350-430 °C produced by Chaneliere et al. using CVD methods [133]. It is likely
therefore that the TaOs layers in this study changed the composite structure
sufficiently to allow Cu?* diffusion, as noted by Wang et al. for Taand TaN diffusion
barriers above 650 °C, who concluded that diffusion could occur through localised
defects in their diffusion barriers [322]. Whilst no crystallinity was noted in XRD
analysis, it is possible the migration of the copper coincided with the beginning of
crystallisation of the TaxOs layersin the films. Such an effect was seen above 600 °C
in ALD and electrostatic spray deposition deposited TapOs deposited onto Si by
Lintanf Salatin et al. [327] This could be the reason for the much higher levels of
copper migration in the TaxOs composites.

10.2.3 Electrical properties of multilayer PDC films

AFM DB measurements of the as deposited composite films showed that using SiO-
or TaxOs as an additive layer had the potential to improve the dielectric strength by a
maximum of 203 +28 Vum™ for 2x2 TaOs composites compared to PDC Al,O3
alone. The dielectric strength was shown to be dependent on the layer configuration.
In the heat-treated samples which will be discussed later in this section, the breakdown
was again shown to be dependent on layer structure but the composition was shown to
play a much larger role in the dielectric strength. Heat treated samples displayed a
maximum increase of 188 + 49 Vum™ for SiO, 2x2, compared to heat treated PDC
Al20s3 aone.

The maximum increase in the as deposited films resulted from the 2x2 samples
increasing by an average of 156 + 48 Vum™, whereby 2 layers each of PDC and RF
addition were used. These improvements are likely to be a result of the barrier
properties of the inserted layers, whereby they inhibit the flow of current through the
films. However the 4x4 composites had lower average dielectric strength than the 2x2
films but still significantly higher than the as deposited PDC Al-O3 with an average
increase of 100 + 38 Vum™. Thereduction in dielectric strength of the 4x4 composites
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with respect to the 2x2 films, may be due to the decreased layer thickness of the added
RF layers, which act as poorer defect capping layers as a result. Further justification
for this decrease in dielectric strength can be taken from the 4x4 SiO. composites
increased number of compositional defects, coming in the form of Si'* asshowninin
Figure7.6. The 1x1 composites exhibited the lowest average diel ectric strength, which
were not significantly increased when compared to the PDC films. This likely results
from an insufficient number of barrier layers. Thus the superior electrical properties
observed for 2x2 composites, showed that for a fixed film thickness, a compromise
between the number of defects produced and the number of layers incorporated was
made.

In contrast to the as deposited samples the dielectric strength of the heat-treated TaOs
composites decreased by an average of 22 %, whilst the dielectric strength of the heat-
treated SIO, composites increased by an average of 12 %. The trend in dielectric
strength where 2x2 composites gave the highest values, followed by 4x4 and then 1x1
composites was preserved following heat treatment although an increase in error of

measurement meant that the difference 2x2 and 4x4 composites was not significant.

Layer dependence as observed in the as deposited and heat-treated composites, has
been previously documented, such as in HfO2 Al.O3 composites produced by Park et
al. whereby composites with 7 and 5 layers had enhanced breakdown characteristics
compared to three layer materials. This phenomena was attributed to the blocking of
current through grain boundary channels [328]. Further support for the benefits of
barrier effects come in the form of studies on solid polymer dielectrics by Gefle et al.
who discussed a mechanism by which material interfaces prevent charge propagation
across films improving the dielectric strength such as by increasing the time needed
for tree growth and an increase in the failure-initiation time [329]. Mattox also noted
that the use of multi-layered composites can be useful for decreasing the number of
pinholes resulting from abnormalities during growth [330]. In ceramic multi-layered
composites a two times improvement of up to 92 = 7.0 Vum™ in the dielectric strength
of sputtered SiO», Al.O3 composite coatings was noted by Martinez-Perdiguero et al .;
this condition was met when 2,4 and 8 layer materials were used instead of the single
layer dlumina. The efficacy of the layer configurations al'so mirrored those seen in the
current study whereby composites with two layers of both Al>O3 and SiO. showed the

greatest improvement, the composites with one or four layers of each material were
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not significantly different from each other [116]. Improvements of this kind could be
the result of added layers masking structural or compositional defects, such asin the
Al,03-SIO; gas diffusion barrier films, produced using ALD by Dameron et al. [279].

Taking this research into account it can be seen that incorporating barrier layers with
a higher dielectric strength relative to the base material has the potential to increase
breakdown strength and lower leakage current. It is therefore suggested that the
mechanisms for the improvement in SIO2 and TaOs composites include: defect
capping (structural and compositional), prevention of charge injection and disrupting
the growth of breakdown channels, see Figure 10.3. Ren et al. have shown an
improvement in dielectric strength by up to 17.2 % with the clay modification of
polymers [331,332]. The improvement was attributed to the suppression of charge
injection and migration, whereby this resulted in the inhibition of an electron cascade.
The biaxially orientated poly propylene only had marginal improvements of 1.1 %
because of its intrinsic dielectric strength, showing in that case that materials with
sufficient intrinsic breakdown strength weren't affected by layering. It is because of
thisthat the RF deposition method is seen as key to producing films with high enough
breakdown voltage to act as sufficient barrier layersin the PDC Al 20s.

Al O, Cgrrent Ix1 <« Current flow
Defect / a ; interruption
< | |breakdown
= | [pah 310 V! 350 V!
=
3| [2x2 ,} 4x4 ;
= ,
Qq &
< 4 -
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Figure 10.3: Effect of multilayers for capping and barrier propertiesin resisting
current flow and disrupting breakdown pathsin thin ceramic composites. Defects are
shown to be passivated in the films having a multilayer configuration. The dielectric
strength is highest for the 2x2 films and the maximum dielectric strength for each

layer configuration given in the bottom right of each illustration.
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SiO2 and TaOs were chosen because they are commonly sputtered materials and can
be produced using RF power. Further to this films sputtered especially by RF
sputtering have been shown to have high dielectric strengths up to 570 and 600 Vum™
for RF sputtered SiO. and TaOs respectively and potentia as film insulators in
capacitors, especially TaOs with a high dielectric constant of 23 [121,206].

Whilst as deposited TaxOs composites had a higher maximum dielectric strength than
the SIO> composites, they suffered from higher leakage and large current oscillations
which were noticeably more severe in 1x1 composites see Figure 7.13. As mentioned
for the DC and BDC samples ( ) this was attributed to charge trapping and
de-trapping. However, as evidenced by TEM, the PDC films should be relatively
defect free, suggesting that either stress induced leakage current becomes an issue or
the presence of defects in the TaOs films supported the current oscillations. It is
possible that there is alarger number of defects in the TaOs, this theory is supported
by the fact that the maximum current flow prior to breakdown was ca. 6 and < 1 nA
for TaxOs and SIO2> composites respectively. This shows that the RF SIO, acted as a
superior barrier layer to TapOs, which must have been a result of better intrinsic
propertiesinthe RF sputtered layers. It isthereforelikely that the SiO2 layers contained
fewer defects capable of trapping charge.

Heat treatment of SiO, composites resulted in a minimum breakdown strength 36 %
higher than comparable heat treated Ta,Os composites. The dielectric strength in the
SiO2 composites increased by an average of 12 % following heat treatment and the
TaOs composites decreased by an average of 22 %. The dielectric strength of SIO>
heat treated composites were 132 + 63 Vum™ higher than heat treated PDC Al;O3
respectively, whereas there was no significant difference between the dielectric
strengths for heat treated Ta,Os composites and the heat treated PDC films.

This decrease in the electrical properties of TapOs films can be accounted for by
considering that at 500 °C it is possible that nano crystallisation in the TaOs films,
which may have been initiated but was not observable by XRD. Any crystalites or
impurities from the substrate could well act as charge trapping sites and potentially act
as aroute to premature breakdown. Another effector for the deterioration in dielectric
strength in the TaxOs films compared to the SiO- ones could be the ca. six times higher
levels of Cu defectsin the film as evidenced by the XPS, see ( ).
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With respect to the improvement seen in SiO2 composites, rapid thermal annealing of
RF SOz films investigated by Choi et al. was shown to improve the breakdown field
from a minimum of 12 to a maximum of >400 Vum™ [265]. Thisimprovement was a
result of areduction in the fixed charge density and the density of charge trapped at
theinterfaces. A similar effect was seen in Y20z films sputtered by Quah and Cheong,
whereby annealing reduced the amount of defects and created an interfacial layer,
resulting in an ca. 1.5 times higher dielectric strength and lower leakage current in
films when annealed at 1000 °C for 15 and 45 min, caused by an increase in Fowler-
Nordheim barrier height from 3.6 to 4.4 €V [333]. Multilayer composites deposited by
Martinez-Perdiguero et al. also showed a decrease in leakage current by at least one
order of magnitude for PVD multi-layer Al2O3 SIO. films when a 2 um sample
deposited on stainless steel was annealed for 60 min at 500 °C [116]. In the current
study heat treatment was shown to increase the dielectric strength of the SiO.
composites in accordance with the previously mentioned research, suggesting that the
number of defectsin the SO, layers decreased.

High current variability in low field regions of the AFM DB measurements, combined
with large current oscillations and variance between measurements made for the same
samples and very little leakage for SIO> composites, meant that a conduction
mechanism prior to breakdown could not reliably be assigned for either as deposited
or heat-treated samples. Conduction mechanismsin the constituent RF SiO2 and TaOs
have been attributed to Fowler-Nordheim tunnelling, as well as Schottky or Poole-
Frenkel mechanisms [134,207]. So it could be the case that these mechanisms play a

role in the conduction through the multilayer composites.

AFM was used to measure the dielectric strength of thin films by Ganesan et al. and
even to perform layer by layer breakdown testing on BN by Hattori et al. [103,224].
However, AFM DB measurements have not been widely used for multilayer ceramic
composites. It was hoped that the technique could help divulge information about the
conduction mechanisms through the films, however, due to the high current variation
at low fields and charge trapping and de-trapping at high fields in these specific films

it was unfeasible.
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10.2.4 Mechanical characterisation of PDC RF composites

The pull off adhesion strengths of all of the as deposited composites was shown to be
on average 2.4 times lower than that of the solely PDC alumina films [334].
Additionally pull off adhesion of the heat treated SIO> and Ta,Os composites resulted
in an average adhesion strength which was 35.1 + 8.1 MPalower than the as deposited
PDC films, see Table 10.4. Upon heat treatment there was no significant trend in the
adhesion when comparing as deposited and heat-treated composites, the average
adhesion strength was also not significantly different and it was 39.9 + 6.7 MPalower
than the as deposited PDC Al>Oz films.

The failure mechanisms in the as deposited and heat-treated samples also shifted from
predominantly partial interfacial failure to complete interfacial failure, see Table 7.4.
Thisfailure mechanism was preserved following heat treatment. The substratesin both
cases were treated using the same methods, thus the decrease seen between PDC and
the composites must be ascribed to the use of multilayers. It is likely that
implementation of the layered structure resulted in a higher level of intrinsic stress.
Intrinsic stressin PV D thin films originate from either variation in thermal expansion
between the substrate and the film or from growth induced stresses formed during
condensation. Therefore, the decrease following heat treatment is likely aresult of the
mismatches in thermal expansion, which will be expanded upon later in this section.
The prevalence of complete interfacial failure at the Cu-Cu interface in the current
study indicates that the blending stages were sufficient to mitigate cohesive failure
between the sputtered layers.

Knotek et al. have explored the effect of PV D deposition techniques on intrinsic stress,
showing the dramatic effect of processing parameters, showing a 1 GPa reduction of
growth induced compressive stress when applying substrate heating increasing from
200 to 500 °C [335]. This reduction was measured for TiN using bending gauge and
X-ray methods. For instance a ca. two times increase in film adhesion was the result
of adecreaseinintrinsic stress from 4.84x10° to 0.21x10° Nm, caused by chopping
of CeO: films as deposited by Patil et al., who also showed the same effect in ZnS
films [336,337]. The use of multilayers also increased intrinsic stress in BaTiOz/ Ni
composite ceramic capacitors, analysed by Park et al. [338,339]. An increase in the
BaTiOs/ Ni layer frequency increased the compressive in plane stress, which reached
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amaximum at <-135 MPa. Blending stages have been used extensively for improving
the adhesion of diamond like carbon films. For instance, a number of graded layers
such as Ti or TiN can be used to avoid de-adhesion and avoid high interfacial stresses
[2100]. Thus, the use of blending combined with the low adhesive strength at the Cu-
Cu interface resulted in the lack of cohesive failure between layers in the films

presented here.

The 1x1 and 2x2 TaxOs composites had superior combined average pull off adhesion
compared to the equivalent SIO> composites, yielding values of 22.6+ 2.7 and
15.8 + 1.2 MPa respectively. For both sets of films the adhesion decreased when
moving from 1x1 to 2x2 films, which could be a result of an increased internal stress
at the Cu-Cu interface caused by the increased number of interfaces. There was no
clear trend carried through to the pull off adhesion results of the heat treated samples
with respect to either the number of layers or their composition. The pull off adhesion
was generally lower for the heat treated samples. This decrease is likely the result of
the mismatch in coefficients of thermal expansion, where literature reports expansion
coefficients for Al20s, SiO2 and TaOs of 5.4x10°, 5.1x107 and 3.6x10°°C?
respectively [242]. Thus the coefficient of thermal expansion mismatch led to an
increase in internal stress within the composites, decreasing their adhesion strength.
See Figure 9.18 for asummary of the pull off adhesion strength values.

Scratch testing of as deposited composite materials showed similar cohesive failure to
PDC Al>Osfilms, failing by conformal cracking at 1.07 £ 0.29 N, but exhibited amuch
decreased adhesive failure load manifesting as buckling at 1.18 + 0.24 N (Figure 7.9
and Table 7.3). The failures in PDC materialised as combination cracking failures at
0.87+£0.05N and buckling failures at 1.96 + 0.16 N. The dlight increase in film
thickness for the 4x4 samples can aso be used to explain the trend for 4x4 films to
generally have the greatest scratch failure loads, because of the higher load required to
deform the substrate. Following heat treatment there was no significant difference in
the average onset of cohesive conformal cracking failure at 1.13 £ 0.40 N or adhesive
buckling failure at 1.50 £ 0.63 N compared to the as deposited films. The layer
configuration similarly had no consistent effect on the scratch adhesion see Table 10.4.

Scratch testing of sputtered Ti/TiB2 multilayer composites has been reported by Chu
and Shen [340]. Their work found strong links between hardness and critical scratch
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test failures. as the bi layer thickness increased from ca. 1.9 to 9.8 nm the hardness
decreased by 50 %, the cohesive failure remained the same at 10 N and the adhesive
failure decreased by 79 %. These changes were attributed to higher levels of
intermixing between the Ti and TiB. layers as the bi layer thickness decreased.
Therefore, the critical load increases (see Figure 7.5) seen in the 4x4 films could be

attributed to increased hardness because of the smaller bi layer thickness.
10.2.5 Multilayer composites summary

The use of RF TaxOs or SO layersimproved the dielectric strength of the PDC Al>O3
films by a maximum of 203 + 28 Vum™. This was a result of defect capping and the
disruption of breakdown paths forming through the dielectric. The mechanical
properties suffered resulting in apull off strength 2.4 timeslower than PDC Al>0Os and
was the result of increased intrinsic stress introduced through the implementation of

multilayers.

Because of the increased stress and implementation of interfaces seen in the multilayer
composite materials, which resulted in poorer mechanical properties compared to DC
and BDC films (Table 10.3) a heat treatment was applied to the samples. This was
done with a view to improving both electrical and mechanical properties. This was
shown to improve the electrical properties of the SiO> films increasing the dielectric
strength by a maximum of 188 + 49 Vum™, but was detrimental to the TaOs films
resulting from an increase in oxygen content, potential for crystallisation and heat
treatment induced defects such as copper migration. The adhesion properties of the
filmswere greatly reduced following heat treatment aresult of the thermal mismatches
at the substrate surface.
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Table 10.4: Compositional, electrical and mechanical properties of as deposited and
heat treated SO and Ta>Os composite films.

] Si:O Dielectric Pull off
Layer config. Thick. or strength adhesion Lcl (N) Lc2 (N)

(nm) Ta:O Vum™) (MPa)

x1 191+4 062 332+159 246131 099+0.10 095+011

S0  2x2 182+ 4 0.57 466 + 86 16.0+2.2 0.84+0.06 0.97+0.04

4x4 23611 0.56 416+ 73 153+238 1.25+020 1.34+011

x1 203.£6 0.35 350+ 38 220+34 098+0.15 1.18+0.15

Ta0s  2x2 152 +4 0.36 513+ 18 114+138 1.15+0.04 1.40+0.08

4x4 210+9 0.40 403 + 26 34.3+44 122+006 1.28+0.06

Ix1 185+6.3 0.55 372+ 39 9.70+ 0.8 138+035 199+042

|__|T 2x2 187+6.0 0.58 517+ 25 20.1+0.9 135+011 195+0.18

S0 4x4  171+5.0 0.61 493+ 29 175+21 097+010 148+0.16

Ix1 221+21 0.29 273+ 28 146+ 26 119+0.09 1.02+0.13

T:z-IC-) 2x2 21085 0.30 358+ 31 132+£35 1.14+0.07 152+0.37
5

4x4  226+8.0 0.33 344 + 17 19.7+34 0.77+005 1.01+0.08
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10.3 Wire coating

Asthe PDC Al>O3 was the most promising of the single component films with respect
to dielectric strength it was decided to carry this material forward into wire coating
trials. Heat treatments were also carried out on the wires in order to assess the effect
of potential high temperature working environments on the coatings. Cu wires coated
with an Al interlayer deposited at 1.5, 3.0 or 4.5 rpmand 1, 3 or 5 layers of Al.Oswere
assessed for their electrical properties as well as the mechanical adhesion and thus
suitability as a coating for wire material. An initial deposition using an experimental
rig and the coating rig without a drive chain showed that the coating of wires was

possible and that a coating could be applied to the full circumference of the wire.
10.3.1 Initial deposition at 55 mm and drive chain

The following section concerns the deposition of an Al interlayer, with a 55 mm
substrate to target distance, with adrive chain which allowed reel to reel coating in the
reverse direction. The Al interlayer was applied at 1.5 rpm in order to maintain a
similarity in Al thickness ca. 170 nm to DC and BDC interlayers, in the interest of
keeping adhesive properties. Al.Oz was then deposited at the lowest speed of 0.5 rpm,
in order to deposit the maximum amount of Al>Os per cycle. Total film thicknesses of
349 + 15 nm and 345 £ 10 nm on the opposite side were seen, showing that both sides
of the wire were coating evenly. During this stage a substrate bias could not be applied
during the sputtering because it caused large arcing events along the wire, causing
delamination, material inconsistencies and wire breakages. These events were
attributed to the build-up of charge at a faster rate than it could migrate. As a result
adhesive properties of the Al interlayer at this point were poor, as seen by delamination
in Al2Os coated wire seen in Figure 8.5. Application of a substrate bias has often been
shown to improve adhesion in sputtered films, resulting from the aspects discussed in
section ( ) [341]. Once bent the coating would detach from the substrate. The
poor adhesion meant that further mechanical and electrical testing could not be carried
out on the wires, because delamination in the Al2Oz also meant that twisted pairs of

wire could not be prepared.
10.3.2 Deposition at 100 mm with drive chain

Increasing the sample target separation was viewed as a way to decrease the rate of

charging. Thusthe front bearing of the coating rig was moved away from the Al target
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to 100 mm from the initial 55 mm, with aview to eliminating arcing when a substrate
bias was applied. However, arcing was still prevalent during deposition. The removal
of polyimide tape used to prevent coating wear from the bearings alongside the
increase in separation to 100 mm, eliminated arcing during deposition.

Al20s films deposited onto the 1.5 rpm Al interlayer with a substrate bias of -40 V and
atarget separation of 100 mm showed transverse cracking at strains above 3 % strain
(>180 MPa) and combination cracking/ delamination above 6 % strain (>206 MPa).
FTIR analysis of each side of the wire confirmed the presence of Al-O bonding and no
peak shifting was seen in any of the films suggesting that there was no change in
internal stress. However, since the K apton® tape which had been used to diminish wear
on the coating was removed from the bearings, regions where the coating had been
worn back to the Cu were present. Thiswear was visiblein al coated wires which had

been drawn back through the system see Figure 8.9.
10.3.3 Effect of Al and Al>O3 coating thickness

The coatings which will be discussed in the following section were produced using
bearings which were machined to remove the step, which had been used to hold the
wire in place but was detrimental to coating continuity. Bias cleaning prior to coating
at -150 V and use of the smoothed bearings has a clear effect of reducing the wear and
delamination in films deposited onto wire as shown in the surface light micrographs

asseenin Figure 8.9.

Each additional layer of Al>Oz added an average of 82 + 4 nm with average interlayer
thickness of 233, 115 and 125 nm for 1.5, 3.0 and 4.5 rpm interlayers respectively.
Samples deposited with asingle Al2Oz layer had aconsistent Al-O FTIR peak position,
at an average position of ca. 912 cmt. Samples deposited with 3 layers of Al.Os had
aclear red shift for the sample deposited with the thickest interlayer with an average
of 919 cmr! for 1.5 rpm interlayer compared to an average of 844.25 cmr! for 3.0 and
4.5 rpm interlayers. As discussed earlier for RF, DC and PDC films ( ), the shift
in wavenumber could be aresult of increased intrinsic stressin the films[342]. Further
to this it could be reasoned that the thicker interlayer helped to reduce the internal
stress in the samples deposited with three layers of Al2Os. Despite this there was a
decreasein average wavenumber to 802 cm for the coating deposited with the thickest

interlayer and 5 layers of AlOs compared to the other thinner Al>Os coatings. This
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could be an indicator that the level of internal stressin the thickest Al.O3 coatings was
much higher than in the other cases. Following heat treatment, a decrease in
wavenumber of the Al-O peak was seen in three and five layer samples 904-907, 918-
818 and 802-705 cm* for as deposited/heat treated one, three and five layer Al>Os
coatings). Ali et al. noted an increase in the residual stress from -1.2 to -1.5 GPain
AIN filmswith an Al bond layer, which was caused by stress build up in the interlayer
during cooling [343]. This supports the idea that heat treatments applied in this study
were detrimental to the adhesion of the film and expansion effects nullified any

improvement in material mixing at the interfaces.

10.3.3.1 Mechanical properties

The tensile failure of the as deposited coatings was found to be relatively similar for
all samples (see Table 8.2 and Figure 8.21) regardless of the interlayer implemented.
With respect to the coating thickness the highest minimum onset of longitudinal and
transverse cracking were seen for samples deposited with asingle layer of Al.Os (see
figure 8.21). A decrease in crack density was also seen, where fewer cracks were
propagated in the thickest coating with five layers of Al>Os resulting in the lowest
crack density at 0.01 pm™.

Post heat treatment a decrease in the minimum possible value for transverse cracking
failure strain was 0.5% (49 MPa), which ca. three times lower than the minimum seen
for as deposited samples. Delamination events were also much more common within
the testing range for heat treated samples, as seen in Figure 9.22, whereas it was
common place for longitudina cracking to be seen in as deposited samples. These
delamination events occurred above 3.7 % strain (102 MPa) for the 5 layered alumina
increasing to 11.3 % (178 MPa) for wire coated with one layer of Al.Oz. This echoed
the tendency for an increase in failure strain with decreasing film thickness, which was
seen in as deposited films and resulted from a higher internal stress suggested by the
FTIR results, see Figure 9.19. Post heat treatment the ductility of the Cu wire
increased, due to dislocation untangling and annihilation and this increase had alarge
effect on the: failure mechanism moving towards delamination, failure strain and crack
density of the tensile tested films. The thermal expansion mismatch, between the wire
and coating is another contributor to the decrease in mechanical properties seen for the
heat treated samples and as discussed for the heat treated disks ( ). The crack

density maintained an inversely proportional relationship to the coating thickness
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following heat treatment, where a significant decrease was seen between 1 and 5 layer
coatings, see Figure 9.23[150]. Critical bending radii calculated for each of the films
(Table 7.3) using the critical loads, was very small between 0.20 — 1.25 mm, meaning
that the coating should not be removed by winding even around relatively small
statorg/ rotors.

Cracking in thin film alumina under tensile deformation has previously been reported
on Teflon substrates by Jen et. al. and showed a critical tensile strain of between 0.52
and 2.41 %, similar to the values seen for the coated Cu wire in this work [150]. A
similar crack density dependence on layer thickness was observed by Jen et al., who
showed, a threefold increase in crack density when the film thickness was decreased
from 40 to 12.5 nm [150]. However, the crack density was reported for much thinner
films and thus produced much higher crack densities. The thickness crack/density
relationship is a result of the increasing fracture energy required in thicker films as
simulated by Jansson et al., who also stated that the crack initiation strain generally
decreased with increasing thickness, supporting the decrease in crack initiation strain
seen in this work [344,345]. Crack combination could account for some of the lower

than expected crack densities seen for thinner films, see Figure 8.17.

10.3.3.2 Electrical properties

Short circuiting was an issue for testing the electrical properties of the insulation,
preventing breakdown measurement amongst other testing. Continuity issues were not
widely detected using simple voltmeter tests. High pot (AC) and High voltage DC
testing resulted in short circuiting instantaneously, regardless of the configuration of
the tested wire. This suggests that the issues with the wire were there before
manipulation (winding/ straightening). Because issues of this nature were not seen in
disk samples, they must be attributed to the winding process during sputtering. This
could be remedied by winding directly onto the desired item or through further
modificationsto the bearings and on/off reels. Heat treatment of the wires had no effect
with respect to the electrical properties, as the flaws still existed in the films meaning

that continuity was still problematic.
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10.3.4 Coated wiresummary

The use of PVD coating for wires has the potential for producing coatings of varying
thickness by changing the number of deposition cycles. FTIR and SEM studies showed
coating around the full circumference of the wires. However, it is likely that
discontinuities in the films was caused by abrasion or the winding process itself,
resulting in electrical inconsistencies. Great improvementsin the coating system were
made which resulted in considerably fewer delamination events. Further solutions to
this could include further modification of the deposition equipment but also could
include the use of amultilayer system which hasthe potential to passivate such defects
by combining the superior dielectric strength of the multilayer composites developed
in this study with the reel to reel wire coating apparatus. Heat treatment was seen not
to improve the mechanica properties due to Cu annealing. The complete
circumference coating combined with the possibilities of multilayer coatings provided
by the developed coating rig result in a powerful tool for producing insulating wire

coatings.
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11 Conclusions

The aim of this thesis was to develop a magnetron sputtered ceramic film with high
breakdown strength combined with good adhesive properties to copper. ldeally
developing a coating which could be used as electrical insulation for magnet wire and

ultimately in motor windings.

Initial development on DC sputtered films showed that the use of a mixed material
interlayer improved the film systems mechanical properties from an average pull off
adhesion strength of 63.0 £ 6.4 to 72 =+ 5.6 MPa. However, instability during the DC
deposition process was shown to lead to defects within the films, such as short range
order asidentified by TEM and elemental aluminium as evidenced by XPS, which lead
to premature breakdown with maximum dielectric strengths of 201 and 221 Vum for
DC and BDC films respectively. Conduction at high field was ascribed to

Fowler-Nordheim tunnelling.

Thus the use of pulsed DC deposition was implemented to help with deposition
stability. Pulsed DC deposition led to improved electrical properties with a dielectric
strength of 310 Vum?, because of the removal of arcing and the resultant Al defects.
Despite these improvements a slight decrease in the adhesion properties was seen,
owing to poorer interlayer mixing. Pulsing and duty cycle parameters of 150 kHz and
40 % were chosen because they were shown to produce films with good stoi chiometry
where the Al:O was 0.68, at a reasonable deposition rate of 64 nmh? as determined
by TEM, see Figure 5.13 and Figure 6.5.

Multilayer composite materials deposited to ca. 200 nm with varying layer
configurations were shown to be consistent with the materials sputtered, however, the
stoichiometry and composition of the SIO, and TaOs RF layers were thought to be
affected by preferential sputtering. Thiswasdueto the Sit* content of SiO. composites.
The dielectric strength of these composite coatings were shown to be superior to those
of non-layered materials and this improvement was thought to be a result of a
combination of barrier effects and structural defect passivation. The maximum
dielectric strengths were 466 and 513 Vum™ for SiO, and TaOs composites with a
2x2 layer configuration respectively. The 2x2 layer was shown to give the best

compromise between frequency of layers and layer thickness. The mechanical
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properties of the composites suffered from a perceived increase in intrinsic stress
because of the application of multilayers. Thisincrease resulted in decreased adhesive
properties when compared to those PDC films alone. A change within the sampleswas
also seen whereby pull off adhesion was generally lowest for films with more layers.

Heat treatment of TaoOs composites resulted in a decrease in the dielectric strength.
This decrease was likely a result of crystallisation of the TaxOs layers despite being
X-ray amorphous and or copper migration through the films. The copper migration
was most severe in the 1x1 composites. Conversely, in SiIO> composites the copper
migration was much slighter and there was even an increase in diel ectric strength upon
heat treatment. This improvement was potentially the result of a reduced number of

defects such as charge trapping sites following annealing.

The coating of wires was shown to be possible within the magnetron sputtering
apparatus. Coating quality was found to be highly dependent on the quality of the
finish on the bearings, with smoothed bearing producing much improved coatings. The
tensile properties of the coatings was shown to be relatively independent of the Al
interlayer thickness, where the only effects seen were in the crack density. Coating
continuity was, however, found to be lacking resulting in problems measuring the
electrical properties of the coated wires. Tensile testing showed a trend for the crack
density to decrease with increasing coating thickness. Heat treatment of the coated
wires resulted in softening of the copper wire, hence tensile testing resulted in greater
incidences of delamination failure and indicated a lower applied strain required to
initiate cracks in the coatings.

The use of magnetron sputtering as a method for depositing thin multilayer isolative
coatings onto copper wire has been demonstrated. However, further refinement of the
deposition system and parametersisrequired to produce wires of improved quality and

continuity for use in motor windings.
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12 Future work

Further work on this project would centre on the continual development of highly
adhesive isolative systems mainly focusing on improvement of the wire coating
System:

e Development of highly isolative sputtered films with suitable interlayer
configurations, so as to make them highly adhering to copper, further to the
work presented in this thesis. This could include the use of materials such as
DL C with specifically designed non-conductive interlayers to aid adhesion to

other ceramic layers.

e Finetuning of the layering system used for the composites to yield films with
higher breakdown strength and better thermal stability.

o Tuning of the oxygen flow during multilayer deposition to make sure
that all the materials are fully stoichiometric, this could include
additional target conditioning phases or leaking O during RF
sputtering. In the case of SIO2 a small amount of O, could be added
during deposition to remove Si'* defects.

o Tuning of the layer thickness and ratio to PDC alumina to make the
most effective barriers whilst also considering deposition time and
ultimate film properties.

0 Tuning of the interlayer to prevent the decrease in adhesion seen upon
heat treatment. This could be achieved through using a graded
interlayer motif as seen in some DLC films to mitigate abrupt changes

in thermal expansion coefficient.
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Fine tuning of the wire coating rig to facilitate deposition of high continuity
coatings on Cu wire, in much greater quantities than demonstrated in thiswork.
This could include the use of bearings designed as to have as low effect on the
wire and coating as possible as well as the use of more bearings to utilise the
whole height of the target. The use of a spring loaded tension arm could be
used to keep wire tense for longer thus the sputtering time wouldn't be so
limited.

o Further to this scale up procedures could be implemented to produce
larger sections of coated wire. Such improvements could include
utilising larger on and off reels and increasing the number of bearings
utilised in front of the targets which would also decrease deposition
time.

o Studies on the effect of coating wires which have been anneaed to

remove work hardening.

Development of testing to characterise the aging characteristics in an
operating environment. Use of the wires in applications such as actuators and
motors in high stress environments and monitoring of their electrical and
mechanical performance over time, could be used as a metric to decide how

well suited coatings are for their actual application.

Deposition and process development of multilayer composite coating
systems onto wire, for improved electrical properties. This will include using
additional magnetrons with the current setup within the rig to deposit
composite multilayer coatings with high isolative potential to be applied to
wire. The deposition procedure will need to be carefully considered in order to

produce continuous films.
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