Sheffield
Hallam
University

#$$ $%&'()$

#$$ $%&'()$ #$$ $
+ .



http://shura.shu.ac.uk/information.html




+
- (

+( 0

( 1
##234 56.
¢ C- - (
L, &
5 & ( &

2

+)

## $%& %

+ -

) -

( 71()

#H#2.

50

, t)

% (

2



Development of PVD Coating Processes

Informed by Plasma Diagnostics

Arutiun Papken Ehiasarian

A thesis submitted in partial fulfilment of the requirements of
Sheffield Hallam University
for the degree of
Doctor of Philosophy

June 2002






Uppkyf
Gunbpht, Uptwht I Pupqgblihl

To my family: Ester, Sima and Papken

i



Abstract

Physical vapour deposition technologies have been on the fast track of development for
the last two decades due to their ability to meet demands for special materials and
performance -tools.  The ever increasing complexity of the required coating
microstructure and chemical composition can be achieved only by the development of
PVD technology and in particular plasma sources for vapour generation that can provide
the necessary tools.

This thesis describes plasma diagnostic studies of plasma discharges, developments of
plasma sources and deposition of CrN coatings.

Initially the project investigated vacuum arc plasma discharges used in the Hauzer
HTC1000/ABS industrially sized coater. The attention was concentrated to the plasma
pretreatment by low energy (1200 - 3600 eV) Cr ion implantation into substrates, which
contributed to an enhanced adhesion of subsequently deposited TiAIN coatings. Optical
emission spectroscopy (OES), electrostatic probes, and time-of-flight (TOF)
spectroscopy were used to study the interactions of the arc plasma with the gas
atmosphere in the chamber. It was shown that increasing the pressure of Ar gas had a
strong effect on the composition of the generated metal ion flux as the density of highly
charged metal species reduced significantly to the benefit of gas ionisation. The
mechanisms behind these observations are discussed and supported by further
experiments. Based on the plasma diagnostic results, a novel two-stage pretreatment
method was developed which allowed an enhanced adhesion due to faster sputter
cleaning of the substrate surface and more efficient metal ion incorporation in the
substrate material.

In the final stages of the project a novel high power pulsed magnetron sputtering
(HIPIMS) process utilising peak power densities of 3000 Wem™ was investigated. OES
studies showed the first evidence of doubly charged Cr and Ti ions generated by the
HIPIMS discharge. Peak plasma densities of 10" cm™ were measured and, in the case
of Cr, metal ions were found to constitute 30% of the total deposition flux to substrates.
The influence of power on the plasma density, plasma composition and time evolution
of the plasma was studied in detail using OES and electrostatic probes. The conditions
for glow-to-arc transition were investigated. CrN coatings (thickness 2um) were
deposited for the first time using HIPIMS of Cr in a nitrogen atmosphere. The
microstructure observed in transmission electron microscopy cross sections was highly
dense and droplet free and contributed to an excellent corrosion and wear resistance
superior to 20 pm thick electroplated hard Cr, and CrN coatings deposited by arc and
unbalanced magnetron sputtering. The HIPIMS discharge was used also for
pretreatment of substrates with metal ions analogous to the one performed previously
with arc discharge. High adhesion was achieved as indicated by the scratch test critical
load value Lo = 85 N.

Finally, at an intermediate stage of the PhD project, an alternative source providing
metal ionisation was studied. It was based on a radio frequency (RF) powered coil that
was inductively coupled to a magnetron sputtering discharge. Energy resolved mass
spectroscopy and OES in a laboratory-sized version of the plasma source revealed
elevated metal ion densities and high ion energies of the order of 60 eV. This source
was upscaled, installed, and tested successfully in the industrially sized Hauzer coater.
The ion-to-neutral ratio at the substrate position could be increased 5-fold for a similar
increase in RF power.
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1. Introduction
Background

The development of coating systems based on physical vapour deposition (PVD)
processes has enjoyed a boost in the last 20 years with the introduction of ceramic
protective coatings such as oxides and nitrides of the transition elements. These thin
films have been implemented in a broad range of applications in the machining,
automotive, textile, petrochemical, decorative, etc. industries with a total turnover of
billions of pounds. The success of thin coatings is due to the wide range of properties,
such as high hardness, low friction coefficients, and resistance to wear, corrosion,
oxidation, and a variety of colours that are possible to achieve by variations in the
chemical composition and microstructure. Evolution of new coatings has been strongly
related to developments in the understanding of, specifically, plasma assisted PVD

processes, and the improvement of PVD technology and high vacuum technology in

general.

For example, the invention of the magnetron sputtering deposition technique
enabled complex metallic (TiAl, TiAlY [1]) and even ceramic (Al,O;) systems to be
- vaporised in a reactive gas (N3, O, ...) atmospheré and the production of, e.g. the third
generation nitride — TiAICrYN [2] — with exceptional performance in metal cutting

operations.

Studies of ion assisted film growth showed the dramatic influence of the ion
energy and the ion-to-neutral ratio in the deposition flux on the microstructure of thin
films. The control over these parameters has been enabled by further process
development and the introduction of the unbalanced magnetron (UBM) [3]. UBMs use
a magnetic field with a complex shape which simultaneously confines the plasma near
the target surface, in order to increase the sputtering rates, and creates a magnetic path
along which the dense plasma can flow out and reach long distances from the target,

where the substrates are located.

Further enhancements of PVD coating deposition were brought about with the
combination of several unbalanced magnetrons in a closed-loop magnetic field
configuration [4, 5, 6] with a dual purpose: to enhance the plasma density near the
substrates by reducing losses of plasma to the chamber walls and to allow different
target materials to be sputtered simultaneously. The enhanced plasma density has been

found to influence the microstructure of the coatings deposited by this method [7, 40].
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The combination of different magnetron target materials enabled the commercialisation
of high hardness nanoscale multilayered coatings with a ‘superlattice’ structure,
consisting of different layers of ceramics in a common atomic lattice e.g. CrN/NbN,
TiAIN/VN, etc. [176].

The superlattice columnar coating structure has a number of advantages in
comparison to single layer columnar coatings. For example, the number of voids is
decreased, healing of large scale growth defects is faster, and the wear mechanism are
more favourable. The forced growth of the two different nanolayers constituting the
superlattice structure into an atomic lattice, which does not match exactly either of the
two, causes a high residual stress to be developed. The advantage of the high stress is
that the superior properties of the superlattice coatings are combined with a high

hardness [8], which can exceed the hardness of the constituent layers.

However, the adhesion to the substrate of superlattice coatings whose residual
stresses can reach as much as 16 GPa is a critical issue. An elegant way of improving
the adhesion to steel substrates is to promote localised epitaxial growth of the nitride
films. The enhancement of the overall adhesion of the coatings to substrates influences
strongly the performance in metal cutting applications for example [9], [10]. Localised
epitaxy has been achieved by modifying the coatihg deposition process to include a pre-
treatment stage during which the substrates are irradiated with a highly energetic (> 1
keV) flux of metal ions that penetrates the steel to a short range and induces lattice
deformation and recrystallisation of the material. For steel grains with specific
orientation the deformation helps to achieve matching between the lattice of the
substrate and the nitride. Subsequently deposited nitride film can grow epitaxially on
these grains thus potentially increasing the adhesion to the extremely high levels of the

ionic bond.

The investigations presented in this thesis are based largely on the embodiment of
this knowledge in the form of the commercially exploited Arc Bond Sputtering (ABS)
technique [6]. The ABS technology combines steered cathodic arc and unbalanced
magnetron deposition technology in order to produce hard, wear, oxidation and
corrosion resistant coatings with an excellent adhesion. A typical ABS coating
deposition process is initiated with an adhesion-enhancing pretreatment step during
which substrates are immersed in an arc discharge plasma and bombarded by multiply
charged metal ions (e.g. Cr, Nb, etc.) with energies acquired due to a high substrate bias

voltage (-1200 V). Subsequently, nitride coatings are deposited by reactive UBM
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sputtering of metallic targets, typically in N, atmosphere. The unique design of the
ABS cathodes allows the magnetic field to be adjusted so that the same cathodes can be
used during both the pretreatment and the coating deposition stages. Furthermore,
operating as many as four magnetrons simuitaneously and moving the substrates so that
they collect a deposition flux from the different cathodes allows the deposition of

nanoscale multilayer coatings.

In a successful ABS deposition process, it is crucial to produce highly charged
metal ions during the pre-treatment stage and increase the ion-to-neutral ratio during the
deposition stage. As outlined above the first stage contributes to an enhanced adhesion.
The second stage allows a greater flexibility in the choice of deposition materials as

well as the benefit of surfaces with low roughness.

A distinct drawback of the ABS technique is the deposition of macroparticles of
size in the range of a few hundred nanometres created during the arc discharge phase.
The size of the macroparticles (ranging from 100-5000 nm [11]) is very large compared
to the typical surface roughness of the substrates, and contributes to greatly enhanced
shadowing effects during subsequent film growth and the development of macroscopic
defects exceeding the size of the seed by an order of magnitude [12] reaching several
micrometres above the substrate [13]. These growth defects are known to compromise
the wear [14], oxidation [15] and corrosion [16] resistant properties of the coatings in

metal cutting applications.

The removal of macroparticles from arc discharges is typically performed by
curved magnetic duct or electrostatic 'venetian blind' filters that separate neutral
particles from the ion flux [67, 68]. However, the efficiency of these processes rarely
exceeds 25% and new methods producing ionised metal at high rates are of strong

interest to both the research and commercial community.

Present Work

A substantial part of the present thesis is dedicated to the diagnostics and
development of plasma sources alternative to the arc that are capable of generating high
densities of metal ions without macroparticles. When incorporated in the ABS process
such a source would replace the arc discharge and therefore dramatically enhance the
performance of the deposited hard coatings by improving their integrity. One of the

main results of this work is the characterisation, development and utilisation of a novel
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high power (im)pulsed magnetron sputtering (HIPIMS) technique as a PVD method

suitable for substrate pretreatment as well as coating deposition.

The investigations presented in this thesis are based on the equipment available to
the Surface Engineering Research Group at Sheffield Hallam University incorporating
the ABS process on an industrial scale in a commercially available Hauzer HTC
1000/ABS coating machine. This is equipped with four rectangular cathodes (600%200
mm) that can be operated in steered arc or closed field UBM mode simply by automatic

modification of the magnetic field [6].

The PhD project was initiated with studies of the arc discharge plasma, which led
to the development of an improved etching stage. It is shown that the new etching
procedure derived from the plasma diagnostic results improves the adhesion of coatings
to the substrate by increasing the etching/cleaning rates and enhancing the metal ion

implantation profile [17].

The first attempt to produce a source with a high density of ionised metal vapour
was based on magnetron sputtering with additional ionisation by a radio frequency
powered coil. This approach was investigated in laboratory conditions and a working
scaled up model was designed, manufactured, installed and tested in the industrially
sized Hauzer HTC 1000/ABS coater.

The second attempt investigated the HIPIMS technique developed in 1995 by
Mozgrin et al. [27] and Kouznetsov et al [21], [22]. The plasma composition produced
in HIPIMS was characterised in detail for the first time [23], [24]. The investigations in
this thesis present evidence of highly charged metal ions for the first time in these
discharges [23]. The potential of the HIPIMS technique to influence the interface and
improve the adhesion between hard coatings and metallic substrates has been
demonstrated for the first time in this thesis. Potential commercial applications of this
pretreatment method have been described in a patent application [25]. Finally, the first
hard CrN coatings deposited by HIPIMS were produced and analysed, showing a superb
corrosion and wear resistant behaviour [26]. The plasma characterisation and the hard
coating investigations have shown the potential of the HIPIMS method as a new and
powerful PVD tool.

The structure of the thesis is organised in separate Chapters. Chapter 2 gives an
overview of the state of the art in the field of thin film growth, plasma sources, and
plasma diagnostic techniques. Chapter 3 describes the experimental apparatus used

during the PhD project as well as measurement and analysis methods used to obtain and
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interpret information. Chapter 4 contains the results from the relevant experiments and
gives information necessary for the validation of the thesis. Finally, Chapter 5 contains
the more important conclusions from the present work as well as an indication of some
of the interesting problems requiring future investigations. A list of all references can

be found in Chapter 6.

The experimental results and discussions are separated in four sections of Chapter

4 as follows.

Chapter 4.1 describes the development of a novel pre-treatment stage [17]
whereby the incorporation of Cr metal ions into steel substrates is maximised and the
adhesion of coatings improved. Plasma diagnostic studies of arc discharges in the
presence of gas have indicated several important interactions that occur between metal
ions and gas atoms that are characteristic of the process. High gas pressures lead to an
increased scattering of metal ions. At the same time, gas atoms are ionised more readily
thus increasing the ion flux to the substrates and contributing to a more efficient etching
process. However, the number of highly charged metal ions can decrease significantly
due to charge exchange collisions with gas atoms [18], whereby an electron is
transferred from the neutral particle to the ion. Plasma diagnostic studies led to the
realisation that splitting the pretreatment phase into stages with different operating
conditions could make optimal use of the plasma conditions described above. The
novel etching treatment combined a fast etching pre-treatment at high gas pressures
followed by a pure metal ion bombardment at low gas pressure. The new etching

technique is now being employed in commercial coating deposition runs.

The investigations presented in Chapters 4.2 and 4.3 describe the novel HIPIMS

plasma source [21, 27].

Chapter 4.2 is dedicated to the study of plasma conditions in HIPIMS. This
plasma source operates at typical peak-power-densities of 3000 Wem™ (two orders of
magnitude higher than conventional UBM sputtering) dissipated in pulses with duration
100 ps. Plasma diagnostic characterisation of the discharge showed a high plasma
density and the presence of up to 2-fold ionised metal ions for Cr and Ti. The time
evolution of different species during the pulse duration showed a separation in time
between gas and metal ions [23]. The conditions of glow-to-arc transition as a function

of time and target power are discussed in detail [24].

Chapter 4.3 is focused on the deposition of CrN films by UBM sputtering and
HIPIMS using Ar as a sputtering gas and N, as the reactive gas. CrN deposited by
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UBM sputtering is a widely researched material [28], which is known to have a peak
Knoop hardness of approximately HKg 25 = 2200. In this thesis it was attempted to
increase the hardness to values of HK 025 = 3000 of CrN films by increasing the lattice
strains induced during the growth. A high-energy ion bombardment was used and, in
order to compensate for the preferential sputtering of N», high nitrogen partial pressure
was used [29, 30]. CrN films were deposited by HIPIMS for the first time. The
microstructure observed in transmission electron microscopy cross sections was
columnar and highly dense. The wear and corrosion resistance as well as the adhesion

of the coatings was excellent. [26]

Chapter 4.4 of this thesis is dedicated to the diagnostics and industrial upscaling
of a high ionisation density plasma source based on an inductively coupled radio
frequency (RF) discharge [19]. The plasma source consisted of an unbalanced
magnetron and a RF-powered concentric antenna that induced ionisation-enhancing
currents in the plasma. The operation is analogous to a transformer in which the RF coil
acts as the primary winding, and the plasma as the secondary winding [20]. Plasma
diagnostic techniques were used to characterise the discharge parameters, plasma
composition and ion energies in a laboratory-sized set up. An industrially sized RF coil
was designed, constructed, and installed in the Hauzer ABS coater. Plasma diagnostic
results showed that highly excited plasma with elevated density could be produced.

Several applications were indicated.



2. Literature Review

2.1. Plasma-Surface Interactions During Film Growth

Since the discovery of sputtering by Sir William R. Grove in 1852 [31], physical
vapour deposition (PVD) and thin films have found a remarkable range of applications.
PVD methods, and in particular those enhanced by plasmas, are among the most
versatile, economical and environmentally friendly. The diversity of thin film hardness,
wear behaviour, electrical and thermal conductivity, colour, transparency, etc. that can
be obtained by PVD methods is extraordinary. This diversity is largely possible
because the microstructure, density, grain size, surface morphology, and chemical
composition can be varied almost without bounds by varying the deposition
temperature, the properties of the plasma and the nature of the interactions of the plasma
with the growing film. Historically, the effect of substrate temperature was discovered
first, revealing that, depending on the adatom mobility, PVD grown films can exhibit a
range of microstructures. In further developments, extensive literature has been
published establishing two properties of the deposition flux in plasma assisted (PAPVD)

processes, which are crucial in determining the film microstructure:
a) Energy of ion bombardment

b) Ion to neutral ratio

2.1.1. Thin Film Microstructure Models

The microstructure of thin films deposited by PVD methods is usually columnar.
The density and size of columns depends strongly on the energy, mass, flux and angle
of incidence of the bombarding particles. Also of importance is the absorption and
deposition of particles with thermal energy such as reactive gases and metal atoms on

the surface.

Movchan and Demchishin [32] reported first on the correlation of the
microstructure of coatings produced by thermal evaporation with the homologous
temperature given as the ratio Ts/Tm (Ts - substrate temperature, Tm - melting point of
the evaporated material). They found that depending on Ts/Tm the microstructure can
be described by three zones (see Figure 2.1), each with its individual morphological
characteristics and physical properties. Zone 1 occurring at low deposition temperatures

Ts/Tm < 0.3 was columnar consisting of tapered units separated by voided boundaries.
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The zone 2 structure (0.3 < Ts/Tm < 0.5) had columnar grains defined by metallurgical
grain boundaries formed under conditions of surface diffusion. Finally the zone 3

microstructure consisted of equiaxed grains recrystalised grains affected strongly by
bulk diffusion.

Temperalure.

Figure 2.1. Zone model proposed by Movchan and Demchishin [32]. For metals T; =
0.3Tm; T, =0.45 Tm

For example in practice, in equilibrium processes such as chemical vapour
deposition, a typical temperature for TiN deposition is 1000°C, while the melting point
of TiN is Tyrin = 3000°C. Thus the homologous temperature is 0.3 and therefore very
near the temperature T; marked on the diagram in Figure 2.1 signifying the transition

from voided to dense columnar structures.
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Thornton modified this model for the sputter deposition of coatings [33], taking
into account the higher energy of sputtered atoms (5-25 eV as opposed to evaporation
with 0.1 eV), and the possible loss of energy due to scattering in the gas phase. The
zones defined by the model are determined not only by the temperature but also the total
gas pressure which is an important parameter affecting the sputtering processes as well
as the transport of particles from the sputtered target to the substrates. The same zones
were observed as by Movchan and Demchishin, however a new transition zone T was
found occurring between zone 1 and 2. Zone T is characterised with poorly defined

densely packed fibrous grains. Figure 2.2 shows Zone 1, Zone T, Zone 2 and Zone 3

structures.

“TRANSITION STRUCTURE COLUMNAR GRAINS
CONSISTINGOF.
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Figure 2.2. Thornton zone model

Sputtering is usually performed using a glow discharge where a dense plasma
consisting of electrons and ions is produced. Mattox et al. found that the energy of
interaction of the plasma ions with a sputter-deposited thin film determined the density
of the film microstructure [34]. This led to a further modification of the empirical
models proposed by Messier, Giri and Roy [35], who included bombardment effects in
addition to the thermal mobility effects on the morphology of the coating during ion

assisted deposition. The model developed by Messier et al., indicated that the dense and
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smooth transition microtructure Zone T can be produced at decreased homologous

temperatures when ion bombardment with suitable energy is used.

Figure 2.3. Messier model of PVD film microstructure

The increase in bombardment energy however has an additional influence on film
properties. For example high bias voltages lead to generation of lattice defects in the
growing film. For TiN films a critical bias of -80 V has been found where the defect
density observed in TEM cross sections is considerable [39]. As a result of these
interactions the residual stress in the films can increase significantly up to values of -10
GPa. High energy Ar gas ions have been found to get trapped in the growing films and
form gas bubbles due to irradiation enhanced diffusion. Recoil implantation of metal
adatoms due to high energy gas ion bombardment can lead to intermixing, especially

important in superlattice nanometre-size layer structures.

Recently a model taking into account the influence of ion-to-neutral ratio on the
microstructure has been developped by Kelly and Arnell [7] to describe uﬁbalanced
magnetron (UBM) sputtering in a closed field configuration (see Figure 3.1). In this
arrangement the plasma is confined in the chamber by magnetic fields connecting the
magnetrons. This contributes to substantial decrease of plasma losses to the chamber
walls and subsequently to an enhanced ion-to-neutral ratio in the particle flux to the
substrates. It was shown that a modified coating growth mode occurred whereby zones
2 and 3 defined by the previous models were brought to lower bias voltages and

temperatures. The novel structure model included three dimensions taking into account
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the homologous temperature Ts/Tm, the bias voltage on the substrates and the ion to
neutral ratio Ji/Jn. Figure 2.4 shows a schematic of the closed field unbalanced

magnetron sputtering model.
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Figure 2.4. Structure zone model relating to closed field UBM sputtering configuration
after Kelly and Arnell [7].

2.1.2. Ion to Neutral Ratio and Energy of Ion Bombardment

It has been demonstrated in a number of experiments on ion-assisted film growth
that the number density of voids and pores decreases dramatically with increasing ion
energy and/or flux. The effectiveness of ion irradiation in decreasing film porosity was
demonstrated, e.g. by Hakansson et al [36] for TiAIN films grown by reactive
magnetron sputtering. With no applied negative substrate bias Ub the films exhibited a
columnar-type of microstructure with high void densities. The void density decreased
sharply for Ub > -100 V upto Ub > -120 V, when no voids could be observed. In
addition to an increase in film density at low substrate temperature (Ts), ion irradiation

disrupted the columnar structure and increased the number density of defects.
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Miiller [37] employed molecular dynamics calculations for the simulation of the
effect of ion bombardment during growth. In the model, Ni is thermally evaporated
(energy on the order of 0.03 eV) (see Figure 2.5) and bombarded with 50 eV Ar ions at
an angle of incidence of o = 30°. Ion to neutral flux ratios Ji/Jn of (b) Ji/Jn = 0.04 and
(c) Ji/ln = 0.16 were modelled. The computer simulation shows that the packing
density of the film is strongly related to the energy per deposited atom. The packing
density increased towards bulk values with increasing ion energy Ei and/or ion-to-
neutral vapour flux ratio Ji/Jn. For example, in low-Ts growth simulations, the films in
the Monte Carlo simulations had porous structures in the absence of ion bombardment,
whereas if ion irradiation effects were taken into account, quite different growth
morphologies were obtained. The film density was observed to increase almost linearly
with Ji/Jn. The calculations also predicted that there should be an optimum ion energy
Ei* for densification. The optimisation resulted from the fact that for Ei>Ei* an
increasing fraction of the ion energy is lost deeper in the lattice leaving vacancies which

cannot be filled by arriving vapour species.

50 eV Ar (ec)

' N /|‘=0.18/

Figure 2.5. Computer simulations of film growth under varying ion-to-neutral ratio in

the deposition flux after Miiller [37].



At elevated Ts, low-energy ion irradiation can also reduce residual defect
densities in epitaxial films [38]. Direct evidence of this is given by Petrov et al [39] and
Hultman et al [40] for N," ion bombardment on growing TiN(100) films.

Experimental evidence for Miillers modelling results in general and for the
densification of alumina films in particular is given by Williams et al [41]. The film
packing density is related to the refractive index and was increased from 80% to 92% by
increasing the flux of 0," ions at 300 eV from 0 to 100 pAcm'z, as can be seen in Figure
2.6. The density was correlated to the measured refractive index by Maxwell-Garnett

[42], based on the assumption the film density is reduced by air or oxygen inclusions.
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Figure 2.6. Refractive index versus O;" ion current density of alumina films produced

at T < 150°C after Williams et al [41]

Similarly, film densification can also be achieved by employing energetic
neutrals. As already discussed in the Thornton diagram, the kinetic energy component
of the neutral flux is a function of the total pressure. If the sputtered flux is not fully
thermalised (loss of kinetic energy due to scattering collisions [43]), the kinetic energy
of the neutral flux is a function of the cathode potential. The higher the cathode power
the larger the kinetic energy component of the neutral flux. Shih and Dove [44] found
that the refractive index of R.F. sputtered alumina films is high, if a high power is
supplied to the magnetron. The results are shown in Figure 2.7, where the target power

is plotted versus the refractive index.
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Figure 2.7. Refractive index versus deposition rate at different target power settings

taken from Shih and Dove [44].

2.1.3. Ions Impinging at a Substrate at High Energy (eg. > 1000 eV)

When ions bombard a substrate with energy exceeding three times the bonding
energy of the substrate material sputtering can occur. For bombardment energies of
approximately 5 keV the sputtering yield of most materials reaches saturation [45],
which is attributed to a balance between sputtering and implantation. The depth of
implantation depends on the energy as well as the dose of ions. Hubler et al [46] have
shown that the actual projected range of nitrogen ions into iron increases linearly with
ion energy. The actual implantation profile however is also influenced by the ion dose.
Computer simulations [46] have shown that as the ion dose is increased, the amount of
eroded material is increased and the effective depth of implantation is decreased

because the surface moves closer to the maximum of ion implantation.

In PVD processes, implantation of Cr and Nb ions was shown to improve the
adhesion of coatings [47] to the substrates by promoting local epitaxial growth [10].
Schénjahn et al [16] found that Nb ions of intermediate energy are implanted to a
shallow depth and form a high density amorphised/fine crystalline layer preventing

corrosion.

Brown et al [48] have studied the composition of arc discharges systematically

showing multiply ionised species for the majority of the elements in the periodic table.
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The same group has used an arc discharge implantation in several applications [49],

including introducing gradients in insulators, etc.

In summary, the interactions of plasma with the substrates and in particular with
the growing film in PVD have a strong influence on the microstructure and mechanical
behaviour of the film itself as well as on the adhesion of the film to the substrate. The
main goal of the present thesis is to develop PVD process technology providing a high
ion-to-neutral ratio in the deposition flux and high degree of ionisation of the sputtered

metal in order to improve the control over the plasma-surface interactions.
2.2. PVD Plasma Sources

In plasma-assisted PVD processes, plasma glow- or arc-discharges are used to
vaporise a target mounted on the cathode. In glow discharges, the target is sputtered
due to energetic gas ion bombardment. Arc discharges are characterised by a higher
current density causing heating and sublimation of the cathode material. All discharges
can be classified according to their current density. Figure 2.8. shows the voltage and
current, Jt, for the different types of discharges. At currents Jt < 10° Acm? the
discharge is not self-sustained, i.e. requires the constant introduction of charged
particles from the cathode or anode. For values 107 < Jt < 10% Acm™ the discharge is
self sustained by electron ionisation avalanches which are maintained by the electric
field on the cathode. This region is called the normal glow and is characterised by the
fact that the discharge area increases as a function of Jt. When the discharge area
equalises with the cathode area, Jt can be increased further by additional ionisation, e.g.
by magnetic and electric field traps, and the discharge enters the abnormal glow regime,
typical of magnetron sputtering devices. At currents above 10" Acm?, a transition from
a distributed glow discharge to a highly localised arc discharge occurs. The transition is
characterised by a considerable drop in discharge voltage and is accompanied by a

strong reduction in the physical dimensions of the plasma.
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Figure 2.8. The classification of plasma discharges according to their current density.

Figure adopted from Lieberman et al [52]

The remainder of this section 2.2 will give a more detailed description of selected

plasma discharges used in PVD.
2.2.1. Cathodic Arc Evaporation

As mentioned in the previous paragraph, typical arc discharge current densities
are in the high extreme (> 10 Acm™) of the discharge diagram (see Figure 2.8). The
discharge voltage varies between 20 and 60 V, depending on the cathode material [53],
and the magnetic field strength [54]. Arc evaporation discharges consist of one or a few
dense spots of plasma (cathode spots) with a size of a few micrometres [50] that travel
in random trajectories on the cathode surface. The localised current density in arc spots
is typically in the range 10'*> Acm™ and the plasma density 10%° cm™ [50], containing

highly charged metal ions [48, 51].

Cathode spots are initiated at microprotrusions (tips) on the surface of the target.
The potential applied to the cathode can be enhanced by up to 5 orders of magnitude
due to the sharp geometry of the tips and the electric field can reach values of 10° Vm'.
This field is sufficient to eject electrons from the solid surface and if a high enough
current is supplied the tip can "explode" (sublime) due to ohmic heating. Temperatures
up to 6000 K have been measured in the cathode spot by optical emission spectroscopy
[55] and infrared imaging [50]. The electron current and resulting heating are so high
that the material in the tip enters a high-density plasma state, which can be

approximated to a highly excited metal lattice or a highly compressed gas. The plasma
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in the cathode spot is in local thermal equilibrium [117] and the frequency of ionising
collisions between electrons and atoms is very high. The metal vapour flux generated in
arc discharges can be ionised up to 90% [56] and contains highly charged metal ions
[48, 57]. The charge state distribution (CSD) has been measured by Brown [48] for
most elements of the periodic table. Anders [51] calculated the CSD functions of all

elements in the periodic table based on the Saha equilibrium equation.

The high-density plasma formed in the spot causes the electric field of the cathode
to be screened and a potential hump is developed across the spot [55], [58]. The
potential difference between the centre of the spot and the bulk plasma was estimated to
be of the order of 50 V, causing the ions to accelerate away from the cathode to the
corresponding energy. Figure 2.9 shows a schematic of the potential distribution and

the structure of the plasma surrounding a cathodic arc spot.

A
/ ‘  DISTANCE

VOLTS

Figure 2.9. Basic arc evaporation processes and potential distribution after Martin et
al [55]

In clean vacuum environments, the CSD is established in the vicinity of the spot
and remains constant as the plasma expands even at relatively long distances - freezing
[59]. However, in many practical systems inert and/or reactive gases are used. OES
émission studies by Bergman et al [18], Martin et al [55] and Kuhn et al [157] found
that an increase in N gas pressure leads to a decreased optical emission from metal ions

and a general shift of the CSD to lower ionisation states. This effect was attributed to
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charge exchange collisions of metal ions and gas atoms. Charge exchange reactions
have been studied extensively as part of the numerous fusion research programmes in
the 50s [60]. A major part of the research is strongly linked to the theoretical modelling
of reactions and most experiments are performed with simple atomic systems
comprising proton - hydrogen, hydrogen - fully stripped ion, or inert gas - fully stripped
ion [61]. In simple terms, during the collision, the atom and ion form a quasi molecule
thus sharing energy levels. In cases when a suitable crossing between the levels exists,
an electron can move from the vicinity of the atom to the vicinity of the ion. The cross
section of this reaction is negligible if the difference in ionisation potentials of the atom

and ion is negative.

The combination of high plasma density and highly charged ions deems the arc
evaporation technique extremely useful as an etching step prior to coating deposition.
Highly charged metal ions are accelerated to energies equal to Z*Vb, where Z is the
charge, Vb is the substrate bias. Even in treatments at relatively low bias voltages of
the order of -1200 V, on steel substrates, Cr ions have been found to penetrate to depths
up to 30 nm [17, 25]. The implantation of ions into a substrate gives an opportunity of
producing metallic alloys unlimited by thermodynamic criteria. Petrov et al [13] found
that the lattice of stainless steel substrates can also be modified by bombardment at
1200 eV of Cr ions generated by an arc discharge. In some grains, the implantation
defects induced in the steel lattice increased the lattice parameter to match the lattice of
subsequently deposited nitride coatings promoting localised epitaxial growth and

enhancing the adhesion of the coatings to the substrate.

Chapter 4.1 of this thesis describes investigations into the interaction of the ion
flux generated in arc plasmas with different gas atmospheres and shows its effect on the
average charge state and density of the overall ion flux to the substrates. These
interactions were shown to be important in influencing the etching and implantation of
metal near the substrate surface and therefore the adhesion of films to the substrates.
Using the information from plasma diagnostics a new etching method with improved

efficiency of etching and implantation was designed and tested.

As mentioned above the temperatures developed in the cathode spot are very high
leading to sublimation of the material. However, a substantial portion of the material in
the vicinity of the arc spot reaches only a melted state. During the explosive
evaporation of the tip, part of the melted material is ejected into the plasma in the

chamber in the form of liquid metal droplets. Depending on the initial size and mass of
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the droplets they solidify or start to evaporate. Effectively, materials with lower melting
points produce smaller droplets due to their faster evaporation [12], but sizes in the
range of 50nm - 500 nm have been commonly observed [62]. When arc discharges are
used in coating deposition applications, a substantial number of droplets are
incorporated in the growing thin films. The size of the droplets is sufficient to cause
severe shadowing of the deposition flux and induce large-scale growth defects
extending over micrometres [13]. Figure 2.10 shows a schematic of the structure and

growth of thin film in the vicinity of a droplet.

Droplet

A

J

i

Figure 2.10. Schematic of the deposition of a droplet and the structure of the film
established in its vicinity after Petrov et al. [13]

An obvious effect of droplets is the increased porosity of the coating, which can
compromise its protection properties. For example, it has been shown that corrosive
substances can reach coated substrates through cracks around droplets [63]. Droplet
containing coatings are subjected to harsher wear conditions as droplets and the
associated growth defects are easily detached from the coating and play a role of third

body abrasive particles [106].
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In order to minimise the number and size of droplets, steered cathodic arc
evaporation has been proposed by Ramalingam [64]. Magnetic fields are used to steer
the spot along a known trajectory on the target surface. Figure 2.11 shows the magnet

arrangement proposed by Ramalingam.

Figure 2.11. Magnetic field arrangement in a steered cathodic arc discharge. 18 -
evaporated cathode. 84 - magnets, 82 - magnetically conducting soft iron core.

Adapted from Ramalingam [64]

The arc spot motion is opposite to that predicted by Ampere's law and in the
direction of the acute angle between the magnetic field lines and the target surface [65].
The gradient in the normal component of the magnetic field VB, determines the degree
of confinement of the plasma in the spot [66]. Compared to random arcs where the spot
moves randomly on the surface of the target, the steered cathode spot moves at elevated
velocities (10 m/s), which contributes to a decreased size of droplets. 90 degree
magnetic duct [67] and 'venetian blind' [68] filtering has also been used to physically
separate droplets from the deposition flux, however at the cost of severely reducing the

latter.
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Chapters 4.2 - 4.4 are dedicated to the development of high ionisation PVD

plasma sources avoiding droplet generation.
2.2.2. Magnetron Sputtering

Magnetron sputtering is a widely used method for coating deposition suited
particularly well to nitrides with complex composition. Sputtering is a collision process
whereby ions bombard a solid, causing its atoms to be expelled into free space. The
energy of the impinging ions is transferred to atoms from the solid lattice causing
collision cascades and displacements. In PVD, glow discharges are used as ion sources.
The productivity of the process is determined by the intensity of the ion bombardment
flux that can be extracted from the discharge and the sputtering yield of the material, i.e.
the number of sputtered atoms per incident ion. The typical cathode voltages used for
sputtering are between 300 and 800 V for magnetron sputtering and 1.5-5 kV for diode
sputtering. Conventional (diode) glow discharges achieve rather low sputtering rates
due to the low current densities - of the order of pAcm™. In magnetron sputtering, the
target current density can be two orders of magnitude higher. The additional ionisation
is achieved by a crossed electric and magnetic field, which forms a plasma trap as
shown in the schematic in Figure 2.12. Maximum cathode voltages in magnetron

sputtering discharges are approximately 750 V limited by the efficiency of the magnetic
field trap [69].
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Figure 2.12. Schematics of a planar  magnetron illustrating the arrangement

of magnets, the electric field and the  plasma (shaded region)



TEEENMELO YN e Amvynr mEEERr R mEEm T T T

Due to the crossed magnetic and electric field, electrons in the discharge plasma
are guided into helical trajectories where the radius of the helix (Larmour radius) is

given by the equation: [121]

_my
B

L

where r. is the Larmour radius, m, is the electron mass, V is the velocity of the
electron (due to electric fields), B is the magnetic field strength. The helical shape of
the electron trajectories contributes to a high collision probability with gas atoms in the
chamber. Residual gas ions are the dominating ion species in magnetron plasmas. In
experiments sputtering Ti in Ar/N, atmosphere, Petrov et al [70] reported that 94% of
the total ionisation is attributed to Ar ions (even when the target becomes completely
covered with dielectric TiN layer at high nitrogen pressures - target poisoning regime).
Rossnagel et al [71] published a model explaining the dominating collisions and
creation paths of all atomic and ionic species produced in a magnetron plasma. The
main ionisation and excitation mechanism in magnetron discharges is assumed to be by
electron impact. The density of sputtered metal n, as a function of discharge current Jt
is given by the relation n = Y*Jt, where Y is the sputtering yield of the target material.
The density of the residual gas is strongly depleted (gas rarefaction) when high power
levels are used due to gas heating [72]. The model has been verified by measurements
of the optical emission from the plasma using a Corona model (described in Section
3.5.1) for the plasma and an electron-ion collision integral to estimate the relationship

between the emission intensity and actual density of species [71], [73], [74].

In conventional magnetrons, the magnetic field is equal in the centre and
periphery of the target (balanced magnetrons) and while a high plasma density is
achieved in the vicinity of the target, at long target-substrate (throw) distances the ion
flux is very low. This drawback was tackled by Window et al [3] with the invention of
the "unbalanced magnetron". The magnetic field of the unbalanced magnetron is
stronger e.g. in the periphery than in the centre. Figure 2.13 shows a finite element
calculation of the magnetic field shape of a balanced (a) and unbalanced (b)
magnetrons. In the balanced case, the lines far from the target are mainly tangential to
the target surface. In contrast, in the unbalanced case the lines are pointed in a direction
normal to the target. Electron motion is confined in helical trajectories around the field
lines and a crossing from one line to another occurs only due to collisions with atoms or

ions. Itis clear that in the balanced case an electron has to cross several lines in order to
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reach long distances from the target. The unbalanced arrangement breaks some of the
loops of magnetic field lines and allows the plasma electrons to follow trajectories
normal to the target surface leading to substrates at long distances [75]. The Larmour
radius of ions in the typical magnetic and electric fields used in magnetrons are some
tens of centimetres [75] i.e. they are practically not affected. However, ions follow the

long-range motion of the electrons due to an ambipolar diffusion process [76]. The ion

to neutral flux can be increased by a factor of 6 with this arrangement [77]. In the work
of Petrov et al [78], the ion to Ti ratio Ji/J1; was found to be in the range of 4.

i
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&rget surface

distance from axis of symmetry, cm distance from axis of symmetry, cm

(@ (b)

Figure 2.13. Magnetic field lines of (a) balanced and (b) unbalanced circular

magnetrons. The false colour represents the strength of the field. Courtesy of HVM
Plasma Ltd.

Further increase of ionisation near the substrates is achieved in the ABS machine
by an array of four unbalanced magnetrons arranged in a closed field assembly.
Magnets of neighbouring magnetrons are installed in an alternating fashion so that the
magnetic fields form a connecting loop [4], [5], [6]. As shown in the machine
schematic in Figure 3.1 of Chapter 3, the four magnetrons of the ABS machine form a
complete loop of magnetic lines encircling the chamber volume. The plasma
surrounded by the loop can only drift upwards or downwards but not in the direction of

the chamber walls [79]. Shields are placed above and below the substrate table in order
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to protect the top and bottom chamber walls from exposure to the plasma. The
advantage of the closed loop arrangement is that the plasma is confined in the centre of
the chamber significantly enhancing the ion flux to the substrates that are placed there.
The introduction and exploitation of this technique even on an industrial scale [6] has
enabled the production of thin films with extraordinary chemical composition,
microstructure and properties due to the specific plasma environment and cathode
arrangement. As mentioned in section 2.1.1, this has triggered the modification also of

the microstructure zone model [7].

2.2.3. Magnetron Sputtering with Auxiliary Electron Impact

Tonisation

The obvious advantage of preventing plasma losses to the chamber walls by a
confining magnetic field has raised considerable interest in the PVD scientific
community and has led to the development of alternative methods. In the majority of
sputtering systems the chamber walls play the role of the anode of the discharge. This
anode is usually large in size and electrons in the plasma diffuse naturally towards the
chamber walls where they are recombined. Plasma losses can be reduced substantially
in closed magnetic field systems where the diffusion of plasma to the chamber walls is
hampered by the geometry of the field lines, however electrons still have a propensity to
move towards the chamber walls. An alternative method of reducing plasma losses to
the chamber is to practically exclude the chamber walls from the discharge circuit. The
Highly Ionized Sputtering (H.I.S.™) patent by Leyendecker et al. [80] describes a
system comprising a magnetron cathode and a defined anode, which are both floated to
a positive potential with respect to the chamber walls. In this arrangement, discharge
electrons flow predominantly from the cathode to the anode and are repelled by the
chamber walls, which are effectively at a negative potential with respect to the plasma.
The degree of ionisation of the sputtered metal is claimed to be 50 % while the ion flux
at the substrates is claimed to increase by 2 to 8 times compared to normal circuit

connection.
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2.2.4. RF Coil Enhanced Magnetron Sputtering

As emphasised in section 2.1 the energy of adatoms is a crucial factor in
determining the properties of thin films. In practical systems, it is almost impossible to
control the energy of neutral atoms, while the ion energy is easily controlled by the bias
voltage. Increasing the ionisation of plasma discharges has been a driving force in
many a development in PVD plasma sources. An efficient way of energising of plasma
electrons and hence enhancing collisional ionisation is to transmit radio frequency (RF)
power to the plasma through inductive coupling. Hopwood et al [81] were the first to
use an RF antenna coil in conjunction with a magnetron sputtering discharge in order to
produce a high degree of sputtered metal ionisation. Figure 2.14 shows a typical setup

used by Schneider et al [82] utilising an RF powered coil and a magnetron.

pulsed
DC i
magnetron
RF power RF coil
matching : : §
network substrate
LS T R TR
heater
pulsed
DC

Figure 2.14. RF coil enhanced magnetron sputtering set up, after Schneider et al [82]

The ionisation efficiency in the RF coil enhanced magnetron sputtering discharge
is strongly dependent on the gas pressure. The maximum metal (Cu) ionisation of 70%

was reported at an Ar gas pressure of 30 mTorr (4 Pa). The magnetron was operated in
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ordinary conditions, and the influence of the coil was to increase the plasma
conductivity. Mostly singly ionised Ar and metal were found in the discharge. Due to
the RF power applied at 13.56 MHz, the plasma sheath around the coil oscillates at a
similar frequency. This frequency is specific in that it affects the high mobility
electrons while the far heavier ions are only influenced by fields oscillating slower than
100 kHz. As a result, electric fields build up whose net effect is to accelerate both
electrons and ions to high energies. The electron energy distribution function shifts to
higher energies increasing the ionisation as well as excitation probability in collisions.
Emission from the plasma is excited in the overall chamber volume and atoms are
pumped to higher states. Hopwood et al [81] investigated the ionisation mechanisms in
the RF coil enhanced magnetron plasma. A particularly important path for the

ionisation of metal atoms was found to be the Penning ionisation process:
Me + Ar* -->Me" + Ar + ¢ + dE,

where Me is a metal neutral atom, Ar* is an excited Ar neutral atom, Me+ is a

metal ion, € is the resulting electron and dE is an energy defect.

The Penning process occurs when a gas atom in an excited state collides with a
metal atom. Upon interaction, the gas metastable state can decay to a ground state,
releasing the excess energy to produce a metal ion. Most excited states have lifetimes
that are too short for this process to be significant. However, metastable excited states
that are not allowed to decay to a lower atomic state by the selection rules are
characterised with a practically infinite lifetime. At the same time in the case of Ar, for
example, metastable states are found with energies of 11 eV, which are higher than the
ionisation potential of metal ions (about 5 eV for most metals). Penning ionisation is
particularly important at high pressures (30 mTorr / 4 Pa) because the collision cross
sections for atom-atom collisions are higher than those for electron impact ionisation.
In the pressure range when the RF coil ionisation is most efficient, the deposition rates
are very low due to the short mean free path of sputtered metal atoms and slower
diffusion [19].

RF coil plasmas are widely used in gas etching applications.

Chapter 4.4 of this thesis describes investigations of the RF-coil discharge on a
laboratory scale and the upscaling and implementation of an RF coil in the industrially
sized Hauzer HTC1000/ABS coater. It was envisaged that this method could be used
instead of the arc discharge to influence the coating-substrate interface and avoid the

deposition of droplets thus eliminating micrometre size growth defects in the coatings.
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2.2.5. High Power Pulsed Magnetron Sputtering

Pulsed magnetron sputtering has enjoyed a rapid development in the last decade.
The application of power in pulses is safer than radio frequency and at the same time
allows high powers to be applied without arcing. Jéger et al showed that alumina films
grown with pulsed magnetron sputtering exhibit smoother surfaces and better
mechanical properties [87] than those deposited using DC or RF sputtering. The
constant striking and extinguishing of the glow discharge creates highly energetic ions

[83, 84] and increases the electron temperature [85, 86] of the plasma.

High power pulsed magnetron sputtering is a newly developing technique. It is
based on a high current form of glow discharge where the current density is in or above
the arc discharge region shown in Figure 2.8. High current glow discharges based on
hydrogen are incorporated extensively into switches used in the energy supply industry,
fusion devices, particle accelerators and missile launching equipment. Diffuse glow
discharges with extremely high current densities, sometimes called superdense glows,
have been observed since 1979 [88] and applied to back-of-the-cathode (or simply back-
) lighted thyratron switches [89]. These devices operate with hydrogen or deuterium
and are used for commutation of high currents. The plasma densities observed in the
superdense glow discharge of back lighted thyratrons reach an order of 10'5-10" cm
for discharge current densities of 10 Acm™. The models of formation of the
superdense glows assume a transformation from hollow cathode to superdense glow due
to a macroscopic homogeneous electron emission from the cathode [90]. The current
balance on the cathode was suggested to consist of the sum of ion current, thermionic
electron emission, secondary electron emission, photoelectron emission, and self-
sputtering [91]. There is no agreement as to the mechanism of this superemissivity. The
existing models are based on homogeneous field-enhanced thermionic emission [92],
localised emission from Schottky emission sites [93], or non-stationary explosive
emission [94]. A model proposing the formation of high plasma densities by beam

heating has also been published [95].

In 1997 superdense glow discharges were used for sputtering of a cylindrical
cathode in a ExB field by Volosov and Churkin [96] to generate particles with energies

in the range 0.5-10 keV for low energy implantation.

In 1995, Mozgrin et al. [27] published the first results on high power pulsed
magnetron sputtering (HIPIMS) utilising high power glow discharges produced by

planar magnetrons cathodes. The power was applied in pulses of approximately 100 us
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and high magnetic fields of the order of 0.1 T (1000 G) were used. The investigations
by Mozgrin et al. differentiated at least two types of discharge according to the
discharge current density Jt. When Jt <2 Acm, the discharge voltage was in the range
up to 2000 V, the plasma density was in the range 10" cm™. This regime of operation
has been termed high current magnetron discharge and is characterised with high rates
of sputtering of the cathode. As the current increased the discharge entered the so-
called high current diffuse regime with Jt in the range 2 Acm™ < Jt < 16 Acm? the
discharge voltage dropping to 70-170 V. In this mode a high density gas plasma was
observed (n. = 10" - 10" cm™), however the sputtering rates of the cathode were
negligible. In conclusion Mozgrin et al. described HIPIMS as 'sufficiently effective for
technological applications' and suggested its use as a technique for deposition of films
and for plasma etching. Investigations of the high current magnetron discharge in 1999
by Kouznetsov et al [21] showed that the degree of ionisation of the Cu deposition flux
reached values as high as 70%. These investigations also showed evidence of the
potential of this technique for Cu metalisation and trench filling applications for the
electronic and semiconductor industry. In parallel, Fetisov et al. [97] reported on the
production of various thin films using the same regime of operation as Kouznetsov et al.

to sputter Cu, Mo, Ti, Al and stainless steel.
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Figure 2.15. Time evolution of the target voltage, ion saturation current density, argon

neutral emission intensity, and Ti neutral emission intensity. Figure adapted from

Macak et al [98]

Using a set-up similar to Kouznetsov et al [21], Macak et al [98] investigated the
time evolution of plasma parameters by optical emission spectroscopy and electrostatic
probes. The comparison of gas and metal neutral optical emission and ion saturation
current showed that the HIPIMS plasma develops from gas-dominated to metal-
dominated within the pulse (see Figure 2.15). This has been attributed to gas
rarefaction due to high powers [72]. Self-sputtering during the metal dominated part of

the pulse has also been predicted.

Several issues of HIPIMS have been addressed in Chapters 4.2 and 4.3 of this
thesis - the discharge operation current and voltage, the discharge chemistry produced
and its time evolution, the maximum plasma density, deposition rates, and probability of

glow-to-arc transition. Evidence of highly charged metal ions in the HIPIMS was



produced for the first time [23] (see Chapter 4.2). The potential of the metal ionisation
and the high density plasma were realised for the first time in coating deposition of hard
metal nitride coatings. It was shown that the interface and the adhesion between the
coating and the substrate can be influenced by high energy bombardment with metal
ions produced by HIPIMS [25]. Reactive mode HIPIMS was utilised to produce |
chromium nitride (CrN) films for the first time. The microstructure and mechanical

properties of these films were investigated [26] (see Chapter 4.3).

2.3. Chromium Nitride

Chromium nitride (CrN) is the second most investigated nitride coating after
Titanium Nitride (TiN). It has raised interest of the research community for several
years [99-112], [29] because of its corrosion-, wear-, and oxidation-resistance and the
advantage that it may be deposited at extremely low temperatures, namely at 200°C
with excellent adhesion. Components with galvanically deposited Cr (hard chrome) are
produced in their millions and are used in a great variety of industries. Environmental
issues with the galvanising process have instigated a considerable interest in the
development of an equivalent coating based on PVD. Extensive research on CrN thin
films (with typical thickness of 3 pum) has proved largely unsuccessful in providing
improved corrosion and wear protection compared to hard Cr. This can be attributed
primarily to the higher thickness of hard Cr (typically 20 um) and the inherently porous
PVD film microstructure (see Thornton model, section 2.1). However, CrN is attractive
because it can be deposited with sufficient adhesion to steel substrates even on

electroplated or electroless Ni plated brass moulds for the plastic industry.

A disadvantage of CrN is its relatively low hardness in the range HKg 025 = 1500-
2000. There are two stable chemical compounds of Cr and N namely Cr,N and CrN. It
is well documented that Cr,N films have a greater hardness than CrN [103]. They can
be produced by deposition with low N, partial pressure in metallic mode of sputtering.
Recently experiments have shown that the hardness can be increased by operating in the
heavily poisoned target mode using extremely high N, flows and bias voltages as high

as -300 V. Knoop hardness values of HKg 025 = 3000 have been reported [29, 112].

In Chapter 4.3 of this thesis, an attempt has been made to produce the special high
hardness CrN films by using high bias voltage and elevated Nitrogen partial pressure as
reported previously [29], [112].
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3. Materials and Methods

The experiments described in this thesis are based on four different equipment

installations:

e Hauzer 1000/ABS™ industrially sized coater combining Unbalanced Magnetron
Sputtering (UBM) and Arc Evaporation in a closed field magnetic configuration
available at Sheffield Hallam University [6]

e Metal Vapour Vacuum Arc (MEVVA) Ion Source available at the Lawrence
Berkeley National Laboratory, U.S.A. [114]

e High Power Pulsed Magnetron Sputtering (HIPIMS) Rig available at Linkdping
University, Sweden [21]

e RF Coil Enhanced Magnetron Sputtering Rig available at Universit¢ de Mons
Hainaut, Belgium [113]

The emission from the plasma was measured in vacuo by an in-house developed
optical cable and mirror assembly. Further plasma diagnostics were performed using
in-house produced cylindrical and flat electrostatic (Langmuir) probes. Ions in plasma
were characterised by energy using energy resolved mass spectroscopy in the RF coil
rig and by ionisation states by time-of-flight spectroscopy in the MEVVA facility.
Coatings were deposited in the Hauzer coating machine and the HIPIMS setup. The
coating microstructure was investigated using X-Ray diffraction analysis, and
transmission electron microscopy. Mechanical properties were evaluated by adhesion

scratch testing, static and dynamic hardness measurements and sliding wear tests.
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3.1. Hauzer HTC 1000/ABS Coating Machine

The industrially sized HTC 1000 ABS coater (Hauzer Techno Coating Europe
B.V., Venlo, NL) [6] was used to perform plasma measurements of the arc discharge

(Chapter 4.1) and to make CrN coating depositions (Chapter 4.3.1).

The unit was evacuated to a base pressure better than 10> Pa by two
turbomolecular pumps with total capacity 4000 I/s. The total pressure was measured to
within 10 Pa using a viscosity pressure gauge (Leybold Viscovac VM212). The
machine is equipped with four ABS cathodes (see Figure 3.1) which are able to operate

in either unbalanced magnetron or steered arc mode.
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Figure 3.1. Horizontal cross section through the middle of the ABS machine

Each cathode has a movable magnetic confinement array, capable of producing a
range of magnetic field strengths - from 40 mT for magnetron sputtering to 10 mT for
steered arc operation. Figure 3.2 illustrates the magnetic flux density B on the target

surface of an ABS cathode in arc and magnetron mode.
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Figure 3.2. Magnetic flux density, B, at the target surface of Cathode 3 in Steered Arc
(0 A coil current) and Magnetron (0 A coil current) configuration. (a) Normal
component of B, (b) tangential component of B.

During the etching stage, the arc spot was steered on a 106 cm long path by a
combination of permanent magnets and electromagnetic coils disposed concentrically
around the cathode [6]. At the position on the cathode surface where the normal

component of the magnetic field was zero the transverse field was ~7.5 mT, and the

(b)

gradient of the normal component at the same position was ~ 0.6 mT/cm.
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Figure 3.3. Vertical cross-section of the vacuum chamber showing the Langmuir probe
position and the probe and sampling volume for OES. The inset shows detailed view of

the mirror assembly.

Figure 3.3 shows a vertical cross section of the machine and the typical layout of
the experimental arrangement. The flat and cylindrical Langmuir probes described in
section 3.5.4 were situated at a distance of 25 cm from the arc cathode. The flat probe
was halfway and the cylindrical probe was one-quarter-way up the cathode height.
Whilst keeping the same distance from the cathode, the flat probe could be attached in
two orientations of the collecting plane - parallel to the cathode plane (angle between
planes € = 0°) and perpendicular to the cathode plane, facing downwards (6 = 90°).
Comparison of the probe currents observed in the two orientations enabled estimates of

the directionality of the ion flux from the arc or magnetron to be made.
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Orbital motion of the steered cathode spot resulted in oscillations of the ionic
saturation current measured by the Langmuir probes. The temporal evolution of the ion
current recorded by a digital oscilloscope (see Figure 3.4) allowed the estimation of the

velocity of the arc spot.
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0.1 0.2
TIME, S

Figure 3.4. Time evolution of arc ion current recorded by a digital oscilloscope.

A quartz fibre bundle was positioned inside the chamber and used to collect
optical emission from the plasma in vacuo. A mirror assembly (see inset of Figure 3.3)
was used in order to avoid coating of the fibre. A collimator tube, 4 mm¢ x 60 mm, was
attached to the mirror assembly reducing the sampled volume to a defined cone. The
collimating tube was directed towards a larger tube with diameter 20 mm and length
200 mm which was blocked at one end and attached to the base of the chamber. This
ensured that no light emitted from the plasma outside the sampled volume could enter
the fibre through reflection from the chamber walls. The sampled volume was 200 mm
long and was situated 300 mm from the cathode with a symmetry axis parallel to the

target surface.



3.2. Metal Vapour Vacuum Arc (MEVVA) with Time-
of-Flight Spectrometer

The MEVVA source was used to study the interaction of cathodic arc discharge
plasmas with gas atmospheres. The MEVVA source generates ions by a pulsed random
arc discharge. Quantitative compositional analysis of the various charge states of the
ions can be performed using a time-of-flight spectrometer attached to the arc source.
The influence of gas pressure on the density of the various charge states was studied
quantitatively as a complementary analysis to similar studies with OES in the ABS

coater. Results from both investigations are given in Chapter 4.1.3.

The cathodes in the MEVVA source were cylindrical with diameter ¢ 8 mm. The
source has been successfully tested with most elements in the periodic table [48, 51].
The power is applied in pulses with length 250 us and repetition frequency of 1 Hz. In
the experiments the current was set to 100 A. The MEVVA source was usually attached
to the Time-of-Flight spectrometer as shown in Figure 3.5. This complete setup was
designed by Ian Brown in 1985 and has been used in ground breaking research in the

field of vacuum arcs [49].

pressure
gauge
. MEVVA v
Shielded ion source
Faraday cup | —
m inlet
. = Anndar 1 (: gas inle
i | L gating plates =
l-Ll - Ll
Time-of-Flight-chamber extraction griy
LU insulator
flange
fe im +

Figure 3.5. MEVVA source with Time-of-Flight chamber

A Time-Of-Flight (TOF) spectrometer was used to measure the charge state
distribution of the ions produced in the MEVVA source. Figure 3.5 shows the MEVVA
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source and TOF spectrometer. The ions from the arc plasma were sampled by a grid,
which was located at a distance of ~100 mm from the cathode and was connected to the
anode, i.e. had the same potential as the plasma. The MEVVA source and the first grid
were floated up to a potential of 30 kV relative to ground. A second grid attached to the
grounded TOF chamber was placed near the first grid. The potential difference of 30
kV between the two grids accelerated the ions to a velocity depending on their charge-
to-mass ratio. The accelerated ion flux was directed to a magnetically suppressed
Faraday cup that was used to measure the ion current. An array of gating plates was
placed between the ion collector and the extraction grids. These plates could be biased
in two ways either allowing all ion flux through or repelling all ions thus acting as a
gate. In order to obtain a charge state distribution the ions were accelerated between the
extraction grids by the 30 kV potential difference, the ion flux gate was opened for 200
ns and the current at the Faraday cup was recorded by a digital oscilloscope. Figure 3.6
shows typical oscilloscope traces of the arc current, the pulse used to drive the gating
plates and the time of flight spectrum comprising ion current pulses at different times.
Due to the different charge-to-mass ratios of the different charge states the ions were
accelerated to a corresponding velocity by the grid potential and arrived after a different

delay thus generating peaks in ion current at different times.
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Figure 3.6. Oscillograms showing the arc current, the pulse driving the gates (Gate

pulse), and charge/mass ratio dependent ion current trace (Time-of-Flight Spectrum),
500 ns/div.

The experiments performed in the MEVVA source investigated the arc plasma
properties as a function of gas partial pressure. Both the TOF and MEVVA chambers
were pumped with a single cryopump located in the TOF chamber. The total pressure
was monitored via an ionisation gauge located near the pump, as shown in Figure 3.5.
Various gasesvcould be introduced through a leak valve located near the cathode in the
MEVVA chamber. Separating the two chambers were the extraction grids with
different orifice sizes. The smaller grid consisted of a circular stainless steel plate
(diameter ¢ 111 mm) with 91 holes with diameter ¢ 2 mm distributed homogeneouély
within a circular area of diameter ¢ 52.5 mm. The small size of the grid created a
pressure difference between the two chambers, which was calculated assuming
molecular flow [115]. It was assumed that the two chambers could be approximated by
two pipes with equal diameter separated by a single aperture (the extraction grids). The
pressure difference, dP, between two pipes of equal diameter separated by an aperture is

given by:
dP=S*P/C,

where S - pumping speed, P - pressure, C - conductance of the aperture.
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The conductance C of a thin circular aperture with diameter much smaller than the

diameter of the pipes is given by:

d’n RT
4 \|2zM

molar

where d - diameter of aperture, R - universal gas constant, T - temperature, Mmotar

molar mass of the flowing gas.

The total area of 91 holes with 2 mm diameter is 285.88 mm®. A single hole with
the same area has a diameter d = 19.1 mm. Therefore the conductance of the grid for air

at20 °Cis
C=9.1*¢"=9.1 *3.64=33.12 15"
Finally, the pressure difference between the two chambers can be calculated by:
dP =Pror * S/ C =Prop * 1200 1s™ / 33.12 Is! = 36.2 * Prop [Torr],

where Pror is the pressure in the TOF chamber. For a Pror = 1x107 Torr the
pressure in the MEVVA source is Pyeyva = 3.7x10® Torr and for Pror = 1x10™ Torr,

Pumevva = 3.7x107 Torr.

Figure 3.7 illustrates the relationship between the pressure measured in the TOF

chamber and the pressure calculated in the MEVVA chamber.

1.E-02

1.E-03

1.E-04

1.E-05

Pressure in MEVVA chamber, Torr
\

1.E-06
1.E-08 1.E-07 1.E-06 1.E-05 1.E-04 1.E-03

Pressure in TOF chamber, Torr

Figure 3.7. Calculated relationship between the pressure measured in the TOF

chamber and the actual pressure in the MEVVA source.
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3.3. High Power Pulsed Magnetron Sputtering
(HIPIMS)

High power pulsed sputtering (HIPIMS) is a newly developed technique utilising
pulses with very high power density and short duration of 100 pus. HIPIMS is envisaged
as a PVD technique with great potential for metal ion generation and coating deposition
under highly ionised conditions. The experiments with HIPIMS concentrated on
characterising the pulsed magnetron plasma by measuring current-voltage
characteristics (Section 4.2.1), carrying out optical emission and probe diagnostics
(Section 4.2.2) and determining the metal ion to neutral ratio in the deposition flux

using a biasing/deposition technique [21] (Sections 4.2.1 and 4.2.3).

The experiments were performed using a turbomolecular pumped vacuum
chamber with a diameter of 600 mm and a height of 750 mm. The chamber was
evacuated prior to the measurements to a base pressure of 10 Pa (10 Torr). Ar gas of
~99.998% purity was introduced through a leak valve so that the desired pressure of the
sputtering gas was achieved. N, was introduced through an electronically controlled
flow meter. The depositions were made using a standard balanced planar magnetron
source with a circular target, 50 mm in diameter and thickness of 8 mm. A 150 mm
diameter magnetron with modified magnetic field [21] was used in ion plasma

diagnostic experiments.

The magnetron cathode was driven by a pulsed power supply (Chemfilt R&D AB,
Stockholm, Sweden). The power supply was able to deliver pulses with peak power up
to 2.4 MW (~2000 V and 1200 A) at a repetition frequency of 50 Hz and a pulse width
in the range of 50-100 ps. During the experiments, the power supply was operated in
constant power mode, i.e. the total energy per pulse dissipated on the target remained

constant.
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Figure 3.8. Schematic of the HIPIMS experimental setup

A schematic drawing of the experimental setup used for plasma probe
measurements is shown in Figure 3.8. Target current, target voltage, and probe current
were monitored by a Tektronix TDS 520C (500 MHz, 1 gigasamples/s) oscilloscope.
The target voltage lead was connected to the oscilloscope through a Tektronix P6015
high voltage probe (1000x attenuation) with a 75 MHz bandwidth. For the
measurements of the target current a Tektronix TCP202 probe (15 A ac/dc current probe
with bandwidth 50 MHz) was used in combination with a high current transformer

Tektronix CT-4 (20 kA peak current and 20 MHz bandwidth).

The probe measurements were done with a flat Langmuir probe with a collecting
area of 3.14 cm? (see Figure 3.18a). A cylindrical screen, spaced 1 mm from the probe
and kept at the probe potential, limited the collection surface to the top surface of the
probe. The collecting area was positioned along the central axis of the magnetron and
the distance between probe and magnetron could be adjusted between 10 and 500 mm
without breaking the vacuum. The negative probe bias remained constant at -150 V

during the pulse by using a power supply with sufficiently high output capacitance.

The plasma emission was collected in vacuo by a quartz fibre optic cable with a
collimator and mirror assembly described in sections 3.5.2 and 3.1. The volume of the
plasma monitored included the high-density plasma region approximately 10 mm in
front of the source. The analysis of the light spectrum was performed with a Jobin

Yvonne Triax 320 scanning monochromator described in section 3.5.2. The results
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from the plasma compositional analysis are given in Section 4.2.1. The time evolution
of the OES signals was studied using the same monochromator. Due to the slow
response time of the commercial pre-amplifier of the photomultiplier tube (PMT), an
alternative monitoring set up was used. The output of the PMT was connected to
ground via a 100 kQ resistor. The current produced in the PMT passed through the
resistor and induced a voltage drop that was monitored with a 10 MQ probe connected
to a Tektronix 520 digitising oscilloscope, triggering on the target voltage signal. The

temporal evolution of HIPIMS is shown in Section 4.2.4.

Ion saturation current measurements in Section 4.2.3 were performed with a flat
probe with diameter of 20 mm equipped with a guard ring and positioned 35 mm from

the target surface.

The deposition rate was measured using a quartz crystal microbalance situated at a

distance of 65 mm from the target surface.

The metal ion to neutral ratio in the deposition flux was calculated by depositing
for a known time on one positively biased (+75 V) - and one floating metal-plate
located 500 mm from the target. The difference in mass gain between the plates was

measured and the metal ion and neutral flux were determined.

The film thickness determination in Section 4.3.2 was carried out by masking an
area of the substrates with TiO, powder prior to deposition. The step height was

measured using a DEKTAK 3030 profilometer.
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upscaling the technology and implementing it into the industrially sized commercially
available Hauzer HTC 1000/ABS coater described in Section 3.1. The results from

these investigations are presented in Chapter 4.4.4.

The details of the experimental set-up are shown in Figure 3.10.

/Floating cap with sampling
) orifice ¢ 100 ym
gas inlet

collimators
lens \

< Energy resolved
1 mass spectrometer

icm
fibre N ¢
™ Cu coil
spectrometer 4cm Computer 2
Ti target
/\ A N|s|N nagnets
| oo, ]
cooling
I | matching network

DC
ower suppl 13.56 MHz

RF generator
Figure 3.10. Schematic diagram of the magnetron, RF coil, optical and energy

resolved mass spectrometers

The cathode was located inside a 250 mm diameter stainless steel chamber. After
attaining an ultimate vacuum of about 10”7 Torr, the argon gas was introduced into the
vacuum chamber at a constant flow rate. The total pressure was regulated via a throttle
valve. The magnetron cathode was a 100 mm diameter and 6 mm thick titanium target
(Target Materials, Inc). It was powered by a DC generator (ENI - RPG 50) with power
available up to 5 kW. The induction coil was a grounded copper ring (inside diameter
120 mm, 6 mm thick) placed 40 mm above the cathode. It was powered by a 13.56 MHz
RF generator (HFS 1001 S - Plasma Product). In order to minimise the reflected power,
a matching netbox (AMN 1000 - Plasma Product) was connected between the coil and
the RF generator. The power delivered in the coil varied between 0 to 500 W.

The plasma was analysed by optical emission spectrometry (OES) and energy
resolved mass spectrometry (ERMS). The OES analysis was performed via a quartz
optical fibre protected from sputtered metal deposition by collimators and placed 10 mm
above the RF coil. A lens was placed between the collimator and the entrance slit of the

fibre. The system was mounted on a horizontally and vertically movable bellows. The
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spectral line intensities were recorded by means of a Jobin-Yvon HR 460 grating
monochromator (focal length 46 cm, 1200 grooves/mm). Intensity acquisition was

achieved by means of the Jobin-Yvon software for analytical applications (Spectramax
for Windows).

ERMS analysis was performed with a Balzers Plasma Process Monitor PPM421
described in Section 3.5.5. The plasma was sampled through a floating cap with an
orifice with diameter of 100 pm. The sampled ions passed through three chambers of
the ERMS spectfometer. The first chamber was an energy filter consisting of three
electrostatic lenses. By choosing suitable voltages on the lenses only ions within a
certain energy interval can exit the filter. The voltages on the lenses were set using a
Keithley Instruments power supply. An ionisation chamber where neutral atoms could
be ionised was situated after the energy analyser. This chamber was not activated
during the measurements. Finally, the ions entered the quadrupole mass analyser where

they were filtered according to their mass.



3.5. Plasma Diagnostic Techniques

Optical Emission Spectroscopy, Electrostatic (Langmuir) Probes and Energy
Resolved Mass Spectroscopy were used to study the properties of the various plasmas

used in the present thesis.
3.5.1. Optical Emission From Plasmas

Optical Emission Spectroscopy (OES) allows the measurement of the intensity
and wavelength of light emitted from a plasma. Although completely quantitative
plasma analysis is difficult to obtain, the technique does not disturb the plasma and is
successful in determining the type, charge state and excitation temperature of the

species in the plasma as well as the electron temperature.

—

Light is emitted from plasma when atoms o; ioﬁé relax from an excited energy
state to a lower (or ground) state. The excitation of atoms or ions in the plasma
environments discussed in this thesis is primarily due to low energy collisions, whereby
energy is transmitted from free electrons in the plasma to bound electrons belonging to
the atom. The energy acquired by a bound electron causes it to change its wavefunction

and move to a higher energy "orbit" around the nucleus.

The high energetic state is usually not stable and, after a lifetime ranging from 1
ns for resonant transitions to 1 s for metastable atoms, the electron decays to a lower
energy state, releasing the energy dE in the form of a photon with wavelength A, where
dE = heX! (h = 6.626x10>* - Planck's constant, ¢ = 3x10% ms™ - speed of light). The
probability of decay is highest when the electron transition is to the ground level
(resonant transitions). According to the dipole selection rules [116], the electron can
decay only between levels where the changes in total angular momentum, AJ, orbital
angular momentum, AL, and the intrinsic electron spin angular momentum, AS, are
given by AJ=0; +1; AL=0; +1; (but not L=0->L=0); and AS=0. In certain cases, an
electron can occupy an excited orbital with quantum numbers such that it is not allowed
to decay to a lower state. These excited states are called metastable and can have very

high energies (11.5 eV in the case of Ar).

Because the energy levels in an atom are discrete, the emission from a certain
element consists of a unique series of discrete lines with wavelengths corresponding to

the energy differences between the levels. Figure 3.11 illustrates an example spectrum
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of a Ti HIPIMS plasma. Transitions between different energy states of the neutral Ti’

are seen together with emission from Ti'* and Ti** ions present in the plasma.
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Figure 3.11. An example optical emission spectrum of Ti.

Several emission lines from the spectrum have been identified using atomic
energy level tables [118] and the NIST standard wdvelength tables [119]. Investigation
of collected spectra showed that peak intensities with subtracted background and peak
areas had the same dependencies on external parameters within the experimental errors.
Since measurements of the peak intensity were faster, they were employed in the

analysis of experimental results.

There are two basic models describing the effect of plasma conditions on the

intensity of emission lines [117].

The Local Thermal Equilibrium model is valid in high density plasmas, such as
the cathodic arc spot, where the frequency of particle collisions is high and the electron

energy distribution can respond instantaneously to any change in the plasma condition.
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Plasma densities of the order of 10'7 cm™

are a necessary (but not sufficient) condition
for the applicability of the LTE model. In these circumstances, all processes of
excitation (or ionisation) are accompanied by the inverse process of emission (or
recombination). The intensity I(p,g) of a line arising from a transition between bound

levels p and g can be given by

I(p.q)= —41; [n(p) A(p,0)hv(p,q)ds = Cn(p)A(p,q).

where 4A(p,q) is the atomic transition probability, #vp,q) is the photon energy and
C is a constant. The integration is taken over the depth of the plasma that is viewed by
the detector. n(p) is the number density of the population of state p. In a local
equilibrium plasma a given energy level, p, is populated according to a Boltzman

distribution:

”(P)=”0§Zm‘exl{_ f—;ﬂ]

where n(p) is the population density of level p, E(p) is the energy of level p, Tex is
the excitation temperature, k& is Boltzmann's constant, ny is the number density of
particles, g, is the statistical weight of level p, and Z is the partition function.

Combining the two equations, the intensity can then be expressed by:

E(p)
I(p,q)=CnyA(p,q)exp| ——— |.
kTaxc
This equation can be used to determine excitation temperature of species in the

plasma from emission spectra [74].

Plasmas with lower densities, such as in a magnetron glow discharge, are
described better by the Corona model, so named because it was first developed to
explain the spectrum of the solar corona. Because of the lower density, the plasma is
not in thermal equilibrium. In contrast to LTE, the collision processes in the Corona
model are not accompanied by their opposite, rather the balance is established between
collisional ionisation (or excitation) and radiative recombination (or spontaneous
decay). The excitation energy distribution of ions is independent of electron density and

is strongly affected by electron temperature.
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A schematic of the typical experimental setup used to analyse the optical emission
from plasmas is shown in Figure 3.14. The emission was collected in vacuo by an
optical fibre bundle. A mirror assembly shown in the inset of Figure 3.3 was attached at
the end of the fibre in order to protect it from coating. The observation volume was
defined by a collimating tube (¢ = 4 mm, / = 50 mm) attached to the mirror assembly.
The emission signal collected by this fibre was transmitted through a quartz viewport
attached to the chamber to a second optical fibre, which was used to guide the light to a
Jobin Yvon Triax320 spectrometer with a photomultiplier tube. The complete optical

set-up was sensitive to emission in the wavelength range 200-950 nm.

The Jobin Yvon Triax 320 scanning monochromator had a Czerny-Turner type
geometry and a 300 nm blaze holographic grating (1200 grooves/mm, resolution 0.12
nm). The monochromator was equipped with a Hamamatsu R928 photo-multiplier tube
(PMT) with radiant sensitivity of 7.4x10> A/W and rise time of 2.2 + 1.2 ns. The output
of the PMT was measured and recorded digitally with an ISA instruments preamplifier

and LabView computer control.

Time evolution of the OES signals was studied using the same monochromator,
with the output of its photo-multiplier tube (PMT) connected to ground via a 100 kQ
resistor. The voltage across the resistor was proportional to the current signal in the
PMT and was monitored using an oscilloscope with a 10 MQ probe. In order to obtain
the temporal evolution of a certain emission line the monochromator was set to transmit

the wavelength of interest and the voltage across the resistor was recorded with time.

The spectrometer used to characterise (results presented in Chapter 4.4) the RF
coil enhanced magnetron sputtering rig at the Université de Mons-Hainaut (described in

Chapter 3.4) was also a Jobin-Yvon Czerny-Turner type with a resolution of 0.02 nm.

At Link6ping University, a spectrometer with a single grating and a CCD atray
was used [98] to carry out HIPIMS plasma analysis (see Chapter 4.2 for results and
Chapter 3.2 for experimental details).

3.5.3. Flat and Cylindrical Electrostatic (Langmuir) Probes

One of the most useful tools in plasma diagnostics is the electrostatic (Langmuir)
probe (LP). When correctly analysed, the measurements obtained with a LP can be
used to estimate the plasma density, electron temperature and electron energy
distribution functions at a specified location in the plasma. In essence, LPs are

electrodes placed in direct contact with the plasma. Different particles from the plasma
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are collected by the biased (at potential V'b) electrodes depending on their potential with
respect to the potential of the plasma (Vpl).

When an insulated electrode is introduced into a plasma it absorbs electrons and
ions arriving at its surface and assumes a self bias called the floating potential (7)),
which is negative with respect to Vpl [121]. Figure 3.15 shows the charge and potential
distribution adjacent to the electrode surface. The self biasing is caused by the different
mobility of ions and electrons in the plasma. The ions have a low mobility and when
the electrode is inserted in the plasma, it absorbs ions only within a short distance and
the spatial distribution of ions is not perturbed significantly. On the other hand,
electrons have a mobility that is two orders of magnitude higher than the ions and they
~are absorbed over much greater distances. The maximum distance from which electrons
can be absorbed in the electrode is termed the sheath. The sheath thickness at a floating
electrode depends on the mobility and therefore the temperature of the electrons. The
difference in size of the regions where ion and electron densities are depleted results
initially in a larger electron flux thus establishing the sheath and biasing the electrode
negatively, to V. After the sheath has been established, the negative bias Fy repels
electrons so a net positive charge is accumulated in the sheath and equal electron and

ion currents are established.

The transition between the strongly charged sheath and the quasi-neutral plasma
occurs in a region of a few Debye lengths, called the presheath. The potential in the
presheath drops much more slowly than in the sheath, however its electrical field

accelerates the ions to a critical (Bohm) velocity given by u = (kTemi'l)” 2[122].

In cases when the electrode is biased to a potential Vb, the sheath changes width
according to the difference (Vp! - Vb). However, practically all the potential drop

occurs within the sheath and the bulk plasma is essentially screened from Vb.
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In operation the LPs are biased to potentials, Vb, ranging from negative to positive

with respect to the anode of the discharge. The current, /b, is measured and an /b-Vb

curve is plotted.
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Figure 3.15. Sheath formation at a Figure 3.16. Ideal flat probe

surface of an electrode (probe) characteristic

An idealised flat probe characteristic is shown in Figure 3.16. In the region to the
left of point A, the probe voltage is so negative that all electrons are repelled and only
ions are collected. Since the electric field of the probe is practically confined only
within the sheath, the ion current is due to plasma ions that enter the sheath by random
motion. The current depends then on the ionisation density and the area of the sheath.
Both these quantities are constant to a good approximation so the ion current saturates at
point A. The probe current is equal to the ion saturation current j;, which is a function

of the plasma density and electron temperature [123]:
Ji=1/4 nieV.S=1/4 n.eV.A,

- where n. is the ion density in the undisturbed plasma outside the sheath and 4 and
S areas of the probe and the sheath respectively. In the case of a plane probe, 4 is
assumed to be equal to S. The ion velocity, V., is acquired in the pre-sheath where an

accelerating potential of the order of kT, exists.



Therefore, V. is calculated from kinetic theory by:
me
2

=lkTe+§kT,.= < ,_Lyr
2 2 2

e

where T; - temperature of ions (~300 K), 7. - electron temperature, V+ - ion

velocity, m - ion mass.

For a Maxwellian distribution, it can be shown that

7 [8KT,
Tm

Finally, for a large probe the following is valid [124]:

K, =0.4n_ eA iz

. =n,eA
Ji + > "

Practical considerations of the probe theory demand that corrections of the order

of 10% in the measured current be made for secondary electron emission from the probe
[124].

As the probe voltage is set to the right of point A, plasma electrons with high
energy start arriving at the electrode. At point B the probe collects an equal flux of
electrons and ions and is effectively at floating potential. When the probe potential is
higher than the floating potential, the ionic current immediately diminishes because of
the low temperature of the ions. As more and more electrons can overcome the negative
potential of the probe, the current increases as a function of voltage (point B — point C).
The velocity distribution n(V) of electrons is assumed to be Maxwellian, i.e. n(V)~exp(-
eV/kT,). That is why the variation of probe current with probe voltage (slope) is also

exponentially dependent on the electron temperature T:

Aln(lb) 1
AVb kT,

e

_ In plasmas with discontinuous energy distribution of electrons, variations in the

slope itself have been reported [125], [126]. The exact Electron Energy Distribution
Function (EEDF) can be obtained from probe characteristics by the method of
Druyvesteyn. It can be shown that the second derivative of the electron current with

respect to the voltage is proportional to the EEDF [127].
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plasma due to collisions would be screened. Thus, the magnetron sputtering plasma is

effectively a collisionless plasma [128].

Another important assumption of probe theory is that ions are singly charged.
This is true in general for dc magnetron discharges. However, in the literature on arc
discharges, there are several reports describing the charge state distribution of metal
ions performed for example by time of flight [131], [114] and Thomson mass
spectrometer (method of the parabolas) [132]. The mean charge state ranges from 1 to
3.07 for different materials [51]. Therefore in arc discharge plasmas the ion current
collected by the probe must be corrected by a factor of e.g. 3 depending on the material
and pressure used. There is no published literature on exact methodology incorporating

multiply charged ions into electrostatic probe theory.

The magnitude of the magnetic field in the plasma should also be considered since
it determines the gyration radius (Larmor radius) ry. of the electrons. If ry is comparable
to the radius of the probe, the collected electron current can be significantly diminished.
In unbalanced magnetrons, the magnetic field strength is sufficient to influence electron

collection by the probe [133].
3.5.4. Instruments Used for Electrostatic Probe Diagnostics

Cylindrical and flat probes were used in the present work (Figure 3.18).

The flat Langmuir probe consisted of a stainless steel disc with diameter of 20
mm and a concentric guard ring as shown in Figure 3.18a. The area of the probe is
quite significant and the bias voltages used were always chosen more negative than ¥y
in order to avoid disturbance of the plasma or attracting the total anode current to the
probe. The probe was used for measuring the ion saturation current and estimations of
the plasma density and V. In operation, the disc and the guard ring were kept at the
same potential and the current to the disc was measured. The design of the probe was
obtained from HVM Plasma, Prague through personal communications [134]. The
probe was slightly redesigned and was constructed at the School of Engineering at
Sheffield Hallam University.

A schematic of the cylindrical Langmuir probe is shown in Figure 3.18b. It
consists of a tungsten wire with diameter 100 pm and a length of 10 mm. Because of its
small area (3.14x10™* cm?) this probe could be biased negatively (up to -150 V) as well
as positively (up to +20 V) without a significant drain of particles from the plasma.

This probe was used to estimate the V5, ¥, plasma density and electron temperature.
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The probe was also manufactured in-house from design ideas obtained also from HVM

Plasma, Prague. 4

New cables and insulated mounts were introduced in the vacuum chamber of the

Hauzer HTC 1000/ABS coater to connect to both probes.

4
%33 g
p20 .
: tungsten tip
L = 1 ¢=100pm
{ /=10 mm
. R ] . p
® (11T ;
D I
| - J £ 4[] glass tube
1 1] E i é=2mm
h | i ]
| .. o
| | B« metal tube
18 || 0=1mm
(a) () )

Figure 3.18 (a) Flat (plane) electrostatic probe and (b) Cylindrical probe used in the

experiments

Both probes were biased using the electrical circuit on Figure 3.19. The circuit
was designed and built in house. The voltage of the probe was provided by a variable
and constant power supply connected in series. This complicated setup was necessary
in order to achieve a stable voltage output near 0 V. The voltage-current characteristic
of the probe was recorded by an X-Y plotter on paper and was digitised semi-
automatically using a scanner and self developed Matlab image processing software.
Calculations of the parameters were performed according to the procedure outlined in
the literature [124], [129]. Ion flux densities, ionisation densities, the electron

temperature, the floating and plasma potentials were measured.
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Figure 3.19. Electrical circuit used to record probe characteristics
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Some typical I-V characteristics obtained with cylindrical probes are shown for
arc discharge plasma (Figure 3.20) and unbalanced magnetron glow discharge plasmas
(Figure 3.21). The plasma potential was determined from the intercept of the tangents in
the transition area and electron saturation region as shown in Figure 3.21. The electron
temperature was determined from the slope of the transition region of the characteristic

as shown in Figure 3.22 and following the procedure in the previous section 3.5.3.

I, p4

-.150 -100 -50

N AU A 2 244 50 SN 0 00N A AR A A A UL ) l
R0 A AR UV
J

Figure 3.20. Cylindrical probe I-V characteristic in a Cr arc discharge at background
pressure (3x10° mbar), discharge current 100 A and cathode-to-probe distance of 200
mm. Oscillations in the probe current are caused by the motion of the cathode spot

steered around the cathode surface.
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Figure 3.21. Semilogarithmic I-V plot of a cylindrical probe obtained in a unbalanced
magnetron discharge. Pure Ar atmosphere, 1.4x10° mbar, unbalancing coil current 6

A, discharge power 5 kW, cathode-to-probe distance of 200 mm.
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Figure 3.22. Detail from Figure 3.21 showing the transition region of the I-V
characteristic used to determine the electron temperature. Two slopes corresponding to

thermalised (cold) and fast diffusing (hot) electrons are evident.
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The ion flux was determined with the flat probe using negative biasing. Although
saturation in the ion current occurred at about -30 V, the typical probe bias used was -

150 V. The plasma density was also evaluated using the following formula [124]:

4L [
" e A\ 8T,

n; - ion density, e - elementary charge, Is - ion saturation current of the flat probe,
A - area of the flat probe, m - ion mass, T, - electron temperature, k£ - Boltzmann's

constant.

3.5.5. Energy Resolved Mass Spectroscopy

Mass spectrometry is widely used in plasma diagnostics. Although it is an
intrusive technique the required number of extracted ions can be low and disturbance of
the plasma can be minimal [123]. The selectivity of the mass analysis is very high and
signal to background ratios of 10® can be achieved allowing species with large
differences in number density to be studied. Analysis of neutrals is also possible by
secondary ionisation inside the mass spectrometer itself. The energy of a species with a

specific mass can also be studied if an energy analyser is combined with mass filter.

E1
| E2~,, /J\
extraction
‘ quadrupole jonisation orifice
{ mass filter chamber energy
scintillator \ analyser

detector

Figure 3.23. Energy resolved mass spectrometer (Balzers PPM421)

The energy resolved mass spectrometer used in the RF coil experiments (see
results presented in Chapter 4.4) is shown in Figure 3.23. Particles from the plasma are

sampled by the extraction system and flow through the energy resolved mass
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spectrometer (ERMS) (from right to left in Figure 3.23) passing the energy analyser,
ionisation chamber, quadrupole mass filter and arriving finally at the detector - Faraday

cup or scintillator detector.

The extraction system consists of a plate with an orifice E1 which is in direct
cdntact with the plasma. Behind the orifice sits a biased electrode E2. The potential
applied to E1 determines the composition and number of the sampled species. In the
case when E1 is floating, the plasma is sampled by ambipolar effusion and both ions
and electrons enter the analyser. The current /e throught the orifice of El is given by
[123]

KT,
- (V” )El

D.u,+ D, u;
I, =—eS—1Ee ™ Zelli (gy) B 0§D (V) 5, = —eSy,
He+ U
where u is the electron or ion mobility, D is the electron or ion diffusion
coefficients, »n is the plasma density, e is the elementary charge, S is the extraction

orifice diameter, T, is the electron temperature, & is Boltzman's constant.

For plasma consisting of two ionic species with mass M, the ratio of detected

currents I is related to the ratio of densities n by:

. I. M.

ot
n L \M,
The sampled flux passes through two electrostatic lenses that focus ions with an

energy E = Eg + dE at the exit. E, depends on the lens focal radius, which is controlled
by the electric potential.

Following the energy analyser is the ionisation chamber where an electron beam
with energy 50-150 eV can be used to ionise neutrals thus enabling their mass filtering

and detection.

The selection by mass is performed in the quadrupole mass filter. It consists of
two pairs of parallel poles arranged in a square. The poles are biased by an RF potential
causing the particles entering their field to acquire an oscillatory trajectory. The
amplitude of oscillation of the RF field determines the mass-to-charge ratio of particles
that are able to pass through and reach the detector, while all others are absorbed by the

poles.

Finally, the particles are detected by a Faraday cup [135] or another particle

detector. The Faraday cup consists of an electrode biased to a negative potential. When
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ions arrive at the electrode they are absorbed and generate an electrical current signal.
In some cases, the ions can cause ejection of electrons from the electrode surface, which
can cause additional current to flow. Magnetic fields parallel to the electrode surface
- are used to confine the electrons to helical trajectories, so that even if they are ejected
they would return to the electrode thus bringing the net contribution to the current to

ZEro.
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3.6. Thin Film Characterisation Methods

The microstructure and chemical composition of the coatings and interfaces with
the substrate and mechanical properties of the coatings (see Chapters 4.1 and 4.3), were
evaluated using X-Ray diffraction (XRD) analysis, transmission electron microscopy
(TEM), scanning TEM-energy dispersive spectroscopy (STEM-EDS), scratch tests,

nanoindentation and microhardness measurements, and pin-on-disk sliding wear tests.
3.6.1. Sample Preparation

The substrates used in the etching and coating experiments in Chapter 4.1 were
manufactured from A7 low carbon steel and M2 high speed steel. They were polished
using 1pm diamond paste in the final step. The substrates used for X-Ray Diffraction

analysis were 304 stainless steel.
3.6.2. Etching Rate Measurement

Etching rates were measured (Section 4.3.1.1) on steps on polished 304 austenitic
stainless steel substrates. A part of the specimen was covered by a wedge shaped
washer in order to minimise an influence of sample geometry. The step height was
measured with both a UBM Laserprofilometer and a Talysurf. A profile line over a

distance of 1 mm was recorded and then levelled in order to measure the profile line.
3.6.3. X-Ray Diffraction (XRD ) Analysis

Phase analysis was carried out using a Philips PW1710 automated diffractometer
using CuK,, radiation and the Bragg-Brentano geometry [136]. The X-Ray generator
settings were 40 kV and 40 mA. The step size was 0.05°, and scans were acquired from

30-120 26.

XRD was used also to determine the residual stress. The technique is based on
the change in crystal lattice interplanar spacing due to the action of a residual stress
[137]. The glancing angle method is particularly useful for thin film evaluation,
because of the constant penetration depth and excitation volume in the samples. Figure
3.24 shows a diagram of the geometry of the GA-XRD measurement. A constant low
incidence angle vy is used while only the detector is driven across the 20 range. The

| Bragg diffraction condition is satisfied by only those planes inclined at an angle of
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o(8) = (0 - v/2) with respect to the surface, i.e., for small y, the diffracting planes are

parallel to the surface when 6 is small and normal when 0 is large.

to detector
incident beam

20
Y o
S

Figure 3.24. Geometry of the GA-XRD measurement. y = const

In the experiments in section 4.3, a set of four incidence angles y of 1, 2, 5, and 10

degrees were used.

The residual stress is calculated by the shift of the diffraction peaks with respect
to a reference sample. In order to improve the accuracy of the measurement the shifts

for all orientations are averaged together.
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3.6.4. Transmission Electron Microscopy (TEM) for Thin Film
Microstructure

The microstructure of thin films was investigated by transmission electron
microscopy (TEM) (for results see Section 4.3)using a Philips CM20 microscope. The
principle of TEM is similar to a diaprojector where a beam of light passes through a
transparency and is focused onto a screen to form a magnified image. The resolution of
the TEM is enhanced by using monochromatic illumination in the form of an electron
beam with energy from 100 keV up to 1 MeV (small de Broglie wavelength = 0.0025

nm for 200 keV). Figure 3.25 shows a schematic of a transmission electron microscope.

<4—— Specimen ——p

/] {
<<J Remove Objective lens
\ / aperture
e ———— wmm—_ (Objective aperture
Fixed {back focal plane)
SAD aperture
— . [ o ]
Intermediate —> Remove
/ image 1 aperture
\4 <— Change —p Intermediate
strength lens
Second
intermediate
- image’ >/
(] < Fixed =9 Projector lens
strength
Diffraction patterg\ Final image
<¢— Screen =P J —>»
A\ 4 4

Figure 3.25. Schematic of a TEM [138]

A condenser lens guides the electrons into parallel trajectories onto the electron
‘transparent sample. The electrons are diffracted from the crystallographic planes in the
sample and a diffraction pattern and an image containing phase contrast is formed by
the objective lens at different distances (the focal length and the image distance
respectively). An intermediate lens with variable focal length is used to further magnify

either the diffraction pattern or the image. The final pattern is projected onto a
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fluorescent screen, photographic film or a CCD camera by the projector lens. By
selecting the position of the objective lens aperture, the image can be formed by the

direct beam (bright field imaging) or one of the diffraction maxima (dark field imaging).

Electron transparent cross sections of the thin films of interest were produced in
several steps. Saw blade cutting, mechanical grinding, mechanical polishing were used
to reduce the sample thickness to 30 pm. Subsequently Ar ion beam milling (GATAN
PIPS 691) was used to produce a small hole in the coating region of the sample. The

electron transparent areas were found on either side of the hole.
3.6.5. Scanning TEM (EDX)

Scanning TEM (STEM) is a microscopy technique, which enhances the analytical
capabilities of conventional TEMs by allowing compositional and structural information
to be obtained with a spatial resolution of the order of a few Angstroms [138]. The
STEM method relies on focussing the electron beam onto a small area of the sample
surface and rastering it across an area of interest. One of the big advantages of this
method is that no image forming lenses are used and therefore problems such as
astigmatism and chromatic aberration are eliminated. Additionally, the limited area of
illumination of the specimen (sometimes as low as 3 nm with a field emission gun
source) allows spatially resolved analysis of the interaction of the electron beam with
the specimen to be performed. Of particular interest are the inelastic interactions
whereby incident electrons transfer a defined energy to excite atoms of the specimen
which later decay by emitting X-Ray radiation. Electron energy loss spectroscopy
(EELS) can be used to measure the amount of lost energy and determine the
composition of the specimen. In this thesis, an alternative method was used whereby
measurements of the wavelength (energy) of emitted X-Rays were used to calculate the
energy levels of atoms contained in the illuminated area of the specimen and identify its

chemical composition. This technique is called energy dispersive x-ray spectroscopy
(EDS or EDX).

The chemical composition of the interface was analyzed by STEM-EDS of TEM
cross sections. The results are presented in Chapter 4.1 describing the arc etching stage
and Chapter 4.3 describing the interface obtained by HIPIMS pretreatment. For the
observations in section 4.1.2.3, a TiAIN coating was deposited by unbalanced
magnetron sputtering using two TiAl targets with 8 kW power each and a bias voltage

of -75V during growth. Deposition time was 10 minutes giving a coating thickness of



~100 nm. These samples were analyzed in a Vacuum Generators HB.501 STEM,

equipped with a field emission gun with a probe size of approximately 1 nm.
3.6.6. Evaluation of the Adhesion of Thin Films

A scratch test was used to evaluate the adhesion of the coatings. The test is
performed with a Rockwell C indentor diamond sliding linearly on the sample with
increasing load. As the load increases, the stresses induced in the coating overcome the
forces binding it to the substrate, and a spallation occurs. The force at which a

spallation reveals the substrate is called the critical value Lc.

The coating adhesion was assessed by scratch tests performed with a CSEM
REVETEST scratch tester with indentor radius of 200pm and a load rate of 10N/mm.

Two types of coatings were characterised by these tests:

a) ~3.2pm thick TigasAlys3Cro3Yo002N coating deposited by unbalanced
magnetron sputtering on an approximately 300 nm thick Ti;.Al\N base layer on HSS
steel. (see Chapter 4.1)

b) ~2-3 pum thick CiN films deposited by the ABS and HIPIMS methods on HSS
(see Chapter 4.3)

3.6.7. Measurement of the Hardness of Thin Films

The hardness of thin films is defined as the resistance to penetration by another
body under load. The hardness was evaluated by two methods - static, using a Knoop

indentor and dynamic loading-unloading nanoindentation, using a Vickers indentor.

The Knoop indenter used in the static hardness determination is especially
designed for small penetration depth and so is particularly suited to measurements in
thin films. The diamond is a rhombic pyramid with ratio of the diagonals 7:1. A
constant load of 250 mN (25 g) was applied for 20 s and the size of the indentation was

measured. The hardness was calculated from the expression [139]
HK=C*Pd?

where C - constant, P [kg] - load, d [mm] - length of the longest diagonal of the
indentor footprint. All measurements were performed with a Mitutoyo MVK-GI tester

equipped with an optical microscope for measuring the size of the indentor footprint.

Although static hardness measurements give a good estimate of the plastic
hardness dynamic hardness measurements provide more insight into the elastic and

plastic properties of materials [140]. In dynamic measurements, the load is increased in
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For the calculation of the dimension coefficient of wear, the worn off volume can
be expressed as [141]:

Vr=27Z'RA;,

Where V, - volume removed, R - radius of wear track, 4; - cross sectional area of

the wear track. Therefore, the coefficient of wear can be determined according to the
- formula:

k= A Fy'N'v
where N - number of laps, v - linear speed.

A: was measured with a Talysurf profilometer available in the School of
Engineering.
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4.1. Steered Cathodic Arc Discharge

The primary application of the arc discharge plasma in this work is to treat the
substrates prior to coating deposition. Gas ions created in the vicinity of the arc spot are
accelerated by a high bias (typically -1200 V) and bombard the metal substrates with
energy sufficient to clean their surface from residual oxides. Metal ions created in the
arc discharge are accelerated to energies equivalent to two or more times the applied
bias voltage depending on their charge state. These ions, with energy in the low keV
range, can be implanted up to a few tens of nanometres under the substrate surface. The
implantation generates local lattice defects and improves the lattice matching between
the substrate material and subsequently deposited nitride films. It has been shown that
more implanted material and higher implantation depth are beneficial for improving the

adhesion of nitride films on high speed steel and WC substrates.

4.1.1. Multi-fold Ionisation Observed in Cr, Ti, and Nb Metal Arc

Discharges

The arc discharge plasma is characterised by two main regions. The first region is
called the cathodic arc spot. It exists in a volume of a few cubic micrometres close to
the target surface [50, 66]. Plasma densities in this region are very high, reaching 10%°
cm™ [56, 50]. The ions and electrons exist in Local Thermodynamic Equilibrium [117,
55], 1.e. have similar temperatures, and evaporated target atoms are easily ionised to a
range of charge states - from 1+ to 5+ depending on the material [51]. The highly
charged ions are expelled from the cathode spot with average energies of tens of eV (70
eV for Cr'™) [57, 55, 141] and form the second region of the plasma which exists in
non-equilibrium [51, 59]. The electrons in the second region of the plasma have
energies typically 2 eV and the ions can have a much lower, even thermal, energy
especially if the arc operates at high gas pressures. The charge state distribution of ions
does not change further unless they collide with other atoms in the atmosphere. In the
publications of Brown and Anders [48, 51] the charge state distribution has been
measured precisely in high vacuum for most materials in the periodic table. Table 4.1.1

quotes the published values for some metals.

In this work the charge states of Cr, Ti, and Nb were studied qualitatively by
Optical Emission Spectroscopy. The OES investigations performed in the ABS coating
machine (see Section 3.1 for experimental details) indicated that charge exchange

reactions could occur between the metal ions and gas atmosphere in the chamber.
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These interesting observations were investigated further by quantitative measurements
to a greater depth and precision using Time of Flight Spectrometry in the MEVVA
source operating with Cr and Nb cathodes (see Section 3.2 for experimental details).
OES did not allow the detection of all charge states present in the plasma because of the
limited wavelength range - 200 nm to 950 nm. The charge states observed by OES and
used in this work are marked in italics in Table 4.1.1. Examples of spectra for Cr, Nb,
and Ti showing several ion species are shown in Figure 4.1.1. A sample time of flight

spectrum is shown in Figure 4.1.2.

Table 4.1.1. Charge state distributions measured in the MEVVA random arc source for

different cathode materials. The states marked in italics could be observed by the

present OES setup.
Charge State: (_) 1+ 2+ 3+ 4+ 5+
(mean)
Spectroscopic I I v \ VI
notation
Ti 2.03 11 75 14
\% 2.14 8 71 20
Cr 2.09 10 68 21
Nb 3.00 1 24 51 22 2
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Figure 4.1.1 Optical emission spectra obtained from Cr (a), Nb (b) and Ti (c) arc

discharges showing highly ionised metal ions.
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Figure 4.1.2. Time of Flight spectrum for a Nb arc operated in a Kr atmosphere
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4.1.2. Influence of Gas Pressure on Plasma Density, and Electron

Temperature of Cr Arc Discharge

As mentioned in the introduction, arc discharges are useful for treatment of
substrates prior to coating deposition. In practice however, substrates are often treated
in a simple Ar glow discharge, usually ignited between the substrates and the chamber
walls. In both pretreatment methods, the substrates are biased to a high potential in
order to cause sputtering of the uppermost layer. It is obvious that discharges with
higher plasma density are more efficient in this process. The plasma parameters of an
Ar glow and an arc discharge at typical parameters used for pretreatment in the Hauzer

ABS machine were compared.

The Ar glow discharge was ignited between the substrate table serving as a
cathode and the chamber walls serving as an anode. The cathode voltage was -1200 V

and the gas pressure was 0.636 Pa (6.36x10 mbar).

The arc discharge was operated on one of the ABS cathodes. The discharge
current was 100 A and the Ar gas pressure was varied from 0.115 Pa (1.15 x10 mbar)
down to base pressure of 0.0007 Pa (7x107 mbar).

Cylindrical and flat electrostatic probes (described in Section 3.5.4) were installed
at a distance of 25 cm from the arc cathode near the usual substrate position as shown in
Figure 3.3 in Section 3.1. U-I curves were recorded from -150 V to + 20 V. The curves
were analysed using Langmuir probe theory, as described in Chapter 3.5.3, assuming
singly ionised species. The cylindrical probe was used to evaluate the electron
temperature, plasma and floating potential and density. The flat probe was used to

make an accurate estimate of the ion saturation current and plasma density.

The plasma parameters during an Ar glow discharge and an arc discharge are
summarised in Table 4.1.2. The electron temperature was evaluated by taking the
integral over the transition region of the probe I-V curve [127] or from the difference in

plasma and floating potentials and assuming a Maxwellian distribution [124].
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Table 4.1.2 Plasma properties and ion flux at a distance of 250 mm from the source.

Discharge Ar glow Crarc Crarc Crarc Crarc
Total
pressure, Pa 0.636 0.0007 0.06 0.083 0.115
Ar flow, sccmf 400 0 43 70 100
lon Density,
cm? 2.02E+8 4 57E+8 | 1.60E+10 | 1.21E+10 | 2.55E+10
lon flux,

lons.m2.s | 2.01E+16 | 4.54E+16 | 1.59E+18 | 1.20E+18 | 2.53E+18

lon saturation
current, A 5.08E-06 | 2.00E-05 | 7.20E-05 | 9.20E-05 1.23E-04

lon saturation
current

density, 0.16 0.64 2.29 2.93 3.92
mA.cm™
Uplasma, V -11 15.8 8 8.2 7.2
Ufioating, V -22.2 -46 -3.5 -0.63 -0.68
Te from 4.3 14 1.9 2.02 1.77
integral, eV
Te assuming 2.07 114 2.129 1.6 1.45
Maxwell, eV

For the Ar glow discharge, the measured plasma density reached a value of 2x10°
cm™ and the ion flux was 2.01x10'¢ jons.m™s™!, as evaluated from the ion saturation
region of the flat probe. The plasma potential measured for the Ar glow discharge
plasma was highly negative: Upl = -11 V and the electron temperature was relatively
high: Te = 4 eV. The high plasma poteritial could be explained by the position of the
probe with respect to the substrate table, which in this case is also the cathode of the
discharge. Due to the high cathode potential, a plasma sheath extending over several
centimetres can be formed [121]. The plasma potential inside the cathode sheath is
more negative than the real plasma potential, additionally electrons are accelerated due
to the inhomogeneous electrical fields created in the sheath. It could be argued that the
probe was inside the sheath during the measurements. However, during Ar glow
discharge etching the substrates act as cathodes and are also situated within the sheath,
therefore ion flux values measured by probes inside the sheath give a reasonable

approximation of the flux reaching the substrates.
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In comparison in arc discharge plasmas the charge carrier densities reached
2.55x10'° cm™ with ion flux of 2.53x10'® jons.m™s™ at a pressure of 0.115 Pa (1.15x10"
> mbar). At a background pressure, 0.0007 Pa (7x10” mbar), without intentionally
introducing gas, the ion density and ion flux were lower by almost two orders of
magnitude. At high pressures, the electron temperature was in the range 1.5 - 3 eV. At
béckground pressure, the electron temperature was much higher, Te = 14 eV, due to an
easier electron diffusion from the source to the substrates as a result of the decreased

plasma density and gas density.

The measured plasma properties show that the ion flux received by the substrates
during pretreatment is comparable in the cases of arc discharges operated in vacuum
and Ar glow discharges. However, in pretreatments by arc discharge, the ion flux can

be increased by two orders of magnitude if a relatively high Ar pressure is used.

The presence of gas is not essential for the operation of an arc discharge, however,
in many practical applications, inert and reactive gases are used to help sustain the arc
discharge or to form metal nitrides on substrates in the chamber. The presence of gas in
the chamber during arc discharge has a strong influence on the plasma density and

composition.
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4.1.3. Development of a Two-Stage Cathodic Arc Etching Procedure
for Enhanced Adhesion on HSS.

The adhesion of hard ﬁims (TiAIYN) to substrates has been found a limiting
factor in the performance of coated tools in the harsh conditions of dry high speed
milling [143]. Extensive research on the substrate coating interface showed that
adhesion can be improved dramatically by the introduction of an arc etching step prior
to coating deposition [9, 143, 17]. The main factors improving the adhesion are
considered to be a deep metal ion penetration and high metal ion concentration in the

substrate.

The preceding section 4.1.2 showed that variations in gas pressure could be used
to produce arc plasmas with a wide range of densities, structure and composition that
can influence the effect of plasma treatment of substrates. In particular, such variations
in plasma parameters can have a strong effect on the interfaces produced by arc etching
as used in ABS processes. The controlled use of these plasma conditions required an
in-depth investigation of the plasma composition and density as well as a more detailed
understanding of the types of collisional processes occurring as a function of gas
pressure (Section 4.1.3.1 and 4.1.3.2). Based on the plasma diagnostic results, a new
two-step pretreatment stage incorporating operation of an arc discharge at high and low
gas pressures was designed and applied on real components (Section 4.1.3.3). Finally,
the chemical composition of the coating-substrate interface produced by the double-step

pretreatment was investigated in TEM cross-sections (Section 4.1.3.4).

4.1.3.1. Jon Saturation Current of Cr Arc Discharge in Ar
Atmosphere

The ion saturation current density received by substrates during cathodic arc
pretreatment in the Hauzer ABS coater was investigated using planar and cylindrical
electrostatic probes described in Chapter 3.5.4. The probes were positioned at a
distance of 25 cm from the arc cathode as shown in Figure 3.1 in Chapter 3. The
collecting plane of the flat probe could be rotated either to be parallel or perpendicular

to the cathode plane.

Figure 4.1.4 shows the ion saturation currents measured at a probe voltage of —
150 V with the flat and cylindrical probe in the two probe orientations given in Figure

3.1. The flat probe values in both orientations increase by < 50% as the pressure is

4.1.-9
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increased from 0.006 to 1 Pa and remain nearly constant at higher pressures. In a pure
metal discharge (at 0.006 Pa with no intentional gas introduced in the chamber) the
metal vapour flux is highly directional and a fraction of the electrons are lost from the
ionisation process when scattered away from the metal plume. As the Ar pressure is
increased the gas uniformly fills the chamber volume thus reducing these losses which
results in more effective utilisation of the thermal electrons in the ionisation
processes.[144, 145] This effect of increased plasma density around the substrate

saturates for pressures above 1 Pa for the conditions of our experiment.

o
e .
o x J,_,0=90° g 2%
- A J,0=90° o2
£ ° ch =0° 24k
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= * =Q° 3
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Ar pressure, Pa

Figure 4.1.4. Ion saturation current densities measured by flat Langmuir probe for

positions 8= 0° (circles) and 6 = 90° (x) and cylindrical probe (rhombi and squares)

The data in Figure 4.1.4 show that the currents with the flat probe facing the
cathode, 8 = 0°, are larger than the currents with @ = 90° by a factor of > 3. When the
probe plane is parallel to the cathode plane, it collects both ions arriving directly from
the cathode spot (line of sight effect) and randomised ions that have undergone a
number of collisions. In case of the perpendicular probe plane (8 = 90°), only
randomised ions are collected [146]. Particularly at low pressures substantial
differences in the current densities collected in the two different orientations were
observed (Figure 4.1.4) indicating a highly anisotropic ion velocity distribution in the
plasma. However, the dependencies tend to converge for both orientations with

increasing p4 > 1 Pa due to gas scattering. This effect is more pronounced for the
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cylindrical probe where the measured ion current densities increased rapidly with
pressure and had overall higher values. When considering the practical applications, the
latter means that samples with complex geometry, sharper edges and protruding parts
will be etched at higher rates. To minimise distortions in the sample shape it is desirable

to keep the gas pressure < 1 Pa and to reduce the overall etching time.

In order to estimate the effect of the variations in ion flux measured by the probes,
substrate etching rate, R..», measurements at different Ar pressures, p4,, during the arc
discharge were performed using the method outlined in Section 3.6.2. Figure 4.1.5
shows the variation of the R, as a function of p4 at a constant arc current on the Cr
target of 100 A. The etch rate increased from 4.2 to 9.1 nm/min (by ~ 115%) as the

pressure is increased from 6x107 to 0.09 Pa.

10

Etch rate nm.min”

1 M ] ! 1 ' I ' 1 '
0.00 0.02 0.04 0.06 0.08 0.10
Pressure in Pa

Figure 4.1.5 Etching rate of stainless steel substrates as a function of Ar pressure.

The increase in etching rates at higher gas pressures correlates with the increase in
the ion saturation currents at the substrates indicating higher plasma density values
(Figure 4.1.4). The measured increase in the ion current values (by < 50%) in the
pressure range < 1 Pa, however, accounts for less than half of the increase in the etch
rate over the same pressure interval. The further enhancement of R, with p4- can be
ascribed to an additional glow discharge, maintained at the substrate surface by the bias
voltage of —1200 V, accelerating the electrons ejected during a secondary ion-electron

emission by ions impinging on the substrate surface. The current density associated with
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this discharge would be an increasing function of the gas pressure [121]. Such a
discharge can be observed visually as a uniform glow around the biased substrates with

an intensity which increases with p ;.

4.1.3.2. Plasma Composition of Cr, Ti and Nb Arc Discharges
in Kr, Ar, Ne, and He Atmosphere

As shown by OES investigations in Chapter 4.1.1, the ion flux originating from
the cathode spot is highly ionised and contains multiply charged metal ions - in the Cr
arc, an average charge of up to 2.09 with up to 3-fold multiply charged ions have been
reported [48]. We were able to detect optical emission signals from Cr neutrals and Cr
ions with charges 1+ and 2+ within the spectral range of 200-950 nm of the
spectrometer used. An example of a spectrum collected at an Ar pressure of 0.06 Pa is

presented in Figure 4.1.1a.

The effect of gas type and pressure on the charge state distribution of metal ions
in the arc discharge was studied in detail. Optical emission spectroscopy (OES)
(Sections 3.5.1 and 3.5.2) studies of steered arc discharges in the Hauzer ABS coater
(Section 3.1) was used to gain a qualitative understanding of the behaviour of metal
neutrals and ions at different gas pressures ranging from 0.006 Pa to 0.6 Pa. Time of
Flight spectroscopy measurements in the MEVVA random arc source (Section 3.2)
were used to analyse the behaviour of the metal and gas ions and to determine
quantitatively the charge state distribution of the metal ions. The range of pressures
investigated was measured to be from 10” Pa to 102 Pa. Due to a differential pumping
arrangement, the actual pressure in the arc chamber was calculated to be two orders of

magnitude higher.

Figure 4.1.6 shows the relative optical emission measurements of Cr°, Cr'*, and
Cr** received from a Cr arc discharge as a function of p4. As the Ar pressure is
increased the concentration of Cr'* and Cr** ions decreases continuously. Particularly
in the case of two-fold charged Cr the intensity drops to half of its value when the Ar
pressure is raised from 0.01 to 0.1 Pa. The overall ion current densities increase,
however, which indicate that this increase is largely due to Ar ions. The trends for Cr
are observed also in Ti and Nb arc discharges. Figure 4.1.7 (a) and (b) shows the
normalised emission intensity of Ti neutrals and ions. In an Ar atmosphere, the Ti’

neutral emission starts increasing as soon as some Ar is introduced in the chamber. In a
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Helium atmosphere, the increase in Ti neutral emission occurs at much higher
pressures. The case of Niobium shown in Figure 4.1.7c is different from both Cr and Ti

in that the increase in neutral emission occurs at a higher pressure of about 0.1 Pa
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Figure 4.1.6. Variation of the emission from Cr neutrals, and ions with pressure. In Ar
atmosphere (a) the emission is altered due to collisions with Ar atoms, in He

atmosphere (b) collisions are less effective.
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Figure 4.1.7 Variation of the emission from Ti and Nb neutrals, and ions with pressure.
In Ar atmosphere (a) the emission from Ti is altered due to collisions with Ar atoms, in
He atmosphere (b) collisions with Ti ions are less effective. Nb neutral emission
increases at higher Ar pressures than Ti and Cr (c).
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The results obtained from OES show that increasing the gas pressure in general
causes the intensity of higher charged ions to decrease and the intensity of neutral
species to increase. In order to quantify the observed effect, time of flight spectfoscopy
in the MEVVA source as described in Section 3.2 was used. Although the experimental
conditions such as gas pressure and discharge current were similar in the Hauzer ABS
machine and the MEVVA arc source, there was a major discrepancy between the two
sources in that the first one employs a magnetic field with a strength of a few hundred
Gauss to steer the arc while the latter is a random arc. Arc discharge characteristics are
influenced strongly by the presence of magnetic field [54], mainly due to ionisation of
the gas or effects due to the confinement of the spot. However the results obtained in
both set ups agreed reasonably well, indicating that the dominating processes observed

were independent of magnetic field.

A typical TOF spectrum is shown in Figure 4.1.2. The y-axis represents the
current measured at the collector. The charge state distribution was derived by dividing
the current by the charge. The TOF spectra were recorded after averaging over 100
pulses. The trends showing the influence of external parameters such as gas pressure on
the TOF spectra were reproducible to within 5% as verified by repeating the same

measurement 4 times using different cathodes of the same material.

The MEVVA discharge was operated with a current of 100 A. Cr and Nb were
used as cathode materials. Ne, Ar and Kr were used as atmosphere forming gases. The
effect of increasing gas pressure on the charge state distribution was studied. After
compiling all measurements of the influence of gas pressure on individual charge states,
a clear differentiation could be made between the behaviour of high and low charge

states.

Figure 4.1.8 summarises the behaviour of the metal charge states 3+ and higher
for Nb and Cr in Ne, Ar, and Kr atmospheres. A marked decrease in density of all
highly charged ions is clearly identifiable.

4.1.-15
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