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Abstract

The thesis examines ion-assisted physical-vapour deposition (PVD) of thin coatings on
non-flat three-dimensional samples, concentrating on the case of free-standing edges
and corners. Changes in the electric field in the vicinity of sharp edges lead to local
changes in the ion bombardment (ion flux and angle of incidence) which can
significantly affect the ion-surface interaction and thus the properties and the
performance of the coatings growing in the edge region. This work presents a detailed
electron microscopy study of the edge-related changes in the coating properties and
develops a physical model to explain and quantify the effects. The problem is studied
on a system typical for industrial coating of cutting tools used in dry high speed cutting:
TiAIN-type coatings (TiAIN/VN and TiAlCrYN) deposited on wedge-shaped samples
by closed-field unbalanced magnetron sputtering (UBM), using high-flux, low-energy
Ar" ion irradiation (Ji/Jme ~ 4, E; = 75-150 ¢V). The morphology and composition of the
coatings in the edge region, as a function of the edge geometry (angle and radius of
curvature) and the deposition conditions (substrate bias), is studied using scanning
electron microscopy combined with energy-dispersive X-ray spectroscopy
(SEM+EDX). The internal structure of the coatings growing on sharp edges is
examined by transmission electron microscopy (TEM). A detailed theoretical analysis
of the effects, based on the simulations of the plasma sheath around the samples and the
resulting ion bombardment distribution, is presented. A direct relationship between the
experimentally observed magnitude and spatial extent of the changes in the edge region
and the simulated characteristics of the plasma sheath around the edges is shown.
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Chapter 1: Introduction

Ion-assisted physical vapour deposition (PVD) is a common industrial method
for growing thin coatings of various interstitial nitride alloys for a wide range of
applications. This type of PVD growth allows the synthesis of dense coatings at
temperatures substantially lower than their melting temperature (the deposition
temperature is typically between 300 and 500°C), which is crucial for many
applications. However in order to obtain an acceptable quality of coatings at these low
temperatures, the thermal energy required for creation of dense structures has to be
substituted by ion irradiation of the growing film, which increases adatom mobility.
This is most frequently achieved by plasma assisted PVD techniques such as magnetron
sputtering, arc evaporation or ion plating. Necessarily, it introduces a direct relationship
between the properties of the coatings and the characteristics of the ion bombardment -
a relationship studied extensively during the last three decades for flat surfaces (for a
review, see for example Greene, 1988).

In practical applications, three-dimensional objects containing sharp edges and
corners have often to be coated uniformly. In such a case the interaction between the
ions and the surface will however be different than in the case of flat samples. Despite
the fact that this could significantly affect the coatings, only few related reports are
published, with no detailed explanation or quantification of the effects. In industry,
empirical optimisation of the deposition conditions is often done in order to decrease
the unwanted effects, often compromising however on other requirements. Our research
was stimulated by problems encountered during magnetron deposition of TiAIN-type
coatings on industrially used cutting tools, where visible changes in the colour and
homogeneity of the coatings in the cutting edge region have been observed for negative
substrate biases of more than 100V (Miinz, 2003). For this reason, a relatively low
negative bias voltage value of ~75V is commonly used, even though increase in the
deposition bias in the case of flat substrates was shown to lead to increased hardness of
the coatings (Hakansson, 1987). Until the present work, no detailed examination of the
coatings on the cutting edges was however done.

The work presented in this thesis examines ion-assisted PVD of thin coatings on

non-flat three-dimensional samples, concentrating on sharp edges and corners. Our aim



is to establish a physical model which explains the edge-related effects and allows
quantification of their spatial extent and magnitude as a function of the edge geometry
and the deposition conditions. This is achieved by combining detailed electron
microscopy study of the changes in the coating properties with theoretical modelling of
plasma-surface interaction in the edge region.

We focus on the interaction between the samples and the plasma inside the
deposition chamber. During the deposition the samples are surrounded by a region
called the plasma sheath - a transition region between the quasi-neutral plasma confined
inside the chamber and the negatively biased samples. The potential difference across
the sheath accelerates positively charged ions from the plasma to the samples and is
thus directly related to the energy of the ion bombardment. The shape of the plasma
sheath - which is connected to the shape of the samples - determines the ion flux
distribution which in turn affects the coating properties.

The effects are studied on a system typical for the cutting tool industry: TiAIN-
type coatings deposited on sharp edges by closed-field unbalanced magnetron
sputtering (UBM). Wedge-shaped samples were chosen as a simple model which would
represent the real cutting edge and would allow us to change easily the edge angle. The
coatings were growing under high flux low energy Ar" ion irradiation (Ji/Jme ~ 4, Ei =
75 - 150 eV - where Ji/J e is the ion-to-metal flux density ratio at the substrate and E; is
the ion energy). The analysis was performed using scanning and transmission electron
microscopy (SEM and TEM), combined with energy-dispersive X-ray compositional
analysis (EDX).

The material presented in the thesis is organised into 8 chapters:

Chapter 2 describes the plasma present in PVD processes and its interaction
with the samples. The research work related to ion characteristics and their effect on the
properties of coatings, on both - flat and non-flat surfaces, is reviewed.

Chapter 3 presents the experimental details related to the fabrication of the
samples and their analysis by electron microscopy. We also analyse the problems we
had to solve during the compositional analysis.

In Chapter 4 we analyse, by means of SEM, the changes in the morphology and
composition of the coatings observed in the edge region of the wedges. We examine the

influence of the edge geometry and of the substrate bias used during the deposition.



In Chapter 5 we establish a model explaining the observed effects. We show
the direct relationship between the characteristics of the plasma sheath, which are
simulated, and the magnitude and spatial extent of the changes in the edge region
observed in Chapter 4.

Chapter 6 uses TEM in order to examine the internal microstructure of the
coatings, concentrating on the region right on top of the edges. The observations are
connected with the ion characteristics calculated in Chapter 5.

Chapter 7 discusses the effects from the point of view of practical applications.
The predictions of our model are verified on industrially-used cutting tools. We discuss
the importance of the effects in common ion-assisted PVD techniques and outline the
possibility for further optimisation of the deposition conditions.

Finally, Chapter 8 summarises the most important results of this work.



Chapter 2: The role of ion bombardment during ion-assisted PVD

(literature review)

Ion bombardment during coating depositions is used in order to improve the
coating properties. Its presence, however, introduces problems when coating 3-
dimensional objects. Different electric field distributions around biased flat and non-flat
surfaces will affect the characteristics of the ions drawn from the plasma towards the
samples and thus the interaction between the ion and the growing coating. The problem
is especially important for sharp edges and corners which strongly disturb the electric
field. In this chapter we first examine the electric field distribution and its effect on the
ion trajectories and distribution in the case of flat and of free-standing wedge-shaped
samples, starting with the simplest case of electric field in vacuum and then examining
the more complicated plasma environment present in ion-assisted PVD. We then
review the relationship between the characteristics of the ion bombardment and the

properties of the coatings.

2.1. The electric field around a biased object immersed into plasma

2.1.1. Flat samples

The ion bombardment used during coating depositions is most commonly
generated by immersing the samples into a plasma. The plasma model presented in this
section is valid for weakly ionised low pressure discharges - which represents well the
conditions typically found in the vicinity of objects treated by PVD, far away from the
plasma source. The plasma surrounding the samples inside a deposition chamber can, as
all plasmas, be characterised by a common charged particle density n, ~ n (electrons) ~
n; (ions) [particles/m3] and ion and electron temperature - T;, T, [eV]. Because these
discharges are electrically driven and are weakly ionised (the plasma density is only a
small fraction of the neutral gas density - less than 107), the applied power
preferentially heats the mobile electrons, while the heavy ions efficiently exchange
energy by collisions with the background gas - hence for these plasmas Te >> T;.

Typical value of T used in low pressure discharges is T, = 1-10 eV and T; is two order

4



of magnitude lower: T; = 0.05 - 0.5 eV (Lieberman, 1994). Typical particle density n, is
in the range no~ 10® - 10'® cm™. The characteristics of the PVD plasmas compared with

other types of plasmas are shown in Fig.2-1.
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Fig.2-1: The wide range of space and laboratory plasmas compared to the low
pressure glow discharge. The plasmas are classified according to the two
characteristic parameters - the particle density and the electron temperature (I eV =11

600 K).

Let us consider plasma confined between two grounded absorbing walls. On a
very short timescale, part of the fast moving electrons will be rapidly lost to the walls,
which means that the region close to the wall will be electron-depleted. This establishes
a thin positively charged transition layer between the quasineutral plasma and the
grounded walls - called the plasma sheath - which acts as a barrier for the mobile
electrons. Conversely, ions that enter the sheath will be accelerated towards the walls.
The potential inside the sheath thus allows the flow of the positive and the negative
carriers to the wall to be balanced. The value of the plasma potential relative to the
walls - Uy, - is of the order of few T. in order to confine most of the electrons.

In weakly ionised plasma processes, the energy to sustain the plasma is given by
heating the electrons by a source. As these energetic electrons are drifting away from

5



the source, they are subjected to numerous collisions within the bulk plasma - which
leads to a Maxwellian-type electron energy distribution. The density of the electrons
will therefore be decreasing exponentially towards the negatively biased walls. The
density distribution of the electrons inside the sheath is given by the Boltzman’s

relation:

Y,
B =n,€ "7 (Eq.2-1)

The bombarding ions on the other hand can be considered as monoenergetic particles,
as their initial energy is very low and their mean free path is large compared to the
sheath dimensions. They are accelerated towards the negatively biased walls, thus their
density within the sheath is (slightly) decreasing towards the walls. They hit the walls
with energy given by the potential difference between the plasma and the walls, which
in the case of grounded walls, is Up. During ion-assisted PVD the samples immersed
into plasma are often negatively biased in order to increase the energy of the
bombarding ions, and thus affect the properties of deposited layers (the relationship is
discussed in section 2.2.). If a negative substrate bias U, (much larger than Up) is
applied, the energy of all the bombarding ions is €U, + eUp = €Uy,

The electromagnetic field is described by the Maxwell’s equations. In the case

of negligible time variation of the magnetic field, the electric field is equal to a gradient

of a scalar potential ¢ (E=-V®P since V*E=0) which combined with the other

V-E=p/ €0 gives the basic equation

Maxwell’s equation for the electric field (
relating the spatial variation of an electric field to the existing space charge density
distribution p - the Poisson’s equation:
vio=-£
& | (Eq.2-2)

In the approximation that there are no collisions inside the sheath and that the initial ion
energy (and Te) is low compared to the applied potential (collisionless Child-Langmuir
sheath model - Child, 1911 and Langmuir, 1913), the solution of Poisson’s equation

combined with the equations for ion energy and ion flux conservation gives the

following potential, electric field and ion density distribution across the sheath:

x 4/3
®=-U,| =
57 (Eq.2-3)



4 x)1/3
_ b
35 \s (Eq.2-4)

N =i €0Ub (i)—NS
1 2
9es” \s) | (Eq.2-5)

The parameter s is the plasma sheath width equal to:

o (25/4 )[ €, )1/2( Ub3/4 ]
| T4 It A 12
3 Ne) \L"n") (Eq.2-6)

where n is the ion density at the sheath boundary. The ion and electron densities,

electric field and potential profiles inside a typical plasma sheath are presented in Fig.2-
2b.” The plasma sheath region being electron depleted, there are many fewer electrons
to excite the gas than in the plasma and the sheath therefore appears as dark when

observed visually. Hence the sheath is sometimes denoted also as ‘dark space’.
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Fig.2-2: Formation of the plasma sheath: (a) initial ion and electron densities and
potential; (b) densities, electric field, and potential after the sheath is established.

(Taken from Lieberman, 1994.)

* As will be shown later, the typical sheath width relevant to this study was on the scale of ~1 mm.
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2.1.2. Non-flat samples

Let us first consider the case of a biased edge in vacuum. The electric field in
the proximity of a sharp edge or a corner can be can be calculated as the electric field
close to two conducting planes intersecting at an angle a. (o < 27). In vacuum, where p
= 0, the corresponding Poisson’s equation (in this case called Laplace’s equation) can
be solved analytically. The solution is a complex function which close to the edge (r —

0 ) simplifies to:
~ (z/p)-1
E(r)=(=c/f)xr , - (Eq.2-7)
where B = (27 - o) and c is a constant dependent on the boundary conditions (Jackson,
1999). The electric field around a wedge-shaped sample with wedge angle o varies thus
with the distance from the edge as:

(=)
E(r) cr 2@ (Eq.2-8)

b

which gives:
Ecr™ ,fora—>0;
Exr™  fora=n/72;

Eccr™ ,foro=m/4:

E =const | for o = (flat surface);

Eoxcr , for oo = 37/2.

For convex edges (o < 7), the electric field close to the edge (which means for small r)
is stronger than for flat samples (o = m), while for concave samples (o0 > m), it is
weaker. The electric field around an edge thus depends on the edge geometry, and the
applied substrate bias which determines the constant c.

The formulas derived above can help us to qualitatively understand the shape of
the plasma sheath, which is governed by the electric field distribution (the field in the
sheath region close to the samples being similar to that in vacuum). For wedge-shaped
samples, the density of the potential lines close to the edge is higher (that is, the electric
field is stronger) than above flat sample, which means that the plasma sheath will be

contracted towards the edge. The density of the lines close to a groove is, on the other



hand, lower and the sheath will be dilated away from the edge. The three different

situations are drawn schematically in Fig.2-3.

(2) (b) (c)

Fig.2-3: Schematic representation of the plasma sheath around samples of different

geometries: the sheath is contracted towards a convex surface, and is dilated from a

concave surface.

In the simplest case of an infinite flat surface immersed into the plasma the
electric field can be calculated analytically - it is the Child-Langmuir sheath discussed
in section 2.1.1. The complexity of the Poisson’s equation in the case of non-flat
surfaces in plasma means however that the solution for the potential ® must even in the
simplest case of a spherical surface be found numerically (the density of the ions on the
right side of the Poisson’s equation being a complicated integral involving ®).

The problem of spherical and cylindrical objects in plasma is the basis of the
plasma probe characterisation technique (analysed for example by Chen, 1965), which
uses thin metal wires immersed into plasma in order to examine the characteristics of
the medium. Here, under conditions of low-pressure discharges, the current collected by
the probe is a function of the potential difference between plasma and the probe
(Langmuir equation - Langmuir, 1926), and the characteristics of the plasma such as ion
and electron density can thus be determined without the knowledge of the exact spatial
distribution of the potential ®(x). The comparison of ion currents collected by flat and
by cylindrical probes have however established two important characteristics of the ion
motion across a curved sheath: an increase in the ion flux entering the sheath and the

possibility of non-perpendicular angle of incidence of the ions (see Fig.2-4.).



Sheath

Plasma

Fig.2-4: Ion orbital motion within the sheath of a cylindrical Langmuir probe. (Taken
from Lieberman, 1994.)

Numerical calculations of the potential distribution around non-flat objects
immersed into plasma have been done in the last 15 years in the field of plasma
immersion ion implantation (PIII). This emerging technique allows the possibility of
versatile surface modification of metals, semiconductors, ceramics and polymers. By
applying negative high-voltage pulses to the substrates, immersed in a plasma, positive
ions are extracted from the plasma, accelerated to the surface and implanted into the
near-surface layer. The technique was developed to circumvent the line-of-sight
restrictions of conventional beam-line implantation, as, when immersed into plasma,
even complex three-dimensional objects are bombarded from all sides simultaneously
which allows rapid cost-effective treatment. The problem of non-uniformity of ion dose
near sharp edges and corners has, however, soon arisen, and because the treatment of
such objects is the main advantage of the technique, it lead to both theoretical and
experimental work examining the characteristics of the plasma sheath around non-
planar surfaces.

Numerical simulations of the steady state Child-Langmuir sheath around free-

standing wedge-shaped objects were performed by Watterson (1989). The work
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numerically calculates the potential distribution around a square (o. = 90°) and a knife
edge (o = 0°) from Poisson’s equation coupled with the motion of the ions across the
sheath. The calculations are done in dimensionless form which allows scaling of the
results to a particular set of parameters such as substrate bias or plasma density. The
results shows the contraction of the plasma sheath towards the edges due to stronger
electric field in the region and its effect on the ion trajectories across the sheath. The
non-uniformity of the plasma sheath is shown to cause a continuous change of the angle
of incidence of the ions from perpendicular to the surface far from the edge (which is
the planar case described in section 2.1.1.) to along the wedge plane of symmetry at the
edge. The shallower impact of the ions will affect the ion-surface interaction in the edge
region - it can lead to reduced implantation but enhanced sputtering. It also has a rather
surprising effect on the ion flux density at the surface of the wedge - while the ion flux
entering the sheath in the edge region is increased, and so is in general the ion flux
density hitting the surface, there will be a region close to the edge in which the surface
will receive less bombardment due to the ions being almost parallel with the surface.
The simulations done by Watterson (1989) form the bases of our simulations presented
in Chapter 6, where we establish a simplified model in order to extend the two-
dimensional case to three dimensions. The scaling of the problem allows its application
to a range of ion energies. The results are therefore relevant for a wide range of
techniques. |

The increasing power of computers has recently enabled the simulation of the
plasma sheath around objects of a more complicated geometry - for example U-shaped
samples (Keller, 2001), L-shaped samples (Paulus, 1999), a wafer on a stage (Kwok,
1999) or bearings (Zeng, 1999).

We should emphasise that all the discussion of the electric field around wedge-
shaped samples presented so far assume that the edges are ‘infinitely sharp’. In practice
however, the edges have always a certain radius of curvature. To a good approximation,
the analysis for infinitely sharp edges can be used for edges with a radius much smaller
than the dimensions of the plasma sheath. The changes in the electric field in the case
of edges with a relatively big radius of curvature will be discussed in Chapter 6 (section

6.1.2.c).
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In the case of ion-assisted PVD, the characteristics of the ion bombardment (ion
flux, energy, angle) are tightly bound with the properties of the growing coatings. Non-
uniformity of the bombardment which can happen in the case of non-flat samples
therefore implies non-uniform coating properties. The situation is discussed in the next

section.

2.2. The effect of ions on coating properties

The growth of a coating can be described as composed of three successive steps
(Thorton, 1986):
1.) Transport of the coating species to the substrate.
2.) Adsorption of these species onto the surface of the growing coating, their diffusion
over this surface and finally their incorporation into the coating or their removal from
the surface by sputtering or evaporation.
3.) Movement of the coating atoms into their final positions within the coating by

processes such as bulk diffusion.

Due to the non-equilibrium nature of PVD techniques, the growth of the coatings and
thus the resulting coating properties will strongly depend on the deposition conditions.
In the case of sputter deposition, the transport step (step 1) is controlled by chamber
geometry and working gas pressure, while the steps 2 and 3 - diffusion, nucleation and
resputtering processes - are dependant on the substrate temperature and can be

significantly influenced by energetic particle bombardment.

2.2.1. Flat samples

a.) General models

Extensive research has been done to examine the relationship between the
deposition conditions, including the ion bombardment, and the properties of PVD
deposited coatings. The vast majority of studies examine the problem in the case of

ideal flat samples.
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The general characteristics of the relationship between deposition conditions
and coating microstructure are described in the literature in the form of structure-zone
models. Adatom mobility of the ions is the primary correlation process in all cases. The
first such model was published by Movchan and Demchishin (1969) who found that the
microstructure of several evaporated coatings could be represented as a function of
homologous temperature (substrate temperature relative to the coating melting
temperature T/Tp,) by three zones, each with its own characteristic structure and
physical properties. The model is shown in Fig.2-5a. The transition from one zone into
another is related to the three important steps in the growth of the coating mentioned
above. The low temperature zone 1 structure consists of columnar grains separated by
voids. In this zone the atomic mobility is low, the incident atoms adhere where they
impinge, and atomic shadowing - influenced by the transport of atoms towards the
substrate (step 1) - is thus the dominant mechanism for growth. At higher temperatures
the surface diffusion of the atoms (step 2) becomes significant which leads to dense
columnar zone 2 structure. In zone 3, at still higher temperatures, the bulk diffusion
(step 3) becomes activated which enables recrystallisation of the grains leading to fully
dense equiaxed coating structure. The Demchishin-Movchan (DM) model was
established for coating depositions without (significant) ion bombardment, the
temperature being varied by heating the substrate. The influence of ion bombardment
on the growing coating is however similar to increasing the substrate temperature, as
the ions deliver energy to the adatoms and thus enhance the surface and bulk diffusions
(Hultman, 1991). The ion bombardment, under suitable conditions, thus results in
densification of the coatings and enhanced renucleation (which will be discussed in
more detail later).

The DM zone model was extented by Thorton (1974) to magnetron sputtered
films by adding an axis to account for the effect of working gas pressure (Fig.2-5b).
Messier (1984) further extended the zone model by replacing the pressure axis with
substrate bias axis, which directly shows the role of ion bombardment. Increasing bias
voltage increases the energy of the bombarding ions, thus enhancing the adatom
mobility (providing the energy is not too high). Consequently, increase in the bias
voltage during the deposition can suppress the voided zone 1 structure and thus leads to

densification of the coating. A structural zone model based on the mobility of
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individual grain boundaries was proposed by Grovenor (1984) (Fig.2-5c). Increase in
the temperature increases the mobility of the grain boundaries - which enables the

growth of larger grains at the expense of smaller and leads to dense coating structure
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Fig.2-5: The structural zone models for coating growth proposed by: (a) Movchan and
Demishin (1969), (b) Thorton (1974), and (c) Grovenor, Hentzell and Smith (1984)

The relationship between the density of the coatings and adatom mobilities
which is the bases of the zone models is supported by theoretical simulations. Monte

Carlo (Muller, 1985 and 1986) and molecular dynamics (Muller, 1987) simulations of
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the film growth have shown that porous microstructures form because of shadowing on
the atomic size scale due to low adatom mobility. Simulations also predict that films
grown under low-energy ion irradiation should have a density increasing almost linearly
with the ion-to-atom flux ratio.

The utility of structural zone models stems from their simplicity and generality
(Messier, 1986). In the case of ion bombardment which induces a range of different
effects (besides the enhanced adatom mobility) the relationship between the
microstructure of the coatings and the deposition conditions is, however, more
complex. Extensive research work in the last 20 years has shown that the interaction
between the ions and the growing coatings can cause:

a.) resputtering of the adatoms, which competes with the growth (when the atoms

receive enough energy from the ions to be detached from the surface)

b.) fundamental changes in the growth kinetics due to:

B enhanced surface diffusion (enhanced mobility of the adatoms combined with
alterations in surface binding energies and the size of adatom clusters)

B production of defects in the growing surface

B incorporation of trapped ions into the coating

B alteration of the chemical reactions between the atoms.

The effects which dominate in a particular case depend on the ions characteristics -

energy, flux, angle of incidence, mass - as well as the substrate and coating materials,

their crystallographic orientation, coating growth rate and growth temperature. Ion

irradiation during growth can thus have beneficial effects, such as enhanced diffusion of

the adatoms leading to coating densification. On the other hand, it can also lead to

residual damage of the coatings due to ion-induced defects and ion implantation, and its

partial or complete removal by the resputtering of the adatoms. In practical applications,

careful balance of the deposition conditions is therefore required.

b.) TiN and TiAIN coatings

The structure-properties relationship in nitride-based coatings is of particular
importance since nitrides have high melting temperature and the films are usually

deposited far from thermal equilibrium conditions. (The melting temperature for TiN
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and TiAIN is >2000°C.) Furthermore even small deviations from a particular
microstructure can have detrimental effects during usage in an actual application. The
relationship is, however, complicated due to the complex nature of the deposition
process and the large number of parameters imposing kinetic limitations on the growth
process.

Extensive work has been done to examine the influence of ion bombardment on
the properties of TiN and TiAIN coatings, often by varying the ion energy and/or the
ion flux. The ion characteristics in some of the most detailed studies are summarised in

Table 1.

Work by: coating | Ji/Jnme Up T, ions
Sundgren (1983) TiN 0-4 0-700 V| 500°C Art (+N;5)
Hultman (1988) TiN 1.3 0-500V 550-850°C | Np°
Hultman (1991), TiN 03-7.1 [100V 350°C Art (+ Ny
Valvoda (1991)

Petrov (1992) TiN 0-0.6 0-1800 V | 360-500°C | Ar"
Hultman (1995) TiN 1-15 20V 350°C Ny*
Hakansson (1987) | TiAIN |1 0-250V | 250°C Ar" (+N;)
Adibi (1993), TiAIN | 1-10 20-100 V| 250°C N,

Petrov (1993)

Table I: Summary of the deposition conditions from selected studies examining

magnetron sputtering of TiN and TiAIN coatings.

Without the use of ion bombardment, at substrate temperatures less than 500°C, both
TiN (Sundgren, 1983 and Petrov, 1992) and TiAIN (Hakansson, 1987) were found to
have voided underdense structure. The formation of this type of microstructure as a
result of low adatom mobility and atomic shadowing was demonstrated by Monte Carlo
and molecular dynamic simulations, described above. Closer examination (Petrov,
1993) has shown furthermore that the growth without ion bombardment is competitive -
which results in non-uniform columnar structure (the column width of some columns

increases with the thickness of the film while others grow out of existence) and in
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kinetics-controlled (111) preferred orientation of the grains. The open voided structures
obtained in these conditions cannot support large vertical loads and hence have
relatively low hardness (Hakansson, 1987).

To obtain dense TiN or TiAIN films without the use of ion bombardment,
temperatures significantly higher than 500°C (Sudgren, 1983) would be required. The
films grown at high temperatures have more uniform and denser columnar structure and
exhibit thermodynamically driven (002) texture (Hultman, 1995). These temperatures
are however too high for most of the applications. In the case of cutting tools made
from high speed steel for which the tempering temperature is ~550°C, the high
temperatures would induce unwanted changes in the structure of the steel. In order to
keep the substrate temperature below 500°C and obtain dense high quality films, ion
irradiation during growth has thus to be employed.

The use of ion bombardment during growth introduces two fundamental
parameters which affect the film microstructure, and hence properties - the energy of
the ions (E;) and the flux of the ions relative to the flux of metal atoms incident at the
substrate at the same time (Ji/J¢). The importance of considering the ratio Ji/Jy rather
than purely J; was shown by Hultman (1991). Under some conditions the coating
properties can be correlated with the product of E; and Ji/Jy, - which is related to the
average energy brought by the ions per atom (Harper, 1984 and Huang, 1985). The
increase in both - ion energy and ion/metal flux ratio - can lead to densification of the
coatings, as the adatoms receive in total more energy. In general, however, the ion-
irradiation-induced changes in film microstructure and properties were found to follow
distinctively different mechanistic pathways depending upon whether E; or Ji/Jme was
varied (Petrov, 1993).

Even a relatively modest increase in the ion energy above 20-40 eV (at low
temperatures, in the case of N-ions or Ar-ions) leads to creation of ion-induced defects.
Some of these defects can, however, be annealed out because of the simultaneous
enhancement of the adatom mobility. The balance between the two processes depends
upon the ion energy which determines how deep the ions can penetrate, and how many
defects they can create (Hultman, 1988). For low substrate biases (Up, < 100V in the
case of TiAIN studied by Hakansson, 1987) where the collision cascade is localised in

the outermost surface layers, the residual defect density is relatively low (provided the
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ion flux is not too high). At higher bias voltages however the increased energy of the
ions and the increased depth of collision cascades causes a larger fraction of the defects
(point defects, dislocation loops), as well as ions, to remain trapped in the lattice. This
causes continuous renucleation during the growth (disrupting the columnar structure of
the coating) and changes the stress inside the coating from tensile to compressive,
increasing with the ion energy - especially for the usual case of deposition in mixed
Ar/N, discharges (Hultman 1988, 1991 and 1995). In the case of very high ion energies
(in the keV range) the main effect of the ion bombardment becomes the implantation of
the ions into the material. A review of ion-surface interaction in these conditions is
presented for example in Sharkeev (1994).

Increase in the ion/metal flux ratio has a different effect on the growing coating.
If the energy of the ions is kept sufficiently low, the collisions happen near the surface
and their primary role is to enhance the adatom mobilities. The effect of increasing the
ion flux in these conditions is thus similar to increasing the substrate temperature.
TiAIN coatings deposited at low substrate temperatures (Ts = 250°C) under conditions
of low ion energy E; = 20 eV and low ion/atom ratio Ji/J,. = 1, were found to have
(111) texture, evolving gradually by competitive growth, and develop a porous
columnar structure. On the other hand, films deposited under the same conditions but at
higher ion flux Ji/Ja > 5, exhibited complete (002) texture and a dense columnar
microstructure - closely resembling TiAIN coatings obtained by increasing substrate
temperatures from 250°C to >400°C, without ion bombardment and thus without ion-
induced defects (Adibi, 1993). A similar trend was observed for TiN coatings in
(Hultman, 1995).

Another (unwanted) effect related to the use of ion bombardment during the
growth is the resputtering of the atoms from the growing layer by the ions, which can
lead to reduction in the thickness of the coatings and in severe cases complete removal.
This effect depends on the total energy delivered by the ions per atom, and is thus
enhanced by both increase in the energy of the ions and/or increase in the ion flux. If
relatively low ion energies are used, the resputtering can be reduced, provided however
that the ion flux is not too high.

The growth of TiN and TiAIN high-quality films with reduced epitaxial

temperatures thus requires a careful balance, utilising the beneficial effects of ion
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irradiation, such as enhanced diffusion, while minimising residual damage and
resputtering of the coating - which can be achieved by selecting low ion energy and
relatively high ion/atom flux ratio. In these conditions, high quality dense films with
good mechanical properties can be obtained. In practical applications, growth rates of a
few umv/h, ion current densities in the mA/cm? range and ion energies between 25 and
100 eV (and temperatures below 500°C) are used (Adibi, 1993 and Hultman, 1995).
The typical ion/metal ratio is thus ~1-10 The demand for a deposition method which
would allow a significant increase in the ion flux incident at the substrate, as well as
independent control of the substrate ion current density and the substrate bias, lead to
the development of unbalanced magnetrons with magnetic plasma confinement
(described in more detail in Chapter 3).

In the case of flat samples, the relationship between the ion characteristics and
the coating properties is examined by comparing different samples, each deposited at
different conditions. The relationship is in principle the same in the case of non-flat
samples, but here different conditions can occur within one sample - leading to local
changes in the coating properties. As discussed in section 2.1.2. for free-standing
wedge-shaped samples, a sharp edge will induce changes in the ion flux and the angle
of incidence of the ions. Due to the gradual change in the conditions of the ions
bombardment we can expect changes in the ion-surface interaction and thus in the
properties as a function of the distance from the edge. Despite the importance of the
problem in practical applications where three-dimensional objects have to be coated,
only few related reports, offering no detailed explanation or quantification of the

effects, have been published. They are discussed in the next section.
2.2.2. Non-flat samples

a.) Changes due to non-uniformity of the plasma sheath

Magnetron sputtering and arc deposition

Johansson (1984) has examined the TiN thickness variations on non-flat

substrates (sharp wedges, U- and L-shaped samples) coated by DC magnetron and RF
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sputtering. In the case of wedges coated by magnetron depositions with ion/metal flux
ratio ~0.6, changes in the thickness as a function of the distance from the edge were
found which were strongly dependent on the ion energies. For Uy < 150V the thickness
was increasing, at Up = 200V it was decreasing, and at U, > 350V complete resputtering
of the coating near the edge was observed. The effects were attributed to higher ion flux
near the biased edge leading to enhanced resputtering in the edge region, increasing
with the ion energy.

Rother (1997) and Jehn (1997) reported on magnetron (double and unbalanced)
and arc deposited TiN coatings on sharp wedges and grooves. They have observed
thickness and hardness variations, as a function of the substrate geometry. In the case of
magnetron deposition, changes in the colour of the coating could be seen as well. The
experiments were done at conditions of Ji/J ~1, E; ~ 50-100 eV.

Kvasnicka (1999) and Novak (1999) have studied homogeneity and adhesion of
TiN coatings deposited on blades (with angles 20° and 90°) by magnetron and arc
sputtering at Ei = 0-60 eV (Ji/Je not being specified). Degradation of the coatings in
the edge area was observed - lowered adhesion, in some cases desintegration. The
effects were observed to depend on the substrate bias (0-60 V) and the edge radius of
curvature (5-80 pm).

Changes in properties of CrN coatings deposited on sharp wedges (with angles
30°, 60°, 90°) by cathodic arc were examined by Kim (1998). Substrate bias was varied
between 100 and 400 V (Ji/Jm. not being specified). He observed an accumulation of
macroparticles near the edges - indicative of higher ion flux. The density of the
accumulated particles increased with the sharpness of the edge. Changes in the
thickness, composition and hardness of the coatings in the edge region were detected as

well.
Plasma immersion ion implantation and plasma nitriding

In the keV energy range, ion bombardment results in implantation of the ions
into the material being bombarded. The resulting modification of the material properties
in a distinctive surface layer is used in techniques such as plasma nitriding and PIII.

Here also, the treatment of non-flat samples is related to the problem of non-uniform
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ion bombardment leading to non-uniform implantation, and thus non-uniform material
properties.

In the field of plasma nitriding, where N ion irradiation with energy ~500 eV is
used to create a modified N-enriched surface layer (in order to increase the adhesion of
subsequently deposited coatings and improve corrosion resistance), non uniform
nitrided layers were observed on non-flat samples. Ataide (2003) has observed a
modified region near the edges of nitrided cylindrical samples, discussed in relation
with non-uniform ion flux due to electric field variations and with surface diffusion. In
this region N-concentration in the surface layer and its microhardness were altered.
Nayal (1999) examined the uniformity of nitriding in the case of industrially used drills.
Changes in the N-concentration and hardness in the cutting edge area were observed.

Ensinger (1997 and 1998) has measured the ion implantation concentration
during the PIII process (described in section 2.1.2.) as a function of the distance from
the edge, for wedges with different edge angles. For all the wedges he found a decrease
in the implantation concentration towards the edge in agreement with the effects
simulated by Watterson (1989) and others - reduced implantation depth (shallower
implantation) and increased resputtering of the near-surface layer due the oblique angles
of incidence of the ions, as well as decreased ion flux density on the surface near the
edge (discussed in section 2.1.2.). The observed gradient was found to increase with the

sharpness of the wedge.

b.) Changes due to other effects

The electric field in the vicinity of non-flat surfaces is different than in the case
of flat surfaces (equation 2-8). The geometry of the sample (whether for example the
edge is free-standing or there are several adjacent edges) and the plasma sheath width
(whether it is comparable with the surface variations or much bigger) determine how
much the plasma ‘feels’ the alteration in the electric field, and thus how much it will
change. Our research which will be presented in the following chapters, and thus the
discussion presented so far, is concentrating on the case of free-standing convex
samples. The effects we study - non-uniformity of the ion bombardment and thus of the

coating properties - are a consequence of non-flat plasma sheath which follows the
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shape of the non-flat surface. There are however also papers reporting changes observed
on non-flat samples due purely to the relative orientation between the ion flux and the
sample surface. Examples of this type of studies are discussed in this section.

In the case of convex surfaces such as wedges, the sheath of any width bends
around the surface if it is free-standing. When, however, several wedges are placed next
to each other, it is possible to smear out the plasma sheath, if the plasma sheath width is
not very small. In these cases, local changes in the properties of the coatings are created
because of the changing angle of incidence of the ions - the ions come all from one
direction but meet the oblique surface at different angles (see Fig.2-6a). An example of
this type of situation is the work of Jonsson (1999) who studied sloped surfaces
(composed of adjacent wedges) coated by magnetron sputtering. The dimensions of the
surface variations being much less than the plasma sheath width (um vs. mm-scale), the
ions flux could be regarded as unidirectional, hitting the sloped surface at different
angles depending on the position. The resulting gradual change in the composition of
magnetron sputtered coatings was studied, both experimentally and theoretically.

In the case of concave surfaces, such as trenches and grooves, the degree to
which the plasma sheath will be affected in their vicinity depends on the relative
dimensions of the features and the plasma sheath width. If the substrate variations are
much less than the plasma sheath dimensions, which is often the case for coating
applications on microelectronics devices, the plasma sheath above the surface is
practically planar. Here again the ion flux can be described as unidirectional and
changes in the coating properties will be created as a result of different orientations of
the surface relative to the ion incidence (see Fig.2-6b). Detailed numerical and
experimental studies of the coating uniformity in the case of trenches with different
geometries (aspect-ratios) coated by magnetron sputtering was done for example by
Hamaguchi (1996).

There are also coating techniques which, instead of immersing the samples into
plasma, use a focused beam of ions directed towards the sample in order to influence
the coating condensation. Here the ions are directed to arrive unidirectionally and again
changes in the coating properties are created when they hit non-flat surface due to the

different angles of incidence. An example are the works of Enders (1994) and Klatt
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(1995) which study the thickness variations on cylindrical samples coated by ‘ion-

\

beam-assisted deposition’ (IBAD).

T Nl T NN

(a)

(b)

Fig.2-6: Schematic representation of the plasma sheath and the ion bombardment in
the case of adjacent wedges and groves. If the dimensions of the surface variation are
much smaller than the plasma sheath width - figure (a) and (b) - the plasma sheath and
thus also the ion flux and incidence are similar to the case of a flat surface. If however
the dimensions of the surface variation are similar to sheath width, the plasma and the

ions are altered by the non-uniform electric field in the vicinity of the surface - figure

(©).

23



Chapter 3: Fabrication and analysis of the samples

In this chapter we summarise the experimental detail related to the fabrication of
the samples: preparation of the wedge-shaped samples and subsequent coating
deposition by combined cathodic arc/unbalanced magnetron process. We then discuss
the analytical methods we have used to study the coatings on the wedge-shaped
samples, and present detailed analysis of the problems encountered during

compositional measurements using SEM+EDX and their possible solution.

3.1. Fabrication of the samples

3.1.1. The geometry of the samples

Wedge-shaped samples were chosen as a simple model which would represent
the real cutting edge and would allow to change easily the edge angle and radius of
curvature. This geometry was also well suitable for theoretical modelling of the plasma
sheath. The wedges were machined from stainless steel and carefully mirror-polished

(to roughness ~10 nm). A schematic view of the wedges is presented in Fig.3-1.

50mm

Fig.3-1: Schematic representation of the wedge-shaped samples. Marked by the letters
A and B are the two corners of the wedge.

We have varied the wedge geometry (angle and radius of curvature - see Fig.3-2), as
well as the deposition conditions (substrate bias). Two different coatings were applied

on the wedges. The different samples are summarised in Table II.
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Coated with TiAIN/VN: Coated with TiAICrYN:
Angle 30°, 45°, 90° 30°, 45°, 60°
Radius of curvature 10 pm 2 pm, 250 pm
Deposition bias -75,-105V,-150 V -75V

Table II: Summary of the different wedge-shaped samples examined in this study.

For the wedges coated with TiAIN/VN, three different wedge angles, spanning
the angular range typical for cutting tools, were chosen: 30°, 45° and 90°. The radius of
curvature of all the wedges was ~10 um. The wedges were coated at three different
substrate bias values: -75V, -105V and -150V.

In the case of TiAICrYN coating, wedges with angles 30°, 45° and 60° were
coated. The deposition bias was -75V. Two sets of wedges were fabricated. The first set
was polished very carefully to leave the edges as sharp as possible, the second set was
ground and polished extensively to produce rounded edges. In this way, for each angle

two very different radii of curvature - 2 pm and 250 pm - could be examined.

angle radius of
curvature

Fig. 3-2: The two parameters de&cribing the edge geometry - the angle and the radius of
curvature of the edge. While the angle is fixed, the radius of curvature changes during

the coating deposition (increases with increasing the thickness of the coating).
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In order to be able to compare the model wedge-shaped samples with real
cutting tools, industrially used ball-nosed end mills (Marwin tools, HSC16 2B, 8§ mm

diameter) were coated at the same time as the wedges and analysed.
3.1.2. The coatings

The edge-related effects were studied on two different state of the art coatings
used in cutting tool industry: TigsAlo sN/VN and Ti47Aly.4sCro.03Y0.02N. These type of
sophisticated coatings help in the development of cutting tools suitable for dry
machining - a promising technology which avoids jche use of cooling and lubricating
fluids connected with ecological and economical problems (environmental pollution
and problems concerning waste disposal.)

TiAICrYN has the same attractive properties as TiAIN - high mechanical
hardness, good wear and oxidation resistance - benefiting from further improved
oxidation and corrosion resistance by the small additions of Cr and Y (Donohue, 1999).
It is used for example to coat cutting tools for dry high speed cutting of die steels or for
the protection of aerospace Ti alloys.

TiAIN/VN on the other hand has the advantage over TiAIN of being a
superlattice - a material composed of nanolayers of two different materials. This type of
‘ordered mixing’ allows one to take advantage of the characteristic features of each
material and also to obtain synergetic effects. The use of multilayers was shown to
improve the adhesion between the coating and the substrate and increase the strength
and hardness of the deposited films (Helmersson, 1987). The TiAIN/VN coating is used
as a low friction wear resistant general purpose coating for cutting tools used in the
machining of high speed and high alloy steels. The period of the superlattice was
typically 3.0 nm (Miinz, 2000).

Both coatings had a thin base layer which improved the adhesion of the coating
to the substrate - 0.2 um thick TiAICiN in the case of TIAICrYN and 0.2 um thick
TiAIN in the case of TiAIN/VN. Additionally, the top of the TiAICrYN coating was
protected by a specially designed thin oxide layer. More details can be found in (Miinz,

2000).
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3.1.3. The deposition process

The coatings were deposited by industrially used combined cathodic
arc/unbalanced magnetron sputtering process (CA/UBM). The combination of arc
deposition with magnetron sputtering, introduced by Miinz (1992), offers several
advantages over other deposition techniques. Magnetron sputtering eliminates the
problem of droplet formation associated with arc discharges, while cathodic arc
deposition provides significantly higher ion fluxes. The use of arc ion-etching of the
substrates prior to coating deposition produces high quality coating/substrate interface
(Schonjahn, 2000). The subsequent unbalanced mode during the main coating
deposition provides low energy high flux ion irradiation, which was shown, in the case
of flat samples, to greatly improve the properties of the coatings (as discussed in section

2.2.1).

~ 3-fold rotation of

| the samples

Fig.3-3: Schema of the CA/UBM industrial deposition chamber.

The depositions were performed in an industrial size Hauzer Techno Coating
HTC 1000-4 ABS combined CA/UBM sputtering system, shown schematically in
Fig.3-3. The growth chamber consists of four (19x60 cm) vertically mounted targets
which can function in either UBM or CA mode - depending on the positioning of the
permanent magnets. The cathodes are magnetically coupled in close-field manner by
electromagnets surrounding the targets. This allows sputtering to be carried out in a
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magnetically ‘unbalanced’ mode in order to provide higher ion currents to the substrate.
During deposition, the substrates undergo 3-axis planetary motion, at an average
distance from the targets of 25 cm. A typical deposition sequence consists of substrate
heating and degassing, target sputter-cleaning, CA substrate etching, and UBM coating
deposition.

Sputtering conditions typical for industrial depositions on cutting tools were
used: target power 8 kW, substrate temperature 450°C, sputtering gas (Ar) pressure
~2x10” mbar and deposition time ~4 hours. The growth rate, measured on a flat
substrate, was ~1 pm/hour. The characteristics of the ion bombardment were measured
by plasma probes. The average ion to atom flux ratio was ~4. The plasma density, in the
vicinity of a flat substrate, was in the range of 10'® m™ and the average plasma
temperature was ~3eV. The energy of the ions (given by the substrate bias) was varied
from ~75 €V to 150 eV. Prior to the magnetron sputtering, a short cathodic arc etching
step was used to clean the sample surfaces and to create a high quality interface for
subsequent film growth - the samples were etched for 20 min at -1200V by V-ions (for
TiAIN/VN) or by Cr-ions (for TiAlCrYN). Detailed description of the deposition
processes can be found in (Petrov, 1997).

The deposition took place in a reactive Ar+N, atmosphere at total pressure of
~3x10” mbar:: Ar pressure ~2x103 mbar + N3 pressure ~1x107 mbar. The N, fraction
in the gas was thus ~0.3. Under these conditions, the dominant ion species present in
the chamber were Ar". Detailed analysis of the fluxes of ion and neutral species during

magnetron sputtering can be found in Petrov (1994).

3.2. Scanning and transmission electron microscopy

3.2.1. Principle of the techniques

The interaction between a high energy electron beam (in the keV-energy range)
and a solid material generates a range of possible signals which can be detected and
used for structural and compositional analysis (Fig.3-4). Some of the incident electrons
cause emission of secondary electrons and characteristic X-rays from the material.

These type of signals are detected by scanning electron microscopes combined with X-
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ray spectrometers - the intensity of the secondary electrons is used to create an image of
the sample, while the energy of the X-rays allows identification of the elements present.
The transmission electron microscopes examine the electrons passing through the
samples - directly transmitted and elastically or inelastically scattered. Necessarily the
samples need to be very thin - typically < 200 nm (unlike in SEM where bulk samples
can be analysed) and the energy of the beam is 10-100 times higher than that used by

SEM instruments.

Incident Secondary
high-kV'beam  e1ectrons (SE)
Backscattered
electrons (BSE) Characteristic -
: X-rays
Auger clectrons / lelsglme
aroed. e Bleerronitinl
/ \ Bremsstrahlung
Specimen X-rays
Elastically Inelastically
scattered Direct s;:atwred
electrons beam clectrons

Fig.3-4: The range of different signals produced by the interaction between high-

energy electrons and a solid material. (Taken from Williams, 1996.)

The major components of a transmission electron microscope are shown in
Fig.3-5: there is a source of electrons, a system of condenser lenses to collimate the
electron beam on to thé specimen, an objective lens to provide a first focused and
magnified image, and a projector system (composed of several lenses) which magnifies
the image to its final size and projects it to a viewing screen. The structure of the
instrument is analogous to a transmission optical microscope, using electromagnetic
lenses instead of the optical ones.

In the back focal plane of the objective lens all electrons diffracted by the
specimen in a specific direction will be collected to a point (Fig.3-5). This point will

represent a family of lattice planes in the crystal lattice and is hence a reciprocal lattice
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point. The diffraction pattern (the collection of the reciprocal lattice points) can be
imaged on the fluorescent screen on the bottom of the TEM by changing the focus of
the uppermost projection lens from the image plane of the objective lens to its back
focal plane. The selected area aperture is used to select the area from which the

diffraction information is obtained.

electron gun

condéenser
systém

specimen plane —» <«— the sample

<«— objective lens

back focal plane

of the objective ~— <— objective aperture

first image plane —» <— diffraction selected

area aperture

proj eéctor
systém

<«— viewing screen
<— photographic plates

Fig.3-5: Schematic representation of the main parts of a transmission electron

microscope, arranged along the main axis of the instrument.

The contrast in the imaging mode arises both from inelastically as well as
elastically scattered electrons. The contrast between the inelastically scattered electrons

is related to the sample thickness, the density or atomic number within the sample. The
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far more important contrast mechanism is created by the diffraction of the elastically
scattered electrons. The objective aperture (placed in the back focal plane of the
objective lens) can be used to block all the diffracted electrons, which creates a bright-
field image, or select electrons diffracted in a certain direction - the resulting image is
called dark-field image. The size of the condenser aperture controls the intensity of the
electron ‘illumination’.

The SEM instrument is essentially the top part of the TEM, with the addition of
scanning coils (placed above the objective lens) which scan the electron beam across
the sample. The secondary electrons are collected by a detector positioned at an off-
normal angle. The reflected primary electrons can be collected by another detector
placed at near-normal incidence. The detected electron current is magnified and swept
over a TV-screen simultaneously with the scanning electron probe. The contrast in the
image is dependent on the secondary electron yield difference over the sample surface.

The maximum resolution in a SEM, typically > 5 nm, depends on the diameter
of the electron probe combined with the dimensions of the excitation volume of the
signal being detected. In the case of a TEM, it is also influenced by the electron

wavelength and the lens characteristics and can be < 0.5 nm.
3.2.2. Analysis of the coatings

The main tool of the analysis in our study was scanning electron microscopy -
its big advantage being the possibility to assess big areas on the wedged-shaped
samples and immediately see the differences as a function of the distance from the
edge. Without difficult sample preparation, extensive information about the
morphology, thickness and topography of the samples at different places could be
collected. The combination of SEM with EDX allowed us to measure the composition
at the same time. Here the linescan mode (detection of characteristic X-rays along a
given line drawn on the sample) has shown to be especially useful - continuous change
in the composition as a function of the distance from the edge could be detected.
However, in order to get reliable results we had to analyse problems related to the EDX
method - such as preferential absorption of some of the X-rays in case of multi-

component material. The analysis is presented in section 3.3.
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Transmission electron microscopy, on the other hand, was used to get detailed
localised information about the internal structure of the coatings. It allowed us to study
the grain structure of the coating right on top of the sharp edge (using the bright-field
and dark-field imaging) and the preferred orientation of the grains (using the electron
diffraction). Its main drawback was the difficult sample preparation, which is discussed
in the section 3.2.3.

The wedges were analysed in three different situations shown in Fig.3-6. The
whole wedges were studied by SEM+EDX from the top and from the side (Fig.3-6a).
Furthermore cross-sectional samples from the edge region were prepared (F ig.3-6b) and
studied by SEM and, after further preparation, by TEM.

The SEM analysis was performed using Jeol JXA-840A instrument at the
accelerating voltage 20kV. The TEM analysis was performed using Philips CM20
STEM at 200 kV and Jeol JEM4000 TEM at 400 kV.

(a) ltop view (b) cross-
sections

. N
Sldf View / /

Fig.3-6: (a) The two different sample positions during the SEM analysis. (b) Schematic
view of the cross-sectional samples, which were cut out from the edge region in the

middle of the wedges.
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3.2.3. Sample preparation

a.) SEM

The first step in the preparation of the cross-sectional samples is shown in Fig.3-
6b. Small pieces - with dimensions ~2 by 2 mm and thickness ~1 mm - were cut from
the edge area using Buehler ISOMET 4000 Linear Precision Saw. The cutting machine
could be used to cut thé stainless steel wedges, but not the much harder cemented-
carbide end-mills. In this case spark erosion had to be used to separate the pieces from
the edge area. The cross-section sides of all the samples were then mechanically mirror-

polished.

b.) TEM

Two different TEM sample preparation techniques were used: ion beam milling
using Gatan PIPS 691 and focused ion beam lithography using FEI FIB 200 instrument.

For the ion beam milling, cross-sections were first prepared in the same way as
for the SEM analysis. They were then ground to a thickness of ~20 um, polished and
mounted on a supportive copper grid. The final thinning to electron transparency was
done using high-energy Ar-ion bombardment inside the PIPS instrument. The energy of
the ion beam was 5 keV and the average current was ~16 mA. The ion guns were
positioned at 5° relative to the sample surface, in order to assure uniform thinning of
the material (Helmersson, 1986). In our case, it was however very difficult to position

the beams exactly at the sharp edge, and to thin the area uniformly. The process had to

be intérrupted at regular intervals and the sample removed and examined in the SEM -

in order to check the thinning progress. Using the information from SEM, fine
adjlistments of the sample position relative to the beams had to be done by hand - which
again was a major difficulty.

The FIB, on the other hand, was well suited for the preparation of our samples.
The principle of FIB is very similar to a scanning electron microscope, except that a
focused beam of ions, used instead of the electrons, can ‘cut’ the sample material along

selected lines. The high precision of the focused beam allowed us to easily select the
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region of interest. The process could be checked continuously (in-situ) with the attached
imaging mode. The whole selected area could be thinned uniformly, up to a thickness
~80 nm. Here the critical part was the last stage of the preparation, when the extremely
small sample, with dimensions ~10 by 10 um and 80 nm thin, had to be collected from
the chamber and plucked onto a supportive copper grid.

The FIB sample preparation of a cross-sectional sample from a 30° wedge is
shown in Fig.3-7, taken inside the FIB chamber during the thinning process. We can see
the rectangular groove situated on the edge from which, layer after layer, the material
was cut away by the focused ion beam leaving a very thin cross-section in the middle of
the groove. The major part of the thinning was done using ion beam with energy 30
keV and ion current 1 nA. In the last stage (when the sample thickness was <200 nm)
the energy was decreased to 5 keV and the current to 100 pA - in order to reduce
damage to the material by the focused ion beam. When the cross-section reached the
final thickness (~80 nm), lines perpendicular to the cross-section were cut at the borders
and the thinned area was detached from the rest of the sample. The dimension of the

cross-section thus obtained were ~10 by 10 pm.

f?
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Fig.3-7: Micrographs (at two different magnifications) showing the FIB sample

preparation. The coating around the edge is clearly visible in the thinned region.
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3.3. EDX analysis - absorption problems

3.3.1. Inside the coating

During the compositional analysis of our TiAIN-type coatings we have been
concentrating on the relative ratio of the two main elements - Al and Ti. In this section
we would like to analyse the relation between the X-ray intensity of Al and Ti and their
concentration inside the coating. We then discuss whether we can use the change in the
Al/Ti X-ray ratio as an approximate direct measure of the change in the compositional
ratio of this two elements.

The characteristic X-ray intensity is, to a first approximation, proportional to the
mass concentration of a particular element (Reed, 1993). This is related to the fact that
the incident electrons lose their kinetic energy mainly through interactions with orbital
electrons of the target atoms, the number of which is approximately proportional to
atomic mass. In reality however there are several effects which can disturb this simple
assumption and need thus to be accounted for:

B absorption of characteristic X-rays emerging from the specimen

B Joss of X-rays owing to incident electrons being backscattered out of the specimen

B variation in the efficiency of X-ray production, as governed by the ‘stopping power’
of the specimen

W enhancement of the characteristic X-ray intensity due to fluorescence by other lines
and by the continuum.

These effects may be represented by separate factors: F, (absorption), Fy

(backscattering), Fs (stopping power) and Fr (fluorescence) and the overall correction

factor F is given by the product of all the factors:

F=F,F,F,F,
. (Eq.3-1)

The calculation of the correction factors is called ‘ZAF analysis’ - A stands for
absorption, F for fluorescence and Z for atomic number (as both, the scattering and the
stopping power, are function of the atomic number).

We have done the calculation for Al and Ti radiation inside pure TiAl alloy with
Al/Ti atomic ratio 1:1, which means mass ratio ~0.58. The full calculation is presented

and explained in the appendix. The absorption correction for the Al-Ka radiation in the
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alloy was found to be 50% higher than that for the Ti-Ko radiation. All the other
corrections were relatively small - backscattering ~1%, stopping power ~3% and
fluorescence ~1%. Similar absorption correction was found for TiAIN. The ratio of the
correction factor Frya; inside TigsAlg s was calculated to be ~0.75. If the atomic ratio of
Al and Ti is 1, their mass ratio is: 13.1/22.6 = 0.58 - which is equal, in the first
approximation, to the ratio of the emitted X-rays. Multiplying this by the correction
factor, which accounts for the higher absorption of Al radiation, we get the corrected
value of the Al/Ti X-rays ratio: 0.58x0.75=0.44. This is in good agreement with the
experimentally measured values. For flat Tio47Alo48Cro03Y0.02N coating, the Al/Ti X-
ray ratio (undisturbed by the presence of the substrate - section 3.3.2.) was measured to
be ~0.46 (see Fig.3-11) , which is ~5% different from the value calculated using the
simplified system. In the case of the TipsAlgsN/VN coating, the Al/Ti X-ray ratio
measured far from the edge is ~0.50 (see for example Fig.4-6 in Chapter 4), which is
~12% different.

In our study we have been measuring the relative Al/Ti ratio at different
positions along the samples. The relationship relating the change in the Al/Ti X-ray
intensities (Layri) to the actual change in Al/Ti composition (cayri) can be written as:
(Caum )y _ L % (Fgyridy
(cam)s  Laym)2 X (Fyyi), ’ (Eq.3-2)

where Fayri is the ratio of the correction for Al to that for Ti and index 1 and index 2
denote two different positions. All the individual corrections which are included within
the factor F are a function of the composition of the sample (see the calculation in the
appendix). If the composition at the two places is different, the correction factor will
thus also change. We need therefore to establish how big the difference will be for the
range of compositions present in our samples.

Instead of several further ZAF calculations, we have done modelling of the
EDX measurements using CASINO Monte Carlo simulation programme (Hovington
1997a, 1997b and Drouin, 1997). Fig.3-8 shows the typical schema of the simulations -
electron beam (shown as red arrow) is bombarding the material and the trajectories of
the primary and secondary electrons are calculated as well as any X-ray emissions
during the interactions. We have simulated the EDX measurement on a TiAIN coating

for a range of Al/Ti compositions. The corresponding intensity ratios in the
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compositional range relevant for our coatings are shown in Fig.3-9. We can see that the

relationship is to a good approximation linear, which means that in our conditions:

Ac i = ALyp (Eq.3-3)

] urcentage complete : 66 x l

Z (nmd>

951

substrate coating

Fig.3-8: The figure shows a typical CASINO simulation. The electron beam
(represented by the arrow) is scanned across the surface (the substrate-coating
interface) and the electron trajectories for a series of positions are calculated. The

pear-shaped excitation volume from which X-rays are emitted is clearly visible.
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Fig.3-9: The ratio of simulated Ka Al/Ti X-ray radiation emitted from TigsAlysN, as a

function of the compositional ratio of the two elements (CASINO).
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3.3.2. At the substrate-coating interface

We have seen in the previous section that Al radiation is much more absorbed
by the coating material than that of Ti. The difference is however even greater when
considering the substrate material. The corresponding ZAF calculation (the appendix)
shows that the absorption factor for Al Ko radiation in Fe, which is the main
component of our stainless steel substrates, is 2.2 times greater when compared to Ti
radiation - a much bigger difference than in the case of the coating material. This effect,
combined with the big excitation volume typical for SEM - 1 by 1 pm (Reed, 1993),
can lead to problems related to the position of our samples with regard to the detector.
Figure 3-10 presents Al/Ti linescans measured on a cross-section from a coated flat
sample, where we know that the composition across the coating should be constant.
When the sample is positioned so that the substrate is facing the detector (left side of
the figure), the X-rays emitted from close to the substrate-coating interface are
travelling through the substrate before reaching the detector. This is due to the
enhanced absorption of Al X-rays inside the substrate material and leads to lowering of
the AU/Ti detected intensity ratio. The problem starts to manifest itself at ~1.5 pm from
the interface and the preferential absorption is continuously increasing as the interface
approaches. (The slight slope of the Al/Ti intensities measured at distances > pm from
the interface, where the ratio should be constant, was caused most probably by
experimental problems during the analysis.) When the coating is facing the detector
(right side of the figure) we get the non-disturbed uniform linescan. The different lines
in the figure correspond to different tilting of the sample relative to the detector. As the
sample in position A is tilted away from the detector (positive values), the path of the
X-rays through the substrate is longer and thus the effect gets more significant - the
AVTi X-ray ratio is decreased more and the region where it disturbs the measurements

is increased.
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Fig.3-10: Al/Ti X-ray ratio emitted from the coating as a function of the distance from
the substrate-coating interface - measured for different positions of the coating relative
to the substrate and the X-ray detector. Additionally, the sample was tilted in the plane
of the paper, in clockwise (positive angles) and contra-clockwise (negative angles)

direction.

For comparison we have simulated similar situations using the CASINO
program - Fig.3-11. Here instead of changing the tilting of the sample, we could change
the tilting of the detector (with the sample always staying horizontal). The angle 40°
corresponds to the standard situation inside the SEM chamber - and we can again see
the difference between the two possibilities due to the absorption effect. The smaller the
angle is, the longer are the X-rays travelling through the substrate and thus the effect is
enhanced. When the detector is perpendicular to the plane of the sample (angle 90°), the
effect disappears as all the X-rays emitted upwards are going directly to the detector.
The change in the sample-detector geometry corresponding to the tilting of the sample

and the tilting of the detector is shown schematically in Fig.3-12.
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Fig.3-11: Simulated Al/Ti linescans for different positions of the coating relative to the

substrate and the X-ray detector (CASINO). The positioning of the sample is similar to

that shown in Fig.4-6, but in this case the position of the detector was rotated. The

angle 90° corresponds to X-ray detector being positioned perpendicularly to the

sample surface.

D e

coating

Fig.3-12: Schematic

drawings showing the path of the X-rays from the excitation

volume to the detector, the sample being: (a) in the standard position, (b) tilted away

from the detector, (c)

tilted towards the detector.

40



In order to avoid disturbing the measurements due to effect of preferential
absorption of Al X-rays discussed above, all the linescans presented in the thesis were

measured with the coating directly facing the detector, the same orientation being

carefully selected for all the samples.
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Chapter 4: Changes in the morphology and composition of coatings

growing on sharp edges and corners

A schematic view of the plasma sheath around biased wedge coated by ion-
assisted PVD is shown in Fig.4-1. Due to the shape of the sheath, which is curved and
contracted towards the edge, there will be more ions bombarding the edge region and
their angle of incidence will change from perpendicular to the substrate (far from the
edge) to parallel to the wedge axis of symmetry (right at the edge). The change towards
more oblique angles of incidence near the edge will increase the sputtering yield of the
ions (Andersen, 1981), which combined with the higher ion flux will increase the
sputtering rate of the ions. We can therefore expect that there will be a region close to
the edge in which the growing coatings will be subjected to increased ion
bombardment. The impact it will have on the coating properties is analysed in this
chapter. We examine separately the edge region in the middle of the wedge-shaped
samples (section 4.1.) and the region close to the corners (section 4.3.) - both marked in

Fig.3-1.

Fig.4-1: Schematic drawing of the two-dimensional plasma sheath around a biased
wedge. The plasma sheath boundary (represented by the solid line) is contracted
towards the edge and the ions (represented by the arrows) hit the surface in the edge

region at changing angles of incidence.
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4.1. Changes as a function of the edge angle and the substrate bias

Fig.4-2 presents top-view of wedges with different edge angles coated at
different substrate bias values. Under same conditions, a coating deposited on flat
samples is homogenous. In the edge region of the wedge-shaped samples we observe
three different morphologies:

B homogenous coating (90° wedge coated at -75V and 45° wedge coated at -75V)

B coating breaking (at some places) along the edge line (30° wedge coated at -75V,
45° wedge coated at -105V and 90° wedge coated at -150V)

M coating missing completely from the edge area (30° wedge coated at -150V and 45°

wedge coated at -150V).

-150V, 30°

-75V, 45°

Fig.4-2: Top view of the coated wedges. The horizontal line in the middle of the images
is the edge line. The small spherical objects spread all over the pictures are coating

defects called droplets.
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-105V, 45°

275V, 30° _75V, 45° 75V, 90°

Fig.4-3: Side view of the coated wedges. The edge line is the horizontal line in upper
part of the image.

Side-view analysis of the wedges, presented in Fig.4-3, reveals that the
morphological changes are not limited to the edge itself, but extend to the area around
the edge. This can be clearly seen on samples coated at -150V, where further changes in
the coating morphology can be observed as a function of the distance from the edge (d).
They are shown in more detail in Fig.4-4 for the 30° wedge coated at -150V: the
coating is homogenous for d > 1 mm, the coating partially delaminates for 1 mm > d >
0.5 mm, and the coating is missing completely for d < 0.3 mm. The situation is similar
for the 45° wedge coated at -150V, as shown in Fig.4-4 where For the 90° wedge
coated at -150V, the side-view shows the coating delaminating at some places. For

other samples the coating looks homogenous from the side.
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Fig.4-4: Side-view of 30 °wedge coated at -150V. The edge line is the horizontal line in

upper part of the image. The brighter areas correspond to exposed substrate.

The composition of the coatings in the edge region was studied by EDX. Since
Al has higher component sputtering yield than Ti or V (Andersen, 1981), we can expect
that Al will be preferentially resputtered from the growing film and that this effect will
be enhanced in the edge region. In order to assess the Al depletion we have chosen to
compare the Ko X-ray signal ratio from Al and from Ti. By comparing the
Ko(Al)/Ka(Ti) ratio measured far from the edge with the same ratio measured in the
edge region, a direct estimate of the change in the Al/Ti mass concentration could be
obtained (as discussed in section 3.3.1.). Fig.4-5 shows a typical set of EDX linescans
measured on the 90° wedge coated at -150V. The X-ray signal from Al is decreasing
towards the edge while the Ti signal is slightly increasing. This indicates that the Al
concentration in the edge region is indeed lowered and that the Al-atoms are to some
extent replaced by Ti (and V). Fig.4-6 shows the Al/Ti X-ray ratio as a function of the
distance from the edge for all wedges. We can see that the Al depletion can be observed
on all the samples and that it is enhanced with increasing the substrate bias and/or
decreasing the wedge angle. The change is maximal for the 30° wedge coated at -150V,
where the value of the AVTi ratio at ~ 0.3 mm from the edge is lower by ~ 60%
compared to the value far from the edge. Closer to the edge, the coating was resputtered

completely therefore the signal is missing in this part of the graph.
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Fig.4-5: EDX linescans measured on 90 ° wedge coated at -150V. The concentration of

Al is decreasing, while that of Ti is increasing, towards the edge.
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The change in the composition is accompanied by a change in the thickness of
the coatings. Cross-sectional samples prepared from the 45° wedge coated at -105V and
the 90° wedge coated at -150V have shown decreasing thickness in the edge region. In
Fig.4-7 the coating thickness as a function of the distance from the edge is plotted
together with the corresponding Al/Ti ratio. It shows clearly the distinctive region -
starting at ~1 mm from the edge for the two wedges shown - in which the coating
properties are changing. The spatial extent of this ‘edge-affected region’ for all the
samples is shown in Fig.4-8. At a certain distance from the edge, the edge-related
effects appear - the composition of the coating, as well as the shape of the droplets (see
section 4.4), start to change. This distance, which is specific for each sample, marks the
beginning of the edge-affected region in which the properties of the coatings are altered.
The figure shows that the extent of this region is a function of the substrate bias and the
geometry of the wedge. The length of the edge-affected region is ranging from ~300 pm
for the 90° wedge coated at -75V to ~1250 pm for the 30° wedge coated at -150V. The
extent of the region in which the coating is delaminating on the wedges coated at -150V
is also marked in the figure. The delaminations start together with the other effects at
the beginning of the edge-affected region and at a particular distance closer to the edge
they disappear. For the 30° and 45° wedges coated at -150V, the spatial extent of the
completely resputtered region close to the edge is shown as well. The length of this

‘critical region’ is ~200 pm for the 45° wedge and ~300 um for the 30° wedge.
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Fig.4-7: Changes in the thickness of the coating as a function of the distance from the

edge, plotted iogether with the compositional profile, observed on: (a) 45° wedge
coated at -105V, (b) 90 °wedge coated at -150V.
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Fig.4-8: The spatial extent of the distinctive regions observed on the side of the wedges:
the edge-affected region (solid line), the delaminations region (dashed line) and the
completely resputtered region (bold line).

In order to elucidate the influence of the different parameters on the changes in
the edge region, we have summarised the different morphologies observed in form of a
‘zone diagram’ presented in Fig.4-9. In this diagram each ‘zone’ corresponds to one of
the morphologies described above. At low substrate biases, for less sharp edges, the
coating formed in the edge region is homogenous - this corresponds to the ‘zone 1°. At
high substrate biases, for very sharp edges, there is no coating at all close to the edge -
this is characteristic for the region of the graph denoted as ‘zone 3’. In between these
two extremes, the ‘zone 2’ represents the situation when the coating is present in the
edge area but is breaking (completely or partially) along the edge line.

Both the parameters - the edge angle and the substrate bias - are affecting the
magnitude of the ion bombardment and are therefore changing the proportion of the
resputtering of the growing coating by the ions relative to its growth. By increasing the
substrate bias, the energy of the ions will be increased which means higher sputtering
yield. In the case of a curved plasma sheath this will also slightly increase the ion flux

since higher substrate bias means larger plasma sheath width (see Eq.2-6 in Chapter 2) -
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which means that ions from a larger area will be attracted to the edge region. The
increase in ion flux and in ion energy will both cause an increase in the amount of
resputtering. By increasing the sharpness of the edge (which means decreasing the
wedge angle), we increase the ion flux (the sheath will be ‘more curved’) and the angle
of incidence of the ions (because of the change in the geometry) - which again enhances
the resputtering. This corresponds to the trend visible in Fig.4-9 - as we increase the
substrate bias and/or decrease the angle of the edge, the resputtering becomes more and
more significant leading finally to a situation where it completely hinders the growth.
Hence the three different situations:

1.) The coating in zone 1 is uniform. The amount of resputtering is relatively low at this
bias and geometry. However the ions still affect the internal properties of the coating.
We have seen the change in the composition (Fig.4-6). The changes in the
microstructure of these coatings will be analysed in Chapter 6.

2.) The coating in zone 2 grows under higher amount of resputtering. This causes a
much more significant change in composition (Fig.4-6) and the examination of cross-
sections from the wedges reveals that because of the high amount of resputtering, the
thickness of the coatings near the edge is reduced. Both the change in the thickness and
in the composition lead to a change in the stress inside the film, which is critical at the
edge where the coating is curved. This can cause the coating to break along the edge
line.

3.) In the zone 3 the effect of the ions is the most spectacular. Here, as the properties of
the coatings start to change at the beginning of the edge-affected region, the stress
becomes already critical and the coating starts to disintegrate. At a certain distance
close to the edge, the stress starts to decrease - the delaminations disappear. This can be
connected to the change in the film thickness which is decreasing rapidly towards the
edge. The ‘critical thickness’, for which the stress inside the coating decreases, is
reached at ~200 um from the edge for the 90° sample, at ~350 pm for the 45° and at
~550 pum for the sharpest 30° wedge where the coating thickness decreases the most
rapidly. In a specific region close to the edge, the sputtering rate becomes so high that it
completely overpowers the growth - there is no coating deposited in this region. The
severe ion bombardment in these conditions will also significantly alter the substrate

topography (which will be analysed in Chapter 5).
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The spatial extent of the edge-affected region is related to the magnitude of the
effects - the greater the relative contraction of the plasma sheath is at the edge, the more
far from the edge the disturbance can be felt. The spatial extent thus follows the same

trend and increases with the substrate bias and/or the sharpness of the edge (Fig.4-8).
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Fig.4-9: Zone diagram summarising the different morphologies observed in the edge
region as a function of the wedge angle and the substrate bias. In the edge region of
samples situated in ‘zone 1’ the coating is homogenous. For the samples from ‘zone 2’
the coating breaks along the edge line. On the samples from ‘zone 3’ there is no

coating left in the edge area.
4.2. Changes as a function of the edge radius

The effect of the radius of curvature of the edge on the edge-related changes was
examined on cross-sectional samples from the region on top of the edge. Wedges with
angles 30°, 45° and 60°, coated with TiAICrYN at -75V, were used in these
experiments. A cross-section from the 30° wedge is shown in Fig.4-10a. By measuring
the EDX compositional profiles across the coating (as marked in the figure), we were

able to measure the composition in layers with different radii of curvature. At the
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substrate-coating interface, the radius of the surface is very small - less than 1 pm,
while near the top of the coating, the radius of the growing surface is increased to ~5
um. The EDX linescan across the coating in the edge region was compared with a

linescan across a flat coating - shown in Fig.4-10b.

(2) (b)

Fig.4-10: Schema of the EDX measurements in the case of cross-sectional samples. The

electron probe was scanned: (a) across the coating on top of the wedge, (b) across a

flat coating.

The compositional profiles are presented in Fig.4-11. The gradient in the composition
across the flat coating is due to the changes in the deposition process with time, most
probably due to slow target poisoning during the deposition. The relative values,
unaffected by this effect, are also shown in the figure. The greatest Al-depletion can be
observed close to the interface, where the growing surface is the sharpest: ~14% for the
30° and ~10% for the 60° wedge. The depletion is decreasing towards the flat coating
value as the radius increases (that is, as the distance from the substrate-coating interface
increases). For the sharpest 30° wedge, the composition even near the end of the
coating is however still ~12% different from composition of the flat coating.

The effect of a significantly different radius of curvature of the edge was also
studied. Fig.4-12 shows the compositional profiles across the coating for two wedges
having the same angle - 60° - but two very different initial radii: ~2 and ~250 pm. The
composition values measured on the rounded edge - which disturbs the electric field in
its vicinity much less than a sharp edge - are very close to the values corresponding to

the flat coating.
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Fig.4-11: A/Ti Ka X-ray ratio scanned across the coating on top of sharp wedges with
angles 309 45° and 60° (shown on the SEM micrographs), and across a flat coating.
All the samples were coated at -75V.
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Fig.4-12: Al/Ti Ka X-ray ratio scanned across the coating on top of wedges with angle
60° and radius of curvature (@) 100um, (b) 2 um; compared with the profile measured

across a flat coating. The wedges were coated at -75V.
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4.3. Enhancement of the changes at sharp corners

A comparison between the morphology in the edge region and in the corner

region for different wedges is presented in Fig.4-13.

middle edge corner

-150V, 90°

-150V, 30°§

Fig.4-13: Comparison between the morphology of the coating in the middle and at the
corner of the same wedge, for several different wedges. In the case of 90 °wedge coated

at -150V, Fe compositional map taken by EDX at a lower magnification is also

attached,
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For the 45° wedge coated at -75V, the coating in the corner is breaking along the edge -
as in the middle of the wedge - but is also partially delaminating on the side. Similar
situation was observed for all the wedges coated at -75V. For the 45° wedge coated at -
105V, a significant decrease in the coating thickness was observed close to the corner
(not shown here). The coatings deposited in the corner region at the highest bias -150V
were affected by the ions in the most spectacular way. For the 90° wedge, the coating
close to the corner was completely resputtered - which can be seen from the
compositional map (taken by EDX). A closer look reveals that the ions have also
slightly altered the substrate topography in this region. The effects are much more
pronounced in the corner region of the 30° and 45° wedges, where the ions have not
only completely resputtered the coating but have also created complex topographical
features - such as ripples and cones.

Low magnification side-views of the two samples are presented in Fig.4-14. We
can see clearly the gradual increase in the spatial extent of the completely resputtered
region towards the corner. The increase in the spatial extent of the edge-affected region
for all the wedges coated at -150V is presented in Fig.4-15. For the sharpest 30°
sample, the region is more than 3 mm wide, which is ~2.6-times more than in the
middle of the wedges.

The compositional changes are also enhanced at the corners. In part I the Al/Ti
Ko X-ray signal ratio in the middle of the wedges was found to decrease towards the
edge. Fig.4-16 compares the decrease of the Al/Ti ratio close to the edge relative to that
far away - for the middle of the wedges and the corners. The magnitude of the Al-
depletion, a function of the wedge angle and the substrate bias, is substantially
enhanced at the corners. For the 30° wedge coated at -150V the Al/Ti ratio is decreased
by up to ~60% close to the edge, in the corner - by up to ~70% (Fig.4-17).

The enhancement of the magnitude and spatial extent of the changes at the
corners is related to the ‘three—dimensional’ geometry of the corner. The area from
which ions can be attracted towards the corner is much larger than in the middle of the
wedge, which means that the coating growing in the corner region is affected by even
greater increase in the ion bombardment. This will also affect the shape of the plasma
sheath near the corner and thus the spatial extent of the changes. Detailed analysis of

this phenomenon will be done in Chapter 5. For the same reasons as before, the changes
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are more and more significant with increasing the substrate bias and/or increasing the
sharpness of the corner but, compared to the middle of the wedges, the zone diagram in
Fig.4-9 would be shifted towards the origin of the graph. Due to the increased ion
bombardment, the same type of morphology as in the middle of the wedges occurs at

lower energy or for less sharp angle in the corners.

o

Fig.4-14: Low magnification side-view of the corner region of 30° wedge and 45°
wedge, both coated at -150V.
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Fig.4-15: Spatial extent of the edge-affected region as a function of the wedge angle -

in the middle of the wedges and in the corner.
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Fig.4-16: Comparison of the Al/Ti EDX linescans taken in the edge region - in the

middle of the wedges and at the corners.
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Fig.4-17: The amount of the Al-depletion as a function of the wedge angle and the

substrate bias, measured in the middle of the wedges and at the corners.

4.4. Droplets

The small spherical particles visible on all the wedges where the coating is not
completely resputtered (see for example Fig.4-2) are coating defects caused by
‘droplets’ - macro particles of target material incorporated into the coating. During the
etching phase prior to the coating deposition these particles, emitted from the target as
the arc locally and rapidly melts the material, are displaced to the substrate and are then
covered with the coating during the magnetron sputtering. On flat surfaces the droplets
and the coating on top of them have always a spherical shape, with the diameter
depending on the melting point of the target material (Petrov, 1997 and Creasey, 1997).
A closer examination of the wedges reveals that the droplets in the edge region are non-
symmetrical. Fig.4-18 shows the typical shape of the droplets - they are much narrower
on one side, pointing towards in the edge in the middle of the wedges and towards the
corner in the corner area. This corresponds well with our model of the plasma sheath
around the wedges which implies change in the angle of incidence of the ions - from
perpendicular to the substrate far from the edge to along the edge/corner axes of

symmetry. Due to the oblique angles of incidence, any protrusion - such as an initially
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spherical droplet and the coating on top of it - will be bombarded more from one side
than from any other and will thus become much narrower in the direction of the ions
arrival. The more oblique the angle, the more non-symmetrical it will be - as can be

seen from the comparison between the 90° and 30° wedges coated at -75V.

50 pm
«—>>

Fig.4-18: SEM micrographs showing the shape and the distribution of droplets on
different wedges, in the middle of the wedge and at corners.
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The change in the shape as a function of the distance from the edge can be seen in the
next figure on the example of 30° wedge coated at -75V. The defects have conical
shape close to the edge (Fig.4 -19a), while at a distance ~500 um from the edge (Fig.4-
19b) - where the edge-affected region is only just beginning (see Fig.4-8) - they are

almost perfectly round.

Fig.4-19: SEM micrographs showing the shape and the distribution of droplets on 30°
wedge coated at -75V: (a) near the edge, (b) at 500 um from the edge.

4.5. Effect of the substrate polishing

The initial roughness of the substrate also plays an important role during the
deposition on flat samples. The reason for this is in fact connected to edge-related
problems - any significant alteration from the perfectly flat surface can change to some
extent the shape of the plasma sheath and thus the local properties of the coating. The
effects can be even more important when coating sharp wedges, as the increased ion
bombardment in the edge region could enhance the changes. An example is presented
in Fig.4-20 which shows top-view of two corners of the same 90° wedge coated at -

75V. The corner shown in Fig.4-20a was mirror polished and the coating on top of it is
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almost uniform, with only few small localised delaminations. This is in contrast with
the corner in Fig.4-20b where one side was not polished and was thus left with regular
scratches from the machining. On this corner, almost all the coating is delaminated,
often along the scratches. In order to eliminate this effect, the initial surface of all our
wedges was carefully mirror-polished, trying to get the same ideal surface for all the

samples.

(b)

Fig.4-20: Top-view of the two corners belonging to 90° wedge coated at -75V. Prior to

the coating deposition, the substrate in the corner area was: (a) mirror-polished, (b)

unpolished.
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Chapter S: Plasma-surface interaction at sharp edges and corners

In order to be able to better understand and to quantify the observed changes in
the properties of coatings near sharp edges and corners, we need to analyse the
interaction between the wedges and the plasma during the deposition. The electric field
inside the plasma sheath around wedge-shaped samples, and the resultant ion
trajectories are modelled. The results from the simulations are directly compared with

the experimental observations described in the previous chapter.

S.1. Shape characteristics of the plasma sheath

5.1.1. Modelling of the electric field inside the plasma sheath

The electric field inside the plasma sheath around sharp wedge-shaped samples
(0° and 90°) was simulated by Watterson (1989) (see section 2.1.2.). He calculated
numerically the solution of the Poisson’s equation coupled with the changing space
charge (self-consistent model). We have set up a similar simulation model, where
approximations were used in order to simplify the calculation. It allowed us to simulate
the characteristics of the plasma sheath for wedges with different geometries (different
angles and radii of curvature). Furthermore, the simplified form of the model enabled us
to extend the two-dimensional edge geometry, relevant for the edge region in the
middle of the wedges, into three-dimensions and thus describe the situation at the
corners of thé wedges.

Our first approximation was to neglect the effect of the space charge, which
allowed us to calculate the electric field using QUICKFIELD simulation program
(http://www.quickfield.com). The program calculates numerically the solution of the
electrostatic Poisson equation with specified boundary conditions. The schema of our
model is shown in Fig.5-1. We have selected the sample surface to be at the potential
equal to the applied bias (¢, = Up), while the plasma boundary was set to zero. The
important part was the selection of the potential profile across the plasma sheath (¢ =

f(x)). The function should ideally be potential profile of the sheath above the flat
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substrate (as it is set for a region far from the edge), which is given by Child-Langmuir

equation (see section 2.1.1.) as:

x 4/3
o-of)
A

, (Eq.5-1)
with the plasma sheath width - s - equal to:
1/2 801/2 (03/4
12174
3oL (Eq.5-2)

where n; is the ion density in the plasma and T, the average electron temperature. We
have used the same dimensionless parameters as in the simulations by Watterson to
enable direct comparison of the results. The following transformations were used for

the potential (¢), ion flux density (n) and the spatial coordinates (r):

®=0/¢0, (Eq.5-3)
n’=n/(nd), (Eq.5-4)
r’ =r/ (09 o/ensd)'? , (Eq.5-5)

where the parameter & is equal to the square root of the ratio between the initial and

final energy of the ions travelling through the sheath:

&= (my,’ [2e00)" (Eq.5-6)
m; being the ion mass and v; their speed at the sheath boundary. In this system of
coordinates the y-component of the equation Eq.5-1 becomes:
¢ ~=(1-3y/2)"" (Eq.5-7)
and the potential is varying from -1 (at y = 0 - the sample) to 0 (at y = y,= 2/3 - the
sheath boundary). Our second approximation was to simplify the potential profile in
Eq.5-7 into a linear function:
¢ ~=(1-2y) (Eq.5-8)
This linear variation of potential corresponds to the case of flat sample in vacuum,
where the electric field is constant (Eq.2-8 in Chapter 2). The comparison of the two
potentials shown in Fig.5-2. The two function are almost equal close to the sample
surface, where the disturbing effect of the plasma is the smallest. The maximum error
across the sheath, occurring close to the sheath-plasma boundary, is ~1/3.

Our model assumes that the relative change in the shape of the plasma sheath is

mostly determined by the edge geometry, while the dependence on the bias voltage is
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relatively weak. Watterson in his simulations has shown that this assumption is valid
for small values of the parameter delta defined in Eq.5-6 (the shape coefficients of the
sheath varied only by ~10% for delta between 0.1 and 0.25). Using Bohm’s formula for
ion acceleration in the pre-sheath region (Bohm, 1949) in order to determine v,,, we

have estimated delta to be ~0.1 in our conditions (substrate bias -150V and electron

temperature 3eV).

Plasma (0)

Sheath Vacuum N

¢ =f(y) R
Substrate (¢,) X

Sheath
¢ =1{x)

Fig.5-1: Schematic drawing showing the set-up of the simulations of the electrostatic

field inside the plasma sheath around edges.
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Fig.5-2: Potential profile in the vicinity of a flat biased surface - in vacuum and in the

plasma sheath. The variables are in the dimensionless form defined in the text.
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The advantage of our simplified model is that we could relatively easily
calculate the characteristics of the plasma sheath even in 3D which allowed us to
simulate both sharp edges and sharp corners. The geometry and the boundary conditions
were extended from 2D to 3D using axial symmetry.

5.1.2. Quantification of the magnitude and spatial extent of the edge-related

changes

a.) 2D simulations vs. the middle of the wedge

The simulated electric fields for three different 2D wedges with angles 0° (knife
edge), 30° and 90° are shown in Fig.5-3. The field is represented by potential lines,
each corresponding to a change in the potential by 20V. The lines are visibly
contracted towards the edges where the electrostatic field intensity, and thus the
gradient of the potential, is the strongest.

An equipotential line situated in the middle of the plasma sheath was selected in
order to quantify the important shape characteristics of the sheath in the edge region:

B The spatial extent of the edge-affected region (x;) was determined by measuring the
relative distance from the edge where the equipotential line was disturbed by less
than 5%, that is, where the sheath width was equal to 95% of the planar width y,.

M In order to asses the sheath contraction at the edge (r;), the distance of the
equipotential line from the substrate at the edge was compared to that far away
(equal to yp).

W We could also get a quantitative estimate of the increase in the ion flux, by
comparing the relative length of the equipotential line above a unit length of the
sample surface - close to the edge and far away. Here we have used the fact that the
number of ions entering the sheath is proportional to the amount of current and
hence the equipotential line length. |

The results are summarised in Table III. The comparison with the results simulated by

Watterson shows that our electrostatic field model yields results within 25% of those

calculated by the more exact self-consistent model.
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Spatial extent Sheath contraction Max. ion flux density
Xs/Yp rdyp Dedge/Mpat
Our Watterson | Our Watterson | Our Watterson
model (1989) model (1989) model (1989)
2D0° | 0.72 0.91 0.48 0.52 4.1 3.5
2D 30° | 0.70 - 0.63 - 3.6 -
2D 90° | 0.59 0.81 0.72 0.67 2.7 2.1

Table III: The shape characteristics of the simulated plasma sheath around 2D wedges,

and the estimate of the maximum ion flux density in the edge region.

The values of the spatial extent and the sheath contraction in the table are relative to the
value of the plasma sheath width above a flat surface (or far from the edge) - y,. Its
value in our conditions, as determined by plasma probe measurements, was:

¥p~ 0.90 mm at Uy =-75V,

¥p~ 1.15 mm at U, = -105V, and

¥p~ 1.50 mm at U, = -150V.

The results from the 2D simulations can be directly related to the effects
observed experimentally in section 4.1. With increasing the sharpness of the edge, the
electric field in the edge region gets stronger and the plasma sheath is thus more
contracted. The sheath width at the edge is ~0.7 of the width above flat surface for the
90° wedges and ~0.6 for the 30° wedges. The sheath width above a 30° edge at -75V,
for example, is ~0.63 x 0.9 = 0.57 mm, while at -150V we have ~0.63 x 1.50 = 0.94
mm. As the contraction of the plasma sheath increases, so does the spatial extent of the
disturbance. Table IV compares the experimentally observed spatial extent of the
changes in the middle of the wedges and the simulated values, for two substrate biases:
-75V and -150V. The maximum difference is ~ 15 %.

The implications of the increase in the ion flux in the edge region by ~2-times
for the 90° wedges and by ~3.5-times in <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>