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ABSTRACT
Fundamental Studies of the PVD Technique

A study and comparison of two commercially available and competitive physical
vapour deposition techniques has been made. Titanium nitride (the most widely used
hard and decorative coating) has been deposited by both steered arc and the new Arc
Bond Sputter (ABS) magnetron technique under a range of deposition conditions.
The coatings have subsequently been analysed by a variety of methods and the
results reported here.

The steered arc technique has been identified as the better technique for everyday
ease of use in producing mononitride and monocarbide coatings with good batch
uniformity and reproducibility in terms of composition and microstructure.
However, for versatility the ABS magnetron technique allows the possibility to vary
multiple parameters and hence change coating properties at will, albeit with some
difficulty to maintain stable and reproducible operation. In this respect, plasma
uniformity is discussed and problems with water vapour contamination and gas flow
regulation are highlighted and possible solutions suggested.

The coating-substrate interface region is considered, and the merits of metallic
interlayers and arc etching are compared. An interlayer achieves good adhesion only
at an optimum thickness as confirmed in this work. The good adhesion afforded by
the arc etch phase of both processes is addressed and the ion-surface interactions
modelled using commercially available computer software. The improvement in
adhesion on high speed steel is explained by sputtering of the substrate matrix
leaving hard carbide particles standing proud of the surface. When deposition takes
place, the carbides mechanically key the coating to the substrate surface, and also
possibly act as physical blocks to interfacial crack propagation.

A theoretical contribution to the explanation of preferred crystallographic
orientation during coating deposition is proposed derived from experimental results,
surface physics and semiconductor growth theory. This attempts to explain the
flexibility of sputtering techniques to produce a wide range of orientations, and the
reasons why arc evaporation almost always produces {111} orientated coatings.

Finally, a consideration of a comparatively new analytical technique (Glow
Discharge Optical Emission Spectroscopy) to the application of PVD coatings
evaluation is addressed. The speed and versatility of this technique makes it
strategically important in the future research, development and quality control of
thin film production.
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CHAPTER 1
Introduction

1.1 Surface Engineering

Surface Engineering is the modification of a surface to improve its engineering
performance and enhance its properties. The ability to do this allows engineers to
take advantage of the bulk properties of a material (such as strength or lightness) and
modify the surface to suit its working environment (such as high temperature or a
corrosive atmosphere). Aeronautics has utilised surface engineering for many years
in gas turbine jet engines, but more recently it has become available to less "high-
tech" industrial applications. Surface engineering can take several forms ranging
from actual surface modification techniques; in which the existing surface is
physically altered by the addition of foreign atoms (usually small atoms of a gas
such as carbon or nitrogen) into the material matrix by thermal diffusion or ion
implantation, through hard facing by welding or friction surfacing techniques, to
various coating technologies; in which a thin layer of material with the desired
properties is deposited onto the bulk material. This work is concerned with the latter
techniques.

There is rapidly increasing interest in the use of various deposition techniques to
create thin films and different types of protective coatings. True thin films, in the
angstrom and nanometre thickness range, are used in optical applications such as
filters and anti-reflective coatings for lenses; also the electronics industry uses thin
film deposition techniques in semiconductor device fabrication. The use of
somewhat thicker coatings for protective or decorative purposes is now becoming
widespread and it is this class of materials that this work addresses.

An example of an important application is thermal barrier coatings applied to hot-
section components in aero gas turbines. Such coatings must provide a protective
barrier for the aerofoil blades against the erosive, corrosive and highly oxidising
atmosphere within the turbine. Modern aero engine turbines operate at gas
temperatures in excess of the melting point of the substrate materials used in the
blades. The blades survive because they are internally air cooled through a network
of ducts, surface cooled by a stream of air, and surface coated with a material of low
thermal conductivity, forming a temperature gradient between the hot atmosphere
and the blade. Coating failure is deleterious to turbine blade and engine life, so the
thermal barrier coating must also be resistant to erosion from particles entering the
compressor during take-off , corrosion from hot salts, and high temperature

oxidation ! 2, The most common thermal barrier coating system currently used



consists of a low thermal conductivity ceramic coat such as partially stabilised
zirconia (ZrO,), deposited over an oxidation and corrosion resistant Co-Ni-Cr-Al-Y
bond-coat on the substrate 3 4. Such thermal barrier coatings are several hundred
microns thick in order to achieve the necessary temperature insulation requirements,
but when the thermal barrier properties are not necessary, much thinner coatings can
be used that still offer good wear and corrosion resistance 3.

Coatings in aero engines are also extensively used for clearance control purposes
in order to achieve good gas path seals so as to ensure gases in the compressor and
turbine flow over the blade surfaces with minimum loss between blade tip and
engine casing liner 6. This is achieved by coating the casing liner with an abradable
coating, and the blade tip with an abrasive coating. Optimum clearance is obtained
when the rotating blades erode a small channel in the casing liner, so achieving
maximum sealing. The abrasive coating must exhibit good wear resistance and low
friction properties in order to minimize the heat generated during rubbing.

Similar requirements are expected from coatings in industrial applications such as
protective coatings used on cutting and forming tools.

Coatings deposited for industrial protective or decorative purposes are normally in
the range 1 to 5 um thick and are most usually binary compounds composed of a
transition or refractory metal nitride or carbide 7 (eg. TiN, TiC, C1N, ZN, etc.) or
ternary compounds with either two non-metals (eg. TiCN, TiBN, etc.) or two metals
(eg. TiAIN, TiZ1N, etc.). Some quaternary compound films have also been deposited
(eg. TIAIVN, TiAIHIN, etc.). Of these, the most widely used wear resistant coating
today is TiN, which is often described as a ceramic coating, although "pseudo-
ceramic" might be a better term, because although there are some similarities with
ceramics, such as hardness and brittleness, there are also acute differences, such as
good electrical and thermal conductivity.

The protective coatings exhibit extreme properties such as high melting point, high
hardness and chemical inertness 8 and would be used for corrosion 9 10 11 12 or wear
resistance 13 141516 e g_increasing the lifetime and / or cutting speed of high speed
steel (HSS) drills, end mills and hobs 17. As well as the above properties, they also
offer a smooth surface finish with a low coefficient of friction 18 1920, making them
ideal for extrusion dies, deep drawing dies and punches 2. As decorative coatings
they would also exhibit a good surface finish and an attractive colour 22 23 24 25 26,
and might be used in place of more expensive and less well-wearing coatings, e.g.
the "gold" coating on watch cases and spectacle frames.

There are a number of deposition technologies currently in use including electro-
and electroless plating, ion-assisted coating, laser ablation and plasma spraying, each
having a suitability to particular applications. However, the two main deposition



techniques for surface engineering are Chemical and Physical Vapour Deposition.

1.2 Chemical Vapour Deposition (CVD)

Chemical vapour deposition was the first of the vacuum-based techniques to be
used widely for ceramic deposition, particularly for tool coating 27 28, In this process
a stream of gas containing volatile compounds of the element or elements to be
deposited is introduced into a reaction chamber. The conditions within the chamber
are controlled to enable an appropriate chemical reaction to take place which leads to
the formation of a coating on the substrate surface. The volatile reaction products are
removed from the chamber during the process. CVD can take place at normal
atmospheric pressure or at low pressure (<100 Pa) but generally requires high
temperatures (>900°C) for the necessary reactions to take place. This has caused
difficulties in the coating of temperature sensitive materials, in particular carbon tool
steels which suffer loss of hardness above 550°C. Plasma assisted CVD (PACVD)
has lowered the required coating temperatures somewhat by increasing the energy of
the gaseous reactants in the chamber using a plasma (excited and ionized gas).
However, this has also introduced "field" effects, variable composition and line-of-
sight problems. If the substrate can withstand the temperatures needed in CVD then
this technique produces very dense and high quality coatings with excellent
penetration into holes and re-entrants.

1.3 Physical Vapour Deposition (PVD)

Physical vapour deposition is an expression covering a wide range of coating
processes 29 30313233 The common feature of which is that they are all carried out
under partial vacuum conditions in which at least one of the depositing species is
atomised from solid within the chamber. The process may be plasma assisted
(PAPVD), and is characterised by its low deposition temperature (<500°C), making
it ideal for the coating of temperature sensitive materials. This process allows the
deposition of metals, alloys and ceramics onto a wide range of substrates, with
unprecedented control over the coating-substrate interface and growth
characteristics. Normally conducting materials would be used for the cathode, but
non-conductors can also be deposited by using a radio-frequency (rf) power supply.

Atomization of the depositing species in PVD is realised by one of two different
" methods: evaporation or sputtering.

Evaporative PVD is a process in which the coating material is heated by resistive,

inductive, electron beam or arc techniques, until it evaporates into the vapour phase.



Sputter PVD is a process in which the coating material is bombarded with high
kinetic energy ions and neutrals such that there is a momentum transfer that removes
or sputters the surface atoms of the source material. This may be achieved by diode,
triode, magnetron or ion beam techniques.

With both methods, the atomised species can be mixed with a reactive gas for
ceramic deposition.

In PAPVD the substrate is also subjected to bombardment by high kinetic energy
ions and neutrals which increases adatom mobility of the depositing species and is
reported to result in denser structures 27.

Of the various PVD techniques, this work will concentrate on just two; cathodic
arc evaporation and magnetron sputtering. These are representative of their
individual atomization methods, are the most recent methods respectively, have
undergone extensive development, and are the least well understood.

Also, advancements in each technique have led to the realisation of confined or
"steered" arc, and unbalanced planar magnetron technologies. The cathode
constructions of these are technically similar, and readily lend themselves to
integration into a single cathode unit capable of operating in either mode, with just a
magnetic re-arrangement and different power supply characteristics 34. This is the |
~ principle behind the Arc Bond Sputter (ABS) system 35 36, which claims to offer a
"hybrid" deposition process, utilising the confined arc to "etch" the substrate surface
prior to coating, thus causing "implantation" of the depositing species and enhancing
adhesion, followed by the droplet-free versatility of unbalanced magnetron sputter
coating. This process thus effectively joins the two branches (evaporation and
sputtering) of the PVD "family tree" (see figure 1).

PVD
| |
EVAPORATION SPUTTERING
r— T . . |
resistive inductive arc e-beam diode triode magnetron ion beam
random steered unbalanced balanced

Arc Bond Sputter

Figure 1. PVD Family Tree
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CHAPTER 2
Literature Review

2.1 Evaporative Techniques

Evaporation is the conversion of a substance, usually a metal, into a vapour at high
temperatures, either from the liquid state or by sublimation from the solid metal. By
evaporating in a vacuum environment, a flux of atomistic material may be produced

that can be used for coating a substrate.

2.1.1 Resistive Heating Evaporation

In the resistive heating process ! 2 3, the evaporant (often in powder or chip form)
is held on a filament or in a crucible or "boat" made from a high melting point
resistive material such as a refractory metal, eg. tungsten, molybdenum or tantalum.
To prevent reaction between the crucible and the evaporant, the crucible may be
coated or made out of a refractory metal oxide or nitride (AlO3, BeO, BN, etc.)
with the resistive tungsten wire coiled round the outside. On application of a current
through the resistive wire, heat is liberated by the Joule effect, the material is melted

and eventually evaporates (see figure 2).

substrate
earth or
I>\ negative
bias

vapour stream =

source

AC boat supply low V high A

Figure 2. Resistive Heating



2.1.2 Inductive Heating Evaporation

An alternative method is the inductively heated source 4. This is again often used
with refractory metal oxide or nitride crucibles, but has the advantage that no direct
thermal coupling between evaporant and heating coil is necessary, thus the crucible
temperature stays lower. This method employs the application of a radio frequency
(rf) alternating current to the coil which causes a varying magnetic field and induces
eddy currents in the conducting evaporant material. This current flow in the
evaporant causes heating due to the Joule effect. When the metal has melted, the
eddy currents set up circulatory movements that stir the melt and so ensure even

evaporation (see figure 3).

substrate
earth or
[\\ negative
bias
vapour stream =
source
RF coil supply

Figure 3. Inductive Heating

2.1.3 Electron-beam Evaporation

A more technologically advanced method is the electron beam evaporation source
5678, This is very versatile in the range of materials that can be evaporated, and
also the electron beam causes ionization of the gas and vapour species so forming a
plasma that assists the deposition process. The conventional electron gun involves
heating a tungsten filament to incandescence by application of an electric current
such that thermionic electron emission occurs. The problem with using a hot
filament is that low pressures are required to prevent oxidation, and so the electron
gun must be differentially pumped separate from the main deposition chamber. The
electron beam is then magnetically deflected onto the crucible containing the
evaporant material. The crucible is normally made of copper and is water cooled so



that the molten pool sits within a solid shell of evaporant material. This provides a
barrier to evaporant-crucible interaction and ensures high purity vapour is produced
(see figure 4). An alternative electron source is the "plasma" electron beam gun. This
source uses a hollow cathode arrangement in which a glow discharge and plasma are
generated. Inert gas ion bombardment within the hollow cathode causes electron
emission (either secondary, thermionic or both) and a beam is magnetically or
electrostatically extracted. The advantage of this type of gun is that higher pressures
can be used, and so differential pumping is no longer necessary.

substrate

b\ earth or
negative
vapour stream = bias
2
", magnetically
a  focused
ﬂl e-heam
i
- water cooled crucible

/? E-beam gun

Figure 4. E-beam Evaporation

All of the above techniques cause the evaporating material to undergo bulk
melting such that a vapour is liberated from a large molten pool. This severely
restricts the orientation and hence positioning of the eVaporation source in the PVD
chamber and may not be suitable for coating large objects. Also, apart from the
electron beam method, the above techniques require some form of ionization
enhancement in order to generate a plasma. The cathodic arc evaporation technique
does not suffer from such limitations.

2.1.4 Cathodic Arc Evaporation

Original work on arc evaporation appeared in the literature as far back as 1939 9,
and modifications and developments are still being made today. It is, however, only
in recent years that commercially useful deposition systems have become available.
The arc PVD coating technique is essentially an ion-plating process that was
pioneered and then further developed in the USA 10 11 and Soviet Union 12 13 during
the early 1970's. More recent development in the late 1980's 14 has seen the



innovation of the steered arc process which has considerably improved coating
quality. The main difference between the arc process and the more traditional ion-
plating technologies is the means of producing the evaporated species.

substrate
d earth or
c::rt:rbeer D\ neqative
wall vapour stream = bias
ignition striker \
source
B DC cathode supply
lowV high &

Figure 5. Cathodic Arc Evaporation

In this coating process, an electric arc is struck on the surface of the material to be
evaporated (the cathode), while the work chamber, which is usually grounded, acts
as the anode (see figure 5). The arc "triggering" can be either mechanical (by
momentarily bringing a grounded probe into contact with the cathode surface) or it
can be electrical (by relying on the thermal breakdown of a thin, poorly conducting
film between the cathode and the "ignition" wire on application of a current pulse).
Once initiated, the arc is self-sustaining and operates in a low-voltage, high-current
mode (the voltage drop to the source being typically -20 to -60 V at a discharge
current of 50 to 400 A) (see figure 6). The arc is supported in the generated flux, and
can therefore be maintained under high vacuum conditions. Normally, however, the
evacuated chamber is back-filled with either an inert gas to help sustain the arc, or a
reactive gas such as nitrogen so that compound films may be deposited.
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Figure 6. Characteristics of Arc Discharge

2.1.4.1 Random Arc

There are various descriptions and theories about the nature and operation of the
arc and its one or more cathode "spots" (the areas of intense plasma initiated at the
cathode surface) 15 16 1718 19 20 These spots are only a few microns in diameter,
and so each has a high current density of typically 107 A cm=2, but only exists for a
fraction of a second (107 s) before another spot forms immediately adjacent to it,
and the discharge moves. The direction of movement is influenced by asperities on
the cathode surface, with the arc showing preference for microscopic protuberances
or gullies. Given adequate cooling of the cathode, material may pass into the vapour
phase at each spot without the cathode undergoing bulk melting. Thus the
evaporation sources may be mounted in any desired orientation within the chamber,
even upside-down.

The cathode spots and hence the arc move rapidly and at random across the surface
of the cathode, evaporating microscopic points and producing a high velocity jet or
flux of atomistic material, both highly ionized and neutral, and various sized clusters
of atoms and ions. At the cathode spot a minute liquid pool of molten cathode
material is produced which is vigorously evaporated. Electrons are emitted by a
combination of thermionic and field emission mechanisms, and are accelerated away
from the cathode surface. These electrons rapidly collide with the evaporating
neutral atoms and ionize them, thus creating a dense, hot plasma just above the spot.
The plasma of ions and electrons expands rapidly, but the electrons can move much
faster due to their lower mass, leaving behind a positive space charge that retards
further electrons and accelerates the ions in all directions (see figure 7).



distanceT
anode
ositive space
" charge region
| metal .
atom ©® metal ions
= I o 4 o
| @ droplets
metalion& \\ l/: — »e /

cathode | volts

DC cathode supply

Figure 7. Cathode Spot Region

The plasma jet peaks in the direction normal to the cathode surface and is of a
highly ionized nature (some 90% of the evaporated species) with a high kinetic
energy (up to 100 eV). For refractory metals the evaporated species are multiply
ionized with, for example, a charge distribution of typically 27% Ti T, 70% Ti 2%
and 3% Ti 3 for titanium 21. This makes an ideal source for use in ion-plating 22,
although the highly ionized nature of the depositing species can cause uniformity
problems when coating onto odd-shaped components due to bias charge distribution
effects (see section 2.3.5.2).

2.1.4.2 Macroparticles

During operation, the random arc spots show a tendency to dwell in certain areas,
producing comparatively large, localised molten pools. The positive space charge
that accelerates ions away from the cathode, also accelerates some ions towards the
cathode. The impingement of this ionic jet on the liquid pool surface may cause the
ejection of droplets or macroparticles that are several tens of microns in diameter 23
242526 _These droplets are undesirable due to their detrimental effect on surface
quality and adhesion of the deposited film, and also wastage of cathode material.

Macroparticle formation occurs mainly during the heating and sputtering phases of
a PVD process when an inert gas is present. During the actual coating phase,
providing there is sufficient reactive gas, then contamination or "poisoning" of the
cathode surface occurs (nitriding in the case of nitrogen). This raises the melting
point of the cathode material, so reducing the size of the molten pools, and also
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increases arc velocity due to liberation of the contaminant gas when intensely heated
by the arc. This results in less macroparticle formation. Deliberately providing
excess reactive gas so as to cause cathode poisoning is known as the "modified arc
process" 27,

Macroparticle formation can also be reduced during all phases (but not eliminated)
by increasing the speed at which the arc traverses the cathode surface using magnetic
confinement or steering (confined or steered arc) 28 29; or by filtering the produced
flux using a magnetic coil (plasma duct) 30 31, The latter method has proved to be
the most effective at eliminating macroparticles, but can suffer from plasma losses
and reduced ion flux density at the substrate surface.

2.1.4.3 Steered Arc

A magnetic field can be used to confine or steer the arc due to the fact that the arc
sits preferentially at the point on a cathode surface where the normal component of
an applied magnetic field is zero 32 (see figure 8).
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Figure 8. Magnetically Steered Arc

The magnetic field due to a magnet or coil will be circular or oval in shape and so
there will be a "racetrack” of zero normal field on which the arc may reside. Due to
the "Hall effect” of the transverse field component, the arc will travel around this
racetrack at high velocity. However, there is an unexpected phenomenon regarding

the direction of arc motion.



Ampere's rule states that all matter carrying an electric current density J, in the
presence of a magnetic flux density B, is subject to a force density J ~ B (the Hall
effect). The arc behaves as a current carrying conductor and should not be an
exception to this rule. However, high-speed photography has revealed that the arc
does in fact move in the opposite direction. This phenomenon is known as
"retrograde motion" 33. The Hall effect is a consequence of the Lorentz force acting
on the charge carrying particles, which are normally the electrons. The Lorentz force
is given by :

F=qE+v*B) ... (1)

where F is the force, g is the moving charge, E is the electric field and v ~ B is the
vector product of the particle's velocity and the magnetic flux density.

A sideways drift is imposed on the motion of the electrons by their passage
through the magnetic field. However, in the case of the magnetically-steered low
pressure (vacuum) arc, electrons are partially confined to cycloidal paths in the
magnetic field, and many return to the cathode without constituting a net current
flow. Due to the intense flux jet of highly ionized cathode material, the current is
mainly carried away by positive charge carriers instead, and the Hall field is thus
reversed. At higher pressures (not found in PVD) the arc motion reverts to the proper
Ampere direction. This is explained by a shorter mean free path for the ion flux,
resulting in kinetic energy loss collisions such that fewer positive ions escape the
cathode. Thus the current is mainly carried by the electrons as in the normal
situation. The exact mechanisms of this phenomenon are not well understood, but
fortunately it does not unduly affect the use of magnetically steered arcs in PVD.

Mechanical or electrical changes in the magnetic field profile allow precise control
of the arc motion and the ability to steer the arc in a predetermined closed-path of
variable radius on the cathode surface. Confinement or steering can be implemented
by either permanent magnets or electromagnets. The early steered arc method used a
small permanent magnet attached to a rotating arm behind the cathode. Rotation of
the arm during evaporation, caused the arc to follow a circular path on the cathode
surface, the width of the path being a function of the strength of the magnetic field.
Later methods have used stationary magnetic field coils behind the cathode to both
guide the arc and increase its velocity. By varying the current in the coils, and hence
the magnetic field strength, the path radius could be altered. With both methods, the
resultant motion of the arc spot has improved cathode erosion uniformity, reduced
frequency and size of macroparticles, and reduced arc quenching due to travel
beyond the cathode edge. The steered arc technique also offers the possibility to
exactly control the evaporation area (arc path) and hence lead to the use of
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segmented cathodes for the deposition of graded and multi-layered coatings 34.
Confinement of the arc to the cathode surface is also possible using a "passive
border" with predetermined electronic characteristics. The requirement of passive
confinement is that the border material should have a very low secondary electron
emission. This will result in reduced ionization and a weakened plasma jet, causing
the arc to veer in the opposite direction. The passive border does not extinguish the
arc, nor does the arc spontaneously extinguish; hence the evaporation source is much.
more stable and operates for a longer period of time without re-ignition. The
preferred material for passive confinement is boron nitride, and it is normally used in

addition to magnetic confinement.
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2.2 Sputtering Techniques

Sputtering is a process by which atomistic material can be ejected from a solid
surface through energetic ion and neutral bombardment. The concept that a solid
surface could be eroded by an impinging flux of accelerated positive ions dates back
to 1842 35, but the process was not utilised until some hundred years later. In the
1950's it was discovered that a radio frequency (rf) glow discharge could be used to
sputter insulating materials 36, which opened up a vast range of possibilities, most
notably utilised by the semiconductor industry. In the 1970's the development of
magnetron sputtering 37 with its higher deposition rate allowed sputtering to
compete with other ion-plating processes across the field. Further significant
improvement came in the mid-1980's with modifications resulting in the unbalanced

magnetron sputtering process 38 39 40,

2.2.1 Ion Beam Sputtering

Sputtering involves the bombardment of a cathode surface by energetic ions and
neutrals. These species may originate from an external source such as a plasmatron
or a Penning gun which contain a plasma produced by an arc or a glow discharge
respectively. The ions are extracted electrostatically and magnetically directed as a
beam onto the cathode surface. Alternatively, the glow dischargé may be generated
directly in front of the cathode so that it is uniformly bombarded by ions rather than
by a focused beam. Jon beams are most commonly used for implantation and surface
modification treatments rather than as a sputtering source for PVD 414243 44,

2.2.2 Glow Discharge - Diode Sputtering

The simplest arrangement of sputtering is the well known dc (direct current) glow
discharge 454647, A glow discharge can be created by introducing an inert "working
gas" (usually argon) into a vacuum chamber and applying a high potential (300 to
5000 V) between two electrodes (diode arrangement - normally a cathode of the
material to be deposited, with the grounded chamber walls forming the anode) (see

figure 9).

16



substrate

d earth or
c::rr:lbt::r i ne qative
wall vapour stream = bias

\

floating

shieldr-'
N

- DC cathode supply
highVlow A

Figure 9. Diode Sputter Source

Providing that the potential is greater than the "breakdown" voltage of the gas,
then an electric current will start to flow. This is initiated by the acceleration of
naturally occurring gas ions (or ions caused by cosmic radiation) towards the
cathode, and electrons towards the anode. When the accelerated ions collide with the
cathode surface most of their kinetic energy is lost. They also lose their charge and
are either elastically recoiled or implanted. Some of their incident energy is
transferred to the cathode atoms as momentum, causing a "collision cascade" within
the cathode surface.

The energy E; transferred in such binary collisions is given by :

Et=dmimi [ (mipm)2 )

where mj and my; are the masses of the incident and target atoms respectively.
The collision cascade may travel deep into the cathode, dissipating its energy
ultimately as lattice vibrations (heat), or it may recoil to the surface where, if the
collision energy is greater than the surface binding energy of the lattice, it may result
in the ejection (sputtering) of an atom or sometimes clusters of atoms of the cathode

material (see figure 10).
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Clearly, this is a very inefficient process where typically only 1% of the incident
energy reappears as the energy of the sputtered atoms 48 49, The ejected atoms are
mainly neutral (more than 90%) and of low kinetic energy (5 to 20 eV). The number
of atoms removed per incident ion is termed the "sputtering yield". The yield is
dependent on the incident ion energy and mass, as well as the characteristics and
geometry of the cathode material. In general, however, the variation in sputter yields
of different materials is less than the variation in evaporation rates found in other
processes. The sputtering yield S can be obtained from 30:

S=3EE; /412Uy, . 3)

where E; is the energy transferred in a binary collision, a. is a function of the
colliding atom masses, Ej is the energy of the incident ion, and Uy, is the surface
binding energy of the cathode.

The energetic bombardment may also cause secondary electron emission, X-ray
emission, photon generation and desorption of gas atoms from the cathode surface.

The most important of these, in terms of the glow discharge, is the secondary
electron emission. These electrons are accelerated rapidly away from the cathode,
gaining kinetic energy, and colliding with the working gas and other gas atoms
causing ionization events, dissociation and excitation, thus creating a "plasma".
Provided that each secondary electron produces a sufficient number of ions to cause
the release of a further secondary electron at the cathode, then the glow discharge
will be self-sustaining. This requirement can be expressed by the following
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relationship for the minimum potential V,;;, to sustain a discharge :
Vmin=Eo/&lile . @)

where Ej is the average energy required for producing ions (about 30 eV for Ar™"),
g is the ion collection efficiency of the cathode, I'j is the number of secondary
electrons emitted per incident ion, and I, is the fraction of the total ions V/E that is
produced by an average secondary electron before it is lost from the system.
- The number of secondary electrons emitted per incident ion I'j is termed the
"secondary electron yield". Typically for a pure metal cathode, with argon working
gas, and -500 V cathode potential, the secondary electron yield will be 10%.

2.2.3 Triode Sputtering

By utilising a third electrode to enhance ionization, the discharge becomes no
longer dependent solely on the generation of secondary electrons at the cathode to
sustain it. This electrode may be a simple positively biased conductor, or a
thermionic electron emitter (see figure 11). With an electron source, it becomes
possible to vary the discharge current independently of the discharge voltage,
making higher ion densities at the cathode and substrate possible 51. Such an
arrangement allows lower discharge voltages and pressures to be used, and leads to
higher deposition rates and independent control of plasma density. However, there
are several disadvantages, such as contamination from the thermionic source,
substrate overheating due to direct electron bombardment or indirectly by radiation
from the heated chamber walls (the anode), and complications of use, especially

when scaled up in size.
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Figure 11. Triode Sputter Source
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2.2.4 Glow Discharge Plasma

The type of dc discharge used in sputtering processes is known as an "abnormal
glow discharge". At lower applied voltages and consequently lower currents, a
discharge results that is characterised by its constant voltage and constant current
density, utilising a small area of the cathode. This is known as a "normal glow
discharge". As the power is increased, the region of the cathode carrying current
increases in size (current increases, current density and voltage remain constant)
until the whole cathode is used. At this point, any increase in power will result in an
increase in current and current density, with a sharp increase in voltage. This is
known as an "abnormal glow discharge" (see figure 12).
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Figure 12. Characteristics of Glow Discharge

The glow discharge plasma can be separated into several distinct regions, though in
practice they are not all clearly observed. Directly in front of the cathode is the
"cathode glow region" which is luminous due to ion neutralisation at the cathode
surface. In front of this is the "dark space", "sheath", or "cathode fall region". It is
across this region that most of the applied potential is dropped, providing the
accelerating force for the impinging working gas ions and the emitted secondary
electrons.

The dark space region originates when the plasma makes contact with a surface. If
the surface is electrically isolated, then the flux of electrons to the surface tends to
exceed that of the ions due to the electrons having typically higher random
velocities. The surface thus acquires a negative potential relative to the plasma. If the
surface is a powered cathode, then this negative potential is considerably enhanced.
This results in a redistribution of the ion and electron densities in the vicinity of the
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surface and the charge separation induces an electric field that retards the electron
flux and enhances the positive ion flux incident upon the surface. This creates a
region of depleted electron density (the dark space region) adjacent to the surface.
The thickness of the dark space region is quite small compared to the dimensions
of the bulk plasma and can be approximated from the Child-Langmuir space charge

limited current flow equation 52 :
L = (4e5/90)0-5 2¢/m)0.25 0.75 . 5)

where L is the cathode fall length, €, is the permittivity of free space, J is the
cathode current density, g is the ion charge, m is the ion mass, and ¥ is the potential
drop across L.

Although the dark space region is localised, a fully consistent model must treat the
plasma as a whole which is computationally intensive and beyond the scope of this
work. A simpler approach is to treat it in isolation as with the Child-Langmuir law
above, but this makes a number of incorrect assumptions such as zero incoming ion
velocity, zero electric field at the plasma-dark space boundary and no collisions
within the dark space 33. Fortunately, in surface engineering a simplistic
understanding of the plasma and dark space is all that we require as we are using the
plasma purely as a tool for coating deposition.

Thus the dark space region provides the accelerating force for the incident positive
ions in the plasma and, depending on the mean free path for charge exchange,
collisions can take place within the dark space resulting in high kinetic energy
neutrals that also impinge on the cathode surface. Thus sputtering can occur by both
ion bombardment and fast atom bombardment 54 55, '

Next is the "negative glow region" which in PVD processes normally fills the rest
of the chamber. It is this negative glow which is often referred to as the plasma, and
in this region the electrons expend most of their energy creating additional ions and
exciting atoms. Relaxation of the excited gas atoms in the plasma results in photon
emission which heats the plasma and gives rise to the visible glow. The colour and
intensity of the plasma will be characteristic of the gas species, target material,
pressure and excitation. It is thus possible to detect the presence of certain
components by monitoring the characteristic spectral wavelengths.

Under appropriate conditions, beyond the negative glow are the "Faraday dark

space", the "positive column" and the "anode dark space" (see figure 13), but these
are not normally observed in the pressure ranges used in sputtering processes.

21



cathode glow negative glow  positive column  anode glow
~ / / +
S~ \
cathode dark space  Faraday dark space  anode dark space
luminous
intensity J\/ Vo
potential /_\/I/J v

. E
field \ y
V-

Figure 13. Glow Discharge Plasma

2.2.5 Radio-Frequency Sputterin

A large range of single, alloyed or multi-component cathode materials can be used
for dc glow discharge sputtering, the only requisite being that they are electrically
conductive. When it is required to sputter non-conducting material then a radio
frequency (rf) oscillating power source is necessary.

If an insulator is used as a cathode in the dc glow discharge, then its surface will
charge up to the floating potential of the plasma such that the fluxes of ions and
electrons to the surface become equal. These ions and electrons recombine on the
surface so that there is no current flow. By using an oscillating source an alternating
current (ac) discharge is set up that neutralises the positive charge accumulated
during one half-cycle by electron bombardment during the next half-cycle. At low
frequencies this results in a pulsed discharge because the insulator charges up in a
shorter time than the period of the half-cycle, and for the remainder of the period the
discharge is off. If however, the oscillating frequency is above 1 MHz (radio
frequency), then the ions, due to their relatively large mass, are no longer able to
follow the alternating potential on the electrodes at the rate the electrons can and so
the electrodes effectively become negative because they are never fully neutralised

(see figure 14).
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In order to sputter only the "cathode", this electrode is the only one that is
effectively powered by the rf supply, while the other electrode is grounded. Also, the
"cathode" must be made significantly smaller than the "anode". In this way, the dark
space around the "cathode" will be thicker and ions will be sufficiently accelerated
to cause sputtering. If the "anode" is once again the grounded chamber walls, then
the dark space will be spread very thinly and provide insufficient kinetic energy to

the ions for sputtering to occur.

2.2.6 Magnetron Sputtering

In a conventional glow discharge, electrons are quickly lost by recombination at
the anode. To minimize this loss a magnetic field can be used that makes more
efficient use of the electrons causing them to produce more ionization 56 57 58, The
"magnetron" is such a system that employs magnets behind the cathode whose field
lines penetrate the dark space and produce a magnetic field parallel to the cathode
surface and hence perpendicular to the electric field of the dark space (see figure 15)

The magnetic fields used are quite weak, so that only the electrons are affected; the
ions being too massive. A secondary electron emitted from the cathode will be acted
upon by the crossed electric and magnetic fields and deflected by the Lorentz force.
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For a charged particle moving at angle 0 to a magnetic field, this force will cause
the particle to move in an orbital path. Thus the electron will describe a semicircle of
radius r given by :

r=mev.sind/Be ... (6)

where my is the electron mass, v.sin® is the component of velocity perpendicular to
the magnetic field, B is the magnetic field, and e is the electron charge.

Coupled with the component of velocity v.cos0 parallel to B, which is unaffected
by the magnetic field, then providing there are no collisions, the electron will
describe a cycloidal or helical path before returning to the cathode surface. Thus
secondary electrons are trapped close to the cathode and spend more time in the
discharge. As a result, more ionizing collisions occur which allow the electrons to
escape confinement, but also produce a greater number of ions to sustain the glow.
The more ions that are produced, then the more sputtering that is possible, and so a
higher deposition rate can be realised, and lower discharge voltages and pressures
used. Also, electron trapping provides the additional advantage that fewer electrons
are free to bombard the substrate surface and chamber walls, resulting in a "cooler"
deposition process, which for temperature sensitive materials can be very important
596061

The application of magnetic fields to enhance ionization in glow discharges dates
back to 1936 62, but not until the 1970's has the principle of crossing electric and
magnetic fields been effectively applied to sputtering systems. Three conventional
magnetron designs have emerged: cylindrical or post magnetrons, circular
magnetrons, and planar magnetrons. This work is concerned with the latter design as
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the most applicable to large scale PVD coating systems 63. Typical cathode size is
600 x 200 mm using a central magnet pole and outer magnet pole configuration
resulting in a "looping" magnetic field that restricts the sputtering area to an
elliptical "racetrack". Thus the planar magnetron makes a stable line source, with
substrate rotation required for coating uniformity. The magnetic field causes very
effective concentration of the glow and so localised erosion in the racetrack area can
be a problem 64. This leads to variation in deposition rate with time, and necessitates

frequent cathode replacement.

2.2.6.1 Unbalanced Magnetron

The conventional magnetron system, although a considerable improvement over
the dc glow discharge process, still suffers from a poor "throwing distance" of the
depositing species when compared to other ion-plating techniques 63 66, This has
severely restricted the coating range and the size and shape of possible substrates.
However, a simple modification to the magnet configuration has resulted in an
extremely versatile source called the "unbalanced magnetron" 67 68 69,

In a conventional magnetron, the inner pole and outer pole magnets behind the
cathode are of equal strength, and so the field lines loop between them, returning via
the steel yoke on which the magnets are fixed. By strengthening one set of magnets
(either with additional magnets or by using an electromagnetic coil) the magnetron
becomes magnetically unbalanced, hence the name. There are two unbalancing
options; strengthen the inner pole or the outer pole. Strengthening the inner pole
results in increased secondary electron confinement and draws the glow region in
more tightly to the cathode with no obvious advantage. However, if the outer pole is
strengthened, then the magnetic field lines, as well as looping on the cathode
surface, curve away on all sides (see figure 16). Clearly, some of the secondary
electrons follow these lines and are no longer confined to the cathode surface, but
also the plasma glow is expanded outward towards the substrate and considerably
increases substrate bombardment intensity such that it is comparable with other high
deposition rate techniques 70. The unbalanced magnetron has the additional benefit
that the ion energy and flux can be varied almost independently of one another,

giving a further controllable process parameter.
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2.2.6.2 Closed-Field Systems

The use of unbalanced magnetrons with uncontained field lines gives rise to
various possible magnetic field geometries when two or more cathodes are used in
the same system 71 72 73, Such multi-cathode systems generally have only two
distinct configurations : the "mirrored" arrangement where the outer magnetic poles
of the cathodes are alike (ie. all north, or all south), or the "opposed" arrangement
where each alternate cathode has like outer poles and adjacent cathodes are opposite
(ie. north, south, north, south, etc.). Due to the bi-polar nature of magnets, only even
numbers of cathodes may be used in an opposed arrangement without upsetting the
repeating pattern (unless "dummy" magnets are used). The opposed magnet
configuration gives rise to field linking between the north and south outer poles of
adjacent cathodes which serves to reconfine the escaped secondary electrons and
distribute them and the plasma intensity evenly around the multi-cathode system.
The increased travelling distance of the secondary electrons between cathodes
creates more ionization events and increased sputtering. Also the closed magnetic
field helps confine the plasma to the substrate region thus enhancing deposition
conditions 74 75 76, In contrast, the mirrored magnet configuration has none of the
above advantages and will probably reduce the unbalancing efficiency by restricting
the reach of the uncontained field lines to half the inter-cathode distance (see figure

17).
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2.3 Coating Deposition

2.3.1 Surfaces and Nucleation

The nucleation stage is a critical step in any PVD process, since it can strongly
affect adhesion, crystallographic orientation, grain size, defect density, etc., and so
have a significant influence on overall coating properties. ,

Nucleation and initial deposition of any coating must take place onto a substrate
surface, often of a material that is dissimilar to that of the coating. The surface is
considered to be the top few atomic layers of a solid and it is likely that it will have
different properties from that of the bulk material 77. This is because many electronic
properties of the bulk solid depend upon the three-dimensional periodicity of the
potential within it. Any loss of this periodicity in one or more dimensions (ie. due to
. the existence of a surface), will result in a change in the electronic states and
properties near and at the surface. Also, the lack of adjacent neighbours on one side
of the surface atoms may make available chemical bonds for possible reactions.

Thus the surface of the substrate material is likely to affect the nucleation and
initial deposition of a coating. It may increase the "driving force" of the deposition
process in the early stages while it is exposed to the depositing vapour, and indeed
continue affecting the growth rate until a film of sufficient thickness (several atomic
layers) has been produced such that it has its own bulk and surface properties. An
increased driving force (ie. increased nucleation probability) will result in a greater
nucleus density, higher deposition rate and finer grain structure at the start of coating
78, For subsequent growth, secondary nucleation occurs without the substrate
influence, the deposition rate decreases and larger grains are obtained. In practice
this is what is observed in TEM cross-sections 79 80 81,

Possible nucleation sites on a surface are significantly increased by the existence
of defects in the otherwise flat atomic layers 6. Both monocrystalline and
polycrystalline solid surfaces exhibit "steps" on an atomic level 82. A polycrystalline
surface consists of many individual crystals or grains of different crystallographic
orientations and surface steps exist within each grain. The steps are formed from
new atomic layers building up on the layers below. Between each step is a perfectly
flat face called a "terrace". The terraces and the steps may contain further defects
such as dislocations and vacancies. They also contain adsorption sites for atoms and

molecules (see figure 18).
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Figure 18. Surface Defects

At any finite temperature above absolute zero the atoms of a solid are vibrating,
particularly those at the surface, in their own individual potential energy wells. If an
atom receives sufficient thermal energy it may overcome the potential energy barrier
so that it can leave its initial site in the surface and become an adatom in a
neighbouring position of potential energy minimum 83. This process is known as
"surface diffusion" and gives rise to "adatom mobility". A somewhat higher thermal
energy is required for diffusion into the bulk solid. The time that a surface atom
stays at one site is called the "residence time" and depends on the bond strength or
the depth of the potential well in addition to the amount of thermal energy input. In
surface diffusion, atoms or molecules jump between adsorption sites. Generally, the
adsorption is much stronger at the steps or in defects than it is on the flat terraces 84.
Hence the residence time is longer, and adatoms tend to diffuse to and coalesce at
these points that form primary nucleation sites for coating growth (see figure 19).
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Clearly a surface containing a greater density of surface defects (ie. one that has
incurred radiation damage by ion bombardment, or is simply orientated such that a
larger number of steps are present at the surface) will have a higher nucleus density,
greater deposition rate and possibly better adhesion and finer grain structure. This
defect and step structure is fundamental to both nucleation and later to coating
growth, since at any time during deposition the growing film will have its own
surface layer consisting of steps, defects and related adsorption sites, all of which

will influence the condensation process.

2.3.2 Sputter Etching

By applying a large negative bias (eg. -1000 V) to the substrate during the phase
prior to coating, and introducing a working gas (eg. argon), then the substrate will
behave like a cathode in a dc diode discharge. The gas will break down into a plasma
and positive argon ions will be accelerated towards the substrate. The ionization may
be enhanced by operating the "real" cathodes simultaneously. When the accelerated
ions impinge on the substrate surface they lose their kinetic energy by transfer of
momentum to the surface atoms, which in turn cause a collision cascade within the
substrate surface. The cascade may travel deep into the substrate dissipating its
energy as heat, or it may recoil and cause sputtering of surface atoms. The required
effect of the bombardment is to remove the surface atoms of the substrate along with
any contaminants, thus cleaning the surface ready for deposition 85, Additionally it
is required that the incident bombardment energy heats the substrate to the desired
temperature for deposition (if no auxiliary heating method is employed).

One of the effects of sputtering is a roughening of the substrate surface and the
introduction of lattice defects, particularly if the sputter cleaning / heating phase is
prolonged. This may be due to preferential sputtering (of particular species or along
grain boundaries), angular dependence of sputtering yield, or sub-surface collision
cascades causing dislocations. Clearly, for polished decorative surfaces, roughening
cannot be tolerated and the sputtering phase would be minimized. However, for
other coating purposes, this "etching" of the substrate surface provides a high density
of possible nucleation sites for the depositing film, as well as a "mechanical keying"
effect. The result is an improvement in the adhesion of the coating to the substrate
56,

Another possible effect of sputtering is ion implantation. This does not occur to
any great extent at the energies involved in PVD systems but may be positively
utilised if the cathodes are powered during the sputter etching phase so that the
plasma contains metal ion species. The implantation will be enhanced (or over-
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shadowed) by metal atoms depositing on the substrate surface and diffusing in, due
to the heat energy of the ion bombardment. Additionally, part of the substrate
surface may be sputtered by the intense ion bombardment, and then redeposited
along with incident cathode metal ions producing a mixed layer (for example Ti-Fe).
The substrate will thus contain some of the depositing metal which is thought to
improve coating adhesion 18,

It is possible to model these sputtering effects using the Monte Carlo program
TRIM (TRansport of Ions in Matter) 86. This program models collision cascades
within a surface after bombardment by ions. The incident ions and the recoil atoms
are followed throughout their slowing-down processes until their energy falls below
a predetermined level (5 eV for the incident ion, and the surface binding energy for
the recoil atoms). By recording the number of recoil atoms that reach the surface
with sufficient energy to overcome the binding energy, and so leave the solid, the
sputter yield can be calculated. Comparisons of TRIM program results with
experimental data have shown good agreement 87,

2.3.3 Interlayers

Where surface roughening by sputtering is not acceptable, then the use of a metal
interlayer (where the metal is one of the components of the coating, ie. titanium) has
been shown to lead to a substantial increase in adhesion 88 89 90919293 The
improvement may result from a number of factors including chemical gettering
effects, where the titanium reacts with and dissolves weak oxide layers at the
interface, and mechanical effects, where the titanium acts as a soft, compliant layer
that reduces shear stresses across the interface and hinders crack propagation. Stress
has been shown to peak in the substrate-coating interface region, particularly as
coating thickness increases, and so stress relaxation by this softer interlayer allows
the substrate to support much thicker films without spallation than would normally
be possible 94 95 96,

Additionally, the titanium interlayer may act as a graded interface between the
substrate and coating after diffusion along each of its boundaries (for example, to
produce TiC with carbon from the steel, and TipN with nitrogen from the nitride
coating). This may improve adhesion by reducing the acute step difference in

material properties at the interface.
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2.3.4 Coating Growth

Once nucleation sites have been established the film will begin to grow (or -
condense from the vapour phase) about these sites as "islands" which will expand
both vertically and laterally (across the surface) until they meet adjacent islands (see -
figure 20).
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Figure 20. Island Growth

As the islands expand and their growth fronts meet, a grain boundary defect is
generated and growth can then only continue vertically. Each island grain will be
orientated so as to match, as nearly as possible, the underlying surface grain
orientation at the adsorption site, and so initially on the substrate surface all possible
orientations will be present. However, what follows is competitive growth between
adjacent grains, where a particular orientation (as favoured by the incident
bombardment energy and reactive gas pressure) takes precedence 97. Those grains
with the favoured orientation will flourish, growing upwards and sideways at a
greater rate than the grains orientated differently. As the film thickens, so these
dendritic columns cluster together into larger features with the dominant orientation,
and produce the commonly observed columnar structure 98 (see figure 21).
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Figure 21. Columnar growth

2.3.4.1 Structure-Zone-Models

The exact nature of the columnar structure varies with different deposition
conditions from a porous, open-structure through a fine-grained, fibrous structure to
re-crystallised densely packed columns. These structures have been depicted in
various structure-zone-models along with the conditions under which they were
observed 99 100, Movchan and Demchishin 101 were the first to classify these
structures, and they identified three distinct zones as a function of substrate
temperature over melting point. The low-temperature zone 1 structure corresponds to
low adatom mobility and consists of widely spaced columns with domed or angular
tops. The mid-temperature zone 2 structure corresponds to significant surface
diffusion effects and consists of densely packed columns with a smooth surface. For
the high temperature zone 3 structure, bulk diffusion becomes the dominant process
and the structure is equiaxed.

For most PVD processes, only the first two structure zones are observed. The half-
melting-point limit is normally only exceeded by the very high deposition
temperatures found in CVD processes.

Later work by Thornton 102 demonstrated that the presence of a working gas such
as argon could modify this model and a further region called zone T or the transition
zone was slotted in between zones 1 and 2. Zone T consists of densely packed but
poorly defined fibrous grains, and the interesting point to note on the structure-zone-

.models is that this zone is skewed relative to the bias axis such that at high bias, the
fibrous structure is obtainable at a lower temperature than would normally be
possible. Thus, as an alternative to increasing deposition temperature, the zone 1
structure can be overcome by subjecting the growing film to ion bombardment.
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Messier ef al. 103 have modified the structure-zone-model to account for these
substrate biasing and ion bombardment effects (see figure 22).
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Figure 22. Structure Zone Model

2.3.5 Low Eneroy Ion Irradiation

By applying a small negative bias (<-250 V) to the substrate material during a
coating process that involves the use of a plasma (ionized gas), then the growing
film will be subjected to low-energy ion irradiation 43, The deposition technique
then comes under the generic title of "ion-plating". In general, the ion current density
Jj depends on the space charge limited ion extraction from the plasma, which is a
function of the applied bias. In the case of parallel current emitting and collecting
areas, this can be approximated from the Child Langmuir law 52 :

J;=044g, (2Ze/m)0-5 y1.502 . )

where g is the dielectric constant, Z is the average number of charges per ion, e is
the electron charge, m; is the ion mass, ¥ is the potential drop between the plasma
and substrate, L is the dark space length between the plasma and substrate.

The effect of this bombardment is to increase depositing adatom mobility due to an
input of kinetic energy from the bombarding species, generate point defects in the
film structure, and raise the surface temperature. The result of this bombardment, is
a densification of the depositing film, similar to the effect of raising the overall
process temperature, or lowering the operating pressure such that there are fewer
energy-loss collisions. The growing film thus has a higher packing density and
smaller grain size 104 105106 107,
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2.3.5.1 Radio-Frequency Biasing

If an unbiased substrate is placed in the glow discharge, then it will still be
subjected to bombardment, but by very low energy ions and electrons that exist
within the plasma. This will cause some heating and cleaning by desorption of
impurities from the substrate surface, but may also result in contamination by other
species adsorbing on the surface, so some biasing is usually preferred. If the
substrate is a non-conductor, then dc biasing cannot be used, as the substrate will
charge up to the floating potential of the plasma and become effectively unbiased. In
this case, a radio frequency (rf) oscillating bias supply is necessary to achieve
suitable ion bombardment, as with the situation of sputtering an insulating cathode.
Once again, the oscillating frequency should be above 1 MHz (radio frequency) in
order to obtain a continuous discharge 108 109 110,

2.3.5.2 Biasing Edge Effects

A problem encountered with substrate biasing is that it is difficult to ensure
uniform ion bombardment and heating on odd-shaped or differently sized
components that are being coated simultaneously 111 112, Since the substrate
behaves as a cathode in the plasma, then it will have an associated dark space region
around it, over which most of the applied bias potential will be dropped. At edges or
corners, or on small components, the ratio of dark space surface area to substrate
surface area increases, causing a localised increase in ion current density on the
substrate (see figure 23). The greater ion bombardment can cause overheating, and
these areas may also experience different coating growth conditions, resulting in
different properties or appearance from the bulk . If the bias is near a critical
threshold, these areas may even be subject to re-sputtering of the depositing coating.
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Figure 23. Bias Edge Effects
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2.3.5.3 Residual Stress

Residual or internal stresses occur in virtually all hard coatings deposited using
PVD techniques, but particularly where some form of ion irradiation has been
employed. The levels of residual stress present in a coating are important since they
relate to coating adhesion and dictate the maximum coating thickness that can be
deposited before spallation occurs 4. Measurements generally show high
compressive stresses in the coating material, attaining values up to several
gigapascals (GPa) in both evaporated and sputtered coatings 95. The creation of
these stresses is attributable to either thermal expansion mismatch of the substrate
and coating materials, or to growth-induced stresses occurring during the
condensation process. Total residual stress is the sum of these two stress types 113.

Thermal expansion mismatch occurs when the lattice of the substrate material
expands (or contracts) by a different amount to that of the coating material, when
subjected to a temperature change. This temperature change may occur if there is a
fluctuation in the deposition process temperature, or as the samples cool after the
process, or heat as a result of friction during use. Hence, if minimum residual stress
is required during use, then the deposition temperature should be kept constant and
should match the working temperature that the coating will be subjected to.
Thermally induced stress can be calculated by :

c=EAaAT/1-v ... ®)

where o is the stress, E is Young's modulus of the coating, Aa is the difference
between the thermal expansion coefficients, AT is the difference between room
temperature and the deposition temperature, and v is Poisson's ratio of the coating.

Growth-induced stresses are a function of the microstructure and ion bombardment
during the deposition process. A dense coating with close-packed columns tends to
have high compressive stresses as the column boundaries "press" against each other.
A less dense coating with an open columnar structure tends to have much lower
stresses as the columns can relax by expansion into the voids. Ion bombardment
often generates compressive stresses by the "ion-peening mechanism", in which the
surface region of the depositing film undergoes plastic deformation in order to
accommodate the defects produced by the bombardment process. The impacting ions
themselves can also cause an expansion in the surface region by a process known as
"ion stuffing", in which the bombarding ions, such as argon, are "forced" into the
depositing structure and become trapped 114, Clearly, any forced expansion of the
coating structure results in a state of compressive stress. Ion bombardment induced
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stress o can be calculated by :
s=KRE® .. ©)

where K is a material-dependent constant, E is the ion energy, and R is the ion-to-

atom arrival ratio.

2.3.6 Reactive Deposition

Reactive deposition involves the introduction of a reactive gas that combines with
the metal vapour flux to produce a compound film on the substrate surface 115 116,
The choice of reactive gas depends on the desired compound, for example nitrogen
(to form a nitride), methane or acetylene (to form a carbide), or a mixture of both (to
form a carbo-nitride). Introduction of the gas into a plasma, subjects the gas
molecules to electron and ion bombardment which results in dissociation, excitation
and ionization of the gas atoms. The use of a plasma is important if high deposition
rates are to be attained in PVD as it governs one of the rate-limiting steps. For the
formation of a compound by any chemical reaction, the appropriate thermodynamic
and kinetic constraints must be realised and the rate-controlling steps of such a

reaction are :

1. Adequate supply of reactants.

2. Adequate collision frequency.

3. Adequate energy to activate the reaction.

4. Adequate rate of removal of reaction by-products.

In a vapour deposition system these steps are resolved as follows :

1. Adequate supply of reactants is attained by ensuring a high flow rate of reactive
gas and high evaporation or sputtering rate of the cathode material.

2. Adequate collision frequency is attained by ensuring a sufficient pressure in the
reaction chamber of reactive gas and metal vapour flux.

3. Adequate activation energy is attained by high temperature or by plasma
assistance.

4. Adequate rate of removal of reaction by-products is attained by high pumping
speed of the vacuum system.

37



The use of high temperature to activate a reaction is normal for CVD systems, but
one of the virtues of PVD is the low deposition temperature. Thus activation by a
plasma is normally used. Sputtering systems that employ a glow discharge
automatically generate a plasma, as do arc and electron beam evaporation. Other
systems will often include an electron source to provide ionization assistance. Thus
the "activated" gas promotes reaction kinetics and accelerates the rate of compound
film formation. '

The pressure in a deposition chamber is governed by the reactive gas flow rate and
metal vapour production rate, and the pumping speed of the vacuum system.
Normally the latter will be fixed, but will be sufficiently high so as not to unduly
constrain the reaction. Thus the main rate-limiting step in a PVD system will be the
adequate supply of reactants. The evolution of metal vapour flux is controlled by the
power input to the cathode and would appear to be the only constraint since the
chamber could be easily saturated with reactive gas. However, if that were done,
most PVD systems would function quite inefficiently due to a reduction in the
cathode output and reduced mean free path length of the depositing species.

All PVD systems require a low pressure environment such that a useful metal
vapour may be liberated, and also to allow many of the evaporation and sputtering
mechanisms to operate. Reactive gas enters the chamber at one or more points, and
metal vapour will be produced from one or more cathodic sources. The reactive gas
will tend to diffuse all around the chamber, and so the partial pressure must be low
enough to allow a similar impingement rate of both reactants upon the substrate
simultaneously (for maximum efficiency). The impingement rate of reactive gas
atoms on the substrate surface is largely independent of the cathode-to-substrate
distance 117, so the flux density of the metal vapour is once again the limiting factor.
The metal vapour will leave the source with a high kinetic energy which will
promote adhesion to the substrate. If the partial pressure of reactive gas is too high,
then the metal vapour flux will undergo a significant number of energy loss
collisions due to mean free path considerations, before reaching the substrate. If the
partial pressure is too low, then the metal vapour flux will not be scattered at all, and

“ line-of-sight coating problems will arise. In addition to this, over- or under-
stoichiometric coatings will also be produced.

Thus a basic operating pressure for PVD systems is dictated that is a product of the
reactive gas flow rate and metal vapour production rate, the two being mutually
linked due to reaction of the former with the latter. The matter is further complicated
by the fact that the compound film only forms on a surface and not in the gas phase
(due to dissociation by the energetic plasma), and that this surface need not
necessarily be that of the substrate.
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2.3.6.1 Cathode Poisoning

A compound film may also form on the surface of the solid metal source or
cathode. This is known as "poisoning" and will almost always reduce the cathode's
efficiency. In the case of evaporation, the rate at which metal vapour is liberated is
dependent on the melting point and heat of vapourization of the source material. For
a ceramic coating, this will be higher (often by a factor of two or three times) than
that of the pure metal, and hence the rate of evaporation will be proportionally
lower. Since most evaporative sources are in a continuously molten state that is
heated from within or below, this is not a problem. Only the arc source remains
predominantly solid, but even for this technique, poisoning is not so critical due to
the high intensity of the cathode spot. In fact, poisoning is sometimes actively
encouraged in order to reduce droplet emission 27.

In the case of sputtering, the effect of poisoning is more profound since the
cathode is always in the solid state. Again, the energy input requirements for
sputtering a ceramic are somewhat higher than those for a pure metal, hence the
yield per incident ion will be lower 109 118 A drop in metal vapour yield at the onset
of poisoning results in an excess of reactive gas which will cause more poisoning
and thus exacerbate the problem. The extent of poisoning will increase until the
whole cathode is poisoned, at which point the yield will stabilise at its minimum
level. Additionally, the evolved vapour will not be a pure metal, but instead will be a
mixture of the compound constituents. It is therefore necessary for the reactive gas
flow to be reduced accordingly in order to maintain a stoichiometric coating.

Thus if poisoning is allowed to occur, the deposition rate will fall dramatically and
the coating process will no longer be economically viable.

It is, however, possible to "recover" a poisoned cathode by reducing the reactive
gas flow below the 50:50 ratio such that the compound coating is sputtered away, so
returning to the pure metal cathode situation. At this point the sputter yield will rise
once more and the reactive gas flow will again need to be adjusted accordingly.

The poisoning effect can be illustrated graphically by plotting sputter rate or
deposition rate against reactive gas flow (see figure 24). A hysteresis loop effect is
observed where the flow rate for cathode recovery is lower than the flow rate for the
onset of poisoning. Clearly the optimum operating flow for maximum sputter rate is
at a point just prior to the onset of poisoning. This should not be confused with an
identical flow rate just prior to the onset of recovery, that corresponds to a much
lower sputter rate. The operating flow should thus be approached from a low value

on the hysteresis curve.
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Figure 24. Hysteresis Loops

A similar hysteresis loop can be plotted for reactive gas partial pressure against
reactive gas flow (see figure 24). As before, the flow rate for cathode recovery is
lower than the flow rate for the onset of poisoning. The graph, however, is reversed,
and partial pressure rises at the onset of poisoning. This is because as a solid
compound is formed from a gas and a vapour, the volume occupied by the
constituents is reduced, and hence so is the pressure. As the cathode becomes
poisoned, there is less metal vapour to react with the gas and become solid. Thus
there is more gas in the system and the pressure rises.

Clearly the use of a sensitive and fast-response gas flow controller is required that
monitors the relative levels of reactants in the chamber and thus maintains
stoichiometry without allowing cathode poisoning. It should also be capable of
effecting a rapid recovery if poisoning should occur. The use of high pumping
speeds helps in this respect by rapidly removing excess reactants from the chamber.

It is possible to identify the onset of cathode poisoning by monitoring the reactive
gas partial pressure, or the intensity of the metal vapour flux in the plasma (using
optical emission spectroscopy), or the relative amounts of both reactants (using mass
spectrometry). All methods have been used in practice 119 120 121 The monitored
signal is used as a closed-loop feedback to some form of automatic gas flow
controller that is preferably of a proportional type that will not induce it's own
oscillations and instabilities into an otherwise erratic system.
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2.4 Evaluation Techniques

2.4.1 Colourimetry

Colourimetry is the quantitative measurement of perceived colour, which
encompasses illumination, reflectance (or transmission) of the sample, and visual
response of the observer. The colourimeter is an instrument that senses tristimulus
(X, Y, Z - red, green, blue) values and converts them to chromaticity (hue and
intensity) components of colour. It can detect minute variations in the surface colour
of a sample in a quantitative and objective manner, whilst human colour perception
is both subjective and of variable sensitivity over the visible spectrum (400-700 nm
wavelength).

It has particular application to the decorative coatings industry for providing
colour description and matching, but some workers also believe it can give an
indication of composition and stoichiometry 122 123 124,

Colour determination involves illuminating the sample surface with a standard
light source (eg. a xenon flash tube) and detecting the reflected light with photocells,
individually filtered to accept one each of the primary colours; red, green or blue.
The detected signal values are compared to reference calibration values and the
deviation calculated. Thus a "colour difference” measurement is made based on the
CIELAB Colour Space standard established by the Commission Internationale de
1'Eclairage (CIE) in 1976. The CIELAB Colour Space has the co-ordinates L*, a™,
b*, which correspond to Lightness or reflectance (black-white), red-green,-and blue-
yellow differences 125 126 (see figure 25).
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Figure 25. L"a b Colourspace Diagram
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2.4.2 Surface Roughness Profiling

The surface roughness of a coated component can be a very important parameter,
whether the coating is used solely for decorative purposes or if it is required to
enhance engineering performance. The surface finish of PVD coatings are claimed to
mimic the underlying surface finish of the uncoated substrate 43. In practice the
coating surface is always rougher, due to non-uniform coverage, defects or voids in
the growing film, and inclusion of droplets (macroparticles) from the cathodes 29
127, These result in an increase in roughness of typically around 1 pm, or more in the
case of droplets. For decorative coatings the loss of surface finish is clearly
detrimental from an aesthetic point of view and so is undesirable. For engineering
components, the quality of surface finish can have a more far reaching effect. One of
the reasons that ceramic coatings extend tool life is that as well as being very hard,
they also have a low coefficient of friction. This means that the tool can be operated
at higher speeds, requires less cooling, and is more resistant to cold welding between
itself and the workpiece 128, Obviously, if the surface roughness of the coating is
high, then this low friction advantage will be reduced 129.

Surface roughness measurement usually involves moving a stylus across the
surface of the sample. The minute vertical displacement of the stylus is monitored
and a trace profile of the surface produced. Several statistical values are normally

quoted to describe the roughness measurement over a set distance :

Rmax - the max. full stylus deflection from peak to valley.
R - the average of all deflections from peak to valley.
'Ry - the arithmetic mean of all deflections from the mean line.

It is also possible to measure roughness profiles without any physical contact with
the sample surface. The "laser stylus" profilometer focuses an infrared laser beam on
the sample surface, and detects the reflected beam. The sharp focus of the beam is
maintained by automatically varying the position of the objective lens in the
instrument. The displacement of the objective lens is linearly proportional to the
surface roughness of the sample, and so detection of this displacement by a sensitive
transducer, allows the surface roughness to be recorded.

2.4.3 Coating Thickness Calotest

Coating thickness can affect the validity of both hardness and adhesion tests, and
is also likely to affect the actual coating performance itself. Thus a knowledge of the

42



thickness is vital. An obvious way to measure the thickness is to cut up the coated
component, examine a cross-section in a SEM and measure directly. In practice,
particularly in an industrial environment, such a method would be too time
consuming, laborious and expensive, not to mention destructive to the component.

A somewhat quicker method, though still partially destructive, is the calotest 130
131 This involves eroding a hemispherical crater in the coated sample using a
rotating steel ball-bearing (10-50 mm diameter) and standard metallographical
diamond lapping paste. This is known as "ball-cratering" (see figure 26).
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Figure 26. Calotest

The diameters of the coating ring and substrate crater of the shallow hemispherical
taper section are then measured under an optical microscope. By relating these two
measurements to the ball diameter, a value for the coating thickness can be easily

obtained.

2.4.4 X-Ray Fluorescence Thickness Test

A totally non-destructive coating thickness test involves the use of the X-ray
fluorescence (XRF) technique 132 133,

When a sample is bombarded by X-rays, the incident photon energy is absorbed by
an inner shell electron of a constituent atom. If this energy is sufficient, it will lead
to the ejection of the electron from the atom. The atom will thus become unstable
and the vacancy will be filled by the transfer of an electron from an outer shell. In
transferring to the inner shell, the electron will lose energy, which will appear as an
emitted X-ray photon characteristic of the atomic transition. The overall process, of
absorption of an X-ray beam followed by emission of a set of secondary X-rays, is
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known as X-ray fluorescence (see figure 27).
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Figure 27. X-Ray Fluorescence

XRF can be used to identify the elemental composition of a sample, but may also
be used to determine coating thickness from the emission intensity, by assuming that
the thickness, composition and density of the coating are all uniform. Either the
characteristic X-rays of the substrate or the coating may be used.

If X-rays from the coating are used, then the emission intensity will be
approximately proportional to the coating thickness, due to the emission area
density, but must be corrected for self-absorption effects. Calibration curves or
mathematical relationships can be prepared from standards of known thicknesses
and compared with the measured intensities to determine the film thickness.

If X-rays from the substrate are used, then the emission intensity will be attenuated
by the beam passing through the coating. The attenuation will be proportional to the
film thickness, which may be determined by comparison with calibration curves of
known thicknesses, or calculated directly using absorption equations if the density of
the coating is known.

Beer's Law defines X-ray absorption as :

g=exp(-xpp/p) S e (10)

where I is intensity following absorption, I, is intensity of incident X-rays, x is
thickness (cm), p is density (g/cm3) and p/p is mass absorption coefficient.
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2.4.5 Microhardness Test

The hardness of a solid material is defined as its resistance to penetration by
another body under load 134, Hardness is often used as a guide to the suitability of a
coating for any application requiring high abrasive wear resistance. The term
"microhardness" usually refers to indentation hardness tests with loads not
exceeding 1000 g. Some tests may use loads as low as 1 g, but for ceramic coatings,
the majority are in the 25-100 g range.

The test involves pressing a diamond indenter, of known geometry, into a sample
surface for a fixed time duration using a known force. A dimensional measurement
of the indentation in the surface is then made visually, and a "microhardness
number" is calculated (usually in the units kg/mm?). Two common measurement
scales are in use; Vickers and Knoop 135, These differ principally in the shape of the
diamond indenters; the Vickers is a square-base pyramid, while the Knoop is a
rhombic-base pyramid with a ratio between the long and short diagonals of about
7:1. Consequently, the Knoop indenter offers a longer indent diagonal than the
Vickers for the same penetration depth, making it much more suitable for the
measurement of thin films. For direct hardness measurement, the coating thickness
should be at least ten times the indentation depth so that there is no contribution to
the measured hardness from the substrate material. The indentation depth can be
reduced by lowering the loading force, but there is a corresponding reduction in the
indentation size. This makes it more difficult to accurately measure the length of the
diagonal and leads to increased subjective measurement errors 136,

Two alternative solutions are possible. One is a modelling approach where the
composite coating and substrate hardness is deconvoluted to approximate the actual
coating hardness alone 137, The other is a direct approach using a depth-sensing
hardness tester called a "ultra-microhardness indenter" or "nano-indenter" 138, This
is computer-controlled and can make very small indents since no visual
measurement is required. Hardness is determined from the depth of penetration of
the indenter. It has three distinct advantages; use of very low loads, no subjective
error, no "shrinkage" of the indentation prior to measurement due to elastic recovery

after removal of the indenter 139.

2.4.6 Rockwell Indentation Adhesion Test

Adhesion is the state in which two surfaces are held together by interfacial forces.
For any coating application, the minimum acceptable requirement is that the coating
should remain adhered to the substrate throughout its specified use. One method of
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assessing this is to excessively load the coating-substrate system to a greater extent
than would normally occur. Such a method is the Rockwell indentation test 106 140
141

Using a conventional Rockwell-C hardness indenter with the usual 150 kg load, a
mechanically stable crack is introduced into the coating-substrate system. The
resistance to propagation of the crack along the interface is then used as a measure of
the adhesion. The test is observed visually as cracking or spallation of the coating at
the surface (see figure 28). Depending on the extent of the failure, the coating may
be classed as either acceptable or not acceptable, but no specific value is normally

assigned.

ideal indentation radial cracking edge chipping
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Figure 28. Rockwell Adhesion

The test makes the assumption that the interface is the weak point in the coating-
substrate system, resulting in adhesive failure under load. When the fracture occurs
within the coating or substrate itself then cohesive failure has occurred and it may be
concluded that the interface is at least as tough as the weaker of the film or substrate.

2.4.7 Scratch Adhesion Test

Adhesion is more directly measured mechanically in terms of the minimum force
per unit area required to separate the coating from its substrate. The scratch test is
the most widely used technique for this 142 143 16_]t involves drawing a Rockwell-C
diamond over the sample surface under a stepwise or continuously increasing normal
force until the coating detaches (see figure 29). In practice the film is seldom
removed completely from within the scratch channel, but as patches along its length.
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At low loads, small areas may spall due to isolated flaws in the coating surface. A
critical load L is usually quoted which corresponds to the load at which the coating

is removed in a regular way along the whole channel.
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Figure 29. Scratch Adhesion

Adhesive failure can be detected in several ways. The best, but unfortunately the
slowest method is visual observation by optical or scanning electron microscopy 144
145 146, This is done after the scratches have been made and allows identification of
the type of failure mode. Detection may also take place whilst the scratches are
being made, by monitoring the acoustic emission (vibration) generated when a brittle
coating cracks 147, Finally, detection may occur by monitoring the frictional force of
the diamond moving against the sample surface 148 149, There will be a change in
friction between the diamond and the coating, and the diamond and the substrate,
and so the point of coating removal may be determined.

With all the detection methods, the critical load L is determined by the operator
and so the quoted load for adhesive failure will be subjective. In addition, there are a
number of other parameters that can affect the result. These are coating thickness,
substrate hardness, residual stress and indenter wear. The outcome of this is that
absolute scratch adhesion results cannot be reliably quoted, though the test can be
very useful for relative comparisons of similar coating-substrate systems produced
by the same process for internal standardisation purposes.
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2.4.8 X-Ray Diffraction Analysis

X-Ray Diffraction (XRD) is an analytical technique that provides structural
information about the crystal lattice and grain orientation of a solid sample 133 150,
It relies on diffraction of a beam of X-rays by atomic planes lying in the surface of
the sample.

Diffraction is essentially a scattering phenomenon in which a large number of
atoms co-operate. X-rays are used because, in general, diffraction will only occur
when the wavelength of the incident radiation is of the same order of magnitude as
the repeat distance between the scattering centres (around 0.3 nm for most crystals).
Diffraction is a phase relationship between two or more waves from an incident X-
ray beam that have been scattered by a periodically repeating array of atoms in a
lattice. When these waves interact there will be constructive interference if they are
in phase (ie. if their path lengths are equal or if they differ by a whole number of
wavelengths). However, in most directions of scattering, these waves will be out of
phase and so destructive interference will occur and the waves will cancel out.

If an X-ray beam is incident on an atomic array with interplanar spacing d (see
figure 30), and is diffracted at an angle 6 (the Bragg angle) by atoms K and L lying
in parallel planes (A, B, C, ...), then the path difference between the diffracted rays is
given by :

ML +LN =d.sinb +d.sin6 ... (11)

plane normal

Figure 30. Diffraction of X-Rays by a Crystal

The two rays will be completely in phase if the path difference is equal to a whole
number of wavelengths nA. Hence, constructive interference and a diffracted beam
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of X-rays will occur when the Bragg equation is satisfied :
nA=2d.sin6 = ... (12)

The diffractometer consists of an X-ray source emitting radiation of a known
wavelength, and a movable detector (counter). The sample, positioned at the centre
of the apparatus, can rotate about its axis through an angle 6. The detector rotates
about the same axis but through an angle 26 from the source, so as to maintain the

Bragg conditions (see figure 31).

X-ray detector

X-ray source

Figure 31. X¥-Ray Diffractometer

The output from the detector (X-ray intensity) is plotted against the diffraction
angle 20 and is represented as a series of peaks characteristic of the unit cell of each
chemical phase present in the crystalline solid. The positions of the peaks provides
information about the size and shape of the unit cell, and the intensities provide
information about the positions of the atoms within the unit cell 151, The peak
widths can be used to evaluate the size and strain of the polycrystalline grains, and
for determination of residual stresses 114 152 153 154,

2.4.9 X-ray Photoelectron Spectrosco
X-ray Photoelectron Spectroscopy (XPS) is a near-surface (top few atomic layers)
analytical technique, although depth profiling is also possible in association with an

auxiliary ion gun which sputters away progressively deeper layers between
successive measurements 84 155 156 157,
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XPS relies on the ionization of atoms within the sample being analysed. An
incident beam of monoenergetic X-rays interacts with the sample surface and is
"photoabsorbed", ie. the energy of the X-ray photon is transferred to the electrons in
the atom thus placing them in an excited state. If the quantum of supplied energy is
sufficient (greater than the first ionization energy) then an electron will be emitted
and the atom will be said to be ionized. This mechanism is called the "photoelectric
effect" and the emitted electron is called a "photoelectron” (see figure 32).

incident X-ray
ejected energy hv
photoelectron
[

energy
hv-Eb-®

atom

Figure 32. X-Ray Photoelectron Spectroscopy

Depending on the energy absorbed, the photoelectron may originate from a core or
valence electron orbital. The kinetic energy Ey of the photoelectron is related to the
electronic binding energy (or ionization energy) Ej, of the sample atoms :

Ex=hv-E,-® ... (13)

where h is Planck's constant, v is the frequency of the incident X-rays, @ is the
work function of the sample.

Thus the binding energies of the sample atoms may be determined, and since the
patterns of binding energies of all the elements are uniquely different, the elemental
species may be identified. Estimates of composition can be made by consideration of
peak intensities in the energy spectrum obtained. XPS is particularly sensitive to
small differences in atomic binding levels corresponding to different valence states
which manifests itself as peak shifts and gives an indication of chemical bonding.
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2.4.10 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) depends on the interaction of a finely
focused electron beam with a sample 130 158 159, The incident electrons will either
be undeviated or they will be scattered and then absorbed, reflected or transmitted.

In the SEM an electron gun provides a stable source of electrons which is used to
form the electron beam. The electron beam passes through several electromagnetic
lenses whose function is to demagnify and focus an image of the electron source (the
gun-crossover) onto the sample surface. Demagnification is necessary to reduce the
electron beam probe diameter for higher resolution imaging. The final "probe-
forming" lens also comprises scan coils for rastering the focused electron beam
across the sample surface.

An image of the sample is formed either from the reflected (back-scattered)
electrons or from emitted secondary electrons, principally the latter. Secondary
electrons are produced through inelastic collisions of the incident electron beam with
the loosely bound outer electrons of the atoms in the sample. The electrons are
detected by a scintillation photomultiplier detector and converted into an electrical
signal. This signal is used to control the intensity of output (brightness) of the
electron gun in a cathode ray tube (CRT). An image is formed by synchronising the
rastering of the electron beam across the CRT screen with the rastering (or scanning)
of the SEM electron beam across the sample surface.

As well as secondary and back-scattered electrons, the interaction of the incident
electron beam in an SEM will produce, among other things, characteristic X-rays

(see figure 33).
primary electron beam \l/
(100 nm diameter) Q\\ / e surt
sample surface
4 l 7
secondary electrons
200 back-scattered electrons

characteristic X-rays

continuum X-rays

secondary fluorescence

Figure 33. Electron Beam Interaction Volume and Analysis Resolution
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When an electron is ejected from an inner atomic shell by inelastic collision with
the high energy electron beam, the result is an ion in an excited state. The ion
"relaxes” to its ground state by the transition of an electron "dropping" from an outer
shell into the vacancy in the inner shell. Energy must be emitted during this
transition in the form of a photon of electromagnetic radiation (an X-ray in the case
of high energy transitions involving inner shells). The energy of radiation is
characteristic of the element from which it came, hence the name "characteristic X-
ray". The SEM is usually fitted with an X-ray detector (either energy-dispersive
(EDX) or wavelength-dispersive (WDX) or both) thus allowing it to perform
chemical analysis as well as imaging of the sample 160,

2.4.11 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM), as the name suggests, depends on a
sample being sufficiently thin (less than 100 nm) so as to allow electrons to be
transmitted through it 161 162, This type of electron microscope is analogous of the
optical variety, but with a much higher resolution, and hence possible magnification,
that is associated with using radiation of a shorter wavelength for imaging. In optical
microscopy, differences in absorption in the sample are normally responsible for
image contrast whereas in the case of electrons, contrast is obtained by utilising
differences in scattering power.

The electron beam accelerating voltage in the TEM is somewhat higher than that
of an SEM electron gun (up to 200 kV as opposed to less than 50 kV) so as to
increase the electron energy, thereby reducing the wavelength and increasing sample
penetration. '

The electron beam passes through several electro-magnetic lenses whose function
is to demagnify, focus and render parallel the rays forming an image of the electron
source (the gun-crossover) onto the thinned sample surface. The scattered and
transmitted electrons which pass through the sample will then be recombined by the
objective lens to form a diffraction pattern in the back focal plane and a magnified
image in the image plane (see figure 34). A further series of electro-magnetic lenses
projects either the diffraction pattern or the image onto a fluorescent screen for
observation, or onto a photographic plate for recording. By varying the current in
these final lenses, the magnification can be altered from 1,000 times to over
1,000,000 times.
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Figure 34. Transmission Electron Microscope

An extension to the conventional TEM (CTEM) is the Scanning Transmission
Electron Microscope (STEM) 163 164 Tt is so named because it combines features of
both SEM and TEM. Essentially it consists of an electron gun and a series of electro-
magnetic lenses which focus a fine electron beam probe onto a thin sample and scan
it across the surface. The electrons are transmitted and forward scattered through the
sample before the objective lens recombines them in the back focal plane. Further
lenses direct these electrons towards a detector and the electrical signal is used to
modulate the display of a CRT to produce an image of the sample.

The STEM will operate as a conventional TEM, however it is also possible/to
operate it as a conventional SEM using secondary or back-scattered electrons, but
with much greater resolution. In addition, it is possible to perform chemical analysis
by energy dispersive (EDX) detection of X-rays generated by inelastic electron
collisions within the sample.

2.4.12 Glow Discharge Spectroscopy

Glow Discharge Optical Emission Spectroscopy (GDOES), like any atomic
emission spectroscopy, relies on excitation of atoms within the sample being
analysed 165,

When energy is transferred to an atom, providing it is sufficient, it will increase
the energy of an electron such that it can move to a higher energy level or orbital.
This will be an unstable state since there will be a vacancy in the lower energy level
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which the electron will prefer. Thus the electron will move back to this lower energy

level, dissipating its excess energy as it does so (see figure 35).

energy input

AR

\ excitation
| |
!

/  relaxation
/

i %
photon emission

Figure 35. Principle of Excitation and Emission

This excess energy is emitted as a photon whose wavelength A corresponds to the

energy E emitted :
E=he/Aa (14)

where h is Planck's constant and c is the speed of light.
Any transition of an electron between two quantised energy levels corresponds to the
absorption or emission of energy as electromagnetic radiation. Because each element
atom has different electron orbital energy levels, then the possible electron
transitions for each element will also differ. Hence excitation of different elemental
atoms will give rise to the emission of characteristic spectral lines by which those
elements may be identified. The intensities of the lines are proportional to the
number of emitted quanta, and hence to the element concentration. This is the

essence of atomic emission spectroscopy 166,

For line spectra to be produced in this way the atoms must be in the form of a low
pressure gas, since an excited or hot solid will produce a continuum of energy due to
thermal radiation and lattice vibrations. So, the solid must be volatilised into an
evacuated chamber. A glow discharge plasma is the volatilisation method used in
this technique 167
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Glow discharge spectroscopy has a number of advantages over more commonly
used analysis methods 168 :

1. Little or no sample preparation is required for bulk solids.

2. It naturally separates the removal of atoms from the solid surface (atomization),
from the subsequent excitation and ionization of those atoms, thus reducing
matrix effects and normalising sample-to-sample inconsistencies.

3. Because successive surface layers are removed the technique offers compositional
depth profiling.

4. Due to the small cathode to anode distance, sputtering occurs over a narrow
volume resulting in uniform sample erosion over the analysed area giving good
resolution when used for depth profiling.

5. The excitation and emission layer is also thin, minimising self-absorption and
giving a linear relationship between intensity and concentration, with sharp

emission lines.

\insulator

Figure 36. Glow Discharge Lamp

The analysing chamber or glow discharge lamp used in this technique is based on
a design by Grimm in 1968 169 (see figure 36). It consists of a small vacuum
chamber with a hollow cylindrical anode typically 4 or 8 mm in diameter with the
sample to be analysed forming the cathode at one end. The outside of the anode
cylinder is vacuum pumped and bled with a working gas (argon). The other end of
the cylinder contains a window through which the photon emission is detected via a
polychromator. Typical operating conditions are 500 to 1500 V and 20 to 200 mA,
giving a sputtering rate in the range 10 to 100 nm per second.

55



sample

argon
gags in ° sputtered (cathode]
o o ° O atoms exciN
CEAANAANAAAAAAAL o W plasmgQ_l_'__g:)_
to polychromator excited atoms relax o %
© © by emitting light o argon fons
bombard
surface

Figure 37. Sputtering in the Glow Discharge Lamp

The glow discharge sputtering process in the lamp operates conventionally 170 (see
figure 37). A voltage is applied across the anode and cathode that causes breakdown
of the working gas, whose ions are then accelerated across the dark space towards
the cathode. On impact, kinetic energy is transferred (so conserving momentum) that
causes the ejection (or sputtering) of neutral cathode atoms and secondary electrons.
The secondary electron emission accelerates rapidly away from the cathode and
upon collision with working gas atoms, causes ionization thus sustaining the
discharge. The sputtered cathode atoms diffuse across the dark space into the
negative glow region and are excited or ionized by collisions with secondary
electrons or working gas ions. These excited cathode atoms will emit characteristic
line spectra as described previously. Most of the sputtered material and argon
working gas are then pumped out through the vacuum system. However, some
sputtered material is deposited on the anode and some at the edge of the eroded
crater, forming a slight lip. This can cause the glow discharge lamp to short circuit
on long analyses, thus limiting the maximum depth of profiling to between 50 and
100 um depending on the sputter rate of the material. Between analyses, the anode is

automatically cleaned using a reamer.

At one end of the glow discharge lamp is a window through which the emitted
photons pass into a polychromator for detection. The polychromator is based on the
Rowland focusing property that enables a range of spectral wavelengths to be
focused on a surface (the Rowland circle) simultaneously 171 (see figure 38).
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Figure 38. Polychromator

The GDOES polychromator contains pre-etched exit slits for all the possible
elements in the periodic table. However, the number of elements that can be detected
is limited to a maximum of 44 due to the physical size requirements of the
photomultiplier tubes placed behind these slits.

Quantification of GDOES results can be split into two parts: determination of the
sputtered depth from the sputtering time and sputter rates of individual elements; and
determination of the chemical content from the emission line intensities.

Sputter rates can be calibrated from sputter depth measurements using a surface
profilometer or derived directly from available sputter yield data. The quantification
of depth can also be subsequently checked by surface profiling the sputter erosion
craters after analyses and comparing with the glow discharge plots.

The emission line intensities are dependent on the voltage, current, and sputtering
rates, as well as the chemical composition. By operating in constant current or
voltage mode the dependence of intensity on the variable parameter can be found,
leading to an empirical formula relating all the parameters 172, Intensity calibration
is performed using certified reference materials of known chemical composition.
During depth profile quantification the analysed composition is normalised to 100%,
so it is important to know all the major elements present in the sample, otherwise

misleading results can occur.
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CHAPTER 3
Experimental Technique

In order to compare the two deposition processes of steered arc evaporation and
ABS magnetron sputtering, coatings were deposited by each process onto
metallographically prepared substrates under varied operating conditions. The
coatings were subsequently analysed by several techniques to assess their properties.

3.1 Sample Preparation for Coating

The sample substrates used for this study consisted of flat blocks (18 x 18 x 9 mm)
or cylinders (10 x 30 mm diameter) of M2 high speed steel (HSS), 8 mm HSS drills
or 6 mm HSS drill blanks, and rectangular strips (50 x 20 x 1.5 mm) of 316 stainless
steel. The blocks and cylinders were mechanically polished to 1 pm diamond finish.
Similarly prepared cylinders of titanium and nickel based alloys were also used in
certain coating runs.

The substrates were cleaned in a commercially available cleaning line according to

the following procedure :

1. Vapour degreasing in freon or Arklone vapour

2. Ultrasonic cleaning in strong alkali at 70-80°C

3. Immersion rinsing in distilled water

4. Ultrasonic degreasing and water displacement in freon or Arklone
5. Spot-free drying in freon or Arklone vapour

6. Hot-air drying

Alkaline defergent based on NaOH was used for the removal of inorganic
contaminants. Alkali was used instead of acid, as this has a pacifying effect on the
substrate metal, so impeding corrosion during the cleaning process, while acid tends
to activate the metal. However, some metals such as aluminium, which are attacked
by alkali, would be cleaned in alcohol instead. '

After cleaning, all substrates were handled with cotton gloves to prevent re-

contamination with oils and salts from the skin.

3.2 Deposition by Steered Arc Evaporation

Coating deposition was performed in a prototype version PVD-S-3 coating unit
produced by Interatom / Multi-Arc Europe GmbH. This consisted of an 8000 1s-1
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4-stage diffusion-pumped, water-cooled stainless steel vacuum chamber of 740 litres

capacity (see figure 39).

T 1\ to diffusion pump
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turntable

cathode

door

Figure 39. Steered-Arc Deposition Unit

A diffusion pump was used as it is very efficient and has no moving parts, though
it may be a source of chamber contamination. Liquid oil at the base of the pump is
heated, vaporises, and travels upwards through a central tube until striking a series of
metal "umbrellas” that deflect the vapour stream downwards. The vapour stream
entraps any gas molecules and carries them towards the base of the pump, where the
gas is removed by a conventional rotary pump. The oil vapour condenses on the
cooled pump base and flows back to the central heated region to repeat the cycle.

The number of umbrellas denotes the number of stages in the pump, with each stage

capable of producing a pressure difference of 10! Pa.

The chamber was fitted with two water-cooled circular cathodes of 125 mm
diameter working area, and 7 mm thickness. The cathodes were fabricated from
99.98% purity titanium and could be operated in steered arc mode only. Each
cathode was connected to an individual power supply capable of delivering
100V/300A. Negative bias potentials of -1000 V (for etching) and -50 to -200 V (for
coating) were applied to the substrates.

Gas supplies were argon (99.999%) as an arc discharge support gas for sputter
etching and nitrogen (99.999%) for reactive deposition. Reactive gas flow was
controlled by feedback of gas pressure (reactive gas only) during coating. Substrates
were mounted at a nominal distance of 250 mm from the cathode on a rotating
turntable, with drills pointing radially in a "hedgehog" style fixturing arrangement
(see figure 40). Substrate temperature was monitored by optical infrared pyrometers.
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Figure 40. Steered-Arc Turntable Assembly

3.2.1 Process Parameters / Deposition Conditions

The process variables explored were substrate bias voltage and nitrogen pressure
during the coating cycle. The substrate voltage was set at -50, -100, -150 and -200 V
for processes at each of the nitrogen pressures 0.1, 0.6,'1.1 and 1.6 Pa. These values
were chosen around the nominal operating conditions of -150 V bias and 1.1 Pa
nitrogen pressure for the substrate load involved.

A typical process run was as follows :

1. Pump down to below 1x10-3 Pa. This would take typically 30 minutes to 1 hour
depending on how long the chamber had been open.

2. Heat and sputter etch substrates with titanium ions in steered arc discharge, argon
pressure 0.07 Pa, bias voltage -1000 V, discharge current 130 A per cathode
(2 cathodes), approximate time 5 minutes to reach 450°C.

3. Coat substrates with TiN in steered arc discharge, nitrogen pressure variable (0.1
to 1.6 Pa - no argon), bias voltage variable (-50 to -200 V), discharge current 130
A per cathode (2 cathodes), coating time variable (20 to 90 minutes for a 3.5 um
coating, depending on conditions).

Apart from the parameter study, other coating experiments included varying the
position of substrates in the chamber to examine deposition uniformity.
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3.3 Deposition by ABS Magnetron Sputtering

Coating deposition was performed in a production version HTC 1000-4 ABS
coating unit produced by Hauzer Techno Coating Europe BV. This consisted of a
4400 Is-1 twin turbo-pumped, water-cooled stainless steel vacuum chamber of 800
litres capacity (see figure 41).

/]\ /I\to turbo pumps
magnet drive

servo

cathode

electromagnetic
unbalancing
coil

Figure 41. ABS Magnetron Deposition Unit

Turbomolecular pumps were used as they minimize oil contamination of the
vacuum chamber. They consist of alternating rows of rotating blades and stationary
slotted disks resembling a turbine. When driven at high speed, the rotating blades
strike any gas molecules and propel them towards the adjacent disk. A very high
pressure ratio is established by the alignment of the disks relative to one another, and
the sequence continues through subsequent stages, until the gas is finally removed

by a rotary pump.

The chamber was fitted with four water-cooled rectangular cathodes of 600 x 190
mm working area, and 14 mm thickness. The cathodes were fabricated from 99.98%
purity titanium and could be operated in confined arc mode or magnetron mode with
variable electromagnetic unbalancing in a linked or closed-field configuration. Each
cathode was connected to an individual power supply capable of delivering
80V/100A in arc mode and 750V/40A in magnetron mode. Electromagnetic coils
around the cathodes supplied a variable magnetic field for unbalancing the cathodes
during magnetron operation. Negative bias potentials of -1000 to -1200 V (for
etching) and -50 to -200 V (for coating) were applied to the substrates.

Gas supplies were argon (99.999%) as a glow discharge working gas for
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magnetron sputtering and nitrogen (99.999%) for reactive deposition. Reactive gas
flow was controlled by feedback of total gas pressure (reactive + working) during
coating. Substrates were mounted at a nominal distance of 250 mm from the
cathodes on a three-fold planetary rotation turntable to ensure uniform coating
coverage, with drills pointing vertically (see figure 42). Substrate temperature was
monitored by thermocouples.
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Figure 42. Three-fold Planetary Rotation Turntable Assembly
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3.3.1 Process Parameters / Deposition Conditions

The process variables explored were substrate bias voltage and nitrogen partial
pressure during the coating cycle. In fact, total pressure was the monitored factor,
but argon gas flow was kept constant, so nitrogen partial pressure was effectively
controlled. The substrate bias voltage was set at -50, -100, -150 and -200 V for
processes at each of the total pressures 0.26, 0.29 and 0.32 Pa. These values were
chosen around the nominal operating conditions of -150 V bias and 0.29 Pa pressure
for the substrate load involved. This bias voltage was chosen as it maintained
substrate temperature stability throughout the deposition process. The pressure was
obtained by performing a hysteresis test of gas flow versus pressure and selecting a
point prior to the onset of cathode poisoning (see section 4.1).

A typical process run was as follows :

1. Pump down to below 1x10-3 Pa. This would take typically 2 hours. Overnight
pumping may be employed if the chamber had been open a long time. A residual
gas analyser was used to monitor the water vapour level in the chamber. After
pumping down, the water vapour to nitrogen ratio should be better than 1:10.
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2. Heat and sputter clean substrates with argon ions in unbalanced magnetron glow
discharge, argon pressure 0.33 Pa, bias voltage -1000 V, discharge voltage
-200 V per cathode (4 cathodes), approximate time 30 minutes to reach 450°C.

3. Clean cathode surfaces with argon ions in unbalanced magnetron glow discharge
(contaminants sputtered onto shutters closed in front of cathodes), argon pressure
0.16 Pa, bias voltage 0 V, discharge power 5 kW per cathode (4 cathodes),
approximate time 15 minutes to fully clean.

4. Heat and sputter clean substrates with argon and titanium ions in confined arc
discharge, argon pressure 0.19 Pa, bias voltage -1200 V, discharge current 100 A
per cathode (2 cathodes), approximate time 1 minute to reach 450°C, (repeated
10 times with intermittent cooling to 400°C, effective sputter time 10 minutes).

5. Coat substrates with TiN in unbalanced magnetron glow discharge, argon
pressure 0.5 Pa, nitrogen pressure variable (total pressure 0.26 to 0.32 Pa), bias
voltage variable (-50 to -200 V), discharge power 10 kW per cathode
(4 cathodes), approximate time 70 minutes for a 1.5 to 2 pm coating.

Apart from the parameter study, other coating experiments included varying the
position of substrates within the chamber to examine deposition uniformity,
depositing various thicknesses of titanium interlayers to examine the effect on
adhesion and comparing with the arc etched samples, and depositing multilayered
coatings (T1,TiN,Ti,TiN) to examine the effect on nitrogen diffusion and interface

mobility with temperature.

It was thought necessary to have some kind of process monitoring system, in order
that deposition run details could be recorded for identification of problems and for
repetitions of processes if required. To this end, an IBM PC was interfaced to the
control cabinet of the ABS magnetron system, and monitoring software written in
BASIC. Details and examples of the software can be found in appendix 1.

3.4 Sample Preparation for Analysis

Most of the analytical techniques used did not require any form of sample
preparation, other than a quick surface clean with an air jet or a solvent (eg. acetone
or methanol) to remove dust and possibly fingerprints. Basically, the less
preparation required, the better, since with any mechanical polishing, sectioning or
thinning, there is the risk of distorting, damaging or contaminating the sample to be
examined. Some analytical instruments (eg. the X-ray diffractometer) could only
accept samples of a limited size, and so samples were sectioned accordingly using a



rotary saw. The Calotest technique required ball-cratering in order to obtain a taper-
section through the coating and substrate. The electron microscopic techniques were
the most demanding in terms of sample preparation, in particular where coating
cross-sections were to be examined. This could entail fracturing, sectioning,
polishing, etching, dimpling, and ion-beam thinning techniques 1 2 3 4,

1. Ball-cratering

This technique involved eroding a hemispherical crater in a sample surface by
means of a rotating steel ball-bearing (10 to 50 mm diameter) coated with a diamond
compound paste. The ball was friction driven by an electric motor via a twin-conical

. axle shaft, such that two points of the ball-bearing rested on the shaft, while the third
rested on the sample surface. The action of the diamond-coated ball rotating against
the sample caused a small crater to be eroded, and thus a shallow hemispherical
taper section of the surface layers to be revealed (see figure 43). |

ball-bearing

sample

ball-
bearing

coating

substrate \_/—\

taper section

rotating
twin-conical shaft

Figure 43. Ball Cratering

Where a dedicated ball-cratering device was not available, a similar erosion crater
could be made using a dimple grinder.

The instruments used in this work were a CSEM Calotester, and a Gatan dimple
grinder.

2. Fracturing

This technique was used to reveal the grain and column structure of the coatings
and was performed on drills and drill blanks, since these were of a convenient shape
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and size. The procedure involved cutting a deep slit into the side of the sample
opposite to that which was to be examined. The bottom of the sample was then
clamped firmly in a vice, and a uniformly distributed load applied to the upper
exposed half, causing fracture to occur evenly along the length of the slit. In
practice, the load was applied as a sharp blow with a hammer. Fracture naturally
occurs along weak points such as grain boundaries and intercolumnar voids, so

making them visible for examination
3. Metallographic Sectioning

The most simple and quick method for slicing a large piece of material was by
hack-saw or cut-off wheel. It was important not to cut off too fine a slice by these
methods as sample damage could easily extend several hundred microns below the
surface. The rotating cut-off wheel (made of aluminium oxide) was generally used
for sample thicknesses over 3 mm. This was continuously lubricated with distilled
water to cool the sample and help prevent clogging.

For finer cuts, and a narrower slit, of smaller pieces of material, or where the
sample was particularly fragile (as with glued cross-sections for transmission
electron microscopy) a diamond-wire saw was used. This consisted of a fine steel
wire (200 pm diameter) embedded with 60 um sized diamonds that was driven back
and forth at low speed and pressure against the sample surface. This was
continuously lubricated with distilled water to cool the sample and help prevent
clogging. In this way very little stress was applied to the sample. It was important
not to cut off too large a slice by this method since the diamond wire was then
subject to jamming and snapping.

The instruments used in this work were an Accutom cut-off wheel, and a Well

diamond-wire saw.
4. Lapping and Polishing

For scanning electron microscopy, preparation of polished sections by
conventional techniques (hand grinding on successively finer wet grit paper (silicon
carbide) and polishing on soft felt wheels) led to serious edge-rounding of the
samples. Since the edge (ie. the 2 pm coating) was the area of interest, alternative
techniques were used. The sectioned samples were automatically ground on cast iron
or cermet lapping plates with successively finer diamond compound pastes (typically
14, 6 and 3 pum respectively for 10 minutes each). The plates were hard and flat, and
the sample mount ensured a steady pressure (1 kg load) that was central and
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perpendicular to the sample face. In this way, the sample edges, and hence the
coating, were retained. Further edge retention was possible by mounting two
sectioned samples together, face to face. In this way, the two coating layers were
sandwiched between the substrates which offered good protection. Polishing was
also carried out automatically on napless nylon cloths impregnated with 3 and 1 pm
diamond paste respectively. A final short hand polish using 0.2 pm alumina slurry
on a felt pad was also performed.

5. Etching

In order to reveal the structure of some samples, the polished sections were etched
with acid. This had the effect of removing material selectively from the steel
substrate, particularly along the grain boundaries, such that the grains and the
coating interface became more apparent. 4% Picral (4% Picric acid in alcohol) was
used as the etchant, and the samples were typically treated for about thirty seconds.

6. Dimple Grinding

Samples for transmission electron microscopy (TEM) must be sufficiently thin to
allow electrons to pass through, hence the name. This means that for electron
transparency, the sample must be thinned to about 100 nm thickness. If the whole
sample were this thin, it would be extremely fragile and consequently impossible to
handle and examine. Instead, only the central region is thinned, leaving a robust
"thick" supporting rim. It was also useful for the final thinning stage to start with a
sample containing a depression in its centre, as this ensured that the perforation and
transparent region would be central.

A dimple grinder was used to prepare 3mm diameter TEM samples to less than 50
pm thickness in the centre. The dimpler consisted of a rotating turntable onto which
the sample was mounted with low melting-point wax. A grinding wheel of 15 mm
diameter and orientated perpendicularly to the table, rotated against the sample
surface under a 20 g load. The wheel was coated in 14 pm diamond compound
paste, and by this dual rotating action, a shallow hemispherical crater was eroded in
the sample surface. The grinding wheel was then replaced by a felt polishing wheel
impregnated with 1 pm diamond compound paste, and the crater was polished. A
final polish with alumina suspension was also possible.

The instrument used in this work was a Gatan dimple grinder.
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7. Ion-beam Thinning

Final sample thinning to perforation for TEM analysis, was carried out in an ion-
beam thinning mill. This consisted of a small vacuum chamber containing two -
Penning ion guns positioned on either side of the dimpled sample, and aimed at it
with a shallow angle (<15°). A working gas (argon) was bled into the guns and a
high potential (5 kV) applied across the hollow anode and cathode. This produced a
glow discharge within each gun, and an ion beam was emitted through a small
orifice in each cathode with an energy equivalent to the accelerating voltage
(5 keV). The ion beams were incident on the sample surface and caused the gentle

removal of material by sputtering (see figure 44).
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Figure 44. lon Beam Thinning

The ion energy and angle of incidence were kept low in order to minimize the
amount of implantation and depth of damage in the sample. Also, the sputtering
yield was greater at glancing angles (15-40°) due to the incident energy being
distributed nearer to the surface, than penetrating straight in. Thinning rates were
typically of the order of 10 um h-1.

The instruments used in this work were an Edwards ion beam thinner, and a Gatan
Precision Ion Polishing System (PIPS).
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3.4.1 Additional Notes on XTEM Sample Preparation

The preparation of cross-sectional samples for TEM analysis (XTEM) required
some additional sample handling not mentioned above. The procedure used was as

follows :

substrate
glue —coating
substrate
a. coating-substrate sandwich b. 3mm diameter rod

A =
S =! =

¢. 0.3mm thick slice d. grid-hole attached e. sample dimpled

Figure 45. XTEM Sample Preparation

1. Two flat coated samples were joined together face-to-face with epoxy resin and
allowed to cure. Thus a sandwich of two coating layers surrounded by two
substrate layers was formed (see figure 45a). At first, the epoxy resin used was
Araldite, which was mixed with graphite powder to make it conductive. Later,
Gatan G1 low viscosity epoxy was used, and the samples were clamped and
allowed to cure under vacuum, in order to minimise the glue layer thickness and

remove any trapped air bubbles.

2. A rod of 3 mm diameter was then sawn or spark eroded from the sandwich block,
such that the sandwich interface ran lengthways down the centre of the rod (see
figure 45b). Alternatively, by using coated samples on stainless steel sheet of
about 1.5 mm thickness, the production of a rectangular "rod" was possible,
which considerably reduced the preparation involved.

3. Thin discs (0.3 mm thickness) were then sawn from the rod (see figure 45c¢). This
required the use of a diamond-wire saw so as not to unduly stress the thin glue

interface.
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4. Each disc was mounted on a stub with low melting-point wax and hand ground to
remove any sawing burrs, before being mechanically polished on a dimpler with a
felt wheel.

5. A grid hole (3 mm diameter, 2 mm hole) was then glued to the disc with epoxy
resin and allowed to cure (see figure 45d), before the disc was removed from the

supporting stub.

6. The disc was reversed and affixed (grid hole side down) to the stub once more
with low melting-point wax, and hand ground to remove any sawing burrs.

7. The disc was dimpled with 14 uym diamond paste and 20 g load until within 20
pm central thickness (see figure 45¢), then polished with a felt wheel, before
removal from the stub and thorough washing in a suitable solvent.

8. The dimpled disc was then mounted in an ion-beam thinner at a glancing
incidence angle. Shielding was used to prevent the ion beams impinging
perpendicularly on the glue-line and coating surface edge, as this would result in
preferential sputtering of this area and effective "etching back" of the region of

interest.
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3.5 Analysis Techniques

The following techniques and instrumentation were used for coating analysis :

1. Colourimetry using a Minolta CR-100 colorimeter and an Applied Colour
Systems Chroma Sensor-3.

2. Surface roughness profiling using a Mahr Perthen profilometer, a Rank-Taylor
Hobson Form Talysurf-120L and a Rodenstock RM600-3D Laserstylus.

3. Coating Thickness Calotest using a CSEM Calotester and a Gatan dimple

grinder.

4. X-Ray Fluorescence Thickness Test using a Fischerscope XRF Coating Thickness

Computer.
5. Microhardness Test using a Tukon (model M0) microhardness tester with a
Knoop diamond indenter and a Fischer H100 ultra-microhardness tester with a

Vickers diamond indenter.

6. Rockwell Indentation Adhesion Test using a Rockwell-C hardness tester with
150kg load.

7. Scratch Adhesion Test using a CSEM Revetest and a VTT Technology Inc.
(type ST105) scratch tester. .

8. X-Ray Diffraction Analysis using a Philips 1710 based Automated Powder
Diffractometer with Cu Ko radiation.

9. Glow Discharge Spectroscopy using a Leco GDS-750 QDP glow discharge

spectrometer.
10. X-ray Photoelectron Spectroscopy using a VG Scientific Microlab 500.

11. Scanning Electron Microscopy using a Jeol 840A, a Philips SEMS500 and a
Philips X1.40 ASEM.

12. Transmission Electron Microscopy using a Philips CM20 STEM.
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CHAPTER 4
Results

4.1 Parameter Study

This section presents typical results from repeated analyses of the effects of
changing two variable parameters : reactive gas pressure and substrate bias voltage.
A third dependent variable parameter, that of substrate temperature, is also
presented. This was inextricably linked to the ion bombardment intensity, which was
in turn dependent on bias and pressure conditions during deposition. Any variations
from the typical values shown are also reported. The steered arc parameter rang
covered the full operating range of the instrument. However, the ABS magnetro
parameter range was restricted to a pressure range close to the optimum in order to
avoid cathode poisoning or pure metal deposition. This optimum pressure was
obtained by performing a hysteresis test of gas flow versus pressure and operating at
the "knee" of the increasing gas flow plot (shown by an arrow below) which is the

point just prior to the onset of cathode poisoning.
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4.1.1 Deposition Conditions and Plasma Uniformity

All deposition runs began coating at a substrate temperature of approximately
450°C. Depending on the conditions during deposition, the substrate temperatures
then either rose or fell to the final substrate temperatures shown below.

a. Steered-arc

Final substrate temperature (+/- 2 Celsius)

@0.1 Pa
0.6 Pa
®1.1Pa
01.6 Pa
-50 -100 -150 -200
Bias voltage
b. ABS Magnetron
Final substrate temperature (+/- 2 Celsius)
500
450
g 400
@ 350
8 300 80.26 Pa
o 250 00.29 Pa
© 200
g 150 m0.32 Pa
o 100
8 5o
0
-100 -150 -200
Bias voltage

Monitoring of substrate temperature in the ABS magnetron process revealed a rapid
temperature drop at the start of the coating phase in the lower biased coating runs,
than for the optimum condition of -150 V.
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Monitored process temperature at - 150 V bias

ABS Magnetron Process
150V bias, 0.29Pa pressure
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Substrates were placed at different positions in the chamber at various distances
from the cathodes in a single coating run. The film thicknesses below give an
indication of the ion bombardment intensity at those positions.

a. Steered-arc

Thickness (um) after 180 minutes coating at 130A per cathode, -200V bias, 0.5 Pa.

above

8100 mm from cathode
200 mm from cathode
[ 300 mm from cathode

Relative position

to cathode middle

below

0 2 4 6 8
Coating thickness ( +/- 0.1 um)

b. ABS magnetron

Thickness (um) after 60 minutes coating at 10kW per cathode, -100V bias, 0.28 Pa.

above

8150 mm from cathode
0250 mm from cathode
[ 350 mm from cathode

Relative position

to cathode middle

below

—

0 0.5 1 1.5 2 25

Coating thickness (+/- 0.1 um)

81



Bias current measurements were performed in the ABS magnetron chamber to
determine the plasma uniformity with angle of rotation of the substrate turntable.
This was done under sputter coating (table -100 V, cathodes -550 V) and glow
discharge cleaning (table -1000 V, cathodes -200 V) conditions.

Plasma bias current measurement

11 -

—&—table -100V
cathode -550V

—— table 1000V
cathode -200V

Bias current intensity (arbitrary units

0.5 + + + + t + t |
0 50 100 150 200 250 300 350 400
Turntable rotation angle (degrees)

4.1.2 Colour

a. Steered-arc

Colourspace L* (Lightness +/- 0.1)

78
76
74
72
L*70
68
66

80.1Pa
0.6 Pa
m1.1Pa
D1.6Pa

62

-50 -100 -150 -200
Bias voltage
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b. ABS magnetron

80
70
60
50
L* 40
30
20 {
10

Colourspace a* (red-green +/- 0.1)

-100 -150
Bias voltage

Colourspace b* (yellow-blue +/- 0.1)

-100 -150
Bias voltage

Colourspace L* (Lightness +/- 0.1)

-100 -150
Bias voltage
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-200

-200

-200

3 0.1 Pa
0.6 Pa
@1.1Pa
01.6 Pa

©0.1 Pa
0.6 Pa
®1.1Pa
oO1.6Pa

(3 0.26 Pa
00.29 Pa
W0.32 Pa




Colourspace a* (red-green +/- 0.1)

14
12
10
8 @30.26 Pa
a* 6 00.29 Pa
] W0.32Pa
4
2
-100 -150 -200
Bias voltage
Colourspace b* (yellow-blue +/- 0.1)
45
40
351
30 .
25 | B80.26 Pa
b*
20 0J0.29 Pa
0.32 Pa
15 ]
10 |

-100 -150 -200
Bias voltage

4.1.3 Surface Roughness and Droplets

a. Steered-arc

Roughness Rz (+/- 0.05 um)

@0.1Pa
[10.6 Pa
E1.1Pa
01.6 Pa

-50 -100 -150 -200
Bias voltage
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4.1.4 Thickness / Deposition Rate

a. Steered-arc

Coating thickness (+/- 0.1 um)

[30.1 Pa
0.6 Pa
H1.1Pa
01.6Pa
-50 -100 -150 -200
Bias voltage
Deposition Rate (+/- 0.1 um/h)
@0.1Pa
00.6 Pa
W11 Pa
01.6 Pa
-50 -100 -150 -200
Bias voltage
b. ABS magnetron
Coating thickness (+/- 0.1 um)
25
2
15 £80.26 Pa
um 1 [00.29 Pa
05 80.32 Pa
-50 -100 -150 -200
Bias voltage
Deposition Rate (+/- 0.1 unvh)
2
1.5
B80.26 Pa
umh 1 00.29 Pa
' 0.5 ®0.32 Pa
0
-50 -100 -150 -200
Bias voltage
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4.1.5 Microhardness and Ultra-microhardness

All microhardness test results are for coatings on HSS substrates as these gave the
best support to the thin films.

a. Steered-arc

Coating hardness (+/- 50 kg mm~2) using Knoop-50g load (uncoated = 800)

4000 .
3500 {

3000 |
2500
2000
1500
1000
500

kg/mm2

b. ABS magnetron

Coating hardness (+/- 50 kg/mm2)

B0.1 Pa
00.6 Pa
#1.1Pa
01.6 Pa

-50 -100 -150 -200
Bias voltage

Coating hardness (+/- 50 kg mm-2) using Knoop-50g load (uncoated = 1000)

kg/mm2

3500
3000
2500
2000
1500
1000

500

Coating hardness (+/- 50 kg/mm2)

[30.26 Pa
[00.29 Pa
W0.32Pa

-50 -100 -150 -200
Bias voltage
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Using an ultra-microhardness indenter, a low-load measurement of the plastic
hardness of the coatings was performed and the results are presented below.

a. Steered-arc
Coating hardness (+/- 30 kg.mm~2) using 15g max. load (uncoated = 760)

Coating hardness (+/- 30 kg/mm2})

3500 .
3000
2500
~ 80.1 Pa
E 2000 [30.6 Pa
o 1500 ®1.1Pa
1000 01.6 Pa
500
0 i
-50 -100 -150 -200
Bias voltage

b. ABS magnetron
Coating hardness (+/- 30 kg.mm-2) using 15g max. load (uncoated = 980)

Coating hardness (+/- 30 kg/mm2)

2000
1500

P B0.26 Pa

£ 1000 00.29 Pa

2 0 W0.32Pa
0

-50 -100 -150 -200
Bias voltage
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4.1.6 Adhesion

All adhesion results are for coatings on HSS substrates as these offered the best
load bearing surfaces for this test. Generally, the adhesion of the film appeared better
on the other substrates used (stainless steel, titanium and nickel alloy), but because

of their lower bulk hardnesses, the apparent critical load was lower.

The Rockwell test consistently showed no cracking or spallation for all the

coatings in the parameter study. Example indents are shown below :

Good adhesion (no cracking)
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Example scratch tests at critical load and acoustic emission plots are shown below :

Edge chipping

Coating spallation

St

e




Acoustic emission at failure from a coating with low internal stress

o, T 1. SUrssé

I §
%i f E‘ I l CENTRE SUISSE D'ELECTRONIQUE ET DiMICROTECHNlWE S.A. REVETEST®/AUTOMATIC SCRATCH TESTER
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oA e e e TSP TR :

e ' Ll JACOUSTIC EMISSION rf..II.OAD.,GRAPHA b AT,
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Gl i

B g i

L_é R S . : ’

8. O 2 i

L 2 - :

vy b i b ] DTS TP S

M‘nue

Acoustic emission at failure from a coating exhibiting high internal stress

=2

£ !Tym CENTRE SUISSE DELECTRONIQUE ET DE MICROTECHNIQUE $.A REVETEST*/AUTOMATIC SCRATCH TESTER
.
P

OIV. MATERIAUX ET MICROMECANIOUE CH-2000 NEUCHATEL 7. SUISSE
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N . ACOUSTIC EMISSION ~[LOAD GRAPH ... .= 13X T4si1a
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The scratch test critical load values given below correspond to spallation and
failure of the coating and have been confirmed by optical microscopy.

a. Steered-arc

Critical load Lc (+/- 2 Newtons)

60
7]
5 0.1Pa
3 00.6 Pa
3 ®1.1Pa
el
3 01.6Pa
-
-50 -100 -150 -200
Bias voltage
b. ABS magnetron
Critical load Lc (+/- 2 Newtons)
60
50
g
4
2 0 0.26 Pa
2 30 00.29 Pa
T 20 ®0.32Pa
o
- 10
-100 -150 -200
Bias voltage
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4.1.7 Structure

4.1.7.1 Scanning Electron Microscopy

a. Steered-arc

- 50V bias 1.6 Pa pressure

- 50 V bias 0.1 Pa pressure
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- 100 V bias 1.1 Pa pressure

-200 V bias

-200 V bias 0.1 Pa pressure
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Summary of observed structure zones as depicted in the various structure-zone-
models.

Structure Zone
Pressure (Pa)

All coatings appeared to
have a zone T structure

-50  -100 -150  -200
Bias (Volts)

b. ABS magnetron

- 50 V bias 0.29 Pa pressure

-100 V bias
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