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ADHESION AND COHESION PROPERTIES OF DIAMOND-LIKE-
CARBON COATINGS DEPOSITED ON BIOMATERIALS BY
SADDLE FIELD NEUTRAL FAST ATOM BEAM SOURCE;

MEASUREMENT AND MODELLING

ABSTRACT

Muhammad Monjur Morshed, B.Sc. Eng., M.Sc. Eng.

Diamond-like-carbon (DLC) has been shown to be strategically important in
respect to biomedical applications due to its biocompatibility. Despite decades of
work on film deposition there is an insufficient understanding in respect of the
film’s adhesion characteristics, particularly on biomaterial substrates. The central
aim of this study is two pronged. A programme of work has been undertaken to
set-up, study, understand and optimise the production technique for DLC
deposition, while on the other hand diamond like carbon films have been
characterised to investigate the strength of adhesion and cohesive strength with
particular reference to biomedical applications.

DLC films have been deposited on to substrates of 316L stainless steel,
cobalt chrome (CoCr) and Ti6Al4V alloy using a saddle field neutral beam
deposition system (Microvac 1200DB, lon Tech Ltd) with acetylene and acetylene-
argon mixture as the process gas. It is noted that numerous parameters influence
coating adhesion including the stress in the film, contamination and chemical
bonding between the film and the substrate, and the physical properties and
roughness of the substrate. Discharge current vs. discharge voltage
characteristics were investigated with different pressure and process gas. Uv
absorption spectra were used to measure the photon energy and optical band gap
of the films. The optical band gap was found in the range of -0.85 and 0.85 -0.97
eV for lower and higher deposition current respectively. The adhesion of the films
has been measured as a function of the duration of in-situ etching by a neutral
argon beam and also as a function of source current, system pressure and
process gas (pure C2H2 and C2H2+Ar gas mixture). The studies were performed
on DLC films with thickness -0.4 |im. The adhesion of the fiim was measured
using pull-off and Rockwell C tests whereas four point bend (FPB) test was used
to measure the cohesive strength of the films. Argon pre etching for 15 minutes is
recommended to guarantee an optimal adhesion. The etching process also
influenced the film structure in terms of the sp3sp2ratio and stress. It was also
found that this optimisation of the adhesion is correlated with a change in the
structure and thickness of the native oxide layer on the steel surface of the



substrates. Substrate surface temperature during etching and deposition also
influenced film structure and adhesion. Correlation between the residual stress
and the adhesion of the films has also been established which helped to identify
optimum process parameters for substrate-film adhesion properties. No significant
change with deposition pressure has been observed but high anode currents may
lead to higher sp3 content. The adhesion strength has been found to be inversely
proportional to residual stress and to increase at low deposition pressures. At
source anode current of 0.6A, the adhesion is a monotonic function of pressure in
the range examined where as with 1.0A source current the behaviour is more
complex. The relationship between the stress and the sp3 content of the films
measured by analysis of Raman signature has also been investigated.

The experimental work of FPB has been used to support and develop a
numerical (Finite Element) model for the determination and prediction of the film's
cohesive strength. The model takes into account the film hardness, Young’s
modulus and thickness and has been shown to be capable of predicting the film’s
cohesive strength when combined with a theoretical formulation for brittle fracture.
It has been observed that maximum stress developed at the outer surface of film
during the bend test, which influenced the initiation of cracks at the outer surface
of the film and their propagation through the film-substrate interface. This result
has only been valid for films with higher Young's modulus compared with the
substrate.
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Chapter 1

Introduction



1.1 Introduction

Amorphous carbon thin film technology is an expanding area of materials research due to
the achievement of a unique combination of chemical, electrical, optical and mechanical
properties [1]. For example, the high surface smoothness, high hardness and chemical
inertness, in combination with low co-efficient of friction make the diamond like carbon
(DLC) sub-group ideal candidates for wear protective applications, for optical components
[2], metalworking tool [3] and biomedical prostheses [4]. Despite the success of the
modem prosthetic hip device, the biomedical engineering community still recognises the
need to improve the all-round performance of these implants. Loosening of the device is,
to date, the most common reason for prosthesis failure and tends to be mediated through
the production of wear debris from the main articulating surfaces [5]. Consequently, there
has been a great deal of interest expressed in applying the excellent mechanical properties
of diamond like carbon to improve the wear resistance of these devices. The superior
adhesion, wear resistance and batch to batch consistency of these coatings make their use
an attractive option. The demonstration that DLC can be grown at low temperatures and
pressures has engendered a great deal of research world-wide. DLC films deposited at low
temperatures do not suffer from thermally induced stress, neither do they have open
corrosion paths like polycrystalline CVD or porous ceramics films [6]. It is known that
numerous parameters have an influence on coating adhesion including stress in the film,
contamination and chemical bonding between the film and the substrate, and the physical
properties and roughness of the substrate [7], A key mechanical characteristic to be
evaluated is the adhesive strength of the film-substrate composite. Several methods are
used, such as scratch test, pull-off test and Rockwell test. However, sometime they provide

contradictory results.

Objective ofthe Present Study

The central aim of this project is concerned with the deposition of DLC thin film on
biomaterial substrates (316L stainless steel, CoCr alloy and Ti6A14V alloy) and evaluation
of their chemical and mechanical characteristics. In particular, the study is intended to
identify optimum process parameters for enhancement of substrate-film adhesion as well
as cohesive properties. The experimental work is coupled with numerical analysis to

identify interface stress magnitudes as a function of cohesive characteristic. The outcome



of this study is expected to provide a scientific basis for the production of well-adhered

thin film on bioengineering materials.

A number of process including magnetron sputtering, laser ablation, chemical vapour
deposition (CVD) and physical vapour deposition (PVD) have been applied to produce this
film. This project focuses on the deposition of DLC films using a neutral beam saddle field
source (Microvac 1200DB, lon Tech Ltd.) and a low temperature deposition process that is
a plasma enhanced chemical vapour deposition (PECVD) technique. Films have been
prepared by introducing pure hydrocarbon gas (acetylene: C2H2) and an argon-acetylene
gas mixture directly into the ionisation source. The saddle field source is suited to this
application as the internal walls are carbon clad which minimise any contamination due to
internal sputtering. The electrode configuration in the DC energised, cold-cathode source
is such that the resulting electrostatic field confines electrons to long oscillatory paths,
thereby increasing the efficiency of ionisation. The use of saddle field sources makes it
possible to coat substrates with DLC either on a small scale in a conventional research
vacuum system or in large production systems. Pressures in the range of 1.5x10“ to

4.8x1 O3 mbar with the substrate held near room temperature are used in this study.

One problem in DLC synthesis is the inadequate adhesion of many substrates. Relevant to
this is the generation of residual stresses in the film. Residual stress is the main cause for
spontaneous failure at the interface (debonding) and must be controlled. The reasons for
deposition stress generation and ways to control it are still being investigated. For the
above reasons, a saddle field fast atom source (FAB) rig was set up to study the effect of
deposition parameters on the morphology and residual stress generated in DLC films
deposited on biomaterials. Residual stresses in the DLC films have been obtained from the
curvature of substrate before and after deposition. The effect of substrate treatment and its
influence on the film structure in terms of sp3a/sp2 ratio, film stress and adhesion has also
been investigated. Correlation between the residual stress and the adhesion with various
deposition parameters of the films has also been established which helped to identify

optimum process parameters for substrate-film adhesion properties.

A method to determine the cohesive strength of the film using a four point bending test
technique has also been developed. This facility is simple and quick in determining the

films' cohesive strength. Film density, hardness and Young's modulus have also been



determined. This experimental work has been use to support and develop a numerical
model (Finite Element) for the detennination and prediction of film and film-substrate
interface stress. The model has taken into account the film hardness, Young's modulus and
thickness and has been shown to be capable ofpredicting the film's cohesive strength when
combined with brittle fracture. These optimised process parameters may provide a good

stepping stone for further research in this area.

This thesis contains eight chapters. Those are accordingly,

1. Introduction.

2. Synthesis of diamond and diamond like coating and surface science.

3. Properties, application and characterisation techniques of diamond and diamond like
coating.

4. DLC deposition equipment.

5. Experimental procedure.

6. Results and discussion.

7. Modelling for cohesive strength of DLC film and

8. Conclusion.

The first chapter deals with the introduction to the objective of the present work. Chapter
2 and 3 are the literature review carried out for this research include the topic of DLC
fabrication methods, materials selection, surface science and mechanical properties,
application and characterisation techniques. DLC deposition equipment is described in
chapter 4. Chapter 5 includes experimental procedure carried out, including sample
preparation, deposition procedure and mechanical and chemical characterisations. Chapter
6 consists of discussion based on the experimental work and chapter 7 consists of
discussion based on the modelling and experimental works. Finally chapter 8 contains the
conclusion from this present research and provides suggestions for further work, which is

related to this field of study.



Chapter 2

Synthesis of Diamond and Diamond Like Carbon Coatings and
Surface Science



2.1 Introduction

Mankind has known the history of diamond as a gemstone at least since biblical times.
Until the early 18th century diamonds were available only from the sediments of certain
riverbeds in India and probably the oldest literary reference of diamonds are Indian in
origin [8-10]. Incidentally, India also happens to be the birthplace for the oldest and the
most celebrated solitaire diamond- Koh-i-noor, which now adorns the crown of Queen
Elizabeth in England [11]. Bichner et al. [12] proposed that the primary source of
diamond is rock of volcanic origin, which is called ‘kimberlite’ after the first important
deposit discovered in South Africa. These deposits are strongly eroded by weathering and
erosion and therefore most of the diamonds are found in the surrounding areas of old
watercourses, alluvial deposits and sometimes on seabeds. Off the coast of Namibia, for
example, diamond-containing clays are sucked up from the seabed and immediately
concentrated on site. However, the properties of diamond have been properly understood
only since the last century. The French chemist Antoine L. Lavoisier was the first to
determine that diamond constitutes of pure carbon [13]. Later Bragg used x-ray to
determine that carbon allotropes were cubic (diamond), hexagonal (graphite) and

amorphous. This information helped researchers to attempt the synthesis of diamond.

Diamond has a unique combination of properties that makes it an exceptional material for
a variety of uses. It is the hardest known material, premier thermal conductor at room
temperature, resists acid, heat, and radiation, is a good insulator but can be doped to form
p-and n-type semiconductor, transparent to visible, and infrared radiation and has a small
dielectric constant. Though long recognized, most of these superior properties of diamond,
except for the applications based on hardness, have remained unexploited mainly because
diamond did not exist in a form suitable for many high-tech applications. Now chemical
vapour deposition (CVD) makes diamond and its derivative diamond like carbon (DLC)
available in thin sheets or as coatings. Once the current problems are overcome, the
diamond CVD has the potential of transforming the present “silicon age” into a future

“diamond age”.

2.1.1 The Geology of Diamond
A great deal of mystery still surrounds the conditions under which diamond is formed in

nature. In natural form, it has been found in meteorites and terrestrial rocks. There are



several hypotheses concerning the origin of diamond in meteorites [14]. It was first
conjectured that the diamond crystallized out at high pressures in the depths of planetary
bodies which produced the meteorites. Later, it was suggested that diamonds are formed in
meteorites upon impact with the earth, as result of the high pressure generated. The most
recent and widely accepted hypothesis is that diamonds in meteorites were formed by

collisions of carbonaceous stones in space during travel through the asteroid belt.

In terrestrial rock, the growth environments of diamond are obtained by relating the
inclusion data to other studies. The structure of the earth which is composed of several
layers, is known only indirectly with the help of seismology. The earth which constitutes
of a crust (90 to 33 km), a mantle (33 km to 2900 km) and a core (2900 km to 6370 km),
has a dynamic, convicting mantle, that interacts with the crust and possibly the core. Most
of the diamonds in terrestrial rocks are found in the Kimberlite pipes. These Kimberlite
pipes, formed during volcanic eruption, serve as a window that lets us look into the earth
and establish the probable conditions under which diamond is naturally formed. The likely
pressure and temperature conditions under which diamond forms inside the earth can be
predicted on the basis of evidence from upper mantle phase equilibria and that obtained
from the inclusions in diamond (Fig 2.1). As can be seen the minimum formation pressure
is 4.5 GPa, which corresponds to depth of about 150 km [15]. From the inclusion data,
diamond from depth below 670 km has been established. Thus diamond in nature from

under high pressure and high temperature conditions.
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Figure 2.1: Pressure-temperature diagram showing the minimum conditions (dotted) for

natural diamond formation [16].



2.2 Carbon as an Allotrope Element

221 Introduction

Carbon is an unusual material in that it exhibits both metallic and nonmetallic
characteristics. Carbon exists in both crystalline and amorphous forms [17,18]. Crystalline
carbon includes graphite, diamond and a family of fiillerenes (Fig. 2.2) [19,20]. Graphite
and diamond are infinite periodic network solids with a planar structure, where as the
fiillerenes are a molecular form of pure carbon with a finite network with nonplanar

structure.

6.71 A

(a) Graphite (b) Diamond

(C) Fullerene M «ene (d) DLC

Figure 2.2: The structure of three known forms of crystalline carbon: (a) hexagonal
structure of graphite; (b) modified face centered cubic (fee) structure, two interpenetrating
(fee) lattices displaced by one quarter of the cube diagonal of diamond (each atom is
bonded to four others that form the coners of the pyramidal structure called tetrahedron;
(ci and @) structure of two most common forms of fullerenes: (ci) soccer ball Céo and (02)

-

rugby ball c7o molecules [19]; and (d) schematic representation of DLC structure: «, sp

carbon atom; O, sp2carbon atom; $ , hydrogen atom [21].



The diamond crystal structure is face centered cubic with one atom per lattice site. Each
carbon atom is tetrahedral coordinated to four other carbon atoms and make strong,
directional a bonds using hybrid sp atomic orbital. Graphite the stable allotrope has a
layered structure with strong trigonal sp2bonds. The spare fourth electron in the outer shell
of graphite forms a weak van der waals bond leading to electrical conductivity and

lubricity.

Fullerenes (Ceo, C70 etc.) and carbon nanotubes [22] have recently been developed by
chemical vapor deposition [23] which have important advantages in the point of scientific
basis. One of the fullerene molecules is Co, commonly known as Buckyball. Since the C
molecules are very stable and do not require additional atoms to satisfy chemical bonding,
they are expected have low adhesion to mating surface and low surface energy. The low
surface energy, spherical shape of Céo molecules, weak intermolecular bonding and high
load bering capacity offers potential for various mechanical and tribological applications.
The sublimed Cdo coatings and fullerene particles as an additive to mineral oils and greases
have been reported to be good solid lubricants comparable with graphite and M0S2 [24-
26], There have been parallel developments in the field of disordered carbons, which
called “diamond like carbon”. Amorphous carbon has no long range order and the short
range order of carbon atoms can have one or more of three bonding configurations — sp3
(diamond), sp2 (graphite) or sp1(with two electrons forming strong a bonds and remaining
two electrons left in orthogonal Py and Pz orbitals to form weak n bonds). Short range
order controls the properties of amorphous materials and coatings. Hard amorphous carbon
coatings commonly known as diamond like carbon or DLC coatings are a class of coatings
which are mostly metastable amorphous materials but include a micro or nanocrystalline
phase. The coatings are a random network of covalently bonded carbon in hybridized
tetragonal (sp3) and trigonal (sp2) local coordination with some of the bonds terminated by
hydrogen. These coatings have been successfully deposited by a variety of vacuum
deposition techniques on variety of substrates at or near room temperature. The following

section will discuss how does carbon form different structures.

2.2.2 Hybridization
Carbon forms a great variety of crystalline and disordered structures because it is able to
exist in three hybridizations, sp3, sp2 and spl [27]. The electronic configuration of the

carbon atom allows it to form a number of hybridized atomic orbitals. Carbon atoms in the



elemental substances (e.g., diamond, graphite, & fullerenes) bond to each other covalently
by the sharing of electron pairs. The covalent bonds have directional properties. This in
turn gives carbon the ability to adapt into various molecular and crystalline structures. The
nature of these bonds underlies the varied chemical properties and physical properties of

the carbon allotropes.

Carbon, like many of the first-row elements of the periodic table (Appendix Al) has
atomic orbitals that can hybridize. This is because the s-orbital and p-orbitals of carbon’s
second electronic shell have very similar energies. As a result, carbon can adapt to form

chemical bonds with different geometries.

2.2.3 Hybridization Theory of Atomic Orbital

One very powerful theory in the valance bond approach is the hybridization theory which
helps to explain why carbon containing molecules have carbon with four bonds. According
to the orbital diagram of a ground state normal carbon atom, there are only two unpaired
valance electrons in the 2p orbitals of a carbon atom. This should result in a carbon atom
only capable of forming two bonds. However, every neutral carbon atom is tetra-valent
and therefore, should have four unpaired electrons from which to form four bonds. How
can we account for the discrepancy and how do we explain the tetra-valency of carbon
atom? Professor Linus Pauling from California Institute of Technology in California
suggested an interesting theory to explain the discrepancy. The theory also offers an
explanation why carbon containing molecules can have one of three geometries around
each carbon atom in the molecule. This hybridization theory resulted in Pauling being

awarded the Nobel Prize for Chemistry in 1945.

According to this theory, carbon atoms are capable of hybridizing the s and p valance
orbitals in one of three different ways. This hybridization process is preceded by the
formation of an excited state carbon atom where a 2s electron is promoted into a 2p orbital
before the hybridization process begins. Hybridization is similar to the hybridizations that
occur in the plant and animal kingdoms. This results in a hybrid species which has some of
the characteristics of both parents. The 2s and 2p orbitals of the excitcd state carbon can
form one of three types of hybridized atomic orbitals. All four partially filled orbitals (one
2s and three 2p orbitals) may undergo mixing or hybridization to form four equal energy

hybridized orbitals referred to as sp3 hybrid orbitals. Each of the four sp3 orbitals has an



unpaired electron explaining the terta-valency for such a sp carbon. The four sp hybrid
orbitals are arranged around the nucleus of the sp3 hybridized carbon atom with the
orbitals pointing toward the comers of a tetrahedron. The angle separation between the
hybrid orbitals is 109.5 degrees.

Figure 2.3 (a): Hybridization in carbon to createfour sp3hybrids.

In order for other atoms to effectively overlap their orbitals with the sp3 orbitals the atoms
have to assume the same tetrahedral orientation. This results in a sp3carbon atom forming
four single covalent bonds. If a carbon atom has four single bonds around it, and can be

sure that it is hybridized sp .

Another type of hybridization involves only the mixing of three of the orbitals (one 2s and
two 2p orbitals). This forms three hybrid orbitals around the carbon nucleus called with
one pure 2p orbital remained unhybridized. Each of the sp2 hybrid orbitals and the pure p
orbital have an unpaired electron which accounts for the tetra-valency of a spj carbon. The
sp2 orbitals around and sp2hybridized carbon will have these orbitals pointing towards the
comers of an equilateral triangle with the hybrid orbitals in the same plane as the carbon
nucleus. The sp hybrid orbitals will be 120 degree separated. This orientation of the
hybrid orbitals establishes a trigonal planar orientation. This means that in order for other
atoms to form effective maximum overlap with a sp2 hybridized atom, these atoms must
orient in the same geometrical orientation. These three orbitals can overlap with three
other orbitals to account for three bonds, but what happened to the fourth bond? We are
forgetting the 2p orbital that did not undergo hybridization. This double lobed orbital will
be perpendicular to the plane where the hybrid orbitals are. This p orbital can overlap with
another p orbital from another sp2hybrid carbon or from an oxygen atom. This is an effect

make for the second bond between the two atoms hence a double co-valent bond. The



second bond is referred to as a "Pi" bond while the overlap between two sp® orbitals
between the two carbons is called a sigma bond. Pi bonds are considerably weaker than
any sigma bond which accounts for the fact that Pi bond makes available unpaired
electrons which can be shared by other incoming atoms. These are quite understandably
known as addition type reactions. In essence, if there is a double bond attached to the

carbon, that carbon would be sp hybridized.

Figure 2.3 (b): Hybridization in carbon to create three sp2 hybrids and the remaining p

orbital extends perpendicular to the molecularplane.

A third way that carbon can hybridized its orbitals is the mixing of only two of the orbitals
(one 2s and one 2p orbitals). This forms two orbitals known as sp orbitals with two pure 2p
orbitals left unhybridized. Again each of the two sp hybrid orbitals and the two pure 2p
orbitals left unhybridized. Again each of the two sp hybrid orbitals and the two pure 2p
orbitals each have an unpaired electron to account for the tetra-valency of an sp hybrid
carbon. The sp hybrid orbitals are oriented in a linear fashion with the hybrid orbitals 180
degrees separated. The two p orbitals are perpendicular to the linear arrangement of the sp
hybrid orbitals and perpendicular to each other. Each p orbital can overlap with another p
orbital from another sp hybrid atom to form a Pi bond for each. This would mean that the
two sp hybrid atoms have a sigma bond (overlap between the sp orbitals) and two Pi bonds
(overlap of the p orbitals) or a total of three bonds. Any carbon that has a triple bond to it

will be sp hybridized.

Hybridization theory can also account for the fact that a carbon-carbon single bond length
is longer (1.54 angstroms) than the carbon=carbon double bond length (1.31 angstroms)
which in turn is longer than the carbon =carbon triple bond length (1.2 angstrom). This
tendency in bond length can be explained by using hybridization theory. Carbon-carbon

single bonds involve sp3 carbons. The characteristics of an sp3 orbital, it could be found
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that it is made out of the mixing of one s orbital which is characteristically less extended
than p orbitals with three p orbitals which are more extended. It could say that the % of "s"
character is 25% (1/4 of the orbitals used in the hybridization process are s). Using the
same reasoning the sp2 orbital is 33% s in character (1/3 of the orbitals used in the
hybridization process are s). For the sp hybrid orbitals the percentage of s character is 50%
(1/2 of the orbitals used in the hybridization process are s). Since the sp orbitals that form
a single bond between two carbons have the lowest percentage of s character, it would
expect their orbitals to be the most extended. That means that the overlap of sp3orbitals by
the carbon atoms can be effectively made when the nucleii are relatively far apart which
would explain the relatively longer bond. The double bond between two sp2 carbons would
mean that the orbitals that needed to overlap would involve a higher percentage of s
character which means that the hybrid orbitals would be relatively less extended compared
to sp3orbitals. As a result the distance between the nuclei can be further apart for effective
overlap to occur. A triple bond between two sp hybrid carbons means that the orbitals
having the highest percentage of s character will be the orbitals least extended from the
nucleii. As a result, the overlap between two sp hybrid carbons can not be effectively
completed unless the nucleii of the two atoms are relatively close together. Hence the triple

bond is the shortest.

From the above hybridization theory, it is recommended that carbon can exist in sp3, sp2
and splhybridization. The allotropes have different properties. Carbon soot and glassy
carbon are primarily sp2 bonded but amorphous carbon (a-C) and hydrogenated amorphous
carbon (a-C:H) have a significant amount of sp bonded carbon [28], The sp bonding of
DLC confers on it many of the beneficial properties of diamond itself, such as its
mechanical hardness, low friction, transparency, chemical and electrochemical inertness
and wide band gap and hence is called “diamond like carbon” (DLC) film. While diamond
films have well defined properties, the properties of cover a wide range of values between
those of diamond on one extreme and graphite on the other. There is presently intense
interest in these DLC films, which contain a mixture of both amorphous (sp2 and
crystalline (sp3) phases. It is convenient to display the compositions of the various forms of
amoiphous C-H alloys on a ternary phase diagram as in figure 2.4 as first used by Jacob
and Moller [29]. There are many a-Cs with disordered graphite ordering, such as soot,

chars, glassy carbon, and evaporated a-C. These lie in the lower left-hand comer.
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The hydrocarbon polymers polyethylene (CH2)nand polyacetylene (CH)ndefine the limits
of a triangle in the right hand corner beyond which interconnecting C-C networks cannot
form, and only molecules form. Deposition methods have been developed to produce a-Cs
with increasing degree of sp bonding. Sputtering can extend from sp bonding some way
towards sp3bonding. If the fraction of sp3bonding reaches a high degree, McKenzie [30]
suggested that the a-C is denoted a tetrahedral amorphous carbon (ta-C) to distinguish it
from sp2 a-C. A range of deposition methods, such as plasma enhanced chemical vapour
deposition (PECYD) is able to reach into the interior of the triangle. This produces a-C:H.
Although this is diamond-like. It is seen from figure 2.4 that the content of sp3 bonding is

actually not so large and its hydrogen content is rather large.

Thus, a more sp3 bonded material with less hydrogen which can be produced by high
plasma density PECVD reactors is called hydrogenated tetrahedral amoiphous carbon (ta-
C:H) by Weiler et al. [33].

Sp3Diamond-like

The specific position of a diamond like material on this sp3-sp2-H ternary diagram is
determined by the deposition system, i.e. precursor, method and parameters of the method.
The energy of particles bombarding the growing film appears to be the most important

parameter determining the position of the film on the ternary diagram. Another variation of
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the diagram of figure 2.5 is presented in figure 2.4 [34], which shows that the diamond like
. .. 3 2 1 .
carbon films comprising sp™, sp” and even sp~ carbon bonds, have ranges of properties

delimited by the properties of diamond, graphite and polymers.

Figure 2.5: Delimitation ofproperties ofdiamond like carbon (after ref34]

Both diamond and diamond like carbon films can be grown by chemical vapor deposition
(CVD) of hydrocarbon containing gases. The CVD process involves decomposition of a
gas mixture of carbon precursor and hydrogen or carbon precursor and hydrogen with
some oxygen containing gas (like CO2, CO etc.) to atomic hydrogen, free radicals and
sometimes ions which react to form the desired coating on a substrate. Deposition of
diamond normally requires high substrate temperature (between 1000 and 1300 K), while
deposition of DLC is done at substrate temperature below 600K. Temperature is not the
only major factor differentiating the synthesis of these two materials. To grow a diamond
film, the substrate and surface of growing film have to be continuously exposed to a large
concentration of atomic hydrogen and/or oxygen to etch/prevent the formation of non-
diamond phases through the mechanism. DLC is grown at lower temperature to prevent
graphitisation under conditions of ion bombardment. The other difference is that, while

diamond films are polycrystalline with crystallites up to tens of micrometers in size, DLC
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films are metastable amorphous carbon containing a mixture of sp®, sp* and sp* hybridized

carbon.

There are several methods available for deposition a diamond or diamond like carbon
coatings. The following sections present a brief description of the various techniques and

refer to relevant work in the literature for further details.

2.3 Synthesis of Diamond Films

Since the diamond in terrestrial rocks is formed under high pressure conditions, it was not
surprising that the initial synthesis experiments tried to emulate this high pressure
condition in the laboratory. General Electric in 1953 was the first to report a reproducible
high pressure, high temperature (HPHT) synthesis of diamond [35,36], The successful
HPHT synthesis of diamond, however, resulted in product no better than those available
with natural diamond. Thus synthesis of diamond films at near atmospheric pressure from
hydrocarbons by Eversole [37] in 1958 was a significant step forward. Since then,
diamond synthesis at low pressure has come a long way. Not only are the deposition
conditions more or less perfected but also newer techniques with higher growth rates have
emerged. The processing aspect of diamond films seems to have reached its peak. Today it
is possible to coat almost all types of substrates and there is also the possibility for coating

intricate shapes. Free standing diamond films are also now possible.

Development of DLC films seems to be as a spin-off of investigations in diamond coatings
[38,39]. In the early days of diamond synthesis experiments, when the deposition
conditions were not optimum, coatings which had properties between diamond and
amorphous carbon, were formed. Aisenberg [40] first coined the name" diamond like
carbon” in 1971 to describe these carbon coatings with high hardness. Soon these coatings
due to some very useful properties developed as a new class of material in their own right.
Today the dependent research in DLC films is probably as vast as it is for diamond films.
There are several methods of depositing DLC films. One significant advantage of DLC
film over diamond is that it is a low temperature process and so low temperature substrate

like plastics can be easily coated.
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24 Synthesis of Diamond Like Carbon (DLC) Films

241 Introduction

The first DLCs were prepared as thin films by Aisenberg and Chabot [40] who condensed
a beam of C+ ions in the presence of Ar and Ar+on a cold substrate to deposit an
amorphous film containing no hydrogen, yet having some diamond like properties. It is
possible to produce DLCs by wide range of deposition methods [41]. The methods can be
categorized as to whether they are most suitable for laboratory studies or industrial
production. The common feature of these methods is that the DLC film is condensed from
a beam containing medium energy (~100eV) carbon or hydrocarbon ions. It is the impact
of these ions on the growing film that induces the sp3bonding — a physical process. This
contrast with the chemical vapour deposition (CVD) of diamond, where a chemical
process stabilises its sp3 bonding. The best deposition process for DLC will provide a
carbon ion flux at about 10CeV per carbon atom, with narrow energy distribution, a single
energetic species and a minimum number of non-energetic (generally neutral) species [33].
Robertson proposed that one of the common features is bombardment of the growing film
with high-energy ions (usually in the range of 50 to 500 eV) to promote sp3bonding in an
otherwise sp2bonded film [28,42].

Now DLC films can be deposited by a wide variety of techniques, such as ion beam
deposition [43,44], mass selected ion beam deposition [45], dual ion beam [46,47], ion
beam plating [48], fast atom beam [49], microwave plasma deposition [50], RF plasma
[51] and DC plasma [52,53]. Deposition process for DLC films can be put into two classes
depending on the source of carbon atoms [50], The first class uses solid carbon itself
(graphite target) sputtered by an ion beam [43-46] or a high energy laser beam [54], while
the second one uses the dissociation of hydrocarbon gas by some form of glow discharge
plasma [51,52], Several comprehensive reviews of DLC films have been published

[28,38,50,55-61],

Plasma basics
Plasmas, often referred to as the fourth state of matter are constituted of charged and
neutral species. The charged species are predominantly positive ions and electrons, a

contribution from negative ions is only present in plasmas of electronegative species. The
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neutral species are atoms and molecules in the respective ground states or attainable

excited states.

In low-pressure plasmas addressed here, the ions are produced by collisions between
neutral and energetic electrons. An electric field supplies the energy for the electrons
which are easily accelerated by external fields due to their small mass. Even a small mean
free path length between two inelastic collisions with neutrals, electrons can extract a
sufficient amount of energy from the external field to make production of ions through
inelastic electron-neutral collisions an effective process. The big mass of ions, on the other
hand, makes energy extraction from the field for these particles a slow process, so that

their contribution to ionisation through inelastic ion-neutral collisions can be neglected.

Various physical quantities are used to characterise the state of plasma, of which density
and temperature are the most important. The densities are the density of electrons (ne),

density of ions (n,) and density of neutrals (nn).

24.2 DLC Films by Sputtering of a Solid Carbon Target

2.4.2.1 lon Beam Enhanced Deposition

This was the first technique used to deposit the diamond like carbon films [40]. The energy
required for thin film nucléation and growth is obtained from the kinetic energy of an
accelerated ion beam of the deposition material rather than heating the substrate. Changing
the substrate potential can control the kinetic energy of the beam of ions. Thus DLC films
with a wide variety of properties can be deposited. In figure 2.6 is shown a schematic of an

ion beam deposition process.

Carbon ions are generated by sputtering carbon electrodes in an argon atmosphere in
magnetically confined plasma and then accelerating them towards the substrates by a bias
electrode. Since the substrate is isolated from the plasma, it is not subjected to
bombardment by high-energy electrons and interaction with the radiation from the plasma
is reduced [40]. The net effect is a reduced substrate temperature for ion beam, deposition
compared with plasma methods. Thus a wide variety of temperature sensitive substrates
can also be easily coated. Typical beam current densities are 1to 2 mA/cm with 500 eV

ion energies and beam diameters up to 30 cm [50].
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Filament Anode

Figure 2.6: Schematic of single-ion beam sputtering deposition processes for DLC film
[50],

2.4.2.2 Laser-Arc Assisted Deposition

A carbon ion plasma can also be produced by laser ablation of a graphite target [54,62]. A
high power Nd-YAG laser is used to strike a stable arc on a very pure carbon target to
create a laser plasma plume. The plasma resembles that formed by a cathodic arc. The
resulting film is diamond like if the laser power exceeds a certain threshold. The diamond
like properties can be improved further by incorporating capacitative DC discharge energy

with pulsed-laser evaporation [63].

Pulsed excimer lasers such as ArF give very short, intense energy pulses, which can be
used to vaporise materials as an intense plasma [64-72]. The plasma then expands towards
the substrates. The kinetic energy of this expansion gives ion energy analogous to the ion
energy of MSIB or the cathodic arc. The mean ion energy is proportional to the laser
fluence concentrated at the target spot [64]. In this way pulsed laser deposition (PLD)
produces ta-C films similar to those from the MSIB and FCVA methods [70,72], The
dependence of properties on ion energy is similar [72], The schematic diagram of pulse

laser deposition system is shown in figure 2.7.

The advantage of PLD is that it is versatile laboratory scale method, which can be used to

deposit many different materials from high temperature superconductor to hard coatings.
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The PLD method for carbon has been reviewed by Voevodin and Donley [64] and by
Siegal et al. [71].

Substrate

Excimer
laser beam
Plume

Graphite target

(b) Pulsed laser deposition

Figure 2.7: Schematic ofpulse laser deposition system

2.4.2.3 Mass-Selected lon Beam Deposition

Deposition of a single ion species is possible if the ion beam is passed through a magnetic
mass analyser for e/m selection. The analyser filters neutral, cluster species, graphitic
fragments and impurities from the beam and allows only a pure beam of C+ (or C') ions to
reach the substrate. This mass-selected ion beam (MSIB) method was first used by
Aksenov et al. [73] in 1970. This method results in a form of a-C with highest fraction of

sp3bonding ofthose from any other DLC deposition process.

For laboratory work, it is desirable to have a controlled deposition from a single ion
species at well-defined ion energy. This is achieved by mass selected ion beam deposition
(MSIB) [74-78], Carbon ions are produced in an ion source from a graphite target, such
that the spread of ion energies is small, 1-10eV. The ions are then accelerated to 5-40 kV
and passed through the magnetic filter. This filters out any neutrals and selects ions with
an e/m ratio of the C+ion. The ion beam will diverge because of its Coulombic repulsion.
The ions are then decelerated to the desired ion energy by electrostatic lens and the beam
is focused onto the substrate in a vacuum of order 10‘0 torr to produce a ta-C film. The
advantages of MSIB are that is gives a controllable deposition species and energy, a
filtering out of non-energetic species and the ability to dope by switching the ion species.

The disadvantage is the low deposition rate of order O.OOIAngstrom s’land the high cost
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and size of the apparatus. The MSIB method and its use have been reviewed by Lifshitz

[74,75], and Hofsass and Ronning [78].

2.4.2.4 Sputtering

The most common industrial process for the deposition of DLC is sputtering [79-85]. The
most common form uses the dc or rf sputtering of a graphite electrode by an Ar plasma.
Because ofthe low sputter yield of graphite, magnetron sputtering is often used to increase
the deposition rate. Figure 2.8 shows schematics of two sputtering deposition systems.
Magnets are placed behind the target to cause the electrons to spiral and increase their path
length and thus to increase the degree of ionisation of the plasma. As ion bombardment
helps the formation sp3 of bonding, the magnetic field can be configured to pass across to
the substrate, so this causes the Ar ions to also bombard the substrate, to give an
‘unbalanced magnetron’. A dc bias can be applied to the substrate to vary ion energy. The
a-C:H can be produced by reactive sputtering by using a plasma of Ar and hydrogen or

methane and a-CNx can be produced using an argon-nitrogen plasma.

Alternatively, in ion beam sputtering (figure 2.8 a), a beam of Ar ions can be used to
sputter from the graphite target to create the carbon flux [84], A second Ar ion beam can
be used to bombard the growing film to densify the film or encourage sp3bonding. This is

called ion beam assisted deposition or ion plating.

Graphite target

Substrate Carbon
atom beam N
Substrate holder
Graphite
target
N
Ar ion
beam Arplasma
(a) lon assisted sputtering (b) Sputtering

Figure 2.8: Schematics of sputtering deposition systems: (a) ion assisted sputtering, (b)

sputtering.
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Sputtering is preferred for industrial applications because of its versatility, its wide spread
use to sputter many materials and its ease of scale up. Also the deposition conditions can
be controlled by the plasma power and gas pressure butthey are reasonably independent of
the substrate geometry or conditions. A disadvantage of sputtering is, like ion beam
deposition, that it can have a relatively low ratio of energetic ions to neutral species, so
that it does not produce the hardest DLC films. However, sputtering methods with a very
high fraction of ions have been developed by Schwan [83] and Cuomo et al.[84] to
produce a-C with a relatively large sp3 fraction, but this is at the expense of a low growth

rate.

2.4.2.5 Cathodic Arc

An unusual method for laboratory and industrial use is the cathodic arc [86-99]. An arc is
initiated in a high vacuum by touching the graphite cathode with a small carbon striker
electrode and withdrawing the striker. This produces energetic plasma with a high ion
density of up to 1013 cm3. A typical cathodic arc system is shown in figure 2.9 after Coll

and Chowalla [100],

Substrate

Striker

Figure 2.9: Schematic ofcathodic vacuum arc deposition system.

The power supply is a low voltage, high current supply. The Cathodic arc is also widely
used to deposit hard coating materials such as tin by the reactive deposition of Ti in a
nitrogen atmosphere as reviewed by Brown [101]. The cathode spot is small, 1-10 p.m and

it carries a very high current density of 1066108 A cm'2. The spotis formed by an explosive
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emission process. This creates particulates as well as the desired plasma. The particulates
can be filtered by passing the plasma along a toroidal magnetic filter duct [73] as shown in

figure 2.10. This is known as filtered cathodic vacuum arc (FCVA).

Figure 2.10: Schematic offilter cathodic vacuum arc: (a) single beam and (b) S-bend

FCVA

The toroidal currents produce a magnetic field of about 0.1 T along the axis of the filter.
The electrons of the plasma spiral around the magnetic field lines and so they follow them
along the filter axis. This motion produces an electrostatic field, which causes the positive
ions to follow the electrons around the filter. This produces an ambipolar transport of the
plasma around the filter. The particulates cannot follow the field and they hit the walls and
baffles on the walls. Alternatively, in the open filter system used by Brown [101] and
Anders et al. [89], the particulates pass between the coils out of the filter zone into the
chamber. The neutrals also hit the walls, so the filter raise the plasma ionization from
about 30% to nearly 100% at the filter exit. The plasma beam is condensed onto a substrate
to produce the ta-C. The advantages of the FCV A are that it produces a highly ionized
plasma with an energetic species, a fairly narrow ion energy distribution and high growth
rates of 1 nm s'1for a low capital cost. It is used on an industrial scale. Unlike ion beam
deposition, the deposition beam in FCV A is a neutral plasma beam so that it can deposit
onto insulating substrates. The disadvantages are that the filtering is not sufficient for some

applications, and that the cathode spot is unstable.
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2.4.3 DLC Films by Dissociation of Gaseous Hydrocarbon Source

2.4.3.1 PECVD

The most popular laboratory deposition method is rf PECVD [102-112], The reactor
consists of two electrodes of different area. The rf power is usually capacitively coupled to
the smaller electrode on which the substrate is mounted, and the other electrode (often
including the reactor walls) is earthed. The rf power produces a plasma between the
electrodes. The higher mobility of electrons than ions in the plasma creates a sheath next to
the electrodes with an excess of ions. This has a positive space charge, so the plasma
develops a positive voltage with respect to the electrodes, which equalises the mean

electron and ion current to the wall [108], as shown in figure 2.11.

The sheaths act as a diode, so that the electrodes acquire dc self-bias voltages equal their
peak rf voltage. The rf voltage divided between the sheaths of the two electrodes as in a
capacitive divider according to their inverse capacitance. Thus the dc self bias voltage

varies inversely with the electrode area [102,108],

~ U

The smaller electrode with smaller capacitance acquires the large bias voltage and
becomes negative with respect to the large electrode. This is made the substrate electrode.
The negative sheath voltage accelerates the positive ions to give the bombardment needed
to create the sp bonding. In low pressure rf plasmas, the plasma is excited by an rf

coupling to the sheaths. At higher pressures, the plasma is excited by Joule heating of the

bulk plasma.

For DLC deposition, the plasma should be operated at the lowest possible pressure, in
order to maximize the ion to radical fraction of the plasma. However, even at 50 m torr
pressure, the ions are only about 10% of the film-forming flux, The ions can loose energy
by collisions when being accelerated across the sheath. The ion energy is then no longer
the sheath voltage. It is desirable to use a low pressure to minimise these collisions to
maintain a narrow ion energy distribution. The sheath thickness decreases with increasing

pressure P as [108]
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d=kPv2

(from the Debye length) while the ion mean free path decreases as A =k1/P . Hence, the

ratio X 1d scales as p -1/2 and the mean free path becomes less than the sheath thickness at
low enough pressures. It is necessary to use lower pressures, but this is not possible for
conventional PECVD as the plasma will not longer strike. A lower pressure plasma can be
created by using a magnetic field to confine the plasma to increase the electron path length
and increase the ionisation efficiency. This allows a capacitively coupled plasma to
continue to operate at 5x1 04 torr. At this pressure, the ion mean free path exceeds the

sheath thickness and ion energy now has a narrow distribution.

Sheaths

Plasma

lons
V\<’A

— Electrons

Figure 2.11: Electrons and ion distributions which create sheaths between the neutral

plasma and wall.

This is the principle behind the plasma beam source (PBS) [110] shown in figure 2.12 (a).
The PBS consists of magnetically confined plasma in which the plasma exits through a
grid at earth potential. The rf is applied to a moveable electrode whose area is larger than

the grid, so that this electrode acquires the positive self bias. This repels the positive ions
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through the grid to form a plasma beam which then condenses on the substrate to form ta-

C:H. The plasma beam is neutral so it can be used on insulating substrates.

Plasma beam

Figure 2.12: Schematic diagrams ofthe (a) plasma beam source and (b) ECWR source,

after Weiler et al. [110,111],
In recent years, it has become clear that high density plasma sources are possible [108],
The two fundamental properties of the plasma are the plasma density no and the electron

temperature Te. One aim is to maximise no. The plasma electrons have a Maxwellian

energy distribution, which defines the electron temperature, Te

N(E) = nGexp(—
kTc

Electrons with energy above some threshold energy colliding with a neutral species will

ionise or dissociate it according to the convolution

N, = jnO{E,Te)f(E)dE
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where f. is the ionisation probability. This is shown schematically in figure 2.13.

0.0001 0 5 10 15 20

Energy (eV)

Figure 2.13: Electron temperature Te ancl the dissociation/ionisation probability of a

species.

Over a limited energy range, this gives

where £.is the ionisation potential. A high T. maximises the ionisation. Similar relations

hold for dissociated atomic species and excitcd species.

JV and T. are set by the requirements of energy and particle balance [108]. The particle

balance sets Tr by equating the rate of generation of ions in the bulk plasma to the rate of

loss of radicals and ions to the walls,

W M = nOunA

This gives
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where 1 is the effective plasma length, A and V are the surface area and volume of plasma,

n0is the plasma density, n is the density of atoms in the gas, A,is the ionisation rate
constant and uB is the Bohm velocity of the electron. Here K 1 and u.B are functions of Te.
The energy balance sets the plasma density nOby equating the power absorbed by the

plasma W to the energy loss per ion Er as ion energy and as ion loss to the walls. This

gives

The most compact rf-powered, high plasma-density is the recently developed electron
cyclotron wave resonance (ECWR) source [111] shown in figure 2.12 (b). The rf is
inductively coupled to the plasma through a single turn coil. A transverse static magnetic
field confines the plasma. This causes the rf electromagnetic wave in the plasma to form
left and right hand circular polarised waves. The refractive index of one of these waves
increases dramatically. This decreases the wavelength of the rf, so the rf can form a half
wavelength standing wave across the chamber, which allows a resonant coupling of power
into the plasma bulk. An rfsignal is also capacitively coupled to a rear electrode to provide
a self-bias voltage to vary the ion energy. The plasma can exit the chamber as a neutral
beam through a grounded grid electrode. The ECWR is equivalent to the helicon, except
for a different orientation of the fields and antennas.

The ECWR source produces an extremely high-density plasma of 10 cni® or over with
an independent control of the ion energy and ion current density [111]. The ECWR
produces ta-C:H at amuch higher growth rate (1.5 nm s']) than the PBS and gives uniform
deposition over an diameter of 10 cm, which is scaleable to large values. It is the first
industrialised high density PECVD source for DLC.
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The gas used in PECVD has a significant effect on the a-C:H properties. In the early days,
precursors with low ionisation potentials such as benzene were chosen as this gave a much
higher growth rate. The deposition rate increases roughly exponentially with decreasing
ionisation energy [103] as shown in figure 2.14. For mechanical applications, it is
desirable to maximise the hardness, which minimising the incorporation of hydrogen. This
requires using a precursor with small H/C ratio, such as acetylene, as this strongly affects
the H/C ratio of the resulting film.
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Figure 2.14: Growth rate ofa-C:H by PECVD vs ionisation potential ofthe precursor gas.
Datafrom Koidl etal. [113] and Zou et al. [107].

It is now known that DLC properties depend on the ion energy per carbon atom. Thus, a
benzene ion CgH,™ with six carbons requires 600V bias voltage to reach the desired 100 eV
per carbon atom. Acetylene is more acceptable because only 200 V bias is needed to
achieve 100 eV energy per carbon atom. Acetylene is in fact a very useful source gas for
low pressure deposition because its strong C=C bonds means it has a simple dissociation

pattern, giving mainly C2Hn+ions [33].

Acetylene is the preferred source gas for mechanical application. However, acetylene is
unsatisfactory for electronic applications because it is not available in high purity form and
process as a substantial nitrogen impurity [112], which can causes a doping effect

particularly if it is used in high density plasma. Methane remain a popular choice for
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electronic applications because it is available in high purity, but the growth rate is lower
and it gives high hydrogen content. Hydrogen dilution can be used to vary the hydrogen

content.

2.43.2 RF Plasma-Assisted Deposition

One of the most popular methods is radio frequency (RF) plasma deposition from a
hydrocarbon source gas. RF power is capacitively coupled to the substrate electrode and
the counter electrode is either a second electrode or just the grounded walls of the
deposition chamber. The powered electrode acquires a negative bias because of the large
difference in electrode size and also in the electron and ion mobilities. The DC bias is
largely dropped across an ion sheath in front of the cathode, which accelerates the ions
towards the cathode. The deposition rate for a given source gas tends to vary linearly with

bias voltage and gas pressure [50].

The rate is highest for gases of low ionisation potentials and large molecular weights.
Films deposited from acetylene appear to have the best properties having the highest
hardness [28]. A schematic of RF plasma-assisted CVD system is shown in figure 2.15.
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Figure 2.15: RFplasma-assisted CVDfor diamond like carbon deposition [50].
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2.4.3.3 Microwave and ECR-Assisted Discharges

Microwave discharges have been widely used in recent years because of their electrodeless
nature together with their ability to create high densities of charge species in plasma
discharge. Electron cyclotron resonance (ECR) discharge is basically a developed version
of low pressure and low temperature microwave plasma. It utilizes a microwave energy
coupled to natural resonant frequency of the electron gas in the presence of a static
magnetic field [50], The main advantage of using ECR is that it allows the microwave
electric field to accelerate free electron continuously (between collision) throughout the
full wave period which means that dense plasmas can be generated efficiently at low

pressure.

2.45 GHz
Microwave power

Figure 2.16: Schematic ofan ECR deposition set up.

Other advantages include the absence of internal electrodes and direct control over the
shape (through confinement), position (through resonance) and flow of plasma with
magnetic field. These reduce the gas phase nucleation without heavy noble gas dilution
and numerous undesirable powered electrode effects (such as contamination) are also

eliminated. The ECR discharge-assisted deposition equipment is illustrated in figure 2.16.

29



2.4.3.4 Saddle Field FastAtom Beam

Saddle field fast atom beam (FAB) offers an interesting option to grow diamond like
carbon films. Indeed, one of the commercial manufacturers of such source (Atom Tech.,
Ltd., England) has engineered systems incorporating these sources to grow large area DLC
films. Most importantly being essentially a neutral beam source, changing effect of the
substrate while growing insulating films like DLC are not encountered. The fact that
operation of the source does not require a radio frequency (rf) supply (or for that reason
more complicated and expensive power supply as one requires to operate a conventional
ion beam source) is decidedly a great advantage. DLC films are prepared almost neutral
radicals using different hydrocarbon sources, namely methane (CHa4), acetylene (C2H-2)
gases and benzene (Cf,H>) vapour in the saddle field source. More details about the saddle
field FAB source have described in Chapter 4.

2.5 Surface Science

In material science, much of the ‘action’ is at the surfaces and interfaces of the
components. The quality of the surface is the most important property of the substrate
since it is here that the film-substrate interaction occurs. Various types of irregularities
make up the overall surface texture. The following categories of surface defects may be

encountered [114]:

1. On the atomic scale: point defects, dislocation lines and monatomic ledges on
cleavage planes.

2. Submicron features: polishing scratches, glass-drawing asperities and pores due to
the less than theoretical density of the body.

3. Micron scale: grinding scratches, crystallite boundaries in polycrystalline materials,
pores, glass-drawing lines.

4. Macrodefects: surface warp, glaze menisci, fused particles.

The different nature of these defects requires a variety of methods to determine or to
characterise quantitatively the condition of substrate surfaces of the components. That is
where loads are transferred from one component to another. It is where the system is
exposed to the environment and where structural or micostructural instabilities are most
likely to subsequent engineering failure. In this section will describe the effect of substrate

surface of solid metals under ambient atmosphere.
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2.5.1 Surface Adsorption and Contamination

It is only rarely that free surface of a solid is unaffected by the environment. More
typically, the solid surface is able to interact with a gaseous or liquid phase (air, water or a
lubricant). When a clean surface reacts with a gaseous contaminant, the rate of
contamination depends on the product of the rate of arrival of gas molecules with the
probability that an arriving molecule will remain on the surface. This later probability is
termed the sticking coefficient. In a gaseous environment the arrival rate for gas molecules

is given by the relation [115]:

3.15a102"P

mJTxM

R is in units of cm'V1, while P is in units of Torr, M is the molecular weight and T the
absolute temperature. When a gaseous phase adheres to a clean surface the process is
termed adsorption and is the first stage in surface contamination by the environment. The
contamination rate at room temperature and a pressure of 106 torr, by an active gas with
unit sticking coefficient is about one monolayer per second. This is the range of high
vacuum. Ultra-high vacuum equipment, for the manufacture of solid state devices, is
typically required to operate at pressure of 109 to 1CTI0 torr, which ensures that a surface
can be preserved for several hours without appreciable surface contamination. Adsorption
may occur without any chemical reaction to form an additional phase, resulting only in the

reduction of the surface energy. The adsorbate is surface active.

2.5.2 Surface Reactions

If the bulk solid does react chemically with environment, then new phases are formed at
the surface. The commonest example is the oxidation of metal. Gold is the only metal
which is stable in air at room temperature. All other metals are oxidised to a greater or
lesser extent. Growth of an oxide requires that both cathodic and anodic reactions occur
(Fig. 2.17). In dry air the cathodic reaction at the surface of the oxide requires free

elections to create the negatively charged oxygen anions:

-0, +2e =02
2 2
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Cathodic reaction 2t 2e->02
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Figure 2.17: During oxidation, cathodic and anodic reactions take place at the free
surface and at the oxide-metal interface respectively. Oxidation requires both electron

transfer and diffusion ofeither anions or cations [115].

The corresponding anodic reaction occurs at the interface between the oxide and the metal

and releases the free elections to create positively charged cations:

M=M2+2e

2.5.3 Growth Laws for Surface Films

If the oxide is a stoichiometric insulator, then the electrons can only be transported across
the film by quantum tunnelling across the potential barrier created by the non-conducting
film. The tunnelling probability for electrons decreases exponentially with increasing
thickness of the oxide, so that tire rate of growth obeys a logarithmic law (and becomes
negligible at room temperature when the film thickness is of the order of 2 nm). This is the
basis for the protective (passivating) oxide film on metals and alloy which form
stoichiometric oxides: Alumina on aluminium alloys and nickel-based superalloys, titania
on titanium alloys and chromia on chromium plated components and chromium containing
stainless steels. These films are much thinner than the wavelength of visible light, so that
the polished metal surface retains its metallic reflectivity despite the presence of the thin

oxide over layer.
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Logarithmic growth is described by the equation:

d = &.log(ai + b)

Where d is the thickness of the film, t is the time and parameters k, a and b are constants.
Non-stoichiometric oxides are usually semiconductors whose electrical conductivity
ensures adequate electron transport through the growing oxide. The growth rate of the
oxide film is then controlled by the rate of ionic diffusion in the oxide. The driving force
for ionic diffusion is usually provided by the difference in chemical potential associated
with the ionic concentration gradients near the sites of the anodic and cathodic reactions.
Alternatively, the driving for diffusion may derive from surface charge developed by the
anodic and chathodic reactions, which creates an electric field across the oxide film.

The growth rate of the film is the product of the driving force for diffusion and the ionic
mobility, which is directly proportional to the diffusion coefficient of the migrating ions.
In general, either the cations or the anions dominate the diffusion process, while diffusion
may occur by either a vacancy or an interstitial mechanism. If cataion diffusion dominates,
then the film grows outward from the original free surface of the metal, while if anion

diffusion dominates the film grows in to the metal from the original surface (Fig 2.18).

Air
: Growth T
Oxide directi M
irection Air
Metal . Growth
Oxide direction 0
1
Metal

Figure 2.18: Oxide films growth outwardsfrom the original metal surface, by diffusion of
cations to the free surface, or into the metal by the diffusion of anions to the metal-oxide

interface.
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In many cases the oxide film is polycrystalline, in which case grain boundary diffusion
may dominate the rate of growth. If the diffusion rate in an oxide film is constant, then
ionic diffusion-controlled film growth leads to a parabolic defence of film thickness on
time:

d =k*Jt+a

Where the parameter k and a are again constants. Since the growth rate decrease with time,
oxide film is partially protective. This type of growth typical of many transitions metals,
such as copper, iron and nickel. Polished specimens of such metals eventually lose their
reflectivity after exposure to dry air, since the film growth can continue to thickness well
in excess of the wavelength of visible light (~0.5|un). The ionic diffusion D is an
exponential function of the temperature, so that the rate of film growth for non-

stoichiometric oxides increases rapidly with increasing temperature:

(-0
D = DOexp
\RT;

Where Do is a pre-exponential factor, Q is the activation energy, T is the absolute

temperature and R is the gas constant.

Finally, under some conditions the rate of film growth can be constant, so that the

thickness increases linearly with time:
d- kt+a

2.6 Substrate Surface Polishing

2.6.1 Introduction

To reduce the surface roughness, substrate surface polishing is very important for thin film
deposition. If two moving surfaces come in to contact with each other, friction arises
between the two surfaces. When the friction force is higher than the atomic binding energy
of the materials, atoms on the surface layer cannot resist the friction force and are

deformed or chipped (called micro-chipped) away from the surface depending on the
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brittleness of the material [116], Producing portions of substrate experience higher friction
forces and are easily chipped away by a process called micro-cleavage creating a smooth
surface. The material removal rate increases as the contact or friction force increases. If a
soft material and a hard material come into contact, the removal rate of the soft material is
higher than that of the hard material. If an abrasive powder is used in this process, the
material removal rate and the ultimate achievable roughness is related to the size of the
abrasive powder used. Although the material removal rate is higher when a coarse powder
is used, the traces (or grooves) produced by a coarse powder are deeper than these created
by a fine powder. Consequently, coarse powders are used for lapping and fine powders are
used for final polishing. In either case, polishing progress, the contact area increases.
Therefore, if a constant contact force is applied, the shear force per unit contact area
actually decrease with polishing time and the material removal rate decrease. To maintain
a constant material removal rate, the contact force must be increased as a function of time
to accommodate the increase in contact area. Diamond is hardest known material. The use

of the diamond powder is the effective way of polishing a metal surface by this way.

2.6.2 Polishing Methods

There are different ways to reducing the surface roughness by polishing like mechanical
polishing, thermo-chemical polishing, chemical assistant mechanical polishing and
planarization, laser polishing, ion beam polishing, abrasive liquid jet polishing or solid
particle impact etc. Mechanical polishing is the common and reliability straightforward
process for surface polishing. There is no requirement for substrate heating. Theoretically,
there are almost no limitations on the size of the sample that can be polished.

2.6.2.1 Mechanical Polishing

In mechanical polishing, samples are ground against a flat metal wheel covered with
different grade emery papers (from coarse to fine grain size). In the case of diamond
polishing to achieve smooth surface, diamond is the abrasive powder spread on the velvet
cloth on the wheel. Sample surfaces to be polish is placed against the wheel that has been
charged diamond powder and is rotated at a speed -200 rpm. Sufficient loads (-5-10 N)
need to apply force the sample surface against the wheel. The final surface finish is to be
controlled by the size of the abrasive powder used. A coarse powder (> 1 pm) is in the

initial stage of polishing commonly refereed to as lapping, which allows for fast material
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removal. A sequence of polishing steps using smaller and smaller diamond particles (<
1(imj can be used to obtain the desire final surface finish. However, as the particle size

decreases, the polishing time increases.

2.7 Substrate Cleaning

The cleanliness of the substrate surface exerts a decisive influence on film growth and
adhesion. A thoroughly cleaned substrate is a prerequisite for the preparation of films with
reproducible properties. The choice of cleaning techniques depends on the nature of the
substrate, the type of the contaminants and the degree of cleanliness required. Residues
from the manufacturing, lint, fingerprints, oil and airborne particulate matter are examples
of frequency encountered contaminants. The process of substrate cleaning requires that
bonds are broken between contaminant molecules as well as between the contaminant and
the substrate. This may be accomplished by chemical means as in solvent or by supplying
sufficient energy to vaporise the impurity, for example, by heating or particle
bombardment. There are several techniques to clean the substrate prior to deposition thin

films. The most common methods are as follows

2.7.1 Solvent Cleaning

Suitable reagents for substrate cleaning include aqueous solutions of acids and alkalies as
well as organic solvents such as alcohols, ketones and chlorinated hydrocarbons are
generally used for thin film applications. The reagents are depends on the nature of the
substrate material. Ultrasonic cleaning is on of the most popular cleaning techniques for

removal of chemical and organic materials on the substrate.

In ultrasonic cleaning, dissolution of residues is enhanced by the intense local stirring
action of sock waves created in the solvent. Thus, solvent saturated with impurities is
continuously carried away from the substrate surface and fresh, less saturated liquid is
admitted. Mechanical vibrations induced in the substrate further aid in loosening gross
contaminants such as particular matter flakes. The parameters which affect the efficiency
of ultrasonic cleaning are numerous. The frequency of vibration, applied power, type and

temperature of the solvent, its surface tension and viscosity and the presence of nucleating
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particles and dissolved gases are factors which play a role. The lowering the gas pressure
above the agitated liquid may be detrimental in some cases but helpful in others. Low
frequency ultrasonic agitation is the most effective in removing gross surface contaminants
such as particles and finger prints. There are other solvent cleaning methods, like detergent
cleaning, hot solvent cleaning etc. which are also used for substrate cleaning, but

ultrasonic cleaning is the most effective method for substrate cleanliness.

2.7.2 Glow Discharge Cleaning

This is the most widely used technique to clean the substrates in situ and immediately prior
to film deposition. Exposing the substrate to the plasma of a glow discharge effects it
Typically, the discharge is established between two electrodes positioned in the vicinity of
the substrates such that the surface of the latter is immersed in the plasma. The discharge
voltage may very from 500 to 5,000 V. The electrodes are traditionally made of aluminium
since this metal sputters very slowly in the presence of oxidising gases and therefore does
not significantly deposit on the substrate surfaces. DC discharges are commonly used for

two electrodes positioned close together.

During coating, the substrate is not part of the glow discharge circuit as it is in sputter
cleaning. Although the latter is an effective cleaning method, it involves bombardment of
the substrate with high-energy particles, sputtering and possible roughening of the
substrate surface as well as deposition of foreign material from the counter electrode. In
glow discharge cleaning, removal of impurities and other beneficial changes of the
substrate surface are bought about by one or more of the following mechanisms:

1 Straightforward heating due to impingement of charged particles and their
recombination.

Impurity deposition through electron bombardment of the chamber walls.

Impurity deposition resulting from low energy ion or neutral particle bombardment.
Volatilising of organic residues by chemical reaction with dissociated oxygen.

Modification of glass surfaces through the additional oxygen.

o o B~ w N

Enhanced nucleation during subsequent film deposition.

2.7.3 Other Cleaning Methods
In addition to the more general and widely used techniques discussed in the previous
sections, there are less common cleaning methods, which are applicable in certain
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situations. An example is the cleaving of single crystals to produce an intrinsically clean
surface. This procedure is of course limited to material available in single crystalline form,

which have a suitable cleavage plane such as rock salt.

A special dust removal technique involves coating of the substrate surface with an
adhesive or lacquer, which is subsequently stripped, hopefully taking the dust with it
Results of this method have been published by Jorgenson and Wehner who considered dust
to be prime cause of pinholes in their films [117].
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Chapter 3

Properties, Applications and Characterisation Techniques of
Diamond and Diamond Like Coatings



3.1 Introduction

As highlighted in section 2.2, while diamond films have a well-defined set of properties,
DLC films cover a wide range of values with properties of diamond and graphite at the
two extremes. Table 3.1 compares the properties and applications of DLC and diamond
coatings. These coatings must have good adhesion to avoid failure during service. Residual
stresses in the film impair the adhesion and cause cracking or debonding. Therefore, its

development needs to be understood and carefully controlled.

3.2 Properties of Diamond and DLC Coatings

3.2.1 Diamond Like Carbon Films

DLC coatings, unlike diamond films are essentially amorphous and mostly hydrogenated
and have a wide range of properties (see Table 3.1). The mechanical properties of DLC
films are inferior to those of diamond because of the presence of sp bonding and hydrogen
atoms. The properties of DLC depend on [56,122]: a) the deposition technique, b)
hydrogen content of the film, c) substrate bias voltage and d) sp content of the films and

SO on.

In general, DLC films contain a significant amount of hydrogen. Depending on the
deposition method, the hydrogen content can be anywhere between 10 to 60 at.% [123].
The total hydrogen content determines the film structure at atomic scale (the ratio of sp3
and sp2 co-ordinate carbon atoms) and therefore the physical properties of the film. The sp3
to sp2 ratio has a maximum with increasing hydrogen concentration [123], Hydrogen
content is also the key to obtain a wide optical gap and high electrical resistivity, as it
passivates the dangling bonds in the amorphous structure [58].

The Young’s modulus (E) and hardness (H) of DLC films depends both on the deposition
technique [56,124] and whether the film is hydrogenated or not [56]. Young’s modulus is
function of bias voltage. It first increases with bias voltage due to the preponderance of sp

bonding and then declines at high bias because of the increasing sp content [56],

The tribological behaviour of DLC films is largely controlled by the surface chemistry,

which is in turn affected by the environment and the deposition method used. In nitrogen
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Property

Crystal structure

Form

Density (gem™)
Vickers
hardness

(Kgmm'2)
Coefficient of
friction

Refractive index

Optical band

gap (eV)
Electrical

resistrivity

Chemical
stability

Residual stress

Graphite
hexagonal;

a=2.47A; ¢=6.79A

plates

2.26

2.15(] O);
181 (1C)

0.04(||C);
02( LO)
inert-inorganic
acids

Table3.1: Properties of various forms of carbons [52,58,59,120,118-121]

aC a-C:H CVD diamond Natural Application
diamond
amorphous with both  amorphous with both cubic; cubic;

¥” and sp2bonds sp®andsp’bonds  a=3.561; 3.601A  a=3.567 A

films; smooth to (001), (112);
rough films; smooth facetted crystals twins on -
(112)
2.0-35 1.8-2.0 3.52 351 -
Drill bits, cutting tools,
1200-3000 900-3000 3000-12000 7000-10000+ wear resistance films on
windows, lenses, surgical
0.15-0.45 0.2-2.0 0.05-0.15  cutting tools and magnetic
tapes
Optical filters
15-31 1.8-2.2 - 2.42
0.4-3.0 0.7-3.0 55 55 Semiconducting and
electronic devices
11a>1010; Hot transistors, lasers,
105104 1021013 > 55 lib 10-103 solid state detectors
inert-inorganic acids  inert- inorganic acids  Inert-inorganic Inert- Coating for reactor
inert-inorganic acids inorganic vessels; gas/slurry pipes
solvents acids
low intrinsic(-), high intrinsic (-), low intrinsic (+), — —
low thermal low thermal high thermal
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the preponderance of sp3 bonding and then declines at high bias because of the increasing
sp2 content [56].

The tribological behaviour of DLC films is largely controlled by the surface chemistry,
which is in turn affected by the environment and the deposition method used. In nitrogen
at a relative humidity RH<1%, the friction coefficient between steel ball and DLC coated
silicon wafer is found to be p = 0.01 and increase to 0.19 at RH =100% [125],

Values as low as j#=0.005 have been measured in vacuum [125]. In conditions giving rise
to very low values of p, carbonaceous material from DLC is transferred on to the metal
ball, while in the conditions of high friction the metal is transferred to the DLC surface
[126]. This material transfer changes the chemistry of the surfaces in contact and leads to
different values of p under the different ambient conditions. Surface topography also plays
a significant role in tribological behaviour of the DLC coatings. During wear of the slider
against the carbon surface, planarisation of processing corrugations can increase greatly
the contact area changing the friction coefficient. However the surface roughness and the
contact area does not significantly change if there are a large number of pores, leaving the

friction coefficient unaffected [127],

The characterisation methods and applications of DLC films have been discussed
extensively in the literature but can be found in summary form in reviews such as Angus
[60], Robertson [128], Tsai and Bogy [58], Matthews [129] and Grill et al [123], A
comparison of the properties of DLC films with those of diamond films has been presented
by Angus and Hyman [38], The wide interest in DLC coatings stems not only from the
fact that these films have attractive properties but also that very smooth films can be
deposited uniformly over wide ares on a large variety of substrates.

3.2.2 Diamond Films

Natural diamond has a unique combination of properties, as list in table 3.1. Synthetic
diamond has properties very similar to the natural diamond. The properties of synthetic
diamond films depend on several factors, few of these being a) hydrogen content, b) sp2

content, ¢) gas mixture composition and d) substrate temperature.
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3.3 Generation of Residual Stress

Whatever the application, the mechanical stability of the film is of critical importance.
Internal stresses are central to the problems of cracking, delamination and buckling of the
film during deposition and in service. Deposition of diamond and DLC films is always
accompanied with internal stresses. Large stress comparable to the yield strength of many
materials can develop during deposition. It has been reported that stresses of a few GPa
typically developed during growth [130,131], It is well established that [132,133] such
large stresses can readily overcome the film-substrate adhesion and cause delamination of
films, even when they are relatively thin. In addition, high stresses are expected to affect
mechanical, optical, electronic and chemical properties of the film. Thus, a quantitative
measure of film stresses in necessary both for understanding the stability issues and for the

design of useful DLC material.

Residual stresses developed during the deposition process can either be deposition
(intrinsic) or thermal. Any mechanism which impedes atomic rearrangement will lead to
the development of stresses. It is important to understand and control the development of
stress in a coating as excessive stresses in the coating may cause a component to fail by
cracking, delamination and buckling. In addition, coating performance indicators such as
adhesion strength, resistance to thermal shock, stability at high temperature, wear and
erosion resistance and other mechanical properties are strongly influenced by the nature
and magnitude of residual stresses. It also limits the maximum coating thickness that can
be deposited without spallation. Internal stress may be affected by a number of processing
parameters such as film deposition rate, angle of incidence of beam source, presence of
residual gas in the film, deposition current, gas pressure and deposition temperature.
Further, it is strongly dependent on the deposition technique.

3.3.1 The Stoney Formula [134]

Ifbar is bent into a curve due to differential stresses, assuming stress is zero at cross
section b.

Length ofbar atbis 1
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Angle substended by bar. 0 —
[

Length of bar at position x from inner edge

/(x)= r{x)0
I(X) =(+x- b)0
i.e. Al(x) =1- 1(x)

or, Al(x) =rO - (r +x—b)0
or, Al(x) =(b - x)0

Strai'n = é/(l) = (b~X)£: b -X
/ ro r

Stress = Ex Strain
fe.P =rEb—x)
r
Bending moment in bar at position x
dM =Pdxx x - —(b- x)xdx
r

Total bending moment across the bar

= jdM =o

ie. R\${b - X)xdx =o

b=—d
3

Net forces in bar must be equal to force in film
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Force in film = P,t
i
Force in film = JP(x)dx
—_f_('b—x)dx
ir

-udl
6 r
Stressinfilm, Pf =
6 tr

Taking Poisson’s ratio into account

P - Ed2
f  eq-v>r

To calculate deflection

/=r0
ife« i
2 ro2
7 «r .+ 1
but,O-/—
r
2r

i 12
Similarly, z =—
8r

Edlz*
Pr=
to3L- v)tl2
4Ed2
or,Pf =
31-v)tr

For DLC films, Pr is the residual stress, which is replaced by a, E is the Young's modulus
of the substrate designated by Es, d is the substrate thickness designated by ts, z is the

deflection call 5 and t is the film thickness which is replaced by tf.
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The equation is

- N s
— 0
AL-v)t/

31
3.3.2 Intrinsic Residual Stress

During deposition, the stress generated in the film may be either tensile or compressive
[135,136], Essentially it arises either from the incorporation of excess vacancies (tensile)
or from the “atomic peening” effect (compressive), when bombardment with high energy
species occurs. The stresses can also arise from source such as impurity incorporation at
the interface, incomplete structure ordering, or structural reordering [137], However, the
details of how this "intrinsic” or “deposition” stress develops and its dependence on
processing conditions is a complex area, which is still not well understood. A multitude of
gualitative models has been proposed to explain the generation of intrinsic residual stresses

in coatings.

The intrinsic stress of almost every coating formed by condensation from vapours is
tensile. This is explained in terms of a constrained relaxation during film growth from a
disordered state to a more ordered state. Two different models have been proposed in
literature to explain this phenomenon, both of which employ a constrained relaxation or
constrained shrinkage mechanism during film growth to explain the tensile stress. The first
model [137] assumes that the outer surface layer of a growing film is in a condition of high
disorder, far from thermodynamic equilibrium. The regions beneath the surface layer relax
toward a state of increased order and decreased volume. The decrease in volume results in
the formation of tensile stresses. The second model [138] visualises the crystallites in the
growing film as growing together until the gap between the two crystallites is on the order
of the bulk lattice constant of the film material. The inter atomic forces then produce an
elastic relaxation of the boundaries towards each other. This relaxation is constrained
relaxation results in the formation of tensile stresses. However, the presence of impurities
or deliberate addition of other gases in the deposition atmosphere of films deposited by
vapour condensation can cause the stresses to become null or even compressive.
Presumably impurities are adsorbed at the surface of the film from where they diffuse
inward causing an increase in volume [137], In a sputter film the intrinsic stress is almost

always compressive, caused by the constant bombardment of the growing film by
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energetic species [137,139], The sputtered species have an average energy of tens of
electron volts, whereas evaporated species have an average energy of only a few tenths of
an electron volt. Thus, the growing film during sputter deposition is bombarded by high
energy species and energetic neutrals. This bombardment of the growing film by these
energetic species is referred to as “atomic peening”. The peening effect causes atoms to be
incorporated into the growing film with a density higher than would be obtained otherwise
[139]. The peening also causes the impurity and neutral atoms (like argon) to get trapped
(i.e. generation of interstitial) in the coating [136]. Both of these mechanisms result in
generation of intrinsic compressive stresses in the film. Compressive stresses in a film do
not necessarily imply the formation of interstitial (At higher bombardment energies,

however, interstitial may be the main cause for generation of compressive stresses).

The cause for generation of intrinsic stresses in diamond and diamond like carbon films
are not the same. In diamond films, which are formed always by the CVD route and are
crystalline in nature, the generation of intrinsic stress is attributable to the lattice parameter
mismatch between the film and substrate and the distribution of defects within the films.
Whereas, in DLC films, which are primarily formed by ion beam or sputtering methods
and are mostly amorphous, atomic peening and generation of interstitial are the cause for

development of intrinsic stress.

3.3.3 Thermal Residual Stress

If the coefficient of thermal expansion of a film and its substrate are not the same, heating
or cooling will produce additional stress, which will tend to deform the film-substrate
combination. This stress contribution known as thermal stress and its type and magnitude
depend on the difference between the thermal expansion coefficient of the films and
substrate. This thermal stress is predictable and easier to analyse the intrinsic stress. For a
substrate of length Lo and modulus E constrained at both ends, if its temperature reduced
from T to TO it would change (contract) in length by an amount equal to a (TG-T) Lo,
where a is the coefficient of linear expansion. Since the specimen is constrained it is
effectively elongated in tension. The tensile strains is s = a (TO-T) and the corresponding
thermal stress, by Hooke’s law, is Gf = Ea (TO-T). Now for a film-substrate combination

subjected to a temperature differential AT, the film and substrate strains are, respectively
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ef =ctjAT + 3.2

e, =a.AT + 3.3

where, w is the width of the specimen, F is the thermal mismatch force and subscripts f
and s refer to film and substrate respectively. However, the strain compatibility requires

that Ef= es, therefore, the thermal mismatch force is

3.4

If the film is thin as compared to the substrate, that is,

The thermal stress in the film, assuming that there is no plastic flow in the substrate, is

3.6

Diamond films, which are deposited at high substrate temperature, have a significant
amount of thermal residual stress in them. Thermal stress calculated at room temperature
(293K) in diamond film deposited at 1173K on Ti6A14V alloy can be as high as 6.8 GPa
[140], DLC films, on the other hand, do not have significant thermal stresses, as they are

deposited at much lower temperatures.

3.4 Measurement of Residual Stress in Coating

Interest in the mechanical properties of thin films has grown rapidly over the past few
years, hand in hand with general interest in all other properties. However, attention had
been made to certain aspects of mechanical behavior especially the stress present in growth
films as early as the end of the nineteenth century (in 1877), when measurements were
made on the stress present in films deposited chemically on glass thermometer bulbs.
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Thirty two years later the subject was put on a more quantitative basis for electrodeposited
films by Stoney [134]. Since these early beginnings interest has grown apace, so much so
that over the last few years several authoritative reviews have been complied and
published, notably by Hoffman [141-143], In view of the excellence of these reviews, the
present author finds a little difficulty in adding new material and readers will of necessity

be constantly referred these texts.

The ultimate goal is to find ways to reduce the stresses and therefore to achieve better film
quality. If a film is deposited in stress on a thin substrate, the substrate will be bent by a
measurable degree. A tensile stress will bend it so that the film surface is concave and a
compressive stress so that is convex. The most common methods for measuring the stress
in a thin film are based on this principle. The following sections explain in brief, both the
techniques and the underlying principles used to measure the residual stresses in diamond
and DLC films.,

3.4.1 Bending Beam Methods

As pointed out above, films containing residual stresses bend the film-substrate
combination to counteract the unbalanced moments. One of the most simple and widely
used techniques is to measure the curvature of the film-substrate composite. The curvature
of this composite can be used to establish the residual stress in the film, by using Stoney’s
formula (Eq. 3.1).

A number of techniques have been used to measure the curvature of the stressed film and
substrate composite. In some experiments, a long thin substrate beam is clamped at one
side and the deflection of the free end observed, while in others the substrate is held on
knife edges and the centre deflection measured. In the case of cantilever beam, the
deflection can be observed optically [144], through the capacitance change [145], or
mechanically by using a surface analyser probe [146], An optical interference technique

can also be used to measure the curvature of the beam [138],
3.4.2 Bulge Test

In this technique a known pressure differential is applied between the front and back of the
circular free standing membrane (Fig 3.1).
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The deflection of the centre of the membrane is measured either by optical interference

[147] or by a microscope with calibrated z-axis [148],

Film

Substrate

Figure 3.1: Illustrating the set up usedfor determining the stress in afree standing [147]

Assuming that the deflection of the membrane is small compared to its radius, the

differential pressure (AP) as a function of membrane deflection (h) is found to be [147].

For a membrane with radius r, film thickness t, intrinsic stress or and bulk modulus of the
film E/(I-v). By measuring the bulge height versus pressure and fitting the data to a
polynomial with first and third order terms and using the known membrane thickness and

radius, cfand E/(1-v) can be easily determined.

Cardinale et al. [149] used this technique to measure the stresses as low as 0.8 MPa in
microwave plasma deposited diamond films. The need for a freestanding film makes this
technique destructive and limits its use for stress measurement. However, Cardinale et al.
[149-151] and Field et al. [152] have adapted this technique to measure the stress in
diamond film. They dissolved the circular section in the substrate to get a freestanding
circular coating. However, their claim that the interface between the free standing and the
etched circular hole in the sample is a well defined circle is open to suspicion. Yet another
limitation is that this technique cannot easily be applied DLC films, because DLC films are

prone to chemical attack and are often permeable [153].
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3.4.3. X-Ray Diffraction Method

Internal stresses induce strain in the specimen, which lead to a change in lattice parameter
[154], This strain shifts the x-ray diffraction peak and can be used to measure the residual
strain. If the elastic constant is known, the internal stress can be established. The same can
be achieved by other diffraction methods such as electron diffraction or neutron
diffraction. Electron diffraction techniques have better resolution. X-ray diffraction peaks
can be analysed in two different ways to extract the value of internal stress in the film.
This technique is however suitable only for studying crystalline materials like diamond
films [155,156],

It should be noted that x-ray and electron diffraction techniques will give the strain and
hence the stress in a crystalline lattice. This is not necessarily the same as that measured by
substrate bending since the stress at the grain boundaries may not be same as that in the

crystallites.

3.4.4 Raman Spectroscopy

Atoms in molecules and crystals vibrate with a fundamental frequency. The number of
possible vibrational is 3n-6 for non linear molecules and 3n-3 for crystals, where n is the
number of atoms in the molecule or in the primitive unit cell of the crystal. The Raman
spectrum arises from the indirect coupling of high frequency radiation with the electron
clouds that make up the chemical bonds. Thus in Raman spectroscopy an intense
monochromatic light beam (usually a continuous gas laser) impinges on the sample and
distorts the electron clouds that make up chemical bonds in the sample, storing some
energy. When the field reverses as the wave passes, the distorted electron clouds relax and
the stored energy is reradiated. Most of the energy is reradiated at the same frequency as
that of the incident exciting light (the Rayleigh scattering). However, a small portion of the
stored energy is transferred to the sample itself, exciting the vibrational modes. The
vibrational energies are deducted from the energy of the incident beam and weak side
bands appears in the spectrum at frequencies less than that of the incident beam (Stokes
scattering). On the other hand, existing vibrations that have been excited by thermal
process can be annihilated by coupling with the incident beam and can add their energies
to that of the sources. These appear as side bands at higher wave numbers (anti-Stokes
scattering). The anti-Stokes intensities are strongly temperature dependent. Thus most

spectrometers are set up to display the wave number shift of Stokes lines from the
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Rayleight line directly. Because Raman spectra are extremely weak, stray light within the
monochromator must be effectively suppressed. The spectrum is more sensitive to the
lengths, strengths and arrangement of bonds in a material than it is to the chemical
composition. The spectrum of crystals likewise responds more to details of defects and

disorder than to trace impurities and related chemical imperfections.

Raman spectroscopy has been extensively used for probing the structure of coatings [157-
160], and recently it has been used to measure film stress [130,140,160,161], It is possible
to obtain molecular specific information from Raman spectra for both amorphous and
crystalline phase [162], Molecular information relates to chemical bonding in the film and
can unambiguously be used to infer localised stresses within the film. Internal stresses in a
coating tend to shift the Raman peak and this shift can be correlated to the stress in the
coating. In general a material which is under tensile stress will shift the Raman peak to a
lower frequency, while the Raman peak of a material under a compressive stress is shifted
to a high frequency [160,163,164], Boppart et al. [165] has found that the Raman
frequency shift Acdloo is a linear function of stress in the crystal given approximately by the

relation:

Ef A
a~4 co

where a is the stress and Ao (cm‘D) is the shift of the Raman peak for diamond film
compared with the natural diamond (00 =1333.3 cm'). The minus and plus signs are

assigned to compressive and tensile stresses respectively.

Raman spectroscopic studies of diamond films have been widely carried out. The stress-
induced shifts in diamond Raman frequency have been inteipreted either in terms of the
hydrostatic stress model [160] or a biaxial stress model [161,164] or a more general model
developed by Ager et al. [140] to measure biaxial stress in polycrystalline diamond films.

3.5 Separation of Intrinsic and Thermal Stresses

Residual stress in a coating calculated at room temperature after the deposition is

complete, is the total stress- a sum of intrinsic and thermal stresses. According to Maissel
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and Carey et al. [114,166] the total stress a observed in a film is equal to the sum of any

externally applied stress plus thermal plus intrinsic components, i.e.,

A~ nexternal ®thermal ~»int rinsic

Even though it is possible to calculate the intrinsic stress in the coating by separating the
thermal contribution to the stress, it is not possible to know the history of stress generation
during deposition. In-situ methods for measuring stresses in coatings while it is being
deposited can give useful information about the way intrinsic stresses develop during
deposition. Only an in-situ monitoring of stress can reveal that in most vapour deposited
films. The stress increases rapidly during initial stages of growth and then decreases and
becomes nearly constant [162], In principal, all the methods described in section 3.4 can be
used for in-situ study but there are several practical problems. Therefore, only a few
methods have been successfully used to study in-situ generation in diamond films. To date,

there has been no attempt to study real time stress generation DLC films.

An optical setup, similar to the optical setup developed by Flinn et al. [167] has been use
to measure the change in curvature of the film-substrate composite in-situ during
deposition of diamond film on the silicon substrates [168,169], Martin et al. [170] used a
laser interferometric method for in-situ measurements of stress of optical materials. In
principal, this technique measures the deflection of the centre of freely supported thin
substrate during deposition. Yet another method of in-situ stress measurement is by
sensing the curvature of the sample during deposition capacitively using a miniature probe
[145],

Raman spectroscopy can also be used for in-situ monitoring of film’s intrinsic stress
during deposition. The advantage of using Raman spectroscopy is that it can
simultaneously also measure several other properties such as stoichiometiy, grain
orientation and impurity content and it can be used to analyse both single and multi layer
films. In technological applications the total stress must be small. The intrinsic stress is the
predominant component in many systems and has been the subject of most of the

investigators.
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3.6 Adhesion of Thin Films

3.6.1 Introduction

Adhesion is the most important attribute of a deposited film without which all other film

characteristics are meaningless. Adhesion is defined as the sum of all the intermolecular

interactions between two different juxtaposed materials [166]. Borges and Ohring et al.

[171,172] defined adhesion as the condition in which two surfaces are held together by

valence forces or by mechanical anchoring or by both together. Thus the type of interfacial

region formed during deposition governs the adhesion. The work required to separate a

unit area of two surfaces forming an interface, which is a measure of adhesion is affected

by contributions from chemical interactions, interdiffusional effects, internal film stresses,

interfacial impurities, imperfect contact etc. At least four types of interfaces have been

distinguished and these are depicted in figure 3.2.

1

In the abrupt interface atoms change suddenly from the film to the substrate
material. In this type of interface, stresses and defects are confined to a small
region where stress gradients are high. Film adhesion in this case is generally poor
because of easy interfacial fracture modes. Roughening of the substrate surface
before coating will promote better adhesion.

The compound interface has a layer or multilayer structure, which is several atomic
layers thick and is created by chemical reaction and diffusion between film and
substrate atoms. Such an interface can generate high stresses through volumetric
changes accompanying reaction. Adhesion is generally good if the interfacial layer
is thin (reduce interfacial stresses), but it poor if thicker layers form (increase
interfacial stresses).

In a diffusion interface, there is a gradual change in composition between film and
substrate. The mutual solubility of film and substrate precludes the formation of
interfacial compounds. Usually, interdiffusion results in good adhesion.

The mechanical interface is characterized by interlocking of the depositing material
with a rough substrate surface. The adhesion strength in such cases depends on the

mechanical properties of the film and substrate and on the interfacial geometry.
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Figure 3.2: Different types of interfacial layersformed between film and substrate [172].
(1) abrupt interface, (2) compound interface, (3) diffusion interface and (4) mechanical

anchoring at interface.

In diamond and DLC interface plays a significant role. The interface type depends on the
substrate material used. Films growing on stable carbide forming substrate like Ti would
form a compound interface and hence would have a better adhesion than films growing on
a substrate, like steel, which forms a diffusion interface with carbon. Polishing the surface
not only increases the nucleation density but also causes mechanical anchoring at the

interface and hence gives better adhesion.

The following section review the various adhesion tests used to study coatings in general
with particular emphasis on techniques used to study adhesion of diamond and DLC

coatings.

3.6.2 Measurement of Adhesion of Coatings

For any intended application of a film, its adhesion to the substrate is of primary
importance for any practical utilisation of the composite. However, it is difficult to
measure this parameter quantitatively, especially when adhesion is acceptable. Mechanical
methods of obtaining quantitative data and also qualitative analysis for adhesion are
reviewed [173]. In this section, several adhesion test methods as well as concept and

theory of the tests are discussed.
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3.6.2.1 Mechanical Methods

There are essentially two types of tests, which are distinguished by the kind of stress
generated in the interfacial region, namely, tensile and shear tests [173], Direct tensile
(pull-off, topple test), acceleration, and shock wave tests belongs to the tensile test group,
where as adhesive tape, direct shear and peel and scratch tests belong to the shear test
group. The choice of the test for measuring practical adhesion should be based upon the
type of stresses the test specimen is going to encounter in practice [174], Furthermore
more, the ideal test should be nondestructive, automated and easy to perform, easy to
interpret, reproducible and be quantitative. In the following, the principal tests for

measuring practical adhesion are reviewed.

3.6.2.1.1 Tensile Type Test
These are one of the simplest and most commonly used tests and include tests like direct
pull-off and topple test [173,175-177].

Inthe pull-offtest, a loading fixture commonly called a dolly or stud made of aluminium is
precoated with epoxy and bonded to the surface of the film. A special device is then used
to apply with continuously increasing force until the coating debonds or the glue fails
[178], The pull is perpendicular to the surface, so tensile strength is being measured. This
is different from tape test where shear is being measured. Therefore, the results obtained
from the two different types of tests are not comparable. The schematic diagram of pull-off

adhesion and topple tests are shown in figure 3.3.

Figure 3.3: Schematic diagram of (a) pull-offadhesion and (b) topple tester [173J.
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A portable adhesion tester, loading fixtures and adhesive are needed for this test. The first
step is to prepare the loading fixtures. These are supplied as smooth steel and must be
cleaned so the glue will stick. This usually involves solvent cleaning. It is a good idea to
roughen the bonding surface of the loading fixture either with sandpaper or light abrasive
blasting. This will minimise the number of glue failures that occur. The coating surface
must also be cleaned. Surface abrasions can induce flaws, so only fine sandpaper (400 grit
or finer) should be used, if needed, to remove loose or weakly adherent contaminants such
as chalking or dirt that cannot be washed off. Epoxy or acrylic adhesives are used to glue
the loading fixture in place. The adhesive must cure for the amount of time recommended
by the manufacturer. This can be several hours to a day, depending on the adhesive and the
temperature. It is important that constant contact pressure be maintained as the adhesive
sets and begins to cure. Magnetic or mechanical clamps work the best. For pull-off
adhesion testing, at least three test fixtures per test area are normally required. The number
of areas being tested will determine how many fixtures and clamps are needed. The
fixtures can be taped in place with masking tape or duct tape if enough clamps are not
available. There are two main types of commonly used adhesion testers. One is a fixed-
alignment, mechanical adhesion tester, the other is a fixed-alignment, pneumatic adhesion
tester. These instruments come in different force ranges, so the proper range instrument
must be selected. No matter what instrument is being used, the load to the fixture should
be increased continuously and smoothly at a rate not to exceed 1 MPa/s (145 psi/s). The
load is applied until failure occurs (or until the maximum force has been applied). Any test
fixtures that do not detach with the maximum load can be easily removed by tapping them
on their side. In fact, this is a good demonstration of how easily the test fixtures can be
removed in shear compared to the tensile failure mode of the actual test. More information
about the pull-off test procedure can be found in ASTM D 4541 standard test method.
Pull-off test is not suitable for porous films, as bonding material may diffuse inside the
coating [173]. In the topple test misalignment problem associated with normal pulling are

partially overcome by applying abending moment.

A way to generate tensile stresses in the coating with the advantage of no glues and
mechanical linkage is to subject it to large acceleration so that the coating is subjected to
force of inertia. In the ultracentrifugal method [179] a coated cylinder is levitated

electromagnetically and spun at ever-increasing speed until the coating debonds from the
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substrate. The adhesion in such cases is related to the angular velocity at which debonding
occurs [173].

3.6.2.1.2 Shear Type Test
The adhesive tape test provides the simplest and quickest qualitative measure of adhesion
of weakly adherent film or coating [175,180],

Here it is necessary that the tape film bond be stronger than the film-substrate bond. The
adhesion is characterized either by the area detached or by the peeling energy. The
schematic diagram of shear type test is shown in figure 3.4.

Figure 3.4: Schematic diagram ofshear type adhesive tape test[173],

3.6.2.1.3 Scratch Test

All the above methods are limited to weakly adherent films i.e., the adhesion is lower than
the bulk resistance of the bonding agent. In many cases tests that do not have any such
constraint are needed. Among such techniques the scratch test [176,181] seems to be the
most widely used method because the intensity of the stresses which can be exerted by it in
the interfacial region is not limited. Coating adhesion is the load on the stylus at which the
coating peels off. Theoretical analysis relating the critical load (L¢ to the specific

adhesion force (F0 is given by the relation [175]
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where the magnitude of the coefficient K depends on the model details (K can range from

0.2 tol), Hvis the Vickers hardness and R is the radius of the stylus tip.

3.6.2.1.4 Indentation Type Test
Another method for adhesion test is indentation technique [181-183], Here a conventional
indenter type hardness machine like Rockwell, Vickers etc. is used to measure the

adhesion characteristics of the film.

The Rockwell-C adhesion test is a qualitative method of measuring adhesion of coatings.
The test was developed in Germany and is standardised in the VDI guidelines 3198 [184]
and is expected to become a DIN standard in the near future [185]. Various researchers
have used Rockwell-C test for film adhesion all over the world such as ref. [186,187], The
test method includes application of aminor load using the indenter to eliminate backlash in
the load train and to causes the indenter to breakthrough slight roughness. Then the major
load is applied which causes layer damage adjacent to the boundary of the indentation.
When the indenter penetrates the coating, cracks propagate from the indentation point, in
some cases the coating is peeled off from the substrate (Fig. 3.5). After indentation, the
crack in the film is confirmed by using either an optical or scanning electron microscope.
A scale is considered from HF1 to HF6 (HF is the German short form of adhesion
strength) showing the adhesion properties in a sequential way as shown in figure 3.6. The

advantage of this method is that it is easy to use, even in an industrial environment.

3.6.2.1.5 Substrate Plastic Straining Test

Agrawal and Raj [189] proposed a simple technique for exploring interfacial adhesion
between a ductile substrate and a thin brittle coating. The substrate is subjected to an
increasing tensile strain causing the film to crack and break up into segments. Strongly
adhering films will break up into narrow segments, since the necessary stress level can be
built up in the film over short distance. A variant of simple shear lag theory is used to

obtain the following expression for the interfacial shear strength

r, » SpKcr, 3.7
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where 5 is the lilm thickness. Equation 3.7 can be used to calculate t=. The film strength
can be inferred from the change in crack spacing as straining continues. The advantage is
that unlike other methods described above, this technique attempts to measure a
fundamental property of the interface, which determines the adhesion. Other workers have
used similar methods as well [49,190,191].

Normal load
(1471N)

Figure 3.5: Rockwell C set-upfor adhesion measurement [188J.
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Figure 3.6: Rockwell indentation scale ofadhesion characteristic value.
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3.6.2.2 Pulse Laser Method

Pulsed laser [192] has also been used to measure adhesion force. In this test, a laser pulse
generates successive compressive and tensile shock waves, which rapidly flex the substrate
back and forth, detaching the coating in the process. The adhesion is characterized by the

energy per unit area of the impulse responsible for detaching the coating.

3.6.2.3 Nucleation Method

On an atomic scale the removal of a film consists of the breaking of bonds between the
individual atoms of the film and of the substrate so that macroscopic adhesion can be
considered as the summation of individual atomic forces. In principle, therefore, it should
be possible to relate the adsorption energy of a single atom on the substrate Eato the total
adhesion of a film. The adsorption energy of a single atom is also the term that helps to
govern the behaviour of condensation atoms on a surface. It controls the lifetime before an
arrived atom reevaporates and thus the nucleation of the film on the surface. Electron
microscopical observations of the nucleation and initial stages of growth of a film can
therefore give measurements from which Eacan be derived. The measurement of Eausing
this method is details in ref. [114],

3.7 Film Thickness

In this section, the most useful techniques for determining the film thickness will be
discussed in sufficient details to understand but references will be given for further details.
References will also be given some film thickness measuring techniques, which are of
limited applicability for general laboratory use. Some of the advantages and disadvantages
of much film thickness measuring techniques have been listed in a recent article by
Gillespie [193], The best technique for a specific application or process depends upon the
film type, the thickness of the film, the accuracy desire and the use of the film. These
criteria include such properties as film thickness, film transparency, film hardness,
thickness uniformity, substrate smoothness, and substrate optical properties and substrate
size. In many cases there is no single best technique and the particular one chosen will be

determined by the personal preferences of the investigator.

60



Since thin film thicknesses are generally of the order of a wavelength of light, various
types of optical interference phenomena have been found to be most useful for the
measurement of film thickness. In addition to the optical techniques, there are mechanical,
electrical and magnetic techniques, which have been used for film thickness
measurements. Among these, the one that has found the widest acceptance is the stylus

technique, which is discussed in following section.

3.7.1 Stylus Instruments

Stylus instruments are widely used for the measurement of surface roughness and surface
finishes. If a step is made in a deposited film by masking a portion of the substrate during
deposition by removing part of the film from substrate, then a stylus instrument can also be
used for the measurement film thickness. For the investigation of the substrate finish, the
stylus should have a very small tip to produce the surface more accuracy and a very light
load to limit possible penetration of the surface. In principle, the instrument compares the
vertical movement of the stylus travelling across the sample surface with the movement of
a "'shoe' or "'skid"* on a smooth and flat reference surface. The latter may be an external flat
or portions of the sample itself may serve the purpose. The difference of vertical
displacement is converted to electrical signals by means of transducer. Various types of
transducers can be used. The signal is then amplified and recorded on a strip chart, which
also amplifies to a lesser extent the horizontal movement of the stylus relative to the
sample surface. For the measurement of film thickness, the radius of the stylus tip can be

increased to reduce the pressure and thus possible penetration of the stylus into the film.

Figure 3.7 shows the schematic of traces to measure the film thickness with stylus
instrument. Because of the wide variety of vertical amplifications available with this
instrument, it is possible to measure film thickness from about 20A° up to 10 p with an

accuracy of a few percent.

In figure 3.7, film is deposited on to a substrate with part of the substrate protected by a
mask so that a step can be formed on the sample. In this instance, the slopes in the trace on
both sides of the step must be considered. The film thickness corresponds to the vertical
distance between linear extrapolations of the lower and upper portions of the trace. With

sloping traces, the thickness corresponds to the vertical distance rather than the
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perpendicular distance between the upper and lower traces. This is because the vertical

magnification is orders of magnitude greater than the horizontal magnification.

Film

Figure 3. 7: Schematic offilm thickness measurement with stylus instrument.

3.8 Film Hardness

3.8.1 Nanoindentation
Indentation has been the most commonly used technique to measure the mechanical

properties of materials because of the ease and speed with which it can be carried out. At
the beginning of the 20th century, indentation tests were fist performed by Brinell, using
spherical and smooth balls from ball bearings as indenters to measure the plastic properties
of materials [194,195], The Brinell test was quickly adopted as an industrial tests method
soon after its introduction and prompted the development of various macro and micro
indentation tests [196], Traditional indentation testing involves optical imaging of the
indent. This clearly imposes lower limit on the length scale of the indentation. During the
past two decades, the scope of indentation testing has been extended down to the
nanometer range. This has been achieved principally through the development of
instrument capable of continuously measuring load and displacement throughout an
indentation [195,197-199]. In arecent developed system, loads as small a nanoNewton and
displacements of 0.1 nm can be accurately measured. On the other hand, the recognition in
the early 1970s that elastic modulus could potentially be measured from an indentation
load-displacement curve [200] greatly promoted the development of instrumented

indentation testing methodologies. In recent years, the study of mechanical properties of
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materials on the nanoscale has received much attention, as these properties are size
dependent [20,195, 201]. These studies have been motivated partly by the development
nanocomposites and the application of nanometer thick film for miniaturisation of the
engineering and electronic component [195, 202] and partly by newly available methods of
probing mechanical properties in small volumes [195,198,199]. The nanoindenter is
maturing as an important tool for probing the mechanical properties of small volumes of
material. Indentation load-displacement data contain a wealth of information. From the
load-displacement data, many mechanical properties such as hardness and elastic modulus
can be determined without imaging the indentations [195,198]. The nanoindenter has also
been used to estimate the fracture toughness of ultrathin films [203-205], which cannot be

measured by conventional indentation tests.

Nanoindentation system measures mechanical properties in much the same way as
conventional mechanical indentation testing systems; properties are derived from simple
measurement of load, displacement and time. Figure 3.8 illustrates the most common
nanoindentation test, in which a sharp diamond indenter is driven into and withdrawn from

afilm while the loads on and displacements of the indenter are measured.

Maximum load

Figure 3.8: Schematic of the nanoindentation technique showing the surface indenter

interaction

The Nanoindentation test is very straightforward where contact is usually made by sharp
indenter, modelled in figure 3.8, as a cone. Because of this, the contact area is initially
small and there is no distinct elastic region at the beginning of the test, i.e., the

deformation has both elastic and plastic displacements from the outset. Furthermore, the
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contact area continuously changes as the indenter is driven into and withdrawn from the
specimen and these factors complicate the analysis of the data. These problems could be
avoided with the use of an indenter with a flat-ended geometry. But such indenters are
rarely used in practice for two reasons. First, as mentioned previously, in order to achieve
ahigh degree of spatial resolution, it is usually desirable to make the contact area as small
as possible, and this is the best accomplished using sharp indenter. Second, it is difficult to
assure that the contact between a flat-ended indenter and the specimen is uniform, i.e., due
to surface roughness and misalignment of the indenter, contact does not occur uniformly
between the specimen and the indenter. Diamond is the most frequently used indenter
material, because its high hardness and elastic modulus minimise the contribution of the
indenter itself to the measured displacement [195]. For probing properties such as hardness
and elastic modulus at the smallest possible scales, the Berkovich triangular pyramidal
indenter is preferred over the four-sided Vickers or Knoop indenter because a three-sided
pyramid is more easily ground to a sharp point [194,195,199]. It could also over come the
above problems. Another three-sided pyramidal indenter, the cube comer indenter, can
displace more than three times the volume of the Berkovich indenter at the same load,
thereby producing much higher stresses and strains in the vicinity of the contact and
reducing the cracking threshold. This makes this indenter for the estimation of fracture

toughness at relatively small scales.

3.8.2 Hardness and Elastic Modulus Measurement

Nanoindentation is technique being used to measure the elastic modulus, E and hardness,
H of thin films. For much thicker coatings (>5}jm) it is possible to use microindentation
test to determine the hardness and hence assess the plastic deformation and fracture
properties of the coating [206]. However, as the coating thickness is reduced, much
smaller indentation depths (lower loads) are required, and it is no longer possible to make
accurate measurements of the indentations by conventional optical methods. In such cases
nanoindentation tests, in which the displacement of the indenter is measured as a function
of load are necessary [206]. In order to obtain measurements which are not influenced by
the presence of the substrate, it is usually necessary to ensure that the indenter penetration
is less than 10% of the coating thickness [207]. However, this rule-of-thumb is not
universal. According to Pollock et al. [208] the penetration depth could be considered up

to 25% of the coating thickness. Prior to embarking on a test programme, it would be
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interesting to estimate the required threshold ratio of indenter penetration to coating

thickness for a given coating/substrate system.

Oliver and Pharr in 1992 [198] proposed a commanding method for measuring hardness
and modulus using nanoindentation methods involves making a small indentation in the
thin, usually with a Berkovich indenter, while continuously recording the indentation load,

P, and displacement, h, during one complete cycle of loading and unloading.

The conical indenter is another choice since, like Berkovich indenter, its cross sectional
area varies as the square of the depth of contact and its geometry is unique at the tip. The
load displacement relation ships are nonlinear and the contact area changes continuously

during unloading.

Figure 3.9 shows a cross section of an indentation and identifies the parameters used in the
analysis. As the indenter is first driven into the film, both elastic and plastic deformation

occurs. At any time during loading, the total displacement h is written as [198],

h = hc+ hx 3.8

wher hcis the vertical distance along which contact is made (called contact depth) and hsis
the displacement of the surface at the perimeter of the contact. At peak load, the load and
displacement are Prex an<3 hnmax respectively and the radius of the contact circle is a upon
unloading, the elastic displacement are recovered and when the indenter is fully

withdrawn, the final depth of the residual hardness impression is hf.

Surface profile P

Figure 3.9: The deformation pattern of an elastic-plastic sample during and after

indentation [198].

65



The experimental parameters needed to determine hardness and modulus are shown in the
schematic load displacement data shown in figure 3.10. The three key parameters are the
peak load (Pn&), the depth at the peak load (hn®) and the initial unloading contact stiffness
@9 It should be noted that the contact stiffness is measured only at the peak load and
no restrictions are placed on the unloading data being linear during any portion of the
unloading, The key to the analysis procedure is that as the indenler is withdrawn, the
elastic displacements are recovered and an analysis of the elastic unloading data can then
be used to relate experimentally measured quantities to the projected area, A, and effective

elastic modulus. For any axisymmetric indenter the relationship is

3.9

where the reduced modulus, Er, accounts for the fact that measured elastic displacement
includes contributions from both the specimen and the indenter. The reduced modulus is
given by [198]

3.10
Er Ef E,

where Efand W are the elastic modulus and Poisson’s ratio for the film, and E; and \f are
the same quantities for the indenter (for diamond, Ej=I 141 GPa and vj=0.07, data given by

Simmons et al. [2097.

The equation 3.9 relates the reduced modulus, Er, to the contact area, A, and the measured
stiffness, S. The relationship holds for any indenter that can be described as a body of
revolution of a smooth function and is thus not limited to a specific geometry [198].
Measurement of the initial unloading slope can thus be used to determine the reduced

modulus if the contact area at peak load can be measured independently.
The area of contact at peak load is determined by the geometry of the indenter and the

depth of contact, hc. Following Oliver et al. [199,210] it is assumed that the indenter

geometry can be described by an area function F(h) which relates the cross-sectional area
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of the indenter to the distance fromits tip, h. Given that the indenter does not itself deform
significantly, the projected contact area at peak load can then be computed from the
relation [198]

A=F (ho 311

The functional form of F must be established experimentally prior to analysis. To
determine the contact depth from the experimental data, it is noted that [198]

he —hmax - hs 3.12

which follows directly from equation 3.8. Since hnax can be experimentally measured, the
key to the analysis then becomes how the displacement of the surface at the contact

perimeter, hs, can be ascertained from the load-displacement data.

Displacement

Figure 3.10: Schematic representation of a typical load-displacement curve showing
quantities used in the analysis as well as a graphical interpretation of the contact depth
[198]

The deflection of the surface at the contact perimeter depends on the indenter geometry.
For a conical indenter, Sneddon’s expression [211] for the shape of the surface outside the

area contact can be used to give [198]

67



K=2{k-kr) 3.13
71

The quantity (h-hf) appears in this expression rather than h by itself since Sneddon’s
solution applies only to the elastic component of the displacement. In addition, Sneddon’s

force-displacement relationship for the conical indenter yield [198]
(h-hf)= 2+ 3.14

where S is the stiffness. Substituting equation 3.13 into equation 3.14 and noting that the

contact area of the interest is that at peak load, one obtains [198]

h =£/k 3.15

where the geometric constant s for the conical indenter is given by [198]
s=—(n-2) 3.16
n

For the flat punch, s=1, and for the paraboloid of revolution, s=0.75 or 8=0.72.

The graphical interpretation of equation 3.15 is shown in figure 3.10. For s=I, the value
for the flat punch, hs = Pna/S, and the contact depth hc is given by the intercept of the
initial unloading slope with the displacement axis. Interestingly, this is precisely the depth
used by Doemer and Nix [212] in their analysis based on the flat punch approximation.
Thus the current method is consistent with the Doemer and Nix approach when the flat
punch geometry is assumed. For the conical and paraboloid indenters, however, the contact
depths are grater than those for the flat punch, and this must be accounted for in analyses
using these indenter geometries if accurate measurements are to be obtained. The range of

hc for the indenters considered here is shown in figure 3.10.
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In addition to the modulus, the data obtained using the current method can be used to
determine the hardness, H. it is defined that the hardness as the mean pressure the material
will support under load. With this definition, the harness is computed from [198]

H=~n - 3.17
A

where A is the projected area of contact at peak load evaluated from equation 3.11. It
should be noted that hardness measured using this definition may be different from that
obtained from the more conventional definition in which that area is determined by direct
measurement of the size of the residual hardness impression. The reason for the different is
that, in some materials, a portion of the contact area under load may not be plastically
deformed, and as a result, the contact area measured by observation of the residual

hardness impression may be less than at peak load.
3.9 Atomic Structure and Characterisation

3.9.1 Bonding

According to hybridization theory (section 2.2.3), it is clearly to say that in the sp3
configuration, a carbon forms four sp3 orbitals which makes a strong ¢ bonds to an
adjacent atom. In the sp’ configuratton, a carbon atom makes three sp® orbitals to form g

bonds and the fourth pi orbital forms a n bond with a neighboring n orbital. In the spl
configuration, there are two a bonds along £ x- axis and there are pi bonds in the y and z
planes. The a bonds of all carbon sites and C-H bonds form occupy ¢ states in the valence
band and empty ¢+ states in the conducting band, separated by awide ¢-¢* gap (Fig. 3.11)
[128], The n bonds of sp2 and splsites form filled n states and empty n* states which a

much narrower n-n* gap [213],

A very simple model of the atomic structure was developed some years ago, based on the
properties of ¢ and n bonds [213], It was argued that maximising the 4 bonding energy
tends to cause sp2 sites to form n bonded clusters wi't'hi’n a spS bonde'd matrix. The ternary
phase diagram of the C-H system (Fig. 2.4) emphasises that two key parameters determine
the structure and properties of DLCs; the fraction of sp bonded carbon sites and the

hydrogen content. Structural characterisation of DLCs focuses strongly on these two
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parameters. The ordering of sp9 sites is a third significant factor particularly for the

electronic properties.

Figure 3.11: Schematic DOS ofa carbon showing a and k states [214],

Various characterisation methods have been used to determine those structural parameters.
One should distinguish between methods for detailed studies such as diffraction and more
routine methods for repeated monitoring which concentrate on the sp3 content and
hydrogen content. Table 3.2 compares the effectiveness and disadvantages of various
routine methods to determine the sp content and hydrogen content.

Table 3.2: Comparison of characterisation methods for bonding in amorphous carbon and

their advantages and disadvantages

Method Comments
NMR Large sample needed, C13 dephasing
X-ray diffraction Not useful for amorphous structures
ESCA Small peak shifts, due to homopolar bonding
C-H models, IR Only sites bonded to H
62/Neff Ok if wide spectral range
Spectroscopic ellipsometry Useable in situ, but small spectral range
EELS Good, but destructive and time consumable
Visible Raman Indirect, sp site invisible
UV Raman Future method of choice

NEXAFS [215,216]

Can detects n bond and can be calculated bond

length from the position of the a* resonance
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3.9.2 Raman Spectroscopy

Raman spectroscopy is the best way to obtain the detailed bonding structure of DLCs.
Raman is the most popular method and widely used, being a routine, non-destructive way
to characterize the structural quality of diamond [217], graphite, DLCs and carbon
nanotubes [218-230]. The Raman spectra of diamond, graphite and some disordered

carbons are compared in figure 3.12.

Diamond has a single Raman active mode at 1332 cm'1, which is zone center mode of Tzg
symmetry. Single crystal graphite has a single Raman active mode, which is the zone
center mode at 1580 cm'lof E2gsymmetry labeled ‘G’ for ‘graphite’ (there is a second
Raman active Ezgmode at 42 cm'1due to interplane vibrations). Disordered graphite has a
second mode at around 1350 cm'l of Aig symmetry labeled ‘D’ for ‘disorder’. It
corresponds to breathing vibrations rings at the K zone boundary.

500 1.000 1,500 2.000

Wave number (cm')

Figure 3.12: Comparison oftypical Raman spectra o fcarbons.
An unusual and significant fact is that the Raman spectra of most disordered carbons

remain dominated by these two G and D modes of graphite even when the carbon do not
have particular graphitic ordering [231], It is therefore of interest to explain this fact and
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then if possible to find how Raman can be used to derive the structural information of

DLCs and if possible their sp3fraction.

Raman is light scattering by the change in polarisability %due to the lattice vibration
[233],

%{k)=XO+-a$(k,q) 3.18

where %is the polarisability at wavevector k and Q the amplitude of a phonon of
wavevector g. This change in polarisability causes an inelastic scattering of an incident
photon (co,K) into the scattered photon (ro"Kj). Here mis the phonon frequency. The Raman

cross-section can be expressed as

3.19

The polarization can occur by excitation of the electronic ground state into virtual states at

energy E or into real states at E. The latter case is called resonant Raman [232],

In an amorphous material, there is a complete loss of periodicity and a breakdown of the k
selection rule of optical and phonon transitions. In this case, the IR and Raman spectra of
an amorphous network correspond to the vibrational density of states (VDOS) G(00)
weighted by the appropriate matrix element C(co). This is the Shuker-Gammon formula for

the Raman spectrum [233],

3.20
oo]

where (n(co) +1) is the boson occupation factor.
The Raman and IR spectra should be relatively smooth and will resemble each other. This

occurs in a-Si [233,234], but it is not true for the Raman spectrum of a-C. One reason for

the dominance of the G and D modes is that the Raman spectra of a-Cs are dominated by
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scattering of the sp2 sites. The n states are lower energy than the a states and so they are
much more polarisable [213], This gives the sp2 sites at 50-230 times larger Raman cross-
section than sp3sites [235,236]. So they dominate the Raman spectra of even ta-C, which
only has a residual 10-15 %sp content. Nevertheless, the Raman spectra does not simply
follow the vibrational density of states of sp2 sites. The deeper reason is that the matrix
element has a much stronger effect than in a bonded networks. The Raman spectrum
becomes controlled by the order of the sp” sites, not by the sp® fraction [231], Note that the
G mode is actually the stretching vibration of any pair of sp’ sites, whether in C=C chains
or in aromatic rings [231], as shown in figure 3.13. This occurs in ethylene as well as
graphite (but a high wave number). Thus G does not only mean ‘graphite’. The D mode is

the breathing mode of those sp2 sites only in rings, not in chain.

Figure 3.13: Carbon motions in the (@) G and (b) D modes. Note that the G mode isjust

due to the relative motion ofsp2carbon atoms and can befound in chains as well.

There are three basic causes of the unusual Raman behavior of a-C [231].

1 Conjugated 7 bonds create long range polarisability. While the phonon spectrum of Si
can be fitted by a nearest neighbour force field, graphite requires force up to 12th
neighbours in conventional fits [237]. Recently, Mapelli et al [238] made a force field
based of the tc bond order and polarisability. This includes long range forces, but they
are each directly derived from nearest neighbour interactions. Thus, a short range field
gives rise to long range forces. The polarisability of n states is also long ranged and
this gives modes quite large effective changes.

2. Both the G and D modes are bound stretching modes, which have the largest matrix
element for n states. Long range polarisability further enhances their intensity. The D

mode is particularly intense because it is a breathing mode of six-fold ring. In a
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graphite layer, there is a constructive interference of the eigenvectors of each rings and
destructive interference for rings of other orders.

3. The D mode is a double resonance [239] as described in detail shortly.

Figure 3.14: Variation of the I(D)/I1(G) ratio with La The broad transition between two

regimes is indicated.

These factors intensify the G and D breathing modes and tend to suppress modes of other
symmetries. The variation of the intensity of the D mode with atomic order is interesting.
Some years ago, Tuinstra and Koenig [240] noted that the intensity ratio of the D and G
modes, I(D)/I(G), varies inversely with the in-plane correlation length L,, or grain size of
the graphite (Fig. 3.14),

4 N 3.21
1(0) L,

This means that 1(D)/1(G) is proportional to the number of rings at the edge of the grain. It
is clear that this relationship cannot extend down to zero L,. Recent data on the high
temperature deposition of ta-C suggests that for La below 2 nm, the ratio decreases
according to (Fig. 3.14) [231,241],
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The G peak is due to all sp2 sites, but the D peak is only due to six-fold rings, so 1(D)/1(G)
falls as the number of rings per cluster falls and the fraction of chain groups rises [231]
.The important factor for DLCs is that Ln is always less than 1 nm, so that the Tuinstra-

Koenig relationship is never valid for them, and equation 3.22 should be used instead.

Consider the overall Raman spectra of disordered carbons. The difficulty of this task is
summarised in figure 3.15, which shows the various factors which can shift the G and D
peaks in either direction and alter their relative intensity. One feature of Raman for visible
photons is that it does not see the C-H bonds.

Before proceeding with a classification of the Raman spectra, it is important to note how
the spectra were fitted, as this affects the numerical values. We fit the spectra with a skew
Lorentzian (otherwise known as a Breit-Wigner-Fano, BWF) line shape for the G peak and
a Lorentzian for the D peak [231]. The BWF is given by

/M - 4 0[p u 2¢(a,-a , )Ile rr 323

1+ [2(@>-£»,,)/Ir]2

where 1) is the intensity of the Raman spectra as a function of Raman shift, lo is the
maximum peak intensity, @0 is the peak position, I’ is the full width at half-maximum
(FWHM) and Q'lis the coupling or skewness coefficient. A symmetric Lorentzian

corresponds to Q = co. Note that because of skewness the maximum of the BWF occurs at

a="N0+ A 324

which is used in the following analysis, as the nominal position 0 Chas no fundamental

meaning in Raman.



Raman shift (cm-1)

Figure 3.15: Schematic diagram of influences on the Raman spectra. A dotted arrow

marks the indirect influence ofthe sp3 content on increasing G position [232],

Ferrari [231] found that it is possible to classify the Raman spectra of all disordered
carbons within a three-stage model of increasing disorder. The three stages are as follows
(Fig. 3.16):

1. perfect graphite to nano-crystalline graphite;
2. nano-crystalline graphite to a-C, and
3. sp2a-C to sp3a-C.

Stage 1 corresponds to the progressive reduction in grain size of ordered graphite layers,
while keeping aromatic rings. The VDOS is of ideal graphite. As the grain size decreases,
phonon confinement causes phonons away from T to participate with Ag = 1/La The
phonon bands of graphite disperse upwards from 1580 cm'lat T [237], so this causes an
up-shift of the G peak to 1600 cm'l The D mode is forbidden in an ideal graphite layer,
but the disorder causes it to appear and its intensity rises with decreasing La according to
the Tuinstra-Koenig relation (Eq.3.21). The crossover from stage 1 to 2 is seen in ion-
irradiated graphite [242].
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Graphite nc-graphite a.C ta-C

Figure 3.16: Amorphization trajectory, showing a schematic variation of the G position

and I(D)/1(G) ratio.

Stage 2 corresponds to the topological disordering of a graphite layer (odd membered
rings) and loss of aromatic bonding, but with a purely sp2 network. The disorder and loss
of aromaticity weakens the bonds and lowers the VDOS compared to that of perfect
graphite [243], This causes the G peak to shift downwards (Fig. 3.16). The La is below 2
nm, so the 1(D)/(G) ratio falls continuously to zero. The VDOS at the end of stage 2
corresponds to sputtered a-C [244],

In stage 3, the sp3 content increases from 0 to 100%. This changes the sp2 configuration
from mainly rings to short chains [231,243]. The bond length of chains (olefins) is shorter
than that of rings, so their vibrational frequency is higher, 1640 cm'lcompared to 1580-
1600 cm'1 These changes are seen in the VDOS [245]. Thus, in stage 3, the G mode rises,
while the D peak remains at zero intensity [231], The line-shape of the G peak becomes

more symmetric as the sp3 reaches high values [246]. Note that the maximum of the G
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peak shifts up with increasing sp3 content, but it would apparently shift downwards if a
; 1
symmetric fit or the uncorrected oo in equation 2.23 is used. The maximum sp content

corresponds to the most symmetric G peak [246].

The second major change is the absence of a D peak in a BWF fit. The G skewness falls to
almost zero at high sp3 content. Also, the G peak width first increases and then falls, as the
G modes become localized on sp2 dimers or shorter sp2 chains with sharper length
distribution. A single-Gaussian fit is poor, although it still gives a fair representation of

peak position and FWHM.

This analysis allows to say that if I(D)/I1(G) is near zero, we are in stage 3. The G position
then varies with sp3 fraction. This is a unique relationship, which can be used to derive the

sp3 fraction from the Raman spectrum.

La (nm)

Figure 3.17: Variation ofRaman Gpeak width with in-plane correlation length La, using
datafrom Lespade et al. [248] and Schwan et al. [248],

The width of the G and D peaks scales with disorder. One way to know the correct regime
is that if the FWHM of the G peak exceeds 50 cm'l then Lnis below 1 nm. Figure 3.17
shows that the G width varies in a power law fashion with La using data for micro-
crystalline graphite, disordered C and a- C, using data from Lespade [247] and Schwan
[248],
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3.10 Biomedical Application of Biomaterials, DLC and Diamond

3.10.1 Biomaterials

Biomaterials have been studied for many years, but their exact definition is still
controversial. One current definition is that a biomaterial is any material, natural or man
made, that comprises a whole or part of a living structure or a biomedical devices that
performs, augments, or replaces a natural function [249]. Ratner et al. define that a
biomaterial is a non-living material used in a medical device and intended to interact with
a biological system [250], Another definition is "either naturally occurring material in
living organisms or materials designed to repair humans". There are naturally many other

definitions and descriptions proposed by people in the field.

Many types of biomaterials are being used, including metals, alloys, polymers, ceramics,
composites and glasses. A single biomaterial or its synthetic product is used in
replacements heart valves, artificial hip joints and dental implants. The design of each type
of biomaterial or device has its own challenge based on the intended function and
biological site. Biomaterials research is, thus, interdisciplinary in nature and in order to
succeed, there must be close collaboration among people in materials science, physics,
biochemistry, medicine and other fields. In spite of encouraging developments, routine
long-term in vivo applications still have a mountain to climb and there is an urgent need to
design and develop new suitable biomaterials. Much effort is going into the design,
synthesis, and fabrication of the biomaterials and devices to ensure that they have the
appropriate mechanical properties, durability and functionality [249-251]. For instance, a
hip joint ought to be able to withstand high stress, an artificial heart valve should have
good antithrombotic properties, a hemodialyzer should have the requisite permeability
characteristics and a pump bladder in an artificial heart should flex for millions of cycles
without failure [249]. The bulk structures of the materials partly govern these properties.
The biological responses to biomaterials and devices, on the other hand, are largely
controlled by their surface chemistry and structure. That is to say, the surface
characteristics play a vital role in the functioning of a biomaterial. The rationale for the
surface modification of biomaterials is straightforward. The key physical properties of a
biomaterial can be retained while only the outmost surface is modified to tailor to the bio-
interactions. Hence, if surface modification is properly carried out, the mechanical

properties and functionality of the device will be unaffected but tissue interface-related
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biocompatibility can be improved [250], For instance, in the design of medical devices, it
is necessary to consider potential corrosion and degradation due to the exposure to a
variety of body liquids. There are two methods of prevention by either selecting a resistant

material or protecting the material, and the latter is often chosen [251].

Materials used for body implants include metal alloys such as cobalt-chrome, stainless
steel (316L and 304) and titanium alloy and a variety of ceramics and polymers. The use of
prosthetic implants is increasing rapidly. Hip replacements alone now exceed 200 000
annually in the USA with a similar number in Europe [63]. Failures of such joints are
however still common with average lifetimes for artificial hips of around 10 years for
patients over 70 years of age. The failure rate is even more in knee implants. The major
concern is increasing total joint replacements in younger patients, which requires more
demanding and longer term performance criteria for these implants. Materials suited for
prosthesis are those which have good biotolerance, corrosion resistance, low coefficient of
friction and can withstand cyclic loading in the presence of body fluids. Prosthetic
implants today are commonly made of cobalt-chrome alloy, 318 titanium (Ti-6A1-4V) or
304 stainless steel (Fe-18Cr-8Ni) with ball sockets or tibia head usually made of a polymer
such ultra high molecular weight polyethylene (UHMWPE). Recently a new alloy of
titanium, Ti-13Nb-13Zr has been suggested [252]. This alloy is yet to be commercialised.

3.10.2 Biocompatibility of DLC
Biomedical materials have become veiy important subjects in the modem medicine.
Before any material is used for the medical purpose, it is necessary to have a series test in

terms of its biocompatibility and toxicity to the tissue.

It is now widely accepted that for any medical device, it is difficult to combine in one
material all the properties required for excellent in functionality and biocompatibility. As a
result, compromises may have to be made or combinations of two or more materials used
to develop the best overall properties. Because biocompatibility is most frequently
controlled by the characteristics of the materials surface, an increasingly common solution
to this dilemma is to select an appropriate engineering material to provide the general
functional properties and to modify the surface in someway in order to optimise the
biocompatibility. Moreover, the functionality itself may be better achieved through the use

of surface characteristics that are quite different to those of interior, involving perhaps a
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hard, wear resistance surface on a softer but tough substrate, or a lubricious surface on a
flexible material. There are, of course, several constrains to the use of such combinations,
including the need to achieve bonding between substrate and coating and the practicality
and cost implication of the more complex production. However, medical device
manufactures have already shown considerable interest in the possibilities offered by state

of the ail surface treatment.

There are two fundamental reasons why an inert impervious coating is needed for
materials planned in the body: first, because corrosion is one of the major causes of the
failure of metal implants and second, because it is suspected that tumours may be caused

by the release ofions or small particles from some metal implants [253, 254],

It has been known for a long time that carbon, in the form of pyrolytic graphite for
example, can be applied to several types of material to improve either overall
biocompatibility or specially blood compatibility. Several new methods and improvements
are now available for the application of different forms of carbon. In particular, so called
diamond-like carbon is currently the most popular form and widely described as a major
advance for the surface treatment of biomaterials. DLC coatings adheres strongly to the
various metals and alloys used as implants and as they are unreactive and impermeable
could protect such implants against corrosion and act as a diffusion barrier. It is of course
essentia] that DLC is acceptable to the body and its biocompatibility was there fore

investigated using cell-culture techniques. [255],

3.10.3 Diamond Like Carbon and Diamond

In spite of development of new materials, often better functionality can be achieved by
having a surface, which is quite different to the interior. Coatings are increasingly being
used in the medical related applications as enhancement rather than protective layers. For
example, prosthetic implants can be coated to ensure biocompatibility to improve

corrosion resistance and wear resistance or to act as a diffusion barrier.
Diamond and DLC films have the combination of properties, which make them a very

attractive industrial material. Table 3.1 lists the properties and few applications of these

coatings. Several excellent reviews detailing the applications of the diamond and DLC
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films are available in literature [120,256-262], However, there is a great potential to use

these coatings for biomedical applications.

DLC coatings, because of their mechanical and wear resistance properties [263,264], low
coefficient of friction [264], corrosion resistance and biocompatibility [264-267] are of
interest as a protective coating in biomedical applications [268,269], Of prime importance
is the strong adhesion of DLC to various metals and plastics used in bioengineering [270].
Areas where DLC films are being considered for biomedical applications are as coating for
metallic orthopaedic pins [269], heart pace makers [123], surgical needles [268],
impervious film to improve biocompatibility and prosthetic implants [63,271], It is
expected that a DLC film will substantially reduce, may be eliminate altogether, metal-ion
release from implanted alloys, protect degradable polymers from tissue fluids, reduce
tissue damage during surgery and control the release of leachables. Several research

groups are investigating films for biomedical applications [63, 272,273].

Recently the use of a-SiC:H [274] and TiN [275] coating for artificial heart valves to
improve blood compatibility has been suggested. Since both the structure and electronic
properties of DLC coatings are better than those of above coatings, it can also be used to
coat artificial hart valves with improved results [276]. DLC coatings deposited on stainless
steel and titanium alloys used for components of artificial heart valves has been found to
improve mechanical reliability and satisfy biological requirements [123], Mitura et al.
[272] have studied the wear behaviour of DLC coated stainless steel orthopaedic screws
and found that there was no significant wear even after 100 subsequent screwing
operations into the bone. They also found very good biotolerance and no corrosion. DLC
coated dental prosthesis in humans have also been found to show no change after several

months [273].

In prosthetic implants the major cause for failure is corrosion of the implant by the hostile
environment in the body [267]. Another causes of implant failure is wear resulting in
release of wear particles inside the joint. It is well established that the biological response
to particulate wear debris can be very different to that of the corresponding bulk material
[277-279]. The wear particles are often softer material (such as UHMWPE) and are
produced as a result of fiction between two components. Such particles can stimulate

inflammatory response in the joint. The corrosion of the implant can lead to increase wear
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causing severe body reactions and failure of the implant. In theory both the corrosion
resistance and the wear resistance can be increased by covering the surface of the implant
with a suitable impervious coating. It has been suggested that thin hard coatings with low
coefficient of friction can be used to solve these problems of excessive corrosion and wear

in prosthetic implants.

Diamond like films have the right combination of properties to be used as protective wear
resistance coatings for the prosthetic implants. However, with regards to wear, inspite of
many predictions there is no clear indication that DLC will improve the long term wear
performance ofjoint replacements and indeed there is great danger that the performance
could be reduced. In-vitro [280] and in-vivo [281] studies on the performance
characteristics of DLC coated knee joints are being done. Results of these experiments will
help decide the future of DLC coated prosthetic implants. Even though DLC is
biocompatible [265-267], its adhesion behaviour in fluid is unknown and is matter of great
concern. Any delamination of DLC coating in service as a prosthetic implant can cause

enhanced abrasion of the polyethylene, perhaps catastrophically.

On the biomedical front diamond films have had limited attention. It has been proposed as
surgical blade coatings to be used in ophthalmology and cardio-thoracic surgery [282],
Diamond surfaces are generally hydrophobic and have low friction against living tissue.
They are also biocompatible, but their extreme hardness makes them unsuitable for many

biomedical applications.

3.10.4 Environmental Stability of Coating

Whatever be the application, stability of diamond and DLC coatings during service is
essential, particularly so when the coated component is exposed to different environments.
Applications such as cutting tools, drilling tools, windows in aircraft and missile seekers,
in pipes for carrying slurry or chemicals or for biomedical applications like prosthetic
implants, require that coating should have both the desired combination of mechanical and
corrosion resistance properties and mechanical stability during exposure to fluids during
applications. In most of the above applications corrosion and wear are the biggest problem.
If the coatings degrade or delaminate during service, it can cause enhanced wear and loss
of other mechanical properties. Therefore, it is essential to study the effect of various

environments on the adhesion strength of diamond and DLC coatings.
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The diamonds like hydrocarbon films are extremely inert to many aggressive chemical
reagents [283]. For example, organic solvents and inorganic acids including HF at room
temperature do not attach them. The films are unaffected by a solution of three parts
H2SO4 and one part HNO3(concentrated acid) at 80 °C. This reagent will dissolve all other
hydrocarbon polymer and graphitic carbon. The chemical inertness of these DLC may
cause by their extreme impermeability. As aresult of their chemical resistance, DLC films
can be used as corrosion-resistant coatings. The films and their modifications can be
removed from a substrate by exposure to atomic oxygen or fluorine species generated in a
plasma, which react with the carbonaceous films to produce volatile COx and CFy species
which are pumped out of the system. Reactive ion etching in oxygen- or fluorine-
containing plasmas can be used to pattern DLC films. The film also trap argon for several
years [284].

3.11 Summary

Diamond like carbon and diamond films have a unique set of properties, which make them
very attractive as an industrial material and open up new avenues of applications. The
deposition techniques are now more or less standardized and good quality films can be
easily achieved (see chapter 2). Almost all metals and several plastics and ceramics can be
easily coated. However, the limiting factors are residual stresses in the films and its effect
on adhesion strength. Though thermal stresses that develop in diamond deposition are well
understood and often clearly identified, there is very little known about the development of
intrinsic stresses in these coating, especially for DLC films. Knowledge of what causes
these stresses in DLC and diamond films, how the deposition conditions affect them or
how to control or reduce them is very limited and often contradictory [156,285,286]. A
clear cut understanding in this direction is needed to realize all the potential applications of
these coatings. At present there is little quantitative agreement in stress measurement and
adhesion strength value obtained from different tests methods by different groups. Rather,
individual test to measure residual stress and adhesion are tailored for comparison of the

same film substrate combination prepared in different way.
New areas of application for DLC coatings are being proposed. Biomedical application of

these films seems to have the potential but proper and detail investigations of film quality

need to be done. It is important not only to get the set of optimum film properties but also

84



to see there is no loss of adhesion strength and other mechanical properties of the coatings

on biomedical application.
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Chapter 4
DLC Deposition Equipment



4.1 Introduction

This chapter introduces the operation of the DLC film deposition equipment. A neutral
beam saddle field fast atom source (Microvac 1200 DB, lon Tech Ltd.) is used to deposit
DLC thin films. A carbon containing gas introduced into the chamber and becomes
energetic neutral particles. These energetic neutral particles are directed towards the
substrates to form the films. The equipment is detailed in accordance with its two primary
functions: one is the chamber pump down equipment and the other is saddle field fast atom

equipment. The system is depicted in figure 4.1.

4.2 History

The experimental equipment was custom built by lon Tech Ltd. for Pfizer Ltd. in 1989.
Howmedica commenced work on deposition DLC films on to articulating surfaces of
artificial hip and knee implants. Two upgrades were subsequently made to the equipment
which included the addition of the 'roots blower' to aid a faster and more efficient pump
down ofthe chamber and the upgrading of the power supply for the source. The equipment
was donated to Dublin City University (DCU) in 1997 for continued production of good
quality DLC.

4.3 Pump Down Chamber

Three pumps are diffusion pumps (vapor pump E0400/7000), rotary pump (E2M80 series)
and roots blower (EH250 series) are connected to the deposition chamber for pump down
the chamber. The schematic of the pump down in this experimental system is shown in

figure 4.2.

4.4 Coating Equipment

The coating as well as etching equipment of the Microvac 1200 DB is based on saddle
field source which both produces a neutral beam at low temperatures. The sources are the
B95 and the FAB 104. Only the B95 was used in this project. The source has its own
power supply and the cooling water supply. The source's configuration is relatively simple

in construction as can be seen in figure 4.3.
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Figure 4.1: DLCfilm deposition system.
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Figure 4.2: Schematic ofpump down ofthe DLC deposition chamber.
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Figure 4.3: Schematic ofthefast atom (FAB) beam source.

4.5 Fast Atom Beam (FAB)

A fast atom beam defined as energetic neutral particles ranging in energy from a few
electron volts to several thousand electron volts [287,288], The development of the saddle
field fast atom beam source allows material processing of amorphous thin films in a very
uncomplicated manner. Glow discharged (GD) decomposition by either dc or rf (radio
frequency) excitation of the hydrocarbon gases is the more conventional technique. Both
of these methods of plasma excitation have certain draw backs and one would prefer to
have advantages specific to both these techniques and none of their inherent disadvantages.
It may, at first sight, appear to be a rather strange idea. However, saddle field source
deposition does indeed come very close to this idea. The potential profile [289] of the
saddle field FAB discharge together with that dc and rf plasma enhanced chemical vapour
deposition discharge are shown in figure 4.4. From this figure it is clear that the potential
distribution in the saddle field source somewhat similar to that in the rf diode. Therefore

this system achieves some of the advantages of the rf source but only requires dc supply.
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Earlier FAB sources were used for cleaning, milling, etching, thinning (the specimen
prepared for TEM) and sputtering applications and also for a variety of surface analysis
techniques. Franks [291] first used the source to deposit DLC films. His attempts to
deposit DLC films using methane (CHa4) as the source gas led to the etching of the

substrates.

DC EXCITED DIODE

Cathode Anode

(plasma)
Cathode sheath Anode sheath

RF EXCITED DIODE

DC EXCITED SADDLE FIELD DIODE

Figure 4.4: Potential profile ofsaddlefield FAB discharge together with that ofdc and rf
PECVD discharges [290],
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4.6 Evaluation of FAB Source

The principle of saddle field source is based on Mcllraith's discovery of the electron
electrostatic oscillator in 1965 [292-294]. lon sources are known to accumulate charge at
the surface of the film, which adversely effect deposition rate and properties of the film. A
neutral beam source was developed in the early 1970s [294], which does not have this
problem. The saddle field source configuration was subsequently developed between the

1970s and 1980s. The working model of a FAB source is shown in figure 4.5.

Electrode (anode)

mAperture

Figure 4.5 (a): Saddlefield source type B95 with a beam aperture of 75x150 mm.

Anode
Cathode
C2H2 /Ar gas inlet
Electric potential
Beam of energetic Beam of energetic
particles particles
Aperture 1
P Anode

Figure 4.5 (b): Schematic ofplan view ofthe saddlefieldfast atom beam (FAB) source.
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When a positive high voltage is applied to the rod anodes, cold cathode discharge occurs
between the anodes and cathode. Electrons produce during the glow discharge oscillate at
high frequency backward and forward through the anode (Barkhausen-Kurtz Oscillation).
The axial magnetic field, which is produced by the current from the anodes increases the
path length of the electrons by making them travel in a helix about the axis. A large
number of ions are produced when these electrons collide with gas molecules. These ions
are then accelerated towards the cathode. Most of these ions are converted into fast atom
via two processes: the ions are neutralised in resonant charge transfer collisions with gas
molecules, or recombine with low energy electrons near the cathode ends. The fast atoms

thus produced are emitted through the apertures in the cathode.

The FAB source were also claimed by the manufacturer to be almost free of ions, which
were thought to be neutralised by recombination with emitted secondary electrons
produced by the collisions of ions with the cathode near the exit aperture. The symmetric
resonance charge exchange between fast ions and slow neutrals can be the mechanism of
neutralisation [294]. The mechanism does not require the matching of momentum of high
energetic ions and slow secondary electrons and is considered as the more probable one. A
high concentration of the ions with low energies in the source output region can be
predicted from this suggestion. The detailed studies of the high energy fluxes produced by
both cylindrical and spherical FAB sources revealed that the ion to neutral ratio and energy
distribution of ejected particles is greatly determined by the voltage supply to the anode,
gas pressure in the source and type of gas. Fusao Shimokawa et al. [287,295] in figure 4.6
compares the energy distributions of the residual ions and the fast atoms. In both cases, the
main peak in the energy distribution coincides with the discharge voltage of the FAB
source. This suggests that the kinetic energy of the original ions is retained when they
become fast atoms. Thus the fast atom beam is produced by collisions with no energy
losses. Therefore fast atoms are probably formed from resonant charge transfer collisions
and electron ion recombination near the beam-emitted aperture. Nevertheless, saddle field
source produces ion and atom beams with a relative content of energetic neutrals higher

than any known sources.

Different electrode (anode) configurations do not change the energy distributions. Fusao
Shimokawa et al. [287] proposed that the energy distributions for a twin rod anode

configuration and a ring anode are similar, indication that the potential distributions of the
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source are almost the same. Figure 4.7 shows the energy distribution and compared for

different FAB source electrode configurations for a constant FAB source discharge voltage

of 1.5 kV.

e w

Kinetic energy (KeV)

Figure 4.6: Energy distribution spectra ofresidual ions andfast atoms in the beam; Argon

gaspressure 8 xIO'3 Pa and discharge voltage 1.6 kV.

4.7 Beam Neutralisation

To measure beam neutralisation, a deflector made of a Mo target and electrodes with a slit
can be sued. Deflector arrangement provides in front of the aperture of the FAB source
allows the separation of radicals. When no voltage is applied to the deflector both residual
ions and fast atoms bombard the Mo target. The residual ion current and a secondary

electron current flowing through the target are given by,



Kinetic energy (KeV)

Kinetic energy (KeV)

Figure 4.7: Energy distribution offast atomsfor two different electrode configurations:
discharge voltage 1.5 kV [287].

/ =N, +ytN, +yoNo 4.1

where W, is the number of ions per second, No is the number of energetic neutral particles
per second, vy, is the yield of secondary electrons from target surface under ion
bombardment and yo is the yield of secondary electrons under energetic neutral particle

bombardment. When several kV are applied to the deflector, the residual ions are
eliminated and only fast atoms bombard the Mo target. The secondary electron current

flows through target. This current is expressed by
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The beam current density is calculated as g/ (S/0), where S is the target area. The beam
neutralisation coefficient can be estimated by calculating the current with the deflector off
and on, and from secondary electron yield from the Mo target under bombardment by ions
and fast atoms. The beam neutralisation coefficient is determined by combining equation
4.1 and 4.2 [295,296],

n=Nj(N,+Na) 43
or, B=10(1+y,)/[/,, (I+r,)+ To(t- h)]

Sarangi et al. [296] was used argon gas for the estimation of beam neutralisation
coefficient. The neutralisation coefficient was estimated to be «90% and was found to be

almost independent of the power applied to the FAB source.

4.8 Advantage of Saddle Field Source

DLC films are commonly prepared by the plasma enhanced chemical vapour deposition
(PECVD) technique or by using ion sources of different kinds. In all these techniques, ions
play an important role in the formation of DLC films. The presence of significant amount
of unbound hydrogen in these DLC films has been identified to cause high compressive
stress [297]. It is believed that DLC films prepared by the rf self-bias technique
incorporate more unbound hydrogen than the films prepared by the dc discharge technique.
This is because to develop sufficient high self-bias voltage, one is often required to input
higher rf power than in the case of dc PECVD. The dc technique also has certain inherent
limitations, the most important one being charging of insulating substrates. Another
disadvantage in using ion sources is the accumulation of the positive charge on the film
surface when the film and/or substrate have high ohmic resistivity [294], This leads to a
worsening in both film deposition rate and its properties after a certain thickness. The
saddle field fast atom technique (FAB) can eliminate all these problems in an elegant
fashion. FAB bombardment can be used instead of ion beam bombardment in sputter
deposition, etching and surface analysis [298]. The source operates on a dc power supply
and the beam that comes out from the source is almost neutral so that insulating substrate
can easily be coated without any charging effect. FAB techniques are also better for

forming fine patterns because there is little repulsion between particles in the beam, which
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causes beam spreading in an ion beam. Furthermore, a FAB source does not need a hot
filament to induce plasma and it has a long operational life time when used with reactive
gases. The advantages of using of FAB source to grow DLC films as compared to
conventional rf self-technique are: (1) no rf matching problem, (2) uncomplicated power
supply, (3) ease of scale up (modular design) and (4) no need to take care the system

geometry to realise the needed asymmetry (simplified system geometry) [290,297].

Dry etching technology has become key process for producing devices and for
manufacturing intrigated circuits [288], Various etching techniques such as reactive ion
etching (RIE), reactive ion beam etching (IBAE) are used to produce these devices.
Because these techniques are based on ions, charge assisted damage caused by energetic
particles in metal-oxide-semiconductor device fabrication is also a serious problem that
essentially cannot be avoided. FAB bombardment techniques are advantageous for
etching, insulator and composite materials, because the specimen surface does not become
charged. Since in FAB there are no space charge effect, fine patterns can be formed

because beam particles do not repel each other.

The production of saddle field source could be possible near room temperature that is in
the range -20-100 °C [299]. This facilitates the deposition on polymeric substrate (e.g.
UHMWPE, PTFE etc.) and other temperature dependent substrates. Another advantage of
this type of source is the fact that the beam is almost 100% neutral [296], which ensures
there is a reduction in the surface damage on the substrate due to energetic neutral particle

bombardment.
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Chapter 5

Experimental Procedure



5.1 Introduction

This chapter describes the experimental procedure including sample preparation,

deposition method and mechanical and chemical characterisations of DLC films.

5.2 Materials Used

Three different implant quality materials; 316L stainless steel, cobalt chrome alloy (CoCr;
wt %: 69 % Co, 25 % Cr and 5% Mo) and titanium alloy (Ti6A14V) were considered for
the deposition of DLC films. Two different substrates in the form of round disks with
diameter 25 mm and thickness 8 mm (316L stainless steel, CoCr and Ti6A14V alloys) and
0.2 mm (316L stainless steel only) were used. The chemical composition of the 316L
stainless steel is given in table 5.1. Glass substrates with dimension 76 mm x 26 mm X

0.75 mm also used to characterise the uv absorption of DLC films.

Table 5.1. Chemical composition of AISI 316L stainless steel (wt.%)
C Cr Ni Mo Fe
0.03 max 18 10 3 bal

5.3 Sample Preparation

The test samples with the dimension of 8 mm thickness and 25 mm diameter had their
surface smoothed by polishing with different grade of emery papers. The samples were
wet polished by the emery paper of grid no. 240, 600, 800 and 1200. Final polishing was
carried out (both thick and thin samples) with 0.25 pm diamond suspension on Chemomet
velvet cloth to get similar substrate surface roughness. The Buehler Motopol 2000
semiautomatic specimen preparation unit was used to polish the samples. After polishing,
the substrates were then cleaned consecutively in acetone and 1-1-1 trichloroethane at 40
°C for 30 minutes each in an ultrasonic bath, in order to remove any chemical residue.
They were subsequently dried in air prior to conducting the experiments. Pre-cleaned glass

substrates were used in their supplied condition. The substrates were placed on the
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substrate holder (see Appendix A2) which 400 mm distance from the source in the

chamber.

5.4 Current -Voltage (AcAV) Characteristics

To investigate the current-voltage characteristics, argon and acetylene gas were used with
different source voltage (discharge voltage) and current (discharge current). Argon was
used for etching while acetylene was the feed gas for deposition. The pressure level was in
the range of 1.8xI0-8 to 4.6x10'3 mbar. Discharge currents with respect to discharge

voltages were recorded during etching and deposition.

5.5 UV Absorption of DLC Films

Glass substrates were used to investigate the ultraviolet absorption of DLC film. The
deposition chamber was initially pumped down to <6x10'7 mbar. The films were deposited
at a pressure range of 1.8x10'3 to 4.6x10'3 mbar and the anode currents were 0.4, 0.6 and
0.8 A. The anode voltage varied in the range of 0.75 to 1.5 KV. The deposition time was
kept constant at one hour. All samples were placed on the substrate holder which was 400
mm away from the source. The absorbance of deposited films was measured by UV-VIS
spectrometer (Shimadzu UV-1201). The photon energy, E (eV), of the films at different
absorption wavelength was calculated by well-known equation, E(eV) —he/he . Where h
is the Planck's constant (6.626x10°3 Js), c is the speed of light (2.998x10s ms"1), X is the
wavelength used at the range of 400 to 1100 nm and e is the electronic charge (1.602x10"19
C). The UV absorption vs E (eV) were plotted to investigate absorption characteristic of
the films. The optical band gap Eg for these films was measure by well-known Tauc
formula [300],

5.6 DLC Films Deposition on Implant Metals
Before etching and the deposition, the vacuum chamber was initially pumped down to
<6x10'7 mbar. In order to study the influence of pressure and current, the samples were

etched with the pressure level at 1.5x10"3, 2.8x10"3, 3.6x10'3 and 4.8x103 mbar and current

at 0.6A and 1A. Etching time was kept constant at 10 minutes in this experimental part. In
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order to study the influence of sputter cleaning, the substrates were in situ etched in an
argon by bombardment with energetic argon atoms from the source using pressure level at
1.5x10'3 and 4.8x10'3 mbar and etching times of 0, 5, 10, 15 and 20 minutes prior to

deposition.

During deposition, the pure acetylene (C2H2) and acetylene-argon gas mixtures
(90%C2H2+10%Ar) were used as process gases. To study the effect of surface treatment
on the adhesion of films on these substrates they were also deposited using pure acetylene
gas only. The anode currents in the source were 0.6A and 1.0 A and the anode voltage
varied in the range of 0.95 to 1.7 kV. It has been shown that the energy of the atoms in the
neutral beam under these anode voltage conditions is approximately equal to the anode
voltage when they leave the source [295]. To investigate the substrate temperature during
etching and deposition, they were placed in the deposition chamber with two different
ways. The 8 mm thick substrates were placed in the deposition chamber in direct contact
with the substrate holder whereas the 0.2 mm thick substrates were thermally insulated
from the holder, to some degree, by a polymeric spacer. A type K thermocouple was
placed in contact with the substrate surface on which etching and deposition took place.
Temperature was recorded every 1 minute during etching and deposition. The deposition

time was kept constant at 1 hour.

To measure the cohesive strength of the films, 316L stainless with dimensions of 50 mm x

4 mm x 0.25 mm substrate has also been deposited with those parameters.

The operation procedures of the etching and deposition are mentioned in appendix A3.

5.7 Physical and Mechanical Characterisations

5.7.1 Film Density

The density of the coatings was detennined by measuring the increase in mass of the
substrate after deposition and dividing it by the volume of the film [302], The mass gain of

the samples was measured with a digital balance nearest to £0.0001 g. Assuming sputter

weight loss negligible.
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5.7.2 Film Thickness

The film thickness of the coating was measured by surface profilometry. In this process,
film was deposited on to the substrate surface with part of the surface protected by a mask
to create a step on the substrate surface. In that case some part of the substrate surface was
uncoated during film deposition. When stylus of the profilometer was moved from coated
to uncoated area, the slope in the trace on both sides of the step was recorded on the chart
recorder. The film thickness corresponds to the wvertical distance between linear
extrapolations of the lower and upper portions of the trace calculated from the chart

recorder (according to Fig. 3.7).

5.7.3 Determination of Stress in Films

All the films exhibited compressive stress. The films were limited to thickness of less than
I(im [307,308] to avoid film shattering and so avoid confusing film adhesion and film
stress [309]. The internal residual stress of DLC deposited 316L stainless steel (0.25 mm
thickness) was obtained quantitatively by the bending beam method from well-known

Stoney equation 3.1.

Deflection, 8

After deposition

z-axis Before deposition
(fim)

5 15 25 25
Distance, x-axis (fim)

Figure 5.1: Schematic diagram to measure the curvature of 316L stainless steel (0.2mm

thickness) before and after deposition ofDLCfilm.
where cris the internal stress, Esis the Young's modulus of the substrate, vsis the Poisson's

ratio of the substrate, tsand tj are the thickness of the substrate and film respectively, I is

the length of the substrate segment and 5 is the largest deflection (usually the central
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deflection) in the segment measured by surface profilometry after the film deposition with

reference to initial deflection (Fig. 5.1 ).

For 316L stainless steel Es = 200GPa, vs =0.29 [310,311] was considered to measure the

residual stress in film.

5.7.4 Determination of Films Adhesion
Two types of film adhesion were measured. One is quantitative adhesion called pull-off

adhesion and other is qualitative adhesion called Rockwell C adhesion.

5.7.4.1 Pull-offAdhesion

The pull-off adhesion strength of the DLC coatings was measured in tension using the
Sebastian® 11 stud pull test. The flat face of a solid cylinder (the stud) of 3.6 mm diameter
was attached perpendicularly to the DLC coated surface using Sebastian 5-epoxy glue. The
sample and stud fixture were heated to 150 °C for one hour then cooled to room
temperature. The stud was placed in the chunk of the pull test machine and tightly
bounded. A gradually increasing downward force was applied to the stud while holding
the sample stationary. The instrument recorded the highest value of force applied before
failure. On each sample at least three tests were carried out and a mean value and standard

deviation were calculated.

5.7.4.2 Rockwell C Adhesion

In Rockwell C adhesion test, a standard Rockwell-C hardness tester with maximum
applied force 1471 N causing layer damage adjacent to the boundary of the indentation.
After indentation, an optical microscope with a magnification of x 80 was used to evaluate
the test results. On each sample three indentations were produced. The damage of the
coating was compared with a defined adhesion strength quality [309,312], HF1-HF4
defines a sufficient adhesion whereas HF5 and HFe represent insufficient adhesion (see

Fig. 3.6).
5.7.5 Determination of Film Hardness and Young's modulus

The mechanical properties of the films were determined from nanoindentation using a

CSEM nanohardness tester. Films were measured with an indenter of the Berkovich type.
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Load-displacement curves were obtained, from which the hardness and Young's modulus
of elasticity were calculated using the method of Oliver and Pharr [198], The loading and
unloading rates were 150 mN/min each. In order to estimate the influence of the
penetration depth of the calculated mechanical properties, three different loads were
applied (5, 8, and 10 mN). For each load at least three measurement were performed and a
mean value and the standard deviation were calculated. The penetration depth was equal to
or less than 25% of the film thickness because the apparent hardness of DLC films is
dependent on the substrate [313,314], For the determination of the Young's modulus, it is
necessary to keep the penetration depth as small as possible [315], In agreement to that, we
usually found a clear dependence of Young's modulus on the penetration depth. For film
stiffer than the substrate, the Young's modulus decreased with the penetration depth while
for less stiff films an increase was observed. Therefore, the Young's modulus determined
at the lowest load should be most representatives for the film. However, for the very low
load the error from the surface roughness is highest. Therefore, decided to use always the
mean value calculated from all three loads. For this reason, Young's moduli of stiffer or
less stiff films than the substrate could be slightly underestimated and overestimated,

respectively.

5.8 Determination of Bonding Structure of DLC Films

5.8.1 Raman Spectroscopy

The film structure was investigated using a Jobin-Yvon Micro-Raman Spectroscopy
system HR-800 using 488 nm wavelength excitation. After that the bonding structure and
sp3/sp2 content in films has been investigated by curve fitting process software. The
Raman spectra of the films prepared under different etching and deposition parameters
were fitted with a Breit-Wigner-Fano (BWF) line shape centred at approximately 1550
cm'1 ("G "peak, symbolised as peak 1) with an additional Lorentzian peak centred at
approximately 1350 cm'1 ("D" peak, symbolised as peak 2). A peak at -1200 cm™
corresponding to peak 3 has been considered as due to nanocrystalline or amorphous
diamond [303-306]. The BWF shape has been considered for physical reasons to be a
better approximation to the measured curve for amorphous carbon films [231] and its line

shape is described by equation 3.23.



Chapter 6

Results and Discussion



6.1 Currentvs. Voltage (AcAV) Characteristics

The variations of the discharge voltage (anode voltage, Av) with the discharge current
(anode current, Ac) of the saddle field FAB source used are shown in figure 6.1 and figure
6.2. Figure 6.1 shows the variation of Avwith Ac when argon gas was used as the source
gas at different pressure level. It is evident from this figure that the value of Avincreased
approximately linearly with the value of Ac for all pressure level conditions and the value
of Av decreased with the increase of pressure for a particular value of Ac. It is very
important to mention at this stage that the power supply used to operate the FAB source is
a current controlled device. It was therefore possible, by keeping all other parameters
constant, for the discharge voltage to be increased suitably by increasing the discharge
current only. Therefore, the decrease of discharge voltage at a particular discharge current
with increase of gas pressure is due to the higher ionisation of the feed gas inside the

source. This can be seen to have effectively reduced the plasma resistance.

Current (A)

Figure 6.1: Anode current vs anode voltage with different argon (Ar) gaspressure.



Figure 6.2 shows the variation of Av with Ac for acetylene as source gas and having a
similar set of operation conditions used in the case of argon discharge. The variation of Av
with Ac is also found to be almost linear in this case as well. In the case of argon
discharge, the variations are distinct in all different pressure level. But in the case of
hydrocarbon (C2H2) discharge, the discharge voltage attains almost similar value for the
higher pressure level. It can be said that at higher C2H2 gas pressure, the ionisation of the
gas inside the source begins to saturate. The value of Avhas also been found in the range
of 0.7 to 1.75 kV for argon, which is comparatively large than the acetylene gas (0.75-1.52
kV).

4.6xXE-3 mbar
4.2xE-3 mbar
3.8XE-3 mbar

3.4xE-3 mbar

Ve =« =

3xXE-3 mbar
2.6XE-3 mbar
2.2XE-3 mbar

1.8XE-3 mbar

Current (A)

Figure 6.2: Anode current vs anode voltage with different acetylene (C2H2) gas pressure.

From the above observation, it is clear that discharge voltage not only depends on
discharge current. It also depends on pressure and type of source gas used. According to
Sarangi et al. [290] gas flow rates also influence the discharge voltage. They proposed that
the value of Av decreased with the increase of gas flow rate for a particular value of
discharge current when argon gas used as the source gas. This is because of higher
ionisation of the argon feed gas inside the source which can reduce the plasma resistance.

On the other hand, for C2H2 source gas, dependence of the discharge voltage on discharge



current appears to have two distinct patterns; one for flow rate below 1 seem and other
above that. In this case, the discharge voltage attains almost similar value for the flow rate
above 1 seem because of the ionisation of the gas inside the source begins to saturate. It is
therefore concluded that the saddle field FAB discharges using argon and acetylene gases

as source gas are, indeed, different.

6.2 UV Absorption Spectra

In figure 6.3 typical absorption spectra of DLC films deposited on a glass substrate is
presented. The uv absorption of the films grown at lower deposition current (0.4A) as
lower for the whole wave number range investigated. The variation of the photon energy
with uv absorption spectra (log scale) of films deposited with different pressure level and
three different currents is shown in figure 6.4 (a-c). All curves show characteristically a
similar performance. However, there is important difference in the absorption range with
the deposition current. The absorption value is strongly dependent on deposition current
and has been found to increase with the increase of current. At lower deposition current
(0.4A), the absorption at 3.1 eV was found in the range of -1.57-2.31 whereas at higher
deposition current it is in the range of ~3.2-3.55. At lower deposition current (Fig. 6.4-a), a
clear distinction of the variation of absorption with photon energy has been observed for
different deposition pressure used. But as shown in figure 6.4 (c) any specific trend in this
variation is not discernible. It is abundantly clear from this figure that uv absorption with
photon energy does not appear to depend so much at different deposition pressure level for
higher deposition current. Therefore, while dealing with higher deposition current,

pressure does not constitute a critical process parameter.

Uv absorption spectra can also be influenced by the film thickness. The film thickness of
the deposited sample with different deposition pressure and current was found less than 0.4
pm. According to Gabriel Lazar [316], the absorption spectra are not depending on the
smaller film thickness (below 0.4 pm). So it can be say that there is no effect the

absorption with film thickness.

From the above observation it is clear that the uv absorption spectra strongly depends on

all range of deposition current but only depends on pressure at lower deposition current.

104



10

400 500 600 700 800 900 1000 1100
Wave length (ran)

Figure 6.3: Typical absorption spectra of DLC films deposited on glass substrates: film
thicknessfor 0.8A deposition current is 0.38(Jm andfor 0.4A is 0.20 jUn

Photon energy (eV)

Figure 6.4 (a): Variation of the photon energy with uv absorption spectra (log scale) of

films deposited on glass substrates with differentpressure level and 0.4 A current.
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Figure 6.4 (b): Variation of the photon energy with uv absorption spectra (log scale) of

films deposited on glass substrates with differentpressure level and 0.6 A current.
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Figure 6.4 (c): Variation of the photon energy with uv absorption spectra (log scale) of

films deposited on glass substrates with differentpressure level and 0.8 A current.
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The optical properties of DLC films were measured by the well-known Tauc equation,
a=(hv-E,Jz

where A is a constant, hv the photon energy, a the absorption and Eg the optical band gap
[300], Eg is defined as the energy gap between the valence and the conduction band. A

1/9

typical graph of (avh) ™ versus hv for one of our DLC films iS shown in figure 6.5.

J)

Extrapolation of this plot to a1 =0 gives the optical band gap Egfor indirect transitions.

hu (eV)
Figure 6.5: A typical (ahv) 12 vs. hv plot: deposition current 0.4 A and deposition

pressure 3.8x1 03 mbar.

Figure 6.6 shows the optical band gap of DLC films as a function of deposition pressure
and current. The value of Egfor DLC films has been found by other authors to be in the
range of 0.7-3 eV (see table 3.1). The band gap Eg obtained here for as deposited DLC
films was -0.85 eV for 0.4 A deposition current. For higher deposition currents (0.6 and
0.8 A) the band gap Egwas found to be in the range of 0.85-0.97 eV, which is within the
typical range of DLC films. Ferrari el al. proposed the relationship between the optical

band gap and sp0 fraction inside the films [232], They said that a higher sp3 is achieved
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mainly by hydrogen saturating C=C bonds as =CHXgroups, rather than by increasing the
fraction of C-C bonds. The sp® percentage and the sp/sp” ratio of DLC films grown at
higher deposition current are significantly high, which indicates that the films grown by
the saddle field FAB source techniques exhibit more diamond-like behaviour and this
behaviour might be enhanced with the increase of carbon to hydrogen ratio in the
hydrocarbon gas. More diamond-like films with less hydrogen content also increase
optical band gap because of increasing the fraction of the C-C sp bond. Sarangi et al.
[297] proposed that the sp2percentage in the DLC film deposited by saddle field fast atom
beam source is lower than other deposition techniques, for example rf self- bias techniques
and decreases with the increase of carbon to hydrogen ratio in the hydrocarbon source
gases. Films grown by the saddle field FAB source exhibit more diamond like behaviour
and this behaviour is enhanced with increase of carbon to hydrogen ratio. It is noted that
acetylene (C2H2) has the highest carbon to hydrogen ratio (1:1) compared with other
hydrocarbon source gases. They also showed that with the increase of power applied to the
saddle field FAB source, the bonded hydrogen content decreased. Similar behaviour was
also reported by Walters et al. [301,317] in their FAB grown DLC films using acetylene
source gas. According to their work, for FAB grown DLC films using acetylene as the
feedstock, a minimum of 22 at.% of hydrogen was reported when beam energies of 0.8 kV
were used to grow the films. The atomic percentage of hydrogen was found to be
significantly lower when they used up to 2 kV beam energies. This is because an
increasing bombardment of the film during growth with rising energy appears to remove
the weakly bound hydrogen from the films. It is noted that the total amount of hydrogen
content inside the DLC films is the sum of bonded and unbound hydrogen. Sarangi et al.
found the total hydrogen content to be 7-8 at.% for CH4 grown DLC films and 5-6 at.% for
C2H2 grown DLC films whereas unbound hydrogen in these films was found to be 1.5-2.0
at.% for CH4 grown DLC films and 2.5-3.0 at.% for C2H2 grown DLC films. The amount
of bonded and total hydrogen can said to be more in CHs grown DLC films than the
amount of bonded and total hydrogen present in C2H2 grown DLC films. From the above
observation it is clear that the hydrogen content, both bonded and total, decreases in DLC
films as the carbon to hydrogen ratio increases in the hydrocarbon gases using the saddle
field FAB source. Higher deposition current means higher power, which also decreases the

hydrogen content and increase C-C sp3bond inside the film.
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Any sp3 phase change would affect the gap between the conduction and valence band in
the films. For higher deposition current 0.8A, sp3 content inside the films was found to be

higher which affects the optical band gap.

1.2

11

0.9

g o

0.7

0.6
0 1 2 3 4 5 6
2
Presure (xIO™ mbar)
Figure 6.6: Optical band gap offilms as afunction ofdeposition conditions: is. 0.4 A, ¢
0.6 A and A.0.8A.

6.3 Effect of Process Parameters

The previous part of this chapter discussed the current-voltage characteristic, which can be
helped to control the current with voltage during the coating as well as etching. It is of
interest to see the effect of process parameters, e.g. deposition pressure, deposition current,
process gas and gas mixture, etc. on bonding structure and adhesion of the films. A clear
understanding of the process parameters are required to have control on deposition of DLC
thin films. It is of interest to find a way to increase the sp3 bonding in the films and good
adhesion with the substrates. This part discusses the effect of process parameters on the
films characteristics: (1) the growth rate (deposition rate), (2) films adhesion, (3) the

sp3/sp2 ratio since it is of interest to increase the ratio as far as possible for good quality of
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DLC films, (4) films stress and (5) hardness. The part also discusses the correlation
between the stress and adhesion of the films. The process parameters have been used to

deposition DLC films were discussed in experimental part.

6.3.1 Deposition Rate

The deposition rate was found to vary only slightly with chamber pressure and source
current as shown in figure 6.7. The deposition rate mainly varies in proportion to the flux
of acetylene atoms which is directly related to the source current and the proportion of
acetylene in the gas mixture. It is clear that there is some variation in deposition rate with
gas pressure with mid-range pressures showing a slightly lower growth rate. The reason
for this is not clear but is presumably due to a combination of the characteristics of the

neutral beam source and the scattering of the particles on their way to the substrate.

The density of the films was found to be in the range of 2.24-2.36 g cm' which is in the
typical range for DLC films.

2
Pressure (x 10" mbar)

Figure 6.7: Deposition rate offilms as afunction ofsource current, chamberpressure and

process gas. 4100% C2H2, 1A; A100% C2H2, 0.6A; O(90%C2H2+10%Ar), 1A;
A(90%CZH2+10%Ar), 0.6A.



6.3.2 Raman Spectroscopy

A typical Raman spectra of films deposited on 316L stainless steel is shown in figure 6.8.
It can be seen that there is one main peak with a broad shoulder on the low frequency side.
The position and size of the component peaks were determined by a curve fitting process
using the method of Ferrari and Robertson [231] where the main peak is fitted with a
Breit-Wigner-Fano (BWF) asymmetrical curve and the shoulders by Lorentzian curves.
The lack of clear features in the curve makes the fitting process somewhat subjective and

unreliable but consistent fits could be achieved using a combination of three peaks.

Wave number (cm’J)

Figure 6.8: Typical Raman spectrum of DLCfilm: 1.5x10™ mbar, 0.6 A and 100% C2H2
gas.

Figure 6.9 (a-b) shows the peak area ratio ((peak 2+peak 3)/ peakl) as a function of
deposition conditions using the pure acetylene and acetylene-argon (90% C2H2 + 10% Ar)
process gas. It can be seen that for 0.6A deposition current the peak area ratio increases
with increasing deposition pressure whereas for 1A deposition current there is more
complex behaviour. The area ratio is higher for the 1 A films compared with the 0.6 A

films with a peak at 2.8x10°'3 mbar indicates that the sp3 content is highest at this point. The
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peak area ratio for acetylene-argon gas mixture has also been found higher both in 1 and
0.6 A deposition current. In can be averred that argon can influence to increase the sp3

during deposition process.

™ >
gN+ w3

Pressure (x10“ mbar)

Figure 6.9 (a): Variation of peak area ratio as a function of deposition conditions:
+90%)C2lh +10%Ar gas mixture and 1 A current; O 100%C2H2 gas and 1 A current.

The variations of the coupling coefficient (Q) with deposition conditions are shown in
figure 6.10 (a-b). The value of Q decreases with increasing deposition pressure for 0.6 A
current whereas for 1A, it increasing up to 2.8 xIO'3 mbar deposition pressure and then
decreasing. According to Yoon and Prawer et al. [318,319] the Q value is correlated with
the spa/sp2 ratio with a decrease in the magnitude of the Q value (i.e. a more negative
value) indicating an increase in the sp3 content. Both the peak area ratio and the coupling
coefficient, Q, show similar behaviour in that the sp /sp ratio is maximised at higher
deposition pressure and lower deposition current (0.6A) whereas at pressure of 2.8x10“
mbar for 1 A current. For both the deposition currents, coupling coefficients have also

been found slightly higher for argon-acetylene process gas.
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Figure 6.9 (b): Variation ofpeak area ratio as afunction ofdeposition conditions:
k90%C212+10%Ar gas mixture and 0.6 A current; A/00%C2H2gas and 0.6 A current.
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Figure 6.10 (a): Coupling coefficient, Q, as a function of deposition conditions:

¢ 90%)C2112+10%)Ar gas mixture and 1A current; A 100%C2H2gas and 1A current.
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Figure 6.10 (b): Coupling coefficient, Q, as a function of deposition conditions:

+90%)C2lhX 10%Ar gas mixture and 0.6 A current; A 100%C2H2 gas and 0.6 A current.

6.3.3 Films Stress and Adhesion

Figure 6.11 (a-b) shows the residual stress as a function of the deposition conditions. For
all films, the stress is in the range 0.8 to 1.6 GPa. For the 0.6 A films (Fig. 6.11-b) the
stress increases as the chamber pressure is increased while for the 1 A deposition films
(Fig. 6.11-a) the behaviour is more complex. Here maximum stress was generated at the
deposition pressure of 2.8xI0~3. A clear correlation could be seen between the Raman peak
area ratio (Fig. 6.9) and residual stress. This is due to the residual stress inside the films,

which increases with increasing sp3-bonding fraction.

Figure 6.12 shows the pull-off adhesion strength as a function of deposition conditions.
Using 100% C2H2 process gas, it can be seen that the adhesion behaves in an inverse
maimer to the stress as shown in figure 6.11. This is not unexpected since stress and
adhesion are intimately connected. This relation can be clarified if the adhesion strength is
plotted against the inverse of the residual stress as shown in figure 6.13. The linear

relationship shows that

114



Adhesion x Stress = Constant

Adhesion measurements using a Rockwell C indenter were also carried out. The adhesion
of the various films is shown in table 6.1. It can be seen that there is a strong correlation
between the two assessment methods; the HF2 samples also show the highest adhesion
strength. The similar results can be obtained using the 90%C2H2+10%Ar process gas. The
adhesion strength of the films cannot be easily related to the structure as determined by
Raman spectroscopy or density. However, certain points are clear. Generally the best
adhesion can be obtained at the lowest deposition pressure (pressures lower than 1.5x10'
mbar could not be investigated due to instability of the neutral beam source). It is also

striking that the intrinsic stress is an absolute predictor of the pull-off adhesion strength.

Pressure (X 10" mbar)

Figure 6.11 (a): Residual stress as afunction ofdeposition conditions: A100% C2H2, 1A
u (90%CZH2+1096>Ar), 1A.
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Pressure (x 10' mbar)

Figure 6.11 (b): Residual stress as afunction ofdeposition conditions: ¢ 100% C2H2, 0.6A
A(90%C2H2+10%Ar), 0.6A.

Table 6.1: Rockwell and pull-offadhesion properties of films (100% C2H2 process gas).

Source current Pressure Rockwell Pull-off adhesion
(A) (mbar) adhesion (kg/cm?2)
0.6 1.5x10"* HF2 310
0.6 2.8x10'3 HF3 257
0.6 3.6x1 03 HF5 190
0.6 4.8x10'3 HF5 150
1.0 1.5x10"3 HF2 310
1.0 2.8x10'3 HF4 186
1.0 3.6x10'3 HF5 250
1.0 4.8x10'3 HF2 275
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Figure 6.12: Pull-off adhesion strength as a function of deposition conditions for
100%CiH2process gas: ¢ 0.6A, A.1A.

Pull-off adhesion strength (kg/cmz)

Figure 6.13: Relationship between the inverse ofthe residual stress and the pull-off
adhesion strength.
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6.3.4 Films Hardness and Young's Modulus

Hardness (H) and Young's modulus (E) of the films were measured using load-
displacement curve. Figure 6.14 (a) shows a typical load-displacement curve. The hardness
of the films was found to be in the range of 18 to 22 GPa, which is the typical range of
hard carbon films. Figure 6.14 (b-c) shows plots of the hardness and elastic modulus as a
function of the deposition pressure, which were deposited with 1 and 0.6 A current. The
maximum H (E) value ofthe films is -22 (230) GPa was found at the deposition current of
0.6A and pressure 4.8x10:3 mbar (Fig.6.14-c), whereas for a film deposited with 1A and
4.8x10'3 mbar pressure was found 18 (193) GPa (Fig. 6.14-b). For 0.6A deposition current
H (E) increases with increasing deposition pressure. This might be attributed to the
increase in sp3content in the film. These results support the Raman spectroscopy as well as
stress results, which is discussed in the previous section. Similar behaviour according to
Raman spectroscopy and stress with hardness has also been observed at 1A current. It also
logical to compare the hardness of the films with the surface hardness of the respective
substrate (316L stainless steel: 5.5 Gpa [320]). The hardness of DLC films on the substrate

shows that the differences are less significant and within the error limit.

0 20 40 60 80 100

Displacement (nm)

Figure 6.14 (a): A typical load-displacement curve ofDLCfdm.
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Figure 6.14 (b); Hardness (H) and Young's modulus (E) of DLCfilm deposited on 316L

stainless steel as afunction ofdeposition conditions: AHardness; ¢ Young's modulus; 1A.
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Figure 6.14 (c): Hardness (H) and Young's modulus (E) of DLCfilm deposited on 316L
stainless steel as afunction of deposition conditions: A Hardness; ¢ Young's modulus;

0.6A.
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The reason for the peak in spocontents at 1 A source current and 2.8x10'0 mbar chamber
pressure is not clear at this stage. The energy of the molecules bearing the neutral beam
system is approximately 1000 eV [295], It is known that particle energies in the range 100-
150 eV are most favourable for obtaining sp3 bonding in the carbon films. Higher energies
lead to graphitisation and lower energy can not cause sufficient bond rearrangement [42].
The particles will of course lose energy due to scatteringbetween the sourceand the
substrate and this loss will depend on pressure. It may be thatapressure of 2.8x10 ambar

gives the optimum particle energy, however, this does not explain why no such effect is
seen at 0.6 A. It is also interesting that the same effect is seen whether 100% C2H2 is used

or 10% Ar is included in the process gas.
6.4 Effect of Surface Treatment of 316L Stainless Steel

In this section DLC films have been deposited on to substrate of 316L stainless steel with
two different deposition pressures, 1.5x10'3 and 4.8x10'3 mbar and constant source current,
1A. The substrate was argon pre-etched for investigating the effect of surface treatment on
the adhesion of films. Etching time and other deposition parameters have been discussed in

experimental part.

6.4.1 Raman Spectroscopy

The Raman spectra of the films prepared under different etching time were fitted with a
BWEF line shape centred with additional Lorentzian distribution centred. A peak at -1200
cmt has also been considered as due to nanocrystalline or amorphous diamond [321-326],
The background has been subtracted for best fit. A typical Raman spectra and fitted curve
of films deposited on 316L stainless steel are shown in figure 6.8. Figure 6.15 shows the
peak area ratio ((peak 2+peak 3)/peak 3) as a function of deposition condition. It can be
seen that for 1.5x10'3 and 4.8x10'3 mbar deposition pressure films the peak area ratio
increases with increasing substrate etching time up to 15 minutes and then decreases. The
peak area ratio is indicative of a change in the bonding structure of the films. The area
ratio is higher for the higher deposition pressure compared with the lower deposition
pressure films with a peak at 15 minutes etching time in both cases. The variation of the

coupling coefficient (Q) with deposition conditions are shown in figure 6.16. It is noted

120



that Q is the BWF coupling coefficient and represents the degree symmetry of the G peak.

Large negative Q value indicates increased asymmetry of the peak.

The value of Q decreases with increasing etching time up to 15 minutes and then increases.
The Q value is correlated with the sp3/sp2 ratio with a decrease in Q value indicating a
decrease in the sp2 content. Both the peak are ratio and the coupling coefficient, Q, show
similar behaviour in that the sp”/sp’ ratio is maximised for an etching time of 15 minutes.
It is not, however, clear at this stage how the etching should influence significantly the
bulk structure of an amorphous film. This is investigated and discussed in to the next

section.

5 10 15 20 25

Etch time (min.)

Figure 6.15: Ratio ofRaman peaks infilm as afunction ofargon etch time: A 1.5x10*

mbar, O 4.8x1 O3 mbar.

6.4.2 Films Stress and Adhesion

Figure 6.17 shows the pull-off adhesion strength of DLC films deposited on substrates as a
function of argon etch time. The results are the average of three tests and the error bars
show the standard deviation of the results. The maximum adhesion of the film was found

at 15min etching time. The same result was found for Rockwell adhesion shown in figure
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6.18. The points on this graph show the results of two tests; each test giving the same

result.

10 15 20 25
Etch time (min.)

Figure 6.16: Coupling coefficient, Q, as afunction ofargon etch time: A 1.5x1f mbar,

0 4.8x1 O3 mbar.

Even without any adhesion layer between the steel and the DLC, a Rockwell figure HF2 is
obtained indicating good adhesion whereas HFe6 indicates poor adhesion (Fig: 6.19).
Figure 6.19 (d) shows a typical failure, which can be related to the adhesion quality HFeé
that has been mentioned in previous section. This shows lateral cracking, which forms
circumferentially around the indentation and leads to large circular delamination by piling
up the substrate. It is clear that the pressure under which etching and deposition were
carried out had little effect on the adhesion within the range of experiment, even though
there were significant differences in film structure and stress. In all cases the surface on the

substrates was the same since they were all polished and prepared by the same process.

As stated previously, the film hardness showed little variation with deposition conditions
therefore, this confirms that the effect on the substrate surface rather than the film structure
has the major effect on adhesion. Figure 6.20 shows the stress of the films as a function of

argon etch time. The minimum stress is also seen to occur at 15 min. argon etch time,
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consistent with the best adhesion. The film hardness showed little variation with film

structure and stress variations, having values in the range-18-22 GPa.
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Figure 6.17: Pull-off adhesion strength of films as a function of argon etch time:

A 1.5x10 3 mbar, d4.8x10 *tnbar. Error bars show the standard deviation.
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Figure 6.18: Rockwell C adhesion offilms as a function of argon etch time: A 1.5x10s

mbar, 0 4.8x10 3 mbar.
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Figure 6.19: Rockwell indentation for adhesion evaluation of DLC films deposited on
316L stainless steel: (a)film deposited with 4.8xI0~ mbarpressure and 15 min. etch time,
the feature represents adhesion in HF2 Rockwell indentation scale and shows cracks of
thefilms surrounding the indenter; (b)film deposited with 4.8x10" mbar pressure and 10
min. etch time, the feature represents adhesion in HF3 Rockwell indentation scale and
shows large amount of cracks (compare to Fig; 6.19-a) of the films surrounding the
indenter. The fragments of the films are due to indentation (small spots). Magnification

80x.
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Figure 6.19: Rockwell indentation for adhesion evaluation of DLC films deposited on
316L stainless steel: (c)film deposited with 1.5x1 Os mbar pressure and 05 min. etch time,
the feature represents adhesion in HF4 Rockwell indentation scale and shows slight
delamination ofthefilm at the edge ofthe indenter; (d)film deposited with 1.5x10" mbar
pressure and o min. etch time, shows lateral cracking which forms circumferentially
around the indenter and leads to large circular delamination by pilling up the substrate.
Thisfeature represents adhesion in HFe6 Rockwell indentation scale. Thefragments ofthe

films are due to indentation (small spots). Magnification 80x.
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Figure 6.20: Film intrinsic stress as afunction ofargon etch time: A 1.5x10" mbar,

0 4.8x10'3 mbar.

6.4.3 FTIR

In order to investigate the surface changes which occurred during etching gave rise to
these variations in adhesion and film structure the composition of the surface oxide layer
on the substrate was determined by measuring the FTIR transmission of the oxide layer in
the reflection mode. The FTIR spectra of substrate surfaces with different etching times
are shown in figure 6.21. The prominent features in the spectrum from the unetched
substrate are two peaks at 405 and 430 cm'i which can be ascribed to bond
absorption [327]. There are a number of other peaks which are more difficult to identify;
they could be a combination of iron and nickel oxides, but those at 475 and 504 cm'1 may
be related to the iron oxide Fe2Cs. As etching proceeds, these bands reduce until after 15

mins etching there is only a small trace of the 405 cm'1 band and the main absorption peak
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occurs at -450 cm'l This may be due to the nickel oxide Ni203. With increased etching
time the spectrum reverts to that more characteristic of Cr203 + Fe2Cs. Analytical and
structural investigations of the oxide layer formed on 316L stainless steel after oxidation
under various conditions have shown that it does not have homogeneous composition; the
outermost part of oxide film consists of mixed iron-nickel oxide whereas innermost part of
the film consists of chromium oxide film [328,329], The results given here suggest also
that the oxide layer is inhomogenoeous and that adhesion is best when only a nickel oxide
layer remains on the surface. However, this does not explain why the Cr203 + Fe2Cs layer
should redevelop after longer etching times. It should be mentioned that these FTIR
measurements were done ex-situ immediately after deposition, which implies that there
will be some re-oxidation of the surface by exposure to air. The evolution of this layer with
time was observed and it was found to take several hours before the steel returned to its
pre-etched state. It is possible that the longer etch time totally removes any surface oxide
which leaves the steel surface in a very reactive condition so that on exposure to air a
Cr2Cs + Fe2Cs layer is rapidly produced whereas the existence of a nickel oxide layer

maintains passivation and only allows slow reoxidation.

The argon etching of the film therefore has two effects; (i) it improves the film adhesion
significantly as shown by the Rockwell C test results changing from HFe to HF2 and (ii) it
affects the bulk film properties as shown by the changes in their Raman spectra. It has to
be considered whether it is solely the bulk properties that affect the adhesion, however, the
fact that the film hardness does not vary and the film stress only varies by -30% is not

enough to give the large changes in adhesion which were found.
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Figure 6.21: FTIR transmission spectra ofsurface oxide as afunction ofargon etch time:

80 degree incidence angle and reflectionfrom substrate.

6.5 Effect of Surface Treatment of 316L stainless steel, CoCr and Ti6A14V Alloys

In this section DLC films have been deposited on to substrates of 316L stainless steel,
cobalt-chrome and titanium alloy with constant deposition pressure, 1.5x10" and source
current, 1A. Substrates were argon pre-etched and the etching time and other deposition

parameters have been discussed in experimental part.

6.5.1 Raman Spectroscopy

Figure 6.22 shows the peak area ratio ((peak 2+peak 3)/peak 1) as a function of deposition
condition for 8 mm thick substrates. It can be seen that the peak area ratio increases with
increasing substrate etching time up to 15 minutes and then decreases. The peak area ratio
is indicative of a change in the bonding structure of the films. The area ratio is higher for

the CoCr alloy followed by titanium alloy and finally the 316L substrates. The variations



of the coupling coefficient (Q) with deposition conditions are shown in figure 6.23. The
value of Q decreases with increasing etching time up to 15 minutes and then decreasing.
The Q value is correlated with the sp /spyratlo with a decrease in the magnitude of the Q
value (i.e. a more negative value) indicating an increase in the sp content [318,319]. Both
the peak area ratio and the coupling coefficient, Q, show similar behaviour in that the

sp3/sp2 ratio is maximised for an etching time of 15 minutes.

Etch time (min.)

Figure 6.22: Ratio of Raman peaks in films as a function of argon etch time: 0316L

stainless steel, O CoCr alloy and AH6A14Valloy (8 mm thickness substrates).

6.5.2 Adhesion

Figure 6.24 shows the pull-off adhesion strength of DLC films deposited on substrates as a
function of argon etch time. The maximum adhesion of the film was found at 15 min.
etching time. The same result was found for Rockwell adhesion shown in figure 6.25.
Even without any adhesion layer between the substrates and the DLC, a Rockwell figure
HF1 is obtained on CoCr alloy substrates indicating good adhesion. It is clear that there is
a direct relationship between the adhesion and the film structure in terms of sp content as

shown by both the peak area ratio and the coupling coefficient.
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Figure 6.23: Coupling coefficient, Q, as afunction of argon etch time: O3I6L stainless

steel. O CoCr alloy and A Ti6Al4V alloy (8 mm thickness substrates).
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Figure 6.24: Pull-offadhesion strength offilms as afunction ofargon etch time: 03I6L

stainless steel, 0 CoCr alloy and A H6A14V alloy (8 mm substrates).
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Figure 6.25: Rockwell C adhesion offilms as a function of argon etch time: 0316L

stainless steel, O CoCr alloy and A Ti6Al4Valloy (8 mm substrates).

Figure 6.26 (a-d) shows the typical Rockwell indentation photographs of DLC films
deposited on Ti6A14V and Co-Cr alloys with the magnification of 80x in all cases.

6.5.3 Effect of Temperature

Fig. 6.27 shows the temperature generated as a function of etching and deposition times
with contact and non contact substrate. Note that between etching and deposition the
substrates were allowed to cool to the ambient temperature. Consequently the temperature
reached during deposition was independent of etching time. The temperature increased to
-110 °C and ~81 °C during the etching and the deposition respectively of the better-
insulated substrates compared to -79 °C and -65 °C for the less well insulated substrates.
The evolution of the film structure with argon etch time for the higher temperature 316L
substrates is shown in figure 6.28. Here it can be seen that the peak of sp content occurs at
shorter times compared to the measurements on the less-insulated substrates. This
indicates that the temperature of the substrate during etching affects the film structure and

consequently adhesion; all films experienced the same deposition conditions. If the point
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of maximum adhesion is compared to the temperature during etching, it is clear that there
is a narrow “window” during which best results are achieved. At etch times of 15 mins.
(cooler) and 5 mins. (hotter) substrates this equates to a temperature of -75 °C. The peak
area ratios and coupling coefficients of the hotter compared to the cooler substrates (0.37
v. 0.28 for peak are ratio and -14 v. -10 for Q) show that the higher temperature during
etching produces a significant increase in the sp3 content. It is not clear if this difference is
caused by the etching alone; it may also be influenced by the temperature during

deposition.

The adhesion of DLC films to different substrates is related to chemical interaction
between the film and substrate surfaces, microstructural defects in the fihn-substrate
interface and compressive stress levels in the film. A clean surface is vital for good
adhesion of the film as oxide and other contaminant layers are known to have a detrimental
effect on film adhesion. Even in the case of clean substrate surfaces, the adhesion strength
will depend both on the nature of the substrate material, and on the deposition conditions
due to the change in initial growth mechanisms as the growth Kinetics are altered. Titanium
and chromium are known to form carbide interlayers, poor adhesion of DLC to the
titanium alloy may be due to a thicker than expected oxide layer as observed by others
[330], Argon sputter etch cleaning can be used to remove oxides, however excessive
sputter etching can introduce sputter-induced defects which have been shown to be a factor
in the reduced adhesion strength ofthe CH4/Ar produced films [330],
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Figure 6.26: Rockwell indentation for adhesion evaluation of DLC films deposited
Ti6Al4V alloy: (a) film deposited with 1.5x1 03 mbar pressure and 0 min. etch time, the
feature represents adhesion in HF4 Rockwell indentation scale and shows slight
delamination ofthefilm at the edge ofthe indenter; (b)film deposited with 1.5x10" mbar
pressure and 10 min. etch time, the feature represents adhesion in HF3 Rockwell
indentation scale and shows cracks and little delamination of the films surrounding the

indenter. The fragments of the films are due to indentation (small spots). Magnification
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Figure 6.26: Rockwell indentation for adhesion evaluation ofDLC films deposited cobalt
chrome (CoCr) alloy: (c)film deposited with 1.5x1 (Xs mbar pressure and 0 min. etch time,
the feature represents adhesion in HF5 Rockwell indentation scale and shoM%
circumferential cracks surround the indenter andfilms is not completely delaminated; (d)
film deposited with 1.5x1 O3 mbar pressure and 10 min. etch time, shoM’s a typical failure
which can be related to the adhesion strength quality HF1. Thefragments ofthefilms are

due to indentation (small spots). Magnification 80x,

134



125

aaaaaaa

100 aaaa
A

® 75
& ﬁ'aaAA ...*o5;oooooooooooooooooooocb
b 50 - ooooo0°°
§ A * o (
H 25

10 20 30 40

Time (min.)
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Chapter 7
Modelling for Cohesive Strength of DLC Thin Film



7.1 Finite Element Analysis (FEA)

The finite element method is a numerical procedure that can be used to solve many of the
problems encountered in engineering analysis, including stress analysis, joint
displacement, heat transfer, fluid flow, electromagnetism and solid mechanics problems. In
thin film coating of metal substrate, FEA is used to validate and predict the experimental
results through the numerical formulation. Film-substrate adhesion as well as cohesion is a
major problem in thin film technology. Several methods can be used to measure cohesive
strength of the films. The four point bend test (FPB) is one of the simplest and easiest
method than can be used to measure the cohesive strength of films. FEA may help
researchers to understand where the maximum stress arises in film substrate component
and hence helps to identify cracking during the test. The load, which produces the cracks,
called critical load (Pa) can be used in mathematical equation as well as FEA to measure
the cohesive strength of films. In this a way FEA may support experimental work and to

observe the stress distribution across the coating thickness.

There are many finite element method software programs available to provide various
engineering solution. However, the ANSYS program has been used in the current research,

as it is widely available within the university.

The origin of the modem finite element method may be traced back to the early 1900s,
when some investigators approximated and modelled elastic continua using discrete
equivalent elastic bars. The ANSYS finite element method software was released in 1971
for the first time. Every year this software package is upgraded and the current version of
ANSYS contains multiple windows incorporating a Graphical User Interface (GUI), pull-
down menus, dialog boxes and a tool bar. The following section is to introduce the basic

concepts of FEA.

Some of FEA's limitations arise from difficulties in creating an adequate model of the
complex geometries (e.g., heavily contoured resonators or composite resonators) that
require three-dimensional models. The model is often simplified in order to reduce
modeling and computing time. Such a model will always give somewhat limited or
incomplete results. The FEA engineer must have sufficient experience to estimate the

effect of such simplifications.
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7.2 Engineering Problems

Engineering problems can be described in general as being mathematical models of
physical situations [331]. The mathematical model generally comprises numerous
differential equations with sets of corresponding initial and boundary conditions. The
differential equations are derived by applying fundamental laws and principles of nature to
an engineering system. These equations represent the balance of mass, force or energy.
When possible, the solution of these equations renders a detailed behaviour of a system

under a given set of conditions.

Analytical solutions show the exact behaviour of a system at any point within the system.
An analytical solution may be composed of two parts: firstly, homogeneous part and
secondly, a particular part. In any engineering system, there are two sets of parameters that
influence the way a system behaves. Firstly there are those parameters that provide
information regarding natural behaviour of a given system and always appear in the
homogenous part of the solution. Examples of these parameters include modulus of
elasticity, viscosity and thermal conductivity of a material. On the other hand, there are
parameters that produce disturbance in a system and they appear in the particular part of
the solution. Examples of disturbing parameters include external force, pressure difference

in fluid flow and temperature difference across the medium.

7.3 Numerical Method

Many practical engineering problems can only be solved approximately. This inability to
obtain an exact solution may be attributed to either the complex nature of the governing
differential equation or the difficulties that arises from the dealing with initial and
boundary conditions [331], To deal with such problems, numerical approximations are
used. In contrast to analytical solutions, which show the exact behaviour of a system at any
point within the system, numerical solutions approximate exact solutions only at discrete
points. The first step in the numerical procedure is to discretize (divide) a system into
small subsystems known as elements who's shape is described by discrete points known as

nodes.



There are two types of numerical methods, finite difference method and finite element
method. With finite difference method, the differential equation is written at each discrete
point (node) and the derivatives are replaced by difference equations. This approach results
in a set of simultaneous linear equations [332], The finite difference method is easy to
apply to a simple system. However, it becomes difficult to apply to a system with complex
geometries or with complex boundary conditions. An example of this would be a system

involving nonisotropic material properties.

The finite element method uses integral formulation rather than difference equations to
create a system of algebraic equations. Moreover, an approximate continuous function is
assumed to represent the solution for each element. The complete solution is generated by
connecting or assembling the individual solutions allowing for continuity at the inter

elemental boundaries.
7.4 Steps in the Finite Element Method
The basic steps in any finite element analysis consist of the following [333]:

a) Preprocessing Phase

i) Create and discretize the solution domain into finite elements, that is the system
is subdivided into nodes and elements.

i) Assume a shape function to represent the physical behaviour of an element; that
IS an approximate continuous function is assumed to represent the solution of
an element.

iii)  Develop the element equations.

iv)  Arrange and assemble the elements to represent the entire system. Construct the
global stiffness matrix.

V) Apply boundary conditions, initial conditions and loading.

b) Solution Phase
) Solve aset of linear and nonlinear algebraic equations simultaneously to obtain
nodal results, such as displacement values at different nodes or temperature
values at different nodes in a heat transfer problem.
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Postprocessor Phase
)] Using the nodal values and interpolation functions, other parameters such as

strain, stress etc. inside each element may be determined.

7.5 Four Point Bend Test (FPB)

Three types of strength are important for coating materials: bond (adhesive) strength,
cohesive strength and in-plane strength. The distinction between the first two can be made
by failure location. If failure occurs at the coating-substrate interface, the corresponding
strength value is adhesive and if it occurs within the coating, the strength value is cohesive.
Of the two, adhesive strength is the most important since coatings often fail by debonding
at the interface. Therefore, a systematic investigation of the decohesion mechanism and
determination of adhesion strength of DLC coating on 316L stainless steel are necessary
and the results will give guidelines on the coating procedure for further improvement of

their performance behaviour.

Various mechanical test methods such as tension, plane bending, torsion and four point
bend test have been conventionally used to characterise the mechanical properties of
materials. Amongst these tests, the four point bend test is of practical interest and offers a
number of advantages over the other testing methods. Firstly, it produces a uniform
moment between the two inner loading rollers in the specimen, which gives rise to a
uniform maximum tensile stress in the specimen surface. Secondly, no special sample
gripping is needed for the four-point bend test, which makes it possible to test brittle
materials in tension, and sample preparation is relatively simple since a specimen with
uniform rectangular cross section is usually used in the test. Thirdly, sample mounting and
dismounting is fairly straightforward in a four point bend which makes it very convenient

compared to the other mechanical test methods [334].

7.5.1 Theoretical Background of Four Point Bend Test

The loading arrangement for the four point bend test is as shown in figure 7.1. The

maximum bending moment in a four point bend test is given by,



M = P(L"-L’)

where P,Lo and L] are the applied load, outer and inner loading span distance, respectively.
The stress is maximum along the top and bottom surface of the beam and is given as,

. =My 72

where 1 is the second moment of area for the beam cross-section and y represents the
position of the neutral axis with respect to the top or bottom surface of the beam. In the
present case, since the beam consist of two layers, individual components of stress and

moment of inertia for coating and the substrate have to be considered.

P/2 P/2

Figure 7.1: The loading arrangementfor thefour-point bend test.

Since the coating and substrate are of different material having different Young's moduli,
there will be a shift in the neutral axis of the rectangular cross-section under the bending
load. Using the strength of materials approach, the actual cross-section can be transformed

into an equivalent cross-section in terms of its two components [335], Figure 7.2 (a) shows
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the sketch of the cross-section of coating-substrate material, whereas figure 7.2 (b-d)
shows the transformed cross-section. This transformation depends only on the elastic
modulus.

The elastic modulus ratio, n, is given as

where Ecand Esare the elastic modulus of coating and substrate respectively.

@) (b) (©) ()

Figure 7.2. Cross section of coating-substrate material system: (a) original cross-section;
(b) transformed cross-section (Es = Ec (trivial)); (c¢) transformed cross section (ESSEQ¢ and

(d) transformed cross section (EEQ.

In the transformed cross-section the first parameter to be calculated in the position of the

neutral axis, yc, and can be written with respect to the coating surface as follows,

- Mt_ M Y + M gupstrate _Mc+ M, 74

y - A, Areaiaal A,

hlbj2 +h,b,(hj2 + K)
y' ~ KK +KK

where h and b are the height and width of the constituents respectively, while the
subscripts ¢ and s signify the coating and substrate respectively. The next step is to
calculate the second moment of area, 1. Since the neutral axis is not at the geometric

centre, a parallel axis theorem must be used to shift the I-values of each constituent area to



the neutral axis and therefore total moment of inertia It of the entire coating-substrate

system is given by the following relationship,

7.6

f 73 A \2
| = RK +hh + +hb. h, +—

vi12y V12

N

The maximum stress on the substrate surface is given as,

My,  P(L.-L.)y,
1, M,

1.7

and the maximum stress in coating surface is given by Hooke's law as,
<Y, = Ecs,

but,

<, =ES£s

Therefore,

o', =ncr.

\£s]
ro 7.8

or,<j =ncrs y.
\y sJ

where sc and 8Sare strains in coating and substrate respectively and ys is the distance

between the substrate surface and neutral axis.

Thus by substituting the Eqg. (7.7) into Eq. (7.8), an analytical solution to calculate the

strength of coating, a cr, at critical load Pa; is obtained.

(@>-a K 79

(o=n """y

Pa is to be determined experimentally from the load displacement curves (LVDT
technique) during four point bend test. This load corresponds to the point on the curve

where deviation linearity occurs.
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7.6 Experimental Procedure

The specimen prepared from 316L stainless steel used in the four pint bend test consists of
straight beam of rectangular cross section with dimension 50 mm x 4 mm x 0.25 mm.
Before deposition, substrates were prepared in the same way used for deposition tests as
described the experimental section. Substrates were coated under same deposition
parameters.

The coated samples were subjected to four point bend test with a 26 mm inner span and a
40 mm outer span using LVDT technique. Load and displacement during tests were
recorded by an in built computer data acquisition system. From the load-displacement
plots, the initiation of first crack can be found by observing the point at the plot where
deviation from the linearity occurs. The value of the load corresponding to this point was
then further used to calculate cohesive strength of the coating using Eq. 7.9 to obtain
accuracy results. At least three tests were carried out for each parameter. It should be noted
that this method of calculation of cohesive strength of the coating is valid only if the
initiation of the crack occurs within the coating. Finite element analysis (FEA) has been
used to verify location where maximum stress generated across the coating thickness and
can produce initial crack during the test. The accuracy of strength formula (Eg. 7.9) has
also been checked by FEA.

After the test was carried out, Stereoscan 440 (developed by Leica Cambridge Ltd.)

scanning electron microscope (SEM) was used to reveal the crack.

7.7 Results and Discussion

Figure 7.3 shows a typical load-displacement curve obtained during the four point bend
test. It was obseived that the load-displacement behaviour displayed by all the samples
was similar in general nature. From figure 7.3, it can be seen that the initial part of curve is
linear indicating an elastic behaviour of the beam. However, the point where inelastic
behaviour starts as a result of the crack initiation in the coating is considered as critical
load Pa, which determines the cohesive strength of the coating. At the point after the crack
has propagated through the entire thickness of the coating and reached the interface, the
load tends to become constant suggesting the beginning of the load via plastic deformation

of the substrate material. The values for critical load obtained for the various deposition



conditions tested on the four point bend test are given in table 7.1. This table also provides
the values of cohesive strength of the films calculated by equation 7.9. The thickness and
elastic modulus of the films with different deposition conditions have also been mentioned
in table 7.1. From table 7.1 it is observed that as the deposition pressure increase, the
cohesive strength of 0.6 A film increase. For 1A deposition current, these values do not
increase with increasing deposition pressure. Along with pressure variables, the cohesive
strength values calculated by the beam theory method are inclusive of the effect due to
residual stresses incorporated during film growth and the residual stress is a predominant
factor affecting the cohesive strength of the coating. By convention, a negative sign
indicates compressive stress whereas positive sign indicates tensile stress. Compressive
stress adds up to the cohesive strength of the coating and is beneficial in enhancing the
surface properties and interfacial strength. On the other hand, tensile stress decreases the
strength of the coating and interfacial strength and is undesirable for coating performance.
It is noted that the residual stress generated in DLC coatings during film growth is
compressive and the coated samples were tested in a configuration to place the coating in

tension.

The behaviour of the cohesive strength as a function of a source current and pressure is
very similar to changes in sp3 content (see Fig. 6.9). Higher proportion of covalent bonds

in sp3rich material probably accounts for this.

Figure 7.4 shows typical cracks, which were formed at critical load Pa (Fig. 7.3). The
verification of crack initiation at the surface is veiy important. But, it is difficult to observe
the crack across the film thickness. It is believed that the crack had initiated on the surface
of the DLC film and once the crack reached the interface, further loading lead to the
formation of interface cracks. This has been proven by finite element analysis where the
maximum stress generated to the outer surface of the film, which can provide crack

initiation.
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Figure 7.3: Typical load-displacement curve obtained during the four point bend test.

(1.5x103 mbar, 1 A and 100% C2H2 gas).

Table 7.1: Properties of DLC films, which were deposited with 100% C2H2 process gas

and with different deposition parameters.

Source
current

(A)
0.6
0.6
0.6
0.6
10
10
10
1.0

Pressure
(mbar)

1.5x10°3
2.8x10°3
3.6x10'3
4.8x10°3
1.5x10°3
2.8x10'3
3.6x10'3
4.8x10'3

* At the interface

Film
thickness,
t (micron)

0.36

0.35

0.362

0.38

0.435

0.425

0.425

0.455

Young's

modulus,

E (GPa)

210
228
225
230
220
225
214
193

145

Critical
load, Par

(N)
11.15
125
15.6
182
10.60
15.75
14.72

Cohesive

strength,

Clr (GPa)
0.980
1.193

1.47

1.752
0.976
1.4833
1.3212

Maximum Residual

stress by

FEA(GPa)
0.982
1.195
1.472
1.755
0.977
1.486
1321
1.104*

stress
(GPa)
0.864
1.078
1.348
1.63
0.858
1.36
1.20
0.97



Figure 7.4: Typical SEM micrograph shows cracks obtained during the four point bend
test ofDLCfilm (1.5x1 03 mbar, 1 A and 100% C2H2gas).

7.8 Study of the Stress Distribution Across the Coating Thickness by FEA

A two dimensional finite element technique is considered to analyse the stress distribution
across the coating thickness. This result can help the exact location of crack initiation
during the four point bend test. Three different specimen geometries have been considered

in this model to investigate the change of stress distribution across the coating thickness.

Specimen geometry one: The film and substrate are perfectly bonded and considered a

single beam.
Specimen geometry two: The film and substrate are perfectly bonded and considered a

single beam but one element on the outer surface of the central point of the film was

considered to be very soft (i.e. E«<1) that is considered as a notch effected beam.
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Specimen geometry three: There is no coated materials at the central point (25 mm from

one end of the substrate) of the substrate.

The following assumptions have also been considered to create these models.

1 Film and substrate are perfectly bonded.

2. Film is uniformly deposited on the substrate, i.e., there is no thickness variation over
the substrate.

3. There is no friction between the loading points and beam, and supporting points and
beam.

4. Film is considered to be in a stress (intrinsic compressive stress) free condition, i.e.,
there is no stress between the film and the substrate before external loading is applied.

The dimension of the substrate and film were considered as 50 mm x 4 mm x 0.25 mm and
50 mm x 4 mm x 0.000435 mm, respectively. The Young's modulus, Poisson ratio and
density of the substrate are 200 GPa, 0.29 and 7.79 gm/cm3, and for coating, two Young's
modulus 220 GPa and 193 GPa and Poisson ratio 0.25 and density 2.24gm/cm3have been

considered in these models.

Due to the symmetry of the problem, half of the specimen is analysed with PLANES2 -
2-D 8-node structural solid (Fig. 7.5) using commercial FE software ANSYS 5.5. The

schematic diagram of the FE model is shown in figure 7.6.

Y

(or Axial) Triangular Option

X (or Radial)

Figure 7.5: PLANES82 is used for 2-D modeling of solid structures. The element is
defined by eight nodes having two degrees offreedom at each node: translations in the

nodal x andy directions.
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Figure 7.6: A schematic illustration ofthe FE model.

For a finite element model to produce the correct results, it must be both valid, i.e.
properly represent the physical problem (geometry, material properties, loading and
boundary conditions) and accurate, i.e. being at or near convergence. The effect of model
size was thoroughly examined in this study and the loading and boundary conditions are
believed to correct. The accuracy of a finite element model will depend on the type of
element used in the model and the fineness of the mesh, and is best evaluated by observing
the convergence of the solution as the number of elements defining the problem is
increased. This is particularly difficult however, because of number of elements are limited
to 32,000 in the ANSYS software. The accuracy (convergence) of the model was
confirmed by examining the effect of increasing mesh density and comparing the results
with known analytical values. The element type and spacing of element, all influenced the
results to some extent. The mesh design used plane82, which can provide automatic
meshes and can tolerate irregular shapes without as much loss of accuracy. The meshing
spacing was biased towards the beam length and coating thickness. The model was built
with the largest possible number of elements in order to improve the accuracy of the
solution. The models used approximately 5600 elements and 17629 nodes, and 6000
elements and 18831 nodes for without and with interface beams respectively. The point
load of 0.0053 kN was applied to the node of the upper surface of the beam, which is 12
mm from the edge of the model geometry. The point load and the boundary condition of

the model are shown in figure 7.7.
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Figure 7.7: Finite element model of coated substrate beam (specimen geometry one,
applied load 10.6 N, coating thickness and young's modulus are 0.000435 mm and 220
GPa respectively).
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Figure 7.8 (a): Stress distribution ofcoated substrate along the x direction.
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Figure 7.8 (b): Stress distributions along the x direction ofenlargedpart offigure 7.8(a).
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Figure 7.8 (c): Stress distributions along the x direction ofenlargedpart offigure 7.8 (b).

Figure 7.8 shows the stress distribution across the film thickness in the middle of the beam.
Bending is primary deformation made in the outer surface of the film. It causes bending
stress of up to 0.977 GPa, which is most likely to initiate crack and propagate through the
film thickness.

7.9 Results and Discussion

Figure 7.9 (a-c) shows the stress distribution across the coating thickness, which has been
taken from outer surface of the central part of the film. Figure 7.9 (a) shows stress
distribution for specimen geometry one and figure 7.9 (b) and (c) show the stress
distribution for specimen geometry two and three respectively. In all cases, the stress
distribution across the coating thickness for low Young's modulus film (i.e. EGES was
found different behaviour compared with higher Young's modulus (EGES film. Figure
7.9 (a) shows maximum stress is concentrated at the outer surface of the film for higher Ec.
The stress is gradually decreased up to three-fourth of the film thickness. This change is
not so far but consistent. Beyond this point, the stress is abruptly falling down up to the
film-substrate interface. This is because the change of Young's modulus of film and

substrate. After the interface, the stress also decreased linearly and come down to zero at
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neutral axis. This part is not important to analyse stress in this section. So, it can be
avoided during analysis. For lower Young's modulus film (Ec<ES), the stress distribution
was found in reverse way up to film-substrate interface which indicates that maximum
stress is concentrated at film-substrate interface. Figure 7.10 shows the deflection along
the beam length. The maximum deflection occurred at the middle of the beam, which is
slightly higher than experimental result. It could be possible because of the friction

between supporting points.

If one element at the bottom surface of the film is considered to be very of soft property
(E«<1), the stress distribution across the film thickness is increased linearly from the
outer surface to half of the film thickness in both higher and lower Young's modulus film
(in Fig. 7.9 (b)). After that the stress distribution behaviour is similar to figure 7.9 (a).
Figure 7.9 (c) shows the variation of the stress across the film thickness. Maximum stress
is concentrated at the outer surface (symbolised 1) of the film. The stress decreased
linearly until one-fourth of film thickness reached and it starts to increase linearly up to
one-fourth of film thickness and then increased again to the interface. It has been found for
lower Young's modulus film. On the other hand, the stress distribution for higher Young's
modulus film has shown different behaviour after one-fourth of film thickness. The stress
appears to reach a plateau and then starts to decrease with the minimum observed stress at
the interface (Fig. 7.9 (a-b)).
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Figure 7.9 (a): Stress distribution across the film thickness with applied load, 10.6 N:

solid linefor Ec=193 GPa and dotted linefor Ec=220 GPa (specimen geometry one).
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Distance from outer surface of coating (mm)

Figure 7.9 (b): Stress distribution across the film thickness with applied load, 10.6 N:

solid linefor Ec=193 GPa and dotted linefor Ec=220 GPa (specimen geometry two).
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Figure 7.9 (c): Stress distribution across thefilm thickness with applied load, 10.6 N: solid
linefor Ec=193 GPa and dotted linefor Ec=220 GPa (specimen geometry three).
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Figure 7.10: Deflection in the outer surface along the beam with applied load 10.6 N for

specimen geometry one.



In the following section, two different specimen geometries have been considered to
investigate the change of stress distribution across the coating thickness. Three layers;
substrate, film and interface have been considered in these models. The dimension and the
properties of film and substrate are same as previous work whereas the dimension of the
interface is 50 mm x 4 mm x 20x10‘6 mm. Two different interfacial properties have been
considered. One is similar to the film property and other is different Young's modulus, 16

GPa and Poisson ratio, 0.44 that is very soft compared with film property.

Specimen geometry one: Film, substrate and interface are perfectly bonded and considered

asingle beam.

Specimen geometry two: Film, substrate and interface are perfectly bonded and considered
a single beam but one of the elements in the outer surface of the central point of the film

has considered very soft (i.e. E«<1) which is assumed as a notch effected beam.

Figure 7.11 (a-d) shows the stress distribution across the film thickness as a function of
interfacial properties. In figure 7.11 (a), the stress distribution behaviour is similar to
figure 7.9 (a). Figure 7.11 (b) shows the different mode because of its soft interfacial
property. Here stress is gradually increased until it reached to 3.22xI10""4 mm film
thickness. Stress from 3.22x10"'4 mm thickness was found to decrease linearly near the
upper surface of the interface. This happened because of soft interfacial property (low
Young's modulus). The stress is then increased gradually because of higher Young's
modulus of the substrate. Figure 7.11 (c-d) has considered one element at the middle of
bottom surface of coating is very soft property (E«<1). The stress distribution behaviour
across the coating shown in figure 7.11 (c) is almost similar to that shown in figure 7.9 (b)

because of similar material properties.

Figure 7.11 (d) shows the stress near the interface changed due to different properties
between film and interface. Stress is increased linearly across the film thickness until it
reached to half of film thickness (0.000222 mm) and then remain almost constant up to
two third of coating thickness. After that the stress is decreased linearly because of lower
Young's modulus interface. After crossing the interface, it increased gradually due to the

substrate.
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7.11 (@) Stress distribution across thefilm thickness with applied load, 10.6 N: solid line
for Ec=193 GPa and dotted linefor Ec=220 GPa (specimen geometry one, DLC interface).
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7.11 (b): Stress distribution across thefilm thickness with applied load, 10.6 N: solid line

for Ec=193 GPa and dotted linefor Ec=220 GPa (specimen geometry one, soft interface).
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Figure 7.11 (c): Stress distribution across thefilm thickness with applied load, 10.6N:
solid linefor EG=193 GPa and dotted linefor Ec=220 GPa (specimen geometry two, DLC

interface).
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Figure 7.11(d): Stress distribution across the film thickness with applied load, 10.6N:
solid linefor EG=193 GPa and dotted linefor E(=220 GPa (specimen geometry two, soft

interface).

156



Chapter 8

Conclusions



8.1 Conclusions

Good DLC-substrate adhesion, low coefficient of friction and the early indications of the
biocompatible nature of DLC will provide an attractive solution for higher quality
production of surgical cutting tools and other implant devices. Polyethylene and stainless
steel has been the gold-standard coupling pair used in total joint replacement for the past
forty years. There is, however, increasing use of cobalt chrome and titanium alloy steels as
a substitute for stainless steel [336]. Cobalt chrome alloys are used for their superior
strength due to the constituent elements of cobalt and tungsten, while titanium alloys are
popular because of their low modulus, high strengths and osseoinductive properties.
Surface modification of these materials by application of coatings such as DLC can
improve the properties for the application of biomedical field. DLC films have
successfully been deposited on biomaterials viz. 316L stainless steel, cobalt-chrome alloy
and Ti6A14V alloy with a saddle field fast atom beam source. Different deposition
parameters have been used to investigate the quality of the DLC films. The spectral
absorbance of DLC films was measured in the wavelength range 400-1100 nm by UV-vis
spectrometer. The optical band gap of the deposited films was measured. The effect of in
situ argon etching pre-treatment of the surface on the sp3 content of the films has been
measured. Adhesion is always a key factor in making thin film to be used biomedical
applications and has been investigated. Quantitative pull-off and qualitative Rockwell C
tests have been used to measure adhesion of films. Residual stress is the major problem for
adhesion of the films. The compressive stress inside the films increases with increase of
sp3bonding fraction. Raman spectroscopy together with a curve fitting process has been
used to estimate the trends in the sp3 fraction inside the films. The bending beam method
was used to measure the residual stress inside the films. The values of internal stress of
these DLC films were found to be in the range of 0.8 to 1.6 GPa. Etching also improved
the adhesion of the DLC films. It may be noted that the stress values reported here are very
much less than the stress values generated in films that are deposited with deposition
system like the rf-self bias technique. The effect of process parameters and substrate
treatment that affect the films' adhesion and the quality of films are summarised below.
Finite element analysis has been used to analysis the stress distribution in the coated

substrate which has helped to identify the location of initial crack during four point bend
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8.1.1 Current vs. Voltage (AcAV) Characteristics

The variation of the discharge voltage (anode voltage, Av) with the discharge current
(anode current, Ag of the saddle field FAB source has been investigated in this present
study and found to be the same as reported by Sarangi et al. [291], During the operation of
saddle field FAB source the discharge voltage was not only found to depend on the
discharge current but also on chamber pressure and type of source gas. It is not strongly
depends on flow rate.

It is clearly apparent that discharge voltage, Av increased almost linear fashion with the
discharge current, Ac for all pressure level conditions. On the other hand, Av decreased
with the increase of pressure for a particular value of Ac. These type of behaviours were
found in both argon and acetylene gas as the source gas. The distinct variations in all
different pressure level were found for argon discharge whereas, for acetylene source gas,

the discharge voltage was found almost similar value for higher pressure level.

8.1.2 UV Absorption of DLC Films

The uv absorption for sub-band gap energies of DLC films was observed to depend on
deposition current and has been found higher with higher deposition current. Uv
absorption did not appear to depend on different deposition pressure with higher

deposition current, but there was significant variation with pressure at lower currents.

The value of optical band gap of these films calculated by Tauc's relation are found to be
in the range of 0.85-0.87 and -0.85 eV for higher (0.8A) and lower (0.4A) deposition
current respectively, which are within the typical range of DLC films. Higher deposition
current increased the sp3content in the films. By comparison with other reports, this is due
to an increased diamond like nature and not an increased C-H bonding. This also causes a

slight increase in optical band gap.

8.1.3 Effect of Process Parameters

The parameters that affect deposition rate and adhesion have been determined and it has
been shown that the adhesion strength is directly proportional to the inverse of the residual
stress. The intrinsic stress levels correlate with the sp3content of the films as measured by
Raman spectroscopy. In both acetylene and acetylene-argon (90% C:H2 + 10% Ar)

process gas, the peak area ratio which is an indicatar of the sp3 content increases with
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increasing deposition pressure for lower deposition current, 0.6A. But for higher
deposition current, 1A the area ratio behaviour is more complex. The peak area ratio that
means sp9 content inside the films was found higher for 1 A deposition current compared
to 0.6 A current. Acetylene-argon process gas has also been influenced to increase sp3
content inside the films. The highest levels of sp content and stress occurred with high
source current at lower pressures. The direct relationship between stress and adhesion has
been shown. The film hardness and the Young's modulus were in the range 18-22 GPa and

193-230 GPa, which is consistent with other deposition technique.

8.1.4 Effect of Surface Treatment of 316L Stainless Steel

The adhesion of DLC films on 316L stainless steel has been shown to be dependent on the
length of the etching time with an argon atom beam. It has been shown by FTIR studies
that the composition of surface oxide is altered during argon etching and there is an
optimum etch time to maximise adhesion consistent with removal of chromium and iron
oxides from the surface leaving aresidue of nickel oxide. It has been shown that the initial
etching of the substrate affects the bulk structure of the films; etching for optimum
adhesion maximise the sp3sp2 ratio and also minimise intrinsic stress without significantly

affecting the film hardness.

8.1.5 Effect of Surface Treatment of 316L stainless steel, Co-Cr and Ti6A14V Alloys

The adhesion of DLC films on orthopaedic biomaterials viz.316L stainless steel, cobalt-
chrome alloy and Ti6A14V alloy has also been shown to be dependent on the length of the
etching time with an argon atom beam. Etching and deposition temperature with insulating
and non-insulating substrate has also been influenced the adhesion and sp3 content inside
the films. It has been shown that there is an optimum etch time to maximise adhesion
regardless of the type of substrate metal alloy, hence, it is not only a function of the details
of the surface oxide layer but also temperature. This variation of adhesion correlates with
the film structure in terms of the sp3 content. The optimum time for improved adhesion has
been shown to be related to the temperature of the substrate during etching and there
appears to be a “window” centred around 75 °C during which best adhesion can be

achieved.
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8.1.6 Finite Element Analysis

Finite element analysis has been used to identify the location of maximum stress generated
during the four point bend test. The first crack initiated at the location of maximum stress
and it has been confirmed that the crack initiated at the outer surface of the film and
propagated through the film thickness during the bend test. This result has been valid only
for higher Young's modulus coatings compared with the substrate.

The changes in the behaviour of the cohesive strength as function of a source current and
pressure were found to be related to changes in sp3 content. Higher proportion of covalent

bonds in sp3rich material probably accounts for this.

8.2 Recommendation and Future work

In recent years significant progress in the understanding of DLC film deposition processes
has been made. This can be used to explore additional aspects that have not yet been
properly addressed. The author believes that research efforts in the next decade will
improve our basic understanding and will solve some problems relevant to the use to DLC
films in a variety of practical applications. The saddle field fast atom beam process has
demonstrated the capability of fine tuning the properties of DLC films to meet specific
requirements. It is still a challenge to apply these capabilities to commercially available
deposition system where the process could be industrialises and scale up. Among the more
technical issues that should be addressed, we may include (i) the problem of stress which
limits the thickness of DLC films that can be deposited in many systems, (ii) the
applicability of DLC deposition to a variety of substrates which still maintaining good
adhesion and optimal DLC properties and (iii) control of homogeneity and reproducibility
of DLC films in practical process. Another issue, which should also be addressed, is
characterisation methods. A better standardisation of the characterisation methods with
help of numerical analysis (FEA) is needed to avoid the large number of erroneous

interpretations characteristic of the field of DLC deposition.

A coating of DLC+M, where M is an added element would significantly enhance the
properties of the surface and create a surface with the ideal futures. This coating is a
surface impregnation, not a bonded coating. So the coating can not peel-off. The

component M is an element that can be added in small proportions to give specific surface



energy properties, which could be designed to minimise attraction or even to repeal
specific particles. Element M such as fluorine and nitrogen will give the properties needed
but the selection of the most suitable element and the proportion to be used in DLC

composite for this application needs to be investigated.
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APPENDIX Al
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APPENDIX A2

Figure Al: Planetary substrate holder (right hand side) attached to the door of DLC
deposition system.
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APPENDIX A3

Operation Procedure

> Turn on the water supply (inlet and outlet) to the chamber, diffusion pumpand the
source. Open all valves that control the flow of cooling water throughthe whole
system.

> Turn on the air compressor to keep the air pressure at least 50 Psi.

> Turn on the electrical main switch. POWER button should be illuminated.

Topump down the chamber, it can be operate either manual or auto mode.

Pump down sequence

Auto Manual
> Turn on the key switch to AUTO > Turn on the key switch to
position. MANUAL position.

“STOP” button should be illuminated.

> Press "STAND-BY" button. > Press Roughing pump button
Roughing pump and Diffusion pump > Press Diffusion pump button.
come on. After six second, the > Press backing valve button.
Backing valve opens (after press the
STAND-BY button the controller will
automatically sequence the opening
the appropriate valves. As avalve is
opened or if pump is active, its
corresponding  button on  the
schematic flow diagram of the 624

controller will become illuminated).
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Wait for an hour to allow the Diffusion pump oil to heat up. During the Diffusion pump
oil warp up period, the parts or substrates that need to be coated should be prepared at
this time. All substrate surfaces should be free of oil, grease and/or dust debris before
being placed on the substrate holder (planetary) located on the inside of each chamber
door (see figure A4). Before installing or affixing substrates to the planetary holder, turn
off electrical power switch to the planetary motors located on the planetary motor control,

which is in the middle of the instrument control cabinet panel.

Affix the pre-cleaned substrates to the holder (planetary) and close the chamber doors.

Hand tightens the three clamping knobs on each door.

Turn on the planetary motor control power switch (optional). The motors will turn the
planetary gears until they come to a reference position at which time the motors will stop.
At this point the motor controls can be set for continuous rotation or time dwell rotations.
All work can be performed to this point with the substrates in continuous rotation during
the process.

> Press the “START” button on the ¢ Press Backing valve button to close

624 controller.

Backing valve closes.

Roughing valve opens. The Rotary
and Roughing pump will start to
pump down the chamber to a
pressure of 8x10-2 mbar.

The 624 controller will now close the
Roughing valve, open the Backing
valve between the diffusion and
Rotary pump and after the proper
Backing pressure has been reached,
the valve to the chamber from the

diffusion pump will open.

A-4

the Backing valve.

Press Roughing valve button to open
the Roughing valve. The Rotary and
Roughing pump will start to pump
down the chamber to a pressure of
8x10-2 mbar.

Press Roughing valve button to close
the Roughing valve.

Press Backing valve button to open the
Backing valve.

Press High vacuum valve button to
high valve.

open the vacuum



At this point the chamber pressure should be dropping at a very fast rate and within a
couple of minutes at the starting operating point. The “source enable light” below the
source power controller should be illuminated, which is the signal that all initiating

operating parameters have been met and the system is now ready to run.

Before proceeding further, turn the three clamping knobs on each door counter clockwise.
This must be performed now or the doors will be very difficult to open at the end of the

coating run.

Process gas
Before starting the coating process, the process gas lines needed to be purged of all
ambient gas and or water vapour that may have contaminated the gas supply line, which

will interfere with the coating process and yield poor result.

Ensure that all process gases supplies (argon and acetylene) are acquit and at proper
regulated pressures. Move the Toggle switch B95 REF on the 1105 controller from centre
position to the up position. This will cause the in line air actuated gas control valve to

open and allow gas to flow.

To regulate the gas flows, use the needle control valves, which are on the top right side of
the chamber before each of the two mass flow meters. The gas flow for each gas type,
either etch or coating must be regulated so that the chamber pressure is maintained in the
range of 9x10'4to 4.8x10"3mbar.

Now push the “Toggle switch ”” down to the centre position and then down to the position

labelled coating. At this point repeat the same steps used for the argon set up.
Power up source

Turn on the first circuit breaker (left side), which situated at the right hand side in the

door of the electrical distribution box of the DLC system frame.
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Etching

Move the Toggle and the Gas control switch to the position labeled etching. Allow gas
(argon) to flow and the chamber pressure should rise to the pre-set range of 9x1 03 to
4.8x10'" mbar. If the pressure is not in the correct range, adjust with needle valve if

necessary.

Turn the current control Icnob fully counter clockwise as far as possible. The range

selection switch should be on the 2A position.

Press the ON button located in the middle of the source power controller panel.

Slowly turn the current control knob clockwise till the current analogue meter is reading

the required Ampear for the process. Keep as long as need to etch the substrate.

After complete etching, turn the current control knob fully counter clockwise as far as
possible and then press OFF button located in the middle of the source power controller

panel.

Coating

Move the Toggle and the Gas control switch to the position labeled coating. Allow gas
(acetylene) to flow and the chamber pressure should rise to the pre-set range of 9x1 O3 to
4.8x10°3 mbar. If the pressure is not in the correct range, adjust with needle valve if

necessary.

Press the ON button located in the middle of the source power controller panel.

Slowly turn the current control knob clockwise till the current analogue meter is reading

the required Ampear for the process. Keep as long as need to coat the substrate.



Terminating the Coating Process
Upon the completion of the coating process, switch off the coating gas by moving the

Toggle and Gas control switch to the middle position.

Turn the current control knob fully counter clockwise as far as possible and push the

"OFF”button in the middle of the source power controller panel.

Turn offthe main electrical circuit breaker for the source.

To open the chamber

Anto Manual
Press the STAND-BY button on the 624 Press High vacuum valve button to close
control panel (High vacuum valve will the high vacuum valve,

close).

Open the doorknobs and ensure that they are fully opened.
Press “VENT” button to allow the nitrogen in to the chamber (make sure nitrogen valve
on wall is opened). Allow the chamber pressure to ambient atmospheric pressure for

opening the doors.

System Shut Down

Either press the DIFF COOL button to cool the diffusion pump or replace new substrates
in the chamber and press start (auto mode) or manually pump down the chamber. When
DIFF COOL button is pressed, automatically turn off the Diffusion pump but the Rotary
pump and Roots blower will continue to operate for another hour. After the one hour cool

down period the 624 controller will turn offthe Rotary and Roots.
At this time the cooling water, compressed air, argon, acetylene and nitrogen gas valves

can be shut off.

To offthe system, turn key switch on the 624 control panel to the off position.
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