
Linköping Studies in Science and Technology
Licentiate Thesis No. 1714

Low Friction and Wear Resistant
Carbon Nitride Thin Films for
Rolling Components Grown by

Magnetron Sputtering

Konstantinos D. Bakoglidis

Thin Film Physics Division
Department of Physics, Chemistry and Biology (IFM)

Linköping University
SE-581 83 Linköping, Sweden

Linköping 2015



c©Konstantinos D. Bakoglidis 2015
ISBN: 978-91-7519-051-8

ISSN: 0280-7971
Printed by LiU-tryck

Linköping, Sweden, 2015

2



Low Friction and Wear Resistant Carbon Nitride Thin Films for Rolling

Components Grown by Magnetron Sputtering

Konstantinos D. Bakoglidis

Abstract

The scope of this licentiate thesis is the investigation of carbon based thin films
suitable for rolling components, especially roller bearings. Carbon and carbon ni-
tride are materials with advantageous tribological properties and high resiliency.
Such materials are required in order to withstand the demanding conditions of
bearing operation, such as high loads and corrosive environments. A fundamen-
tal condition for coated bearings is that the deposition temperature must be striktly
limited. Thus, carbon nitride (CNx) thin films were synthesized here at low tem-
perature of 150 oC by different reactive magnetron sputtering techniques, which are
mid-frequency magnetron sputtering (MFMS), direct current magnetron sputtering
(DCMS), and high power impulse magnetron sputtering (HiPIMS). While DCMS is
a very well studied technique for carbon based films, MFMS and HiPIMS are rela-
tively new sputtering techniques for carbon, and especially CNx depositions. Using
different magnetron sputtering techniques, different ionization conditions prevail in
the chamber during each process and influence the obtained film properties at a
great extent. It was found that bias duty cycles and the amount of working gas
ions are key parameters and affect the morphology and microstructure as well as
the mechanical response of the films. Moreover, different bias voltages, from 20 V

up to 120 V were applied during the processes in order to investigate the changes
that the different ion energies induce in the film structure.

The structural, mechanical and tribological properties of CNx films are also pre-
sented in this licentiate thesis. The morphology of CNx films strongly depends on
both the deposition technique and ion energy. The special configuration of MFMS
mode produces highly homogeneous and dense films even from low applied bias volt-
ages, while in HiPIMS mode high bias voltages above 100 V must be applied in order
to produce films with similar structural characteristics. DCMS is also proven as a
good technique for homogeneous and dense films. Low bias voltages do not favor
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homogeneous structures, thus at 20 V all techniques produced films with columnar
structures with intercolumnar voids. High bias voltages influence the N incorpora-
tion in the films, with the appearance of re-sputtering of N -containing species and
a promotion of sp2 bonding configurations with increasing ion energy. Nevertheless,
the different deposition mode influences the sp2 content in different ways, with only
MFMS showing a clear increase of sp2 content with increasing bias voltage and HiP-
IMS showing relatively constant sp2 content. The morphology and microstructure of
the CNx films affects their mechanical response, with higher ion energies producing
harder films. A dependency of hardness and elastic modulus with increasing ion
energy was obtained, where for all deposition modes, hardness and elastic modulus
increase linearly with increasing bias voltage. Films with hardness as high as ∼ 25

GPa were synthesized by MFMS at 120 V , while the softer film yielded a hardness
of ∼ 7 GPa and was deposited by HiPIMS at 20 V . The elastic recovery of the films
differs with increasing ion energies, presenting a correlation with the C sp2 bond
content. The highest elastic recovery of 90% was extracted for the film deposited
by MFMS at 120 V and is a value similar to the elastic recovery obtained for FL-
CNx films. All films developed compressive residual stresses, depending also on the
ion energies and the deposition mode used. It is demonstrated that the induced
stresses in the films increase when denser and more homogeneous film morphologies
are obtained and with higher Ar intercalcation. Low friction coefficients were ob-
tained for all films between 0.05 and 0.07, although the deposition conditions are
not detrimental for the development of friction coefficient. The wear resistance of
the films was found to be dependent on the morphology and to some extent on
the microstructure of the films. Harder, denser, and more homogeneous films have
higher wear resistance. Especially, CNx films deposited by MFMS at 120 V present
no wear.

The tribological characteristics of the surface of the films were also investigated at
nanoscale by a new reciprocal wear test. In this wear test, the recording of the track
profile is performed in between consecutive test cycles, eliminating also thermal drift.
The very low wear of the films deposited by MFMS at 100 V and 120 V revealed that
during the wear test a phase transformation on the surface may take place, possibly
graphitization. It is also demonstrated the way that the surface characteristics, such
as asperities and roughness affects the tribological measurements. Attention is also
turned to the presence of large asperities on the film surface and the way they affect
the obtained average friction coefficient and tribological measured data.
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Chapter 1

Introduction

Thin films and rolling bearings are two different kinds of components that are both
used in a vast variety of applications. Roller bearings are the heart of every compo-
nent that rotates, from factory tools and machines to automotive industry and wind
turbines. Their performance and reliability are of extreme importance for a number
of reasons, such as cost and energy effectiveness, and safety. Rolling components are
generally used under lubricated conditions and characterized by low to very low fric-
tion. With respect to the demanding conditions of roller operation, improvements
are focused on their energy efficiency, failure prevention, and therefore expansion of
their lifetime. In previous years, studies have been focused on the development of
lubricants and additives, by exploring the lubrication mechanisms in the contact of
the counterparts. However, enhancements on the overall operation of bearings can
be achieved using thin films as coatings. The use of thin films for components can
lead to higher efficiency and overall performance of the components, covering weak-
nesses of the lubricants. Thin films are used in a large range of applications, among
them in semiconductor industry (electronics), green energy applications (i.e., photo-
voltaics, optical devices), printing technology etc. Thin films effectively change the
characteristics of the substrates surface (for instance their resistance, reflectivity,
surface energy, friction etc), by introducing a different compatible material on the
component’s surface, providing with improved or even new properties. The appli-
cation of thin films on rolling or sliding components is directed by the needs and
demands for using energetically more efficient materials with improved performance.
This may potentially lead to a new expanded market, which will be exploiting the
possibilities of two, nowadays different, fields: materials engineering and materials
science, combining the knowledge from both.
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1.1. CHALLENGES FOR ROLLER BEARINGS

1.1 Challenges for roller bearings

Roller bearings consist of four different steel parts: a) rollers, b) cage, c) inner
ring, and d) outer ring (Fig. 1.1). Common materials for roller bearings are high
carbon chromium steel grading AISI 52100, several high-speed steels (for use at high
temperature applications), stainless steel grading AISI 440C (for use at corrosive
environments) and carburized hardened steels, whereas ceramic and silicon nitride
bearings are also options for high performance applications.

(a) (b)

Figure 1.1: A cross-section of a roller bearing attached to a shaft (a) at 0o and (b)
90o.

The contact between the rollers and the rings is characterized as "line" contact
and it forms a more or less rectangular shape (Fig. 1.2), with contact pressures
ranging between 0.5 GPa and 3 GPa, depending on the application. The general
operation of bearings is very well known and has been extensively described [1], [2].
An important complexity of the rolling mechanism is that roller bearings include
a percentage of sliding during rolling, which can potentially cause failure such as
seizure or corrosion. According to the elastohydrodynamic theory, a very thin lu-
bricant layer is formed during the operation of a roller bearing, preventing adhesive
and abrasive wear [1], [2].

A big problem for rolling bearings is fatigue wear, which causes pitting or spalling
on the surface of the rollers. Pitting or micropitting (due to the size of the pits which
are in µm ranges) is regarded as a serious type of fatigue that reduces performance
and lifetime of the component. Due to these failures, rollers need regular mainte-
nance if not early replacement. The improvements in the performance and lifetime
of the rollers results several benefits. For instance, the reduced service frequency
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1.1. CHALLENGES FOR ROLLER BEARINGS

Figure 1.2: Schematic illustration of line contact between a roller and a part of a
ring.

implies most cost-effective solution due to saving in materials (lubricants, additives,
steel etc), directing the rolling mechanism to a "greener" operation. Moreover, an
improved bearing performance results in a better overall performance of the com-
ponent which makes use of the bearing.

The bearing lifetime can be extended by the application of a thin film coating
on the roller or the rings surfaces. Thin films can contribute to lower friction at the
contact between the roller and the rings. There are different types of thin films that
are or can be used as protective and low friction coatings on bearings. Examples of
materials used as coatings are Au, Pb, Cu, Cr, MoS2, TiN , TiC, and diamond-like
carbon (DLC). Some of them are soft and regarded as solid lubricants, i.e. MoS2,
due to their capability to operate without lubricant and they are successfully used in
space applications [3]. Hard compound coatings, such as TiC, TiN or DLC are used
in applications for low friction and wear resistance requirements, although they are
grown by chemical vapour deposition techniques (CVD) at elevated temperatures
(T > 1000oC). Using physical vapour deposition (PVD), TiN coatings have been
also produced at temperatures as high as 600oC [4]. However, high temperatures
are intolerable for bearing steels (due to a softening mechanism of steel, in which C
is assumed to be interdiffused in the steel matrix), therefore CVD techniques are
unsuitable for coating depositions on roller bearings, turning the interest to PV D.
PV D usually employs significantly lower growth temperatures, ranging from room
temperature (RT ) to T < 900oC.

Another very important characteristic of rollers is surface roughness, where roller
bearings with smoother surfaces exhibit longer endurance [1]. Surface roughness
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1.1. CHALLENGES FOR ROLLER BEARINGS

is a scale dependent parameter [1], [5] and defines the real contact between two
counterparts. The contact area between two rough surfaces is less than the area
between two smoother surfaces. This determines the degree of asperity interlocking
and the debris creation in a wear test. Surface roughness has also different effects
in rolling and sliding components. In sliding, asperity interlocking is more severe
and phenomena, such as ploughing, asperity deformation and asperity adhesion
affect friction and wear. In rolling, other phenomena dominate friction and wear
behaviour, such as micro-slip effects within the contact, elastic hysteresis of the
contacting materials, plastic deformation and adhesion effects in the contact. In
a bearing rotation, where there is a small percentage of sliding, both rolling and
sliding render the operation of the bearing more severe and complex. Roughness
is also detrimental for the lubrication conditions in the contact, where in many
cases specific roughness is desirable in order for the lubricant to be functional. The
deposition of a coating with significantly lower roughness than the roughness of a
roller or ring changes the contact conditions between the counterparts. Thus, it is
challenging to understand the new contact mechanics and operation principles of
the coated bearings under lubricated conditions.

The ultimate goal of coatings production suitable for bearings though is the
reduction of friction and the enhancement of bearing wear resistance. Thus, the
coating must serve as a low friction and wear resistance part of the bearing. To
that direction, a suitable material for this purpose is DLC and its compounds.
The use of carbon, as the base material for the films, has several advantages, such
as the abundance and high availability of carbon, its low cost and many abilities
for customization of such films. Carbon based thin films have been proved very
attractive due to their mechanical and tribological properties and robust due to the
variety of their structural characteristics [6] [7], [8] [9], [10], [11]. They exhibit low to
very low friction coefficients and good wear resistance [10], [12], [13] high hardness
(tetrahedral amorphous carbon, ta-C films) and for some compounds high elasticity
(for instance, fullerene-like carbon nitride, FL-CNx films) [12], and they are already
used in application such as hard disk drives [11], [6], [14] and biomedicine [15]. One
big problem of coatings, and especially carbon based, is their poor adhesion on
steel substrates or steel components and this is reflected by the number of studies
attempting to improve the adhesion between films and steel substrates [16], [17],
[18], [19]. In applications where the applied forces and the film thickness are not
prohibitive for the adhesion between the coating and the substrate, the problem can
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1.2. MOTIVATION

be solved with the deposition of an adhesion interlayer between the coating and the
substrate. When the contact pressures are high and the film thickness increases,
like in the case of roller bearings, the adhesion becomes a serious issue. Moreover,
the cylindrical shape of rollers is also likely to influence the uniformity of the film,
adding another implication to the already problematic nature of adhesion on steel.

1.2 Motivation

The motivation for this work stems from the challenges, regarding the depositions
on roller bearings, and the fabrication of the coating materials. These challenges
can be concluded as below:

• The substrate temperatures during the thin film growth must be less than
150oC, due to the sensitivity of the bearing steel to temperatures higher than
170oC. At low temperatures, the a-CNx compound structure prevails over the
structure of the very elastic and hard FL-CNx allotrope [20] [21]. Thus, a-CNx

thin films, with the properties of FL-CNx thin films should be synthesized.

• The cylindrical shape of the rollers and the need for a uniform coating around
the surface of the roller demands a special configuration of the deposition
geometry.

• The poor adhesion between the steel substrates and the CNx films generaly,
which is also influenced by special shapes, such as the cylindrical, when rollers
are used as substrates.

• The further reduction of friction and wear of the bearing counterparts, and
the prevention of premature failure met in uncoated bearings.

The aim of this work is to develop low friction and wear resistant carbon based
coatings suitable for roller bearing applications. I try to solve the aforementioned
problems in a two step plan. The first step is included in the present licentiate thesis
and is the development of the coatings with the appropriate properties. The second
step will be the coating deposition on rollers and the evaluation of their tribologi-
cal performance. To overcome the problem of high temperatures, I will use PV D
magnetron sputtering techniques, at temperatures T < 150oC. The uniformity of
the films deposited on rollers is expected to be achieved using rotation of the sub-
strates. Thus, we will bind the aforementioned solutions and techniques to develop
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1.3. CARBON BASED THIN FILMS

low friction and wear resistant CNx thin films, which were proven to be very resilient
materials, due to their high hardness and high elastic recovery [12], [22].

In order to alter the structure and properties of the CNx films in all deposition
techniques, confined by the demand for low temperature deposition, the substrate
bias is varied, while other parameters were kept constant between the techniques.
Furthermore, I used different deposition methods, which provide higher ionization
(HiPIMS and MFMS) conditions, in order to explore their effects on the struc-
ture and properties of the films. The uniformity of the coatings around cylindrical
shapes demanded depositions using a 3-fold rotation of the substrate table, with the
engagement of special holders.

1.3 Carbon based thin films

Carbon (from Latin: carbo, "coal") is a remarkable element. It is symbolized with
the capital letter C and has atomic number 6. It is nonmetallic, offering four elec-
trons for the formation of covalent bonds with electronic configuration [He]2s22p2.
In nature, carbon appears in the forms of diamond (clear, colourless) and graphite
(black). Diamond (from the ancient Hellenic: ἀδάμας, "unbreakable") is a natural
form of carbon most commonly met in gemstones, having exclusively two interpene-
trating face-centered cubic Bravais lattices. Diamond exhibits the highest hardness
(bulk modulus of 433 GPa) of all known natural and synthesized materials up to
date with a density of 3.52 g/cm3 and remarkably high thermal conductivity (20
W/cmoC). On the other side, graphite (German Graphit from Hellenic: γραφείν,
"to write" due to its use in pencils) is the most common form of natural carbon and
its structure differs from that of diamond. The structure of graphite is not close-
packed, but hexagonal and it exhibits carbon rings which lie in a flat plane, with
other planes distributed in an AB AB AB... sequence above and below that plane.
Nevertheless, graphite ore can also be found in nature as amorphous. Graphite is
much softer in terms of hardness from diamond, although its loose interplanar bond-
ing between the graphene sheets provides the material with very good lubricating
properties. Carbon allotropes have been technically synthesized, with amorphous or
tetrahedral amorphous forms, constituting diamond-like carbon (DLC) materials.
Carbon exists in the ∼ 90% of all known chemical substances and has the largest
number of allotropes compared to any other element. Solid carbon materials exhibit
also allotropic properties, depending on their microstructure. Apart from the solid
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1.3. CARBON BASED THIN FILMS

bulk materials, C is also used as building block for carbon based allotropes, includ-
ing nanotubes, fullerenes, glassy carbons, carbon nanofibers, and numerous other
compounds.

The bonds between C atoms in a carbon-based compound include molecular
orbitals, which are the combination of the atomic orbitals of C atoms. When it
is energetically possible, two s atomic orbitals approach each other and overlap
forming a new molecular orbital, namely σ-orbital. Respectively, the combination
of two p atomic orbitals gives a π molecular orbital. If an s and a p atomic orbital are
combined, then three different molecular hybridized orbitals are formed, namely, sp3,
sp2 and sp hybrids. The concept of hybridization was proposed by Linus Pauling in
1931 and C-C bonds include hybridized orbitals to form either natural or synthetic
types of C (i.e., diamond, graphite, DLC etc.).

The four valence electrons of C can form three hybridization states, the sp3

(with four hybridized σ orbitals), sp2 (with three hybridized σ orbitals and two π
orbitals) and sp (with two σ orbitals and four π orbitals). sp3 hybridized orbitals
with tetrahedral coordination are met in diamond, sp2 hybridized orbitals are mainly
met in graphitic configurations, while sp orbitals form configurations similar with
alkalines (Fig. 1.3). In an sp3 hybridized carbon, the four valence electrons form
σ orbitals, which point towards the corners of a tetrahedron and a network of sp3

bonds has a 3 dimensional configuration (Fig 1.3(a)).

Figure 1.3: (a) sp3 hybridization state of C atoms, like in diamond structure, (b)
sp2 hybridization state of C atoms, like in graphite, and (c) sp-hybridization state
of C atoms, like in alkynes.

The high bulk modulus of diamond is a direct consequence of the sp3-bonding.
The C-C bonds exhibit a bond energy of 3.9 eV with a bond length of 154 pm.
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1.3. CARBON BASED THIN FILMS

Carbons with an sp2-rich network, have three electrons participating in three planar
σ bonds with an angle of 120o, while the fourth electron has a π orbital perpendicular
to the σ orbitals (Fig 1.3(b)). These hybridization states are met in graphite and
graphene, with enhanced in-plane strength, due to a shorter C-C bond of 133 pm and
strength of ∼ 7.5 eV . In sp-hybridized bonding states carbon forms two orthogonal
π orbitals and two linear σ orbitals, comprising a bond length of 120 pm and strength
of 9.9 eV (Fig 1.3(c)).

The production of DLC films was done in early 1950’s by Schmellenmeir [23],
although DLC coatings attracted attention almost two decades later, with the work
of Aisenberg and Chabot [24]. DLC films comprise a large family of amorphous
carbon-based materials with a variety of allotropes. They consist of a mixture of
sp2 and sp3 carbon structures, usually with sp2 bonds embedded in an sp3 matrix.

A phase diagram proposed by Robertson summarizes the expressed microstruc-
tures of DLC materials (Fig. 1.4) [7]. DLC are mainly amorphous materials di-
vided to H containing and H-free carbons. Both DLC films can be met in differ-
ent amorphous types; tetrahedral amorphous (ta-C) and hydrogenated tetrahedral
amorphous carbon (ta-C : H), amorphous carbon (a-C) and hydrogenated amor-
phous carbon (a-C : H), sputtered amorphous carbon and hydrogenated sputtered
amorphous carbon as well as glassy or graphitic carbon.

Figure 1.4: Ternary phase diagram of a-C and a-C(: H) materials. Figure adopted
from [7].

This subdivision depends on the H content and the amount of sp3 and sp2 hy-
bridization states in DLC film [25], [7]. As the amount of sp3 hybridized states
increases, ta-C structure prevails, with a corresponding influence on the mechanical
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1.4. CARBON NITRIDE (CNX) COATINGS GROWN WITH PVD

properties of the films, where very hard materials are formed. If the sp2 bonding
dominates theDLC films exhibit more graphitic structures (due to the configuration
of sp2-hybridization, as described above), forming a-C and a-C : H films. Another
category of DLC materials is carbon nitride (CNx) films, which contain a high sp2

fraction, mainly induced by N incorporation in the C matrix. The introduction of
N in a carbon matrix promotes cross-linking and bending of basal planes of the ma-
trix, providing enhanced elasticity to the films [26]. Finally, an emerging category
is also the metal/amorphous (a-C :M) composite films, where a metal is embedded
in the a-C matrix.

1.4 Carbon nitride (CNx) coatings grown with PVD

The introduction of a small amount of foreign element in the C matrix is called
doping of DLC. Doping can be achieved using several elements, such as N , F , P ,
S, Si or metals like Ti, Cr, Ta, W etc. and can alter the structure and properties
of the initial film. Nitrogen is an element with similar hybridization states as C. It
can also form covalent bonds, having an electronic configuration [He]2s22p3. It also
forms sp3 and sp2-hybridized states, but the extra electron introduces some changes
regarding the bond angles in sp3 configuration and also results in two configurations
when it bonds with sp2 states (Fig. 1.5). The sp3 formation is similar to that of
ammonia, leaving an unbonded pair of electrons, while the sp2 states are similar
to that of (i) pyridine or (ii) to a 3-fold coordination substituting a C atom in a
graphitic site [20].

Figure 1.5: (a) sp3 hybridized bonds of N atoms, like in ammonia, (b) sp2 hybridized
bonds of N atoms, like in pyridine and (c) sp hybridized bonds of N atoms with
3-fold coordination with C atoms.

Carbon nitride is a carbon allotrope material, which attracted a lot of attention
when Liu and Cohen [27], [28] predicted the metastable β phase of C3N4 in 1990,
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1.4. CARBON NITRIDE (CNX) COATINGS GROWN WITH PVD

which in theory exhibited a bulk modulus (427 GPa) very close to that of diamond
(433 GPa [29]). The synthesis of β-C3N4 was not successful up to date, although
other interesting materials were synthesized, such as elastic and resilient sp2-rich
amorphous carbon nitride a-CNx and fullerene-like carbon nitride FL− CNx com-
pounds [30], [31], [32], [33], [34], [10]. The synthesis of amorphous carbon nitrides
are dated earlier than fullerene-like carbon compounds, because all tries for the de-
position of β-C3N4 ended in the growth of amorphous phases. In 1995, the first
fullerene-like CNx compound was synthesized by Sjöström et al. [35] in Linköping
University, a material that was further investigated experimentally by Hellgren et al.
[36], [37], Neidhardt et al. [34], [22] and Schmidt et al. [21], [38]. Simultaneously,
theoretical studies performed by Gueorguiev et al. [26], [39], showed the possible
structural evolution of CNx compounds, described by cross-linkage of individual
graphene sheets and bending basal planes extended in a 3-dimensional network.

Both carbon allotropes were synthesized by several PVD deposition techniques,
such as radio frequency magnetron sputtering (RFMS) [40], [41], direct current
magnetron sputtering (DCMS) [42], [36], [43], [21], high power impulse magnetron
sputtering (HiPIMS) [21], [38], pulsed laser deposition (PLD) [44], [10], filtered
pulsed cathodic arc deposition [10], [45] and ion beam assisted deposition (IBAD)
[46]. Magnetron sputtered CNx films show clear dependency on the deposition
temperature. For CNx films deposited with DCMS at low substrate temperatures
(T < 200oC), amorphous and dense films were grown, while increasing the substrate
temperature, FL microstructure prevailed. The N content in the films and the de-
gree of N incorporation also depend on substrate temperature. For films grown
at T < 200oC, N2 fraction did not influence the film growth, while at T > 200oC,
chemical sputtering interactions took place at the substrate’s site [37], [20]. For CNx

films deposited by HiPIMS, similar temperature dependency was found, where at
elevated substrate temperatures the FL structure becomes dominant [21]. However,
chemical sputtering interactions were not so intense and did not influence the film
formation to a high degree [21]. a-CNx thin films have been deposited by several
research groups with the use of different magnetron sputtering techniques, mainly
RFMS and DCMS. Kleinsorge et al. [47], Hellgren et al. [36] and Ferrari et al. [31]
have thoroughly studied the bonding of N within C matrix in a-CNx, concluding
that N incorporation promotes sp2 hybridization states. This has immense effects
on the mechanical response of the films, especially their elasticity. It is believed that
the cross-linkage and bending of the basal planes are responsible for the increased
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1.4. CARBON NITRIDE (CNX) COATINGS GROWN WITH PVD

resiliency of the FL-CNx films. a-CNx films exhibit also enhanced resiliency and
elasticity, but not to the same degree as the FL-CNx compound, which can poten-
tially reach 100% of elastic recovery after indentation [22].

The attractive mechanical properties as well as the low friction exhibited by both
a-CNx and FL-CNx thin films, render them as candidates for sliding and rolling
components like roller bearings. Nevertheless, the high growth temperatures needed
for the synthesis of FL-CNx films, turn the attention to the further exploration of
the a-CNx films applicable for bearings.
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Chapter 2

Carbon nitride thin film synthesis by
magnetron sputtering

2.1 Physics of sputtering and thin film deposition

The processes for growth of thin films must be conducted in high or ultra high
vacuum conditions to avoid contamination of the films and increase ionization of
the working gas. A noble gas (Ar, Ne, Xe etc.) -the working gas- is let into
the vacuum chamber as the sputtering agent, because the atoms are non reactive
and do not contaminate the surface of the target. A potential is applied between
the cathodes and the grounded chamber walls, which act as anode, in order to
accelerate free electrons and excite the gas molecules. This potential difference
accelerates a small amount of background electrons and ions, which is present in the
chamber, in the cathode field. The electrons are repelled from the cathode, causing
ionization of the working gas if they have sufficient energy and a glow discharge
is initiated. The positively charged gas ions (i.e., Ar for convenience) are then
attracted towards the cathode and collide on the target. Due to their momentum,
Ar ions sputter neutral atoms from the target, although a number of scattered
particles are also removed from the target, namely secondary electrons, reflected
ions and neutrals, and photons, creating a plasma; an ionized phase of the sputtered
gas, with glow colors characteristic of each sputtered gas. The secondary electrons
ionize more working gas atoms, which impinge on the target and produce more
secondary electrons, contributing to an avalanche process. The plasma is sustained
when enough secondary electrons are generated and contribute to the ionization
processes of the working gas, accelerated away from the target, thus at very low
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or very high pressures, plasmas are not possible to be sustained. According to
Paschen’s law, between a few hundreds to a thousand volts, the discharge can be
self-sustained [48]. The neutral target atoms travel from the target’s surface and
are deposited on the substrate, forming a film consisting of the target material.

Thin film growth by magnetron sputtering techniques is overwhelmed by sput-
tering phenomena, where the term "sputtering" can describe several ion-surface
interactions. Sputtering is the process in which atoms are ejected from the surface
of a solid material (target), due to collisions between projectile/recoil atoms and
atoms of the surface of the target. Impinging ions create a collision cascade at the
area of incidence and when they have sufficient energy, surface atoms are removed
from the target (Fig. 2.1). Surfaces in plasmas are exposed in impinging ions and are
subjected to several different ion-surface interactions, such as ion and recoil implan-
tation, atom displacement, backscattering, generation of secondary electrons, atom
redeposition, photon emission, generation of collision cascades, and/or ion/neutral
reflections (Fig. 2.1).

Figure 2.1: Schematic illustration of sputtering interactions on a theoretically pure
target containing only one material element. Cathode and the configuration of an
unbalanced magnetron are shown below the target. The dimensions of the target and
ions/atoms are exaggerated and do not correspond to the cathode and magnetron
sizes.

The ion breaks up the sequence of atoms of the solid surface causing sputtering
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and scattering of some atoms backward. The sputter yield of a target can thus be
determined as:

S =
Number of sputtered atoms

Incident ion
(2.1)

and is a measure of the efficiency of the sputtering process or the average amount
of particles removed from the target per incoming ion. The sputter yield depends
on the type and energy of the impinging particle, the incident angle as well as the
target material.

Very important components incorporated in sputtering techniques are magnets,
in order to improve the ionization conditions. Magnets are placed behind the cathode
plates, with different configurations and a magnetic field is applied. The magnetic
field lines confine the motion of secondary electrons in the region of the cathode
and according to the magnetic field lines. The time that secondary electrons spend
in the vicinity of the target is increased and the plasma is easier maintained. The
collision probability between the confined electrons and the plasma species becomes
higher, and thus higher plasma densities can be achieved. There are three differ-
ent magnetron configurations, namely the balanced, the unbalanced type I, and
unbalanced type II magnetron. In a balanced magnetron, all magnets have the
same strength, while in an unbalanced magnetron configuration, the magnets have
different strength. Type I and type II refer to which magnets are stronger. The
unbalanced magnetron configuration is a very effective way to enhance the ion bom-
bardment. In an unbalanced magnetron, a selective strengthening of the magnetic
field at the target ends can be chosen, so that more of the secondary electrons es-
cape from the confinement, increasing the plasma ionization. This configuration
increases also the current at the substrates compared to a balanced magnetron,
moreover lower applied voltages can be used in order to sustain the plasma and
achieve the desirable ionization conditions.

When a reactive gas (for instance N2, O2, methane etc.) is involved as working
gas in the sputtering process, then the process is called reactive magnetron sputter-
ing. The reactive gas can be mixed with the inert working gas or can dominate the
sputtering process. Compound materials can be formed such as oxides (Al2O3, SiO2

etc.), nitrides (TiN , AlN , Si3N2, CNx etc.), carbides (TiC, SiC etc.), sulphides,
oxycarbides and oxynitrides. CNx films in PV D are deposited in a mixture of
N2/Ar gas or entirely in N2 atmosphere. When N2 flows in the chamber during the
sputtering process, N+ and N2+ ions can be formed. These ions are involved in the
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(a) (b)

Figure 2.2: (a) N/C ratio and (b) deposited mass per area and time of CNx films
deposited by MFMS (triangles), HiPIMS (circles), and DCMS (squares) as a function
of Vb.

target sputtering sequence, causing dangling bonds at the target surface, followed
by passivation with atomic N species or CxNy (x, y ≤ 2), if no recombination with
C or H occurs. Volatile CN -species can form and desorb from the target surface
and travel through the plasma to the substrates [37]. This is a process referred to
as chemical sputtering of the target.

A chemical sputtering process is also observed at the substrates during the reac-
tive sputtering of graphite targets with N2. This interactions have been previously
observed by Hellgren et al. [37], Hammer et al. [49], Kaltofen et al. [50], when
DCMS is used for the synthesis of CNx films and by Schmidt et al., [38] when HiP-
IMS is used as growth process. For films grown by DCMS in the past, the chemical
sputtering on the film was pronounced at elevated flow ratios (N2/Ar > 0.5) and for
temperature T > 200oC, where the N content in the films did not exceed 25 at%.
This accounts for removal of N from the growing film, which is confirmed by lower
growth rates and N incorporation in the films. Chemical sputtering was found to
be suppressed when HiPIMS was used.

Regarding the CNx films investigated here, chemical sputtering is assumed to be
present. Nevertheless, re-sputtering of N -containing species was mainly observed
(Fig. 2.2(a)) due to high energy ions at higher Vb, as N was found reduced in
films deposited by MFMS and DCMS at higher Vb. Re-sputtering was found to
be suppressed in HiPIMS, since these processes presented constant N/C ratio with
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increasing Vb. The deposited mass per area and time, md (in g/cm2s), is shown in
Fig. 2.2(b) for a-CNx films deposited by MFMS, HiPIMS, and DCMS. In the case
of MFMS, md of the films presents a minimum at Vb = 100 V , while ρc of these films
increases linearly with increasing Vb from ∼ 1.84 g/cm3 to ∼ 2.2 g/cm3. This shows
that re-sputtering interactions are present up to Vb = 100 V , although the increase of
both md and ρc at Vb = 120 V implies a suppression of re-sputtering. When HiPIMS
is used, md does not present a certain trend, indicating rather a balance between re-
sputtered desorbed species, and absorbed C, N , and CN species, which contribute to
film formation (see also Paper I). For MFMS and DCMS modes, re-sputtering follows
different trends, showing that these techniques may have their limitations regarding
the applied bias voltages. With both of them suffering re-sputtering with increasing
Vb, the deposition rates will steadily be decreasing, as Vb increases. Therefore, at
some point, the deposition rate will be less than the re-sputtering rate and the film
formation would be impossible, leading to severe sputtering of the substrates from
high energy ions. In HiPIMS mode, re-sputtering is not that pronounced, however
the operation of the cathode-target assembly in this technique can usually lead to
severe arcing, since it is governed by very high currents through the cathode-target.
One should take care that during reactive-HiPIMS of graphite targets avoids the
combination of parameters that cause arcs, in order to preserve the target and to
prevent defects in the films, such as macroparticles. Arcing of graphite targets in
reactive magnetron sputtering processes may be a consequence of the high ionization
potential of C and possible contamination layers on the target surface which affect
the sputtering process. Macroparticles, consisting mainly of C, escape during arcing
of the target in any time during HiPIMS deposition and may land on the substrates.
These macroparticles can be as large as the film thickness with several µm diameter.
An example of a macroparticle incorporating during the reactive-HiPIMS deposition
of CNx is shown in Fig. 2.3(a). This macroparticle extends almost from the middle
throughout the film, meaning that it was generated and was deposited on the film
sometime during the middle of the process. Macroparticles may be generated during
DCMS and MFMS processes as well, although the problem is not so pronounced,
resulting to much smoother and defect-free surfaces. It is assumed that especially
the configuration of MFMS mode allows for arc-free processes. Fig. 2.3(b) shows
a defect in the film which does not consist of a macroparticle, but it could be
generated by the deposition of a macroparticle of smaller size during the initial
deposition process. In this case, the macroparticle was deposited on the film and
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the deposition at that point continued with different route, resulting this growth in
the film. Several such defects are observed on the surface of this film.

Figure 2.3: (a) Cross-sectional SEM image of vizualising a macroparticle that was
incorporated in the film during deposition and (b) nodular growth of a defect grown
after a smaller macroparticle was initially deposited on the substrate.

2.2 Direct current, mid-frequency, and high power

impulse magnetron sputtering

DC magnetron sputtering is a widely used technique both in research and industry
due to its fairly acceptable deposition rates and is well understood process for C
based and specifically for CNx films. Depending on the deposition parameters (i.e.,
total gas pressure, gas composition, substrate temperature, average cathode power),
the microstructure and the properties of the CNx films can be altered [22].

Mid-frequency magnetron sputtering (MFMS) provide of an evolution of the con-
ventional DCMS, using pulsed power supplies (AC) for the generation of the plasma.
Initially, MF was used to deposit insulating materials, which were subjected to un-
stable discharges with arcing. Arc generation causes defects in the films, such as
macroparticles. In an effective MF configuration, two operating targets are nec-
essary, where one target works as cathode and the other as anode, altering their
polarity every half cycle. The operating frequency can vary, depending on the depo-
sition system, from low radio frequencies (RF) of f ≈ 50 Hz as high as f ≈ 1MHz.
High RF frequencies produce high quality films, however, the deposition rates have
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been proven very low for commercial applications. In MF conditions, frequencies
usually are in the range of few hundreds of kHz (50 - 250 kHz). The pulse shape
of the MF processes is shown in Fig. 2.4, for the configuration of dual magnetron
and bipolar pulsing, described above.

Figure 2.4: An example of a square pulse, like those used by power supplies in MF
deposition processes. The axis labelling and the pulse lengths as well as pulse-on
and pulse-off times are arbitrary.

MF produces tetragonal pulses with the pulse-on times of the cathode equal to
the pulse-off times of the anode. Duty cycles are usually in the region of 50% - 50%
and are given from:

D =
tONpulse
tpulse

= f · tONpulse (2.2)

where tONpulse is the pulse-on time, tpulse is the pulse length and f is the operating
frequency.

High power impulse magnetron sputtering (HiPIMS) is also a pulsed process
and an evolution of DCMS, although the operation principle differs significantly
from DCMS and MFMS. In HiPIMS the sputtered target operates, like in DCMS
processes, as cathode and the chamber walls operate as anode. Pulsed high power
supplies are used to generate high current pulses and deliver high amounts of energy
to the plasma. These high peak currents are two orders of magnitude higher than
the average target currents in a DCMS process, resulting to high plasma densities
(in the order of 1018 m−3 [51], when for DCMS high respective values are in the order
of 1016 m−3). The high peak currents and plasma densities increase the possibility
for ionization and thus for sputtering of material from the target. Kouznetsov et al.,
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[52] investigated Cu targets in HiPIMS conditions and found that the ion fluxes in
HiPIMS were two orders of magnitude higher than in a DCMS process. The pulses
in HiPIMS processes exhibit usually low duty cycles of < 10% and frequencies < 10

kHz. It has been demonstrated that HiPIMS often leads to deposition of dense and
homogeneous thin films, where the targets operated in either metallic or reactive
mode, although a reduction of the deposition rate has been also observed compared
with DCMS of the same material targets [53].

DeKoven et al. [54] had reported the deposition of DLC films using HiPIMS
back in 2003, while Hecimovic and Ehiasarian [55] demonstrated that the plasma
characteristics and the sputtering of C targets in HiPIMS mode differs from sputter-
ing of other metal targets. CNx thin films have been deposited in N2/Ar by reactive
HiPIMS later in 2012 by Schmidt et al., where amorphous films prevail at low growth
temperatures and fullerene-like structures were produced at high temperatures [21],
following the general course mentioned above for DCMS. Lower deposition rates
were also reported for CNx film synthesis with HiPIMS compared to DCMS [21].
An extensive and thorough comparison regarding the plasma characterization and
the film growth, between DCMS and HiPIMS depositions of CNx can be found in [21]
and [38]. The effects of reactive DCMS on CNx film synthesis are well understood.
Nevertheless, the effects of HiPIMS and MFMS of graphite targets, when operating
in metallic or reactive mode, on pure C and CNx film synthesis, microstructure, and
properties need to be further explored.

In this study, an industrial deposition chamber is used for the growth of CNx

thin films, using either MFMS, HiPIMS or DCMS under similar growth conditions.
The chamber configuration is illustrated in Fig. 2.5, where at the position of each
cathode/target is indicated in which mode each cathode can operate. For our depo-
sitions in MFMS processes, cathodes indicated as MF a were working against each
other, while during HiPIMS processes, one of the two HiPIMS cathodes was em-
ployed. In DC mode, cathodes DCa were used. The table carried separate holders,
where each holder carried separate steel rods for the mounting of the substrates.
Thus, a 3-fold rotation with 1 rpm of the substrates was used during the depo-
sitions, which guaranteed the uniformity of the coating, mimicking the deposition
process on rollers.
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Figure 2.5: Illustration of the top view of the deposition chamber. The components
of the chamber are also shown, such as cathodes, table and holders with 3-fold
rotation, gas inlets, and heaters.

2.3 DC and pulsed negative bias voltage

Ion bombardment of the substrates during film growth is crucial. The application
of a negative bias voltage (DC or pulsed) at the substrate is a well-known method
to increase the flux/energy of ions incident at the grown film surface. For CNx,
Laskarakis et al. [56] investigated the structural changes that low and high en-
ergy ions induced in the C matrix, where N is incorporated with different manner,
while Neidhardt et al. [22] showed that small variation of the ion energies from
25 eV to 40 eV , altered the mechanical properties of high-temperature FL-CNx

films, producing harder and more elastic materials. However, there is no study, at
our best knowledge, showing which are the changes that different and higher than
40 eV ion energies trigger to the morphology of low-temperature CNx films, either
amorphous or fullerene-like. Petrov et al. have investigated the effects of different
ion energy on the microstructure and morphology of reactively magnetron sput-
tered polycrystalline TiN films [57]. They have shown that low ion energies result
to somewhat open structures, with intercolumnar and intracolumnar voids and at-
tributed this behavior to limited surface diffusion. At higher ion energies (> 100

eV ), more homogeneous films resulted, although increased defect density and impu-
rity incorporation, such as inert gas species, appeared. It is crucial to investigate the
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morphological and microstructural changes occurring to CNx films for depositions
at different ion energies, since morphology is detrimental for the mechanical and
tribological properties of thin films. Moreover, the constraint of low-temperature
depositions, confines the customization of the morphologies of the films through
variations of temperature.

Density and homogeneity are pre-requisites for the formation of hard and wear
resistant thin films. Thus, except from the bias voltage, the ionization conditions can
be altered using different deposition mode, which operates with different type of bias
voltage. Each different technique produces films with different morphologies (from
under-dense and columnar to dense and homogeneous), depending on these ioniza-
tion conditions and the special operation of the bias voltage, employing different
duty cycle. Significant differences arise in the CNx film morphology when different
type of substrate bias voltage is applied. Furthermore, different ionization condi-
tion, namely MF, HiPIMS, and DC bias voltage, influence differently the way that
the ion energies are delivered to the substrates and the evolution of their final film
structure. The bias duty cycles are 44%, 100%, and 6% for MF, DC, and HiPIMS
bias voltage, respectively. Hence, different amount of ions results on the substrates
in each case and for different time intervals. HiPIMS processes allow for smaller
fraction of ionized species to result on the substrate per time unit, due to the very
low bias duty cycles compared to the other two technique. Fig 2.6 shows fracture
cross-section scanning electron microscopy (SEM) images of CNx films deposited by
MFMS, HiPIMS, and DCMS as a function of Vb.

Interestingly, at Vb < 20 V columnar structures with intercolumnar voids are
observed, while the voids close and more homogeneous films appear with increasing
Vb. The increased homogeneity is ascribed to the higher ion energies generated at
higher Vb (Paper I). The differences between CNx at the same Vb films are due to
the different amount of ions in each technique and the different duty cycles (Paper
I). The low duty cycles of HiPIMS processes hinder the formation of homogeneous
films at low Vb, although at Vb = 120 V , the films become homogeneous. In the
DCMS, the continuous operation of Vb contributes to the formation of homogeneous
films from Vb ≥ 100 V , while in MFMS processes the high ion densities together
with the high duty cycle contribute to the formation of homogeneous films from Vb

as low as 60 V .
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Figure 2.6: Cross-sections of CNx thin films deposited by (a)-(c) MFMS, (d)-(f)
HiPIMS, and (g)-(i) DCMS at different Vb.
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Chapter 3

Thin film characterization

3.1 Structural characterization

3.1.1 Scanning Electron Microscopy (SEM)

The scanning electron microscope is one of the most, if not the most widely, em-
ployed instrument in thin film characterization. The relatively inexpensive as well
as convenient operation compared to a transmission electron microscope (TEM),
makes it a useful tool for fast structural evaluation.

Typically, electrons are thermionically emitted from a tungsten, LaB6-cathode
filament or in many modern microscopes from Schottky field-emission source and
transferred to the microscope column through an anode, where they are focused by
a sequence of condenser lenses into a beam [48]. Typical energies for the electron
beams are between 1 - 50 keV. An illustration of the electron beam path is shown
in Fig 3.1(a).

The electron beam impinges the sample surface and scattering events are caused
by the interaction of the electrons with the sample. Fig 3.1(b) shows the interac-
tions of electron beam with the surface of a sample and the produced particles. A
spectrum of secondary electrons, backscattered electrons and auger electrons results.
The most common imaging mode relies on the detection of the secondary electrons.
The secondary electrons originate from the subsurface of the sample, due to their
very low energy, although their small exit depth enhances the topographical reso-
lution. The preparation of the samples for SEM includes fracture cross-sections of
the film. Cross-sectional SEM is a fast way to visualize the changes in the mor-
phology of the CNx films and to evaluate the changes induced in the film structure.
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(a) (b)

Figure 3.1: Illustration of (a) an electron source and lens sequence which the incident
e− beam passes through (illustration from www.zeiss.com) and (b) the interactions
on a sample surface after the e− beam impinges on the surface.

Moreover, the technique offers a practical method to connect the changes observed
in other quantification measurements, such as the density of the films, with the re-
sulted morphology. Figure 2.6 shows an example of SEM cross-sections of CNx films
deposited on Si(001) substrates by different magnetron sputtering techniques and at
different Vb. From the cross-sections of Fig. 2.6 differences in porosity are observed
through a contrast difference between denser and underdense areas. For CNx films
deposited at Vb = 20 V , clear boundaries are observed, which imply separation of
material into columns. As the ion energies increase (Vb > 20 V ), no clear boundaries
are observed, the columns close and more homogeneous morphologies are observed.

3.1.2 Transmission Electron Microscopy (TEM)

TEM is rather a sophisticated and expensive, but important and powerfool instru-
ment for visualization of atomic arrangements in materials. The first TEM was con-
structed by Knoll and Ruska the early 1930s [58], and along with Louis de Broglie’s
theory for the wave characteristics of electron [59], it decisively contributed to the
development of the electron microscopy. The robustness of the TEM technique lies
on the fact that it offers direct information regarding the microstructure of the films,
thus it is widely used in thin film technology. The analytical resolution of a TEM
can be used in different modes, such as high-resolution transmission electron mi-
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croscopy (HRTEM), scanning transmission electron microscopy (STEM) or selected
area electron diffraction (SAED), while each of them serves additionally for the
better understanding of the structure of a material.

TEM instrumentation and operation from the material science perspective are
thoroughly treated in [60]. In a very simplified context, TEM consists of three main
parts: a) an electron gun, b) the column including magnetic lenses and apertures
and c) a CCD camera. Nowadays, in more expensive TEM instruments, electrons
are emitted by field emission guns (FEGs), operating in the range of 60 - 300 keV,
depending on the operation mode but also on the instrument’s limitations. The
energy of the electron beam for the TEM imaging and SAED acquisition in our
study was set to 300 keV , in order to improve the image contrast. The electrons
are transmitted in the illumination system of the microscope, which consists of a
sequence of magnetic condenser lenses and apertures. The electron beam exits this
sequence of lenses as coherent and parallel as possible and illuminates the sample,
which is steadily placed in the sample holder (Fig. 3.2). The electron beam is trans-
mitted through the sample, whereas some electrons are elastically or inelastically
scattered upon their interaction with the sample atomic potentials. Thus, electrons
with different wave functions exit the sample.

Figure 3.2: Illustration of imaging and diffraction mode of a TEM.
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A sequence of an objective and a projector lens follows under the sample holder,
which are responsible for the convergence of the appropriate scattered electron
beams. A pattern of the electron densities is formed and projected at the back
focal plane of the objective lens. The electron beam is magnified before it results on
the CCD camera. In the latter part of the electron beam route, the option between
imaging mode or diffraction mode can be done, by using the respective mode. For
the observation of a certain area of interest of the sample, the selected area diffrac-
tion (SAD) aperture is inserted at the image plane (Fig. 3.3) and a selected area
electron diffraction (SAED) pattern is acquired.

Figure 3.3: Illustration of the SAED configuration in the imaging system of a TEM.

Different kinds of diffraction patterns are obtained, according to the crystallo-
graphic microstructure of the material. Crystalline materials exhibit generally dots
in a distinguishable pattern, while polycrystalline materials present rings often with
spots. Amorphous materials present also rings, although broader, and without the
spots observed in polycrystalline materials.

CNx thin films were extensively examined using HRTEM and SAED modes in
the past and two main structural configurations were identified for CNx thin films;
amorphous carbon nitride (a-CNx) and fullerene-like carbon nitride (FL-CNx) [61],
[62], [63]. The observations of CNx films in TEM should be approached with caution.
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Cross-sectional TEM is a useful imaging mode and allows for observations of short-
range order (SRO) in the films, although in some cases, SRO may be present, but
not observable in the image. This means that very small ordered nanostructures
can be present in the film, but they are too small for imaging even in HRTEM.
There might also be the case that the images contain the information, but the eye
of the observer is not capable to resolve this information. For CNx films, such
configurations are mainly the FL-CNx nanostructures, which significantly change
not only the structure of the film, but also its properties, and for this reason is
important to be able to resolve the film microstructure. Hence, the discrimination
between a-CNx and FL-CNx is made by both imaging mode and SAED patterns.
While a-CNx films exhibit two distinct rings at ∼ 1.2 Å and ∼ 2 Å correlated to
amorphous microstructure, the FL-CNx allotrope presents one more diffraction ring
at ∼ 3.5 Å, which closely corresponds to the one observed in graphitic diffraction
patterns, indicating short-range order (SRO) [62]. Fig. 3.4 shows a TEM image
with the corresponding SAED pattern of the CNx film deposited with MFMS at
Vb = 120 V . Both the image and the SAED pattern reveal the amorphous character
of the film (Paper I).

Figure 3.4: HRTEM micrograph and SAED pattern (inset) of the CNx film de-
posited at Vb = 120 V with MFMS.

In some cases though, the third ring located at ∼ 3.5 Å is also difficult to observe,
since it may be located in the central disk of the incident beam in the diffraction
pattern. The microstructure of the CNx film demonstrated in Fig. 3.4 may show
characteristics of SRO, where in some areas of the film small fragments of two
or three bended planes formed arrays of less than 1.5 nm. Despite that HRTEM
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and SAED are very powerful tool for the determination of SRO in CNx films, a
complete assessment of the microstructure of these films should also include x-ray
photoelectron spectroscopy, since it provides with additional information regarding
the N bonding configurations and whether an amorphous or FL structure prevails
(see also subchapter 3.1.4). Thus, the film above is characterized as amorphous.

3.1.3 Focused Ion Beam (FIB)

Focused ion beam is recently used for the preparation of TEM samples, especially
when there is need for selection of a special area of the sample or asymmetrical
substrate shapes need to be analyzed. Moreover, very small pieces (on the order
of a few µm) of the material can be cut with FIB, making possible the analysis
of specific features of the samples. In thin film technology, FIB is used for the
preparation of both plan views and cross-sections of the samples. FIB instruments
resemble SEM, but instead of electrons, Ga ions are used for the imaging and milling
of the sample. Two FIB configurations can be met; a) the single-beam FIB where
one source is used to produce the Ga ions for imaging and milling and b) the dual-
beam FIB in which there are two guns, usually placed with an angle of 52 − 54o,
where one is an electron gun (usually FEG) and the other a Ga ion gun. A dual
FIB configuration is presented in illustration in Fig. 3.5.

Figure 3.5: Illustration of a dual FIB configuration, with a FIB and an SEM gun.

The CNx thin films were proved to be sensitive to ion radiation and must be
treated carefully even from the stage of TEM sample preparation [64]. Small angle
cleavage technique (SACT) and conventional sample polishing followed by ion beam
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milling have been used to prepare TEM specimens. For the scope of this study,
the most appropriate technique poses the focused ion beam (FIB). Steel substrates
used in applications such as ball bearings are very hard for cleaving, moreover the
thickness and shape of the steel substrates may vary, prohibiting essentially the
use of SACT and conventional polishing. FIB offers better control of the TEM
preparation stage and allows for precise selection of the area of interest, when needed
as for example in analysis of different parts of wear tracks. A thin Pt layer is
deposited prior to the milling in order to protect the film from the Ga beam. The
lift-out technique is mainly used for the TEM cross-section preparation of thin films
[65]. Ion energies of 30 kV and currents from 5 nA to 500 pA are used for the
milling of the sample, although the case of CNx films is an exception. Apart from
Ga implantation, which poses problems for all kind of materials, it was reported
that CNx microstructure, in film form, is sensitive to high energy ion milling and
SRO features, such as fullerene-like, may become amorphized. Thus, the analysis
of CNx films deposited on steel substrates of various shapes, accompanied by the
identification of possible graphitic or fullerene-like phases in CNx films becomes
complicated, if not impossible. However, the thickness of the amorphized layers
due to Ga milling can be reduced with decreasing Ga ion energy. Consequently,
the energy of the electron beam at 300 kV , not only improves the image contrast,
but also helps to enhance the imaging of the unaffected film areas. This technique
further enhances the thickness ratio of the original unaffected area of the sample to
the amorphized external layer due to FIB preparation [64]. In order to improve this
thickness ratio, specific steps were followed in the preparation of the TEM lamella.

The TEM cross-sections are prepared using the lift-out technique and initial
milling ion energy of 30 kV , although for the final polishing of the TEM lamella,
the Ga ion energy was reduced to 5 kV . Thus, the amorphized layer thickness was
reduced to ∼ 5 nm and the amount of Ga implantation decreased significantly. The
Ga implantation is further reduced using lower ion currents at the final stages of
the polishing. During the milling with 30 kV ion energy, currents of 2 nA, 1 nA,
500 pA, 200 pA, 100 pA and 20 pA were sequentially used for the preparation of
the lamella, in order to decrease the possibility of Ga implantation. At the final
stage of the polishing of the TEM lamella, a current of 100 pA was used, which
was the lowest possible current reached. Fig. 3.6 shows a comparison between a
CNx film prepared by FIB using 30 kV and a CNx film prepared using 5 kV Ga

ion energy. In the case where 30 kV was chosen, the density of implanted Ga areas
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is presented higher compared to the density of respective areas in the case of 5 kV
Ga ion energy. In the case that 5 kV Ga ion energy was selected, the implanted
Ga appears to affect areas with a diameter less than 2 nm, while such areas are
much larger in the case of 30 kV (> 2nm in some cases). Especially, at thin parts
of the film, such as the edges, higher amount of Ga implantation is observed and an
interpretation of film structure is not possible. Thus, the obtained final thickness of
the TEM lamella should be above a critical thickness, below of which the amount
of implanted Ga makes the observation of the film microstructure impossible.

Figure 3.6: TEM cross-sections of a CNx thin film, prepared using (a) 30 kV and
(b) 5 kV Ga ion energy.
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3.1.4 X-ray Photoelectron Spectroscopy (XPS)

XPS is a surface analytical characterization technique, extensively used in the past
for the determination of the bonding type in a-C and a-CNx films [44], [43], [36], [66],
[67], [61], [20], [68], [69], [38]. The technique relies on the photoelectric effect i.e.,
emission of electrons from a solid surface upon irradiation with photons of sufficient
high energy. The probing depth of XPS is 3-10 nm and the technique provides useful
information regarding the N bonding in the C matrix, extracted from C1s and N1s
core level spectra.

For XPS measurements, the samples are placed in ultra-high vacuum and irra-
diated with photons with energies in the X-rays range. Commonly Mg Kα = 1253.6

eV or Al Kα = 1486.7 eV sources are used. Due to photoelectric effect, electrons are
emitted and if they are generated near the surface, they can escape into the vacuum
chamber.

The binding energy, EB, of the electron is deduced using the Einstein’s formula:

EB = hν − φspectr −KE (3.1)

where hν is the photon energy, EB is the binding energy of the core electron,
φspectr is the work function of the spectrometer and KE is the kinetic energy with
respect to the Fermi level.

XPS is particularly useful to obtain information about concentration of C, N ,
and O in CNx films, as well as give insights into the C-N bonding configuration.
The deconvolution of C1s core level spectra is a difficult task, since no theoretical
background is established for CNx films. There is a large number of publications,
where authors assign all peaks to sp2 or sp3 bonding states, ignoring that N incor-
poration can induce either sp2, sp3 or sp bonds, altering significantly the bonding
configuration of the C matrix and that CNx films are sp2-rich materials exactly
due to that N incorporation. Different components can contribute to the C1s core
level spectra, due to the presence of C-N bonds. The peak model of C1s and N1s
core level spectra of CNx thin films used in our study is presented in Fig. 3.7. C1s
core level spectra of CNx films can be satisfactorily fitted by 5 components. The
components at ∼ 284.7 eV (C1) and ∼ 286 eV (C2), also observed in N -free DLC
films, are assigned to C sp2 and C sp3 hybridized states. The component at the
binding energy of ∼ 287.3 eV is due to C-N bonds (C3), although no discrimination
between sp2 or sp3 bonding states can be done. This is due to the different possi-
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bilities for sp2 or sp3 bonds that N can form upon its incorporation in the films.
Thus, a resolution into sp2 or sp3 configuration can not be carried out, since C3
component is an intermixing of C-N sp2 and sp3 bonds. C1 and C2 components
may also be influenced by N presence, since N can also form sp2 and sp3 bonding
configurations with C. For accurate interpretation of sp2 and sp3 contents in CNx

films, more characterization techniques should be involved in combination with XPS,
such as magnetic resonance spectroscopy and/or electron energy loss spectroscopy.
In the same binding energy region, contributions due to C-O (C4) and C=O (C5)
bonds appear (at ∼ 289 eV and ∼ 290.7 eV , respectively), depending on the O
contamination in the films.

Figure 3.7: XPS peak model for the deconvolution of C1s and N1s core level spectra
of the film deposited by MFMS at Vb = 120 V .

N1s core level spectra show three contributions; N1 at ∼ 398.6 ± 0.2 eV , at-
tributed to N bond in 2-fold coordination at the periphery of graphene sheets in the
C network (the pyridine-like structure), N2 at ∼ 400.6± 0.1 eV , attributed to sp2-
hybridized N bond to three C atoms in a graphitic network and N3 at ∼ 402.7±0.1

eV attiributed to N -O bond. N2/N1 peak area ratio and the separation between
N1 and N2 peaks in N1s core level spectra are characteristic quantities which can
reveal either the amorphous or the fullerene-like structure of the films [20]. Peak
area ratios of N2/N1 > 1 with a N1-N2 separation of ≥ 2 eV denote fullerene-like
microstructure. The low growth temperatures used in our study favor the a-CNx

films. N1s core level spectra reveal small differences between films deposited with
different Vb. Increasing Vb, N2/N1 peak area ratio increases for films deposited by
MFMS. Hence, N presents a preference in bonding in a configuration with three C
atoms rather than in pyridine-like configuration. N2/N1 peak area ratio for films
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deposited by HiPIMS and DCMS does not show significant difference and depen-
dency on Vb.

Figure 3.8: N2/N1 peak area ratio of CNx films deposited by MFMS (triangles),
HiPIMS (circles), and DCMS (squares) as a function of Vb.

In the above interpretations regarding the bonding configurations in the films
for all deposition modes, it is assumed a priori that N is bonded uniformly in the C
matrix, and that the sp2 and sp3 content in the films is also uniformly distributed.
There is no evidence for this though, since the probing depth of XPS is rather small
in comparison with the film thickness, but a depth profile would give a sense of the
distribution of N incorporation.

3.1.5 X-ray Reflectivity (XRR)

XRR is a relatively fast and non-destructive technique for the determination of
density, thickness, and roughness of thin films and also provides information about
the layer periodicity of multilayered thin films. The refractive index in solids is
slightly smaller than unity for x-rays and total external reflection occurs at low
angles of incidence. The x-rays will start to penetrate into the film, as the incident
angle increases above a critical angle θc. For a structure with one layer of film
deposited on a bulk substrate, there are two different refractive indexes; n1 for the
top thin layer and n2 for the bulk substrate. Thus, the reflection of x-rays at the
interface of layers with different refractive indexes will cause interference of the
reflected beams. Information regarding the thickness and the roughness of the films
can be extracted, although for a-C and a-CNx films, thickness or roughness of the
films is not always accessible from the XRR profiles.
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Density of both a-C and a-CNx, though is obtained accurately and only from the
critical angle. Critical angle, θc, is proportional to the electron density, hence the
mass density of the material. The density of a-CNx can be estimated by neglecting
contributions from N content, even if N is present in the films. For C films with
density very close to the density of the substrate (i.e., Si in most of the cases), a
simulation of the reflectivity is needed to extract the density of the film, because
the presence of the film acts only as a perturbation of the shape of critical angle.
Fig. 3.9 shows a respective fitting, obtained for the film deposited by HiPIMS at
Vb = 100 V .

Figure 3.9: XRR profile and the respective fitting for the film grown by HiPIMS at
Vb = 100 V .

In the case of C films with very low density (porous carbons or a-C), a double
critical angle is distinguishable and it allows for a direct determination of film den-
sity. If the C film is denser than the substrate (i.e., Si), such as in the case of ta-C,
only a single critical angle is observed, which gives the density of the carbon films.

DC magnetron sputtered a-CNx films exhibited generally densities lower or close
to that of graphite [37], [22] and sputtered CNx [21]. Films produced by MFMS,
HiPIMS, as well as DCMS in this study, exhibit also densities lower and close to that
of graphite and sputtered CNx. A dependency on Vb is also observed, where density
of all films presents a linear increase with increasing Vb (Fig. 3.10). These films
densify because higher Vb values give more momentum to the incident ion species that
results in enhanced adspieces mobility to find higher bonding-coordination (energy)
sites and also recoil implantation, which effectively closes the intercolumnar porosity,
if not intercalates the forming structure by N or Ar (Paper I).
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Figure 3.10: Density of CNx films deposited by MFMS (triangles), HiPIMS (circles)
and DCMS (squares) as a function of Vb.

3.2 Mechanical characterization

3.2.1 Profilometry

Profilometry is a scanning technique used for thickness or roughness measurements
of thin or thick film surfaces. During a profile acquisition, a stylus traces the topog-
raphy of a film-substrate step, recording the thickness of the film. The roughness
of the films is also measured as surface variations, where the surface variations are
recorded electromechanically with a stylus.

Profilometry can also be used for residual stress measurements of films. The
possibilities for residual stress measurements in amorphous films are limited, exactly
due to the lack of crystalline or at least pollycrystalline order. This is also valid
for FL films. Thus, profilometry is a very fast and useful technique for obtaining
residual stress of amorphous thin films, therefore of a-C and a-CNx thin films also.
The radius of curvature of a coated substrate is measured and the residual stress is
calculated by the modified Stoney’s equation for thin films:

σfilm =
Ysubd

2
sub

6R (1− νsub) dfilm
, (3.2)

where σfilm is the residual stress of the film, dsub is the thickness of the sub-
strate, νsub is the Poisson’s ratio of the substrate, Ysub is the Young’s modulus of
the substrate (for Si substrates: dSi = 525 µm, νSi = 0.36 and Ysub = 169 GPa

[70]), dfilm is the thickness of the film and R is the radius of curvature of the sample
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as measured with the stylus profilometer. The radius of curvature of an uncoated
substrate is measured before the measurements of the coated substrates. Eventually,
the residual stress of the uncoated substrate is subtracted from the residual stress
of the coated substrate, in order to extract the stress induced by the film. Fig. 3.11
shows the residual stress induced by CNx thin films deposited on Si(001) substrates
by MFMS, HiPIMS, and DCMS, as a function of Vb.

Figure 3.11: Residual stress of CNx films deposited by MFMS (triangles), HiPIMS
(circles), and DCMS (squares) as a function of Vb.

A strong dependency of σ on Vb is observed for CNx films grown with all mag-
netron sputtering techniques, moreover σ at each technique is influenced to a differ-
ent extent by Vb. The increasing σ with increasing Vb are primarily due to higher
energy bombardment, which leads to suppression of the columnar growth through
reduction in the formation of voids (Paper I). A dependency on Ar content with
increasing σ is also observed, where films with higher amount of intercalated Ar

present also higher stresses. The role of working gas entrapment in the residual
stress evolution remains a controversial issue in the literature [71]. In the case of the
CNx films of this study, the forward sputtering model accounts for the σ evolution,
which states that the main reason for increased stresses is the increased ion energies
[71]. Ar incorporation influences in a smaller extent the σ evolution, atlhough it
is not possible to assess how large is this influence. Nevertheless, intercalated Ar

is expected to also contribute to the compressive stresses, primarily due to the size
difference between Ar radius and C-C and C-N bond lengths, leading to a spatial
distortion of the C matrix.
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3.2.2 Nanoindentation

Nanoindentation is a method of measuring the mechanical response of thin films.
During a nanoindentation, a tip of known geometry touches the surface of the film
and the elastic and plastic deformation of the material are measured in terms of
hardness, H, and elastic modulus, Er. In the case of thin films, with thicknesses
< 1 µm, the depth of penetration of the tip should be taken into consideration. If
the penetration of the tip is deep inside the film, the substrate may influence the
measurement and there is the danger to also probe the properties of the substrate,
hindering the real mechanical response of the film. Thus, Berkovich tips are chosen
for shallow indentations in thin films, due to their geometry, which gives higher
contact areas with the film. The penetration depth is kept < 10% of the film
thickness as an additional safety measure in order to eliminate substrate effects. For
C-based (especially CNx) films, the very high elasticity may consist a problem, since
the penetration depth of the tip can extend the film thickness and influences from
the substrate appear. Thus, one should be careful during the interpretation of the
mechanical response of the films from nanoindentation curves.

For nanoindentation measurements, a Triboindenter TI 950 from Hysitron was
used, employing a three plate capacitive transducer, that is used both as the actu-
ator and sensor of the instrument. The force is applied electrostatically, while the
displacement is simultaneously measured by the change in capacitance. To apply a
force, a large DC bias (up to 600 V ) is applied to the bottom plate of the capacitor.
This will create an electrostatic attraction between the centre plate and the bottom
plate, which will pull the centre plate down. The force can be calculated from the
magnitude of the applied voltage. The maximum normal force available from the
standard transducer is approximately 10 mN.

The geometry of an indentation, using a Berkovich indenter with a vertical load
P is demonstrated in Fig. 3.12(a), where the elastic and plastic deformation at
maximum load (ht) and the part of the elastic deformation that recovers (he) are
shown. The radius of the circular impression, α, the displacement of the surface at
the perimeter of the contact, hs, the final depth of the residual hardness impression,
hf , and the residual depth after unloading, hc are also denoted.

Load versus displacement curves are obtained from nanoindentation (Fig. 3.12(b)).
According to the nanoindentation curves (shape and penetration depth), there are
no substrate effects in the measurements, hence the hardness is extracted by:
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(a)

(b)

Figure 3.12: (a) Illustration of the geometry before nanoindentation and the imprint
of the contact area after the nanoindentation (adopted from [72]). (b) Upper graph:
an analysis of a load - displacement curve of the CNx film deposited by MFMS
at Vb = 100 V and (b) lower graph: load - displacement curves of CNx film de-
posited by MFMS, HiPIMS and DCMS deposited at Vb = 120 V , as obtained after
nanoindentation.

H =
P

A
, (3.3)

where P is the contact pressure and A the contact area of the tip with the
surface of the film. The contact area should be calculated in order to determine
the effective real contact of the tip with the surface. This calibration is done before
the nanoindentation measurements and is called tip area function calibration. The
approach from Oliver and Pharr [72] for nanoindentation with Berkovich tip on fused
silica is used in order to determine the tip area function using an appropriate fitting
for the relationship:
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A(hc) = 24.5h2c + C1h
1
c + C2h

1/2
c + C3h

1/4
c + ...+ C8h

1/128
c , (3.4)

where C1 through C8 are constants.
An example of a load - displacement curve of an a-CNx thin film deposited by

MFMS is shown in Fig. 3.12. With nanoindentation method is possible to extract
also the reduced elastic modulus of thin films, given the contact area, which is given
by:

Er =

√
π

2

S√
A
, (3.5)

where Er is the reduced elastic modulus, S is the contact stiffness and A the
contact area. The elastic recovery, ER, can be obtained as

ER =
ht − hc
ht

100%, (3.6)

where ht is the maximum indentation depth and hc the residual depth after
unloading (Fig. 3.12).

Figure 3.13: Hardness of CNx films deposited by MFMS (triangles), HiPIMS (cir-
cles) and DCMS (squares) as a function of Vb.

The H and Er of a-CNx present remarkable dependency on Vs (Fig. 3.13). For
higher Vs, the films are presented harder and more elastic, a consequence of the
densification of the a-CNx films produced at higher Vs, caused by higher energetic
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bombardment of the substrates. MFMS produces the harder films deposited at each
Vs, while the least hard films are produced by HiPIMS at each Vs. Films produced
by DCMS present intermediate values between the values obtained for a-CNx films
deposited by MFMS and HiPIMS.

According to their H/E ratio, all a-CNx films are proved very resilient demon-
strating H/E ≥ 0.1 (Paper I). The highest H/E ratio of 0.14 is achieved by a-CNx

deposited by MFMS and DCMS at Vs ≥ 100 V . It is noted that N -free DLC films
are classified to very resilient materials with H/E = 0.1 [8].

3.3 Tribological characterization

3.3.1 Reciprocal friction and wear test

Reciprocal tests are used in order to assess the tribological performance of a surface,
determining quantities such as friction and worn material under certain experimen-
tal conditions. The reciprocal movement of a tip over the surface, under appropriate
applied load, causes changes on the surface. It also offers a good way to evaluate
the tribological performance of a thin film. Depending on the applied load and the
dimension of the counterpart (tip or component), the changes can be perceived at
the macroscale, microscale or nanoscale. Thin films though suffer from poor adhe-
sion on substrates and the evaluation at the macroscale is usually unsuccessful due
to delamination of film from the substrate from the beginning of the test, because
films are subjected to relatively high loads. A way to evaluate the tribological perfor-
mance of thin films is to test them at different scale, considering always the pressure
and Hertzian contacts. The evaluation of the tribological properties of films at the
microscale or nanoscale is controlled by different parameters than at the macroscale,
making the assessment of the results different. For instance, parameters such as hu-
midity, surface roughness or contamination of the surface affects with different ways
the measurements at the micro and nanoscale than at the macroscale. Moreover,
for carbon-based thin films, which exhibit low friction and wear at macroscale, mea-
surements at the micro or nanoscale could give some better insight to the friction
and wear mechanisms of these films.

It is of great value to determine the tribological response of CNx thin films as
a function of the number of cycles, in order to assess both the durability of the
films and their lifetime. Thus, a multicycle reciprocal wear test comprising 31 cycles
is used in order to evaluate the tribological properties of the a-CNx thin films.
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Triboindenter TI 950 is used for this test with a transducer assembly having the
potential to apply both normal and lateral forces (2D transducer configuration).
This assembly has two additional transducer sensors mounted on opposite sides of
the first, at a 90o angle.

A diamond conical tip of ∼ 5 µm radius of curvature and 60o included angle was
reciprocated under a load of 5 mN . The profile track length was set to 10 µm, and
the wear track to 5 µm. Each test comprised 31 cycles, where one cycle is considered
to be one forward and one backward movement of the tip (Fig. 3.14). The friction
force, FF , of each cycle was recorded. The profile of the worn surface of the films
was also recorded after each wear cycle as the normal displacement versus the lateral
displacement of the tip.

Figure 3.14: Illustration of the reciprocal wear test.

The worn material, expressed by the wear coefficient, k, was calculated as the
integral between two measured surface profiles of a cycle, using Archard’s equation
[73]. The friction coefficient, µ, was calculated using the relationship µ = FF

L
, where

FF is the friction force and L is the applied load. Thus, the friction coefficient of
each cycle is an average value obtained from the different values of FF during the
cycle. Despite that the length of the wear track was 5 µm, only the data within the
central zone of 4 µm were used to evaluate µ in order to avoid spurious contributions
due to accumulation of material in the track borders. The recorded track profiles of
the CNx deposited with MFMS, HiPIMS and DCMS are presented with details in
Paper II.

a-CNx thin films exhibit in many cases remarkable tribological properties. Low
friction coefficients were recorded for a-CNx deposited either with MFMS, HiPIMS
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or DCMS and friction does not seem to depend on the deposition conditions (Fig.
3.15).

Figure 3.15: (a) Friction coefficient and (b) wear coefficient of CNx film deposited
by MFMS (square pattern), HiPIMS (line pattern), and DCMS (cross pattern) as a
function of Vb.

Friction coefficient does not show any dependency on Vb, although it depends on
other parameters connected to the surface of the films, as demonstrated in Paper
II, such as track roughness. Wear coefficient of the films, as obtained from the last
cycle of the wear test for each CNx film, depends on Vb. Therefore, the morphology
and the mechanical properties of the films (i.e., hardness and elastic recovery) are
detrimental for the wear resistance of the CNx films. The combination of highly ho-
mogeneous and dense films, with high hardness and elastic recovery presents higher
wear resistance. In Fig. 3.16, friction coefficient as derived from the first cycle of the
wear test of the films deposited in MFMS mode as a function of Vb is shown. Fig.
3.16 essentially shows that µ depends on the surface roughness of the track. The
roughness of the films before the 1st cycle is also presented as a function of the Vb
and it shows good agreement with the results from friction. There is no dependency
of roughness with increasing Vb, although there is a trend observed between rough-
ness and friction coefficient. It seems that when initial roughness shows relatively
low values, friction coefficient is increased and as roughness increases, friction coef-
ficient decreases. It has been demonstrated (see appendix of Paper II), that large
asperities on the surface of the films, in the wear track, influence the movement of
the tip. When tip moves over the asperity, it does not remain on the surface, but
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it mainly "flies" above the asperity and lands again on the surface, affecting the
obtained values of friction coefficient. This is a big problem for measurements at
nanoscale, since these kind of asperities could be macroparticles or defects embed-
ded in the films and influence at a great extent the friction coefficient, giving "false"
impressions for the tribological characteristics of the films. Although, the method
described above, offers the tool to avoid these areas and measure at places that are
defect-free, interpreting statistically more correct friction coefficient values of the
films.

Figure 3.16: Initial track roughness (squares) and friction coefficient as obtained
from the 1st cycle of the wear test as a function of Vb. The open square is the initial
track roughness of the film grown at Vb = 60 V without included a large asperity
detected on the track and the corresponding friction coefficient at the part of the
track without the asperity.

a-CNx thin films deposited with MFMS exhibited low to very low wear rates as
is shown in Fig. 3.17.

It is noted that the films deposited with MFMS at Vb = 120 V showed negative
wear, which accounts for a material volume that "grows" inside the wear track during
the wear test. It is demonstrated in Paper II that this is explained by a surface
modification; a phase transformation, possibly graphitization, often observed at the
macroscale after friction and wear testing. This surface modification was possible
to be observed in the CNx films of this study due to the low roughness of the track
surface and the very low wear of this film. There are evidences where protuberances
were observed at nanoscale, when very thin DLC films (between 0.5 and 2 nm)
were scratched [74]. This was ascribed to transfer of material from the Si substrate,
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Figure 3.17: Wear coefficient of CNx thin films deposited by MFMS (triangles),
HiPIMS (circles) and DCMS (squares) as a function of Vb.

which thereafter was oxidized, forming a thin layer of SiO2 on the surface above the
DLC film. This is not the case herein, since the thickness of our films is between
800 and 1100 nm.
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Chapter 5

Conclusions and upcoming work

5.1 Conclusions

The work included in this licentiate thesis is the first step to produce improved
C-based thin films for bearing applications. The films must fulfill the specific me-
chanical and tribological properties of high density and high hardness, in order to
withstand the demanding conditions of high load and long running time. An indus-
trial deposition chamber was involved in order to ensure the industrial applicability
and the potential commercialization of the synthetic methods. Three PV D mag-
netron sputtering techniques were explored and compared, namely MFMS, HiPIMS,
and DCMS, in order to understand the potential of each of them, to grow CNx films
with the desired structures and properties. CNx thin films were synthesized on
steel AISI 52100 and Si(001) substrates. The results of the study regarding their
structure, mechanical properties and tribological behavior are concluded below:

• Reactive magnetron sputtering of graphite targets in N2/Ar atmosphere and
at low temperatures (T < 150oC), produced amorphous carbon nitride a-CNx

thin films in either MFMS, HiPIMS or DCMS mode.

• sp2-rich films were grown by all deposition techniques (Fig. 3.1), although an
accurate estimation of the sp3/sp2 ratio in CNx films is not possible, using
only the characterization techniques employed in this study (XPS).

• Substrate bias highly affects the structure and the mechanical properties of
the CNx films deposited either with MFMS, HiPIMS or DCMS. Moreover the
influence of substrate bias differs between the deposition techniques.
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• The morphology of the films is influenced by the applied substrate bias. A
porous structure with columnar voids was developed when 20 V bias was used.
Voids closed, porosity decreased and dense films formed at Vs ≥ 60 V , Vs ≥ 100

V , and Vs ≥ 120 V for MFMS, DCMS, and HiPIMS, respectively.

• O content in the films decreased with increasing substrate bias, reflecting the
decrease in films porosity.

• The Ar incorporation in the films increased with substrate bias for all deposi-
tion techniques. Moreover, different Ar uptake is observed for each technique,:

– The abundance of MFMS and DCMS processes in Ar+ and the higher
homogeneity of the films produced by these techniques result higher Ar
intercalation than in films deposited by HiPIMS.

– The lower Ar+ amount and the low duty cycles of the substrate bias of
HiPIMS processes benefit low Ar incorporation rates in the films at all
bias voltages.

• Denser CNx films are grown at higher substrate bias, due to the bombardment
of the substrates with high energy ions.

• Substrate bias affects the residual stress of the CNx films. Stress increases
linearly with increasing substrate bias in each deposition technique. Further-
more, the increase of residual stress of the CNx films is affected to different
extent in each technique.

– Films produced by MFMS are affected to a higher extent and present
the highest stress at each substrate bias. For these films, residual stress
increases linearly to as high as −4.2 GPa at Vb = 120 V

– Films produced by HiPIMS are affected to a less extent and present
the lowest stress at each substrate bias. For these films, residual stress
increases as high as −1.2 GPa

– Films produced by DCMS are affected more than films produced by HiP-
IMS and less than films produced by MFMS, presenting an intermediate
behaviour. For these films, residual stress increases up to to −2.1 GPa
at Vb = 120 V

102



5.1. CONCLUSIONS

• MFMS produced harder films at each substrate bias than HiPIMS and DCMS.
The hardness and density of the films grown by MFMS increases linearly with
increasing bias voltage to as high as ∼ 25 GPa and ∼ 2.23 g/cm3, respectively.
HiPIMS produced softer films at each substrate bias, with the hardest film
deposited at substrate bias of 120 V and hardness of ∼ 14 GPa.

• Low friction coefficients were recorded for all films and range between 0.05
and 0.07, when measured at the microscale. Friction coefficients did not show
dependency on the substrate bias. They are generally influenced by the surface
roughness of the tracks or the movements of the tip over the surface during
the measurements.

• For films deposited by MFMS, friction coefficients were influenced by surface
roughness in the tracks. Friction behaviour is governed by two lubrication
mechanisms: a) debris particles at the first cycles and b) modifications on the
surface (i.e., possible graphitization) after debris removal.

• The wear resistance of the CNx films increases with increasing substrate bias
in each technique, due to the denser and harder structures obtained at higher
substrate biases.

DCMS is confirmed as a technique with stable ionization conditions and in com-
parison to HiPIMS and MFMS, presents intermediate trends regarding the tribo-
logical and mechanical characteristics of the CNx films.

MFMS is revealed as a very robust technique for the production of low friction
and wear resistant CNx films. The special cathode-anode configuration in MFMS
processes provides with stable ionization conditions during the operation of graphite
targets, which results to arc-free processes and beneficial surface characteristics.
Furthermore, high ion energies during MFMS processes proved that hard and elastic
a-CNx films can be synthesized with this technique. However, the high induced
film stress causes film delamination following the deposition, and makes the use
of an adhesion enhancement technique necessary, if MFMS is used for CNx film
depositions.

On the other hand, if high hardness is not requisite for a specific application,
HiPIMS produces CNx films with very low stress, which poses as a basic requirement
for better adhesion of CNx coatings deposited on steel substrates. In this case, an
adhesion pre-treatment prior to deposition may be better exploited, since the stress

103



5.2. UPCOMING WORK

level is lower, offering benefits in the overall performance of the coating. Coatings
grown by HiPIMS also possess low friction, although their wear resistance is lower
than films grown by MFMS and DCMS. However, the friction coefficient values
and the wear rates of the films grown by HiPIMS are not prohibitive for use in
applications, depending on the requirements and the work load of each application.
On the disadvantages side, the severe arcing of graphite targets in HiPIMS processes
leads to a film with defects on the surface or even embedded in the film structure,
such as macroparticles, which may influence the surface characteristics of the films
and friction to a higher extent.

5.2 Upcoming work

After achieving appropriate low friction and wear resistant a-CNx thin films, atten-
tion should be put on the improvement of adhesion between the a-CNx films and
steel substrates, either flat disks or cylindrical rollers. Adhesion improvements can
be directed by a pre-treatment step for the substrates prior to the depositions of a-
CNx, using metal ion etching or combined gas ion-metal ion etching of the substrate
surface. This step is best conducted with HiPIMS, since it has been proven that
high energy metal ions in HiPIMS promote film/substrate adhesion [17] [18]. The
pre-treatment procedure should be optimized for the AISI 52100 bearing steel. For
this reason, a special HiPIMS pre-treatment should be investigated, using different
metals in HiPIMS mode, in order to find the extent to which each pre-treatment af-
fects the adhesion of CNx films on bearing steel. Thus, the respective consequences
of each pre-treatment to the lifetime of coatings and rollers will also be studied.
It is important to understand the mechanisms of adhesion. The high energy ion
etching promotes a mechanism referred to as "stitching" [75], which depends on the
chemical bonding on the substrate surface and consequently on the involved ma-
terials. The analysis of the CNx film/AISI 52100 steel substrate interface will be
conducted using TEM imaging techniques together with electron dispersive X-ray
spectroscopy (EDX) or electron energy loss spectroscopy (EELS), which will give
insights to the stitching mechanism for each metal pre-treatment, while XPS and
time-of-flight secondary ion mass spectrometry (ToF-SIMS) will reveal the different
chemical bonding configurations at the interface.

Another important step is the deposition of a-CNx coatings on rollers and their
testing against steel surfaces, under real rolling and sliding conditions, simulating
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the actual roller bearing operation. This will give a sense of how the a-CNx coatings
operate under high loads and if, and how, they change the properties of the roller
surface. Moreover, analysis of the wear tracks of rollers and rings is judged of
critical importance, in order to reveal possible failure mechanisms of a-CNx coated
and uncoated steel rollers. I will try to investigate and understand the friction
and wear as well as the lubrication mechanisms that govern the operation of CNx

coated rollers. A graphitization process is common for C-based films when tested
with tribological tests and this mechanism is assumed to be responsible for the low
friction provided by such films [76], [77]. The wear track analysis will be conducted
using TEM/EDX (or EELS) and SEM imaging techniques. The comparison of the
initial and final roughness of the counterparts is also important for the evaluation
of the tribological performance of coated rollers and will be conducted using surface
profilometry and scanning probe microscopy (SPM). The mechanisms of lubrication
for the coated rollers will be analyzed using Raman spectroscopy and XPS, which
will reveal the chemical environment and bonding configuration of the CNx films,
before and after the wear tests.

Possible improvements of the mechanical and tribological properties of a-CNx

and a-C thin films will also be investigated through structural changes induced by
doping of the films with low doses of metal ions, exploiting the potential of the
magnetron sputtering techniques reported herein. Recently, the doping of graphite-
like carbon coatings with Cr has been reported with beneficial effects on friction
and wear of the coatings, where the lubrication of the contact in a pin-on-disk
test was improved due to a CrCl3 tribolayer, formed by chemical reaction presence
of lubricant [78]. The effort will be to improve the mechanical and tribological
properties of the a-CNx films, with the addition of a metal and to explore the
potential of further optimization under lubricated conditions. Thus, the reactions
of doped-CNx films and coated rollers in the presence of a lubricant are also of high
importance to understand.
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