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Abstract in English

To render the surface of a material capable of withstanding mechanical and electrochemical loads, and to
perform well in service, the deposition of a thin film or coating is a solution. In this project, such a thin
film deposition is carried out. The coating material chosen is titanium nitride (TiN) which is a ceramic
material known to possess a high hardness (>10 GPa) as well as good corrosion resistance. The method of
deposition selected is high power impulse magnetron sputtering (HiPIMS) that results in coatings with
high quality and enhanced properties. Sputtering is a physical process that represents the removal or
dislodgment of surface atoms by energetic particle bombardment. The term magnetron indicates that a
magnetic field is utilized to increase the efficiency of the sputtering process. In HiPIMS, a high power is
applied in pulses of low duty cycles to a cathode that is sputtered and that consists of the coating material.
As result of the high power, the ionization of the sputtered material takes place giving the possibility to
control these species with electric and magnetic field allowing thereby the improvement and tuning of

coating properties. However, the drawback of HiPIMS is a low deposition rate.

In this project, it is demonstrated first that it is possible to deposit TiN coating using HiPIMS with an
optimized deposition rate, by varying the magnetic field strength. It was found that low magnetic field
strength (here 22mT) results in a deposition rate similar to that of conventional magnetron sputtering in
which the average power is applied continuously, called also direct current magnetron sputtering (dcMS).
The high deposition rate at low magnetic field strength was attributed to a reduction in the back attraction
probability of the sputtered species. The magnetic field strength did not show noticeable influence on the
mechanical properties. The proposed explanation was that the considered peak current density interval

1.22-1.72 A-cm does not exhibit dramatic changes in the plasma dynamics.

In a second part, using the optimized deposition rate, the optimized chemical composition of TiN was
determined. It was shown that the chemical composition of TiN does not significantly influence the
corrosion performance but impacts considerably the mechanical properties. It was also shown that the
corrosion resistance of the coatings deposited using HiPIMS was higher than that of the coatings

deposited using dcMS.

The third study was the effect of annealing post deposition on the properties of TiN coating deposited
using HiPIMS. The hardness of the coatings showed a maximum at 400°C reaching 24.8 GPa. Above 400°C
however, a lowering of the hardness was measured and was due to the oxidation of TiN which led to the

formation of TiN-TiO, composites with lower mechanical properties.

The coating microscopic properties such as crystal orientation, residual stresses, average grain size were

determined from X-ray diffraction data and the roughness was measured using atomic force microscopy.



These properties were found to vary with the magnetic field strength, the chemical composition as well

as the annealing temperature.



Abstract auf Deutsch

Um die Oberflache eines Werkstoffes so zu gestalten, dass sie mechanischen und elektrochemischen
Belastungen standhélt und im Betrieb optimal funktioniert, bietet sich die Abscheidung einer diinnen
Schicht oder eines Uberzugs an. In der vorliegenden Arbeit wird eine entsprechende
Dinnschichtabscheidung durchgefiihrt. Als Beschichtungsmaterial wird Titannitrid (TiN) gewahlt, ein
keramisches Material, von dem bekannt ist, dass es eine hohe Héarte (> 10 GPa) sowie eine gute
Korrosionsbestandigkeit besitzt. Das gewahlte Abscheidungsverfahren ist das Hochleistungs-Impuls-
Magnetron-Sputtern (HiPIMS), welches zu Beschichtungen mit hoher Qualitdt und verbesserten
Eigenschaften flhrt. Das Sputtern ist ein physikalischer Prozess, der das Entfernen oder Umlagern von
Oberflachenatomen durch den Beschuss mit energetischen Teilchen darstellt. Der Begriff Magnetron
weildt darauf hin, dass ein Magnetfeld eingesetzt wird, um die Effizienz des Sputterprozesses zu erhéhen.
Bei HiPIMS wird eine hohe Leistung in Pulsen von kurzer Dauer an die zu sputternde Kathode angelegt,
die aus dem Beschichtungsmaterial besteht. Aufgrund der hohen Leistung findet eine lonisierung des
besputterten Materials statt, was wiederum die Moglichkeit eréffnet die entstandenen Spezies mit einem
elektrischen und magnetischen Feld zu kontrollieren und dadurch die Beschichtungseigenschaften zu

verbessern und abzustimmen. Der Nachteil des HiPIMS-Prozesses ist jedoch eine geringe Abscheiderate.

In diesem Projekt wird erstmals gezeigt, dass es moglich ist, TiN-Beschichtungen mittels HiPIMS mit einer
optimierten Abscheiderate, durch Variation der Magnetfeldstarke, abzuscheiden. Es zeigte sich, dass eine
geringe Magnetfeldstarke (hier 22mT) zu einer Abscheiderate fiihrt, die der des konventionellen
Magnetron-Sputterns ahnlich ist, bei dem die mittlere Leistung kontinuierlich angelegt wird, auch
Gleichstrom-Magnetron-Sputtern (dcMS) genannt. Die hohe Abscheiderate bei niedriger magnetischer
Feldstdrke wurde einer Verringerung der Rickanziehungswahrscheinlichkeit der gesputterten Spezies
zugeschrieben. Die magnetische Feldstarke zeigte keinen merklichen Einfluss auf die mechanischen
Eigenschaften. Die vorgeschlagene Erkldarung war, dass das betrachtete Spitzenstromdichteintervall

1.22-1.72 A-cm™? keine dramatischen Anderungen in der Plasmadynamik zeigt.

In einem zweiten Teil wurde mit der optimierten Abscheiderate die optimierte chemische
Zusammensetzung von TiN bestimmt. Es zeigte sich, dass die chemische Zusammensetzung von TiN das
Korrosionsverhalten nicht wesentlich beeinflusst, jedoch die mechanischen Eigenschaften erheblich
verandert. Es zeigte sich auch, dass die Korrosionsbestandigkeit, der mit HiPIMS abgeschiedenen

Schichten hoher war als die der mit dcMS abgeschiedenen Schichten.

Die dritte Studie war die Wirkung des Gliihens nach der Abscheidung auf die Eigenschaften der mit HiPIMS
abgeschiedenen TiN-Beschichtung. Die Harte der Beschichtungen zeigte ein Maximum bei 400°C und

erreichte 24.8 GPa. Oberhalb von 400°C wurde jedoch eine Verringerung der Harte gemessen, die auf die



Oxidation von TiN zurlickzufiihren war, die zur Bildung von TiN-TiO,-Kompositen mit geringeren

mechanischen Eigenschaften fihrte.

Die beschichtungsmikroskopischen Eigenschaften wie Kristallorientierung, Eigenspannungen,
durchschnittliche KorngroRe wurden aus Rontgenbeugungsdaten bestimmt und die Oberflachenrauheit
wurde mittels Rasterkraftmikroskopie gemessen. Es wurde festgestellt, dass diese Eigenschaften mit der

magnetischen Feldstarke, der chemischen Zusammensetzung sowie der Glihtemperatur variieren.
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Introduction

Surface treatment concerns the use of mechanical, chemical, electrochemical, or physical techniques
to modify the properties of a surface of a material, in order to meet the requirements of a given
application. Deposition of thin films is a surface treatment approach that consists of applying a thin
layer of a specified material to cover a substrate, in order to give it improved surface properties such
as corrosion resistance, wear resistance, or other mechanical, optical or electrical properties. Thin films
usually have thicknesses ranging between a few nm to a few um. There are several technologies used
to deposit thin films including chemical vapor deposition (CVD) and physical vapor deposition (PVD)
[1]. In both techniques a vapor of the material to be deposited is created and then transported onto a
substrate in the form of individual atoms or molecules [1]. The main difference resides in the way by
which the vapor is created. In CVD the vapor is obtained by chemical means, through the reaction of a
suitable gas precursor with a suitable gas reactant, depending on the coating [2][3]. In PVD, the vapor
is typically created by physical means through heat (thermal evaporation) [4] or by energetic particle
bombardment (sputtering) [5]. Both CVD and PVD are used to deposit customized coatings for
demanding applications, due to the high level of control of the deposition process that could be
achieved. However, the CVD process requires high temperatures to activate the chemical reaction in
the gas phase. For example, the process temperature range for TiN is from 850°C to 1100°C which
makes the CVD technique not suitable for temperature sensitive substrates, for example [6]. In the
case of PVD, the TiN coating can be deposited at relatively low substrate temperatures ranging
between 350°C and 450°C [6]. Typically, PVD TiN is deposited using cathodic arc evaporation (CAE) or
direct current magnetron sputtering (dcMS), and exhibits generally excellent mechanical properties
[7]. Coatings deposited by CAE exhibit typically a dense and nano-grained structure while in dcMS the
coatings are of lower density and show typically a columnar structure [8]. The latter contains micro
voids and low-density areas between columns. Both methods are successfully implemented in industry

and find more and more uses, as incremental technical innovations are being adopted.

Both CAE and magnetron sputtering are being tested for diffusion barrier coatings application.
However, due to the deposition of defects such as macro-droplets emanating from the cathode during
CAE [9], these coatings are yet to show their suitability for anti-corrosion applications. Conventional
magnetron sputtering typically results in coatings with columnar structures with low-density inter-
columnar areas that constitute diffusion channels for the corrosive agents when exposed to a corrosive
environment. To address some of the shortcomings of conventional magnetron sputtering, scientists

at Linkdping University in Sweden introduced a new deposition technique, namely high-power pulsed



magnetron sputtering (HPPMS) also known as HiPIMS [10]. HiPIMS is characterized by high electron
density in the plasma (typically of 10** cm3), compared to dcMS where the electron densities typically
ranges around 10°cm=3[10]. As a result of the high electron density, the electron impact ionization
probability is promoted in HiPIMS and leads to a high ion fraction of the sputtered species (up to 90%
for Ti) compared to dcMS (less than 1%) [10]. During HiPIMS, the power is applied to the target in short
pulses of some s, at a low duty cycle below 10% and with a frequency lower than 2 kHz [10]. This
guarantees a very high peak power density in the range of a few kW-cm without overheating the
target and exceeding the Curie temperature of the magnetron’s magnets. The large ion fraction gives
a better control of the energy bombardment of the growing film, and subsequently its properties [10].
The high-flux ion bombardment of a growing film results in substantial momentum transfer to the
adatoms of the growing surface which increases their mobility, leads to a high film density, and allows
the engineering of the growing film’s grain size and grain boundary as well as the resulting stress profile
[11][12][13], which in turns provides tools to design tailor-made mechanical characteristics
[11][12][13]. As far as corrosion resistance is concerned, a thin film with high density should provide a
better performance as the diffusion of the corrosive agent through the pores is hindered, which

increases the performance of the coating in a corrosive environment [14].

The thesis work addresses the issue of corrosion resistance and wear resistance of thin films prepared
using HiPIMS. First a literature review was done to highlight the advantages of HiPIMS over dcMS
regarding the thin film properties. This is the subject matter of paper I. Prior to characterizing the
corrosion properties, it is demonstrated through paper Il, that an improvement of HiPIMS deposition
rate is possible through the variation of the magnetic field strength of the magnetron’s magnetic setup.
The material chosen was TiN as it is a wear resistant ceramic coating as highlighted in paper I. In paper
Il the corrosion and mechanical properties of TiN deposited at different nitrogen flow rates are studied
to examine the effect of the nitrogen content on these properties. Finally, a study of the effect of

annealing temperature on the mechanical properties of TiN coatings using HiPIMS is made (Paper IV).

1. Process of thin film deposition
1.1. Magnetron sputtering

The first reported sputter deposition was performed in 1934 by Hulburt in a residual atmosphere of
air where opaque, optically good films were deposited by sputtering of various metals such as

antimony, bismuth, cadmium, gold, lead, platinum, silver, tin, zinc, and carbon. Sputtering in air for



over 30 hours from graphite yielded nearly opaque carbon films. The author suggested that probably
the sputtered films were mostly carbon, although they may possibly have contained some
hydrocarbons formed by the combination of carbon with the residual gases in the sputtering chamber
[15]. To deposit coatings with better purity, sputtering under vacuum is necessary [16]. Due to
improvement in vacuum technology in the late 1950s and early 1960s [17], DC sputtering was used to
deposit conductive materials [17], and radio frequency sputtering was utilized to deposit insulating

materials [18].

The working principle of the sputtering deposition process is as follows: 1. A deposition chamber is
evacuated to a high vacuum using vacuum pumps; 2. An inert gas, typically argon, is introduced into
the chamber [19], using a mass flow controller [16]; 3. A negative voltage typically of 2000 - 5000 V is
applied to a cathode consisting of the material to be deposited [19]; 4. The positive terminal of the DC
power supply is connected to ground [19] usually via the chamber walls; 5. The substrate can be
grounded, biased, or electrically insulated [20]; 6. Finally, an electric field is created between the
cathode and the substrate. As a result, the electrons flow from the cathode to the anode and during
their course, they interact with argon atoms ejecting an electron from the outer shell of these atoms
creating thereby argon ions. The mixture of ions, electrons, neutrals and other species is referred to as
plasma [21]. The sputtering process starts when ions in the vicinity of the target surface are accelerated
towards the target surface by and electric field that forms between the plasma and the target. The
ionic bombardment causes ejection of target atoms, that are transported through the plasma and

deposit on all surfaces, including the substrate [22].

Figure 1 shows schematically how the sputtering of surface atoms occurs (through collision cascade)
by bombardment with an energetic ion [22]. The number of sputtered atoms ejected per one ion
incident is called the sputtering yield and is a function of the incoming ion energy and its mass, the

mass of the surface atom and the binding energy of the target atoms [23].
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Figure 1: Schematic illustration of the interaction between an energetic bombarding particle
and the surface of a target illustrating the sputtering process [22].

There is a minimum threshold energy that the incident ion should have in order to cause sputtering of
the target atoms. This energy is related to the surface binding energy of the target atoms and depends

on the mass of both the projectile and target atoms [22] [23].

The sputtering yield is a function of the threshold energy, the energy of the incident ion, the mass of

the incoming ion, the target atoms, and the surface binding energy [23]. This is expressed in the

following formula:

5
Y = (6.4.1073)m,y3E%%5(1 — %)3'5 Equation 1

Where Y the sputtering yield, E the initial energy of the incident atom in electron volts, m,. the
projectile mass in atomic mass unit, and y is the energy mass transfer defined as:

4m,m,,

Vy="T""——""77
(my + my)?

Ey, is the threshold energy for sputtering defined by Bohdansky’s expression [23]:

mp

E;p = —22 for % <03andE,, = 8Usb(:2—i)2/5 for Z2 > 0.3

y(1-v) m,

where U, the surface binding energy of the target atoms and is effectively the heat of sublimation
per particle.

A sputtering yield calculator C++ program based on equation 1 is given in the appendix.



In addition to sputtering, secondary electron emission also takes place when the incoming ion hits the
surface of the target as seen in figure 1. The emission of secondary electrons are very important as
they participate in the ionization process, producing more free electrons and ions and thus sustaining

the plasma discharge [22].

As seen in Figure 2, there are different spaces in the chamber that appear between the cathode and
anode. We distinguish between the space containing the plasma and plasma sheaths in the vicinity of
the target, substrate, and chamber walls. To understand the reasons why sheaths are formed, first
note that the electron thermal velocity is at least 100 times the ion thermal velocity because of the
mass difference [21]. Because the net charge density in the plasma is zero (quasi neutral), the electric
potential and the electric field is zero everywhere. Hence, the fast-moving electrons are not confined
and are lost near the walls. As a result, thin positively charged layers (sheaths) form near each wall [21]
because the ions are attracted by the electrons and so the density of ions is higher than the density of
electrons within the sheath. The electric field within the sheaths point from the plasma to the wall
[21], which gives the plasma a potential voltage that is higher than the potential of the chamber walls
and the substrate [20]. Therefore, when the chamber is grounded, the plasma potential will be

positive.

An ion that is outside the plasma sheath is not going to be attracted by the electric field at the target
and thus will not participate in the process of sputtering. The sheath thickness depends on the

discharge current density, the voltage drop across the cathode and the ion mass [24].

If the substrate is electrically insulated (floating) in the chamber, it will be charged by the fast-moving
electrons, attract ions, and repel electrons until the flux of electrons and ions become equal i.e., no

net current is flowing. The substrate is said to be at a floating potential [20] .

Anode sheath

Plasma potential Cathode sheath

— Cathode

Anode!| B | | B | P “/ V0|tage on anode

Plasma
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Figure 2: Schematic illustration of (a) simplest type of sputtering apparatus consisting of two plates, a
vacuum chamber, and a power supply. A sputtering gas, typically argon, is introduced and voltage is
applied across the plates. (b) plot of the potential distribution along the centerline of the apparatus.

Adapted from [25].

The energetic secondary electrons during a sputtering deposition are not used efficiently for ionization
and are lost to the walls and the substrate instead of participating in the ionization [19][24]. As a result,
a sufficiently high working gas pressure is required in order to increase the ionization probability [19].
The sputtering process usually operates at a pressure window between 2 and 4 Pa [19] [26]. However,
at this pressure the cathode sheath is collisional as its thickness is about 1-2 cm whereas the ion neutral
mean free path is below 1 cm [19][24]. Due to this collisional sheath in which the collision occurs
between the accelerating ions and working gas neutrals, the ions bombard the target surface with a
broad energy spectrum [19]. As a result, the energy of the sputtered species will be low. This energy,
at high pressure, is also lowered by subsequent scattering of the sputtered species with the working
gas [19]. This has a consequence on the growing film as the sputtered species do not have enough
momentum to transfer to the adatoms essential for the diffusion of the adatoms on the film surface

to grow dense films as will be seen in section 1.3.

Another consequence of this high deposition pressure (2-4Pa), is the low deposition rate [19]. As a
consequence of the difficult ionization due to high scattering of the working gas atoms between
themselves and with the sputtered atoms, a low secondary electron flux is available which necessitates
a high discharge voltage in order to overcome the electrical breakdown voltage of the working gas

[19].

In order to overcome some of the drawbacks of the sputtering process, including the low deposition
rate, the high discharge voltage and the high required deposition pressure, scientists developed
magnetron sputtering. The latter makes use of permanent magnets, placed behind the deposition
target, to confine negatively charged electrons in the vicinity of the sputtering target. Magnetron
sputtering was developed during the 1960s and 1970s [19]. As the name indicates, the magnetron
involves magnets placed behind the target and consists of an inner and outer magnet arranged with
opposite polarity as shown in Figure 3 [24]. This configuration of the permanent magnets results in the
confinement of electrons in the immediate vicinity of the target through the Lorentz force [27], as per

equation 2:

F=q(E+vxB) Equation 2



where F the Lorentz force, E the electric field, g the charge of the particle, v the velocity of the

charged particle and B the magnetic field flux density.

The magnetic field component that is perpendicular to the electric field gives the electrons a direction
that is perpendicular to both the electric field and the magnetic fields. This keeps the electrons orbiting
the target in a motion known as gyration characterized by a gyration radius that is given in Equation 3,
where 1, . the gyration radius, m, is the mass of an electron, and e the elementary charge [22].
Electrons are thus confined in the target vicinity. The velocity of the resulting ExB drift is given by

Equation 4 [22].

_ Mmev .
Tge = B Equation 3
ExB
VExp — 57 Equation 4

The magnetic induced confinement of the electrons increases their residence time, which allows
multiple collision events with the working gas and increases the gas and sputtered atoms ionization

probability [22].

As a result of the increased ionization rate, the current increases, the voltage needed to start the

plasma decreases, and the pressure needed to start the plasma is reduced [19].

Planar dcMS sources are commonly operated in the pressure range 0.2—4 Pa with a cathode voltage in
the range of 300—700 V. The resulting discharge current densities are in the range 4—60 mA.cm™ and
power densities of several tens of W.cm™ [19] [24]. For the lowest working gas pressure (0.2Pa), the
mean free path for the sputtered atoms is 10 — 15 cm while at the highest pressure (4Pa), the mean
free path is below 1 cm [19]. Thus for depositions using the lowest working gas pressure (0.2Pa), the
deposition of the thin film is a line-of-sight process whereas in the case of higher pressure (4Pa) the
sputtered atoms undergo collision with the working gas and are therefore considered ‘thermalized’
[28], loosing thereby their directionality. In magnetron sputtering, the electron density can reach
values of between 10 m™ and 10 m3. However, at this electron density, the ionization degree of
the sputtered species is very low (< 2%), and the substrate’s bombarding species are mainly the noble

working gas [19].
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Figure 3: Schematic representation of cross-sectional view of the planar magnetron sputtering.

There are different types of magnetrons, classified according to the magnetic strength and the degree
of unbalance. In the balanced configuration, the strength of the outer magnet is equal to the strength
of the inner magnets. In the unbalanced magnetron, the strength of the outer magnet is higher than
that of the inner magnet and the field lines coming from the outer magnet are not coupled to the inner
magnet but enter the opposite pole of the outer ring magnets. This magnetron is called unbalanced
type Il [27]. Another type of the unbalanced configuration (not often used) has a stronger inner magnet
and is called unbalanced type I. Figure 4 shows the different types of magnetrons (balanced,

unbalanced type | and unbalanced type ).

(a) (b)

il

Balanced Unbalanced type | Unbalanced type Il

Figure 4: Schematic representation of the three types of the planar magnetron sputtering discharge
[24].



The magnetic field configuration plays an important role in the plasma dynamics; the more the
magnetron is unbalanced (type Il), the more focused the ionized species are towards the substrate,

and the more efficient the momentum transfer to the adatoms at the growing surface [29].

Alami et al. [27] did FEM simulation of four possible magnetic field configurations. The simulations are
shown in Figure 5. As we can see the strength of the magnetic field at the target was set by increasing
the distance of the magnet from the target. For the unbalanced case, the inner magnet is at a distance
from the target, higher than the distance of the outer magnet from the target. Figure 5 shows that the
configuration with the highest number of field lines closed in the center is the strongly balanced (S-B)

configuration.

Figure 5: Magnetic field simulations (obtained by finite element method magnetics software)
of four possible magnetic field configurations (weak/ strongly unbalanced W-U,
strong/strongly unbalanced S—-U, weak/slightly unbalanced W-B, strong/slightly unbalanced
S-B, according magnet arrangement) [27].

The magnetic field unbalancing degree for the unbalanced magnetron type Il (see Figure 4) can be
characterized by two parameters which are the imbalance coefficient K and the geometrical imbalance

coefficient K;; [6] [27] [30].

The imbalance coefficient is defined as the ratio between the magnetic flux of the outer magnet and

the magnetic flux of the inner magnet:



Hy, _ [B,ds,

K = =
Hy  [B;ds;

Equation 5

Where B; the magnetic flux density flowing perpendicular to the surface S; of the inner magnet and
B, the magnetic flux density flowing perpendicular to the surface S, of the outer magnet. H; and H,

are magnetic field intensities of the outer and the inner magnets, respectively.

The coefficient of geometrical imbalance is defined as:

K; =— Equation 6

With Z, being the distance between the magnetic field zero and the surface of the target. And R is the

radius of the erosion rill on the target.

Figure 6 [30] illustrates the distance, Z,, the surfaces S; and S, as well as B; and B,.
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Figure 6: Distribution of the magnetic field flux density perpendicular to the permanent magnets [30].

1.2. Reactive magnetron sputtering

The deposition of chemical compound thin film is a necessity in many applications, especially when
mechanical as well corrosion properties are required. Most of the important thin films are chemical

compounds [31]. To deposit chemical compound thin film, reactive magnetron sputtering is preferred
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(A)

because the compound can be prepared from a low-cost metal target instead of an expensive ceramic
one, by the admission of a suitable reactive gas into the chamber in addition to the working gas. Oxides
such TiO; and nitrides such as TiN, CrN are the most common materials deposited by reactive
sputtering [32]. Other chemical compounds such as carbides [33] and sulphides [34] are also deposited.

In this part, the characteristics of a reactive magnetron sputtering are explained.

The reaction between the reactive gas and the sputtered species does not occur in the gas phase as
the energy and momentum cannot be conserved in a two-body collision [35]. Therefore, a third body
is needed for the chemical reaction to occur. Surfaces can act as a third body for the reaction [19]. So,
when the reactive gas is admitted into the chamber, the reaction with the sputtered metal atom at the

substrate surface takes place but also reaction with the chamber walls and the target surface occurs.

Due to the reaction at the target surface, the sputtering yield and the yield of secondary electrons are
altered as they depend on the material and therefore the discharge parameters are affected. One
refers to “poisoning of the target” when a compound layer is formed on the target surface [22]. Figure
7 [24] illustrates the change of the yield of secondary electrons emission (SEE) of the compound with
respect to that of different metals. As it can be seen, in the case of titanium the SEE yield for compound

forming (here oxide or nitride) is lower than that of the metal.
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Figure 7: Change of SEE yield when depositing (A) oxides and (B) nitrides [24].
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Concerning the sputtering yield of the compound material, it is usually considerably lower than the
sputtering yield of the elemental target material. Furthermore, low SEE yield lowers the ionization rate
and thus the sputtering rate. Consequently, the deposition rate decreases as the amount of reactive
gas increases in the chamber. Furthermore, less atoms of the elemental target material are sputtered
and thus less reactive gas material is consumed which results in a sharp increase of the reactive gas
partial pressure [19]. Figure 8 shows the change in deposition process parameters upon the supply of

reactive gas oxygen for the deposition of TiO; [24].
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Figure 8: Evolution of process parameters (A) deposition rate, (B) discharge voltage, and (C) oxygen
partial pressure with the oxygen flow rate in reactive sputtering of Ti in Ar/O, atmosphere. The arrows
indicate the direction of the transition [24].

As it can be seen from Figure 8, the operating parameters namely the deposition rate (Fig. 8A), the
discharge voltage (Fig. 8B) and the reactive gas partial pressure (Fig. 8C) exhibit a nonlinear response
as a function of the reactive gas flow rate. This nonlinear response is referred as hysteresis curve [22].
The operation of a reactive magnetron sputtering process can be divided into three main parts. For
low reactive gas flow, ions arriving at the target surface sputter away the few surface atoms that have
reacted with the reactive gas. As a result, the surface of the target remains metallic and due to the

high yield of metal sputtering and electron emission, as explained above, the deposition rate is high
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[24]. The process is referred as metallic mode sputtering characterized by a high deposition rate (Fig.
8A) [24]. In this mode, the reactive gas may react at the substrate surface but the resulting film will be
under stoichiometric [24]. Concerning the discharge voltage (Fig. 8B), the values are low in the metallic
mode, most likely because of the high current provided by the high SEE yield of the metal that the
target is consisted of [24]. Due to low reactive gas oxygen flow rate, the process is still starved from

oxygen and as a result the oxygen partial pressure is low (Fig. 8C) [24].

As the reactive gas flow rate is enhanced, the deposition rate increases slightly since the mass of the
reactive gas atoms adds to that of the deposited metal [19]. Further increase in the reactive gas flow
rate results in an abrupt decrease in the deposition rate. This is due to the fact that a compound forms
on the target as the sputtering of surface atoms that have reacted with oxygen cannot keep up with
the formation of compound material on the target, and a transition from metal to compound mode
occurs [22]. The discharge voltage increases abruptly as well, and this can be attributed to the decrease
in current as the SEE yield is reduced upon compound formation on the target surface [24]. Since the
target is now poisoned i.e. contaminated with compound, the flux of metal atom coming from the
target is strongly reduced which result in a diminution of the uptake of reactive gas by the sputtered
metal [22]. This leads to an abrupt increase of the reactive gas partial pressure (Fig. 8C) until pumping

of the gas and flow of the gas balance [24].

Decreasing the flow rate will bring the system back into the metallic mode. However, the reversal to
metallic mode does not occur before the compound mode has been removed from the target.
Therefore, a hysteresis occurs, illustrating the dependence of the operating discharge parameters on

the direction of change [22].

The hysteresis effect is simply due to a competition between two opposing processes: the formation

of a compound on the target surface and the sputtering of the compound from the target surface [22].

1.3.  Thin film microstructure

One of the determining criteria of thin film quality is its density, which gives to the thin film enhanced
mechanical as well as improved diffusion barrier properties essential for corrosion resistance purposes.
The surface mobility of the adatoms is the driving force for dense thin films. Surface mobility is
achieved and increased by supplying energy to the adatoms. Thornton classified the thin film
microstructure, representative of the thin film density, according to the supply of energy to the

adatoms in two forms: heat supplied by increase in temperature and energy attained through decrease
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in momentum loss by the reduction of pressure. Figure 9 illustrates the structural zone model as

elaborated by Thornton [36] [37].
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Figure 9: Structural zone model [37].

There are four different zones (1, T, 2, 3) in the structural zone model (Fig. 9). Zone 1 is a porous
structure consisting of tapered crystallites separated by voids. This zone is promoted as the
temperature is reduced and as the pressure is increased. This is because at high pressure — low
substrate temperature, the energy of the adatoms is very low to cause sufficient surface diffusion to

fill up the voids.

Zone T consists of densely packed fibrous grains. The adatom mobility is still limited, but here the voids

are narrower.

In zone 2 and 3 the increasing substrate temperature leads to increasing surface diffusion of the
growing film. Zone 2 starts at Ts/Tm > 0.3 (with Ts the substrate temperature and Ty the melting
temperature of the film). Atoms migrate to grains that are energetically favorable resulting in large
columnar grains. The grain boundaries are thinner than in the case of zones 1 and T. The grain size
increases with increasing Ts/Tm. Zone 3 starts at Ts/Tm > 0.5 in which grains are less columnar and the
structure is recrystallized to new crystals. A polycrystalline structure similar to the bulk polycrystalline

structure is obtained.

14



To calculate the thermal velocity provided to the adatom upon supply of temperature, one can use

Equation 7 derived from kinetic gas theory [38].

2kgT
m

Vip = Equation 7

In which: k; the Boltzman Constant = = =1.38x107%%, where R is the universal gas constant and
a

N,, the Avogadro number.

To obtain zone 3 the condition Ts/Tm > 0.5 should be fulfilled. For example, at Ts/Tu=0.7 in the case of

Titanium, Ts = 1941 K, the velocity calculated using Equation 7 is:

2 % (1.38x10723) [%] x 1941[K]

=819 m.s"
47,8 x 1,67x10-27[kg] m.s

Uiph =

However, 1941 K is a high temperature for temperature sensitive substrates. As a result, the electrical
energy can be provided efficiently instead, to supply the same kinetic energy and provide the same
thermal velocity. In fact, a small electrical energy of 0.17 V can provide a velocity of 819m/s to the

adatoms instead of using a temperature of 1941 K. This is demonstrated using Equation 8.
%mvthz = kgT = qxU Equation 8
Forvy, =819m.s™ L U = 0.17V

For the electrical energy to be operative on the atoms, they need to be charged. Therefore, it is of high
interest to ionize the atoms of the thin film source. This provides them with electrical energy that will
increase their kinetic energy and as result their mobility on the surface of the growing film, thus

improving the compactness of the film.

1.4. High Power Impulse Magnetron Sputtering

As seen in section 1.3, ionizing the sputtered species allows the sputtered species themselves to be
mobile during growth as the electrical energy will be effective on these ionized species. Furthermore,
the ionized flux of sputtered species allows efficient momentum transfer to the adatom as their mass
is equal to the mass of the projectile [39]. In a conventional dcMS process, it is possible to increase the
flux of ions to the substrate by increasing for example the unbalancing degree of the magnetron.
However, most of the ionized flux to the substrate is made of Ar* ions which can result in undesired
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implantation of Ar* ions and degradation of the film structure especially if a bias voltage is applied [39].
Therefore, HiPIMS is used to allow the flux of ions to the substrate to be made mostly from sputtered
species. This is more desirable to enhance the film microstructure to zone 3 (Figure 9) as explained in
section 1.3, improving thereby the coating properties without the need to supply heat [40]. In fact, the
electron density in HiPIMS can reach 10 cm~ [10] and atoms in such dense plasma can have a high

ionization probability through electron impact [22] [39].

In order to avoid target overheating (melting) and exceeding the Curie temperature Tc of the
magnetron’s magnets that lead to their demagnetization, the high power in HiPIMS is applied in pulses
of low duty cycle in the range of 0.5 to 5% [24], to allow the target to cool down during the pulse off-
time. The average power is maintained similar to that of dcMS while the peak power density can be in
the range of 0.1 kW.cm™ [41] to 10 kW.cm™ [24]. The pulse on-time of the HiPIMS discharge ranges
typically from few tens up to several hundreds of microseconds, with repetition frequencies of tens of

Hz to several kHz [20].

The HiPIMS process was first established by Kouznetsov et al. at Linképing university [42]. The invented
approach of HiPIMS necessitates a DC power supply connected to a pulsing unit [24]. The DC power
supply loads a capacitor bank that deliver energy to transistors that act as switch with a switching
capability in the microsecond range. This approach was named high power impulse magnetron
sputtering (HiPIMS). It allows the ionization of the sputtered species by increasing the power to high
level, which leads to an increase in the electron density and thus the ionization probability. This is

achieved without overheating the target as the high power is applied only in pulses with low duty cycle.

The schematic representation of the HiPIMS set-up is shown in Figure 10 [24]. The pulse generation
set-up utilizes a large capacitor C that is loaded from a regular DC power supply Vz. The capacitor is
connected to the magnetron by a transistor switch S via an inductor L. The waveforms of discharge
voltage and current for present circuit are shown in Figure 11 [24]. During the pulse, a large discharge
current Ip, can be generated by the capacitor when charged to the voltage Vc. The pulse current Ip is
many times higher than the maximum DC current supplied by the DC source since a large energy can

be stored in the capacitor C. The energy stored in the capacitor is given by Equation 9.
1 2 .
& =3 CcV. Equation 9

Adding an inductor L between the switch S and the cathode (Fig. 10) allows controlling (slowing down)
the rate of current increase in the discharge and helps partially protect the transistor switch from large
current surges [24]. The voltage Viinduced by the inductor which is oriented against the current change

depends on the discharge current Ip and the inductance L (see Equation 10).

16



I=——L Equation 10

The inductance L is also used to partially avoid undesirable arc characterized by a very high discharge
current and a low discharge voltage [24]. The typical current and voltage waveforms can be found in
Figure 11. This configuration exhibits a rather rectangular voltage pulse Vp and a slow growth of the
discharge current Ip during the pulse. The growth rate of Ip during the pulse is determined by the size

of the inductor L and the plasma impedance of the magnetron sputtering discharge.
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Figure 10: Schematic representation of a HiPIMS set-up [24].
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Figure 11: The discharge voltage and current waveforms measured on the magnetron
cathode from a pulsed power supply as depicted in Fig. 10 [24].
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1.4.1. Self-sputtering in HiPIMS

As the target species are ionized in HiPIMS, they can be accelerated by the negatively biased target
and participate to sputtering of the target which is called self-sputtering [22]. This paradigm is a
drawback in HiPIMS as it reduces the deposition rate since the metal species are back attracted to the

target instead of reaching the substrate to grow as a coating.

The magnetic field strength and the magnetron’s unbalancing degree are very important parameters
in the control of self-sputtering [6]. The magnetic field influences the fraction of the ions that stays in
the target area, and what fraction escapes to the substrate to benefit from ion flux assistance to the
growing film [22]. Generally, a stronger magnetic field leads to higher ionization but also to a greater
back-attraction of ions to the target: one obtains higher self-sputtering and lower deposition rate. The

unbalancing degree should also be high enough to allow more ionization in the substrate vicinity [22].

Figure 12 graphically illustrates a target material model for HiPIMS that was developed by Christie [43]
and further improved by Vicek et al. [44]. This model illustrates which fractions of particles has to be

maximized and which has to be minimized in order to increase the deposition rate in HiPIMS.

| Substrate |

Figure 12: Schematic illustration of the phenomenological model used for HiPIMS [44]. Modifications
of the original model, developed by Christie [42], are denoted by dashed lines.

Referring to Figure 12, the variables used in the model are described: G, *is the number of process gas

ions hitting the target. Sy is the sputtering yield of the target material by process gas ions defined
18



such that Sy s> 0. Sy is the sputtering yield of the target material for sputtering by target metal ions
(self-sputtering yield), defined such that Sy;,> 0. M, "is the number of target material ions hitting the
target. M, is the total number of target material atoms sputtered from the target by the combination
of process gas ions and target material ions. There is a probability § that the target atoms M,
becomes ionized. With a probability (1 — ) the atoms remain neutral. The term ¢ is the probability
that an ionized metal is back attracted to the target to participate in sputtering i.e. to become Mt+ In
other words, it is the fraction of fM;,; that is redirected to the target upon ionization. Then, with a
probability of ( 1 — ¢) the metal ions will go to the substrate. This is then the fraction of M, that is
directed to the substrate. The fraction (1 — ) M;,; that was not ionized near the target can get
ionized in the vapor phase on the way to the substrate by a probability of ionization y. The probability
that (1 — ) M;,; will get lost instead of getting ionized is then (1 — y).

The fraction y(1 — ) M;,; can get lost with a probability of (1 — &;) and a fraction ; will reach the
substrate. The fraction (1 —y)(1 — ) M;,; will reach the substrate by a probability of &, and a
fraction (1 — &,)(1 — y)(1 — B) M, will get lost.

The decrease in the magnetic field strength increases the deposition rate because the product of
ionization probability 8 by back-attraction probability ¢ is reduced, and therefore number of particles

BoM;,: are reduced [6] [45].

2. Experimental

2.1.  Sample preparation

Prior to deposition, the surface of the samples was prepared by grinding and polishing followed by a
cleaning in isopropanol for 10 min in ultrasonic bath. The next step was cleaning using etching. Etching

is defined as material removal from a surface via energetic particle bombardment [46].

At UMG6P, an etching procedure is established which consists of the following steps (compare Fig. 13):

- Connect the negative terminal of the pulsing unit to one target and the positive terminal to

the opposite target

- Send a bipolar HiPIMS pulse to the pulser to allow electrons to oscillate between both targets

with shutters closed to avoid deposition.

- Apply a current to coils placed as shown in Figure 13 that create magnetic field lines
perpendicular to the normal of the targets. The magnetic field traps electrons near the

substrate and create ionization at this vicinity producing argon ions for etching.
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- Apply a negative substrate bias.

- The pressure, the power at the target, and the current at the coils were optimized with respect
to the etching rate and were chosen to be 3 kW, 1.5.107% mbar, 75 A and yielded an etching
rate of 100 nm.h™%.
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Figure 13: Schematic of the cross section of a sputtering chamber illustrating the etching components
(Adapted from reference [47]).

2.2. Deposition set-up and process parameters
2.2.1. Deposition series at NTTF coatings GmbH, Germany

The results obtained in reference [6] were achieved using the HiPIMS deposition configuration shown
in Figure 14 situated at NTTF coatings GmbH, Germany. The HiPIMS set-up consisted of a DC power
supply (GX-ADL GmbH, Germany) connected to the target via a pulsing unit (SPIK1000A-MELEC GmbH,
Germany). The pulsed signal functions were generated by an arbitrary waveform generator unit (AFG
2005-GW INSTEK Ltd.; USA). For dcMS depositions, the power was supplied by a PFG 5000 power

supply (Hittinger Elektronik GmbH, Germany). The size of the vacuum chamber is 45 x 45 x 45 cm?®.
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Prior to deposition the substrates were etched with argon plasma using a radio frequency plasma
source placed in the chamber as shown in Figure 14. The pumping is done using a rotatory vane pump
(up to 1 Pa) supported by a turbo molecular pump (up to 1073 Pa). The working gas and the reactive
gas were supplied to the chamber in metered quantities using mass flow controllers (TPG 261 A,

Pfeiffer, Germany).

The target and the substrate were placed parallel to each other, and the target-to-substrate distance
was set at 9 cm. The average power was kept constant at a value of 600 W for all depositions. The

substrate holder was kept stationary without rotation during deposition.
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Figure 14: Deposition set-up for the study of the effect of magnetic field strength ([6]).

The parameter that was studied in reference [6] using the set-up of Figure 14 was the magnetic field
strength @. Table 1 shows the current and voltage values as a function of ® for the HiPIMS case and
Table 2 for the dcMS case. In both HiPIMS and dcMS the average power was maintained constant at
600 W, the pressure was around 1.8.107! Pa, and the target-to-substrate distance was maintained at
9 cm. The peak current and power densities were calculated with respect to the racetrack area which

is 60.3 cm?.
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Table 1: Deposition process parameters for the study of the magnetic field strength [6].

Peak current (A) | Peak current density | Voltage (V) | Peak power | Peak power density
O (mT) (A.cm?) (kW) (kW.cm™)
22 73 1.22 629 45,92 0.76
26 78 1.29 608 47.10 0.78
30 86 1.43 540 46.44 0.77
35 92 1.53 526 48.39 0.80
44 103 1.72 476 49.03 0.81

Table 2: Deposition process parameters for the study of the magnetic field strength (Paper Il).

@ (mT)| Voltage (V)| Current (A) (C:rzt;:’;)densﬂy Pd (W.cm?)
22 490 1.28 0.021 10.16
26 462 1.34 0.022 9.58
30 431 1.45 0.024 8.93
35 419 1.50 0.025 8.69
44 382 1.64 0.027 7.92

The magnetic field flux density was set by moving the magnets plate and measured using a Tesla meter
(FM 210 - Projekt Elektronik GmbH, Germany) at the position where the magnetic field strength is
maximum. For instance, when the sinus of the angle between the electric field and the magnetic field
is equal to 1, i.e. the vectorial product E x B sin(E,B) is equal to E x B, where E is the electric field and B
the magnetic field, which is above the middle of the racetrack at the surface of the target. By moving
the magnets plate relative to the target, through a knob placed at the back of the magnetron, the
magnetic field strength ® could be controlled. The magnet pack is moved 1.85 cm away from the target
to its weakest configuration and an aluminum plate of 0.5 cm is used to help decrease the magnetic
field down to 22 mT. The lowest magnetic flux density was 22 mT and the highest 44 mT. A simulation
of the magnetic field flux density at these two extrema is shown in Figure 15.

All depositions were made using the same pulse configuration. The frequency was 500 Hz, so the total
period (on-time + off-time) was 2000 us. The pulsing sequence was 6 pulses of 65 us each. This gives a
total on-time of 6*65 us = 390 us and a duty cycle of 19.5 %. (390 us divided by 2000 ps). These
conditions show an increase of the peak current up to 78 A, which is an operation mode for high
ionization discharge. This pulse configuration has been used in other works before as well. It was

shown to reduce arcing and lead to more stable deposition conditions [48].
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Figure 15: Axisymmetric FEM simulation of magnetic field configuration showing the magnetic field
flux density in Tesla; (a): strongest magnetic field, 44mT where the magnets are at a distance of 10 mm
from target; (b): weakest magnetic field 22 mT, where the magnets are at a distance of 25 mm from
target.

2.2.2. Deposition series at UM6P, Morocco

The results obtained on [49] and [50] were done using the HiPIMS deposition configuration shown in
Figure 16 situated at the University Mohammed VI Polytechnique (UM6P). Here the HiPIMS set-up
consisted of a DC power supply (GX-ADL GmbH, Germany) connected to the target via a pulsing unit
(SPIK3000A-MELEC GmbH, Germany) also used for the dcMS depositions. The size of the vacuum
chamber is 56 x 70 x 95 cm?. The target and the substrate were placed parallel to each other at a

distance of 8 cm. The average power was kept constant at a value of 3 kW for all depositions.

The pressure during deposition was measured by a single gauge (TPG 261 A - PFEIFFER Vacuum) and
the working pressure was maintained constant at 5 x 107'Pa using a butterfly valve. The nitrogen and

argon flow rate were controlled using mass flow controllers (G-series, MKS, USA).
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Figure 16: Schematic representation of the magnetron sputtering set-up at the Materials science and
Nanoengineering department, MSN, UM6P, Morocco.

The pulsing configuration used in [49] and [50] is shown schematically in Figure 17. A pulse sequence
of three pulses of 20 ps on-time separated by 30 ps off-time was used. The pulse period was 1200 ps
giving a duty cycle of 5 % and a frequency of 833 Hz. Interrupting a long single pulse by an off time
between segments reduces the probability of arcing [48]. Furthermore, the off-time between pulses
will decrease the probability of self-sputtering since the ions are allowed to escape from the target
during the off-times of the pulse sequence [51]. The 20 us on-time was chosen because this is the
necessary time to detect a significant signal of the sputtered species from the target as shown in
previous studies [51]. Moreover, this pulse configuration was found to result in higher deposition rates.
The process parameters for HiPIMS deposition are shown in table 3, where the peak current is referring
to the average of the three pulses in the pulse sequence. For the reference coating deposited with

dcMS, it is shown in table 4.
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Table 3: Process parameters for each Qv(N2)

Voltage
(-)

' «——————— Pulse period = 1200 ps

Sequence of 3 short pulses

20 ps

—p

Off-time

‘ 30us‘

| €—

Between pulses

Time

/1

Figure 17: Pulsing configuration used in [49] and [50]

v

Q.(N:) | Q«(Ar) V) [ Jo Ppeak | Pdpeak Pressure |[Paverage [frequency | Duty
(scem) | (scem) (A) |(A.cm?) | (kW) |(kW.cm?) [(Pa) (kw) (Hz) time (%)
o] 50 673 | 169 0.43 | 113.74 0.29 5.10" 3 833 5
2 50 762 | 142 0.36 |108.20 0.27 5.10" 3 833 5
3 50 752 | 146 0.37 [109.79 0.28 5.10" 3 833 5
4 50 755 | 147 | 0.37 |[110.99( 0.28 5.10” 3 833 5
5 50 737 | 158 0.40 |[116.45 0.29 5.10 3 833 5
6 50 732 | 160 0.40 117.12 0.29 5.10" 3 833 5
Table 4: Process parameters for the reference coating deposited with dcMS
QV(NZ) QV(Ar) 2 Paverage 2 Pressure
(sccm) (sccm) U () I, (A) J, (A.cm™) (kW) P4 (W.cm?) (Pa)
5 50 383 7.8 0.02 3 7.52 5.10"
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3. Thin film characterization

3.1.  Mechanical properties (Nano-indentation)

The elastic modulus and hardness of the coatings were extracted from load-displacement
measurements determined using Nano-indentation. In conventional indentation hardness tests, the
depth of penetration induced beneath the specimen surface is measured as the load is applied to the
indenter [52]. The higher the load required producing indentation and the lower the penetration depth
induced, the harder the material. Using the size of the area of contact between the indenter and the
sample surface, which depends on the penetration depth, the hardness is determined. The area of
contact is determined considering the geometry of the indenter. Figure 18 shows the geometry of the

different indenters existing [52].

Figure 18: Indentation geometry and parameters for (a) spherical, (b) conical, (c) Vickers, and (d)
Berkovich type. The parameter h.designates the contact depth of the intender penetration.

For nanoindentation testing, it is the Berkovich indenter that is usually used because it is more easily
shaped to a sharper point than the four-sided Vickers geometry. This ensures a more precise control

over the indentation process [52].

The hardness is equal to the load applied divided by the projected area of contact A which is a function

of the contact depth of penetration h. [52].

A= 3\/§hcz(tan 0)? Equation 11
The angle 0 is defined in Fig. 18d. For = 65.27°, A = 24.5hc2

So, the hardness H is equal to:
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= m Equation 12

The nano-indentation is also used to determine the modulus of the specimen material from a
measurement of the “stiffness” of the contact, that is, the rate of change of load and depth [52] [53].
The elastic modulus of the specimen that can be determined from the slope of the unloading of the
load-displacement response is formally called the “indentation modulus” Er of the specimen material

[52].

Figure 19 shows a typical load displacement curve obtained using nanoindentation and the different

indentation parameters that can be extracted from the curve.

h

max

F 3
Y

Figure 19: Compliance curves, loading and unloading, from a nanoindentation experiment with
maximum load Pmax and depth beneath the specimen free surface hmax. The depth of the contact circle
h. and slope of the elastic unloading dP/dh allow specimen modulus and hardness to be calculated.
The h, is the depth of the residual impression, and h, is the displacement associated with the elastic
recovery during unloading [52].

The relation between Eir and the slope of the unloading curve at maximum load as well as the contact

area is given by Equation 13 [52].
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Equation 13

The relation between the E;r, the Young’s modulus of the coating E is given in Equation 13 [53].

2
R 1-92 n 1-9;
Eir E E;

Equation 14

Where ¥ and 9; are the Poisson’s ratio of the coating and the indenter respectively, and E; is the

Young’s modulus of the indenter material.

For the study of the effect of magnetic field strength (D) of the magnetron’s magnets on the hardness
of TiN [6], the hardness was measured using nano-indentation hardness test (NHTs;, Anton Paar,
Germany), using a Berkovich diamond indenter. The indentation load was chosen so that the maximum
penetration depth does not exceed 10 % of the coating thickness. The coating thicknesses were on
average 1089, 1013, 912, 782, 737 nm for HiPIMS at 22, 26, 30, 35, 44 mT, respectively. The coating
thicknesses for dcMS were on average 1073, 1036, 1173, 1240, 1085 nm at 22, 26, 30, 35 and 44mT,
respectively. The maximum load of the nano-indentation tests was either 2.5 mN for thicknesses up to
782 nm and 5 mN for thicknesses up to 1089 nm. The loading and unloading rates for a load of 2.5 mN

were 5 mN/min, and for a load of 5 mN the loading and unloading rates were 10 mN/min.

For the coatings of 5 um thickness [49] where the effect nitrogen flow rate is studied, the maximum
load was 15 mN and the loading and unloading rate were 30 mN-min~2. The holding time at maximum
load was 10 s. The nano-hardness was calculated from an average of at least 16 individual

measurements.

3.2. Corrosion resistance

Since corrosion is an electrochemical phenomenon, the kinetics of the surface reactions occurring can
be evaluated using electrical methods. The corrosion resistance of a material is often characterized by
the corrosion rate which is the loss of metal in unit of length per unit of time. To measure corrosion
rate, the polarization measurement is an option. The method that has been used is the Tafel slope

extrapolation, which is based on polarization measurement principle [54].

The Tafel slope extrapolation method is based on the fact that the logarithm of the current density
varies linearly with the potential of the electrode during an electrochemical reaction [54]. The

polarization means that the potential is deviated from equilibrium potential. The equilibrium potential
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is obtained by conducting open circuit potential (OCP) i.e. the potential that is obtained when no
external current is applied. One distinguishes between two Tafel polarization curves: anodic and
cathodic. In anodic polarization where metal oxidation takes place, the potential is shifted to the
positive side with respect to the equilibrium potential and for cathodic polarization where reduction
of the oxidant from the solution takes place, the potential is shifted to the negative side with respect

to the equilibrium potential [54].

The relationship between the applied potential, Eappi, and the measured current density, i, in the Tafel
region is given by equation 15 for the anodic polarization curve and equation 16 for the cathodic

polarization curve.

i .
Eappl = Ecorr + Bqlog icir Equation 15

i .
Eappl = Ecorr — Bclog L.COCW Equation 16

Where 5, and [, are positive numbers and are called the anodic and cathodic Tafel slopes respectively.

The plots of logarithm of current density (log i) as a function of the applied potential (E) as shown
schematically in Figure 20 [1] are called Tafel plots. In the Y-axis, SCE stands for saturated calomel
electrode. The corrosion current density, icorr, can be determined according to Equations 15 and 16 by

extrapolation of the Tafel lines to Eappi= Ecorr, Where i = icorr as illustrated in Figure 20.
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Figure 20: Theoretical Tafel plots illustrating the Tafel extrapolation method. (adapted from
reference [1] p:1168).

Another technique that has been used to assess the corrosion resistance of the coatings is the
Electrochemical Impedance Spectroscopy (EIS) which is a non-destructive technique that gives
accurate kinetic and mechanistic information of a corroding system [54]. The impedance of the system
is measured by applying a sinusoidal potential to an electrochemical cell and then the sinusoidal
current is measured [54]. The measurement is performed by sweeping the frequency in a defined
range and measuring the impedance at each point. The impedance measurement is done by applying
small amplitude perturbation signals. In order to determine the cell impedance, the input and output

signals are analyzed. The input potential signal is expressed as follows:

E; = Ey sin(wt) Equation 17
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Where, E; the oscillating potential at time t, E; is the signal amplitude and w is angular frequency. The
angular frequency (w expressed in radians/second) and the frequency (f expressed in Hertz) are related

to each other by the following expression:
w = 2nf Equation 18

The responding current signal I; has the different amplitude I, and is phase shift (¢), The output

current signal is expressed as follows [54]:
I; = I sin(wt + @) Equation 19

For the calculation of impedance, an expression analogous to Ohm’s law is applied which is:

_Et _ Epsinwt

Z = I = m Equation 20
One can express the voltage and current in the form of complex function:
E, = Ege'®t and I, = I,e~H@t+¢) Equation 21

Where, i is an imaginary number. According to Ohm’s law, the impedance (Z) is related to potential

and current signals as follows:

E, .. . .
Z (w) = I—tt = |Z|(cos @ + isinQ) = Zyeq1(®) + iZimaginary (@) Equation 22

The impedance results are presented in the form of Nyquist plot and Bode plots. The Nyquist plot is
obtained by plotting in the y-axis the negative of the imaginary part of the impedance and along the x-
axis the real part of the impedance. In the Nyquist plot, each point is the impedance at a particular
frequency [54]. The region of high frequencies lies in the left side of the Nyquist plot whereas the low
frequency lies on the right side. The Nyquist plot is represented schematically in Figure 21. The
impedance is presented as an arrow of length |Z|. The angle between this arrow and X-axis is known
as a phase angle and is represented by ¢ = argZ. There is one limitation of the Nyquist plot which is
that at any point of the curve, the value of frequency is not known [54]. By applying different equivalent
circuit models using resistors, capacitors, diffusion element, inductors, the impedance data is
interpreted [54]. For the Nyquist representation shown in Figure 21, an equivalent circuit known as
the Randle circuit is used. The Randle’s circuit consists of a resistor connected to a parallel-connected
resistor and capacitor (Figure 22). This circuit is a simple model consisting of electrolyte resistance,

charge transfer resistance and double layer capacitance [54].

The second possibility to present EIS data is the Bode plot in which the modulus of impedance, i.e., | Z|

versus the log of frequency is plotted as well as the phase angle shift versus log of frequency. The Bode
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plots are more informative than the Nyquist plot as it gives the values of frequency during the whole

scan [54].

-imZ 4
|z
=0 =0
\ argZ /
»Re Z
0 R

Figure 21: Nyquist plot showing imaginary (—Im Z) and real (Re Z) part of impedance [54].

R,

ol

Ca

Figure 22: Simple Randle’s circuit with one time constant having circuit elements like electrolyte
resistance (Rs), charge transfer resistance (Rc:) and double layer capacitance (Cal) [54].

For the corrosion tests, potentiodynamic polarization tests (PP) were performed in a three-electrode
Teflon® cell at room temperature (20 °C) in phosphoric acid medium. A platinum counter electrode

(CE) and a saturated calomel reference electrode (SCE) were used in all electrochemical experiments
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performed here by using an SP150 BiolLogic potentiostat/galvanostat. The working electrode is the
sample which corrosion properties are measured and is the anode. The corrosion potential (OCP) was
recorded during 2 h of immersion time and the polarization plots were made with and without coating
at a scanning speed of 1 mV.s™. For the EIS measurement, the initial frequency was scanned from an
initial value of 100 kHz to final value of 100 mHz at 10 frequency per decade and amplitude voltage of
10 mV. The experimental set-up is shown in Figure 23. The results of the corrosion tests are presented

in [49].

SP 150 Biologic Potentiostat

Working
electrode

Reference

Electrode

Counter

Electrode

Figure 23: Corrosion test set-up. The working electrode is the sample which corrosion properties are
measured and is the anode. The counter electrode is the cathode, and the reference electrode is used
to measure the potential of the working electrode.

3.3, Structural analysis

3.3.1. X-ray diffraction (XRD)
XRD is a non-destructive technique, which is used to determine structural properties, such as texture,
grain size, residual stress, and lattice parameter. The diffraction of X-rays occurs when their
wavelength is in the order of a few angstroms, similar to typical interatomic distances in crystalline
solids [55]. X-rays scattered from a crystalline solid can constructively interfere, producing a diffracted
beam if the geometric condition for constructive interference is satisfied. This is illustrated in Figure

24 where the path difference between the waves scattered in A and B is equal to:
IB + B] = 2dsinf Equation 23

The ‘reflected’ waves will combine to form a diffracted beam (maximum constructive interference,

commonly called ‘reflection’) if the path difference is a multiple of the wavelength A.
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nA = 2dsin@ Equation 24

Equation 24 is called the Bragg’s law [56], where n is an integer, A is the wavelength, d is the interatomic
spacing, and 0O is the diffraction angle. For details about the basic principles of X-ray diffraction one can

refer to [56] [57].

Figure 24: The condition for reflection-the Bragg's law [57].

The XRD diffractograms of the coatings in the present study were detected at room temperature using
a D2 Phase diffractometer (Bruker Corp, D8 discover) in the Bragg—Brentano geometry, with Cu Ka

radiation (A=1.5418 A) at 30 kV and 10 mA.

In this work, the TiN films grown by HiPIMS and dcMS exhibited preferred crystal orientation. The latter
was dependent on the deposition process parameters such as magnetic field strength [6] and chemical
composition obtained by varying the nitrogen flow rate (paper IIl). The abundance of the grains that
are oriented along a particular (hkl) crystallographic plane with respect to other planes, which
determines the most preferred orientation, is given by the texture coefficient according to equation
25 [6]:

— (Lo :
Tehiry = (Zl(hkz)> Equation 25

In which T(pyp) is the texture coefficient, and I (py) is the integral intensity of the crystallographic plane

from the XRD diffractograms.

Only the crystal orientations that are parallel to the sample surface were detected. In fact, the off-axis
angle W as defined in Figure 25 was equal to zero during our measurement which means that the
diffraction angle © of the (hkl) plane, was equal to the incident angle Q (see Figure 25) [58]. The symbol
o represents the residual stress which can be extracted from XRD data as explained later in this

chapter.
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Figure 25: A schematic diagram showing the geometric set-up of X-ray diffraction (XRD) residual
stress measurements [58].

The crystal orientation is related to the total energy of the coating W. The coating will grow with the
orientation that minimizes this energy [59]. W) is taken as the summation of surface energy y(xi)

and strain energy &y [591:
Wnkry = Y(nky T €k Equation 26

In a study by Pang et al. [60], the static contact angles of water and glycerol on TiN films surface were
determined in order to compute the surface energy of the films. The surface energy of the coating was

calculated according to equation 27 known as Young’s equation [61]:
Ys = Vs, Ty, cos6 Equation 27

The approach used in [60] to determine the surface energy of the solid (the thin film) y5 was as follows:

The values of y; were known for both the liquids that were used (water and glycerol). The

values of 8 were measured via the contact angle.

- The approach of Owens and Wendt was used [62] which consist of using the relation of the
thermodynamic work of adhesion, defined as the work required to separate two adherent

phases to a large distance from each other and is given by Equation 28 [63]:

- Wadhesion = Vs + YL = VsL Equation 28

- Wadnesion is then equal to Wygpesion = vi(1 + cos 8) Equation 29
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- The Wygnesion can also be expressed as: Wy anesion = 2\/y5dyLd + 2\/)/51’)@1’ Equation 30
where ysd,yLd are dispersive component of solid and liquid surface energy and y?,y,P are

polar component of solid and liquid surface energy.

- Combining equation 29 and 30 lead to: y, (1 + cos ) = 2./ys%y.% + 2,/ysPy,P Equation 31

- From Equation 30, at least two equations are needed in order to calculate ¥ and ys? and the
final 5 will be equal to ys%+ysP. To have the two equations, the data of y;, ¥,¢ and y,? of
two liquids (here water and glycerol) should be known. These data for water and glycerol are

given in reference [60].

The obtained surface energy of TiN films as a function of the thickness is shown in Figure 26 [60].
The ratio of the crystal orientations (111)/(200) is also plotted as a function of the thickness. At a
thickness above 1.72 um, the surface energy shows a drastic decrease which is correlated with a
drastic increase in the (111)/(200) ratio as shown in Figure 26, which suggests that the (111) crystal

orientation minimizes the surface energy. (200) orientation gives lower strain energy [59].
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Figure 26: Surface energy and crystal preferred orientation change with the film thickness [60].

Using the nearest-neighbor interaction approximation, the binding energy for one mole of atoms, E},

in a three-dimensional faced centered cubic (FCC) crystal is given by Equation 32 [60]:

_ Ep (N .
=N, (A) Equation 32
N. . N 4 S
Where, o is the number of atoms per unit area. For the (111) plane 2(111) =i which gives:
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E .
Y1) = NAa—ObZ\E Equation 33

In the case of (200) orientation y = iz which gives:
A(200) @ao

E

Y(200) = F{i’oz Equation 34

From equations 33 and 34, it is clear that the surface energy will be lower with (111) orientation than
with the (200) preferred orientation which is in coherence with the observed experimental results as

shown in figure 26.

In order to estimate the average grain size the Scherrer formula can be used [6] [12] [64] [65]:

KA
b= B cosB

Equation 35

Where, D is the average grain size, 0 is the diffraction angle, A is the wavelength of X-rays, and [ is the

full width at half maximum (FWHM), K is a constant which is equal to 0.9 for cubic thin films [66].

The residual stresses were calculated by estimating the residual strain from the positions of the XRD
peaks. Each position of the XRD peak correspond to a lattice spacing as given by the Bragg’s formula
(equation 24). The out-of-plane residual strain is given by the equation 36 [58] [67]:

d(hkl)_do(hkl)>

Equation 36
Ao(hkD)

Enkn = (
Where d 1), do(nir) are the lattice spacing of stressed and unstressed films, respectively.

According to Poisson formula, the in-plane strain is related to the out-of-plane strain via the Poisson’s

ratio J as follows: [6]

gkl = —Y€piaxial Equation 37

The biaxial strain &p;4xiq; is deduced from Equation 36 and using a weighted average that considers
the abundance of the (hkl) crystallographic planes present in the structure:

d —d,
(hkD) "%o(hkl)
X (hkl)(( dO(hkl) >)

€piaxial = — 3 Equation 38

Where T(pr) is the texture coefficient given by Equation 25.
The biaxial stress is then given using the Hook’s law as follows:

(0x + 0y) = Eépiaxial Equation 39
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With o, = 0, assuming an equi-biaxial in plane stress state and considering only planes parallel to the

surface where the angle between the diffraction vector and the sample normal is zero [6].

3.3.2. Scanning electron microscopy

The scanning electron microscope (SEM) was used in order to visualize the cross-sectional morphology
of the coatings. The SEM has been around for more than 50 years [68]. It involves scanning the sample
with a focused beam of electrons along patterns of parallel lines [68]. Signals are then emitted from
the specimen when the electrons impinge on it. By detecting the appropriate signals, we obtain the

desired image. Figure 27 illustrates schematically the various components of an SEM device [69].
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Figure 27: Schematic drawing of the major component of SEM [69].

The electron source, or gun, is situated at the top of the column. Once the electrons are emitted from
the negatively charged source, representing the cathode, they move down toward the specimen

thanks to a positively charged anode, which is placed after the electron source. Under the influence of
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an electric field, the electrons are attracted and accelerated toward the specimen. To focus the
electron beam coming from the source into a small probe on the sample surface (diameter of 1 to 50
nm), electromagnetic lenses and apertures are used. Two pairs of scanning coils are used for the scan
of the reduced small probe. Once the coils deflect the beam along a line, the coils move the beam to
the beginning of the next line where it is deflected once again [69]. The repetition of this process allows
an area to be scanned. In order to adjust the roundness of the beam, the stigmators are an important
component (not shown in Figure 27). Once the electron beam hits the sample, several signals are
generated which are detected by detectors appropriate for each signal. They are then amplified and

displayed to obtain an image on the computer screen.

The electrons of the incident beam coming from the source through the electron column are called
primary electrons (PEs). When they interact with the specimen, they can undergo multiple elastic and
inelastic scattering events. This results into a lateral and vertical spread of the electron beam with
respect to the incident direction, and a maximum distance that the electron goes through before its
absorption (“penetration depth”) [69]. In other words, we have an interaction volume between the
electrons and the specimen. It is drawn schematically in Figure 28. Along the penetration depth several
signals are generated such as secondary electrons (SE), back scattered electrons (BSE), X-Rays, and less
common signals such as Auger electrons. The “escape depth” is the maximum distance that those

generated photons and electrons can travel to leave the solid and reach the detector.

Incident Electron Probe

Sample Surface

SE Escape Depth  Fluoxgseence

Figure 28: Schematic drawing of the interaction volume and the escape depth for a given material
and given energy of the electron beam [69].

In this work, some SEM images of the coating cross-section were obtained using secondary electrons

signals. Some of the images are presented in Figure 29 where a comparison between HiPIMS (Figure
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29-a) and dcMS (Figure 29-b) is provided showing the morphology of the coating obtained with HiPIMS

is featureless whereas for dcMS, the morphology is dense columnar.

AccV SpotMagn Det WD —— 2pum Acc.V SpotMagn Det WD |—— 2um
20.0kV 3.9 20000x SE 10.0 Daemon 20.0kV 39 20000x SE 9.2 Daemon

Figure 29: Cross sectional morphology of coating obtained with (a) HiPIMS and (b) dcMS deposited at
50 mT and 1 kW average power.

3.3.3. Atomic force microscopy

The atomic force microscope (AFM) consists of scanning the surface of interest with a very sharp probe.
The interactions between the probe and the surface are used to produce a very high-resolution image
of the sample, which can reach the sub-nanometer scale depending on the sharpness of the probe tip
[70]. The tip is attached to a cantilever that can be bent. By approaching the tip of the cantilevers to
the sample surface to a very low distance between them, interaction occur between the atoms.
Through these forces, the cantilever is deformed as it scans the surface. To measure the deformation
of the cantilever a laser diode sends a laser beam on the back of the cantilever tip and the reflection
is monitored with a photodiode which determines the height and torsion deformation of the
cantilever. Figure 30 is a schematic representation of the atomic force microscopy device arrangement.
The way in which the photodiode detects vertical and horizontal bending of the cantilever is shown in
figure 31 [71].

The force-distance curve (Abstandsfunktion) has for two atoms a universal form: the Lennard Jones
Potential which function is the sum of the repulsive and attraction potential and it is shown in Figure
32 [72]. The nature of forces that are built between the cantilever tip and the sample surface depend
on the distance between them. If the AFM is operated in contact mode, then the potential is in the

repulsive interaction domain. If the AFM is conducted in the non-contact mode, then attractive forces
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prevail. In this mode the tip oscillates and under the influence of attractive forces, there is a shift in
the resonance frequencies. Through the topography of the surface i.e. through different distances
between the tip and surface, different resonance shifts are obtained. The Lennard Jones potential is
proportional to changes in the frequency and the non-contact mode that is found in attractive domain
has the disadvantage that high distances results in small frequency variation. The compromise will be
to generate higher frequency variations. This means to come as close as possible to the repulsive
domain. This is what is called intermediate mode (between attractive and repulsive domain). This is

called tapping mode in which the cantilever oscillates while scanning the surface in close-contact [71].

Laserdiode

Photodiodenarray Strahlengang

mit 4 Quadranten

Biegebalken
(Cantilever)

XYZ-Piezoscanner
Probe

Figure 30: Schematic representation of the set-up of an atomic force microscope. Source: Lecture Prof.
Possart, Universitat des Saarlandes.
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Figure 31: lllustration of how the photodetector detects vertical and horizontal bending of the
cantilever [71].
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Figure 32: Interaction potentials, Lennard-Jones potential as a function of the particle distance r [72].

3.3.4. Raman spectroscopy

Raman spectroscopy is employed to detect vibrations in molecules based on the Raman scattering
process [73]. When materials are subjected to electromagnetic radiation of single frequency, the light

would be scattered by the material, both elastically and non-elastically. Elastic scattering occurs when
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the scattered light has the same frequency as that of the incoming light. Non-elastic scattering occurs
when the scattered light has a different frequency from that of the radiation. Elastic scattering is called
Rayleigh scattering, whereas the non-elastic scattering is called Raman scattering [66]. In this work, a
DXR 2 Raman Microscope - Thermo Fisher with a laser wavelength of 532 nm was used to measure
Raman spectra at room temperature. Samples that were examined were as-deposited and annealed

samples at 200°C, 400°C, 500°C, 600°C.

Figure 33 shows the Raman spectra obtained from the surfaces of the TiN coating before and after
thermal treatment. All spectra have the same TiN characteristic square-like shape peak at 190-350 cm™
! and a triangular-like shape peak at approximately 555 cm™ for the as-deposited and annealed
coatings at temperature of 200°C and 400°C [74,75]. The peaks observed at around 204, 314 and 549
cm™ represent respectively the transverse acoustic mode (TA), longitudinal acoustic mode (LA) and

transverse optical mode (TO) in cubic TiN crystals [75-77].
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Figure 33: Raman spectra of thin TiN films annealed at different temperatures.
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Deposition rate (nm.min™")

4. Summary of the results

The deposition rate of the HiPIMS process was optimized using the variation of the magnetic field
strength @ parameter. The @ was set at values of 22mT, 26mT, 30mT, 35mT and 44mT and the
deposition rate was measured for TiN coatings grown on steel substrates of @40mm x 0.5 mm (which
chemical composition is given in paper Il, reference [6]). The results are shown in figure 34 a. It is
shown that by lowering the @, it is possible to deposit coatings in the HiPIMS mode with deposition
rate equal to that of dcMS as illustrated in figure 34 b. This concept was explained in the discussion

part of reference [6] which content is attached to this thesis.
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Figure 34: Deposition rate of HiPIMS and dcMS as a function of ©.

The outcome of Figure 34 is that it is optimal to operate the HiPIMS process at low ®. However, it is
important to see whether low @ results in acceptable mechanical properties or not. So, the hardness
was measured, and the results are shown in Figure 35. The hardness did not show a noticeable
variation with the @ (within the error margin). It is proposed that the considered peak current density
interval 1.22-1.72 A-cm™ does not exhibit dramatic changes in the plasma dynamics, which explains
the small changes observed for the mechanical properties. However, these results presented in this
article are a motivation to further investigate the TiN properties in an even larger peak current density

interval [6].
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The hardness of the coatings deposited with dcMS was lower than that of the coatings deposited with
HiPIMS, which is explained in reference [6]. Nevertheless, the reason why the hardness of the coatings
produced with dcMS was high (26 GPa in average over the ®) was not explained. Therefore, this

observation is discussed here:
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Figure 35: Hardness for coatings obtained with HiPIMS and dcMS as a function of ©.

In a study by Paulitsch et al. [78], TiN coatings were deposited using unbalanced dcMS and HIPIMS
without rotation. It was found that the coatings deposited with dcMS had a hardness of 28GPa, while
the hardness measured for coatings deposited with HiPIMS was 39 GPa. It was shown that when
moving from static mode (without rotation) to dynamic mode (one-fold substrate rotation), the
hardness of TiN coatings deposited with unbalanced dcMS, decreases from 28 GPa to 10 GPa. It was
shown that the morphology of the coating deposited with dcMS was strongly influenced if the
deposition is conducted in static or dynamic mode. The microstructure was dense with a smooth
surface in the static mode while for the dynamic mode it was described as under dense open voided
microstructure with rough surface. Therefore, one can conclude according to [78] that the fact that
the depositions with the system described in 2.2.1 were performed without rotation has resulted in
high hardness (up to 27 GPa) in the case of dcMS. In the case of HiPIMS, as shown in [78], when moving

from static to dynamic mode, the hardness only decreased from 38 GPa to 34 GPa.
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The microscopic properties of the TiN coatings deposited at different ® were determined and these
are the residual stresses, average grain size, crystal orientation and roughness and were reported and

discussed in reference [6] which content is attached at the end of this report.

The optimum setting of ® with respect to deposition rate and coating properties was determined at
NTTF coatings GmbH, Germany (see set-up Figure 14). Further investigations were performed at the
University Mohammed VI Polytechnic (see set-up Figure 16). Using this set-up, TixN1« coatings were
produced at low ® (outcome of reference [6]) and with an optimized pulsing configuration which is
shown in Figure 17. The deposition rate (Rq) of TixN1xcoatings produced at different nitrogen flow rate
Qu(N,) is presented in Figure 36. The Rq decreases gradually with increasing Qy(N,). It was possible to
deposit close-to-stoichiometry TiN coatings in the transition zone at Qy(Nz)=3sccm, 4sccm and 5sccm,
at a comparatively (compared to dcMS) high deposition rates. In fact, according to figure 36, the abrupt
decrease of deposition rate at the working point, usually observed in reactive sputtering, was not
observed in this case [49]. The current and voltage were plotted with increasing and decreasing Qy(N>),
and the observed hysteresis obtained was low. This is highlighted paper Il [49] which content is

attached to this report.
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Figure 36: Deposition rate vs Qy(N).

The variation in hardness with respect to Qy(N>) is shown in Figure 37 a. It is noticed that a maximum of 28 GPa
is achieved at 4sccm, corresponding to 7% in the N, fraction. This value can be compared to the TiN coating

deposited using deep oscillation magnetron sputtering [79] where a maximum hardness of 16.6 GPa was
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reached at N; fraction of 6%. Chang et al. [80] reported a maximum hardness of 29.3 GPa reached for

stoichiometric TiN at a duty cycle of 5% similar to the duty cycle used in this study.

The maximum young’s modulus is at 5sccm according to figure 37.a, and the ratio Hardness/young’s modulus
(H/E) was maximum at 3sccm as seen in Figure 37 b. This suggests that the coating deposited at 3sccm exhibits
more resistance to wear [12]. This is explained by Griffith’s theory of fracture that stipulates that the fracture

toughness is enhanced with increasing H/E ratio [81].

The abundance of (200) orientation at 4sccm (7% N, fraction) (see figure 5 in [49]) proposes that hardness is
optimized for this orientation as the Schmidt factor is zero for all slip systems at (200) orientation [6].
When depositing with deep oscillation magnetron sputtering the coating with the highest hardness (6% N2
fraction) had the highest intensity of (200) crystal orientation [79]. Similarly, in our case, the coating with the

highest hardness (7% N2 fraction) had also the highest intensity of (200) crystal orientation.
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Figure 37: (a) Hardness and Young's Modulus vs Q,(N,), (b) H/E ratio as a function of Q,(N.).

The results of adhesion properties and coefficient of friction as well as the results on crystal orientation,

average grain size, lattice constant, chemical composition are reported and discussed in [49].

The corrosion tests were also conducted on TixNix coatings. The Tafel plots obtained from
potentiodynamic polarization tests in a 0.1 M phosphoric acid medium are shown in Figure 38. Table 5
contains values of corrosion current density lcorr, and corrosion potential Ecorr as well as corrosion rates.
It is observed that all HiPIMS coatings have a low corrosion current density in the range of 0.186-1.464

nA.cm?, with the lowest corrosion current density obtained for the TiN coating deposited at 2sccm. The
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corrosion current density is proportional to the corrosion rate [82], with a low lcorr giving a low corrosion
rate. It is known that a high Ecorr value is an indication of low thermodynamic tendency of the material to
corrode [83]. The samples presented in this study show that the highest corrosion potential and the
lowest corrosion current density were obtained at 2sccm. All HiPIMS coatings show a very good
protection efficiency with values between 91.3-98.9%. For comparison the TiN coating deposited using

dcMS showed a low protection efficiency of 50%. The results obtained are discussed in [49].
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Figure 38: Polarization curves at different Q,(N.).

The EIS measurements were also carried out and are presented in figure 39. The detailed description
of these results as well as their discussion are presented in [49]. The electrical circuit equivalent to the

electrochemical behavior of the samples were also analyzed in [49] attached at the end of this report.
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Figure 39: Nyquist plot of coated and uncoated samples at different Q,(N,).
Table 5: Corrosion parameters of the reference and the coated steel samples
Sample Reference |Ti-Osccm | TiN-2sccm | TiN-3sccm | TiN-4sccm | TiN-5scem | TiN-dcMS
Ecor(MV) -591 -535 -459 -540 -515 -623 -691
lcorr(LA.cM2) 16.812 0.584 0.186 0.553 0.47 1.464 8.326
Corrosion Rate 0.409 0.014 0.005 0.013 0.011 0.036 0.203
(mm/year)
Protection 96.53 98.89 96.71 97.20 91.29 50.48
efficiency (%)

The effect of annealing on the mechanical properties of TiN coatings prepared with HiPIMS was also

investigated. The results are shown in Table 6.
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Table 6: The hardness and Young Modulus for as-deposited and annealed TiN films at different
temperatures

Property As- deposited 200°C 400°C 500°C 600°C
Hardness [GPa] 16.4+1.7 18.7¢1.1 21.843.0 15.6+0.9 14.1+1.0
Young modulus 256113 251114 254128 251+16 223+18

[GPa]

One can see from Table 6 that the hardness obtained here [50] is lower than the hardness obtained in
[49] despite the use of the same deposition process parameters. This could be related to the adhesion
that was low in the case of the samples prepared for annealing as compared to the adhesion obtained
for the coatings prepared at different nitrogen flow rates. In fact, the etching procedure (see section
2.1) was not performed in the case of the coatings which properties are shown in Table 6. Ichimura et
al. [84] found experimentally that there is a correlation between the parameter that is characteristic
of adhesion (critical load) and the hardness of the coating. The hardness was found to be proportional
to the critical load [84]. Results about the effect of annealing on the crystal orientation, average grain
size, residual stress and roughness are presented in [50] attached to this thesis. The Raman

spectroscopy has been used to confirm the oxidation of TiN for annealing temperatures above 400°C.

5. Conclusion and outlook

The aim of this thesis project is to propose a solution and verify its potentiality for the protection of
parts against cavitation erosion and corrosion in phosphoric acid medium. For that, TiN coatings were
deposited on steel substrates using the HiPIMS technique which is capable of producing coatings with
low defect density especially microporosity that is detrimental to corrosion protection as the corrosive
agent can penetrate through these pores. First of all, the operating conditions for a deposition rate of
HiPIMS that is comparable with that of dcMS process were found. It was observed that low magnetic
field strength improves the HiPIMS deposition rate significantly due to a reduction in the back

attraction probability, a phenomenon known as self-sputtering.

The experimental verification of the solution proposed for improving the efficiency of the HiPIMS
process in terms of deposition rate, which is the lowering of the magnetic field strength has been
validated by measuring the effect of the magnetic field strength on the coating properties that were
measured using the appropriate equipment explained in this report. The results have shown that for

the used experimental conditions of peak current density that result in small changes in the plasma
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dynamics, small changes have been observed in the properties of the coatings upon the change in
magnetic field strength. These results were published in surface and coating technology and are

attached to this thesis. The depositions have been carried out at NTTF coatings GmbH, Germany.

The next work package was conducted at MSN, UM6P Morocco. The output of the previous work was
utilized, and the aim was to find out if the chemical composition of TiN will influence corrosion
resistance. Therefore, TixN1-x were deposited using HiPIMS by varying the nitrogen flow rate in
reactive mode. It was shown that the mechanical properties are strongly influenced by the chemical
composition and are maximum for TixN1-x coatings close to stoichiometry, but the corrosion
properties did not show a significant change and remain very good. It was concluded that a TixN1-x
close to stoichiometry should be selected to bring about corrosion resistance without compromising
mechanical properties. The microscopic properties of the coatings were also determined, and the
techniques used are explained in this report. The results of this work were published in Applied Surface

Science and the paper is attached to this thesis.

With the purpose to determine the thermal stability of TiN coatings, the best chemical composition
determined from the previous work package was deposited, the annealing was conducted at different
temperatures and the properties of TiN coating were evaluated. It was shown that annealing can
improve the mechanical properties and that there is an optimum. The microscopic properties of
residual stress, crystal orientation, average grain size and roughness were determined. The Raman
spectroscopy has been used to detect the oxidation of the coating. These results have been published

in Journal of Materials Engineering and Performance. The paper is attached to this thesis.

Concerning the use of PVD technique in Morocco, it is absent because no companies that are
specialized in this domain are implemented in the country. Thus, the industrials like RENAULT,
SNOP, GMD, BAMESA, DELPHI, YAZAKI, SEWS, LEAR, STELLANTIS are obliged to
export their part abroad to perform PVD surface treatment. This solution is not optimal as other
expenses are added such as the transportation fees and the increase of duration of the treatment. To
solve this problem, companies of surface treatment using PVD must be installed in the country. This
will serve the firms already present in Morocco but will encourage other international ones to come
to the country because of the availability of this coating service. The PVD laboratory at MSN UMG6P has
the ambition to serve the industry in Morocco especially the producers of cutting tools and automotive
companies, and OCP, to improve the properties of the surfaces of their products such as mechanical

properties, resistance to corrosion and wear.
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7. Scope of the papers

Paper I:

Here, a review of the hard coatings that were deposited using HiPIMS and dcMS is presented. Values

of the hardness obtained with both techniques for different hard coating materials are shortly

reviewed. The methods for improving the hardness are highlighted, such as alloying, modification of

coating architecture, as well as the choice of deposition technique.

59



Paper II:

In this paper, the effect of the magnetic field strength ® on the deposition rate as well as the hardness
and structural properties of the coating deposited by HiPIMS and dcMS is studied. It is demonstrated
that the deposition rate, in the HiPIMS case, increases when lowering the ®. On the contrast, in the
case of dcMS, the deposition rate was decreasing when diminishing the ® except from 44mT to 35mT.
The hardness did not change (within the error margin) in the studied ©® range [22-44mT]. The coatings
deposited with dcMS showed high hardness (25-27GPa) although lower than HiPIMS (29-34GPa). The
high hardness in dcMS was attributed to the absence of rotation during deposition but also to high
power density (10W.cm2) that has led to the hard crystal orientation (200) that lowers the strain
energy induced by ion bombardment of the coating. The evolution of texture coefficient, residual

stresses, surface roughness, and average grain size with the © are also presented and discussed.

Paper lli:

In this paper, the effect of TixN(1x chemical composition on the properties such as hardness, coefficient
of friction, adhesion as well as corrosion properties is studied. The hardness changed significantly with
the nitrogen content and showed a maximum at nitrogen flow rate Q,(N2)=4sccm which corresponded
to Tioss No.42. The highest toughness represented by the H/E ratio where H is the hardness and E is the
Young’s modulus, was maximal at Q,(Nz)=3sccm for Tigs1No.19. The corrosion properties obtained for
coatings deposited using HiPIMS were very good with a protection efficiency ranging from 92% to 96%
depending on Qy(N3). The protection efficiency was only 50% for coatings deposited at 5 sccm for

dcMS.
Paper IV:

In this paper the effect of annealing of the as-deposited stoichiometric TiN using HiPIMS is investigated.
Titanium nitride (TiN) coatings were deposited on a silicon substrate without additional heating. The
TiN films were annealed at temperatures ranging from 200°C to 600°C, and the properties such as the
microstructure, morphology and hardness of TiN were investigated using X-ray diffraction, Raman
spectroscopy, atomic force microscopy and nano-indentation. The results are compared to the
properties of conventional TiN thin films, typically deposited by dcMS or Arc evaporation at around
400°C. It is found that the hardness of the HIPIMS films increases from 16.4 to 21.8 GPa as the
annealing temperature increases to 400°C. For higher annealing temperatures, the hardness of the

films decreases, which is attributed to the oxidation of TiN.
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8. Appendix

1. Sputtering yield calculator:

#include <iostream>
#include <cmath>
using namespace std;
double sputtering_yield_p_r (double, double, double, double);//declaring the function sputtering
yield function_projectile_recoil
double sputtering_yield r_r (double, double, double, double);//declaring the function sputtering
yield function_projectile_recoil
int main()
{

double sp_y_Ar; //Declaring the variable sputtering yield of argon ions bombarding titanium target

double sp_y_Ti; //Declaring the variable sputtering yield of titanium ions bombarding titanium
target

double E_i=475; //Declaring the initial energy as the target voltage

double E_m_f_r; //Declaration of energy mass factor variable in case titanium ions hitting titanium
target

double E_m_f_p; //Declaration of energy mass factor variable in case argon ions hitting titanium
target

double E_th_p; //Threshold energy projectile-recoil

double E_th_r; //Threshold energy recoil-recoil

double m_r=47.9; //Atomic mass recoil

double m_p=39.948; //Atomic mass projectile

double U_b=3.333; //Surface binding energy recoil material

E.m_f p=(4*m_r*m_p)/((m_r+m_p)*(m_r+m_p));//Relation of the energy transfer mass factor
projectile-recoil

Em_f r=(4*m_r*m_r)/((m_r+m_r)*(m_r+m_r));//Relation of the energy transfer mass factor
recoil-recoil

cout<<"Energy mass factor projectile:"<<E_m_f_p<<endl|;

cout<<"Energy mass factor recoil:"<<E_m_f_r<<endl;

E_th_r=(8*U_b)/(pow((m_r/m_r),0.4));

cout<<"Threshold energy of sputtering recoil-recoil material:"<<E_th_r<<end|;

if ((m_p/m_r)<0.3)

{

E_th_p=U_b/(E_m_f p*(1-E_m_f p));
}
else {
E_th_p=(8*U_b)/(pow((m_p/m_r),(2/5)));
cout<<"Threshold energy of sputtering projectile-recoil:"<<E_th_p<<endl;

}
sp_y_Ar = sputtering_yield p r(E_i,m_r,E_m_f p, E_th_p);
cout<<"Sputtering yield projectile-recoil is:"<<sp_y_Ar<<endl;//Display sputtering yield Ar
sp_y_Ti=sputtering_yield r r(E_i,m_r,E_m_f r, E_th_r);
cout<<"Sputtering yield recoil-recoil is:"<<sp_y_Ti<<endl;//Display sputtering yield Ti
double Y_Ar=sp_y_Ar;
double Y_Ti=sp_y_Ti;
}

//This function calculates the sputtering yield of the recoil
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double sputtering_yield_p_r (double E_i, double m_r, double E_m_f p, double E_th_p)
{
double sputter_y_Ar; //variable in which the sputtering yield is stored
sputter_y_Ar=6.4*(pow(10,-3))*m_r*(pow(E_m_f_p,(5/3)))*(pow(E_i,0.25))*(pow((1-
(E_th_p/E_i)),3.5));
return sputter_y_Ar;
}
double sputtering_yield_r_r (double E_i, double m_r, double E_m_f r, double E_th_r)
{
double sputter_y_Ti; //variable in which the sputtering yield is stored
sputter_y_Ti=6.4*(pow(10,-3))*m_r*(pow(E_m_f r,(5/3)))*(pow(E_i,0.25))*(pow((1-
(E_th_r/E_i)),3.5));
return sputter_y_Ti;

}

2. Project: Spatially resolved Langmuir probe using Arduino

A Langmuir probe is a relatively simple device for measuring various plasma parameters such as

electron density, mean electron energy, electron energy distribution function, plasma potential and

floating potential [27]. A Langmuir probe is typically constructed of a thin wire that is inserted into the

plasma. The wire radius has to be greater than the electron Debye length. The Debye length is the

distance over which significant charge separation can occur [85].

The aim of this project is to design a spatially and temporally resolved Langmuir probe. The spatially

resolved characteristic was achieved by programming a microprocessor (Arduino) in the DEV C++

programming language. The program is shown below:

#include <Stepper.h>
#include <AccelStepper.h>
#include <MultiStepper.h>

//Declaring variables

long Steps_Per_RevolutionX=200;
long Steps_Per_RevolutionZ=200;
int EnablePinX=6;

int EnablePinZ=7;

int Limit_switchX=8; // This variable is used to give to arduino a signal to home the linear drive in X-

direction

int Limit_switchZ=9; // This variable is used to give to arduino a signal to home the linear drive in Z-

direction

long step_counter_homingX=1; //initializing homing in X-direction
long step_counter_homingZ=1; //initializing homing in Z-direction
float Step_resolutionX;

boolean rerun=true; //This variable to control the number of time the void loop should run

// Declaring the stepper motors
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AccelStepper stepperX(1,2,3); //The 1 stands for easy driver, 2 and 3 are the DIR Pin and STEP Pin of
the driver respectively

AccelStepper stepperZ(1,4,5);

Stepper myStepperX(Steps_Per_RevolutionX,2,3);

Stepper myStepperZ(Steps_Per_RevolutionZ,4,5);

void setup() {

Serial.begin(9600); // Initialize the Serial monitor with speed of 9600 Bauds// The Homing
procedure

pinMode(Limit_switchX, INPUT_PULLUP);

pinMode(Limit_switchZ, INPUT_PULLUP);

pinMode(EnablePinX, OUTPUT);

pinMode(EnablePinZ, OUTPUT);

pinMode(LED_BUILTIN, OUTPUT);

digitalWrite(EnablePinX,HIGH);

digitalWrite(EnablePinZ,HIGH);

digitalWrite(LED_BUILTIN, HIGH);

//Set the speed of homing
myStepperX.setSpeed(500);

Serial.printin("The stepper motor is homing in X-direction");
while (digitalRead(Limit_switchX)== LOW) {
myStepperX.step(step_counter_homingX);

step_counter_homingX+=1;

}

step_counter_homingX=-1;

while (digitalRead(Limit_switchX)== HIGH) {
myStepperX.step(Limit_switchX);

step_counter_homingX-=1;

}

stepperX.setCurrentPosition(0);
Serial.printin("Stepper X homing is completed");
//Homing the stepper motor in the languimir probe in Z-direction
//Serial.printin("The stepper motor is homing in the Z-direction");

myStepperZ.setSpeed(500);

63



Serial.printIin("The stepper motor is homing in Z-direction");

while (digitalRead(Limit_switchZ)== LOW) { // Make the Stepper move towards the direction of the
switch until it hits the switch
myStepperZ.step(step_counter_homingZ);
step_counter_homingZ+=1;

}

myStepperZ.setSpeed(500);
step_counter_homingZ=-1;

while(digitalRead(Limit_switchZ)== HIGH) {
myStepperZ.step(step_counter_homingZ);
step_counter_homingZ-=1;

stepperZ.setCurrentPosition(0);
Serial.printin("Stepper Z homing is completed");

//Serial.printin("Homing Completed !");
delay(500);

//Setting the speed of the stepper motor for scanning
myStepperX.setSpeed(500);
myStepperZ.setSpeed(500);

digitalWrite(EnablePinX,LOW);
digitalWrite(EnablePinZ,LOW);

}
void loop() {

float number_of stepskX;

float number_of_stepsz;

float Lateral_resolutionX=5; //unit (mm)

float Lateral_resolutionZ=5; //unit (mm)

float Distance_Per_RevolutionX=0.31;

float Distance_Per_RevolutionZ=0.31;

const float Max_distance_LdriveX=60; //unit (mm)
const float Max_distance_LdriveZ=60; //unit (mm)
float Time_for_measurementsX=1000; // unit(ms)
float Time_for_measurementsZ=1000; //unit(ms)
float Step_resolutionX;

float Step_resolutionz;
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float movementX;
float movementz;
float Max_stepsX;
float Max_stepsz;

if (rerun == true) {

number_of stepsX=(Lateral_resolutionX*Steps_Per_RevolutionX)/(Distance_Per_RevolutionX);//Her
e we calculate the number of steps necessary for a given lateral resolution that gives the number of
data points along the distance.
Step_resolutionX=(Lateral_resolutionX*Steps_Per_RevolutionX)/(Distance_Per_RevolutionX);//Here
we initiate the variable that will serve in the equation for moving the linear drive in equal lateral
distances

number_of stepsZ=(Lateral_resolutionZ*Steps_Per_RevolutionZ)/(Distance_Per_Revolutionz);//Sam
e as above but for Z
Step_resolutionZ=(Lateral_resolutionZ*Steps_Per_RevolutionZ)/(Distance_Per_RevolutionZ);//Same
as above but for Z.
Max_stepsX=(Max_distance_LdriveX*Steps_Per_RevolutionX)/Distance_Per_RevolutionX;//Used to
calculate the number of steps for the maxiumum distance traveled by the linear drive
Max_stepsZ=(Max_distance_LdriveZ*Steps_Per_RevolutionZ)/Distance_Per_RevolutionZ;//Same as
above but for Z.

Serial.printIin("The stepper motor is scanning in +Z");
delay(100);
int j=0;
while(number_of stepsZ < Max_stepsZ && (j<=50))
{
Serial.printIn("The stepper motor is scanning in +X");
delay(100);
int i=0;
while (number_of stepsX < Max_stepsX && (i<=50)){
digitalWrite(EnablePinX,HIGH);
movementX=number_of stepsX-(i*Step_resolutionX); // The counter i is used to move at equal
rotation steps and thus equal lateral distances
Serial.printin(i);
Serial.println(movementX);
Serial.printin(number_of_stepsX);
myStepperX.setSpeed(500);
myStepperX.step(-movementX);
digitalWrite(EnablePinX,LOW);
delay(Time_for_measurementsX);
number_of stepsX+=Step_resolutionX;
i+=1;
}
Serial.printIin("The stepper motor is scanning in +Z");
digitalWrite(EnablePinZ,HIGH);
movementZ=number_of stepsZ-(j*Step_resolutionZ);
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Serial.printin(j);
Serial.printin(movementZ);
Serial.printin(number_of_stepsZ);
myStepperZ.step(movementZ);
digitalWrite(EnablePinZ,LOW);
delay(Time_for_measurementsZ);
number_of stepsX=(Lateral_resolutionX*Steps_Per_RevolutionX)/(Distance_Per_RevolutionX);
//Here we must renitialize the number_of_stepsX to start a new loop.
number_of stepsX=-number_of_stepsX; //In order to move in the other direction
Max_stepsX=-Max_stepsX; // The maximum distance in the other direction
Serial.printIn("The stepper is scanning in -X");
delay(100);
i=0;
while (number_of stepsX > Max_stepsX && (i<=50)){ //now the scanning in the other direction has
started so the number of steps is negative so it is higher than Max_step
digitalWrite(EnablePinX,HIGH);
movementX=number_of_stepsX+(i*Step_resolutionX);
Serial.printin(i);
Serial.println(movementX);
Serial.printin(number_of_stepsX);
myStepperX.setSpeed(500);
myStepperX.step(-movementX);
digitalWrite(EnablePinX,LOW);
delay(Time_for_measurementsX);
number_of stepsX-=Step_resolutionX;
i+=1;
}
number_of_stepsX=-number_of_stepsX;
number_of stepsZ+=Step_resolutionZ;
j+=1
}
Serial.printin("Scan Completed");
digitalWrite(LED_BUILTIN, HIGH);
stepperX.setCurrentPosition(Max_stepsX);
stepperZ.setCurrentPosition(Max_stepsZ);
digitalWrite(EnablePinX,LOW);
digitalWrite(EnablePinZ,LOW);

//stepper.setCurrentPosition(-number_of_steps)
rerun = false;

}

66



