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Introduction Thin films

Thin films are generally defined as condensed matter restricted in one dimension, ranging in thickness from a few nanometers (nm) to several micrometers (µm), grown naturally or by controlled condensation of atomic, molecular or ionic species on a supporting material (substrate) [1,2,3]. The terminology used to describe these layers is sometimes confusing; however, it is often specific to each particular discipline or application [1]. For instance, the term "ultrathin films" emerged to define layers < 100 nm thick as a consequence of the rising demand for miniaturization of semiconductors and electronic components [4,5]. Regardless of the terminology used, thin film materials are valuable because they show remarkable and sometimes unique properties, which are significantly different from those of the corresponding bulk materials. It is mainly due to their physical dimensions, large surface-to-volume ratio, and non-equilibrium microstructure [2]. More importantly, the combination of the surface properties of the thin films with the bulk properties of the underlying material(s) leads to enhanced chemical, mechanical or electrical properties, to name a few.

Due to these advantages, the use of thin films covers many fields, such as semiconductor, optical, magnetic, display, telecommunication, tribological, decorative, energy, food packaging and biomedical [3,6]. Although it is not possible to list all relevant areas for thin films, some important applications include integrated circuits (IC), microelectromechanical systems (MEMS), photovoltaic solar cells, reflective or anti-reflective coatings, and wearresistant coatings. According to the BCC Research agency, the global market for thin and ultrathin films reached nearly $9.8 billion in 2015 and is expected to reach $11.3 billion by 2021 [7]. The same report also states that in the coming years, continued technological advances in the field will be driven by energy-related applications, aerospace and defense industry, developments in nanotechnology and ongoing miniaturization within the microelectronics industry [7].

Let us now take a step back and consider the materials themselves. The simplest thin film systems are composed of only one chemical element, usually metals, e.g., copper (Cu), aluminum (Al) or tungsten (W) as conducting coatings, chromium (Cr), zinc (Zn) or nickel (Ni) as corrosion-resistant coatings, and Al and Cr for decorative coatings. However, for many other thin film applications, such as optical coatings, energy-related coatings, hard coatings, etc., the layers are not single elemental thin films, but rather compound coatings. They are obtained from at least one metal (e.g., Cu, Al) or a non-metal, e.g., carbon (C) or boron (B), and a reactive gas molecule, e.g., oxygen (O2) or nitrogen (N2). Examples include silicon nitride (Si3N4) and titanium carbide (TiC) as wear-resistant hard coatings, and tantalum nitride (Ta3N5) and indium oxide (In2O3) for energy-related applications [3,6,8,9]. Indeed, based on the rising demand for optimization of film structures and properties in large-scale applications, many relevant thin film material systems could be mentioned. Moreover, stacks of thin films, called "multilayer structures", can combine several elemental or compound films presented above. They present very interesting applications, i.e., anti-reflective coatings, Bragg mirrors, etc.

Thin film deposition

A huge advantage when depositing thin films is that their structure can be controlled through manipulation of the atomic scale processes towards very specific requirements during the growth process [8,10], which is why the choice of the deposition process and the process conditions are paramount. A broad range of thin film growth technologies exists and they are usually grouped into two main categories, according to the physical state of the film-forming species: liquid-phase (solution) deposition and vapor-phase deposition [2]. The former comprises mature technologies such as electroplating, anodizing, spin coating, and sol-gel processes, as evidenced by the large amount of publications and diminishing field of applications [2,9]. Vapor phase deposition, in turn, is in full expansion; it is divided into two subgroups: chemical vapor deposition (CVD) and physical vapor deposition (PVD). In CVD processes, precursor gases containing the source material are introduced in the reactor and come into contact with the substrate. Near or at the surface, many heterogeneous chemical reactions take place (decomposition, reduction, desorption, polymerization, etc.) induced by heat, plasma or gradient differences, and their products form progressively a stable solid film [8,9,[START_REF] Choy | Chemical vapour deposition of coatings[END_REF]. On the other hand, in PVD processes, film precursors (atoms or ions) are produced either by heating (evaporation) or ion bombardment (sputtering) of a solid-state source material. Both vapor transport from the source material to the substrate and deposition process (vapor condensation) take place by physical means, with no or few chemical reactions involved [9]. In the particular case of reactive PVD, widely used to deposit compounds, there is a combination of both chemical and physical deposition. Often, the precursors originate from a metallic electrode (by evaporation or sputtering) and by decomposing a reactive gas (using thermal decomposition, pyrolysis, plasma, etc.). PVD processes (and CVD in some cases) are carried out at low pressure (below atmospheric pressure) and even in vacuum, offering efficient use of high performance source materials and reduction of contaminants and power consumption. The fundamentals of magnetron sputtering, one of the most popular PVD technologies, will be described in detail in Chapter 1, due to its importance for this thesis.

In addition to the conventional methods, updated, hybrid or completely new thin film growth methods are continuously introduced to achieve film properties and structures not possible with standard deposition configurations, to overcome the limitations of particular material systems and to meet the demands of the thin film industry. For example, high power impulse magnetron sputtering (HiPIMS) and other ionized physical vapor deposition (IPVD) techniques emerged from the need to deposit metallic interconnects and diffusion barrier layers into trenches or vias of high aspect ratio a for submicron ultra large scale integrated circuits (ULSI) [START_REF] Hopwood | Ionized physical vapor deposition of integrated circuit interconnects[END_REF][START_REF] Kouznetsov | A novel pulsed magnetron sputter technique utilizing very high target power densities[END_REF]. In these growth processes, the plasma containing the film-forming species is usually composed of a very high fraction of ionized material, which enables the control of the energy and the direction of the depositing flux [START_REF] Gudmundsson | High power impulse magnetron sputtering discharge[END_REF][START_REF] Helmersson | Ionized physical vapor deposition (IPVD): A review of technology and applications[END_REF]. The increased degree of ionization of the film-forming species has also been found to be beneficial for additional applications, e.g., when requiring dense and smooth metallic films [START_REF] Samuelsson | On the film density using high power impulse magnetron sputtering[END_REF], which is a major reason to why HiPIMS was employed as the main deposition technique throughout this thesis.

Purpose and outline

The purpose of this work has been to push forward the existing HiPIMS studies concerning the already established beneficial process conditions to enable unprecedented research in new and improved thin film materials that find application in areas of importance for society. The goal has thereby been to draw experience from the substantial amount of knowledge and process know-how generated by the HiPIMS community during the last 20 years in order to identify the deposition conditions that allow tailoring of thin film properties and to ultimately achieve superior coatings. In particular, the work has focused on understanding and tailoring the microstructure (grain size and grain morphology) and the crystal structure, as well as the intrinsic stress generated in the deposited films and energy-related final properties. Besides the fundamental knowledge gained, these investigations are motivated by the industrial need to clearly identify material systems where HiPIMS will have an impact compared to conventional deposition techniques. For this reason, I have always strived to pinpoint the dominating process mechanisms responsible for the discovered improvements in the film properties and to connect them with a hands-on approach on how to tune the external process parameters.

Three material systems constitute the core of the present work: copper (Cu), titanium dioxide (TiO2), and titanium nitride (TiN). A short introduction of these thin film materials is given below to better understand the research challenges, whereas more details concerning each material (pure or as compound) will be given in the appropriate chapters. Independent of material, the key internal process parameter throughout the entire thesis has been the ion flux reaching the growing film, which is the main feature distinguishing HiPIMS from other deposition techniques. The reason is that an adequate choice of energetic ion bombardment (low, moderate or high) during film growth is not yet established (and most certainly is material dependent!), although the mechanisms governing the positive effects of bombardment were generically described thirty years ago by Takagi [START_REF] Takagi | Ion-surface interactions during thin film deposition[END_REF]. There is thus no doubt that identification and understanding of the deposition conditions required to generate desired growth modes would have a great impact for tailoring thin and ultrathin film structures, composition, and final electrical, mechanical, chemical, tribological, magnetic and optical properties.

a Aspect ratio: the relationship between the width and the height (or depth) of a geometric shape.

As a starting point, Cu was chosen as an elemental, non-reactive, and thus relatively simple HiPIMS process, while at the same time fulfilling our requirement to be of great industrial interest in the use as metallic ultrathin films for interconnects in ULSI due to its excellent electrical conductivity [START_REF] Rosenberg | Copper Metallization for High Performance Silicon Technology[END_REF]. However, the resistivity of Cu is known to increase when the film thickness is reduced to a few tens of nanometer, due to free-electron scattering at external surfaces and grain boundaries [START_REF] Josell | Size-Dependent Resistivity in Nanoscale Interconnects[END_REF]. Having ultrathin Cu layers with electrical resistivity as close as possible to the bulk value is thereby a great challenge and major concern for the microelectronics industry. To address this issue, HiPIMS and conventional direct current magnetron sputtering (DCMS) processes were set up with the specific goals to:

i. investigate the microstructure, the intrinsic stress and the early growth stages of Cu thin films grown under different levels of energetic ion bombardment; ii. reduce the effect of the size-dependent phenomenon in the electrical resistivity of Cu thin and ultrathin films.

The knowledge and insight generated from the non-reactive processes concerning best use of energetic ion bombardment for tailoring the film structure was subsequently transferred and applied to two compound thin film systems, TiO2 and TiN, deposited in a reactive gas atmosphere, due to their relevant properties and wide industrial applications. TiO2 exhibits high photocatalytic activity under ultraviolet (UV) irradiation, thus it is extensively used in photocatalysis and shows great potential for hydrogen generation from water splitting [START_REF] Fujishima | TiO2 photocatalysis and related surface phenomena[END_REF]. The adequate choice of the TiO2 structure in terms of crystalline phase and dopant concentration is a key factor to increase the efficiency of photocatalytic reactions taking place under solar (visible) light [START_REF] Luttrell | Why is anatase a better photocatalyst than rutile? -Model studies on epitaxial TiO2 films[END_REF]. TiN, on the other hand, is widely used in tribological applications, e.g., in high-speed steel cutting tools, due to its high hardness and high wear resistance [START_REF] Zhang | TiN coating of tool steels: a review[END_REF]. However, the stress levels acquired during TiN growth often lead to premature failure and delamination of the coated tool [START_REF] D'heurle | Note on the origin of intrinsic stresses in films deposited via evaporation and sputtering[END_REF]. Reducing stress through structure modification is requested to enhance the performance and lifetime of material components coated with compound-based films. To address these issues, HiPIMS processes were set up with the specific goals to:

iii. investigate the experimental conditions to obtain anatase TiO2 films and study their structure and properties; doping of TiO2 with nitrogen; iv. reduce the intrinsic stress of TiN thin films by controlling the level of energetic ion bombardment.

Since modification of thin film structure and properties is directly related to the growth process, Chapter 1 addresses the fundamentals of magnetron sputtering and HiPIMS. Chapter 2 describes the structure evolution during film growth and its relation to intrinsic stress. The deposition systems employed to grow the thin films studied in this work and some of the required characterization techniques are presented in Chapter 3. The results concerning Cu thin and ultrathin films are presented and discussed in Chapters 4 and 5, and are related to the objectives (i) and (ii), respectively. Chapter 6 is dedicated to the growth of TiO2 films and Ndoped TiO2 (objective (iii)). Finally, the structure and intrinsic stress of TiN films (objective (iv)) are analyzed in Chapter 7. The most important findings are summarized at the end of each chapter, but also in the general Conclusions. Open questions are summarized in the Perspectives section. The author's publications and presentations arising specifically from research performed during this thesis, the description of standard characterization techniques and a short overview in French of this work are presented in the Appendices. The references are all arranged by order of appearance at the end of this thesis, section References.

Chapter 1 Fundamentals of magnetron sputtering

Magnetron sputtering is an extremely important plasma-based technology extensively used in both research laboratories and industrial manufacturing to deposit thin films for a wide range of applications. This chapter introduces the state-of-the-art and the fundamental concepts of magnetron sputtering in both conventional and reactive modes. Focus will be on HiPIMS due to the fact that most of the studied films in this thesis were deposited using this technique. In addition, general aspects of plasmas and glow discharges are also covered in this chapter, since they are fundamental parts of the sputtering process. 

INTRODUCTION TO PLASMAS

Plasmas are partially or completely ionized gases that contain approximately equal numbers of positively charged particles (positive ions) and negatively charged particles (mainly electrons); neutral species (atoms or molecules) can also be present, depending on the ionization fraction of the plasma [START_REF] Chapman | Glow discharge processes: sputtering and plasma etching[END_REF]. Plasmas obey the quasi-neutrality principle, i.e., they are almost macroscopically neutral with respect to the total electric charge, despite charged regions and electric fields are observed at smaller scales. Laboratory plasmas were firstly identified in 1879 by Sir William Crookes, who experimented with electrical discharges in vacuum tubes and suggested the existence of a new kind of gas composed of charged particles. However, the term "plasma" was first introduced in 1928, by Irving Langmuir, when studying ionized gases and thermionic filaments. Langmuir was reminded of the way blood plasma carries red and white corpuscles and germs by the way an electrified fluid carries electrons and ions [START_REF] Langmuir | Oscillations in Ionized Gases[END_REF].

Plasmas are usually called the "fourth state of matter" because they show very distinct properties from solids, liquids or gases [START_REF] Eliezer | The fourth state of matter: An Introduction to Plasma Science[END_REF]. Indeed, charge separation between ions and electrons in the plasma state gives rise to electric fields, and charged-particle flows give rise to currents which induce magnetic fields [START_REF] Goldston | Introduction to Plasma Physics[END_REF]. Therefore, charged particles react collectively to forces exerted by these fields, i.e., plasmas are influenced by long-range electromagnetic forces instead of the gravitational and near-neighbor forces in solid, liquids and gases, but also by the fields created by the plasma itself. Although plasmas are rarely a natural occurrence on Earth, more than 99 % of the visible universe is in this state [START_REF] Eliezer | The fourth state of matter: An Introduction to Plasma Science[END_REF]. Examples of plasmas include the sun (and other stars), the aurora borealis, the lightning storms, the neon lights and the fluorescent lamps. The fundamental difference between all forms of plasmas can be more easily understood by using two typical macroscopic parameters: the plasma density and the plasma temperature.

The plasma density is usually referred as the electron density (𝑛 𝑒 ), which is defined by the number of free electrons per unit of volume. For the hypothetical case of a plasma consisting of electrons, singly charged positive ions and neutrals of the same species, 𝑛 𝑒 and the ion density (𝑛 𝑖 ) are almost the same due to the quasi-neutrality principle (𝑛 𝑖 ≈ 𝑛 𝑒 ). These variables are used to define the ionized density fraction (𝐹 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ) of the gas through Equation 1,

𝐹 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑛 𝑖 𝑛 𝑖 + 𝑛 𝑛 (1) where 𝑛 𝑛 is the density of neutrals in the volume [START_REF] Goldston | Introduction to Plasma Physics[END_REF].

Temperature is also an important parameter of the plasma. It is related to the average kinetic energy (𝐸 𝑘𝑖𝑛 ) of a considered group of particles and it is a measure of the spread of the energy distribution function of the system. To better understand this relation, let us consider a population of free electrons present in a plasma. The electrons move around and every now and then collide with neutrals, ions and other electrons; during and between these collisions, some of the electrons lose energy, while others gain energy. Thus, they do not have the same individual 𝐸 𝑘𝑖𝑛 , i.e., they do not move at the same velocity, which results in a distribution of electrons with different energies/velocities. An electron energy distribution function (EEDF) is usually obtained from statistical mechanics calculations and has a bell shape in the velocity space, see Fig. 1. The top of the graph shows the energy shared by the largest number of electrons, whereas the full width at half maximum (FWHM) of the curve gives the average temperature of the electrons (𝑇 𝑒 ) [START_REF] Eliezer | The fourth state of matter: An Introduction to Plasma Science[END_REF]. Under conditions of local thermodynamic equilibrium, the electrons will have approximately a Maxwell-Boltzmann a velocity distribution and their state can be defined by 𝑇 𝑒 [START_REF] Chapman | Glow discharge processes: sputtering and plasma etching[END_REF][START_REF] Mandl | Statistical Physics: The Manchester physics series[END_REF][START_REF] Gabor | Langmuir's Paradox[END_REF].

Fig. 1. Schematic representation of energy distribution functions for three different populations of particles, e.g., electrons. The temperature 𝑇 is related to their average velocity [START_REF] Eliezer | The fourth state of matter: An Introduction to Plasma Science[END_REF].

Electrons and ions behave rather differently due to their great difference in mass, and it is usually necessary to consider different distribution functions of electrons and ions. The distinction between 𝑇 𝑒 and ion temperature (𝑇 𝑖 ) is quite important because it helps us distinguish between thermal (hot) plasmas, where 𝑇 𝑒 ≈ 𝑇 𝑖 (thermal equilibrium) and non-thermal (cold) plasmas, where 𝑇 𝑒 ≫ 𝑇 𝑖 (non-equilibrium plasmas). In the cold plasma discharge studied in this work, 𝑇 𝑒 can be much higher than 𝑇 𝑖 and also the neutral temperature (𝑇 𝑛 ) because electrons are much lighter than neutrals or ions. Thus, the electromagnetic field acts primarily on the electrons and transfers energy very effectively to them [START_REF] Chapman | Glow discharge processes: sputtering and plasma etching[END_REF].

One convenient unit for measuring temperature in plasma physics is the electron Volt (eV), which is the amount of energy gained by an electron in vacuum when it is accelerated across 1 volt (V) of electric potential. The Boltzmann constant 𝑘 (8.617 eV K -1 ) converts temperature from Kelvin (K) to units of energy. Indeed, 1 eV is equal to approximately 1.6×10 -19 joules (J) and is equivalent to a temperature of about 11,600 K. a The Maxwell-Boltzmann distribution applies to an assembly of particles in complete thermal equilibrium [START_REF] Mandl | Statistical Physics: The Manchester physics series[END_REF]. However, electrons in glow discharges (see Subsection 1.2.1) are very often in a non-equilibrium situation and thus deviations from the equilibrium distribution would be expected. Surprisingly, experimental data usually show that electron distributions are found to be much closer to a Maxwellian distribution than they should be, which is known as Langmuir's Paradox. The interested reader is referred to [START_REF] Gabor | Langmuir's Paradox[END_REF] for more details.

Based on the plasma (or electron) temperature and density, partially ionized or fully ionized forms of plasma may be produced. Most technological plasmas are weakly ionized (𝐹 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 < 0.01) cold plasmas. On the other hand, hot plasmas are completely ionized (𝐹 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ≈ 1) and are associated with plasmas in space or fusion reactors. Some typical naturally occurring and laboratory plasmas are shown in Fig. 2, as a function of their density and temperature regimes [START_REF] Goldston | Introduction to Plasma Physics[END_REF]. The cold plasmas that we are interested in this work are located in the red circle region, with 𝑛 𝑒 ranging from 10 16 to 10 19 m -3 and 𝑇 𝑒 ranging from 1 to 5 eV. Fig. 2. Ranges of average electron temperature and plasma density of various naturally occurring and human-made plasmas. Adapted from [START_REF] Goldston | Introduction to Plasma Physics[END_REF]. Note that abscise axis (𝑇 𝑒 ) covers 7 orders of magnitude and the ordinate axis (𝑛 𝑒 ) covers 16 orders of magnitude. Even if these examples appear very different, all these ionized gases have in common the electromagnetic interactions between the charged particles composing the system.

A plasma can be obtained in a laboratory by heating up a container of a gas. When the gas is heated enough, molecules will first dissociate into atoms. A further increase in thermal energy (at near or exceeding atomic ionization energies) would result in free, randomly moving electrons and ions. A plasma will be generated if enough gas atoms are ionized making the collective motion controlled by electromagnetic forces. However, most part of the container cannot be as hot as the plasma needs to be in order to be ionized (the container itself would vaporize and become plasma as well!). To avoid this problem, a gas is usually ionized by driving an electric current through it. The electric current give energy to free electrons to collide with atoms and liberate more electrons, and the process cascades until the desired degree of ionization is achieved [START_REF] Goldston | Introduction to Plasma Physics[END_REF]. This is the basic principle of a glow discharge, which will be explained in the section below. 

General aspects

The most common plasma types are direct-current (DC) glow discharges, generated by applying an electric field between two electrodes in a confined volume of low-pressure gas [9,[START_REF] Chapman | Glow discharge processes: sputtering and plasma etching[END_REF]. These discharges significantly deviate from thermal equilibrium. The velocity distributions of charged and neutral particles are Maxwellian (or close to), but 𝑇 𝑒 ≫ 𝑇 𝑖 ≅ 𝑇 𝑛 .

Electrons usually have a high average 𝐸 𝑘𝑖𝑛 , since they are effectively accelerated by the electric field, while ions have a 𝐸 𝑘𝑖𝑛 not much higher than that of the neutrals and remain essentially at room temperature (RT). This is mainly due to the big mass difference between electrons and ions (or neutrals), which does not favor energy transfer in inelastic electron-heavy species collisions. The electron density is much less than the neutrals density, providing weakly ionized plasmas [START_REF] Chapman | Glow discharge processes: sputtering and plasma etching[END_REF].

DC means unidirectional flow of electric charge and refers to power systems that use only one polarity of voltage or current with a constant or slowly varying local mean value of voltage/current [START_REF] Dummer | Newnes Dictionary of Electronics[END_REF]. Early studies of the DC glow discharge revealed that it consists of different regions between the electrodes [START_REF] Nasser | Fundamentals of Gaseous Ionization and Plasma Electronics[END_REF], which are illustrated in Fig. 3 and discussed separately below.

Fig. 3. Schematic illustration of a DC glow discharge showing several distinct regions that appear between the cathode and the anode. From [START_REF]Electric glow discharge[END_REF].

Usually, we are mostly interested in the Negative Glow region (Fig. 3, left), where inelastic collisions involving electrons and gas atoms are dominant. They are essentially of four different types: ionization, recombination, excitation and relaxation [START_REF] Chapman | Glow discharge processes: sputtering and plasma etching[END_REF], which are illustrated in Fig. 4. The first and most important inelastic collision is electron impact ionization: a free electron is accelerated by the electric field and collides with a neutral atom; typically a fraction of the 𝐸 𝑘𝑖𝑛 of the electron is transferred to the atom, removing an electron from it and generating a positive ion (Fig. 4a). The minimum energy for this process occur is equal to the energy required to remove the most weakly bound electron from the atom, i.e., the first ionization potential. Equation 2 is an example of this process for an argon (Ar) atom, which has a first ionization potential of 15.7 eV. The free electron needs to have an energy higher than this for the reaction to occur.

e + Ar → 2e + Ar + (2)

The two electrons in the product can be accelerated again by the electric field and additional ionizing collisions may take place, resulting in a "cascade process" that maintains the discharge (more details in Subsection 1.2.2). Recombination is the inverse of ionization, where an electron coalesces with a positive ion to form a neutral atom (Fig. 4b). Indeed, ionelectron pairs are continuously created by ionization and destroyed by recombination.

Fig. 4. The four main processes of inelastic collisions between electrons and neutrals in glow discharge plasmas. From [START_REF] Chapman | Glow discharge processes: sputtering and plasma etching[END_REF].

If the accelerated electron has not enough 𝐸 𝑘𝑖𝑛 to ionize the atom, excitation may result.

In this case, the bonded electron absorbs a quanta of energy from the free electron and jump to a higher energy level within the atom (Fig. 4c). Equation 3is an example of this process for Ar, which has the lowest excitation potential of 11.5 eV. However, the lifetime of electronically excited atoms (represented by an upper index *, e.g., Ar*) is usually short (in the range of nanosecond for the radiative excited states). The relaxation comprises the return of the excited electron to its original quantum level, and is accompanied by the emission of a photon of energy equal to the difference in energy between the related levels (Fig. 4d). Our eyes are sensitive to some of these transitions (from 3 to 1.7 eV) so this is the main reason why we see a glow discharge. The Negative Glow region exhibits the brightest light intensity of the entire glow discharge due to many of these excitation-relaxation processes.

e + Ar → e + Ar * (3)

Now that we have explored the main inelastic collision processes that occur in a glow discharge, especially (but not restricted) to the Negative Glow region, let us return to Fig. 3. The Negative Glow is followed by the Faraday space, a dark region where the electric field is low as well as the energy of electrons. It is immediately followed by the Positive Column, which is a quasi-neutral plasma where the electric field is very low. The Positive Column appears as a long uniform glow and acts as a conducting path between the Negative Glow and the positive electrode (called anode). It is important to note that when the two electrodes are brought together, the Positive Column and the Faraday space shrink and even disappear in cases where the inter-electrode separation is just a few times the Cathode Space thickness. This is the usual case in glow discharge processes and the case employed in this thesis. Finally, the Anode Glow is a bright region that appears at the end of the positive column [START_REF] Nasser | Fundamentals of Gaseous Ionization and Plasma Electronics[END_REF].

More interesting zones are developed near the electrodes: they are dark regions known as sheaths. In order to understand these regions, let us take a look at Fig. 5, where we observe a schematic representation of the voltage distribution in a DC glow discharge. In this hypothetic situation, the negative electrode (called cathode) has an applied potential of -2 kV, and the anode is connected electrically to the ground, i.e., it has a 0 V potential. One can see that the plasma does not follow a linear dependency of its potential between the electrodes, as first might be expected and as it is the case in vacuum, but stays rather constant in the volume plasma. The plasma potential (𝑉 𝑝 ) is the most positive in the discharge, and the potential drops occur almost entirely over the first few millimeters in front of the anode or cathode to reach their respective potentials. These regions adjacent to the electrodes, which are thus characterized by a strong electric field, are called the electrode fall or the electrode dark space, or often referred to as the electrode sheath. Since the electron density is lower in the sheath (due to the more-negative potential in this region), it does not glow as much [START_REF] Chapman | Glow discharge processes: sputtering and plasma etching[END_REF]. In addition, the quasi-neutrality relationship does not hold for these regions (sheaths), and consequently they have specific properties, different from the plasma bulk. Now we can understand the presence of the Cathode Dark Space and the Anode Dark Space in Fig. 3. The action of the cathode sheath (or Cathode Dark Space) is to attract the positive ions from the plasma, to repel plasma electrons trying to reach the electrode and to accelerate the "seed" electrons from the surface of the cathode towards the glow. Indeed, ions, neutrals or photons impact on the cathode surface leads to the ejection of new electrons from this solid surface, which are called secondary electrons. These electrons are accelerated through the sheath away from the cathode surface (which is held at a high negative potential) with an initial energy equal to the cathode potential (for non-collisional sheaths). In many cases, the secondary electrons sustain the discharge by ionization of neutral gas, which then bombard the cathode, and release more secondary electrons. Secondary electron emission plays an important role in providing more electrons (energy) to the discharge and finally to sustain the plasma, as we will see in Subsection 1.2.2 (note that electrons and ions are constantly lost to each of the electrodes and to all other surfaces within the chamber in ion-electron recombination) [START_REF] Chapman | Glow discharge processes: sputtering and plasma etching[END_REF][START_REF] Goldston | Introduction to Plasma Physics[END_REF].

It is also worth to mention that immediately next to the cathode is the Aston Dark Space (Fig. 3), where there is an accumulation of electrons. The Aston Dark Space is followed by the Cathode Glow with a relatively high ion density. Here the secondary electrons begin to accelerate away from the cathode. These high-energy electrons start to have collisions with neutral gas atoms at a distance away from the cathode corresponding to the mean free path and thereby generating the cathode glow [START_REF] Nasser | Fundamentals of Gaseous Ionization and Plasma Electronics[END_REF].

There is a similar sheath at the anode, the Anode Sheath, but it is too thin to be observed, and should be essentially collisionless (Fig. 3). The anode sheath behaves opposite to the cathode sheath, namely it collects the electrons from the plasma and repel the positive ions. Even if the energetic electrons reaching the anode can produce some secondary electrons, they are back-attracted to the anode, never reaching the plasma.

An important concept that will appear later in this thesis is the floating potential (𝑉 𝑓 ), which merits to be presented here. It is related to an electrically isolated object, e.g., the substrate, which is introduced into the negative glow, or more generally into the plasma. Since the electron flux (𝛤 𝑒 ) is much higher than ion flux (𝛤 𝑖 ) due to the higher velocity of electrons, the object (substrate) immediately starts to build up a surface negative charge and hence a negative potential with respect to 𝑉 𝑝 , thus, 𝑉 𝑓 < 𝑉 𝑝 . Hence, the substrate charges negatively with respect to the plasma, electrons are subsequently repelled and ions are attracted, similar to our sheath discussion before. This sheath does not increase the flux of positive ions, which is limited by the random arrival of ions at the sheath-plasma interface. However, the voltage across the sheath does directly influence the energy at which ions strike the substrate. If an ion enters the sheath, generally with a very low energy, then it is accelerated by the voltage drop between the plasma and the substrate, and in absence of collisions, it strikes the substrate with a 𝐸 𝑘𝑖𝑛 equivalent to the sheath voltage [START_REF] Chapman | Glow discharge processes: sputtering and plasma etching[END_REF]. More discussions on this topic are found in Subsection 1.4.1.

Electrical breakdown

Up to now, a brief description of the DC discharge under conditions at which most surface modifications take place, known as normal and abnormal glow discharge regimes was presented. However, there are many other regimes or situations of discharge operation different from the glow. Fig. 6 shows the discharge voltage vs. the discharge current for an electric discharge at different regimes of interest.

The mechanism of transforming the working gas (a poor electrical conductor) into a plasma (a good electrical conductor) is described in detail in several monographs [8,[START_REF] Ingold | Anatomy of the discharge[END_REF][START_REF] Raizer | Gas Discharge Physics[END_REF], but can be summarized as follows: it starts with a very small quantity of free electrons naturally present in the chamber, caused by, e.g., background radiation (from cosmic rays and other sources) or thermal energy. When a significant voltage difference is firstly applied between the electrodes, these free electrons start to ionize some atoms by electron-impact ionization, producing a weak electric current (Fig. 6, from A to B, in the nA range). If the voltage is increased (from B to C), the current remains essentially constant due to the small amount of produced charge carriers. As the voltage is further increased, more and more electrons gain enough energy to produce new charge carriers before reaching the anode, including the newly created electrons by previous ionizations. We talk then of the "ionization cascade" or "avalanche". This multiplicative process is responsible for an exponential rise of the electric current (Fig. 6, from C to D). However, the absolute value of the current is still low, i.e., there is a low density of electrons and ionized and excited atoms (it does not glow!very few excited states), so that it is not a self-sustained discharge and still requires external assistance in order to produce free (primary or secondary) electrons. This region is commonly referred to as the Townsend (dark) discharge. Corona discharges might occur within this regime (from D to E), however, they are restricted to regions holding high electric field, e.g., near conductor sharp points, edges, or wires, and it is often visible to the eye as a glowing bluish-purple veil.

Fig. 6. The main characteristics of a typical electric low-pressure discharge. From [START_REF]Electric glow discharge[END_REF].

If the voltage is increased further, the cascade of ionizing collisions will ultimately form a large cloud of positive ions, which drifts towards the cathode with their characteristic time.

The discharge can survive by itself if these ions can release from the cathode, by secondary emission, the number of secondary electrons required to re-generate the same ion cloud into the plasma volume. This requirement is called "self-sustained discharge" condition and corresponds to the large current generated when reaching the electrical breakdown point (Fig. 6, E) [START_REF] Raizer | Gas Discharge Physics[END_REF][START_REF] Lieberman | Principles of Plasma Discharges and Materials Processing[END_REF]. It occurs at voltages starting with 200-300 V and upwards, depending on the nature of the gas, pressure, and the separation of the electrodes. Indeed, the breakdown voltage (𝑉 𝐵 ) is a function of the pressure-distance (𝑝𝑑) product, where 𝑝 is the working pressure and 𝑑 is the distance between the cathode and the anode, according to the Paschen's law, Equation 4:

𝑉 𝐵 = 𝐵 𝑝𝑑 ln(𝐴 𝑝𝑑) -ln [ln (1 + 1 𝛾 𝑠𝑒𝑒 )] (4) 
where 𝛾 𝑠𝑒𝑒 is the secondary electron emission yield depending on the nature of electrodes and A and B are constants determined experimentally over a range of pressures and fields for a

given gas [START_REF] Lieberman | Principles of Plasma Discharges and Materials Processing[END_REF]. The equation shows that discharges using low 𝑝 and large 𝑑 values can show comparable properties to discharges obtained at high 𝑝 and small 𝑑. In addition, for low pressures, the ionization process is ineffective due to the large electron mean free path a (𝜆 𝑚𝑓𝑝 ),

i.e., there is low electron-neutral collision probability because most electrons reach the anode without colliding with gas atoms or molecules. In such a situation, a higher 𝑉 𝐵 value is required to generate energetic enough electrons to cause the breakdown of the gas. On the other hand, at too high pressures (short 𝜆 𝑚𝑓𝑝 ), many elastic collisions prevent the electrons to reach high enough energy for ionization to occur, thus, even higher 𝑉 𝐵 values are required. In conclusion, 𝑉 𝐵 increases as 𝑝 increases.

The electrical breakdown is important because from this point, the discharge becomes self-sustaining. The discharge begins to glow and moves into the normal glow discharge regime, where there is a sharp voltage drop (Fig. 6, from E to F). From F to G, the voltage is almost independent of the current over several orders of magnitude in the discharge current. As the current increases further, more and more of the cathode surface is subject to ion or photon bombardment, resulting in increased secondary electron emission. Point G is referred to the condition where a nearly uniform current density is achieved covering the entire cathode area, i.e., the ion or photon bombardment already covers the whole cathode surface. Further increase in voltage leads to an increase in current (Fig. 6, from G to H), and the abnormal discharge regime is reached. Here is where most plasma processing, such as sputtering (which is further discussed in Sections 1.3 and 1.4) and etching, takes place. The resulting plasma density in this a The mean free path is the average distance traveled by a moving particle between two successive collisions.

regime is found in the range 10 15 -10 19 electrons m -3 . The abnormal glow discharge is more intensely luminous than the normal glow discharge, and the regions near the cathode (Aston Dark Space, Cathode Glow, Cathode Dark Space and Negative Glow, see Fig. 3) merge into one another.

As the cathode gets hot enough to emit electrons via thermionic emission, the discharge makes a transition into the arc regime, leading to a second "avalanche". A low voltage highcurrent discharge forms (Fig. 6, from I to K), and this regime is used for cathodic arc deposition [9].

SPUTTERING

Sputtering is, first and foremost, a purely physical process dealing with the ejection of atoms from the surface of a solid source material due to the bombardment of energetic particles, in most cases ions [8,9]. The ejection process occurs as a result of momentum transfer between the impinging ions and the atoms of the solid material being bombarded. It is a similar process to that of the secondary electron emission discussed in Subsection 1.2.1, however, in the present case, atoms are ejected instead of electrons due to much higher energy transfer. Sputtering was first observed by Grove in 1852 [START_REF] Grove | On the electro-chemical polarity of gases[END_REF] as an undesired "dirt effect" because the atoms ejected from the cathode deposited on the walls of the tube during his glow discharge studies. It took more than one century until the industry began to make use of this process, following the evolution of vacuum and electrical-power technologies [START_REF] Greene | Tracing the 5000-year recorded history of inorganic thin films from ∼3000 BC to the early 1900s AD[END_REF]. Today "sputtering" is not only the name of the above mentioned physical process, but also the name of one of the most popular plasma-based PVD techniques for thin film growth and surface cleaning and etching [9].

The simplest configuration of a sputtering system for elemental thin film deposition [9] is illustrated in Fig. 7a. The source material to be sputtered is a pure solid target, which is also the cathode of an electric circuit, and has a high negative DC voltage applied to it. The substrate is placed on an electrically grounded anode at a distance 𝑑 from the target, normally facing it.

In such a situation, the target and the substrate act as cathode and anode, respectively (the cathode is hereon referred as "target"). They are placed in an enclosed vacuum chamber, which is usually evacuated to a base pressure < 10 -4 Pa by using, for example, a turbomolecular or diffusing pump combined with a rotary vane pump. A vacuum system enables the control of the operating pressure inside the sputtering system and reduces contamination of the deposited films from residual gases in the chamber. Once the desired vacuum level is achieved, the chamber is backfilled with a rare gas such as Ar in a low-pressure condition, i.e., usually between 1 and 10 Pa. This gas is widely used in sputter deposition because it is easily available in the atmosphere and cheap, but also because it is inert, and do not change the stoichiometry of the target or film. The high voltage applied to the target (~2 kV) ignites a glow discharge and the voltage-current conditions are such as those required to operate in the abnormal regime, as described in Subsection 1.2.2. The glow discharge, discussed in the previous sections, is a fundamental part of the sputtering process, because it provides the Ar + ions (Equation 2) that will be accelerated through the cathode sheath to strike the negatively polarized target and thereby give rise to sputtering of the source material. The sputtered neutral atoms will subsequently travel around in the chamber and eventually a fraction of these neutrals will condensate on the substrate to form a thin film (thin film growth mechanisms will be addressed in Chapter 2).

Fig. 7. a) Illustration of a sputtering system for thin film deposition, from [9] and b) illustration of an atomic collision cascade process in the target surface due to energetic particle bombardment, from [8].

The sputtering process is a result of a series of elastic binary collisions with momentum exchange between the colliding ions and the atoms in the first monolayers of the target surface [START_REF] Behrisch | Sputtering by Particle Bombardment I: Physical Sputtering of Single-Element Solids[END_REF], see Fig. 7b. Generally, the incoming ion with high 𝐸 𝑘𝑖𝑛 collides with the most superficial atoms of the target and thereby transfers a part of its momentum to the concerned atomic nuclei.

A primary recoil atom will be created if more energy is transferred than the binding energy at the lattice site. The primary recoil atoms will leave their equilibrium sites, move through the material and collide with other target atoms, distributing the energy via a collision cascade. A surface atom becomes sputtered if the energy transferred to it is larger than the surface binding energy.

A very important parameter in sputtering is the sputtering yield (𝑌 𝑆 ), defined as the ratio between the number of sputtered atoms and the number of incident ions (or energetic heavy species) [8,9]. For the most commonly used pure elemental targets (such as Ag, Al, Cu, Ti and Si) the sputter yield using Ar + ions is in the range of 0.5-3 [8]. It is usually desired to have a high 𝑌 𝑆 value, which means more sputtered atoms available for thin film growth and consequently higher deposition rates. Based on experimental and calculated data, 𝑌 𝑆 exhibits a maximum as a function of the incident ion energy as well as a minimum (threshold) a energy a The threshold is the minimum incident ion energy, for a given ion/target combination, that provides sufficient energy transfer during a near-surface collision cascade to allow a target atom to overcome its surface binding energy and be sputter ejected [START_REF] Greene | Review Article: Tracing the recorded history of thin-film sputter deposition: From the 1800s to 2017[END_REF]. [9]. At very high energies of the incident ions, 𝑌 𝑆 saturates and decreases because of the increasing penetration depth. Sigmund derived one of the first equations describing 𝑌 𝑆 as a function of ion energy and projectile-target combinations [START_REF] Sigmund | Theory of Sputtering. I. Sputtering Yield of Amorphous and Polycrystalline Targets[END_REF] over the typical range of ion energy during sputtering (< 1 keV),

𝑌 𝑆 = 3 4𝜋 2 𝛼 4𝑀 1 𝑀 2 (𝑀 1 + 𝑀 2 ) 2 𝐸 𝑈 𝑠 ( 5 
)
where 𝑀 1 and 𝑀 2 are, respectively, the masses of the projectile ion and the target atom (in amu), 𝐸 is the energy of the projectile ion, 𝑈 𝑠 is the surface binding energy and 𝛼 is the dimensionless parameter depending on the mass ratio and the ion energy. It is important to notice that not only the Ar + ions but also the metal ions that have previously been sputtered as neutral atoms and then ionized by electron collisions can be accelerated over the high voltage sheath region and impinge on the target surface. These two species (generally originating from the gas phase and the target, respectively) will sputter away different amounts of target material depending on their respective 𝑌 𝑆 . When the sputtering is due to ions of the same species as the target material, the phenomenon is called self-sputtering.

The disadvantages of conventional DC sputtering systems include the need of high voltage and working gas pressure a to ensure that the electrons produce sufficient ions to sustain the discharge. However, these conditions lead to low ionization efficiency in the plasma, low deposition rates, target poisoning by reactive contaminants (residual gases, for instance), and high substrate heating effects due to electrons accelerated away from the target [START_REF] Kelly | Magnetron sputtering: a review of recent developments and applications[END_REF]. These limitations were overcome by the development of magnetron sputtering, which is subject of the next subsection.

Magnetron sputtering

In a classical DC sputtering process, as pointed out before, electrons are accelerated over the cathode sheath, and move with high velocity towards the anode, i.e., the electron trajectories are only defined by the electric field between the electrodes and randomized by collision with the gaseous species. In the 1960 and the '70s, however, an external magnetic trap was applied using permanent magnets behind the cathode [START_REF] Thornton | Cylindrical Magnetron Sputtering[END_REF]. This was an innovation based on the work of Peening in the 1930s [START_REF] Penning | [END_REF], which contributed very much to extend the electron trajectory in the vicinity of the target and consequently increase their probability to ionize gas atoms. This strategy allowed to reduce the working pressure (< 4 Pa) and the applied cathode voltage in sputter systems, because better electron trapping produces more ions for the same electron density. Due to the low-pressure condition, the Ar + ions may reach the target with an a Representative values: voltage of ~2 kV, working pressure from 1 to 10 Pa. energy corresponding to almost the full discharge voltage and the sputtered atoms may reach the substrate with only a few gas collisions. In addition, the deposition rate dramatically increase compared to the classical sputtering approach [9]. This is achieved with magnetic and electric fields that are as much as possible perpendicular to each other (Fig. 8a). To start, let us imagine a secondary electron that is emitted from the surface of a planar target with velocity 𝑣 𝑒 into a region of magnetic field 𝐁 parallel to the target surface. If no electric field is present, the electron will follow a semicircle trajectory along 𝐁 and will return to the target surface, assuming that it does not collide en route. It is important to note that the force due to the magnetic field will produce an acceleration that is inversely proportional to the mass of the particle, i.e., only electrons will be affected at typical 𝐁 values for magnetrons (ions are too massive). Now, if a strong electric field 𝐄 is applied in the dark space above the target surface, i.e., normal to the target and to 𝐁, the electron will rapidly accelerate away from the target by 𝐄. The addition of the electric field then changes the electron orbit from semicircular to cycloidal [START_REF] Chapman | Glow discharge processes: sputtering and plasma etching[END_REF]. Indeed, crossed 𝐄 and 𝐁 fields generates a Hall drift of the electrons according to Equation 6 and the result is that electrons are trapped near the target [START_REF] Lieberman | Principles of Plasma Discharges and Materials Processing[END_REF].

𝑣 𝑒 = 𝐄 × 𝐁 𝐵 2 (6) 
This strategy increases the path length of the electrons before they are collected by the anode and keep them away from chamber walls, reducing recombination. Therefore, more Ar + ions are produced due to more electron impact ionization events, which will finally lead to a more effective ejection of neutrals (sputtering) and electrons (secondary electrons) from the target, and this in spite of the lower operation pressure (≤ 2 Pa). The magnetic field used to trap the electrons can be created by installing magnets near to the target. Different configurations are possible, and they are presented below.

Magnetron configurations

There are several types of magnetrons for sputtering applications. The configuration can be planar, cylindrical with axial magnetic field, or rotating around a fixed magnetic assembly.

The earliest were probably those with cylindrical geometry and an axial magnetic field, developed by Thornton [START_REF] Thornton | Cylindrical Magnetron Sputtering[END_REF]43] and Gil and Kay [START_REF] Gil | Efficient Low Pressure Sputtering in a Large Inverted Magnetron Suitable for Film Synthesis[END_REF] for thin film deposition at an industrial scale. After that, rotatable tubular magnetrons were developed for high-deposition rate coating of larger substrates and improved target utilization [START_REF] De Gryse | Thirty years of rotatable magnetrons[END_REF]. Both cylindrical and rotating configurations are not the subject of this work and will not be discussed; the interested reader is invited to read the respective cited reference. The magnetron configuration that most interest us is the planar magnetron, often attributed to Chapin [START_REF] Chapin | The planar magnetron[END_REF][START_REF] Greene | Review Article: Tracing the recorded history of thin-film sputter deposition: From the 1800s to 2017[END_REF], which is widely employed for deposition of thin films in both laboratory (using small circular targets) and in industrial applications (using linear rectangular targets). In the planar configuration, the magnetic field can be created by permanent magnets, electromagnets, or a combination of both, and they are usually placed behind the target. A schematic illustration of a planar circular magnetron sputtering (in cross-section) is shown in Fig. 8a. There is a central disk pole and an annular opposite pole (ring magnet) so that the magnetic field lines go out from the center of the cathode and go back into the cathode at the annular. A simple illustration of the magnetic layout in top-view is shown in Fig. 8b. This configuration results in a maximum ionization in the region between the magnets due to the charged particle confinement according to Equation 6 [9,[START_REF] Gudmundsson | High power impulse magnetron sputtering discharge[END_REF]. Then, for a circular planar magnetron, a luminous torus-shaped plasma is observed in the region between the inner magnet and the outer magnet ring, near to the target surface (Fig. 8c). The increased ionization at this region leads to a circular "race track" erosion pattern in the target surface due to much more effective sputtering. The race track erosion profile results in a limited target utilization (~25 %) [START_REF] Greene | Review Article: Tracing the recorded history of thin-film sputter deposition: From the 1800s to 2017[END_REF].

The main advantage of the planar magnetron is that the sputtered material has a pronounced forward direction perpendicular to the anode, thus, leading to a uniformly coated substrate [9]. However, the biggest disadvantage of this configuration is that the plasma is too effectively trapped near the target surface, and the substrate is typically not located near the target. Thus, it is difficult to extend the plasma towards the substrate, which is required for effective ion bombardment of the growing film and it will be more difficult to tailor film structure. This standard configuration is named balanced magnetron, see Fig. 9a, and it happens when the magnetic intensities (fluxes) through the pole face of the outer pole and through the pole face of the inner pole are the same. On the other hand, in an unbalanced magnetron, the outer ring of magnets is strengthened relative to the central pole, or vice versa. In these cases, some magnetic field lines are directed towards the substrate, and some electrons are able to follow these field lines. Consequently, the plasma is also allowed to flow out towards the substrate, which ultimately leads to a better transport of charged particles to the growing film From [START_REF] Kelly | Magnetron sputtering: a review of recent developments and applications[END_REF].

Direct-current magnetron sputtering (DCMS)

The technology that uses DC sputtering systems with planar magnetrons is commonly referred as direct-current magnetron sputtering (DCMS), and it is an extremely important technology for thin film deposition in a wide range of industrial applications. It is mainly due to its large flexibility and accurate control of process conditions. Moreover, high deposition rates are achieved and noble gas (Ar + ) ion-bombardment induced changes in film microstructure are possible [START_REF] Petrov | Comparison of magnetron sputter deposition conditions in neon, argon, krypton, and xenon discharges[END_REF]. In a typical DCMS process, the cathode is kept at a constant negative voltage, as discussed in the previous sections, in the range of 300-700 V. Ar is commonly used as the working gas, in the pressure range 0.1-1.5 Pa. This leads to current densities of the order of tens of mA cm -2 and power densities of tens of W cm -2 [START_REF] Gudmundsson | High power impulse magnetron sputtering discharge[END_REF]. These operating parameters characterize a close to collisional-free sputter deposition process, where the sputtered atoms almost maintain their energy of a few eV obtained from the sputtering event, and the deposition rate is limited by the target power density. Fig. 10 shows the energy distribution profile of Ti atoms (neutrals) sputtered in a DCMS process, calculated by Lundin et al. [START_REF] Lundin | Ti-Ar scattering cross sections by direct comparison of Monte Carlo simulations and laser-induced fluorescence spectroscopy in magnetron discharges[END_REF] according to Stepanova and Dew [START_REF] Stepanova | Anisotropic energies of sputtered atoms under oblique ion incidence[END_REF] and Thompson [START_REF] Thompson | The energy spectrum of ejected atoms during the high energy sputtering of gold[END_REF]. Both distributions have a maximum at ~2 eV, however, the high-energy tail is different, where the Stepanova and Dew approach is the most realistic case (Thompson's formulation overestimates the probability to sputter-eject energetic particles).

The ionized density fraction, 𝐹 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 , of the sputtered material in DCMS is generally very low, often about 0.1 % or less [START_REF] Petrov | Mass and energy resolved detection of ions and neutral sputtered species incident at the substrate during reactive magnetron sputtering of Ti in mixed Ar+N2 mixtures[END_REF]. When it happens, the primary mechanism for ionization of the sputtered vapor is through impact with the Ar atoms that are in the metastable excited state, so-called Penning ionization [START_REF] Christou | Ionization of sputtered material in a planar magnetron discharge[END_REF]. The majority of ions bombarding the growing film are ions of the working gas, i.e., Ar + ions. 

Reactive sputtering

The discussion presented up to now dealt with the simple case where a metallic target is sputtered by only Ar + ions (and possibly by sputtered metal ions). A more complex situation considers the addition of a reactive gas to the discharge, e.g., nitrogen, oxygen, methane, hydrogen sulfide, etc., adding the possibility to react with the metallic target and with the sputtered atoms and ultimately form a compound film at the substrate [9]. The most common compounds obtained by reactive sputtering are oxides, nitrides, carbides, sulfides, oxycarbides and oxynitrides of metals and transition metals [8].

The addition of a reactive gas to the discharge increases the complexity of the overall process, adding chemical reactions to the previously described PVD. This process is known as "reactive-PVD", and its characteristics depend on the reactive gas flow rate. A typical experiment therefore consists of igniting a magnetron sputtering glow discharge using only Ar and then stepwise increase the reactive gas flow rate in the chamber. One should wait until the process becomes stable to record the monitored parameter, e.g., the reactive gas partial pressure, before yet increasing the reactive gas flow rate. The result of this experiment is shown in Fig. 11 for a reactive DCMS process using a pure Al target in a plasma operated in Ar and O2 as the neutral and the reactive gases, respectively (the behavior that will be described is often the same independent of the chosen metal-reactive gas combination) [START_REF] Depla | Magnetrons, reactive gases and sputtering[END_REF].

One notices from Fig. 11 a minimal increase in the partial pressure of O2 at low reactive gas flow rates, until point A, where an abrupt increase of the partial pressure is noticed for a very narrow O2 flow rate interval. When further increasing the flow rate, the slope of the curve changes again and the partial pressure of O2 increases monotonically. After reaching a maximum value, the reactive gas flow is stepwise decreased in a similar way. The same linear trend is noticed, until a new critical point is reached (B), which does not coincide with point A. At point B, the reactive gas partial pressure abruptly decreases to reach its initial low value with further decrease of the reactive gas flow rate. This rapid transition between two stable states, with critical points that does not coincide, is often known as the hysteresis behavior [START_REF] Depla | Magnetrons, reactive gases and sputtering[END_REF]. It is observed for other parameters such as discharge power, target voltage or deposition rate [START_REF] Berg | Fundamental understanding and modeling of reactive sputtering processes[END_REF]. This transition is triggered by the formation of a compound layer on the target surface. Hence, the process is subdivided into three categories depending on the reactive gas flow rate: metal, transition and compound (Fig. 11) [START_REF] Depla | Magnetrons, reactive gases and sputtering[END_REF]. The stable region corresponding to a low oxygen flow rate is referred to the target operating in the metal mode, where almost all oxygen available in the chamber reacts with the sputtered metal atoms to form a compound at the solid surfaces (substrate, walls, etc.). Therefore, this mode is characterized by a low reactive gas partial pressure in the chamber and a high deposition rate. A thin film deposited under this mode of operation is usually under-stoichiometric or a doped-metal. On the other hand, the high oxygen flow rate stable region refers to target operating in the compound or poisoned mode, where the target surface is completely covered by a compound layer. This mode is characterized by a high partial pressure of the reactive gas and a low deposition rate, and the film is essentially a pure compound [9]. The film obtained in this mode is sometimes over-stoichiometric. The deposition rate decreases for a poisoned target due to the low sputter yield of compounds relative to metals [START_REF] Gudmundsson | An ionization region model of the reactive Ar/O2 high power impulse magnetron sputtering discharge[END_REF]. As the sputtering rate of metal is reduced, less reactive gas can be consumed (gettered) and this is the reason why the partial pressure increases in the compound mode. To return to the metallic mode, it is necessary to decrease the compound coverage of the target. However, due to the low sputter yield (reduced gettering) of the compound, the reactive gas flow rate has to be decreased even further as compared to the critical point A to bring the target to the metal mode and, as a result, a hysteresis effect is noticed [START_REF] Depla | Magnetrons, reactive gases and sputtering[END_REF]. The in-between region is called transition mode which is inherently unstable. However, stoichiometric coatings might be obtained at high growth rates, if one manages to stabilize the process inside this region.

compound metal transition

To understand the hysteresis behavior, several authors have modeled the process. A straightforward model widely used in reactive magnetron sputtering was developed by Berg et al. [START_REF] Berg | Modeling of reactive sputtering of compound materials[END_REF]. It uses balance equations to describe the reactive process onto different reactor surfaces and takes into account the fact that the reactive gas entering the vacuum chamber is essentially consumed by the reaction on the target, the reaction with the deposited material, and the excess is evacuated by the action of the vacuum pump. The interested reader is referred to [START_REF] Depla | Magnetrons, reactive gases and sputtering[END_REF].

HIGH POWER IMPULSE MAGNETRON SPUTTERING

In DCMS, the ions available to the deposition process are mainly coming from the inert gas, e.g., Ar + ions, and ions of the sputtered material are rare [START_REF] Petrov | Mass and energy resolved detection of ions and neutral sputtered species incident at the substrate during reactive magnetron sputtering of Ti in mixed Ar+N2 mixtures[END_REF][START_REF] Christou | Ionization of sputtered material in a planar magnetron discharge[END_REF][START_REF] Konstantinidis | Measurement of ionic and neutral densities in amplified magnetron discharges by pulsed absorption spectroscopy[END_REF]] (Subsection 1.3.3). This is commonly called "ion-assisted deposition". Over the last two decades, however, there has been a continuous development of magnetron sputtering processes to increase the degree of ionization of the sputtered (metal) material, as the ion flux to the substrate during film growth is known to have a significant influence on the overall quality of the resulting film [START_REF] Rossnagel | Ion beam bombardment effects during films deposition[END_REF][START_REF] Colligon | Energetic condensation: Processes, properties, and products[END_REF]. The process is generally referred to as IPVD (term presented in the Introduction section) when the deposition flux consists of more ions than neutrals [START_REF] Helmersson | Ionized physical vapor deposition (IPVD): A review of technology and applications[END_REF]. There are many different IPVD techniques available, and some of them use essentially the conventional magnetron sputtering equipment with small modifications. The strategies include the addition of a radio-frequency (RF) coil or a hollow cathode cylinder in the deposition chamber or the application of high power pulses to the target only by changing power supplies [START_REF] Helmersson | Ionized physical vapor deposition (IPVD): A review of technology and applications[END_REF]. The latter approach is referred to as high power impulse magnetron sputtering (HiPIMS), which was briefly discussed in the In HiPIMS, the power is applied to the target in unipolar pulses with an on-time in the range 10-500 µs, but typically 30-100 µs when depositing thin films, and at a low repetition frequency of 50-5000 Hz. It results in a low duty factor (or duty cycle), which is the percentage of the time that the pulse is on, i.e., that the discharge is active, typically in the range 0.5-5 % [START_REF] Gudmundsson | High power impulse magnetron sputtering discharge[END_REF][START_REF] Lundin | An introduction to thin film processing using high-power impulse magnetron sputtering[END_REF][START_REF] Sarakinos | High power pulsed magnetron sputtering: A review on scientific and engineering state of the art[END_REF]. These very short pulses allow delivering very high power to the target during the pulse: the peak target power density during the pulse is of the order of several kW cm -2 (averaged over the target surface). Since the duty cycle is very low, the average power density is still on a DCMS level of typically tens of W cm -2 , which avoid target melting. Indeed, this is the basis of the definition given by Anders [START_REF] Anders | Discharge physics of high power impulse magnetron sputtering[END_REF], which states that HiPIMS is a pulsed magnetron sputtering technique where the peak power during the pulse exceeds the time-averaged power by typically two orders of magnitude. Table 1 compares some of the operational parameters for HiPIMS to those obtained in typical DCMS discharges. Remember also that the current-voltage characteristics in magnetron discharges is very non-linear and a small increase in the discharge voltage leads to a huge increase of the current. However, the pulse is cut-off after several tens of microseconds to avoid arcs formation.

The operational conditions to increase the power density promote an enormous increase of charge carriers in front of the target during the HiPIMS pulse. Indeed, the electron density in the ionization region near to the target surface is approximately 10 18 -10 19 m -3 . It corresponds to a 𝜆 𝑚𝑓𝑝 for electron impact ionization on the order of 1 cm or less (see Table 1 for comparison with DCMS discharges) [START_REF] Gudmundsson | On the electron energy in the high power impulse magnetron sputtering discharge[END_REF][START_REF] Gudmundsson | The high power impulse magnetron sputtering discharge as an ionized physical vapor deposition tool[END_REF]. A lower 𝜆 𝑚𝑓𝑝 significantly increases the probability of ionization of the sputtered neutral atoms through electron impact ionization in the vicinity of the target [START_REF] Kouznetsov | A novel pulsed magnetron sputter technique utilizing very high target power densities[END_REF][START_REF] Vlcek | Ion flux characteristics in high-power pulsed magnetron sputtering discharges[END_REF]. As a result, a highly dense plasma containing large quantities of positive metal ions (𝑀 + ), more than 10 % ionized working gas, and electrons, is obtained. Here one should be careful because the ionized density fraction (𝐹 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ) of the sputtered material, defined earlier in Equation 1, is not the same as the ionized flux fraction (𝐹 𝑓𝑙𝑢𝑥 ) defined below, 𝐹 𝑓𝑙𝑢𝑥 = 𝛤 𝑀 + 𝛤 𝑀 + + 𝛤 𝑀 (7) where 𝛤 𝑀 + is the metal ion flux and 𝛤 𝑀 the metal neutral flux of the considered species arriving to the substrate. The difference exists due to the fact that 𝐹 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 reflects the bulk plasma condition, whereas 𝐹 𝑓𝑙𝑢𝑥 is more related to the material reaching the substrate [START_REF] Butler | On three different ways to quantify the degree of ionization in sputtering magnetrons[END_REF] and, thus, it is a more important parameter for thin film growth.

Ion bombardment in HiPIMS

The advantage of using discharges containing large quantities of ionized sputtered material is that positive metal ions in the bulk plasma can be easily accelerated towards the substrate by applying a negative potential (named bias potential). The same is not true when using DCMS discharges where metal neutral atoms are predominantly present and the negative bias potential mostly affects the working gas (Ar + ) ions. In HiPIMS, the film precursor itself is ionized and the bias potential changes the direction and the energy of ions from the sheath to the substrate, i.e., the conditions of ion bombardment during film growth, which may influence the properties and the structure of the growing film [START_REF] Lundin | An introduction to thin film processing using high-power impulse magnetron sputtering[END_REF]. Many different conditions of ion bombardment are possible, considering that the substrate can be electrically grounded (1), can have a negative potential applied to it (bias) (2), or left electrically floating (3) [START_REF] Chapman | Glow discharge processes: sputtering and plasma etching[END_REF].

(1) For the grounded condition (𝑉 𝑏 = 0 V), the positive metal ions and working gas ions arriving at the bulk plasma/substrate sheath interface are accelerated from 𝑉 𝑝 ≈ +5 V (typical value in the studied discharges) to 𝑉 𝑏 = 0 V. It means that 1+ positive ions (typical species in the studied discharges) have an accelerating energy 𝐸 𝑎𝑐𝑐 = 𝑉 𝑝 -𝑉 𝑏 ≈ 5 eV. Now, we add to 𝐸 𝑎𝑐𝑐 the kinetic energy (𝐸 𝑘𝑖𝑛 ) of these particles, to obtain the total energy (𝐸 𝑇 = 𝐸 𝑎𝑐𝑐 + 𝐸 𝑘𝑖𝑛 ) of the positive ions bombarding the substrate. For instance, metal ion energy distributions in HiPIMS recorded at typical substrate positions are < 100 eV with the peak of the energy distribution found at energies of a few eV followed by a high-energy tail [START_REF] Bohlmark | The ion energy distributions and ion flux composition from a high power impulse magnetron sputtering discharge[END_REF]. This results in an average 𝐸 𝑘𝑖𝑛 of about 15-20 eV of the metal ions in the bulk plasma during a HiPIMS pulse [START_REF] Bohlmark | The ion energy distributions and ion flux composition from a high power impulse magnetron sputtering discharge[END_REF][START_REF] Lundin | Crossfield ion transport during high power impulse magnetron sputtering[END_REF] and thus 𝐸 𝑇 ≈ 20 eV. For comparison, 𝐸 𝑘𝑖𝑛 ≤ 2 eV for metal neutrals, which are the principal film-forming species in DCMS processes (Subsection 1.3.3), and it always decreases with 𝑝 and 𝑑. It turns out that ion energies from 20 eV have been shown to have a densifying effect on thin films [START_REF] Eriksson | Interface engineering of short-period Ni/V multilayer x-ray mirrors[END_REF], which explains the increase in density observed for a series of metallic films deposited on grounded substrates by HiPIMS, when compared to DCMS films prepared under similar conditions [START_REF] Samuelsson | On the film density using high power impulse magnetron sputtering[END_REF]. The ion bombardment condition discussed here is typical of low ion irradiation (𝐸 𝑖 of a few tens of eV) in HiPIMS.

(2) For biased substrates, the positive (metal and working gas) ions arriving at the bulk plasma/substrate sheath interface are accelerated from 𝑉 𝑝 ≈ +5 V to a negative value of the bias voltage (usually -30 ≤ 𝑉 𝑏 ≤ -150 V), as discussed above. In this case, 𝐸 𝑇 mainly depends on the absolute value of 𝑉 𝑏 . For instance, a singly charged positive metal ion (𝑀 + ) with 𝐸 𝑘𝑖𝑛 ≈ 15 eV [START_REF] Bohlmark | The ion energy distributions and ion flux composition from a high power impulse magnetron sputtering discharge[END_REF][START_REF] Lundin | Crossfield ion transport during high power impulse magnetron sputtering[END_REF] will be accelerated by a negative bias voltage, e.g., 𝑉 𝑏 = -70 V, with an accelerating energy 𝐸 𝑎𝑐𝑐 = 𝑉 𝑝 -𝑉 𝑏 ≈ 75 eV. In absence of collisions across the sheath, it will strike the substrate with 𝐸 𝑇 = 𝐸 𝑎𝑐𝑐 + 𝐸 𝑘𝑖𝑛 ≈ 75 + 15 ≈ 90 eV. The ion bombardment condition discussed here is typical of energetic ion irradiation in HiPIMS. These energetic metal ions carry a lot of energy to the growing film, which enhances the adatom surface diffusion, improve the compactness, and is helpful for tailoring the crystal structure [START_REF] Alami | Phase tailoring of Ta thin films by highly ionized pulsed magnetron sputtering[END_REF][START_REF] Wang | Synthesis and properties of crystalline TiO2 films deposited by a HIPIMS+ technique[END_REF] and forming adhesion gradient layers with implanted material at the film/substrate interface [START_REF] Ehiasarian | Interface microstructure engineering by high power impulse magnetron sputtering for the enhancement of adhesion[END_REF]. In addition, the generation of multiply charged metal ions (𝑀 𝑥+ with 𝑥 > 1), observed in some material systems such as Ti [START_REF] Andersson | Observation of Ti 4+ ions in a high power impulse magnetron sputtering plasma[END_REF] under specific experimental conditions, may also strongly influence 𝐸 𝑇 . 𝑀 2+ ions, for example, are accelerated in the substrate sheath with twice the energy of 𝑀 + (due to their charge +2) and may have enough energy to increase the compressive intrinsic stress of compound films [START_REF] Machunze | Stress and texture in HIPIMS TiN thin films[END_REF]. Impinging ions with 𝐸 𝑇 > 200 eV are usually not recommended in thin film deposition, since film re-sputtering becomes probable and the crystallinity is often lost.

(3) The floating potential (Subsection 1.2.1) can be an additional source of energy for positive ions, as the ions are accelerated through the substrate sheath with 𝐸 𝑎𝑐𝑐 = 𝑉 𝑝 -𝑉 𝑓 .

Typically, 𝑉 𝑝 ≈ +5 V and 𝑉 𝑓 ≈ -15 V so that 𝐸 𝑎𝑐𝑐 ≈ 20 eV and 𝐸 𝑇 = 𝐸 𝑎𝑐𝑐 + 𝐸 𝑘𝑖𝑛 ≈ 35 eV for a positive metal ion with 𝐸 𝑘𝑖𝑛 ≈ 15 eV. The ion bombardment condition here is in between situations (1) and (2).

As observed, the precise choice of ion irradiation (low, moderate or energetic) during film growth in HiPIMS has a great impact for tailoring thin film structure, composition, and final properties. Nevertheless, the effect of ion irradiation using these different regimes for different material systems (compound or metal, generally with very different properties) is not completely understood and systematic investigations are needed, in particular concerning selfion bombardment using ionized sputtered species. This is one of the challenges in HiPIMS nowadays, and also one of the research topics in this thesis.

Additional aspects in HiPIMS

A drawback in HiPIMS is the lower deposition rates compared to DCMS for the same average power, which makes the technique less attractive for industrial use. For instance, Samuelsson et al. showed that the ratio 𝑟𝑎𝑡𝑒 𝐻𝐼𝑃𝐼𝑀𝑆 /𝑟𝑎𝑡𝑒 𝐷𝐶𝑀𝑆 range from 0.3 to 0.8 for a series of metallic thin films [START_REF] Samuelsson | On the film density using high power impulse magnetron sputtering[END_REF]. It is now generally accepted that this reduction is mainly due to back-attraction of metal ions to the target, as firstly suggested by Christie [START_REF] Christie | Target material pathways model for high power pulsed magnetron sputtering[END_REF]. Indeed, one implication of having large quantities of metal ions near the target in HiPIMS discharges is the risk of positive ion back attraction to the (negatively polarized) target. These metal ions can take part in the sputtering process, through the so-called self-sputtering event, instead of arriving at the substrate position. The net result is a reduction in the amount of deposited material for the same period of time.

An additional relevant phenomenon in HiPIMS discharges is gas rarefaction. It is explained, on one hand, by the fact that metal ions and atoms in the bulk plasma have a certain probability to collide with the neutral gas, leading to heating of the gas followed by expansion. In addition, back-scattered gas ions (neutralized during the interaction with the cathode) generate energetic Ar leaving the target towards the plasma and may also collide with the neutral gas. It results in a decrease in working gas density in front of the target, which consequently reduces the quantity of gas ions available to sputter the target [START_REF] Kadlec | Simulation of neutral particle flow during high powermagnetron impulse[END_REF]. On the other hand, the ionization of the gas itself (that exceed 10 %) reduces, sometimes considerably, the amount of neutral gas in front of the target (ionization region). Both gas rarefaction and metal ion back-attraction to the target has an important influence on the deposition rates obtained in HiPIMS films compared to DCMS films under similar conditions of average power [START_REF] Samuelsson | On the film density using high power impulse magnetron sputtering[END_REF]. Indeed, these two phenomena can cause a reduction in the amount of sputtered particles and consequently a reduction in the quantity of particles reaching the substrate [START_REF] Gudmundsson | High power impulse magnetron sputtering discharge[END_REF][START_REF] Lundin | An introduction to thin film processing using high-power impulse magnetron sputtering[END_REF].

The last paragraph deals with reactive HiPIMS because there is a difference in the hysteresis behavior compared to what was discussed in Subsection 1.3.4 for DCMS. The addition of reactive gases to HiPIMS discharges have shown a hysteresis-free process and stable transition zones for some material systems [START_REF] Lundin | Time-resolved ion flux and impedance measurements for process characterization in reactive high-power impulse magnetron sputtering[END_REF][START_REF] Wallin | Hysteresis-free reactive high power impulse magnetron sputtering[END_REF]. The big advantage is that it provides more stable deposition processes and higher deposition rates. Fig. 12 shows the hysteresis experiment for (a) TiO2 during reactive HiPIMS and (b) Al2O3 during both HiPIMS and DCMS. While a pronounced hysteresis is observed for DCMS (Fig. 12b, black and white points), the HiPIMS curves show no sign of hysteresis. It is important to note that the removal of hysteresis was observed in some cases, although it is not a general rule. However, often, a significant reduction of the hysteresis region is observed when operating in HiPIMS compared to DCMS, and the extent to which the hysteresis may be reduced is likely system dependent. The reason for hysteresis elimination/reduction is not completely understood, and many different explanations are given. One of them has to do with the fact that the pulsed character of the HiPIMS discharge affects the dynamics of compound formation and compound removal, which stabilizes the transition zone. In addition, the absence of plasma during the pulse-off time results in a limited activation of the reactive species, and reactive gas rarefaction has also a beneficial influence [START_REF] Lundin | An introduction to thin film processing using high-power impulse magnetron sputtering[END_REF]. 

Chapter 2 Fundamentals of thin film growth

In Chapter 1, we discussed how atomic or ionic film-forming species are produced by magnetron sputtering. The following steps in thin film deposition involve precursors transport and condensation on the substrate, which will aggregate to form nucleation sites that ultimately will merge and form a continuous film. This chapter will give a description of the progression of events occurring during film growth, focusing especially on the early growth stages following Volmer-Weber's mechanism for film formation. After that, zone models correlating growth conditions and microstructural evolution of polycrystalline films will be presented. Finally, the in situ intrinsic stress behavior will be addressed in relation to the previously discussed thin film growth stages. 

Contents

NUCLEATION OR FIRST GROWTH STAGE

Thin film growth encompasses a series of events in which nucleation is usually referred to as the first growth stage. A general description of the atomistic processes occurring during nucleation in PVD is presented below; the thermodynamic approach and some kinetic aspects are given in Subsection 2.1.1; and the different growth modes developing after nucleation are introduced in Subsection 2.1.2.

Nucleation is schematically represented in Fig. 13 and typically proceeds in the following way [8,[START_REF] Venables | Nucleation and growth of thin films[END_REF]: the incident vapor containing the film-forming species (atoms, ions or molecules) reaches the substrate at a given flux 𝛤 given by 𝛤 = 𝑝 (2𝜋 𝑚 𝑘 𝑇 𝑠 ) -1/2 where 𝑝 is the working pressure, 𝑚 is the molecular weight, 𝑘 is the Boltzmann constant and 𝑇 𝑠 is the substrate temperature, considering an ideal gas. The arriving species have a certain 𝐸 𝑘𝑖𝑛 , which depends on the particle's nature (gas or sputtered species, neutrals or ions), plasma conditions, pd product, applied bias voltage, etc., as discussed in Chapter 1. When impinging on the substrate, they lose their velocity component normal to it and lower their potential energy by adsorbing on the surface. They remain on the surface for a residence time, which will be defined later on (Subsection 2.1.1). Initially, the adsorbed species, called "adatoms", are not in thermal equilibrium with the substrate and move over the surface, in a random walk process, and execute random diffusive jumps. This is referred as "adatom surface mobility" or "diffusivity" and depends on deposition conditions such as 𝑇 𝑠 and the 𝐸 𝑘𝑖𝑛 of the arriving particles. The surface is typically not a perfect terrace but contains a distribution of ledges, kinks, vacancies, impurities and point defects, which form energetically favored nucleation centers for adsorbed species. Indeed, these imperfections influence the binding of adatoms to the substrate and therefore influence the adsorption, diffusion and nucleation processes. In the course of their migration, adatoms may interact among themselves, forming aggregates, also called "clusters", or may desorb (re-evaporation) and return to the vapor phase. For now, let us assume that clusters with dimensions under a critical size are thermodynamically unstable and tend to disintegrate into smaller entities in a time depending on the deposition parameters. On the other hand, thermodynamically stable clusters with dimensions above the 𝜞 critical size start growing in size by incorporating new impinging particles and subcritical (or metastable) clusters [8], see representation in Fig. 13. Stable clusters, called "nuclei", have a higher probability to grow than to dissociate. Notice that during all these process, particles (even aggregates under the critical size) can migrate (diffuse) on the surface of the substrate. The thermodynamic approach to describe the stability of these clusters will be presented in the next subsection.

Summarizing, the above discussed steps involving the formation of stable, chemisorbed, critical-sized nuclei is called the "nucleation" stage, or more precisely, heterogeneous nucleation, since it occurs at a surface. Homogeneous nucleation, on the contrary, refers to the particles that nucleate through the bulk of the medium due to its super cooling or superheating, e.g., the liquid-to-solid phase transformation of water into ice [8]. Next subsection will give us a more detailed description on the nucleation process starting from the simple case of homogeneous nucleation to the more complex case of heterogeneous nucleation.

Thermodynamics and Kinetics

Nucleation occurs during the very early stages of condensation [8]. The vapor-to-solid transformation in a homogeneous nucleation process results in a reduction of the chemical free energy of the system given by (

) 𝜋𝑟 3 ∆𝐺 𝑉 where ∆𝐺 𝑉 is the Gibbs free energy per unit volume and 𝑟 is the cluster radius (considering a spherical solid cluster). At the same time, however, the formation of a solid cluster, and hence new surfaces and interfaces, results in an increase in the surface free energy of the system, given by 4𝜋𝑟 2 𝛾, where 𝛾 is the surface energy per unit area. The total free energy change in forming the cluster is, thus, given by Equation 8:

∆𝐺 = 4 3 𝜋𝑟 3 ∆𝐺 𝑉 + 4𝜋𝑟 2 𝛾 (8)
An expression for the critical cluster size (𝑟 * ), which is the minimum size in order for nucleus growth to occur, is obtained by setting the derivative 𝑑(∆𝐺) 𝑑𝑟 = 0 and solving to yield:

𝑟 * = -2 𝛾 ∆𝐺 𝑉 (9)
Consequently, the critical free-energy barrier for nucleation (∆𝐺 * ) is obtained by substituting Equation 9 into Equation 8:

∆𝐺 * = 16𝜋 3 𝛾 3 ∆𝐺 𝑉 2 ( 10 
)
52 This is schematically illustrated in Fig. 14, where it is evident that ∆𝐺 * (blue line)

represents an energy barrier to the nucleation process [9]. If some thermodynamic fluctuation momentarily forms a solid spherical cluster with 𝑟 < 𝑟 * , it is unstable and will shrink by losing atoms. Clusters with 𝑟 > 𝑟 * , on the other hand, have surmounted the nucleation energy barrier and are stable; they tend to grow larger while lowering ∆𝐺 [8]. In short, clusters must reach a critical size before the volume term overcomes the surface term and stable nuclei are formed. the radius 𝑟 of a spherical cluster in a homogenous nucleation process. From [9].

This quite simple model is valid for homogeneous nucleation processes, which in most cases is an unrealistic case of nucleating a spherical particle away from a surface and without preferential nucleation sites. Heterogeneous nucleation of thin films is, of course, a more complicated subject in view of the added interactions between the deposited material and the substrate. However, most thermodynamic descriptions of heterogeneous nucleation are extensions of the homogeneous nucleation theory using the so-called capillary or the droplet models [9,[START_REF] Hirth | Thin Film Physics 4[END_REF][START_REF] Neugebauer | Handbook of Thin Film Physics[END_REF]. The problem with these models is that the values for surface, interface, and formation energies, for example, are usually unknown for small clusters, and bulk values differ considerably in the nanoscale [8]. Considering the capillary model, Equations 8, 9 and 10 are modified to the following equations for heterogeneous nucleation:

∆𝐺 = 𝑎 3 𝑟 3 ∆𝐺 𝑉 + (𝑎 1 𝑟 2 𝛾 𝑓-𝑣 + 𝑎 2 𝑟 2 𝛾 𝑠-𝑓 -𝑎 2 𝑟 2 𝛾 𝑠-𝑣 ) (11) 
𝑟 * = -2(𝑎 1 𝛾 𝑓-𝑣 + 𝑎 2 𝛾 𝑠-𝑓 -𝑎 2 𝛾 𝑠-𝑣 ) 3 𝑎 3 ∆𝐺 𝑉 [START_REF] Hopwood | Ionized physical vapor deposition of integrated circuit interconnects[END_REF] ∆𝐺 𝑉 * = 4(𝑎 1 𝛾 𝑓-𝑣 + 𝑎 2 𝛾 𝑠-𝑓 -𝑎 2 𝛾 𝑠-𝑣 ) 3 27 𝑎 3 2 ∆𝐺 𝑉 2 [START_REF] Kouznetsov | A novel pulsed magnetron sputter technique utilizing very high target power densities[END_REF] These equations are indeed more complex compared to the previous equations, however, their structure is the same. The new introduced terms are related to the situation represented in Fig. 15, where a hemispherical three-dimension cluster of mean dimension 𝑟 and contact angle 𝜑 forms on a solid surface. 𝑎 1 𝑟 2 is the cluster surface area exposed to the vapor phase, 𝑎 2 𝑟 2 is the cluster contact area with the substrate, and 𝑎 3 𝑟 3 is the cluster volume (𝑎 1 , 𝑎 2 and 𝑎 3 are geometrical functions). 𝛾 𝑓-𝑣 is the positive free energy per unit area associated with the formation of a new interface between the film 𝑓 and the vapor phase 𝑣; 𝛾 𝑠-𝑓 is related to the positive free energy associated with the new interface substrate(𝑠)/film(𝑓); and 𝛾 𝑠-𝑣 accounts for the disappearance of the substrate(𝑠)/vapor(𝑣) interface under the cluster (hence the negative sign in Equation 11).

Fig. 15. Schematic illustration of a hemispherical island on a solid substrate, in a heterogeneous nucleation process. There are three interfacial energies 𝛾 identified by the subscripts 𝑓, 𝑠 and 𝑣, representing film, substrate and vapor. From [9].

Consideration of the mechanical equilibrium among the interfacial energies yields

Young's equation [START_REF] Young | An Essay on the Cohesion of Fluids[END_REF] (Equation 14), which shows that the contact angle 𝜑 depends only on the surface properties of the involved materials.

𝛾 𝑠-𝑣 = 𝛾 𝑠-𝑓 + 𝛾 𝑓-𝑣 cos 𝜑 [START_REF] Gudmundsson | High power impulse magnetron sputtering discharge[END_REF] The thermodynamic approach described previously does not tell us how fast or slow nucleation occurs. This is investigated by rate models, i.e., by kinetics theory. Despite many models available, they are mathematically as well as physically complex, thus, only four simple (but relevant!) equations will be presented below. Detailed discussions on rate equations in transient and steady state conditions for a variety of physical situations can be found in [8].

The nucleation rate 𝑁 ̇ describes how many nuclei of critical size form on a substrate per unit time. It is essentially proportional to the product of three terms, 𝑁 ̇= 𝑁 * 𝐴 * 𝜔 [START_REF] Helmersson | Ionized physical vapor deposition (IPVD): A review of technology and applications[END_REF] where 𝑁 * is the equilibrium concentration of stable nuclei (depends on ∆𝐺), 𝐴 * is the critical area of the nuclei (depends on geometrical factors) and 𝜔 is the rate at which adatoms impinge onto the nuclei and attach to it. Energetic vapor atoms that impinge on the substrate or on the growing film remain on the surface for a duration of time 𝜏 𝑠 , given by Equation 16:

𝜏 𝑠 = 1 𝑣 𝑑 exp 𝐸 𝑑 𝑘 𝑇 𝑠 ( 16 
)
where 𝑣 𝑑 is the vibrational frequency of the adatom on the surface and 𝐸 𝑑 is the energy required to desorb it back into vapor. During their residence time, adatoms are capable of diffusing a mean distance 𝑥 from the site of incidence, given by Equation 17, where 𝐷 𝑠 is the surface diffusion coefficient. 𝐷 𝑠 is obtained from Equation 18, where 𝑎 0 is the distance between two adsorption sites, 𝑣 is a characteristic surface vibration frequency, and 𝐸 𝑠 is the activation energy for surface diffusion. The term 18) is a constant and often is noted 𝐷 0 . 𝐸 𝑠 and 𝐷 0 are parameters usually found by experimental investigations of surface diffusion. Surface diffusion is normally a thermally activated process (Equation 18).

1 2 𝑎 0 2 𝑣 (Equation
𝑥 = √2𝐷 𝑠 𝜏 𝑠 (17) 
𝐷 𝑠 = 1 2 𝑎 0 2 𝑣 exp -𝐸 𝑠 𝑘 𝑇 𝑠 [START_REF] Rosenberg | Copper Metallization for High Performance Silicon Technology[END_REF] It is important to notice that thin film growth is a non-equilibrium kinetic process and the final macroscopic state of the system depends on the route taken through the various growth stages, including nucleation. Thus, the final state is not necessarily the most stable, but is kinetically determined [START_REF] Venables | Nucleation and growth of thin films[END_REF].

The three basic growth modes

After the formation of stable nuclei, three different modes of film growth can be distinguished, depending on the thermodynamic parameters of the film and the substrate surface. They are schematically represented in Fig. 16, where a) shows the two-dimensional (2D) layer type, also called "Frank-van der Merwe" mode or layer-by-layer growth, b) shows the three-dimensional (3D) island type, also called "Volmer-Weber" mode or pillar growth, and c) shows the mixed type, also called "Stranski-Krastanov" mode [8,9,[START_REF] Venables | Nucleation and growth of thin films[END_REF].

During Frank-van der Merwe growth (Fig. 16a), stable nuclei grow in two dimensions, resulting in the formation of planar sheets. It happens when the first atoms to condense are more strongly bound to the substrate than to each other, forming a complete monolayer on the surface, which becomes covered with a somewhat less tightly bound second layer. The layer growth mode is sustained as long as the decrease in binding energy is continuous toward the bulk crystal value. This growth mode is observed in some metal-metal systems (e.g., Cd on W), metalsemiconductor (e.g., Fe on GaAs) and semiconductor-semiconductor (e.g., SiGe on Si) [9]. The opposite characteristics are displayed during Volmer-Weber growth (Fig. 16b),

where the smallest stable nuclei grow in three dimensions to form islands. It happens when the adatoms are much more strongly bound to each other than to the substrate, which is the case of metal films on compound substrates (Au on MoS2, Cu on SiO2, Pd on TiO2, etc.) [9]. The Stranski-Krastanov growth (Fig. 16c) is a combination of the first two modes (layer plus island). After initially forming one or more 2D monolayers, further layer growth becomes energetically unfavorable due to increase in the total film elastic strain energy, and 3D islands form. This growth mode is fairly common and has been observed in metal-semiconductor systems and semiconductor-semiconductor, such as In on Si(001) and Ge on Si(001) [9].

The two first modes can be analyzed on the basis of Equation 14. For layer growth, 𝛾 𝑠-𝑣 > 𝛾 𝑠-𝑓 + 𝛾 𝑓-𝑣 , that is, the sum of the interfacial energies associated with the substrate/cluster and the cluster/vapor is lower compared to the interfacial energy between the substrate and the vapor. Thus, it is necessary to minimize the area of the substrate exposed to the vapor and maximize the area of the substrate covered by the cluster in order to minimize the total free energy of the system. In this way, the cluster spreads out completely to "wet" the substrate, i.e., layer growth takes places and 𝜑 = 0 in an ideal case. On the contrary, for island growth, 𝛾 𝑠-𝑣 < 𝛾 𝑠-𝑓 + 𝛾 𝑓-𝑣 , that is, the free energy associated with the substrate/vapor interface is lower compared to the interfacial energies associated with the formation of a cluster.

To minimize the total energy of the system, it is necessary to maximize the area of the substrate exposed to the vapor, thus, island growth takes place. The weakly interacting interface between the substrate and the film results in a high contact angle (𝜑 > 0).

VOLMER-WEBER MODE

In most practical cases, and for the material systems investigated in this work, film growth takes place by 3D island "Volmer-Weber" mode. In addition, many of the most important experiments on early growth stages have been done on island growth systems [START_REF] Koch | Stress in Evaporated and Sputtered Thin Films -A Comparison[END_REF].

Therefore, the following discussions will be based only on this film growth mode. The progression of events comprising island growth and coarsening, islands impinging and coalescence to form a continuous film, and subsequent thickening of the newly formed film are described below.

Island growth and coarsening

The first stage of Volmer-Weber growth is defined by the nucleation process described in Section 2.1. It is followed by the increase of the size of the nuclei in three dimensions to form "islands". Indeed, the number of nuclei has often been associated with the number of islands observed by electron microscopy [START_REF] Venables | Nucleation and growth of thin films[END_REF]. The growth of islands is primarily due to surface diffusion of adatoms, whereas direct deposition of an arriving atom onto the island has a small contribution [9]. Fig. 17 schematically shows the situation, where an atom previously adsorbed on a substrate terrace diffuses on the surface until it finds an island to chemically bind to; attached atoms arriving directly from the vapor flux are also represented. Some adatoms will of course detach from the islands, however, a positive net growth rate for most islands is obtained when using appropriate growth conditions. Experimental parameters such as 𝑇 𝑠 and deposition rate (𝑅 ̇) are among the key variables affecting island nucleation and growth. For instance, a high 𝑇 𝑠 increases adatom surface diffusivity (Equation 18), which leads to an increase in the lateral size of the island. In this scenario, fewer nucleation sites with larger diameters are expected to be created in the very beginning of the film growth, resulting consequently in larger islands. Alternatively, at high 𝑅 ̇, the adatoms do not have sufficient time to diffuse and find stable nuclei before they are buried by subsequently deposited adatoms. In this situation, more stable nuclei form and the final microstructure is usually porous fine-grained (more details in Section 2.3). A similar behavior is obtained when films are grown at low 𝑇 𝑠 [8].

During the island growth stage, there is a collection of islands of varied size. With time, the larger ones grow at the expense of the smaller ones due to the exchange of the atoms between islands [10]. This is called "coarsening", and the mechanism behind this is the gradient in the adatom density between islands. It creates a driving force for diffusion from higher adatom density regions around the small island to the lower adatom density regions around the large islands [START_REF] Voorhees | The theory of Ostwald ripening[END_REF]. Moreover, the atoms in small islands will have high energies relative to those in larger islands, because the energy per atom scales with the surface to volume ratio of the island. In addition, nucleation and island growth are both crystallographic orientation selective processes, where nuclei or islands with orientations minimizing surface and interface energies will be favored and show a higher nucleation rate [10]. It is important to note that the crystallographic orientation of the nuclei or islands is more or less random at the early stages of growth, unless the substrate acts as a crystallographic template.

Coalescence

The growing islands, described in the previous section, will eventually meet at a certain time. Indeed, lateral island growth leads to impingement and grain boundary formation, in a process called "coalescence", see Fig. 18. Typically, when two islands make contact at their basis, they are brought together through elastic distortion of the concerned portions in an attempt to reduce the surface area of the group. This mechanism eliminates the energies of the free surfaces of the two contacting islands, 2 𝛾 𝑓-𝑣 , in exchange for the lower energy 𝛾 𝑔𝑏 of the newly formed interface between islands, called "grain boundary". The centers of mass of the islands will move toward each other, however, no mass transport occurs. If there is no movement at the substrate/island interface, the resulting tensile stress could be substantial (discussed later in Section 2.4). In addition, the atoms next to the grain boundary are also in a tensile stress condition due to the higher distance in their chemical bonds (Fig. 18, right) [10]. The time to complete a coalescence event between two solid half-spheres is approximately equal to 𝑅 ̇4/𝐵, where 𝐵 is a coalescence parameter depending basically on 𝐷 𝑠 and 𝑇 𝑠 [START_REF] Nichols | Morphological Changes of a Surface of Revolution due to Capillarity-Induced Surface Diffusion[END_REF]. As time passes, coalescence events increase and a connected network with unfilled channels in between develops. Indeed, coalescence results in local uncovering of the substrate, and the newly released surfaces are often large enough to allow for nucleation of a new generation of islands. This is known as "secondary nucleation". With further deposition, channels, holes and voids fill in completely, and the film is said to be "continuous" [8,10,[START_REF] Petrov | Microstructural evolution during film growth[END_REF]. This collective set of events typically account within the first hundred angstroms of film thickness.

During coalescence, crystallographic facets and orientations are frequently preserved within each coalesced island, also called "grain". The incorporation of grain boundaries (and other point and line defects) is, thus, a consequence of the mismatch of crystallographic orientations, geometrical configurations and topographical details of different islands [2].

Another important fact is that the experimental conditions during coalescence define the initial grain structure of the newly formed film. For instance, if grain boundary diffusivity and surface diffusivity are sufficiently high (due to high 𝑇 𝑠 , for example), differences in size or surface and interface energies prompt the growth of one of the coalesced islands, whereas the other shrinks [10,[START_REF] Petrov | Microstructural evolution during film growth[END_REF], in a coarsening process similar to that discussed in Subsection 2.2.1. The coarsened grain assumes the crystallographic orientation of the largest island. A schematic representation of coarsening of two coalesced islands is shown in Fig. 19. The elimination of small islands leads to structures with more uniform grain sizes at the end of the coalescence stage. 

Post-coalescence

After coalescence, the deposited material fully covers the substrate. Further deposition results in grain growth in the form of cylindrical columns normal to the substrate, where adatom supply is primarily through direct deposition onto grains. Structure evolution during the postcoalescence stage is schematically represented in Fig. 20 and occurs in two fundamentally different ways, depending on the bonding strength of the film material, the mobility (or diffusivity) of the deposited atoms, and the growth conditions (𝑇 𝑠 , 𝑅 ̇, energy of incident species, substrate morphology and cleanliness, deposition angle, etc.) [10,[START_REF] Petrov | Microstructural evolution during film growth[END_REF]. In conditions of low atomic and grain boundary mobility, the film structure developed during nucleation and coalescence stages is defined by small grains, as discussed in the previous subsection. Subsequent thickening occurs on these grains and columnar grain structures develop in which the in-plane grain size a becomes small compared with the out-of-plane grain size b . Therefore, a Grain size measured in the plane of the surface. Called also as "lateral grain size" or the "crystallite size". b Grain size measured in the direction normal to the surface. these films present high aspect-ratio columnar grains and high grain boundary density. In some cases, competitive growth processes lead to an increase in the in-plane grain size at the top surface of the film, so that the in-plane grain size is not uniform through the film thickness, as observed in Fig. 20, below, left corner. On the contrary, in conditions of high atomic and grain boundary mobility, the structure evolves during the nucleation and coalescence process and continues to evolve during film thickening. The atoms on the surface and atoms in the grains have the ability to move along the grain surface and between the grains. This results in a structure where in-plane and out-of-plane grain sizes are approximately the same and scale with film thickness (for films < 1µm thick). The average in-plane grain size is uniform throughout the thickness of the film, as observed in Fig. 20, below, right corner. The grain structure obtained in the high mobility condition results from a process sometimes called "recrystallization", which involves shrinkage and elimination of small grains driven by the reduction in the total grain boundary area, improved surface and bulk diffusion, adatom inter-diffusion, migration of grain boundaries, migration of point defects towards the surface or grain boundaries, etc. Grain boundary mobility (𝑚 ̅ ) has a temperature dependence given by Equation 19, where 𝑚 ̅ 0 is a temperature-independent constant and 𝑄 𝑔𝑏 is the activation energy of the rate-limiting atomic process involved in boundary formation [10].

𝑚 ̅ = 𝑚 ̅ 0 exp 𝑄 𝑔𝑏 𝑘 𝑇 𝑠 ( 19 
)
As it has been claimed more than one time in this chapter, one of the basic parameters affecting mobility is 𝑇 𝑠 , which is commonly represented by the homologous temperature 𝑇 ℎ :

𝑇 ℎ = 𝑇 𝑠 𝑇 𝑚 ( 20 
)
Coalesced islands

where 𝑇 𝑚 is the melting temperature of the deposited material and reflects the bonding strength of these atoms. It is generally accepted that films deposited at 𝑇 ℎ well below 0.2 results in limited (low) mobility, whereas 𝑇 ℎ > 0.2 provides sufficient mobility to change microstructural characteristics of thin films. However, as stated before, the availability of mobility and diffusion processes does not only depend on 𝑇 𝑠 , but also on other deposition parameters. Next section will give an overview on the influence of some of these parameters on the microstructure of polycrystalline films.

One last consideration on crystallinity before finishing this section: since these films are composed of many grains of varying size and orientation, they are called "polycrystalline films", in contrast to single-crystal materials in which the crystal lattice of the entire sample is continuous, without grain boundaries. The initial crystalline orientation of the grain might be energetically unfavorable, and is often restructured, as it grows larger. It is worth noting that the grains from which a polycrystalline film is formed can have fully randomly distributed crystallographic orientations, or may develop a specific crystallographic direction [ℎ𝑘𝑙] normal to the plane (ℎ𝑘𝑙) of the film (with a corresponding plane which will be parallel to the plane of the film) during growth. In this latter case, the films are said to have a "preferred orientation" or "texture". This distinction will be important when discussing the results later on.

STRUCTURE ZONE MODELS

Extensive systematic studies on the correlation between microstructural evolution and growth conditions in polycrystalline films deposited by PVD led to the development of several structure zone models (SZM). The first model was proposed by Movchan and Demchishin in 1969 [START_REF] Movchan | Investigation of the structure and properties of thick vacuum-deposited films of nickel, titanium, tungsten, alumina and zirconium dioxide[END_REF] after studying very thick (0.3 to 2 mm) thermally evaporated Ni, Ti, W, Fe, ZrO2 and Al2O3 films by low-resolution optical microscopy. The structures were identified as belonging to one of the three zones represented in Fig. 21, where film thickness is plotted in function of 𝑇 ℎ . Zone 1 (𝑇 ℎ < 0.3) consists of tapered or fibrous fine grains with domed tops separated by voided boundaries (under-dense structure, extensive porosity), with high defects and dislocation density, due to negligible adatom mobility leading to continued nucleation of grains.

Zone 2 (0.3 < 𝑇 ℎ < 0.5) consists of increased adatom mobility (or surface diffusivity) resulting in columnar grains separated by distinct, dense, mobile grain boundaries, and smooth surfaces.

The grain boundaries are nearly perpendicular to the film plane, similar to the microstructure represented in Fig. 20, right corner. Finally, Zone 3 (𝑇 ℎ > 0.5) shows equiaxed, globular grains, elimination of columns and faceted or flat top-surfaces due to surface recrystallization and high bulk self-diffusion [8,[START_REF] Petrov | Microstructural evolution during film growth[END_REF]. The features of Zones 1, 2 and 3 in Fig. 22 are essentially the same as those presented in Fig. 21. Zone T (Fig. 22) is characterized by fibrous grains with dense grain boundary arrays and "fine-domed" tops that generally do not extend through the coating thickness (V-shaped) [START_REF] Petrov | Microstructural evolution during film growth[END_REF], in a behavior similar to that represented in Fig. 20, left corner. Adatom surface diffusion becomes significant in Zone T, and grain coarsening occurs during coalescence of small islands, leading to secondary nucleation (Subsection 2.2.2), although grain boundaries are immobile in the post-coalescence stage [9]. As a result, a bimodal grain distribution is observed.

The third axis of Thornton's SZM is related to the energy added to the surface from the arriving atoms. In classical sputtering systems, a usual parameter defining the kinetic energy of the deposited species and thus their mobility when adsorbed on a surface is the working pressure in the chamber. As the working pressure is increased, the sputtered atoms suffer collisions with the process gas before arriving at the growth surface, and their energy decreases. Thus, for high enough pressure, films tend to exhibit a porous fine-grained structure typical of Zone 1 even for high 𝑇 ℎ (up to 0.5, see Fig. 22) [START_REF] Thornton | Influence of apparatus geometry and deposition conditions on the structure and topography of thick sputtered coatings[END_REF]. Working pressure has reduced influence when 𝑇 ℎ > 0.5 because of decreased surface adsorption [START_REF] Winters | Gas Incorporation into Sputtered Films[END_REF].

Another factor affecting film microstructure is the presence of additives, e.g., contaminants, dopants, or even larger quantities of a reactive material, as in the case of compound films. For instance, Barna and Adamik [START_REF] Barna | Fundamental structure forming phenomena of polycrystalline films and the structure zone models[END_REF] showed in 1998 that Al films deposited by thermal evaporation at RT under different incident O to Al flux ratio (𝛤 𝑂 /𝛤 𝐴𝑙 ) have different microstructures, see Fig. 23. Very low 𝛤 𝑂 /𝛤 𝐴𝑙 values do not show considerable changes in the original structure of pure-Al film (Zone II). With slightly higher oxygen concentration levels, coarsening during coalescence is severely suppressed, resulting in a microstructure typical of Zone T films. At still higher oxygen concentrations, film growth proceeds by repeated renucleation and the film is composed of 3D globular grains (Zone III). With increasing oxygen concentration, the grain size decreases and can reach the nanometer range. In 2010, Anders [START_REF] Anders | A structure zone diagram including plasma-based deposition and ion etching[END_REF] proposed a new SZM, represented in Fig. 24 to include the effect of ion bombardment on the evolution of film microstructure. This diagram is mainly focused on film growth conditions dominated by large ion fluxes (energetic deposition) using HiPIMS and other forms of IPVD, which is of great importance in the present work. In Anders' diagram, 𝑇 ℎ is replaced by 𝑇 * , which includes 𝑇 ℎ plus a temperature shift caused by the potential energy of particles arriving on the surface (ions have a higher potential energy than neutrals, for example). The energy axis (𝐸 * ) is logarithmic and describes displacement and heating effects caused by 𝐸 𝑘𝑖𝑛 of bombarding particles [START_REF] Anders | A structure zone diagram including plasma-based deposition and ion etching[END_REF], as discussed in Subsection 1.4.1. Finally, the z-axis is related to the film thickness; attention must be given to the red zone of "negative thickness", where film growth ceases and ion etching becomes dominant due to the very high energy of the incident particles (increase in 𝑌 𝑆 and decrease in 𝑅 ̇). The main consequence of energetic particles bombarding the surface is their contribution to broad, non-local heating of the growing film, which shifts the working point to higher homologous temperature. For instance, Zone 1 is eliminated when 𝐸 * approaches ~10

eV, where Zone T films are possible even at low 𝑇 * , as observed in Fig. 24. In addition, ion bombardment promotes competing processes of defect generation and defect annihilation. The former is associated with high kinetic energy of the impinging particles, whereas the latter is the result of the release of potential energy and the post-ballistic thermal spike causing atomic scale heating and atomic reorganization. At high 𝑇 * , the grain size is large because the increase of adatom mobility dominates over the increased ion-bombardment-induced defects and renucleation rates (Fig. 24) [START_REF] Anders | A structure zone diagram including plasma-based deposition and ion etching[END_REF].

INTRINSIC STRESS

A powerful approach to obtain detailed information on the different stages of film growth and its microstructural evolution is the in situ, in real-time measurement of the intrinsic stress, i.e., the stress created by the processes of film growth, during growth. The potential of this diagnostic on understanding and tailoring film microstructure and stress has interested many research groups and led to an intense activity over the last decades, as pointed out by Chason and Guduru [START_REF] Chason | Tutorial: Understanding residual stress in polycrystalline thin films through real-time measurements and physical models[END_REF] and Abadias et al. [START_REF] Abadias | Review Article: Stress in thin films and coatings: Current status, challenges, and prospects[END_REF] in their recently published review articles. The aim of this section is to introduce this subject due to its importance for this thesis, and highlight the most relevant insights obtained from intrinsic stress evolution during growth of thin films that follow the Volmer-Weber 3D island mode, as pointed out earlier. The reader interested in complementary information is referred to the recently cited review papers [START_REF] Chason | Tutorial: Understanding residual stress in polycrystalline thin films through real-time measurements and physical models[END_REF][START_REF] Abadias | Review Article: Stress in thin films and coatings: Current status, challenges, and prospects[END_REF].

The evolution of the intrinsic stress during film growth is often measured by the wafer a curvature method [START_REF] Chason | Tutorial: Understanding residual stress in polycrystalline thin films through real-time measurements and physical models[END_REF][START_REF] Flinn | Measurement and Interpretation of stress in aluminum-based metallization as a function of thermal history[END_REF][START_REF] Doerner | Stresses and deformation processes in thin films on substrates[END_REF]. The measurement principle will be presented in detail in Subsection 3.1.2.2; for now, it is useful to know that a substrate is bent during deposition due to an evolving stress in the film. The experimentally measured curvature is directly proportional to the product of the film stress and the film thickness, named "film force" or "force per unit width" (𝐹/𝑤), by the Stoney equation that will be presented later (Subsection 3.2.1). The film force is usually plotted as a function of the film thickness (ℎ), thus, the obtained curve gives the cumulative evolution of the intrinsic stress throughout the entire film. Examples are given in Fig. 25, where film forces as a function of thickness are shown for three different polycrystalline metal films grown in the Volmer-Weber mode by magnetron sputtering at RT onto naturally oxidized Si(001) substrates [START_REF] Koch | Stress in Evaporated and Sputtered Thin Films -A Comparison[END_REF]. Note that the sign of the slope of the film force curve gives the sign of the stress where, by convention, positive values imply a tensile stress, while negative values imply a compressive stress. The discussion on different stress types (tensile, compressive) will be addressed in Subsection 3.2.1. To understand the different behavior shown in Fig. 25 it is necessary to correlate them to the film growth stages described in Sections 2.1 and 2.2 for both low and high mobility conditions. Let us do it progressively throughout this section.

Nucleation and coarsening of isolated islands in the very beginning of deposition (described in Section 2.1 and Subsection 2.2.1) promote compressive stress. The origins of this behavior are still not well understood [START_REF] Chason | Tutorial: Understanding residual stress in polycrystalline thin films through real-time measurements and physical models[END_REF], however, one of the most accepted theories considers that atoms at the interior of small growing-islands have a lower interatomic spacing (or lattice parameter) compared to the equilibrium (bulk) value, i.e., islands are more dense, thus, atoms are in a more compressed state. It happens because there is a force per unit length acting on the island surface (surface stress), exerting a pressure on it, called the "Laplace pressure", which is induced by the difference in the interatomic spacing between surface and interior atoms [START_REF] Cammarata | Surface stress model for intrinsic stresses in thin films[END_REF][START_REF] Koch | The intrinsic stress of polycrystalline and epitaxial thin metal films[END_REF].

When islands get firmly attached to the substrate, they maintain their compressed interatomic spacing, that will be preserved during island coarsening. As the effect of the surface stress decreases at larger island size, the substrate applies the force to compress the island, which a A wafer is a thin slice of semiconductor material, typically doped crystalline (doped) silicon, used as a substrate for film deposition. leads to the curvature change [START_REF] Chason | Tutorial: Understanding residual stress in polycrystalline thin films through real-time measurements and physical models[END_REF]. It is important to note that this compressive contribution is not always detected by wafer curvature measurement due to the low magnitude of this effect.

For instance, it is only detected for Al in Fig. 25 (green curve), for a film thickness < 1 nm. As islands start to coalesce, the intrinsic stress generally displays a very rapid increase in film force, that results in a tensile stress. One can clearly see this happening in Fig. 25 for Cu (blue curve), from ~2 to ~10 nm thickness, for Al (green curve), from ~1 to ~10 nm thickness, and for Co (red curve), beyond ~2 nm. This tensile stress has origins in the formation of grain boundaries, which are regions of reduced atomic density and large interatomic spacing, as discussed in Subsection 2.2.2 and schematically illustrated in Fig. 18. It is important to note in Fig. 25 that Cu and Al show, respectively, more and less well-defined tensile peak maxima at ~10 nm thickness. At this point, all islands are connected and the film is said to be continuous. Indeed, Abadias et al. [START_REF] Abadias | Volmer-Weber growth stages of polycrystalline metal films probed by in situ and real-time optical diagnostics[END_REF] showed that the tensile peak corresponds to the onset of film continuity for a series of metallic films grown on insulators in Volmer-Weber mode.

Let us now consider the post-coalescence stage, which shows different behavior for low and high mobility conditions, as discussed in Subsection 2.2.3. In conditions of low adatom mobility, the intrinsic stress generally remains tensile after coalescence due to the fine-grained structure containing high grain boundary density (Zone 1 material, as discussed in Section 2.3). Tensile stress is due to the attractive interatomic forces across the under-dense grain boundaries, thus, it is directly proportional to the grain boundary density or inversely proportional to the inplane grain size [START_REF] Koch | Stress in Evaporated and Sputtered Thin Films -A Comparison[END_REF][START_REF] Koch | The intrinsic stress of polycrystalline and epitaxial thin metal films[END_REF][START_REF] Hoffman | Stresses in thin films: The relevance of grain boundaries and impurities[END_REF]]. An example is given in Fig. 25, for Co (red curve) deposited at RT, which is a low-mobility metal under the investigated growth conditions (𝑇 ℎ = 300/1768 = 0.17) and shows a linear increase in (positive) film force with thickness.

On the other hand, in conditions of high adatom mobility, the intrinsic stress may decrease after complete coalescence (after the tensile peak) and eventually becomes compressive. This is the case for Al and Cu deposited at RT, with 𝑇 ℎ equal to 0.32 and 0.22, respectively, showing a decrease in film forces with thicknesses beyond 10 nm (Fig. 25). The high mobility condition gives rise to the so-called "CTC" curve, taking into account the Compressive-Tensile-Compressive behavior related to the islands nucleation and coarsening (compressive), islands impingement and coalescence (tensile) and continuous film growth (compressive) stages.

The development of compressive stress at the post-coalesce stage for high mobility conditions suggests that there must be more atoms per unit area on the film than there would be for the unstressed film. However, the details concerning where and how these extra atoms are introduced into the film have been the subject of many works and debates [START_REF] Spaepen | Interfaces and stresses in thin films[END_REF][START_REF] Chason | Origin of compressive residual stress in polycrystalline thin films[END_REF][START_REF] Koch | Compressive Stress in Polycrystalline Volmer-Weber Films[END_REF][START_REF] Pao | Thin film compressive stresses due to adatom insertion into grain boundaries[END_REF][START_REF] Engwall | Origins of residual stress in thin films: interaction between microstructure and growth kinetics[END_REF]. For now, it is generally assumed that grain boundaries offer favorable sites where adatoms can be inserted during film growth if conditions of high mobility are present. The added atoms would reduce the tensile stress developed at the under-dense grain boundaries and, if in large quantities, create compressed regions due to a very high atomic density at the grain boundaries. According to the model of Chason et al. [START_REF] Chason | Origin of compressive residual stress in polycrystalline thin films[END_REF][START_REF] Guduru | Mechanics of compressive stress evolution during thin film growth[END_REF],

schematically represented in Fig. 26a, the flow of adatoms from the growing-film surface to/into grain boundaries is due to the fact that the surface is at a non-equilibrium state with a super-saturated population of adatoms during deposition. The high chemical potential (𝜇 𝑠 ) assigned to the adatom population at the surface drives adatoms into the grain boundaries, that are under-saturated and then at a lower chemical potential (𝜇 𝑔𝑏 ). A noticeable feature of the stress behavior under conditions of high adatom mobility is that all or a part of the post-coalescence compressive stress is reversible (this does not happen for low mobility conditions!) [START_REF] Koch | The intrinsic stress of polycrystalline and epitaxial thin metal films[END_REF]. Fig. 26b shows that once the growth is interrupted for a while (or stopped), a fast rise in the film force is observed followed by a steady-state stage (typically tensile), returning back to strong compression when growth is resumed. The model described in the last paragraph has the advantage of naturally explaining this reversible behavior as being due to atoms flowing into and out of the grain boundaries as the driving force (growth flux) is turned on and off. According to the authors [START_REF] Chason | Origin of compressive residual stress in polycrystalline thin films[END_REF][START_REF] Guduru | Mechanics of compressive stress evolution during thin film growth[END_REF], when the deposition is stopped, the surface chemical potential returns to its lower equilibrium value, so that the chemical potential of the grain boundaries is higher. This difference causes atoms to diffuse out of the grain boundaries and onto the free surface, relaxing the grain boundary compressive stress.

Another possible mechanism is the morphological change of the top surface profile of the grains when the deposition flux is changed, as recently proposed by Yu and Thompson [START_REF] Yu | Fast and slow stress evolution mechanisms during interruptions of Volmer-Weber growth[END_REF][START_REF] Yu | Correlation of shape changes of grain surfaces and reversible stress evolution during interruptions of polycrystalline film growth[END_REF]. According to the authors, when deposition is stopped, grain boundary grooves deepen to approach their equilibrium depth by surface diffusion, thereby relieving a component of the compressive stress associated with trapped atoms. If deposition is resumed, the steady state surface returns to one with shallow grooves at grain boundaries and a greater density of trapped atoms near the surface, leading to the apparent reversibility associated with the fast stress evolution observed during growth interruptions. The mechanism is schematically illustrated in Fig. 26c, where dashed lines represent grain grooves during growth (with a dihedral angle 𝜃 𝑔𝑟𝑜𝑤𝑡ℎ ) and solid lines correspond to grains when growth is interrupted (with an equilibrium angle 𝜃 𝑒𝑞 ). According to their model, 𝜃 𝑔𝑟𝑜𝑤𝑡ℎ > 𝜃 𝑒𝑞 .

The previous discussions have highlighted that, despite all the progress made, the exact underlying mechanisms on the intrinsic stress generation and evolution are the subject of much debate. In addition, the correlation to the thin film growth mechanisms is still a scientific and technological challenge, in particular when going beyond conventional PVD methods. Most of in situ stress investigations have so far been performed during thin film growth by thermal evaporation and DCMS (or RFMS), as highlighted by Koch [START_REF] Koch | Stress in Evaporated and Sputtered Thin Films -A Comparison[END_REF], and very few studies were devoted to in situ intrinsic stress characterization and growth fundamentals in HiPIMS films [START_REF] Magnfält | Time-domain and energetic bombardment effects on the nucleation and coalescence of thin metal films on amorphous substrates[END_REF][START_REF] Magnfält | Atom insertion into grain boundaries and stress generation in physically vapor deposited films[END_REF][START_REF] Sarakinos | Atomistic view on thin film nucleation and growth by using highly ionized and pulsed vapour fluxes[END_REF]. Magnfält et al. [START_REF] Magnfält | Time-domain and energetic bombardment effects on the nucleation and coalescence of thin metal films on amorphous substrates[END_REF] investigated the dependence of the pulsing frequency in HiPIMS discharges on the nucleation, coalescence and growth of Ag thin films on SiO2. In a different study, the same authors provided evidences that grain boundary densification in Mo thin films deposited by HiPIMS provides compressive stress generation during the postcoalescence stage [START_REF] Magnfält | Atom insertion into grain boundaries and stress generation in physically vapor deposited films[END_REF]. A comprehensive study on both studied cases was published later in a brief review by the same authors [START_REF] Sarakinos | Atomistic view on thin film nucleation and growth by using highly ionized and pulsed vapour fluxes[END_REF]. It is evident that complementary investigations are needed, for different material systems, which is one of the main objectives of this thesis.

Chapter 3 Experimental techniques

This section describes the two magnetron sputtering systems used to deposit the thin films studied in this work. After that, an introduction is given on the basic aspects of the in situ intrinsic stress measurement, which is a characterization technique widely used in this thesis. All other ex situ thin film characterization techniques used in this work are presented in Appendix B. 

MAGNETRON SPUTTERING SYSTEMS

The studied thin films were deposited in two different magnetron sputtering systems.

The first is the simplest one (Subsection 3.1.1), located at LPGP at Université Paris-Saclay, and was used to deposit the thin films discussed in Chapters 5 and 6. The second system (Subsection 3.1.2) is more complex because it combines a deposition setup with a multiple beam optical stress sensor (MOSS), to investigate the in situ intrinsic stress evolution during film growth. That system is located at Institut Pprime at Université de Poitiers, and was used to deposit the thin films discussed in Chapters 4 and 7.

System at LPGP

The setup of LPGP is schematically represented in Fig. 27. It consists of a custom build cylindrical vacuum chamber made in stainless steel with a diameter of 35 cm and height of 28 cm. The chamber is evacuated to a base pressure < 2 × 10 -4 Pa by a water-cooled turbomolecular pump (Edwards EXT 501/ISO 160) combined with a dual stage rotary vane pump (Pfeiffer DUO 10M). The base pressure inside the reactor is measured by a full range active Pirani / compact cold cathode vacuum gauge (Pfeiffer PKR 361) and the working pressure is measured by a Baratron ® capacitance manometer (MKS 627 BX). A throttle valve, installed between the vacuum chamber and the turbomolecular pump, is used to adjust the pressure to the desired level and to reduce the use of large quantities of the working gases. The following process gases are available: Ar (purity ≥ 99.99 %), O2 (99.999 % in purity), and N2 (99.999 % in purity). Their flow rates are measured and controlled by mass flow meters and controllers from MKS. The unit for flow rate used in all experiments is standard cubic centimeters per minute (sccm), which indicates cm 3 min -1 in standard conditions for temperature and pressure.

The cathode of the deposition system is a Lesker Torus 2" top-mounted magnetron source equipped with a planar circular target (diameter 50.8 mm, height 3 mm). Copper targets (99.997 % in purity) and Ti targets (99.995 % in purity) were used in the reported experiments.

Fig. 28 shows photos of (a) a brand new Cu target used in the experiments and (b) at end of life, with a very pronounced race track (explained in Subsection 1.3.2). The exact magnetic field configuration is largely unknown, although the magnetic field strength at the target center has been measured to 2 kG in the absence of the ground shield. However, based on the expertise of the team, it is supposed that the magnetron presents a weak magnetic field and it is weakly unbalanced Type-2, as discussed in Subsection 1.3.2. These characteristics result in limited trapping of plasma electrons in the vicinity of the target, as shown in Fig. 28c for standard experimental conditions. During HiPIMS experiments, the cathode is operated by a HiPIMS power supply (HiPSTER 1, max. 1 kW, Ionautics AB, Sweden) coupled to a DC driving power supply (SR1.5-N-1500, max. 1 kV, Technix, France), and the discharge pulse characteristics are monitored on a digital oscilloscope (Tektronix TDS 2024C) directly connected to the HiPSTER unit. During DCMS experiments, only the DC power supply is used. Independently on the chosen power configuration, the target is continuously water-cooled because a portion of the power input to the system appears as target heating and can lead to target damage. A bottom-mounted movable substrate holder made in Cu faces the target (Fig. 27) at a specific distance, which is defined for each set of samples. The substrate holder is at floating potential if not connected to the electric circuit, at 0 V if connected to ground, or at biased

Race track

condition if connected to a bias power supply delivering a voltage < 0 V. The three configurations were used for different sets of samples investigated in this thesis. For biasing, the substrate holder is connected to a DC power supply with negative voltage output (SR1-N-300, max. 200 mA, Technix, France). For the thin films studied in Chapter 7, a pulsed bias arrangement was also used, which will be explained in the appropriate chapter due to its specificity. A movable shutter is placed between the cathode and the substrate holder and is used when sputter-cleaning the target and to stabilize the discharge conditions before deposition.

The substrate temperature is controlled during film growth using a custom-made ceramic heating element made of SiN (maximum temperature of 600 °C in vacuum) onto which the substrate holder is directly positioned. The substrate temperature is measured by a K-type thermocouple connected directly to the heating element, next to its top-surface. Therefore, deviations from the temperature between the heating element and the substrate are expected. Indeed, measurements at ambient air using a remote-sensing thermometer (pyrometer) showed that the top-surface of a Si substrate placed onto the substrate holder showed a temperature of ~40 °C lower compared to the value measured by the thermocouple. Since it is not possible to measure the temperature at the top-surface of the substrate during film depositions, the temperature indicated in the manuscript hereinafter is the one measured by the thermocouple.

The deposition system also includes a load-lock chamber (Fig. 27), i.e., an auxiliary chamber attached to the main chamber with a gate valve in between them. The load-lock chamber is used for transferring samples to the depositing system without opening the main deposition chamber to the atmosphere, which reduces the potential for contamination of mainly H2O and O2 molecules in the system. The load-lock system contains the substrate holder and a mechanical transfer mechanism to move samples to and from the main chamber. Once samples are inserted in the load-lock chamber, it is pumped down by a pumping system similar to the one used for the deposition chamber. Thus, during the transfer process, both chambers are under vacuum.

System at Institut Pprime

Deposition system

The setup of Institut Pprime is schematically represented in Fig.

29 [START_REF] Fillon | Stress and microstructure evolution during growth of magnetron-sputtered low-mobility metal films: Influence of the nucleation conditions[END_REF]. The illustration highlights the presence of the MOSS apparatus implemented in the deposition system. Although the gas lines, the power supplies and the load-lock system are not represented in Fig. 29, they are indeed present in the system and have the same functionality as discussed for the previous system (Subsection 3.1.1). The deposition system is from Alliance Concept, France, and consists of a main chamber evacuated to a base pressure < 10 -5 Pa by a cryogenic pump combined with a dual stage rotary vane pump, and a load-lock chamber evacuated by a turbomolecular pump combined with a dual stage rotary vane pump. Ar is used as inert gas (99.9997 % in purity) in non-reactive processes and N2 (99.999 % in purity) is added to the atmosphere in the case of reactive processes. The system is equipped with three 3" bottom-mounted water-cooled magnetron sources positioned at 120° from each other, where planar circular targets (diameter 70.5 mm, height 6 mm) of Cu (99.999 % in purity) and Ti (99.995 % in purity) are positioned. The magnetic configuration of each magnetron can be easily adjusted from balanced to different degrees of unbalanced by adjusting the inner and outer magnet packs using two Vernier screws.

In the present work, the targets are operated by the same HiPIMS and DC power supplies described in the previous section. Each target is equipped with a shutter. Also the substrate holder can be operated with a shutter, which gives great flexibility when using the deposition system.

The targets are located at 𝑑 = 18 cm from the top-mounted substrate holder, which is designed in a special way to allow unconstrained bending of the substrate (important for wafer curvature measurements!). The relatively large 𝑑 and the efficient water-cooling of the target are expected to minimize plasma radiation effects, leading to insignificant substrate temperature increase during depositions and reduced thermal stress contribution. Indeed, a maximum substrate temperature rise of 5-10 °C has been previously measured at this system during DCMS deposition using thermocouples. Furthermore, any thermal effects on the substrate in HiPIMS were investigated in a separate experiment under similar process conditions using a passive thermal probe. It was found that the total energy influx to the substrate was always about 30 % lower in HiPIMS compared to DCMS for the investigated Ar/Cu process at the same average discharge power, and thus no additional substrate heating is expected.

Nonetheless, if heating is required, then the substrates can be heated up to 800 °C using a resistive element placed behind the substrate holder. In addition, the substrates can be at floating potential, grounded or polarized by a negative DC bias voltage, depending on the experiments. For biasing, the substrate holder is connected to the same negative DC bias power supply as described in the previous section.

Multiple beam Optical Stress Sensor (MOSS)

A MOSS setup is installed in the deposition system described above and is used for wafer curvature measurement during film growth in real-time (Fig. 29). It was specially developed for this deposition system by k-Space Associates (kSA), Inc, USA, with a curvature resolution of 2 × 10 -4 m -1 . It is composed of a 2D array of parallel laser beams created by highly reflective X and Y etalons and recorded on a high-resolution charge-coupled device (CCD) camera with a typical acquisition rate of 5 Hz.

In the MOSS technique, an optical element is used to create a laser beam, which passes through an optical interferometer called "etalon". The incidence angle of the laser leads to multiple internal reflections within the etalon, which generates a linear array of parallel laser beams. These beams then pass through a second rotated etalon to produce a 2D array of beams.

The number and spacing of these beams are manually controlled by rotating the angle of each etalon. Typically, a 3 × 3 spot network was used in the experiments (Fig. 29, bottom, left). The array reaches the sample surface, is reflected off and directly imaged by a CCD area detector, being finally digitized with a frame grabber [START_REF] Taylor | A Laser-Based Thin-Film Growth Monitor[END_REF][START_REF] Mos | [END_REF]. Changes in substrate curvature (∆𝜅) due to an evolving stress in the film produce changes in the angular divergence of the beam array, and therefore changes in the spacing (𝛿𝑑) between adjacent laser spots [START_REF] Chason | Tutorial: Understanding residual stress in polycrystalline thin films through real-time measurements and physical models[END_REF], as schematically shown in Fig. 30. Equation 21 mathematically expresses this relation,

∆𝜅 = 𝜅(𝑡) -𝜅 0 = - 𝛿𝑑 𝑑 0 cos 𝜙 2𝐿 𝑐𝑎𝑚 ( 21 
)
where 𝜅(𝑡) is the wafer curvature at an instant 𝑡, 𝜅 0 is the initial curvature of the wafer, 𝑑 0 is the initial spacing of the beam reflections, 𝜙 is the angle between the incident beam and the wafer normal, and 𝐿 𝑐𝑎𝑚 is the distance from the wafer to the camera. A description on how the intrinsic stress is related to the change in curvature will be given in Subsection 3.2.1. The MOSS technique has been used to study the wafer curvature during film growth for many different material systems because of its versatility [START_REF] Chason | Tutorial: Understanding residual stress in polycrystalline thin films through real-time measurements and physical models[END_REF][START_REF] Abadias | Review Article: Stress in thin films and coatings: Current status, challenges, and prospects[END_REF]. First of all, it is an optical method, which enables the sample to be remotely measured inside the chamber without affecting the growth process. Second, it uses multiple beams instead of a single beam, which means that the curvature is determined by the spacing between different beams, and not by its absolute position. In the multiple beam case, sample vibration due to mechanical noise or sample drift due to long experiments causes all of the reflected beams to move together, which does not affect the difference between the measured positions. On the other hand, if a single beam is used (which is not the case!), a very good stability in the system is required to prevent sample drift, otherwise motion-induced change in the reflected beam can be difficult to separate from the effects of stress-induced curvature changes [START_REF] Chason | Tutorial: Understanding residual stress in polycrystalline thin films through real-time measurements and physical models[END_REF][START_REF] Leusink | In situ sensitive measurement of stress in thin films[END_REF].

THIN FILM CHARACTERIZATION

The structure and properties of the deposited thin films were characterized by one specific in situ technique, which is presented below, and by several ex situ standard techniques, which are introduced in the Appendix B of this thesis. 

In situ intrinsic stress

The topic of intrinsic stress of thin films has been already brought up in this thesis. We have seen in Section 2.4 that the intrinsic stress evolution of a thin film during deposition is intimately related to all growth stages of 3D Volmer-Weber thin films in a very characteristic way. After that, we have gained knowledge on how the in situ measurement of wafer curvature is carried out using a multiple laser beam, in Subsection 3.1.2.2. The aim of the current subsection is to connect Section 2.4 to Subsection 3.1.2.2, i.e., to relate the wafer curvature measurement with the intrinsic stress evolution of a growing film.

As seen in Section 2.4, structural changes during thin film growth such as island formation or grain boundary densification lead to intrinsic stress development. These structural changes are also associated to relative volume changes of the deposited layer and they often modify the interfacial area density in a very dynamic way. In order to minimize the total energy of the system due to these volume and interfacial changes, the elastic substrate at which film growth is occurring bends (remember that the spherical shape has the lowest surface area of a given volume!) [START_REF] Flinn | Measurement and Interpretation of stress in aluminum-based metallization as a function of thermal history[END_REF][START_REF] Doerner | Stresses and deformation processes in thin films on substrates[END_REF]. Fig. 31 schematically shows that a tensile film stress causes the substrate to bend in a concave manner upward, whereas a compressive film stress causes the substrate to bend in a convex manner downward [START_REF] Totten | Surface Modification and Mechanisms: Friction, Stress, and Reaction Engineering[END_REF]. The substrate bending, i.e., the wafer curvature change ∆𝜅 that is experimentally measured using the setup described in Subsection 3.1.2.2, is proportional to the product between the average stress 𝜎 ̅ and the film thickness ℎ, which is also named "stress-thickness", "film force", or "force per unit width" (𝐹/𝑤), through the modified Stoney equation [START_REF] Stoney | The Tension of Metallic Films Deposited by Electrolysis[END_REF] given below:

𝐹 𝑤 = 𝜎 ̅ ℎ = 1 6 𝑌 𝑠 ℎ 𝑠 2 ∆𝜅 ( 22 
)
where ℎ 𝑠 is the wafer thickness and 𝑌 𝑠 is the biaxial modulus of the substrate, which is assumed to be equal to 180.5 GPa for the single crystal Si(001) wafers used in this work [START_REF] Janssen | Celebrating the 100th anniversary of the Stoney equation for film stress: Developments from polycrystalline steel strips to single crystal silicon wafers[END_REF].

Considering Equation 22, one notices that the average stress 𝜎 ̅ is obtained by dividing 𝐹/𝑤 with ℎ at each thickness. By convention, positive 𝜎 ̅ values refer to a tensile stress state, while negative 𝜎 ̅ values correspond to a compressive stress state. Another possibility is to take the derivative of stress-thickness with thickness, 𝑑(𝜎 ̅ℎ)/𝑑ℎ, which gives the "incremental stress" and corresponds to the stress contribution of adding new layers to the surface.

The Stoney equation considers that the substrate is much ticker than the film, and that the film is uniform in thickness and isotropic in its properties. The measured curvature gives the stress component 𝜎 𝑥𝑥 (𝑧) acting normal to the edge of the film, which is assumed to be uniform in the 𝑥 and 𝑦 directions (equi-biaxial) but varies with depth (𝑧), as schematically illustrated in Fig. 32 and mathematically represented in Equation 23. 𝜎 ̅ ℎ = ∫ 𝜎 𝑥𝑥 (𝑧) 𝑑𝑧 ℎ 0 + 𝑓 𝑠 + 𝑓 𝑖 [START_REF] D'heurle | Note on the origin of intrinsic stresses in films deposited via evaporation and sputtering[END_REF] In Equation 23, 𝑓 𝑠 is related to the surface stress contribution and 𝑓 𝑖 to the interfacial stress contribution. Both terms are ignored in the simplified Equation 22 because they do not change with thickness for relatively thick films. In addition, the previous assumptions of equibiaxial stress and laterally uniform film ignore that in polycrystalline films the intrinsic stress may be different at/near grain boundaries compared to the middle of the grains [START_REF] Chason | Tutorial: Understanding residual stress in polycrystalline thin films through real-time measurements and physical models[END_REF][START_REF] Abadias | Review Article: Stress in thin films and coatings: Current status, challenges, and prospects[END_REF][START_REF] Vasco | Intrinsic Compressive Stress in Polycrystalline Films is Localized at Edges of the Grain Boundaries[END_REF]. Even so, Equation 22 is still used in most intrinsic stress evolution investigations on polycrystalline thin films as a good approximation. It is also used in the present work.

It is furthermore interesting to evaluate the stress evolution when film growth is terminated, because a part of the intrinsic stress significantly relaxes in high mobility conditions, as discussed in Section 2.4. Moreover, thermal expansion mismatch after cooling can also play a role in stress evolution for films deposited at very high temperatures. In the present study, the stress relaxation was monitored after the end of deposition and during growth interruptions for selected samples, during 600 s, from the moment at which the shutter is placed between the target and the sample. The relaxation curves were fitted to the exponential function below,

𝑦(𝑡) = 𝐴 1 (1 -𝑒 - 𝑡 𝜏 1 ) + 𝐴 2 (1 -𝑒 - 𝑡 𝜏 2 ) ( 24 
)
from which the time constants for a fast relaxation process (τ1) and a slower relaxation process (τ2) were obtained. The fast, reversible part corresponds to relaxation in the near-surface region (surface diffusion), and the slow, irreversible mechanism corresponds to grain growth in the film (bulk diffusion) [START_REF] Yu | Fast and slow stress evolution mechanisms during interruptions of Volmer-Weber growth[END_REF].

Ex situ characterization techniques

As mentioned before, the basic aspects of all ex situ thin film characterization techniques used in this work, as well as the specifications on the equipment used, are presented in Appendix B of this thesis. They were not placed in the body of the thesis because they are standard techniques and widely used in material characterization. A list is presented below, together with their abbreviations. The reader that is not familiar with these techniques, as well as the interested reader, are referred to Appendix B for basic descriptions of each technique, the corresponding references, and the technical specifications for each piece of equipment used.

B 

PREAMBLE

In the Introduction of this thesis, I have presented the three thin film material systems that have been investigated in this work, starting from the simplest case of metallic pure Cu films, to the more-complex case of compound films, such as TiO2 and TiN. The investigations of Cu thin and ultrathin films are at the core of the present chapter, as well as in the next chapter. On one hand, Chapter 4 concerns the fundamental properties of Cu films, such as crystal structure, microstructure and grain morphology, film growth mode and intrinsic stress. On the other hand, the application and the related properties of Cu thin and ultrathin films will be motivated, described and investigated in detail in Chapter 5.

In this first chapter, the aim is to understand how the fundamental properties are connected to the growth conditions, in order to allow tailoring of the thin film physical structure. I have therefore systematically characterized the film growth conditions in both DCMS and HiPIMS Cu processes when varying external parameters such as bias voltage, average target power, and working gas pressure. These parameters will primary affect, respectively, the ion velocity, the growth rate, and the energy of depositing particles, which in turn will modify the fundamental properties cited above. More emphasis is given on the bias voltage series, due to the possibility of accelerating ionized sputtered species in HiPIMS, which is not possible using conventional sputtering techniques.

This chapter is organized in the following way: Section 4.2 describes the different experimental parameters used to grow Cu films and their dependence with growth rate. The results in terms of crystal structure are presented in Section 4.3, for polycrystalline and epitaxial Cu films. This is followed by Section 4.4, where the film microstructure, growth mode and intrinsic stress are studied as a function of the external parameters cited in the last paragraph.

Lastly, the findings are summarized and conclusions are drawn in Section 4.5.

EXPERIMENTAL DETAILS

The Cu films studied in this chapter were deposited by either DCMS or HiPIMS onto Si(001) oriented wafers, ~100 µm thick, covered with a native oxide (SiOx) layer, without any prior substrate cleaning process. The depositions were carried out in the magnetron sputtering system described in Subsection 3.1.2, to allow in situ intrinsic stress evolution during film growth. No intentional substrate heating or cooling was used during depositions, and no or very little temperature increase is expected, as discussed in Subsection 3.1.2.1. The deposition time was adjusted for each experimental condition to obtain the same final thickness of ~150 nm for all samples. To study the effect of different experimental conditions on the intrinsic stress and microstructure of Cu films, three series of samples were proposed.

In the first group of samples, I investigated the effect of impinging ion energy onto the growing film by varying the negative DC bias voltage (𝑉 𝑏 ) applied to the substrate during growth of Cu films by HiPIMS and DCMS. As 𝑉 𝑏 may influence the deposition rate of Cu films [START_REF] Pedersen | A novel high-power pulse PECVD method[END_REF], a series of samples was deposited for thickness calibration. The experimental conditions were the same as those described in Table 2 and the deposition time was estimated to obtain films < 70 nm thick for XRR analysis. Fig. 33 shows the deposition rate of the studied HiPIMS Cu films as a function of bias voltage applied to the substrate. Note that the deposition rate in HiPIMS linearly decreased for increasing negative bias voltage, which was not seen in DCMS (likely constant at 0.36 ± 0.02 nm s -1 for all investigated bias conditions). This is mainly due to the fact that Cu ions (present in large quantities in HiPIMS, much less in DCMS -Section 1.4) are accelerated by 𝑉 𝑏 and bombard the film surface with an average total energy (𝐸 𝑇 ) that is mainly dependent on 𝑉 𝑏 (as discussed in Subsection 1.4.1). Therefore, as 𝑉 𝑏 increases, 𝐸 𝑇 increases, and this larger energetic ion bombardment promotes denser films (which typically look like thinner), as demonstrated by Samuelsson et al. [START_REF] Samuelsson | On the film density using high power impulse magnetron sputtering[END_REF] and expected by the SZM diagram proposed by Anders (Fig. 24) [START_REF] Anders | A structure zone diagram including plasma-based deposition and ion etching[END_REF]. Moreover, sputter etching of the substrate/film surface becomes more important, since the sputter yield (𝑌 𝑆 ) increases with 𝐸 𝑇 [START_REF] Anders | A structure zone diagram including plasma-based deposition and ion etching[END_REF]. Sputter etching occurs in parallel with film growth, and the net result is a lower deposition rate. In addition, the lower deposition rate in HiPIMS compared to DCMS is a common behavior, as discussed in detail in Subsection 1.4.2.

For instance, in the case of grounded substrate (𝑉 𝑏 = 0 V), the ratio 𝑟𝑎𝑡𝑒 𝐻𝐼𝑃𝐼𝑀𝑆 /𝑟𝑎𝑡𝑒 𝐷𝐶𝑀𝑆 was approximately equal to 0.54. This ratio is in line with data reported in the literature, with values lying between 0.4 and 0.6, depending on the different experimental setups [START_REF] Samuelsson | On the film density using high power impulse magnetron sputtering[END_REF]. In the second group of samples, I investigated only the effect of deposition rate by varying the average power applied to the target during growth of Cu films by HiPIMS and DCMS. Table 3 One notices that more than one parameter was changed in each discharge mode. Indeed, to obtain the desired average power, the target current and voltage were adjusted for the DCMS experiments, while the pulse frequency (and, consequently, the duty cycle) was adjusted for the HiPIMS experiments, in order to maintain the same pulse parameters for the different HiPIMS samples. The recorded discharge pulse characteristics for typical HiPIMS conditions are shown in Fig. 34a. One notices a square-voltage pulse of -800 V with 40 µs pulse-on time (black curve) and three discharge current waveforms for different power conditions, with the peak current value constant at ~40 A in all experiments due to automatic peak current regulation. By maintaining the same pulse peak current, I also maintained essentially the same ionized flux fraction (𝐹 𝑓𝑙𝑢𝑥 ), since it is proportional to the peak current value [START_REF] Lundin | Ionization of sputtered Ti, Al, and C coupled with plasma characterization in HiPIMS[END_REF]. The differences observed in the shape of the discharge current curves are due to remaining ions from the previous pulse (a kind of "memory of ionized sputtered material"), which are more abundant when using higher frequencies. Hecimovic et al. [START_REF] Hecimovic | Spatial and temporal evolution of ion energies in high power impulse magnetron sputtering plasma discharge[END_REF] show that Ar + and Ti + ions have a long lifespan during the pulse off-time, being detected up to 1200 s after the pulse on-time in their experiments. The deposition rate is represented in Fig. 34b as a function of average power in both HiPIMS and DCMS configurations. The deposition rate linearly increases with power in both cases, due to the fact that the working gas atoms are accelerated with higher energies to the target, increasing 𝑌 𝑆 and the amount of sputtered particles available for thin film growth (Equation 5) [START_REF] Chapman | Glow discharge processes: sputtering and plasma etching[END_REF][START_REF] Sigmund | Theory of Sputtering. I. Sputtering Yield of Amorphous and Polycrystalline Targets[END_REF]. The ratio 𝑟𝑎𝑡𝑒 𝐻𝐼𝑃𝐼𝑀𝑆 /𝑟𝑎𝑡𝑒 𝐷𝐶𝑀𝑆 ranges from 0.42 to 0.52, which is in line with the discussion presented before. Finally, in the third group of samples, I investigated the effect of particle energy by varying the working gas pressure (from 0.5 to 1 Pa) during growth of Cu films by HiPIMS.

The Ar gas flow rate was kept at 13 sccm and the pressure was adjusted by a throttle valve located between the deposition chamber and the vacuum pump. The depositions were carried out on grounded substrates at 200 W target average power (discharge values similar as listed in Table 2). It is important to mention that the effect of working pressure on the intrinsic stress and microstructure of DCMS Cu films was already investigated in a complete study by Pletea et al. [START_REF] Pletea | Stress evolution during and after sputter deposition of Cu thin films onto Si(100) substrates under various sputtering pressures[END_REF]. Thus, no DCMS sample was deposited in this particular case, and the obtained results in HiPIMS were compared to the previously published results.

CRYSTAL STRUCTURE

The crystal structure of the deposited Cu films was first investigated by XRD in the Bragg-Brentano 𝜃-2𝜃 arrangement. It was found that the bias voltage applied to the substrate is the most important external parameter affecting the crystalline structure in HiPIMS Cu deposition. Therefore, this section is focused only on the films deposited at different substrate bias voltages, i.e., only the results of the first group of samples (described in the previous section, Table 2) are shown. [START_REF] Magnfält | Atom insertion into grain boundaries and stress generation in physically vapor deposited films[END_REF] preferred orientation (or texture) are obtained for all studied samples independent of the investigated bias voltage applied to the SiOx/Si(001) substrates. It confirms that the film forming species in DCMS, typically Cu atoms carrying a neutral charge, are not affected by the different negative substrate bias voltages. However, a fraction of Ar + ions may be accelerated at the substrate sheath and contribute to ion bombardment during growth, leading to limited changes in the crystal structure in the present case. Indeed, at higher negative bias voltages, the intensity of the 111 XRD line slightly increases, while the intensity of 002 XRD line is decreased. The FWHM of the 111 XRD line intensity increases from 0.19° to 0.24°, whereas the FWHM of the 002 XRD line was not calculated due to the low-intensity diffraction peaks. For standard DCMS depositions at low deposition pressure, the (111) preferential orientation is expected, as shown here and reported elsewhere [START_REF] Chan | Thickness dependence of the structural and electrical properties of copper films deposited by dc magnetron sputtering technique[END_REF][START_REF] Chan | Atomic force microscopy (AFM) and X-ray diffraction (XRD) investigations of copper thin films prepared by dc magnetron sputtering technique[END_REF]. Please note that, for typical deposition conditions, polycrystalline thin films grow on the naturally oxidized surface of Si wafers along the crystal habit having the lowest surface and interface energies, i.e., islands with the densest planes are selected, which in fcc metals corresponds to the (111) orientation [10]. In the HiPIMS case, however, the crystalline structure of Cu films can be tailored by varying the substrate bias condition, as observed in the XRD patterns of Fig. 35b. From 0 V (grounded substrate) to 60 V (biased substrate), the Cu films are polycrystalline with 111 and 002 XRD lines detected, being essentially (111)-textured. The intensity of the 111 peak reaches a maximum for the sample deposited at 60 V (Fig. 35b, orange curve), which suggests enhanced energetic bombardment of Cu + and Ar + ions leading to improved grain crystallization, within the investigated energy window. The behavior is the same as observed in DCMS Cu films (Fig. 35a), however, in that case, the bias voltage value was up to 130 V. In the present case, at 100 V bias (Fig. 35b, green curve), the crystal quality of the HiPIMS Cu film deteriorates (wider peaks and no preferred orientation). The intensity of the 111 XRD line decreases drastically, giving rise to an important contribution of the 002 XRD line at 50.3°. Fig. 36a shows predominantly (111)-oriented grains (blue color) normal to the surface of the HiPIMS Cu film deposited at 60 V bias, confirming the result obtained by XRD (Fig. 35b, orange curve). The EBSD map also shows that the surface is composed of small grains and some larger grains. However, it is important to consider that grains side to side with the same crystallographic orientation are shown as a single grain in EBSD mapping, as the grain misorientation is extremely small, and that black areas correspond to non-indexed regions containing smaller or masked grains due to topographical effects. Please note that the corresponding topography SEM image shows only small grains at the surface (Fig. 36e).

At 100 V bias, however, a change in texture is observed. The EBSD map of the surface of this sample (Fig. 36b) illustrates the mixed microstructure of ( 111) and (002)-oriented grains, with an average lateral size of 115 nm (Fig. 36f). Larger grains in the EBSD map may correspond to the aggregation of smaller grains with exactly the same crystallographic orientation, and black areas correspond to non-indexed regions, as explained in the previous paragraph. As the bias voltage is further increased to 130 V and 160 V, i.e., as the energy of the ion flux towards the substrate increases, (002)-oriented grains are largely favored. Fig. 36c confirms that all superficial Cu grains of the sample deposited at 130 V share a common (002) out-of-plane orientation in square-shaped mounds (Fig. 36g). At 160 V, (002) grains are still predominant, however, the contribution from (111) grains is slightly higher (Fig. 36d). Such a drastic change in the film texture is explained by epitaxial a growth of Cu on Si(001) at higher negative bias voltages applied to the substrate during the HiPIMS deposition. This is particularly true for the condition of 130 V bias, which is discussed in more detail below. between ( 111) and ( 200) planes. These patterns correspond to a polycrystalline Cu film with 111 fiber-texture. For the HiPIMS Cu film, see Fig. 37b, both {111} and {200} pole figures obtained by XRD display intensity maxima with a four-fold symmetry, in addition to the main pole intensity at the center of the {200} pole figure. The pole at the center indicates that all (002) planes are parallel to the sample surface, and the four poles at 𝜒90° refer to the [START_REF] Bohlmark | Ionization of sputtered metals in high power pulsed magnetron sputtering[END_REF], (020), (2 ̅ 00) and (02 ̅ 0) planes, which are inclined 90° from the (002) planes, as expected in a cubic system. Since their diffraction signals are obtained exactly at the poles (𝜙 = 0°, 90°, 180°, and 270°) and not as a diffraction ring of uniform intensity, all different crystals are oriented in the same way within the material. The {111} pole figure for the HiPIMS film shows also central symmetric diffraction spots, with four 111 maxima located at 𝜒54.74° and 𝜙 = 45°, 135°, 335°, and 315°, where 𝜒 corresponds to the angle between (002) and {111} planes in an fcc system. The patterns observed in Fig. 37b correspond to pole intensity characteristic of an fcc single-crystal oriented along the [001] axis. This indicates that the HiPIMS Cu film deposited at 30 V DC bias is not any more fiber-textured, but has a "single-crystal-like" texture, i.e., it has grown epitaxially on the Si(001) surface. Please note that even if the orientation of different grains is the same throughout the entire film, a single-crystal film is not obtained. Instead, the film consists of single-crystal grains oriented parallel to each other and connected by low-angle grain boundaries. These films show diffraction patterns similar to those of single-crystals and are called epitaxial/single-crystal films [2]. Besides grain boundaries, epitaxial films may also contain other structural defects such as dislocation lines, stacking faults, microtwins and twin boundaries. Indeed, the additional spots at 𝜒 = 15.8° and 79° observed in the {111} pole figure (Fig. 37b) correspond to twin defects on {111} planes, as also reported by Chen et al. [START_REF] Chen | Engineering Epitaxial-Nanospiral Metal Films Using Dynamic Oblique Angle Deposition[END_REF] for epitaxial Cu films grown on Si substrates by thermal evaporation. Each {111} plane will form twins because the twin boundary energy in Cu is low [START_REF] Kibey | Predicting twinning stress in fcc metals: Linking twin-energy pathways to twin nucleation[END_REF].

From the diffraction data presented in Fig. 37, the angular dispersion of the XRD lines is ~5° (FWHM) in both 𝜒 and 𝜙 directions, which indicates a moderate, but still acceptable, epitaxial film quality, with respect to the sputtering process. These values are, however, comparable to those reported by Chen et al. [START_REF] Chen | Engineering Epitaxial-Nanospiral Metal Films Using Dynamic Oblique Angle Deposition[END_REF] for thermal evaporation, which is a collisionless deposition process. In order to understand the epitaxial growth, 𝜙-scan a measurements were performed on the HiPIMS Cu film deposited at -130 V DC bias and the Si(001) substrate. This XRD measurement is used when the crystals that comprise a thin film are all oriented in the same way, to obtain information on how they are oriented within the plane. The results, plotted in Fig. 38a, show that the Cu <100> directions are rotated by 45° in-plane with respect to the Si a More details on the measurement principle are given in Appendix B.3.2.

<100> directions, i.e., the [START_REF] Abadias | Volmer-Weber growth stages of polycrystalline metal films probed by in situ and real-time optical diagnostics[END_REF] axis of the Cu is parallel to the [START_REF] Magnfält | Time-domain and energetic bombardment effects on the nucleation and coalescence of thin metal films on amorphous substrates[END_REF] of the Si, as schematically illustrated in Fig. 38b. This rotation significantly reduces the lattice mismatch a of Cu on Si from 33 % to 6 %, making epitaxial growth more likely [START_REF] Hashim | Epitaxial growth of Cu (001) on Si (001): Mechanisms of orientation development and defect morphology[END_REF]. The epitaxial relationship is Cu [START_REF] Abadias | Volmer-Weber growth stages of polycrystalline metal films probed by in situ and real-time optical diagnostics[END_REF] (001)  Si [START_REF] Magnfält | Time-domain and energetic bombardment effects on the nucleation and coalescence of thin metal films on amorphous substrates[END_REF] (001) at the interface film/substrate.

Epitaxial growth mechanism

The epitaxial relationship described above assumes that a pure Si(001) surface is available when Cu deposition starts. However, remember that the Si wafers used in this work are covered with a native amorphous oxide (SiOx) layer and no prior substrate cleaning process was used. To further understand the epitaxial growth, TEM measurements were therefore carried out. diffraction spots from one Cu grain oriented along the [START_REF] Magnfält | Atom insertion into grain boundaries and stress generation in physically vapor deposited films[END_REF] growth direction. For the HiPIMS Cu film (Fig. 39b, right top corner inset), the diffraction corresponds to a <100> zone axis of Cu, the growth direction being along [001], consistent with the epitaxial relationship derived from the XRD pole figure (Fig. 37b).

The interfaces between the Cu films and the Si substrates are shown in Fig. 39 in crosssectional HR-TEM images for the same (c) polycrystalline DCMS and (d) epitaxial HiPIMS Cu films deposited at 130 V bias. In the DCMS case (Fig. 39c), the ~2 nm thick layer of native oxide SiOx is preserved between the Si(001) substrate and the (111)-fiber-textured Cu film. The presence of this amorphous layer on the Si surface is likely responsible for the [START_REF] Magnfält | Atom insertion into grain boundaries and stress generation in physically vapor deposited films[END_REF] preferential growth of Cu, as discussed before (Section 4.3). In the HiPIMS case (Fig. 39d), however, a complex interfacial layer is formed in between the Si(001) substrate and the Cu(002) epitaxial film. It consists of two regions with different contrasts, labelled A (6-10 nm thick) and B (< 2 nm thick). A closer inspection of this interface (Fig. 40a, HR-TEM image at higher magnification) shows that layer B displays lattice planes perpendicular to the interface. The measured distance between two atomic planes is 0.20 nm, which differs from the interatomic spacing of Cu (0.181 nm). In layer A, however, several lattice planes contrasts are visible with different orientations and distances. Two distances are reported on Fig. 40a, one, almost parallel to the interface, equals to 0.26 nm and another, almost normal to the interface, equals to 0.22 nm. It is important to note that these atomic planes contrasts are localized, and embedded in an amorphous or nanocrystalline contrast. This complex interface is similar to the interface observed by Echigoya et al. [START_REF] Echigoya | Thin film reaction and interface of Cu on Si[END_REF] after annealing at 473 K a Cu film deposited by DCMS on an atomically cleaned Si(001) substrate. At the interface, they observed a first layer, very close to our B layer contrast, composed by η"-Cu3Si, with a distance between two atomic plane contrast of 0.21 nm. At the top of this layer, they observed an amorphous phase, which ultimately leads to the formation of another silicide, ε-Cu15Si4, on the top of the amorphous layer. Despite our layer B is in agreement with their η"-Cu3Si layer, we cannot confirm that layer A consists of ε-Cu15Si4, since local determination of the elemental composition at this scale is beyond the limit of our experimental set-up.

The following discussion is based on the schematic illustration presented in Fig. 40b, that proposes a mechanism to explain this complex interlayer (Fig. 40a) leading to the epitaxial film growth of Cu on a SiOx/Si(001) substrate, taking into account the effect of ion bombardment in HiPIMS on biased substrates (-130 V DC bias). As previously discussed, HiPIMS provides large quantities of positive metal ions that are easily accelerated to the growing film when negative bias voltages are applied to the substrate. As a result, the flux of film forming species arriving at the substrate is characterized by a very high fraction of ionized sputtered species. For Cu, the Cu + flux fraction 𝐹 𝑓𝑙𝑢𝑥 (Equation 7) typically reaches 80 % or more during the peak of the discharge pulse at standard HiPIMS conditions [START_REF] Kouznetsov | A novel pulsed magnetron sputter technique utilizing very high target power densities[END_REF][START_REF] Samuelsson | On the film density using high power impulse magnetron sputtering[END_REF][START_REF] Vlcek | Ion flux characteristics in high-power pulsed magnetron sputtering discharges[END_REF]. In absence of collisions, these Cu + ions strike the substrate with 𝐸 𝑇 = 𝐸 𝑘𝑖𝑛 + 𝐸 𝑎𝑐𝑐 ≈ 15 + 130 ≈ 145 eV, according to the discussion in Subsection 1.4.1 on ion bombardment in HiPIMS. It may be that during the early stage of Cu film growth, a fraction of these energetic Cu + ions are implanted below the native SiO2 oxide layer and thereby form the copper silicide η"-Cu3Si compound discussed in the previous paragraph and labelled layer B in Fig. 39d and Fig. 40a. SRIM calculations [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF] of the ion damage into a SiO2(2 nm thick)/Si(substrate) system support this scenario: the mean projected range of Cu + ions with 130 eV is 1.7 ± 0.3 nm. It shows that most Cu + ions will penetrate into the native SiO2 oxide layer, and that a non-negligible fraction will reach the SiO2/Si interface and react with Si atoms from the substrate, to form the copper silicide compound (and improve film adhesion!). This is the first step proposed in Fig. 40b. In parallel, the ionic flux will also interact with the SiOx causing intermixing in combination with sputter etching and Cu deposition, and thereby forming a complex mixed layer (layer A in Fig. 39d and Fig. 40a) containing crystalline, nanocrystalline and amorphous compounds of Si, O and Cu. This is the second step of the mechanism proposed in Fig. 40b. SRIM [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF] results indicate a significant preferential sputtering of O atoms (the sputtering yield of O and Si atoms are 0.148 and 0.017 atom/ion, respectively). Re-sputtering of the Cu layer is also quite substantial during HiPIMS deposition under 130 V bias, as confirmed by a decrease of the deposition rate by a factor 1.7 (Fig. 33), in good agreement with SRIM calculations. Moreover, oxidation of the newly formed η"-Cu3Si can also contribute to the formation of layer A. Indeed, many studies show that copper silicide can be easily oxidized at room temperature according to the Cu3Si + O2 → SiO2 + 3Cu reaction route [START_REF] Liu | Epitaxial growth of Cu thin films on atomically cleaned (111)Si at room temperature[END_REF][START_REF] Stolt | Formation of Cu3Si and its catalytic effect on silicon oxidation at room temperature[END_REF][START_REF] Liu | Catalytic oxidation of (001)Si in the presence of Cu3Si at room temperature[END_REF][START_REF] Cros | Formation, oxidation, electronic, and electrical properties of copper silicides[END_REF].

It is important to note that the chemical-physical mechanisms involved in the epitaxial growth of Cu on Si are still not completely understood, with several contradictory results reported in the literature, as pointed out by Vaz et al. [START_REF] Vaz | Structural and morphological characterization of hybrid Cu/Si(001) structures[END_REF]. Generally, the Cu/Si interface is presented as a mixed structure composed of different copper silicides or amorphous phases, and their chemical nature is not well defined [START_REF] Hashim | Epitaxial growth of Cu (001) on Si (001): Mechanisms of orientation development and defect morphology[END_REF][START_REF] Echigoya | Thin film reaction and interface of Cu on Si[END_REF][START_REF] Liu | Epitaxial growth of Cu thin films on atomically cleaned (111)Si at room temperature[END_REF][START_REF] Jiang | Epitaxial growth of Cu on Si by magnetron sputtering[END_REF][START_REF] Meunier | Cu/Si(001) epitaxial growth: role of the epitaxial silicide formation in the structure and the morphology[END_REF], which we believe is key when trying to understand the formation of the interlayers. In the present case, the interface layer is likely even more complex, since Cu implantation, SiO2 etching, and Cu deposition take place at the same time during the early stage of film growth, due to the energetic flux of Cu + ions.

The mechanism proposed here suggests that the copper silicide η"-Cu3Si compound (Fig. 40a, layer B) preserves the crystal orientation of the Si(001) substrate and leads to the nucleation of Cu(001) islands at the surface regions where the η"-Cu3Si is exposed. These islands are embedded in the complex mixed layer (Fig. 40a,layer A), where other Cu silicides, oxides and mixed compounds are also created due to the events cited above, in amorphous and/or crystalline structures. The crystalline fraction of these compounds may preserve the (001) crystal orientation of the η"-Cu3Si. Hence, the crystal orientation of the Si atoms is transmitted through the interfacial layers. (001) islands are then favored, since they have lower energy per atom due to substrate matching, and the film grows epitaxially. The roughness of the sample might influence on the formation of these different compounds and determine the epitaxial growth dynamics. This is the third step of the mechanism illustrated in Fig. 40b.

It is important to stress that epitaxy was detected in HiPIMS Cu films deposited at -130

V bias with an average thickness of 150 nm. However, EBSD shows that for Cu films 400 nm thick, deposited under exactly the same conditions, some 111 grains protrude from the film surface (not shown), indicating that the texture also evolves with the film thickness.

Applications

The strategy presented here to grow epitaxial Cu films (up to 150 nm thick) at RT on Si(001) wafers covered with native oxide (SiOx) is relevant for many industries dealing with advanced electronic, optoelectronic, magnetic and superconducting heterostructures and devices. For instance, ultrathin epitaxial metallic layers are usually deposited on semiconductor substrates to enable a particular growth direction for subsequent deposition of magnetic thin films (acting as a seed layer) [START_REF] Haa | Nonlinear magnetoelastic anisotropy in Cu/Ni/Cu/Si(001) films[END_REF][START_REF] Chang | Deposition of (100) Au, Ag, Pd, Pt, and Fe on (100) Si using different metal seed layers[END_REF][START_REF] Demczyk | Interface structure and surface morphology of (Co, Fe, Ni)/Cu/Si(100) thin films[END_REF] or to reduce the dislocation density of lattice mismatched heterostructures (acting as a buffer layer) [START_REF] Pohl | Epitaxy of semiconductors: Introduction to Physical Principles[END_REF][START_REF] Beanland | Plastic relaxation and relaxed buffer layers for semiconductor epitaxy[END_REF]. In order to achieve the Cu/Si heteroepitaxial growth, all studies report the need of surface atomic cleaning processes to eliminate native oxide SiOx and organic contaminants of the Si substrate prior to deposition. Standard pre-treatment methods include heating of the substrate at relatively high temperatures (800 °C) [START_REF] Liu | Epitaxial growth of Cu thin films on atomically cleaned (111)Si at room temperature[END_REF][START_REF] Jiang | Epitaxial growth of Cu on Si by magnetron sputtering[END_REF][START_REF] Liu | Effects of substrate cleaning and film thickness on the epitaxial growth of ultrahigh vacuum deposited Cu thin films on (001)Si[END_REF] and surface chemical etching with hydrofluoric acid (HF), which creates a passivated surface with hydrogen termination on the Si dangling bonds [START_REF] Hashim | Epitaxial growth of Cu (001) on Si (001): Mechanisms of orientation development and defect morphology[END_REF][START_REF] Liu | Epitaxial growth of Cu thin films on atomically cleaned (111)Si at room temperature[END_REF][START_REF] Vaz | Structural and morphological characterization of hybrid Cu/Si(001) structures[END_REF][START_REF] Jiang | Epitaxial growth of Cu on Si by magnetron sputtering[END_REF][START_REF] Meunier | Cu/Si(001) epitaxial growth: role of the epitaxial silicide formation in the structure and the morphology[END_REF][START_REF] Liu | Effects of substrate cleaning and film thickness on the epitaxial growth of ultrahigh vacuum deposited Cu thin films on (001)Si[END_REF][START_REF] Benouattas | Etching effect on the texture and the stress of copper layers evaporated on Si(100)[END_REF]. The latter case is the most widespread method used in the past years, even though it is a toxic and time-consuming two-step solution.

The results obtained in the present thesis indicate that the ion bombardment generated by HiPIMS discharges and controlled by DC biasing the substrate can completely, or partially, eliminate the native oxide present on the Si surface, and ultimately lead to a preferential growth direction of the Cu film. This novel, single-step, deposition process eliminates the need of prior chemical etching or plasma cleaning of the substrate, being a more efficient approach and an environmentally friendly alternative.

INTRINSIC STRESS AND MICROSTRUCTURE

This section investigates the intrinsic stress evolution of Cu films during deposition in order to obtain detailed information on thin film growth mechanisms and microstructural change. The results obtained from the wafer curvature method are correlated to a microstructural characterization using microscopy techniques such as AFM and SEM. The section is divided in three subsections, according to the experimental planning presented in 

Bias voltage effect

The following discussion is based on the HiPIMS and DCMS Cu films deposited at different bias voltages, i.e., on the same samples as those where the crystal structure was studied in detail in Section 4.3. The first experimental result shown in Fig. 41 is related to the evolution of the film force (𝐹/𝑤) with film thickness during the early a stages of growth of Cu films by (a) DCMS and (b) HiPIMS at different DC bias voltages applied to the substrate. For both techniques, it is found that all studied films exhibit the typical compressive-tensile-compressive (CTC) behavior of high mobility Volmer-Weber growth, as detailed in Section 2.4. A similar behavior was already reported for Cu films deposited by thermal evaporation onto MgF2 [START_REF] Abermann | The internal stress in thin silver, copper and gold films[END_REF], mica(001) [START_REF] Winau | Film growth studies with intrinsic stress measurement: Polycrystalline and epitaxial Ag, Cu, and Au films on mica(001)[END_REF], and Si(100) [START_REF] Del Vecchio | The effect of deposition rate on the intrinsic stress in copper and silver thin films[END_REF] and by DCMS onto oxidized Si(100) [START_REF] Pletea | Stress evolution during and after sputter deposition of Cu thin films onto Si(100) substrates under various sputtering pressures[END_REF].

For DCMS Cu films (Fig. 41a), the tensile peak position is not strongly dependent on the substrate bias voltage. The formation of a continuous film is reached at an average thickness between 7 and 8 nm for all studied samples. These values are in line with typical average thicknesses of 10 nm for film continuity of Cu thin films grown by DCMS [START_REF] Pletea | Stress evolution during and after sputter deposition of Cu thin films onto Si(100) substrates under various sputtering pressures[END_REF]. Please remember from Subsection 1.3.3 that the film precursors in DCMS are mainly low energy (≤ 2 eV) Cu atoms carrying a neutral charge and, thereby, not influenced by negative bias voltages applied to the substrate. Also, the bombardment of Ar + is limited in DCMS, due to the low plasma density of about 10 16 m -3 , i.e., typically four orders of magnitude lower Ar ion density compared to Ar neutral density. Therefore, we conclude that the early growth stages of Cu films grown by DCMS are not strongly dependent on the bias voltage.

For HiPIMS Cu films (Fig. 41b), however, we observe changes in the film force curves for the different samples studied. It is important to note that the first compressive stage is abrupt and more evident for all samples deposited for a substrate biasing beyond 30 V. This stage, normally associated with the nucleation and coarsening of isolated islands (Subsection 2.2.1 and Section 2.4), is not always detected by wafer curvature measurements due to the low a Complete figures, showing the film force evolution for the entire film thickness (150 nm), will be presented later, in Fig. 44, when discussing the post-coalescence stage of film growth. magnitude of this effect. The fact that this stage becomes more prominent at higher negative bias voltages could be related to a higher adhesion of Cu islands onto the substrate, leading to a more effective transfer of Laplace forces [START_REF] Cammarata | Surface stress model for intrinsic stresses in thin films[END_REF]. Another hypothesis is related to the energetic Cu + bombardment of the Si substrate at higher negative bias voltages, which results in Cu atom implantation and sputter etching of the SiOx surface layer at the very beginning of film growth, generating increased compressive stress in the substrate. This hypothesis supports the mechanism proposed for the Cu/Si epitaxial growth (Subsection 4.3.1). Regarding the tensile peak, its magnitude is lower and it gets broader for higher negative substrate bias voltages in HiPIMS films (Fig. 41b), indicating a difference in island size and density [START_REF] Koch | The intrinsic stress of polycrystalline and epitaxial thin metal films[END_REF]. For the samples with bias voltages from 0 to 130 V, the thickness corresponding to the transition discontinuous-continuous film increases from 6.8 nm to 12 nm, respectively a . This is likely related to the increased energetic Cu + bombardment using higher negative bias voltages, where the energy provided to the surface is shared between the Cu + ions and the arriving Cu neutrals, increasing the surface mobility for both species b . The enhanced adatom surface diffusivity leads to an increase in the lateral size of the islands during the nucleation and coalescence stage (Subsection 2.2.1), because adatoms may have high enough mobility to find pre-existing nucleation sites and attach to it, instead of forming new nucleation sites. The increase in island diameter by energetic ion bombardment was demonstrated elsewhere for indium films by TEM studies [START_REF] Hasan | Nucleation and initial growth of In deposited on Si3N4 using low-energy (≤300 eV) accelerated beams in ultrahigh vacuum[END_REF]. In this scenario, a low areal density of larger islands a At 160 V bias (Fig. 41b, pink curve), the tensile peak likely occurs at 9.5 nm, however, it is difficult to establish an accurate value for this sample, since one can notice a large plateau instead of a peak. b The contribution of energetic ion bombardment to the film growth and microstructure was introduced in Section 2.3 by the Ander's SZM [START_REF] Anders | A structure zone diagram including plasma-based deposition and ion etching[END_REF] and is similar to the effect produced by increasing substrate temperature (discussed in Subsection 2.2.1).

produces a continuous film at higher average film thickness, compared to films that display a dense population of small islands and become continuous at a relatively low average film thickness. One consequence is the observed shift of the tensile peak to higher film thickness with increasing negative bias voltage (Fig. 41b). A similar behavior was reported for Cu thin films grown by evaporation with increasing substrate temperature (and thereby increasing surface mobility) from 110 K to 570 K [START_REF] Winau | Film growth studies with intrinsic stress measurement: Polycrystalline and epitaxial Ag, Cu, and Au films on mica(001)[END_REF].

In the present investigation, it was not possible to analyze the surface microstructure during the pre-coalescence stage, i.e., before island coalescence. However, the island structure usually persists up to relatively large average film thicknesses; thus, the final surface morphology observed in the AFM images likely reflects the 3D islands formed at the end of coalescence. Top-view AFM images of HiPIMS Cu films, ~150 nm thick, are presented in Fig. 42a-f with varying bias voltage. The observed morphology in Fig. 42 confirms the 3D island formation during the Volmer-Weber growth mode, as previously indicated by the CTC behavior in the film force curves presented in Fig. 41b. In the range of 0 V to 100 V bias, the estimated average lateral grain size expands from ~35 nm to ~115 nm, respectively, and the RMS roughness increases from 1.3 to 2.8 nm for the same bias range. At bias voltages of 130 V and 160 V, a periodic surface corrugation is observed, consisting of square shaped mounds of ~130 nm in lateral size (Fig. 42ef). Note that the RMS roughness increases up to 3.9 nm at 160 V bias. Based on the theory discussed in the last paragraph, this grain size evolution supports the observed shift of the tensile peak to higher film thicknesses at higher negative substrate bias voltages (Fig. 41b).

A similar AFM study was carried out on the DCMS Cu films deposited at different bias voltages. As can be seen from the topography AFM images (Fig. 42g-i), the increase in lateral grain size is from ~45 nm (0 V) to ~75 nm (130 V), i.e., smother compared to the lateral grain size increase in HiPIMS Cu films. A possible explanation in DCMS is the limited bombardment of Ar + at the film-growing surface, which deliver some energy to the Cu adatoms and increase the surface mobility to some extent. Despite no significant change in tensile peak position was noticed for DCMS films deposited at different bias conditions (Fig. 41a), we will latter see that the post-coalescence stage is more affected and explains the observed grain size increase.

In Fig. 42e The early growth stage investigation and the microstructure evaluation presented above is now extended to the discussion on the post-coalescence stage of Cu film growth. Fig. 44 shows the evolution of the film force (𝐹/𝑤) within the entire film thickness during growth of ~150 nm thick Cu films by (a) DCMS and (b) HiPIMS at different DC bias voltage applied to the substrate. The early growth stages were already discussed, so the emphasis here lies on the behavior of the curves after the first ~10 nm of film thickness. In both cases, it is found that all studied Cu films exhibit a compressive stress contribution (negative slope of the 𝐹/𝑤 curves from ~10 nm film thickness) in the post-coalescence stage, as expected for a high mobility metal. For the HiPIMS Cu films (Fig. 44a), the compressive film forces during the postcoalescence stage are strongly dependent on the negative bias voltage, as also observed before coalescence (Fig. 41b). Two distinct behaviors can be observed, please look at the colored arrows in Fig. 44a. On the one hand, the film forces evolve from high compression (red curve, 0 V bias) to a quasi-stress-free state (green curve, 100 V bias) a . On the other hand, at bias voltages beyond 100 V, the film forces return to a more compressive state (at 130 V and 160 V bias, pink and blue curves, respectively). These two opposite behaviors are related to the drastic change occurring in the microstructure of the Cu films for bias voltages lower or higher than -100 V, which corresponds to the transition polycrystalline→epitaxial films. For the DCMS Cu films (Fig. 44b), one can observe that the biased samples exhibit roughly the same film force evolution, while the grounded sample (red curve) develops slightly larger compressive stress.

Average stress curves (not shown) were obtained individually for each curve shown in Fig. 44, by dividing 𝐹/𝑤 with film thickness at each point. From that, Fig. 45a presents the average intrinsic stress values obtained immediately before the end of deposition of the studied Cu films (thus not taking into account the relaxation process after deposition). Two additional figures are presented, because they are relevant for the following discussion: the evolution of lateral grain size (Fig. 45b) and the FWHM of the Cu XRD lines (Fig. 45c), as a function of substrate bias voltage. It is important to note that in the geometry used for the XRD analysis, the diffraction vector is along the normal to the film surface, so line broadening is sensitive to vertical grain size as well as microstrain. Since the Cu films are predominantly columnar, the a The average stress values will be given later.

vertical grain size is on the order of the film thickness (equal to ~150 nm for all studied samples). Therefore, the main contribution to XRD line broadening is likely due to microstrain, and the values at FWHM give an indication on the defect density introduced into the Cu crystallites. As seen from Fig. 45a, the average compressive stress is the greatest for the polycrystalline HiPIMS film deposited at a bias voltage of 0 V (grounded substrate), as compared to all studied HiPIMS samples. It is well known that bombardment with energetic particles during thin film growth promotes knock-on implantation processes, high local density, and dislocation generation, which ultimately leads to compressive stress [START_REF] Carter | Peening in ion-assisted thin-film deposition: a generalized model[END_REF]. To initiate this process of collision-induced atom relocation and point-defect creation, the arriving particles must have energies higher than the energy threshold for atomic displacement of the thin film material, which for Cu varies between 18 and 29 eV depending on crystal orientation [START_REF] Kenik | Orientation dependence of the threshold displacement energy in copper and vanadium[END_REF]. For Cu, molecular dynamics simulations have shown that 20 eV was sufficient to produce interstitial defects, up to several atomic planes below the surface [START_REF] Gilmore | Molecular dynamics simulation of defect formation during energetic Cu deposition[END_REF]. Since Cu + ions in HiPIMS discharge have a typical average energy of 20 eV for a grounded sample (see prior discussion in Subsection 1.4.1), they have sufficient energy to produce these point-defects. The observation of maximum compressive stress for the grounded substrate is related to the fact that such conditions do not allow significant defect annihilation due to short quench times of thermal spikes and limited adatom mobility [START_REF] Bilek | A comprehensive model of stress generation and relief processes in thin films deposited with energetic ions[END_REF].

One can also note from Fig. 45a that the average compressive stress is higher for the HiPIMS film compared to the DCMS film when grounded substrates (0 V bias) are used. Since both films exhibit similar grain sizes (~40 nm, Fig. 45b) and share the same (111)-texture, the larger compressive stress for the HiPIMS case can be explained by a higher fraction of growthinduced defects, in agreement with larger FHWM values (Fig. 45c). Unlike HiPIMS, the DCMS process does not generate significant amounts of Cu ions with energies high enough to generate interstitial defects. This contributes to the lower average stress value reported for the grounded DCMS sample.

For bias voltages between 30 V and 100 V, there is a striking difference in the intrinsic stress evolution of the HiPIMS and DCMS Cu films: the average stress is considerably reduced for polycrystalline HiPIMS films, reaching its minimum at 100 V bias (50 MPa) and being 2-3 times less compressive compared to the corresponding DCMS films, see Fig. 45a.

However, one might expect higher compressive stress in HiPIMS films at such bias conditions due to a stronger energetic particle bombardment (higher ion energy). Experimental and theoretical studies on stress generation in thin films state that intense ion bombardment generates compressive stress by atomic-peening and defect generation, in competition with stress relaxation by self-heating under the thermal spike area and defect annihilation [START_REF] Carter | Peening in ion-assisted thin-film deposition: a generalized model[END_REF][START_REF] Bilek | A comprehensive model of stress generation and relief processes in thin films deposited with energetic ions[END_REF][START_REF] Davis | A simple model for the formation of compressive stress in thin films by ion bombardment[END_REF]. However, as clearly observed in Fig. 42a-f and Fig. 45b, an increase in lateral grain size of HiPIMS films was prompted by an increase in the negative bias voltage from 0 V to 100 V. For this bias voltage range, the increase in grain size is much larger for HiPIMS films compared to the DCMS case (Fig. 45b), while the FWHM values of the 111 XRD lines are essentially identical for both film series (Fig. 45c). The present findings suggest that the strong reduction of compressive stress in HiPIMS Cu films is primarily dominated by the significant increase of lateral grain size. This is in agreement with recent studies that have shown that grain boundaries act as a dominant source of intrinsic compressive stress [START_REF] Chason | Tutorial: Understanding residual stress in polycrystalline thin films through real-time measurements and physical models[END_REF][START_REF] Abadias | Review Article: Stress in thin films and coatings: Current status, challenges, and prospects[END_REF][START_REF] Chason | Origin of compressive residual stress in polycrystalline thin films[END_REF][START_REF] Guduru | Mechanics of compressive stress evolution during thin film growth[END_REF][START_REF] Yu | Fast and slow stress evolution mechanisms during interruptions of Volmer-Weber growth[END_REF][START_REF] Yu | Correlation of shape changes of grain surfaces and reversible stress evolution during interruptions of polycrystalline film growth[END_REF], due to preferential incorporation of extra atoms into these regions, as discussed in Section 2.4. Bias voltages from 30 V to 100 V are enough to accelerate the arriving Cu ions to improve the surface mobility of the adatoms. During such conditions of high mobility, defects are locally annealed by improved adatom diffusion and reordering (relaxation), ballistic relocation of atoms to energetically favorable sites and, most importantly, larger grains are formed, with reduced grain boundary density. Then, a lower fraction of excess atoms are incorporated in the grain boundaries. For DCMS films, the decrease of compressive stress also seems related to the increase of grain size, but mechanisms leading to grain enlargement seem less effective. The limiting factor is a lower mobility of the depositing particles (mainly Cu neutrals and a low flux of Ar + ions) as compared to the HiPIMS process (high flux of energetic Cu + ions). Energetic Cu + ions will favor biased surface diffusion through more effective energy transfer to Cu adatoms due to favorable mass ratio in Cu + /Cu collisions compared to the Ar + /Cu case.

Finally, for bias voltages of 130 V and 160 V, the HiPIMS Cu films are epitaxial and the incremental stress behavior is similar for both samples (Fig. 44a, pink and blue curves).

However, these samples show more compressive stress compared to the polycrystalline film deposited at 100 V bias, see Fig. 45a (100 MPa vs. 50 MPa, respectively). The larger compressive stress at higher negative bias voltage is likely related to an increase in microstrain in (001)-oriented Cu crystallites due to defect incorporation in the grain interior, as confirmed by the XRD 002 line broadening to 0.45° (Fig. 45c). Indeed, the impinging Cu + ions have 𝐸 𝑇 that approaches the limit of ~200 eV, i.e., they have a high probability of being incorporated in the sublayers causing compressive stress.

It is important to note that intrinsic stress investigations in epitaxial films have so far only been carried out for thermally evaporated films [START_REF] Koch | Stress in Evaporated and Sputtered Thin Films -A Comparison[END_REF][START_REF] Koch | The intrinsic stress of polycrystalline and epitaxial thin metal films[END_REF][START_REF] Winau | Film growth studies with intrinsic stress measurement: Polycrystalline and epitaxial Ag, Cu, and Au films on mica(001)[END_REF] and no real-time stress evaluation has been performed on sputtered-epitaxial films by other groups. Thermally evaporated Cu [START_REF] Magnfält | Atom insertion into grain boundaries and stress generation in physically vapor deposited films[END_REF] films epitaxially grown on mica at 715 K have shown a dramatic increase in compressive stress during coalescence of epitaxially oriented islands (between 20 and 60 nm film thickness), instead of the typical film force curve with its tensile maximum. The formation of domain walls between the epitaxially oriented islands occurs at ~70 nm film thickness, where the compressive force reaches a maximum value. Then, the film forces saturate, i.e., the postcoalescence stage does not show any remarkable behavior [START_REF] Winau | Film growth studies with intrinsic stress measurement: Polycrystalline and epitaxial Ag, Cu, and Au films on mica(001)[END_REF]. However, the results presented in this thesis drastically differ from this reported behavior for evaporation. We observe film force curves characteristic of the polycrystalline high mobility Volmer-Weber mode, even for the epitaxial films, i.e., polycrystalline and epitaxial films exhibit the same CTC behavior. Indeed, TEM cross-sectional observations confirm that the growth morphology is rather similar for the polycrystalline DCMS film (Fig. 39a) and the epitaxial HiPIMS film (Fig. 39b).

Average power effect

Continuous growth

I have so far showed that the crystal structure, the grain size and morphology, and the intrinsic stress of Cu thin films are strongly influenced by the negative DC bias voltage applied to the substrate during film growth, especially in HiPIMS systems. This is mainly due to the fact that HiPIMS provides a high flux of energetic Cu + ions that are easily accelerated by the negative potential applied to the substrate. The effect of other main discharge parameters such as target average power (growth rate) and working gas pressure (particle energy) are the subject of the present and the next subsection, respectively. For these investigations, the substrates were grounded (0 V bias) as described in Section 4.2. The crystal structure obtained for the Cu films deposited at different average power and working pressure did not considerably change from the XRD patterns presented for the grounded samples in Fig. 35, thus, they are not presented here. This is already an indication that these parameters have a minor effect on the film structure compared to the bias voltage, in the studied range.

The film force evolution for Cu films grown by HiPIMS at different target average power is presented in Fig. 46 and shows the influence of growth rate. The film deposited at low rate (50 W, 0.042 nm s -1 ) shows a stress evolution from a compressive to a tensile state in the post-coalescence stage (blue curve), named "turnaround phenomenon". This phenomenon was explained by Yu and Thompson [START_REF] Yu | Grain growth and complex stress evolution during Volmer-Weber growth of polycrystalline thin films[END_REF] for fcc metals and it takes place under conditions of intermediate atomic mobility. The films deposited at higher rates, namely 100 W (0.094 nm s - 1 ) and 200 W (0.196 nm s -1 ), present a dominant compressive contribution and a more steady state condition at a certain film thickness. However, only minor differences between the 100 W and the 200 W cases can be detected, indicating a possible decrease of compressive forces at higher deposition rates. This behavior is expected and is in line with earlier findings by Chason et al. [START_REF] Chason | Origin of compressive residual stress in polycrystalline thin films[END_REF], which attributed it to the decreasing fraction of atoms incorporated into grain boundaries (source for compressive intrinsic stress) when the deposition rate increases. The reason is that the diffusion time is smaller compared to the time to grow a new grain boundary segment at high deposition rate, and thus part of the grain boundary remains voided, under tensile forces. In addition, it is found that the film thickness corresponding to the tensile peak is not dependent on the growth rate, being equal to approximately 8 nm, in line with the values presented and discussed in Subsection 4.4.1. Moreover, these trends have previously been observed in thermally evaporated Cu films [START_REF] Del Vecchio | The effect of deposition rate on the intrinsic stress in copper and silver thin films[END_REF] where the tensile peak is found at ~13 nm thickness, independently on the growth rate. AFM topography images of the HiPIMS Cu films ~150 nm thick deposited at 50 W and 200 W are shown in Fig. 46, insets. The lateral grain size is not significantly influenced by the different average powers studied in this work (around 40  5 nm). DCMS Cu films deposited at the same average experimental conditions (not shown) on grounded substrates exhibited a similar behavior during early growth stage, with a tensile peak position around 8 nm, independent of the average power. They also showed similar film force curves as the HiPIMS films in the post-coalescence regime, with the same turnaround behavior at lower deposition rates and steady state curves at higher deposition rates.

Interrupted growth

In order to study the film growth mechanisms in more detail, the stress evolution during interrupted growth of HiPIMS Cu films was studied at different target average power and compared to the corresponding HiPIMS films grown without any interruption. A typical film force behavior is shown in Fig. 47a for two Cu films deposited by HiPIMS at 200 W average power onto a grounded substrate. The red curve represents the continuous growth and the black curve represents the growth with two intermediary interruptions during film deposition plus a final interruption corresponding to the end of the process. Each one of the relaxation curves is plotted versus time in Fig. 47b, where one observes that the film force exponentially increases during each interruption until a steady-state condition is reached, after which the growth process is once again resumed (for the 1 st and 2 nd interruptions). From Fig. 47a we find a complete recovery of the film force after each interruption. It proves that the deposition process provides the driving force for compressive stress generation. This reversible behavior was similarly observed for the samples deposited at 50 W and 100 W average power (not shown). The increase of 𝐹/𝑤 during each interruption was fitted to Equation 24, from which the time constants for the fast relaxation process (τ1) and the slower relaxation process (τ2) were obtained. The fast, reversible part corresponds to relaxation in the near-surface region, and the slow, irreversible mechanism corresponds to grain growth in the film [START_REF] Yu | Fast and slow stress evolution mechanisms during interruptions of Volmer-Weber growth[END_REF]. Since the obtained results show mainly a reversible behavior, the slower relaxation process will not be considered.

Indeed, it contributed marginally to the tensile rise under the present HiPIMS conditions, with time constants 2 ~300 s. The values for τ1 are presented in Table 4 and range from 30 to 50 s for all investigated conditions. They generally were found to decrease with power (growth rate) and increase with number of interruptions. The reversible behavior observed in Fig. 47a and the time constant values shown in Table 4 are typical of a surface-diffusion mediated relaxation process [START_REF] Yu | Fast and slow stress evolution mechanisms during interruptions of Volmer-Weber growth[END_REF], which suggests that grain size changes primarily at the surface and that bulk diffusion is rather limited. Another evidence of surface diffusion is the presence of V-shaped columns observed in cross-sectional SEM images of selected films (not shown). Indeed, assuming a surface diffusion coefficient (𝐷 𝑠 ) of Cu of ~10 -4 cm 2 s -1 at 300 K on [START_REF] Magnfält | Atom insertion into grain boundaries and stress generation in physically vapor deposited films[END_REF] Cu planes [START_REF] Liu | EAM study of surface self-diffusion of single adatoms of fcc metals Ni, Cu, Al, Ag, Au, Pd, and Pt[END_REF][START_REF] Kong | Surface diffusion coefficients: Substrate dynamics matters[END_REF][START_REF] Karimi | Difusion of Cu on Cu surfaces[END_REF] and typical adatom residence times indicated in Table 4, the adatom diffusion distance 𝑥 given by Equation 17is equal to 0.08-0.1 cm. This distance is much larger than the grain size in all evaluated films (~40 nm), so surface diffusion is very fast. This is a typical behavior observed for high-mobility metals [START_REF] Chason | Origin of compressive residual stress in polycrystalline thin films[END_REF][START_REF] Abadias | Real-time stress evolution during early growth stages of sputter-deposited metal films: Influence of adatom mobility[END_REF], including Cu [START_REF] Friesen | Reversible stress changes at all stages of Volmer-Weber film growth[END_REF], and could be related to Cu atoms diffusing out of grain boundaries (relaxing compressive stress when the deposition is interrupted) and back into grain boundaries (increasing compressive stress due to resumption of deposition). This mechanism is induced by a change in the surface chemical potential due to the depositing particle flux, as explained in Section 2.4. Another possible mechanism, driven by surface diffusion, is the morphological change of the surface profile towards a closer to equilibrium shape when the flux is stopped, as also explained in Section 2.4.

Working pressure effect

Last, let us consider the effect of working gas pressure on the intrinsic stress of HiPIMS Cu films. The films were grown on grounded substrates at a constant average power of 200 W and a working gas pressure which was varied from 0.5 to 1 Pa. Only the samples deposited at the lowest and the highest pressure are shown here. The results presented in Fig. 48a indicate that the tensile peak corresponding to the end of island coalescence is slightly shifted to higher thickness with increasing working pressure. In the post-coalescence stage (Fig. 48b), the film force is less compressive for higher-pressure condition. These results are in line with earlier findings in DCMS Cu films [START_REF] Pletea | Stress evolution during and after sputter deposition of Cu thin films onto Si(100) substrates under various sputtering pressures[END_REF] and are related to the kinetic energy of impinging particles at different working gas pressures. At low working pressure (Fig. 48, black curves), Cu-Ar collisions are less occurring in the bulk plasma (longer mean free path) and the Cu + ions may keep their kinetic energy of ~20 eV when impinging on the grounded substrate. These particles have sufficient energy to produce defects. However, they do not allow significant defect annihilation, as already discussed in Subsection 4.4.1. Therefore, during the nucleation stage, islands are continuously created and broken up, leading to a high island density and a continuous film at low thickness. Atomic peening and defect generation persist during film growth, which ultimately lead to large compressive stress in the post-coalescence stage. As the working pressure is increased (Fig. 48, red curve), the Cu + ions suffer more collisions with the working gas before arriving at the growth surface, and their energy decreases. Less defects are created and less atoms reach the grain boundaries, so the stress is less compressive. Indeed, for very high pressures, where film-forming species have very low energy, tensile stress is obtained due to porous-voided grain boundaries [START_REF] Pletea | Stress evolution during and after sputter deposition of Cu thin films onto Si(100) substrates under various sputtering pressures[END_REF]. The interested reader is referred to [START_REF] Koch | Stress in Evaporated and Sputtered Thin Films -A Comparison[END_REF][START_REF] Pletea | Stress evolution during and after sputter deposition of Cu thin films onto Si(100) substrates under various sputtering pressures[END_REF] for more information on the effect of the process gas pressure.

SUMMARY AND CONCLUSIONS

In this chapter, some of the fundamental properties of Cu films, such as the crystal structure, intrinsic stress, grain size and morphology, and film growth mode, were systematically investigated in HiPIMS and DCMS processes, for different substrate bias voltage, target average power, and working gas pressure. The identification of the fundamental properties is the first part of a bigger study that will be completed in the next chapter, where the final properties of Cu films, such as the electrical resistivity, will be addressed.

The investigations presented here showed that, in the studied range, the target average power and the working gas pressure have a minor influence on the fundamental properties of Cu films deposited by HiPIMS. This is due to the fact that the former influences mainly on the growth rate (which had a limited effect on the film properties), whereas the latter has a limited impact on the kinetic energy of the film-forming species, which are mostly Cu + ions in this process. More interesting results were obtained when a negative bias voltage was applied to the substrate (and hence to the growing film) to influence on the kinetic energy of the depositing particles over a larger range. This negative potential accelerates the positive Cu + ions to the substrate with a kinetic energy which depends mainly on the bias voltage value. By changing the conditions of metal ion bombardment during film growth, the structure of the Cu films was tailored and novel results were achieved.

It was possible to tailor the film texture by changing the bias voltage (ion energy) in HiPIMS, where a (111) texture was detected in polycrystalline Cu films deposited at low negative bias voltages (up to -60 V), which gradually evolved to a (002) texture at higher bias voltages (-130 V). At the latter condition, Cu films grow epitaxially at room temperature on Si(001) wafers covered with a native oxide layer without any substrate pretreatment. The Cu/Si heteroepitaxial growth was obtained through a complex interface composed of different copper silicides or amorphous phases, which are explained by a mechanism taking into account the energetic bombardment during film growth. This novel, single-step, deposition process eliminates the need of prior chemical etching or plasma cleaning of the substrate, being a more efficient approach and an environmentally friendly alternative for the thin film industry interested in epitaxial growth. However, Cu films grown by DCMS always exhibited a (111) texture, which is due to the predominantly neutral material flux not being affected by the substrate bias.

The grain size increased by a factor ~4 for the HiPIMS Cu films deposited from grounded substrates to 130 V bias. It is likely due to the higher adatom mobility during the HiPIMS biased process, which leads to a lower island density during the nucleation stage, and consequently to the development of larger grains. This was confirmed by investigating the early stages of growth during in situ intrinsic stress analysis, where the tensile peak (related to the end of the coalescence stage) is shifted to higher film thickness with increasing negative bias voltage, indicating the presence of larger islands. All studied polycrystalline and epitaxial films exhibited the typical CTC behavior of high mobility Volmer-Weber growth. Moreover, the first compressive stage is abrupt and more evident for all biased HiPIMS films, which could be related to Cu atom implantation and sputter etching of the SiOx surface layer at the very beginning of film growth, confirming the mechanism proposed for the Cu/Si epitaxial growth.

Regarding the post-coalescence stage of Cu film growth by HiPIMS, three distinct trends were observed: 1) for grounded substrates, the larger compressive stress (-220 MPa) can be explained by a higher fraction of growth-induced defects; 2) for bias voltages between 30

V and 100 V, the average stress is considerably reduced, and a minimum compressive stress of -50 MPa was found (2-3 times less compressive than the corresponding DCMS films), which is primarily due to a significant increase of the lateral grain size and thereby a reduction of the grain boundary density resulting in a lower incorporation of excess atoms into the grain boundaries. These findings show that, contrarily to common expectations, the stress magnitude can be significantly reduced despite the energy increase of the bombarding particles when using HiPIMS; 3) for bias voltages of 130 V and 160 V, the stress returns to a more compressive state, which is likely related to an increase of microstrain due to defect incorporation in the grain interior even though the lateral grain size increases somewhat. In addition, reversible stress relaxations are observed upon growth interrupts, with characteristic time constants of tens of seconds, which suggests that the stress and microstructure development are mainly mediated by surface diffusion processes. This investigation demonstrated that HiPIMS is a suitable method for the deposition of Cu films having low compressive stress and tailored texture and grain size when deposited under specific experimental conditions. The present findings and the given rationale are likely of value for future coating strategies and material design for controlling the stress state and texture.

Chapter 5 Reducing the electrical resistivity of Cu films

In the previous chapter, we saw that many of the primary properties of Cu films are strongly influenced by the experimental conditions chosen during growth, and in particular the substrate bias voltage, which affects the kinetic energy of the film-forming species. Using this knowledge, experimental conditions were selected to deposit Cu films at different thicknesses to study the size-dependent phenomenon of the electrical resistivity of Cu films, which is of major concern for the microelectronics industry and the main topic of the present chapter. The objective is to decrease the electrical resistivity of Cu films by controlling their microstructure, and this for very thin films, if possible just after the coalescence phase, through the use of HiPIMS (and DCMS as a comparison). 

PREAMBLE

Presentation of the chapter

This chapter is the continuation of the study concerning pure Cu films, started in Chapter 4, where the fundamental properties of Cu films such as texture, grain size and intrinsic stress were systematically investigated as a function of some external process parameters during film deposition. The focus of Chapter 5, on the other hand, is mainly on the most significant final property of Cu, which is the electrical resistivity (𝜌), since Cu is widely used as an ultrathin layer in electro-electronic-magnetic devices requiring very good electrical conductivity. More specifically, the aim here is to reduce the effect of the size-dependent electrical resistivity of Cu ultrathin films for nano-ranged downscaled devices (more details and references are found in Subsection 5.1.2). We will see that the microstructure of the Cu films is strongly connected to their electrical resistivity, and that the understanding of microstructure-tailoring gained in Chapter 4 can be beneficially applied to this study.

This chapter is organized in the following way: Subsection 5.1.2 introduces the topic of the thickness-dependent electrical resistivity of Cu films. Section 5.2 describes the experimental parameters used to grow the studied Cu films and their growth rate. The results and discussions are presented in the following sections, comprising the microstructural characterization (Section 5.3) and the electrical resistivity at RT and at lower temperatures (Section 5.4). Lastly, the findings are summarized and conclusions are drawn in Section 5.5.

Cu ultrathin films

In the last decades, Cu has attracted much interest as a thin and ultrathin film material, which was driven by the increasing demand for nano-ranged downscaled electrical, electronic, and magnetic devices [START_REF] Rosenberg | Copper Metallization for High Performance Silicon Technology[END_REF]. For instance, Cu is replacing aluminum and its alloys as an interconnect material in submicron ULSI, see Fig. 49a, since it presents lower bulk electrical resistivity (𝜌 𝐶𝑢 = 1.67 vs. 𝜌 𝐴𝑙 = 2.65 µΩ cm), higher electromigration a resistance, higher melting temperature (𝑇 𝐶𝑢 = 1360 vs. 𝑇 𝐴𝑙 = 930 K), and higher resistance under stress failures [START_REF] Chan | Thickness dependence of the structural and electrical properties of copper films deposited by dc magnetron sputtering technique[END_REF][START_REF] Murarka | Advanced multilayer metallization schemes with copper as interconnection metal[END_REF][START_REF] Chan | Effects of substrate temperature on electrical and structural properties of copper thin films[END_REF][START_REF] Shi | Structural and electrical properties of copper thin films prepared by filtered cathodic vacuum arc technique[END_REF]. Interconnects are conductive structures (wires, lines, thin films) which integrate hundreds of billions of electronic components (transistors, capacitors, resistors, inductors) into a microchip [START_REF] Sze | Semiconductor Devices: Physics and Technology[END_REF][START_REF]Copper Interconnects: The Evolution of Microprocessors[END_REF]. Fig. 49b shows a schematic illustration of a p-n junction, i.e., a key building block of a transistor, after Cu metallization. These contacts require low electrical resistivity and good fill up of the trenches.

The interest of having ultrathin Cu layers with electrical resistivity as close as possible to the bulk value is central for the proper functioning of micro-/nano-scale devices. Low resistance contacts allow charge to flow easily in both directions between the semiconductor a Electromigration: transport of metal ions through a conductor due to the passage of an electrical current [START_REF] Sze | Semiconductor Devices: Physics and Technology[END_REF]. and the metal, without blocking. It also prevents excessive power dissipation and interconnect delay, which would limit operation in high frequency circuits [START_REF] Sze | Semiconductor Devices: Physics and Technology[END_REF]. However, as the required dimensions reach the nanoscale, increase in electrical resistivity of a metal thin film is expected [START_REF] Chen | Influence of Line Dimensions on the Resistance of Cu Interconnections[END_REF]. This size-dependent regime is reached when the thickness of the film becomes comparable to the electron mean free path for electron-phonon collisions (39 nm for Cu), resulting in a dramatic increase of the resistivity above that of the bulk material, even at room temperature [START_REF] Josell | Size-Dependent Resistivity in Nanoscale Interconnects[END_REF]. It is associated with free-electron scattering at external surfaces and higher grain density resulting in internal free-electron scattering at grain boundaries, as well as other minor factors as inhomogeneous film growth, decreased island growth, surface roughness, impurities, and poor film crystallinity [START_REF] Josell | Size-Dependent Resistivity in Nanoscale Interconnects[END_REF][START_REF] César | Calculated Resistances of Single Grain Boundaries in Copper[END_REF][START_REF] Chawla | Electron scattering at surfaces and grain boundaries in Cu thin films and wires[END_REF][START_REF] Harper | Mechanisms for microstructure evolution in electroplated copper thin films near room temperature[END_REF][START_REF] Magnus | Nucleation and Resistivity of Ultrathin TiN Films Grown by High-Power Impulse Magnetron Sputtering[END_REF][START_REF] Cho | Copper Better than Silver: Electrical Resistivity of the Grain-Free Single-Crystal Copper Wire[END_REF]. Indeed, many studies have shown that the electrical resistivity of Cu films increases from bulk value (~1.7 µΩ cm) to several µΩ cm when the layers are in the nanoscale range [START_REF] Josell | Size-Dependent Resistivity in Nanoscale Interconnects[END_REF][START_REF] Chan | Thickness dependence of the structural and electrical properties of copper films deposited by dc magnetron sputtering technique[END_REF][START_REF] Shi | Structural and electrical properties of copper thin films prepared by filtered cathodic vacuum arc technique[END_REF][START_REF] Cabral | Preparation of low resistivity Cu-1 at. %Cr thin films by magnetron sputtering[END_REF][START_REF] Boo | High-rate deposition of copper thin films using newly designed high-power magnetron sputtering source[END_REF][START_REF] Rossnagel | Alteration of Cu conductivity in the size effect regime[END_REF]. Fig. 49c shows clearly this behavior, for different experimental sets. Therefore, the understanding and control of this size-dependent phenomenon is of major concern to the entire microelectronics industry, since Cu is expected to continue dominating the interconnection technology. 

EXPERIMENTAL DETAILS

The Cu films studied in this chapter were deposited by either DCMS or HiPIMS onto p-type doped Si(001) oriented wafers (𝜌 𝑆𝑖 = 8-16 Ω cm) covered with a native oxide (SiOx) layer. The depositions were carried out in the magnetron sputtering system described in Subsection 3.1.1. It differs from the system used in Chapter 4, thus, the parameters described below are not exactly the same as those used before. However, they were adapted to the new system, to obtain similar plasma conditions as those described for the films in Chapter 4.

The approach employed in the last chapter was important to identify the adequate experimental conditions to grow the Cu films studied in the present chapter. Since the focus now is on the final application, I decided to choose experimental conditions resulting in Cu films with as little compressive stress as possible, to reduce stress-induced failures such as buckling, blistering, and delamination. Therefore, all Cu films studied in this chapter were deposited at -100 V DC substrate bias, which was the condition where polycrystalline Cu films showed a reduced intrinsic compressive stress compared to all investigated conditions, in both HiPIMS and DCMS (Subsection 4.4.1). Other discharge parameters are presented in Table 5. Note that the working pressure is the same as used in the previous study (0.5 Pa), however, the average power was reduced from 200 to 100 W to keep the same average power density on the cathode (~5 W cm -2 ), which in the present case is a 2" magnetron. As observed in Table 5, the only variable was the deposition time. Different times were used in order to change the film thickness, varying from 30 s to 18 min in the DCMS experiments and from 1 min to 30 min in the HiPIMS experiments. Fig. 50 shows the film thickness as a function of deposition time for selected samples deposited by DCMS and HiPIMS. As expected, the film thickness increases with deposition time for both techniques, due to accumulation of deposited material over time. The linear behavior is characteristic of time-dependent growth of metallic films by sputtering-deposition technologies, and allow us to obtain a reliable and reproducible growth rate of the deposited films. In this study, the deposition rate of Cu films was found to be 28 ± 0.5 nm min -1 for HiPIMS and 61 ± 1.5 nm min -1 for DCMS, i.e., the ratio 𝑟𝑎𝑡𝑒 𝐻𝐼𝑃𝐼𝑀𝑆 /𝑟𝑎𝑡𝑒 𝐷𝐶𝑀𝑆 was approximately equal to 0.47. The rates are much higher compared to the study presented in Chapter 4, mainly because of the lower target to substrate distance and the differences in the depositing systems. However, the ratio is in line with data reported in the literature, with values lying between 0.4 and 0.6, depending on the different experimental setups [START_REF] Samuelsson | On the film density using high power impulse magnetron sputtering[END_REF][START_REF] Helmersson | Proceedings of the 48th Annual Technical Conference of the Society of Vacuum Coaters[END_REF]. The lower deposition rate in HiPIMS compared to DCMS is a common behavior, as discussed in detail in Subsection 1.4.2. Both images exhibit a compact ~300 nm thick layer deposited on top of the Si substrate. However, the microstructure differs for the different deposition processes for the same film thickness. The DCMS film exhibits a fibrous columnar structure (Fig. 51a) with voids and small grains protruding from the top surface, while the microstructure of the HiPIMS films appears denser (globular grains), with a smoother top surface (Fig. 51b). The respective microstructures are typical for all investigated DCMS and HiPIMS Cu films, although the film thickness varied in the sub-micrometric range. Such differences with generally smoother and denser thin films when using HiPIMS as compared to DCMS have previously been reported by Samuelsson et al. [START_REF] Samuelsson | On the film density using high power impulse magnetron sputtering[END_REF] when investigating eight different metal coatings including Cu.

The SEM results in Fig. 51 are supported by AFM investigations. Fig. 52 shows 2 × 2 μm 2 AFM top view micrographs of selected Cu films with different thicknesses deposited by DCMS (a-c) and HiPIMS (d-f). One can see that all surfaces exhibit a granular structure, with increased in-plane grain size at higher thicknesses for both DCMS and HiPIMS Cu films. The observed grain size increase with thickness was previously reported for thin copper layers deposited by DCMS [START_REF] Chan | Thickness dependence of the structural and electrical properties of copper films deposited by dc magnetron sputtering technique[END_REF] and filtered cathodic vacuum arc (FCVA) [START_REF] Shi | Structural and electrical properties of copper thin films prepared by filtered cathodic vacuum arc technique[END_REF] and is typical for deposition of high mobility metals [10]. However, it is important to note that the HiPIMS Cu films are composed of larger grains compared to the corresponding DCMS films at the same average thickness, confirming what was also observed in the SEM images (Fig. 51). Table 6 presents the estimated average grain size of each sample shown in Fig. 52. Taking all measurements into account, the HiPIMS/DCMS grain size fraction varies between 1.7 and 2.1, which means that, roughly, the grains formed in the HiPIMS films are twice the size of the grains of the DCMS films. A similar fraction value was found in the previous chapter, when comparing the grain size of HiPIMS and DCMS Cu films deposited at -100 V bias (Fig. 45b) grown in a different magnetron system. The large grained, dense, columnar morphology found in the HiPIMS Cu films is related to the increased adatom mobility and enhanced diffusion processes, which are typical in this type of discharge, due to the high amount of Cu + ions in the flux of the sputtered material [START_REF] Kouznetsov | A novel pulsed magnetron sputter technique utilizing very high target power densities[END_REF][START_REF] Samuelsson | On the film density using high power impulse magnetron sputtering[END_REF][START_REF] Vlcek | Ion flux characteristics in high-power pulsed magnetron sputtering discharges[END_REF], as discussed in Chapter 4. These features are associated with zone 2 in the revised version of the SZM proposed by Anders [START_REF] Anders | A structure zone diagram including plasma-based deposition and ion etching[END_REF], see Fig. 24. For the DCMS case, the microstructure characterized by a high density of fine and fibrous grains ending with domed tops is typical for zone 1 type of thin films, according to all SZMs presented in Section 2.3. In all cases, the RMS roughness increases with the thickness of the studied Cu films, as shown in Table 6. It is associated with the increase in grain size at higher deposition times, i.e., at larger film thickness, as observed in the AFM images (Fig. 52) and discussed elsewhere [START_REF] Shi | Structural and electrical properties of copper thin films prepared by filtered cathodic vacuum arc technique[END_REF]. The RMS roughness values of DCMS and HiPIMS films at the same average thickness are essentially the same, considering the experimental error.

DCMS

Crystal orientation maps of selected samples (not shown) obtained by EBSD showed that the films surface are composed of a mixture of ( 111) and (002) grains, as expected and already observed for polycrystalline Cu films deposited at similar experimental conditions (Chapter 4, Fig. 36b).

ELECTRICAL RESISTIVITY

Fig. 53a illustrates the dependence of the electrical resistivity at RT on the thicknesses of Cu films, from 20 to 800 nm, deposited by DCMS and HiPIMS. For both deposition processes, one can notice an exponential decay of electrical resistivity as the film thickness is increased, which eventually converges close to the bulk value of polycrystalline copper for the thicker films (400 nm thick or more), similar as presented in Fig. 49c for different studies, as reported in the literature [START_REF] Josell | Size-Dependent Resistivity in Nanoscale Interconnects[END_REF]. The thinnest DCMS and HiPIMS Cu films (~30 nm) prepared in this study exhibited the highest resistivity values, 8.2 μΩ cm and 5.8 μΩ cm, respectively. Note that the electrical resistivity of the thinnest HiPIMS Cu film is only three times larger than the Cu bulk value of 1.7 μΩ cm. The observed trends are in agreement with previously reported theories and experiments concerning the size-related scaling of the resistivity of conducting metallic thin films. Some results from other groups are represented in Fig. 53b (open symbols), together with the results already presented in Fig. 53a (closed symbols). If we look at the Cu films deposited by DCMS, Chan et al. [START_REF] Chan | Thickness dependence of the structural and electrical properties of copper films deposited by dc magnetron sputtering technique[END_REF] found an electrical resistivity equal to 14.81 μΩ cm for the thinnest layer (130 nm thick) studied in their work (open green squares, Fig. 53b) and Cabral et al. [START_REF] Cabral | Preparation of low resistivity Cu-1 at. %Cr thin films by magnetron sputtering[END_REF] reported a resistivity equal to 8.5 μΩ cm for a 100 nm thick sputtered Cu film alloyed with chromium 1 at. % (open pink circles, Fig. 53b). In both studies, the resistivity decreases with increasing film thickness and eventually approaches the bulk value.

Nonetheless, Shi et al. [START_REF] Shi | Structural and electrical properties of copper thin films prepared by filtered cathodic vacuum arc technique[END_REF] obtained Cu films with lower resistivity by using a FCVA technique, with the highest value of 3.6 μΩ cm for the 25 nm thick film and an average value of 1.8 μΩ cm for the films with a thickness > 135 nm (open orange triangles, Fig. 53b).

The most striking result in Fig. 53a is that the electrical resistivity of all HiPIMS films is smaller than the corresponding resistivity values found for the DCMS films. The percentage decrease in electrical resistivity is around 30 % for the films grown by HiPIMS comparing to the DCMS ones, if we consider the films < 200 nm thick. It is important to note that the observed decrease in resistivity occurs even for the ultrathin films, which are the most suitable candidates for downscaling microelectronic devices. In addition, the thicker HiPIMS films tend to stabilize their resistivity at ~2.3 μΩ cm, while the same occurs for the DCMS films at ~3 μΩ cm (25 % of reduction for HiPIMS). Previous reports (no systematic studies on size-dependent resistivity) have also confirmed the variation of resistivity in thin films grown by DCMS and HiPIMS:

Samuelsson et al. [START_REF] Samuelsson | Influence of ionization degree on film properties when using high power impulse magnetron sputtering[END_REF] have shown that chromium thin films grown by HiPIMS have lower electrical resistivity than their counterpart deposited by DCMS (~32 % reduction), and the same trend was observed by Magnus et al. [START_REF] Magnus | Nucleation and Resistivity of Ultrathin TiN Films Grown by High-Power Impulse Magnetron Sputtering[END_REF] for TiN thin films (~85 % reduction). Finally, one can observe in Fig. 53a that HiPIMS films with thicknesses between 250 and 350 nm do not follow the trend line. Several samples deposited in different batches were investigated to verify this behavior. We currently do not have an explanation for the sudden change in resistivity. Nevertheless, the HiPIMS values are still below the DCMS values even in this thickness region (~10 % reduction). Cabral et al. [START_REF] Cabral | Preparation of low resistivity Cu-1 at. %Cr thin films by magnetron sputtering[END_REF] and Shi et al. [START_REF] Shi | Structural and electrical properties of copper thin films prepared by filtered cathodic vacuum arc technique[END_REF]. The resistivity bulk value of polycrystalline Cu is also presented (1.7 μΩ cm, dashed line).

b) a)

The overall differences in the electrical resistivity obtained by DCMS and HiPIMS (Fig. 53a) are believed to be related to the previously discussed microstructural differences of the Cu films (Fig. 51 and Fig. 52), which are associated with different grain evolution during film growth in both deposition processes. For the DCMS samples, the small grain size and the large number of grain boundaries and voids or porosity are likely responsible for the higher resistivity, because grain boundaries act as scattering centers for free-electrons [START_REF] Josell | Size-Dependent Resistivity in Nanoscale Interconnects[END_REF][START_REF] César | Calculated Resistances of Single Grain Boundaries in Copper[END_REF][START_REF] Chawla | Electron scattering at surfaces and grain boundaries in Cu thin films and wires[END_REF][START_REF] Cho | Copper Better than Silver: Electrical Resistivity of the Grain-Free Single-Crystal Copper Wire[END_REF] passing through the material. The HiPIMS films exhibit larger grains, which reduce the grain boundary density and scattering of charge carriers, and thereby improving their mobility and consequently reducing the resistivity of the thin film [START_REF] Chawla | Electron scattering at surfaces and grain boundaries in Cu thin films and wires[END_REF][START_REF] Harper | Mechanisms for microstructure evolution in electroplated copper thin films near room temperature[END_REF]. The suggestion of grain size governing the free-electron transport in metallic thin films seems to be even more relevant if we look at the almost equal average grain size of the 290 nm thick film obtained by DCMS and the 115 nm thick film obtained by HiPIMS (Table 6). The resistivity value for these two samples are the same, as can be seen in Fig. 53b, horizontal black bold line (~3.4 μΩ cm).

Although not a direct proof, this is an indication of the correlation between the microstructure and the electrical resistivity. In addition, Harper et al. [START_REF] Harper | Mechanisms for microstructure evolution in electroplated copper thin films near room temperature[END_REF] claimed that there is an inverse linear dependence of film resistivity on grain size, which was also verified as a trend for selected HiPIMS samples studied in this work, see Fig. 54. The same behavior was demonstrated for Cu films deposited by metalorganic chemical vapor deposition (MOCVD) [START_REF] Riedel | Electrical properties of copper films produced by MOCVD[END_REF]. Finally, Chawla et al. [START_REF] Chawla | Electron scattering at surfaces and grain boundaries in Cu thin films and wires[END_REF] have shown that it is possible to reduce the resistivity by 10-15 % of 30-50 nm thick polycrystalline Cu layers by increasing the average grain size by a factor of 1.8. In the present study, for approximately the same factor, we found a 10-30% improvement in the resistivity of 30-800 nm Cu films, by modifying the deposition process (HiPIMS vs. DCMS). The results shown in Fig. 53b also allow us to evaluate the electrical resistivity of Cu films depending on the type of PVD process used. One can see that the resistivity of the HiPIMS films is lower than the resistivity of all DCMS films, but higher compared to the FCVA films.

As previously discussed, the ionization degree of the cathode material in the HiPIMS discharges is higher than in DCMS discharges, leading to films with larger grains and reduced resistivity.

The even better results found for the FCVA Cu films [START_REF] Shi | Structural and electrical properties of copper thin films prepared by filtered cathodic vacuum arc technique[END_REF] are, in the same way, likely due to the almost fully ionized precursor flux of the FCVA method [9,[START_REF] Tay | Review of metal oxide films deposited by filtered cathodic vacuum arc technique[END_REF], which enables acceleration of all impinging particles to the substrate by the use of a substrate bias and ultimately a favorable microstructure, in line with the discussion on ionized film growth in Section 5.3. Even though the HiPIMS values of the Cu thin films resistivity are slightly higher than the ones found for the FCVA films, the worldwide availability of magnetron systems makes the HiPIMS solution more attractive, since it uses conventional magnetron sputtering equipment except for the power supplies. In addition, the FCVA is much less valuable in terms of efficiency, since a large amount of evaporated species (especially the droplets) are filtered (eliminated from the precursors), and thus only a fraction of the evaporated Cu does contribute to the film growth.

The electrical resistivity of one set of these ultrathin HiPIMS and DCMS Cu films (~60 nm) was also studied with respect to the operating temperature, due to the interest of the Cu films for operating devices such as magnetic field sensors well below room temperature. The results are shown in Fig. 55. The resistivity of both Cu layers decreases linearly as the temperature decreases. The HiPIMS Cu film has a lower resistivity compared to the DCMS film (30 % decrease) at all operated temperatures. Note that the slope of the HiPIMS sample is slightly steeper (0.00652 μΩ cm K -1 compared to 0.00524 μΩ cm K -1 for the DCMS sample), which indicates a higher metal mobility and a better crystal quality of the HiPIMS Cu film. 

SUMMARY AND CONCLUSIONS

In this chapter, the microstructural and electrical properties of Cu thin and ultrathin films were systematically studied and compared as a function of sub-micron film thickness (from 30 to 800 nm) and deposition process (HiPIMS and DCMS), with the ultimate goal of reducing the electrical resistivity of Cu layers in the size-effect regime (≤200 nm). Indeed, the study was focused on the most important final property of Cu films, which is its electrical resistivity, since

Cu is widely used as an ultrathin layer in electro-electronic-magnetic devices requiring very good electrical conductivity. This was the last part of a bigger study started in Chapter 4, concerning metallic pure Cu films. The investigations presented here showed that the electrical resistivity of Cu films at RT dramatically increases when the thickness of the films reach the nanoscale (< 100 nm), independently on the deposition process used. However, the electrical resistivity of all HiPIMS films is smaller than the corresponding resistivity values found for the DCMS films. For films as thin as 30 nm, the electrical resistivity was reduced by 30 % when deposited by HiPIMS compared to DCMS, being only three times larger than the Cu bulk value. In general, a 25-30 % reduction was observed in the electrical resistivity when considering the film thickness range of 30-800 nm. A correlation between the electrical resistivity and the grain size was found, corresponding to an inverse linear dependence of film resistivity on grain size, as already pointed out by other groups. In the present case, the HiPIMS Cu films exhibit larger grain sizes (approximately by a factor of 2) and hence a reduced grain boundary density compared to DCMS Cu films of similar thickness, which reduce the scattering of charge carriers passing through these films and thereby their electrical resistivity. These larger grains are likely due to the impinging energy of highly ionized precursor of the HiPIMS discharge, which in the present work is controlled by an external substrate bias (-100 V). Also the higher flux of ion precursors with respect to the neutral flux in HiPIMS can beneficially contribute. Both energy and flux of ions enhance the adatom mobility and surface diffusion processes during film growth, as discussed in the previous chapter, leading to the formation of larger islands and ultimately larger grains.

An improved conductivity of ultrathin HiPIMS films (~60 nm thick) was found also for low temperature operation (down to 130 K), where the 30 % decrease in the electrical resistivity is maintained at all evaluated temperatures. The strategy used in the present study to deposit ultrathin Cu films by HiPIMS could be useful for the micro-electro-electronic-magnetic industries, which require a reduction of the thickness-dependent resistivity of Cu films in their devices. The worldwide availability of magnetron systems makes the HiPIMS solution attractive, since it uses conventional magnetron sputtering equipment except for the power supplies.

Chapter 6 Tailoring the structure of pure and N-doped TiO 2 films

This chapter deals with the fundamental properties of TiO2 thin films, in a similar approach to what was done in Chapter 4 for Cu thin films. Indeed, the understanding on how energetic ion bombardment can tailor pure metal film properties is transferred here to the case of compound films, which were deposited in a reactive process with a higher complexity compared to the non-reactive case. In the present chapter, the crystal structure, the chemical structure, the grain size, and the optical properties of pure and N-doped TiO2 films are systematically investigated in HiPIMS for different experimental conditions. Intrinsic stress investigations on compound films will be presented later on in Chapter 7.

Contents: _________________________________________________ 
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In the two last chapters, Cu sputtering (in DCMS and HiPIMS modes) was chosen as a non-reactive and thus a relatively simple process to deposit Cu thin and ultrathin films with tailored crystal structure, microstructure and intrinsic stress and improved electrical conductivity. The knowledge and insight generated from the non-reactive process concerning best use of energetic ion bombardment for tailoring the film properties are now transferred and applied to two compound thin film systems, TiO2 and TiN, due to their relevant properties and wide industrial applications. In both cases, a pure Ti target is sputtered by Ar in a vacuum chamber containing also the reactive gases, O2 and/or N2, as described in Subsection 1.3.4. The present chapter concerns to the study of the structure of pure and N-doped TiO2 thin films, whereas Chapter 7 is about the intrinsic stress and the structure of TiN thin films. The interest of investigating these thin film materials is motivated, in each chapter, by a brief introduction, e.g., see Subsection 6.1.1 for TiO2 films.

This chapter is organized in the following way: Subsection 6.1.1 introduces some properties and applications of pure and doped TiO2 thin films, and Subsection 6.1.2 briefly reviews the deposition of these films by other groups using HiPIMS. This subsection is especially important because it motivates the research work described in this chapter. Section 6.2 describes the experimental parameters used to grow the studied films and their growth rate.

The results and analyses are presented in Sections 6.3 to 6.6 and cover the crystal structure, the chemical structure, the grain size and the optical properties of pure and N-doped TiO2 films. Lastly, the findings are summarized and conclusion are drawn in Section 6.7.

TiO2 thin films

TiO2 is probably the most studied and widely used thin film material on the planet, due to its remarkable properties. The vast number of diverse applications include: photocatalysis for water splitting, decomposition of pollutants and self-cleaning windows [START_REF] Fujishima | TiO2 photocatalysis and related surface phenomena[END_REF][START_REF] Fujishima | Eletrochemical photolysis of water at a semiconductor electrode[END_REF][START_REF] Teh | Roles of titanium dioxide and ion-doped titanium dioxide on photocatalytic degradation of organic pollutants (phenolic compounds and dyes) in aqueous solutions: A review[END_REF][START_REF] Paz | Photooxidative self-cleaning transparent titanium dioxide films on glass[END_REF]; anti-reflective coatings [START_REF] Jeong | Characterization of SiO2 and TiO2 films prepared using rf magnetron sputtering and their application to anti-reflection coating[END_REF]; gas and humidity sensors [START_REF] Nisar | TiO2-Based Gas Sensor: A Possible Application to SO2[END_REF][START_REF] Wang | Photoelectrochemical study on charge transfer properties of TiO2-B nanowires with an application as humidity sensors[END_REF]; dielectric material in memory capacitors and transistors [START_REF] Wilk | High-κ gate dielectrics: Current status and materials properties considerations[END_REF]; anode material in lithium-ion batteries [START_REF] Liu | Recent Progress of TiO2-Based Anodes for Li Ion Batteries[END_REF][START_REF] Tian | Morphology-engineered and TiO2 (B)introduced anatase TiO2 as an advanced anode material for lithium-ion batteries[END_REF][START_REF] Chen | Constructing Hierarchical Spheres from Large Ultrathin Anatase TiO2 Nanosheets with Nearly 100% Exposed (001) Facets for Fast Reversible Lithium Storage[END_REF]; white pigment in paints, paper, food and personal care products [START_REF] Weir | Titanium Dioxide Nanoparticles in Food and Personal Care Products[END_REF]; etc. Crystalline TiO2 in bulk form is found mainly in two tetragonal structures, anatase and rutile phases, and in one orthorhombic structure, brookite phase [START_REF] Fujishima | TiO2 photocatalysis and related surface phenomena[END_REF][START_REF] Diebold | The surface science of titanium dioxide[END_REF]. However, in thin films, only anatase and rutile have been observed [START_REF] Lobl | Nucleation and growth in TiO2 films prepared by sputtering and evaporation[END_REF][START_REF] Wiggins | Phase development in sputter deposited titanium dioxide[END_REF], and often they coexist. Their tetragonal unit cells are shown in Fig. 56a. One can observe a strong difference in the lattice parameter c (being a = b ≠ c) of the two structures (c/a ratio equal to 2.51 and 0.64 for anatase and rutile, respectively). In both structures, the basic building block is a Ti cation surrounded by six O anions (Ti coordination number = 6) in a slightly distorted octahedral configuration; the stacking of the octahedra results in threefold-coordinated O anions [START_REF] Diebold | The surface science of titanium dioxide[END_REF]. In anatase, neighboring octahedra share corners and four edges and are arranged in zigzag chains, while in rutile they share corners and only two edges and form linear parallel chains. The octahedral configuration is represented in Fig. 56a. [START_REF] Diebold | The surface science of titanium dioxide[END_REF]. The stacking of the octahedra in both structures is also shown. b) A simplified schema of a photoelectrochemical cell for water splitting using TiO2 as the photoanode and Pt as the cathode [START_REF] Maeda | Photocatalytic water splitting using semiconductor particles: History and recent developments[END_REF].

The more compact structure of rutile compared to anatase is the reason for its higher refractive index, higher density and greater chemical stability. Rutile is a thermodynamically stable phase, while anatase is metastable at standard temperature and pressure, i.e., anatase can be converted to rutile after overcoming an activation energy [9,[START_REF] Diebold | The surface science of titanium dioxide[END_REF][START_REF] Rahimi | Review of functional titanium oxides. I: TiO2 and its modifications[END_REF]. Nevertheless, anatase possesses the best properties for lithium-ion intercalation due to its special three-dimensional crystal structure that contains many open channels for insertion/extraction of lithium ions [START_REF] Tian | Morphology-engineered and TiO2 (B)introduced anatase TiO2 as an advanced anode material for lithium-ion batteries[END_REF][START_REF] Chen | Constructing Hierarchical Spheres from Large Ultrathin Anatase TiO2 Nanosheets with Nearly 100% Exposed (001) Facets for Fast Reversible Lithium Storage[END_REF] and the highest photocatalytic activity in spite of its higher band gap (𝐸 𝑔 ~3.2 vs.

~3.0 eV for rutile) due to better carrier mobility [START_REF] Luttrell | Why is anatase a better photocatalyst than rutile? -Model studies on epitaxial TiO2 films[END_REF][START_REF] Liu | Photocatalytic CO2 reduction with H2O on TiO2 nanocrystals: Comparison of anatase, rutile, and brookite polymorphs and exploration of surface chemistry[END_REF]. Therefore, anatase TiO2 has been favored for catalytic splitting of pure water for hydrogen (H2) production, see a simplified representation in Fig. 56b. When a TiO2 anode is irradiated by light with energy greater than the 𝐸 𝑔 of TiO2, electrons (𝑒) and holes (ℎ + ) are generated in the conduction band (CB) and valence band (VB), respectively. If a potential is applied through an external circuit, charge carriers may migrate to the surface in the following way: electrons reach the platinum (Pt) counter electrode reducing H + into H2, while the holes oxidize water on the TiO2 surface, forming O2 [START_REF] Fujishima | TiO2 photocatalysis and related surface phenomena[END_REF][START_REF] Fujishima | Eletrochemical photolysis of water at a semiconductor electrode[END_REF][START_REF] Diebold | The surface science of titanium dioxide[END_REF][START_REF] Rahimi | Review of functional titanium oxides. I: TiO2 and its modifications[END_REF][START_REF] Maeda | Photocatalytic water splitting using semiconductor particles: History and recent developments[END_REF]. The overall process happens in a photoelectrochemical (PEC) cell.

The biggest barrier when using TiO2 as a photo-activated catalyst is its large 𝐸 𝑔 , i.e., TiO2 is active only under UV light irradiation. Considering that solar light contains only about 3 % of UV light after passing the Earth atmosphere, the quantum yield for photoreactions from sunlight is very limited [START_REF] Teh | Roles of titanium dioxide and ion-doped titanium dioxide on photocatalytic degradation of organic pollutants (phenolic compounds and dyes) in aqueous solutions: A review[END_REF][START_REF] Diebold | The surface science of titanium dioxide[END_REF][START_REF] Rahimi | Review of functional titanium oxides. I: TiO2 and its modifications[END_REF]. Therefore, many attempts have been made to reduce 𝐸 𝑔 , e.g., by metal or non-metal doping, while maintaining a high-quality stoichiometric anatase structure [START_REF] Diebold | The surface science of titanium dioxide[END_REF]. These are two key factors to open the way to large-scale applications in the renewable energy sector, especially in what concerns an efficient photocatalytic hydrogen production. We will look at this latter issue in Subsection 6.6.

TiO2 growth by HiPIMS

TiO2 films grown at RT by conventional plasma-based technologies such as DCMS and RFMS are usually amorphous or contain traces of anatase in an amorphous matrix, thus, substrate heating during deposition or post-annealing are usually required to get a good crystal quality of the required phase [START_REF] Lobl | Nucleation and growth in TiO2 films prepared by sputtering and evaporation[END_REF][START_REF] Wiggins | Phase development in sputter deposited titanium dioxide[END_REF]. As an alternative approach, Konstantinidis et al. [START_REF] Konstantinidis | Titanium oxide thin films deposited by highpower impulse magnetron sputtering[END_REF] demonstrated the possibility to grow crystalline TiO2 at RT without external heating or thermal annealing by using a HiPIMS process. Similar results, also using HiPIMS, have been reported by Straňák et al. [START_REF] Straňák | Formation of TiOx films produced by high-power pulsed magnetron sputtering[END_REF][START_REF] Straňák | Physical properties of homogeneous TiO2 films prepared by high power impulse magnetron sputtering as a function of crystallographic phase and nanostructure[END_REF] and Alami et al. [START_REF] Alami | On the phase formation of titanium oxide films grown by reactive high power pulsed magnetron sputtering[END_REF]. In these cases, the energy for crystallization is delivered to the growing film not only by Ar + ions, but also by ionized film forming species, mainly Ti + and O + . For instance, the ionized fraction of sputtered Ti typically exceeds 60 % in HiPIMS [START_REF] Kubart | Investigation of ionized metal flux fraction in HiPIMS discharges with Ti and Ni targets[END_REF], but has been shown to reach above 90 % [START_REF] Bohlmark | Ionization of sputtered metals in high power pulsed magnetron sputtering[END_REF]. As a comparison, the ionized fraction of the sputtered material is generally much lower in DCMS (1 % or less) as discussed in Subsection 1.3.3 and Section 1.4.

The energetic ion bombardment provided by HiPIMS discharges primarily favors the high-temperature crystalline phase of TiO2, i.e., the rutile phase, as extensively demonstrated in the literature [START_REF] Konstantinidis | Titanium oxide thin films deposited by highpower impulse magnetron sputtering[END_REF][START_REF] Straňák | Formation of TiOx films produced by high-power pulsed magnetron sputtering[END_REF][START_REF] Straňák | Physical properties of homogeneous TiO2 films prepared by high power impulse magnetron sputtering as a function of crystallographic phase and nanostructure[END_REF][START_REF] Alami | On the phase formation of titanium oxide films grown by reactive high power pulsed magnetron sputtering[END_REF][START_REF] Aiempanakit | Effect of peak power in reactive high power impulse magnetron sputtering of titanium dioxide[END_REF][START_REF] Agnarsson | Rutile TiO2 thin films grown by reactive high power impulse magnetron sputtering[END_REF]. More specifically, experimental conditions described by low working pressure [START_REF] Straňák | Formation of TiOx films produced by high-power pulsed magnetron sputtering[END_REF][START_REF] Straňák | Physical properties of homogeneous TiO2 films prepared by high power impulse magnetron sputtering as a function of crystallographic phase and nanostructure[END_REF][START_REF] Alami | On the phase formation of titanium oxide films grown by reactive high power pulsed magnetron sputtering[END_REF], high peak power density [START_REF] Aiempanakit | Effect of peak power in reactive high power impulse magnetron sputtering of titanium dioxide[END_REF], substrates parallel to the surface of the target [START_REF] Alami | On the phase formation of titanium oxide films grown by reactive high power pulsed magnetron sputtering[END_REF], and biasing [START_REF] Konstantinidis | Titanium oxide thin films deposited by highpower impulse magnetron sputtering[END_REF] or heating [START_REF] Agnarsson | Rutile TiO2 thin films grown by reactive high power impulse magnetron sputtering[END_REF] the substrate, have proven to promote preferential growth of rutile TiO2, since such conditions give rise to an increased energetic flux arriving at the substrate (increased ion density and/or velocity) causing an increased surface and bulk diffusion. Although most HiPIMS studies published on TiO2 demonstrate the formation of the rutile phase, there is some evidence that anatase (or a mixture of anatase-rutile) grows preferentially under conditions of relatively weak ion bombardment of the growing film [START_REF] Straňák | Formation of TiOx films produced by high-power pulsed magnetron sputtering[END_REF][START_REF] Alami | On the phase formation of titanium oxide films grown by reactive high power pulsed magnetron sputtering[END_REF][START_REF] Aiempanakit | Effect of peak power in reactive high power impulse magnetron sputtering of titanium dioxide[END_REF][START_REF] Amin | The role of energetic ion bombardment during growth of TiO2 thin films by reactive sputtering[END_REF]. However, the results are contradictory, with no obvious choice of deposition conditions, and are thereby clearly a challenge for the HiPIMS community, which is further emphasized by Amin et al. [START_REF] Amin | The role of energetic ion bombardment during growth of TiO2 thin films by reactive sputtering[END_REF] who assumed that "a HiPIMS discharge apparently does not meet the prerequisites for fabricating films with anatase phase".

Therefore, the major interest in the present study is to investigate the HiPIMS growth conditions required for anatase thin films and systematically study the phase formation, microstructure and chemical composition as a function of reactive process operation (metaltransition-compound modes) as well as of external process parameters (substrate temperature, working pressure, and peak current density). Bias voltages were not used in this study because increased energy of impinging ions will likely lead to rutile phase, which is out of interest in this investigation. After that, the TiO2 doping with nitrogen is also considered.

EXPERIMENTAL DETAILS

Samples

The TiO2 films studied in this chapter were deposited by HiPIMS onto p-type doped Si(100) oriented wafers covered with a native oxide. Selected films were also deposited onto AISI 316 stainless steel disks and quartz (NEGS2, Neyco) substrates. Prior to film deposition, each substrate was cleaned ultrasonically in acetone (30 min) and isopropanol (30 min) and then loaded into the deposition chamber. The depositions were carried out in the magnetron sputtering system described in Subsection 3.1.1. A Ti target was sputtered in a gas mixture of Ar and O2. The deposition time was adjusted for each experimental condition to obtain the same final thickness of ~600 nm for all samples. Other conditions are explicitly mentioned below.

The first depositions were carried out at RT and a target to substrate distance (𝑑) equal to 10 cm. Different experimental conditions such as working pressure, target power, pulse width, reactive mode of target operation, etc. were varied for the different samples, however, all as-deposited thin films presented XRD diffraction patterns typical of amorphous materials, with no diffraction peak detected. An example is illustrated in Fig. 57 (red curve). It was therefore decided to reduce 𝑑 to 5 cm and deposit the films at a higher value of target average power, around 100 W. XRD analysis verified once again that the films were predominantly amorphous, independently on the different working pressure, peak current density, or reactive mode of target operation employed. In some of these cases, weak anatase-TiO2 diffraction peaks were detected, indicating a nanocrystalline structure/poor crystal quality, as observed in Fig. 57 (green curve). These results suggested that the energy supplied from the process to the growing film was still not enough to crystallize the deposited material.

Afterwards, a new batch of samples was deposited at 𝑑 = 3.5 cm and, surprisingly, well-defined diffraction peaks were obtained. Therefore, this distance 𝑑 was employed in the systematic investigations detailed below.

Based on the optimized distance, three series of pure TiO2 films were deposited by varying the substrate temperature, working gas pressure, and peak current density averaged over the target surface. In the first group of samples, I investigated the effect of substrate temperature, from RT to 500 °C, at a constant working gas pressure of 1 Pa and a peak current density of 1 A cm -2 . Please note that the selected O2 gas flow rate (1.7 sccm) corresponds to target operating in the compound mode for all investigated samples. Details concerning the target's mode of operation for the different groups of samples are given in Subsection 6.2.1. Furthermore, the typical deposition rate was around 14 nm min -1 (or a power normalized rate of 0.13 nm min -1 W -1 ). A slight decrease (up to 18 % less) in the deposition rate was detected when increasing the substrate temperature from RT to 500 °C, which is likely due to film densification [START_REF] Thornton | Influence of apparatus geometry and deposition conditions on the structure and topography of thick sputtered coatings[END_REF], since the rate was calculated based on the film thickness. As a comparison, most works on TiO2 deposition using HiPIMS have also been carried out in the compound mode: Lecoq et al. [START_REF] Lecoq | Elaboration of a wide range of TiO2 micro/nanostructures by high power impulse inverted cylindrical magnetron sputtering[END_REF] measured deposition rates in the range 1.6-3.6 nm min -1 (or a power normalized rate of 0.0016-0.0036 nm min -1 W -1 ) depending on duty cycle, i.e., significantly lower compared to what is reported here. Also Straňák et al. [START_REF] Straňák | Formation of TiOx films produced by high-power pulsed magnetron sputtering[END_REF][START_REF] Straňák | Physical properties of homogeneous TiO2 films prepared by high power impulse magnetron sputtering as a function of crystallographic phase and nanostructure[END_REF] reported low deposition rates, < 1 nm min -1 (or an estimated power normalized rate of < 0.002 nm min -1 W -1 ). Alami et al. [START_REF] Alami | On the phase formation of titanium oxide films grown by reactive high power pulsed magnetron sputtering[END_REF] measured deposition rates in the range 15-48 nm min -1 depending on process pressure, which is of the same order as reported here. However, a direct comparison with their results is difficult, since they did not provide the discharge power (or voltage).

In the second group of samples, the substrate temperature was fixed at 300 °C, the peak current density was kept at 1 A cm -2 and the working gas pressure was varied from 1 to 5 Pa.

The pressure was set in pure Ar by adjusting the throttle valve between the deposition chamber and the turbo pump, and the small addition of O2 (1.7 sccm) did not have a noticeable impact on the final pressure. The gas flow rates were the same as presented above. Please note that the negative discharge voltage slightly decreased with increasing pressure to about 500 V at 5 Pa, which required adjusting the pulse frequency to 1400 Hz in order to maintain constant average power at ~110 W. The deposition rate decreased by up to 30 % when increasing the working gas pressure from 1 Pa to 5 Pa, which is due to increased scattering of the sputtered material at high pressures [START_REF] Chapman | Glow discharge processes: sputtering and plasma etching[END_REF].

Finally, in the third group of samples, the substrate temperature and the working gas pressure were fixed at 300 °C and 1 Pa, respectively, and the peak current was varied from 10 to 40 A (peak current density from 0.5 to 2 A cm -2 ). One observes from Table 9 that the negative discharge voltage had to be increased from -545 to -610 V to increase the peak current in the desired range. This led to an increase in the average power to maximum 130 W, and the frequency was decreased to 800 Hz, as to not overheat the magnetron. Although the pulsing conditions were slightly shifted, we still ensured operation in the compound mode, as will be discussed in more detail in the next subsection.

The deposition rate decreased as much as 25 % when increasing 𝐼 𝑝𝑘 to 40 A, which is mainly a result of an increased fraction of back-attracted ionized sputtered material to the target [START_REF] Christie | Target material pathways model for high power pulsed magnetron sputtering[END_REF] compared to the total amount of sputtered material reaching the substrate, where the sputtered neutrals are ionized to a larger degree (more ions) with increasing peak current [START_REF] Kubart | Investigation of ionized metal flux fraction in HiPIMS discharges with Ti and Ni targets[END_REF]. See Section 1.4.2 for more details on reduced deposition rate.

In addition, N-doped TiO2 films were prepared by adding N2 gas during the deposition process. I investigated the effect of N2 gas flow rate, from 0 to 5.4 sccm, at a constant O2 gas flow rate of 1.7 sccm and an Ar gas flow rate of 52 sccm (O2 reactivity > N2 reactivity, i.e., more N2 is added compared to O2). The working gas pressure was 1 Pa, the peak current density was 1 A cm -2 and the substrate temperature was 300 °C. Other discharge conditions were similar to those given in Table 7. The deposition rate did not change for the different samples. 

Mode of target operation in reactive gas mixture

As the reader might have noticed, the three groups of TiO2 samples described in Subsection 6.2.1 plus the N-doped TiO2 samples were all deposited at an O2 gas flow rate equal to 1.7 sccm for a fixed Ar flow rate. We will therefore spend some time motivating this choice. Remember from Section 1.3.4 that the addition of a reactive gas to the discharge changes the surface chemistry of the target from metallic to compound. The reason why the compound mode was chosen is that the XRD analysis proved that films deposited in the metal and transition modes were predominantly amorphous. In some of these cases, weak diffraction peaks indicating a nanocrystalline structure/poor crystal quality was detected. However, those results were not repeatable and we therefore did not pursue the matter further. In the compound mode, however, the studied films exhibited a considerably improved crystal quality and diffraction peaks corresponding to crystalline TiO2 were always detected. Thus, all XRD patterns shown in Section 6.3 correspond to films deposited in the compound mode.

Let us first consider the plasma pulse characteristics of typical HiPIMS conditions investigated in this study. Fig. 58a shows the recorded discharge pulse waveforms during the hysteresis study of the first group of samples, using the experimental parameters described in Table 7. Three selected discharge current waveforms 𝐼 𝐷 (𝑡) for different O2 flow rates are presented along with a typical discharge voltage waveform 𝑈 𝐷 (𝑡), corresponding to a 30 µs voltage pulse of 550 V at a pulse repetition rate of 1050 Hz. One can observe that the shape of the current waveforms changes from a convex half-parabola to an exponentially rising current with increasing O2 flow rate. However, the peak current value remains constant in all experiments, at 𝐼 𝑝𝑘 ≈ 20 A due to automatic peak current regulation of the used power supply.

The shape change of 𝐼 𝐷 (𝑡) is related to different modes of target operation, as earlier demonstrated in the work of Shimizu et al. for hafnium nitride [START_REF] Shimizu | Process stabilization by peak current regulation in reactive high-power impulse magnetron sputtering of hafnium nitride[END_REF] and of Benzeggouta et al.

for ruthenium oxide [START_REF] Benzeggouta | Study of a HPPMS discharge in Ar/O2 mixture: II. Plasma optical emission and deposited RuOx film properties[END_REF].

From Fig. 58a, a slower rise of 𝐼 𝐷 (𝑡) is seen at the onset of the discharge pulse with increasing O2 flow rate. It is likely related to a decrease of the 𝛾 𝑠𝑒𝑒 as the Ti target becomes increasingly oxidized, which delays the buildup of charge carriers in the vicinity of the target [START_REF] Aiempanakit | Understanding the discharge current behavior in reactive high power impulse magnetron sputtering of oxides[END_REF]. On the other hand, the differences in 𝐼 𝐷 (𝑡) seen during the remainder of the discharge pulse is instead connected to significant recycling of either ionized sputtered Ti (at low O2 flow rates), so-called self-sputter recycling, or ionized Ar gas (at higher O2 flow rates), so-called working gas recycling, as described in detail by Gudmundsson et al. [START_REF] Gudmundsson | An ionization region model of the reactive Ar/O2 high power impulse magnetron sputtering discharge[END_REF] and Brenning et al. [START_REF] Brenning | A unified treatment of self-sputtering, process gas recycling, and runaway for high power impulse sputtering magnetrons[END_REF]. These two recycling mechanisms lead to ions being drawn back to the cathode, which allows a very effective amplification of the discharge current. 7.

Fig. 58b shows the variation of the average discharge power for both increasing and decreasing O2 flow rate for the same discharge conditions as presented in Fig. 58a. This is a typical hysteresis experiment, as described in detail in Subsection 1.3.4. One observes that the average power decreases with increasing O2 flow rate and remains constant for reactive gas flow rates between 1.6 and 2 sccm. The O2 gas flow rate chosen for the depositions (1.7 sccm) corresponds to the compound mode. For clarity, the three modes of target operation are in Fig. 58b separated by dashed lines, although the exact O2 gas flow rates corresponding to the transitions cannot be determined. A narrow hysteresis is observed in the present experiments for O2 flow rates between 0.3 and 1.6 sccm (corresponding to the transition region). This behavior differs from the study carried out by Lundin et al. [START_REF] Lundin | Time-resolved ion flux and impedance measurements for process characterization in reactive high-power impulse magnetron sputtering[END_REF] discussed in Fig. 12a, where a hysteresis-free process was observed in the HiPIMS of a Ti target in an atmosphere containing Ar and O2 gases. Remember the discussion from Subsection 1.4.2, where we highlighted that the removal of hysteresis was observed in some cases, however, it is not a general rule in HiPIMS. We therefore agree with the conclusion of Aiempanakit et al. [START_REF] Aiempanakit | Effect of peak power in reactive high power impulse magnetron sputtering of titanium dioxide[END_REF] that reduction/elimination of hysteresis in reactive HiPIMS is likely system dependent and governed by the process conditions, such as magnetron configuration, target size, pumping speed, gas pressure, and HiPIMS pulse characteristics.

The hysteresis curve showed in Fig. 58b was considered only for the first group of samples, where the working pressure was 1 Pa and the peak current density was 1 A cm -2 . The effect of increasing working pressure (second group of samples) shifted the hysteresis to lower O2 flow rates, as observed in the individual hysteresis study for the 5 Pa condition (Fig. 59a).

Indeed, the O2 flow rate at which the compound mode was obtained was decreased from 1.6 sccm at 1 Pa to 1.5 sccm at 2 Pa and to 1.1 sccm at 5 Pa. The effect of increasing peak current density to 2 A cm -2 (third group of samples) also shifted the hysteresis to lower O2 flow rates. For the lowest peak current density used (0.5 A cm -2 ), the O2 flow rate at which the compound mode was obtained was the highest, being equal to ~1.8 sccm, see Fig. 59b. Finally, the addition of N2 gas to the discharge to deposit N-doped TiO2 films did not influence the hysteresis behavior and Fig. 58b can also be considered a good approximation for these samples. Therefore, the individual hysteresis studies for each investigated condition ensured operation in compound mode for all samples. Indeed, 1.7 sccm of O2 flow rate is the minimum compatible value between all the investigated conditions of working pressure, peak current density, etc., to ensure target operation in the compound mode. 8, considering the 5 Pa case, and for b) are described in Table 9, for the 0.5 A cm -2 case.

CRYSTAL STRUCTURE

This section is focused on the investigation of the crystal structure of pure and N-doped TiO2 films by XRD in the Bragg-Brentano 𝜃-2𝜃 geometry to investigate the presence (or not!) of anatase. To start, Fig. 60 shows the XRD patterns for pure TiO2 films grown on Si substrates at different substrate temperatures (first group of samples, see Table 7). All samples exhibit characteristic diffraction peaks corresponding to the anatase phase of TiO2 at around the following (2θ) angles: 25.4° (101), 37.5° (004), 38.7° (112), 48.2° [START_REF] Bohlmark | Ionization of sputtered metals in high power pulsed magnetron sputtering[END_REF], and ~54.5° ( 105) or [START_REF] Kollbek | Study of N-doped TiO2 thin films for photoelectrochemical hydrogen generation from water[END_REF]. Comparing with JCPDS card no. 021-1272, there is no preferred orientation of the phase in the film, i.e., the texture factor 𝑇 𝑐 is equal to 1 for each considered peak. The peak intensity increases and the FWHM of the ( 101) peak decreases from 0.86 to 0.53° (± 0.08) when the substrate temperature increases from RT to 500 °C, indicating an out-of-plane grain size increase for heated substrates. However, a low intensity ( 110) rutile peak appears at 2θ = 27.5° for some samples, particularly at 500 °C. This may be explained by the higher surface mobility of the adatoms due to higher 𝑇 𝑠 , favoring the most stable phase of TiO2, namely the rutile [START_REF] Hanaor | Review of the anatase to rutile phase transformation[END_REF]. Most investigations on TiO2 by HiPIMS are carried out at RT, and only a few studies stress the influence of the growth temperature. Agnarsson et al. [START_REF] Agnarsson | Rutile TiO2 thin films grown by reactive high power impulse magnetron sputtering[END_REF] obtained rutile films regardless of investigated growth temperature (from 300 to 700 °C) and Bae et al. [START_REF] Bae | Protection of Si photocathode using TiO2 deposited by high power impulse magnetron sputtering for H2 evolution in alkaline media[END_REF] obtained poor crystal quality films at RT and a mixture of anatase and rutile phases with improved crystal quality from 300 to 500 °C. In comparison, the results presented in this thesis show more well-defined peaks of the anatase phase already at RT and a well-crystallized anatase phase for heated substrates up to 500 °C. The diffraction patterns for the samples deposited at RT and 100 °C are rather similar, which may be due the substrate temperature being too low to significantly modify the growth conditions or due to plasma-induced heating or thermal emission from the target on the sample surface for the RT case. Indeed, other groups have measured the substrate surface temperature during TiO2 growth by HiPIMS at RT and reported values between 150 °C [START_REF] Straňák | Formation of TiOx films produced by high-power pulsed magnetron sputtering[END_REF][START_REF] Alami | On the phase formation of titanium oxide films grown by reactive high power pulsed magnetron sputtering[END_REF] and 170 °C [START_REF] Amin | The role of energetic ion bombardment during growth of TiO2 thin films by reactive sputtering[END_REF], depending on the experimental conditions. Our measurements show that the temperature at the backside of the substrate holder stabilizes at 45 °C during process (without external heating) and is expected to be somewhat higher on the front side. In order to clearly identify trends/changes in the crystal structure, I chose a substrate temperature of 300 °C (well-crystallized sample) for the investigations presented below, concerning the effects of working pressure and peak current density.

It is generally accepted that the phase composition of TiO2 films deposited by HiPIMS is strongly influenced by the working pressure, since the pressure affects the energy of film forming species via mainly elastic collisions between the sputtered particles and the working gas [START_REF] Lundin | Ti-Ar scattering cross sections by direct comparison of Monte Carlo simulations and laser-induced fluorescence spectroscopy in magnetron discharges[END_REF]. Fig. 61 shows the XRD patterns for pure TiO2 films grown on Si substrates at different working gas pressures (second group of samples, see Table 8). At 1 Pa, well-defined anatase TiO2 diffraction peaks with no preferred orientation are observed, as well as a very small (110) rutile peak. At higher pressures, up to 5 Pa, the anatase phase is preserved, however, more welldefined peaks from ( 004), ( 112), ( 105) and ( 211) planes are observed, which implies a textured material. The peak intensity of most of the diffraction peaks decreases dramatically, i.e., the crystal quality has significantly deteriorated. It is important to note that rutile-rich TiO2 films are usually reported for working pressures below 1 Pa (between 0.13 and 0.8 Pa) with a corresponding 𝑝𝑑 (defined in Subsection 1.2.2) in the range 10-140 Pa mm [START_REF] Straňák | Formation of TiOx films produced by high-power pulsed magnetron sputtering[END_REF][START_REF] Straňák | Physical properties of homogeneous TiO2 films prepared by high power impulse magnetron sputtering as a function of crystallographic phase and nanostructure[END_REF][START_REF] Alami | On the phase formation of titanium oxide films grown by reactive high power pulsed magnetron sputtering[END_REF][START_REF] Agnarsson | Rutile TiO2 thin films grown by reactive high power impulse magnetron sputtering[END_REF]), where the 𝐸 𝑘𝑖𝑛 of impinging particles is higher due to fewer particle collisions during transport in the plasma bulk. These low-pressure conditions were not investigated in this thesis, since it was not possible to ignite and maintain a stable discharge at working pressures below 0.85 Pa due to the weak magnetic field of the magnetron (limited trapping of plasma electrons in the vicinity of the target). Smaller target-tosubstrate distances were not investigated due to system limitations. Moreover, the goal of the present work was to obtain the anatase phase, which is the case for 𝑝 > 1 Pa. However, the low intensity rutile peak observed only for the 1 Pa sample with a corresponding 𝑝𝑑 of 35 Pa mm suggests that lower pressures are required for preferential growth of the rutile phase.

The effect of the HiPIMS peak current density on the crystal structure of pure TiO2 films grown on Si substrates (third group of samples, see Table 9) is illustrated by the XRD patterns in Fig. 62. At 0.5 A cm -2 , only diffraction peaks corresponding to the anatase phase are observed. Increasing the peak current density to 1 A cm -2 results in better crystal quality as seen in the increased peak intensity of anatase plane diffractions. A low-intensity (110) rutile peak is possibly observed at 2θ = 27.5°. For higher peak current densities (1.5 and 2 A cm -2 ), a rutile contribution is clearly detected, while the intensity of anatase diffraction peaks decreases. Amin et al. [START_REF] Amin | The role of energetic ion bombardment during growth of TiO2 thin films by reactive sputtering[END_REF] found that a change from an anatase-rutile mixture phase to pure rutile occurs when increasing the peak current density from 1.1 to 3.5 A cm -2 , using a similar 𝑝𝑑 value (~30 Pa mm) as in the present investigation (35 Pa mm). Although the exact peak current density values are likely system dependent, we do see a trend towards a larger rutile fraction with increasing peak current. The main reason for the observed trend is likely an increased degree of ionization of the sputtered vapor for higher discharge currents in HiPIMS discharges. For example, Kubart et al. [START_REF] Kubart | Investigation of ionized metal flux fraction in HiPIMS discharges with Ti and Ni targets[END_REF] found that the ionized flux fraction of Ti increases from about 13 % to 50 % as the peak current density increases from 0.25 A cm -2 to 2 A cm -2 in the compound mode of a HiPIMS Ti-O process. During such conditions, the intensity of the ion bombardment at the substrate is increased, which favors the nucleation of the high-energy phase of TiO2 (rutile) [START_REF] Amin | The role of energetic ion bombardment during growth of TiO2 thin films by reactive sputtering[END_REF].

From the XRD investigation presented so far, it is concluded that the increase in the working pressure decreases 𝐸 𝑘𝑖𝑛 of the particles in the plasma bulk, leading to the following film structural change: crystalline TiO2 rutile (the high-energy, stable phase) → crystalline TiO2 anatase (the low-energy, metastable phase) → amorphous TiO2. Furthermore, increasing the peak current density increases the degree of ionization of the sputtered vapor, i.e., the bulk plasma contains a higher amount of metal ions, which are more energetic than the sputtered neutrals (Section 1.4) and favors the nucleation of rutile. Thus, the structural change is from crystalline TiO2 anatase → crystalline TiO2 rutile when increasing the peak current density. I identified the conditions for preferable TiO2 anatase formation in the HiPIMS system of LPGP as being: working pressures between 1 and 2 Pa and peak current density of ~1 A cm -2 . For these conditions, the anatase TiO2 was dominant in a wide range of deposition temperatures (from RT to 500 °C). It is important to note that these values are system dependent, and the experimental investigations presented here are mandatory to determine the exact parameters in each deposition system. Furthermore, the substrates were at a floating potential during all depositions. In the absence of a substrate bias, we are depositing under low to intermediate energy ion irradiation (of a few tens of eV), as detailed in Subsection 1.4.1. The use of a bias voltage was avoided in order to prevent rutile formation, as detailed in Subsection 6.1.2. Using a 𝑝𝑑 value of 35 Pa mm means that few ions collide during transport to the substrate and thereby preserving their 𝐸 𝑘𝑖𝑛 .

Such a situation is clearly different from previously reported Ti-O processes using DCMS, since the latter technique is dominated by sputtered neutrals having very low average kinetic energies (few eV). This is also why substrate heating is required in DCMS to grow crystalline films, as stated in Subsection 6.1.2.

The experimental conditions described above leading to preferential anatase nucleation were used to deposit TiO2 films on different substrates. Fig. 63 shows the XRD patterns for pure TiO2 films grown onto Si(100), stainless steel and quartz substrates. Diffraction peaks corresponding to the anatase phase of TiO2 (and one low intensity rutile peak) were obtained independently of the chosen substrate. It shows that the phase nucleation is not influenced by the different substrates, which was not the case in the work of Konstantinidis et al. [START_REF] Konstantinidis | Titanium oxide thin films deposited by highpower impulse magnetron sputtering[END_REF], where films deposited on glass presented anatase structure, whereas only rutile peaks were present at films deposited on steel substrates. The last investigation consisted in verifying possible changes in the crystal structure of anatase TiO2 films by nitrogen doping (the amount of nitrogen incorporated in the films will be discussed in the next section). The samples were deposited onto Si substrates under the same experimental conditions as those required for anatase preferential nucleation, however, different N2 gas flow rates were used for the different samples. Fig. 64 shows the XRD patterns, where one notices a continuous decrease of the intensity of anatase peaks for higher N2 gas flow rates, accompanied by a continuous increase of the intensity of the (110) rutile peak. At 5.1 sccm, anatase peaks are almost not detected, and rutile is the dominant phase. Moreover, TiN peaks were not detected. These results are in line with the study of Kollbek et al. [START_REF] Kollbek | Study of N-doped TiO2 thin films for photoelectrochemical hydrogen generation from water[END_REF] for Ndoped TiO2 films deposited by pulsed DCMS. However, they differ from the studies of Wang et al. [START_REF] Wang | Effective water splitting using N-doped TiO2 films: Role of preferred orientation on hydrogen production[END_REF] et Wong et al. [START_REF] Wong | Reactively sputtered N-doped titanium oxide films as visible-light photocatalyst[END_REF], where N-doped TiO2 films maintain primarily the anatase phase when the N2 gas flow rate is gradually increased. Indeed, contradictory results have been reported in the sense that the intentional addition of anionic dopants such as N can have the effect of promoting or inhibiting the anatase to rutile transformation (ART) [START_REF] Hanaor | Review of the anatase to rutile phase transformation[END_REF]. This is mainly because ART depends on two opposite factors: size and charge effects. The former is expected to inhibit phase transformation, since N is only ~6 % larger than oxygen, then substitution of nitrogen on the oxygen sublattice is possible and unlikely to destabilize the lattice. On the other hand, the latter effect is expected to promote ART: when N 3-substitutes for O 2-, the inclusion of two nitrogen ions is balanced by the removal of three oxygen ions, then the level of oxygen vacancies increases. The lattice can be expected to be destabilized, and the phase transformation is promoted. Another hypothesis include the formation of higher-energy Ti≡N triple bonds with N in a terminal location. This would likely contribute to the loss of crystallinity observed in Fig. 64 and the formation of more oxygen vacancies, as showed by Balcerski et al. [START_REF] Balcerski | Visible-Light Photoactivity of Nitrogen-Doped TiO2: Photo-oxidation of HCO2H to CO2 and H2O[END_REF] when studying N-doping of TiO2. In both cases, the higher level of oxygen vacancies in the TiO2 films when increasing nitrogen concentration is expected to contribute to the nucleation of rutile TiO2 instead of anatase TiO2. A cm -2 ). "A" and "R" indicate, respectively, anatase and rutile phases. Film thickness ~600 nm.

CHEMICAL STRUCTURE

The chemical structure of pure TiO2 films deposited by HiPIMS was studied by XPS to study the stoichiometry of films and the chemical environment. The three groups of samples previously characterized by XRD exhibited similar XPS spectra in terms of peak position and normalized intensity. Therefore, I will only show the results for a representative sample of pure TiO2 anatase, deposited under the experimental conditions described in the previous section.

Fig. 65 shows the bands associated with the (a) Ti 2p and (b) O 1s core electron levels obtained from the photoemission spectra of the surface of this typical sample before plasma etching. The deconvolution of the bands associated with the Ti 2p electrons (Fig. 65a) shows the spin orbit splitting with components centered at ~459.1 eV (Ti 4+ 2p3/2) and ~464.8 eV (Ti 4+ 2p1/2) (Δ ≈ 5.7 eV). These values are in good agreement with the data reported for pure TiO2 films (only the Ti 4+ oxidation state is found) [START_REF] Moulder | Handbook of X-ray Photoelectron Spectroscopy[END_REF][START_REF] Briggs | Practical Surface Analysis[END_REF][START_REF] Göpel | Surface defects of TiO2(110): A combined XPS, XAES AND ELS study[END_REF]. In the O 1s binding energy region (Fig. 65b),

the peak centered at 530.3 eV corresponds to metallic oxide (usually appears from 528 to 531 eV) [START_REF] Moulder | Handbook of X-ray Photoelectron Spectroscopy[END_REF], which here is ascribed to O 2-ions bound to Ti 4+ [START_REF] Moulder | Handbook of X-ray Photoelectron Spectroscopy[END_REF][START_REF] Marchi | A comprehensive study of the influence of the stoichiometry on the physical properties of TiOx films prepared by ion beam deposition[END_REF]. Moreover, a small shoulder is detected at 531.7 eV, corresponding to O bonded to C [START_REF] Moulder | Handbook of X-ray Photoelectron Spectroscopy[END_REF][START_REF] Briggs | Practical Surface Analysis[END_REF]. The chemical composition was calculated from the XPS experimental data and the estimated atomic O/Ti ratio obtained for all studied surfaces was equal to 2.3 ± 0.1, i.e., somewhat higher than the expected for a stoichiometric TiO2 (O/Ti = 2). The presence of C-O bonds in the O 1s spectrum is likely related to sample surface contamination (more details in Appendix B.5), since the TiO2 films were exposed to ambient air after deposition. A relatively easy way to show that contaminants are mainly present in the first atomic layers and not incorporated into the bulk film consists in tilting the sample with respect to the incident x-ray beam. This is mainly because the effective sampling depth is known to decrease with increasing the angle between the sample surface and the incident beam [START_REF] Schneider | Oriented Monolayers Prepared from Lyotropic Chromonic Liquid Crystal[END_REF]. Therefore, Fig. 66 shows the bands associated with the C 1s photoelectrons obtained from the surface of the same TiO2 sample, positioned at normal (0°) and tilted (60°) angles. A schematic illustration of the setup used is also represented for each considered case, see Fig. 66, insets.

The main peak centered at ~285 eV is related to C-C bonds, whereas the shoulder centered at ~289.2 eV refers to O=C-O bonds [START_REF] Moulder | Handbook of X-ray Photoelectron Spectroscopy[END_REF]. The intensity of both bands is seen to increase when tilting the sample to 60°, indicating a higher amount of carbon in the top surface. Indeed, the estimated carbon atomic concentration increases from 18.9 % to 25.8 % when the sample is tilted, which indicates that the carbon signal originates mainly from the surface due to contamination.

Due to the high level of sample surface contamination, in situ Ar plasma etching was performed according to the experimental conditions described in Appendix B.5 (etching time = 20 s). Fig. 67 shows the bands associated with the (a) C 1s, (b) Ar 2p, (c) Ti 2p and (d) O 1s core electron levels obtained from the photoemission spectra of the surface of the same TiO2 sample before (green curves) and after (red curves) plasma etching. Fig. 67a shows that a considerable reduction of C-C bonds is noticed after plasma etching, together with the removal of O=C-O bonds. Indeed, the estimated carbon atomic concentration on the film surface was reduced from 18.9 % to 4.9 %, which proves the effectiveness of Ar plasma etching to remove surface contaminants such as hydrocarbons. However, it should be noted that Ar might be incorporated at the film surface and sub-surface after etching, even if the bombardment conditions are such as to minimize this effect [START_REF] Hashimoto | Alteration of Ti 2p XPS spectrum for titanium oxide by lowenergy Ar ion bombardment[END_REF]. In the present case, the Ar 2p XPS spectrum of the TiO2 surface after etching (Fig. 67b) showed spin orbit components of low-intensity centered at ~242.2 eV and 244.3 eV (Δ ≈ 2.1 eV), which are ascribed to implanted Ar [START_REF] Moulder | Handbook of X-ray Photoelectron Spectroscopy[END_REF][START_REF]Thermo Scientific XPS. Elements Table -Argon[END_REF], and an Ar atomic concentration estimated to 1.1 % at the TiO2 surface. ). The analysis were performed at a normal incidence of the x-ray beam (blue curve) and by tilting the sample at 60° with respect to the incident x-ray beam (red curve).

Ar ion etching may also damage the lattice structure and promote preferential removal of oxygen, which alters the chemical state of TiO2, being reduced to Ti2O3 (Ti 3+ ) or TiO (Ti 2+ ) [START_REF] Hashimoto | Alteration of Ti 2p XPS spectrum for titanium oxide by lowenergy Ar ion bombardment[END_REF]222]. It results in the appearance of extra components in the Ti 2p XPS spectrum, as illustrated in Fig. 67c for the surface of our Ar-etched TiO2 film. The deconvolution (not shown) exhibited the presence of a new spin orbit splitting with components centered at ~457 eV and ~463.4 eV, which are related to the Ti 3+ 2p3/2 Ti 3+ 2p1/2 orbitals [START_REF] Moulder | Handbook of X-ray Photoelectron Spectroscopy[END_REF][START_REF] Hashimoto | Alteration of Ti 2p XPS spectrum for titanium oxide by lowenergy Ar ion bombardment[END_REF]222]. Finally, Fig. 67d shows that the small shoulder corresponding to O bonded to C was removed in the O 1s XPS spectrum after Ar etching, corroborating with the findings in Fig. 67a. After Ar ion etching, the estimated atomic O/Ti ratio obtained for all studied surfaces was 2.1 ± 0.1, which is lower than the value obtained for non-etched samples (2.3 ± 0.1) and more similar to the value expected for a stoichiometric TiO2 (O/Ti = 2). It is important to note that in situ Ar etching is widely used in surface analysis to study the chemical environment of the bulk of thin films, which was likely preserved from superficial contamination [START_REF] Briggs | Practical Surface Analysis[END_REF].

However, Ar etching may also change the chemical environment of the bulk film, as showed in Fig. 67. Thereby, the O/Ti ratio values obtained after Ar etching might not perfectly represent the bulk film, and should be considered as an estimation and not a precise measurement. 

O 1s

Normalized intensity andd) O 1s XPS spectra obtained from a typical TiO2 film deposited by HiPIMS (substrate temperature: 300 °C; working pressure: 1 Pa; peak current density: 1 A cm -2 ). Green curves refer to the spectra recorded before Ar ion etching, whereas red curves were recorded immediately after in situ Ar ion etching. Now let us consider the N-doped TiO2 films deposited by HiPIMS. From the previous section, we saw that the crystal structure of these films is influenced by the N2 gas flow rate, favoring the anatase to rutile transformation. The chemical structure of the surface of the same samples is now investigated by XPS. The N 1s XPS high-resolution spectra for the samples deposited at different N2 gas flow rates are presented in Fig. 68 (a) before and (b) after Ar ion etching, together with the corresponding fitting curves. Before plasma etching (Fig. 68a), the N 1s XPS spectra showed very low intensity bands centered at ~400 eV and ~402 eV, which were attributed to, respectively, N-O-Ti bonds [START_REF] Kot | Long-term ambient surface oxidation of titanium oxynitride films prepared by plasmaenhanced atomic layer deposition: An XPS study[END_REF][START_REF] Schroeder | Synchrotron radiation x-ray photoelectron spectroscopy study on the interface chemistry of high-k Pr x Al 2 -x O 3 ( x = 0 -2 ) dielectrics on TiN for dynamic random access memory applications[END_REF][START_REF] Wan | Improved optical response and photocatalysis for N-doped titanium oxide (TiO2) films prepared by oxidation of TiN[END_REF] and molecularly chemisorbed N2 [START_REF] Wan | Improved optical response and photocatalysis for N-doped titanium oxide (TiO2) films prepared by oxidation of TiN[END_REF][START_REF] Milošv | Electrochemical and Thermal Oxidation of TiN Coatings Studied by XPS[END_REF][START_REF] Saha | Titanium nitride oxidation chemistry: An x-ray photoelectron spectroscopy study[END_REF]. The absence of detection of N bonded to Ti indicates a non-effective nitrogen doping in TiO2 [START_REF] Wan | Improved optical response and photocatalysis for N-doped titanium oxide (TiO2) films prepared by oxidation of TiN[END_REF]. The low intensity signal is due to the low concentration of atomic nitrogen in the sample surface, which was estimated between 0.5 % and 0.7 % for the different studied samples, see Fig. 69a (open squares). This is mainly due to the contamination of the surface, as discussed in the previous paragraphs, preventing correct observations of the chemical environment of the bulk N-doped TiO2 films. 

b)

After surface plasma etching Fig. 3668. N 1s XPS spectra obtained from N-doped TiO2 films deposited by HiPIMS at different N2 gas flow rates, in sccm (substrate temperature: 300 °C; working pressure: 1 Pa; peak current density: 1 A cm -2 ). Spectra are shown a) before and b) after in situ Ar ion etching.

Ar plasma etching was performed on the same surfaces during 60 s a and the N 1s spectra recorded after etching are reported in Fig. 68b. We notice a new peak centered at ~397 eV, which is attributed to N bonded to Ti (TiN) [START_REF] Moulder | Handbook of X-ray Photoelectron Spectroscopy[END_REF][START_REF] Kot | Long-term ambient surface oxidation of titanium oxynitride films prepared by plasmaenhanced atomic layer deposition: An XPS study[END_REF][START_REF] Schroeder | Synchrotron radiation x-ray photoelectron spectroscopy study on the interface chemistry of high-k Pr x Al 2 -x O 3 ( x = 0 -2 ) dielectrics on TiN for dynamic random access memory applications[END_REF], together with the above-mentioned bands associated to N-O-Ti bonds and chemisorbed N2. The intensity of the N 1s band increases as the N2 gas flow rate increases, in line with the increase in the nitrogen atomic concentration in the film surface, from 1.6 % to 4.5 % (Fig. 69a, closed squares). These values were chosen as a better approximation of the concentration values found in the bulk of the films because we are now looking at top-layers representative of bulk film, due to sufficient etching b .

a Different etching times were tested (from 15 s to 130 s) for the N-doped TiO2 sample deposited at 5.1 sccm N2. The results showed that from 60 s of etching, the shape of the N 1s XPS spectrum did not changed anymore, indicating that the bulk film was likely reached. Moreover, the atomic concentration of nitrogen did not considerably changed for the samples etched during 60 s and 130 s while it was much lower for times < 60 s. b Please keep in mind that these values might not exactly represent the bulk film values, as discussed previously.

The shape of both curves represented in Fig. 69a is rather similar, indicating a saturation level of nitrogen incorporation in the film surface for N2 gas flow rates > 5.1 sccm.

The XPS spectra recorded after Ar etching (Fig. 68b) also revealed that nitrogen atoms are incorporated into the TiO2 structure, as observed by the major contribution of N bonded to Ti. Independently on the N2 gas flow rate used, N-Ti bonds are always the major contribution, followed by N-O-Ti bonds and a very low contribution of chemisorbed N2. The incorporation of nitrogen is in line with the discussion in Section 6.3, where we proposed the substitution of nitrogen on the oxygen sublattice of TiO2. The Ti 2p, O 1s, C 1s and Ar 2p core levels were also examined for each sample and did not show considerable changes within the same set of samples, thus, they are not presented in this thesis (similar to the green spectra showed in Fig. 67). Moreover, when comparing etched and non-etched samples, the differences signaled in Fig. 67 for pure TiO2 films were also noticed for the present N-doped TiO2 films (equally not shown in this thesis). However, the atomic O/Ti ratio derived from these XPS data is presented in Fig. 69b for the surface of the Ndoped TiO2 films deposited at different N2 gas flow rates, before (open squares) and after (closed squares) Ar plasma etching. The O/Ti ratio is higher than bulk TiO2 for all non-etched samples, as already discussed for pure TiO2 films. After etching, the atomic O/Ti ratio is seen to likely increase from 2.05 to 2.2, although the observed changes are too low considering each error bar. However, such an increase in the O/Ti ratio is not expected, based on the often proposed mechanism of increased level of O vacancies [START_REF] Hanaor | Review of the anatase to rutile phase transformation[END_REF]. Clearly, another mechanism is needed to explain the observed phenomenon or additional compositional quantification by other means such as RBS and NRA are required to verify the observed trend. Unfortunately, we have so far not been able to access these techniques.

MICROSTRUCTURE

The microstructural details of selected pure TiO2 films deposited by HiPIMS were studied by SEM and AFM. Fig. 70 shows SEM cross-sections and AFM surface characterization of selected TiO2 films deposited at (a) RT and (b) 500 °C (using the same peak current density of 1 A cm -2 ) and (c) at a higher peak current density of 1.5 A cm -2 (300 °C deposition temperature). The working pressure was the same for all samples and equal to 1 Pa. The columnar structure observed in all SEM cross-sections is commonly seen in polycrystalline sputtered thin films [START_REF] Thornton | Influence of apparatus geometry and deposition conditions on the structure and topography of thick sputtered coatings[END_REF][START_REF] Barna | Fundamental structure forming phenomena of polycrystalline films and the structure zone models[END_REF][START_REF] Anders | A structure zone diagram including plasma-based deposition and ion etching[END_REF]. The tilted columns are likely due to the rather small target-tosubstrate distance (35 mm), which results in a non-negligible influence of the sputter angular distribution due to limited sputtered particle scattering during transport in the plasma bulk.

When increasing the substrate temperature (using the same peak current density), we observe a microstructural change from a fine-grained structure in Fig. 70a to larger V-shaped columns in Fig. 70b. Indeed, the sample deposited at RT shows a bi-modal grain size distribution with average lateral grain sizes of ~40 and ~91 nm, which increases to ~125 nm when the substrate temperature is increased from RT to 500 °C. The RMS roughness increases from 3 to 4.9 (±0.1) nm for these samples. Such a microstructural change is due to an increased adatom mobility at higher temperatures and suggests a transition from zone 1 to zone T according to the SZM presented in Section 2.3. The peak current density is also found to affect the lateral grain size. By increasing the peak current density from 1 to 1.5 A cm -2 the V-shaped columns become larger, see Fig. 70c, and an increase in grain size is observed (in-plane grain size of ~170 nm and RMS roughness of 5 ±0.1 nm). This is not an expected behavior, since grain size reduction due to renucleation and smoothening of surfaces is usually reported in conditions of increased ion bombardment [START_REF] Alami | On the relationship between the peak target current and the morphology of chromium nitride thin films deposited by reactive high power pulsed magnetron sputtering[END_REF]. Moreover, in a recent study by Rudolph et al. [START_REF] Rudolph | Influence of backscattered neutrals on the grain size of magnetron-sputtered TaN thin films[END_REF] it was argued that the reduced grain size with increased peak current density (and discharge voltage), in the absence of an ionaccelerating bias voltage, is due to high-energy (>100 eV) backscattered process gas neutrals.

These energetic neutrals are abundant in HiPIMS when using high discharge voltages and targets of higher mass compared to the process gas. However, in the present study, the small mass difference between the target (Ti = 47.9 amu) and the process gas (predominantly Ar = 39.9 amu) in combination with a fairly low discharge voltage (around -500 V compared to -800 V to -1100 V as investigated by Rudolph et al. [START_REF] Rudolph | Influence of backscattered neutrals on the grain size of magnetron-sputtered TaN thin films[END_REF]) might considerably reduce the amount of high-energy backscattered neutrals. Consequently, grain renucleation and shrinkage are less likely.

In addition, the HiPIMS process used for TiO2 growth is dominated by ion-irradiation at low energy (of a few tens of eV), as discussed above in conjunction with the XRD results.

Such energies are below the threshold necessary to trigger renucleation of grains (𝐸 𝑖 > 100 eV) [START_REF] Petrov | Polycrystalline TiN films deposited by reactive bias magnetron sputtering: Effects of ion bombardment on resputtering rates, film composition, and microstructure[END_REF]. By increasing the peak current density, there is a limited increase in average energy provided per deposited particle, since the deposition flux will now contain an increasing fraction of ions (𝐸 𝑖 ≈ 15-20 eV) and a decreasing fraction of neutrals (𝐸 𝑛 ≈ 2 eV) caused by the higher ionized flux fraction. It results in a higher adatom mobility, which leads to a lower island density during the nucleation stage, and consequently to the development of larger grains (similar to the discussion addressed for Cu in Subsection 4.4.1). It is important to note that thermal emission from the sputter target [START_REF] Cormier | IR emission from the target during plasma magnetron sputter deposition[END_REF] is likely not influencing the grain size in the present experiment, since temperature measurements at the backside of the substrate holder stabilizes at 45 °C during process (without external substrate heating), which is too low to have a significant effect on the growth kinetics. Another factor that might influence the grain size is the amount of energetic negative oxygen ions bombarding the film, which is dependent on the oxygen partial pressure [START_REF] Mráz | Influence of the negative oxygen ions on the structure evolution of transition metal oxide thin films[END_REF]. Since depositions were carried out at low oxygen flow rates (1.7 sccm compared to an Ar flow rate of 52 sccm), the effect of these energetic species is likely reduced. However, more work on the cause of grain growth in HiPIMS is likely needed to verify the reported trend.

Concerning the microstructural details of the N-doped TiO2 films, similar SEM and AFM measurements were performed. The results showed that the average lateral grain size and the surface roughness do not change between the samples deposited at different N2 gas flow rates, being equal to 105 ±10 nm and 4.5 ±0.5 nm, respectively.

It is important to note that this method was developed for amorphous materials, however, it is being applied, in the present case, for polycrystalline TiO2, as evidenced by the XRD data in Section 6.3. Other methods exist, however, it is necessary to know if the optical transitions between bands are direct or indirect. There is a consensus that TiO2 anatase has an indirect gap [START_REF] Asahi | Electronic and optical properties of anatase TiO2[END_REF], however, there are different opinions concerning the rutile phase [START_REF] Landmann | The electronic structure and optical response of rutile, anatase and brookite TiO2[END_REF][START_REF] Amtout | Optical properties of rutile near its fundamental band gap[END_REF]. Moreover, in most cases, the Tauc plot is used for TiO2 (amorphous or polycrystalline) films without a proper explanation [START_REF] Wang | Efficient hydrogen production by photocatalytic water splitting using Ndoped TiO2 film[END_REF][START_REF] Xie | Tuning the optical bandgap of TiO2-TiN composite films as photocatalyst in the visible light[END_REF][START_REF] Rathod | Pressure sensitive dielectric properties of TiO2 doped PVA/CN-Li nanocomposite[END_REF] and this approach will be used also in the present thesis.

Fig. 72a shows the Tauc plot for all studied N-doped TiO2 films deposited at different N2 gas flow rates. The angular coefficient of the linear segments is rather similar for all curves; the dashed line is an example of extrapolation of the linear portion of the curves. The optical band gap values were obtained using this method, and are all plotted in Fig. 72b. Indeed, 𝐸 𝑔 does not considerably change between the different samples, being estimated to 3.1 ±0.15 eV.

In the present case, N-doping does not seem an effective way to narrow the band gap of TiO2 films, which is not expected, since many works have shown a reduction of 𝐸 𝑔 with nitrogen incorporation [START_REF] Wang | Efficient hydrogen production by photocatalytic water splitting using Ndoped TiO2 film[END_REF][START_REF] Asahi | Nitrogen-Doped Titanium Dioxide as Visible-Light-Sensitive Photocatalyst: Designs, Developments, and Prospects[END_REF][START_REF] Babu | Visible light photocatalytic water splitting for hydrogen production from N-TiO2 rice grain shaped electrospun nanostructures[END_REF][START_REF] Grigorov | Optical and morphological properties of N-doped TiO2 thin films[END_REF]. For instance, Wang et al. [START_REF] Wang | Efficient hydrogen production by photocatalytic water splitting using Ndoped TiO2 film[END_REF] showed that a sputtered Ndoped TiO2 film containing 4.9 at.% of nitrogen incorporated mainly as Ti-N bonds (similar to our XPS results) had an optical band gap of 2.65 eV, while the pure TiO2 sample showed a 𝐸 𝑔 = 3.28 eV (using the same Tauc plot). We suggest that, in the present case, nitrogen may not be incorporated in substitutional positions, but in terminal locations through Ti≡N triple bonds. The presence of triple bonds has already been identified as the reason for reduced catalytic activity in N-doped TiO2 [START_REF] Balcerski | Visible-Light Photoactivity of Nitrogen-Doped TiO2: Photo-oxidation of HCO2H to CO2 and H2O[END_REF]. However, additional investigations are required for the present samples, including the identification of these triple bonds and the use of more accurate methods for band gap estimation. Moreover, one can also suggest that the films are under-stoichiometric, which could be verified by RBS and NRA, as mentioned before. This hypothesis is in line with the low transmittance of these samples (e.g., Fig. 87a, Appendix B.6). Although no considerable change was observed in the 𝐸 𝑔 of N-doped TiO2 samples, all values found are very similar to the 𝐸 𝑔 of pure TiO2, which is in between 3.0 eV and 3.2 eV [START_REF] Luttrell | Why is anatase a better photocatalyst than rutile? -Model studies on epitaxial TiO2 films[END_REF][START_REF] Diebold | The surface science of titanium dioxide[END_REF]. The studied TiO2 films show a band gap of ~3.1 eV, i.e., they only can absorb light which has a photon energy above ~3.1 eV. It is equivalent to say that these films can only absorb light which has a wavelength below ~400 nm (since wavelength is inversely proportional to the energy). This is the limit between UV and Vis regions at the electromagnetic spectrum, see Fig. 72b, inset.

SUMMARY AND CONCLUSIONS

In this chapter, the crystal structure, the chemical structure, the grain size, and the optical properties of pure and N-doped TiO2 thin films were systematically investigated in HiPIMS for different experimental conditions. This experimental approach was similar to what was shown in Chapter 4 for pure Cu thin films. The understanding on how energetic ion bombardment can tailor Cu film properties was transferred to the case of TiO2 films, which were deposited in a reactive process with a higher complexity compared to the non-reactive Cu case. This was confirmed by the hysteresis studies carried out using a mixture of Ar-O2 gas to sputter a Ti target under different conditions of working pressure, peak current density, etc. All investigated conditions showed a more or less narrow hysteresis on the monitored average discharge power when varying the O2 gas flow rate, confirming that reduction/elimination of hysteresis in reactive HiPIMS is likely system dependent and governed by the chosen set of process conditions. Moreover, the deposition of transition-metal oxides is complicated by the fact that they can take different forms, e.g., they can be amorphous or crystalline, and different stoichiometries exist, e.g., TiO, Ti2O3, TiO2, etc. The XRD investigations presented in this chapter showed that films deposited by HiPIMS in the metal and transition modes were predominantly amorphous, whereas in the compound mode, the films exhibited diffraction peaks corresponding to crystalline TiO2. This was followed by an investigation to identify the appropriate conditions for selective anatase phase nucleation. For that, no substrate bias was used, in order to maintain the low energy ion irradiation (of a few tens of eV) to the samples during film growth, while preserving the kinetic energy of the particles by using a small target to substrate distance (35 mm). It was found that anatase is preferably formed in the deposition system of LPGP at moderate working pressures (1 ≤ 𝑝 ≤ 2 Pa). Higher pressures (𝑝 > 5 Pa) lead to amorphous films due to increased collisions during particle transport to the substrate, reducing considerably their kinetic energy. Lower pressures (𝑝 < 1 Pa) were not investigated because they favor rutile preferential growth. Different peak current densities were also investigated, while maintaining the working pressure at 1 Pa. The increase in the peak current density increases the amount of energetic metal ions reaching the substrate, which favors the nucleation of rutile. For the HiPIMS system used, I identified peak current densities between 0.5 A cm -2 and 1 A cm -2 as appropriate for anatase nucleation. Using these conditions, the anatase phase was dominant in a wide range of deposition temperatures and also for different substrate materials. It is important to note that the XRD patterns showed a considerably improved crystal quality compared to previously published results. In addition, the deposition rates were relatively high (14 nm min -1 ) due to the low target to substrate distance used, being significantly higher compared to previous published works.

The chemical structure of the surface of these films was studied by XPS. The results showed that Ti 4+ ions are bonded to O 2-ions, i.e., only pure TiO2 is detected. However, the high level of surface contaminants due to sample air exposure after deposition was believed to somewhat mask the chemical environment of the bulk TiO2 film. A procedure of identifying surface contaminants was developed, followed by in situ Ar plasma etching to remove them.

After etching, the estimated atomic O/Ti ratio was ~2.1, which is lower than the value obtained for non-etched samples (~2.3) and more similar to the value expected for a stoichiometric TiO2.

The microstructure of the films was also investigated for the different experimental conditions. The most striking result was the increase in lateral grain size when increasing peak current density, which is a result of low to medium energy ion bombardment (10-20 eV), since substrate bias was not used and the discharge is characterized by a reduced amount of highenergy backscattered neutrals, which makes grain renucleation less likely. These results highlight the importance of process optimization in reactive HiPIMS, especially in the less explored range of ion bombardment with 𝐸 𝑖 of a few tens of eV.

We also investigated N-doped TiO2 films for visible-light sensitization in photocatalysis and solar energy applications. The N2 gas flow rate was changed during HiPIMS deposition of the different samples (from 0 to 5.1 sccm). From XPS measurements of in situ etched surfaces, the nitrogen atomic concentration on the TiO2 films is estimated to increase from 1.6 to 4.5 % with N2 gas flow rate. Nitrogen atoms are incorporated into the TiO2 structure and are mainly bonded to Ti atoms. A transition from anatase to rutile phase is observed when increasing the nitrogen concentration. This is likely due to the increase in oxygen vacancies in the TiO2 structure, which destabilizes the lattice and ultimately promotes phase transformation. The estimated band gap energy of these samples does not considerably change when increasing the nitrogen content, which suggests that N is not incorporated in substation positions. More work on the cause is likely needed to verify the reported results, since N-doping is known to decrease the band gap energy of TiO2.

Chapter 7 Reducing the intrinsic stress of TiN films

This is the fourth and last chapter presenting the results and analysis of the thin films studied in this thesis. Its purpose is to identify HiPIMS process conditions for reduced intrinsic stress of TiN films by controlling the energy, charge state, and chemical nature of the incident ions, i.e., inert gas vs. metal, which are impinging on the substrate during film deposition. TiN was chosen as the thin film material system for intrinsic stress investigation because it is widely used in tribological applications, e.g., in high-speed steel cutting tools, due to its high hardness and high wear resistance, but also in microelectronics, as conductive diffusion barrier. 

Presentation of the chapter

This chapter deals with a different Ti-based compound, TiN, as compared to the previous chapter. The reason is that TiN is a better material system for stress investigations compared to TiO2 due to its importance for tribological and microelectronics applications. Indeed, the stress levels acquired during TiN growth often lead to premature failure and delamination of the coated tool. Moreover, the sputtering equipment used for in situ intrinsic stress investigation (Subsection 3.1.2) is not the same as the sputtering system that was used for TiO2 deposition (Subsection 3.1.1). On the other hand, the growth conditions to obtain stoichiometric TiN films were already known for the former system, at least in DCMS, which also supports the choice of TiN in the present study.

Therefore, the present chapter investigates the intrinsic stress of TiN films during HiPIMS deposition and presents a partial microstructural characterization of the films after deposition. The main external parameter varied between the different samples was the substrate bias. However, we did not simply change the bias voltage value (as we did in Chapter 4 for Cu films), but in addition we also changed the bias mode of operation, using conventional DC bias or pulsed bias synchronized to the HiPIMS pulse. The interest of synchronizing a pulsed bias to the HiPIMS pulse was motivated by a study of Greczynski et al. [START_REF] Greczynski | A review of metal-ion-flux-controlled growth of metastable TiAlN by HIPIMS/DCMS co-sputtering[END_REF], who showed that film structural evolution in TiAlN alloys is influenced by the chemical nature of the incident ions, i.e., inert gas vs. metal, which are known to impinge on the substrate at significantly different arrival times. By synchronizing the substrate bias only to the metal ion-rich portion of the HiPIMS pulse, metal ions are preferentially accelerated to the substrate (instead of inert gas ions). Using this approach in a hybrid Al-HiPIMS/Ti-DCMS co-sputtering system, they showed that preferential Al + bombardment (which was the dominant species from 𝑡 = 40-100 µs into the HiPIMS pulse) resulted in films with densely-packed columns, low residual defect concentration and low residual compressive stress (-0.9 GPa). On the other hand, TiAlN films deposited on DC biased-substrates (the negative bias voltage is on during the entire process)

showed small grains due to mainly intense Ar + ion bombardment (which was dominant from 𝑡 = 100-200 µs) and the presence of residual trapped Ar, resulting in high compressive stress (-4.6 GPa) [START_REF] Greczynski | A review of metal-ion-flux-controlled growth of metastable TiAlN by HIPIMS/DCMS co-sputtering[END_REF]. These results show that synchronized pulsed bias provides an opportunity to separate metal ion from inert gas ion-induced effects on the film microstructure and properties.

However, the same strategy did not yield a significant reduction in film stress when the Ti target was operated in HiPIMS mode and the Al target in DCMS mode. In this case, they observed high compressive stresses, up to -3.5 GPa, which the authors ascribed to a large fraction of Ti 2+ ions in the material flux [START_REF] Greczynski | A review of metal-ion-flux-controlled growth of metastable TiAlN by HIPIMS/DCMS co-sputtering[END_REF]. This issue will be addressed in the present chapter. This chapter is organized in the following way: Subsection 7.1.2 introduces some aspects on the applications of TiN films and compressive stress induced by ion bombardment. Section 7.2 describes the experimental parameters used to grow TiN films and the different bias configurations, including pulsed bias. The results in terms of intrinsic stress are presented in Section 7.3, and a partial structural characterization of the same samples is presented in Section 7.4. Lastly, the findings are summarized and conclusions are drawn in Section 7.5.

TiN thin films

TiN is one of the most common hard coatings with applications in high-speed steel cutting tools (Fig. 73a) and drill bits due to its high hardness, high wear resistance, high melting point and high degree of chemical stability [START_REF] Zhang | TiN coating of tool steels: a review[END_REF][START_REF] Pierson | Handbook of refractory carbides and nitrides: properties, characteristics, processing, and applications[END_REF]. Other typical applications include diffusion barriers, anti-reflective coatings, adhesion-promoting layers in semiconductor devices and decorative layers in jewelry, eyeglasses and cutlery (gold-like color palette, Fig. 73b) [START_REF] Pierson | Handbook of refractory carbides and nitrides: properties, characteristics, processing, and applications[END_REF][START_REF] Niyomsoan | Variation of color in titanium and zirconium nitride decorative thin films[END_REF][START_REF] Kaloyeros | Ultrathin Diffusion Barriers/Liners for Gigascale Copper Metallization[END_REF]. PVD methods such as sputtering are widely used for TiN deposition on tool steels because they operate at much low temperatures compared to CVD methods, preventing steel phase transformations and dimension distortions [START_REF] Zhang | TiN coating of tool steels: a review[END_REF]. However, in PVD, the deposited species have kinetic energies significantly above the thermal energy, inducing high stress levels (up to several GPa) [START_REF] D'heurle | Note on the origin of intrinsic stresses in films deposited via evaporation and sputtering[END_REF][START_REF] Chason | Tutorial: Understanding residual stress in polycrystalline thin films through real-time measurements and physical models[END_REF] and premature failure, buckling, blistering, and delamination [START_REF] Moon | An experimental study of the influence of imperfections on the buckling of compressed thin films[END_REF] in some cases. As already discussed in Subsection 4.4.1, studies on stress generation during film growth state that intense ion bombardment generates compressive stress by atomic-peening and defect generation, in competition with stress relaxation by self-heating under the thermal spike area and defect annihilation [START_REF] D'heurle | Note on the origin of intrinsic stresses in films deposited via evaporation and sputtering[END_REF][START_REF] Carter | Peening in ion-assisted thin-film deposition: a generalized model[END_REF][START_REF] Bilek | A comprehensive model of stress generation and relief processes in thin films deposited with energetic ions[END_REF][START_REF] Davis | A simple model for the formation of compressive stress in thin films by ion bombardment[END_REF]. A simplified representation of these processes is illustrated in Fig. 73c, where an impinging energetic particle with high kinetic energy incorporates below the film surface; interstitial defects and vacancies are formed, high density regions are created and particles are incorporated into grain boundaries. In all cases, compressive or tensile stresses arise [START_REF] Magnfält | Atom insertion into grain boundaries and stress generation in physically vapor deposited films[END_REF][START_REF] Carter | Peening in ion-assisted thin-film deposition: a generalized model[END_REF][START_REF] Davis | A simple model for the formation of compressive stress in thin films by ion bombardment[END_REF].

Therefore, reducing the stress levels acquired during film growth is one of the key issues to be addressed, in order to enhance the performance, reliability, and lifetime of material components, tools and semiconductor devices coated with TiN.

EXPERIMENTAL DETAILS

The TiN films studied in this chapter were deposited by HiPIMS onto Si(001) oriented wafers, ~200 µm thick, covered with a native oxide (SiOx) layer, without any prior substrate cleaning process. The substrates were pre-heated at 300°C in each experiment using a resistive element placed behind the substrate holder. The depositions were carried out in the magnetron sputtering system described in Subsection 3.1.2, to allow in situ intrinsic stress evolution during film growth. To study the effect of different experimental conditions on the intrinsic stress and microstructure of TiN films, two series of samples were investigated. Table 10 summarizes the experimental conditions for each series. All samples were deposited at the same substrate temperature (300 °C) and using the same target average power (300 W), however, the working gas pressure and the target pulse peak current were both changed between the two series to create HiPIMS discharges with different characteristics, which are described as follows: a) High-energy series (peak current = 16.4 A; working gas pressure = 0.37 Pa): a fairly standard HiPIMS discharge containing energetic species was obtained by applying a higher peak current to the target (compared to the low energy series, see below), which is known to increase the ionized flux fraction of Ti [START_REF] Kubart | Investigation of ionized metal flux fraction in HiPIMS discharges with Ti and Ni targets[END_REF] and favors the formation of doubly charged Ti ions (Ti 2+ ) [START_REF] Ross | Optimizing efficiency of Ti ionized deposition in HIPIMS[END_REF]. Moreover, by using a low working gas pressure, the kinetic energy of these species is maintained, due to fewer collisions during transport to the substrate [START_REF] Chapman | Glow discharge processes: sputtering and plasma etching[END_REF]; b) Low-energy series (peak current = 8.8 A; working gas pressure = 0.60 Pa): a discharge containing less energetic species was obtained by applying a lower peak current to the target to reduce the ionized flux fraction of Ti [START_REF] Kubart | Investigation of ionized metal flux fraction in HiPIMS discharges with Ti and Ni targets[END_REF] and prevent, or at least significantly reduce the formation of Ti 2+ [START_REF] Ross | Optimizing efficiency of Ti ionized deposition in HIPIMS[END_REF]. Moreover, by doubling the working gas pressure, more collisions between the sputtered species and the working gas are expected in the bulk plasma and the kinetic energy of the particles is thereby reduced [START_REF] Chapman | Glow discharge processes: sputtering and plasma etching[END_REF].

For comparison, a single DCMS TiN sample was also deposited using similar conditions as those used for the High-energy series, in Table 10. The only changes were the N2 gas flow rate, which had to be increased to 1.1 sccm to obtain stoichiometric TiN films, and the DC target voltage, which was set to -430 V. All parameters related to the HiPIMS pulse obviously do not apply for the DCMS case. The substrate bias configuration was changed for each TiN sample, however, the bias voltage value was kept at -60 V for most samples (additional samples were also deposited at -30 V and -120 V). Table 11 lists all different bias configurations used, with a specific nomenclature that will be used hereinafter. For grounded and DC-biased substrates, nothing changes from the approach used in the previous chapters. For pulsed-biased substrates, a special pulsed bias unit and a synchronization unit are required, where the latter is capable of synchronizing both the pulsed bias unit and the HiPIMS unit. It works as follows: the user must select a bias pulse width and when to activate it in respect to the HiPIMS discharge pulse, i.e., a delay (Δt) of the bias pulse in the time domain, and repeat the process at a common frequency, which was equal to 400 Hz for the High-energy series and 950 Hz for the Low-energy series, according to the values listed in Table 10. The bias configurations described in Table 11 are shown in Fig. 74 (b-f), along with typical voltage and current waveforms used in the HiPIMS discharges investigated in this work (Fig. 74a).

Name Description Grounded DC bias 100µs, Δt=1µs

No bias (0 V) (Fig. 74b) Conventional direct current bias (duty cycle = 100 %) (Fig. 74b) Synchronized pulsed bias, pulse width = 100 µs, delay = 1 µs (Fig. 74c) 100µs, Δt=30µs 100µs, Δt=60µs Synchronized pulsed bias, pulse width = 100 µs, delay = 30 µs (Fig. 74d) Synchronized pulsed bias, pulse width = 100 µs, delay = 60 µs (Fig. 74e) 40µs, Δt=20µs

Synchronized pulsed bias, pulse width = 40 µs, delay = 20 µs (Fig. 74f) 11.

This figure clearly shows that the pulsed bias can be synchronized to the pulsed discharge by using different delay times, as explained in the last paragraph. The golden arrows signal the time at which the bias pulse is turned on in respect to the HiPIMS discharge pulse, for each investigated case. The choice of delay times at 30 and 60 s are related to the arrivaltimes of the concerned ions, which will be detailed in Section 7.3. Please note that the step observed in the beginning of the bias voltage waveforms in Fig. 74d-f is due to a non-zero floating potential (𝑉 𝑓 ) on the substrate holder. Moreover, all pulsed bias waveforms show a slope at the end of the pulse, which is due to slow discharging of the capacitors in the absence of a dense plasma. There are three contributions to the total capacitance: power supply (transistors), cable to magnetron, and capacitance in the plasma (cathode) sheath. It is difficult to identify the dominating term, although all of them will likely have an impact on the observed bias voltage slope.

Deposition rates of TiN films deposited by HiPIMS using the experimental conditions described above were obtained from XRR analysis and SEM cross-section images, and both characterization techniques provided similar results in terms of film thickness. In the Highenergy series, the deposition rates did not change within the different pulsed-bias configurations investigated, i.e., using different delay times or bias pulse width, being equal to 0.058 nm s -1 .

They are also similar to the value found for the grounded sample (0.056 nm s -1 ). This is mainly because when using pulsed-biased substrates, the bias voltage of -60 V is active only during the pulse (duty cycle of 4-9 %), and equal to 0 V (grounded) during the rest of the time.

However, the sample deposited on DC-biased substrate showed a relatively higher deposition rate (0.065 nm s -1 ), which is surprising. We have currently no explanation for this result. In addition, the TiN film deposited by DCMS at a DC bias voltage of -60 V showed a deposition rate equal to 0.176 nm s -1 , so that the ratio 𝑟𝑎𝑡𝑒 𝐻𝐼𝑃𝐼𝑀𝑆 /𝑟𝑎𝑡𝑒 𝐷𝐶𝑀𝑆 was approximately equal to 0.33, similar to the results obtained by Samuelsson et al. [START_REF] Samuelsson | On the film density using high power impulse magnetron sputtering[END_REF] for Ti sputtering. The reason for the much lower deposition rate in HiPIMS compared to DCMS was already discussed in Subsection 1.4.2 and in Sections 4.2 and 5.2 for the case of pure Cu films. Finally, in the Lowenergy series, the deposition rate of the TiN films deposited by HiPIMS showed similar trends as those described for the High-energy series, however, all deposition rate values are higher (around 0.10 nm s -1 ). This is likely due to the lower target peak current used, which results in fewer ions created [START_REF] Kubart | Investigation of ionized metal flux fraction in HiPIMS discharges with Ti and Ni targets[END_REF] and, consequently, in a lower fraction of the total flux (ions + neutrals) to the substrate being attracted back to the target. Therefore, more sputtered material is transferred to the substrate compared to the previous case and the deposition rate increases.

INTRINSIC STRESS

This section investigates the intrinsic stress evolution of TiN films during deposition.

The early growth stages will not be discussed, since they are not usually detected by wafer curvature measurements in compound films, as already noticed by Abadias et al. [START_REF] Abadias | In situ stress evolution during magnetron sputtering of transition metal nitride thin films[END_REF] for TiN, ZrN and TiZrN systems. Instead, attention will be given to the film force evolution at the postcoalescence stage, and mainly to the steady-state values of average stress.

Let us start with the High-energy series of TiN films. In the previous section we concluded that these films were deposited under HiPIMS conditions which promote an energetic material flux to the substrate (more details on particle energy will be provided below). Fig. 75 shows the evolution of the film force (𝐹/𝑤) with film thickness during growth of TiN films by HiPIMS using a substrate bias of -60 V in different configurations, i.e., DC bias or synchronized pulsed bias at different delay times (Δt). For these films, film forces decrease monotonically with thickness. The slope of the film force curve is negative, constant and essentially the same for the samples deposited under synchronized pulsed-bias (pink, red and green curves), whereas it is slightly less step for the DC-biased sample (orange curve). Fig. 75 also shows the film force evolution for a TiN sample deposited by HiPIMS on a grounded substrate (blue curve), which differs from the previous samples due to the lower magnitude of the film forces and also by the onset of a turnaround phenomenon, discussed in Subsection 4.4.2. Finally, the dashed grey curve in Fig. 75 corresponds to the film force evolution for a TiN sample deposited by DCMS using a DC-biased substrate also at -60 V. The films forces are slightly positive and show a near-steady-state behavior with thickness. 11. The discharge conditions are defined as the High-energy series, see Table 10. The film force evolution for a DCMS TiN sample is also presented (dashed line). The bias voltage was -60 V for all biased samples.

The average stress curves for the same samples were obtained from the 𝐹/𝑤 curves in Fig. 75 by following the procedure described in Subsection 3.2.1, and are presented in Fig. 76a. For TiN HiPIMS samples deposited on biased substrates, the intrinsic stress is compressive, showing a sharp drop at the beginning (first ~10 nm) followed by a steady-state condition, with average stress values (indicated in Fig. 76a for each sample) which are constant with film thickness. However, the grounded sample (blue curve) shows an evolving compressive average stress with thickness, which tends to stabilize at higher thicknesses (> 200 nm, not investigated). The DCMS TiN film shows a tensile stress, but is very close to zero. In order to simplify the comparison, Fig. 76b shows the average stress value for all films investigated in Fig. 76a at a specific film thickness of 100 nm. These values are assumed to stay constant for higher thicknesses, e.g., for a film thickness of 200 nm, since the previously shown film force with thickness curves exhibit a constant slope (except for the blue curve, where the value at 200 nm is also given in Fig. 76a). 11). The discharge conditions are defined as the High-energy series. The average stress evolution for a DCMS TiN sample is also presented (dashed line). b) Average stress of the same films at a film thickness of 100 nm plotted as a function of the different substrate bias conditions.

From Fig. 76b, one clearly sees that the TiN HiPIMS films deposited on pulsed-biased substrates show very high compressive stress, approximately equal to -11 GPa, whereas the DC-biased sample shows a slightly lower value (-10 GPa). These values are similar to the residual stress values found by Hovsepian et al. [START_REF] Hovsepian | Effect of the degree of high power impulse magnetron sputtering utilisation on the structure and properties of TiN film[END_REF] for TiN films (~1 µm thick) deposited by HiPIMS using the same DC bias voltage (-60 V) at a working pressure of 0.3 Pa and substrate temperature of 400 °C, i.e., at experimental conditions similar to our conditions. The values found here and by Hovsepian et al. [START_REF] Hovsepian | Effect of the degree of high power impulse magnetron sputtering utilisation on the structure and properties of TiN film[END_REF] are very high and not adequate for most applications, resulting in rupture and failure of the TiN coating in cutting tools, drill bits, etc. However, these results are not unexpected for refractory films deposited by standard HiPIMS conditions [START_REF] Machunze | Stress and texture in HIPIMS TiN thin films[END_REF],

since the flux fraction of energetic species (mainly Ti + and Ti 2+ in the present case) reaching the substrate is likely very high [START_REF] Greczynski | A review of metal-ion-flux-controlled growth of metastable TiAlN by HIPIMS/DCMS co-sputtering[END_REF]. The precise ion energy distributions cannot be established without plasma process characterization. However, based on mass spectrometry measurements under similar conditions, we can safely assume an average kinetic energy for Ti + and Ti 2+ ions of 𝐸 𝑘𝑖𝑛 ≈ 15-20 eV [START_REF] Bohlmark | The ion energy distributions and ion flux composition from a high power impulse magnetron sputtering discharge[END_REF][START_REF] Lundin | Crossfield ion transport during high power impulse magnetron sputtering[END_REF] with the Ti 2+ population having a slightly higher average energy than the Ti + population [START_REF] Greczynski | A review of metal-ion-flux-controlled growth of metastable TiAlN by HIPIMS/DCMS co-sputtering[END_REF] and with energetic tails reaching up to about 100 eV [START_REF] Bohlmark | The ion energy distributions and ion flux composition from a high power impulse magnetron sputtering discharge[END_REF]. In addition, few collisions with the working gas are expected in the plasma bulk at this pressure (0.37 Pa), since the mean free path is ≳ 5 cm (and increasing with increasing ion energy). When a bias voltage of -60 V is applied to the substrate, the Ti + ions will be accelerated in the substrate sheath with an accelerating energy which is very close to the bias value, e.g., 𝐸 𝑎𝑐𝑐 ≈ 60 eV in the present case. For Ti 2+ , 𝐸 𝑎𝑐𝑐 is double, due to the 2+ charge of the ion. Thus, the total energy (𝐸 𝑇 = 𝐸 𝑎𝑐𝑐 + 𝐸 𝑘𝑖𝑛 ) of the impinging ions in this situation is ≳ 80 eV for Ti + ions and ≳ 140 eV for Ti 2+ ions. These energetic ions may provoke atomic-peening, generation of point defects, creation of high-density regions, incorporation of extra atoms into grain boundaries due to higher adatom diffusivity, etc. All of these factors contribute to increasing the compressive stress during film growth (as discussed in Subsection 7.1.2) [START_REF] D'heurle | Note on the origin of intrinsic stresses in films deposited via evaporation and sputtering[END_REF][START_REF] Chason | Origin of compressive residual stress in polycrystalline thin films[END_REF][START_REF] Carter | Peening in ion-assisted thin-film deposition: a generalized model[END_REF][START_REF] Bilek | A comprehensive model of stress generation and relief processes in thin films deposited with energetic ions[END_REF][START_REF] Davis | A simple model for the formation of compressive stress in thin films by ion bombardment[END_REF][START_REF] Janssen | Stress in hard metal films[END_REF]. In this context, we clearly have to pay attention to the Ti 2+ ions in particular, since they are likely to impinge onto the growing film with the highest energy. The trouble is that the multiply charged Ti ions become more abundant with increasing discharge voltage and peak current at the expense of the Ti + ions as shown by Ross et al. [START_REF] Ross | Optimizing efficiency of Ti ionized deposition in HIPIMS[END_REF] using optical emission spectroscopy.

Moreover, no significant difference was observed between the samples deposited at different delay times of the bias pulse in respect to the discharge pulse. To understand this, let us analyze the plasma conditions. Most Ti (1+ or 2+) ions that combine with nitrogen to form a TiN film on the sample surface are created in the ionization region close to the target, on a time scale which typically corresponds to a few tens of µs after the beginning of each HiPIMS pulse and which lasts until the pulse is turned off [START_REF] Gudmundsson | High power impulse magnetron sputtering discharge[END_REF][START_REF] Greczynski | A review of metal-ion-flux-controlled growth of metastable TiAlN by HIPIMS/DCMS co-sputtering[END_REF][START_REF] Ross | Optimizing efficiency of Ti ionized deposition in HIPIMS[END_REF]. Then, they are transported toward the substrate, i.e., a distance of 0.18 m in our case, with an estimated flight time of ~20-30 µs, considering a Ti ion with an energy of 10-20 eV. Therefore, these ions will reach the substrate sheath around 50-60 µs after the beginning of each HiPIMS pulse. As a consequence, the sample deposited on a pulsed-biased substrate with a delay time Δt = 60 µs in respect to the HiPIMS pulse will benefit from a large amount of Ti ions bombarding the growing film (during the entire bias pulse) compared to the sample deposited using a pulsed-biased substrate with Δt = 1 µs, where the metallic ions will be accelerated at the end of the bias pulse, namely from ~60 to 100 µs. We should then expect a higher metal ion bombardment for the sample deposited at Δt = 60 µs and, consequently, a higher compressive stress. However, the results show only slightly higher compressive stress for this sample (Fig. 76b, sample 100µsΔ60µs). This is likely due to the presence of a significant fraction of heavy multiply charged Ti 2+ ions for these HiPIMS conditions (independent of bias settings), in line with observations by Greczynski et al. [START_REF] Greczynski | A review of metal-ion-flux-controlled growth of metastable TiAlN by HIPIMS/DCMS co-sputtering[END_REF][START_REF] Greczynski | Selection of metal ion irradiation for controlling Ti1-xAlxN alloy growth via hybrid HIPIMS/magnetron co-sputtering[END_REF], which cause high point defect density in the film structure even for limited pulsed-bias on-times, i.e., independently on the delay time of the pulsed bias.

The TiN HiPIMS film deposited on a grounded substrate (Fig. 76b, blue rhombus) showed a much lower compressive stress (-2 GPa) compared to the biased samples. This is mainly due to the fact that the ion bombardment in this case is much lower, since the Ti ions impinging on the substrate have a much lower energy, which is roughly equal to 𝐸 𝑘𝑖𝑛 of 10-20 of eV, even in the case of Ti 2+ ions. For comparison, Hovsepian et al. [START_REF] Hovsepian | Effect of the degree of high power impulse magnetron sputtering utilisation on the structure and properties of TiN film[END_REF] obtained a compressive stress of -3 GPa for their TiN film deposited by HiPIMS on a grounded substrate, using similar deposition conditions. Machunze et al. [START_REF] Machunze | Stress and texture in HIPIMS TiN thin films[END_REF] obtained a compressive stress of -0.5 GPa for their TiN film deposited by HiPIMS on a grounded substrate, at a working pressure of 0.4 Pa and substrate temperature of 450 °C.

The DCMS TiN film deposited on a DC-biased substrate (-60 V) showed a low tensile stress, equal to +0.1 GPa. In DCMS discharges, Ti is mainly found as a neutral specie, and the ionic flux reaching the substrate is dominated by Ar + ions, as discussed in Subsection 1.3.3 and Section 1.4, which is known to lead to detrimental residual ion-induced compressive stress due to Ar entrapment and generation of defects [START_REF] D'heurle | Note on the origin of intrinsic stresses in films deposited via evaporation and sputtering[END_REF][START_REF] Thornton | Stress-related effects in thin films[END_REF][START_REF] Windischmann | Intrinsic stress in sputter-deposited thin films[END_REF]. However, this is clearly not the case in the current situation, where the stress is close to zero. Moreover, the microstructure is porous (see Section 7.4), which is typical for films exhibiting tensile stress (as discussed in Section 2.4). Instead, we believe that this is a result of the long target-to-substrate distance (0.18 m) in the present experiment, which effectively separates the dense plasma zone from the substrate region. Ionization of neutral Ar with a random velocity distribution will occur in the ionization region close to the target, but very few Ar + ions will reach the substrate due to a non-directional velocity. Such gas ions with significantly lower kinetic energy (velocity) compared to the Ti + /Ti 2+ ions [START_REF] Hecimovic | Spatial and temporal evolution of ion energies in high power impulse magnetron sputtering plasma discharge[END_REF] will also undergo more collisions with the neutral working gas during transport, which will further limit the possibility of ever reaching the substrate. Note that this situation is very different from the sputtered species, with a velocity component directed mainly towards the substrate. Please also remember that the Ar + ion density is at least two orders of magnitude lower in DCMS compared to in HiPIMS, due to the lower plasma density. It is therefore concluded that Ar + ion bombardment of the film surface during growth is limited in the DCMS case investigated here. 11 (bias voltage = -60 V for all biased samples). The discharge conditions are defined as the Low-energy series, see Table 10.

We now move to investigate the TiN samples deposited under Low-energy conditions.

In the previous section we learnt that these films were deposited in a HiPIMS process characterized by less energetic species compared to the discharge previously used. The evolution of the film force (𝐹/𝑤) with film thickness during growth of HiPIMS TiN films using different substrate bias configurations is shown in Fig. 77. The grounded sample (blue curve)

showed slightly positive film forces, whereas the DC-biased sample (orange curve) showed the most negative film force of all investigated samples. The TiN samples deposited on pulsedbiased substrates showed a small drop of the film force at the beginning of the depositions, followed by a stationary regime for higher thickness.

The average stress curves for the same HiPIMS samples are presented in Fig. 78a. The TiN film with the highest compressive stress was obtained using a DC-biased substrate (orange curve). For a film thickness of 200 nm a , the average compressive stress was -5.2 GPa, as also presented in Fig. 78b. The use of a pulsed bias synchronized with the HiPIMS pulse reduces significantly the compressive stress, as observed in Fig. 78ab, to near-steady-state values < 1

GPa from 200 nm of film thickness. For a bias pulse width of 100 µs (the same pulse width as the HiPIMS discharge), the compressive stress slightly decreases when using short delay times (Δt). The intrinsic stress is even lower, and almost equal to zero, when using a pulsed bias of 40 µs width, delayed by 20 µs in respect to the HiPIMS pulse. Finally, the grounded sample showed a low tensile stress of +0.1 GPa. 11). The discharge conditions are defined as the Low-energy series. b) Average stress of the same films at a film thickness of 200 nm plotted as a function of the different substrate bias conditions.

a For the Low-energy series, we chose a film thickness of 200 nm instead of 100 nm (as used in Fig. 76 for the High-energy series) because a steady-state condition was not completely established at 100 nm for most samples. Nonetheless, we believe that the values in Fig. 76b and Fig. 78b are comparable, since the values showed at 100 nm for the High-energy series are assumed not to exhibit any further changes with increasing film thickness, as discussed previously.

The much lower stress levels obtained for these samples compared to the High-energy series is mainly due to the fact that fewer energetic species are impinging on the growing film during the deposition process, as discussed in the previous section. The chosen discharge conditions are expected to generate mainly Ti + ions, but significantly fewer Ti 2+ ions by limiting the peak current, in line with observations reported by Ross et al. [START_REF] Ross | Optimizing efficiency of Ti ionized deposition in HIPIMS[END_REF]. These ions undergo more collisions during transport to the substrate, due to the higher pressure, so their 𝐸 𝑘𝑖𝑛 is likely reduced to approximately 5-10 eV, although precise values have not been established in this study. When using a bias voltage of -60 V, 𝐸 𝑎𝑐𝑐 ≈ 60 eV, the total amount of energy (𝐸 𝑇 = 𝐸 𝑎𝑐𝑐 + 𝐸 𝑘𝑖𝑛 ) of the Ti + impinging ions is ≲ 70 eV, i.e., lower energies as compared to the High-Energy series. The much lower intrinsic stress values observed in Fig. 78b (compared to Fig. 76b) are also an additional indication of the absence of doubly charged Ti ions.

The compressive stress is seen to increase from -0.35 GPa to -0.95 GPa when the delay time of the pulsed bias (of 100 µs pulse width) is increased from Δt = 1 µs to Δt = 60 µs, see Fig. 78b. Here, this behavior is more pronounced compared to the case of High-energy samples, although the absolute values remain low. In the present case, we again consider that the Ti + ions are created a few tens of µs after the beginning of each HiPIMS pulse [START_REF] Gudmundsson | High power impulse magnetron sputtering discharge[END_REF][START_REF] Greczynski | A review of metal-ion-flux-controlled growth of metastable TiAlN by HIPIMS/DCMS co-sputtering[END_REF][START_REF] Ross | Optimizing efficiency of Ti ionized deposition in HIPIMS[END_REF], however, the flight time is slightly longer compared to the previous case, being approximately equal to 30-40 µs, due to lower ion energies (5-10 eV). It results in most of the Ti + ions reaching the substrate sheath about 60-80 µs after the onset of the HiPIMS pulse. For a pulsed-biased substrate with Δt = 1 µs, the bias pulse matches the HiPIMS pulse in the time domain, thus, very few Ti + ions are accelerated by the bias potential, since they arrive too late. The energetic metal ion bombardment is thereby reduced, resulting in low compressive stress (-0.35 GPa), in agreement with our discussion earlier concerning the High-energy series. On the other hand, for a bias pulse delay time of Δt = 60 µs, most of the Ti + ions will reach the substrate sheath and be accelerated to the growing film by the bias potential, resulting in a more intense metal ion bombardment during film growth and thus, higher compressive stress (-0.95 GPa). An intermediary situation is found for the Δt = 30 µs case. Moreover, when using a 40 µs pulsed bias, with a Δt = 20 µs, the stress is even lower, being approximately equal to zero. This is likely a result of very limited acceleration of Ti ions in line with our conclusions above. In addition, we also expect limited Ar + contribution due to gas rarefaction during the high-current phase of the HiPIMS pulse leading to significant losses of the source term (neutral Ar) required for creating Ar ions [START_REF] Huo | Gas rarefaction and the time evolution of long high-power impulse magnetron sputtering pulses[END_REF].

The grounded sample showed also a very low stress, but tensile, and equal to +0.1 GPa.

As explained before for the High-energy series, at grounded bias, the energy of the bombarding ions is much lower, and roughly equal to 𝐸 𝑘𝑖𝑛 of 5-10 eV. On the other hand, the DC-biased substrate showed a higher compressive stress (-5.2 GPa), although significantly lower compared to the High-energy series equivalent (-10 GPa). For the case of a DC bias, the potential is applied continuously, so not only Ti + ions are attracted to the substrate, but also Ar + ions, which are known to appear in a HiPIMS afterglow [START_REF] Aiempanakit | Understanding the discharge current behavior in reactive high power impulse magnetron sputtering of oxides[END_REF][START_REF] Greczynski | A review of metal-ion-flux-controlled growth of metastable TiAlN by HIPIMS/DCMS co-sputtering[END_REF]. In the present case, we believe that the Ar ion bombardment is the main reason behind the considerably higher compressive stress, in line with observations by Greczynski et al. [START_REF] Greczynski | A review of metal-ion-flux-controlled growth of metastable TiAlN by HIPIMS/DCMS co-sputtering[END_REF] on TiAlN, since there are no reports of significant fluxes of ionized target material to the substrate during the afterglow. Note however, that this mechanism is likely not dominating in the High-energy series when using a DC bias during HiPIMS, since the average stress value is about the same, or even slightly lower, compared to the pulsed bias samples, Fig. 76b. For that series, the effect of impinging Ti 2+ (and possibly higher charge states) onto the substrate are dominating and leading to very high compressive stress, as previously concluded.

Please note that the effects of N + or N2 + bombardment during film growth were neglected in all previous discussions. It is known that N + and N2 + exhibit significant kinetic energies in the range of a few eV with a large energy tail [START_REF] Jouan | HiPIMS Ion Energy Distribution Measurements in Reactive Mode[END_REF]. However, we expect them to have a minor effect on the film stress due to the lower mass of N (14 amu) compared to Ar (39.9 amu) and Ti (47.9 amu), which limits the momentum transfer.

MICROSTRUCTURE

This section shows only a partial microstructural characterization of the same TiN films previously presented. I employ the term "partial" because less attention will be given to the structural properties of the TiN films, since the intrinsic stress is the focus of the chapter. For instance, the crystal structure of the studied films is not presented. However, crystallographic characterization was carried out, using XRD in Bragg-Brentano 𝜃-2𝜃 geometry for all samples and pole figure measurements for selected samples. The obtained results verify that all films are crystalline and show only diffraction peaks corresponding to TiN. The texture of the films changes between the different samples, however, these results have so far not been completely analyzed, and thus they are not presented here and will be the subject of a future publication.

Only SEM and XRR data will be discussed below.

Fig. 79 shows cross-sectional SEM images of three different TiN films (~200 nm thick) deposited on Si(001) substrates under High-energy conditions. The microstructure differs for the different samples, which were deposited by HiPIMS on grounded (Fig. 79a) and pulsedbiased substrates (Fig. 79b) and by DCMS on a DC-biased substrate (Fig. 79c). In HiPIMS, the use of a pulsed bias synchronized to the discharge pulse (bias pulse width of 100 µs, delay time of 1 µs, bias voltage of -60 V) resulted in a much more compact microstructure of the thin film, with a smother top-surface, compared to the film deposited on a grounded substrate (0 V), as seen from the SEM images. Indeed, the density of the pulsed-biased film is higher, which was investigated by XRR and estimated at 5.3 g cm -3 , whereas the density of the grounded film was 5.1 g cm -3 (the density of bulk TiN is 5.4 g cm -3 [START_REF] Pierson | Handbook of refractory carbides and nitrides: properties, characteristics, processing, and applications[END_REF]). These results are consistent with the intrinsic stress investigations reported in Fig. 76 for the same samples, where it was suggested that the high compressive stress of the TiN films deposited by HiPIMS on biased substrates (on the order of ~10 GPa) was due to intense metal ion bombardment, promoting higher adatom diffusivity, incorporation of extra atoms into grain boundaries, and high-density films. The high density and the high stress of biased films suggest that they are also very hard, however, no hardness measurement was done on the surface of these samples and are the subject of a future investigation. Despite their high compressive stress, these films may be interesting for the semiconductor industry, which requires very thin (nanometric) layers deposited on Si substrates. However, these films are not adequate for tribological applications, which requires thicker films (>1 µm) deposited on steels, where film delamination will likely occur. On the other hand, the TiN film deposited by DCMS using a DC-bias voltage of -60 V (Fig. 79c) showed a fibrous, under-dense, very porous columnar structure, with a very rough top surface. The film density was estimated by XRR to 4.5 g cm -3 , which is much lower compared to the bulk value and the previous HiPIMS samples. This structure is typical of lowmobility conditions (Sections 2.3 and 2.4), which suggests that the (limited) Ar + bombardment does not provide sufficient energy to the adatoms to form a dense structure during film growth, at least when using a substrate bias voltage of -60 V. In addition, the tensile stress obtained for this TiN film, +0.1 GPa, (Fig. 76) is due to the attractive interatomic forces across the underdense grain boundaries, as explained in Section 2.4. SEM cross-sectional images are also presented for some samples of the Low-energy series. Here, only TiN films (< 400 nm thick) deposited by HiPIMS are displayed, using grounded (Fig. 80a), pulsed-biased (Fig. 80b) and DC-biased (Fig. 80c) substrates. The bias voltage was -60 V in both biased cases. The configuration of the pulsed bias is: bias pulse width of 100 µs and delay time of 1 µs. At first glance, these images show TiN films with a less compact microstructure compared to the TiN HiPIMS films of the High-energy series (Fig. 79a,b). It is mainly because less energetic species are impinging on the growing film when using deposition conditions of higher working gas pressure and lower peak current density, as discussed in the previous section. This reduces the adatom surface mobility and results in increased island nucleation density during the early growth stages and reduced incorporation of atoms into grain boundaries during the post-coalescence stage, leading to less dense structures. 10.

The use of a pulsed bias synchronized to the discharge pulse (Fig. 80b) resulted in more compact microstructure of the thin film compared to the film deposited on a grounded substrate (Fig. 80a), as also discussed for the High-energy series (Fig. 79b,a). This is also supported by the stress values obtained for these samples (Fig. 78), where the grounded sample showed a tensile stress of +0.1 GPa (related to high grain boundary density and porosity) and the pulsed-biased sample showed a low compressive stress of -0.35 GPa (lower grain boundary density and incorporation of atoms into grain boundaries). It is important to note that this pulsed-biased sample was deposited with a Δt=1 µs, and no SEM analysis was done, for the moment, on the samples deposited at different delay times. However, we expect that the structure become more compact for Δt=30 µs and even more for Δt=60 µs, as indicated by the higher compressive stress of these samples (Fig. 78). In particular, the case of Δt=60 µs would be interesting for tribological applications, due to a (supposed) more-compact microstructure and a relatively low compressive stress (equal to -0.95 GPa).

Finally, the TiN HiPIMS film deposited on a DC-biased (-60 V) substrate showed the most compact structure of the Low-energy series, which also is consistent with the higher compressive stress of this sample: -5.2 GPa (Fig. 78). This is due to the Ar + bombardment, as discussed in the previous section. Please note that DC-bias is largely employed in the industry to deposit hard TiN coatings, resulting in highly stressed coatings, as showed here. Therefore, the use of a synchronized bias instead of a DC-bias is an efficient approach to considerably reduce the compressive stress of TiN (and other refractory) films in HiPIMS processes, provided that optimized HiPIMS discharge conditions have been identified.

SUMMARY AND CONCLUSIONS

This chapter investigated the intrinsic stress and microstructure of TiN thin films deposited by HiPIMS using different discharge conditions (high and low energy) and different substrate bias configurations (grounded, DC or pulsed bias at different synchronizations). The results presented here showed that the discharge conditions had a strong effect on film stress developed during growth and on their final microstructure.

The use of biased substrates (-60 V) and standard HiPIMS discharges (High-energy series) resulted in dense and compact TiN films with extremely high compressive stress (about -11 GPa). This is the general behavior reported for most HiPIMS works presented in the literature, which usually decreases the industrial appeal of HiPIMS (at least for thicker coatings). In the present case, the high compressive stress is likely due to an intense and energetic metal ion bombardment of the growing film, dominated by Ti 2+ ions, leading to atomic-/ion-peening, point defect generation, increased adatom mobility and incorporation of extra atoms into grain boundaries. For commonly used HiPIMS peak current densities, considerable changes were observed when changing the bias configuration from DC-bias to pulsed-bias synchronized to the HiPIMS pulse, mainly because of the presence of multiply charged Ti ions, which are the impinging particles with the highest energy (~140 eV).

On the other hand, when using pulsed-biased substrates (-60 V) and less energetic HiPIMS discharges (Low-energy series), the compressive stress was considerably reduced (about -1 GPa). In this case, less energetic species impinge on the growing film, i.e., mainly Ti + ions with an energy ≲ 70 eV, which reduces point defect generation and adatom surface mobility. As a result, less dense structures are formed, with more open grain boundaries, where tensile forces appear and counterbalance the compressive forces. Despite less dense structures are observed, they are still denser than DCMS TiN films deposited under similar conditions. In addition, the use of pulsed-biased substrates resulted in significantly lower intrinsic stress when the bias pulse and the HiPIMS pulse are synchronized. The use of shifted pulsed bias in respect to the HiPIMS pulsed resulted in slightly higher compressive stress, due to more metal (and possibly some noble gas) ions accelerated by the bias potential. The use of DC-biased substrates resulted in TiN films with much higher compressive stress, because a large fraction of noble gas ions are accelerated by the bias potential during the HiPIMS afterglow.

Therefore, the introduction of a synchronized pulsed bias to reactive HiPIMS processes could be an important tool to spread the use of HiPIMS technology in industry, since this approach reduces considerably the compressive stress levels of compound refractory films and produces less porous films compared to DCMS processes. However, one cannot blindly rely on solely the use of a synchronized bias. Our investigations clearly show that also the HiPIMS conditions need to be selected with great care.

Conclusions

This thesis has demonstrated that new and/or improved structures and properties of thin and ultrathin films can be obtained by using HiPIMS. During the entire work, I used the expertise generated by earlier works on HiPIMS discharge and process characteristics, to select the adequate experimental parameters for the growth of thin film materials that find application in areas of importance for society. From the work carried out it is concluded that the most important parameters affecting the film structure and properties are the amount as well as the kinetic energy of the ionized sputtered species bombarding the film during growth. These parameters differ substantially for optimum growth conditions of metallic and compound films, as summarized below:

On one hand, in the case of metallic films, the use of energetic metal ion bombardment during film growth was beneficial for tailoring structural and final properties of Cu. It was done by accelerating the sputtered Cu ions (abundant in HiPIMS) toward the growing film and increasing their energy (to 100-150 eV) by substrate biasing. These conditions increase the adatom mobility of film-forming species on the surface, resulting in nucleation of larger islands in the pre-coalescence stage and the subsequent growth of larger grains, i.e., Cu films with reduced grain boundary density are formed. Consequently, low electrical resistivity is obtained due to reduced scattering of charge carriers at grain boundaries, and low intrinsic compressive stress is achieved due to reduced incorporation of extra atoms into grain boundaries. These findings show that, contrarily to common expectations, the stress magnitude can be significantly reduced despite the energy increase of the bombarding particles when using HiPIMS. Moreover, the low electrical resistivity is central for the proper functioning of Cu layers on downscaled electrical, electronic, magnetic and superconducting heterostructures and devices, which prevents excessive power dissipation and energy consumption, and interconnect delay or blocking.

In addition, the energetic metal ion bombardment in Cu HiPIMS enabled epitaxial growth of Cu on Si(001) at room temperature without any substrate pretreatment. A mechanism was proposed in this thesis, explaining that the large quantities of energetic Cu + ions can completely, or partially, eliminate the native oxide present on the Si surface, and ultimately lead to a preferential growth direction of the Cu film through a complex interface, not yet completely understood. This novel, single-step, deposition process eliminates the need of prior chemical etching (with hydrofluoric acid) or plasma cleaning of the substrate, being a more efficient approach and an environmentally friendly alternative for the thin film industry interested in epitaxial growth. On the other hand, in the case of compound films, the use of low-to-moderate energy metal ion bombardment during film growth in HiPIMS seems to be a better choice. TiO2 and TiN thin films were investigated due to their relevance in photocatalysis and tribological applications, respectively. For TiO2, the anatase preferential growth requires metal ion bombardment in the energy range of a few tens of eV, which is not a standard case in HiPIMS and, then, poorly explored by the community (rutile TiO2 is commonly obtained by standard HiPIMS). The experimental conditions for anatase TiO2 preferential growth were investigated in this thesis and the results show that the sputtered Ti ions do not need to be accelerated to high energies to allow anatase growth, i.e., no substrate bias is required, although small targetto-substrate distance and moderate working gas pressure are needed to preserve the kinetic energy of these ions at ~20 eV. Moreover, the pulse peak current density on the Ti target should be kept at moderate levels, to limit the intensity of the ion bombardment at the substrate. At such conditions, grain renucleation is less likely during film growth, whereas adatom mobility is enough to allow grain growth in some cases. These results show the complex interplay of process parameters and film structural properties in reactive HiPIMS and highlight the importance of process optimization especially when using low ion bombardment.

For TiN films, the use of standard HiPIMS discharges and biased substrates to provide energetic metal ion bombardment during film growth resulted in dense and compact TiN films, however, they showed extremely high intrinsic compressive stress (about -11 GPa). This was also found by several other groups, and is related to the very high flux fraction of doublycharged Ti ions reaching the substrate, with energies estimated at ~140 eV for the -60 V bias case. By decreasing the pulse peak current density, the amount of these ions is likely reduced, and the ionic bombardment during film growth is mainly dominated by Ti + and Ar + ions. A specific strategy was used to separate metal-ion from gas-ion bombardment. When using selective Ti + bombardment, the stress was considerably reduced, reaching values in the order of -1 GPa. This was achieved by applying a pulsed bias on the substrate (the same -60 V) synchronized with the metal-ion-rich portion of the HiPIMS pulse in the time domain. However, when using DC-biased substrates, the compressive stress increased to -5 GPa due to a large fraction of Ar + ions that are accelerated by the bias potential during the HiPIMS afterglow. Therefore, the use of a moderate energy metal-ion bombardment and a synchronized bias (instead of a conventional DC-bias) is an efficient approach to considerably reduce the compressive stress of TiN (and other refractory) films in HiPIMS processes.

We believe that the results summarized above have a great impact in the field and may help to increase the industrial appeal of the HiPIMS technique for large-scale applications.

Perspectives

The results presented in this thesis are promising and encourage continuous investigations. Moreover, there are still open questions in the discussion of some results, where extra work is required to complete our understanding. Perspectives for continuing this work include:

 On the Cu films deposited by HiPIMS, the most important question remains how the Cu/Si epitaxial growth was possible in the presence of a complex interlayer containing amorphous compounds. A mechanism was proposed to explain how this interlayer is formed. However, we were not able to explain how the epitaxial relationship was conserved through out the interlayer and, more specifically, through out the amorphous regions. Additional TEM cross-sectional analysis of as-deposited Cu samples using different sample preparation methods and higher imaging resolution should be conducted. The deposition of a different high-mobility metal on Si, under the same experimental conditions as those used for epitaxial Cu, could also be tried, to verify possible epitaxial growth and the resulting interlayer. The choice of the metal would take into account that some of them show less tendency to react with oxygen, which could help when establishing the properties of the interfacial layer.  In addition, the reduction of the stress magnitude in Cu films when using higher negative bias voltages, i.e., higher energetic film-forming species, is not an expected behavior. This was explained by the reduction of the grain boundary density, which means less incorporation of extra atoms into grain boundaries and thereby less compressive stress.

Therefore, it would be interesting to investigate if the same behavior is obtained for other metallic systems, to support our findings.

 On the N-doped TiO2 films deposited by HiPIMS, the incorporation of nitrogen led to an anatase-to-rutile transformation of the TiO2 structure. More work is required on the understanding of the mechanisms leading to this transformation, although a hypothesis concerning oxygen vacancies was formulated. Therefore, the use of RBS for Ti quantification and NRA for N and O quantification are suggested to confirm the hypothesis of oxygen vacancies and also the precise stoichiometry of these films.

Moreover, the band gap energy of the N-doped TiO2 films did not considerably change when increasing the nitrogen content on the film, which was ascribed to N in terminal positions. Therefore, the use of infrared spectroscopy is suggested to confirm the presence of Ti≡N bonds. Additional investigations are required for the present samples, including the use of more accurate methods for band gap acquisition. Moreover, the deposition of new samples using higher N2 gas flow rates is also a possibility, since the nitrogen content obtained in our films may not be enough to change the band gap energy.

 On the TiN films deposited by HiPIMS, additional microstructural characterization is required. The XRD data (not presented here) using the θ-2θ configuration has shown a change in the texture of the different samples, which might also have an effect on the stress evolution. However, these results have so far not been completely analyzed, and additional measurements using XRD pole figures and the sin 2 ψ-method are in progress.

It is also suggested to measure the hardness of these films using nanoindentation.

vertically. Fig. 81a shows a schematic representation of a typical AFM instrument. When the tip is brought into proximity of a sample surface, a series of different forces such as mechanical contact forces, van der Waals forces, electrostatic forces, magnetic forces, etc. arise between the tip and the sample. These forces result in a displacement (or deflection) of the tip with respect to its equilibrium position. The cantilever deflects upward in the case of a net repulsive force, or downward in the case of a net attractive force [9,[START_REF] Poon | Comparison of surface roughness measurements by stylus profiler, AFM and non-contact optical profiler[END_REF]. Fig. 81b schematically illustrates the interatomic interaction between the tip and a surface. Therefore, the tip can be seen as a force sensor that deflects as a result of the sampleinduced forces on it. The extent of deflection is proportional to the force applied to the sensor (typically in the order of 1 nN) and is generally described by Hooke's law,

𝐹 = 𝑘𝑥 ( 25 
)
where 𝐹 is the force applied on the cantilever, 𝑘 is the spring constant of the cantilever, and 𝑥 is the distance of deflection. As the tip is moved across the surface, the normal force is kept constant by moving the sample away or closer to the scanned surface by a control feedback system, and the obtained deflection (𝑥) is monitored by a laser beam that is reflected off the cantilever and directed onto a split photodetector. The collected deflection points are converted into an electrical signal, which are then used to generate a map of the surface topography in 3D [START_REF] Binnig | Atomic force microscope[END_REF][START_REF] Poon | Comparison of surface roughness measurements by stylus profiler, AFM and non-contact optical profiler[END_REF].

AFM has three main modes of operation: contact mode, tapping (or intermittent) mode and non-contact mode. In contact mode, the tip is put in contact with the surface and dragged across it. The cantilever deflection is related to the highly sensitive hard-core repulsive forces generated between the tip and the sample, being the easiest way to obtain atomic scale images. The drawback is that the lateral force exerted on the sample can be quite high, resulting in damage of the tip and/or the surface and in erroneous imaging. Next, in tapping mode, the cantilever is made to oscillate at or near its resonance frequency with a constant amplitude. The tip is lowered towards the surface until the oscillation amplitude decreases due to the tip coming in contact with the surface. The probe lightly "taps" on the sample surface during scanning, making contact with the surface at the bottom of its swing, only for a short time. Tapping mode overcomes problems associated with friction, adhesion, and electrostatic forces, and is the preferred method of imaging when atomic resolution is not needed. Last, in non-contact AFM, the tip is oscillating close to but not touching the surface. It results in attractive van der Waals interactions between the tip and the adsorbed fluid layer present on the sample surfaces exposed to the atmosphere (usually ultra-high vacuum is needed to achieve the highest resolution imaging). Tips under contact and tapping modes penetrate this layer, allowing for higher resolution imaging than non-contact mode under atmospheric conditions [9].

In this thesis, the surface topography of selected studied films was analyzed ex situ after deposition by AFM in ambient air using a Veeco-Bruker Innova microscope (for films studied in Chapters 5 and 6) and a Digital Instruments Multimode microscope (for films studied in Chapters 4 and 7) operating in either tapping or contact modes, depending on the sample. The root mean square (RMS) surface roughness and the average grain size were estimated over the obtained AFM images with the analysis tools of the WSxM [START_REF] Horcas | WSXM: A software for scanning probe microscopy and a tool for nanotechnology[END_REF] and the Gwyddion [START_REF] Nečas | Gwyddion: an open-source software for SPM data analysis[END_REF] softwares.

B.3 X-RAY DIFFRACTION (XRD) B.3.1 Bragg-Brentano 𝜽-𝟐𝜽 geometry

X-ray diffraction (XRD) is an ex situ nondestructive characterization technique used mainly to investigate the crystal structure of bulk materials and thin film materials, with the advantage of not requiring elaborate sample preparation before analysis [START_REF] Warren | X-ray diffraction[END_REF][START_REF] Cullity | Elements of x-ray diffraction[END_REF]. A typical XRD experiment in a Bragg-Brentano 𝜃-2𝜃 geometry is carried out in a diffractometer as schematically represented in Fig. 82a. It consists of: an x-ray source (details below); a filter or a monochromator to select a specific radiation line; one or more slits to adjust the shape of the x-ray beam; a goniometer allowing to move the x-ray source, the sample and the detector, placed relative to each other in a very precise manner [START_REF] Epp | X-ray diffraction (XRD) techniques for materials characterization[END_REF].

The x-ray radiation is produced in a sealed vacuum tube, where free electrons emitted by heating a tungsten filament (cathode) are accelerated towards the target, generally a watercooled Cu plate (anode), over a voltage of some tens of kV maintained across these electrodes.

The emitted electrons strike the target with very high 𝐸 𝑘𝑖𝑛 , producing x-rays from both (1) rapid deceleration of the electrons hitting the target and (2) electronic transitions within target atoms.

In situation (2), electrons hitting the target typically knock an electron out of the K shell. One of the outer electrons from the L or M shells (high energy levels) immediately falls into the vacancy in the K shell, emitting their extra energy in the form of x-ray radiation. The K shell vacancy filled by an electron from the L shell emits a 𝐾 𝛼 radiation, and from the M shell emits a 𝐾 𝛽 radiation, as illustrated in Fig. 82b. In general, XRD methods only use the characteristic radiation with the highest intensity (𝐾 𝛼 ) and remove most of the remaining radiation by using appropriate filters or monochromators [START_REF] Cullity | Elements of x-ray diffraction[END_REF]. Then, when 𝐾 𝛼 x-ray photons interact with the atoms of a sample, they make the electronic cloud of the sample atoms to move. This movement re-radiates waves (or rays) with the same frequency in all directions, in a phenomenon called Rayleigh scattering. In the case of crystalline materials, the re-emitted rays interfere with each other either constructively or destructively, as observed respectively in Fig. 83a and83b. Constructive interferences are geometrically explained by Bragg's law [START_REF] Bragg | The diffraction of short electromagnetic waves by a crystal[END_REF] given in Equation 26and represented in Fig. 83c, where 𝑛 is the order of diffraction (often unity), 𝜆 is the wavelength of the incident x-ray radiation, 𝑑 is the distance between two crystallographic planes (lattice parameter) and 𝜃 is the angle of the incident radiation relative to the sample surface. When Bragg's law is satisfied at a given 𝜃 incident angle (or a corresponding 2𝜃 scattering angle relative to the incident angle),

x-rays scattered from successive crystalline planes showing the same orientation will interact constructively and eventually reach the detector, which will register the passage of an intense beam, called the diffracted beam. A diffracted beam may be defined as a beam composed of a large number of scattered rays mutually reinforcing one another [START_REF] Warren | X-ray diffraction[END_REF][START_REF] Cullity | Elements of x-ray diffraction[END_REF]. 

𝑛𝜆 = 2𝑑 sin 𝜃 (26)

In general, a diffraction pattern shows one or more diffraction peak(s) that represent the intensity of diffraction of one or several families of atomic planes within the analyzed crystalline material a following Bragg's law at a certain 2𝜃 scattering angle. The obtained XRD peak(s) are usually compared to a database that contains the crystallographic information of each specific material. Additional information such as grain size and texture coefficient can be extracted from the position, intensity and FWHM of the obtained peak(s) [START_REF] Epp | X-ray diffraction (XRD) techniques for materials characterization[END_REF]. The grain size can be estimated by the Scherrer Equation [START_REF] Patterson | The Scherrer Formula for X-Ray Particle Size Determination[END_REF], see Equation 27, where 𝑑 is the diameter of the crystallite (the in-plane grain size), β is the FWHM (in rad) of the considered XRD peak and 𝜆 and 𝜃 (in °) are the same as for Equation 26. The texture coefficient 𝑇 𝑐 for a given (ℎ𝑘𝑙) plane is obtained from Equation 28and indicates the presence (or absence) of preferred orientation in polycrystalline materials. 𝐼 is the measured relative peak intensity, 𝐼 0 is the theoretical relative peak intensity (obtained from a database) and 𝑁 is the number of diffracted peaks considered [START_REF] Barret | Structure of Metals: Crystallographic Methods, Principles and Data[END_REF]. For an extremely textured sample, the 𝑇 𝑐 value for the dominant plane would be equal to 𝑁, while the others would be equal to (near) zero. Inversely, a fully randomly oriented material would have a 𝑇 𝑐 value equal to one for each considered peak. 𝑑 = 0.9 𝜆 𝛽 cos 𝜃

𝑇 𝑐 (ℎ𝑘𝑙) = 𝐼 (ℎ𝑘𝑙) 𝐼 0 (ℎ𝑘𝑙)

1 𝑁 ∑ 𝐼 (ℎ ′ 𝑘 ′ 𝑙 ′ ) 𝐼 0 (ℎ ′ 𝑘 ′ 𝑙 ′ ) (ℎ ′ 𝑘 ′ 𝑙 ′ ) (28)
As observed in Fig. 83a, in the 𝜃-2𝜃 geometry, the x-ray source is at a fixed position while the sample and the detector are simultaneously rotated by θ and 2θ angles, respectively, to obey Bragg's law. At these conditions, x-ray diffraction only takes place in grains which show atomic plane families oriented parallel to the sample surface, i.e., that develop a specific crystallographic direction normal to the plane of the film.

B.3.2 Pole figures

To investigate how crystallographic orientations are distributed spatially throughout the material, XRD pole figures are usually employed. The experiment requires a four-axis single-carried out for samples studied in Chapter 4 using a four-circle Seifert XRD3000 diffractometer operating in point focus geometry.

B.4 X-RAY REFLECTOMETRY (XRR)

In the previous section we found that x-rays are scattered when they interact with atoms in a solid. However, x-rays can also be reflected by the solid surface when very small angles of incidence (θ < 1°) are used. More specifically, x-ray reflectivity is equal to 1 at incident angles smaller than the critical angle 𝜃 𝑐 for total reflection, followed by a sharp fall (∝ 𝜃 4 ) when increasing 𝜃 above 𝜃 𝑐 , due to penetration of the radiation in the film. This is the basic principle behind x-ray reflectometry (XRR) [START_REF] Yasaka | X-ray thin film measurement techniques: V. X-ray reflectivity measurement[END_REF], which is usually performed using an x-ray diffractometer in a Bragg-Brentano 𝜃-2𝜃 configuration (discussed in Appendix B.3), with a typical range 0 ≤ 𝜃 ≤ 5°. When XRR analysis is carried out on a sample containing an ultrathin film deposited on a substrate, x-rays are reflected from both air/film and film/substrate interfaces, due to the different values of refractive index (electron density) of these media. The interference between reflected x-rays arising from these two interfaces produce oscillations called Kiessig fringes at angles larger than 𝜃 𝑐 [START_REF] Kiessig | Interferenz von Röntgenstrahlen an dünnen Schichten[END_REF]. Fig. 85 shows the reflected intensity profile as a function of 𝜃 for two Cu films at different thickness, deposited on Si substrates. The experimental data are usually fitted to a model, from where valuable information on the structure of the film are obtained. The period of the interference fringes depends on the film thickness: the thicker the film, the shorter the period of oscillations. The dampening of the measured reflectivity is used to determine the surface and interface roughness of a film. 𝜃 𝑐 is proportional to the square root of the electronic density in the material, which in turn is proportional to the mass density. dependent on the number of photoelectrons detected from it, so that the peak area of a given element (𝐴 𝑥 ) after removal of the spectral background is used in Equation 30, 𝐶 𝑥 = 𝐴 𝑥 /𝑆 𝑥 ∑ 𝐴 𝑖 /𝑆 𝑖 [START_REF] Dummer | Newnes Dictionary of Electronics[END_REF] to determine the atomic concentration (𝐶 𝑥 ) of the element 𝑥 in a sample containing 𝑖 detected elements, using empirical sensitivity correction factors (𝑆) given by Wagner et al. [START_REF] Wagner | Empirical atomic sensitivity factors for quantitative analysis by electron spectroscopy for chemical analysis[END_REF][START_REF] Wagner | Factors affecting quantitative-determinations by X-ray photoelectronspectroscopy[END_REF] or theoretical cross-sections calculated by Scofield [START_REF] Scofield | Theoretical Photoionization Cross Sections from 1 to 1500 keV[END_REF].

Two limitations of XPS must be considered before analysis: first, hydrogen and helium are not detectable; and second, it is a surface sensitive technique, that is, the x-ray photons interact with the atoms present in the first atomic layers of the surface, with typical probe depths around 5 nm, but up to 10 nm in some cases [START_REF] Moulder | Handbook of X-ray Photoelectron Spectroscopy[END_REF]. Considering that the sample surface is usually contaminated by water vapor from the surrounding air as well as other contaminants such as dust, skin cells and hydrocarbons, O and C elements are often detected as major contributions in XPS survey spectra. Therefore, in situ plasma etching before XPS analysis is highly recommended [START_REF] Briggs | Practical Surface Analysis[END_REF].

The chemical state and composition of films studied in Chapter 6 were determined by XPS using 1486.6 eV x-ray photons from an Al target (𝐾 𝛼 line) and a Thermo Alpha 110 Hemispherical Analyzer. The reference was the binding energy associated with the 3d5/2 electron energy of Ag, located at 368.2 ± 0.1 eV (FWHM of 1.3 ± 0.1 eV). Ag was also used to determine the work function of the analyzer. The pressure in the analysis chamber was < 1 × 10 -6 Pa during the measurements. XPS spectra were recorded before and after in situ plasma etching, which was carried out in an ion-beam assisted deposition system coupled to the XPS chamber, using a beam of Ar ions (100 eV, 40 mA, 0.02 Pa, 10-130 s) generated by a Kaufman cell. In order to identify the origin of the bands associated with different photoemitted electrons, a Gaussian with a Lorentzian mix function was employed to fit the experimental data, using the Thermo Advantage software. A Shirley background subtraction procedure was applied to correct the XPS background spectra stemming from electron inelastic scattering [START_REF] Shirley | High-resolution X-ray photoemission spectrum of valence bands of gold[END_REF]. The relative chemical concentrations were calculated manually using the Equation 30 with the appropriate sensitive factors from Wagner. The calculated values are very close to the values obtained directly through the Thermo Advantage software.

B.6 UV-VIS ABSORBANCE SPECTROSCOPY

The optical properties of materials are usually investigated by ultraviolet-visible (UV-Vis) spectroscopy [START_REF] Skoog | Principles of Instrumental Analysis[END_REF], using a spectrometer composed of a combination of tungsten/halogen and deuterium lamps that provide radiation in the visible (400 ≤ 𝜆 ≤ 700 nm) and near UV (190 ≤ 𝜆 ≤ 400 nm) and IR (700 ≤ 𝜆 ≤ 1000 nm) regions when light passes through a diffraction grating or a prism. A scanning monochromator moves stepwise the diffraction grating, so that the radiation of each individual 𝜆 interacts with the sample atoms or molecules.

The light that passes through the sample reaches a detector and is converted into a current; the higher the current, the greater the intensity. The intensity of light passing through a sample (𝐼 𝑡 ) is related to the intensity of light before it reaches the sample (𝐼 0 ) through the Equation 31, 𝑇(𝜆) = 𝐼 𝑡 (𝜆) 𝐼 0 (𝜆) [START_REF] Nasser | Fundamentals of Gaseous Ionization and Plasma Electronics[END_REF] where 𝑇 is the transmittance, usually expressed as a percentage (%𝑇). The absorbance 𝐴 of a sample is obtained from Equation 32. The spectrometer can also be configured to measure reflectance (𝑅), where the intensity of light reflected from a sample (𝐼 𝑟 ), is related to the intensity of light reflected from a reference material (𝐼 0 ) through Equation 33. Spectra are usually displayed as %𝑇 (or %𝑅) versus 𝜆. 𝐴 = log (𝐼 𝑡 /𝐼 0 )

𝑅(𝜆) = 𝐼 𝑟 (𝜆) 𝐼 0 (𝜆)

The physical principle of the method is as follows: the passage of light with different 𝜆 (or frequencies) through a sample stimulates either molecular/atomic vibrations, excitation of electrons, or electronic transitions within the analyzed material. In the present case, we are much interested in the absorption event (Fig. 86) and, more specifically, at the 𝜆 at which absorption starts to happen. Absorption occurs when the electromagnetic energy of the incident photon is taken up by the electrons in the material, transformed into internal energy and used for electronic transitions from a full (low energy, ground state) orbital into an empty (high energy, excited state) orbital. It only happens when the incident photon has the precise amount of energy necessary for a specific electronic transition. A very simple schematic illustration of the process is showed in Fig. 86. The energy at which absorption starts is called the optical band gap energy (𝐸 𝑔 ), which is characteristic for each material. The optical band gap is then defined as the threshold for photons to be absorbed. Semiconductors, for example, cannot absorb light which has a photon energy below their 𝐸 𝑔 . In almost all inorganic semiconductors, the optical and the electronic band gap a are essentially the same [START_REF] Yu | Fundamentals of Semiconductors: Physics and Materials Properties[END_REF][START_REF] West | Absorption of electromagnetic radiation[END_REF]. 𝐸 𝑔 and other optical properties of thin film materials such as the refractive index (𝑛) and the absorption coefficient (𝛼) are obtained through physical models and mathematical manipulations of the UV-Vis transmittance spectra. Despite several approaches available a The electronic band gap is defined as the threshold for creating an electron-hole pair as a result of excitation of an electron from the filled valence band to the empty conducting band. [START_REF] Manifacier | A simple method for the determination of the optical constants n, k and the thickness of a weakly absorbing thin film[END_REF][START_REF] Swanepoel | Determination of the thickness and optical constants of amorphous silicon[END_REF][START_REF] Swanepoel | Determining refractive index and thickness of thin films from wavelength measurements only[END_REF], the Swanepoel method was chosen in this work to determine 𝛼(𝜆), because it shows a high accuracy and is based on simple, straightforward calculations using the transmission spectrum alone. The physical description of the method is presented in details in the Swanepoel paper [START_REF] Swanepoel | Determination of the thickness and optical constants of amorphous silicon[END_REF], from where all formulae were taken and implemented in an automated routine, as presented by Guerra Torres et al. [START_REF] Gálvez De La Puente | Determination of the sputter rate variation pattern of a silicon carbide target for radio frequency magnetron sputtering using optical transmission measurements[END_REF]. The method constructs the envelope curves between the interference fringes, which appear due to the multiple reflections in the air/film and film/substrate interfaces, similar as discussed in Appendix B.4. From the envelopes, Swanepoel provides a simulated spectrum and a simple formula to calculate the dependence of 𝑛 with 𝜆 and, hence, 𝛼(𝜆) and film thickness. The black curve in Fig. 87a shows a transmission spectrum of a selected TiO2 thin film studied in this work. The data treatment from the Swanepoel method allow us to obtain the transmission simulated curve (Fig. 87a in red) and the dependence of 𝛼 with 𝜆, see Fig. 87b. From this data, it is possible to obtain 𝐸 𝑔 using an additional method, which will be described in Chapter 6. The transmittance curves of the samples studied in Chapter 6 were obtained using a UV-Vis Bel Photonics UV-M51 spectrometer, with a wavelength range 200-1000 nm, using the transmittance measuring mode, with an accuracy ±2 nm, and a bandwidth of 2 nm.

B.7 SCANNING ELECTRON MICROSCOPY (SEM) B.7.1 General aspects

Most of the characterization techniques previously presented dealt with the interaction between incoming photons (visible light, UV, x-ray, etc.) and the atoms in a sample. Let us now imagine that a sample is being irradiated by electrons. Fig. 88a is a schematic illustration of a variety of physical processes happening when primary electrons (from an electron beam) reaches a solid surface [START_REF]Low Voltage Electron Microscopy: Principles and Applications[END_REF]. The interaction volume is about 1 µm 3 , from where secondary and backscattered electrons, Auger electrons, x-rays and photons are emitted. Secondary electron (SE) emission is an inelastic scattering event that is produced when primary electrons transfer their energy to the sample atoms through interaction with loosely bound valence (outershell) electrons, which have a binding energy of a few eV, resulting in their ejection. A different type of inelastic scattering occurs when primary electrons transfer their energy to tightly bonded core (inner-shell) electrons, resulting in their ejection and emission of characteristic x-rays due to higher-energy electrons filling the voided shells. If the extra energy goes to an electron of the same energy level, Auger electrons are created. Continuum x-rays are produced from the deceleration of the electron beam, inelastic interactions with the atoms, etc. Simultaneously with these inelastic scattering events, elastic scattering occurs when primary electrons are deflected by the electrical field of the sample atoms, causing the electrons to deviate onto a new trajectory without slowing down. These electrons come back out of the sample and are called backscattered electrons (BSE). Elastic scattering depends strongly on the nuclear charge of the sample atoms (thus the atomic number Z) and the energy of the primary electrons [START_REF] Goldstein | Scanning Electron Microscopy and X-Ray Microanalysis[END_REF]. The interaction events described in the previous paragraph are all the subject of scanning electron microscopy (SEM). A typical SEM instrument is represented in Fig. 88b. The primary electrons are generated in the electron source, which is located at the top of an optical-electronic column. The electron source can be a tungsten filament cathode, a lanthanum hexaboride cathode, or a cold-cathode field emission gun (FEG). After emission, electrons are accelerated towards an anode to an energy in the range 1-30 keV. Different condenser lenses, optical lenses and apertures are successively used to collimate and reduce the electron beam diameter, in a vertical path through the column of the microscope. The resulting finely focused electron beam scans the analyzed area in a raster 𝑥 -𝑦 pattern, at a series of closely spaced but discrete locations. At each one of these discrete locations, the interaction of the electron beam with the sample produces SE, BSE, and x-rays, that are collected by specific detectors. The image is formed according to the intensity of the signal collected at each location. Secondary electrons provide topography information and high resolution images, whereas backscattered electrons show chemical composition contrasts, at lower resolution (they emerge from deeper locations compared to SE, see Fig. 88a). The magnification in a SEM can be controlled over a range of about 10 to 500,000 times [START_REF] Goldstein | Scanning Electron Microscopy and X-Ray Microanalysis[END_REF].

The microstructural features and the thickness of the thin films studied in Chapters 4, 5, 6, and 7 were investigated by SEM by analyzing the top surface and the cross-section of the samples using an ultra-high resolution cold emission FE-SEM Hitachi SU8000 operating at 15 kV with a SE detector. In addition, some top surface SEM images in Chapter 4 were obtained using a JEOL 7001F-TTLS SEM microscope, operating at 10 kV with a SE detector.

B.7.2 Electron Backscatter Diffraction (EBSD)

Electron backscatter diffraction (EBSD) is an additional characterization technique coupled to a SEM facility, used to investigate the characteristics of a crystal such as individual grain orientations, local texture, phase distribution, etc. EBSD has experienced rapid acceptance in science and industry because it links the microstructure to the crystallographic structure of the sample [START_REF]Electron Backscatter Diffraction in Materials Science[END_REF]. EBSD patterns are obtained in the SEM by placing a flat, polished, crystalline sample at a highly tilted angle (~70°) relative to normal incidence of a well-collimated stationary electron beam. Fig. 89a shows an image from the inside of a SEM for EBSD analysis [START_REF] Goldstein | Scanning Electron Microscopy and X-Ray Microanalysis[END_REF]. The primary electrons interact with the sample as discussed in the previous section; for EBSD, only BSE are considered. Their scattering is influenced by the density of atoms that the electron beam encounters, which vary with the different crystalline orientations in polycrystalline solids. BSE that leave the sample at the Bragg condition (Equation 26, Appendix B.3) related to the spacing of the periodic atomic lattice planes of the crystalline structure diffract into cones of intensity, with cone axes normal to the diffracting planes. When these cones intercept the imaging plane, they generate visible lines, called Kikuchi bands or electron backscatter patterns, which correspond to each of the lattice diffracting planes. An example of vacuum by a beam of highly energetic electrons with typical 𝜆 of a few pm, which is shorter than that of a photon or SEM electrons. TEM electrons are generated using electron sources and collimated using condenser lenses in a similar way as described in Appendix B.7, however, the acceleration energy is much higher (100-300 kV typically). The electron beam interacts with the sample: some electrons are scattered, some are absorbed, and some are transmitted, depending upon the thickness, the structure and the electron transparency of the sample. The transmitted portion is focused by objective lenses and expanded onto a phosphor screen or other imaging device by projector lenses, combined with a CCD camera. The projector lenses allow also for the correct positioning of the electron wave distribution onto the viewing system [START_REF] Williams | Transmission Electron Microscopy: A Textbook for Materials Science[END_REF].

Many modes of imaging operation are possible, using different apertures at the electron column. Bright field (BF-TEM) images are formed only by the transmitted electron beam. Darker areas represent regions of the sample where fewer electrons are transmitted through, e.g., due to considerable scattering, whereas lighter areas represent regions with increased electron transmission. High-resolution (HR-TEM) images reveal the details of the internal structure and, in some cases, resolve individual lattice planes and individual atoms in the crystal. The resolution is about one order of magnitude better than the SEM resolution. The method uses the interference of the transmitted beam and diffracted beams, and requires extra sample thinning. As previously mentioned, TEM requires very thin samples, resulting in timeconsuming and/or complex sample preparation. In selected-area electron diffraction (SAED), the scattered electrons that obey Bragg's condition are used to form a diffraction pattern, to determine the crystal structure and orientation of selected regions of the sample. An aperture, i.e., a thin strip of metal containing several different sized holes, is used to define the area from which the diffraction pattern is to be recorded [START_REF] Williams | Transmission Electron Microscopy: A Textbook for Materials Science[END_REF].

TEM observations in BF, HR and SAED modes were performed on samples studied in Chapter 4 using a JEOL 2200FS microscope equipped with a FEG and operated at 200 kV.

Images were acquired with elastic electron beams using a 7 eV width filter placed around the zero loss peak. Cross-section lamellae were extracted along the <110> zone axes of the Si substrate using focused ion beam (FEI-Helios NanoLab G3 Dual-Beam platform). After the deposition of a protective Pt layer, the initial milling was done using 30 keV Ga ions and a current of 10 nA. To achieve electron transparency, the ion beam energy was reduced to 1 keV and the current to 10 pA.

B.9 FOUR-POINT RESISTIVITY

Electrical resistance (𝑅) measurements using the four-point probe technique is a standard routine employed for both fundamental and applied research, to classify metals, semiconductors, and insulators [START_REF] Miccoli | The 100th anniversary of the four-point probe technique: the role of probe geometries in isotropic and anisotropic systems[END_REF]. 𝑅 indicates the capacity of an object to oppose the flow of an electric current, being deduced experimentally from the ratio of an applied voltage 𝑉 and the resulting current 𝐼. For ohmic devices, 𝑅 is constant and expressed using Equation 34: average 𝑅 of the entire sample, as schematically shown in Fig. 90b. Moreover, the ohmic contacts must be as small as possible. Using this configuration, van The 𝜌 of the thin films studied in Chapter 5 was investigated at room temperature using the four-point method, with a Keithley precision current source and a Keithley nanovoltmeter. Both the in-line and the van der Pauw setups were used . A Jandel multi height cylindrical probe was used in the in-line four-probe geometry, while the van der Pauw setup was mounted by placing the four probes at the corner of the samples in a symmetric configuration. Therefore, Equation 35 was used to determine 𝜌 for both configurations. The 𝜌 values found by the van der Pauw method were in good agreement with the values measured using the in-line geometry.

Thus, the final resistivity values reported in Chapter 5 are average values obtained for each sample using both methods and based on approximately six measurements.

The low temperature effect on 𝜌 of selected films was also investigated in Chapter 5, since 𝜌 is known to considerably change with temperature (most metals permit current to flow more easily at low temperatures). A Linkam temperature controlled stage was used, and the temperature was decreased at 10 K min -1 using liquid nitrogen from 293 K (room temperature) to 120 K. The process was interrupted every 2 min in order to collect the electrical data using only the van der Pauw method.

est délivrée à la cible (avec une densité de puissance de l'ordre de plusieurs kW cm -2 ) pendant l'application d'impulsions qui ont une durée typique comprise entre [START_REF] Dummer | Newnes Dictionary of Electronics[END_REF] Le but de cette thèse est de faire avancer les études HiPIMS en utilisant la grande quantité de connaissances et de savoir-faire générés par la communauté au cours des dernières années, afin d'identifier les conditions de dépôt qui permettent d'améliorer la structure et les propriétés des couches minces utilisés dans quelques domaines importants pour la société. En particulier, les travaux de recherche ont porté sur le mode de croissance développé par les couches, la contrainte lors de la croissance et la compréhension de la microstructure finale. En plus des connaissances fondamentales acquises, ces recherches sont motivées par le besoin industriel d'identifier clairement les systèmes matériels sur lesquels HiPIMS aura un impact par rapport aux techniques de dépôt conventionnelles. Trois matériaux constituent le coeur de ce travail : cuivre (Cu), dioxyde de titane (TiO2) et nitrure de titane (TiN).

Couches minces de Cu

La pulvérisation HiPIMS de Cu a été choisie comme point de départ parce qu'il s'agit d'un procédé relativement simple (dépôt métallique) où le seul gaz introduit dans le réacteur est l'argon (gaz non-réactif). De plus, les couches minces et ultraminces de Cu sont très utilisées par l'industrie microélectronique pour l'interconnexion de circuits intégrés, en raison de son excellente conductivité électrique. L'objectif était d'abord d'étudier la microstructure, la contrainte développée pendant le dépôt et les premiers stades de croissance de couches minces de Cu en utilisant différentes conditions de bombardement énergétique pendant le dépôt. Ces études sont présentées au Chapitre 4 de cette thèse. Après cela, le but a été d'utiliser ces conditions expérimentales pour le dépôt des couches de Cu présentant différentes épaisseurs, afin d'étudier la résistivité électrique (Chapitre 5).

Les investigations au Chapitre 4 ont montré que, dans la gamme de valeurs étudiées, la puissance moyenne appliquée sur la cible et la pression du gaz de travail ont une influence mineure sur les propriétés fondamentales des couches de Cu produites par HiPIMS. Des résultats plus intéressants ont été obtenus lorsqu'une tension de polarisation négative est appliquée au substrat. Ce potentiel négatif accélère les ions Cu + (et aussi les ions Ar + ) du plasma vers la couche en pleine croissance avec une énergie cinétique qui dépend essentiellement de la valeur de la tension de polarisation appliquée. En modifiant la valeur de la tension, les conditions de bombardement énergétique ont pu être changées, ainsi que la structure des couches produites. Par exemple, la texture des couches de Cu change complètement avec la tension de polarisation, en produisant d'abord des couches polycristallines texturées (111) à des tensions de polarisation faibles (jusqu'à -60 V), puis des couches épitaxiées (002) pour des tensions de polarisation plus fortes (-130 V). L'épitaxie est obtenue à température ambiante et sur des substrats de Si(001) qui n'ont fait l'objet d'aucun prétraitement de surface, autrement dit, sur des substrats originellement recouverts d'une couche mince d'oxyde natif. Les travaux de recherche mettent en évidence une interface complexe entre le Si et le Cu, composée de différents siliciures de cuivre et de phases amorphes régis par un mécanisme prenant en compte le bombardement énergétique lors de la croissance du film. Ce nouveau procédé, en une seule étape, élimine le besoin de décapage chimique préalable du substrat, ce qui constitue une approche plus efficace et une alternative écologique pour l'industrie des couches minces intéressée par la croissance épitaxiale.

Des études morphologiques montrent que la taille latérale des grains a été multipliée par un facteur 4 quand la tension de polarisation négative augmente de 0 à -130 V. Ceci est dû à l'énergie plus élevée des ions Cu + arrivant à la surface qui augmentent la mobilité des atomes adsorbés à la surface. Lorsque la mobilité augmente, la densité d'îlots de nucléation diminue et, par conséquent, des grains plus larges sont développés. Ce mécanisme a été confirmé en étudiant les premiers stades de croissance, où le pic de tension (lié à la fin de la coalescence des îlots) apparaît plus tardivement pour les couches déposées à des plus fortes tensions de polarisation. L'augmentation de la taille des grains est aussi liée à la diminution de la contrainte de compression des couches de Cu, en raison d'une plus faible incorporation des atomes dans les joints de grains (grains plus larges = moins de joints de grains). Ces résultats montrent que, contrairement aux attentes, la contrainte de compression peut être considérablement réduite malgré l'augmentation de l'énergie des particules en HiPIMS.

De plus, les travaux de recherche présentés au Chapitre 5 ont montré que les couches minces de Cu déposées par HiPIMS présentent une résistivité électrique d'environ 30 % inférieure à celle des couches déposées par pulvérisation cathodique conventionnelle. Les couches HiPIMS présentent des grains plus larges, d'un facteur 2 par rapport aux couches de Cu d'épaisseurs similaires déposées par pulvérisation conventionnelle, et donc une densité de joints de grains réduite. Cela favorise le passage de porteurs de charge dans la couche, étant donné que moins d'électrons libres seront dispersés par des joints de grains, ce qui entraine une résistivité électrique plus faible. Nous avons déjà évoqué au paragraphe précédent la présence de grains plus larges obtenus grâce à une plus grande mobilité des atomes adsorbés en surface, rendue possible par le flux énergétique d'ions Cu + présents en plus grand nombre dans une décharge HiPIMS que dans une décharge conventionnelle. La baisse de la résistivité électrique est fondamentale au bon fonctionnement des couches de Cu présentes dans des dispositifs électriques, électroniques et magnétiques car elle permet d'éviter des retards ou des blocages d'interconnexion, de réduire les pertes par dissipation électrique sous forme de chaleur et de diminuer la consommation énergétique.

Couches minces de TiO2

Le TiO2 a été choisi comme premier système composite de cette thèse parce qu'il présente une activité photocatalytique élevée sous irradiation ultraviolette. Il est donc largement utilisé en photocatalyse et montre un grand potentiel comme catalyseur dans le craquage photocatalytique de l'eau pour la génération d'hydrogène. Le choix adéquat de la structure du TiO2 en termes de phase cristalline et de concentration de dopant est un facteur majeur pour augmenter l'efficacité des réactions photocatalytiques. Par exemple, la phase cristalline anatase montre une activité catalytique plus importante que celle de la phase rutile. Pourtant, le bombardement énergétique des décharges HiPIMS standards favorise la nucléation de la phase de plus haute énergie, la rutile, comme largement montré dans la littérature. Ainsi, le but du Chapitre 6 de cette thèse était de mettre en place un processus HiPIMS capable de promouvoir la nucléation préférentielle de la phase cristalline anatase, en utilisant surtout des conditions de bombardement ionique moins énergétiques.

Contrairement aux couches métalliques, les couches de TiO2 sont obtenues par des procédés plus complexes, dus à la présence d'un gaz réactif (O2) mélangé au gaz Ar dans le réacteur. Le rajout du gaz réactif modifie chimiquement la surface de la cible métallique de Ti, qui devient composite (TiOx) après une phase de transition. Ce phénomène a été confirmé expérimentalement par plusieurs études d'hystérésis en utilisant différentes conditions de dépôt.

Dans tous les cas étudiés, une hystérésis (plus ou moins étroite) a été remarquée au niveau de la puissance de décharge lors de la variation du débit de gaz O2, ce qui démontre que l'élimination de l'hystérésis en HiPIMS réactif n'est pas une règle générale. De plus, les couches déposées en mode métallique et transition étaient essentiellement amorphes, tandis qu'en mode composite, le TiO2 cristallin a été obtenu. Tous les dépôts suivants ont alors été réalisés en mode de pulvérisation composite de la cible.

La prochaine étape avait pour but d'identifier les conditions appropriées pour la nucléation sélective de la phase cristalline anatase. Aucune tension de polarisation du substrat n'a été utilisée, afin de maintenir un bombardement ionique à faible énergie (de quelques dizaines d'eV seulement), tout en préservant l'énergie cinétique des particules ionisées en rapprochant le substrat de la cible (35 mm de distance maximale). La phase anatase a été obtenue à des pressions modérées (1 ≤ 𝑝 ≤ 2 Pa), tandis que des couches amorphes se son formées à des pressions plus élevées (𝑝 ≥ 5 Pa), où les collisions entre les ions métalliques et l'argon sont plus importantes. Différentes densités de pic de courant ont été également étudiées, tout en maintenant la pression de travail à 1 Pa. Les valeurs de densités de pic de courant comprises entre 0,5 et 1 A cm -2 sont appropriées pour la nucléation sélective de l'anatase pour le système de déposition utilisé. L'augmentation de la densité de pic de courant augmente la quantité d'ions métalliques énergétiques dans la décharge, ce qui favorise la nucléation de la rutile. Lorsqu'étaient utilisées les conditions expérimentales présentées ci-dessus, la phase anatase était dominante dans une large gamme de températures de dépôt et également pour différents matériaux de substrat. La structure chimique de la surface de toutes ces couches (étudiée par XPS) est composée d'ions Ti 4+ liés à O 2-avec un rapport atomique O/Ti estimé à 2.1, ce qui est très proche de la valeur du TiO2 stoechiométrique (O/Ti égale à 2). La microstructure de ces couches a également été étudiée et le résultat le plus intéressant a été l'augmentation de la taille de grains avec l'augmentation de la densité de pic de courant. Ceci est dû au bombardement ionique à faible énergie (10-20 eV), favorisant la mobilité superficielle des espèces et rendant moins probable la renucléation des grains. Ce résultat met en évidence l'importance de l'optimisation des procédés HiPIMS où le bombardement ionique implique des espèces ayant une énergie de quelques dizaines de eV seulement. Enfin, quelques couches de TiO2 ont été déposées en présence d'azote dans le réacteur, en utilisant un débit de N2 variable pour les différents échantillons (de 0 à 5,1 sccm). D'après les mesures XPS, la concentration atomique d'azote à la surface des couches augmente de 1,6 % à 4,5 % avec l'augmentation du débit de gaz N2. L'azote est incorporé au TiO2 principalement sous la forme de liaisons N-Ti. Le rapport atomique O/Ti ne change pas considérablement pour les différents échantillons. Cependant, une transition de la phase anatase à la phase rutile est observée lors de l'augmentation de la concentration en azote. Cela est probablement dû à la substitution de O 2-pour N 3-dans la structure du TiO2, ce qui augmente le degré de lacunes en oxygène et favorise la transformation de phase. Pourtant, des études plus poussées sont nécessaires pour confirmer cette hypothèse.

Couches minces de TiN

Le deuxième système composite étudié dans cette thèse a été le TiN, en raison de son importance pour les applications tribologiques. En effet, les couches minces de TiN sont souvent déposées sur la surface d'outils de coupe et d'outils de perçage, malgré le fait que le niveau de contrainte acquis par ces couches lors du dépôt puisse conduire à une panne prématurée de l'outil ou à la délamination de la couche. Le but du Chapitre 7 était alors de réduire la contrainte de couches minces de TiN en contrôlant le degré de bombardement énergétique pendant le dépôt par HiPIMS. Les résultats montrent que les conditions de décharge ont un effet important sur la contrainte développée par la couche pendant la croissance et sur sa 
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Fig. 5 .

 5 Fig. 5. Voltage distribution in a hypothetic DC glow discharge. From [24].

Fig. 8 .

 8 Fig. 8. a) Schematic cross-section illustration of the planar circular magnetron configuration, adapted from [14], b) illustration of the central and annular disks of a planar circular magnetron, top-view and c) the resulting torus-shaped argon plasma near the target surface, from [9].

  . An illustration of two different unbalanced configurations is shown in Fig.9b,c. Type-1 refers to the central pole strengthened relative to the outer pole, and Type-2 refers to the outer pole strengthened relative to the central pole. Type-2 is what is commonly used in today's magnetrons and also in this work.

Fig. 9 .

 9 Fig. 9. Schematic representation of the plasma confinement for balanced and unbalanced magnetrons.From[START_REF] Kelly | Magnetron sputtering: a review of recent developments and applications[END_REF].

Fig. 10 .

 10 Fig. 10. Energy distribution profiles for sputtered Ti neutrals in a DCMS process. From [49].

Fig. 11 .

 11 Fig. 11. Hysteresis experiment for a reactive DCMS process using a pure Al target, Ar as the working gas (0.45 Pa) and O2 as a reactive gas. From [54].

Fig. 12 .

 12 Fig. 12. Hysteresis experiments for reactive DCMS and/or HiPIMS processes using Ar as the working gas, O2 as the reactive gas and a) Ti and b) Al targets. Details on the experimental conditions for each case are addressed in the respective publications [79,80].

Fig. 13 .

 13 Fig. 13. Schematic illustration of atomic processes leading to nucleation of a thin film on a flat substrate. 𝛤 is the particle flux reaching the substrate. From [9].

Fig. 14 .

 14 Fig. 14. Schematic illustration showing the volume, the surface and the total system free energies vs.the radius 𝑟 of a spherical cluster in a homogenous nucleation process. From[9].

Fig. 16 .

 16 Fig. 16. Schematic representation of the three basic growth modes in thin films. From [8].

Fig. 17 .

 17 Fig. 17. Schematic representation of island growth before coalescence. From [9].

Fig. 18 .

 18 Fig. 18. Schematic representation of the coalescence process.

Fig. 19 .

 19 Fig. 19. Schematic representation of coarsening of two coalesced islands. From [10].

Fig. 20 .

 20 Fig. 20. The two typical structural evolution of grains after coalescence of a thin film. From [10].

Fig. 21 .

 21 Fig. 21. SZM of Movchan and Demchishin for thermally evaporated metal and oxide films [88]. Three different microstructure zones are represented in function of 𝑇/𝑇 𝑚 , which refers to the homologous temperature defined in Equation 20.

Fig. 22 .

 22 Fig. 22. SZM of Thornton for sputtered metal films [89]. Four different microstructure zones are represented in function of 𝑇/𝑇𝑚 and deposition pressure using Ar as a working gas.

Fig. 23 .

 23 Fig. 23. Schematic diagrams showing the microstructure evolution of Al films deposited at RT under different O to Al flux ratio (𝛤 𝑂 /𝛤 𝐴𝑙 ). Modified from [91].

Fig. 24 .

 24 Fig. 24. SZM of Anders considering energetic ion bombardment during film growth [92]. Different microstructural zones are represented as function of particle temperature (𝑇 * ) and the kinetic energy of the particles (𝐸 * ). t * is the film thickness.

Fig. 25 .

 25 Fig. 25. Evolution of film forces with film thickness during growth of metallic films (Co, Al and Cu) by magnetron sputtering. From several studies analyzed by Koch [97]. Positive slope of the film force curves implies a tensile stress, while negative slope implies a compressive stress.

Fig. 26 .

 26 Fig. 26. Compressive stress formation and relaxation at the post-coalescence stage of polycrystalline films under high mobility conditions. (a) Schematic illustration of Chason's mechanism showing the flow of adatoms into grain boundaries [107]. (b) Evolution of film force with time during growth interruption of a Cu film. (c) Schematic illustration of Yu and Thompson's mechanism, where the top surface profile of the grains is changed with the deposition flux [109].
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Fig. 27 .

 27 Fig. 27. Conceptual drawing of the LPGP's deposition system.

Fig. 28 .

 28 Fig. 28. Photos of a 2" Cu target a) before utilization and b) at the end of life; c) shows a photo of the plasma confined near the target at typical HiPIMS experimental conditions.

Fig. 29 .

 29 Fig. 29. Conceptual drawing of the Institut Pprime's deposition system. The setup for in situ intrinsic stress investigation is also schematically represented. From [113].

Fig. 30 .

 30 Fig. 30. a) schematic illustration of laser beam evolution due to wafer curvature change in a MOSS apparatus [93], b) beam array reflection resulted from a perfectly flat wafer and c) beam array reflection resulted from a curved stressed wafer (larger spacing between adjacent spots) [116].

  h

Fig. 31 .

 31 Fig. 31. Thin film stress (tensile or compressive) leading to substrate curvature change. From [117].

Fig. 32 .

 32 Fig. 32. Schematic illustration of a uniform thin film on a substrate showing the stress component normal through the edge of the film. One should consider that the substrate is much ticker than the film. From [93].

Fig. 133 .

 133 Fig.133. Deposition rate of Cu films grown by HiPIMS at different negative DC bias voltages applied to the substrate. Working pressure: 0.5 Pa, average power: 200 W.

Fig. 234 .

 234 Fig.234. a) HiPIMS discharge voltage (inverted to positive values) and current curves for the different target average powers investigated in this work and b) deposition rates of Cu films grown by HiPIMS and DCMS at different target average powers (working pressure: 0.5 Pa; grounded substrates).

Fig. 35

 35 Fig. 35 shows the XRD 𝜃-2𝜃 patterns obtained from the (a) DCMS and (b) HiPIMS Cu films, ~150 nm thick, deposited at different negative DC bias voltages applied to the substrate, over an angular range covering the two main 111 and 200 Bragg reflections of face centered cubic (fcc) Cu. The XRD patterns shown in Fig. 35a for the DCMS Cu films are very similar. Polycrystalline films with (111) preferred orientation (or texture) are obtained for all studied samples independent of the investigated bias voltage applied to the SiOx/Si(001)

Fig. 335 .

 335 Fig.335. XRD 𝜃 -2𝜃 scans recorded from the Cu films ~150 nm thick deposited by a) DCMS and b)HiPIMS at different negative DC bias voltages applied to the substrate.

  Finally, at 130 V and 160 V, a strong increase in the intensity of the 002 XRD line is observed along with a complete disappearance of the 111 XRD line, which differs considerably from the DCMS Cu films.More clearly, the EBSD images shown in Fig.36a-dillustrate the important change in the Cu films texture due to the application of different DC bias voltages to the substrate during HiPIMS Cu deposition. Each image shows a selected area (3 × 3 µm 2 ) of the top-surface of Cu films deposited at (a) 60 V, (b) 100 V, (c) 130 V, and (d) 160 V bias, where the crystal orientation of each individual grain is represented by a different color, according to the triangle on the top-right corner of Fig. 36.

Fig. 436 .

 436 Fig.436. EBSD images of the top surface of ~150 nm thick Cu films deposited by HiPIMS at a) -60 V, b) -100 V, c) -130 V and d) -160 V. The crystal orientation of each grain is represented by a different color according to the triangle on the top-right corner, and valid for all samples. Black areas correspond to non-indexed regions (due to very small grains and shadowing effects). Top-view SEM images of the respective samples are shown in (e-h).

  Fig. 37a shows that, for the DCMS case, the 111 intensity maxima are distributed at the center d and along a ring e located at 𝜒70.5° in the {111} pole figure, while a 200 diffraction ring is found at 𝜒 = 55° in the {200} pole figure. The high diffraction intensity observed at the center of the {111} pole figure accounts for the (111) plane, which is aligned parallel to the sample surface and hence give the (111) preferred orientation, as observed in Fig. 35, pink curve. The diffraction ring at 𝜒70.5° is related to the (1 ̅ 11), (11 ̅ 1), and (111 ̅ ) planes, which are typically inclined 70.5° from the (111) plane in an fcc structure, but have no preferred orientation within the film plane. A diffraction ring is also observed in the {200} pole figure, making a ~55° angle from the center of the pole figure, i.e., indicating the angle of 54.74°

Fig. 537 .

 537 Fig.537. {111} and {200} XRD pole figures of Cu films, ~150 nm thick, grown at -130 V DC substrate bias by a) DCMS and b) HiPIMS.

Fig. 638 .

 638 Fig.638. a) 𝜙-scans of the 111 intensity variation for both HiPIMS Cu film at -130 V bias (blue curve) and Si substrate (black curve), recorded at 𝜒 = 54.74°. b) Schematic illustration of the relative positions of Cu and Si lattice atoms at the epitaxial Cu(001)/Si(001) interface.

Fig. 739 .

 739 Fig.739. Cross-sectional TEM images of the Cu films grown at -130 V bias on a Si(001) substrate. a) and b) show filtered BF-TEM images at low magnification for DCMS and HiPIMS films, respectively; SAED patterns of the Cu layer and Si substrate are shown in the inset. c) and d) show filtered HR-TEM images of the Cu/Si interface region showing distinct interfacial layers for DCMS and HiPIMS films, respectively. Dashed lines are used to guide the readers' eyes.

Fig. 39

 39 Fig. 39 shows cross-sectional BF-TEM images for (a) polycrystalline DCMS and (b)epitaxial HiPIMS Cu films deposited at 130 V bias. At first glance, the growth morphology is rather similar for both films, and the main visible feature is a columnar grain growth (grain morphology is out of scope of the present section, but will be addressed in Section 4.4). The bottom insets in Fig.39abare SAED patterns taken from the Si substrates, showing the[START_REF] Magnfält | Time-domain and energetic bombardment effects on the nucleation and coalescence of thin metal films on amorphous substrates[END_REF] zone axis. The top insets in Fig.39abcorrespond to SAED patterns taken from a single Cu grain in each sample. For the DCMS Cu film (Fig.39a, right top corner inset), green circles show

Fig. 840 .

 840 Fig.840. a) Cross-sectional HR-TEM image of the interface between the HiPIMS Cu film grown at -130 V bias and the SiOx/Si(001) substrate. b) Schematic illustration of the proposed mechanism for epitaxial growth at these conditions.

Section 4 . 2 .

 42 The results on the Cu films deposited at different substrate bias voltage, target average power and working pressure are presented in Subsections 4.4.1, 4.4.2 and 4.4.3, respectively.

Fig. 941 .

 941 Fig.941. Film force (𝐹/𝑤) versus film thickness, during the early growth stages of Cu films deposition by a) DCMS and b) HiPIMS at different negative DC bias voltages applied to the substrate. The film thickness corresponding to the tensile peak is indicated for each sample (dashed lines).

Fig. 1042 .

 1042 Fig.1042. Top-surface AFM images of ~150 nm thick Cu films deposited by (a-f) HiPIMS and (g-i) DCMS at different negative DC bias voltages applied to the substrate. The scale bar shown in (f) and the Z maximum (10 nm) is the same for all HiPIMS films. The scale bar shown in (g) is the same for all DCMS films. The Z maximum for (g,h) is 10 nm and for (i) is 15 nm.

  , the characteristic square-shaped mounds of fcc epitaxial systems oriented in the [001] direction are observed for the HiPIMS Cu sample deposited at -130 V substrate bias. The surface morphology is in accordance with the epitaxial growth of this sample, discussed in Section 4.3. The square-shaped mounds observed in the AFM image likely obey a local ordering among neighboring mounds, as indicated by the dashed black lines in Fig. 42e. The square symmetry is clearly noticed at the top-surface SEM image of the corresponding sample, see Fig. 43b. For comparison, a top-surface SEM image of the HiPIMS Cu sample deposited at -60 V bias (Fig. 43a) shows a random distribution of different grain morphologies, as expected for a polycrystalline film.

Fig. 1143 .

 1143 Fig.1143. Top-surface SEM images of the HiPIMS Cu films (400 nm thick) deposited at a) -60 V bias and b) -130 V bias. The epitaxial film shows typical square-shaped mounds in b).

Fig. 1244 .

 1244 Fig.1244. (a) Film force (𝐹/𝑤) versus film thickness, during the deposition of Cu films by a) HiPIMS and b) DCMS at different negative DC bias voltages applied to the substrate.

  Fig.1345. a) Average (compressive) intrinsic stress of Cu films ~150 nm thick deposited by DCMS and HiPIMS at different negative DC bias voltages applied to the substrate. The values were obtained from the average stress curves immediately before the end of each film deposition. b) Lateral grain size measured by top-surface AFM (open symbols, from Fig. 42) and SEM (closed symbols) images for the same Cu films. c) FWHM of the 111 and 002 XRD lines for the same Cu films, from Fig. 35.

Fig. 1446 .

 1446 Fig.1446. Force per unit width, F/w, versus film thickness during the deposition of Cu films by HiPIMS at different average power applied to the target and grounded substrates. Top-surface AFM images of two selected films (50 and 200 W) are also shown.

Fig. 1547 .

 1547 Fig.1547. a) Force per unit width, F/w, versus film thickness during continuous and interrupted deposition of Cu films by HiPIMS at 200 W average power and grounded substrates. The growth was interrupted three times during 600 s. b) Relaxation curves for the corresponding interruptions.

Fig. 1648 .

 1648 Fig.1648. Force per unit width, F/w, versus film thickness during growth of Cu films by HiPIMS at different working gas pressure (200 W average power and grounded substrates). The early growth stages are shown in a), and the post-coalescence stage in b).
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Fig. 1749 .

 1749 Fig.1749. a) Integrated circuit using Cu wiring, a groundbreaking technological advance first introduced by IBM in 1997 [164]. b) Schematic illustration of a p-n junction in a semiconductor device, showing Cu metallic contacts [163]. c) Electrical resistivity of Cu interconnects as a function of line width from different data sets [19].

Fig. 1850 .

 1850 Fig.1850. Thickness of selected Cu films deposited by DCMS and HiPIMS as a function of deposition time.

Fig. 1951 .

 1951 Fig.1951. Cross-sectional SEM images of the samples with the Cu film deposited by a) DCMS for 5 min and b) HiPIMS for 11 min. The thickness of the layers is around 300 nm. In HiPIMS, the film is much more compact, even if the deposition rate is about the half.

Fig. 2052 .

 2052 Fig.2052. AFM images of the top surface of Cu thin films with different thicknesses grown by (a-c) DCMS and (d-f) HiPIMS.

Fig. 2153 .

 2153 Fig.2153. a) Electrical resistivity at RT of the Cu films grown by DCMS and HiPIMS as a function of their thicknesses and b) the same results plotted together with the results obtained by Chan et al. [124],Cabral et al.[START_REF] Cabral | Preparation of low resistivity Cu-1 at. %Cr thin films by magnetron sputtering[END_REF] and Shi et al.[START_REF] Shi | Structural and electrical properties of copper thin films prepared by filtered cathodic vacuum arc technique[END_REF]. The resistivity bulk value of polycrystalline Cu is also presented (1.7 μΩ cm, dashed line).

Fig. 2254 .

 2254 Fig.2254. Dependence of the electrical resistivity of HiPIMS Cu films with their average grain size.

Fig. 2355 .

 2355 Fig.2355. Electrical resistivity measurements of Cu films ~60 nm thick deposited by both DCMS and HiPIMS as a function of the operating temperature.

Fig. 2456 .

 2456 Fig.2456. a) Unit cells of anatase and rutile TiO2[START_REF] Diebold | The surface science of titanium dioxide[END_REF]. The stacking of the octahedra in both structures is also shown. b) A simplified schema of a photoelectrochemical cell for water splitting using TiO2 as the photoanode and Pt as the cathode[START_REF] Maeda | Photocatalytic water splitting using semiconductor particles: History and recent developments[END_REF].

Fig. 2557 .

 2557 Fig.2557. XRD 𝜃 -2𝜃 scans recorded from the TiOx films ~600 nm thick deposited at RT by HiPIMS at different target to substrate distance (𝑑). "A" indicates the anatase phase of TiO2.

Fig. 2658 .

 2658 Fig.2658. a) Discharge voltage (dashed line, inverted to positive values) and current waveforms (solid lines) for the different O2 gas flow rate conditions. Note that the amplitude (not shape) of the discharge voltage changed with increased O2 flow rate (not shown). b) Average power as a function of O2 gas flow rate (the Ar flow rate was constant at 52 sccm) when operating at fixed current. These figures refer to the hysteresis study of the first group of samples, with process parameters in Table7.

Fig. 2759 .

 2759 Fig.2759. Average power as a function of O2 gas flow rate for HiPIMS of Ti target operating in an Ar-O2 discharge. The experimental conditions for a) are described in Table8, considering the 5 Pa case, and for b) are described in Table9, for the 0.5 A cm -2 case.

Fig. 2860 .

 2860 Fig.2860. XRD patterns of pure TiO2 films deposited by HiPIMS at different substrate temperatures (working pressure: 1 Pa; peak current density: 1 A cm -2 ). "A" and "R" indicate, respectively, anatase and rutile phases, and RT means room temperature. Film thickness ~600 nm.

Fig. 2961 .

 2961 Fig.2961. XRD patterns of pure TiO2 films deposited by HiPIMS at different working pressures (substrate temperature: 300 °C; peak current density: 1 A cm -2 ). "A" and "R" indicate, respectively, anatase and rutile phases. Film thickness ~600 nm.

Fig. 3062 .

 3062 Fig.3062. XRD patterns of pure TiO2 films deposited by HiPIMS at different peak current densities (substrate temperature: 300 °C; working pressure: 1 Pa). "A" and "R" indicate, respectively, anatase and rutile phases. Film thickness ~600 nm.
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Fig. 3163 .

 3163 Fig.3163. XRD patterns of pure TiO2 films deposited by HiPIMS onto different substrates (substrate temperature: 300 °C; working pressure: 1 Pa; peak current density: 1 A cm -2 ). "A" and "R" indicate, respectively, anatase and rutile phases.

Fig. 3264 .

 3264 Fig.3264. XRD patterns of N-doped TiO2 films deposited by HiPIMS at different N2 gas flow rates (O2 gas flow rate: 1.7 sccm; substrate temperature: 300 °C; working pressure: 1 Pa; peak current density: 1A cm -2 ). "A" and "R" indicate, respectively, anatase and rutile phases. Film thickness ~600 nm.

Fig. 3365 .

 3365 Fig.3365. a) Ti 2p and b) O 1s XPS spectra and the bands associated to each chemical environment obtained from a typical TiO2 film deposited by HiPIMS (substrate temperature: 300 °C; working pressure: 1 Pa; peak current density: 1 A cm -2 ).

Fig. 3466 .

 3466 Fig.3466. C 1s XPS spectra obtained from a typical TiO2 film deposited by HiPIMS (substrate temperature: 300 °C; working pressure: 1 Pa; peak current density: 1 A cm -2 ). The analysis were performed at a normal incidence of the x-ray beam (blue curve) and by tilting the sample at 60° with respect to the incident x-ray beam (red curve).

Fig. 3567 .

 3567 Fig.3567. a) C 1s, b) Ar 2p, c) Ti 2p and d) O 1s XPS spectra obtained from a typical TiO2 film deposited by HiPIMS (substrate temperature: 300 °C; working pressure: 1 Pa; peak current density: 1 A cm -2). Green curves refer to the spectra recorded before Ar ion etching, whereas red curves were recorded immediately after in situ Ar ion etching.

Fig. 3769 .

 3769 Fig.3769. a) Nitrogen atomic concentration and b) atomic O/Ti ratio derived from the XPS data of the surface of the N-doped TiO2 films deposited at different N2 gas flow rates. Open and closed symbols refer to XPS data recorded before and after in situ Ar plasma etching, respectively.

Fig. 3870 .

 3870 Fig.3870. Cross-sectional SEM images (top) and top-surface AFM images (bottom) of selected TiO2 thin films deposited by HiPIMS at different experimental conditions (shown, top). The working pressure was the same for all samples: 1 Pa. Note that the Z maximum (colored scale bar) is different between the AFM images.

  Fig.4072. a) Tauc plot for the N-doped TiO2 films deposited at different N2 gas flow rates. ℎ𝜈 is the photon energy and 𝛼 is the absorption coefficient. The band gap is obtained by extrapolating the linear portion of the curves to the 𝑥-axis. b) Band gap values of the same films. The inset shows a portion of the electromagnetic spectrum for the UV-Vis-NIR region.

  𝑬 𝒈 = ~3.1 eV = ~400 nm (λ)
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Fig. 4173 .

 4173 Fig.4173. a) High-speed cutting tools coated with TiN, from RobbJack Co. [248]. b) Color palette for TiN thin films deposited under different experimental conditions, from P&P Coating Division [249]. c) Schematic representation of some defects induced by an energetic particle arriving at the surface of a growing film, inspired from [8].

Fig. 4274 .

 4274 Fig.4274. a) HiPIMS discharge voltage and current waveforms for the Low-energy series of TiN samples, using the experimental conditions listed in Table10. The different substrate bias voltage waveforms recorded during depositions are shown for b) grounded and DC-biased substrates and c-f) pulsed-biased substrates, synchronized with the HiPIMS pulse at different delay times (Δt) -Table11.

Fig. 4375 .

 4375 Fig.4375. Evolution of the film force (𝐹/𝑤) with thickness during HiPIMS deposition of TiN films at different substrate bias conditions, which are described in detail in Table11. The discharge conditions are defined as the High-energy series, see Table10. The film force evolution for a DCMS TiN sample is also presented (dashed line). The bias voltage was -60 V for all biased samples.

Fig. 4476 .

 4476 Fig.4476. a) Evolution of the average stress with film thickness during HiPIMS deposition of TiN films at different substrate bias conditions (described in detail in Table11). The discharge conditions are defined as the High-energy series. The average stress evolution for a DCMS TiN sample is also presented (dashed line). b) Average stress of the same films at a film thickness of 100 nm plotted as a function of the different substrate bias conditions.

Fig. 4577 .

 4577 Fig.4577. Evolution of the film force (𝐹/𝑤) with thickness during HiPIMS deposition of TiN films at different substrate bias conditions, which are described in detail in Table11(bias voltage = -60 V for all biased samples). The discharge conditions are defined as the Low-energy series, see Table10.

Fig. 4678 .

 4678 Fig.4678. a) Evolution of the average stress with film thickness during HiPIMS deposition of TiN films at different substrate bias conditions (described in detail in Table11). The discharge conditions are defined as the Low-energy series. b) Average stress of the same films at a film thickness of 200 nm plotted as a function of the different substrate bias conditions.

Fig. 4779 .

 4779 Fig.4779. Cross-sectional SEM images of the TiN films deposited by HiPIMS on a) grounded and b) pulsed-biased substrates (bias pulse width=100 µs, delay time=1 µs, -60 V bias), synchronized to the discharge pulse. The discharge conditions are associated to the High-energy series, see Table 10. c) Cross-sectional SEM images of a TiN film deposited by the DCMS on a DC-biased substrate (-60 V).

Fig. 4880 .

 4880 Fig.4880. Cross-sectional SEM images of the TiN films deposited by HiPIMS on a) grounded, b) pulsed-biased, and c) DC-biased Si substrates. The bias voltage was -60 V in both biased cases. The configuration of the pulsed bias is: bias pulse width of 100 µs and delay time of 1 µs. The discharge conditions are associated to the High-energy series, see Table 10.

Fig. 4981 .

 4981 Fig.4981. a) Schematic representation of a typical AFM setup [9] and b) illustration of the interatomic interaction between the AFM tip and a sample surface [263].

Fig. 5082 .

 5082 Fig.5082. a) Schematic representation of a Bragg-Brentano geometry in XRD analysis [269] and b) illustration of electronic transitions within an atom resulting in 𝐾 𝛼 and 𝐾 𝛽 x-ray radiation.

Fig. 5183 .

 5183 Fig.5183. a) Constructive and b) destructive interferences of x-rays scattered from two atomic planes depending on the incident angle conditions and c) geometrical representation of the Bragg's law [269].

Fig. 5385 .

 5385 Fig.5385. XRR measurements on two samples of Cu films deposited on Si substrates by HiPIMS using different growth times.

Fig. 5486 .

 5486 Fig.5486.A very simplified schematic representation of an electron band energy structure in a semiconductor. A photon is absorbed by an electron in the material, which can effectuate electronic transitions if the absorbed energy is higher than the band gap energy.

Fig. 5587 .

 5587 Fig.5587. a) Transmission spectrum of a TiO2 sample (black curve) and the simulated spectrum by using the Swanepoel method (red curve), and b) absorption coefficient curve obtained for the sample.

Fig. 5688 .

 5688 Fig.5688. a) Schematic illustration of the signals emitted from a solid surface due to an incident electron beam incident on the sample surface. The interaction volume is "pear-shaped". b) Schematic diagram of a scanning electron microscope instrument [289].

  et 100 µs et un faible taux de répétition (fréquence) allant de 50 à 5000 Hz. Ces conditions opérationnelles permettent d'augmenter la quantité de porteurs de charge devant la cible et, par conséquent, d'augmenter le taux d'ionisation des atomes pulvérisés. Le flux de particules résultantes est donc composé d'une fraction (souvent) très élevée d'ions positifs métalliques, qui gagnent davantage d'énergie lorsqu'une tension de polarisation les accélère vers le substrat. Le haut degré d'ionisation en HiPIMS a été également bénéfique pour le dépôt de couches plus denses et moins rugueuses, ce qui explique en grande partie l'utilisation de HiPIMS comme la technique de dépôt principale de cette thèse.

  microstructure finale. D'une part, des couches de TiN denses et compactes ont été obtenues en utilisant une décharge HiPIMS « standard » et des substrats polarisés. Pourtant, la contrainte de compression du film a atteint des valeurs extrêmement élevées, autour de -11 GPa, ce qui n'est pas acceptable pour les applications envisagées. Cette contrainte élevée est probablement due à un bombardement intense et énergétique d'ions métalliques (Ti + et surtout Ti 2+ ) lors de la croissance du film, entraînant des défauts ponctuels et l'insertion de davantage d'atomes dans les joints de grains. Aucun changement majeur n'a été observé lors du changement de configuration de la polarisation du substrat (de polarisation continue à polarisation pulsée), principalement en raison de la présence d'ions Ti 2+ , qui sont les particules les plus énergiques de la décharge (avec une énergie estimée à ~140 eV). D'autre part, des couches de TiN présentant une contrainte de compression beaucoup moins importante (-0.35 GPa) ont été obtenues en utilisant des décharges HiPIMS moins énergétiques et des substrats polarisés en régime impulsionnel en synchronisation avec les impulsions HiPIMS. Dans ce cas-là, des espèces moins énergétiques frappent la couche lors du dépôt (surtout des ions Ti + avec une énergie estimé ≤ 70 eV), ce qui réduit la création de défauts ponctuels et la mobilité superficielle. En conséquence, les couches sont moins denses, avec des joints de grains moins remplis, où les contraintes de tension apparaissent et contrebalancent les contraintes de compression. Malgré une structure moins dense que couches antérieures, ces couches sont encore plus denses que celles déposées par pulvérisation cathodique conventionnelle. D'autre part, l'utilisation d'une polarisation en courant continu a entraîné une contrainte de compression beaucoup plus élevée (environ -5 GPa), due à l'augmentation du nombre d'ions de gaz noble accélérés par le potentiel de polarisation pendant toute la durée du dépôt. Ces résultats montrent que la polarisation pulsée synchronisée dans un processus HiPIMS réduit considérablement les contraintes de compression de couches minces. Cependant, les conditions de décharge HiPIMS doivent être sélectionnées avec le plus grand soin.Titre : Élaboration de couches minces par HiPIMS : propriétés structurales et aspects énergétiques Mots clés : HiPIMS, couches minces, contrainte résiduelle, cuivre, dioxyde de titane, nitrure de titane Résumé : La pulvérisation cathodique magnétron pulsée à haute puissance (HiPIMS) est un procédé de dépôt de couches minces dans lequel le flux de dépôt est principalement composé d'ions du matériau pulvérisé. Ce type de décharge permet de contrôler l'énergie et la direction des espèces qui seront déposées, ce qui est favorable à la modification de la structure et des propriétés finales des couches. Malgré tous les travaux de recherches menés pour caractériser et comprendre les conditions de décharge HiPIMS, la nécessité de développer des couches minces utiles à la société reste toujours d'actualité. La finalité de ce travail est l'obtention de couches minces HiPIMS plus performantes que celles obtenues aujourd'hui en utilisant des techniques de dépôt classiques. Pour cela il est indispensable d'identifier et d'optimiser les paramètres de dépôt permettant de modifier à la fois la microstructure des couches, la contrainte résiduelle et les propriétés liées à l'énergie telles que la résistivité électrique et la bande interdite. Trois matériaux sont au coeur de ce travail : le cuivre, le dioxyde de titane et le nitrure de titane. Les études expérimentales ont montré que les paramètres les plus importants pour obtenir les propriétés souhaitées étaient la quantité et l'énergie cinétique des espèces ionisées irradiant la couche au cours de sa croissance. Par ailleurs, les paramètres de croissance optimale entre couches métalliques et couches composées diffèrent considérablement. Title : Tailoring structural and energy-related properties of thin films using HiPIMS Keywords : HiPIMS, thin films, intrinsic stress, copper, titanium dioxide, titanium nitride Abstract : High power impulse magnetron sputtering (HiPIMS) is a thin film deposition technique where the deposition flux is predominantly composed of ionized sputtered material. This enables control of energy and direction of the film-forming species and is thereby beneficial for tailoring the film structure and final properties. Although researchers world-wide have spent significant time and efforts characterizing and understanding the plasma process conditions in HiPIMS, research in new and improved HiPIMS-based thin film materials that find applications in areas of importance for society is still required. The goal of this work has been to identify and optimize the deposition parameters that allow tailoring the film microstructure, intrinsic stress and energy-related properties, such as electrical resistivity and optical band gap, to ultimately achieve superior HiPIMS coatings compared to what is achieved today using conventional deposition techniques. Three material systems constitute the core of the work: copper, titanium dioxide, and titanium nitride. From the work carried out it is concluded that the most important parameters affecting the film structure and properties are the amount as well as the kinetic energy of the ionized sputtered species irradiating the film during growth. These parameters differ substantially for optimum growth conditions of metallic and compound films.
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Table 1 .

 1 Introduction, and is the main technique used in this work. Selected parameters and characteristics of typical DCMS and HiPIMS discharges[START_REF] Gudmundsson | High power impulse magnetron sputtering discharge[END_REF][START_REF] Lundin | An introduction to thin film processing using high-power impulse magnetron sputtering[END_REF].

	Parameter

  The three basic growth modes ................................ 54 2.2 VOLMER-WEBER MODE .............................................. 56 2.2.1 Island growth and coarsening ................................. 56 2.2.2 Coalescence ............................................................. 57 2.2.3 Post-coalescence ..................................................... 58 2.3 STRUCTURE ZONE MODELS ...................................... 60 2.4 INTRINSIC STRESS ........................................................ 63 __________________________________________________

	:
	__________________________________________________
	2.1 NUCLEATION OR FIRST GROWTH STAGE .............. 50
	2.1.1 Thermodynamics and Kinetics................................ 51
	2.1.2

  However, the most exciting part starts here. Indeed, the present and the next three chapters will deal with the results and analyses of the synthetized and studied thin films, i.e., they comprise the added knowledge generated by me and my coworkers during this thesis. Let us start with the simplest case of metallic pure Cu films and their primary properties, such as film texture, microstructure and intrinsic stress. Working pressure effect ........................................ 103 4.5 SUMMARY AND CONCLUSIONS ............................. 104 __________________________________________________
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	In the previous chapters, I have presented the main physical
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Table 2 .

 2 Table2summarizes the experimental conditions. For easy comparison, the main parameters (pressure, temperature, average power) are kept the same between the different samples and the different deposition methods (HiPIMS and DCMS). Moreover, additional samples were deposited using HiPIMS since this technique is at the core of the thesis. Main experimental conditions during growth of Cu films by HiPIMS and DCMS at different negative bias voltages applied to the substrate.

	Parameter

Table 3 .

 3 summarizes the experimental conditions. Main experimental conditions during growth of Cu films by HiPIMS and DCMS at different average powers applied to the Cu target.

	Parameter	HiPIMS	DCMS
	Working pressure (Pa)	0.51	0.51
	Ar gas flow rate (sccm)	13	13
	Substrate temperature	RT	RT
	Target average power (W)	50, 100, 200	50, 100, 200
	Target DC voltage (V)	-800	~ -470
	Target pulse peak current (A)	43	-
	Target pulse peak current density (A cm -2 )	1.1	-
	Pulse frequency (Hz)	90, 140, 250	-
	Pulse width (µs)	40	-
	Duty cycle (%)	0.36, 0.56, 1	100
	DC bias voltage: 𝑉 𝑏 (V)	0 (ground)	0 (ground)

Table 4 .

 4 Time constant τ1, in seconds, obtained from the relaxation curves during the interrupted growth of Cu films deposited on grounded substrates by HiPIMS at different average power applied to the target.

	Average power (W)	1 st interruption	2 nd interruption	final interruption
	50	46.4	49.4	47.1
	100	41.6	42.2	49.5
	200	32.5	37.1	39.1

Table 5 .

 5 Main experimental conditions during growth of Cu films by HiPIMS and DCMS using different deposition time.

	Parameter

Table 6 .

 6 Average grain size and RMS roughness obtained from the AFM images shown in Fig.52for the investigated DCMS and HiPIMS Cu films.
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Table 7 .

 7 Table 7 summarizes all the experimental conditions. Main experimental conditions during growth of TiO2 films by HiPIMS using different substrate temperatures.

	Parameter

Table 8

 8 summarizes all the experimental conditions.

	Parameter

Table 8 .

 8 Main experimental conditions during growth of TiO2 films by HiPIMS using different working gas pressures.

Table 9 .

 9 Main experimental conditions during growth of TiO2 films by HiPIMS using different peak current densities.

	Parameter

Table 10 .

 10 Main experimental conditions during growth of TiN films by HiPIMS. The two series of samples are named "High-energy" and "Low-energy" and are characterized mainly by their different working gas pressures and target pulse peak currents.

	Parameter	High-energy	Low-energy
	Working gas pressure (Pa)	0.37	0.60
	Ar gas flow rate (sccm)	57	108.5
	N2 gas flow rate (sccm)	0.5	0.85
	Substrate temperature (°C)	300	300
	Target to substrate distance (cm)	18	18
	Target average power (W)	300	300
	Target voltage (V)	-570	-460
	Target pulse peak current (A)	16.4	8.8
	Target peak current density (A cm -2 )	0.36	0.19
	Pulse frequency (Hz)	400	950
	Pulse width (µs)	100	100
	Duty cycle (%)	4	9

Table 11 .

 11 Description of all substrate bias configurations used in this work.

  der Pauw has shown that where 𝑅 𝐴𝐵,𝐶𝐷 = 𝑉 𝐶𝐷 /𝐼 𝐴𝐵 and 𝑅 𝐵𝐶,𝐷𝐴 = 𝑉 𝐷𝐴 /𝐼 𝐵𝐶 . For samples where A and C are on the line of symmetry and B and D are placed symmetrically with respect to this line, Equation 36 becomes Equation35. For non-symmetric conditions, 𝜌 is generally expressed by Equation37, where 𝑓 is a function of the 𝑅 𝐴𝐵,𝐶𝐷 /𝑅 𝐵𝐶,𝐷𝐴 ratio[START_REF] Miccoli | The 100th anniversary of the four-point probe technique: the role of probe geometries in isotropic and anisotropic systems[END_REF][START_REF] Van Der Pauw | A method of measuring the resistivity and Hall coefficient on lamellae of arbitrary shape[END_REF].

	𝑒	-𝜋	ℎ 𝜌	𝑅 𝐴𝐵,𝐶𝐷 + 𝑒	-𝜋	ℎ 𝜌	𝑅 𝐵𝐶,𝐷𝐴 = 1	(36)
	𝜌 =	𝜋 ln 2	𝑅 𝐴𝐵,𝐶𝐷 + 𝑅 𝐵𝐶,𝐷𝐴 2	ℎ 𝑓	(37)

a This is only valid for crystalline solid materials, where atoms are arranged in a highly ordered microscopic structure, forming a crystal lattice that extends in all directions. Amorphous materials do not have a periodic array with long-range order, so they do not produce diffraction peaks.

BAND GAP

The band gap 𝐸 𝑔 of N-doped TiO2 films is investigated in this section by means of UV-Vis spectroscopy measurements and posterior data treatments. As briefly discussed in Section 6.1.1, the substitutional doping of nitrogen may reduce the band gap of TiO2, because its 𝑝 states contribute to the band gap narrowing by mixing with O 2p [START_REF] Hanaor | Review of the anatase to rutile phase transformation[END_REF][START_REF] Wang | Efficient hydrogen production by photocatalytic water splitting using Ndoped TiO2 film[END_REF][START_REF] Asahi | Nitrogen-Doped Titanium Dioxide as Visible-Light-Sensitive Photocatalyst: Designs, Developments, and Prospects[END_REF]. This approach is widely used for visible-light sensitization of TiO2 in photocatalysis and solar energy applications such as water splitting, as detailed in the review of Asahi et al. [START_REF] Asahi | Nitrogen-Doped Titanium Dioxide as Visible-Light-Sensitive Photocatalyst: Designs, Developments, and Prospects[END_REF].

The first step to obtain 𝐸 𝑔 was to record the optical transmission spectrum from each sample. A typical spectrum of a TiO2 (anatase) film studied in this chapter is presented in Appendix B.6, considering the entire range of wavelength scanned. The optical transmission spectra of N-doped TiO2 films deposited at different N2 gas flow rates are shown in Fig. 71, considering only the 320-370 nm wavelength range. This zoom allow us to detect that the onset of light transmission is at 𝜆 ≈ 342 nm and does not considerably change for the different samples. The next step consisted of determining the absorption coefficient 𝛼(𝜆) from the UV-Vis transmission spectra using the Swanepoel method, which is detailed in Appendix B.6 with the corresponding references. Therefore, 𝛼(𝜆) curves were plotted for all N-doped TiO2 films following this procedure (not shown). Then, the dependence of 𝛼 with 𝜆 can be used to obtain an approximate value of 𝐸 𝑔 . Usually, this is done by means of the Tauc plot [START_REF] Tauc | Optical properties and electronic structure of amorphous germanium[END_REF][START_REF] Tauc | Optical properties and electronic structure of amorphous Ge and Si[END_REF], which consists in plotting (𝛼ℎ𝜈) 1/2 vs. ℎ𝜈 and extrapolating the linear portion of the curve to the 𝑥axis (ℎ𝜈 corresponds to the energy of the photons and is obtained directly from the 𝛼(𝜆) curves).

Appendix A: Author's Publications

The results, analysis and discussions presented in this thesis were the subject of four articles published in international scientific journals with peer review process. They concern Cu metal films and TiO2 compound films, i.e., they contain the discussions presented in Chapters 4 to 6 of this thesis. They are listed below. A fifth article is being written and concerns TiN films (Chapter 7 of this thesis).

Appendix B: Characterization Techniques

A description of the basic principles of each ex situ characterization technique used in this work is presented below.

B.1 CONTACT PROFILOMETRY

Contact profilometry is an ex situ, simple, mechanical technique used for determining the surface topography of planar solid samples. It is carried out in a stylus (or mechanical) profilometer, where a sharp diamond tip (stylus) is moved downwards until make direct contact with the surface under study, and then moved laterally across the surface for a specified distance, contact force and speed. The height position of the stylus is recorded using an electromechanical transducer that converts the 𝑧 coordinate into voltage, followed by an amplifier and an analogue-to-digital converter connected to a computer, where the signal is displayed and analyzed [START_REF] Whitehouse | Handbook of Surface Metrology[END_REF]. Although contact profilometry essentially gives a 2D profile of the surface with relatively low resolution, film thickness can be obtained at a good approximation by measuring surface vertical features such as steps made by masking a small portion of the sample before film deposition. A typical profilometer can measure steps ranging in height from 10 nm to 1 mm, with a 𝑧 resolution reaching values < 1 nm in some facilities.

However, the accuracy of the measurement is significantly affected by the surface roughness, stylus force, vibration of the equipment and film hardness [8].

The thickness of the films studied in Chapters 5 and 6 was determined by contact profilometry using a Veeco Dektak 6M Stylus Profilometer [262], with a stylus tip radius of 12.5 µm and 𝑧 resolution of 4 nm. The step was made by masking a small portion of the sample prior deposition, and the height of the resulting step was measured at five different places, which resulted in an average thickness value. This approach was used as a first tool to obtain approximate values of film thickness. Complementary techniques such as x-ray reflectometry (XRR) (Appendix B.4) or scanning electron microscopy (SEM) (Appendix B.7) were then used to confirm the obtained results.

B.2 ATOMIC FORCE MICROSCOPY (AFM)

Finer details of the topographic structure of a surface can be investigated by atomic force microscopy (AFM), a very-high-resolution type of scanning probe microscopy providing a 3D surface profile on the ultramicroscopic scale [START_REF] Binnig | Atomic force microscope[END_REF]. In AFM, a sharp tip with a radius of about 20 to 50 nm is located at the end of a flexible thin cantilever made of a material with extremely low stiffness, mounted on a piezoelectric scanner able to scan the tip laterally and crystal diffractometer, which allows rotation of the sample in its own plane about an axis normal to its surface (azimuth angle 𝜙) and about a horizontal axis (pole angle 𝜒), see Fig. 84a [START_REF] Clark | Single-crystal X-ray Diffraction[END_REF]. 84b. For a given family of planes (ℎ𝑘𝑙) within a crystalline sample placed at point 𝑂 and irradiated with x-rays during the experiment, the directions of the plane normals are projected onto an imaginary sphere (centered at 𝑂) at point 𝑃 on the sphere surface, through the direction 𝑂𝑃 ̅̅̅̅ . The point 𝑃 is then projected at the equatorial plane of the sphere by crossing a line between 𝑃 and the south pole 𝑆 of the sphere, in such a way that the intersection between the 𝑆𝑃 ̅̅̅̅ line and the equatorial plane gives a point 𝑃'. The intensity recorded at the 𝑃' point is directly proportional to the volume fraction of grains in diffracting condition in this direction [START_REF] Cullity | Elements of x-ray diffraction[END_REF][START_REF] Epp | X-ray diffraction (XRD) techniques for materials characterization[END_REF][START_REF] Guinebretière | X-ray Diffraction by Polycrystalline Materials[END_REF].

Last, let us address a small paragraph on the 𝜙-scan measurements. This XRD technique is used when the crystals that comprise a thin film are all oriented in the same way, to obtain information on how they are oriented within the plane. The sample is rotated around its surface normal (in-plane rotation), by varying the angle 𝜙 while maintaining the 𝜒 angle at a value such that the family of planes that was chosen is always irradiated at its Bragg angle [START_REF] Guinebretière | X-ray Diffraction by Polycrystalline Materials[END_REF].

In this thesis, the crystal structure of the studied films was determined ex situ in Bragg-Brentano 𝜃-2𝜃 geometry at = 0.154 nm wavelength (Cu 𝐾 𝛼 ) on a D8 Bruker AXS diffractometer (for the films presented in Chapters 4 and 7), on a PANalytical X'Pert PRO diffractometer (for the pure TiO2 films presented in Chapter 6), and on a Shimadzu XRD-6000 diffractometer (for the N-doped films presented in Chapter 6). Pole figure measurements were

In this thesis, the thickness of ultrathin films (< 100 nm) was determined by XRR in parallel beam configuration using a Seifert XRD3000 diffractometer (for the films studied in Chapters 4 and 7) and a PANalytical X'Pert PRO diffractometer (films studied in Chapter 5).

B.5 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

In addition to the scattering and reflectance phenomena described in Appendix B.3 and Appendix B.4, x-rays photons hitting a solid surface can also remove core electrons from the most superficial layers of atoms of the sample. These electrons are called "photoelectrons" and carry important information on the chemical state and composition of the analyzed surface. Photoelectrons are investigated by x-ray photoelectron spectroscopy (XPS) [START_REF] Moulder | Handbook of X-ray Photoelectron Spectroscopy[END_REF][START_REF] Briggs | Practical Surface Analysis[END_REF], a surface characterization technique developed during the 1960s by Siegbahn [START_REF] Siegbahn | Electron-spectroscopy for atoms, molecules, and condensed matter[END_REF] and based on the photoelectric effect discovered by Hertz in 1887.

The method consists in loading the sample in an ultra-high vacuum chamber, irradiating the sample surface with monoenergetic x-rays and analyzing the amount and the energy of the emitted electrons. The photoelectric effect considers that the core electron of an atom can absorb completely the energy 𝐸 = ℎ𝜈 of the incoming x-ray, where ℎ is the Planck constant and 𝜈 is the frequency of the x-ray photon. If ℎ𝜈 is larger than the binding energy of the core electron (𝐸 𝑏 ), the electron will escape from the atom and will be emitted from the surface with a kinetic energy 𝐸 𝑘𝑖𝑛 . During the experiment, a hemispheric energy analyzer collects the photoelectrons and disperse them according to their 𝐸 𝑘𝑖𝑛 , which is related to 𝐸 𝑏 through Equation 29, where 𝜑 is the work function induced by the analyzer [START_REF] Moulder | Handbook of X-ray Photoelectron Spectroscopy[END_REF].

The obtained spectrum shows the intensity of detected photoelectrons per energy interval versus their binding energy. Well-defined peaks are due to photoelectrons that do not suffer inelastic energy loss emerging from the sample. The background is due to multiple and random energy loss processes. Each well-defined peak is associated to a binding energy, which in turn is characteristic of each chemical element, identified through databases [START_REF] Moulder | Handbook of X-ray Photoelectron Spectroscopy[END_REF]. Binding energy shifts are possible and correspond to chemical state change of the element due to compound formation.

Usually, survey spectra over a wide energy range (0 -1400 eV) are firstly acquired to identify the chemical elements present in the sample and can be used for rough composition quantification. Afterwards, narrow scans are collected at specific energy windows using higher energy resolution, to investigate the chemical state of each element previously detected and determine more accurately their atomic concentration. The concentration of an element is an EBSD pattern for hematite is shown in Fig. 89b [START_REF] Goldstein | Scanning Electron Microscopy and X-Ray Microanalysis[END_REF]. The diffracted signal is generated typically within the first 10-20 nm of the sample surface. The EBSD detector is located 1-2 cm from the tilted sample surface (Fig. 89a). It is composed of a phosphor screen, where BSE obeying Bragg's law collide and excite the phosphor causing it to fluoresce, and a compact lens, which focuses the image from the phosphor screen onto a position sensitive CCD camera. In practice, the Kikuchi bands are projections of the geometry of the lattice planes in the crystal, and they give direct information about the crystalline structure and orientation of the grain from which they originate. The angles between the Kikuchi bands and the angles between the zone axes (intersection points) are specific for a given crystal structure. When used in conjunction with a database and a software for EBSD indexing and processing, the data can be used to construct pole figures, crystallographic orientation color maps, etc. Orientation maps of the films studied in Chapters 4 and 5 were obtained using a Zeiss Supra 55-VP FEG-SEM fitted with a TSL-EDAX EBSD system including a Hikari Camera and the OIM software. The electron beam was set at 15 kV and the current was close to 2 nA.

The step size was 10 nm for all studied samples. For specific films studied in Chapter 4, pole figures constructed from EBSD analysis were performed in a FEI-Helios Dual Beam platform, operating at 10 keV and 11 nA and equipped with a EDAX-Hikari camera with an acquisition rate of 100 images per second and a 10 nm step size. The collected EBSD signal was treated using the OIM software, assuming misorientation angles lower than 2° within a grain.

B.8 TRANSMISSION ELECTRON MICROSCOPY (TEM)

Transmission electron microscopy (TEM) is used to investigate fine details of the internal structure of samples, at the atomic level, providing higher magnification and higher resolution images than SEM [START_REF] Williams | Transmission Electron Microscopy: A Textbook for Materials Science[END_REF]. A very thin sample (thickness < 100 nm) is irradiated under

The simplest measurement configuration is schematically represented in Fig. 90a and consists of an in-line four-point geometry, i.e., four electrodes spaced equidistantly and aligned along a straight line on the sample surface. The use of four probes (instead of two) minimize resistance contributions caused by the wiring and/or contacts. A constant and low electric current (~mA) is injected through the two outer contacts, while the voltage drop between the two inner contacts is measured with a high impedance voltmeter. 𝑅 is directly obtained through Equation 34, however, in order to obtain the electrical resistivity (𝜌), one needs to take into account the geometry of the experiment and the shape of the object at which the electric current is flowing. In the case of a thin film, it is usually considered as an infinite 2D sheet, where electric current is assumed to flow cylindrically from the metal electrode [START_REF] Miccoli | The 100th anniversary of the four-point probe technique: the role of probe geometries in isotropic and anisotropic systems[END_REF]. Moreover, the film thickness (ℎ) should be much smaller compared to the probe spacings (𝑠) (which is normally true, since 𝑠 ≈ 1 mm) and known. Thus, the film 𝜌 is given by Equation 35:

This equation also considers that the film is homogeneous and infinite in lateral An alternative geometry is based on the van der Pauw method [START_REF] Van Der Pauw | A method of measuring the resistivity and Hall coefficient on lamellae of arbitrary shape[END_REF]. The measurement is valid for samples of any arbitrary shape, as long as the sample is approximately a 2D solid, as it is the case for continuous, flat, isotropic, thin films. The four probes are independent in position from each other, and may be positioned on the sample's periphery, to provide an

Appendix C: Résumé en Français

Les couches minces sont de fines pellicules dont l'épaisseur peut varier de quelques nanomètres à plusieurs micromètres. Elles sont obtenues soit naturellement, soit par la condensation contrôlée d'espèces atomiques, moléculaires ou ioniques sur un matériau de support, que l'on appelle « substrat ». Ces couches présentent des propriétés remarquables et uniques, qui sont très différentes de celles des matériaux massifs, en raison de leurs dimensions physiques réduites, du grand rapport surface/volume, d'une microstructure hors-équilibre, etc. Plus important encore, la combinaison des propriétés de surface des couches minces avec les propriétés du substrat conduit à des propriétés chimiques, mécaniques ou électriques améliorées, pour n'en citer que quelques-unes.

Une large gamme de technologies de dépôt de couches minces est disponible, en sachant que les précurseurs peuvent se trouver à l'état liquide (en solution) ou en phase vapeur. Le dépôt en phase vapeur est en pleine expansion et regroupe un ensemble de méthodes telles que l'évaporation sous vide, la pulvérisation cathodique et le dépôt par arc électrique. Parmi ces méthodes, la pulvérisation cathodique magnétron est largement utilisée à la fois dans les laboratoires de recherche, et dans la fabrication industrielle. Son principe de fonctionnement est détaillé au Chapitre 1 de cette thèse et est basé sur l'application d'une différence de potentiel entre deux électrodes au sein d'une atmosphère raréfiée, permettant la création d'un plasma froid. Les ions positifs du plasma sont attirés par la « cible », qui est à la fois l'électrode négatif du système et la source de matériau solide. La densité de puissance sur la cible est de l'ordre de quelques dizaines de W cm -2 . Les ions du plasma transfèrent leur quantité de mouvement aux atomes superficiels de la cible, provoquant ainsi leur éjection (ou pulvérisation) sous forme des particules électriquement neutres. Une partie du flux de particules pulvérisées arrive à la surface du substrat, sur laquelle quelques atomes sont physiquement adsorbés. Ces particules interagissent avec d'autres atomes et participent à des divers phénomènes physiques et chimiques pour former ce que l'on appelle des « îlots de nucléation ». La croissance des îlots permet la coalescence de la couche et, finalement, la formation d'une couche continue. Le Chapitre 2 de cette thèse présente plus de détails sur les mécanismes de croissance des couches minces.

En plus de la pulvérisation cathodique conventionnelle, des configurations hybrides ou entièrement nouvelles sont constamment introduites pour surmonter les limitations des systèmes de dépôt standards et pour répondre aux exigences très spécifiques de l'industrie des couches minces. Par exemple, la pulvérisation cathodique magnétron pulsée à haute puissance (HiPIMS) a été développée pour le dépôt des interconnexions métalliques et des couchesbarrières dans des tranchées à grand rapport d'aspect pour la microélectronique, en raison du caractère directionnel du flux de particules pulvérisées. En HiPIMS, une puissance très élevée