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Abstract 

Cathodic arc deposition is a powerful technique for thin film synthesis, associated 

with explosive phase transformations resulting in an energetic and highly ionized 

plasma. This Thesis presents film growth through arc deposition from compound 

cathodes of Ti3SiC2, providing source material for plasma and films rich in Si and C.  

The interest for the resulting Ti-Si-C-N films is inspired by the two ternaries Ti-Si-N 

and Ti-C-N, both successfully applied as corrosion and wear resistant films, with a 

potential for synergistic effects in the quarternary system. 
 

When using a rotating substrate fixture setup, which is common in high capacity 

commercial deposition systems, the repeated passage though the plasma zone results 

in growth layers in the films. This effect has been observed in several coating systems, 

in deposition of various materials, but has not been explained in detail. The here 

investigated layers are characterized by a compositional modulation in Si and Ti 

content, which is attributed primarily to preferential resputtering in segments of 

rotation when the plasma has high incidence angle towards the substrate normal. For 

depositions in a non-reactive environment, the films consist of primarily 

understoichiometric TiCx, Ti, and silicide phases, and display a modest hardness (20-

30 GPa) slightly improved by a decreasing layer thickness. Hence, the side effects of 

artificial layering from substrate rotation in deposition systems should be recognized. 
 

Adding N2 to the deposition process results in reactive growth of nitride material, 

formed in a wide range of compositions, and thereby enabling investigation of films 

in little explored parts of the Ti-Si-C-N system. The structure and properties of such 

films, comprising up to 12 at% Si and 16 at% C, is highly dependent on the supply of 

N2 during deposition. Superhard (45-50 GPa) cubic-phase (Ti,Si)(C,N) films with a 

nanocrystalline feathered structure is formed at N-content of 25-30 at%. At higher N2 

deposition pressure, C and Si segregate to column and grain boundaries and the cubic 

phase assumes a more pronounced nitride character. This transformation is 

accompanied by substantially reduced film hardness to 20 GPa. Ti-Si-C-N films thus 

display a rich variety of structures with favorable mechanical properties, but in the 

regime of high Si and C content, the amount of N must be carefully controlled to 

avoid undesirable formation of weak grain boundary phases based on Si, C and N.  
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1. Introduction - Why Thin Films? 

The modern society benefits hugely from well applied materials science. Whether it 

comes to constructing jet engines, solving energy generation for the future, or waxing 

a pair of skis for optimal glide, intelligent choice of a suitable material to meet the 

specific demands is very important. The concept of separating bulk and surface has 

revolutionized several fields by removing many of the restrictions associated with 

using a single material. The bulk of a component can now be chosen separately based 

on requirements for stability, support and structure. Subsequent coating with an 

appropriate thin film will, for example, add protection, provide an appealing 

appearance, or simply be a way to reduce the use of precious metals. 

 

In the most advanced applications the coating is not merely a protective shield or 

enclosure for the bulk component, but is actively adapting to conditions in the 

environment. An example is wear resistant materials, for example Ti-Al-N, where 

hardness increases in response to elevated temperature caused by the very process 

they are intended to withstand. 

 
Figure 1 Examples of coated cutting inserts of various geometries, a potential 

application for the materials described in this Thesis. 

 

This Thesis is a first part of my work on thin film formation by cathodic arc 

deposition. The technique is currently widely applied in industry, for example for 

coating of cutting tools, see examples in Figure 1. I have used the method for the 

exploration of new thin film materials composed of Ti, Si, C and N. New materials, 

becoming increasingly complex, are important in the evolution towards tailored films 

for specific applications. Better understanding of the materials, as well as the 
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deposition technique, may lead to increased performance and further developed 

synthesis methods.  

 

There are several elements of cathodic arc deposition, of both scientific and practical 

character, which are not well understood, in particular concerning use of compound 

cathodes, i.e. cathodes composed of several elements. For applications, binary 

cathodes are often employed to increase the compositional range attainable within 

manageable process control. Conventionally, however, most academic work on 

process characteristics and plasma properties focuses on elemental cathodes. The 

quarternary material system described in this Thesis (Ti-Si-C-N) is also relatively 

unexplored and has only recently been synthesized in thin film form by cathodic arc 

deposition [1]. In my work I have introduced new routes for film synthesis by 

employing ternary Ti-Si-C cathodes. This has proven to be a successful way to obtain 

coatings with simultaneously high Si and C contents, displaying a rich variation in 

microstructure and promising mechanical properties.  
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2. Methods for Thin Film Synthesis 

Thin films can be as thin as a few nm, in e.g. semiconductor applications, up to thick 

ceramic coatings of several 100 µm for thermal protection of turbine blades. A 

number of deposition techniques have been developed to meet these very different 

requirements. The majority of these techniques requires vacuum, to reduce undesired 

reactions with the atmosphere and control the evolution of both film composition and 

structure. Synthesis through vacuum based techniques usually belongs to chemical 

vapor deposition (CVD) or physical vapor deposition (PVD). 

  

In CVD, the film growth is based on chemical reactions between so called precursors 

supplied in the gas phase. The reactions are in many cases thermally activated and 

require heating of the substrates or the entire deposition chamber. All surfaces 

exposed to the gas phase will be coated, which makes the technique useful for large 

substrates as well as for substrates of complex shapes. 

 

PVD relies on physical processes, such as evaporation and sputtering, rather than 

chemical reactions. Thermal evaporation, electron beam evaporation and molecular 

beam epitaxy are examples of PVD methods, as are a multitude of sputtering 

techniques, where collision effects of a background gas is used to create a plasma flux 

towards the substrate. PVD methods are line-of-sight methods in the sense that only 

surfaces facing the deposition flux will be coated. This requires careful substrate 

placement and sometimes intricate schemes for rotation, if several sides of the same 

component are to be coated. The combination of comparatively low deposition 

temperatures and high growth rate enables formation of metastable structures, as the 

atoms may not have time and energy to re-arrange in the most energetically favorable 

positions.  

 

Hybrid approaches such as Plasma Enhanced CVD (PECVD), as well as approaches 

combining arc and sputtering, have been developed in several forms, indicating that 

the distinction between CVD and PVD is somewhat artificial, or at least not mutually 

exclusive. The choice of deposition method for a specific purpose depends on several 

factors such as substrate type, thin film material, requirements for uniformity and 

thickness control. 



 4 

 

In this Thesis a particular PVD-method, cathodic arc deposition, has been studied. 

Cathodic arc is today widely used in academia and industry, for research as well as for 

serial production of e.g. decorative, protective or wear resistant coatings. The next 

chapter will describe the basics of how the technique works.  
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3. Cathodic Arc for Growth of Thin Films 

Cathodic arc is a coating technique with various characteristic features [2]: 

• Cathodic arc is self sustained in terms of plasma generation, meaning that 

there is no need for a background gas.   

• Cathodic arc is a collective emission process where plasma is generated in an 

explosive manner in a rapid series of short individual arc events involving so 

called arc spots, which are very effective plasma production centers on the 

cathode surface.  

• The plasma created from the cathode material is inherently energetic and 

highly ionized, with large fractions of multiply charged ions.  

 

 
Figure 2 (a) Lightning is a naturally occurring plasma from an electrical discharge,  

in many respects similar to (b) plasma generation in cathodic arc. 

3.1. What is an Arc? 

An arc is a type of electrical discharge, where current is transported through a 

medium that is normally insulating. The most natural example of a discharge is 

lightning, where moist air shortly becomes a conductor for charge transfer between 

the thunder cloud and the earth’s surface, see Figure 2. Arc discharges can also occur 

between electrical conductors, when sufficiently high voltage or electric fields cause 
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so called breakdown of the medium separating the conductors. Arcing is a severe 

hazard in electrical installations, often caused by insulation failure, but can also be 

used in a controlled manner for material synthesis as well as in other applications 

such as arc welding [3]. 

 

Electrical discharges infer transfer of charge between two electrodes. Electrons are 

then emitted from a cathode and received at an anode. When they are separated by 

air or vacuum, a conductive ionized gas, a so-called plasma, is created in the process. 

The electrons are strictly confined within a material by various types of bonds, and 

the energy required for an electron to escape is called the work function, which is 

heavily material dependent. In the presence of strong local electric fields at the 

surface, the electrons can escape either as individual response to impact of 

accelerated ions or as collective emission of large numbers of electrons. An arc 

discharge relies on the second mechanism of collective electron emission, which can 

be either thermionic, from relatively large hot areas, or cathodic, from non-stationary 

spots on globally cold cathodes. Thin film synthesis is usually based on cathodic arc 

[2, 4], but there are also approaches relying on evaporation of a hot anode, termed 

anodic arc [5-7]. For the scope of this thesis, cathodic arc will be discussed in more 

detail. In a thin film deposition system, the pressure is reduced and the electrodes 

separated to large distances so that there is not an arc directly between them, see 

schematic in Figure 3. The arc events occur on the cathode surface and the circuit is 

completed by electron and ion conduction to the anode. It is desirable to use a large 

anode surface for efficient electron collection, sometimes the inner walls of the 

vacuum chamber. The material right next to the cathode is, however, insulating to 

confine the arc to the cathode surface. 

 

Cathodic arc is a high current, low voltage discharge which can be operated either in a 

continuous DC-mode, where the current is typically 50-150 A, or in a pulsed mode 

with current as high as 1 000 A. The potential difference between anode and cathode, 

the so called burning voltage, is usually in the range 15-25 V, depending primarily on 

the cohesive energy of the cathode material, which in turn reflects the average 

binding energy of the atoms in the solid [8].  
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Figure 3 Schematic picture of a basic arc setup, adapted from Brown [4]. 

 

In the initial stage of the deposition process the arc has to be ignited. This can be 

accomplished in several ways, for example by creating a short circuit by a mechanical 

trigger wire. The trigger is in contact with the cathode for a short time before being 

released, creating a short high voltage pulse, which ignites the plasma. After ignition, 

the arc is self-propagating with one or several arc spots active at the cathode surface. 

3.2. Processes at the Cathode Surface 

When in operation, plasma production by the arc discharge occurs in distinct areas 

on the cathode surface. The appearance is that these active areas move over the 

surface rapidly and randomly. The details of this process have been topic for 

theoretical and experimental studies for a long time [2, 9]. By examining the cathode 

surface after use, one can see numerous craters of previously molten and deformed 

cathode material, indicating a rather violent process generating excessive heat. The 

craters are residues of cathode spots, where microexplosions have taken place during 

arcing. The cathode spot has a substructure of emission centers, each related to one 

explosive emission event, where ions and electrons are emitted in ectons, 

representing the minimum quanta of explosive emission [10]. The explosion is one of 

several stages of the life of the emission center [2, 9, 10], which in total is some tens 
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of nanoseconds and carries a current up to a few ampere, depending on the cathode 

material [9]. Also the cathode spots, which are observable on a coarser time and 

length scale compared to the emission centers, are not stationary on the cathode 

surface. The spot movement is caused by extinction of old spots and ignition of new 

spots. Due to heating of the cathode metal as the spot ages, there is an increase in 

resistivity. If more than one spot is active in parallel, the younger spot is then 

preferred because of lower resistance. The current will thus quickly be channeled 

through the new spots and extinguish the old one. Spot motion can be influenced and 

steered by applying magnetic fields. 

 

Cathode spots can be categorized as either type 1 or type 2. Spots of type 1 occur on 

surfaces with contamination, including oxides and nitrides. The spot velocity is high 

and will leave small craters, usually a few micrometers, which are well separated on 

the surface. Under good vacuum condition the evaporation might turn to type 2 spots, 

characteristic of clean metallic surfaces once the surface contaminants have been 

removed. Type 2 spots have lower spot velocity and results in higher cathode erosion 

rate. On the used cathode surface, they are characterized by comparativley large 

craters adjacent to each other. In reactive atmospheres, it is likely that the arc spots 

are primarily of type 1, or a mixture of type 1 and type 2 [2].  

3.3. The Interelectrode Plasma 

The plasma is an ensemble of ions, electrons and neutrals with composition 

determined mainly by the cathode material. Arc plasma has the following 

characteristic features: 

- High degree of ionization, nearly 100 % close to the cathode spots [11]. 

- Considerable fraction of high charge states, up to 5+ for several refractory 

metals [12]. 

- High ion energies, up to ~150 eV on average [13]  with an energy distribution 

often including a long tail. 

 

The plasma produced in the cathode spot is of very high current, power and density 

(~1012 A/m2, ~1013 W/m2, and 1026 m-3, respectively [14]), well exceeding atmospheric 

pressure. The plasma density, often measured as the electron density, decreases with 
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distance (r) from the cathode. In vacuum, the drop has been described as a 1/r2 

dependence [15, 16], while in a background gas the decrease is slower. 

 

The charge state of the ions in the plasma is to a large extent determined in the region 

closest to the cathode, where the density is high and collisions frequent enough to 

establish equilibrium between ions, neutrals and electrons [11]. When ionization and 

recombination reactions are in balance, this is described by the Saha equation [17]. 

As the plasma is expanding, away from the cathode spot, the species soon become 

separated and the charge transfer reactions are drastically reduced. The charge state 

distribution is therefore thought to be roughly conserved, or “frozen”, in the 

transition from equilibrium to non-equilibrium.  

 

The ions are accelerated to high energies very close to the cathode spot, primarily due 

to the extreme pressure gradient between the center of the arc spot and the low 

pressure ambient. Ions from the same element but of different charge states therefore 

have similar velocities. The ion acceleration varies, however, between elements. A 

high melting point material, such as Mg (melting at 1246 ºC [18]), will have low 

erosion rate resulting in high energy input per particle and consequently a 

comparatively high ion velocity (30 600 m/s [2, 19]).  In contrast, Cd (melting at 

321 ºC [18]), will have a higher erosion rate, and ions with substantially lower velocity 

(6 800 m/s [19]).   

 

If the arc is operated in a background gas, such as N2 or Ar, this will affect the plasma 

properties. Charge exchange collisions between metal ions and the gas may reduce 

the average metal charge state and ionize the gas atoms. Furthermore, collisions will 

commonly decrease the average ion energy as well as change the shape of the ion 

energy distributions.  

3.4. Macroparticles 

As a side effect of plasma generation from the arc spots, droplets or so called 

macroparticles will be ejected from the molten pool of cathode material created 

momentarily as the arc discharge dissipates energy as heat. When incorporated in the 

growing film the macroparticles are obstacles for the growing structure and may 

serve as nucleation sites for conical, or bell shaped grains, see Figure 4a. These can 
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grow to considerable size and are often clearly visible as spherical caps on the surface, 

see Figure 4b. Depending on context, the term macroparticle can be understood 

either as the original “droplet” buried in the film, or the larger growth defect visible 

on the surface. The presence of macroparticles evidently causes increased surface 

roughness and can be detrimental to coating properties and performance.     

 

 
Figure 4 Macroparticles in Ti-Si-C-N-films from Paper 2 observed (a) in cross 

section TEM, and (b) on the surface (SEM). 

 

The macroparticle generation is closely related to cathode material and can be 

influenced also by magnetic fields [20]. However, there are several ways to reduce the 

amount of macroparticles incorporated in the film [2, 21]. Since the macroparticles 

have no net charge, an electromagnetic field can be applied as a filter, guiding the 

electrons through Lorentz forces in a curved path before directed onto the substrate. 

The electrons, in turn, exert attractive electric forces on the positive ions, while the 

the macroparticles continue on a straight trajectory, thereby avoiding the substrate. 

The difference between filtered and unfiltered arc is exemplified in Figure 5.  
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Figure 5 Ti-Si-C-N films deposited using (a) unfiltered cathodic arc, from Paper 2, 

and (b) filtered cathodic arc. Images acquired at the same magnification. 

3.5. Condensation and Film Growth 

When the arc plasma is approaching the growing film it does so at high speed and 

high energy. Condensation of the plasma results in atomic scale heating which can be 

significant and enhance atom mobility on or below the film surface at low ambient 

temperatures [22]. The potential formation of metastable compounds by subsequent 

rapid quenching of the plasma flux is one of the strengths of arc synthesis.  

 

The energy supplied by the depositing ions is substantial, both due to the inherent 

high kinetic energies, and the high degree of ionization with frequently occurring 

multiply charged ions. The kinetic energy is gained by ion acceleration in primarily 

two zones: i) close to the cathode spots leading to the plasma ion velocity, ii) in the 

sheath between plasma and substrate, where the energy input can be increased by 

applying negative substrate bias potential. The potential energy consists for the most 

part of ionization energy, which is released in ion-electron recombination, and 

cohesive energy, which is released when the arriving atom or ion forms bonds with 

neighboring atoms.  

  

The ion energy together with pressure and temperature determines the film structure 

and morphology in an intricate and non-trivial manner. Film growth conditions and 

resulting structure are often summarized schematically in so-called structure zone 
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diagrams, with the intention of providing a simplified description of tendencies 

rather than a precise tool for structure prediction. These diagrams have been 

developed for thermal evaporation and sputtering [23, 24], but recently also adapted 

for plasma based deposition [25], see Figure 6. The temperature, T*, is generalized by 

including a shift caused by potential energy of arriving particles, and the normalized 

energy, E*, includes pressure and kinetic energy of bombarding particles. The 

diagram is schematically divided in four zones for different conditions. In zone 1, at 

low temperature and energy, the adatom mobility is low, which promotes nucleation 

of textured and fibrous grains. Zone T is a transition zone with improved surface 

diffusion, however limited over grain boundaries, which results in competitive growth 

of V-shaped grains. Zone 2 is characterized by unconstrained surface diffusion 

leading to uniform columnar grains. Zone 3, at high temperature and energy, allows 

also bulk diffusion with resulting recrystallization and densification of large grains. 

 

 
 

Figure 6 Structure Zone Diagram for plasma based thin film deposition, from 

Anders [25]. E* represents normalized energy flux, T* generalized temperature and t* 

net thickness. © Elsevier, reprinted with permission.  
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Noteworthy is also that as the ion kinetic energy is increased, the net growth, t*, 

decreases due to sputtering. Above a certain threshold, for most elements between 

400 eV and 1400 eV, the net deposition is transformed into ion etching. This effect 

can conveniently be used for in-situ cleaning of substrates by applying a high bias 

potential in an initial stage of the deposition process. 

 

Another result from energetic ions impinging on the film surface in cathodic arc 

deposition is the potential generation of internal stress. The structure can experience 

compressive stress as a local densification in a small area around an arriving atom. 

This requires that the ion is energetic enough to subplant below the film surface [26], 

and that the material cannot plastically deform to yield to the stress. This is observed 

particularly in covalently bonded structures. Another effect of energetic deposition 

may be incorporation of defects, which has implications both for stress and hardness 

of the deposited materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 14 

 

 



 15 

4. Materials for Hard Coatings 

In general terms, hardness of a material is determined by its resistance to bond 

distortion and to the formation and motion of dislocations [27, 28]. There are many 

types of hard coatings, and a useful strategy for classification is by the nature of the 

chemical bonding between the atoms, which can be of metallic, ionic or covalent 

character, see Figure 7. Metallic bonding consists of delocalized valence electrons 

moving freely in an electronic gas across the material. Ionic bonding involves electron 

transfer between atoms, forming ions held together unidirectionally by forces 

between positive and negative charges. Covalent bonding, finally, comprise 

directional electron sharing between overlapping atomic orbitals.  

 
Figure 7 Common hard materials, mostly ceramics, classified after chemical bonding, 

adapted from Mayrhofer et al. [28]. 
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Figure 7 illustrates that ceramic materials have a mixed bonding type, in the sense 

that one particular bond may have a combination of for example metallic and 

covalent character, and also that all bonds in the material might not be the same [29]. 

The classical hard material diamond has, however, strong covalent bonds between C-

atoms in a rigid structure. Transition metals, with incompletely filled d-orbitals and 

the ability to adapt to several oxidation numbers, are common hard materials in the 

form of carbides and nitrides, which are stable to high temperatures [30]. The 

archetype and pioneering material is TiN, used in thin film form since the 1970s. 

 

In the last couple of decades, the material selection has been widened to ternary and 

quarternary systems. Many Ti-based as well as other transition metal systems have 

been explored. The importance of a controlled microstructure, often on the nanoscale, 

has also been realized. In general, small grains correspond to a large fraction of grain 

boundaries which acts as obstacles for dislocation movement. This is in many cases a 

preferred mechanism over hardening due to point defects and dislocations, as these 

tend to anneal out at exposure to temperatures above the growth temperature. 

Nanoscale structures can either be realized during growth, or through secondary 

transformations triggered by use at high temperatures [27]. One successful strategy 

for the latter is to select a system with a miscibility gap, where the atoms can be 

forced into a supersaturated metastable solution by rapid quenching in PVD 

synthesis. Upon annealing the immiscible phases will segregate to form a fine grained 

microstructure, either through spinodal decomposition or by nucleation and growth. 

An example is Ti-Al-N which, at relatively high Al-content, can be forced into a solid 

solution with NaCl-structure, with potential of secondary spinodal decomposition. 

This is a key factor behind the favorable so called age hardening characteristics [31]. 

 

In addition to material selection, controlled generation and optimization of residual 

stress is important for coating performance. If the stress is too high, the obvious risk 

is that the film might delaminate. 

4.1. Thin Films in the Ti-Si-C-N System 

In this Thesis, the material system Ti-Si-C-N is explored, inspired by the two ternary 

systems Ti-C-N and Ti-Si-N. These are both are based on the Ti-N structure, further 
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described below. The complexity increases in the quarternary system as Ti and Si 

have different characteristics in compounds with C and N.  

 

Ti forms both TiC and TiN with a rock salt structure, where each Ti atom coordinates 

six nonmetal atoms, C or N, see Figure 8a & b. The carbide has slightly higher 

covalent character than the nitride [30]. There is full solid solubility between TiN and 

TiC, enabling thin film synthesis of thermodynamically stable Ti-C-N in a wide range 

of compositions, by both CVD and PVD methods.  

 

Si forms stable compounds with N as well as C. In Si3N4, the structure is based on 

SiN4–tetrahedra, see Figure 8c, arranged so that every Si-atom coordinates four N-

atoms and every N-atom coordinates three Si-atoms. Thereby sp2 hybridization of N 

and sp3 hybridization of Si is satisfied, which gives the structure less ionic character 

than TiN [29]. SiC is highly covalent and exists in several polytypes with cubic or 

hexagonal structure. In both cases the coordination number of both Si and C is four. 

Several metastable structures within the Ti-Si-N system can be synthesized using 

PVD techniques, where Si is taking different roles as solid solute, at grain boundaries 

or in an amorphous matrix. 

 

 
Figure 8 (a) NaCl-structure of TiN [32] where (b) Ti occupies octahedral sites, 

coordinating six N-atoms. (c) Si has a tetrahedral bonding configuration, coordinating 

four N atoms in Si3N4. Solid and dotted lines represents bonds extending out from and 

into the plane respectively. 
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5. Experimental Work 

The following section will introduce the experimental techniques for thin film 

synthesis and analysis used in the present work. 

5.1. Material Synthesis based on Cathodic Arc 

The thin films described in this Thesis were synthesized using an industrial scale 

cathodic arc deposition system (Metaplas MZR323). The system is configured for six 

circular 63 mm cathodes in continuous DC operation, arranged in two sets of three 

vertically separated cathodes on opposing sides of the chamber, see Figure 9. 

Cathodes on the two sides are displaced slightly vertically relative to each other to 

enhance thickness uniformity. The experiments were performed using between one 

and six active cathodes. The arc is initiated by mechanical triggering at time when a 

moveable shutter is placed in front of the cathodes, blocking the path to the 

substrates. The shutter is removed, and the deposition started, approximately 30 s 

after arc ignition, when eventual cathode surface contamination is expected to be 

consumed. The cathodes are water cooled from the back side, where also a permanent 

magnet is placed to influence the random arc spot motion for even erosion of the 

cathode surface.  

 

 
Figure 9 (a) Photo of the deposition chamber with (b) corresponding schematic. In (c) 

one cathode and the heater are in operation. 
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Substrates can be fixtured in several different ways, depending on size and geometry, 

with optional rotation. In this work, a metallic cylinder with negative bias was used, 

where cemented carbide substrates could be placed at arbitrary positions by magnets. 

The chamber, including substrate fixturing cylinder, can also be heated through 

resistive elements at the back end of the chamber. In Paper 1 films synthesized from 

Ti-Si-C cathodes were investigated in detail, with a focus on the effects of relative 

substrate to cathode position and rotation on film composition and structure. In 

Paper 2, a gas feed of N2 was used for reactive deposition of Ti-Si-C-N. The gas was 

introduced through pipes extending vertically in the chamber, indicated in Figure 9.  

5.2. Analytical Techniques 

Materials synthesized with various thin film deposition techniques possess a rich 

variety in composition, structure and properties. As the thin film material can be 

grown at non-equilibrium conditions, in e.g. PVD processes, the properties are often 

quite different from the bulk counterparts. Appropriate analytical techniques for 

these materials must therefore be sensitive to small volumes and also be able to 

distinguish between film and substrate.  

5.2.1.  X-ray Diffraction (XRD) 

In many materials the constituting atoms are ordered in periodic crystal structures. 

These can be examined through diffraction of X-rays upon interaction with the 

material, as the wavelength is on the same scale as the size of the atoms. This 

interaction can be described by Bragg’s law, stating that constructive interference 

from X-rays with wavelength λ occurs at diffraction angles θ given by 

 ( )θλ sin2dn =  (1) 

Commonly the diffraction order n is set equal to 1, and higher order diffractions are 

accounted for by different values on the d-spacing. This description assumes the 

material to be constructed of regularly spaced, semi-transparent planes on which the 

radiation is reflected, see Figure 10. In reality, crystal structures extend in three 

dimensions with regularly repeating units. The planes considered in Bragg’s law 

represent sets of planes at various orientations within this 3D grid. In general, there 

is not any correlation between these imaginary planes and actual layers of atoms, 

despite that this is often the case with simple crystal structures and low index planes. 
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Figure 10 Schematic drawing of X-ray diffraction. The angle θ for constructive 

interference from a plane spacing d is determined by Bragg’s law, Eq. 1.  

 

The set of planes for which diffraction is observed is relatively unique for most 

materials and can therefore be used for phase identification. Commonly, a θ-2θ scan 

is performed, where the incidence angle is changed at half the speed of the exit angle, 

which gives peaks at characteristic 2θ-values. Identified peak positions can be 

compared to reference data from pure materials in untextured powder form, reported 

in Powder-Diffraction Files (PDF). 

 

There are many factors that determines the shape and location of peaks in X-ray 

diffractogram, phenomena which can be used to extract more data than the phase 

composition from one or a few sets of measurements. A few examples are given below. 

- Crystalline grain size affects the peak width, where small grains produce broad 

and diffuse diffraction peaks. The width is described by the Scherrer 

equation [33]. 

- Stress in the material, which is particularly common for thin films, will 

systematically shift the peak positions [34]. 

- Texture, in terms of preferential growth of one lattice orientation, will change 

the relative height of the peaks. 

5.2.2. Transmission Electron Microscopy (TEM) 

The micro- and nanostructure of a material can be studied in great detail by 

transmission electron microscopy (TEM) [35]. Electrons are accelerated to high 

energies, on the order of 200 keV, where the electron wavelength is comparable to 
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the size of an atom. This enables imaging of atomic arrangements, grains, 

dislocations and under good conditions even individual atoms. 

 

A sample for TEM analysis has to be prepared so thin that it is transparent to 

200 keV electrons, see Figure 11. The conventional method for sample preparation is 

by mechanical grinding and polishing followed by ion etching. For materials where 

this is difficult, another option is to use milling by a focused ion beam (FIB) to both 

cut and prepare very thin samples. 

 

 
Figure 11 Thin film on top of WC substrate, thinned to electron transparency by ion 

beam milling.  

 

The transmission electron microscope can be considered as consisting of two parts: 

the illumination section and the imaging section. The former, which includes all 

lenses between the electron source and the sample, creates a stable and well defined 

electron beam illuminating the sample. Below the sample is the imaging section, 

where the beam of electrons that have passed through the sample is magnified to a 

visible image on a fluorescent screen, or a camera.  

 

The microscope can be operated in either microprobe or nanoprobe mode. In the first 

case the goal is to evenly illuminate the entire area of interest in the sample. Images 

are formed by contrast differences from diffraction, thickness, bending etc. At certain 

points in the microscope column, such as the back focal plane of the objective lens, 

the diffraction pattern of the sample is visible. The diffraction pattern can be 

projected on the image screen and recorded, and is a valuable tool in for example 
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structure determination. By placing an aperture in the back focal plane it is also 

possible to select only certain reflections from the diffraction pattern to contribute to 

formation of the real-space images. This is the basis for bright field imaging where 

the central electron beam is included, and dark field where selected other reflections 

are chosen for image formation. The microprobe mode is also used for high 

resolution imaging based on phase contrast. Under ideal conditions the atomic 

structure down to sub-Å level can be probed.  

 

In the nanoprobe mode the electron beam is focused to a small spot on the sample. 

Precise control of the beam position can be used for analytical microscopy. Images 

may be formed by rastering the beam over the sample and detecting response from all 

points the beam is passing. Scanning TEM images (STEM) may be tuned to enhance 

contrast on atomic weight which is useful in studies of samples with both heavy and 

light elements. Supplementary detectors such as EDS, see Section 5.2.4 below, may 

be used in STEM mode to determine sample composition with spatial resolution. 

5.2.3. Scanning Electron Microscopy (SEM) 

A second imaging and analytical technique involving electrons probing the material, 

is the scanning electron microscope (SEM) [36]. The electrons are accelerated to 

energies usually in the range 3-20 kV. As the electrons are not transmitted through 

the material, the selection of samples possible to analyze, as well as their preparation, 

is much easier. The maximum resolution resolution is 1-10 nm [36], but SEM is also 

useful for survey imaging at low to moderate magnification (100x – 20 000x) . 

 

Images are formed by mapping different response to the electron impact as the 

electron beam is scanned stepwise over the sample. Examples of responses are 

emitted secondary electrons, backscattered electrons, or X-ray photons generated by 

electron impact on atoms in the sample. 

5.2.4. Energy Dispersive X-ray Spectroscopy (EDS) 

Information on the elements in a sample can be gained through energy dispersive X-

ray spectroscopy (EDS) [36] which is often integrated with SEM and TEM. The 

technique relies on analysis of X-rays emitted from the material in response to impact 

by electrons. The energy of the X-ray depends on the electronic structure of the atom 

where it is generated, which enables identification and quantification of elements in 
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the sample. EDS is particularly useful for metals and heavier elements, but low 

detection efficiency and limitations of, for example, detector-windows make the 

technique less suited for lighter elements. 

5.2.5. X-ray Photoelectron Spectroscopy (XPS) 

Chemical bonds in a material can be studied by X-ray photoelectron spectroscopy 

(XPS), which is a method based on the photoelectric effect [37]. By irradiating a 

sample under vacuum with low energy X-rays, photoelectrons are generated. These 

have a kinetic energy (Ek) related to the X-ray energy (hν), the so-called binding 

energy (Eb) and the work function (φ) according to 

 Ek = hν - Eb - φ (2) 

The binding energy for each core electron is determined by the atom it is bound to, 

see sample spectrum in Figure 11. In XPS the kinetic energy of the photoelectrons are 

analyzed, leading to a distribution of photoelectron intensity versus binding energy, 

which in turn reflects the quantized energy levels of the atoms in the sample [38]. The 

binding energies are also affected by the structural and chemical environment of the 

atom, causing chemical shifts in energy of typically 0.1 to 10 eV. This allows analysis 

of bonding state through comparison with reference samples.  

 
Figure 11 XPS-profile from Ti-Si-C thin film in Paper 2. 

 

5.2.6. Elastic Recoil Detection Analysis (ERDA) 

Elastic Recoil Detection Analysis (ERDA) is a powerful ion beam analytical method 

for compositional characterization of materials, particularly suited for analysis of 

lighter elements in a heavier matrix [39]. Heavy projectile ions, like I+ or Cl9+, are 
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accelerated to energies in the MeV-range and directed towards the sample surface. 

Ejected and forward scattered atoms from the sample surface are then detected at an 

angle of typically 170-180º from the incoming beam. To discriminate between atoms 

of different elements, the detector needs to measure both energy and mass for each 

projectile. A common setup is to combine a time-of-flight detector (ToF), consisting 

of two time grids separated by a known distance, with a terminal energy detector. 

Every atom represents one point in a ToF-energy spectrum, from which the signal 

corresponding to different elements can be separated, see Figure 12.  The traces are 

then converted into profiles of composition versus depth.  

 

 
Figure 12 (a) Time-of-flight vs energy spectrum from ERDA analysis of a thick Ti-Si-

C film from Paper 1, and (b) corresponding compositional depth profile. 

 

5.2.7. Nanoindentation 

A material’s mechanical properties, such as hardness and elastic modulus, can be 

assessed by monitoring its response to mechanical deformation. When working with 

thin films on thick substrates, the situation is delicate to measure properties of the 

film only, without any contribution from the substrate. Commonly used are 

indentation methods, for thin film analysis specifically termed nanoindentation. As a 

rule of thumb, the indentation depth should not exceed 1/10 of the total film 

thickness, demanding small and well controlled loads. 
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While traditional indentation methods rely on measurement of the residual 

impression, nanoindentation is based on continuous recording of applied load and 

indenter displacement during the indentation. One indentation consists of a loading 

segment until the maximum specified load is reached, a hold segment at constant 

load for drift monitoring, and finally an unloading segment. An axample of a such 

load-displacement curve is given in Figure 13.  Mechanical properties are calculated 

from evaluation of the unloading segment following the method described by Oliver 

and Pharr [40]. 

 

 
Figure 13 Typical load-displacement curve from nanoindentation of a Ti-Si-C-N hard 

coating. 

 

The indenter is equipped with an interchangeable diamond tip, which can be of 

various geometries. Common is the three sided pyramidal Berkovich geometry. This 

sharp tip shape has the advantage of self similarity, i.e. constant ratio between 

indentation depth and projected area. 
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The results from nanoindentation are highly dependent on accurate representation of 

the shape of the tip, which after some time in use deviates from the ideal initial 

geometry. This is compensated through an area calibration with a reference material, 

typically fused silica, used to establish the actual projected area as function of 

indentation depth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 28

 

 



 29 

6. Summary of Included Papers 

Paper 1 presents the formation and appearance of layers in Ti-Si-C thin films 

originating from substrate rotation in industrial scale cathodic arc deposition systems, 

see Figure 14. This is a common effect, previously observed in for example Ti-Al-N 

[41], Ti-Al-O-N [42] and Zr-Al-N [43] films. It has until now, however, not been 

investigated in detail.  

 

The layering in the Ti-Si-C films is characterized by a trapezoid modulation in Si 

content in the substrate normal direction, combined with a varying degree of 

crystallinity. The formation of layers is attributed to preferential resputtering of Si by 

the energetic deposition flux incident at high incidence angles, when the substrates 

are facing away from the cathodes. Nanoindentation hardness of the films increases 

with decreasing layer thickness. As the layering affect film structure and properties, 

the paper points to important side effects of substrate rotation and self-sputtering in 

large scale arc deposition processes.  

 

 
Figure 14 Example of layering in a Ti-Si-C thin film investigated in Paper 1.  

 

Paper 2 describes reactive cathodic arc deposition of Ti-Si-C-N thin films from 

Ti3SiC2 cathodes used at varying N2 pressure. The ternary cathodes allow film 

formation with high contents of Si and C, up to 12 and 16 at% respectively, which are 

little explored compositions in the Ti-Si-C-N system. The structure and properties of 

the films are highly dependent on the N-content, where non-reactive depositions 

yield films consisting of understoichiometric TiCx, Ti, and silicide phases, with a 
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hardness of 27 GPa. At 25-30 at% N, superhard (Ti,Si)(C,N) films of 45-50 GPa are 

formed. These have a characteristic feathered microstructure, consisting of small and 

well interconnected grains in a rigid structure. At even higher N-content, the 

hardness is drastically reduced to 20 GPa due to segregation of Si and C to column 

and grain boundaries. While Si and C added separately have beneficial effects on the 

hardening of TiN, their combined presence in high concentrations accelerates the 

phase separation and thus degrades the mechanical properties of Ti-Si-C-N films. 
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7. Future Work and Outlook 

My PhD-work is dedicated to studies of the cathodic arc deposition process used in 

synthesis of hard coatings. In concert with a related project focusing on the structural 

and compositional evolution of the cathode surface, we strive towards an increased 

understanding of the correlation between cathode properties, plasma properties, and 

the resulting thin film, for Ti-Si-C-N coatings. 

 

So far, I have been focusing on film synthesis from Ti3SiC2 cathodes. Particularly, the 

observation of an inadvertently layered structure (in Paper 1) has emphasized the 

importance to characterize and understand plasma creation and plasma distribution. 

For the remainder of my PhD-work, I intend to expand the scope towards direct 

studies of the interelectrode plasma under conditions similar to those during film 

growth, while maintaining attention to the effect of plasma properties on the 

resulting film. This section will briefly describe ongoing projects beyond Paper 1 and 

Paper 2. 

7.1. Comparing Sources of Carbon 

In the exploration of the quarternary Ti-Si-C-N system I intend to follow and 

compare two different strategies for incorporation of C in the films, through (i) use of 

ternary Ti-Si-C cathodes in a N2 atmosphere and (ii) use of binary Ti-Si cathodes in a 

mixture of N2 and CH4 as gaseous carbon source, see Figure 15. 

 

Paper 2 within this Thesis concerns the use of ternary Ti3SiC2 cathodes, unique in its 

high content of Si and C, compared to cotemporary arc deposition processes that 

employs alloyed or segmented Ti-Si target with or without C. This is an example of 

strategy (i). In analogy with Paper 2 I have used cathodes tailored to the 

compositions Ti80Si10C10 and Ti90Si5C5, at increasing N2-pressure.  

 

Examples of thin films synthesized from the binary cathode route, strategy (ii), have 

been reported by Johnson et al. [1]. Conventional and commercially available Ti-Si 

cathodes were used for that study. We have extended the scope of our ongoing 

investigation to include also the cathode structure [44] and its effect on film 

properties. 
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Figure 15 Schematic of two strategies, (i) and (ii), for comparing sources of C. 

 

Films synthesized from the strategies presented above allows a wide range of film 

compositions, see Figure 16. New regions are accessible from either the binary or 

ternary route, or both. By studying films obtained through different approaches, both 

for similar and different compositions, I aim for improved understanding of the arc 

deposition process leading up to film growth.  

7.2. Plasma Analysis through Mass Spectrometry 

Ongoing experiments involve energy resolved mass spectrometry on plasma created 

from Ti3SiC2 cathodes in Ar and N2 atmospheres at various pressures. A filtered dc 

arc source was used for this purpose. By the technique of mass spectrometry we can 

analyze the energy distribution for ions of a certain mass-to-charge ratio. Examples of 

energy distributions versus N2 pressure are given in Figure 17a for Ti2+, which has a 

ratio of 24, as the ion mass is 48 amu and the ion is doubly charged. The distributions 

extend up to 150 eV with a substantial tail at high energies, which is characteristic for 

arc plasma. As the pressure is increased, there is a considerable shift towards lower 

energies due to collisions between ions and gas atoms. By calculating the average ion  
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Figure 16 Comparison of  Si and C content in Ti-Si-C-N films deposited from ternary 

and binary cathodes, from ongoing work and Ref 1. 

 

energy at each pressure, some characteristics becomes clearly visible, as exemplified 

for Ti+ and Ti2+ in Figure 17b. We note that Ti+ has much lower average energy in 

vacuum, likely due to the filter configuration [45]. At high N2 pressure, both Ti+ and 

Ti2+ show the same energy of ~2 eV, which corresponds to the thermal energy. 

 

Cathodes of Ti3SiC2 are in several respects a suitable choice for plasma studies, as the 

high Si and C content results in ion concentrations readily measurable for most 

species. On the other hand, the system is quite complex as it consists of several 

elements, and even further challenging when also introducing a reactive gas ambient. 

For reactive conditions, the obvious overlap between Si and N species, such as Si+ and 

N2+ with a mass-to-charge ratio 14, is an inherent ambiguity. 
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Figure 17 Ion energy distributions and average ion energies for Ti in filtered arc 

plasma.  

 

To correlate between plasma and film properties, I have also performed film growth 

using an experimental setup and conditions identical to those used for plasma studies. 

The pressure range was chosen based on observed plasma evolution and identified 

strong dependence of plasma properties on process parameters. The synthesis 

conditions are comparable to those in industrial scale arc deposition systems in terms 

of the product of pressure and cathode-substrate distance, which is a measure of the 

range for effective plasma-gas interaction. 
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