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Abstract 

This Thesis explores the arc deposition process and films of Ti-Si-C-N, inspired by 

the two ternary systems Ti-Si-N and Ti-C-N, both successfully applied as corrosion 

and wear resistant films. The correlation between cathode, plasma, and film 

properties are studied for a comprehensive view on film formation. Novel approaches 

to adapt arc deposition to form multi-element films are investigated, concluding that 

the source of C is not a determining factor for film growth. Thus, cubic-phase films of 

similar properties can be synthesized from processes with either 1) ternary Ti-Si-C 

cathodes, including the Ti3SiC2 MAX phase, in N2 atmosphere or 2) Ti-Si cathodes in 

a mixture of N2 and CH4. With the Ti3SiC2 cathodes, superhard (45-50 GPa) cubic-

phase (Ti,Si)(C,N) films can be deposited. The structure is nanocrystalline and 

feather-like, with high Si and C content of 12 and 16 at%, respectively. To isolate the 

effects of Si on film structure, magnetron sputtered Ti-Si-N films of comparatively 

low defect density was studied. These films show a strong preference for {200} 

growth orientation, and can be grown as a single phase solid solution on MgO(001) 

substrates up to ~9 at% Si, i.e. considerably higher than the ~5 at% Si above which a 

feather-like nanocrystalline structure forms in arc deposited films. On (011) and (111) 

growth surfaces, the films self-organize into TiN columns separated by segregated 

crystalline-to-amorphous SiNx. The conditions for film growth by arc were 

investigated through plasma studies, showing that plasma properties are dependent 

on cathode composition as well as phase structure. Plasma generation from Ti-Si 

cathodes, with up to 25 at% Si, show higher average ion charge states of Ti and Si 

compared to plasma from elemental cathodes, which may be related to TiSix phases 

of higher cohesive energies. The ion energy distributions range up to 200 eV. 

Furthermore, compositional discrepancies between plasma ions and film infer signifi-

cant contributions to film growth from Si rich neutral species. This is further 

supported by depositions with a macroparticle filter, intended for growth of films 

with low surface roughness, where Si and C contents lower than the stoichiometry of 

Ti3SiC2 cathodes was measured in both plasma and films. Also the substrate geometry 

is critical for the film composition in plasma based film deposition, as evidenced by 

the formation of artificial layering from rotating substrate fixtures common in high 

capacity arc deposition systems. The layers are characterized by modulations in 

composition and crystallinity, primarily attributed to preferential resputtering in high 

ion incidence angle segments repeated through rotation. 
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Populärvetenskaplig sammanfattning 

Bakgrund – om tunnfilmer och arcbeläggning 

Materialvetenskap och tunnfilmsteknik handlar om att förstå och förbättra fasta 

material. Tunnfilmer är oftast inte mer än en tusendels millimeter tjocka skikt av ett 

material som fästs på ytan av ett annat. Materialet till innanmätet av ett föremål väljs 

för sig, utifrån krav på form, struktur och stabilitet. Därefter tillförs med hjälp av 

tunnfilmsteknik ett lager utanpå den ursprungliga ytan för att ge t.ex. skydd och ett 

vackert utseende samt funktionella egenskaper.  

 

Denna avhandling beskriver tunnfilmsteknik för att skapa hårda skikt som ofta 

används på skärande verktyg. I borrning, svarvning och fräsning utsätts verktygen för 

höga temperaturer (>1000 ºC). Den bit av verktyget som är i kontakt med materialet 

under bearbetning är därför utbytbart och inom industriell produktion ofta tillverkat 

av nötningsbeständig hårdmetall. Skäregenskaperna kan förbättras markant genom 

skiktbeläggning och resultera i snabbare produktion, vid högre temperatur och under 

längre tid. Utvecklingen går idag mot specialiserade skikt för olika tillämpningar, 

vilket kräver fler typer av skiktmaterial och fördjupad kunskap i skiktbeläggning. 

Denna avhandling undersöker nya material baserade på titan (Ti), kisel (Si), kol (C) 

och kväve (N). 

 

Så kallad arcbeläggning, från engelskans arc = ljusbåge eller gnista, är en kraftfull 

metod för att göra tunnfilmer. Tekniken baseras på elektriska urladdningar vid en yta, 

som på många sätt liknar blixtnedslag. I den elektriska urladdningen skapas ett 

plasma bestående av atomer, joner och elektroner. Plasmat bildar källmaterial för 

tunnfilmerna, och föremålen som ska skiktbeläggas, substraten, måste därför 

placeras så att det träffas av plasmat från arcen. Jonerna i plasmat har hög energi och 

kolliderar med substratytan i hög hastighet. Vid substratet neutraliseras de åter till 

atomer och deras energi sprids snabbt. Atomernas rörelse blir därför begränsad och 

de hinner oftast inte röra sig tillräckligt på ytan för att hitta den mest fördelaktiga 

positionen innan de begravs under nästa atomlager. I tunnfilmen finns därför en 

inbyggd drivkraft för atomerna att röra på sig till nya positioner som sänker den 

totala energin. Detta kan initieras genom uppvärmning och går att utnyttja för att ge 

tunnfilmen funktionella egenskaper.  
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Avhandlingens resultat och slutsatser  

Avhandlingen beskriver syntes av Ti-Si-C-N filmer genom arcbeläggning, med fokus 

både på hur syntesprocessen kan utformas och styras, samt på struktur och 

egenskaper hos tunnfilmerna. För att utforska och förstå processen bättre har en ny 

metod för att kombinera de fyra grundämnena utvärderats och jämförts med ett mer 

beprövat tillvägagångssätt. I den ena metoden tillförs kol från en gas, och i den andra 

metoden är kol integrerat i katoderna, dvs. i källmaterialet för plasmat. Båda 

metoderna ger filmer av god kvalité – hög kristallinitet och hög hårdhet – vilket ger 

flexibilitet i valet av metod.  

 

Koncentrationerna av olika joner i plasmat har analyserats för att bättre beskriva 

arcprocessen samt för att förstå och optimera förhållandena för filmtillväxt. Vid 

arcning av Ti-Si katoder visar sig plasmat innehålla mindre andel Si än vad som finns 

i katoden. Trots detta har filmer som växts från samma plasma en sammansättning 

som väl överensstämmer med katodens. Ett betydande bidrag till filmtillväxten måste 

därför komma från neutrala atomer, vilket är ett relativt okänt fenomen för 

arcprocesser. Blandningen av olika ämnen i katoden innebär också att jonerna får 

högre medelladdning jämfört med arcning av katoder av rena ämnen. Detta är av stor 

betydelse för den energi som tillförs filmen under beläggning, vilket i sin tur påverkar 

både filmstruktur och sammansättning. Mellan katod och substrat utrustas många 

beläggningssystem med filter för så kallade makropartiklar, som är droppar som 

skvätter iväg från katoden när plasmat bildas. Makropartiklarna ökar ojämnheten på 

filmen, och genom att filtrera bort dessa med hjälp av elektromagnetiska fält så ökar 

kvalitén på filmen. I avhandlingen visas att makropartikelfiltret påverkar både 

jonernas energi och deras fördelning mellan atomslagen. Plasma från Ti-Si-C katoder 

innehåller efter filtret betydligt mindre av Si och C, vilket är viktigt att känna till för 

att kunna växa filmer med önskad sammansättning.  

 

Ofta används arcbeläggning storskaligt för att belägga till exempel skärverktyg. För 

att få skikt på alla ytor behöver man rotera substraten under beläggning eftersom 

bara ytor rakt framför katoden nås av jonflödet. En sidoeffekt är då att rotationen ger 

spår i skikten i form av kontrast mellan olika lager, vilket kan vara extra tydligt vid 

katoder innehållande minst två element. Detaljstudier av beläggning från Ti-Si-C 

katoder med hög halt av Si och C visar att lagren karaktäriseras av variationer av både 

sammansättning och struktur, vilket i sin tur påverkar hårdheten av materialet. 
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Lagringen bildas på grund av att vinkeln mellan katoden och provytan ständigt 

varierar när proverna roterar, vilket ger skiftande förhållanden för filmtillväxt. 

Speciellt i lägen där vinkeln är stor stöts en del av de lättare ämnena, Si och C, bort 

från filmytan, vilket får effekt på filmsammansättningen. 

 

I materialsystemet Ti-Si-C-N har speciellt Si en viktig roll för att styra mikro-

strukturen i filmerna och därmed egenskaper som hårdhet. Si strävar efter att bilda 

kemiska bindningar med annan koordination än Ti och det går därför att byta ut 

endast ett fåtal Ti atomer mot Si innan separata Si-rika delar bildas i filmen. I 

arcbelagda filmer med en Si-halt av minst ca 5 % av totala antalet atomer bildas en 

unik fjäderlik struktur bestående av nanometerstora kristallina korn. För att renodla 

och studera effekten av Si växtes filmer av Ti-Si-N med så kallad magnetron-

sputtringsteknik. I jämförelse med arc har denna teknik fördelen att filmerna får 

mindre antal defekter, dvs. färre avbrott från den regelbundna kristallina strukturen. 

Under inflytande av Si växer filmerna företrädelsevis i en speciell kristallriktning 

{200} vilket gör att täta filmer där Ti och Si är väl blandade kan syntetiseras med en 

Si halt upp till ca 10 % om man väljer ett substrat med rätt kristallyta uppåt. Växes 

filmen på substrat med andra orienteringar så bildas en självorganiserande nållik 

struktur där Si söker sig till utrymmet mellan nålarna av TiN. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 

 

 

 

 

 



ix 

 

Preface 

This Thesis is the result of my PhD studies from 2007 to 2012 in the Thin Film 

Physics Division at Linköping University. I have been working on arc processes for 

deposition of hard films in close cooperation with Sandvik, Seco, and Ionbond within 

the framework of FunMat; the VINN Excellence Center on Functional Nanoscale 

Material. I have also worked in collaboration with RWTH Aachen University in 

Germany. 

 

Research is by nature cumulative. To contribute at the forefront of science we must 

build upon already existing work in order to critically challenge the present 

understanding, acquire new knowledge, as well as constructively extend the reach 

and impact. The same cumulative process is true for writing a PhD Thesis. The two 

first papers in this Thesis, along with a version of the introductory chapters, were 

published in my Licentiate Thesis “Cathodic Arc Synthesis of Ti-Si-C-N Thin Films 

from Ternary Cathodes” (Licentiate Thesis No. 1456, Linköping Studies in Science 

and Technology, 2010). 
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1. Introduction - Why Thin Films? 

The modern society benefits greatly 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. 

 

1.1. Aims and Scope of the Thesis 

This Thesis explores 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. Despite the widespread application, there is a gap between the 

fundamental description of the arc process, which is many times based on arc 

discharges from pure metal cathodes, and the modifications and extensions of the 

technique which has been successfully implemented for coating production, but 
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where a detailed scientific description has not been established. This knowledge is 

much needed, both to advance the fundamental understanding, and to aid the 

development of coatings and deposition processes beyond the trial-and-error 

approach. The topics chosen for the Thesis have, therefore, largely been inspired by 

current practices to synthesize contemporary materials; in particular the use of 

compound cathodes and reactive environment to form multi-element films onto 

substrates in variable fixturing for high capacity depositions. This work includes both 

film and plasma studies designed to understand the growth process, and in particular 

the correlation between cathode, plasma, and films.  

 

Increasingly complex materials are important in the evolution towards tailored films 

for specific applications. A second goal of the Thesis is the thorough exploration of 

the Ti-Si-C-N materials system as a possible candidate for wear and oxidation 

resistant thin films. The neighboring Ti-Si-N and Ti-C-N systems serve as inspiration, 

where both Si and C are potent modifiers in their respective ternary systems. Their 

combined influence on structure and properties is investigated systematically in this 

Thesis. By testing new routes for film synthesis employing ternary Ti-Si-C cathodes, 

the compositional range has also been extended to films with simultaneously high Si 

and C content. Thorough characterization of the films with respect to composition, 

microstructure, and properties reveal a rich variety, for structures organized down to 

the nanometer scale.  
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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 to 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 principles of how the technique works.  
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3. Cathodic Arc  

Cathodic arc is a deposition technique with several characteristic features [1]: 

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

there is no need for a background gas.   

• The 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. A 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 so called 

breakdown of the medium separating the conductors. Arcing is a severe hazard in 



6 

 

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 [2]. 

 

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, 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 [1, 

3, 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 [3]. 

 

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, thereby 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. These active areas move over the surface rapidly and 

randomly. The details of this process have been the topic of many theoretical and 

experimental studies. 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 so called ectons, representing the minimum quanta 

of explosive emission [9]. The explosion is one of several stages of the life of the 

emission center [1, 9, 10], with a total duration of some tens of nanoseconds and 
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carries a current up to a few ampere, depending on the cathode material [10]. 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 from the cathode spots, which reaches several thousand degrees locally [11], 

there is an increase in resistivity of the cathode material as the spot ages. 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 [12, 13]. 

 

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 comparatively 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 [1].  

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 [14]. 

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

metals [15]. 

- High ion energies, up to ~150 eV on average [16] 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 [17]), well exceeding atmospheric 

pressure. The plasma density, often measured as the electron density, decreases with 

distance (r) from the cathode. In vacuum, the drop has been described as a 1/r2 

dependence [18, 19]. 
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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 [14, 20]. When ionization 

and recombination reactions are in balance, this is described by the Saha equation 

[21]. 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 [22]), will have low 

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

comparatively high ion velocity (30 600 m/s [1, 23]).  In contrast, Cd (melting at 

321 ºC [22]), will have a higher erosion rate, and ions with substantially lower 

velocity (6 800 m/s [23]).   

 

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, so called droplets or 

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 

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

section TEM, and (b) in cross section SEM. 
 

The macroparticle generation is closely related to the cathode material and generally 

promoted by low melting temperature [24, 25]. However, there are several ways to 

reduce the amount of macroparticles incorporated in the film [1, 26, 27]. 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 macroparticles continue on a straight trajectory, thereby avoiding the 

substrate. The difference between filtered and unfiltered arc is exemplified in 

Figure 5, and Paper 3 investigates filtered arc deposition of Ti-Si-C-N films. 
 

 
Figure 5 Surface of Ti-Si-C-N films deposited using (a) unfiltered cathodic arc, from 

Paper 2, and (b) filtered cathodic arc, from Paper 3. The SEM images are acquired at 

the same magnification. 
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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 [28]. 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 including multiple ion charge 

states. The kinetic energy is gained by ion acceleration in primarily two zones: i) close 

to the cathode spot, 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 

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 [29, 30], but also adapted for 

plasma based deposition [31], 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. 
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Figure 6 Structure Zone Diagram for plasma based thin film deposition, from 

Anders [31]. E* represents normalized energy flux, T* generalized temperature and t* 

net thickness. Arc deposition combines high energy flux and high potential energy 

while still being operable at globally low substrate temperature. © Elsevier, reprinted 

with permission.  

 

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. Film growth in arc deposition is 

characterized by high ion energies, but there is also substantial kinetic energy stored 

for example in the ion charge states. It should be noted that interaction and bonding 

between the film forming species, particularly in multi-element systems, may modify 

the film structure down to the nanometer scale. These effects can be important, like 

in the Ti-Si-C-N system described in this Thesis, however they are not captured in the 

generalized structure-zone models. 
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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 ion. This 

requires that the ion is energetic enough to subplant below the film surface [32], 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. 
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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 [33, 34]. 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 direc-

tional electron sharing between overlapping atomic orbitals.  

 
Figure 7 Hard materials, mostly ceramics, classified after chemical bonding, adapted 

from Mayrhofer et al. [34]. 

 

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 
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covalent character, and also that all bonds in the material might not be the same [35]. 

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 [36]. 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 [33]. 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 for secondary spinodal decomposition. 

This is a key factor behind the favorable so called age hardening characteristics [37]. 

Similar dual phase transition regions has also been demonstrated for other transition 

metal nitrides [38, 39] and spinodal decomposition can also be further controlled by 

multicomponent alloying [40]. 

 

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 

described below. The complexity increases in the quarternary system as Ti and Si 

have different characteristics in compounds with C and N.  
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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 [36]. 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 [35]. 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 [41] 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. 

 

Synthesis of Ti-Si-C-N films can be approached by several different methods with 

fundamentally different strategies for combining the four elements. CVD [42-45] and 

plasma enhanced CVD [5-8] rely on reactions between gaseous precursors. Here, the 
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motivation for studying carbonitride films can be the application of less harmful 

precursors compared to Ti-Si-N growth, e.g. trimethylsilane - (CH3)3SiH [46], where 

C will be incorporated together with Si. PVD can be used through methods like 

magnetron sputtering from compound targets [47, 48], multicomponent targets [49], 

or through plasma enhanced magnetron sputtering [50, 51]. A hybrid approach 

combining magnetron sputtering and arc evaporation has also been demon-

strated [52] as well as arcing Ti in a gas mixture containing N2 and trimethylsilane 

[53-55] or Ti-Si compound targets [56].  Altogether, these studies have shown the Ti-

Si-C-N system to possess a rich variety of structures ranging from highly crystalline 

TiN-based films with minor addition of Si and C, to films of high C content.  In this 

Thesis, several synthesis methods based on cathodic arc with binary and ternary 

cathodes are presents and systematically investigated. 
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5. Experimental Work 

The following section introduces the experimental techniques for thin film synthesis 

and analysis used in the present work. 

5.1. Material Synthesis Methods 

5.1.1. Industrial Scale Arc Deposition 

The thin films described in Papers 1, 2 & 4 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 film 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 a 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 & 4, a gas feed of N2, or a mixture of N2 and CH4, 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.  

5.1.2. DC-Arc Research System 

A PVD research system, Hydra, has been developed and constructed during the 

course of this Thesis. The system is designed for large flexibility, and can be used for 

plasma characterization and thin film deposition with arc or magnetron sputtering. 

The half-spherical main chamber, with diameter of 600 mm, has three large EN300 

flanges, all pointing towards the center of the chamber. These can be equipped either 

with arc sources of industrial scale or magnetron sputtering sources. Co-deposition 

from several sources, even combining arc and sputtering, or combinatorial studies is 

thus possible. Gases can be introduced to constant pressure through feedback control. 

A load lock chamber for convenient sample exchange, and a separate sample 

manipulator are available for sample handling and flexible positioning inside the 

chamber, see the horizontal arms in Figure 10. Samples up to 2 inch diameter can be 

fitted and heated up to 1000 ºC or cooled down to -130 ºC. The system is UHV 

compatible and to avoid excessive deposition on the chamber walls, an interior shield 

is installed. The sample rods can also be changed without breaking vacuum in the 

main chamber. Several smaller and larger ports allow overview through windows, in-

situ measurements by e.g. ellipsometry, or installation of auxiliary equipment such as 

plasma probes. 

 

The PVD system was used for the plasma studies reported in Paper 5 in this Thesis. 

One industrial scale arc source was used and a plasma analyzer (see section 5.2.3) 

mounted straight ahead from the arc source. 
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Figure 10 Photo of the deposition system Hydra, developed and constructed in 

parallel with this Thesis. The inset shows one arc source used in the system 

 

5.1.3. Filtered Cathodic Arc Deposition 

A filtered cathodic arc system was used for plasma studies and film deposition in 

Paper 4. In this system, the arc source was connected to the vacuum chamber by a 

curved electromagnetic filter to remove macroparticles from the plasma. Ar or N2 gas 

was introduced at different flow rates to study the effect of inert and reactive 

atmosphere. 

5.1.4. Magnetron Sputtering 

Ti-Si-N films in Paper 6 were synthesized in a UHV magnetron sputter deposition 

system allowing co-sputtering from three separate magnetrons. One Ti target was 

operated simultaneously with one Si target in N2 atmosphere. The composition of Si 

was controlled by the ratio of the magnetron power. Several substrates could be 

placed in a holder with polar rotation placed above the magnetrons in front of a 

heater. This was used to deposit films on different types of substrates in every 

deposition. 
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5.2. Methods for Plasma Analysis 

Characterization of arc plasma is an important basis to understand the plasma 

generation process and to optimize conditions for materials synthesis. There are a 

number of instruments and methods that can be used to study plasmas [57].  

5.2.1. Langmuir Probes  

Electron temperature, electron and ion density, and plasma potential are properties 

which can be measured by an electrostatic probe inserted into the plasma. In 

particular, the so called Langmuir probes is essentially a wire, thin enough not to 

excessively disturb the plasma [58]. The probe current responds to different applied 

voltages, and this is recorded into a current-voltage curve, see example in Figure 11. 

At positive bias voltage, the probe current will be from electrons, saturating above the 

plasma potential. At high negative voltages, the probe will collect ions and saturate at 

a much lower value, the ion saturation current. In between, the floating potential is 

where the probe draws no net current, from which the electron temperature can be 

deduced. 

 
Figure 11 Langmuir probe curve measured in arc plasma from a Ti93Si7 cathode in 

connection with Paper 5. From the curve, the plasma potential was determined to 

~5 V and the electron temperature around 2 eV. 
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5.2.2. Optical Emission Spectroscopy 

The population of ions and neutral species in plasma can be studied by optical 

emission spectroscopy. The measurements are non-invasive since the spectrometer 

can be placed outside the vacuum chamber to observe the plasma through a viewport 

of appropriate conductance. The spectra can be quite complex with numerous 

emission lines related transitions from various charged and excited states. For 

example, the line spectra of Ti contain more than 1000 identified wavelengths [22, 

59]. The addition of background gas, common in plasmas for film deposition, will 

also give additional lines, see example in Figure 12.  

 
Figure 12 Optical emission spectra acquired in arc plasma from a Ti cathode show a 

large number of emission lines related to several species of several charge states. The 

additional emission lines from the discharge in N2 atmosphere can be identified to 

neutral as well as ionized species.  

 

5.2.3. Mass Spectrometry Methods 

Kinetic energy of plasma ions can be measured by time-of-flight methods, where the 

time of travel over a fixed distance in the chamber is monitored. These methods 

usually require dedicated design of the vacuum chamber and integration of the 

plasma source.  

 

Alternatively, electrostatic field methods for energy separation can be used in 

combination with mass spectrometry for mass discrimination. The combined 
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instrument can be fitted on, for example, deposition systems and is often called 

plasma monitors or Mass Energy Analyzers (MEA). This type of equipment was used 

to study plasma chemistry, ion energy and ion charge state distributions of plasma in 

Papers 3 & 5. 

 

The MEA comprises separate sections to select ion types and energies to be measured. 

At the front end an orifice is the interface between the plasma to be analyzed and the 

MEA, which is differentially pumped. An energy filter uses electrostatic fields to allow 

only ions of a certain energy-to-charge ratio to pass through. The energy filter can be 

constructed either as a curved sector [60] or as a cylindrical mirror [61].  

 

The mass filter consists of quadrupole masspectrometer [62, 63].  The ions travel in 

the center of four parallel rods, which constitute the quadrupole. They maintain the 

axial velocity but are in the lateral direction affected by electric fields created by 

potential applied to the rods. The potentials are equal in magnitude but have a 

positive sign for the two opposing rods and a negative sign for the other two rods. The 

potential has both a constant and an oscillating component, which in combination 

defines a range of mass to charge (m/z) of particles that can pass through the 

quadrupole without collisions with any rod. These ions have a stable trajectory and 

will be measured by the detector placed after the quadrupole. 

 

Although being very powerful tools for plasma analysis, the mass spectrometry 

techniques have limitations. For example, the measurement of neutral species 

requires ionization at the front end of the analyzer, while taking measures to prevent 

plasma ions to interfere. The different conditions compared to ion analysis make it 

difficult to quantitatively characterize the distribution between ions and neutrals. 

Furthermore, quadrupoles are typically low-resolution instruments with respect to 

mass discrimination. Differentiation between highly charged ions, with small m/z 

difference, can therefore be challenging. 
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5.3. Analytical Techniques for Thin Films 

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.  

5.3.1.  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 of 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 13. 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. 

 

 
Figure 13 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.  
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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 determine the shape and location of peaks in X-ray 

diffractogram, phenomena which can be used to extract further data in addition to 

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 [64]. 

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

systematically shift the peak positions [65]. 

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

the relative height of the peaks. 

5.3.2. Transmission Electron Microscopy (TEM) 

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

transmission electron microscopy (TEM) [66]. Electrons are accelerated to high 

energies, on the order of 200 keV, where the electron wavelength is comparable to 

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 14. 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. 
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Figure 14 Cross sectional TEM sample of thin film on top of single crystal MgO 

substrate. Two pieces are glued together, polished and ion milled until a hole is 

created (left in the figure). Hopefully, a part of the film next to the hole will be thin 

enough to be electron transparent.  

 

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 

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.  
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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 5.3.4 below, may be 

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

5.3.3. Scanning Electron Microscopy (SEM) 

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

is the scanning electron microscope (SEM) [67]. 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 is less restrictive and their 

preparation much easier. The maximum resolution is 1-10 nm [67], 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. 

5.3.4. Energy Dispersive X-ray Spectroscopy (EDS) 

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

ray spectroscopy (EDS) [67] 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 

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. 

5.3.5. 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 [68]. By irradiating a 

sample under vacuum with low energy X-rays, photoelectrons are generated. These 
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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 15. In XPS, the kinetic energy of the photoelectrons is 

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 [69]. 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 the bonding state through comparison with reference samples.  

 
Figure 15 XPS-profile from a Ti-Si-C thin film in Paper 2. 

 

5.3.6. 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 [70]. Heavy projectile ions, like ions of I or Cl, are 

accelerated to energies in the MeV-range and directed towards the sample surface. 

Ejected (recoil) target atoms and forward scattered primary ions from the sample 

surface are then detected at an angle of typically 30-45º from the incoming beam. To 

discriminate between atoms of different elements, the detector needs to measure 

both energy and mass (or atomic number) for each recoil atom. A common setup is to 

combine a time-of-flight (ToF) detector, consisting of two time grids separated by a 

known distance, with a terminal energy detector. Every recoil atom represents one 

point in a ToF-energy spectrum, from which the signal corresponding to different 
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elements can be separated, see Figure 16.  The traces for each element can then be 

converted into profiles of composition versus depth.  

 

 
Figure 16 (a) Time-of-flight vs energy spectrum from ERDA analysis of a Ti-Si-N film 

on a MgO substrate from Paper 6, and (b) corresponding compositional depth profile. 

The depth-varying O content seen in both graphs suggested porous films, which 

served as a first indication of the nanocolumnar structure later evidenced by TEM. 

 

5.3.7. 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, it is a delicate task to measure properties of the film 

only, without 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. 

 

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 example of such a 
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load-displacement curve is given in Figure 17.  Mechanical properties are calculated 

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

and Pharr [71]. 

 

 
Figure 17 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. 

 

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. 

 



32 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



33 

 

6. Annealing and Cutting Performance of Ti-Si-C-N Films 

This section presents annealing and application tests for films deposited from the 

Ti3SiC2 cathodes. The results are supplemental to, and has been performed in parallel 

with, the research presented in the papers.  

6.1. In-diffusion of Co from Substrates  

High temperature properties are important for applications of hard coatings, since 

the temperature of a cutting tool may easily reach 900 ºC locally in operation [72]. 

Specifically, age hardening up to 900 ºC has been demonstrated in Ti-Si-C-N films 

[56]. To investigate the thermal stability of the films with high Si (≤ 12 at%) and C 

(≤ 16 at%) content presented in Paper 2, an annealing study was performed. Samples 

were annealed for 2 h in Ar atmosphere at 700, 800, 900, or 1000 ºC. The result was 

dominated by excessive diffusion of Co from the cemented carbide substrate, which 

can be followed optically by studying polished cross-sections of the films, see 

Figure 18. The in-diffusion of Co is coupled with reduced hardness measured by 

nanoindentation, see Figure 19a. In some samples, it is also possible to measure 

hardness of the affected inner part and the original outer part of the film separately, 

see the half-filled points in Figure 19a. Figure 19b gives an example of a cross section 

where hardness is presented together with the extent of Co diffusion determined by 

EDS.  

 

 
 

Figure 18 Optical images of tapered cross sections of Ti-Si-C-N films from Paper 2 

(pN2 = 2 Pa), as deposited and annealed to temperatures between 700 and 1000 ºC. 

At 800 and 900 ºC a fraction of the film closest to the substrate (bottom) is affected 

by Co-diffusion. After annealing at 1000 ºC, Co has diffused throughout the film as 

seen by the changed color of the cross section and the unpolished surface (top). 
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Figure 19 (a) Hardness of annealed samples and (b) example of tapered cross-section 

for the pN2 = 0.5 Pa sample annealed at 800 ºC, where the interior part of the coating 

is affected by Co diffusion while the outer half retains original color and hardness. The 

composition refers to the metal constituents only, as determined by EDS. 

 

The phase structure of reactively deposited samples change towards TiN upon 

annealing, see Figure 20. Co-Si phases are also formed, particularly in the sample 

without N. Diffusion of Co from cemented carbide substrates, with negative effect on 

mechanical properties, has been observed previously in arc deposited films of  Ti-Si-

C-N annealed above 900 ºC [56], Ti-Si-N annealed at 1000 ºC [73], Ti-Si-Al-N 

annealed at 1100 ºC [74], and also in Ti-Al-N films after annealing up to 1250 ºC [75, 

76]. In this comparison, the diffusion for the films deposited from Ti3SiC2 cathodes 

starts at relatively low temperatures of 700-800 ºC. 



35 

 

 

 
Figure 20 Phase structure by XRD of annealed samples. The headings represent 

deposition pressure of N2. 

6.2. Age Hardening and Machining Performance 

To mitigate the detrimental Co diffusion, a set of samples were deposited from 

Ti3SiC2 cathodes with an initial ~100 nm thin TiN start layer to act as diffusion 

barrier. The films were deposited to 3 µm thickness at 0.25, 2 and 4 Pa N2 pressure. 

Reference samples of Al0.67Ti0.33N were also deposited to the same thickness, along 

with an additional film of 50% increased thickness from the Ti3SiC2 cathodes at 2 Pa 

N2 in order to investigate film thickness dependence. Diffusion of Co is, however, 

visible in cross section for samples annealed at 900-1000 ºC, see Figure 21. The 

exception is the pN2 = 0.25 Pa films where no color change could be observed. 

Instead, the 900 & 1000 ºC annealed samples appear discontinuous at the substrate-

film interface, which could indicate delamination. Hardness of the films, presented in 

Figure 22, increases for the samples deposited at pN2 = 2 and 4 Pa up to 900 and 

800 ºC annealing temperature, respectively. The subsequent decrease is related to 

the Co diffusion. XRD of all samples did not suggest any crystalline CoSix phases, see 

Figure 23, but the intensity of Co increased after annealing for the pN2 = 2 and 4 Pa 

samples. The pN2 = 0.25 Pa sample give the highest hardness in as deposited state. 
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They showed no apparent age hardening, but the hardness decreased from 800 ºC 

annealing temperature, not seemingly affected by Co from optical cross sections and 

XRD. The Al-Ti-N reference sample did not either show any indication of Co diffusion 

for the temperature range investigated. 
 

 
Figure 21 Optical images of tapered cross sections of Ti-Si-C-N films from Ti3SiC2 

cathodes deposited at pN2 = 0.25 and 2 Pa, as deposited and annealed at 700 to 

1000 ºC. The interlayer of TiN delayed the onset of Co diffusion to 900 ºC for the 

pN2 = 2 Pa sample. After annealing at 1000 ºC, the whole film is affected by Co. 

 

 
 

Figure 22 Hardness of annealed samples Ti-Si-C-N samples deposited with an initial 

TiN startlayer as diffusion barrier. 
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Figure 23 Phase structure by XRD of samples deposited with a TiN startlayer, as 

deposited and annealed at temperatures between 700 and 1000 ºC. The headings 

represent deposition pressure of N2. Diffractogram from an uncoated substrate is 

included for reference.  

 

Machining performance of the coatings was tested in a continuous longitudinal 

turning operation with low alloyed carbon steel (SS1672) as work piece. The test was 

performed with 0.2 m/min feed speed and 2 mm depth of cut, with cooling. The 

results are summarized in Figure 24. At 240 m/min cutting speed, all samples had 

excessive crater wear already after 1 minute in operation, preventing further testing. 

To ease the test conditions, the cutting speed was reduced to 160 m/min. At these 

conditions, the pN2 = 0.25 Pa film exhibited lower wear rate than the other Ti-Si-C-N 

samples, see Figure 24b. It should be noted that the Al-Ti-N reference sample had 

only marginal wear after operating almost five times longer than the best Ti-Si-C-N 

sample. Earlier tests of Ti-Si-C-N samples with Si and C content up to 7 and 13 at%, 

respectively, have shown crater and flank wear to increase with increasing Si content 

[77]. In comparison, the samples of higher Si and C content tested in this study shows 

lower performance. 
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Figure 24 Cutting test results for Ti-Si-C-N samples, deposited from Ti3SiC2 cathodes 

at various deposition pressures, and Al-Ti-N reference samples.  

 

In conclusion, the study of high temperature properties and application performance 

of Ti-Si-C-N films is severely restricted by Co diffusion when deposited onto 

cemented carbide substrates. This problem is augmented for the films with high Si 

and C content described in Paper 2. The deposition of a TiN barrier delayed the onset 

of diffusion, but further measures needs to be taken to fully characterize thermo-

mechanical properties absent the ironic effect of diffusion from the substrate. 

However, the present data show an age hardening effect of the high Si and C content 

samples deposited from Ti3SiC2 cathodes when saturated with N (pN2 = 2-4 Pa). The 

sample deposited during limited supply of N (pN2 = 0.25 Pa) displays reduced 

hardness coupled to increased nitride character upon annealing, where Co diffusion 

cannot be identified. Notably, this sample shows also better machining performance 

compared to samples deposited at higher N2 pressure. 
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7. Summary of Included Papers 

The experimental investigations, results, and conclusions are presented in detail in 

the appended papers. Here follows a summary of the main results.  

7.1. Paper 1 

Paper 1 presents the formation and appearance of compositionally and structurally 

modulated layers in Ti-Si-C thin films, originating from substrate rotation in 

industrial scale cathodic arc deposition systems, see Figure 25. For a variety of 

applications, the aim of industrial synthesis processes is to coat large areas with high 

uniformity. As with other PVD-methods, arc deposition is a line of sight method, 

which necessitates rotation to equally expose all areas to the deposition flux when 

substrates are large or numerous. Substrate rotation, however, may induce an 

artificial layering of the coatings due to anisotropic growth conditions. This is a 

common effect, previously observed in for example Ti-Al-N [75], Ti-Al-O-N [78] and 

Zr-Al-N [79] films. In most cases, the layering is unintentional and has, until now, 

not been investigated in detail.  

 

 
Figure 25 Example of layering in a Ti-Si-C thin film investigated in Paper 1.  

 

For the as-deposited Ti-Si-C films, electron microscopy and energy dispersive X-ray 

spectrometry reveals the layering as a trapezoid modulation in Si content in the 

substrate normal direction, with a period of 4 to 23 nm dependent on cathode 

configuration. This is likely caused by preferential resputtering of Si by the energetic 

deposition flux incident at high incidence angles, when the substrates are facing away 

from the cathodes. The Ti-rich sub-layers exhibit TiC grains with size up to 5 nm, 
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while layers with high Si-content are less crystalline. Nanoindentation hardness of 

the films increases up to ~13 % compared to non-layered samples. As the layering 

affect film structure, composition as well as properties, the paper reveal important 

side effects of substrate rotation and self-sputtering in large scale arc deposition 

processes. 

7.2. Paper 2 

In Paper 2, we advance beyond standard cathode materials and report on reactive arc 

evaporation from ternary Ti3SiC2 cathodes in N2 gas. The use of compound cathodes 

is of interest for rational utilization of coating equipment and simple process control, 

compared to setups with a multitude of elemental cathodes. Paper 2 describes 

reactive cathodic arc deposition of Ti-Si-C-N thin films with high contents of Si and C, 

inspired by and extending the limits of the two successfully applied ternary systems 

Ti-Si-N and Ti-C-N. The quarternary Ti-Si-C-N system is challenging in terms of the 

number of binary and ternary phases that it comprises, and their unresolved 

questions concerning elemental substitution and segregation. The Ti3SiC2 cathodes 

allow film formation with high Si and C content, up to 12 and 16 at%, respectively, 

while maintaining the high film density and crystallinity characteristic of arc 

deposition. Such high Si and C concentration is little explored within 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 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.  

7.3. Paper 3 

In Paper 2, arc deposition from Ti3SiC2 compound cathodes was shown to provide 

novel paths for synthesis of films with high Si and C content. In Paper 3, a similar 

approach is explored in a filtered DC arc system intended for deposition of films with 

low surface roughness. Paper 3 describes arc plasma from Ti3SiC2 compound 

cathodes, characterized with respect to plasma chemistry and charge-state resolved 
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ion energy. The effect from background gas of Ar or N2, which are common gases for 

non-reactive and reactive arc deposition, is investigated in addition to the influence 

from the macroparticle filter. Through plasma analysis and thin film growth under 

identical experimental conditions, the correlation between cathode, plasma and film 

composition is explored.  In vacuum, the plasma composition is dominated by Ti ions, 

with concentrations of 84, 9.3, and 6.4 % for Ti, Si, and C ions, respectively, which is 

drastically reduced Si and C content as compared to the cathode composition of 

corresponding 50, 16.7, and 33.3 at%. This effect was also observed in analysis of 

resulting film composition. The deposition of light-element deficient films is thus 

related to plasma generation or transport through the filter. Hence, the results are 

likely due to formation of neutrals as well as macroparticles of a composition 

diverging from the cathode composition, as these are excluded from filter transport. 

The ion energy distributions in vacuum range up to 140, 90, and 70 eV for Ti, Si, and 

C, respectively. With background gas, the average ion energies are reduced from 48, 

36, and 27  eV in vacuum, down to around 5 eV at 0.6 Pa Ar or 0.3 Pa N2, due to ion-

gas interaction through collisions. In vacuum, the charge state distributions of Si and 

C are shifted to higher values compared to corresponding elemental cathodes, likely 

caused by electron impact ionization in the filter or a changed effective electron 

temperature of the compound cathode material. The average ion charge states are 

reduced upon addition of Ar, ranging between 1.97 and 1.48 for Ti, 1.91 and 1.46 for Si, 

and between 1.25 and 1.02 for C. Similar effects are observed upon introduction of N2, 

though with more efficient charge state reduction at low pressures. The ion energies 

and charge states are crucial for the film synthesis, determining the ion-surface 

interaction through supply of energy, and potential for modification through sustrate 

biasing. The paper presents various paths to influence these properties by use of 

compound cathode, filter, and background gas. Furthermore, the paper shows the 

importance of fundamental understanding of the synthesis process, in particular the 

correlation between cathode – plasma - film, for an improved control of composition 

and structural evolution of the material. 

7.4. Paper 4 

Arc deposition of multinary compounds is often implemented in order to achieve film 

materials with enhanced and optimized properties for various applications. The 

deposition method may be adapted in several ways to synthesize multi-element films. 

Paper 4 investigates and compares deposition of Ti-Si-C-N films by two approaches: 

1) ternary Ti-Si-C cathodes used in N2 atmosphere and 2) binary Ti-Si cathodes used 
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in a mixture of N2 and CH4, see schematic in Figure 26. Deposition from binary 

cathodes has the advantage of applying conventional and commercially available Ti-

Si cathodes. For deposition from ternary cathodes, only one reactive gas is introduced 

and thus easier process control can be obtained. Highly crystalline cubic phase films 

of equivalent quality can be deposited over a large compositional range using both 

methods, with contents of 1-11 at% Si and 1-20 at% C. Films of comparable 

compositions deposited from the two types of cathodes have similar structure and 

properties. Hence, C can be supplied to the film as either plasma ions or neutrals 

generated from the cathode or as atoms or molecules from the gas phase, with small 

influence on the structural evolution. Over the compositional range obtained, the 

films were dense and cubic-phase nanocrystalline, as characterized by X-ray 

diffraction, ion beam analysis, and scanning and transmission electron microscopy. 

The films have high hardness (30-40 GPa by nanoindentation) due to hardening from 

low-angle grain boundaries on the nanometer scale and lattice defects such as 

growth-induced vacancies and alloying element interstitials. The findings present 

flexibility in selection and design of the deposition process for hard Ti-Si-C-N films. 

 
 

 
 

Figure 26 Schematic of two strategies for comparing Ti-Si-C-N deposition from (i) 

ternary and (ii) binary cathodes. 
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7.5. Paper 5 

A common approach to synthesize multi-component thin films through arc 

deposition is to mix two or more film forming elements to form compound targets 

from which plasma is generated. There is, however, only a few studies aimed towards 

fundamental understanding of the effects of compound targets on plasma generation, 

despite readily application and widespread use of e.g. Ti-Al cathodes for deposition of 

Ti-Al-N [37], Al-Cr cathodes for Al-Cr-N [80], and Ti-Si cathodes for Ti-Si-N [73] 

deposition. In Paper 5 we report on detailed studies of DC arc plasma generated from 

Ti-Si cathodes of different composition.  The cathodes contained up to 25 at% Si, 

present in a phase mixture of TiSi2, Ti5Si3, TiSi, and pure Ti. Arc plasma from this 

material has higher average charge states of Ti and Si compared to corresponding 

single element cathodes, which can be explained by higher cohesive energy of the 

intermetallic phases. The ion energy distributions extend to high energies, up to 

200 eV for Ti2+, and a marked increase in the average energies are found for plasma 

from the Ti75Si25 cathode. This may be related to the considerable fraction of Ti-Si 

phases with high cohesive energy.  Correlating cathode and plasma composition, 

there was a clear decrease in Si ion content in the plasma, as compared to the cathode. 

This deviation was increasing with higher Si content in the cathode, with a maximum 

for 25% Si in the cathode and corresponding 13% Si ions in the plasma. The 

composition of concurrently deposited film was, however, in good agreement with the 

cathode stoichiometry. Consequently, significant contributions to film growth besides 

plasma ions are infered. The estimated fraction of macroparticles, as an inherent 

source of material in arc deposition, was found not to be large enough to account for 

the Si deviation between plasma ions and film. Hence, it is suggested that neutrals 

make a significant contribution to plasma and film growth from binary Ti-Si cathodes. 

Arc plasma is generally estimated to be of close to 100% ionization, and as such 

possible to manipulate with electric and magnetic fields. These results are of 

importance for highlighting the different sources of material contributing to film 

growth in arc deposition. 

7.6. Paper 6 

To isolate effects of Si on film structure, magnetron sputtered Ti-Si-N films were 

studied and reported in Paper 6. The modification from Si, such as grain refinement, 

highly shapes also the Ti-Si-C-N system. The sputtering technique allows growth of 

films with lower defect density compared to arc, because of lower energies of the 

condensing particles and lower growth rates. By reactive co-sputtering from separate 
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Ti and Si targets, the composition of the film can be accurately tuned. In combination 

with single crystal MgO substrates with small (0.6 %) lattice mismatch to TiN, high 

quality epitaxial Ti-Si-N films were grown onto TiN(001), TiN(011), and TiN(111) seed 

layers. This setup allows investigation of different crystal orientation with corre-

spondingly varying surface energies. The dynamics of Si mobility in competition with 

Ti during growth is furthermore captured. Since both Si and Ti atoms are added 

simultaneously, film growth represents a balance between incorporation of Si in the 

TiN lattice and segregation into separate Si rich phases. The effective solubility limit 

for Si is also tested with respect to substrate orientation. We find that single-phase 

homogeneous Ti1-xSixN films can be grown on TiN(001) templates at 550 ºC with a 

very high Si concentration of x~0.18, i.e., about every 5th Ti atom is replaced by Si. 

Other growth orientations (011) and (111) yield phase separation already at x = 0.12 

for films thicker than 24 nm, while TiN develops an epitaxial nanocolumnar structure. 
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8. Contribution to the Field 

My PhD-work has focused on the cathodic arc deposition process used in synthesis of 

hard coatings and in particular Ti-Si-C-N films. I have contributed with research on 

the deposition process as well as compositional and microstructural evolution of the 

thin films. In particular, I have explored the correlation between cathode composition, 

plasma properties, and film growth. 

8.1. Arc Plasma Studies 

I have performed detailed plasma characterization, which shows that: 

- Arc plasma from compound cathodes is dependent on the cathode 

composition and phase structure.  The ion charge state and energy distribution 

is found to be different as compared to plasma from corresponding elemental 

cathodes. This is important for control of film composition and structure. The 

plasma ion composition may also deviate considerably from the cathode 

composition, indicating presence of macroparticles as well as neutrals. Hence, 

employing a macroparticle filter may change the range of attainable film 

compositions compared to unfiltered arc.  (Papers  3 & 5) 

- Introduction of gas can change the plasma properties considerably through 

ion-gas interaction. For Ti, charge transfer reactions with Ar are inefficient 

while N2 reduces the Ti charge state to 1+ due to more favorable reaction path-

ways, including dissociation. The different characteristics should be acknow-

ledged when selecting discharge conditions for film synthesis, and may require 

individual optimization for each ion-gas combination. (Paper 3) 

8.2. Arc Deposition Process Studies 

I have studied the arc deposition process both in research systems and industrial size 

deposition systems, concluding that: 

- Several approaches, which allow flexibility in selection and design of the 

deposition process, have been identified and demonstrated, as the source of C 

has been shown not to be a determining factor for Ti-Si-C-N film growth. 

Hence, Ti-Si-C-N films of similar quality can be deposited from either binary 

Ti-Si or ternary Ti-Si-C cathodes, with the C originating from either gas phase 

or from plasma generated at the cathode. (Paper 4) 
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- Substrate rotation during deposition of multicomponent films can induce self 

layering as an effect of resputtering. The layers are characterized by modul-

ations in composition and crystallinity. The findings highlight important side 

effects of substrate rotation in large scale arc deposition processes. (Paper 1) 

8.3. Microstructure of Ti-Si-C-N and Ti-Si-N Thin Films  

I have analyzed a large number of arc deposited Ti-Si-C-N films and magnetron 

sputtered Ti-Si-N films, to report: 

- A systematic overview shows that cubic phase Ti-Si-C-N films of high hardness 

can be deposited over a large compositional range of 1-11 at% Si and 1-20 at% 

C. Crystallographic texture is determined by the content of Si and C. At Si 

contents above ~5 at%, a feather-like microstructure consisting of nanosized 

grains forms, which is a characteristic example of the structural modification 

effects from Si. (Paper 4) 

- Films with Si and C content of 12 and 16 at%, respectively, and hardness up to 

49 GPa, can be synthesized under limited N2 supply from Ti3SiC2 cathodes. At 

higher N content, the films segregate with lower C hardness as result. (Paper 2) 

- Ti-Si-C-N films have limited thermal stability. In particular for films deposited 

on cemented carbide substrates, diffusion of Co is a severe problem degrading 

cutting performance of the coatings. 

- Single crystalline Ti-Si-N films have a preference for {200} surfaces, which can 

be utilized for synthesis of single phase films of high Si content or self-

organizing nanocolumnar growth depending on substrate orientation. 

(Paper 6) 

 

 

In summary, in order to control composition, structure and properties of the films, 

conscious choices of cathodes (composition, phase structure), tuning of plasma (gas, 

bias), and experimental setup (geometry and rotation of substrates) can be made to 

efficiently optimize material properties. To reach the full potential, a thorough under-

standing of fundamentals in all stages of the deposition process, and correlation 

between them, are important. This Thesis has contributed towards this goal. 
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8.4. Outlook 

Cathodic arc is today well proven as an important deposition method, particularly for 

large scale coating synthesis. The technique has been successfully adapted to the 

modern materials science of functional multi-component films. This Thesis has taken 

one step in the direction of scientifically addressing some methods in practical use – 

compound cathodes, reactive atmosphere, and varying cathode-substrate geometry – 

in light of the fundamental science which conventionally describes plasma generation 

from elemental cathodes, without interfering gas and under simple geometrical 

situations. However, particularly the description of arc evaporation from compound 

cathodes must still be considered at its initial stage. In this regard, close attention 

should be paid also to the structure and phase composition of the cathodes. For 

example, co-arcing two elemental phases in a globally binary cathode may have quite 

different characteristics compared to evaporation from a binary phase of the same 

overall composition. In combination with increased attention directed to the cathode 

surface evolution [81-84], there is likely much still to learn about plasma generation 

at the cathode. A second important area with potential for a refined description is the 

interaction of arc plasma with background gas, which is likely unique for each ion-gas 

combination. Hopefully, this Thesis will inspire further research in these areas, 

extending also into other material systems, applied as well as novel. 

 

The Thesis has also demonstrated that the study of multinary compounds is complex. 

The common simplification that one element brings a certain property to the coating 

is seldom applicable. Rather, compound formation, segregation, and interaction 

between different elements will be more common, and may be more difficult to 

predict, as the number of different types of atoms in the films increases.  
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