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Abstract 

This Thesis concerns the advanced surface engineering of novel TiC-based 
nanocomposite and AgI electrical contact materials. The objective is to make 
industrially applicable coatings that are electrically conductive and wear-resistant, and 
have a low coefficient of friction. I have studied electrical contact systems consisting 
of a Cu substrate with a Ni diffusion barrier and loading support, and a conductive top 
coating. The contact systems were characterized by x-ray diffraction and 
photoelectron spectroscopy, analytical electron microscopy, ion beam analysis, 
nanoindentation, resistivity, and contact resistance measurements. Nc-TiC/a-C/SiC 
nanocomposite coatings consisting of nanocrystalline (nc) TiC embedded in an 
amorphous (a) matrix of C/SiC were deposited by magnetron sputtering with rates as 
high as 16 µm/h. These coatings have a contact resistance comparable with Ag at high 
loads (~800 N) and a resistivity of 160-770 µΩcm. The electrical properties of the 
contact can be improved by adding Ag to make nc-Ag/nc-TiC/a-SiC nanocomposites. 
It is possible to tailor the size and distribution of the Ag grains by varying the fraction 
of amorphous matrix, so as to achieve good conductivity in all directions in the 
coatings. Ti-Si-C-Ag coatings have a contact resistance that is one magnitude larger 
than Ag at lower loads (~1 N), and a resistivity of 77-142 µΩcm. The conductivity of 
the matrix phase can be increased by substituting Ge, Sn or Cu for Si, which also 
reduces the Ag grain growth. This yields coatings with a contact resistance twice as 
high as Ag at loads of 1 N, and a resistivity 274-1013 µΩcm. The application of a 
conductive top layer of Ag-Pd upon a Ti-Si-C-Ag:Pd coating can further reduce the 
contact resistance. For barrier materials against Cu interdiffusion, it is shown that 
conventional electroplating of Ni can be replaced with sputtering of Ni or Ti layers. 
This is an advantage since both contact and barrier layers can now be deposited in and 
by the same deposition process. For Ti-B-C coatings deposited by magnetron 
sputtering, I demonstrate promising electrical properties in a materials system 
otherwise known for its good mechanical properties. In coatings of low B 
concentration, the B is incorporated into the TiC phase, probably by enrichment on 
the TiC{111} planes. The corresponding disturbance of the cubic symmetry results in 
a rhombohedral TiC:B structure. Finally, it is shown that AgI coatings consisting of 
weakly agglomerated AgI grains function as solid lubricant on Ag contacts. In an Ag 
sliding electrical contact, AgI decreases the friction coefficient from ~1.2 to ~0.4. 
After a few hundred operations, AgI grains have deagglomerated and Ag from the 
underlying layer is exposed on the surface and the contact resistance decreases to < 
100 µΩ. 



 
 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

  

Preface 

This Thesis is the result of my PhD studies conducted since April 2007 in the Thin 
Film Physics Division of the Department of Physics, Chemistry, and Biology (IFM) at 
Linköping University. The work is a continuation of my Licentiate thesis 
“Multifunctional Ti-Si-C based Nanocomposite Coatings”, (No. 1424, Linköping 
Studies in Science and Technology), published 2009.  
 
I have worked in close collaboration with Uppsala University, SP Technical Research 
Institute of Sweden, Impact Coatings AB, and ABB Corporate Research. My work 
was financially supported by the VINN Excellence Centre FunMat*. The idea was to 
industrialize a new electrical contact material that can replace noble metals (e.g., Au), 
but with improved mechanical properties, both in consumer electronics and high 
power devices. The main focus during my research has therefore been to understand 
the fundamentals of the physics and the material science of TiC-based 
nanocomposites, and their industrialization.   
 
In 2010, I got the chance to attend the IEEE Holm Conference on Electrical Contacts 
in Charleston, USA. It was an interesting visit, not only for the new knowledge about 
electrical contacts and the beautiful town in South Carolina, but also for the 
fascinating people. The world of electrical contact researchers is quite small, with a 
noticeable hierarchy. I arrived as a young researcher and newcomer to this community, 
presenting my work about a novel electrical contact material. It was the MaxPhase 
(trade name for the nanocomposite Ti-Si-C coating) deposited with a deposition 
technique (sputtering), which was unfamiliar for most of them. They listened, asked 
some questions, but to sell in the idea was more difficult than I had expected.  
 
With this Thesis I submit that new electrical contact materials and deposition 
techniques like sputtering are strong candidates for the future electrical contact field, 
if not already so. I am grateful for your interest in this Thesis and for taking the time 
to read it.      

 
Jonas Lauridsen 

Linköping, October 2011 
 

                                                 
* FunMat is the “VINNOVA VINN Excellence Centre in Research and Innovation on Functional 
Nanoscale Materials”. 



 
 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

  

Populärvetenskaplig sammanfattning 

När jag får frågan vad jag jobbar med, så blir svaret oftast mycket kort.  
- Jag doktorerar i materialvetenskap. 
Oftast uppstår då ett intresse och jag ger den kompletterade uppgiften att det är med 
inriktningen mot tunnfilmsfysik. Detta brukar förbrylla de flesta och leda till att ett 
annat samtalsämne tas upp. Här vill jag berätta lite mer om vad det innebär att 
doktorera i materialvetenskap med specialinriktning tunnfilmsfysik. 
 
Materialvetenskap och tunnfilmsfysik är egentligen inte så tungt och invecklat som 
det kanske låter. Det jag gör är att belägga tunna skikt på ett annat material för att 
förbättra dess egenskaper. Man kan säga att jag lackar plåten på bilen för att den inte 
ska börja rosta, fast jag gör det på en mycket mindre skala.  
 
Materialvetenskap är ett ämnesområde som tar upp materials egenskaper och hur 
dessa fås under framställningen av materialet. I mitt fall jobbar jag med material som 
ska fungera som elektriska kontakter, som kan finnas i allt från i din mobiltelefon till i 
stora transformatorer.  
 
På avdelningen för tunnfilmsfysik använder vi metoden sputtring för att framställa 
tunna filmer. Att sputtra innebär att man skjuter joner på en källa som består av det 
material man vill belägga. Atomer från källan slås ut som när en biljardboll träffar en 
massa biljardbollar, och transporteras ut i alla riktningar. Vissa av dessa atomer 
hamnar på den yta som jag vill belägga, ett substrat, och en tunn film börjar att växa. 
Dessa filmer är tunnare än en miljondel av en meter. Allt detta äger rum i ett 
vakuumsystem, en sluten kammare med en stor, dyr pump som tar bort mycket av 
gasen¸ och ger ett tryck i kammaren som är ungefär 1000 000 000 000 gånger mindre 
än vad det är ute i luft.  
 
Då är ju nästa fråga: Varför behövs det nya elektriska kontaktmaterial? Idag används 
framförallt ädelmetaller som guld och silver till elektriska kontakter. De har mycket 
bra elektriska egenskaper, men de är också mjuka vilket betyder att de lätt går sönder. 
Ta till exempel en värdetransportväska som är full med pengar. Runtom i väskan finns 
en guldkontakt. Försöker någon att bryta upp väskan, bryts strömmen i kontakten och 
en färgpatron förstör alla pengarna. En smart konstruktion, men det damm som samlas 
i väskan från all hantering av pengarna nöter sönder guldkontakten så att en massa 
pengar färgas och förstörs i onödan.  



 
 

  

Det jag vill göra är att ta fram nya elektriska kontaktmaterial som kan ersätta 
ädelmetallerna i elektriska kontakter, men som har bättre mekaniska egenskaper. 
Detta gör jag med sputtring, en metod som är mer miljövänlig än den metod 
(elektroplätering) som främst används idag för ädelmetallerna. 
 
Under början av 2000-talet började Linköpings- och Uppsalaforskare att intressera sig 
för MAX-faser, ett material med en lagrad struktur och intressanta elektriska 
kontaktegenskaper. MAX-faser hade några år tidigare uppmärksammats, men inte 
förrän nu lyckades man även göra dessa som tunna filmer med sputtring. Dessvärre så 
krävdes en temperatur över 700 °C vid framställningen av dessa material, vilket 
förstör vanliga material i industrin, som t.ex. kopparkomponenter. Man blev tvungen 
att sänka temperaturen vid framställningen, men då bildas ett nanokompositmaterial 
istället för MAX-fasen. En nanokomposit kan beskrivas förenklat som en kaka med 
mycket små hårda russin i. Lyckligtvis hade även denna nanokomposit intressanta 
elektriska kontaktegenskaper.  
 
Jag studerar därför titankarbidbaserade nanokompositer, vilket betyder att hårda 
titankarbidkorn ligger inbakade i en mjuk matris av kol. För att göra materialet mer 
elektriskt ledade har jag även stoppat in ledande silverkorn. Hur det är möjligt att 
styra kornens storlek och distribution med hjälp av mängden matris har jag ägnat 
många dagar åt. Jag har även provat att byta matris för att få den så elektriskt ledande 
som möjligt, och samtidigt haft koll på storleken på alla silverkorn. Jag har också 
testat att framställa dessa material mera i storskaliga anläggningar för att se om det är 
möjligt att industrialisera dem.      
 
I industrin är det viktigt med höga beläggningshastigheter och reproducerbarhet. Här 
har jag visat att titankarbidbaserade nanokompositfilmer går att göra med höga 
beläggningshastigheter (~16 µm/h), att processen är robust, och att hela 
kontaktsystemet går att belägga med sputtring. Som basmaterial används oftast 
koppar, eftersom det är relativt billigt och det leder ström bra. Men koppar kan 
oxidera, vilket gör att man måste använda sig av andra material i vissa tillämpningar. 
Ett sätt är att belägga en tunn film av ett ledande material uppe på kopparn. Ett 
problem som kan uppstå då, är att koppar rör sig igenom filmen och oxiderar på ytan. 
För att förhindra det, brukar en nickelfilm beläggas mellan kopparn och den ledande 
filmen. Vi har visat att detta går att göra genom att sputtra filmer av nickel eller titan. 
Detta effektiviserar beläggningen av ett helt kontaktsystem, eftersom det nu går att 
göra allt med sputtring. 
 
Jag har deltagit i ett projekt på ABB, där silverkontakter i en av deras produkter 
(lindningsomkopplare) behövde utvecklas för att minska nötningen och därmed öka 
kontaktens livslängd. En silverjodidfilm uppe på silverkontakten minskade friktionen, 
vilket ledde till att nötningen minskade. Tyvärr har silverjodid en högre 
kontaktresistans än silver. Trots detta visade det sig att silverjodidkontakterna 



 
 

  

fungerade i praktiken, men de visste inte varför. Därför studerade jag uppbyggnaden 
av silverjodidfilmen för att kunna förklara detta. Det är så att korn av silverjodid 
klumpar ihop sig med varandra och sitter ihop med mycket svaga bindningar. I en 
glidande kontakt kommer de att separeras från varandra och anrikas i vissa områden 
och den underliggande silverytan kommer att exponeras, vilket gör att 
kontaktresistansen minskar kraftigt. Det betyder att de silverjodidrika områdena 
minskar friktionen och därmed nötningen, samtidigt som de silverrika områdena 
håller kontaktresistansen jämn. Detta gör att silverjodid fungerar som ett fast 
smörjmedel på silverkontakter, utan att öka kontaktresistansen för mycket.  
 
Med denna avhandling vill jag alltså visa att det finns andra kontaktmateriallösningar 
än elektropläterade ädelmetaller. Jag visar att nanokompositmaterial kan framställas 
industriellt och att tillväxten av filmen kan styras. Mängden matris påverkar storleken 
och fördelningen av de hårda elektriskt ledande kornen, vilket gör att man kan styra 
filmens egenskaper så att den har både goda mekaniska och elektriska egenskaper. 
Det går även att ha olika sorters matriser, och samtidigt styra tillväxten, vilket gör det 
möjligt att optimera nästa generations elektriska kontaktmaterial.  
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1. Introduction 

This Thesis explores new electrical contact materials and their industrialization. 

1.1 Background 
Noble metals are commonly used in electrical contact applications since they are good 
conductors and chemically stable. However, in many applications their wear rate is so 
high [1] that it limits the life time of the contact. The noble metals are mainly 
electroplated; a technique that contains steps that are not environmental friendly. This, 
in combination with high raw material prices, motivates the search for alternative 
materials and process solutions.  
 
In the beginning of the 2000s, ABB set out to develop a new electrical contact 
material that is more economical to produce and has longer life time than what existed. 
At that time, research was going on with MAX phases as bulk material. This is a class 
of materials with a nanolaminated structure where M is a transition metal, A is an A-
group element, and X is either C or N [2,3,4,5]. MAX phases are materials with 
properties interesting for electrical contact applications. MAX phases are deposited as 
coatings at temperatures typically above 700 °C, which makes them unsuitable as 
electrical contact material since the industry often uses Cu as substrate, which starts to 
soften at 190 °C [6]. When MAX-phases like Ti3SiC2 are tried to be deposited at 
lower temperatures, the MAX-phase is not formed, instead a nanocomposite structure 
is formed. Interestingly, the nanocomposite has similar properties as the MAX-phase 
[7], for what concerns electrical contact applications [8]. 
 
The main focus on TiC-based nanocomposite coatings by others has been on its 
mechanical properties since they have a high hardness, low friction coefficient, and 
high wear resistance [9,10,11,12,13,14,15,16]. However, recently they have also been 
adopted as electrical contact material [8], an application area that is waiting to be 
explored. 
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1.2 From academia to industry 
My work in the VINN Excellence Centre FunMat has concerned research close to 
applications, which means that my research has been problem-motivated basic 
research. For example, the initial research of the Ti-Si-C nanocomposite material that 
showed that it has promising properties as an electrical contact material was done in a 
laboratory deposition system [7].  
 
As shown in this Thesis, however, it is not straightforward to transfer the deposition 
conditions from the laboratory to a commercial deposition system. There are 
important differences that need to be considered. A laboratory magnetron sputtering 
system is often close to an “ideal system”, in that it is an ultra high vacuum system, 
where the pressure is <10-7 Pa, which often results in low contamination 
concentrations, but long pumping times. The geometry of the chamber is often 
constructed to use targets a few inches in size, and just to deposit a few substrates 
each time. This gives the user the control to change the conditions without influence 
of unknown and/or uncontrollable parameters. The deposition rates are typically at 
least one order of magnitude lower than in industry. However, in industry such a 
deposition system is not realistic because of the demand for high throughput at a low 
cost. This means that the key parameters that are necessary to obtain the desired 
feature are taken from the laboratory and the remaining parameters are optimized in 
the industrial system to still have a robust process with high quality of the product and 
a process with high reproducibility.  

1.3 Electrical contacts in on-load tap changer 
ABB is exploring low-friction alternatives for Ag in sliding contact applications, an 
example being on-load tap changers for high voltage transformers [17]. Demands 
from costumers on higher voltages, currents, and longer life time of the electrical 
contacts motivated this research, since Ag against Ag contacts has too high friction 
coefficient that leads to severe wear and limited lifetime. AgI as a solid lubricant on 
top of an Ag contact was here shown to be a good alternative, since it improved the 
wear resistance for the Ag contact and kept the contact resistance at acceptable levels 
[17]. However, the mechanism behind the decreased friction coefficient and low 
contact resistance was not known. This has been investigated in this Thesis. 

1.4 Objective 
TiC-based multifunctional nanocomposite coatings represent new materials that can 
be alternatives to traditional electrical contact materials. The nanocomposites 
typically consist of hard and electrically conductive TiC particles of a few to tens of 
nanometer in diameter, embedded in a softer less conductive amorphous matrix. This 
gives us design possibilities of our materials. Choice of particles and matrix, 
concentration and size of the particles, and amount of matrix determine the properties. 
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There will likely be trade-offs in the optimization between the electrical and 
mechanical properties. 
 
The major part of my work has been to study TiC-based nanocomposites as electrical 
contact materials. My work has been made in close collaboration with industry, which 
gave me the opportunity to study electrical contact materials at the market, 
industrialization of others, and fundamental research about the next generation of 
electrical contact materials. The aim of my work has been to increase the 
understanding of TiC-based nanocomposites; how they grow, how that affects the 
properties, and how they can be controlled and modified. 
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2. Electrical contacts 

In this chapter, electrical contacts are introduced. More details can be found in texts 
by Holm [18] and Slade [6]. 

2.1 Introduction to electrical contacts 
Holm defined an electrical contact as “A releasable junction between two conductors 
which is apt to carry electrical current” [18]. More simplified it is two contact 
members that interact and transfer electrons from one contact member to the other. 
The contact members act as the anode and the cathode. It is, however, more complex 
than that, because the transport of electrons depends on many parameters. To a first 
approximation, the contact resistance depends on the mechanical contact area of the 
contact spots [6]. The relation between the applied force F, hardness of the softest 
contact member H, and the mechanical contact area Am, is given by the expression: 
 

                            mHAF = .               (2.1) 
 
However, the electrical contact area differs from the mechanical contact area since the 
surface is often covered with an insulating oxide (not gold) and contamination. Hence, 
the oxide layer is in general a strongly limiting factor on the contact resistance. 
Therefore, a rough surface morphology usually decreases the contact resistance since 
it more easily breaks through the oxide layer than a flat one. Figure 1 illustrates that 
for contact members, where the mechanical contact area is different from the 
conducting contact area. The contact resistance depends on the thickness of the 
insulating layer, the surface roughness, the hardness of the contact materials, the 
ductility of the contact materials, and the applied force on the contact surfaces. This is 
because they affect the dimensions and distribution of the contact spots (so called a-
spots) in the electrical interface. However, the electrical contact resistance is not only 
a material property; it depends on the whole materials system. On the top-coating the 
oxide layer has been mentioned as a strong limiting factor on the contact resistance, 
but the layers under the top layer also influence the contact resistance. If these layers 
are not dense or if they are contaminated, it will negatively affect the contact 
resistance. We show in Paper VI that a dense diffusion barrier layer is needed 
between the Cu substrate and the top-coating. If it is not dense, Cu will diffuse 
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through the barrier layer and probably up to the surface where it is prone to oxidize. 
This will significantly increase the contact resistance and destroy the contact. I have 
also seen that the substrate affect the contact resistance, probably since the substrate 
affects the surface roughness of the coating. 
 

 
 

Figure 1. Schematic images of a contact surface, (left) one coated body in contact with one 
uncoated body and an electrical current flux goes from one body to the other, and (right) the 
apparent area, load area, and the area of the conducting paths (after Braunović [19]). 

2.2 Electrical contact resistance 
When current passes from one contact member to the other, it is constricted to flow 
through the a-spots with a small area (see Figure 1); the corresponding electrical 
resistance that occurs is called constriction resistance. Figure 2 shows how the field 
lines are curved across the a-spot, which is the origin of the constriction resistance. If 
the area of the a-spot is simplified to be circular, the constriction resistance can be 
expressed as 

 
        Rs = (ρ1+ρ2)/4a,                          (2.2) 
 

where ρ1 and ρ2 are the resistivity in the contact members, and a is the radius of the 
metal-to-metal contact area. Because the surface probably is covered by a native 
oxide or some other inorganic film, the total contact resistance depends on the sum of 
the constriction resistance (Rs) and the resistance of the contamination film (Rf) 
 

             Rf = σ/πa2,                                      (2.3) 
 

where σ is the resistance per area of the contamination film.  
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Figure 2. Constriction resistance illustrated with field lines of a current flux through an a-spot 
(after Holm [18]). 

 
However, in an electrical contact, there are a large number of a-spots where electrical 
current passes from one contact member to the other. The number of a-spots increases 
with applied load and appears in clusters. The position of the clusters depends on the 
large-scale waviness of the surface, and the position of the a-spots depends on the 
local surface roughness. The constriction resistance is then given by 
 

    Rs = ρ(1/(2na)+1/(2α)),                                      (2.4) 
 
where a is the mean a-spot radius and α is the radius of the cluster, also known as the 
Holm radius [6]. 

2.3 Non-stationary contacts 
Non-stationary electrical contacts make or break (open or close) contact during 
movement, while stationary contacts are fixed, with none or just a few makings and 
breakings. It is non-stationary contacts that are of interest in this Thesis. With 
movement, factors like wear become important, and that is why I study TiC-based 
nanocomposite coatings since their mechanical properties are known to be better than 
the noble metals [7]. Non-stationary contacts can be divided into sliding, switching, 
and rolling contacts. Rolling contacts are not commonly used, and are not further 
discussed.  

2.3.1 Sliding contacts 

Much of the theory of stationary contacts can be applied on sliding electrical contacts. 
The principles of constriction resistance, the oxidation of metal surfaces or breakdown 
of insulating surface films can be applied with small modifications on sliding contacts 
[6]. The difference is that the performance of a sliding contact is closely connected 
with wear and friction [18]. In Paper VIII  the life time of an Ag sliding contact is 
increased when an AgI solid lubricant is deposited on top of the contact to decrease 
the friction, and thereby increase the life time of the contact.   
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2.3.2 Switching contacts  

When the primary interest of the contact is on breaking or making, it is referred to a 
switching contact [18]. There are many types of switching contacts, in most of them 
arcing is significant. An arc is a result of electrical breakdown in the gap between the 
contact members, and has a glow-like appearance. This phenomenon can be seen 
everyday in our household switches. Arcing can lead to vaporization of the metal, 
which causes extensive material transfer from the contact members. This phenomenon 
is used in the deposition technique arc evaporation, with the difference that it is 
desired in arc evaporation, while it is not in switching contacts. 

2.4 Wear 
Every time a contact is closed and opened, it is exposed to destructive effects. This 
has many causes, e.g., when the electrical circuit is broken, electrical energy is set 
free at the contact and arcing may occur with a destructive effect on the contact [20]. 
However, in this Thesis I will only discuss the mechanical effect of the wear since 
that is what is studied here. 
 
Wear is defined as “damage to a solid surface, generally involving progressive loss of 
material, due to relative motion between that surface and a contacting substance or 
substances” †. Wear is a process that progress with time, and can be described by 
three stages: interactions of the surfaces, changes in surface layer, and damage of the 
surface. In Figure 3, these stages are illustrated. Stage I is the run-in stage of the 
tribosystem where asperities from each material member come in contact with each 
other, the sharpest hills wear off, and an equilibrium roughness is reached. The wear 
rate (the slope in Figure 3) in this stage is high, but it gradually decreases.  
 

 
 
Figure 3. The tree stages in the wear process (after Braunović [19]). 
                                                 
† This definition of wear is from the ASTM Standard G 48-83, Standard Terminology Relating to 
Erosion and Wear, Philadelphia, PA. 
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Stage II lasts for a longer time and the wear rate is relatively low. At this stage wear 
develops gradually and the surface becomes more damaged, this leads to changes in 
the operating conditions and the wear rate increases drastically, which leads to stage 
III, where the wear become severe. Normally, the contact members are closed and 
opened, which means that the tribosystem re-starts with stage I, although less 
extensively [19].    

2.4.1 Friction 

The coefficient of friction (µ) is an important factor when discussing wear. Adhesion 
and deformation are two noninteracting mechanisms of friction; a higher friction 
coefficient leads to more adhesion and deformations, which can lead to higher wear. 
When two contact members are in contact, a tangential force must be applied to move 
them apart. When this force increases from zero, microdisplacement occurs in the 
contact zone, the contact members remain motionless until the tangential force 
reaches a limiting value, the static friction force, Fs. After the contact members start to 
move, the resistance to the motion decreases, however, it never disappears, but 
remains approximately constant if the conditions for motion are unchanged. The 
resistance of motion is termed the kinetic friction, and the resistance force is called 
the kinetic friction force, Fk [19]. Amontons showed that the friction coefficient does 
not depend of the contact area over a wide range of loads that cause plastic 
deformation [19]. This is because both the force and load are proportional to the same 
interface contact area. Coulomb showed also that the µ does not depend on the sliding 
velocity [19]. The µ is then defined as: 
 

 PF=µ ,                                                 (2.5) 
 
where F is the force required to initiate and maintain the sliding (either Fk or Fs), and 
P is the load applied perpendicular to the surface [21].  
 
In Paper VIII , µ is reduced from ~1.2 to ~0.4 when a solid lubricant is deposited on 
top of an Ag contact to decrease the wear of the contact, and increase its life time. 
This can be done without increasing the contact resistance above 100 µΩ, which is a 
condition from an electrical contact point of view.   

2.5 Electrical contact materials 
The requirements for an electrical material are many, but the most important 
properties are low bulk resistivity, low contact resistance, high wear and oxidation 
resistant. Many metallic materials are used as electrical contacts. Copper and 
aluminum, and their alloys are mostly used in high current applications, while the 
noble metals and their alloys are mostly used as coatings in low current applications. 
A few of them will be described below.  
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2.5.1 Gold (Au) 

Au has excellent oxidation and tarnish‡  resistance, high conductivity (44 (mΩ)-1    
mm-1 [22]), but is the softest noble metal, and is prone to wear. It is widely used in 
consumer electronics where operating currents are not more than 0.5 A. Forming 
binary or ternary alloys by addition Cu, Ag, Pd or Pt to Au makes it harder and 
reduces the wear without loss in tarnish resistance. [19] 

2.5.2 Silver (Ag) 

Ag has the highest electrical (63 (mΩ)-1 mm-1 [22]) and thermal conductivity of all 
metals. It is the most commonly used material in switching electrical contacts 
operating at currents between 1-600 A, and contact forces higher than 0.15 N. It can 
be fabricated in many forms because of its ductility. Unfortunately, Ag forms oxide 
and sulfide films, which increase the contact resistance, and it has low melting and 
boiling point as well as low mechanical strength. To protect Ag against sulfidizing, 
palladium (Pd) can be used. [19] In Paper V, Pd is added to the Ti-Si-C-Ag system, 
and as an Ag-Pd top-coating. Pd was used for the purpose of reduction of Ag 
sulfidization, and resulted also in reduction of the contact resistance compared with 
the Ti-Si-C-Ag coatings.  

2.5.3 Silver iodide (AgI) 

Today electrical contacts are mainly made of noble metals, and Ag is used, e.g., in the 
high voltage area. To increase the life time of such contact in an application where Ag 
is against Ag, a solid lubricant can be used, which decreases the friction coefficient 
and thereby also the wear can be reduced. AgI is a solid lubricant that was studied in 
Paper VIII . The major advantage with an AgI coating is that it consists of weakly 
agglomerated AgI grains that easily separate under applied pressure and the 
underlying Ag coating can be exposed on the surface. This means that both AgI and 
Ag make contact with the counterpart, which results in a low friction coefficient and 
contact resistance. 
 
Under atmospheric pressure AgI exists in three phases, hexagonal (β-AgI), fcc (γ-
AgI), and bcc (α-AgI). At room temperature β-AgI is stable, but at 147 °C a reversible 
transformation occurs to α-AgI [23,24]. AgI is insoluble in water and inert towards 
most substances. Hence, it does not react with ozone and halogen gases [25]. AgI has 
partly covalent and ionic character [26]. When an AgI grain is exposed to light, the 
iodide atom might absorb energy quanta and release one electron from the ion that is 
taken up by the Ag ion, with metallic Ag and I atoms as result. Correspondingly, the 
coating changes from yellow to dark. [27] 

                                                 
‡ Tarnish is a thin layer of corrosion on the surface.   
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2.5.4 Copper (Cu) 

Cu is a ductile soft metal with high conductivity (58 (mΩ)-1 mm-1 [22]) and an 
exceptional solderability and weldability. This means that many variations of 
electrical products such as wires, sheets, tubes, etc can be manufactured. [19]  
 
Bronze is a Cu-Sn (5-15 wt.% Sn) alloy which is a base material that is often used as 
substrate in electrical contacts. In Paper VI, the whole contact system is studied; 
there the Cu diffusion up through the system to the surface is critical since Cu forms 
an oxide, which increases the contact resistance significantly. 

2.5.5 Nickel (Ni) 

Ni is mostly used in applications involving corrosion and heat resistance since it and 
its alloys has a high resistance to oxidation and corrosion. However, the electrical 
conductivity is lower compared with the other contact materials described above (14 
(mΩ)-1 mm-1 [22]).  
 
Al is another contact material that is ductile with relatively high electrical and thermal 
conductivity (37 (mΩ)-1 mm-1 [22]). However, Ni has been used more often for its 
light weight, availability, economical and engineering reasons, and is considered as a 
good alternative to Cu, for many conductor applications in electrical systems. [19] 

2.6 Barrier coatings 
Barrier coatings are deposited in between the substrate and the conductive top-coating 
to prevent diffusion from the substrate to the surface, and to work as a load bearing 
layer. In electrical contacts these layers are often made of electroplated Ni since it 
stops the diffusion of Cu up to the surface, does not diffuse through the top layer itself, 
and increases the load bearing capability of the electrical contact system. 
 
In Paper VI different diffusion barrier coatings are studied, in particular to see if it is 
possible to deposit both the conductive top-coating and a diffusion barrier layer that 
hinders Cu from diffusing up to the surface with sputtering. Sputtered Ti and Ni 
diffusion barrier layers with Ti-Si-C or Ti-Si-C-Ag top coating on Cu substrates are 
studied. Ti was sputtered as a diffusion barrier layer as an alternative to Ni since we 
are familiar with sputtering of Ti, and Ti is more environmentally friendly than Ni.  
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3. Nanotechnology 

Nanotechnology deals with development of materials where at least one of the 
dimensions is in the nano-scale. To design materials in the nano-scale means that new 
revolutionary properties can be obtained. Normally in bulk materials, size does not 
matter, but if you are working in the nano-scale, the surface properties typically are 
the major factor of the material properties. In this Thesis coatings in the nano-range 
have been deposited to work in electrical contact applications. The requirements for 
such a coating are that it needs to have both good electrical and mechanical properties. 
Thus, the coating needs to be both a structural and a functional coating. To 
accomplish that, I deposited TiC-based nanocomposite coatings, a multifunctional 
material§. 

3.1 TiC 
TiC is first introduced since it is an important component in the binary, ternary, and 
quaternary systems in this Thesis.  
 
If the atomic radii for carbon divided by the metal is smaller than 0.59, interstitial 
compounds are formed according to the Hägg rule [28]. All group IV-VI transition 
metals fulfill this, except Cr, and TiC is one of the interstitial transition-metal carbides. 
It is important to distinguish between a solid solution of carbon in metals, and 
interstitial carbides. Thus, the metal changes its crystal structure when it forms the 
interstitial carbide, while the metal have the same structure when carbon dissolves 
interstitially into it. In general; if the transition metal is body centered cubic (bcc) the 
interstitial carbide will be either hexagonal or face centered cubic (fcc), and if the 
metal is hexagonal, the interstitial carbide will be cubic, while no fcc metals form 
interstitial carbides. Ti is hexagonal as metal, but TiC is fcc.  
 
TiC has the NaCl crystal structure (fcc), where C occupies octahedral interstitial sites 
between Ti atoms [29], see Figure 4. TiC has a high percentage of C vacancies, and 
the chemical formula is often written TiCx, where the carbon-to-titanium ratio (x) is 
0.47-0.97 [ 30 ]. This means that the lattice parameter varies strongly with the 

                                                 
§ Multifunctional materials are defined as functional materials with at least two functions. 
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stoichiometry, from 4.297 Å with x = 0.47 to 4.331 Å at x = 0.85 [30]. Note that the 
largest lattice parameter is not at the stoichiometric condition. The high melting point 
[29], the hardness of 15-28 GPa [31], and a resistivity of 80-182 µΩcm [32,33] are 
some of the properties that make TiC interesting. However, the properties depend on 
the stoichiometry [34]. 

 
Figure 4. TiC with a NaCl structure, showing how the C is positioned in the lattice. 

3.2 Nanocomposite coatings 
A nanocomposite is a material that contains two or more phases, of which at least one 
has nanometer dimensions. A nanocomposite consists of the solid combination of a 
bulk matrix and nano-dimensional phase(s) differing in properties since there are 
differences in structure and chemistry. The nanocomposite coatings studied here 
contain both nanocrystalline and amorphous phases. The difference between a 
crystalline and amorphous phase is that an amorphous phase has no long-range order, 
just a short-range order, while a crystalline phase has both. A nanocomposite material 
can also contain two or more nanocrystalline materials. A nanocrystalline material is 
any material that is crystalline with a three-dimensional ordered structure and has a 
grain size less than 100 nm in at least one direction.  
 
This section presents the ternary and quaternary systems that are in focus in this 
Thesis. First the binary TiC/a-C material system is discussed to offer a comparison 
since it is studied by others as electrical contacts, and because it is the base system for 
the ternary and quaternary system. 

3.2.1 TiC/a-C 

TiC/a-C nanocomposites have been extensively studied for tribological applications 
since they have low friction coefficient, and high wear resistance [10,12,13,35 , 
36,37,38,39, 40,41,42]. Recently, Lewin et al. studied TiC/a-C coating material for 



 
 

- 15 - 

electrical contacts with promising results [43,44]. TiC gives mechanical stability, 
hardness, transfer of electrons, and the a-C matrix is soft and permits the material to 
deform to increase the electrical contact spot, giving lower contact resistance and 
lower friction. The combination of mechanical, tribological, and electrical properties 
suggest that they are good candidates as an electrical contact material. In Paper IV 
Ag was added to the binary with promising results for electrical contact applications. 
The addition of Ag to the binary decreased the resistivity from ~1200 µΩcm [43,44] 
to 200-400 µΩcm, and resulted in a contact resistance of ~5 mΩ at a load of 1 N 
against an Au probe.  

3.2.2 Ti-Si-C 

When a third element is added to the binary material system, the complexity increases, 
but also the flexibility to design new multifunctional materials. Hence, Si was added 
to TiC to have the benefits from both ceramic and metallic properties, to achieve good 
electrical and mechanical properties. The structure of Ti-Si-C coatings is strongly 
dependent on the substrate temperature. In 2002, Seppänen et al. [45] and Palmquist 
et al. [46] deposited nanolaminated Ti3SiC2 coatings by DC magnetron sputtering at 
900 °C. This material is a so called MAX phase, where M is a transition metal, A is 
an A-group element, and X is either C or N. Ti3SiC2 exhibits good mechanical and 
electrical properties [4], which are of interest for the industry in electrical contact 
applications. Metal substrates that are commonly applied have a limited tolerance to 
high deposition temperature, often a deposition temperature lower than 400 °C is 
required. When Ti-Si-C coatings are deposited at a temperature lower than 400 °C, a 
nanocomposite structure is formed instead of the nanolaminate [7,10,47]. Eklund et al. 
[7] deposited nc-TiC/a-SiC on substrates kept at a temperature of 300 °C, with a 
deposition rate of ~0.3 µm/h. The coatings showed promising electrical properties 
with a resistivity of 330 µΩcm and contact resistance of 6 µΩ against an Ag counter 
part, at a contact force of 800 N. This is comparable to Ag against Ag, and better than 
TiC against Ag, see [7]. The nc-TiC/a-SiC nanocomposite had a hardness of 20 GPa 
and a ductile behavior, and excellent chemical stability. In Paper I the Ti-Si-C is 
taken from a laboratory deposition system [7] to a pilot plant system, in order to 
increase the deposition rate and to study how the deposition rates affect the coating 
microstructure and properties. 

3.2.3 Ti-Si-C-Ag 

The Ti-Si-C system works relatively well as an electrical contact material, due to its 
mentioned high wear resistance, ductility, and chemical stability, but the high contact 
resistance at low loads in these coatings demands high-load applications (typically 
hundreds of newton).  In order to permit for applications at low currents and loads, Ag 
was added to the ternary system [48]. This resulted in lower contact resistance and 
resistivity. For economical reasons and to make the range of contact applications 
wider, it is favored to keep the Ag content as low as possible, and for the Ag with a 
strong tendency for segregation to be homogenously distributed at the percolation 
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limit. Papers II and IV  show that the size and distribution of the Ag can be varied, 
and that the amorphous matrix hinders the Ag grain growth, where a C/Ti ratio above 
unity gives a precipitation of 9-15 nm Ag grains with a homogenous distribution, but 
not forming a continuous network as judged by TEM imaging.  

3.2.4 Ti-A-C-Ag 

The low conducting SiC matrix in the Ti-Si-C-Ag coatings has a negative effect on 
the coating conductivity. It is thus of interest to replace the Si by an element with 
higher metallicity that improves the conductivity, while retaining the desired 
microstructure. To do so we decided to investigate the group-14 elements Si, Ge, and 
Sn, that all show similarities, but also important differences. For example, the 
metallicity increases down in its column in the periodic table in the series Si, Ge, and 
Sn. The tendency to form carbides is also strongly reduced for Ge and Sn compared to 
Si. The Ge-C system reveals no stable compounds and has negligible mutual 
solubility. However, it is known to form Ge1-xCx alloys with rather low x-values in 
thin coatings [49], and Sn is not known to form carbides. Furthermore, the tendency 
to react with Ag is also different between these elements. Si reveals a very low 
solubility in Ag and forms no stable silicides [50]. Ge, on the other hand has a 
relatively high solubility in Ag (about 10 at.%) and can form at least one metastable 
germanide, Ag3Ge [ 51 ]. In contrast, Sn is more metallic and forms several 
thermodynamically stable intermetallic phases [50]. In Paper IV it is shown that Ti-
A-C-Ag coatings with A= Ge or Sn give a phase distribution with more conductive 
phases, with lower contact resistance as result, which is desired for electrical contact 
applications. However, the coatings with Sn become porous, which likely will result 
in poor long-term contact performance. 

3.2.5 Ti-B-C 

To make the TiC-based nanocomposite more conductive without Ag, we started to 
look at the Ti-B-C material system since it is known that B increases the hardness and 
the wear resistance of TiC [52,53,54,55], and that conductive phases like TiB2 can be 
formed [56]. However, it is not clear where the B is distributed in the nanocomposite 
at low B contents [52,53,56] or how the incorporation of B into TiC affects the 
electrical properties. In Paper VII  it is shown that B is incorporated into the TiC and 
that the cubic structure of TiC is distorted to a rhombohedral structure since B is 
enriched on the {111} planes. No TiB2 is formed; however, the contact resistance is 
even then comparable with Ag against Au at loads of 1 N, despite that the coatings 
contain ~11 at.% O and have resistivity larger than 380 µΩcm. This makes the Ti-B-C 
nanocomposite coatings interesting as electrical contact materials.   
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4. Deposition techniques 

Two different techniques were used to deposit the coatings: magnetron sputtering and 
electroplating. The basic principle of sputtering is to eject (sputter) atoms from a 
source material (target) through bombardment of atoms that are ionized in a plasma. 
One way of looking at this is as a knock-on process similar to what happens when 
playing pool. The reason why sputtering is mainly carried out by ions is due to the 
fact that charged particles unlike neutral atoms can be accelerated by an applied 
negative voltage to the target and thereby impinge the target with considerably higher 
energies. Once ejected, the sputtered atoms from the target will be transported 
everywhere in the deposition chamber and some of them will condense on the 
substrate and form a coating.  

4.1 DC magnetron sputtering 
When coatings are deposited by magnetron sputtering, types of discharges can be 
used to create the sputtering plasma in order to achieve an optimized coating. RF 
magnetron sputtering is, e.g., used to deposit insulating coatings [57,58], high power 
pulsed magnetron sputtering to improve coating density [59], and DC magnetron 
sputtering (DCMS) to obtain higher deposition rates than those reported for the 
previous two techniques [ 60 ]. In this thesis DCMS has been used, since it is 
commonly employed in the industry as well in academia, and is well-known for its 
simplicity, scalability, cost efficiency, and coating uniformity. 
 
The magnetron sputtering setup is an arrangement with permanent magnets mounted 
directly behind the cathode, onto which the target is fixed. This configuration is 
shown in Figure 5. By applying a negative voltage to the magnetron it is possible to 
generate a plasma in front of the target, which is most dense in the region where the 
electric fields and the magnetic fields are perpendicular, leading to effective trapping 
of the electrons above the racetrack, where the erosion of the target is particularly 
effective, see Figure 5. 
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Figure 5. Drawing of a magnetron and the target’s characteristic appearance with a racetrack. 

 
The electrons in the plasma will be in motion, which is governed by the Lorentz force, 
see Equation 4.1. 
 

        F = q(E+υ×B),                                           (4.1) 
 
where q is the electronic charge, E the electric field, v the electron velocity, and B the 
magnetic field. As previously stated, perpendicular E and B fields lead to effective 
trapping of the electrons and electron drift in a toroidal motion (azimuthal direction 
above the racetrack of a circular target/magnetron), which significantly increases the 
efficiency of the plasma generation. Therefore a magnetron can work at low pressures 
and lower applied voltages compared to a diode sputtering configuration, which has 
no permanent magnets mounted on the cathode.  
 
Figure 6 shows six target segments. These were pressed together in the magnetron 
setup, and formed the Ti-Si-C-Ag target that was used to deposit the coatings in 
Paper II . The characteristic racetrack can be seen after extensive use.  
 

 
 

Figure 6. The characteristic racetrack illustrated with a segmented Ti-Si-C-Ag target used in 
an industrial deposition system.  
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4.1.1 What occurs at the target? 

Positive ions in the plasma are accelerated by the negative bias potential of the target, 
where the atoms are sputtered if the energy is sufficient. The efficiency of this process 
is described by the sputtering yield, i.e., the number of atoms that are sputtered off the 
target per incident ion. The sputtering yield depends on different factors, such as the 
binding energy of the target atoms, the energy of the incident ion, the angle of the 
incident ion and the efficiency of momentum transfer from the incident ion to the 
sputtered target atom [57].  
 
Different interactions occur at the target when ions are accelerated towards it. 
Secondary electrons and photons can be emitted; incident ions can be reflected; if the 
energy is high the incident ions can be implanted into the target, and atoms can be 
sputtered, see Figure 7. To start with, the secondary electrons are particularly 
important, because they can generate more ions and electrons through electron impact 
ionization, which is needed to generate and sustain the plasma discharge in magnetron 
sputtering. 
 

 
Figure 7. Processes that can occur at the target when an incident ion hits the surface. 

4.1.2 Transport of sputtered species 

The sputtered target atoms have energy and angular distribution, which depend on 
factors such as sputtering gas, target material, and target voltage [57]. As it turns out, 
not all sputtered atoms will be transported all the way to the substrate. A great number 
of atoms instead take another direction as they become scattered through collisions. 
One way of describing the effects of collisions is to introduce a mean free path; it 
describes how far a gas atom can be transported before it collides and scatter, see 
Equation 4.2. 
 

              
2/1

2

1
2

2
21

2,1

)1()(

4

m
mPdd

kT

++
=

π
λ    ,                                  (4.2) 



 
 

- 20 - 

where λ1,2 is the mean free path of gas 1 in gas 2. k is Boltzmann’s constant and T is 
the temperature. m1, d1, m2, and d2 are the respective masses and atom diameters, and 
P2 is the partial pressure of gas 2. The mean free paths in an Ar gas at a pressure of 4 
mTorr are estimated to be 7.3 cm, 3.5 cm, and 2.3 cm for C, Si, and Ti, respectively. 
This means that the mean free path depends on the masses and diameters of the 
sputtering gas and the sputtered atom, i.e., different sputtered atoms are transported 
different distances before they collide with another gas atom and scatter. Larger and 
heavier atoms hence reach shorter distance before collision. For materials that consist 
of species of different size, it is therefore difficult to get the same composition of the 
coating as the compound target [61,62,63]. In a Ti-Si-C compound target, Ti atoms 
are more scattered than C atoms, therefore the coatings are C-enriched compared with 
the target. In Paper II , custom-made compound targets were used, with Ti, Si, C, and 
Ag fraction chosen to compensate for the difference in the energy distribution of the 
sputtered atoms to get the desired composition in the coatings. 
 
The transport of sputtered particles can be categorized into three regimes: ballistic, 
transition and thermalized regimes. In the first case the sputtered particles travel 
straight to the substrate without any collisions, whereas in the second case the 
sputtered particles collide, but retain a fraction of their initial energy. In the 
thermalized regime the sputtered particles have lost all their initial energy and exhibit 
a random motion. In Paper I a ballistic transport of all atoms are intended, to increase 
the deposition rate. However, when the target-to-substrate distance is 2 cm and the 
pressure 2 mTorr, the plasma density in that region is too low, which generates a low 
deposition rate. 

4.1.3 Effects at the substrate 

After the processes described in the previous sections, sputtered species can arrive to 
the substrate. The probability for an atom to condense on the substrate (sticking 
coefficient) is defined as the ratio of the number of deposited atoms to the number of 
impinging ions, which is assumed to be unity [57]. How grains nucleate and start to 
grow is described in Section 5. However, there are other physical effects on the 
substrate surface that are important to discuss.  
 
Ions that hit the substrate surface have energies that depend on the potential gradient 
across the anode plasma sheath and gas pressure, and the ions can increase their 
energy by accelerating through the sheath. When ions bombard the substrate surface, 
weakly bonded surface atoms can be desorbed, additional energy can be provided, 
which increases the surface mobility for the adatoms, resulting in denser coatings [64]. 
Resputtering of species condensed on the substrate may also occur. It can be highly 
energetic ions that resputter species or energetic neutrals backscattered from the target. 
A negative bias voltage on the substrate is often applied to increase the energy of 
bombarding ions to provide additional energy, but if the bias is too high, the surface 
becomes damaged.  
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Ion bombardments affect the surface and the effects include; desorption of weakly 
bonded surface particles, ejection of secondary electrons, sputtering of surface atoms 
by momentum transfer through collision cascades, enhanced surface mobility of 
surface atoms, and enhanced chemical reaction of adsorbed species on the surface. Ion 
bombardment of growing coatings modifies at least four measurable characteristics of 
its structure: topography and roughness, crystallography and texture, grain size and 
morphology, and lattice defects and residual stress [57].  

4.2 Plasma  
Plasma is an electrically neutral collection of charged particles that moves freely in 
random direction [65]. Plasma is often referred as the “fourth state of matters” since it 
has physical properties different from gases, liquids, and solids.  Plasmas can be 
created in our laboratories, see Figure 8, but it is also a phenomenon that occurs in 
switching electrical contacts, see Section 2.3.2.   
 

 
 
Figure 8. A plasma created in the sputtering system Laura. It is an Ar-plasma, and the violet 
light comes from C and B atoms in the gas phase, and the bluish light originates from Ti 
atoms in gas phase. This system contains three magnetrons with different targets (in the lower 
part of the image). In the middle the plasma is observed, and the circular black part at the top 
is the substrate holder, onto which atoms transported from the targets condense and form a 
coating.      

4.2.1 DC glow discharge 

The plasma used in DC sputtering is called DC glow discharge [57,66]. A negative 
voltage is connected to the cathode (target), and the chamber wall as well as the 
magnetron ground shield works as the anode. A noble gas is introduced into the 
chamber, usually argon, to have a medium where the plasma can be initiated (gas 
breakdown) and maintained. The gas pressure is usually in the range of a few to a 
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hundred mTorr. The plasma discharge starts with a few electrons near the cathode 
being accelerated towards the anode because of the applied electric field. When the 
electron has sufficient energy to ionize a neutral atom upon collision, an ionization 
process occurs with electrons and ions as a result (in the argon case: e- + Ar → 2e- + 
Ar+). The current increases somewhat when more neutrals are ionized since more 
charge carriers can be drawn from the plasma. This phase of the plasma discharge 
generation is called the Townsend discharge, see Figure 9. Electrons continue to 
accelerate and collide with other neutral gas atoms and generate more and more ions 
and electrons. At the same time, the electric field accelerates the ions in the opposite 
direction, towards the cathode, where they collide with the target. The ions sputter, 
among other particles, secondary electrons. These electrons generate more ions and 
electrons, i.e. an avalanche of electrons and ions occurs, and the plasma is self-
sustained when the number of electrons generated is sufficient to produce enough ions 
to regenerate the same number of electrons. This causes a breakdown and the current 
increases rapidly, and the plasma starts to glow. This mode is called the normal 
discharge, see Figure 9. At the beginning, the ion bombardment of the target is 
concentrated on the edges or on other irregularities. As more power is applied, the 
bombardment increasingly spreads over the entire surface until a nearly uniform 
current density is achieved. The abnormal discharge regime enters when a further 
increase in power results in both higher voltage and target current-density levels. This 
regime is used for sputtering and other processes such as plasma etching. 
 
The breakdown voltage VB is critical to the formation of an abnormal glow. VB is 
mainly dependent on the distance between the target and the anode and the mean free 
path of secondary electrons. Each secondary electron must produce roughly 10-20 
ions to yield an avalanche.  
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Figure 9. The formation of DC glow discharge. (After Roth [67].) 
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If the gas pressure is too low or the distance between target and anode is too small, the 
secondary electrons cannot collide and ionize sufficient number of atoms before they 
hit the anode. If it is the opposite way, ions generated in the gas are slowed down in 
inelastic collisions, and when they hit the target the energy is insufficient to produce 
secondary electrons. At even higher current densities, a second avalanche occurs due 
to thermionic electrons and arcs propagate. This is not wanted during DC-magnetron 
sputtering or in switching electrical contacts, but it can be used during other 
deposition techniques, e.g., cathodic arc deposition. 

4.2.2 Plasma sheaths 

The edge region of the plasma that is in contact with the chamber wall or some other 
surface is significantly different from the plasma bulk region. A plasma sheath, or as 
it is also called, a dark space appears close to surfaces that are immersed in the plasma. 
The sheath is a region where a significant voltage drop occurs and as a result of this 
there is commonly a very low electron density, compared with the bulk plasma. A low 
density of electrons results in low levels of excitation of the neutral gas atoms in that 
region, hence this region appears dark [68]. In Paper I the target-to-substrate distance 
is only 2 cm, and when the pressure is decreased to 2 mTorr from 10 mTorr a 
significant decrease in deposition rate is observed. This is because the plasma density 
decreases and the Debye length**  increases [65]. Correspondingly, the sheath 
including the pre-sheath extends outwards. Thus, the sheath from the target and the 
substrate will be close to each other, thereby, the sheath volume dominates over the 
bulk plasma, and the sputtering efficiency is decreased. 

4.2.3 Floating and bias potential 

Unless it is grounded, any material (e.g., the substrate) immersed in the plasma, will 
obtain a negative potential with respect to the plasma [66]. This potential arises 
because the electrons have a higher mobility than the ions and more electrons 
therefore reach the surface, this potential is known as the floating potential Vf. A bias 
voltage larger than the Vf can be applied on the substrate from an external power 
supply. If a negative bias is applied, electrons are then repelled and the electron 
current flow is reduced to the substrate. Instead ions are accelerated towards the 
substrate, and provide additional energy to the substrate. The bias voltage can also be 
positive, resulting in very large electron current flow to the substrate. This leads to 
substrate heating and a non uniform current distribution, and this should normally be 
avoided. In some cases this is used to reduce the ion bombardment on the surface, to 
improve the coating quality [69,70]. 
 
All my magnetron sputtered coatings were deposited with an applied negative 
substrate bias. Ions are attracted to impinge on the substrate surface and increase the 

                                                 
**  The Debye length is the distance scale where significant charge densities can spontaneously exist.  
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surface mobility of the adatoms, both by momentum transfer and by local heating. 
This makes it easier for the adatoms to find an equilibrium position, in order to grow 
denser coatings. 

4.3 Electroplating 
Electroplating, as also used in this Thesis, is a wet chemical deposition process. 
Depositions are made in an electrolyte, which contains the ions of the metal to be 
deposited and water. Different additives can also be added to the electrolyte in order 
to design its electroplating properties. A potential is applied between the anode and 
the cathode that are in the electrolyte. At the same time as the anode dissolves (if not 
inert), the cathode is deposited by reduction of the metal. This is a deposition method 
that has a deposition rate much higher than DC magnetron sputtering, but the material 
design possibilities is larger with sputtering, i.e., additional elements can be added to 
the material system. There are also chemicals and waste after depositions that are not 
environment friendly in electroplating. Details about electroplating can be found 
elsewhere [71,72,73]. 
 
Electroplating was used to deposit AgI on top of Ag plated Cu coupons in Paper VIII. 
Ag plated Cu coupons where put in a KI electrolyte surrounded by a Pt net, the 
coupon working as the anode and the Pt net as the cathode. Iodine diffuse into the Ag 
coating and form an AgI coating. An AgI coating was deposited on top of an 
electroplated Ag contact to decrease the friction coefficient and increase the life time 
of the contact. 



 
 

- 25 - 

5. Coating growth 

Here, different coating growth mechanisms are described, and how polycrystalline 
and amorphous coatings grow.  

5.1 Nucleation and growth 
When sputtered species from the target, arrive at the substrate surface, they are mobile 
and gather in small clusters at energetically favorable sites, more or less evenly 
distributed over the substrate. The formation of adatom clusters lead to nucleation 
when a critical size is reached [74]. The island density saturates and they start to 
coalescence, i.e. larger islands grow bigger at the expense of smaller islands. When 
larger islands grow together, holes and channels of uncovered substrate may be left. 
As further deposition fills holes and channels, a complete coating is grown. When 
coating growth of one phase is discussed, the initial growth process is divided in three 
basic growth mechanisms, see Figure 10. 
 

 
 
Figure 10. Schematic drawing of characteristic coating growth mechanisms, a) Frank-Van 
der Merwe or layer growth, b) Volmer-Weber or island growth, and c) Stranski-Krastanov 
(combined layer and island growth).  
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The surface tension and the mobility of the incoming species determine which growth 
mechanism that will occur. In general, if the substrate material has a high surface 
tension and is covered by a material with lower surface tension, layer-by-layer growth 
or as it is also called Frank-Van der Merwe, will take place. If the surface tension of 
the coating exceeds that of the substrate, the coating will grow in islands, i.e. island 
growth or Volmer-Weber. Stranski-Krastanov is a combination of both layer-by-layer 
and island growth and can be obtained during growth if the conditions changes. 
 
Multiphase coating growth is more complicated. Ref. [75] described the growth of O 
containing Al coatings. Oxygen has a low solubility in Al and segregates to surfaces 
and grain boundaries where it forms an amorphous tissue phase with Al (AlOx). The 
amorphous tissue phase restricts grain coarsening due to decreased Al surface and 
grain boundary mobility. A similar growth mechanism occurs in my Ti-Si-C system, 
where Si is not soluble with Ti and will segregate together with C to TiC grain 
surfaces and boundaries, where SiC forms an amorphous matrix. The amorphous 
matrix hinders the TiC grains from growing and causes renucleation. Hence, 
nanocrystalline TiC is embedded in an amorphous matrix, and due to the repeated 
renucleation, and with sufficient mobility of the growth species a dense and smooth 
coating can form. In the Ti-Si-C-Ag system a similar microstructures is formed with 
the addition of Ag grains. Due to the stronger segregation of Ag, however, a larger 
fraction of amorphous phase is required to limit the Ag grain coarsening and to retain 
a homogenous nanostructure. 

5.2 Polycrystalline coating growth 
Initial coating growth on amorphous and polycrystalline substrates proceeds by 
Volmer-Weber mode, and includes nucleation, island growth, impingement and 
coalescence of islands, formation of polycrystalline islands and channels, 
development of a continuous structure, and coating growth [75,76]. During island 
coalescence, the overall surface and interface energy decreases through coarsening of 
islands. During growth of the Ti-Si-C coatings, TiC grains start to nucleate and grow. 
The grain is then covered with a flux of atoms that quenches the diffusion and thereby 
the grain growth, renucleation occurs, new grains start to grow larger, while new 
atoms continue to arrive and the diffusion paths are covered with atoms, and the 
growth is again interrupted.  
 
In polycrystalline coatings the grains have a more or less random crystallographic 
orientation. If it is not random, there is a preferred orientation or texture as it also is 
known. Texture is influenced by deposition parameters, nature of the substrate, 
energetic ion bombardment, and geometrical confinement by surface features. In the 
Ti-Si-C coatings, the microstructure slowly develops with thickness. Initially, the 
microstructure consists of randomly oriented small grains out of which V-shaped 
columns with a low surface energy out compete the columns with high surface energy, 
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which grow out of existence. In my coatings, the C/Ti ratio affects the preferred out of 
plane orientation, where a ratio larger than unity results in a preferred <111> 
orientation, see Paper I.  
 
In the Ti-Si-C-Ag coatings (Paper II), there is an effective constitutional 
undercooling [77], by which a domain of eutectic composition forms between the two 
phases Ag and SiC during surface-driven cellular transformation. Ag diffuses easily 
through Si [78] and can grow to large precipitates, however, if Si reacts with C and 
forms SiC, the Ag diffusion goes much slower, and the Ag grain growth becomes 
quenched, resulting in small Ag precipitates that are more or less homogenously 
distributed in the structure. A similar growth mechanism occurs for Ti-Ge-C-Ag 
coatings, see Paper IV. 

5.3 Amorphous coating growth 
To grow amorphous coatings, atoms need to be prevented from diffusing and finding 
their equilibrium site in a lattice. There are materials which naturally solidify in the 
amorphous state, such as SiO2. Due to its high viscosity, the atoms/molecules cannot 
move easily to equilibrium sites when the temperature is decreased and e.g., SiO2 

solidifies. Some metals, which are normally crystalline, can be obtained in amorphous 
form by rapid cooling [79]. There are examples in the literature on amorphization of 
carbides, Naka et al. reported that Ti-Si-C coatings can be grown amorphous by DC 
magnetron sputtering if the Si content is high (46 at.%) [80], and Wilhelmsson et al. 
observed that addition of Ge in V-Ge-C coatings, induces an amorphous structure of 
VCx [81]. The phenomenon of amorphization of the TiC phase in our coatings in 
Paper I is connected with the intensive ion-bombardment under the present 
deposition conditions that disrupts crystal formation.  
 
The amorphization of the C and SiC matrix in the nanocomposites studied in this 
Thesis can be explained by the limited diffusion at my relatively low deposition 
temperatures. All phases (TiC, SiC, Ag, etc.) are, however, subject of crystallization 
and grain growth during annealing or operation at elevated temperature. 
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6. Coating characterization  

This section describes the characterization techniques that I have used to determine 
structure, composition, and electrical and mechanical properties of my coatings. I 
wanted to know why a material works or does not work well as an electrical contact 
material, and from there try to optimize the deposition conditions so the 
microstructure and the properties of the coating can be tailored for that certain 
application. 

6.1 Structural characterization  

6.1.1 X-ray diffraction  

X-ray diffraction (XRD) is a nondestructive and commonly used analysis technique. 
The wavelength of the x-rays is in the same order as the atomic distance in condensed 
matter [82], and is therefore used in this Thesis for identifying phases, textures, 
stresses, and average grain sizes in coatings.  
 
When the diffracted beams are in phase and interfere constructively, Bragg’s law is 
fulfilled and gives rise to diffraction peaks, according to 
 
                                                         θλ sin2 hkldn = ,                                                 (6.1) 
 
where n is an integer, λ  is the wavelength, dhkl is the distance between the hkl-lattice 
planes, where h, k, l, are the Miller indices, and θ is the scattering angle. At other 
angles than the Bragg angle, diffracted beams are out of phase and destructive 
interference or cancellation occurs [83]. Each determined diffraction pattern of a 
crystalline phase is unique, and the peak positions depend on the structure factor and 
the size of the unit cell. The intensity of each peak is determined by the content of the 
unit cell, i.e. it depends on the scattering factor, which is proportional to the atomic 
number, while the peak broadening depends on strain, crystallite size, and broadening 
due to the instrument. If the grain/crystallite size is less than ~3 nm it will be a large 
peak broadening, which results in that the grain is not detectable. The structure is then 
called XRD amorphous.  
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Figure 11 shows a typical x-ray diffraction pattern. The peak positions are fingerprints 
of the phases that are present in the coating. Here, the sample was annealed from 
room temperature to 155 °C and then cooled down to room temperature again. AgI 
has a reversible phase transformation at 150 °C, where the hexagonal phase (β-AgI) 
transforms in to the cubic phase (α-AgI), and vice versa when the temperature is 
decreased to room temperature.  
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Figure 11. X-ray diffraction pattern from an AgI coating at different annealing temperatures, 
the Ag peaks origin from the substrate. 
 
Two different scan modes are used in this Thesis to determine the phases and the 
average grain size in my coatings; θ-2θ and grazing incidence x-ray diffraction 
(GIXRD). Figure 12 shows the differences between the θ-2θ and the GIXRD 
geometries. In the θ-2θ mode the incident beam and the detector are scanned 
synchronously. This means that the q vector is always parallel to the surface normal, 
and that only lattice planes parallel to the substrate surface are probed. This 
measurement also gives an indication of texture or preferred orientation in the sample. 
 

 
Figure 12. The reciprocal space representation of both a typical θ-2θ scan and GIXRD scan. 
The incident x-rays with a wave vector k are scattered at an angle 2θ, and changed into a 
diffracted wave vector, k1. q is the resultant, reciprocal scattering vector. The grey areas are 
not accessible according to the reflected x-ray geometry. 
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In the GIXRD mode the angle between the incident beam and the sample surface is 
fixed at a low angle (α), only a few degrees or less, and the detector is scanned. In this 
measurement the q vector is neither parallel to the surface normal nor does its 
orientation remain constant. The q vector instead changes both in direction and in 
magnitude during the measurement, starting tilted close to the surface normal, and 
ending close to the incoming beam k0, as illustrated in Figure 12. GIXRD is more 
surface sensitive than θ-2θ, and measures planes in different orientations compared to 
the substrate surface, i.e., not only planes parallel to the substrate surface as in the θ-
2θ scan. 
 
The peak positions are used to determine the phases and the peak broadening is used 
to estimate the crystalline size (size of coherently scattering domains) by means of, 
e.g., Scherrer equation; 
 

                                 
θβ

λ
cos

9.0=d ,                          (6.2) 

 
where λ is the wavelength of Cu-Kα radiation, β is 22 bB − , where B is full width at 
half maximum of the peak, b is the instrumental broadening, and θ is the peak 
position. 
 
There are several different techniques to determine the residual stress in coatings. The 
coatings in Paper I, had a low crystallinity and were textured, making it difficult to 
determine the stress using the sin2

ψ-method [82]. Instead, it was used that stress in a 
coating has as driving force to bend the sample, and that the direction and amplitude 
of the bending can be correlated to stress. The relationship of sample bending and 
residual stress is described by Stoney´s formula; 
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  ,                                               (6.3) 

 
where hs and hf are the thicknesses of the substrate and film, κ is the curvature, and Es 
and υs are the E-modulus and Possion’s ratio, respectively. If the E-modulus and 
Possion’s ratio is known for the substrate, and the thicknesses are known (can be 
measured by other techniques, see Section 6.1.2.), then only the curvature needs to be 
measured to determine the stress in the coating. The curvature is normally measured 
using a laser deflection technique [84,85], or surface profilometer (optical or stylus), 
however, in Paper I the curvature was measured using x-rays. To determine the 
center point of the curvature, a ω/ψ optimization map was performed at the 2θ value 
corresponding to the peak of interest, see Figure 13. Thereafter, a ω-scan was made 
over the center point to determine the ω-value of the peak. The wafer was then moved 
in the x-direction, e.g. 1 mm, and a new ω-scan was performed to determine this ω-
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value, and so on. The ω-values are plotted against the x-values, resulting in a linear 
relationship, from which the curvature can be calculated from the slope using, 
 

      
slope*

18.0

π
κ = .                                                 (6.4) 

 
κ can then be used in Equation 6.3 to calculate the stress in the coating. The Ti-Si-C 
coating in Figure 13 has a compressive stress of ~0.3 GPa. 
 

 
 
Figure 13. A ω/ψ optimization map at 2θ = 69.14°, corresponding to the Si (400) peak, used 
to determine the center point of curvature of the coated substrate. 

6.1.2 Scanning electron microscopy  

With scanning electron microscopy (SEM) it is possible to record three-dimensional 
images, topographical and compositional information. This can be done with higher 
resolution, magnification and larger depth of field than the optical microscope (OM). 
SEM cannot compete with transmission electron microscopy (TEM) in resolution, but 
the benefit with SEM is that it is easy to use, that almost no sample preparation is 
needed and that it gives images recognizable to most users. The basic principle of the 
SEM is that an electron beam is accelerated with a voltage in the kV range, and 
scanned over the surface of the sample, and the interaction at each point is detected. 
Interactions between the electron beam and the surface can be used to obtain contrast. 
It is most common to use secondary electrons to achieve topographical contrast, and 
backscattered electrons to get both topographical and compositional contrast. 
Spectroscopic techniques like energy-dispersive x-ray spectroscopy (EDX) can also 
be connected to the SEM for obtaining chemical information. 
 
I used SEM for surface topographical and cross sectional studies, where the surface 
morphology and the coating thickness were determined. Figure 14 shows both a plan-
view and a cross-sectional image. The plan-view image shows a rough surface of a 

ψ 
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Ti-Si-C coating, which was deposited with a deposition rate of ~16 µm/h. The rough 
surface morphology is a consequence of the low adatom mobility due to the high 
deposition rate and the low deposition temperature of 270 °C. In the cross-sectional 
image the thickness was measured of the same coating, and it can be seen that the 
coating is porous, has a columnar growth, and that the crystallites grow larger with 
increased coating thickness.  
 

      
 
Figure 14. SEM images of a Ti-Si-C nanocomposite coating in a) plan-view, and b) cross-
section.  

6.1.3 Transmission electron microscopy  

Transmission electron microscopy (TEM) is a powerful technique that is commonly 
used to provide a structural image, chemical information through spectroscopic 
techniques, and crystallographic information from electron diffraction patterns. The 
principle of TEM is that electrons are accelerated with typically a few hundred kV 
through an electron transparent sample, i.e., a sample that is thinner than ~100 nm. 
The transmitted beam is scattered when it collides with a nucleus or other electrons in 
the sample, thus variable electron intensity reach a fluorescent screen or a CCD 
camera, where the intensity is translated to contrast. If we just let the electron beam 
interact with the sample and be transmitted to the CCD camera, the resulting image 
has low contrast. To improve that, an aperture can be introduced in the back focal 
plane of the objective lens. Scattered electrons are now filtered, and as a result, only 
the transmitted electrons reach the CCD camera, and a Bright field (BF) image is 
obtained. There the darker area in the image is darker due to that it has scattered more 
electrons. If the transmitted electrons are filtered and only the diffracted electrons 
from one direction pass through the aperture, the inverse contrast is obtained, and we 
work in a dark field (DF) mode. In a DF image the dark area in the image corresponds 
to an area from the sample which scatters nothing and the area in the sample that 
scatter many electrons is now the brighter area in the image. Figure 15 shows the 
difference between how the aperture is inserted in BF and DF, to get different contrast.  
 
By using a combination of both the transmitted and the diffracted beam, it is possible 
to obtain images with lattice resolution, due to phase contrast, which is known as 
high-resolution TEM (HRTEM). The incoming electron beam is diffracted in the 
sample, when the diffracted beam is in phase and interferes constructively, Bragg’s 
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law is fulfilled and gives rise to a diffraction pattern in the back focal plane. The 
diffraction pattern contains information of the sample structure, similar as in XRD. 
Often a selected area aperture is introduced to determine crystallographic information 
from a certain area; this technique is called selected area electron diffraction (SAED). 
The advantage of SAED compared with XRD is that the information is obtained from 
a sub-micro region, instead from the whole coating. 
 

 
Figure 15. Three examples of TEM imaging modes, a) BF mode with low contrast, b) BF 
mode with blocked diffracted beam, which gives a better contrast, and c) DF mode where the 
diffracted beam is used to obtain the image. 

 
Figure 16 shows an overview TEM image, with corresponding SAED pattern, and 
two HRTEM images of a Ti-Si-C-Ag coating. In the overview image to the right, Ag 
precipitates appears dark since Ag is a heavier atom and scatters the electron beam 
more than the lighter Ti, Si, and C atoms. The two HRTEM images bottom left in the 
image show two nanocrystalline Ag grains. EDX and calculation of the distance 
between the lattice planes (d-spacing) confirm that the grains are Ag. The d-spacing is 
also measured in the SAED pattern to determine which phase each ring corresponds 
to. Here, also TiC is seen. The SAED pattern consists of rings, which is characteristic 
for a polycrystalline material. 
 
In scanning transmission electron microscopy (STEM) the electron beam is focused to 
a small spot and scanned over the sample. Information is collected from each spot, 
and detected by a high-angle annular dark-field detector (HAADF) to enhance the Z-
contrast, i.e. the elemental contrast with limited thickness contrast. STEM in 
combination with energy-dispersive x-ray spectroscopy (EDX) is also a powerful 
technique used to determine the elemental distribution in the coating.  
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Figure 16. Cross-sectional TEM images from a Ti-Si-C-Ag coatings, HRTEM image insets 
and corresponding SAED pattern of Ag agglomerates coarsening with increased coating 
thickness. 

 
Figure 17 shows elemental mapping with EDX (EDX is described in Section 6.2.3) in 
combination with a STEM image of a Ti-Sn-C-Ag coating. The electron beam is 
scanned over the area marked with a red rectangle, x-rays are detected and the 
elemental concentration is determined at each spot and visualized with brighter 
contrast at higher concentrations. In this elemental mapping, Ti, Sn, and Ag elemental 
maps are visualized. It is observed that Ag and Sn are located in the same area and 
that Ti precipitates in between. Thus, from the enhanced Z-contrast in the maps it can 
be determined that the bright areas in the image are AgxSny precipitates. 
 
The sample preparation is especially important in TEM, because the thickness of the 
sample must be less than 100 nm to be electron transparent. In this Thesis cross-
sectional, plan-view, and powder samples have been prepared. Cross-sectional 
samples are prepared by putting two samples with the coating side to each other, and 
glue them into a Ti grid. The samples are then mechanically polished to a thickness of 
~40 µm and placed into an ion miller, to mill the sample down to a thickness less than 
100 nm in the interesting area. Plan-views are prepared in the similar way as cross-
sections, except that a small part of the sample is cut loose, and then polished to a 
thickness of 50 µm from the backside. It is typically self-supported without need of a 
grid.  
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For powder samples, a scalpel is used to scratch powder from the sample surface. The 
powder is then put on a Cu grid with a C film. In Paper VIII  the AgI powder was 
deagglomerated in an ultrasonic bath before it was put on a Cu grid.  
 

  
 
Figure 17. A STEM image with corresponding elemental maps. 

6.1.4 Focused ion beam 

Focused ion beam (FIB) was used to prepare TEM samples, where the FIB and the 
SEM are combined in one instrument. The advantage is that interesting areas on the 
sample can be found and lifted out [86]. A protective coating of Pt is deposited on an 
area of ~20 x 2 µm2 on top of the coating. Ga ions (5-50 keV) are used to mill two 
trapeziums on each side of the Pt coating. The cross-sectional sample is then welded 
to a micro manipulator needle, cut loose from the sample and lift out. The sample is 
then welded on a Cu grid, and polished to electron transparency. 
 
FIB was used in Papers V and VI  where the coatings were deposited on soft Cu 
substrates. Cu would probably be smeared out over the sample if the TEM sample 
was made by the traditional ion beam milling technique, due to different sputter rates 
of Cu and the coating material. 

6.1.5 Helium ion microscopy 

Helium ion microscopy (HIM) is a relatively new technique, for which the principles 
are similar to those in the SEM, but instead of an electron beam, a focused He-ion 
beam is used [ 87 ]. Imaging is done from detecting secondary electrons or 
backscattered He.  
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The primary benefit with HIM compared with SEM is a smaller sample interaction 
volume within the sample that is analyzed, especially in the critical first nm of depth. 
These He ions have a significant shorter de Broglie wavelength compared to electrons, 
which reduces the probe size. This permits imaging with significant higher 
resolution††. In addition, HIM has a larger depth of focus, a higher secondary electron 
yield compared with the SEM, and an increased surface sensitivity [88,89].  
 
Figure 18 shows a HIM image of a Ti-Si-C-Ag coating, detected with two different 
contrasts. Figure 18a is an overview image taken with secondary electrons, where 
spherical precipitates with sizes ~150 nm are clearly observed on the surface. The 
same area is imaged in Figure 18b with backscattered He ions to achieve Z-contrast. 
The secondary electrons come from a few nanometers below the surface, whereas the 
information from the backscattered He ions comes from several tens of nanometers 
down in the coating. This gives information of the surface morphology, compositional 
information from the surface and tens of nanometers down in the bulk. Hence, the 
spherical precipitates on the surface contain heavier atoms, and clusters of heavier 
atoms are also observed in the bulk. In this case it is probably Ag since it is the 
heaviest element in the coating, this is also verified by TEM/EDX techniques.  
 

 
 
Figure 18. Plan-view HIM images detected with a) secondary electrons, and b) backscattered 
He ions. 

6.2 Compositional characterization 

6.2.1 Elastic recoil detection analysis 

Elastic recoil detection analysis (ERDA) is an ion beam analysis technique. Here, the 
sample to be analyzed is bombarded with a high energy 127I9+ ion beam (it can be 
other ions than I, e.g., Au or Cl), while forward recoiled target atoms are detected [90]. 
                                                 
†† SEM has a resolution of a few nm, and HIM has a resolution of <1nm for secondary electrons and 
several nm for backscattered He-ions. 
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Figure 19 shows a typical scattering geometry for ERDA, where the incoming ion 
beam with a specific mass M1, atomic number Z1, and energy E1, impinge on the 
target at the incident angle φ. The forward recoiled target atoms with a specific mass 
M2, atomic number Z2, and energy E2 are detected at an exit angle ψ. To be able to 
distinguish between different forward recoiled target atoms with the same energy E, a 
time-of-flight energy (ToF-E) detector is used. To quantify which atom that is 
detected Equation 6.5 is used,  
 

            2

2

1
mvE= ,                                         (6.5) 

 
where the ToF detector measures the velocity (ν) of the particles, and the E detector 
measures the energy (E), which gives which atom mass that is detected (m). Different 
energies of a given atom is related to the depth. The benefits with ToF-E ERDA are 
that it is possible to quantify and determine a depth profile for all elements lighter 
than the incoming ions in a coating on a heavy substrate, even H [91]. The drawbacks 
are that a large tandem accelerator is necessary, and that the data evaluation can be 
time consuming. More details about the setup are given elsewhere [92].  
 

 
Figure 19. Schematic drawing of the ERDA geometry. 

 
Figure 20 shows a typically ERDA spectrum from a Ti-Si-C coating. From this it can 
be concluded that the coating contains Ti, Si, and C, but also some H, N, and O as 
contamination. The signal from the incoming I-ion beam is a secondary effect from I-
ions that collide with target atoms, and some of them becomes scattered several times, 
and transported to the detector. The evaluation of the ERDA plot requires a 
calibration of both the time-of-flight and the energy using a few samples with known 
composition. It is important that these reference samples have a composition that 
covers the range from H to the heaviest element in the sample of interest, in this case 
Ti. The compositions of measured samples are then extracted with the CONTES code 
[93]. 
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Figure 20. ERDA spectrum from a Ti-Si-C coating. 

6.2.2 X-ray photoelectron spectroscopy  

X-ray photoelectron spectroscopy (XPS) or electron spectroscopy for chemical 
analysis (ESCA) as it is also called, is a technique that measures the kinetic energy of 
electrons that are emitted from the coating as a result of bombarding it with x-rays. If 
an atom is ionized and the electron is taken from either an inner or valence shell, the 
kinetic energy is equal to the difference between the known incoming energy (hυ) 
from the x-rays and the binding energy of the electron. Since the binding energy is 
unique and known for all atoms, this can be used to identify the elements in the 
coating. The binding energy of an electron does not only depend on the specific 
element, but also on the element that it is bonded to. Changes in bonding energy due 
to different environments are called chemical shifts. Figure 21 shows a transition from 
mainly Si-Ti bonds to mainly Si-C bonds, with increased C content, here the chemical 
shift is observed in the Si2s region from the XPS spectra. The XPS spectra are from 
Ti-Si-C-Ag coatings with different C/Ti ratio and Ag content. There, coatings with a 
low C/Ti ratio contains mostly Si-Si and Si-Ti bonds, while at increased C/Ti ratio 
there is a transition to Si-C and Si-Si bonds.   
 
XPS is a surface sensitive analysis method; therefore, to eliminate surface 
contamination Ar sputtering is used. Sputtering can damage the coating and unreliable 
results can be obtained. Sputtering damages in nanocomposite materials have been 
studied in detail by Lewin et al. [94]. A peak labeled TiC* may be observed by XPS 
in the C1s region in carbide nanocomposite coatings, and is discussed in Papers I, II, 
IV, and VII. The origin of this is probably an interface region between the TiC grain 
and the matrix. The Ti atoms located at the surface of the TiC grains has a slightly 
different chemical surrounding than the bulk atoms, which gives a bonding energy 
shift. It has also been seen that the TiC* peak intensity increases with sputter-etching 
[44,95,96]. However, there are some alternative reasons of the existence of TiC* 
[97,98,99]. Figure 21 shows TiC* from four different Ti-A-C-Ag coating (A = Si, Ge 



 
 

- 40 - 

or Sn). The feature is not so strong there, and may come from only monolayer-thick 
materials. It is also difficult to distinguish between TiC* and C-Si bonds in Ti-Si-C-
Ag coatings since they overlap. In this Thesis, XPS has mainly been used to 
determine chemical shifts, but also to benchmark ERDA composition results.  
 

                       
Figure 21. Si2p region and C1s region of XPS spectra from a Ti-Si-C-Ag coating, illustrating 
a transition from Si-Si bonds to Si-C bonds and the TiC*. 

6.2.3 Energy-dispersive x-ray spectroscopy 

Both SEM and TEM instruments are often equipped with an energy-dispersive x-ray 
(EDX) detector, and a valuable feature of providing elemental analysis of sample 
composition is available. In EDX the energy of the x-rays is detected. When an 
electron is excited and an electron from an outer shell lowers its energy by taking its 
place, an x-ray is emitted. Depending from which shell the transition occurs, different 
x-rays or Auger electrons are generated, where the emitted x-rays and Auger electrons 
are characteristic for all elements.  
 
In this Thesis EDX has mainly been used in the STEM, where both elemental maps 
(described in Section 6.1.3) and line scans have been done. Elemental maps and line 
scan works in the same way, but in one and two dimensions, respectively.  
 
Figure 22 shows an EDX line scan at a Ti-Si-C-Ag coating. The scan starts at S and 
finishes at F, and the results shows that Ag has accumulated into big particles 
(brighter areas) and was not evenly distributed over the cross section. Ti and Si are 
distributed in the darker area. Light elements such as C are unfortunately difficult to 
quantify due to detection limitation, because of the higher probability for elements 
with low atomic number to emit Auger electrons instead of x-rays. This can to some 
extent be corrected by the ZAF correction (Z – Atomic number, A – The absorbtion of 
x-rays within the sample, F – The fluorescence of x-rays within the sample) [100]. 
This means that a complete understanding of the compositional distribution can not be 
obtained with EDX alone for the Ti-Si-C-Ag system. If the distribution of C is 
required, I suggest using electron energy loss spectroscopy (EELS) or wavelength-
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dispersive spectrometer (WDS) in future studies, which have better resolution for 
lighter elements. 
 

 
 
Figure 22. A STEM image there an EDX line scan has been done on a Ti-Si-C-Ag coating 
from start (S) to finish (F). 

6.3 Electrical characterization 

6.3.1 Resistivity 

The resistivity of the coatings was measured with a four-point-probe technique. Four 
equidistant probes stationed in a line are gently pressed against the sample surface 
under the test, a current flow between the two outer probes and the voltage is 
measured between the two inner ones. Hence, in four-point-probe measurements the 
sheet resistivity (Ω/) is measured. To obtain the resistivity (Ωm), the sheet resistivity 
is multiplied with the coating thickness. It is important that the coating is deposited on 
an insulating substrate to avoid any influence from the substrate. 

6.3.2 Contact resistance 

In order to measure the contact resistance, the coating was deposited on a Ni-plated 
Cu cylinder or Ni-plated bronze (Cu 6 wt.% Sn) coupon. Ni-plated bronze is used 
since it is a commonly used base material in electrical contacts today. The bronze 
serves as the substrate whereas Ni is used to prevent corrosion of the substrate, work 
as diffusion barrier, and serve as a load support for the contact coating. Two different 
setups have been used to measure the contact resistance, first an in-house setup 
(Figure 23a) where the cylinder (diameter 10 mm) was crossed against an Ag-
reference cylinder. A current was applied, and the voltage drop over the coated 
cylinder and the reference cylinder was measured as a function of contact force. The 
contribution from the bulk material to the measured contact resistance is negligible. 
Secondly, the contact resistance was measured with a four-wire in-house setup 
(Figure 23b). An Ohm meter is connected to the sample and the central Au probe 
(diameter 1.4 mm) with crocodile clamps. The sample table is pressed towards the 
spring-connected Au probe with a step length that results in a load of a few tens of 
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mN, as measured with a Lutron FG-5000A force gauge; the sample table is held for a 
few seconds to get a stable resistance value. This is done both when the sample is 
loaded and unloaded. A current is applied and the voltage drop is measured. In this 
setup, there are contributions from the resistance in the Au probe (Ri1, as defined in 
Figure 23b), and a leakage current iR. The contribution from iR is negligible. Since Ri1 
is constant, and very low, in practice only the contact resistance Rc1 is measured. The 
contact resistance depends on which substrate the coatings are deposited on, therefore, 
a DC magnetron sputtered Ag reference is added to each electrical contact graph for 
comparison. 
 

    
 
Figure 23. Schematic image of the contact resistance measurement setups a) crossed 
cylinders, and b) four-wire in-house setup. 

6.4 Mechanical characterization 

6.4.1 Nanoindentation 

The principle of the nanoindentation technique is that a diamond tip with certain 
geometry (in this Thesis a Berkovich tip) is pushed against the sample with a known 
force (a few mN). Load-displacement data is collected and evaluated with the Oliver-
Pharr method [101], see Figure 24. From the load-displacement curve the reduced 
modulus (Er) can be determined from the slope (∂F/∂d), see Equation 6.6, where A is 
the projected area from the elastic contact.  
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The elastic modulus of the sample can then be derived from Equation 6.7, where ν, νi, 
and E, Ei is the Poisson’s ratio and Young’s modulus for the coating and the indenter, 
respectively. If the Poisson’s ratio and Young’s modulus of the indenter and the 
Poisson’s ratio of the coating are known, the Young’s modulus can be determined for 
the coating. 
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The hardness is determined from Equation 6.8. 
 

              
A

F
H max=  ,                                                   (6.8) 

where Fmax is the maximum indentation load and A is the projected area of the 
hardness indentation. 
 

       
 
Figure 24. A load-displacement curve of a nanoindentation measurement, where Fmax is the 
maximum load that is applied, dmax is the maximum displacement, df is the final displacement, 
dc is the contact depth, and ∂F/∂d is the initial unloading stiffness. 
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7. Additional results  

As an extension of the study in Paper IV on Ti-A-C-Ag (A = Si, Ge or Sn) coatings, I 
have also explored the Ti-Cu-C-Ag system. 
 
In Paper II  it was demonstrated that Ti-Si-C-Ag coatings have promising properties 
for electrical contact applications, and that the presence of Si has a favorable 
influence on the Ag size and distribution with respect to contact materials. However, 
the low conducting SiC matrix in the Ti-Si-C-Ag coatings has a negative effect on the 
coating conductivity. There is a eutectic phase transformation between Ag and Si, 
which probably is the major reason of the obtained microstructure since Ag and Si 
condense at the surface as a liquid and precipitate separately, and then SiC quenches 
the Ag growth.  
 
The desire is thus to retain the microstructure of the Ti-Si-C-Ag coatings, and to 
replace Si with an element that also has an eutectic reaction with Ag, but which is 
more conductive than Si. In Paper IV Si was replaced with Ge, which is another 
group 14 element. This resulted in a similar structure as the Ti-Si-C-Ag coatings, but 
with improved electrical properties. Here, Cu substitution was explored, an element 
that also has an eutectic reaction with Ag and which is more conductive than Si and 
Ge. 
 
The Ti-Cu-C-Ag coatings were deposited by DC magnetron sputtering similar to the 
the experiments in Paper IV. I used an ultra high vacuum system with one Ti-C 
composite target and two elemental targets (Ag and Cu) in an Ar discharge. The 
targets were positioned 18 cm from the substrates, Cu and Ti-C targets at an angle of 
35°, and the Ag target facing it. Substrates of SiO2 and Si wafers (both 15x15x0.5 
mm), and Ni-plated bronze (15x15x1 mm) were put on a rotating substrate holder 
facing the targets. I applied a constant DC bias of -50 V, a pressure of 0.53 Pa, and a 
substrate temperature of 300 °C. Four coatings were deposited with the combinations 
of low and high Ag and Cu content. A constant-current condition for the TiC target 
was chosen in order to achieve more or less equal C/Ti ratio for the Ti-Cu-C-Ag 
coatings. 
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Table 1 shows the composition of the Ti-Cu-C-Ag coatings. They have a C/Ti ratio 
>1, meaning that the maximum fraction in TiCx (x = 0.47-0.97) [30] is exceeded, and 
free C forms as shown below by XPS (see Figure 26). The C/Ti ratio has been shown 
earlier for the Ti-Si-C-Ag system to affect the Ag distribution in the coating in Paper 
I I , where a ratio >1 yields a homogenous distribution of Ag crystallites. The coatings 
are contaminated with both O and N. The O has probably been incorporated into the 
coatings after deposition, when exposed to the atmosphere, and the N is a 
contamination of the graphite in the TiC target. It has earlier been shown that C 
targets can react with N2 in a sputtering discharge and that CxNy molecules can be 
sputtered and become a part of the coating during growth [102]. However, there was 
no significant effect on the microstructure or the electrical properties with N addition 
in the Ti-Si-C-Ag coatings in Paper IV. 
 

Table 1. Resistivity and composition (unit is at.%) of different Ti-Cu-C-Ag, Coatings 1-4. 

 

  Ti Cu C Ag O N 

Resistivity 

(µΩcm) 

1 24.9 11.5 48.2 9.1 2 4.1 216 

2 22.3 7.1 44.1 16.8 5.6 4 211 

3 21.7 20.4 41.8 7.3 5 3.7 220 

4 20.5 13.1 40.7 15 7.2 3.4 121 

 
Figure 25 shows XRD diffractograms of these Ti-Cu-C-Ag coatings. TiC and Ag are 
the two crystalline phases in these coatings, similar with the Ti-Si-C-Ag coatings,  
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Figure 25. X-ray diffractograms in gracing incident geometry from the Ti-Cu-C-Ag coatings. 
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however, Cu also precipitates. The Ag peak intensity increases with increased Ag 
content, and it seems that Ag has a drag effect on Cu since the Cu peak intensity 
increases when the Ag content is increased. A similar phenomenon has been 
described in Paper VI, where Cu diffuses up from the Cu substrate into the Ti-Si-C-
Ag top-coatings under annealing and gathers at the Ag precipitates. When the Cu 
content increases Cu3Ti is formed, meaning that there will be a competitive growth 
between Cu, TiC, and Cu3Ti. This is also confirmed by STEM/EDX below. 
 
Figure 26 shows the C1s region from the XPS spectra. Peaks are observed at 281.7 eV 
and 284.3 eV, which stems from C-Ti and C-C bonds, respectively. Increased Cu 
content results in more free C, this is in agreement with XRD since it shows that Cu 
reacts with Ti when the Cu content increases, which means that less Ti can bond to C. 
The other regions from the XPS spectra is not shown since there is no significant 
difference there. The peaks in the Ti2p region are observed at 454.8 eV and 460.8 eV 
corresponding to Ti-C bonds. Peaks in the Ag3d region at 374.2 eV (Ag3d3/2), and 
368.1 eV (Ag3d5/2) correspond to Ag-Ag bonds. From the Cu2p region the peaks are 
observed at 937.7 eV and 952.5 eV, equivalent to Cu-Cu bonds. With increased Ag 
and Cu content the intensity for the respective peak increases. 
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Figure 26. The C1s region of the XPS spectrum from the Ti-Cu-C-Ag coatings. 

 
Figure 27 shows plan-view and cross-sectional SEM images of the Ti22Cu7C44Ag17 
coating (Coating 2 in Table 1). The coating has a rough nodular surface morphology 
and is porous. The surface morphology becomes rougher with increased Cu and Ag 
content (not shown). The surface morphology is rougher compared with Ti-Si-C-Ag 
coatings in Papers II and IV . 
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Figure 27. Plan-view and cross-sectional SEM image of the Ti-Cu-C-Ag coating with high 
Ag and low Cu content (Coating 2). 

 
The left image in Figure 28 shows the microstructure of the Ti22Cu7C44Ag17 coating. 
The microstructure of these coatings is similar to that of the Ti-Si-C-Ag coatings in 
Papers II and IV . It thus seems that Si can be replaced with Cu and still have good 
wettability for Ag. The distribution of Ag is homogenous, and the size of Ag particles 
is similar through the coating, probably due to the low deposition rate (<400 nm/h), 
where self-shadowing of the deposition flux is fractional. This gives adatoms short of 
time to diffuse on the surface, which leads to quenched grain growth. The HRTEM 
inset shows an Ag crystallite with a size of ~4 nm. The SAED inset shows that the 
coatings are polycrystalline, the rings are blurry since the crystallites are just ~4 nm in 
size.  
 
The image to the right in Figure 28 shows a STEM image of the Ti22Cu7C44Ag17 
coating, an EDX elemental mapping was performed in the area marked with the white 
rectangle. Ag and Cu precipitates, while Ti is evenly distributed. However, large Ag 
precipitates are also dispersed in the coating. 
 

     
 
Figure 28. To the left, a TEM image with corresponding SAED and HRTEM image, to the 
right, a STEM image with an EDX elemental map, from the Ti22Cu7C44Ag17 coating. 
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Figure 29 shows the electrical contact measured continuously under load and unload 
on the Ti-Cu-C-Ag coatings. Coating 1 with low Cu and Ag content has the highest 
contact resistance. Increased Cu and Ag contents decreases the contact resistance, Ag 
more than Cu. The contact resistance depends on the electrical contact area, an area 
that differs from the mechanical contact area, since there is an insulating oxide present 
on the coating surface (not for Au) [6]. A rough surface penetrates the native oxide 
easier and forms larger contact area. From the contact resistance results it is observed 
that the contact resistance decreases with increased Ag content, and from the plan-
view SEM images it is observed that the surface roughness increases significantly 
with increased Ag content, and slightly when the Cu content is increased. This means 
that an increased Ag content decreases not only the resistivity; it also makes the 
surface rougher, which reduces the contact resistance. 
 

 
Figure 29. Contact resistances measured continuously under load and unload of Coatings 1-4 
and an Ag reference. 

 
In conclusion, Ti-Cu-C-Ag coatings can be deposited by DC magnetron sputtering 
and have a homogenous distribution of Ag. The resistivity and contact resistance is 
lower compared with Ti-Si-C-Ag coatings, and the contact resistance is comparable 
with Ag against an Au probe. However, Ti-Ge-C-Ag coatings (Paper IV) have even 
lower contact resistance and are denser than the Ti-Cu-C-Ag coatings, which makes 
Ti-Ge-C-Ag the most promising electrical contact material.  
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8. Summary and contribution to the field 

This Thesis covers fundamental research on the next generation of electrical contact 
materials, up-scaling to enable industrialization of TiC-based nanocomposites, and 
detailed studies of AgI electrical contact materials. The dominant part in my research 
has been on TiC-based nanocomposite materials. This has been in order to understand 
their formation during sputter deposition and their mechanical and electrical 
properties that make them interesting for electrical contact applications. I have 
contributed with detailed structural and chemical analyses for both recently 
introduced nc-TiC/a-SiC coatings with and without Ag additions as well as novel nc-
TiC/A/C:Ag(Pd) (A = Si, Ge, Sn, Cu or Pd) systems. 

8.1 Microstructure evolution 
I have found that Ti-Si-C-based nanocomposite coatings develop their microstructure 
slowly with thickness during deposition. Initially, the microstructure consists of 
randomly oriented TiC crystallites embedded in a SiC/C amorphous matrix out of 
which V-shaped TiC columns with a width of ~20 nm develops by competitive 
growth. However, this is dependent on the C/Ti ratio, where a ratio > 1 results in a 
<111> texture, and a C/Ti ratio <1 results in a randomly preferred orientation. 
Coatings that are deposited at a reduced target-to-substrate distance of 2 cm and a 
pressure of 10 mTorr have growth rates as high as 16 µm/h. At decreased pressures 
the concurrent energetic particle bombardment and effective quenching of the surface 
diffusion at the deposition temperature of 270 °C, however, suppress the growth of 
crystalline clusters resulting in effectively amorphous films that is hard and has good 
electrical properties. The Ti-Si-C coatings have a resistivity of ~250 µΩcm and a 
contact resistance 0.1 mΩ at 300 N. However, low-load applications need a resistivity 
lower than the one for the Ti-Si-C coatings. To make the range of application wider 
Ag was added to the ternary system which decreases the resistivity and contact 
resistance. 
 
In the Ti-Si-C-Ag coatings (Papers II, III , IV , V, and VI), there is constitutional 
undercooling, by which a domain of eutectic composition forms between the two 
phases Ag and SiC during cellular transformation. I submit that while Ag diffuses 
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easily through Si and can grow into large grains, the reaction of Si with C to form SiC 
slows the Ag diffusion, such that the Ag grain growth becomes quenched, resulting in 
small Ag precipitates homogenously distributed in the structure. The size and 
distribution of the Ag grains can be tailored by means of the amount of the amorphous 
matrix. There a C/Ti ratio <1 results in large Ag precipitates since the amount of 
amorphous matrix is low and the diffusion of Ag can occur. While at a C/Ti ratio >1, 
the TiCx stability range is exceeded (x = 0.47-0.97), above which the excess C forms a 
much larger amorphous matrix with Si, and the diffusion of Ag is quenched. At a C/Ti 
ratio >1 the Ag grains are of similar size and are homogenously distributed, which is 
preferred in an electrical contact since the conduction can go in all directions. The Ti-
Si-C-Ag coatings have a resistivity ~100 µΩcm and a contact resistance a magnitude 
larger than for Ag at loads of 1 N. To improve the electrical properties further I tried 
replacing the low conducting matrix of SiC with a more metallic one, as presented 
below. 
 
The growth of Ti-Ge-C-Ag and Ti-Cu-C-Ag has a similar mechanism as the Ti-Si-C-
Ag coatings since all three material systems have a eutectic reaction with Ag (Paper 
IV). Ag nucleates and starts to grow; high incoming flux of new atoms forms an 
amorphous tissue phase around the Ag grain, and quenches the Ag growth. However, 
Ge and Cu also precipitate themselves. A similar growth mechanism is also seen for 
Ti-Si-C-Ag-Pd coatings, except that an Ag-Pd alloy is formed, and that the Ag-Pd 
size and distribution is affected by the amount of the amorphous matrix. Ti-Ge-C-Ag 
and Ti-Cu-C-Ag coatings have a similar resistivity as the Ti-Si-C coatings, a 
decreased contact resistance compared with Ti-Si-C-Ag coatings, and just ~2 times 
larger than Ag against an Au probe at a load of 1 N. Deposition of a Ag-Pd top 
coating improves the electrical properties even further, however, since this top coating 
is expensive, other material solutions would be more attractive for new electrical 
contacts.  
 
The growth mechanism for the Ti-Sn-C-Ag coatings differs compared with the other 
Ti-A-C-Ag (A= Si, Ge or Cu) coatings since Sn and Ag do not have a eutectic 
reaction (Paper IV). Instead Sn and Ag forms an intermetallic phase, but the grain 
size and distribution are still controlled by the amount of the amorphous matrix. Ti-
Sn-C-Ag coatings have similar resistivity and contact resistance as the Ti-Ge-C-Ag 
coatings, however, in atmosphere Sn reacts with oxygen and the coatings become 
porous, which probably results in a poor long-term contact performance. 
 
My next study concerned Ti-B-C coatings because it was known that B improved the 
hardness and wear resistance of TiC, but it was not known how it affected the 
electrical properties (Paper VII ). In Ti-B-C coatings the distribution of B in the 
coating was not clear. My contribution to the discussion is that at low B contents, B is 
incorporated into the TiC. XPS spectrum and peak shifts in x-ray diffractograms 
indicates that B bonds to Ti and probably is preferentially located at the TiC {111} 
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planes. The cubic symmetry of TiC is then interrupted, and a rhombohedral TiC:B 
structure forms. Such a rhombohedral distortion of the cubic unit cell is connected 
with elongation of the body diagonal [111] and a contraction in the other diagonals, 
which explains why the TiC 111 peak is shifted to lower 2θ values and TiC 200 and 
220 is shifted to higher 2θ values. The Ti-B-C coatings have earlier just been studied 
for its good mechanical properties, but I have also introduced this material system as 
an electrical contact material. Nc-TiC:B is embedded in an amorphous matrix of 
C/BCx, the coatings have a resistivity of ~400 µΩcm and a contact resistance similar 
to Ti-Ge-C-Ag coatings, and just twice as high compared with Ag against a Au probe 
at 1N. 
 
This makes Ti-B-C and Ti-Ge-C-Ag the most interesting candidates as new electrical 
contact materials, among the several materials system explored herein.  

8.2 Industrialization  
It was demonstrated that the growth of the TiC-based nanocomposite coatings is 
robust in that sense that small changes in pressure, substrate bias, and substrate 
temperature, have no significant effects on the coating structure or properties. I also 
show that it is possible to deposit coatings at very high deposition rates, and obtain 
similar properties and structure of the coating as in the laboratory system. These are 
factors that are important for the material system to be commercialized. To obtain as 
high deposition rate as possible, ballistic transport of all elements from the compound 
target were intended. To achieve that for all elements a target-to-substrate distance of 
2 cm was used. The highest deposition rate (16 µm/h) was achieved at a pressure of 
10 mTorr, but when the pressure was decreased down to 2 mTorr, to achieve ballistic 
transport of all elements, it resulted in a significant decrease in deposition rate. This is 
the result of a decreased plasma density, which increases the Debye length and moves 
the dark region of the plasma outwards. It means that achieving ballistic transport of 
all elements from the compound target to increase the deposition rate does not work. 
The target-to-substrate distance of 2 cm and a pressure of 2 mTorr also resulted in a 
heavy ion-bombardment of the substrate that resulted in destruction of the crystalline 
clusters. Instead a larger distance is preferred to avoid that the sheath volume 
dominates over the bulk plasma and to reduce the ion-bombardment. 
 
Traditionally, electroplated Ni works as a diffusion barrier layer between the Cu 
substrate and the conductive top layer. However, we show that the whole electrical 
contact system now can be deposited by magnetron sputtering since sputtered Ni or Ti 
layer between the Cu substrate and the top layer works as a diffusion barrier for Cu 
and a load bearing layer for the whole component. This means that electrical contacts 
can be deposited in a more environmental-friendly way, less material is used, and that 
Ti, which is more environmentally preferred than Ni, can also be used as a diffusion 
barrier layer. 
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In on-load tap changers where Ag against Ag electrical contacts are used, the 
resistance against wear needs to be improved. To do so an AgI coating can be 
deposited on top of the Ag coating, which decreases the friction coefficient, and 
thereby also the wear, at the same time as the contact resistance is at acceptable levels. 
My research has contributed to explain the mechanism behind this functionality. AgI 
grains agglomerate during electroplating and form a porous coating of AgI. In a 
sliding electrical contact application, the weakly bonded AgI grains easily 
deagglomerate and Ag from the underlying layer becomes exposed on the surface. 
The AgI decrease the friction coefficient, and the exposed Ag decreases the contact 
resistance for AgI to a resistance lower than 100 µΩ. Finally, I report an extensive 
study of the phase transformations and decomposition mechanisms of the AgI system. 
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