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Abstract
Nedfors, N. 2014. Synthesis and Characterization of Multifunctional Carbide- and Boride-
based Thin Films. Digital Comprehensive Summaries of Uppsala Dissertations from the
Faculty of Science and Technology 1127. 79 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-554-8886-4.

This thesis present research on synthesis, microstructure, and properties of carbide- and boride-
based thin films. The films have been synthesized by dc magnetron sputtering, and their
microstructures have been characterized mainly by X-ray photoelectron spectroscopy (XPS),
X-ray diffraction, and transmission electron microscopy.  One of the main objectives with this
research has been to evaluate the thin films potential as materials for sliding electrical contact
applications and this have influenced, which properties that have been evaluated.

Co-sputtered Nb-C films have a microstructure comprising of nanocrystalline NbCx  (nc-
NbCx) grains embedded in a matrix of amorphous C (a-C). A thinner a-C matrix form in the Nb-C
films compared to the well-studied Ti-C system. As a consequence, the Nb-C films have a higher
hardness and conductivity than previously studied Ti-C sputtered under similar conditions.
The promising electrical contact properties are attained for reactively sputtered Nb-C films
under industrial conditions, at deposition rates two orders of magnitude higher. A reduction in
crystallinity is seen when Si is added to the Nb-C films and amorphous films forms at Si content
> 25 at.%. The alloying of Si was however not beneficial for the electrical contact properties.

Substoichiometric CrB2-x (B/Cr = 1.5) and NbB2-x (B/Nb = 1.8) films are achieved when
deposited from MeB2 targets. Boron segregates to grain boundaries forming a B-rich tissue
phase. This result in superhardness for the NbB2-x films (42 ± 4 GPa) as well as a low friction
attributed to the formation of a boric acid film. Carbon forms a solid solution in the MeB2

grains as well as segregating to grain boundaries forming an amorphous BCx (a-BCx) phase
when alloyed to CrB2-x and NbB2-x films. The formation of the a-BCx phase drastically improves
the electrical contact resistance of the NbB2-x films. However, the mechanical properties are
degraded, which result in a high friction and wear rate.

It was in TEM studies of the metastable amorphous structures for the Nb-Si-C films found
that the electron beam induces crystallization. Hence, great care is required when studying these
types of metastable structures.
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1. Introduction 

It is at the surface that any chemical or mechanical contact with a material 
first will occur. The performance and properties of a material can hence to a 
large extent be modified by applying a thin film† to the surface. Thin films 
are material layers with thicknesses ranging from a few atomic layers to 
several micrometers and can today be found in a vast range of applications 
such as decorative coatings, solar cells, on cutting tools, and in integrated 
circuits. But it is far from a modern technology. Chromium-containing films 
about 10 – 15 µm thick, acting as a corrosion protective layer, have been 
found on over 2000 years old swords belonging to the soldiers in the 
terracotta army tomb outside Xi’an, China [1]. 

During the last decades, the field of thin film technology has grown to a 
large industry. There is a constant commercial demand to improve existing 
thin film materials and to develop new materials that can replace and 
improve traditional solutions. The field of thin films is also of substantial 
interest from a research point of view considering the extremely small 
thickness dimensions and thin film synthesis often occurring far from 
thermodynamically equilibrium.        

A material combining properties that pure compounds do not possess can be 
achieved by mixing two or more phases into one single material by forming 
a composite–a material consisting of a mixture of two or more phases.  
A common example of a composite is asphalt concrete or pavement, where 
the asphalt act as a binder that adds ductility to the material and the gravel 
improves the wear rate.  

If one of the constituent phases in a composite has one or more 
dimensions in the nanometer scale, the composite is called a nanocomposite. 
These very small dimensions are in the same order of magnitude as chemical 
bond lengths and many physical phenomena, such as mean free paths of 
electrons and phonons. In addition, the volume fraction of interfaces in a 
material will drastically increase at the nanometer scale. As a consequence 

                               
†Sometimes the word coating is used instead of thin film. In some contexts coating is used for 
thin films thicker than ~1µm, and in some contexts the word is used for all deliberately added 
layers. In the following text the word thin film will be used to denote both coatings and thin 
films.  



10 

of these size-scale-effects, modified electrical, mechanical, and optical 
properties can be achieved for a nanostructured material.  

An example of such a size effect discussed in paper II is the inverse  
Hall-Petch effect. As an effect of the famous Hall-Petch relation, the 
hardness of a material increases with the decrease in crystalline grain size 
due to impeding of dislocation slip by grain boundaries. However, after a 
certain grain size (about 5 - 10 nm) the volume fraction of grain boundaries 
will constitute a large part of the total volume of the material and the 
hardness will be determined by grain boundary sliding rather than 
dislocation slip. As a consequence, the hardness of the material will instead 
decrease with the decrease in grain size (i.e. increase in volume fraction of 
grain boundaries), an effect known as the inverse Hall-Petch relation [2, 3].                  

One example where the use of thin films with a nanocomposite 
microstructure can improve the performance of a material is electrical 
contacts, an important technical field found everywhere around us in our 
electrified society. The essential property for an electrical contact is the 
resistivity over the contact junction, i.e. the electrical contact resistance. This 
property is strongly correlated to the mechanical properties of the contacting 
materials as well as their chemical properties, which determine the thickness 
and hardness of their surface oxides. For a contact working in sliding or 
switching operation, a low friction and wear resistance of the contacting 
materials are also important. 

Noble metals are traditionally used as electrical contact materials with 
good contact properties. However, they suffer from high friction and bad 
wear resistance and are expensive materials. Hence, there is an interest from 
industry to find new electrical contact materials, especially for sliding and 
switching applications. The use of multifunctional nanocomposite thin films, 
which can improve friction and wear resistance while maintaining a low 
contact resistance, should have a high potential as new electrical contact 
materials. 

In the early 2000s, the Inorganic Chemistry group at Uppsala University, in 
close collaboration with the Thin Film Physics group at Linköping 
University and industrial partners, initiated a project on the sputtering of 
MAX-phase thin films [4-6]. The MAX-phases have a ternary 
nanolaminated structure combining ceramic properties, such as high 
oxidation resistance and high wear resistance, with metallic properties, e.g. 
high conductivity and machinability. Electrical contacts were considered as a 
potential application for the MAX-phase thin films considering this 
combination of properties. However, the MAX-phases require high 
deposition temperatures (typically above 700 °C) while the industrial 
applications often require a metallic substrate which softens at these high 
temperatures. Eklund et al. achieved a nanocomposite microstructure, 
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consisting of nanocrystalline TiC grains embedded in a matrix of amorphous 
SiC, when exploring the deposition of Ti3SiC2 MAX-phase thin films at low 
temperatures (300 °C) [7]. The obtained Ti-Si-C nanocomposites showed a 
combination of properties reminding of the MAX-phases and thus showed 
that carbide based potential electrical contact thin film materials were 
possible to synthesize at low temperatures. Moreover, Lewin et al. showed 
that binary Ti-C nanocomposite thin films consisting of a pure amorphous C 
phase instead of SiC in addition to TiC also exhibited promising electrical 
contact properties [8]. 

The main objective of my thesis has been to further explore the research on 
new ceramic electrical contact thin film materials. The first part of the work 
has been to continue the research on carbide based thin films and to identify 
new and improved materials for sliding contacts. The second part has been to 
study thin films based on transition metal boride compounds and evaluate 
their properties. I have conducted the research in close collaboration with the 
Thin Film Physics group at Linköping University and industrial partners. 
The potential use for these materials in electrical contact applications is an 
interesting question primarily from an industrial point of view. From a 
materials scientific point of view, the primary objective has been to increase 
the fundamental knowledge about carbide and boride based thin film 
materials–investigating how chemical composition and thin film growth 
affect phase content, morphology and film properties. 
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2. Electrical contacts 

An electrical contact can be defined as a separable junction between two 
conducting surfaces, which is intended to carry an electrical current [9]. It is 
only a small part of the apparent contact area that forms real physical contact 
when two conducting surfaces are brought together to form an electrical 
contact. These areas of mechanical contact are illustrated by the dark areas in 
fig. 2.1 marked as Amechanical. The distribution and size of these areas are 
determined by the contact force and the mechanical properties of the 
materials in contact. In its simplest approximation, Amechanical can be 
expressed by the contact force (Fcontact) and the hardness of the softest 
material (Hsoftest): 

 = /  

The areas of mechanical contact are, however, not always conductive, since 
isolating surface oxides limit the conduction.  The areas of contact free from 
surface oxides and other contaminants are thereby even smaller than the 
areas of mechanical contact, see areas marked as Aconductive in fig. 2.1. To 
what extent the surface oxides are penetrated is also determined by the 
mechanical properties of the contact materials as well as their chemical 
properties, which affect the hardness and thickness of the oxide. The 
penetration of the oxide and thus the size of Aconductive is also dependent on 
the contact force, although it is not as simple as for Amechanical. 
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Figure 2.1. Schematics of a contact interface between a coated contact member and 
an un-coated contact member. Left, a cross section in-plane with the contact 
members, showing the apparent area of contact (Aapparent), area of mechanical contact 
(Amechanical), and conductive area (Aconductive). Right, a side view of the contact 
interface, along section X-X in the left figure, showing how the electrical current is 
constricted to discrete points as it passes through the contact interface. 

The essential property of an electrical contact is the electrical contact 
resistance (Rcontact), i.e. the resistance over the junction. When a current 
passes through the contact junction the electrical flux is constricted to flow 
through the Aconductive spots. The corresponding electrical resistance that 
arises is called constriction resistance. The constriction resistance 
(Rconstriction) through a cylindrical shaped Aconductive spot can be expressed as: = ( + )4  

where ρ1 and ρ2 are the resistivity of the contact members. The total 
Rconstriction for an electrical contact is not just dependent on the total area of 
Aconductive spots but also on the distribution of the spots with a lower Rconstriction 
for a wider distribution. 
For connectors coated with a thin film the resistance of the film (Rfilm) will 
also contribute to the contact resistance. It can be approximated that the 
constriction only takes place in the substrate for films that are less 
conductive than the substrate (as the case in present work). This implies that 
Rfilm and Rconstriction are independent and the total contact resistance can then 
be expressed as: = + =	 + ∙ /  

  
where ρfilm and d are the resistivity and thickness of the film, respectively. 
The last equality holds if each Aconductive spot is treated as a cylindrical 
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Amechanical

Aconductive

X

X

CoatingSurface oxide
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conductor. For a film of sub-micron thickness and a reasonable resistivity 
Rconstriction are considered to be totally dominant to the total Rcontact. 

In addition to a low contact resistance, a low friction and a high wear 
resistance are substantial for an electrical contact working in switching or 
sliding operation. This puts high demands on the electrical contact material 
and the required properties can be listed as follows: 
• Mechanical properties: a soft material will deform to a large extent 

forming large areas of mechanical contact but as a drawback the wear 
rate can increase, i.e. an intermediate hardness is required. In addition 
ductility will promote the penetration of the surface oxide and hence 
improve contact resistance. 

• Tribological properties: the material should have a low friction and a 
high wear resistance. 

• Electrical properties: the material has to be reasonably conductive and 
has a low contact resistance. 

• Chemical properties: a high oxidation resistance is required to 
minimize the influence from poorly conducting surface oxides and to 
give a good long time performance. 

This list has been the starting point for the choice of thin film material 
systems to study within this work. The Nb-C system, studied in paper I and 
II, was chosen in order to investigate whether the chemical properties could 
be improved in comparison to the Ti-C system, previously reported to have 
good electrical contact properties [8, 10]. Nb is known to exhibit a high 
oxidation resistance. A higher standard reduction potential is seen for Nb 
compared to Ti, indicating a higher oxidation resistance for Nb [11]. The 
addition of Si to binary transition metal carbon thin films is known to 
promote the formation of amorphous films, which can reduce hardness and 
improve corrosion resistance due to the absence of grain boundaries. How 
the incorporation of Si to Nb-C thin films influences the structure and 
properties is investigated in paper III. Boride based thin films are, like the 
carbides, known for their high wear resistance, chemical inertness, and high 
conductivity, and are therefore interesting potential electrical contact 
materials. Furthermore, the formation of a lubricating boric acid film has 
been reported for borides during tribological testing resulting in a low 
friction [12]. Nb-B and Cr-B thin films are studied in paper V and VII, 
respectively. The high hardness may however increase the contact resistance. 
The alloying of C to Ti-B films has been shown to reduce hardness and 
improve the tribological properties [13, 14]. The potential to improve the 
tribological and electrical contact properties of Me-B thin films through the 
incorporation of C are investigated in paper VI - VIII. 
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3. Materials systems     

3.1 Transition metal carbides 
Compounds consisting of a transition metal (Me) and carbon are defined as 
transition metal carbides (MeC). These compounds have attracted a lot of 
interest due to their combination of beneficial material properties, such as 
very high hardness, excellent electrical and thermal conduction and 
extremely high melting temperatures. The transition metal carbides are often 
referred to as interstitial carbides, since the carbon atom occupies interstitial 
sites of the close packed Me lattice. The structure is therefore closely related 
to the structure of the corresponding metal and the most common MeC 
structure types are NaCl and WC, see fig. 3.1.  

 
Figure 3.1. Illustration of the crystal structures of the two most common MeC 
structure types, left NaCl and right WC. Metal atoms are represented by dark grey 
spheres and carbon atoms by light grey spheres.   

The transition metal carbides generally have a wide homogeneity range, as 
can be seen in the phase diagrams in fig. 3.2 [15, 16]. As an example NbCx, 
 a carbide widely studied in this work, has a homogeneity range of about 43 
to 50 at.% C [16]. These wide ranges result in the existence of carbon 
vacancies in the crystal structure, which will affect the properties of the 
carbide. For NbCx the resistivity decrease from 160 µΩcm to 20 µΩcm as 
the C/Nb atomic ratio in the carbide increase from 0.8 to 1.0 [17]. 
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Figure 3.2. Binary phase diagrams of Ti-C (left) and Nb-C (right) systems. 
Reprinted from Rudy et al. (Ti-C) and Huang et al. (Nb-C) [15, 16]. Published  
on-line by ASM International Alloy Phase Diagram Database. Copyright ASM 
International 2014. 

The chemical bonds in MeCs can be described as a mixture of metallic, 
covalent and ionic bonding[17]. The metallic bonds are due to interaction of 
d-electrons between neighboring metal atoms, while the interactions between 
the C p-electrons and the Me d-electrons make up the covalent bonds. The 
ionic bond contribution is caused by the higher electronegativity of the C 
atoms in comparison to the Me atoms, which cause a charge-transfer towards 
the C atom [17, 18]. This mixture of bond types is responsible for the 
interesting combination of properties seen for the MeCs. The metallic bonds 
result in high electric and thermal conduction while the covalent bonds give 
the carbides high hardness and melting temperature as well as chemical 
inertness and resistance to oxidation. 

 
Figure 3.3. The transition metals forming carbides are shaded in the periodic table. 
Dark grey signifies that thermodynamically stable carbides are known and light grey 
signifies that only metastable carbides are known, after Jansson and Lewin [19].   

The transition metals that form carbides are highlighted in the periodic table 
in fig. 3.3 [19]. The affinity of the Me towards C is an important factor for 
the carbide formation, which is dependent on the number of d-electrons in 
the metal [19]. The early transition metals in group 3 through 6 form 
thermodynamically stable carbides of different stoichiometries and structures 
and are therefore considered to be strong carbide formers. Energy band 
calculations of NaCl-structured carbides show a minimum in the density of 
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states (DOS) separating bonding states from anti- and non-bonding states, 
see left plot in fig. 3.4. NaCl-structured carbides forming bonds with a 
valence electron concentration of 4 (i.e. TiC, ZrC, and HfC, with a Me from 
group 4) has a Fermi level positioned in this minimum. The transition metals 
in group 4 therefore have the strongest bonding, i.e. all bonding states 
occupied. Transition metals with higher valence electron concentrations will 
occupy non-bonding and anti-bonding states while transition metals with 
fewer valence electrons will occupy fewer bonding states when forming 
carbides, which in both cases will result in less stable carbides. Thus, the 
stability of the NaCl-structured carbides is reduced when the valence 
electron concentration is increased (going to the right in the periodic table) 
and other carbide structures become more stable. The WC-structure is the 
most stable for the Mo-C and W-C systems at a C/Me ratio near one. 
Transition metals from higher groups in the periodic table form much 
weaker bonds with carbon and are considered as weak carbide formers, as 
indicated in fig. 3.3. This trend for carbon-metal bond strength is seen by 
considering heat of formation for carbides containing a Me from period 3, 
see right plot in fig. 3.4 [20]. The lowest heat of formation (highest negative 
value) of -95 kJ/mol is seen for TiC and the heat of formation drastically 
becomes less negative as the number of d-electrons increases (filling of  
anti-bonding states). The heat of formation is even positive for Fe3C, Co3C, 
and Ni3C, meaning that these phases are not thermodynamically stable. It is 
interesting to note that Fe3C (cementite), a technically very important 
carbide due to its presence in steel, is actually a metastable phase. 

 
Figure 3.4. Left, a typical density of states for transition metal carbides with the 
NaCl type structure. Right, experimental formation enthalpies for different transition 
metal carbides. Reprinted with permission of Elsevier from Jansson and Lewin (left) 
and Meschel and Kleppa (right) [19, 20].   

The high hardness, high conductivity and high oxidation resistance of the 
MeCs make them interesting thin film materials for electrical contacts. The 
variation in bonding and stability for the NaCl-structured MeC of different 
Me should affect important contact properties, such as mechanical properties 
where a reduction in hardness is expected when moving to the right in the 
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periodic table due to the formation of weaker bonds. Furthermore, the choice 
of transition metal should affect the surface oxide formed. In present work, 
the potential for NbC-based thin films as materials for electrical contacts are 
explored (see paper I and II). 

3.2 Transition metal borides 
Transition metal borides are compounds consisting of a transition metal, Me, 
and boron. These borides show properties that are similar to those of the 
transition metal carbides: high hardness, high wear resistance, chemical 
inertness, and high melting temperatures, and often metallic conductivity. In 
fact, TiB2 has a resistivity almost five times lower than elemental Ti [21] and 
MgB2 is a superconductor with a Tc of 39 K [22]. In contrast to the carbides, 
however, the borides are characterized by great structural complexity [23]. 
The borides exist over large ranges of compositions and elements and over 
200 binary borides have been reported. The elements forming borides that 
have been well established are shaded with grey in fig. 3.5 [23, 24]. By 
comparing the phase diagrams for the early transition metal borides with the 
phase diagrams for the closely related early transition metal carbides, two 
general trends can be seen [25]. First, there are more boride phases of 
different stoichiometry than carbide phases in corresponding Me-C system. 
Second, the carbide phases exist over larger homogeneity ranges than the 
borides; an exception is the NbB2 and TaB2 phases, which have rather wide 
homogeneity ranges. Several different crystalline structures exist for the 
transition metal diborides (MeB2) [24]. The AlB2 structure is the most 
common structure and is often formed by the MeB2 containing a transition 
metal from group 4 through 6 in the periodic table. This work has mainly 
been focused on borides with the AlB2 structure and thus the text is limited 
to this structure. 

 
Figure 3.5. The elements forming well characterized borides are shaded in dark grey. 
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Figure 3.6 shows the AlB2 structure (space group P6/mmm) where the Me 
atoms form trigonal prisms with the B atoms filling the center of the prism. 
Each boron atom forms bonds with three neighboring B atoms in a trigonal 
planar arrangement, forming a two-dimensional honeycomb network 
interlayer between the Me layers. 

  

 
Figure 3.6 Illustration of the AlB2 structure with B (dark grey spheres) forming a 
two-dimensional honeycomb network between Me (light grey spheres) layers. Metal 
atoms forming a trigonal prism around a B atom is shown in the figure.   

The borides, like the carbides, have a mixture of metallic, covalent and ionic 
bonding. Electronic structure calculations for AlB2-structured MeB2 suggest 
strong covalent B-B bonds within the boron layers [26, 27]. The transition 
metal atoms, on the other hand, have metallic bonding in between them. 
Furthermore, the Me and B atoms are mainly connected by covalent bonds, 
but the calculations show a charge transfer from the Me atoms towards the B 
atoms resulting in a ionic contribution. The magnitude of this ionic 
contribution is decreasing with increasing number of valence electrons for 
the transition metal. 

Figure 3.7 shows the typical appearance of a calculated DOS-curve for an 
AlB2 structured MeB2. The curve is closely related to the curve seen for the 
NaCl-structured MeC, with a pseudo gap separating bonding states from 
antibonding and non-bonding states. Furthermore, the Me from group 4 have 
their Fermi level in the middle of the pseudo gap and thereby giving fully 
occupied bonding states (indicated in fig. 3.7). As a consequence, the group 
4 Me form the most stable borides. If we assume a rigid band approach, 
bond filling can explain the trend seen in fig. 3.7 for the stability of the 
AlB2-structured MeB2 phases with respect to the valence electron 
concentration, in the same way as seen for the NaCl-structured MeC phase 
(see section 3.1). 
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Figure 3.7. Left, a typical density of states curve for a transition metal boride with 
the AlB2 structure, adapted from Vajeeston et al. [26]. The position of the Fermi 
level for MeB2 phases containing a Me from group 4 is marked in the figure. Right, 
calculated formation energies for AlB2 structured borides. Adapted from 
Kolmogorov and Curtarolo [28]. 

According to the bond filling model the stability of MeB2 constituting a Me 
from group 5 or 6 can be enhanced by reducing the number of filled 
antibonding states. This can be realized by forming B vacancies in the B 
sub-lattice, i.e. sub-stoichiometric MeB2-x, which will reduce the valence 
electron concentration. Hayami et al. have shown that the stability of AlB2 
structured MoB2-x and WB2-x phases can be improved by the introduction of 
B defects in the B sublattice and they are most stable at x = 0.375 [29]. 

Many borides crystallize in the layered AlB2-type structure, despite B/Me 
ratios deviating from 2. B/Me ratios as low as ~1.1 and ~1.2 have been 
reported for RuB1.1 and OsB1.2 [30, 31]. Such low B/Me ratios are achieved 
by a different stacking sequence of the B-layers, with every second B-layer 
less dense in B-atoms. 

Transition metal borides are, like carbides, interesting potential materials for 
electrical contact applications considering their high wear rate, metallic 
conductivity and high chemical inertness. In paper V, magnetron sputtered 
NbB2-based thin films are studied. A lower stability of the MeB2 phase is 
achieved by exchanging Nb from group 5 to Cr from group 6, in accordance 
with fig. 3.7 (right). This would imply a modification of the mechanical 
properties, which could be beneficial for the electrical contact properties. In 
addition, Cr is known for its oxidation resistant properties. This together 
with a presumably reduced hardness has motivated paper VII, where  
CrB2-based thin films are studied. 
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4. Thin Films 

A large number of methods to synthesize thin film exists [32]. In the present 
work magnetron sputtering, one of the most common methods, has been 
used to synthesize the thin films thus the text is limited to this method. The 
general mechanisms behind thin film growth are also described, which is 
essential to fully understand how composition and sputtering conditions 
correlate to the attained morphology and microstructure of the studied films. 
The chapter ends with a survey of the typical structures formed and 
properties achieved for magnetron sputtered carbide- and boride-based thin 
films.  

4.1 Magnetron sputtering 
In the sputtering process energetic gaseous ion species bombard a solid 
material source (known as a target) in vacuum, whereby atoms are kicked 
out (sputtered) from the solid material source. The kicked-out atoms will 
eventually reach the surface of the substrate where they condense to form a 
thin film. The sputtering phenomenon is first mentioned in 1852 by Grove 
on the observation of metal deposits sputtered from the cathode of a glow 
discharge [32, 33]. 

The ions used in the sputtering process are supplied by a plasma, created 
by the discharge of a sputtering gas (commonly Ar). The plasma is kept  
self-sustained through balance in the formation of secondary electrons by the 
target bombardment of Ar+-ions and the ionization of neutral Ar atoms by 
the emitted secondary electrons. By introducing a magnetic field in front of 
the target electrons can be trapped near the target surface. This enhances the 
probability for electron-Ar interactions and thereby increases the plasma 
density near the target surface. The improved plasma density near the target 
will result in a higher sputter rate and thereby a higher deposition rate. The 
whole unit of target, target holder and magnets is called a magnetron and 
when they are utilized in the sputtering process it is called magnetron 
sputtering, which is the technique used in this thesis work.  

A sketch of the sputtering system used for the synthesis of most of the 
samples in this work can be seen in fig. 4.1. A negative potential is applied 
to the target in order to accelerate the Ar+-ions towards the target. 
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The amount of material sputtered from a target is controlled by the current 
allowed to pass through the magnetron. Thin film composition can thereby 
be varied by controlling the current to each separate target; either elemental 
or compound targets are used. 

 
Figure 4.1. Left, a sketch of the sputtering system used to synthesize the main part of 
the samples in this thesis work. Right, plasma near Ti and Ni targets, 
photo E. Lewin.   

A large number of sputtering parameters can be varied in order to achieve 
films of desirable morphology, structure and properties. The sputtered 
species are subject to collisions with other species in the sputtering gas 
during the transport from the target to the substrate. These collisions will 
alter the kinetic energy of the species, hindering some of the species from 
reaching the substrate, or leading to them ending up at the substrate with a 
reduced kinetic energy. The collision probability or the amount of kinetic 
energy lost is directly dependent on the radius of the sputtered species, 
distance travelled, and pressure of the sputtering gas. The type of element 
sputtered, target-to-substrate distance, process pressure (pressure of 
sputtering gas), and magnetic configuration are therefore parameters that 
will influence thin film structure and properties.  

When the sputtered species have reached the substrate and condensed on 
the film surface, they will migrate (diffuse) to an energetically favorable 
position. The energy available for the species to migrate is essential for what 
type of film morphology and microstructure that will form. The very high 
quench rates (~ 108 °C/s) achieved when sputtered species condense on the 
substrate surface drastically limit the available energy for diffusion [34]. 
Thin films can thus be grown far from thermodynamically equilibrium, 
which enables the formation of metastable phases. The energy available for 
diffusion can be increased by substrate heating or by applying an electrical 
potential (bias) to the substrate. Generally, a negative bias is applied, 
inducing ion bombardment of the film surface, which will increase the 
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energy of the surface atoms through momentum transfer and local heating. 
The microstructure and morphology of the films is therefore often strongly 
dependent on the applied bias. As a drawback, the ion bombardment will 
increase the probability for atoms on the film surface to re-sputter and film 
stresses are often induced by the ion bombardment. 

The sputtering of compound targets can result in film compositions 
deviating from the composition of the target [35, 36]. Differences in the 
physical properties such as size and mass of the sputtered atoms can 
influence the gas phase transport through the discharge resulting in a higher 
ratio of one element over the other reaching the substrate. Preferential 
sputtering of the target or preferential re-sputtering of deposited species from 
the film surface due to ion-bombardment can also result in film compositions 
deviating from the composition of the compound target. This re-sputtering 
effect is observed in paper V-VII where B/Me atomic ratios of boride films 
deviating from the composition of the MeB2 compound targets are achieved. 

The magnetron sputtering process puts demands on the target material. It has 
to be fairly conducting to enable ignition and maintenance of a stable plasma 
and the sputter rate has to be reasonably high to be applicable in industrial 
production. These demands are often addressed in the sputtering of 
compound materials, such as carbides, nitrides, and oxides. The non-metal 
element can then be introduced to the deposition chamber in a gas-phase, i.e. 
reactive gas, where it will be ionized by the plasma. The metal element will 
react with the ionized species and a compound film will form. This form of 
sputtering, where a reactive gas is introduced in the process, is called 
reactive magnetron sputtering.  

Reactive sputtering has been used in paper II in order to achieve 
sufficient deposition rates for industrial scale production of nc-NbC/a-C(:H) 
thin films. In this paper, the influence the transition from non-reactive 
sputtering to reactive sputtering has on microstructure and properties of the 
thin films are studied. 

4.2 Thin film growth 
During thin film growth sputtered species arrive and condense on the 
substrate. These condensed species are named adatoms and in magnetron 
sputtering typically have a kinetic energy of a few electron volts. The 
adatoms diffuse on the surface to energetically favorable positions and 
nucleation starts once the adatom clusters reach a critical size, usually a few 
to tens of Å [32]. As the nucleus grow and subsequently coalesces a 
homogenous film forms, although most often containing grain boundaries. 
The crystalline structure of the film is generally inherited from the initial 
nucleation and the microstructure evolution is dependent on energy 
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available, i.e. the ability for diffusion of the growing species. The energy 
available for film growth is for neutral growth species mainly affected by the 
number of collisions on the way from the target to the substrate, as 
determined by process pressure and target to substrate distance as well as 
substrate heating and applied bias, see section 4.1. In addition, the deposition 
rate will have a strong impact on the film morphology. Generally an increase 
in deposition rate will result in a decrease in grain size, since the incoming 
flux of sputtered species will limit adatom diffusion [32].     

As the energy available for adatom diffusion is directly dependent on 
sputtering parameters, a so-called structure zone model is often used to 
illustrate the influence of different sputtering parameters on film morphology 
[37, 38]. Figure 4.2 shows an example of a structure zone model where the 
morphology dependence on the deposition temperature is illustrated, adapted 
from Petrov et al.[39]. At substrate temperatures (TS) that are low relative to 
the melting temperature of the film material (TM) we have zone I (i.e. low 
adatom diffusion). In this zone the crystalline grains grow out of the primary 
nuclei resulting in elongated grains with a small diameter (1 – 10 nm) 
determined by nucleation density and statistical fluctuation. The diameter of 
the grains increases with Ts/Tm and the films are generally characterized by 
porous grain boundaries. In zone T, surface diffusion is prominent, and 
grains with a beneficial growth orientation will out-grow competing grains 
resulting in a structure that is characterized by V-shaped grains near the 
substrate. Further away from the substrate, columnar grains with the most 
beneficial growth direction will dominate. At higher temperatures there will 
be enough energy for grain boundary migration to occur (Zone II). The 
initial random oriented small grains are destroyed by coalescence and grain 
coarsening due to minimization of grain boundary energy. This will result in 
films consisting of columnar grains with similar orientations, i.e. strong 
texture, which become larger in lateral size with the increase in temperature. 

 
Figure 4.2. Schematic structure zone model illustrating the evolution of thin film 
microstructure as a function of substrate temperature Ts normalized to the melting 
temperature of the sputtered material Tm. Adapted from Petrov et al. [39]. 

The model described above was developed for metallic films. The 
introduction of additional elements will strongly influence this model, 

Zone I Zone T Zone II

Ts/Tm



25 

although the basic principles are still valid. Film composition as well as 
relative phase stability will have a strong impact on film growth and thereby 
also on the resulting film microstructure. Segregation of one element to 
surfaces and grain boundaries often occurs during the growth of binary films 
[39]. The segregated atoms will limit grain coarsening during coalescence 
resulting in a refined structure with a reduced degree of preferred 
orientation. At higher concentrations of the segregating atoms, existing 
grains can be completely encapsulated by these atoms. Thus, film growth 
proceeds by repeated renucleation and the resulting film is composed of 
equiaxed grains with random orientation. This type of microstructure 
evolution is well illustrated by the binary Nb-C films, studied in papers I and 
II. During the growth of these films carbon segregates to the NbCx grain 
boundaries where it obstructs the growth of existing NbCx grains and 
promotes renucleation of new grains resulting in a decrease in grain size 
with the increase in C content. 

If the diffusion of the adatoms is restricted in such way that they can not 
reach their energetically favorable positions in a crystalline lattice, 
completely amorphous films can form. The diffusion in magnetron sputtered 
films is very restricted due to the extreme cooling rates (~ 108 °C/s) that are 
achieved when the sputtered species condense on the substrate [32, 34]. As a 
consequence amorphous thin films can be achieved using this technique. The 
tendency to form amorphous structures can be enhanced by a high deposition 
rate since a high flux of incoming species hinders adatom diffusion. 
Increasing the number of constituting elements with large difference in 
atomic size and negative heats of mixing among the elements will generally 
also increase the tendency to form amorphous structures [32, 34, 40]. This is 
illustrated in papers III and VII where the alloying of Si to Nb-C and C to 
Cr-B thin films, respectively result in completely amorphous structures. 

4.3 Magnetron sputtering of transition metal carbides 
Transition metal carbide thin films synthesized using magnetron sputtering 
often exhibit a phase composition deviating from what is expected from 
thermodynamics. This can occur as the sputtering process is operating far 
from thermodynamical equilibrium conditions (see section 4.1 for a 
description of the magnetron sputtering technique). Typically, for most  
Me-C phase diagrams with a Me from group 4 through 6, at C contents of  
~45 to 50 at.% C, a single MeCx phase is expected. For C contents above  
50 at.% the MeCx phase should co-exists with a graphite phase. In 
magnetron sputtered Me-C thin films an amorphous C phase (a-C) forms 
already at C contents several at.% below 50, which together with a 
substochiometric nanocrystalline MeCx phase (nc-MeCx) forms a 
nanocomposite structure. The nc-MeCx/a-C thin film structure is strongly 
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correlated to sputtering parameters and chemical composition. Figure 4.3 
illustrates the microstructure evolution with C content for the Nb-C films 
studied in paper I. A decrease in MeCx grain size and an increase in the 
amount of a-C phase is seen with the increase in C content [19]. 
Furthermore, the trend with the de-stabilization of the MeC when going to 
the right in the periodic table (see section 3.1) is seen as a reduction in the 
crystallinity of the Me-C films with increase in group number for the Me. 
For Cr-C films completely amorphous structures have been obtained [41]. 

   
Figure 4.3. Cross-sectional TEM images of nanocomposite nc-NbCx/a-C films with 
different C content: a) 49 at.% C, b) 54 at.% C, c) 64 at.% C. The images in the right 
column are the same films taken at a higher magnification. The dark field inset in a) 
is obtained using the (002) and (111) diffractions. 
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The MeCx phase adds strength and conductivity to the film while the a-C 
phase adds ductility and can act as a solid lubricant in a tribological contact 
to reduce friction. Most studies have been conducted on the Ti-C system  
[42-46] but other Me-C systems, such as Nb-C [47, 48], as well as other 
systems have been studied [47, 49-51]. Mainly mechanical and tribological 
properties have been studied, although electrical properties are also reported 
in the literature [45, 52, 53]. The film properties are strongly dependent on 
film microstructure and it is possible to tune properties to fit certain 
applications by controlling the amount of a-C phase, size of MeCx grains or 
choice of transition metal Me. This strong correlation is illustrated by the 
wide range of hardness (5 – 35 GPa), coefficient of friction (0.1 – 0.7), and 
resistivity values (60 - 10000 µΩcm) reported in the literature for  
nc-TiCx/a-C:H films containing 20 to 90 % a-C:H phase [43, 45]. 

The combination of high hardness and low friction with a high 
conductivity have made nc-MeCx/a-C(:H) thin films an interesting material 
for electrical contact applications and especially considering contacts in a 
sliding situation. Lewin et al. found that nc-TiCx/a-C performs excellent as a 
material for electrical contacts [8, 10]. The electrical contact resistance is 
strongly dependent on the thickness of the a-C matrix phase and the lowest 
values are obtained with a thickness of only a few atomic layers. However, 
TiC oxidizes in rough environments (unpublished results), which will have 
detrimental effects for the long time performance of the contact. In this  
work, Ti has been exchanged to Nb, a transition metal more inert to 
oxidation (c.f. standard reduction potentials in ref. [11]), and the 
performance of nc-NbCx/a-C(:H) thin films as materials for electrical 
contacts have been explored. 

4.4 Magnetron sputtering of transition metal borides 
Magnetron sputtered borides are, far from as widely studied as magnetron 
sputtered carbides. MgB2 has been studied because of its superconducting 
properties [22]. The hexaborides, e.g. MeB6, formed by the lanthanides have 
been studied for decorative coatings and as a material for high electron 
emission filaments [35]. However, magnetron sputtered AlB2-structured 
MeB2 formed by the early transition metals are the most widely studied 
borides. The MeB2 phases are mainly studied for their refractory properties 
and high wear resistance. Other applications have also been considered, e.g. 
use as diffusion barriers in microelectronics. Thin films of TiB2 [54-57] are 
most widely studied but investigations on CrB2 [58-62], ZrB2 [35, 63, 64], 
HfB2 [65, 66], TaB2 [67, 68], and WB2 [69] are also found in the literature. 

The deposition of MeB2 thin films is almost exclusively performed using 
a compound target with a MeB2 stoichiometry since a reactive process is 
undesirable considering the explosiveness and toxic nature of B-containing 
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gases. A wide range of compositions are reported for films sputtered from 
MeB2 targets. Thin films sputtered from a TiB2 target exhibit almost 
exclusively a compositional B/Ti ratio above two, Mayrhofer et al. reported 
a B/Ti ratio as high as 3.2 [56]. B/Me ratios above two is also reported for 
ZrB2 [35, 70] and HfB2 [65, 66]. In other systems, however, 
substoichiometric films (B/Me < 2) have been observed during magnetron 
sputtering from MeB2 targets.  One example is the Cr-B system where a 
B/Cr ratio as low as 0.9 is reported [58]. Considering these examples, it is 
not possible to draw any general conclusions regarding the role of the 
transition metal in the resulting film composition. This can at least partly be 
explained by the wide variety of sputtering conditions and target 
manufacturers used. 

Magnetron sputtered MeB2 films generally exhibit a nanocrystalline 
columnar structure with a (111)-texture, i.e. the close packed planes of the 
hexagonal AlB2-structure parallel to the surface [55, 60, 64, 66, 68]. The 
texture is, however, dependent on sputtering parameters and (101)-textured 
as well as weakly textured films are reported [54, 60]. For 
overstoichiometric TiB2+x films, B segregates to grain boundaries forming a 
B tissue phase in between the TiB2 grains [56, 57]. The microstructure 
reminds of the structure seen for magnetron sputtered Me-C films where 
instead C segregates to the MeC grain boundaries forming a C tissue phase. 

Superhardness (H > 40 GPa) has been observed for TiB2, CrB2, and WB2 
films [56, 60, 69]. The high hardness values for TiB2, a factor two higher 
than their bulk counterpart, are explained by the nanocolumnar TiB2 grains, 
which hinder nucleation and slip of dislocations in combination with the 
prevention of grain boundary sliding by the B tissue phase [56, 57]. The low 
resistivity values measured for MeB2 films (100 – 200 µΩcm) together with 
the promising corrosion resistance reported for CrB2 films make MeB2 films 
interesting thin film materials for electrical contacts [60-62, 64]. 
Furthermore, Erdemir et al. have shown that friction coefficients of 0.05 can 
be achieved for steel sliding against a VB2 sample annealed in air. The low 
friction is attributed to the formation of a lubricating boric acid film [12].  
No such lubrication effect has been reported for non-annealed MeB2 thin 
films. However, all MeB2 systems have not been studied and it is still 
possible that such lubrication effects can occur. The potential for magnetron 
sputtered NbB2 and CrB2 films as materials for sliding electrical contacts are 
studied in paper V and VII, respectively. 
  



29 

4.5 Magnetron sputtering of ternary thin films 
The microstructure and thereby the properties of a transition metal carbide or 
boride material can be modified by adding a third element, enabling an extra 
dimension to tailor the material for certain applications. Depending on the 
thermodynamic situation and type of element added, different scenarios can 
occur when a third element is added to a carbide or boride. The incorporated 
element can form a binary phase with the Me if the added element has a 
strong affinity to the Me. If the added element instead has a low affinity to 
both the Me and the B/C a separate elemental phase will form. In a third 
scenario a ternary carbide/boride phase is formed, often with a complex 
structure, such as MAX-phases described in the introduction [5]. Finally the 
added element can form a solid solution in one of the phases from the binary 
system. Magnetron sputtering can produce thin films with highly 
supersaturated concentrations of dissolved elements. This is a result of the 
low diffusion in the growth of magnetron sputtered films due to the high 
quench rates in the sputtering process. In this thesis work Si has been added 
to Nb-C films and C has been added to Me-B films in attempts to improve 
the electrical contact properties. 

4.5.1 The Me-Si-C system 
The addition of Si to magnetron sputtered Me-C films has a strong effect on 
the microstructure. Microstructures ranging from nanocomposites, where the 
Si together with C forms an amorphous SiC phase (a-SiC) that surrounds 
nc-MeCx grains [7, 71, 72], to completely amorphous structures are reported 
[73-77]. For Ti-Si-C films deposited at temperatures above 700 ºC a Ti3SiC2 
MAX-phase have been obtained [78]. The microstructure is dependent on 
amount of Si added, type of Me, and sputtering parameters (substrate 
temperature, applied bias, etc.). Typically, Ti-Si-C films form 
nanocomposite nc-TiCx/a-SiC structures. Increases in Si content reduce the 
nc-TiCx grain size but amorphous structures are usually not observed. In 
contrast, completely X-ray amorphous films have been observed in the  
Zr-Si-C, Cr-Si-C, Mo-Si-C, Ta-Si-C and W-Si-C systems deposited at 
substrate temperatures of 25 - 350 °C [72, 73, 75, 79]. A general observation 
also for these systems is that an increase in Si concentration results in a 
reduced crystallinity. Figure 4.4 shows the Nb-Si-C phase diagram according 
to Rudy [80], which is representative for the early transition metal Me-Si-C 
systems. For these ternary material systems the energetically most 
favourable situation would be to form a two-phase or perhaps a three-phase 
structure containing at least one carbide and one silicide phase. However, in 
sputter deposition the kinetic energy is limited leading to the formation of 
amorphous structures. Experimental studies combined with theoretical 
calculations have shown that Zr-Si-C thin films exhibits a three-dimensional 
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network structure with a mixture of Zr-Zr, Zr-Si, Zr-C, Si-C, and C-C bonds 
[74, 76]. Furthermore, the amorphous films consist of a large number of 
different coordination geometries, which explains their mixture of bond 
states. Observed in X-ray photoelectron spectroscopy (XPS) spectra  
(see section 5.2.1). 

 
Figure 4.4. The Nb-Si-C ternary phase diagram. Adapted from Rudy [80].   

Krzanowski et al. have shown that the addition of Si to Me-C thin films can 
increase the hardness by densification of the film morphology [72]. 
However, other authors report a decrease in hardness and electrical 
conduction with the increase in Si content due to the reduced crystallinity 
[81, 82]. Nevertheless, Ti-Si-C films are known to combine mechanical 
strength, low friction, high conductivity and low contact resistance and has 
been suggested as a potential material for electrical contact applications [7].  

The alloying of Si to Nb-C films may reduce hardness and increase ductility. 
Furthermore, the formation of amorphous structures should improve 
corrosion resistance due to the lack of grain boundaries.  Both these aspects 
are beneficial considering electrical contacts. The effect of Si incorporation 
to Nb-C films has therefore been studied in paper III. 

 



31 

4.5.2 The Me-B-C system 
A survey of the Me-B-C phase diagrams containing a Me from group 4 to 6 
shows that only binary MeCx, MeBx, and BCx compound phases exist, 
typically with a low solubility of the third element [83]. An exception is the 
Mo-B-C system where a ternary Mo2BC phase is reported. Emmerlich et al. 
have sputtered Mo2BC films and observed an interesting combination of 
high hardness (29 GPa) and a moderate ductility [84].   

Besides Mo2BC, studies on Me-B-C thin films have mainly been conducted 
in the Ti-B-C system. Carbon has been added either by co-sputtering of a C 
or TiC target with a TiB2 target [14, 85-88], or in a reactive process using a 
hydrocarbon gas as the C source [89, 90]. X-ray diffraction (XRD) and XPS 
on these films suggest that ternary TiBxCy phases are formed by a solid 
solution of C or B into the TiB2 and TiC phase, respectively [14, 87-89]. The 
maximum solubility in these phases is low but metastable solid solutions are 
possible during magnetron sputtering at low temperatures. Several studies 
suggest that C segregates to the grain boundaries forming an a-C phase, 
especially evident at C contents above ~50 at.% [14, 87]. Thus the 
microstructure is a nc-TiBxCy/a-C nanocomposite similar to the 
nanocomposite microstructure, which forms in magnetron sputtered Me-C 
thin films. However, as discussed in papers VI and VII, earlier studies have 
not considered the possible formation of a-BCx phase. Furthermore, the 
crystallinity is generally reduced as the chemical composition of the films 
get closer to the middle of the Ti-B-C ternary phase diagram, i.e. moving 
away from the binary TiC and TiB2 phase regions. Completely  
X-ray amorphous Ti-B-C films are reported by Stüber et al. for films 
containing 40 at.% C, 40 at.% B, 20 at.% Ti [85], and Abad et al. for films 
containing 31 at.% C, 24 at.% B, 45 at.% Ti [91]. 

Several studies have been devoted to improving hardness by forming a 
ternary film and values of ~70 GPa (higher than for TiB2 and TiC) have been 
reported [86, 89]. In contrast, Mitterer et al. [90], and Gilmore et al. [14] 
observe a reduction in hardness when C is added to TiB2 films and it can be 
concluded that sputtering conditions have a strong impact on the achieved 
microstructure and thus the hardness. The formation of an a-C (or a-BCx) 
phase is beneficial for the tribological properties with a lowering of the 
friction and wear rate. Coefficient of friction values < 0.3 are reported for 
films containing > 50 at.% C when sliding against stainless steel and WC 
balls [14, 87].  

It is conceivable to assume that the tribological properties of NbB2 and 
CrB2 films can be improved by the alloying with C through the formation of 
a lubricating a-C phase, which would be beneficial considering sliding 
electrical contacts. Furthermore, the Ti-B-C nanocomposite microstructure 
reminds of the nc-TiC/a-C microstructure, which has shown to be beneficial 
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for electrical contacts [8]. The effect C alloying has to the microstructure and 
contact properties of NbB2 and CrB2 films, respectively are studied in papers 
VI and VII. In paper VIII a different approach is used; Ti-B-C films 
containing low B contents is sputtered in order to achieve a TiC phase with a 
solid solution of B in addition to an amorphous matrix phase.  
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5. Methods 

5.1 Thin film synthesis 
All the thin film samples studied in this thesis work have been synthesized 
using magnetron sputtering. The primary sputtering system used in present 
work is a DC magnetron sputtering system working under ultra-high vacuum 
(UHV) conditions (base pressure of < 10-7 Pa) and equipped with three  
50 mm circular magnetrons. The magnetron currents are separately 
controlled in order to achieve thin films of varying composition. The three 
magnetrons are in a sputter-down configuration directed towards a rotating 
substrate holder at a distance of 15 cm from the holder. The substrates can be 
heated using a resistive heater placed underneath the substrate holder and the 
substrate temperature is monitored using a thermocouple placed between the 
heater and the holder. The main part of the depositions in this work were 
conducted at a temperature of 300 °C and with a bias of -50 V. Sample 
holders, 75 mm in diameter, were used allowing substrates of different shape 
and size to be deposited simultaneously. The samples investigated in paper 
II and VIII have been synthesized using two other sputtering systems.  
A similar UHV system is used in paper VIII and detailed information can be 
found in the paper. In paper II, a commercial sputtering system has been 
used to study the up-scaling of Nb-C films. This system is working under 
high vacuum conditions, utilizing reactive sputtering from a much larger  
Nb-target (450 x 250 mm2) and acetylene (C2H2) as the C source. 

Elemental as well as compound MeB2 and B4C targets were supplied by 
Kurt J. Lesker Company Ltd (purities specified between 99.5 and 99.999 %). 
The films were deposited simultaneously on appropriate substrates to allow 
different characterization methods. Thin Si(001), Al2O3(001), and 
amorphous SiO2 substrates were generally used for microstructural 
characterization. Mirror polished stainless steel substrates were used for 
tribological analysis while Ni-plated brass plates and cylinders were 
generally used for electrical contact measurements. In most cases a thin 
interlayer of metal or MeC were deposited on to the substrates prior to the 
primary deposition in order to improve the adhesion of the thin films to the 
substrates.      
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5.2 Thin film characterization 
To fully understand the microstructure of nanostructured thin films several 
characterization methods, investigating different aspects, are required. The 
primary methods used in this thesis have been X-ray photoelectron 
spectroscopy (XPS), X-ray diffraction (XRD), and transmission electron 
microscopy (TEM). These methods are therefore presented in more detail. 
Other characterization methods used are only given a brief description. 

5.2.1 X-ray photoelectron spectroscopy 

XPS is based on the photoelectric effect where the electron binding energy 
can be determined by measuring the kinetic energy for an electron emitted 
from the material after illumination by X-rays of known energy. Since the 
binding energies are specific for each element and orbital, XPS can be used 
for elemental identification [92]. 

XPS is a fast and rather efficient technique to determine the relative 
chemical composition of a thin film. The intensity of each photoelectron 
peak has to be normalized by a sensitivity factor to enable quantification. 
Sensitivity factors used in this thesis work have either been calculated from 
samples of compositions determined by ion-beam analysis (see section 5.2.4) 
or supplied by the XPS instrument manufacturer, depending on the 
availability of reference samples of known composition.  

The binding energy of a specific element will be affected by the chemical 
bonds the atoms are participating in, thus it is possible to identify chemical 
bonding states for a certain element. However, the microstructures of the 
sputtered films are complex with many different types of bonds. The rather 
small shifts between these bonding states can make it difficult to 
unambiguously attribute peaks to a given bond type. There are several 
examples of such complexity in this thesis. For instance, fig. 5.1a shows a 
B1s spectrum from a Nb-B film in paper V. For a perfect, single crystalline 
NbB2 phase only one peak, at 188.8 eV, is expected since all B atoms have 
the same bonding coordination in the bulk (B-Nbb). However, a study by 
Aizawa et al. on NbB2 single crystals has demonstrated that the B1s 
spectrum from this phase also includes surface states (B-Nbs) and defect 
states in the bulk (Nb-Bd) presumably caused by boron vacancies [93]. 
Furthermore, our TEM results in paper V suggest the existence of a  
boron-rich tissue phase, which also can be assumed to give rise to B-B 
bonds. A B-B peak at 187.5 eV can also be fitted together with the three 
peaks identified by Aizawa et al. The presence of such extra features in the 
B1s spectra is poorly investigated in other systems. 
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A second example of complexity in the XPS analysis is seen in fig. 5.1b, 
which shows a C1s spectrum from a Nb-B-C sample in paper VI. A good fit 
is achieved using three different peaks located at: 282.8, 283.7, and  
284.5 eV, respectively (only two peaks do not give an acceptable fit). The 
peak at 284.5 eV originates from carbon participating in C-C bonds while 
the two other peaks are impossible to unambiguously attribute to a given 
phase. On one hand, peak I and II can both originate from C in an a-BCx 

tissue phase [94]. On the other hand, peak II at 282.8 eV is in excellent 
agreement with C-Nb bonds in binary Nb-C films described in paper I. It is 
also known that a solid solution of carbon into a TiB2 phase give rise to a 
chemical shift in the C1s spectrum of about 1 eV compared to carbon in TiC 
[87]. A similar shift in our Nb-B-C films would give a C-Nb peak in 
agreement with peak I and clearly overlapping with C in a BCx-phase.  
A third example of complexity in XPS spectra are demonstrated in paper III 
where an amorphous Nb-Si-C phase gives rise to a range of bonding states 
depending on the coordination of the atoms in the amorphous structure.         

 
Figure 5.1. a) XPS B1s spectra of a Nb-B film from paper V and b) C1s  spectra of a 
Nb-B-C film with a composition of 24 at.% Nb, 40 at.% B, and 36 at.% C from 
paper VI.  

The analysis depth in XPS is determined by the depth from which the 
photoelectrons have enough energy to escape the material and reach the 
detector, which is directly dependent to the mean free path of the electrons. 
The mean free path depends on the kinetic energy of the electron, which in 
turn depends on the energy of the X-ray source. The XPS data in this thesis 
work are acquired using Al Kα radition with an energy of 1487 eV resulting 
in electron mean free paths of < 50 Å [92]. XPS probes therefore only the 
outermost surface layer of a thin film. In order to achieve information from 
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the bulk of the film, the top surface need to be removed and this is 
commonly done by Ar+-ion sputter-etching. However, the energy supplied 
through the ion-bombardment process can influence the chemical bonding 
state of the analyzed material. This will add further complexity to the XPS 
analysis. Lewin et al. have shown that the observed chemical state of 
metastable nanocomposite films depend on the energy of the Ar+-ions used 
for sputter etching [95]. Similar type of nanocomposite films are studied by 
XPS in this thesis work and the lowest ion energy available (200 eV) has 
therefore been used in order to minimize the effect from the sputter etching. 

An alternative way to increase the information depth without removing 
the surface oxide is to use X-rays of higher energy. This will result in 
photoelectrons of higher kinetic energies and hence longer mean free paths 
and greater escape depths. This method is known as high kinetic energy 
(HIKE) XPS or hard X-ray photoelectron spectroscopy (HAXPES) and 
synchrotron radiation facilities are generally used to reach these high X-ray 
energies. 

5.2.2 X-ray diffraction 

The crystalline structure of a thin film can be analyzed by X-ray diffraction 
using varying geometries. In regular XRD the angle of the incoming X-rays 
(ω) equals the angle of the detected outgoing X-rays (θ), in what is called a 
θ-2θ scan (see left illustration in fig. 5.2). In these measurements only crystal 
planes parallel to the surface are measured and thus information about the 
growth directions of the film, i.e. film texture, is obtained. In order to get 
information about the crystalline planes not parallel to the surface, the angle 
between the incoming X-rays and the outgoing detected X-rays, i.e. the 
diffraction vector, needs to be varied during the measurement. This is for 
thin films preferably done by keeping the incoming angle ω very low  
(2º mostly used in this thesis) and constant throughout the measurement and 
only varying the detection angle 2θ. By having a low, or grazing, incoming 
angle a large volume of the thin film will be probed while the signal from the 
substrate will be constrained, see fig 5.2 (right) for an illustration. This 
technique is known as grazing incidence XRD (GI-XRD) and is the primary 
XRD technique used in this thesis work. 
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Figure 5.2. Left, a sketch over the XRD geometries. Right, a sketch illustrating the 
dependency of the probed film volume with the incoming angle ω of the X-ray 
beam.  

Crystalline grains in the nanometer size range will result in a broadening of 
the diffraction peaks. As a consequence, the size of the grains in a thin film 
can be estimated from the width of the diffraction peaks by applying 
Scherrer’s equation [96]. However, the peak broadening can also be caused 
by strains in the crystalline grains, which are not taken into account by 
Scherrer’s equation. Instead, a Williamson-Hall plot can be used, a method, 
which take strains in to account [96, 97]. This method assumes isotropic 
grains while thin films often contain crystalline grains elongated in the 
growth direction and the method must therefore be used with care. 
Nevertheless, both Scherrer’s equation and Williamson-Hall plots are fast 
and simple methods to determine the grain size. In this work, sizes estimated 
by these methods are often confirmed to be rather accurate by transmission 
electron microscopy. 

5.2.3 Transmission electron microscopy        
In transmission electron microscopy (TEM) a beam of electrons is 
transmitted through the investigated sample and an image of the sample is 
formed from the interaction of the transmitted electrons with the material. 
The small wavelengths of the electrons, at typical electron energies used 
(200 keV mainly used in this work), result in spatial resolutions at the atomic 
scale.  

Different imaging modes can be utilized by the TEM in addition to 
regular bright field imaging where regions with high atomic number appear 
dark and light elements bright. The contrast from electrons scattering in a 
certain direction can be enhanced while other scattering directions can be 
suppressed by inserting an aperture. This mode is called dark-field imaging 
and is useful for identifying crystal grains with a certain orientation. The 
phase contrast of the transmitted electrons can be utilized to obtain images 
with atomic resolution, a technique called high resolution TEM (HRTEM).      

In addition to imaging, structural information about the sample can be 
obtained from an electron diffraction pattern. A part of the sample can be 

ω θ

Incoming
X-rays

Outgoing
X-rays

2θ Thin Film

Substrate

ω

Incoming
X-ray beam



38 

selected for the diffraction pattern by inserting an aperture in the electron 
path; this method is called selected area electron diffraction (SAED). 

A special variant of TEM, where the electron beam is focused on a small 
spot and scanned over the sample area, is scanning transmission electron 
microscopy (STEM). By using STEM in combination with a high angle 
annular detector, high resolution images where the contrast is directly related 
to the atomic number can be obtained (z-contrast image). The rastering of 
the focused electron beam makes STEM very useful in combination with 
energy dispersive X-ray spectroscopy (EDX) or electron energy loss 
spectroscopy (EELS) since the spectra can be obtained from a very small 
region. As a consequence, STEM in combination with EDX or EELS can be 
used to map variations in chemical composition over very small regions 
(nanometer-scale) of a sample.     
 
Although TEM is a very powerful technique it has some drawbacks. The 
sample has to be electron transparent (i.e. < 100 nm for most materials) 
which make sample preparation a very cumbersome task, often limiting the 
use to a small set of samples. The extensive sample preparation often results 
in a very small volume of the original sample that can be imaged. The 
studied volume then has to be considered representative for the whole 
sample. Furthermore, the resulting image is a 2-dimensional projection of 
the 3-dimensional sample volume. Thus care should be taken not to 
misinterpret the image. 

 
Figure 5.3. Cross-sectional HRTEM images from paper IV of an amorphous  
Nb-Si-C sample in as-deposited state a) and after exposure to an electron dose of 
~2.8*109 e-/nm2 b). 

Another drawback with the TEM technique was observed during studies of 
the amorphous Nb-Si-C films investigated in paper III. It was found that a 
focused electron beam used for high-resolution imaging initiates 
crystallization of the metastable amorphous structures. This effect is studied 
in paper IV. The effect is illustrated in fig. 5.3 where an Nb-Si-C film can be 
seen in as-deposited state (a) and after exposure to an electron dose of 
~2.8*109 e-/nm2 (b). The small crystalline grains formed are from SAED 
pattern assigned to NbC. It is found that the degree of crystallization is 
dependent on the electron energy and the electron dose. Atomic 
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displacement initiated by the electron beam is suggested to cause density 
fluctuations in the amorphous structures. Atomic reconfiguration to 
neutralize these fluctuations can lead to the formation of crystalline clusters. 
Electron beam induced crystallization was also observed during TEM 
investigations of amorphous Cr-B-C films, studied in paper VII. 

These findings emphasize that great care is required when imaging these 
types of metastable amorphous structures and it should preferably be done 
using a low electron dose. Furthermore, there is a need to critically assess 
literature on nanocrystalline carbide-based nanocomposites, in particular, 
when TEM results contradict characterization by other techniques such as 
XRD.         

5.2.4 Other characterization methods 
In scanning electron microscopy (SEM) a focused beam of electrons scan a 
surface area of interest and scattered electrons are detected. Information 
from the scattered electrons is used to build up an image of the sample. SEM 
has mainly been used to investigate morphology and film thicknesses from 
fractured cross-sections of the samples. A Leo 1550 FEG-SEM equipped 
with an AZtec EDX detector was used. 

Raman spectroscopy has in this work been used to both detect and 
characterize amorphous carbon. It is a spectroscopic technique that utilizes 
shifts in wavelengths of scattered light due to excitation of vibrational modes 
in molecules and solid matter. A Renishaw micro Raman System 2000 with 
a 514 nm laser and a Renishaw Invia Raman spectrometer with a 532 nm 
laser were used in this work. 

Elastic recoil detection analysis (ERDA) and Rutherford backscattering 
spectrometry (RBS) are two complementary ion beam analysis techniques 
that have been used in this thesis to determine the chemical composition of 
the thin films. In both techniques ions in the MeV energy range impinge on 
the sample. The energy of backscattered ions are detected in RBS and the 
mass and energy of atoms knocked-out (recoiled) by the ion beam is 
detected in ERDA. The high energy of the ion-beam requires an accelerator 
facility and measurement opportunities are therefore limited. These 
techniques have therefore mainly been used to calibrate sensitivity factors 
used in XPS, a fast and simple method to determine chemical composition. 
The measurements have been carried out at the Tandem Laboratory at 
Uppsala University.                   

5.2.5 Assessment of properties 
It is primarly the electrical and mechanical properties, which have been 
evaluated in present work since these are important properties for an 
electrical contact material (see chap. 2 for a further description of important 
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material properties for an electrical contact). The following section gives a 
short description of the main techniques used in this thesis work.  

For the contact resistance measurements performed within this thesis a noble 
metal counter surface (Au and Ag used in present work) has been pressed 
against the film surface. A constant current is applied over the contact 
junction and the contact resistance is calculated from the voltage drop over 
the junction, see fig. 5.4 for an illustration of a typical measurement set-up. 
Different contact geometries of both the film substrate and the counter 
surface have been used. The acquired contact resistance values are generally 
strongly dependent on the contact load since a higher load implies a more 
extensive deformation and penetration of surface oxides (larger Aconductive 
spots) resulting in a lower resistance. As a consequence the contact 
resistance is strongly dependent on the contact force used as well as the 
geometry of the counter surface. In addition, the mechanical properties of the 
substrate can influence film deformation and hence contact resistance. 
Contact resistance values should therefore be considered as a system 
parameter and values measured using different set-ups and film substrates 
are therefore difficult to compare. Values for a noble metal are therefore 
often included in a measurement series to act as a reference. 

Electrical resistivity was acquired using the common four point-probe 
method with equipment from Advanced Instrument Technology [98]. The 
measured value is called the sheet resistance and this value is multiplied by 
the film thickness in order to get the resistivity of the film. Film thickness 
values were acquired from cross-sectional SEM images. 

 
Figure 5.4. A sketch over the contact resistance set-up most often used in present 
work. The voltage and current cables are directly connected to the Au-coated probe 
and connected to the thin film sample and substrate by crocodile clamps.         

The hardness and elastic modulus (Young’s modulus) of the thin films have 
been determined from nanoindentation measurements. In this method, an 
indenter is pressed into the film surface while the applied force and the 
displacement of the indenter is recorded. The hardness is given as the ratio 
of the peak load and the load carrying area while the elastic modulus is given 
from the slope of the unloading curve, according to the Oliver and Pharr 
method [99]. The hardness and elastic modulus were taken as the average 
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value from about 20 indentations.  An indentation depth of less than 10 % of 
the total film thickness was always used in order to minimize any substrate 
effects. A CSM Instruments nanoindenter XP equipped with a diamond 
Berkovich indenter has been used in this work. Superhardness (≥ 40 GPa) 
measured for the Nb-B films in paper V were confirmed by additional 
measurements using a Hysitron nanoindenter at the Thin Film Physics 
Divison, Linköping University.   

Ball-on-disc measurements were the main method used to analyze the 
tribological properties of selected films. In this technique, a ball is pressed 
against the film surface with a constant normal force while the film substrate 
is rotated with a constant speed and the frictional force on the ball is 
continuously recorded. The coefficient of friction is given by the ratio of the 
measured frictional force to the normal force applied. Stainless steel balls 
intended for ball bearings were used as the counter surface in the present 
work. Optical and electrical microscopy together with EDX as well as 
optical profiler and XPS were used to investigate the wear tracks in order to 
get a deeper tribological understanding. Most ball-on-disc measurements 
were carried out using a custom-built set-up. Measurements at different 
humidities on Cr-B-C films in paper VII were carried out using a CSM 
Instruments tribometer at the State Key Laboratory of Solid Lubrication, 
Lanzhou, China. All measurements were done on films deposited on to 316L 
stainless steel plates. 

The chemical stability of Nb-B films was tested in a Battelle chamber in 
paper II. The films, deposited on to stainless steel plates, were exposed to a 
flow of a mixture of corrosive gases. The test gases were H2S, NO2, and Cl2 
with concentrations of 100 ± 20, 200 ± 50, and 20 ± 5 mm3/m3, respectively. 
The temperature was 30 ºC and relative humidity was 75 % during the test, 
which lasted for 21 days. The test period is supposed to correspond to 
approximately 10 years in severe and harsh environments such as instrument 
compartments in the paper and pulp industry.                 
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6. Results and discussion 

The section has been divided into different sub-sections. In the first part 
results from the sputtering of Nb-C thin films are presented. In the second 
part the sputtering of Nb-B and Cr-B are explored and finally the results 
from sputtering of ternary thin films have been considered. Since one of the 
main goals with this thesis work has been to investigate new thin film 
materials for electrical contacts the potential for the investigated materials in 
such applications will be discussed in each section. 

6.1 Niobium-carbon thin films 
As described in section 3.1, Lewin et al. showed that magnetron sputtered 
Ti-C films exhibit an excellent combination of properties suitable for contact 
applications [8, 10]. Their films consisted of a nanocomposite of 
nanocrystalline (nc-) TiC in a matrix of amorphous (a-) C. A disadvantage of 
these nc-TiC/a-C films, however, was a slow increase in contact resistance 
with time, probably due to surface oxidation. In paper I, we have evaluated 
the properties of Nb-C films, deposited by non-reactive magnetron 
sputtering in laboratory scale equipment since Nb is known for its oxidation 
resistance. An important part in this work has been to identify conditions for 
the synthesis of nanocomposite nc-Nb/a-C films with a very well-defined 
thickness (< few atomic layers) of the a-C matrix phase. For an industrial 
application, however, high deposition rates are required. An up-scaling study 
using reactive magnetron sputtering in industrial scale equipment was 
therefore carried out in paper II.  
 

6.1.1 Non-reactively magnetron sputtered Nb-C films 
A series of non-reactively sputtered films were deposited at 300 oC using the 
experimental parameters specified in paper I. Cross-sectional TEM on films 
with different composition showed a two-phase nanocomposite 
microstructure (see fig. 4.3). The most metal-rich film shows crystalline 
grains elongated in the growth direction and arranged in a columnar 
structure. As the C content is increased the columnar structure diminishes 
and the crystalline grains decrease in size and become encapsulated by the 
amorphous phase. 
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From GI-XRD it is concluded that the crystalline grains are NbC  
(nc-NbCx) with NaCl structure, see diffractograms in fig. 6.1a. The peak 
broadening and intensity reduction of the diffraction peaks with increasing C 
content confirm the nc-NbCx grain size reduction seen by TEM (fig. 4.3). 
Grain sizes determined from Williamson-Hall plots are summarized in table 
6.1. The anisotropic shape of the two most Nb-rich films makes it impossible 
to use Williamson-Hall plots and grain sizes of 75 – 100 nm were therefore 
estimated from TEM for these films.  

Contributions from C in nc-NbC and from C in a-C can be seen in the 
XPS C1s spectra of the Nb-C films in fig. 6.1b. The relative amount of a-C, 
increases with the C content. Relative phase composition of the two phases 
(nc-NbCx and a-C), quantified from the XPS spectra in fig 6.1b are shown in 
table 6.1. All Nb-C films have substoichiometric NbCx grains with x ranging 
from 0.66 to 0.84, see table 6.1. Consequently, we can conclude that the 
films have a nanocomposite nc-NbC/a-C structure. This is in general 
agreement with similar Me-C films using early transition metals such as Ti, 
Zr, Ta and W [44, 45, 49, 50, 53] Furthermore, the co-existence of a 
substoichiometric NbCx phase and an a-C phase shows that the films are 
metastable with respect to the equilibrium phases in the phase diagram  
(see fig.3.2). This is a result of the non-equilibrium conditions prevailing in 
the magnetron sputtering process. 

 
Figure 6.1.a) GI-XRD diffractograms and b) XPS C1s spectra of Nb-C films with 
different C content. Vertical lines in a) mark reference positions for the different 
diffraction peaks and in b) reference positions for the two chemical bonding peaks. 
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Table 6.1. A summary of microstructure data for non-reactively sputtered Nb-C 
films of different C. a is the lattice parameter and r is the NbCx grain size obtained 
from XRD data except for sample 1 and 2 where TEM has been used. a-C is the 
relative amount of a-C phase calculated from the XPS C1s spectra and x is the NbC 
stoichiometry.   

Sample C content 
(at.%) a (Å) r (nm) a-C (%) x in NbCx 

1 43 4.47 75-100 13 0.66 

2 49 4.47 75-100 15 0.82 
3 54 4.48 8 33 0.79 
4 58 4.48 6 40 0.83 
5 62 4.49 6 48 0.85 
6 64 4.48 3 54 0.82 

 One of the main purposes with the Nb-C study was to compare the  
nc-NbCx/a-C with nc-TiCx/a-C films from ref. [8] sputtered in the same 
deposition system, at the same substrate temperature. Similarities but also 
significant differences were observed between the two systems. A higher 
stoichiometry of the carbide grains is seen for the Nb-C films, c.f.  
x = 0.66 – 0.85 for NbCx and x = 0.44 – 0.64 for TiCx. This difference infers 
that more a-C phase is formed in the Ti-C system at comparable C contents. 
This can be explained by considering the equilibrium phase diagrams, where 
TiCx exhibits a wider homogeneity range of 33 – 48 at.% C compared to 
NbCx with 43 – 50 at.% C [15, 16]. This implies a lower energy cost to form 
a C vacancy in TiC and as a consequence the energy cost to deposit highly 
substoichiometric film is less for TiC. 

The thickness of the a-C matrix phase separating the carbide grains is a 
microstructural feature that strongly influences the properties of a Me-C 
nanocomposite. A rough estimation of the matrix thickness can be performed 
by considering a model where the MeCx grains are represented by equally 
sized cubes placed in the nodes of a three-dimensional cubic lattice  
(see Zehnder et al. for a detailed description of the model [44]). The cube 
model is not representative for the two Nb-rich samples considering the 
anisotropic shape of the NbCx grains for these films. A slightly modified 
model with rectangular cuboids ten times longer in the growth direction was 
instead used for these films. Calculated thickness values for Nb-C and Ti-C 
films as a function of C content are plotted in fig. 6.2. As can be seen, the 
two types of films exhibit a significant difference in matrix thickness. The 
Nb-C films have an a-C matrix thickness of only 0.2-0.6 nm, corresponding 
to a few atomic layers. In contrast, the Ti-C films have a much thicker 
matrix of about 2-3 nm. The thicker matrix is a consequence of the more 
substoichiometric carbide grains in the Ti-C system. As will be demonstrated 
below, the difference in thickness will have a strong impact on the films 
properties. 
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Figure 6.2. Calculated a-C matrix thicknesses for the nc-NbCx/a-C films using a 
cube model. Included in the figure is also calculated matrix thicknesses for nc-
TiCx/a-C films from ref. [8] using the same model. 

6.1.2 Properties of the non-reactively sputtered Nb-C thin films 
A strong correlation is seen between thin film microstructure and properties 
for the nc-NbCx/a-C films. Figure 6.3 show the hardness (left) and elastic 
modulus (right) plotted versus the C content for the Nb-C films. Hardness 
(H) and elastic modulus (Y) follow the same trend with a maximum at  
49 at.% C (H = 23 GPa and Y = 295 GPa) followed by a reduction to a 
hardness of 13 GPa and an elastic modulus of 160 GPa at 64 at.% C. The 
reduction of the NbCx grain size and simultaneous increase in the a-C phase 
encapsulating the carbide grains enable the grains to glide and rotate in a 
larger extent resulting in a reduction of hardness and elastic modulus. These 
values for the mechanical properties and their dependency on chemical 
composition are in accordance to previous studies on nc-MeCx/a-C films  
[43, 47, 49, 50]. Included in fig. 6.3 are also mechanical properties of  
nc-TiCx/a-C films from ref. [8]. A lower hardness is seen for the Ti-C films 
despite that similar hardness values of 29 GPa and 27 GPa are reported for 
bulk NbC and TiC respectively [17]. The lower hardness for the Ti-C films 
can be explained by the thicker a-C matrix observed for these films in 
comparison to Nb-C, which further promotes gliding and rotation in the 
grain boundaries. These trends for the mechanical properties suggest a 
higher wear resistance (higher H/E and H3/E2 ratio) for the Nb-C films than 
for the Ti-C films [100].      
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Figure 6.3. Hardness (left) and elastic modulus (right) plotted as a function of C 
content for Nb-C films. Data from dc magnetron sputtered nc-TiCx/a-C films from 
ref. [8] are included as a reference. Lines are intended as guides for the eye. 

Results of electrical characterization are shown in fig. 6.4, with electrical 
resistivity (left) and contact resistance (right) of the Nb-C films are presented 
in fig. 6.4. Included in fig. 6.4 are also resistivity values for nc-TiCx/a-C [8]. 
The increase in resistivity from 250 µΩcm to 1200 µΩcm with the increase 
in C content is mainly attributed to the reduction in NbCx grain size, which 
results in a higher amount of grain boundaries acting as electron scattering 
centers. The increased thickness of the poorly conducting a-C phase seen in 
fig. 6.2 will also contribute to the increased resistivity. The influence of the 
matrix thickness is especially evident if the high resistivity  
(1200 – 1900 Ωcm) of the Ti-C films exhibiting a thick a-C matrix is 
compared to the Nb-C films exhibiting a much thinner a-C matrix  
(c.f. fig. 6.2 and 6.4).  

The plot to the right in fig. 6.4 shows a strong dependency for the contact 
resistance to the C content. The lowest electrical contact resistance at a 
contact force of 100 N is 140 µΩ, which is observed for the Nb-C film with 
an intermediate C content of 54 at.% C (38 % a-C). To have a low contact 
resistance the insulating surface oxide needs to be penetrated. The film 
containing 54 at.% C has smaller NbCx grains and is richer in a-C phase than 
the metal-rich film and should thereby be more ductile. This will improve 
oxide penetration and thereby result in a lower contact resistance. At higher 
C contents the resistivity of the film itself is drastically increased and 
thereby also the contact resistance. It is interesting to note that the contact 
resistance of a Ti-C film from ref. [8] containing 37 % a-C phase follow the 
contact resistance of a Nb-C film with a similar amount of a-C phase  
(38 % a-C). These results show that nc-NbCx/a-C films have a high potential 
as materials for electrical contacts with as good as or better contact 
properties than nc-TiCx/a-C films. 
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Figure 6.4. Electrical resistivity (left) and contact resistance (right) of the Nb-C 
films of different C content. Data from dc magnetron sputtered nc-TiCx/a-C films 
from ref. [8] are included as a reference. In the plot to the right is also the contact 
resistance for Ag against Ag included as a reference. Lines are intended as guides 
for the eye. 

6.1.3 Industrial up-scaling of Nb-C thin films 
For a Nb-C thin film to be used in an electrical contact application, similar 
properties and thereby microstructures must be attained under industrial 
sputtering conditions, i. e., at much higher deposition rates than what is 
achieved at the lab scale in paper I. A series of Nb-C films with varying C 
contents, deposited at high deposition rates in a commercial sputtering 
system, are therefore studied in paper II. To improve deposition rate a 
reactive sputtering process is used, utilizing acetylene (C2H2) gas as the C 
source, instead of non-reactive sputtering from a slow sputtering solid 
graphite target used in paper I. 

 
Figure 6.5 GI-XRD diffractograms of Nb-C films deposited by reactive sputtering at 
a deposition rate of 180 – 200 nm/min and non-reactive sputtering at a deposition 
rate of 2 – 3 nm/min. Vertical lines show reference positions for the NbC diffraction 
peaks. 
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Deposition rates of 180 – 200 nm were attained for the reactively sputtered 
films, which is almost two orders of magnitude higher than for the films 
deposited by non-reactive sputtering at lab-scale (2 – 3 nm/min). Despite this 
large difference in sputtering conditions surprisingly minor differences in 
microstructure were observed. An almost identical relationship was seen for 
the amount of a-C phase with total C content, c.f. a-C in table 6.1 and table 
6.2. The largest differences are seen in the GI-XRD diffractograms of the 
reactively and non-reactively sputtered films, compared in fig. 6.5. The peak 
seen for the reactive films at about 38º is assigned to a thin Nb layer (~75 nm 
thick) deposited prior to the Nb-C film in order to improve film adhesion. 
The diffraction peaks of the reactively sputtered films are broader compared 
to the non-reactive case at comparable C content indicating a smaller NbCx 
grain size for these films. This size difference is confirmed by TEM  
(not shown) and calculated grain sizes using Williamson-Hall plots are 
presented in table 6.2. The smaller grain sizes for the reactively sputtered 
films can be attributed to the higher deposition rate and lower deposition 
temperature (120 ºC for the reactive case and 300 ºC for the non-reactive 
case), which reduce time for adatom diffusion as well as adatom diffusivity 
during film growth and thereby quenches carbide growth. Lu et al. suggest 
that adatom diffusion in MoC films grown using chemical vapour deposition 
is restricted by strongly adsorbed species from C2H4 [101]. It is possible that 
radicals, such as CH and C2, formed in the reactive process adsorb on the 
film surface during film growth and restrict adatom diffusion and thus also 
limit NbCx grain growth. 

The matrix thickness of the reactively sputtered films was calculated using 
the cube model previously described for the non-reactively sputtered films. 
Calculated thicknesses are plotted in fig. 6.6 as a function of a-C phase 
content. The smaller NbCx grain sizes for the reactively sputtered films result 
in a slightly smaller matrix thickness compared to the non-reactively 
sputtered films. However, the difference in thickness is only minor 
considering the large difference in sputtering conditions. No increase in 
thickness is seen despite a large increase in the amount of a-C phase, which 
can be attributed to the simultaneous reduction in NbCx grain size with the 
increase in a-C content. This is illustrated in the inset in fig. 6.6, where a 
linear relationship is seen between the amount of a-C phase and 1/r  
(r = NbCx grain size), 1/r being directly proportional to the NbCx 
area/volume ratio. A growth mechanism of the nc-NbCx/a-C films is 
suggested based on the results in fig. 6.6: Carbon will segregate and 
accumulate on the carbide surface. This will restrict further growth and 
promote renucleation of new grains. A higher flux of C in the sputtering 
process will more rapidly generate an a-C layer on the carbide surface and 
thus result in a reduced grain size, in agreement with experimental results. 
Since the renucleation of carbide grains occur after the formation of a single 
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or at most a few atomic layers due to Nb concentration build-up, the 
thickness of the a-C layer will only be weakly dependent on the a-C content 
(see fig. 6.6). Furthermore, the total amount of a-C will be directly 
proportional to the area/volume ratio of the NbCx grains, as seen in the inset 
in fig. 6.6. An important consequence of the suggested model is that the 
carbide grain size and amount of a-C phase in a given process is correlated 
and cannot be controlled separately. It is likely that C segregation and 
carbide renucleation is a general growth mechanism in sputtered  
nc-MeC/a-C films that holds for both reactive and non-reactive sputtering. A 
similar growth mechanism is suggested by Zehnder et al. for nc-TiC/a-C:H 
films deposited by reactive magnetron sputtering [44].               

Table 6.2. Microstructure data for reactively sputtered Nb-C films of different C 
content estimated from XPS depth profiles. a is the lattice parameter and r is the 
NbCx grain size obtained from XRD data. a-C is the relative amount of a-C phase 
calculated from the XPS C1s spectra and x is the NbC stoichiometry.  

Sample C content 
(at.%) a (Å) r (nm) a-C (%) X in NbCx 

1 48 4.49 11 23 0.78 

2 51 4.49 5 26 0.76 
3 54 4.50 4 34 0.77 
4 59 4.49 3 39 0.85 

5 62 4.49 3 50 0.79 

           
Figure 6.6. Calculated a-C matrix phase thickness using a cube model plotted 
against the amount of a-C phase. The Nb-C films were deposited by reactive 
sputtering at a deposition rate of 180 – 200 nm/min and non-reactive sputtering at a 
deposition rate of 2 – 3 nm/min. The inset show the amount of a-C phase plotted as a 
function of the inverse grain size 1/r.    

The small differences in the attained microstructures for the reactive 
sputtering compared to the non-reactive process are reflected in the film 
properties, where no major differences were seen between the two 
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conditions. The slightly thinner a-C matrix observed in the reactively 
sputtered films resulted in a lower resistivity, especially at higher C contents 
(c.f. 360 µΩcm for reactively and 730 µΩcm for non-reactively sputtered 
films with a C content of 62 at.%). The resistivity values for the reactively 
sputtered films are lower compared to previously reported values by 
Benndorf et al. for reactively sputtered Nb-C films (> 500 µΩcm) [53]. 

  The chemical stability of the nc-NbCx/a-C films deposited at industrial 
scale were tested in a Battelle chamber, where the films were exposed to a 
mixture of corrosive H2S, NO2, and Cl2 gases for 21 days, further described 
in section 5.2.5. Lowest degradation in contact resistance was seen for the 
two most C-rich films with a contact resistance of 11 mΩ before and 30 mΩ 
after the test at a contact force of 10 N. XPS shows that the degradation in 
contact resistance can be correlated to growth of the surface oxide occurring 
during the chemical stability test and it is found to be more pronounced for 
the Nb-rich films. Ball-on-disc test against stainless steel showed the lowest 
friction of 0.23 and wear rate of 0.17·10-6 mm3/mN for the most C-rich film. 
These are typical values for nc-MeCx/a-C films where the a-C phase acts as a 
solid lubricant [43, 46, 51, 102]. These results show that nc-NbCx/a-C thin 
films with good electrical contact properties can be achieved at industrial 
scale. Furthermore, Nb-C films containing 62 at.% C exhibit the highest 
potential for sliding electrical contact applications. 
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6.2 Niobium and chromium boron thin films 
Transition metal diborides are known for their high conductivity, high wear 
resistance, and chemical inertness and hence have a potential as an electrical 
contact material. NbB2-based thin films are studied in paper V, but the high 
hardness and lack in ductility for the borides can hinder surface oxide 
penetration and hence result in a high contact resistance. The oxidation 
resistant properties of Cr together with a presumably reduced hardness 
compared to Nb, due to the filling of anti-bonding states (see section 3.2) 
have motivated paper VII where CrB2-based thin films are studied. The  
Me-B films have, in contrast to the Nb-C films, been deposited from 
compound MeB2 targets. The chemical composition of the boride films has 
thus been constant and not varied within the Nb/Cr-B systems in the way 
performed for the Nb-C system in section 6.1. Slight modifications of 
chemical composition can be achieved by varying sputtering conditions but 
this has not been considered in present work. 

6.2.1 Microstructure 
For both the Nb-B and Cr-B systems a chemical composition deviating from 
the composition of the sputtered MeB2 target is attained, with B/Me ratios of 
1.8 and 1.5, respectively. In contrast, B/Me ratios > 2 are generally observed 
for films sputtered from a TiB2 target [35, 56, 57]. It is suggested that the B 
deficiencies are caused by re-sputtering of segregated B atoms at the 
growing film surface and the formation of volatile B-species in the 
sputtering gas. Although the Nb-B and Cr-B films have been deposited in the 
same sputtering system using the same bias, process pressure, and substrate 
temperature, a difference in B/Me ratio is observed. This shows that the type 
of Me, in addition to sputtering parameters, has a strong impact on the 
attained composition in the sputtering of MeB2 films. However, further 
studies at varying sputtering conditions are required to fully understand the 
mechanism behind the observed deviations from target composition. 
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Figure 6.7. GI-XRD diffractograms of a CrB2 film (upper) and a NbB2 film (lower) 
acquired using an incidence angle of 2°. Vertical lines mark the diffraction peak 
positions, which have been used to calculate cell parameters.  

Diffractograms from GI-XRD measurements of the Me-B films are shown in 
fig. 6.7. As can be seen both the Cr-B and Nb-B films exhibit the hexagonal 
AlB2 type structure, although they have B/Me ratios < 2. Calculated cell 
parameters, from XRD data, of a = 2.97 Å and c = 3.02 Å for the CrB2-x film 
show a compression along the c-axis compared to stoichiometric bulk CrB2 
(c.f. a = 2.969 Å and c = 3.066 Å for bulk CrB2 [103]). Such compression is 
expected for B vacancies in the B sublattice considering the AlB2 structure 
described in section 3.2. Calculated cell parameters of a = 3.12 Å and  
c = 3.28 Å for the NbB2-x film are also in agreement with stoichiometric or 
substoichiometric NbB2-x bulk samples (c.f. a = 3.110 Å and c = 3.275Å for 
stoichiometric NbB2 [104]). The vertical lines in fig. 6.7 mark the diffraction 
peak position, which have been used to calculate the cell parameters.  

Cross-sectional TEM analysis of the Cr-B and Nb-B films confirms that 
the boride grains have a hexagonal AlB2-type structure, see SAED-patterns 
in fig. 6.8 and fig. 6.9. Furthermore, a (101)-texture can be seen for the  
Cr-B film but not for the Nb-B films although they are deposited under 
similar conditions. A weak (001)-texture is however seen for the Nb-B film 
in a θ-2θ measurement (see fig. 1 in paper V). The plan-view STEM image 
of the Nb-B film in fig. 6.8c shows crystalline diboride grains, 5 – 10 nm in 
size, surrounded by a dark phase, one to a few atomic layers thick, 
containing mainly boron, as the darker contrast is consistent with a lower 
average Z. The B tissue phase is confirmed from STEM EELS 
investigations, although, the existence of Nb in the tissue phase cannot be 
excluded (see paper V for details). The Cr-B film shows a similar 
microstructure with diboride grains surrounded by a B-rich tissue phase  
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(fig. 6.9b). The tissue phase in the Cr-B film also seems to be one to a few 
atomic layers thick.  

XPS analysis, which shows contribution from a MeB2-x phase and B-B 
bonds attributed to a B-tissue phase in the grain boundaries, agrees with the 
two-phase structure observed by TEM. See section 5.2 and papers V and VII 
for further details. 

 
Figure 6.8. a) Dark field cross-sectional TEM image obtained using segments of the 
001 and 100 diffraction rings. The inset in a) show an SAED pattern of the same 
film with the diffraction rings indexed to the NbB2 phase. b) High resolution cross-
sectional TEM image of the same sample with a columnar NbB2 grain marked. 
c) Plan-view STEM image of the same film. 
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Figure 6.9. a) Cross-sectional low magnification image of a Cr-B film. The inset 
show a SAED pattern of the same sample with the diffraction rings indexed to the 
CrB2 phase. b) STEM image of the same sample. c) HRTEM image of a CrB2-x grain 
with two lattice directions indicated by arrows. 

A main result in papers V and VII is that also understoichiometric films 
(B/Me < 2) can form a tissue phase of B between the diboride grains. The 
formation of such a tissue phase has previously only been observed in 
overstoichiometric TiB2+x films [56, 57]. The explanation for this behavior 
can be found in the stability trends of the diborides discussed in section 3.2. 
The group 5 and 6 diborides with an AlB2 structure are less stable than e.g. 
TiB2 in group 4. The stability can be increased by vacancy formation as 
demonstrated by Hayami et al. in the Mo-B and W-B systems [29]. 
Consequently, we suggest that a thermodynamic driving force exists to 
segregate B to the surfaces of the diboride grains although the  
B/Me ratio < 2. The presence of boron vacancies in the NbB2-x grains are 
also supported by the large defect peak in the B1s XPS spectra  
(see fig. 5.1a).  
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6.2.2 Properties of the Cr-B and Nb-B films 
The Nb-B and Cr-B films exhibit quite different properties although their 
microstructures are very similar. For a NbB2-x film, a hardness of 42 ± 2 GPa 
is measured, twice as high as for the reported bulk value of 21 GPa [105]. In 
contrast, a hardness of 25 ± 1 GPa is measured, only slightly higher than  
21 GPa reported for bulk CrB2 [23]. Superhardness (H ≥ 40 GPa) has 
previously been observed for highly (001)-textured overstoichiometric 
TiB2+x films [56, 57] and is explained by the combination of columnar TiB2+x 
grains ~ 5 nm in size separated by a thin B tissue phase. The small size of the 
TiB2+x grains hinders the nucleation and slip of dislocations while the B 
tissue phase prevents grain boundary sliding, resulting in superhardness. The 
measured hardness of 42 ± 2 GPa for the Nb-B film show that superhardness 
also can be achieved in weakly (001)-textured substoichiometric diboride 
films. Superhardness is thus expected for the Cr-B films considering the  
B-rich tissue phase also seen for these films and superhardness has been 
observed for (001)-textured films [60]. A drastic reduction in hardness from 
38 GPa to 21 GPa has been observed for CrB2 films with the change in 
texture from the close packed (001)-orientation to the (101)-orientation 
[106]. The rather modest hardness for the Cr-B film can, therefore, be 
explained by the strong (101)-texture observed for this film and is in 
agreement with literature.  

The two borides also exhibit a quite different tribological behavior. The 
friction coefficients were determined to 0.16 and 0.78 for the Nb-B and Cr-B 
films, respectively, when sliding against stainless steel balls at a relative 
humidity of 50 – 55 %. XPS shows the presence of boron oxides and 
presumably boric acid in the wear track of the Nb-B film, indicating that the 
low coefficient of friction can be attributed to a lubrication effect from the 
formation of a boric acid film. A similar effect would be expected also for 
the Cr-B film and XPS shows the presence of boron oxides also in the wear 
track of this film. However, crack formation and subsequent fragmentation 
and delamination of the Cr-B film start already after a few hundred cycles in 
the ball-on-disk test. Optical microscope images of the wear tracks for the 
Nb-B film taken after 5000 laps and the Cr-B film taken after 185 laps is 
compared in fig. 6.10. The crack formation seen in fig. 6.10 b) and c) can be 
attributed to poor film adhesion for the Cr-B film determined from scratch 
test. The critical load of film failure was 57 N for Nb-B and 7 N for Cr-B. In 
addition, 101-textured CrB2-x films are more prone to cleavage fracture along 
the surface planes compared to 001-textured films resulting in a lower wear 
resistance [61]. 
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Figure 6.10. Optical microscope images of the wear tracks after ball-on-disk 
measurements against stainless steel for the Nb-B film a) and the Cr-B film at two 
different maginifications b) and c). It is important to note that image a) is taken after 
5000 laps while image b) and c) are taken after 185 laps.  

Both the Nb-B and Cr-B films have comparably low resistivities of  
100 µΩcm and 210 µΩcm, respectively. These values are one order of 
magnitude higher compared to values reported for bulk, which can be 
attributed to electron scattering at grain boundaries in the nanocrystalline 
structure [23, 107]. The low resistivity, and for Nb-B also low friction, 
suggest that the borides could be an interesting material for electrical 
contacts. However, high electrical contact resistance values of 500 mΩ were 
obtained for both the Nb-B and Cr-B films when measured against Au 
coated probes at a contact force of 10 N and 1 N, respectively (a contact 
resistance of 0.4 mΩ was measured for Au against Au). The high contact 
resistance of the borides follows the same trend seen for the nc-NbCx/a-C 
films; where the high hardness of the Nb-rich film obstructs the penetration 
of the poorly conducting surface oxide. It was shown that a few monolayers 
of a-C in grain boundaries are required to increase the ductility and promote 
penetration and reduce the contact resistance, see section 6.1. The possibility 
to modify the B tissue phase and reduce contact resistance by alloying C to 
the Nb-B films are studied in paper VI and the results are presented in 
section 6.3.2.      

6.3 Ternary Me-X-C thin films 
The addition of a third element to binary boride and carbide thin films has a 
strong effect on the microstructure and consequently film properties.  
Eklund et al. have shown promising electrical contact properties for Ti-Si-C 
thin films [7]. Furthermore, the alloying of Si to Me-C films reduce 
crystallinity and completely amorphous structures are reported for several 
Me-Si-C systems [72, 73, 75, 79]. This trend will probably improve 
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electrical contact properties such as ductility and corrosion resistance. In 
Paper III, the incorporation of Si to Nb-C thin films is, therefore, studied. It 
has been shown that the alloying of C to Ti-B films reduces hardness and 
improve sliding contact properties such as friction and wear rate [14, 87]. In 
paper VI and VII, C is added to Nb-B and Cr-B thin films to investigate how 
this influences electrical contact properties. A slightly different approach is 
used in paper VIII where B is added to Ti-C thin films in an attempt to 
further improve the promising electrical contact properties previously 
observed for these films [8]. 

6.3.1 The Nb-Si-C system 
Two series of films were studied within the Nb-Si-C system sputtered from 
separate Nb, Si, and C targets. In a first series, denoted S1, the C content was 
kept at about 55 at.% while the Si/Nb ratio was varied. In a second series, 
denoted S2, the C/Nb ratio was instead varied while the Si content was kept 
at about 45 at. %. As can be seen in fig. 6.11, Series S1 represents 
compositions almost on the two-phase SiC-NbC line, while S2 represents 
compositions within the three-phase triangle NbSi2-SiC-NbC. 

 
Figure 6.11. Chemical composition of the thin films in series S1 and S2 and their 
location in the Nb-Si-C ternary phase diagram adapted from Yaney and Joshi [108]. 
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Figure 6.12. GI-XRD diffractograms of the Nb-Si-C films from a) series S1 and b) 
series S2. The diffractograms were acquired using an incidence angle of 2°. Vertical 
lines indicate reference diffraction peak positions for NbC and Nb structures. 

Figure 6.12 shows GI-XRD diffractograms from the two series of films.  
A reduction in crystallinity is seen with the addition of Si for the series S1 
films in fig. 6.12a. Scherrer’s formula is used to estimate the NbC grain size, 
which is reduced from 9 nm for the binary Nb-C film to 4 nm for the film 
containing 20 at.% Si. As the Si content is further increased, the NbC peaks 
disappears and at ≥ 28 at.% Si diffractograms consistent with X-ray 
amorphous films are obtained. All the films in series S2 are X-ray 
amorphous with no signs of crystalline carbides. The broad features seen at 
about 38° in the diffractograms in fig. 6.12b originates from local ordering 
giving rise to certain average atom distances. The structure evolution for the 
series S1 films seen in fig. 6.12a is confirmed from cross-sectional TEM 
images, see paper IV for details. The observation of amorphous Nb-Si-C 
films at higher Si content is in agreement with previous studies of magnetron 
sputtered Me-Si-C films [72-76, 79]. It is hard to draw any conclusions 
regarding trends in glass forming ability for the Me-Si-C films containing a 
Me from group 4 to 6 since systematic data is missing. Nevertheless, it is 
seen that a higher Si content is required to form an amorphous structure for 
the Nb-Si-C films compared to Zr-Si-C films sputtered in the same 
deposition system, using the same bias, process pressure, and similar 
substrate temperatures (c.f. > 25 at.% Si for Nb-Si-C and > 15 at.% Si for  
Zr-Si-C) [74]. There are many theories for glass-formation and many of 
them emphasize the importance of a large difference in atomic size between 
the constituting elements (chap. 8 in ref. [34] and ref. [40]). A plausible 
explanation to the higher glass forming ability for the Zr-Si-C films can then 
be the larger atomic radius for Zr compared to Nb (1.59 Å and 1.43 Å for Zr 
and Nb, respectively [109]). 

During TEM analysis of the Nb-Si-C films, electron beam induced 
crystallization was observed. This effect has been described in more detail in 
paper IV and section 5.2.3. It was observed that a higher electron dose is 
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required to induce crystallization in the Zr-Si-C system compared to  
Nb-Si-C (~2.8x109 e-/nm2 for Nb-Si-C and ~4.7x109 e-/nm2 for Zr-Si-C), 
indicating that Zr forms more stable amorphous structures. The Zr-Si-C 
sample is not as affected by the electron beam as the Nb-Si-C sample after 
exposure to the same electron dose of ~2.8x109 e-/nm2 (see fig. 6.13). Only 
one grain in the thinnest part of the Zr-Si-C sample can be observed 
(indicated by an arrow). The crystallinity of Me-Si-C films in the literature 
has been determined by XRD and/or TEM. In some cases, small 
nanocrystallites have been observed in TEM although the films are X-ray 
amorphous [72, 110]. Our findings show that great care are required when 
TEM is used to analyze these types of materials and there is a need to revisit 
and critically assess literature data when TEM contradicts other 
characterization techniques such as XRD. 

 
Figure 6.13. Cross-sectional TEM images of a Nb-Si-C film (left) and a Zr-Si-C film 
(right) after exposure to an electron dose of ~2.8x109 e-/nm2.  
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Figure 6.14. XPS C1s and Si2p spectra of the Nb-Si-C films in series S1a) and b) 
and series S2 c) and d).  

 Kadas et al. have studied the structure of  related amorphous  Zr-Si-C films 
using density functional theory (DFT) calculations and X-ray absorption fine 
structure studies [76]. They observed a network structure with Zr-C, Zr-Si, 
Si-C, and C-C bonds. It is conceivable to assume that a similar bonding 
distribution will prevail also in the here studied Nb-Si-C films. This was 
confirmed by XPS analysis. The C1s and Si2p peaks in fig. 6.14 show such a 
range of bond types strongly influenced by the chemical composition. It is 
interesting to note that although the films are nanocomposites or amorphous, 
and hence far from thermodynamic equilibrium, the distribution of chemical 
bonding follows the trends expected from the phase diagram in fig. 6.11.  
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In series S1, close to the binary NbC-SiC line, the C-Si/C-Nb peak ratio 
increases with Si content. At equilibrium conditions, we should expect a 
corresponding increase in the SiC/NbC ratio of the crystalline phases.  In a 
similar way, the XPS results from series S2 in fig. 6.14c and d show a trend 
with a reduced amount of Si-Nb bonds and an increased amount of Si-C 
bonds in the more C-rich films. At equilibrium we should expect an increase 
in the amount of crystalline SiC and a reduced amount of the NbSi2 phase. It 
is however clear that although the bonding distributions in the amorphous 
films follow trends in the phase diagram, the classical lever rule used to 
determine the amount of each crystalline phase at equilibrium cannot be 
applied to bonding distribution in the films as determined by XPS. 

The bond distribution in the Nb-Si-C films has a strong impact on the 
mechanical properties. Figure 6.15 shows the hardness (left) and elastic 
modulus (right) versus the relative amount of Si-C bonds in the films. 
Included in the plot are values for Zr-Si-C films from ref. [74] deposited in 
the same sputtering system using the same bias and a slightly higher 
substrate temperature (c.f. 300 °C for Nb-Si-C and 350 °C for Zr-Si-C). The 
hardness follows the same dependence on the Si-C bond content for the two 
material systems. This shows that the hardness for these types of amorphous 
films is primarily dependent on the formation of strong Si-C bonds, rather 
than on the type of transition metal. For the reduced elastic modulus  
(not dependent on the Poisson’s ratio of the material), on the other hand,  
a difference is seen between the two types of transition metals with lower 
values for the Nb-Si-C films. The elastic modulus is correlated to the 
stretching of bonds and proportional to the average bond strength for an 
amorphous material. As mentioned in section 3.1 the bond strength of Zr-C 
bonds are stronger compared to Nb-C bonds. At a given amount of Si-C 
bonds the average bond strength in the amorphous Zr-Si-C films should be 
stronger compared to Nb-Si-C and thereby result in a higher reduced elastic 
modulus, which is seen in fig. 6.15. The hardness to elastic modulus ratio 
(H/E) and H3/E2 ratio are known to give an indication on film toughness and 
resistance to plastic deformation respectively [100]. The trends observed in 
fig. 6.15 suggest that the H/E and H3/E2 ratio are dependent on the type of 
metal and chemical bonds for this type of amorphous Me-Si-C films. 
Furthermore, these trends enable a design possibility to achieve  
wear-resistant Me-Si-C films by appropriate choice of chemical composition 
and transition metal. 

Despite the reduced hardness, the alloying of Si to the Nb-C films is not 
beneficial for the electrical contact resistance. A slight increase in contact 
resistance from 30 mΩ for the binary Nb-C film to 40 mΩ for the Nb-Si-C 
film exhibiting a nanocomposite structure (20 at.% Si) is measured at a 
contact force of 1 N against an Au coated probe. An abrupt increase in 
contact resistance to 380 mΩ is seen as the Si content is further increased to 
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28 at.% Si attributed to the formation of an amorphous structure. The 
amorphous film has a much higher resistivity compared to the binary Nb-C 
film (c.f. 1321 μΩcm for the Nb-Si-C film and 211 μΩcm for the Nb-C 
film). Furthermore, for the Nb-C films it is seen that a nanocomposite 
structure with a very thin a-C matrix is crucial for a low contact resistance 
since such a heterogeneous structure will deform more on the nanometer 
scale and thus facilitates the penetration of surface oxides (see section 6.1). 
The homogenous structure of an amorphous film will probably deform in a 
different way, which may be less beneficial for the surface oxide penetration 
and hence result in a higher contact resistance. 

 
Figure 6.15.  Hardness (left) and reduced elastic modulus (right) plotted versus the 
relative amount of C-Si bonds in the Nb-Si-C films. Data for magnetron sputtered 
Zr-Si-C films are included as a reference [74]. The bond content is determined from 
the C1s spectra and normalized to the sum of C-C, C-Nb, and C-Si peak intensities.  

6.3.2 The Me-B-C systems (Me = Ti, Nb, Cr) 
The ternary Me-B-C system has been studied using two different approaches 
and three different transition metals: Ti, Cr, and Nb. The Cr and Nb 
containing films were co-sputtered from MeB2 and C targets while the Ti 
containing films were co-sputtered from B4C, Ti, and C targets. Figure 6.16 
shows the composition for the different series of films. It can be seen that 
both the Cr-B-C and Nb-B-C films have a B/Me ratio < 2 (previously 
discussed in section 6.2) that is only varying slightly with the addition of C. 
The Ti-B-C films can be divided into two series of films, one with a low B 
content (~10 at.% B) and one with a high B content (~20 at.% B), and the 
C/Ti ratio is varied within each series. 
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Figure 6.16. Chemical composition of samples within the ternary Me-B-C system 
studied in this thesis work. 

GI-XRD diffractograms for the Cr-B-C and Nb-B-C films are shown in  
fig. 6.17. All the diffraction peaks can be assigned to NbB2 and CrB2 phases 
with hexagonal AlB2 structure. A general observation is that a reduction in 
intensity and a broadening of the diffraction peaks occur with the increase in 
C content. This is due to a reduction in the boride grain size and is confirmed 
by TEM studies. In the Nb-B-C system, the grain size is reduced from 10 nm 
for a pure Nb-B film to 2 nm for Nb-B-C films containing ≥ 30 at.% C. In 
contrast, for the Cr-B-C system completely X-ray amorphous films form at  
≥ 30 at.% C. This observation suggests a higher glass forming ability for the 
Cr-B-C system. The higher glass forming ability for the Cr-B-C system can 
be attributed to the lower stability of the CrB2 phase in comparison to the 
NbB2 phase caused by the filling of anti-bonding states (see section 3.2) and 
more complex structure of Cr-C phases compared to the NaCl structure of 
NbC [19]. For both the Cr-B-C and Nb-B-C samples, an expansion of the 
unit cell is observed when C is incorporated suggesting that C forms a solid 
solution in the MeB2 phase. From the Ti-B-C samples GI-XRD 
diffractograms it is concluded that TiC is the only crystalline phase formed. 
A reduction in the TiC grain size is seen when the B content is increased 
from 10 to 20 at.%, see fig. 1 in paper VIII. Also in this case, shifts of the 
diffraction peaks are consistent with a solid solution, in this case of B, in the 
TiCx grains. The observation of a solid solution of C into boride or boron 
into carbide has also been observed in the literature for Ti-B-C films  
[14, 87-89]. The formation of a ternary TiBxCy phase is in the literature 
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concluded from shifts in the XRD diffractograms and possible incorporation 
sites by C atoms in the TiB2 unit cell is suggested by Knotek et al. and Park 
et al. [88, 89].       

 
Figure 6.17. GI-XRD diffractograms of the Nb-B-C and Cr-B-C films acquired at an 
incidence angle of 2°. Vertical lines mark the diffraction peak positions, which have 
been used to calculate cell paprameters of the MeB2 phases for the C-free samples. 

The reduced crystallinity observed with the increase in C content for the  
Nb-B-C and Cr-B-C films and with the increase in B content for the Ti-B-C 
films are confirmed by cross-sectional TEM. Figure 6.18e shows a STEM 
image of a Cr-B-C film containing 39 at.% C and fig. 6.18a-d show EDS 
elemental mapping over the same sample area. A completely homogenous 
amorphous structure is seen in bright field TEM and HRTEM images of the 
same sample (see fig. 9 in paper VII). Interestingly, the STEM image  
(fig. 6.18e) shows bright and dark regions implying that the amorphous 
structure (seen by XRD) consists of a Cr-rich phase (bright) and  
a Cr-deficient phase (dark), each just a few nanometers in size. The EDS 
mapping confirms this distribution of Cr and it is furthermore seen that B 
and C seem to be present in both phases. It can thereby be concluded that the 
films exhibit a nanocomposite structure consisting of an amorphous (a-) 
CrBxCy phase and an a-BCx phase. A similar amorphous structure has 
previously been observed in magnetron sputtered Cr-C films consisting of an 
a-CrCx phase and an a-C phase [41].     
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Figure 6.18. a) – d) Elemental distributions in a cross-sectional Cr-B-C film sample 
containing 39 at.% C obtained from EDX-mapping of the sample area seen in the 
STEM image in e). 

XPS B1s spectra of the Me-B-C films show that B forms a BCx phase 
(previously observed as an amorphous BCx phase in the TEM analysis) in 
addition to a boride phase, or in addition to a solid solution in the TiC grains 
for the Ti-B-C films. This is illustrated in the B1s spectra for the Nb-B-C 
and Cr-B-C films shown in fig. 6.19 where an increase in the relative amount 
of B-C bonds with the increase in C content can be seen for both material 
systems. It should in principle be possible to calculate the amount of C 
forming a solid solution in the NbB2 and CrB2 phases from the C1s spectra, 
see fig. 5.1b and paper VI and VII. However, severe peak overlap from C 
atoms forming a solid solution (C-Me bonds) and C atoms in the BCx phase 
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(C-B) prevent such calculations as discussed previously in section 5.2.1. 
Nevertheless, the amount of C-B bonds in the C1s spectra must coincide 
with the amount of B-C bonds in the B1s spectra. It can therefore be 
concluded that C-Me bonds must contribute to the overlapping peaks in the 
C1s spectra (denoted I and II in fig. 5.1b) considering the small intensity for 
the B-C peaks in the B1s spectra. Thus, the XPS spectra imply that C must 
form a solid solution in the NbB2 and CrB2 phases. From the C1s spectra it is 
seen that also C-C bonds exist in the amorphous phase of the Me-B-C films, 
especially in the Ti-B-C films with a high C/Ti ratio where these bonds 
dominate the amorphous matrix phase. 

In conclusion, the Cr-B-C and Nb-B-C films exhibit a nanocomposite 
structure consisting of nc-MeCxBy grains embedded in an amorphous (a-) 
BCx matrix. With increasing C content the sizes of the MeCxBy grains are 
reduced and the relative amount of matrix phase is increasing. Completely 
amorphous Cr-B-C films are formed at C contents ≥ 30 at.% and consist of 
more than one amorphous phase and can thus be described as amorphous 
nanocomposites. The Ti-B-C films consist of a nanocomposite structure with 
nc-TiBxCy grains embedded in a matrix of a-BCx. A reduction in the TiBxCy 
grain size and an increase in the amount of matrix phase is seen with the 
increase in B content as well as C/Ti ratio. 

 
Figure 6.19. XPS B1s spectra of the a) Nb-B-C films and b) Cr-B-C films. Vertical 
lines mark different contributions as determined from peak fitting.  

One major aim with this thesis has been to improve the contact resistance of 
MeB2 films by C alloying. The suggested mechanism behind this 
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improvement is the formation of an amorphous matrix phase resulting in a 
reduced hardness. A reduction in hardness as well as elastic modulus is seen 
for both the Cr-B-C and Nb-B-C films with the increase in C content. This is 
attributed to the reduction in MeB2 grain size and increase in a-BCx phase 
content. Crystalline B4C is known as an extremely hard material. However, 
the amorphous BCx matrix formed in our Me-B-C films has most probably a 
much lower hardness, values as low as 10 GPa has been reported for 
sputtered a-BCx [111]. The reduced hardness and enhanced ductility of the 
C-rich Nb-B-C films result in a drastic reduction of the electrical contact 
resistance from 500 mΩ for the NbB2 film to 55 mΩ for the Nb-B-C film 
containing 36 at.% C measured at a contact force of 10 N against an  
Au-coated probe. This contact resistance was slightly lower compared to  
a Nb-C film (95 mΩ at 10 N), showing that promising contact resistance 
values can be obtained for the Nb-B-C films. For the Cr-B-C films, on the 
other hand, an increase in the contact resistance was seen with the addition 
of C, which can be attributed to the formation of an amorphous structure. 
This is analogy with the trend seen for the Nb-Si-C films (see section 6.3.1). 

The opposite trend is seen for the friction. An increase in the coefficient 
of friction from 0.16 for the NbB2 film to 0.8 – 1.0 for the Nb-B-C films is 
measured against a stainless steel ball at a relative humidity of 55 %. In 
contrast, a reduction in coefficient of friction from 0.78 for the CrB2 film to 
0.32 for the Cr-B-C film containing 39 at.% C is measured against the same 
counter material and at a comparable relative humidity. For both material 
systems, severe crack formation and film delamination as well as wear 
particles are seen by optical microscopy investigations of the wear tracks. 
The high friction values measured for the Nb-B-C films are attributed to the 
formation of wear debris in the wear track and metal to metal contact 
between the counter surface and the exposed steel substrate. The film 
delamination in the Cr-B-C samples seems to be more limited for the C-rich 
samples and the observed reduction in coefficient of friction are attributed to 
the formation of a lubricating a-C tribofilm in accordance with previous 
studies on Ti-B-C films [14, 87]. 

The Ti-B-C films studied in paper VIII show trends in properties similar 
to nc-TiCx/a-C films. The films are softer than Ti-C films with hardness 
values decreasing from 16 to 10 GPa with the increase in C/Ti ratio. 
Measured coefficient of friction values in the range 0.2 – 0.3 against 
stainless steel are typical values for these types of nanocomposite films 
containing an a-C matrix phase [14, 43, 87]. The lowest contact resistance 
values of ~7 mΩ at 1 N (5 times higher compared to a sputtered Ag film) 
were measured for the films with the lowest and intermediate C/Ti ratios and 
no significant difference was observed between the films of different B 
content. It should be noted that these contact resistance values were 
measured using a different set-up than for the Nb-B-C and Cr-B-C samples 
and a direct comparison of measured values can therefore not be done. 
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7. Conclusions and outlook 

The aim with present work has been to explore new ceramic thin film 
materials for electrical contact coatings. The films have been deposited by 
magnetron sputtering. I have studied how chemical composition and thin 
film growth affect phase content, morphology and properties.   

It is shown that the phase composition and hence properties of  
nc-NbCx/a-C films can be controlled through the C content in the same way 
as for the Ti-C system. A higher energy cost to form C vacancies in NbCx 
compared to TiCx result in a thinner amorphous C (a-C) matrix for the Nb-C 
films. As a consequence, a higher hardness, lower resistivity and comparable 
contact resistance is achieved for the Nb-C films. The same microstructure, 
with an a-C matrix only a few atomic layers thick, can be achieved also by 
reactive sputtering at industrial scale. The alloying of Si to Nb-C films result 
in a reduced crystallinity and completely amorphous films form at  
> 30 at.% Si. The amorphous films consist of a mixture of chemical bonds; 
Nb-Si, Nb-C, and Si-C. The formation of amorphous films are, however, not 
beneficial for the electrical contact resistance. 

Substoichiometric CrB2-x (B/Cr = 1.5) and NbB2-x (B/Nb = 1.8) films are 
achieved when deposited from MeB2 targets. Boron segregates to the grain 
boundaries forming a B-rich tissue phase. The attained microstructure results 
in superhardness for the NbB2-x films (42 ± 4 GPa) and coefficient of friction 
of 0.16 against stainless steel attributed to the formation of a lubricating 
boric acid film. The high hardness is, however, not beneficial for the 
electrical contact resistance. The hardness can be reduced by alloying the 
CrB2-x and NbB2-x films with C. The C forms a solid solution in the MeB2 
grains as well as segregating to grain boundaries forming an amorphous BCx 

(a-BCx) phase. The formation of the a-BCx phase drastically improves the 
electrical contact resistance of the NbB2-x films. However, the mechanical 
properties are degraded, which result in a high friction and wear rate.  
A similar structure is formed in the Ti-B-C films, but with B forming a solid 
solution in the TiC grains and with film properties reminding of nc-TiCx/a-C 
films. 

It was in TEM studies of the metastable amorphous structures for the  
Nb-Si-C and Zr-Si-C films found that the electron beam induces 
crystallization. Hence, great care is required when studying these types of 
metastable structures. 
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In research, every finding gives rise to new questions. I have in the following 
listed some suggestions for further studies:  

• It is hard to draw any general conclusions regarding the glass forming 
ability for Me-Si-C films of different Me, in particular since some results 
in the literature can have been influenced by electron beam induzed 
crystallzation. A systematic study, with careful TEM analysis, using 
different Me is therefore required.  

• It is for the amorphous Me-Si-C films found that hardness is dependent 
on the amount of Si-C bonds while elastic modulus is dependent on the 
type of Me. As a consequence, it should be possible to design high wear 
resistant (high H/E and H3/E2 ratio) Me-Si-C films through the choice of 
chemical composition and type of transition metal. 

• Depositions at varying sputtering conditions are required to understand 
the cause for the B deficiencies seen for the Cr-B and Nb-B films 
deposited from CrB2 and NbB2 targets. Furthermore, it is not fully 
understood how B vacancies form in the MeB2 sublattice. Theoretical 
modeling of vacancy formation in MeB2 with DFT calculations could 
give further insights. 

• It would be interesting to study Me-B films with varying B content to 
see if it is possible to achieve films of different B-tissue phase thickness. 
Will the thickness influence properties in the same way seen for  
nc-MeC/a-C films? 

• It is hard to draw any conclusions regarding the solubility of C in the 
MeB2 phase from experimental data. Theoretical calculations on the 
stability of C at different position in the MeB2 structure could help with 
this. 

• The mechanical properties of the Nb-B-C films must be improved if 
these films shall be considered for electrical contact applications. One 
approach could be to change sputtering parameters such as bias. This can 
plausibly results in films with different texture, which can be beneficial 
for the mechanical properties.      

• The XPS spectra of the nanostructured Me-B-C films are complex and 
the use of this technique to identify chemical bonding states is very 
difficult. It is clear, that more experimental studies on single crystals as 
well as theoretical calculations of chemical shifts using DFT methods 
are required to use full potential of XPS to study these materials. 

• Additional complexity in the interpretation of XPS spectra is caused by 
sputtering damage during Ar+-ion etching of surface oxides. This can be 
avoided by using HIKE XPS utilizing higher kinetic energies.     



70 

8. Sammanfattning på svenska 

Egenskaperna hos ett material kan på ett effektivt sätt förbättras genom att 
applicera ett väldig tunt skikt av ett annat material, en så kallad tunnfilm.  
I detta arbete har filmerna haft en tjocklek på 600 – 1000 nano-meter (d.v.s. 
en halv tusendels till en tusendels millimeter). Tunnfilmer är idag en stor 
industri och finns i allt från solceller och integrerade kretsar till skärverktyg 
och för att ge ett material en dekorativ finish. 

Ett område där tunnfilmer idag används är elektriska kontakter. Vanligen 
är dessa belagda med ett tunt lager av en ädel metall, såsom guld. En 
guldfilm korriderar inte. Dessutom är den mjuk vilket gör att det deformerar 
lätt vid en kontaktering och därmed bildas en stor yta som kan leda ström 
med små förluster. Denna mjukhet gör dock att filmen lätt smetas ut och kan 
snabbt slitas bort. Detta ger alltså en kortare livslängd för kontaktfilmen och 
detta särskilt om kontakten öppnas och sluts ofta eller utsätts för konstant 
glidning. Det finns alltså ett behov att hitta nya kontaktmaterial som 
kombinerar en god elektrisk ledningsförmåga med en låg friktion och god 
slitstyrka. 

I detta arbete har tunnfilmer baserade på metallkarbider och metallborider 
studerats som potentiella material för elektriska kontakter. Metallkarbider är 
en förening av grundämnet kol och ett metalliskt grundämne medan 
metallborider är en förening av grundämnet bor och ett metalliskt 
grundämne. Båda dessa föreningar är generellt hårda, slitstarka, kemiskt 
inerta och har dessutom en god elektrisk ledningsförmåga. Därmed har de en 
stor potential för elektriska kontakter. 

Tunnfilmerna har syntetiserats med så kallad katodförstoffning, vanligen 
kallat sputtring efter engelskans ord ”sputtering”. Vid denna metod 
atomiseras (förstoffas) ursprungsmaterialet med hjälp av Ar-joner i ett 
plasama. Jonerna accelereras mot ursprungsmaterialet med hjälp av ett 
elektriskt fält. När jonerna kolliderar med ursprungsmaterialet så slås atomer 
ut, materialet atomiseras. De komponenter (kallade substrat) som man vill 
belägga med en tunnfilm placeras så att de kan träffas av de utslagna 
atomerna. Atomerna som adsorberas på substratet bildar sedan en tunnfilm, 
se figur 4.1 för en skiss över ett sputtringssystem. För att de utslagna 
atomerna ska kunna nå substraten och för att minimera förekomsten av 
föroreningar i tunnfilmerna så sker hela processen i en lågtryckskammare 
(trycket  i kammaren är ca 1/250 000 av atmosfärstryck). 
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För att kunna bestämma de framställda tunnfilmernas uppbyggnad och 
struktur har en rad olika tekniker använts. Detta behövs för att belysa olika 
aspekter av materialets uppbyggnad. De vanligaste teknikerna som har 
använts i denna avhandling är elektronspektroskopi, röntgendiffraktion och 
transmissions-elektronmikroskopi. Elektronspektroskopi används för att få 
information om vilka grundämnen materialen består av samt hur de är 
bundna till varandra. Från röntgendiffraktion kan man se hur atomerna är 
strukturerade i filmerna. Även transmissions-elektron-mikroskopi kan ge 
information om strukturen men även ge en bild av hur materialen ser ut på 
närmast atomär nivå. 

Tidigare studier har visat att filmer bestående av titankarbid (en förening av 
titan och kol) tillsammans med amorft kol ger goda egenskaper för elektriska 
kontakter. I dessa filmer är små titankarbidkorn (2 – 50 nm), som är hårda 
och elektriskt ledande, inbäddade i amorft kol, en så kallad matris. De små 
dimensionerna gör att dessa typer av material kallas för nanokompositer 
(komposit = en blandning av två eller flera olika material). Genom att variera 
mängden amorft kol och storleken på titankarbidkornen så kan egenskaperna 
hos dessa typer av material i viss mån kontrolleras.  

I detta arbete har jag bytt ut titan mot ett annat grundämne niob, för att 
förbättra korrosionsegenskaperna. Resultaten visar att strukturen och därmed 
egenskaperna hos de niob-baserade filmerna kan styras på ett liknande sätt, 
figur 4.3 visar hur mikrostrukturen förändras med mängden kol i filmerna. 
På grund av skillnader i kemiska egenskaper så bildas en mindre mängd 
amorft kol hos de niob-baserade filmerna i jämförelse med de titan-baserade 
filmerna och matrisen är för dessa filmer bara några atomlager tjocka. Den 
tunna matrisen visade sig vara bra för de elektriska kontaktegenskaperna.  
Jag kan även visa på att lika goda egenskaper kan uppnås i industriell 
produktionsskala. 

Jag har även undersökt om tunnfilmer baserade på metallborider har lovande 
egenskaper för elektriska kontakter. Hos dessa material lägger sig boratomer 
runt boridkornen på ett liknande sätt som hos metallkarbidfilmerna och 
bildar väldigt tunna borskikt, något till några atomlager tjocka. Dessa 
borskikt kan ses som mörka områden i figur 6.8c. Denna struktur visade sig 
resultera i väldigt hårda filmer med en låg friktion. Dock ger den höga 
hårdheten en hög kontaktresistans vilket ger stora förluster i en elektrisk 
kontakt. För att reducera hårdheten så legerade jag in kol i filmerna. Kolet 
lade sig både i boridkornen och i de omkringliggande borskikten vilket gav 
mjukare filmer och därmed en lågare kontaktresistans. Dock visade sig dessa 
filmer spricka sönder lättare vilket resulterade i en dålig slitstyrka. Därmed 
kan det konstateras att de niobkarbid-baserade nanokomposit-filmerna tycks 
ha störst potential som material för elektriska kontaktapplikationer. 
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