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In this thesis, research on synthesis, structure and characterization of amorphous carbide-based
thin films is presented. Crystalline and nanocomposite carbide films can exhibit properties such
as high electrical conductivity, high hardness and low friction and wear. These properties are
in many cases structure-related, and thus, within this thesis a special focus is put on how the
amorphous structure influences the material properties.
Thin films within the Zr-Si-C and Cr-C-based systems have been synthesized by magnetron
sputtering from elemental targets. For the Zr-Si-C system, completely amorphous films were
obtained for silicon contents of 20 at.% or higher. Modeling of these films, as well as
experimental results suggest that the films exhibit a network-type structure where the bond
types influence the material properties. Higher hardness and resistivity were observed with high
amounts of covalent Si-C bonds.
Several studies were performed in the Cr-C-based systems. Cr-C films deposited in a wide
composition range and with substrate temperatures of up to 500 °C were found to be amorphous
nanocomposites, consisting of amorphous chromium carbide (a-CrCx) and amorphous carbon
(a-C) phases. The carbon content in the carbidic phase was determined to about 30-35 at.% for
most films. The properties of the Cr-C films were very dependent of the amount of a-C phase,
and both hardness and electrical resistivity decreased with increasing a-C contents. However,
electrochemical analysis showed that Cr-C films deposited at higher substrate temperature and
with high carbon content exhibited very high oxidation resistance. In addition, nanocomposite
films containing Ag nanoparticles within an amorphous Cr-C matrix were studied in an attempt
to improve the tribological properties. No such improvements were observed but the films
exhibited a better contact resistance than the corresponding binary Cr-C films. Furthermore,
electrochemical analyses showed that Ag nanoparticles on the surface affected the formation
of a stable passive film, which would make the Cr-C/Ag films less resilient to oxidation than
the pure Cr-C films.
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Introduction

Amorphous materials have been formed by nature for millions of years. A
common amorphous compound in nature is obsidian, which is formed when
molten lava is cooled rapidly into an amorphous structure2. Obsidian is a
very brittle material and since sharp edges can be formed, obsidian was frequently used for cutting tools and arrowheads in prehistoric times [1]. The
history of thin film production goes far back in history too. Gold thin films,
made over 5000 years ago, have been found in ancient tombs in Egypt and
are known to be the earliest documented inorganic thin films (see e.g. ref.
[2] and references therein). The gold films were often less than 300 nm thick
and were used for decorative purposes and covered statues and artefacts [3].
The craftsmen in ancient Egypt changed the appearance of base metals
and wood by adding a gold film. By sheathing the base material it was possible to use the advantages of the base, such as formability and mechanical
strength, while consuming a minimum of expensive gold. The same principle is used today when a base material is covered with a thin film to create a
desired combination of properties. The addition of a thin film to a substrate
can influence the properties and performance heavily, since both the initial
chemical and electrical contact occur on the surface of the material. Furthermore, the properties of a thin film can be tuned by the choice of material
system, composition and deposition parameters. Hence, a variety of properties can be added, such as high wear resistance, low friction, high corrosion
resistance and low resistivity. Other, more specific, examples are protecting
a stainless steel from corrosion in harsh environments or coating parts of the
car engine in order to lower friction and wear and thus decrease the energy
consumption. Thin films are also used on hard metal tools to extend tool life
and in thin film solar cells to convert solar energy to electricity and in optics
as antireflective coatings on glasses and lenses. Electrical contact applications are another area where thin films are used to get a low contact resistance and increased conductivity between the two contacting surfaces.
Gold is widely used as thin films in electrical contacts or plated on printed
circuit boards. However, it is a soft material and therefore not good for sliding and switching contacts, where the film eventually is worn down.

2

Obsidian is X-ray amorphous, and TEM results have shown minor amounts of partly ordered regions and nanocrystalline silica phases within the amorphous structure [63].
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Figure 1. Illustration from an ancient Egyptian tomb in Saqqara, picturing gold
melting with blowpipes and gold beating with a rounded stone. Adapted from ref.
[3] with kind permission of Springer Science+Business Media.

The development of the functional thin films described above combine
knowledge from several research fields. Deposition of thin films in vacuum
systems requires knowledge in engineering, while testing the mechanical
and electrical properties such as hardness and conductivity is more appliedscience oriented. Even though depositing films and analyzing their properties might seem enough, in order to acquire a deeper knowledge in how
choice of material system, composition and deposition parameters influence
the material properties, it is necessary not only to synthesize films and
measure the properties, but also investigate the changes in structure and
bonding. This is where the chemistry comes in. By gaining knowledge about
the structure and bonding of the studied materials it is also possible to draw
general conclusions that are applicable for other material systems and hence
bring the research field forward.
The ancient Egyptians beat the gold into extremely thin films, as illustrated in Figure 1 [3]. Today, thin films can be synthesized in a number of ways,
e.g. by electroplating, sol-gel methods, chemical vapor deposition (CVD),
atomic layer deposition (ALD) and physical vapor deposition (PVD). Magnetron sputter deposition is a very common PVD-technique to synthesize
thin films, both in industry and research. The earliest reports of sputter deposition dates back to the 19th century when Grove arranged a steel needle over
a silvered copper plate in vacuum and observed deposits on the silver surface when applying an electric discharge to the steel needle [4]. Since then,
the sputter deposition technique has evolved immensely, vacuum technology
has been improved and magnetron sputter deposition has been invented.
The thin films studied within this thesis have been deposited by magnetron sputter deposition. In magnetron sputtering, both elemental and compound targets as well as reactive gases can be used, leading to a wide array
of synthesized materials from single elements to multi-component systems.
12

By using several elemental targets, materials such as alloys and carbides can
be deposited with a wide range of compositions. Some elements, such as
boron, are hard to sputter in elemental form and compound targets can facilitate sputtering of such elements. By adding reactive gases, oxides, carbides
and nitrides can be deposited. Furthermore, a variety of different microstructures can be deposited using magnetron sputtering, e.g. crystalline, nanocomposite and amorphous films. Crystalline films can consist of one single
crystal and thus be single-crystalline, or consist of many crystals and be
poly-crystalline. If the crystallites in a poly-crystalline film are nanometersized, then the film can be called nano-crystalline. A nanocomposite on the
other hand consists of two or more nanometer-sized phases and are common
for metal carbides. These nanocomposites often consist of nanometer-sized
metal carbide crystallites in an amorphous carbon or metal-carbon phase.
Furthermore, completely amorphous thin films can also be deposited by
magnetron sputtering. Amorphous films have short-range order but lack the
long-range order of the crystalline structure, which in turn can influence the
material properties.
The research leading to this thesis has been focused on amorphous carbide-based thin films deposited by magnetron sputtering. In contrast to
nanocrystalline and nanocomposite metal carbides, amorphous carbidebased films have previously not been investigated as much, especially not in
terms of connecting structure and bonding to the material properties. Therefore, two different approaches were chosen in this thesis work, for the deposition of amorphous carbide-based films. In the Zr-Si-C system, the added
silicon causes the formation of an amorphous phase, while in the Cr-C-based
systems the complexity of the chromium carbide crystal structure can lead to
formation of an amorphous phase during sputtering. Thus two ways of forming an amorphous phase have been studied together with investigating the
changes in microstructure, chemical bonding and material properties when
adding elements, changing composition or changing the deposition parameters.
In addition to a more fundamental interest on structure and bonding in
amorphous materials, films in the Zr-Si-C and Cr-C systems also have potential applications. Both systems have properties that may be favorable in
electric contact applications. Noble metals such as Au and Ag are often used
as contact materials since they exhibit low resistivity, low contact resistance
and high oxidation resistance. A disadvantage is their high cost, low wear
rate and high friction coefficient, making them less good in sliding contacts.
Different types of metal carbides can therefore possibly be an excellent alternative [5]. An additional aim has therefore been to study the mechanical
and electrical properties of the amorphous Zr-Si-C and Cr-C films to evaluate their potential use in a contact application.
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Metal carbides

Compounds formed by carbon together with a less electronegative element
are named carbides. These can be divided further into three categories,
namely saline carbides, covalent carbides and metal carbides, see Figure 2.
Saline carbides are largely ionic solids, and are formed by an element in
groups 1, 2 or aluminum together with carbon [6]. One example of a saline
carbide is CaC2 which reacts with water to form acetylene gas and was used
in carbide lamps in the early 20th century. Covalent carbides on the other
hand are formed by e.g. silicon or boron together with carbon [6]. Both boron carbide and silicon carbide are hard and refractory. Silicon carbide exists
in over 200 crystalline modifications, which are based on either hexagonal
α-SiC with wurtzite-structure or cubic β-SiC with zincblende-structure [7].

Figure 2. The periodic table with different groups of stronger and weaker carbideforming elements. Adapted from ref. [8] with permission from Elsevier.

The third group is metal carbides, which are primarily formed by d-block
metals together with carbon [7]. The metal carbides are generally hard and
metallically conductive. The transition-metal carbides can be further divided
into interstitial carbides and carbides with complex structure. Interstitial
carbides are formed by a close-packing of metal atoms with carbon in interstitial positions. Hägg formed empirical rules on crystal structures for interstitial carbides in 1931 [9] and these rules are described e.g. by Jansson and
Lewin [8] and Toth [10]. To form an interstitial carbide, the metal atom must
have a radius within a certain interval. If the interstitial atom is much smaller
than the metal atom, there will be insufficient bonding between the metal
and interstitial atom. On the other hand, if the interstitial atom is too large,
14

the metal structure will lose its stability. Therefore, only metals with a carbon/metal size ratio of about 0.41 to 0.59 can form interstitial carbides with
carbon in octahedral positions [8]. These metals are found in group 3-6 in
the periodic table, where e.g. Ti, Zr, V and Nb form interstitial carbides in
the NaCl structure. While the NaCl structure is most stable for the transition
metals in groups 3-6 (except for Cr), other structures are more stable for
other transition metals. Mo and W, which have a carbon/metal size ratio just
under 0.59 form hexagonal carbides with carbon in trigonal prismatic sites.
Cr and the transition metals in group 7-10, such as Mn, Fe, Co and Ni, all
have smaller radii, yielding a carbon/metal size ratio above 0.59 and instead,
these metals form carbides with more complex structures. Complex carbides
have large unit cells, where carbon atoms can be found in both trigonal
prismatic and octahedral sites [8]. For example, chromium carbide forms
several complex crystalline structures, such as Cr3C2, Cr7C3 and Cr23C6. The
difference in structure complexity can be visualized by comparing the cell
volumes of complex carbides and the early transition-metal carbides. While
TiC with NaCl structure has a cell volume of 0.081 nm3, the cell volumes of
Cr3C2, Cr7C3 and Cr23C6 are 0.180 nm3, 0.386 nm3 and 1.211 nm3 respectively [11]–[13]. The difference in complexity between TiC (NaCl type structure) and Cr23C6 is also shown in Figure 3.

Figure 3. Examples of carbide crystal structures; NaCl type structure on the left and
Cr23C6 structure on the right.

Generally, transition-metal carbides with NaCl structure have a wide homogeneity range, resulting in possible substoichiometry with carbon vacancies.
This is seen e.g. in the Zr-C system where ZrCx has a homogeneity range of
about 38-50 at.% C at equilibrium [14]. Furthermore, another difference
between the early and late transition metals is the affinity of the metal towards carbon, where the bond strength between transition-metals and carbon
depends on the number of d-electrons in the metal [8]. Thus, early transition
15

metals form strong metal-carbon bonds, while late transition metals form
weaker bonds with carbon. Therefore the transition metals can be divided
into three groups; strong carbide formers such as Ti, Zr, Nb and Cr, weak
carbide formers such as Fe, Co and Ni and non-carbide forming elements
such as Ag and Au, and is visualized in Fig 2.
When adding an additional element to a binary carbide, a ternary carbide
may be formed if the added element has a high affinity for carbon. If the
affinity for carbon is low, a binary intermetallic phase with the primary transition metal can be formed instead. If neither a separate carbide phase nor an
intermetallic phase can be formed, the formation of a separate elemental
phase is likely. Addition of a third element can influence the structure in
different ways, thus the material properties can be tuned by the choice of
added element. A ternary carbide of two strong carbide-forming metals
(group 4 or 5) together with carbon often forms a solid solution with extended or complete miscibility, as in the Ti-V-C system [8]. Weak carbide formers such as Fe, Co and Ni on the other hand generally have a low solubility
in early transition-metal carbides. Thus, less extensive solid solution is expected at equilibrium for weak carbide formers than for the strong carbide
formers. Another way to form a ternary carbide is to add a non-metal to a
binary transition-metal carbide. Addition of oxygen or nitrogen can lead to
the formation of carbonitrides or oxycarbides where the oxygen or nitrogen
atoms usually are dissolved in the carbon sites [8]. For elements which usually exhibit limited solubility in transition metal carbides, such as B, Si and
Al, other ternary compounds are more likely to be formed, e.g. MAX-phases
as Ti2AlC, T3SiC2 or Ti4AlN3 [15], Ti3AlC with perovskite structure [16] or
other compounds like Mo2BC [17]. The different attainable structures of
transition-metal carbides also influence the material properties. Overall, by
choosing and optimizing material system and composition of the transitionmetal carbide, a wide array of multifunctional materials specified for certain
applications can be designed.

Metal-carbide thin films
Metal carbides can be deposited as thin films, e.g. by PVD techniques such
as sputter deposition, where the film is grown from gas phase. During sputtering, knocked-out atoms will reach the substrate and migrate to an energetically favorable position. However, the very high quench rate when sputtered atoms condense on the substrate limits the available energy for migration drastically. In literature, quench rate values of about 108 °C/s [18] and
1012 K/s [19] are reported. Therefore it is possible to grow films far from
equilibrium and thus to form metastable phases. The available energy during
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deposition can also be increased by e.g. substrate heating or bias, as will be
discussed in the Methods section.
Since both stable and metastable phases can be formed, metal carbide thin
films can be designed with a wide range of microstructures, such as nanocrystalline, nanocomposite and amorphous structures, which in turn influence the material properties of the film. Deposition of strong carbideformers, such as Ti, together with carbon often leads to a nanocrystalline
microstructure. In these systems, the thin film consists of nanometer-sized
MeC grains with NaCl crystal structure, and by reducing the crystallite size
down to about 10 nm, the hardness of the material can be increased [18].
Furthermore, sputter deposition in the Mo-C and W-C systems, also form
crystallites with NaCl structure instead for the hexagonal carbide found in
bulk [8].
With increased carbon content, a separate carbon phase can be formed,
yielding a nanocomposite structure consisting of nanocrystalline (nc) carbide
grains embedded in an amorphous carbon (a-C) matrix (denoted nc-MeC/aC) [8]. As the carbon content increases, the grain size decreases and the separation of the carbide grains by the carbon phase will increase as well. The
decrease in grain size leads, together with the blocking of plastic deformation by the thin matrix phase, to an initial increase in hardness, but as the
carbon matrix gets thicker, the hardness decreases too. Furthermore, with a
large amount of poorly conducting a-C phase, the conductive carbide crystallites will be separated more and the resistivity of the film will increase
[20], [21]. The structure of the amorphous-carbon phase can also be altered
by the choice of deposition technique, where a sp2-rich a-C phase tends to
form by non-reactive sputtering from graphite targets, while a more sp3-rich
phase is formed by reactive sputtering using hydrocarbon gases [22].
The structures of binary and ternary carbides were discussed in the previous section, Metal carbides. However, since the sputter process is performed
far from equilibrium, thermodynamically stable, crystalline phases are not
formed in the same way as in bulk. Instead, phases with simpler structures or
metastable phases are often formed due to the rapid quenching during sputtering. This also favors growth of amorphous phases, especially for material
systems with complex structures or many components, as will be discussed
further in next section, Amorphous materials.
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Amorphous materials

Every day, we take advantage of the unique properties of amorphous solids;
we look through transparent soda-lime glass in window panes or glass containers, our world is lit up by halogen lamps where the filament is encapsulated by a fused silica glass bulb and our houses is insulated by glass wool
made from extruded glass fibers. But in order to develop amorphous materials with desired properties even further, it is important to gain knowledge on
the structure of these amorphous materials and how they can be formed.

Structure and bonding of amorphous materials
Amorphous materials, either in bulk or as thin-films, are solids that exhibit
close-range order but lack the long-range order found in crystalline solids
[23]. Bulk glasses can be described as a sub-group of the amorphous solids,
where the glass is defined as a material that exhibits a glass transition and is
formed by cooling of a liquid with high viscosity [24]. Due to the high viscosity - and thus low mobility of atoms - it is not possible for the atoms to
form a crystalline structure during cooling and hence, the atoms remain disordered. The phase transformation from liquid to solid occurs at the glasstransition temperature (tg), which is below the melting point (tm) where the
phase transformation from liquid to crystalline would occur [23], see Fig 4.

Figure 4. The glass transition illustrated with the specific volume as a function of
temperature for liquid, crystalline and amorphous phases.
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Amorphous phases can be formed in many material systems. Oxide glasses
consist mainly of p-elements while metallic glasses consist either entirely of
metals or of metals together with p-elements such as P, Si or C. When discussing the structure of different amorphous materials, it is important to
remember which bond types that are available. While metal glasses bind
mainly with metallic bonding, amorphous oxides contain p-elements, which
overlapping p-orbitals form directional bonds.
For the oxide glasses, there have been different viewpoints on the structure from the late 19th century and onwards, as discussed in a recent review
by Wright [25]. During the first half of the 20th century two theories
emerged, describing separate models for the structure of oxide glasses; the
crystallite theory and the continuous random network theory. According to
the early crystallite theory, glasses consist of very small crystallites below
the X-ray coherence length, which will make them X-ray amorphous. This
theory has evolved into the modern crystallite theory (labeled the Cybotactic
theory, by Wright [25]), where the structure of oxide glasses are described as
small groupings with order close the crystalline phase, surrounded by regions of lower order.
The random network theory however, states that the structure of a glass
consists of a disordered array of atoms linked by directional bonding [25].
The amorphous structure is described by structural units similar to those in
the corresponding crystalline structure. However, in contrast to the crystalline solid, the units are randomly connected in the amorphous phase. In the
case of fused silica, this means that the amorphous solid is built up by oxygen tetrahedra surrounding the silicon atoms. The tetrahedra then shares
corners in such a way that each oxygen atom is always bonded to two silicon
atoms. For the crystalline silica (e.g. quartz), this bond angle will be the
same in the entire lattice, but for the amorphous fused silica the bond angle
will vary more. Also, the rotation angle between the tetrahedra is random in
fused silica while it is either 0° or 60° for crystalline silica [23].
In 1932, Zachariasen published a 2D model of fused silica glass, SiO2, as
seen in Fig 5 [26]. In the recent years, both Lichtenstein et al. [27] and
Huang et al. [28] have shown by scanning tunneling microscopy (STM)
atomically resolved 2D images of both crystalline silica and of amorphous
(vitreous) silica, where the amorphous structure have a striking resemblance
to the model drawn by Zachariasen [26]. Additionally, the crystallite theory
describes the amorphous structure as nanoheterogeneous, with a mixture of
crystalline and disordered regions, while the random network theory describes it as a homogeneous structure [25]. Consequently, the studies by
Lichtenstein and Huang show strong evidence that the random network theory yields a more correct description of the amorphous silica structure than
the crystallite theory, since there are no signs of a nanoheterogeneous struc-
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ture and the structures seen in the STM images reflect Zachariasen’s model
well.
As mentioned earlier, another type of bulk glasses are the metallic glasses, whose structure can be described by the random close-packing of
spheres. This structure is different from the previously discussed models as
the metallic bonding is non-directional and charge neutrality requirements
are not needed [23]. The random packing of spheres does thus not describe
any geometrical order between the metal atoms, in contrast to the random
network or crystallite theories. However, the random network theory might
be best suited for simple oxide glasses with few elements, such as fused
silica, but might not be as applicable for multicomponent amorphous materials, with competing bond types and many possible close-range structures.

Figure 5. A schematic 2D image of the A2O3 network structure by Zachariasen.
Reproduced from ref. [23].

Oxide glasses, such as fused silica, are formed by p-elements, but many
amorphous solids consist of both metals and p-elements (metalloids), such
as B, C or Si. In 1979, Gaskell proposed a new model for glasses made of
transition metal silicides, borides, phosphides and carbides. In this model
coordination polyhedra with defined local geometry are packed randomly to
form a dense, three-dimensional array [29]. This means that in contrast to
the random close-packing model, Gaskell’s model takes into account the
local ordering of the atomic species. Gaskell also stated that there is a very
20

high occurrence of trigonal prism coordination in both transition metalmetalloid glasses and in their corresponding crystalline structures and suggested that this might be an important reason for glass-formation in this type
of materials [29]. According to the theory by Gaskell, the metal-metalloid
glasses made of e.g. metal carbides thus also have a close-range order with
directional bonds, but maybe not to the same extent as in oxide glasses.
The models discussed above describe systems where the amorphous material consists of only one single phase. In reality, amorphous materials can
consist of several phases with different composition. Phase separation into
two amorphous phases has been observed in bulk glasses in several material
systems, e.g. the borate and borosilicate glasses [30], the metal-boride system [31] and also in metallic glasses as the Pb-Sb-Au system [32]. During
this thesis work, phase separation was discovered in Cr-C thin films and was
primarily investigated in Paper IV and VI.
Since the amorphous materials studied within this thesis have been synthesized as thin films, it is relevant to discuss whether amorphous thin films,
synthesized by PVD-methods, also can be considered to be glasses. To my
knowledge, there are no fundamental differences in the structural models
between amorphous materials synthesized from melt and from other methods such as sol-gel synthesis or magnetron sputtering. Hence, amorphous
thin films can very well be described with similar structural models as those
used for amorphous materials synthesized from melt. However, a glass can
also be defined as an amorphous material that exhibits a glass transition.
Therefore, the terms amorphous thin film or amorphous carbide has been
used throughout this thesis instead of e.g. carbidic glass. Nevertheless, the
definition of a glass was formulated before it was possible to deposit amorphous thin films by modern techniques and analyze the structure by e.g.
transmission electron microscopy (TEM). Even though the definition of a
glass is sufficient for bulk materials, it can be questioned if the definition
needs to be altered to also incorporate amorphous thin films.

Conditions for formation of amorphous films
The examples of amorphous materials given in the beginning of this chapter
are all produced from bulk. However, it is also possible to synthesize amorphous thin films by e.g. physical vapor deposition, sol-gel processing and by
irradiation or ion bombardment on initially crystalline materials to cause
disorder [23]. In magnetron sputtering, metastable phases are often formed
due to the high quench rate, which reduce the migration of atoms to more
energy-favorable positions during sputtering. Several sputtering parameters
influence the formation of an amorphous phase and will be discussed in the
Methods section. In principle, it should be possible to synthesize all materi21

als in amorphous phase [23]. It is just a question of kinetics during synthesis;
by either a rapid enough cooling from melt in bulk synthesis or a low
enough surface migration during gas-phase synthesis, such as sputter deposition. Several models for prediction of amorphous films have been summarized by Trindade et al. [18].
In sputtering processes at reduced deposition temperatures, surface migration is limited, which is beneficial for the formation of an amorphous film.
The same mechanism can be responsible for the formation of amorphous
phases in multicomponent systems. If a third element is added to a binary
system and the solid solubility of this element in the crystalline phase is low,
other phases have to be formed during the growth process. Although it is
possible to form several binary phases with less complex structure, a substantial surface diffusion and redistribution is required to form a crystalline
film.
It should be noted that certain rules for the formation of amorphous films
have been proposed based on the growth of bulk metallic glasses (BMGs).
These alloys are multicomponent materials consisting of only metals or both
metals and p-elements such as P, Si or C. Inoue et al. have suggested an
empirical set of rules for more easily formation of bulk metallic glasses; 1)
the alloy should consist of at least three elements and form a multicomponent system, 2) there should be at least 12 % difference in atomic size ratio
for the main three constituents and 3) the heat of mixing should be negative
[33]. The Zr-Si-C system fulfills two of the Inoue rules; a system with (at
least) three components and at least 12 % difference in atomic size. Although these rules are set for bulk glasses, it can be assumed that formation
of a multicomponent system would hinder crystalline growth also during
gas-phase synthesis.
Another model for the structural changes seen when adding an additional
element such as Si or B to a binary carbide is discussed by Petrov et al. [34].
If the added element has a low solubility in the carbide, it would segregate to
the grain boundaries and prevent grain coarsening. High amount of added
element would then lead to grain refinement, and eventually to the formation
of a nanocomposite with crystallites that might be too small to be visible in
X-ray diffraction (XRD). Thus, a high amount of the added element would
lead to formation of an amorphous structure, even though high-resolution
(HR)TEM analysis might reveal a nanocomposite structure. The same effect
is also discussed by Krzanowski and Wormwood on Mo-Si-C and Zr-Si-C
thin films [35]. However, within this thesis, no indication of such growth
mechanism has been observed in the Zr-Si-C system and TEM analyses of
the studied films revealed no signs of nanocrystallites. It should also be noted that if crystalline nuclei are observed by TEM in an X-ray amorphous
film, it might be an artifact due to the TEM analysis itself. Partial crystallization induced by the electron beam is possible during TEM analysis, thus
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leading to analysis results where the analyzed specimen can seem to contain
small crystallites even though it before TEM analysis was truly amorphous.
This phenomenon was studied in Paper III for the Zr-Si-C and Nb-Si-C systems.

Sputter deposition of amorphous metal-carbide films
As stated in the previous section, the structure of amorphous thin films is, in
my point of view, similar to that of bulk amorphous solids. An important
factor favoring amorphous growth is the complexity of the crystalline carbide structure. As discussed in the Metal carbides section, different carbide
structures are formed depending on the Me/C size ratio. Early transition
metals form carbides with NaCl type structure, which has a small unit cell
and can thus be quite easily formed during sputtering. Complex carbides on
the other hand consist of large unit cells where the atoms have to migrate
longer distances to form a crystalline structure. Hence, choosing a material
system that only forms complex crystalline structures at equilibrium increases the chances of forming an amorphous structure during sputtering. The
formation of an amorphous structure during sputtering is thus more probable
for the Cr-C, Fe-C and Ni-C systems, than for e.g. the Ti-C and Zr-C systems, and has also been observed [36]. Systematic studies of Cr-C thin films
deposited using non-reactive magnetron sputtering have been missing. Thus,
the aim with the studies in the Cr-C system is to investigate the relationships
between composition and structure, structure and material properties and
also the stability of the amorphous material. Therefore, Cr-C films were
studied in a broad composition range in Paper IV, while the influence on
deposition temperature on structure and properties were studied in Paper V
and the amorphous structure was studied in further detail in Paper VI.
The addition of Ag to the Cr-C system was studied in Paper VII and VIII.
As discussed above, adding a third element to a binary carbide can influence
both structure and properties immensely. Since Ag is a non-carbide forming
element and have very limited solubility in Cr, it can be expected that the
added Ag would form nanocrystallites in the amorphous Cr-C matrix and
that there would be little interaction between the crystalline and the amorphous phases. Furthermore, studies of Ag addition to the Cr-N system
showed a decrease in friction coefficient [37]–[39] and similar behavior
could be possible also in the Cr-C system. Addition of Ag could also be
beneficial for the electrical properties in the Cr-C system. Thus, addition of
Ag with focus on relationships between composition and structure and composition and material properties was investigated in Paper VII, while the
electrochemical properties of the Cr-C/Ag system was studied in Paper VIII.
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Amorphous carbide films are also easily obtained during magnetron sputtering in multicomponent systems. At equilibrium, either complex, multicomponent structures or a mixture of several crystalline phases would form.
Although these crystalline phases might have rather simple crystal structures, nucleation and growth of a mixture of crystalline phases requires a
high surface diffusion rate during deposition and amorphous films are therefore often observed at low deposition temperature. For example, amorphous
structures have been observed in several Me-Si-C material systems such as
the Mo-Si-C and Nb-Si-C systems [35], [40]. In an amorphous Me-Si-C
material, there are several possible bond types such as Me-C, Si-C, Me-Si
and Me-Me. This creates a complex system where modeling can facilitate
the understanding of the amorphous structure. Hence, the formation of
amorphous structure in the Zr-Si-C system and the relation to material properties such as hardness and electrical properties was studied in Paper I. The
amorphous structure of two Zr-Si-C films was studied by modeling in Paper
II and similarities and differences between theoretical and experimental results were discussed.
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Methods

The focus of the research leading to this thesis has been on deposition and
analysis of amorphous transition-metal carbide thin films. Thus, structure,
chemical bonding and other material properties have been characterized for
the deposited films. This has been done by a number of techniques, where
the author has deposited the vast majority of the samples and performed
most of the analysis, e.g. X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), Raman spectroscopy and mechanical properties, while transmission electron microscopy
(TEM), X-ray absorption spectroscopy (XAS), tribological, electrochemical
and some electrical measurements have been performed in collaboration
with other researchers. The research has thus been experimental, but through
collaboration, the experimental work within the Zr-Si-C system has been
compared with theoretical modeling.

Thin-film deposition
All thin films included in this thesis were deposited using the physical vapor
deposition technique known as sputter deposition, or sputtering for short.
During sputter deposition, a plasma is created from an introduced, inert gas
(generally Ar). Ar+ ions are created in the plasma and accelerated towards a
target material, which in turn causes atoms to be ejected. The sputtered atoms can then deposit on a substrate - and the entire vacuum chamber - and
form a thin film. For the depositions within this thesis, a form of sputter
deposition known as magnetron sputtering were used, where magnets placed
behind the target introduces a magnetic field close to the target and in turn
increases the plasma density.
The deposition system used is an UHV magnetron sputter deposition system equipped with elemental targets in a sputter down configuration, as seen
in Figure 6. The 2-inch magnetrons were tilted towards the center and the
substrates were placed 14 centimeter below, on a rotating substrate holder in
order to get homogeneous films. The base pressure was in the order of 10-7
Pa for all studies, and during all depositions, Ar gas was used with a pressure of 3.0 mTorr (0.4 Pa). Elemental targets were used in all experiments
with the exception for the Cr-C/Ag system where a segmented Cr/Ag target
was used in order to get a lower Ag content in the film than was possible
with a 2-inch elemental Ag target. Solid carbon targets were used instead of
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reactive hydrocarbon gas to eliminate the presence of hydrogen and to increase the sp2/sp3 ratio. The deposition rates were rather constant throughout
the deposition series, at about 2-7 nm/min with the lowest values for carbonrich films.
The film growth and morphology can be influenced by several deposition
parameters. A high sputter rate increases the flux of atoms reaching the surface, giving less time for each atom to migrate on the surface and is thus also
beneficial for amorphous growth. An increase in either substrate temperature
or bias increases the possibility of atom migration on the film surface and
thus the atoms possibility to migrate to equilibrium positions. This favors
crystalline growth, but a low substrate temperature or bias can also be used
in order to densify the films. A substrate bias of -50 V was used for all films
included in this thesis.

Figure 6. Left, a sketch of a co-sputtering process from Cr and C targets. Right, a
photo showing plasma from four mounted magnetrons, with the segmented Ag/Cr
target mounted on the lower magnetron in the picture.

In the sputter system used within this thesis, the samples can be heated up to
about 850 °C using a resistive wire integrated in the sample table. The substrate temperature is measured using a thermocouple and calibration of the
substrate temperature has been made using infrared pyrometry. The films
presented in Papers I, II, III, IV and VI have been deposited at moderate
substrate temperatures of 300-350 °C in order to increase the density of the
films while keeping the substrate temperature low enough to still be able to
get amorphous films. In Paper V, films were deposited at four different substrate temperatures, from no applied heating up to 700 °C, in order to investigate the change in atomic structure from amorphous to crystalline with
increasing substrate temperature. The Cr-C/Ag system was studied in Papers
VII and VIII, and here, initial tests with 300 °C substrate temperature result26

ed in very porous films, indicating a high mobility of Ag atoms in the film.
Therefore, the films presented in Papers VII and VIII were deposited without applied heating.
A number of different substrates were used, depending on the analysis
techniques used. Normally, Si (001) substrates were used for analysis of
structure and bonding, e.g. by XPS, XRD, SEM and Raman spectroscopy.
Insulating substrates are required for resistivity measurements, and thus αAl2O3 (001) or a-SiO2 substrates were used. α-Al2O3 substrates were also
selected for nanoindentation measurements and annealing experiments. For
the electrochemical, tribological and contact resistance measurements, polished austenitic 316 L stainless steel substrates were used.

Analysis
The analysis performed in the included papers is divided into two categories,
namely analysis of structure and chemical bonding, and material properties.

Structure and bonding
X-ray diffraction
In this thesis, XRD with various geometries was used to investigate the crystalline structure of the films. In a θ/2θ scan, the angle of the incoming Xrays (ω) equals the angle of the out-coming X-rays (θ) and only crystal
planes parallel to the surface are observed. If the angle ω is kept at a constant angle and the θ angle is varied, other planes are probed. It is preferable
for thin films to keep the ω angle at a low (grazing) angle (1° for measurements within the thesis) to get a high intensity from the film in relation to
the substrate intensity. This technique is called grazing incidence (GI) XRD
and has been the primary XRD technique in this thesis work.

Figure 7. X-ray diffractograms of Zr-Si-C films with: left, increasing Si content, and
right, increasing C content. Adapted from Paper I.
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XRD of crystalline phases yields sharp peaks, which will be broadened if the
crystalline grains are in the nanometer range and the grain size can thus be
estimated from the peak width using Scherrer’s equation. However, strain
can also cause peak broadening, and is not taken into account in Scherrer’s
equation. Thus, the estimation of grain size within this thesis was either used
as an estimation of changes in grain size or confirmed by transmission electron microscopy [41], [42]. On the other hand, no sharp peaks are seen in the
diffractogram during XRD analysis of amorphous materials, since the Bragg
reflections in XRD rely on a spatially periodic structure [41]. However, the
atoms positions in an amorphous solid are not completely random and the
distances to the nearest neighbors are comparable to those in crystalline
structures. This short-range order can cause a pattern in the X-ray diffractogram, but the features are better defined as large bumps rather than peaks
[41]. It should be pointed out, however, that a nanocrystalline or nanocomposite thin film might show no signs of sharp peaks in the diffractogram and
thus be X-ray amorphous. This is the case if the crystallites are very small
(about 2 nm in the XRD systems used within this thesis) and are under the
coherence length in XRD. An example of broadening of XRD peaks due to a
disordered or amorphous structure is seen in Figure 7.
For the studies within this thesis, a Siemens D5000 diffractometer with
Cu Kα radiation was used for analyses in the Zr-Si-C system in Paper I and
II, and a Philips MRD X’Pert diffractometer with Cu Kα radiation was used
for the Cr-C and Cr-C/Ag systems in Papers IV, V and VII.
Scanning electron microscopy
SEM was primarily used to study the microstructure of the samples. The
surface (top-view) of the films was analyzed to study particle formation or to
analyze surface changes after electrochemical tests, and the cross-section
(see Figure 8) of fractured samples to analyze film thickness, microstructure
and porosity.
In SEM, electrons are focused into a fine probe and rastered over the surface of the sample. A number of interactions can occur as the electrons reach
the material, which will lead to emission of electrons or photons. Several
different detectors can be used in SEM analysis, which will yield e.g. topological or elemental contrast [43]. In this thesis, the Zr-Si-C and Cr-C systems were studied using a Zeiss Leo 1550 SEM, while a Zeiss Merlin SEM
was used for analysis within the Cr-C/Ag system.
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Figure 8. Cross-section SEM images showing examples of different microstructures
for Cr-C films. Adapted from Paper IV.

Transmission electron microscopy
In this thesis, TEM was used for analysis of selected films in all material
systems, to verify if the films are truly amorphous or if there are any structures not visible in the X-ray diffractograms. TEM was also used in Paper
VII to analyze crystallite sizes.
TEM analysis yields both image and diffraction information and is an important tool in analysis of nanostructured and amorphous materials. In TEM
analysis electrons are transmitted through a thin sample and imaging can be
operated in several modes, such as scanning TEM (STEM), which provides
z-contrast and high resolution TEM (HRTEM) where phase contrast is used
to obtain atomic lateral resolution, see Figure 9.
Using TEM only a small portion of the sample is analyzed, and by dividing
the sample before preparation, a cross-section of the film is achieved. Normally, preparing samples for TEM analysis is very time-consuming where
both mechanical and ion milling are used to thin the sample to a thickness of
100 nm or less. Another, less common, way to prepare TEM samples is by
depositing a very thin film onto a NaCl substrate and then dissolving the
substrate in water. This way, the TEM preparation is much quicker, but the
resulting TEM sample will contain less information since the sample will be
analyzed in plane with the substrate surface instead of in cross-section. NaCl
TEM preparation was used in Papers I, II and IV, while cross-section TEM
preparation were done for samples in Papers V and VI. Several TEM instruments have been used in the included papers. In Papers I, II and IV a
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JEOL JEM-2100 TEM, was used. A FEI Tecnai G2 TF 20 UT TEM instrument was used in Paper III, while a FEI field emission gun instrument was
used in Paper VI and a FEI Titan3 60-300 instrument was used in Paper VII.
The Cr-C films included in Paper VI were further analyzed using electron
energy loss spectroscopy (EELS) using an EELS spectrometer with 0.7 eV
energy resolution. In EELS, the energy loss from electrons is studied as they
interact with the sample. Radial distribution functions can be extracted from
EELS data, and describe the local atomic environment in the material [44].

Figure 9. HRTEM images with SAED insets of an amorphous Cr-C film (left) and a
nancomposite Cr-C/Ag film (right). Adapted from Paper VII.

Energy-dispersive X-ray spectroscopy
In both TEM and SEM, primary electrons can excite a core electron from an
atom in the solid. When the electron decays to its ground state, a characteristic X-ray photon is emitted. These photons can be sorted by energy in an
energy dispersive X-ray detector yielding elemental contrast of the particular
elements in the material. Within this thesis EDS (also abbreviated EDX) has
been performed in Paper VII by the Zeiss instrument used for SEM analysis
and the FEI Titan3 60-300 instrument used for TEM analysis.
X-ray photoelectron spectroscopy
XPS is also known as electron spectroscopy for chemical analysis (ESCA)
and was used for a number of different analyzes within this thesis. First of
all, XPS depth profiling was used to determine the bulk composition and the
homogeneity of the deposited films. Furthermore, the chemical bonding of
the constituent atoms has been studied to gain greater knowledge about the
structure and to be able to understand connections between bonding and
material properties. XPS have also been used to study changes in composition and chemical bonding before and after annealing experiments and electrochemical analysis. For all analyzes within this thesis, A Physical Electronics Quantum 2000 Scanning ESCA microprobe with monochromated Al
Kα radiation has been used.
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XPS is based on the photoelectric effect. In XPS, the kinetic energy of the
photoelectron is measured and since the energy of the incoming photon is
known, the binding energy can be calculated by Einstein photoelectric law
[43]. The XPS spectrum is thus a plot of the binding energy against the
number or ejected photoelectrons, see Figure 10. In the spectra, increased
intensities (peaks) are seen at certain energies and these energies are specific
for each element and orbital, enabling elemental identification. The relative
peak intensities are used to determine the chemical composition and are
corrected by sensitivity factors. In the included papers, the sensitivity factors
have been determined using ERDA measurements, binary reference samples
of known composition, and standard sensitivity factors from the instrument
manufacturer.

Figure 10. XPS C1s (left) and Si2p (right) spectra of Zr-Si-C films in series S2 with
varied C content. Adapted from Paper I.

The energy of the incoming X-rays determines the kinetic energy of the
electron, which in turn determines the mean free path and correlates to the
analysis depth. The XPS data within this thesis has been acquired with Al
Kα radiation with energy of 1487 eV, resulting in an analysis depth of a few
nm [45]. To be able to analyze the film bulk, the surface oxidized region
must be removed. This is commonly done by ion bombardment of noble gas
ions (in this thesis by Ar gas), which sputters away the surface of the sample. However, the ion bombardment will also introduce defects to the sputtered area, which can influence the analysis [46]. Therefore, a very low voltage of 200 V was used to minimize defects during sputtering.
The bonding of an atom to the surrounding atoms influences the binding
energy of the atom. Thus it is possible to not only analyze the chemical
composition, but also to identify the bonding states for a certain element.
These energy shifts are often very small and the contributions to the resulting peak can overlap each other more or less. Thus, peak fittings are required
to get more information about which bond types are present in the material
and also to calculate the amount of bond types. The peak fitting is performed
using a peak fitting software and in this thesis both XPS Peak and Casa XPS
have been used for this purpose.
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X-ray absorption spectroscopy
With XAS, it is possible to study the local structure of both amorphous and
crystalline solids and was used in Paper II and VI in the Zr-Si-C and Cr-C
systems. In XAS, the change in X-ray absorption in a sample is measured as
a function of the incoming photon energy. At certain energies, the absorption
increases drastically and gives rise to an absorption edge. These edges occur
when the energy of the incident photon is high enough to excite a core electron to a continuum state, thus to produce a photoelectron [47]. Therefore,
the energy at these edges corresponds to the binding energies of electrons in
the K, L, M,.., shells of the absorbing atom.
In EXAFS, the XAS region starting ~100 eV above the edge is analyzed.
In this region ripples are seen in the spectra, which can be used to probe the
local structure surrounding a specific element. These ripples are analyzed as
a function of k. Since the analyzed fine structure in EXAFS in an oscillation
process, it is common to convert the X-ray energy to the wave number of the
photoelectron (k), which has the unit 1/distance. The EXAFS function χ(k)
can be extracted from the EXAFS spectra and by modeling the local structure using FEFF-software, the model can then be compared with the EXAFS
function. The EXAFS signal can in turn be compared with calculated EXAFS signals from modeled structures, see Figure 11.

Figure 11. The simulated (grey lines) and experimental (dashed line) EXAFS signals for Zr0.60Si00.33C0.07 (left) and Zr0.31Si00.29C0.40 (right). The red line shows the
average of all simulated cells for each composition. Adapted from Paper II.

Since a tunable X-ray source is needed for scanning the incoming photon
energy, XAS measurements are performed at a synchrotron facility. For the
XAS analysis in Paper II, the measurements were performed at BM26A
(Dutch-Belgian beamline “DUBBLE”) of the European Synchotron Radiation Facility (ESRF) in Grenoble, France and the samples were measured in
fluorescence mode at the Zr K edge at room temperature. For the analysis in
Paper VI, soft X-ray absorption and emission measurements were performed
at the undulator beamline I511-3 at MAX II (MAX IV Laboratory, Lund,
Sweden).
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Material properties
Mechanical properties
The hardness (H) and Young’s modulus (E) were measured using
nanoindentation where a small, diamond tip is pressed into the material as a
function of force. The indentation depth is recorded during the indentation,
since the size of the indent is too small for visual inspection. The hardness is
given by the ratio of the peak load and the load carrying area, while the
Young’s modulus is given by the slope of the unloading curve, as presented
by Oliver and Pharr [48]. To avoid substrate effects, the indentation depth
was kept below 10 % of the film thickness, which is a common rule of
thumb.
In this thesis, a CSM Ultra nano hardness tester, equipped with a Berkovich tip was used. The instrument software was used to calculate hardness
and Young’s modulus from multiple indentations, using the Oliver-Pharr
method.
Electrical properties
The resistivity was analyzed by using the four-point-probe technique, which
measures the sheet resistance. When multiplied with the thickness of the
film, this analysis yields the resistivity of the material. In this thesis a Veeco
FPP-5000 four-point probe was used to analyze the resistivity for samples
deposited on SiO2 in Papers I and IV. The resistivity was also measured for
samples in Paper VII by a four-pin tungsten carbide probe (Jandel Engineering) connected to a voltmeter (Agilent Technologies 34420A) for films deposited on Al2O3 substrates. The contact resistance was also measured for
films deposited on Al2O3 substrates in Paper VII. The contact resistance was
obtained from a four-wire setup, where an Au/Ni probe with a diameter of
1.4 mm was pressed against the sample surface while the voltage drop across
the junction was measured.
Electrochemical properties
The electrochemical properties were studied in Paper IV, V and VIII for
the Cr-C and Cr-C/Ag systems. The electrochemical analysis during this
thesis work can be divided into two categories, voltammetry and chronoamperometry. In linear sweep voltammetry, the potential is swept while recording the current and is often referred to as a polarization curve in corrosion
research, see Figure 12. Another option is cyclic voltammetry where both
reduction and oxidation of electroactive species can be studied. In chronoamperometry, the potential is constant while the current is measured as a
function of time. This can be beneficial for studying surface changes for a
given potential over time.
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Figure 12. Polarization curve for Cr-C films for carbon contents of 25 at.% and 67
at.% compared to stainless steel substrates SS316L. Adapted from Paper IV.

For Paper IV, the electrochemical analysis has been performed in an electrolyte containing 1.0 mM H2SO4 at 22°C using a three-electrode setup and a
Solartron 1285 potentiostat. The same set-up was used for the electrochemical analysis in Paper V, but was performed at 80 °C to increase the rate of
the electrochemical reactions. The electrochemical analysis presented in
Paper VIII where performed at room temperature in a solution of 1.0 mM
H2SO4 with the addition of 0.5 M Na2SO4 to increase the conductivity. For
all measurements, films deposited on stainless steel 316L substrates were
used as working electrodes, while Ag/AgCl (3M KCl) and Pt were used at
reference and counter electrodes, respectively.
Tribological properties
Tribology concerns topics such as friction, wear and lubrication. In this thesis, the friction coefficient was determined for films in the Cr-C and CrC/Ag systems. The analysis was performed using a pin-on-disk setup with
rotating geometry and ball bearing steel balls were used as counter surfaces.
Thin films deposited on mirror-polished 316L stainless steel substrates were
used for all pin-on-disk measurements. The friction measurements were
performed using the same pin-on-disk equipment for both Cr-C and Cr-C/Ag
films, with rotational geometry and a speed of 0.1 m/s. However, the applied
load was 5N for the Cr-C films, while it was 2N for the Cr-C/Ag films. Ball
bearing steel balls were used for both studies with a diameter of 9 mm for
the Cr-C study and 6 mm for the Cr-C/Ag study.
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Theoretical calculations
An amorphous structure can be modeled by using e.g. Monte Carlo simulations, reverse Monte Carlo simulations, stochastic quenching or molecular
dynamics. However, Monte Carlo simulations can only be used if the pair
potential functions are known, which makes it not very well suited for calculations on new or large systems. Reversed Monte Carlo simulations are the
opposite of Monte Carlo simulations and can be used as a comparison of
structure factors between experimental results and a model.
Stochastic quenching (SQ) on the other hand is an ab-initio technique,
which means “from first principles” or obeying the laws of nature without
additional assumptions. Classical molecular dynamics (MD) use predefined
potentials, but it also possible to calculate ab-initio using MD [49]. Both SQ
and ab-initio-MD are calculated using density functional theory (DFT),
which is a quantum mechanical modeling method. Stochastic quenching was
originally developed for modeling of simple amorphous systems [50]. The
amorphous structure model is formed by placing atoms randomly in a calculation cell, with the constraint that no pair of atoms is closer than a small
value of typically 0.4 Å. The positions of the atoms are then relaxed using
the conjugate gradient method. Typically 150-200 atoms are enough to describe the structure. In Paper II, 50 different structures were calculated for
five different volumes, since each configuration may end up in separate local
minima. A smooth energy versus volume curve was obtained by averaging
(see Figure 13). The theoretically most stable volume can then be determined. The SQ method can be used to calculate e.g. density, total energy,
bulk modulus, coordination numbers and bond lengths.
In ab initio-MD, on the other hand, the amorphous structure is formed by
“melting” of a crystalline or disordered material. Calculations made by stochastic quenching are normally quicker than those made by MD, but more
statistics are needed for the SQ method, resulting in more calculations.
Hence, MD can in reality be a faster method.

Figure 13. Theoretical average energies (Eav) calculated for the Zr0.60Si00.33C0.07
(left) and Zr0.31Si00.29C0.40 films as a function of volume. Adapted from Paper II.
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To get information whether an ab-initio model describes the experimental
amorphous material, comparisons can be made with experimental results by
different techniques. For example, bulk modulus, density, coordination
number and bond lengths can be calculated and then compared with experimental data. One powerful experimental tool is EXAFS, where the EXAFS
signal can be calculated for both the experimental and the modeled material.
In this thesis, stochastic quenching using DFT, has been used in Paper II
to model amorphous Zr-Si-C with two different compositions and the theoretical and experimental results have been compared.
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Results and discussion

The Results and discussion section is divided into sub-sections were structure and bonding in the Zr-Si-C and Cr-C-based systems are discussed in the
first sections, followed by a discussion about the stability of the studied
amorphous materials, while the material properties in the studied systems are
discussed in the last section. Three material systems have been studied in the
papers included in this thesis. The Zr-Si-C system was studied in Papers I, II
and III, where Paper I is an experimental study focusing on structure and
properties, while Paper II is focused on modeling of the amorphous Zr-Si-C
structure and on comparisons with experimental results. Partial crystallization of amorphous Me-Si-C films during TEM analysis was studied in Paper
III. The Cr-C system was studied in Papers IV, V and VI, where compositional changes on structure and properties were studied in Paper IV, while
changes due to increased substrate temperature were investigated in Paper V.
Additionally, the structure and bonding of amorphous Cr-C films were investigated further in Paper VI. Finally, addition of Ag to the Cr-C system
was studied in Papers VII and VIII, where structure and material properties
of Cr-C/Ag films were studied in Paper VII while the electrochemical properties were the focus of Paper VIII.

The Zr-Si-C system
As concluded in the Amorphous materials section, sputter deposition of ternary systems often results in either a mixture of phases with simple crystal
structures and/or in the formation of an amorphous phase. These phases have
also been found in several Me-Si-C systems. For example, Eklund et al.
deposited nc-TiC/a-SiC nanocomposites in the Ti-Si-C system [51], while
Nedfors et al. obtained either nanocomposites or completely amorphous
films (analyzed by TEM) in the Nb-Si-C system, depending on Si content
[40] and Krzanowski and Wormwood identified an increasing disorder within the Mo-Si-C and Zr-Si-C systems with increasing Si content [35].
The change in structure when depositing these materials by magnetron
sputtering compared to the bulk form can be attributed to the fast quench
rate during sputtering. To form a phase with a complex structure as the
MAX-phases or a mixture of e.g. carbide and silicide phases requires exten37

sive diffusion during sputtering, especially at high Si contents where both
metal silicides and SiC can be formed in addition to metal carbides.
In total, 11 samples were deposited in the Zr-Si-C system and were organized into four overlapping series, as seen in the composition diagram in
Figure 14. Series S1 includes the binary Zr-C films, while the Si/C ratio is
varied with a Si content of 0-30 at% for series S3 and S4. The Si content is
instead held constant in series S2 and the C/Zr ratio is varied with a C content of 7-40 at.%. The binary Zr-C films in series S1 formed a nanocrystalline ZrC structure at low carbon content and a nanocomposite structure consisting of nc-ZrC/a-C at higher carbon content. The influence on Si addition
to the Zr-C system was studied in series S3 and S4 and the X-ray diffractograms of films in series S3, with constant Zr content and varied Si/C ratio
are seen in Figure 7. The ZrC peaks in the diffractogram are broadened extensively with an addition of 10 at.% Si, and for 20 at.% Si and above, no
peaks are visible. Hence, the films with Si contents of 20 at.% or more are
X-ray amorphous. Broad features are still seen in the X-ray diffractograms
though, and these features originate from the short-range order in the amorphous phase. The compositional influence on the structure was further studied in series S2 with constant Si content of 30 at.%, see Figure 7. These
films were found to be X-ray amorphous independent of the Zr/C ratio and
TEM analysis on two of these films confirmed that the films indeed exhibit
an amorphous structure. No indications of crystallinity were observed in the
TEM images and the electron diffraction patterns showed only broad featureless rings consistent with an amorphous structure (see Figure 14).

Figure 14. Left: Composition diagram of the included Zr-Si-C films in series S1-S4.
Right: TEM image and SAED pattern (inset) of Zr-Si-C film with 43 at.% Zr, 30
at.% Si and 27 at.% C. Adapted from Paper I.

However, when analyzing amorphous materials using TEM, care should be
taken to avoid partial crystallization induced by the electron beam. This was
studied for Me-Si-C thin films by HRTEM in Paper III, and partial crystallization was observed in both the Zr-Si-C and Nb-Si-C systems. Fig 15 shows
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HRTEM images in the as-deposited state and after exposure by the electron
beam. During HRTEM analysis, ZrC grains of 2-5 nm in size were formed
after electron irradiation. It was also found that lower electron energy (80
keV instead of 200 keV) during analysis reduced the crystallization significantly. It should also be noted that no electron-beam induced crystallization
was observed for the TEM analyses in Papers I and II.
The film microstructure was studied by SEM and showed that the binary
Zr-C films were columnar with a quite rough surface. However, with increasing Si content, the microstructure became dense with a smooth crosssection and surface. The Zr-Si-C films were further analyzed by XPS in
order to study the chemical bonding. Figure 10 shows the XPS C1s and Si2p
spectra for series S2. Overall, shifts in binding energy are seen in the C1s
spectra for both C-Zr and C-Si peaks with change in composition, suggesting a continuous change in bond distribution around the C atoms. The shift
in binding energy is very clear in the Si2p spectra where a significant intensity is observed between the positions for the Si-Zr (98.6 eV) and Si-C
(100.4 eV) peaks. The intensity also increases in binding energy with increasing carbon content. This suggests that the amount of C-Si bonds increases with increasing carbon content and can be described by a continuous
change in bond distribution, where Si atoms are not exclusively bonded to
either C or Zr atoms.

Figure 15. HRTEM images with corresponding FFT insets of Zr0.43Si0.30C0.27 in the
a) as-deposited state and b) and c) after exposure to electron irradiation. The arrow
in (b) marks a small crystalline grain. Adapted from Paper III.
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To increase the knowledge of the structure in the amorphous Zr-Si-C films,
modeling by stochastic quenching was performed for two samples in series
S2 and the results were presented in Paper II. No partial crystallization or
porosity was found in the modeled structure, which is consistent with the
previously discussed TEM results. Theoretical EXAFS signals were calculated from the modeled amorphous structure and were compared with experimental EXAFS data. Both the calculated and experimental EXAFS signals
are plotted versus k, which is the wave number of the photoelectron. The
results are seen in Figure 11 and show a good agreement between the calculated and experimental EXAFS signal for both films, with only small deviations. The experimental EXAFS signals were also compared with calculations of the ZrC, ZrSi2 and Zr5Si3 crystal structures, for a random alloy with
NaCl structure and for a modeled amorphous structure with a composition
that deviates slightly from the experimental one. None of those calculated
signals matched the experimental EXAFS signal and the results show that a
modeled system with both accurate structural information and precise composition is needed to fit the experimental data. Altogether, the results in Paper II show that it is possible to model a complex amorphous system with
reliable atomic coordinates using the stochastic quenching method. The calculations are also important contributions to understand the atomic structure
and chemical bonding of synthesized amorphous materials.

Figure 16. Examples of calculated local structures around a) Zr, b) Si and c) C atoms in amorphous Zr0.60Si0.33C0.07. Zr, Si and C atoms are displayed by silver, yellow and cyan, respectively. Adapted from Paper II.

Theoretical partial distribution functions were also calculated from the
amorphous model and the nearest-neighbor distances were determined. The
average bond lengths of the Zr-Zr, Zr-Si, Zr-C, Si-Si, Si-C and C-C bonds
were then compared with crystalline structures, as seen in Table 1, Paper II.
Overall, the bond lengths are equivalent with the crystalline structures with
some small deviations. The coordination numbers were also calculated from
the amorphous model, suggesting a coordination of about 15 atoms for each
Zr atom. The results also show that the coordination around the atoms
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change with composition, which corresponds to the XPS analysis. Thus,
analysis of the atoms local structure show that a range of coordination polyhedra can be found in the amorphous structure, as shown in Figure 16, where
examples of the local structures are visualized.
The modeling results, together with XPS, thus suggest that the amorphous
structure consists of a mixture of bond types and many possible atomic coordinations. The distribution of bond types can thus be controlled by composition and influence the properties (as will be discussed in the Material
properties section). Furthermore, since there is not one preferable closerange order, Gaskell’s theory of the structure of metal-metalloid glasses is
thus not completely applicable. The structure is better described as a network structure, which is not surprising since both Si and C bond with strong
covalent bonds. Also, Zr can contribute to the network structure in covalent
glasses [23]. However, this described network structure should not be mixed
up with the random network theory, where only one type of nearest-neighbor
coordination is seen for e.g. simple oxide glasses such as fused silica. In the
Zr-Si-C system, there is a mixture of bond types and coordination, which
makes the amorphous structure more complex.

The Cr-C-based systems
The structure of the transition-metal carbides changes from the early transition metals to the late, as discussed in the Metal carbides section. As the
crystalline chromium carbides exhibit a rather complex structure, and thus
require substantial surface migration during deposition, amorphous phase or
nc-Cr-C/a-C nanocomposites can be expected for Cr-C thin films deposited
at lower substrate temperatures.
In comparison to the Zr-Si-C system, where a significant amount of silicon
had to be added in order to form an amorphous structure, it was found in
paper IV that Cr-C films deposited at 300 °C were X-ray amorphous in the
entire composition range of 25-85 at.% C. These films were further analyzed
using HRTEM in Paper VI, and the results confirmed that the Cr-C films are
truly amorphous, as seen in Figure 17. In three of four analyzed samples, no
indications of crystallization were seen. However, short- and medium-range
order within small, defect-rich regions, of less than 3 nm in diameter were
found in the sample with 47 at.% C and will be addressed in the Stability
section below.
TEM and XPS together with radial distribution functions from EELS
suggest that the Cr-C films, especially at higher carbon contents, are amorphous nanocomposites consisting of a-C and a-CrCx phases. From the C1s
XPS results it was found that the films contain both C-Cr and C-C bonds
(see Figure 18). The most chromium-rich film exhibits mainly C-Cr bonds,
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but the C-C bond intensity increases rapidly with increasing carbon content.
This corresponds to a change in the bond distribution, from a high amount of
C-Cr bonds for chromium-rich films to a high amount of C-C bonds for carbon-rich films and suggests an increasing amount of a-C phase with increasing carbon content. Another possibility is the formation of a chromium-rich
phase and a carbon-rich phase with varying composition. However, no indications are seen in the XPS C1s spectrum of shifts in binding energy for the
C-C peak, which would indicate formation of a solid solution of Cr in C and
it is thus assumed that a-C and a-CrCx phases was formed.

Figure 17. HRTEM images of Cr-C samples with carbon content of a) 25 at.% b) 47
at.%, c) 67 at.% and d) 85 at.%. Adapted from Paper VI.

The existence of two amorphous phases is, as mentioned, further supported
by HRTEM analysis where dark and light areas are visible in the image, see
Figure 17. This difference is due to elemental contrast and suggests that
there are both Cr-rich and C-rich areas in the films. Furthermore, radial distribution functions extracted from EELS data in Paper VI show presence of
bonds with 1.5 Å bond length, which correlates to the C-C bond lengths in
amorphous carbon, graphite and diamond of 1.44 Å, 1.43 Å and 1.54 Å,
respectively. The C-C bond intensity also increases for films with higher
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total carbon content, which is consistent with the XPS results on the C-C
peak and further indicates the presence of an a-C phase. Further information
on the a-C phase can be deduced from the HRTEM and Raman spectroscopy
analyses. In HRTEM, small carbon-clusters with graphene-like structure are
seen for the most C-rich samples. Also, Raman spectroscopy analysis following the guidelines of Ferrari and Robertson [52] indicates an a-C phase
with high sp2 bond content, however the Raman data analysis is not trivial.

Figure 18. Left: XPS C1s spectra for Cr-C films with increasing C content upwards
in figure. Adapted from Paper IV. Right: Cr 2p SXA spectra of Cr-C films (top) and
Cr L2,3 SXE spectra of Cr-C films (bottom). Adapted from Paper VI.

Results from Cr-C-based films were also presented in Paper V, where films
with 40 at.% and 70 at.% carbon were deposited without heating, and at 300
°C, 500 °C and 700 °C substrate temperature and in Paper VII, where CrC/Ag films deposited without intentional heating with 40 at.% C and Ag
content of 0-14 at.% were studied. Peak fittings from XPS C1s spectra in
both studies showed contributions from both C-Cr and C-C bonds as for the
previously discussed films. The carbon content in the carbidic phase was
calculated to 23-30% independent of the total carbon content for the amorphous Cr-C samples in Paper IV; to 35±2 at.% independent of total carbon
content and substrate temperature during deposition for the amorphous and
nanocomposite Cr-C samples in Paper V; and to 32-33 at% for Cr-C/Ag
samples in Paper VII. These values can be compared with the carbon content
in the crystalline carbides, where Cr3C2, Cr7C3 and Cr23C6 have carbon contents of 40 at.%, 30 at.% and 21 at.%, respectively. The rather constant composition of the amorphous CrCx phase suggests a higher stability of this
phase for certain compositions compared to other. Modeling of the CrCx
phase with SQ or MD methods could here give further insight in the structure and bonding of this amorphous phase.
In paper VI, XAS was used to study the chemical bonding in the amorphous chromium carbide phase. The results show a clear difference from
similar studies of nc-TiC/a-C films, where Ti in the TiC phase has an octa43

hedral coordination of carbon atoms. In the amorphous Cr-C films, the Cr2p
XAS spectrum shows a weaker t2g-eg splitting, suggesting a mixture of different types of coordinations. Furthermore, the XAS analysis shows an increased iconicity of the Cr atoms with increasing carbon content.
It should also be noted that many published studies of sputtered Cr-C
films have observed presence of crystalline phases. For example, Gassner et
al. [53] and Panjan et al. [54] have observed the formation of cubic CrCx
(NaCl structure) in magnetron sputtered films. This phase is not thermodynamically stable but is more easily formed compered to the complex chromium carbide structures. A general observation though, is that amorphous
films often are formed in non-reactive sputtering, while nanocrystalline
films with metastable CrCx more often are formed in reactive sputtering
processes (see Paper IV). Furthermore, the crystallinity is also influenced by
the energy of the incoming ions and Ziebert et al. [55] obtained amorphous
films by non-reactive sputtering for low ion bombardment, while crystalline
Cr-C films were achieved for ion bombardments over a critical value.
The properties of the amorphous Cr-C film can be influenced by the addition of a third element. If the solubility of this element in the carbide is low,
a separate phase will be formed. In paper VII, the addition of Ag to Cr-C
films were studied in order to improve the tribological properties. The CrC/Ag films were studied by XRD and HRTEM and the results show that the
films consist of Ag nanocrystallites in an amorphous matrix of a-CrCx and aC, although a few ordered regions were seen in HRTEM and will be discussed further in the Stability section. The XPS results (see Figure 18)
showed that the amount of a-C phase increased for higher Ag/Cr ratio, due
to a loss in carbon content, which in turn yielded a lower amount of CrCx
phase. It was also shown that the films had a higher Ag content at the surface than in the bulk, and that Ag nanoparticles had formed on the surface.
The microstructure was studied by SEM analysis for all Cr-C-based films.
The amorphous Cr-C films show a range from columnar to grainy structure
depending on composition, where a low carbon content resulted in a columnar structure, but the columns were broken up with increasing C content and
the films got dense and grainy (see Figure 8). The Cr-C film studied in the
Cr-C/Ag study is chromium-rich and its columnar structure corresponds to
the microstructure of the previously studied Cr-C films, when comparing
with the films closest in Cr/C ratio. However, with the addition of Ag, the
columnar structure was disturbed, yielding a more uneven appearance of the
columns.
Altogether, the results strongly indicate the formation of amorphous aCrCx and a-C phases in the studied Cr-C-based systems and the material can
be called an amorphous nanocomposite.

44

Stability of Zr-Si-C and Cr-C-based films
Annealing experiments were performed in all material systems to study the
stability of the amorphous materials and the structure for the annealed samples was mainly studied by XRD. An UHV furnace was used for all annealing experiments to minimize oxidation during annealing. The pressure during annealing was 5*10-5 to 1*10-7 Pa, and was constant within the separate
annealing studies. All annealing experiments have been performed using
inert Al2O3 substrates to avoid diffusion or reactions with atoms from the
substrate.
The amorphous films in both the Zr-Si-C and Cr-C systems as well as the
amorphous phases in the Cr-C/Ag films, show no sign of crystallization after
annealing at 500 °C, see Figure 19. Consequently, these amorphous structures are (meta-)stable to at least 500 °C. However, crystalline phases are
formed at higher temperatures. After 1 hour annealing at 700 °C for one
amorphous Zr-Si-C film in Paper I, both cubic ZrC and ZrSi (with FeB type
structure) phases were observed.

Figure 19. Left: X-ray diffractograms of Cr-C films deposited at different substrate
temperatures. Right: X-ray diffractograms of annealed films in the Cr-C/Ag system
(upper right) and the Zr-Si-C system (lower right). The figures are adapted from
Papers I, V and VII.
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For the Cr-C-based samples, annealing experiments were conducted on one
binary sample with low total carbon-content (25 at.%, from Paper IV), as
well as on Ag-containing samples with a higher total carbon-content (40
at.%, from Paper VII). The effect on the Cr-C-based phases for these samples are discussed directly below, while the effect on the Ag-based phase
(which may be treated separately) is discussed further down. In the asdeposited state, these films all contain a-CrCx and a-C phases, where “x” is
slightly different for the two groups of samples: the low carbon-content
sample has a carbide phase with 23 at.% C; while the high carbon-content
samples have 32-33 at.% carbon in the carbidic phase.
After annealing, XRD analysis of the Cr-C film with low carbon content
showed a mixture of Cr23C6, Cr7C3, Cr2O3 and Cr phases, i.e. carbide phases
rich in chromium. As the sample was partially oxidized no detailed analysis
was performed. Annealing experiments at 800 °C for the three samples in
the Cr-C/Ag system, with higher total carbon content and higher carbon
content in the carbidic phase, resulted in the formation of a Cr3C2 phase, i.e.
a crystalline phase with higher carbon content. The observed lattice parameter was however, smaller than bulk reference data, thus indicating a substoichiometry with respect to carbon. This was confirmed from XPS, which
showed that the carbon content remained unchanged by the annealing, and
was thus below the 40 at% of a defect-free, crystalline Cr3C2 phase.
Thus, the carbon content of the amorphous carbide phase clearly influence which crystalline carbide phase is formed during annealing. A further
factor is, as mentioned above, the complexity of the crystalline phase. It is
not uncommon that annealing first yields simple structures, followed by
more complex structures after longer annealing time or at higher temperatures. This has been studied by Abdulkadhim et al., were annealing of amorphous Cr2AlC films initially yielded a metastable, hexagonal (Cr,Al)2Cx
phase, prior to the formation of the thermodynamically stable Cr2AlC MAXphase with a more complex crystal structure [56]. That the simple NaCl-type
CrC is not formed during our annealing experiments (although it has been
observed in other experiments [53], [54]) is most likely because the composition of the amorphous carbide phase is too far away from the ideal 1:1
stoichiometry of CrC.
An interesting point of comparison is with the results from Paper V,
where the temperature-dependence on the Cr-C structure was studied for two
carbon contents of about 40 at.% and 70 at.%, denoted low and high carbon
content, respectively. It should although be noted that the crystallization
during growth and during annealing are two different processes, corresponding to surface and bulk diffusion, respectively. It is thus not surprising if
different crystallization temperatures or resulting phases are observed. The
low carbon-content films were amorphous up to 300 °C substrate temperature, while at deposition temperatures of 500 °C, Cr7C3 phase was formed,
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and at 700 °C both Cr3C2 and Cr7C3 phases were formed. The high-carbon
content films were amorphous up to a substrate temperature of 500 °C, while
Cr3C2 and/or Cr7C3 phases forming together with an amorphous phase at 700
°C. In contrast to the results of Gassner et al., were metastable NaCl-type
CrC is observed [53], the present experiments only yield thermodynamically
stable crystalline phases. However, there are several differences between
these two studies. Gassner et al. used a reactive process with hydrocarbons
as carbon source. This leads to a hydrogen-containing film with an a-C:Hphase and it might be possible that the presence of hydrogen may influence
the crystallization process. Another difference lies in the experimental setups used. The here reported samples were deposited with a very low plasma
density at the sample; whereas the sample surface in Gassner et al’s work is
subjected to low energy ion bombardment due to the use of a Helmholz coil.
This may indicate that not only the temperature is an important factor, but
also the exact surface conditions during deposition.
As already mentioned, in-situ crystallization by HRTEM was observed
for Me-Si-C films in Paper III. It was also concluded that NbC crystallites
were more easily formed than ZrC. NbC and ZrC have both NaCl crystal
structure although Nb has a smaller radius, which might facilitate partial
crystallization due to faster diffusion. Small ordered regions have also been
observed in a few HRTEM analyses of Cr-C and Cr-C/Ag samples. However, it was not concluded if these ordered regions originated from asdeposited samples, or were induced by the electron beam during HRTEM
analysis. Since ZrC has a more simple crystal structure than the complex CrC structures, it can be suspected that Zr-C-containing films would crystallize
more easily by the electron beam.
The annealing effects on the Ag nanoparticles in the Cr-C/Ag system
were studied by XRD and SEM analysis. The amount of Ag on the surface
increased with increasing Ag content after annealing at 500 °C and larger Ag
particles was formed on the surface. The annealing results for the 14 at.%Ag film stood out from the rest, where faceted outgrowths and nanowires
were formed after annealing. Detailed SEM analysis indicates that these
outgrowths consist of (mainly) Ag. Further analysis is required to understand the prerequisites of formation, however, it is (as discussed in Paper
VII) likely that it is connected to the vapor pressure of the nanometer-sized
Ag grains, and thus that the use of a vacuum furnace can be essential.
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Material properties
Material properties have been studied for all material systems, but the focus
and extent have varied between the systems. For the Zr-Si-C system, mechanical and electrical properties were studied in Paper I and for the Cr-C
system, mechanical and electrical properties were investigated in Paper IV
together with some electrochemical properties. The electrochemical properties of both amorphous, nanocomposite and crystalline Cr-C films were further studied in Paper V. For the Cr-Ag-C system, the mechanical and electrical properties, together with some tribological measurements, were studied
in Paper VII and the electrochemical properties were studied in Paper VIII.

Mechanical properties
For the binary Zr-C films with nanocrystalline or nanocomposite structures,
the hardness decreased from 20 GPa to 12 GPa with increasing carbon content. This decrease can be explained for the most carbon-rich samples by the
formation of a softer amorphous carbon matrix separating the ZrC grains as
observed for other MeC/a-C nanocomposite films [5], [53]. However, for the
disordered and amorphous Zr-Si-C films, the trend is the opposite, where the
hardness increased from 8 GPa to 22 GPa with increasing carbon content.
This might seem strange, but can be explained by the bonding results described above. We know from XRD and TEM that the ternary films, especially those with higher Si contents, are amorphous and know from the XPS
spectra and modeling that neither of these films have a significant amorphous carbon phase. Thus, when more carbon is added, these atoms rather
bind to Si or Zr than to carbon, and for low Zr contents a high amount of
strong Si-C bonds are formed. In Paper I, it was shown that the hardness is
related to the amount of strong Si-C bonds. This was confirmed in a later
study by Meng et al. in a larger composition range, see Figure 20 [57]. The
results suggest that the hardness is related to the bond distribution in the
network structure.
For the amorphous films deposited in the Cr-C system, the hardness decreased from 11 GPa to 7 GPa when the carbon content was increased from
25 at.% to 85 at.%. These films are nanocomposites consisting of a-CrCx and
a-C phases, as discussed earlier in the Results and discussion section. Additionally, when the carbon content was increased, the amount of a-C phase
increased substantially. It is reasonable that this change in phase content also
reduces the film hardness, similarly as for the binary Zr-C sample series.
According to literature, the hardness of amorphous Cr-C films often are
lower than the nanocrystalline nc-Cr-C/a-C(:H) films [58]. The observed
values within this thesis are distinctly lower than those observed by e.g.
Gassner et al., where hardness of up to 23 GPa are reported for Cr-C thin
films. These films, however, have a different structure than the amorphous
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films studied within this thesis; the carbide phase is crystalline and the
amorphous carbon phase has due to the reactive sputter process larger sp3
content and is thus expected to be harder, as reported in Paper IV.
The as-deposited Cr-C/Ag films were also analyzed with nanoindentation
and the results show that the hardness decreases from 12 to 8 GPa with the
addition of Ag. Even though the a-CrCx phase content decreases somewhat
with increasing Ag content, the change in hardness is first and foremost attributed to the addition of soft Ag nanocrystallites.

Figure 20. Combined plot of hardness as a function of C-Si bond fraction of Zr-Si-C
films from Paper I (grey) and ref. [57] (black).

In general, it is more relevant to compare the hardness in the Cr-C system
with the binary Zr-C films than the amorphous Zr-Si-C films, as they both
are nanocomposites. As mentioned, the decrease in hardness with an increase of the amount of a-C phase was also was seen for the binary Zr-C
films. However, in comparison to crystalline nanocomposites, one must
remember that the there observed hardening effects are not relevant for a
nanocomposite of two amorphous phases. The Hall-Petch hardening for
small crystallites is irrelevant as dislocations do not exist in amorphous
phases, and the hardening observed for small tissue phase thicknesses may
not occur as there are less structural differences between the amorphous
phases than between nc-MeC and a-C phases, thus possibly yielding less of
a resistance for plastic deformation. In connection to this, it is interesting to
note that the hardest Cr-C samples reported by Gassner et al. are those that
contain crystallites and a small amount of a-C:H phase [53], [59].
For the Cr-C/Ag system, a small change in a-C phase was observed, but
the addition of Ag nanocrystallites had the most impact on the hardness decrease. The Young’s modulus displays similar behavior for both Zr-Si-C and
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Cr-C-based systems; a decrease is observed for increasing carbon content for
the binary Zr-C and Cr-C films, while it increased for the disordered, ternary
Zr-Si-C films.

Tribological properties
The tribological properties have been studied by pin-on-disk measurements
for films in the Cr-C and the Cr-C/Ag systems. However, since no significant changes in friction coefficient were achieved, no further studies of the
worn films were performed.
The friction coefficient was analyzed for two Cr-C films included in Paper
IV, however the results were never published. The analyzed films had a total
carbon content of 43 and 67 at.% C, corresponding to 40% and 80% a-C
phase. Steady-state friction coefficient values of about 0.4 were obtained for
both samples. Similar results were obtained for the Cr-C/Ag films, where
three samples with Ag contents of 0, 5 and 9 at.% (all with about 30% a-C
phase). No major difference was seen on the friction coefficient for addition
of Ag, and also here values of about 0.4 were obtained. The results for samples with small amount of a-C phase is in line with literature reports [53],
however, from literature it is also expected that Cr-C films with a large
amount of a-C phase have a lower coefficient of friction. But, as pointed out
above, the structure of the samples are not comparable, the a-C(:H) phases
have different bonding and it is also possible that the a-CrCx phase will provide less mechanically stable support for the softer a-C(:H) phase, as indicated by the lower hardness of the here presented Cr-C films, and thus lead
to a higher wear and friction.
From the results of the Cr-C/Ag samples, it is interesting to note the film
with 9 at.% Ag, where an initial decrease in friction coefficient down to
about 0.25 were observed, which could be explained by the Ag nanoparticles
on the surface. However, the effect were only visible for less than the first
1000 cycles, suggesting that Ag migration to the worn surface was not fast
enough to maintain the lowered friction coefficient. This makes it very interesting to test the Cr-C/Ag films at elevated temperatures, where the increased diffusion rate possibly could lead to a better supply of lubricating
Ag.

Electrical properties
The resistivity of both binary and ternary films in the Zr-Si-C system was
studied in Paper I. The resistivity of the binary films increased with increasing carbon content from 270 to 1650 µΩcm, which was attributed to the
formation of a thick, a-C matrix when the structure changed from a nanocrystalline material to a nanocomposite. The ternary (either disordered of
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amorphous) films can be divided into two groups depending on their resistivity. The films with 40-60 at.% Zr had a resistivity of 310-390 µΩcm,
while films with about 30 at% Zr had a resistivity of 1030-1310 µΩcm. The
increase in resistivity was attributed to a higher amount of covalent Si-C
bonds for low Zr content, which reduce the metallic character of the network
structure and thus give a higher resistivity.
The resistivity was also measured for Cr-C films with varied carbon content in Paper IV. Here it was shown that the resistivity increased from 170
µΩcm to 2500 µΩcm with increasing carbon content, which is, as for the ZrC films, attributed to an increased amount of a-C phase. The values observed
for the binary Zr-C and Cr-C samples are fully in line with what have been
observed for other carbide/amorphous carbon nanocomposites [5], [20],
[21].
No large changes were seen on the resistivity values between Cr-C films
with and without Ag, only a slight decrease from 200 to 180 µΩcm was
measured with increased Ag-content.
Additionally, the electrical contact resistance was also measured for the
Cr-C/Ag films. The addition of Ag decreased the contact resistance from 50
mΩ to 23 mΩ at 1N, which is close to the Ag thin film reference with a
measured contact resistance of 10 mΩ. This is most likely an effect of the
presence of soft Ag particles on the surface of the films, which will give a
much larger true contact area and thus a considerably smaller constriction
resistance [60]. A similar behavior has been observed when alloying Ti-Si-C
films with Ag [61].

Electrochemical properties
In Paper IV, the electrochemical properties of the Cr-C system were studied
for two samples with different carbon content by linear sweep voltammetry
and were compared with a 316 L stainless steel substrate. It was found that
the currents for both films were lower than for the stainless steel substrate in
the passive region, suggesting that the deposited films are more corrosionresistant than the stainless steel. It was also found that the current in the passive region was smaller for the chromium-rich film than for the carbon-rich
film. This suggests that there are additional contributions to the total current
than processes involving oxidation of chromium. Since the films are amorphous nanocomposites consisting of a-CrCx and a-C phases, these results
indicate that oxidation of the a-C phase contributed significantly to the total
current in the passive region and was further studied by Högström et al. [62].
The corrosion resistance of amorphous, nanocomposite and crystalline films
Cr-C films, deposited at different temperatures and for two carbon contents,
was studied in Paper V. The results showed that there was a lower oxidation
charge after chronoamperometric analysis for carbon-rich films than for
51

chromium-rich films. Furthermore, a high substrate temperature during deposition yielded denser films, which also improved oxidation resistance.
Thus, combining a high substrate temperature with high total carbon content
yielded the film with highest oxidation resistance.
The electrochemical properties were further studied by polarization
curves and chronoamperometry for Cr-C/Ag films in Paper VIII. As discussed earlier, these films have a complex structure with Ag nanocrystallites
in an amorphous matrix of a-CrCx and a-C phases. Significant amounts of
Ag nanoparticles of different sizes are also present on the surface. The
standard electrode potential for the reaction Ag+ + e- & Ag is about 0.6 V
vs. Ag/AgCl. However, the lowest observed oxidation potential was +0.15 V
and several oxidation peaks were generally observed during single experiments, suggesting that the films had surface nanoparticles of different size
distributions. The radii of the Ag nanoparticles were estimated to 0.75-2 nm
using the Plieth model. This is less than observed by SEM and TEM. The
use of this model, however, is limited by uncertain values for surface energies and molar volumes of Ag nanoparticles. Also, quantum effects, which
are not handled in the Plieth model, may be important. The results from
chronoamperometry experiments and XPS also showed that the addition of
Ag adversely affects the formation of a stable passive film, which would
make Cr-C/Ag less resilient to oxidation compared to pure Cr-C.

Figure 21. SEM images of as-deposited Cr-C/Ag films on Si substrates showing Ag nanoparticles on
the Cr-C/Ag film. Adapted from Paper VIII.
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Conclusions and outlook

The aim with this thesis work has been to study the formation of amorphous
thin films and how the amorphous structure changes with composition. Furthermore, the structure and chemical bonding of these films have been studied and compared with material properties such as hardness, resistivity and
corrosion resistance in order to connect the changes in material properties
with the structure and bonding of the material.
Films in all analyzed material systems have been analyzed by TEM to
confirm the presence of truly amorphous phases. It was also shown by
HRTEM analysis that partial crystallization of the amorphous structure can
be induced by the electron beam, and that care must though be taken when
analyzing amorphous materials using TEM.
The amorphous films in the Zr-Si-C system are shown by modeling to
exhibit a network-type structure with high coordination number around the
Zr atoms and many types of possible coordination polyhedra. It was also
shown that the bond distribution strongly influences the material properties,
where an increase in hardness and Young’s modulus was seen for high
amount of covalent Si-C bonds. However, also the resistivity increased at
high Si-C bond contents due to the lower metallic character of the film.
While the amorphous Zr-Si-C films consist of one, homogeneous phase,
the amorphous Cr-C films consist of two phases, and are thus amorphous
nanocomposites. The Cr-C films are amorphous over a wide range of compositions and for substrate temperatures up to 500 °C. It was also shown that
the properties of the amorphous Cr-C films were related to the amount of
amorphous carbon (a-C) phase, as in nanocomposite nc-MeC/a-C films. For
high a-C contents, a lower hardness and higher resistivity was obtained,
although higher a-C contents provided a higher oxidation resistance.
The addition of Ag to the Cr-C system led to a formation of an even more
complex system, with crystalline Ag nanoparticles embedded in the amorphous nanocomposite matrix. The purpose of the Ag addition was to improve the tribological properties while maintaining a low contact resistance
for a possible application as a sliding electric contact. An increased amount
of Ag nanoparticles was found on the film surfaces, yielding a lower contact
resistance, but no reduction in friction coefficient was observed. Furthermore, the nanoparticles exhibited a reduced oxidation potential compared to
bulk Ag and had a negative effect on the oxidation resistance of the film.
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Annealing at 500 °C in vacuum of the Cr-C/Ag films led to even higher
amount of Ag on the film surface, especially for the film with highest Ag
content, where faceted outgrowths and nanowires were observed.
In research, new results often also lead to new questions. This was also
the case during this thesis work, and time limitations did not make it possible to follow up on them all. Possible future work may thus be:
•

•

•

•

•
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An annealing study of Cr-C films would be interesting to perform,
to see if other, more stable crystalline structures will form after
longer annealing times, or if a less substoichiometric Cr3C2 phase
would form by diffusion of carbon atoms from the a-C phase. Another alternative would be to use in-situ XRD for studying the
stability of both amorphous Zr-Si-C and Cr-C films in more detail.
It would also be interesting to perform a comparison between
non-reactive and reactive sputtering of Cr-C films, since literature
suggests a difference in structure between those two, but it is unknown if it depends deposition rates, hydrogen content in reactive
sputtering or something else. This study needs to be performed using a sputter deposition system where it is possible to sputter both
using elemental targets and by reactive gases, in order to keep the
deposition parameters as similar as possible.
A modeling study of the amorphous CrCx phase would be beneficial to get a better understanding of the structure and how it influences the material properties.
A high temperature study of the tribological behavior of Cr-C/Ag
would also be of interest since Ag is known to reduce the friction
coefficient at elevated temperatures.
Finally, the observation that very small nanoparticles of Ag has
such a strong effect on the electrochemistry give rise to a number
of questions regarding the chemical reactivity of nano-sized particles in sputter deposited films and should be studied in more detail.

Sammanfattning på svenska

Ett sätt att förbättra ett materials egenskaper är att täcka materialet med en
ytbeläggning. Det kan enkelt göras med en färg och på så sätt ändrar man
utseende och kanske även skyddar det underliggande materialet mer. I den
här avhandlingen har ytbeläggningar studerats med målet att förbättra egenskaper som elektrisk ledningsförmåga och korrosionsmotstånd, men också
för att få en djupare förståelse för de studerade materialens uppbyggnad.
Bland de tidigast dokumenterade ytbeläggningarna är tunna guldbeläggningar funna i faraonernas gravar i Egypten. Där hamrades guldet mycket tunt
till bladguld som man sedan täckte statyetter och andra utsmyckningar med.
På det sättet kunde man utnyttja styrkan och formbarheten i trä eller metaller
för att skapa en statyett, samtidigt som mängden guld som användes minskade
drastiskt jämfört med om föremålet hade tillverkats i solitt guld. På samma sätt
används ytbeläggningar idag, där basen kan väljas med avseende på en egenskap, medan ytbeläggningen kan väljas med andra egenskaper.
I dagens samhälle används ytbeläggningar inom en rad olika områden, till
exempel som antireflexbehandlingar på glasögon. Då används ett glas (eller
plast) som basmaterial, med rätt slipning utifrån kundens behov och en ytbeläggning i form av en antireflexbehandling kan sedan läggas på för att
minska reflexer och speglingar. Ett annat användningsområde för ytbeläggningar är elektriska kontakter, som ofta är belagda med guld eller någon
annan ädel metall. Guldbeläggningen gör att den elektriska ledningsförmågan blir hög. Dessutom står guld emot oxidation, vilket är bra då en oxiderad yta kan försämra ledningsförmågan mellan guldbeläggningen och
motytan. En stor nackdel med guld är att det är mjukt och slits därför lätt om
en kontakt öppnas och stängs ofta. Därför finns det ett behov av att använda
andra material istället för guld till elektriska kontakter. Ett alternativ är metallkarbider som består av metall och kol och är hårda och slitstarka samtidigt som de kan ha bra ledningsförmåga.
Den teknik som har använts för att tillverka ytbeläggningarna i den här
avhandlingen heter katodförstoffning, men oftast används istället benämningen sputtring som kommer från det engelska ordet ”sputtering”. Sputtring
utförs i en vakuumkammare där atomer slås ut från ett basmaterial, ett så
kallat target, och sprids sedan i kammaren. Genom att montera ett substrat i
kammaren kan atomer fastna på substratet och bilda en ytbeläggning. Det
går också att göra ytbeläggningar med reaktiv sputtring, då en gas såsom
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kvävgas eller syrgas förs in i kammaren och tillåts reagera med atomer från
ett metalltarget och på så sätt bilda metalloxider och metallnitrider. De ytbeläggningar som har studerats i den här avhandlingen har gjorts med olika
metaller, kisel och kol och är ca 0,5-1 mikrometer tjocka.
Ett material består av en eller flera sorters atomer som kan sitta ihop i
olika strukturer. Ett exempel är diamant och grafit, som båda enbart består
av kolatomer. Men eftersom atomerna är bundna till varandra på olika sätt,
får grafit och diamant väldigt olika egenskaper. Grafit och diamant är exempel på kristallina strukturer där atomerna sitter ordnade likadant oavsett hur
långt bort i materialet man tittar, vilket kallas att materialet har fjärrordning.
Material kan också vara amorfa och i de materialen är atomerna i stort oregelbundet placerade, det vill säga oordnade. Men tittar man på de närmaste
grannatomerna kring en atom, är det ändå möjligt att de närmaste grannarna
är likadant placerade runt atomerna, oavsett var i materialet man tittar, och
detta kallas för närordning. I ett amorft material har atomerna närordning,
men saknar fjärrordning. Det i sin tur kan påverka materialets egenskaper
och det är det som har varit fokus i den här avhandlingen, hur strukturen på
de amorfa materialen ser ut och hur det påverkar egenskaper som hårdhet,
elektrisk ledningsförmåga och korrosionsmotstånd.
I avhandlingen har två olika materialsystem studerats, Zr-Si-C-systemet
och Cr-C-systemet. Zr-Si-C-systemet består av zirkonium, kisel och kol och
vid tillräckligt höga kiselhalter fås ett amorft material. Genom att använda
både modellering och experimentella analystekniker har vi kunnat se att
atomerna binder till varandra som i ett nätverk och att både zirkon, kisel och
kol kan binda till alla ingående atomer. Dessutom, vid en ökad kolhalt i
materialet, binder fler av kiselatomerna till kolatomer och det gör att materialet blir hårdare. Genom att välja vilken mängd kol som finns i materialet,
kan man alltså välja vilken hårdhet det får.
Material i Cr-C-systemet består av krom och kol. Krom är en metall som
ofta tillsätts i rostfritt stål, då den kan bilda kromoxid på ytan av stålet och
på så sätt skydda stålet från att rosta. När krom-kol-ytbeläggningarna analyserades upptäcktes det att de inte bara bestod av en amorf fas, utan två. Det
innebär att alla kolatomer i materialet inte binder till krom, utan en del kolatomer istället binder till andra kolatomer. På så sätt bildas två typer av områden, bestående av antingen bara kol, en kolfas, eller kol bundet till krom, en
krom-kol-fas. Genom att göra flera stycken ytbeläggningar med olika mycket kolfas, såg vi att om det var mycket kolfas i materialet blev det mjukare
än när det innehöll lite kolfas. Det samma gällde den elektriska ledningsförmågan, där ytbeläggningen hade bättre ledningsförmåga om den hade lite
kolfas än om det fanns mycket kolfas i materialet.
Sammanfattningsvis visar resultaten i den här avhandlingen att hur atomerna är bundna i de materialen jag har tittat på, påverkar också materialens
egenskaper.
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