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The ever-increasing demand on improvement of protective nitride thin films has led to an
expansion of the research field into multi-element based materials. The work in this thesis
has focused on exploring new complex, multi-component nitride thin films based on three
different material systems: Al-Ge-N, Hf-Nb-Ti-V-Zr-N and Al-Cr-Nb-Y-Zr-N. All films were
synthesised by reactive dc magnetron sputtering and characterised with regard to structure and
material properties, in particular the mechanical, optical and corrosion properties.
The Al-Ge-O-N coatings exhibited amorphisation of the structure upon oxygen addition,
via the formation of a crystalline (Al1-xGex)(N1-yOy) solid solution phase for low O contents.
The mechanical properties were improved, and hardness values up to 29 GPa were achieved
for low O and Ge concentrations, most likely due to nanocomposite hardening. The optical
absorption edge was tuneable towards shorter and longer wavelengths with increasing the O and
Ge content respectively. Annealing to 850°C showed indications of increased thermal stability
for the quaternary Al-Ge-O-N films compared to the ternary Al-Ge-N films.
Coatings in the Hf-Nb-Ti-V-Zr-N system were found to be highly crystalline featuring a
single solid solution phase with NaCl-type structure for low Hf content, whereas an additional,
tetragonally distorted, phase appeared for higher Hf contents. The mechanical properties, such
as hardness and Young’s modulus increased with increasing Hf content, although the values
were relatively low compared to those for transition metal nitrides in general.
The Al-Cr-Nb-Y-Zr-N films also crystallised in the NaCl-type structure for the films with
high nitrogen contents, i.e. between 46 and 51 at.%. However, partial elemental segregation
was present, mainly for yttrium, both within the grains and in the column boundaries. XPS
results suggested that yttrium was in a metallic state, while the remaining elements were
present in a nitrided environment. The partial segregation could possibly explain the observed
ductile behaviour of the nitride films. Electrochemical tests showed that the corrosion resistance
increased with increased nitrogen content and the films performed in some cases better than a
hyper-duplex stainless steel.
This thesis demonstrates that solid solutions are formed for three relatively different nitride
material systems when varying the composition. The solubilities of the solid solution phases
were found to be limited as shown by amorphisation, partial elemental segregation or formation
of a two-phase material. The limited solubility and the phase changes can be used to design the
material properties.
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Introduction

In today’s world thin films can be found everywhere, for example on cutting
tools and drill bits as friction- and wear protection, on eyeglasses for scratch
resistance and UV-light protection, medical implants for wear protection and
biocompatibility, electronic devices for data storage and in solar cells for energy conversion, to mention a few [1]. It may seem that thin film technology
is a relatively modern concept. However, the use of thin films can be traced
back to about 5000 years ago in Egypt, where gold films have been discovered
in ancient tombs and are the earliest documented inorganic thin films. The
gold films, less than 300 nanometers thick, were made by beating with
rounded stones and primarily used for decorative purposes to cover statues
and ornaments [2]. By gilding the objects, the Egyptians could utilise the advantageous properties of the base material, e.g. strength and stability, and still
get a decorative appearance from the gold film, without using excessive
amounts of the expensive gold. Today’s use of thin films is based on the same
principle. The combination of a thin film on the surface of a base material can
lead to new unique properties that cannot be achieved by the components
alone. This has opened up for almost endless design possibilities of new materials and have resulted in a huge industry and research field during the 20th
century.
The process of synthesising thin films is often called deposition and the
material on which the film is deposited is referred to as substrate. There is a
vast variety of deposition techniques. A common way of producing films is
through vapour deposition, which can be divided into two main categories:
chemical vapour deposition (CVD) and physical vapour deposition (PVD).
The latter technique involves a deposition method called sputtering, where
films are grown atom by atom, which provides good control of the composition and structure of the films by altering the deposition conditions. Furthermore, with this technique it is possible to deposit films that are not thermodynamically stable, thus enabling creation of materials that possess completely
different properties than materials that are naturally occurring in nature [3].
In the last decades, rapid development of both deposition and analysis techniques has made it possible for researchers to study the film materials’ structure at the atomic level. By connecting the structure with its properties, such
as mechanical, optical or electrical properties, general concepts can be identified that are applicable to other material systems as well, thus promoting the
development of new materials that brings the research field forward.
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A class of materials that has attracted a lot of attention by both industry and
research is nitride-based thin films due to their excellent wear and corrosion
resistance as well as their composition-tunable optical and electrical properties
[4, 5]. Earlier, most studies on nitride thin films mainly focused on one or two
metallic elements together with nitrogen, i.e. binary or ternary nitride material
systems. However, in the strive to discover new interesting materials, the field
has expanded to exploring quaternary and quinary nitrides, also referred to as
multi-principal element or multi-component nitrides.
The work presented in this thesis is about ternary and multi-component nitrides based on the Al-Ge-N, Hf-Nb-Ti-V-Zr-N and Al-Cr-Nb-Y-Zr-N systems. The aim has been to explore new multifunctional nitride materials for
potential use as protective films. Though these systems are quite different in
terms of structure and material properties, they all have in common that the
obtained crystalline phase is a solid solution of the constituent elements. In
the majority of the included papers solubility limits for these solid solutions
have been investigated to study the properties of respective material system
and how those can be correlated to their structure.
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Material systems

Nitride materials
Nitrides are compounds between nitrogen and elements that have less or similar electronegativity than nitrogen itself. Depending on the bond type, nitrides
can be classified as ionic, covalent or metallic. Nitrides with ionic character,
also called saline nitrides, are considered to contain the nitrogen ion, N3-, and
form compounds with lithium, alkaline-earth elements and lanthanides. For
example Li3N is a common saline nitride which has been studied for its interesting ion conducting properties [5]. However, saline nitrides are not the scope
of this thesis and will not be discussed further.
Covalent nitrides are compounds where the electronegativity between the
element and nitrogen is relatively small, thus forming strong covalent bonds
between the elements. Common covalent nitrides are formed with group 13
elements, such as boron, aluminium and gallium, and also group 14, for example silicon and germanium [6]. These types of nitrides all show a semi- or
non-conductive character in contrast to interstitial nitrides (described below).
AlN is one of the most intensively studied covalent nitrides due to its interesting physical properties such as high thermal stability and thermal conductivity, as well as high electrical resistivity and mechanical strength. In addition,
AlN is a wide band gap material (6.2 eV) and has piezoelectric properties [7].
This has opened up for many different applications in which AlN can be used,
for example light emitting diodes (LEDs) [8], surface acoustic wave devices
[9] and heat sink components [10]. AlN crystallises in the wurzite-type structure, as depicted in Figure 1, where the Al atoms are surrounded by four nitrogen atoms in a tetrahedral geometry, and vice versa for the nitrogen atoms.
This structure and phase are the basis of the studies in papers I and II where
Ge and O are added to the Al-N system in order to investigate their effect on
the mechanical as well as optical properties.
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Figure 1. Wurzite-type AlN structure. The aluminium (dark blue, large spheres) and
nitrogen (violet, small spheres) atoms are connected in tetrahedral geometry.

Metallic nitrides are compounds with transition metals and nitrogen atoms positioned interstitially in the crystalline structure, which is why these nitrides
are also called interstitial nitrides. In these nitrides, the d-orbitals of the transition metal are overlapping and thus metal to metal bonds are dominating.
However, there is also a covalent contribution due to nitrogen and metal orbital overlap, as well as ionic contribution due to the charge-transfer of the
more electronegative nitrogen to the metal. Many interstitial nitrides form the
NaCl-type structure, with metals on a face-centered cubic (fcc) sub-lattice and
nitrogen atoms occupying the octahedral voids. TiN is one of the binary nitrides that has been widely studied due to its hardness, wear resistance and
chemical inertness. The structure and properties of transition metal nitrides
are similar to those of carbides and transition metal nitrides exhibit high hardness, good electrical conductivity and thermal stability [4, 10, 11].

Multi-component nitrides
A relatively new class of interstitial nitrides are the multicomponent nitrides
based on the same concept as high entropy alloys (HEAs). In general, highentropy alloys consist of five or more elements in equimolar (or near equimolar) concentrations, which result in a high configurational entropy due to the
mixing of many elements. The high entropy leads to a decrease of the Gibb’s
free energy of forming a solid solution (∆Gmix):
∆

∆

∆

(1)

where ∆Hmix is the enthalpy of mixing, which can be estimated from ∆Hmix
values for binary solutions [12]. ∆Smix is the entropy of mixing for a random
solid solution and is estimated by the following equation:
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R∑

∆

(2)

where ci is the atomic concentration of element i, N number of components
and R the ideal gas constant. High ∆Smix gives rise to the so-called high-entropy effect, which will result in the formation of a single solid solution phase
instead of a multi-phase or amorphous material. The structures of these solid
solutions have been found to be simple, most commonly body-centered cubic
(bcc) or closed-packed cubic (ccp) with an fcc lattice [12]. In order to form a
single solid solution phase it has been suggested that the ∆Hmix value should
not be too negative or too positive to avoid formation of competing intermetallic phases or elemental segregation [13].
The different sizes of the constituent atoms are believed to cause a severely
distorted lattice of the solid solution. The lattice distortion can be estimated
by calculating the δ-parameter, which is the average deviation from the average radius, according to following equation [14]:
∑

1
̅

(3)

where ci is the atomic percentage of the i:th element, ri the atomic radius and
̅ the average atomic radius. This parameter can be used as a tool to predict
formation of solid solutions and it has been suggested that the δ value should
be less than 6.6 % in order to obtain a solid solution. Higher δ values increase
the tendency to form amorphous structures instead [13]. This parameter has
also been used to explain observed hardening of the multicomponent phase
[12, 15].
Another effect that has been proposed for high-entropy materials is sluggish diffusion due to the different atomic sizes and distorted lattice [12], which
has been used as an explanation for the improved material properties such as
high temperature stability [12]. However, a general validation is still needed
to verify these effects of HEAs [12, 16].
High-entropy nitrides (HENs) are HEA-based nitride compounds. Although HEN materials are not as extensively studied as HEAs, this type of
nitrides has shown interesting properties that in some cases outperform those
of binary nitride materials regarding hardness [17, 18], thermal stability [19],
corrosion resistance [20] and diffusivity [21]. The crystalline structure of HEN
thin films has been reported to be of single solid solution phase with cubic
NaCl-type structure, where the metal atoms are randomly positioned at the fcc
sub-lattice positions with nitrogen in the octahedral voids [22], as shown in
Figure 2.
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Figure 2. NaCl-type nitride lattice. The small, dark blue spheres correspond to nitrogen atoms and the larger multi-coloured spheres correspond to metal atoms.

Many of the high-entropy nitrides are based on the early transition metal nitrides, i.e. TiN, VN, ZrN, NbN, HfN etc., which all form the NaCl-type structure. Due to the formation of similar structure types, these materials could exhibit large solubility in each other without the effect of the high entropy. Also,
many HEN films are synthesised by magnetron sputtering or other PVD methods, which operate far from thermodynamically equilibrium due to the rapid
quench rate [3]. This can facilitate the formation of meta-stable solid solutions
instead of multi-phase materials due to the limited diffusion during film
growth. Thus, the formation of solid solution nitrides may not be caused by
entropy stabilisation. The term ‘high-entropy’ can therefore be misleading in
some cases and which is why the more general term multi-component or
multi-element nitride will be used in the following.

Oxynitride materials
The properties of nitrides can also be altered by oxygen addition. Since nitrogen and oxygen atoms are similar in size and electronegativity, substitution of
nitrogen with oxygen is possible, which results in oxynitrides. Oxygen addition will increase the ionic character of the bonding and cause the optical band
gap to increase. Thus, the chemical and physical properties of oxynitrides are
strongly connected to their composition, the O/N ratio in particular [5]. Another effect of oxygen incorporation is generation of vacancies on the metal
site due to charge balancing reasons. This has been reported for a number of
oxynitride materials, such as Al-O-N [23], Ti-Al-O-N [24] and V-Al-O-N
[25].
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Al-Ge-N and Al-Ge-O-N
Thin films based on the Al-Ge-N system have shown promising optical and
mechanical properties. By varying the Ge content, the optical band gap can be
altered, while the hardness still is relatively high [26]. However, this system
is not widely studied and hence no ternary phase diagram exists. It has been
shown that a nanocrystalline single solid solution phase, (Al1-xGex)Ny, can be
formed for a low Ge content by sputter deposition, and as the Ge concentration
increases a two phase material is formed consisting of nanocrystalline grains
of (Al1-xGex)Ny that are surrounded by an amorphous Ge3N4-y matrix phase.
The solid solution phase crystallises in the wurzite-type AlN structure. This
structural evolution has also been observed for the analogous Al-Si-N system,
where a solid solution phase of with (Al1-xSix)Ny was formed for a low Si content while a nanocomposite with (Al1-xSix)Ny grains in an amorphous phase of
Si3N4-y was found when the Si content was increased [27]. This structural evolution is illustrated in Figure 3.

Figure 3. Schematic image showing the structural evolution in an Al-N based nanocomposite material, where A = Si or Ge. Adapted from ref. [27] with permission
from Elsevier.

In the crystalline solid solution phase of (Al1-xGex)Ny the bonding between Ge
and N is relatively weak and may break in harsh environments. This has been
seen during Ar+ ion bombardment where it was shown that the Ge-N bonds
disappeared while metallic Ge-Ge bonds that are more thermodynamically
stable were formed [28]. This phenomenon was further studied in paper II
where Al-Ge-N films were in situ annealed in vacuum conditions to see if
formation of elemental Ge could be activated thermally as well. The aim was
also to study this decomposition process in more detail by both diffraction and
spectroscopic methods.
To increase the stability of the Al-Ge-N material, oxygen could be added,
to form the quaternary Al-Ge-O-N system, which could increase the average
bond strength by the introduction of oxide bonds in the crystalline phase. The
Al-Ge-O-N system is a never-before reported material. The aim in paper I was
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therefore to study the Al-Ge-O-N thin films upon oxygen addition and to correlate the structure to the material properties, especially the mechanical and
optical properties.

Hf-Nb-Ti-V-Zr-N
Multicomponent nitride thin films composed of the Hf-Nb-Ti-V-Zr system
have been reported to have super high hardness (> 40 GPa) [17] and high thermal stability, withstanding temperatures up to 1100°C [19]. In similarity to
other HEN materials, this system crystallises in the NaCl-type structure. Previous reports on this system have focused on the synthesis of films by cathodic
arc evaporation using a HEA-based alloy target [17, 19, 29], and were thus
limited regarding the possibilities to vary the elemental composition. Therefore, in paper III, the focus has been on varying the metallic composition by
changing the Hf content of the Hf-Nb-Ti-V-Zr-N samples. This will also give
a variation in the δ-parameter which makes it possible to study the correlation
between the mechanical properties and the lattice distortion.

Al-Cr-Nb-Y-Zr-N
Films within the Al-Cr-Nb-Y-Zr-N system have not been reported in the literature. The purpose of synthesising films based on this system was to achieve
a multifunctional material with both high hardness and corrosion resistance,
which is a desired combination of materials properties for protective nitride
coatings in various industrial applications, such as cutting tools, injection
moulding or die casting. This system was selected since binary and ternary
nitrides based on Al, Cr, Nb and Zr have previously shown to be hard, wear
resistant and highly corrosion resistant, e.g. Al-N [30], Cr-N [31], Nb-N [4],
Zr-N [4], Al-Cr-N [32] Cr-Nb-N [33], Cr-Zr-N [34] and Nb-Zr-N [35]. Moreover, addition of yttrium to nitride thin films improves both the corrosion and
oxidation resistance, as shown for Cr-Al-Y-N [36, 37] and Ti-Al-Cr-Y-N [38,
39]. Furthermore, all elements can form stable and dense oxides (depending
on the surrounding conditions the material is exposed to), which can enhance
the formation of a protective passive layer that hinders further corrosion and
thus increases the corrosion resistance.
All the metal elements in this system form binary nitrides with the NaCltype structure, with the exception of AlN, which is most stable in the hexagonal wurzite-type structure. However, aluminium exhibits a relatively large solubility in NaCl-type nitride thin films at kinetically hindered growth conditions of PVD, as shown for Ti-Al-N films [40]. However, the selected elements have a relatively large size difference. The solubility could thus be limited, in particular for Y atoms that have the largest atomic radius. The
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composition of these films are therefore not in equimolar concentrations. The
Y content has been kept low, i.e. about 2-3 at.% in the nitride films, to avoid
formation of amorphous structures or nitride films with poor crystallinity. It
has been reported in a previous study on Cr-Ti-V-Y-Zr based multi-component nitrides in equimolar concentration, that the films exhibited poor mechanical properties, which were ascribed to poor crystallinity [41]. Furthermore,
reports on the oxidation behaviour, have observed that a small addition of Y
improved the oxidation resistance, whereas increased amounts of Y deteriorates the oxidation resistance, as seen for Cr-Al-Y-N and Ti-Al-Y-N coatings
[36, 42]. The Nb and Cr contents were instead kept relatively high for all films
due to their excellent corrosion resistance and high hardness [43, 44]. The
contents of the remaining elements were maintained relatively near equimolar
concentrations.
An important factor affecting the corrosion resistance of thin films is the
density of the films. The presence of pores in the films favour corrosion related
reactions and hence reduces the corrosion resistance [43]. Hence, the microstructure of the films is of great importance. The effect of the microstructure
on the corrosion resistance and mechanical properties for (Al,Cr,Nb,Y,Zr)N
films has therefore been studied in paper IV.
To further explore films within this material system, the nitrogen content
was varied, from 0 to about 50 at.%, in order to study the structural evolution
as the concentration of N is varied and its effect on the mechanical properties
(paper V) and corrosion behaviour (paper VI). Generally, it can be expected
that the purely metallic film forms a single solid solution phase, intermetallic
phases, an amorphous phase or possibly a mixture of these phases. In this case,
the large size difference between the different atoms yields a relatively high
δ-value of about 10 %, and as mentioned above, a high δ value could promote
the formation of amorphous structures. In addition, the ∆Hmix values for binary
compounds for these elements are relatively high for Al and Y as well as Al
and Zr [45, 46], indicating that intermetallic phases may form as well. When
adding nitrogen to the material, it is most likely that there is a reduction in the
crystallinity or even an amorphisation. This could be due the strong interaction
between the nitrogen and the metal elements, which interrupts the structure,
and also due to the increase in the atomic size difference due to the much
smaller N atoms. As the nitrogen content is increased further, to around 50 at.
%, a nitride phase is usually formed, assuming that the metal elements included are strong nitride formers, which is the case for this material system.
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Methods

All thin films in this thesis were deposited by reactive magnetron sputtering
and characterised using a wide array of techniques. For structural and chemical analysis X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) were primarily used. The material properties were investigated by
nanoindentation, electrochemical analysis, optical profilometry, UV-vis spectroscopy and four-point probe measurements. These techniques will be presented in the following section.

Thin film synthesis - reactive sputter deposition
The films were synthesised with a physical vapour deposition (PVD) technique known as magnetron sputtering. The principle of this technique is based
on a process where high energetic particles (in this case Ar+ ions) bombard a
surface, i.e. the target material, causing atoms of the target material to be emitted in an angular distribution. Some of these atoms make their way to the surface of a substrate where film growth will take place. The Ar+ ions are created
by applying a negative voltage to the target. This will cause the electrons to
be repelled and these are thus accelerated away from the target. These electrons will collide with Ar atoms and create ions and more electrons up to a
certain point where the gas breaks down and “ignites” into a plasma. To increase the plasma density, a magnetic field is introduced by placing magnets
behind the targets in order to increase the ionisation by trapping the electrons
in the magnetic field, whereupon this technique is called magnetron sputtering. The Ar+ ions are used as the ion source in the plasma since these are inert
and do not react with the deposited film material. A reactive gas can also be
used during sputtering, such as N2 or O2 for deposition of compound materials,
e.g. nitrides, oxides or oxynitrides depending on which gases are used. A simplified illustration of the reactive magnetron sputtering process is shown in
Figure 4.
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Figure 4. Sketch of a reactive magnetron sputtering process. Included are three magnetrons, a gas inlet for reactive gases and a rotating substrate holder.

As the gas species react with the target material (a phenomenon also called
poisoning of the target) the sputter yield, i.e. the number of emitted target atoms/compounds, decreases. This results in a distinct lower deposition rate
compared to for non-reactive sputtering. Depending on the gas flow rate the
target material can be in different modes, either fully poisoned for high gas
flow rates, in the metallic mode for low flow rates or in a transition mode for
moderate flow rates. In order to understand which degree of poisoning the
sputter process is operating in, a hysteresis curve can be recorded, which is
illustrated in Figure 5. During this kind of experiment the reactive gas flow
rate is first continuously increasing and then decreasing, while e.g. the chamber pressure, deposition rate or the target voltage is monitored at constant applied power as a function of the gas flow rate (with the non-reactive gas flow
rate being held constant). As the amount of reactive gas is increased, the pressure in the chamber is generally remaining low since the target and the growing film materials consume the gaseous species, see pink curve in Figure 5a.
For further increased reactive gas flow rate, the target is saturated and subsequently the pressure increases quite drastically. At this sudden increase of the
chamber pressure, the deposition rate will drop drastically (see pink curve in
Figure 5b), and the target voltage will also change since the target is fully
poisoned (see pink curve in Figure 5c). The target voltage can either increase
or decrease with increasing reactive gas flow rate. In some cases it decreases
as a consequence of an increase of secondary electrons for some compound
materials (for example Al-N and Al-O [47]). When the reactive gas flow rate
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is reduced, see dashed blue curves in Figure 5a-c, it often requires lower gas
flow rates to return to a metallic state due to the low sputter yield of the reacted
target. This different behaviour depending on the increase or decrease of the
gas flow rate gives rise to a hysteresis curve [48].

Figure 5. Schematically illustrated hysteresis curves during reactive sputtering as a
function the reactive gas flow rate for (a) the chamber pressure, (b) the deposition
rate and (c) target voltage. Pink solid lines correspond to increasing reactive gas
flow rate while the dashed blue lines correspond to the decreasing gas flow rate. The
figure was inspired by the work of Rossnagel [48].

There are also other deposition parameters that can be used to control the
growth and morphology of the films. For example, by increasing the substrate
temperature and/or the bias, the adatoms can be provided with more energy to
diffuse on the film surface to energetically more favourable positions, thus
yielding coatings that are denser and possibly more crystalline. The deposition
parameters can also affect the phases that are formed during the growth. When
depositing multi-component films, with large size differences for the metal
elements, the adatom mobility could be limited due to the possible sluggish
diffusion effect [12]. The deposition parameters are thus very important in
order to achieve dense films of good quality which is systematically studied
for Al-Cr-Nb-Y-Zr-N based films in paper IV.
To avoid unwanted contaminants in the films, such as carbon and oxygen,
the deposition takes place in an ultra-high vacuum (UHV) system. In this thesis two different UHV deposition systems have been used, both with a base
pressure below 1·10-7 Pa (i.e. 7.5·10-10 Torr).

22

Analysis
The analysis techniques have been divided into two categories, where the first
is focused on structural and chemical analysis and the second on material
properties.

Structural and chemical analysis
X-ray diffraction
X-ray diffraction (XRD) is a technique based on the elastic scattering phenomena that occurs when incoming X-rays hit a sample of a crystalline material with adjacent lattice planes, which causes the outgoing X-rays to scatter
coherently. From the diffractograms, where peaks appear for certain angles,
the crystal structure and the lattice parameter can be determined using Bragg’s
law. During XRD measurements, different geometries can be used. Probably
the most common geometry is the Ɵ/2Ɵ configuration, where the angle of the
incoming X-rays equals the angle of the outgoing X-rays. For this set up only
diffracted X-rays from planes parallel to the film surface are detected in the
resulting diffractograms. In order to increase the signal from the film, grazing
incidence XRD can be performed. The angle of the incoming X-rays is then
fixed to a low angle, often between 1 and 3°, while the angle of the outgoing
X-rays is scanned. This yields a signal from diffracted X-rays that originate
from the surface-near region, i.e. more signal from the film. This method
probes for crystal planes in different spatial orientations in contrast to the traditional Ɵ/2Ɵ measurement [49].
Crystalline materials yield diffractograms with sharp peaks, while amorphous materials give rise to diffraction patterns with broader features, often
referred to as bumps rather than peaks. This is illustrated in Figure 6 where
sharp peaks are seen for the Al-Ge-N sample with no oxygen, indicating a
crystalline material. As the oxygen content is increased the peaks disappear
due to the amorphisation of the material. The bumps in the diffractograms
originate from the diffuse scattering of X-rays caused by the short-range order
of atoms in the amorphous materials. Peak broadening can also occur for films
with crystallite sizes in the nanometer region. The crystallite size can be estimated using Sherrer’s equation [49, 50]. However, peak broadening can also
be caused by strain in the films, which is not considered in the Scherrer’s
equation. In this thesis, grain size estimation using Scherrer’s method is used
to obtain an order of magnitude and to compare size variations within a sample
series. In Figure 6 an example of peak broadening is shown, where the broadening indicates a decrease in the grain size and an amorphisation of the material as the oxygen content is increased.
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Figure 6. X-ray diffractograms of an Al-Ge-O-N film with the oxygen content increasing upwards in the figure. The vertical lines correspond to reference positions
for wurzite-type AlN. Adapted from paper I.

X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is based on the photoelectric effect.
Incoming X-rays that ionise the material, cause emission of photoelectrons
whose kinetic energies are measured. Consequently, the binding energy (Eb)
can be calculated according to the Einstein photoelectric law [51]. The binding
energy is specific for each element and orbital, thus allowing chemical identification of the studied sample. Due to the small mean free path of the emitted
photoelectrons only the outermost surface is probed, which makes this technique very surface sensitive. Furthermore, the binding energy is sensitive to
the chemical environment surrounding the atom, i.e. the binding energy exhibits a shift depending on the bonding state of the atom. Thus, chemical information is obtained using this technique. This is illustrated in Figure 7,
where the binding energy of the photoelectrons from the Al 2p orbital has
shifted compared to the binding energy corresponding to metallic aluminium
due to the formation of aluminium nitride and oxide.
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Figure 7. XPS spectrum of the Al 2p orbital for Al-Ge-O-N films with different oxygen concentrations. Peak shifts towards higher Eb are seen as the oxygen content
increases. The vertical lines and grey regions indicate reference positions based on
literature values [52-57]. Adapted from paper I.

From the relative peak intensities in the XPS spectra, the chemical composition can be determined. However, the observed peak intensities are not only
depending on the concentration in the studied samples, but also on the probability of the photoelectron emission, which is different for different core levels. To compensate for this, relative sensitivity factors are used. In this thesis,
these correction factors have been calculated using calibration samples with
known compositions and by reference measurements using ERDA (Elastic
Recoil Detection Analysis) and RBS (Rutherford Backscattering). To obtain
the average bulk composition of the films, sequential sputter etching is used
and followed by XPS analysis after each sputter sequence. Sputter etching can
also be used for the removal of the inevitable surface oxide of the films to
obtain chemical information regarding the bulk part of the film. However,
sputter etching can induce changes in the film due to the highly energetic ion
bombardment on the surface, causing so-called sputter damage. Therefore,
sputter etching may alter the chemistry of the studied material and can make
interpretations of the spectra very difficult. An example of this is Al-Ge-N
thin films, which form elemental Ge during ion bombardment due to the metastable bonding of Ge to N, see details in paper I. Another effect of sputtering
etching is preferential sputtering of most commonly lighter atoms, such as nitrogen or oxygen, resulting in erroneous composition determinations and
changes in the oxidation number of the metal elements [58].
To overcome these potential problems, one can chose a small ion energy
so that the ion bombardment is gentler on the surface. It is also possible to
increase the incoming photon energy in order to increase the kinetic energy of
the emitted photoelectrons, and thus increase the information depth. In this
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way, the bulk of the film can be analysed without having to remove the surface
oxide. This method is called hard X-ray photoelectron spectroscopy (HAXPES). To achieve higher photon energies than those used in-house (Al Kα or
Mg Kα), synchrotron radiation can be used. Synchrotron sources have the possibility of tuning the photon energy and yield a higher photon flux than inhouse sources, which is convenient since the probability of photoelectron
emission decreases with increasing photon energy. The higher photon energy
also makes it possible to probe deeper core levels, for example Al 1s, as studied in paper II. In this thesis, HAXPES measurements have been conducted at
two different synchrotron facilities: at the European Synchrotron Radiation
Facility in Grenoble, France (paper II) and at the Diamond Light Source in
Didcot, the UK (paper VI).
Scanning electron microscopy
Scanning electron microscopy (SEM) utilises that electrons interact strongly
with matter. In an SEM instrument, a focused electron beam scans over a material surface, where the electron interactions with the sample material lead to
emission of secondary electrons and photons. The secondary electrons can be
detected and used for imaging of the sample. In this thesis SEM analysis has
been mainly used for studies of the cross-section microstructure, coating
thickness and top-view grain morphology.
Transmission electron microscopy
In transmission electron microscopy (TEM), electrons are transmitted through
the sample. Therefore, the sample needs to be very thin (≤ 200 nm) to enable
electron transmission, which requires extensive sample preparation. A TEM
instrument can operate in various modes, such as the conventional mode
where the electron beam is parallel or the scanning mode (STEM) where the
beam is focused into a small probe. Different detectors can be used during
TEM analyses depending on the information one desires. Bright field (BF) or
dark field (DF) detectors are used for imaging, which collect electrons that are
scattered (and non-scattered) close (BF) or further away (DF) from the optical
axis. The former gives more signal from regions of low crystallinity and light
elements, which will appear bright in a TEM image, while a DF detector collects electrons from regions of high crystallinity and heavier elements. In the
STEM mode a high angle annular dark field detector (HAADF) can be used
which enables imaging with pure Z-contrast. STEM can also be used in combination with energy dispersive spectroscopy (EDS) where characteristic Xrays are detected. These X-rays are element specific, thus providing elemental
identification and since the electron beam can be scanned, elemental mapping
over a selected sample region is possible. TEM can also utilise electron diffraction for identification of crystalline phases [59].
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Material properties
Mechanical properties
Hardness and Young’s modulus are two common parameters used in the characterisation of the mechanical properties of thin films, providing information
on how resilient a material is to undergo plastic deformation and the stiffness
of the material, respectively. These properties are determined by recording the
material’s response to plastic deformation when pressing a diamond tip into
the coating. To avoid substrate contribution, the indentation depth needs to
sufficiently small and therefore the size of the tip needs to be in the nanoscale.
During the indentation, the penetration depth as a function of applied force is
recorded during both loading and unloading, which results in a load-displacement curve [60]. The hardness is obtained as the ratio of the maximum indentation depth and the projected contact area. Young’s modulus is determined
from the slope of the unloading curve. In this thesis, the hardness and Young’s
modulus were calculated using the method described by Oliver and Pharr [61].
The deformation behaviour was also studied by indentation. The films were
subjected to a higher load than that used in the standard nanoindentation measurements, in this case 50 mN, to achieve larger indentation depths. SEM was
used to image the indentations in order to study the formation of cracks, pileups or shear bands.
Optical properties
Optical characterisation has been performed for the Al-Ge-N and Al-Ge-O-N
film (paper I) by transmission measurements using light in the ultra-violet and
visible (UV-vis) regime between 250 and 1000 nm. Absorption of the incoming light will occur if the photon energy matches any possible electronic, rotational or vibrational transition in the material. If not, the light will be reflected or transmitted through the material. For thin films, multiple reflections
will occur at the interfaces (air/film, film/substrate and substrate/air), causing
interference fringes in the transmission spectrum. From these interference
fringes, optical constants such as the refractive index and the absorption coefficient as well as film thickness can be estimated using a method called the
envelope method, which has been developed by Manificer et al. [62] and Swanepoel et al. [63].
Electrochemical properties
The corrosion resistance was studied for films in the Al-Cr-Nb-Y-Zr-N system
in paper IV and VI. To assess the latter, potentiodynamic polarisation tests
were employed, where the potential was swept while recording the current.
From the resulting polarisation curves, the corrosion potential (Ecorr) and corrosion current (icorr) were extracted. The corrosion tests were carried out in 1
M HCl electrolyte and standard three-electrode set-up was used, where the
film acted as the working electrode, saturated Ag/AgCl as reference electrode
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and a Pt wire as counter electrode. Prior to the polarisation tests, the films
were kept in the electrolyte at open circuit potential for 2 h to reach equilibrium conditions.
Other properties
Atomic force microscopy (AFM) was used for top morphology studies for
surface roughness quantification. A very sharp tip that is mounted on a cantilever is scanned over the surface of interest. As the tip interacts with the topography of the surface, an image in three dimensions is obtained, from which
e.g. the surface roughness (Ra), i.e. the average height of the peaks and valleys
of the scanned surface, can be estimated [59].
The electrical resistivity was determined by measuring the sheet resistance
using a four-point probe set up. The resistivity was calculated by multiplying
the sheet resistance with the film thickness [64].
Residual stress in the films was estimated using the bending curve method,
where the film curvature was measured by optical profilometry while the macroscopic stress in the films was calculated using Stoney’s equation [65, 66].
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Results and discussion

The work described in this thesis has been aimed at exploring new nitride materials for possible use as multifunctional protective coatings for various applications. The focus has been on synthesis and characterisation of the materials to correlate their structure, composition and morphology with their material properties, in particular the mechanical, optical and electrochemical
properties.
The results have been divided into several sub-sections. Firstly, films of the
respective material system will be presented considering their structure, morphology and chemical environment, followed by sub-sections on their material properties and material stability. In the Material stability section, unpublished work on the Al-Ge-O-N and Al-Cr-Nb-Y-Zr-N system is also presented (these results are hence not included in any of the papers listed in the
thesis).

Al-Ge-N and Al-Ge-O-N thin films
Al-Ge-N and Al-Ge-O-N thin films were deposited with varying Ge and O
contents. In total, three series were made with different Ge contents, denoted
the low, medium and high Ge series, respectively. The different Ge contents
were achieved by varying the Ge target power between 15 and 60 W. Within
each series the O content was varied by changing the reactive gas flow of
oxygen during film growth between 0 and 3 % of the total gas flow. The bulk
compositions of all samples are shown in Figure 8. The compositions are presented as the Ge fraction of the metal or semimetal atoms ([Ge]/([Ge]+[Al]),
y-axis), and the O part of the non-metal atoms ([O]/([O]+[N]), x-axis). As
expected, the Ge content is increasing with increasing Ge target power and the
oxygen content is increasing for all sample series with increasing O2 flow rate,
from 0 at.% up to 61 at.%, while the nitrogen content is decreasing. Furthermore, worth noting are the differences between the maximum attained oxygen
contents for the different series. The highest oxygen content, up to 0.85 (corresponding to 61 at.%), is achieved for the series with low Ge content while
the maximum oxygen content is only 0.61 (corresponding to 38 at.%) for the
high Ge content samples. This is most probably due to the higher affinity of
Al for oxygen compared to that for Ge. The ternary Al-Ge-N samples, with no
addition of oxygen, were found to have a Ge content between 0.30 and 0.54
(corresponding to 12 and 24 at.% Ge), which is, according to Lewin et al [26],
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exceeding the solubility of Ge in the AlN wurzite-type structure (for synthesis
during non-equilibrium conditions). Above this solubility, formation of an
amorphous germanium nitride phase is reported [26].

Figure 8. Bulk compositions for the sample series with low, medium and high Ge
contents, respectively. The germanium to metal ratio [Ge]/([Ge]+[Al]) is plotted as a
function of the oxygen to non-metal ratio [O]/([O]+[N]). Adapted from paper I.

To investigate the bonding in the samples, high resolution XPS spectra were
obtained. Representative core level spectra from the medium Ge series are
shown in Figure 9. In the Al 2p and Ge 3d spectra, all peaks are shifted towards higher binding energies compared to the reference positions for the respective metallic states [52]. The observed binding energies are in good agreement with those of nitride and oxide references [53-55, 67-72]. As the oxygen
content increases (darker colour in Figure 9) the positions of the Al 2p peaks
shift continuously, from a position corresponding to a nitride to a position corresponding to an oxide environment [53-57, 70, 72]. The Ge 3d peak on the
other hand only shows a small shift for the coating with the highest oxygen
content. This could indicate that O atoms substitute N atoms near Al rather
than Ge since the Al 2p peak is continuously shifted while there is only a shift
for the Ge 3d peak for the highest O content, i.e. that there is a preferential
substitution of N with O in the Al rich environment. Furthermore, in the Ge
3d spectra, a more or less pronounced shoulder on the low energy side of the
peaks is also observed. This corresponds to elemental Ge [52], which most
likely is due to sputter damages during the etching used to remove the surface
layer, as observed for Al-Ge-N thin films in a study by Lewin et al. [26].
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Figure 9. High resolution XPS spectra for samples with a medium Ge content,
showing the core levels of (a) Al 2p, (b) Ge 3d, (c) O 1s and (d) N 1s. The vertical
lines and grey regions indicate reference positions and ranges based on literature
values [52-57, 67-73]. Adapted from paper I.

The XPS peak widths (full width at half maximum, FWHM) of the Al 2p
(1.68±0.03 eV), Ge 3d (1.82±0.06 eV), the N 1s (1.84±0.06 eV) and the O 1s
(1.96±0.06 eV) peaks are relatively similar for all samples, both ternary and
quaternary. By comparing the FWHM values obtained for the binary reference
samples of Al2O3 (1.40 eV for Al 2p and 1.57 eV for O 1s,) and AlN (1.50 eV
for Al 2p and 1.35 eV for N 1s) it can be observed that all ternary as well as
quaternary samples exhibit larger FWHM values. This indicates that there is
more than one chemical environment for Al, O and N in all films, and consequently also for Ge. It is thus most likely that the Al and Ge atoms bind to
both O and N. Since there is a difference in peak shift beahviour for Al 2p and
Ge 3d, as described above, it is also likely that Al has a more oxide-like environment compared to Ge, which has a more nitride-like environment.
The structure and phase content were investigated by XRD. Grazing incidence (GI) diffractograms for all sample series are shown in Figure 10. All
distinct peaks fit the hexagonal wurzite type AlN phase [74]. In general, the
peak intensity decreases when increasing the oxygen content, and for the highest oxygen contents the coatings are X-ray amorphous. When comparing all
sample series, it is observed that the degree of crystallinity is also dependent
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on the Ge content and decreases with increasing amount of Ge. Both these
trends are expected from literature on the Al-Ge-N and Al-O-N systems [23,
26]. Additionally, for the Al-Ge-O-N samples in the series with low Ge content and with an oxygen content ≥ 0.07, a broader feature at about 37° can be
seen. This is also observed for the ternary samples in the medium and high Ge
content samples series. This most likely corresponds to scattering from an
amorphous phase, possibly Ge3N4-z, as reported in an earlier study on Al-GeN thin films by Lewin et al. [26].

Figure 10. GI-XRD of Al-Ge-N and Al-Ge-O-N films within the samples series
with (a) low, (b) medium and (c) high Ge content. Adapted from paper I.

The observed peak shifts in the diffractograms compared to the reference position for AlN could be influenced by strain in the samples. To eliminate this
issue, depositions and measurements were also carried out on conforming polyimide substrates. The results are presented in Figure 11 as the observed strain
free lattice spacings for the two main peaks, (110) and (100), for both GI and
symmetrical ϴ/2ϴ scans. The results are from the samples with low Ge content since those exhibited the highest crystallinity and thus provided the most
data points. For the samples with no oxygen added and for the samples with
low oxygen content, the observed lattice spacings are expanded by about 0.5%
compared to for the AlN bulk reference (horizontal line in Figure 11). As the
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oxygen content is increased the lattice spacing decreases. For an oxygen content of 0.32, the lattice contraction is found to be about -0.14% for the (100)
planes and -0.03% for the (110) planes. The expanded lattice for the samples
without O, or low amounts of O, indicate that Ge is substituting Al. As the O
content is increasing, a decrease in the lattice spacing is observed. This could
be an effect of vacancies that are forming on the metal site. If Ge is substituting
Al and O is substituting N, metal vacancies form for charge balancing since
Ge and O atoms have an extra valence electron compared to Al and N, respectively. Thus, these results indicate that the crystalline films consist of a
wurzite-type (Al1-xGex)(N1-yOy) solid solution phase. This is also in agreement
with literature observations for ternary Al-Ge-N, Al-Si-N and Al-O-N materials [23, 26, 75].

Figure 11. Lattice spacing for the (110) and (100) planes obtained from GI (filled
markers) and Ɵ/2Ɵ (open markers) scans of coatings on conforming polyimide substrates for the low Ge content series. The solid horizontal lines correspond to reference values for bulk AlN [74] while the dashed lines are included as a guide for the
eye. Adapted from paper I.

The morphologies of the samples, as studied by cross-section SEM imaging,
are presented for selected samples for each series in Figure 12. In general, for
all three samples series, the ternary Al-Ge-N films show a distinct columnar
structure. The columnar morphology becomes less distinct and more finegrained as the O content increases. For the samples with the highest oxygen
content, an almost glass-like morphology is seen. This trend is in agreement
with the amorphisation indicated by the XRD results, described above.
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Figure 12. Fractured cross-section SEM images of selected samples with (a) low, (b)
medium and (c) high Ge contents. The oxygen content increases to the right and the
scale bar is valid for all images. Due to electrostatic charging some areas of the samples appear darker. Adapted from paper I.

From the these results, it can be concluded that the ternary Al-Ge-N coatings
are nanocomposites of a crystalline wurzite-type solid solution phase, (Al1xGex)Ny and an amorphous Ge3N4-z phase, which are fully consistent with the
previously published data by Lewin et al. [26]. When oxygen is added in low
concentrations, a quaternary solid solution wurzite-type phase, (Al1-xGex)(N1yOy), is formed. The grain size, estimated by the Scherrer’s equation, is ranging between 5 to 15 nm, and is slightly decreased with increasing oxygen content. This crystalline phase possibly co-exists with an amorphous germanium
nitride phase. For higher oxygen contents, a fully quaternary amorphous material is formed. However, the local order in the amorphous phase cannot be
completely explained based on the presented results, although the XPS results
indicate that the Al atoms are in a more oxide-like environment while the environment around the Ge atoms is more nitride-like.
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Hf-Nb-Ti-V-Zr-N thin films
In contrast to the Al-Ge-O-N case, where the non-metal positions were substituted by oxygen, this study focus on the metal substitution. The latter is
investigated by varying the Hf content in the Hf-Nb-Ti-V-Zr-N system to
study its effect on the structure, bonding and material properties.
The Hf-Nb-Ti-V-Zr-N samples were deposited with a Hf content varying
between 0 and 18 at.%. The bulk compositions of all samples are presented in
Figure 13. As the Hf content is increased, the contents of the other metallic
element decrease accordingly. The nitrogen content is stable throughout the
series, with values of about 44 at.%, thus indicating a possible sub-stoichiometry with regard to the nitrogen content. STEM-EDS mapping indicated a homogenous distribution of all the elements throughout the coating.

Figure 13. Bulk compositions for the Hf-Nb-Ti-V-Zr-N films as a function of the Hf
target current. Adapted from paper III.

The δ-parameter could be estimated from the metal concentrations according
to Equation 1 (see Material systems). In this study, only the metallic elements
were included, i.e. nitrogen was excluded. Additionally, the radii used were
not the metallic radii, but the nitride radius for each respective binary nitride,
calculated as ¼ of the surface diagonal of the fcc lattice for each nitride. The
δ-parameter ranged between 3.8 and 4.0% and was slightly decreasing with
increasing Hf content, which is a consequent of the decreasing Zr content.
The chemical environment which was investigated by high resolution XPS
showed no significant differences between the samples. However, the peak
shifts for some of the elements were smaller than the peaks shift for the corresponding binary nitrides [76-82], which may be connected to the slight nitrogen substoichiometry.
The structures of the films were studied with XRD. An initial inspection of
the results points to the presence of a single solid solution phase with a NaCl35

type structure for all samples, see Figure 14a. However, for the samples with
an Hf content of 10 to 18 at.%, the (002) and (004) peaks are shifted compared
to the other peaks and also show significantly larger peak widths. The broadening of these peaks could be explained by the presence of a tetragonal distortion of the cubic phase. Simple refinements, presented in Figure 14b-c, using
the Pawley method were performed for the samples with 0 and 18 at.% Hf.

Figure 14. (a) Ɵ/2Ɵ diffractograms for (Hf,Nb,Ti,V,Zr)Nx films with varying Hf
contents (increasing upwards) and refined diffractograms for samples with (b) 0
at.% Hf and (c) 18 at.% Hf. The refinement in (b) includes the peak positions for one
phase with cubic structure with fcc lattice (space group: Fm-3m) and in (c) the peak
positions of two phases: the cubic structure with fcc lattice (space group: Fm-3m)
and the tetragonal structure with bct lattice (space group: I4/mmm). The insets in (b)
and (c) show that two phases are needed to index the peak at ~ 41° with 18 at.% Hf,
while only one phase is needed for the film with 0 at.% Hf. Adapted from paper III.

A single phase of cubic structure with fcc lattice (space group: Fm-3m) was
enough to achieve a good fit for the sample with 0 at.% Hf. However, a tetragonal phase with bct lattice (space group: I4/mmm) and a cubic phase were
needed to obtain a satisfying fit for the diffractogram of the sample with 18
at.% Hf. The presence of two phases has not been reported previously for this
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material system [17, 19]. The reason for the presence of the two phases is not
clear, but a possible explanation could be a relaxation of the unit cell due to
the severe lattice distortion caused by the different sized atoms as suggested
by Malinovisks et al. [83], who also reported a tetragonal distortion for CrNb-Ta-Ti-W-C coatings. These results could also indicate that there is a nonrandom solid solution due to the deviation from a cubic symmetry with a tetragonal distorted structure, which could be an effect of the N vacancy ordering.

Figure 15. SEM cross-sections and top-view images for (Hf,Nb,Ti,V,Zr)Nx samples
with Hf contents of (a) 0 at.%, (b) 3 at.%, (c) 7 at.%, (d) 10 at.%, (e) 15 at.% and (d)
18 at.%.

The morphologies studied by SEM and TEM showed that all samples were of
columnar structure and that the diameters of the columns decreased with increasing Hf content, see the SEM cross-sections and top-views for the samples
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with 0 and 18 at.% Hf in Figure 15a-f. The low Hf content (0 to 7 at.%) samples are dominated by relatively large, pyramidal shaped columns with frayed
surfaces. The TEM images show that some columns are frayed on the outermost surface or throughout the whole columns. These features can also be
observed for the samples with higher Hf contents, although not to the same
extent. In general, for all coatings, the presence of the frayed columns leads to
a non-dense microstructure. The cause of these frayed V-shaped columns and
open columnar boundaries is most likely a consequence of limited adatom
mobility during growth. The presence of V-shaped columns can be correlated
to a competitive growth [84], where the growth rate of grains with a certain
orientation is faster and consequently dominates, corresponding to a zone T
growth in the structure zone model [84, 85].

Al-Cr-Nb-Y-Zr-N thin films
As mentioned in the Materials Systems section, the purpose of studying films
within the Al-Cr-Nb-Y-Zr-N system was to design a multifunctional coating
material that exhibits good mechanical properties as well as corrosion properties. In order to get a fundamental understanding of this material, the focus has
been to characterise the material’s structure, phase content, chemical bonding
and morphology and to correlate the structure with the material properties.
During reactive magnetron sputtering synthesis, the selection of the deposition
parameters is of great importance to get the desired microstructure, phase content and density of the films. Therefore, a large effort has been made to investigate how the structure and material properties of Al-Cr-Nb-Y-Zr-N based
films are affected by variations in the growth conditions during the deposition,
i.e. by varying the substrate temperature and substrate bias (paper IV) as well
as the nitrogen flow ratio (paper V-VI).

The influence of substrate bias and temperature on structure,
phase content and morphology for nitride films
In paper IV, two sample series were deposited. In the first series, the substrate
rf bias was varied between 0 and -200 V, while keeping the substrate temperature constant at 700°C. In the second series, the substrate temperature was
varied between room temperature (RT) and 700°C, while keeping the substrate rf bias constant at -100 V. The nitrogen flow rate was constant for all
depositions (RN = 60 %). The elemental composition, shown in Figure 16, for
the (Al,Cr,Nb,Y,Zr)Nx films deposited in paper IV, was not significantly affected by varying either the bias or temperature, with the minor exception that
the nitrogen content was slightly decreased for the films deposited at the highest deposition temperature. The overall nitrogen composition varied between
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46 and 48 at.% (x = 0.92-0.96), indicating slightly sub-stoichiometric films
with respect to nitrogen. In addition to the two-sample series, a ternary reference (Nb,Zr)N0.90 film was deposited to be able to compare the material properties with those of the multi-component films. The ternary reference sample
consisted of 44 at.% Nb, 11 at.% Zr and 45 at.% N.

Figure 16. Composition of (Al,Cr,Nb,Y,Zr)Nx films deposited at (a) varied substrate
bias (constant substrate temperature of 700°C) and (b) varied substrate temperature
(constant substrate bias of -100 V). Adapted from paper IV.

The XRD results for both sample series, shown in Figure 17, as well as the
ternary reference Nb-Zr-N film revealed that the films consisted of a cubic
single solid solution phase with the NaCl-type structure. This observation is
in good agreement with the results of other studies on multi-component nitride
systems, e.g. Al-Cr-Nb-Si-Ti-N [86], Al-Cr-Nb-Ti-V-N [87], Al-Cr-Ta-Ti-ZrN [88], which all report the presence of a single solid solution phase with the
cubic NaCl-type structure. Overall, the lattice parameters for the
(Al,Cr,Nb,Y,Zr)Nx films varied between 4.32 and 4.37 Å. The theoretical lattice parameter, calculated by the rule of mixing, varies between 4.33 to 4.34
Å, considering the composition of the films and the cell parameter of the respective binary nitride. This is within the range of the experimental cell parameters and it can thus be concluded that the films follow Vegard’s law, indicating the presence of a solid solution of all constituent elements. The relatively large variation in the experimental cell parameter is not caused by compositional changes since the latter are too small to cause the observed
variation. The effect is instead more likely to be caused by the residual stresses
in the films, which were mainly compressive and found to increase with increasing bias as well as increasing temperature with a maximum of -1.6 GPa
for the film deposited at the highest bias potential (-200 V) in the bias sample
series. Compressive stresses can cause the lattice spacing in the in-plane direction of the film to decrease, and the out-of-plane lattice spacing to increase.
Also, the impinging Ar+ ions can be implanted in the films, causing lattice
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expansion. This is agreement with the literature where similar observations
have been reported for sputter deposited nitride films [89-91].

Figure 17. Grazing incidence diffractograms for (a) varied substrate bias (constant
substrate temperature of 700°C) and (b) varied substrate temperature (constant substrate bias of -100 V). In (b) the ternary reference (Nb,Zr)N0.9 is included. Adapted
from paper IV.

High-resolution XPS spectra showed that all metal elements were in a nitride
environment with the exception of yttrium. In the Y 3d spectra, the peak positions corresponded to positions close to the metallic reference position, thus
indicating that the yttrium atoms were present in a metallic state rather than in
a nitride environment. Furthermore, it was observed in elemental EDX maps
of all the constituent elements that a partial elemental segregation on the nanoscale, i.e. within the grains, could exist, in particular for the Al, Cr and Y
atoms. The latter suggests that the films are in fact not a randomly ordered,
single solid solution phase, although the XRD indicated this.
The microstructure of the films, as studied by SEM and STEM, was found
to involve a columnar structure for the depositions using zero bias and room
temperature. The columns were slightly V-shaped and consisted of several
grains. The boundaries between the columns were quite porous, resulting in
relatively open column boundaries. This can be compared to the microstructure of the abovementioned (Hf,Nb,Ti,V,Zr)Nx, for which a similar microstructure was seen, in terms of V-shaped columns and underdense microstructure, although not to the same extent as that seen for the (Hf,Nb,Ti,V,Zr)Nx
films. The microstructure for these films is hence also consistent with a competitive growth, as mentioned above. When both the temperature and bias increase, the microstructure becomes more fine-grained with less distinct columnar growth. The microstructure evolution for both sample series is consistent with a zone T and Zone II growth in the structure zone model [84, 85].
The SEM results are also in agreement with those obtained for other multicomponent nitrides as the bias or temperature is varied [86, 90, 92]. The densification of the microstructure can be explained by a higher surface mobility
of the adatoms, knock-on effects by ion bombardment and also an increased
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renucleation rate, leading to grain refinement and fewer voids in the coatings
[84, 89]. In addition, the disruption of the columnar growth and grain refinement leads to smoothened film surfaces with less distinct features. This was
also confirmed by AFM measurements, which showed a decrease surface
roughness (from 6 to 0.5 nm in Ra) as both the temperature and bias were
increased. The microstructural trends for both samples series thus follow the
expected trends that have been observed for binary as well as multi-component nitride films, though, the SEM results show that a relatively high substrate temperature and bias in general are required to achieve a dense microstructure.

The influence of nitrogen flow ratio on structure, phase content
and morphology
In paper V, the nitrogen flow ratio (RN), i.e. the N2 flow rate-to-the-total flow
rate (Ar+N2) ratio, was varied between 0 and 80 % in order to achieve coatings
with varied nitrogen content from 0 to 51 at.%. The composition as a function
of RN is shown in Figure 18. As the nitrogen content increases, the metal element concentration is in general decreasing, though some elements, especially
Y and Zr show a more varying behaviour, most likely due to different nitridation behaviour of the target materials. For RN values of 50 % or higher the
nitrogen content is saturated at about 50 at.%, indicating that the nitrogen content is stoichiometric. Compared with samples series where substrate bias and
temperature were varied, as described in the previous section, the concentrations of the metal elements, mainly Nb and Zr, differ for this sample series.
This is due to a change in the Nb-to-Zr ratio of the segmented Nb/Zr target,
from 3:1 to 1:1, which resulted in a decreased Nb content and an increased Zr
content.

Figure 18. Composition of Al-Cr-Nb-Y-Zr-N films as function of nitrogen flow ratio (RN). Adapted from paper V.
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The XRD results for the samples of the nitrogen series (paper V) showed three
different structural regions as nitrogen content was varied, denoted A, B and
C, see Figure 19. The purely metallic sample, which correspond to region A,
the structure was mainly amorphous with a minor crystalline phase that most
likely correspond to one, or several, intermetallic phase(s), thus indicating a
nanocomposite material. Identification of the crystalline phase(s) is challenging since there are many possible combinations of phases due to five elements
present as well as the possibility of forming metastable solid solution phases.
It can be concluded though that the peak positions observed do not fit a cubic
structure with an fcc lattice. Also, for the films with nitrogen content between
15 and 41 at.% N, amorphous and crystalline contributions were obtained, indicative of a nanocomposite structure. For these samples, all observed peak
positions could be fitted to a cubic structure with an fcc lattice. These films
are assigned to region B. However, worth to point out is the film at 41 at.% N,
which is almost X-ray amorphous and is considered to be in a “transition”
between the region B and region C (the nitride region). At higher nitrogen
contents, i.e. between 46 and 51 at.%, a crystalline nitride phase with a NaCltype structure was obtained. These samples correspond to region C. No other
phases, amorphous or crystalline, could be observed. The cell parameter of the
nitride phase varied between 4.35 and 4.38 Å, due to compositional changes,
both in nitrogen and in the metal element ratios. Compared with the theoretical
lattice parameter, calculated by the rule of mixture, for all samples, which
ranged between 4.34 and 4.35 Å, the experimental lattice parameters were all
larger. This can be explained by several reasons: implanted Ar+ ions caused
by the applied substrate bias for all samples, residual stresses as observed for
the samples deposited with different biases and temperatures and possibly also
due to a difference in bonding compared to an ideal solid solution. Despite
this, the experimental lattice parameter is still relatively close to the theoretical
lattice parameter, thus indicating that the films within region C consist of a
single solid solution nitride phase with a NaCl-type structure.
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Figure 19. GI-XRD for Al-Cr-Nb-Y-Zr-N films with varying nitrogen content. The
films are assigned to the three different structural regions A, B and C, as denoted on
the right-hand side. The star (*) markers correspond to a cubic crystalline phase with
an fcc lattice. The dashed lines are added as a guide for the eye. The hkl indices correspond to a (Al,Cr,Nb,Y,Zr)Nx nitride solid solution phase with NaCl-type structure
for all films in region C. Adapted from paper V.

The microstructural evolution, as studied by SEM and TEM, is also consistent
with the XRD results, which can be organised into the regions A, B and C.
The purely metallic film (region A) shows a two-part microstructure with both
glass-like and dendrite-like structure, which differs from those of the nitrogen
containing nanocomposites which all show a smooth and glass-like microstructure (region B), as well as the films with higher N contents, which exhibit
a highly crystalline nitride phase and a clear columnar structure (region C).
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Figure 20. SEM images depicting fractured cross-sections and top-views (insets) of
representative Al-Cr-Nb-Y-Zr-N films with N contents of (a) 0 at.% (RN = 0 %), (b)
15 at.% (RN = 3 %), (c) 29 at.% (RN = 5 %), (d) 41 at.% (RN = 10 %), (e) 46 at.%
(RN = 20 %) and (d) 51 at.% (RN = 60 %). The scale bars in (a) are valid for all the
images. Adapted from paper V.

The chemical bonding was also investigated as the nitrogen content was varied. High resolution XPS spectra for the core levels Al 2p, Cr 2p, Nb 3d and
Zr 3d all showed peaks shifts from a position corresponding to a metal reference position to a nitride position as the nitrogen content increased from 0 to
51 at.%. The N 1s peak position slightly shifts to a higher binding energy as
the N content increases, with binding energies ranging from 397.0 to 397.2
eV, indicating that the nitrogen is in a nitride state as well. The Y 3d spectra,
however, show a different trend than those for the other metal elements, where
the peak position slightly shifts to lower Eb values (compared to the metallic
reference position) as the nitrogen content increases. The only exception is the
film with 41 at.% for which the peak is shifted to higher Eb, closer to a position
that would correspond to a nitride environment. This indicates that Y is not
present in a nitrided state for any of the samples, except the one with a N
content of 41 at.%.
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Figure 21. High resolution XPS spectra for the Al-Cr-Nb-Y-Zr-N films with varying
N content, showing the core levels of (a) Al 2p, (b) Cr 2p, (c) Nb 3d, (d) Zr 3d, (e) Y
3d and (f) N 1s. The three regions (A, B and C) correspond to the different structural
regions as depicted in the XRD results (see Figure 19). The nitrogen flow ratio (RN)
and nitrogen content are increasing upwards in the figures. The vertical lines indicate literature reference positions [52, 77, 93, 94]. Adapted from paper V.

The elemental distribution was studied for representative films from each of
the structural regions A, B and C, using EDX in the STEM. All studied samples, from the purely metallic to the fully nitrided film, showed heterogeneous
elemental distributions on the nanoscale, where different partial segregation
behaviours were seen as the nitrogen content was increased. For the fully nitrided sample with 51 at.% N, partial segregation of mainly Y, possibly also
for Al, could be seen in the column boundaries, see Figure 22. This finding
can also be related to the XPS results, which indicated that Y is in a metallic
environment even for the films with the highest nitrogen contents. This implies that there is a very low solubility of yttrium, i.e. less than 2-3 at.%, in the
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solid solution nitride phase since Y seems to prefer to partially segregate into
the column boundaries instead. A similar observation has been reported for Y
addition to TiN, where both metallic and nitride contributions in the Y 3d
spectrum were shown [95]. One possible explanation for this could be the relatively large size of yttrium compared to the other elements, as this may give
rise to severe lattice distortion if all yttrium were to be incorporated into the
nitride phase.

Figure 22. STEM-EDX maps for all the constituent elements and the corresponding
HAADF-STEM image for the Al-Cr-Nb-Y-Zr-N nitride film with 51 at.% N. The
colour bars show at.%. Adapted from paper V.

Furthermore, in comparison with the elemental distribution for the
(Al,Cr,Nb,Y,Zr)Nx films within the bias sample series, described in the previous section, the partial segregation behaviour differs as the present segregation
takes place in the grain boundaries. This could be due to the slightly varied
composition, where the Zr and Nb contents vary the most, or due to that the
films were deposited at a lower substrate temperature compared to the films
studied within the bias series. Hence, the films within the Al-Cr-Nb-Y-Zr-N
system are not only showing relatively complex structural evolutions as the
nitrogen content is varied but also sensitivities to the different metal ratios
and/or deposition parameters.
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Material properties
Mechanical properties
The mechanical properties were investigated for all material systems. Despite
the differences between these materials regarding the structure, phase content
and chemical bonding, some general trends can be observed. For all systems,
the mechanical properties are greatly affected by the microstructure and the
degree of crystallinity. For the films within the Al-Ge-N, Al-Ge-O-N and AlCr-Nb-Y-Zr-N systems, the phase composition, i.e. whether the film material
is a nanocomposite with crystalline grains in a surrounding amorphous tissue
phase, and the ratio between these phases, highly affect the mechanical properties.
The mechanical properties for the Al-Ge-O-N sample, here represented by
the results for the samples with low and high Ge contents in Figure 23, generally show a decrease in the hardness and Young’s modulus as both the Ge
and O contents increase. However, for the films in the low Ge series (Figure
23a), a distinct increase in hardness and Young’s modulus is seen when going
from no oxygen to an oxygen content of [O]/([O]+[N]) = 0.07. The hardness
is increased from 17 GPa to 29 GPa and the Young’s modulus from 238 GPa
to 320 GPa. This is not observed for the samples with high Ge content (Figure
23b). This increase in hardness can be explained by the less distinct columnar
structure observed in the SEM images (Figure 12). The change in the microstructure could give rise to a change in the distribution and thickness of the
amorphous matrix (tissue) phase, leading to an increase in hardness where an
optimal distribution of crystalline grains and tissue phase is approached. This
possible nanocomposite hardening is similar to that observed for the Al-Si-N
and Al-Ge-N systems [26, 96]. As the oxygen concentration is increased further, the hardness decreases, most probably due to the amorphisation of the
material. The latter is in agreement with the results for the Al-O-N system,
where a decrease in hardness with increased O content was linked to an amorphisation of the films [97, 98].

Figure 23. Hardness and Young’s modulus for Al-Ge-O-N films with (a) low Ge
content and (b) high Ge content. Adapted from paper I.
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The mechanical properties for the Hf-Nb-Ti-V-Zr-N films were found to be
improved when the Hf content was increased, with hardness values ranging
from 8 to 19 GPa and Young’s modulus values between 270 and 418 GPa, see
paper III for details. These values are, however, relatively low compared to
those found for transition metal nitrides in general and also in comparison with
the results obtained by Pogrebnjak et al. who reported super hard films [17].
The δ-parameter does not correlate with the observed hardness increase since
it is decreasing as the hardness increases, although the decrease is relatively
small due to the continuous decrease in the Zr content as the Hf content increases. Thus, the hardening is most likely an effect of the microstructural
change as a result of the increased Hf content, i.e. the column size refinement
observed in the SEM cross-section images, see Figure 15.
The mechanical properties for the Al-Cr-Nb-Y-Zr-N films were also investigated. In paper IV, where the influence of deposition parameters such as the
substrate bias and temperature on the structure and material properties were
studied, the hardness of the (Al,Cr,Nb,Y,Zr)Nx films was found to increase to
yield values from about 17 to 27 GPa for both sample series. This is related to
the increased density of the microstructure of the films as both the temperature
and bias are increased. When comparing the hardness with that of the ternary
reference (Nb,Zr)N0.9 film (19 GPa) most films showed a higher value. For
the films deposited at high temperature and bias this is most likely due to the
denser microstructure exhibited for the multi-component films. The
(Al,Cr,Nb,Y,Zr)Nx film deposited with moderate bias and temperature, i.e. at
-100 V and 500°C, which microstructure is most similar to that of the ternary
film, still shows a higher hardness (23 GPa). This could be attributed to a
higher degree of solid solution hardening of the multi-component nitride compared to the ternary film.
For the Al-Cr-Nb-Y-Zr-N films with varying nitrogen contents, the hardness and reduced Young’s modulus were both found to generally increase with
the nitrogen content, see Figure 24, from about 10 GPa in hardness for the
purely metallic film up to about 30 GPa for the nitride films with 50 to 51 at.%
nitrogen. The reduced Young’s modulus varied between 154 and 343 GPa.
Here the increase in hardness and modulus is due to the change in chemical
environment, from a metallic to a nitride character, as the N content increases.
This is expected since the nitride bonding is in general stronger than metal
bonding. However, the film with 46 at.% N, which contains a nitride phase
shows significantly lower hardness compared to the films with higher N contents, since the microstructure is porous with open columnar boundaries and
thus is less strong, in analogy with the underdense microstructure described
for the Hf-Nb-Ti-V-Zr-N case.

48

Figure 24. Hardness and Young’s modulus for Al-Cr-Nb-Y-Zr-N films with varying
nitrogen contents. Adapted from paper V.

The deformation behaviour for the Al-Cr-b-Zr-N films with varying nitrogen
contents was further studied by subjecting the coatings to a high load (50 mN)
during indentation, yielding depths between 350 and 530 nm, which correspond to between 35 and 55 % of the film thickness. The indents were studied
in the SEM and images of the films with 0, 29, 41 and 50 at.% N are shown
in Figure 25. For the coating with 0 at.% N, large pile-ups can be seen on the
edges of the indent while shear bands are seen inside the indent, indicating
high ductility, which is expected of a metallic material. For the films with 29
and 41 at.% N, no obvious pile-ups or crack formation is seen but shear bands
within the indent occur for both samples, which indicate that the degree of
ductility has decreased, although there were still no signs of brittleness. For
the nitride film with a N content of 50 at.%, the indent shows no sign of cracks
at the corners or edges and no pile-ups or shear bands appear either. This is
not generally expected for transition metal nitride materials, which commonly
show a more brittle behaviour. An explanation for this could be the Y enriched
regions in the columnar boundaries, which according to the XPS results correspond to a metallic environment and would thus contribute to the observed
ductile behaviour. The concept of introducing metal interlayers to enhance
ductility, without reduction in hardness, have been reported previously for
both metal/nitride nanocomposites [99] as well as metal/nitride multilayers
[100]. Thus, the nitride coatings with 50 to 51 at.%, N, are not only showing
a high hardness but also a high resistance to cracking, which can be related to
a high toughness.
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Figure 25. SEM top-view images of indents obtained by a Berkovich diamond tip
with a load of 50 mN for the Al-Cr-N-Y-Zr-N films with (a) 0 at.% N, (b) 29 at.%
N, (c) 41 at.% N and (d) 50 at.% N. Scale bars in (a) and inset in (b) are valid for all
overview images and insets respectively. Adapted from paper V.

For all the material systems, the residual stresses in the films, determined by
the substrate bending curvature and calculated using Stoney’s equation, were
too low, i.e. ≤ 1.6 GPa, to significantly influence the observed hardness and
crack resistance.

Optical properties
The optical properties were studied for the Al-Ge-N and Al-Ge-O-N coatings
in paper I. UV-vis transmission spectra for the low Ge content series are
shown in Figure 26a. From these spectra, optical parameters, such as the absorption coefficient as a function of the wavelength could be determined with
the envelope method described by Swanepoel [63]. As can be seen in the transmission spectra, the absorption edge, defined in this case as the wavelength
where the absorption coefficient exceeds 104 cm-1, shifts to shorter wavelengths as the oxygen content increases. This is the case for the medium and
high Ge content samples as well (see paper I for details). As the Ge content
increases, the absorption edge shifts to longer wavelengths. The optical band
gap, estimated as the photon energy corresponding to the wavelength at the
absorption edge, is denoted E04 in Figure 26b. As expected, E04 increases
slightly as the oxygen content increases within each sample series, while it
decreases when the Ge content increases. Both these trends are expected based
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on the results previously obtained by Lewin et al. [26] and general trends
found for oxynitride materials where the optical band gap is increased when
oxygen is added to the nitride materials [5]. The total range for the absorption
edge for all series is 302 to 373 nm, corresponding to an optical band gap of
4.1 to 3.3 eV. However, the lower absorption edge limit is underestimated
since the sample with the lowest Ge and highest O contents exhibits an absorption edge exceeding the range of the spectrometer used. These results
show that the optical absorption edge can be tuned in two directions, i.e. towards shorter and longer wavelengths depending on the Ge and O contents in
the coatings.

Figure 26. (a) UV-vis transmission spectra for Al-Ge-O-N samples with a low Ge
content and varying oxygen content. (b) Optical band gaps (E04) for all the Al-Ge-N
and Al-Ge-O-N samples. Adapted from paper I.

Electrical properties
The electrical resistivity was estimated for all material systems by measuring
the sheet resistance using a four-point probe set-up. The sheet resistance for
the Al-Ge-N and Al-Ge-O-N samples could not be determined since their values were outside the measurement range of the instrument used. The resistivities of the latter films were hence high and indicative of insulating materials.
The Hf-Nb-Ti-V-Zr-N and Al-Cr-Nb-Y-Zr-N samples were, on the other
hand, found to be conductive, although the films within the latter system
showed resistivity values up to two orders of magnitude higher. The electrical
resistivity for the (Hf,Nb,Ti,V,Zr)Nx films varied between ~230 and 290
µΩcm, which is within the range seen for binary TiNx samples [101], whereas
the resistivity for the (Al,Cr,Nb,Y,Zr)Nx nitride films (i.e. the films with stoichiometric nitrogen content) ranged between ~2000 and 15000 µΩcm. This
difference can most likely be explained by the presence of Al, Cr and Y in
these films. CrN has a relatively high resistivity compared to other conductive
nitrides [102]. The fact that AlN and YN are non- and semi-conductive, respectively, most probably contribute to an increase in the resistivity, as reported for Ti-Al-Y-N films [42].
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When comparing the Al-Ge-N and Al-Ge-O-N based materials with the HfNb-Ti-V-Zr-N and Al-Cr-Nb-Y-Zr-N materials, the results are expected to be
different due to the differences in the bonding in the materials systems. The
Al-Ge-N and Al-Ge-O-N samples are of covalent character, which yield limited movement of the electrons, while the electrons have the possibility to
move more freely in the Hf-Nb-Ti-V-Zr-N and Al-Cr-Nb-Y-Zr-N samples due
to the metal 3d orbital overlap in the NaCl-type structure.

Electrochemical properties
The corrosion resistances of the Al-Cr-Nb-Y-Zr-N based films were studied
in paper IV and VI. In paper IV, Al-Cr-Nb-Y-Zr-N films with different microstructure were tested by potentiodynamic polarisation in 1 M HCl as the
electrolyte. It was found that the corrosion resistance was greatly affected by
the microstructure, where the corrosion potential was shifted to higher potentials and the corrosion current decreased for the films with denser microstructures and low surface roughness. This trend is excepted since a denser and
smoother coating means that there are less diffusion paths into the coating as
well as a smaller surface area on which corrosion related reactions can take
place, which impede the corrosion [43]. In comparison with a stainless steel
reference (SAF 3207 HD) and the ternary (Nb,Zr)N0.9 reference, the majority
of the (Al,Cr,Nb,Y,Zr)Nx films exhibited a higher corrosion resistance, in
terms of higher corrosion potentials and lower corrosion currents, thus indicating that the films within the Al-Cr-Nb-Y-Zr-N system are highly corrosion
resistant.
The corrosion behaviours of the Al-Cr-Nb-Y-Zr-N films were further investigated in paper VI, where corrosion tests were performed for films with
different nitrogen contents. The films in this paper were deposited using the
same deposition parameters as in paper V, with the exception of the substrate
bias (which was -50 V rather than -100 V), and the elemental composition was
therefore similar, but not identical to those of the films studied in paper V. The
films follow a similar structural evolution according to the XRD and SEM
results, as described for the films in paper V, see the Al-Cr-Nb-Y-Zr-N thin
films sub-section above. However, the films were not studied on the nanoscale
in the TEM and e.g. different elemental partial segregation may occur in these
films since the segregation behaviour in the films have been shown to be relatively sensitive to compositional changes and/or deposition parameters (see
paper IV and V). Potentiodynamic polarisation curves, see Figure 27, showed
that the corrosion potential continuously increased, while the corrosion current decreased upon addition of nitrogen. This is indicating an increased corrosion resistance with increasing nitrogen content. This is attributed to the increase in nitride bonds which are generally stronger than metal to metal bonds
and the nitrogen containing films hence require higher potentials for the corrosion to be initiated. Furthermore, for the films with medium N content (2352

37 at.% N), a passive region in the polarisation curves can be seen at positive
potentials, whereas the film with 49 at.% N exhibits a continuous increase in
current. This could be due to their difference in microstructure. The films with
N contents of 23 and 37 at.% N have a very fine-grained, dense nanocomposite
structure, whereas the film with 49 at.% is a highly crystalline nitride with a
columnar structure. The columnar boundaries most likely create pathways for
electrolyte diffusion into the film, which enhance the corrosion rate.

Figure 27. Potentiodynamic polarisation curves for Al-Cr-Nb-Y-Zr-N films with N
contents between 13 and 49 at.%. The electrolyte was 1 M HCl. A hyper-duplex
stainless is included as reference. Adapted from paper VI.

Material stability
Al-Ge-N and Al-Ge-O-N
In paper I, an initial annealing study was performed on some of the ternary
and quaternary Al-Ge-N and Al-Ge-O-N samples from the medium Ge series
with oxygen contents ([O]/([O]+[N])) of 0.0, 0.22 and 0.59. These samples
were heated in a UHV furnace with a base pressure not higher than 5.7·10-8
Torr (8·10-6 Pa) at 500°C for 0.5 h. From the GI diffractograms of the as-deposited and annealed Al-Ge-N and Al-Ge-O-N films, presented in Figure 28,
it can be seen that no phase appears or vanishes upon the annealing. For the
ternary (oxygen content 0.0) and the high oxygen content (0.59) samples, there
are no changes compared to the as-deposited state. However, there is a distinct
increase in the intensity for the AlN based phase for the sample with an oxygen
content of 0.22, indicating that grain growth has occurred.
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Figure 28. Diffractograms of annealed Al-Ge-O-N samples with medium Ge contents and a varying oxygen content. The dashed lines correspond to annealed samples whereas the solid lines refer to the as-deposited samples. Adapted from paper I.

The mechanical and optical properties were analysed for the annealed samples. Both the hardness and the Young’s modulus were increased, where the
largest increase, i.e. 14 GPa to 21 GPa, was found for the Al-Ge-O-N sample
with an oxygen content of 0.22 most probably due to the increased crystallinity. The optical properties after annealing were only slightly changed for all
samples. The largest change was again observed for the Al-Ge-O-N sample
with an oxygen content of 0.22, where the optical band gap increased from 3.8
to 3.9 eV.
The thermal stability for the Al-Ge-N based material system was further
investigated in paper II, where annealing studies were performed at the European Synchrotron Radiation Facility on the Spanish CRG beamline BM25b,
SpLine. Samples from the low Ge series were in situ annealed in UHV conditions, while conducting GI-XRD and HAXPES measurements simultaneously.
Two annealing experiments were performed with the ternary Al-Ge-N sample, where the first one was between room temperature (RT) and 850°C as an
overview and the second was between 700 and 850°C as a more detailed study.
In Figure 29, the obtained GI diffractograms and the HAXPES spectra are
shown for the second experiment. In the diffractrograms, an additional peak
at about 25.7°, corresponding to the Ge(111) peak of elemental Ge, appears at
a temperature of 750°C. As the temperature increases up to 850°C the intensity
increases and the peaks corresponding to the wurzite-type AlN phase shift to
higher 2Ɵ values, indicating that the lattice spacing decreases as elemental Ge
is formed. Formation of Ge can also be observed in the corresponding Ge 2p3/2
spectra, where a shoulder is seen on the low Eb side of the peak, corresponding
to elemental Ge. These results show that the ternary Al-Ge-N sample is indeed
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meta-stable and that the material undergoes a phase transformation upon heat
treatment, in which elemental Ge is segregated from the nitride phase.

Figure 29. Simultaneously recorded (a) GI diffractograms and (b) HAXPES Ge 2p3/2
spectra for in situ annealed Al-Ge-N thin film from the low Ge series in high vacuum conditions between 700°C and 850°C. In the diffractograms, the vertical lines
are reference positions of wurtzite-type AlN structure [74] and diamond-type Ge
[103]. In (a) the h symbol denotes the Mo(101) peak from the sample holder. Additional peaks from the sample holder have been omitted from the diffractograms for
clarity (see Supporting Information in paper II for the untreated diffractograms).
Adapted from paper II.

The first annealing experiment that ranged from RT to 850°C was found to
involve non-homogenous heating due to the different sample holders and heaters used for the two annealing experiments. This resulted in a sample surface
that was subjected to two different temperature regions, denoted “hotter” and
“colder”. In the colder region, nanoparticles with an average size of 210 nm
were found as seen in the top-view SEM image in Figure 30a. Elemental EDX
maps of a nanoparticle in cross section studied by STEM, Figure 30b, confirmed that the particle consisted mainly of Ge.
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Figure 30. (a) SEM top-view of the annealed Al-Ge-N thin film showing roundly
shaped particles with bright contrast and (b) elemental EDX maps of Ge, Al and N
for the corresponding HAADF-STEM cross section image of the Al-Ge-N film.
Adapted from paper II.

Furthermore, the Al-Ge-O-N films with oxygen contents of 0.07 and 0.32
were in situ annealed using the same experimental set-up and beamline as for
the abovementioned ternary sample. These annealing experiments of the quaternary Al-Ge-O-N films are unpublished work. In Figure 31, the GI diffractograms and HAXPES Ge 2p3/2 spectra are shown for the sample with an O
content of 0.32. As can be seen in the diffractograms, there is a relatively weak
peak at about 31° that corresponds to the (100) peak pf wurzite-type AlN
phase, although shifted compared to the reference position due to substitution
of both Al and N with Ge and O, thus yielding a (Al1-xGex)(N1-yOy) solid solution. This is consistent with the XRD results in paper I of the same sample.
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Figure 31. Simultaneously recorded (a) GI diffractograms and (b) HAXPES Ge 2p3/2
spectra for in situ annealed Al-Ge-O-N sample with an oxygen content of 0.32 between RT and 850°C in UHV conditions. The vertical lines are reference positions
for a wurtzite-type AlN structure [74] and diamond-type Ge [103]. The h symbol denotes the Mo(101) peak from the sample holder. Additional peaks from the sample
holder have been omitted from the diffractograms for clarity in similar manner as for
the diffractograms in Figure 29a. The figure is unpublished work.

For temperatures up to 850°C, the present solid solution phase remains in principle intact, i.e. there are no peak shifts, changes in peak intensity or appearances of any additional peaks. This result differs slightly from that of the initial
annealing study performed in paper I where an increase in crystallinity could
be observed for the Al-Ge-O-N sample with medium O content, which most
probably was due to the longer annealing time for the experiment in paper I
(30 min) compared to here (10 min). In the corresponding Ge 2p3/2 spectra, all
peaks are positioned at 1219.4 eV, which is a slightly higher Eb than for the
ternary Al-Ge-N sample, as expected due to the increased oxide environment.
As the temperature is increased, no peak shifts or change in intensities or peak
shapes can be observed. However, at 900°C, the signal was gone here as well,
which was due to film delamination. In contrast to the ternary sample, no formation of elemental Ge was observed, either in the XRD or HAXPES results.
Similar results were obtained for the Al-Ge-O-N film with the lower O content
of 0.07 as well (not shown). The decomposition mechanism for the Al-Ge-ON films thus differs from that observed for the Al-Ge-N film.
From the annealing experiments of the Al-Ge-N and Al-Ge-O-N samples,
including the studies from paper I and II as well as the unpublished work, it
can be concluded that oxygen addition increases the thermal stability of the
Al-Ge-N material and alters the decomposition mechanism.
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Al-Cr-Nb-Y-Zr-N
As briefly mentioned in the Materials systems section, small additions of yttrium have been shown to improve the oxidation resistances of nitride film
materials, such as Cr-Al-Y-N [36] and Ti-Al-Y-N [42]. Several mechanisms
have been proposed to explain the improved oxidation resistance. These include that Y enhances the adhesion of the oxide to the underlying nitride film
by inhibiting formation of voids, and that Y also enhances the formation of
stable oxide scales that prevent further oxidation [36, 42].
An initial oxidation resistance study has been performed to see if yttrium
addition to the Al-Cr-Nb-Y-Zr-N system has a beneficial effect on the oxidation resistance. The Al-Cr-Nb-Y-Zr-N film with 2 at.% Y, which has been
characterised in paper V, was selected for the test and the results were compared with those for a film without any added yttrium, thus only consisting of
Al (7 at%), Cr (16 at.%), Nb (16 at.%) and Zr (12 at.%). Both films consisted
of a crystalline nitride solid solution phase with NaCl-type structure, and the
nitrogen content was between 49 and 51 at.%. The films were annealed in situ
up to 850°C in ambient air, while recording Ɵ/2Ɵ XRD scans, which is presented in Figure 32.

Figure 32. Ɵ/2Ɵ XRD scans during in situ annealing of (a) (Al,Cr,Nb,Zr)Nx with 0
at.% Y and (b) (Al,Cr,Nb,Y,Zr)Nx with 2 at.% Y, in ambient air for 0.5 h at each annealing step. Unpublished work.

The duration time for each temperature step was 0.5 h. In general, a similar
oxidation behaviour can be observed for both samples. At temperatures up to
400°C, it can be seen in the diffractograms for both samples that the peaks
shift to lower 2Ɵ values, due to thermal expansion of the lattice. At 500°C,
the peak intensities start to continuously decrease up to 750°C, followed by
an almost complete amorphisation at 800°C. Upon further increasing the temperature to 850°C, some recrystallisation occurs. After cooling down to 30°C,
some minor additional peaks have appeared, but both samples show in general
very low crystallinity. These results hence indicate, that the addition of 2 at.%
yttrium does not have a significant effect on the oxidation resistance of Al-CrNb-Y-Zr-N nitride films using these annealing conditions.
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Conclusions and outlook

The work in this thesis has been focused on developing multifunctional nitride
film materials based on the Al-Ge-N, Hf-Nb-Ti-V-Zr-N, Al-Cr-Nb-Y-Zr-N
systems. The coatings were synthesised by reactive magnetron sputtering and
characterised with respect to structure, composition and chemical bonding,
which then were compared with material properties, such as hardness, optical
bandgap and corrosion resistance, in order to get a fundamental understanding
of how the structure and material properties are connected.
Films in the ternary Al-Ge-N system were found be nanocomposites with
a crystalline AlN wurzite-type (Al1-xGex)Ny solid solution phase and an amorphous Ge-N phase. As the Ge content increased, the crystallinity decreased.
Annealing of Al-Ge-N films with low Ge content in UHV gave rise to the
formation of Ge nanoparticles, thus confirming that the nanocomposite films
are metastable, and that decomposition of the two-phase material occurs at
about 750°C. This decomposition mechanism, where semi-conducting Ge nanoparticles are formed in a dielectric Al-N based material, can potentially be
utilised to produce thin films suitable for use in electronic or optoelectronic
applications.
When adding oxygen to the Al-Ge-N system, the XRD results showed the
formation of a (Al1-xGex)(N1-yOy) solid solution phase of AlN wurzite-type
structure for low oxygen concentrations. As the oxygen content was further
increased, the crystallinity decreased, and the films became X-ray amorphous.
The XPS data indicated that Al and Ge were bonded to both O and N, although
it is more likely that the Al atoms were in a more oxide-like chemical environment, while the Ge atoms were in a more nitride-like environment. The
mechanical properties were improved after oxygen addition, the hardness increased up to 29 GPa for low amounts of oxygen and germanium. This could
be connected to a nanocomposite hardening effect. However, for higher O and
Ge contents, the hardness decreased, most probably due to an amorphisation
of the material. The optical absorption edge, and the corresponding optical
bandgap (E04), were found to be tunable towards both shorter and longer wavelengths between 302 and 373 nm when increasing the O or Ge content. The
thermal stability of the Al-Ge-O-N films was found to be better than for the
ternary Al-Ge-N films. Hence, these results suggest that the Al-Ge-O-N coatings could be suitable for use as protective optical coatings at elevated temperatures.
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The coatings based on the Hf-Nb-Ti-V-Zr-N system showed a structural
change when the Hf content was increased, going from a cubic, single solid
solution phase with NaCl-type structure to a two phase material consisting of
a cubic phase with NaCl-type structure and a tetragonally distorted phase with
bct lattice. The coatings were highly crystalline and grown in a columnar
structure, with a decreased column width with increasing Hf content. For a
low Hf content these columns were large and of pyramidal shape with frayed
surfaces which gave rise to a non-dense morphology. The hardness was in
general relatively low, although it increased with increasing Hf content. The
latter can most probably can be correlated with the non-dense microstructure
of these films. Thus, further optimisation of microstructure is needed before
the Hf-Nb-Ti-V-Zr-N films can be applied as hard, protective coatings.
Films in the Al-Cr-Nb-Y-Zr-N system with about 50 at.% N, consisted of
a (Al,Cr,Nb,Y,Zr)Nx solid solution nitride phase with a NaCl-type structure.
However, partial elemental segregation was indicated in the elemental EDX
maps in the STEM, mainly for yttrium, both within the grains and in the column boundaries. The difference in segregation behaviour seen for the films
could be due to different deposition temperatures and slightly different metal
element ratios. XPS results indicated that all metal elements were in a nitride
environment except for yttrium which was in a metallic state. When varying
the substrate bias and temperature, the microstructure changed from columnar
with open columnar boundaries to denser microstructure with less distinct columns and a decreased surface roughness. The changes in microstructure also
affected the hardness and corrosion resistance, which were both found to be
improved as the films became denser and smoother. The deformation behaviour by indentation, showed a ductile behaviour for the nitride films with about
50 at.%, with no sign of cracks, indicative of high toughness. This could possibly be explained by the metallic Y rich regions in the columnar boundaries
by partial segregation, which could contribute to an increased ductility.
By varying the nitrogen content for films in the Al-Cr-Nb-Y-Zr-N system
the structure evolved from a nanocomposite structure for no and medium nitrogen content to a nitride phase at higher contents. The change in the nitrogen
content also affected the microstructure, which developed from a very fine
grained, almost glass-like microstructure for medium N content, corresponding to the nitrogen containing nanocomposite films, to a distinct columnar
structure for the nitride films with higher N contents. The corrosion resistance
increased with nitrogen content, due to the increase in the nitride bonds and
the change in the microstructure.
In further studies, it would be interesting to:
 Perform more annealing studies of films within the Al-Ge-N system in order to control the growth of the Ge nanoparticles.
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Deposit Al-Ge-O-N films at higher substrate temperatures to see if
the crystallinity of the films can be increased in order to further
improve the thermal stability and hardness.
Study the vacancy formation in Al-Ge-O-N films using modelling
combined with experimental work.
Further investigations of the tetragonal distortion in Hf-Nb-Ti-VZr-N films to see if that can be used to tailor the mechanical properties.
Study the effect on the mechanical behaviour, particularly the deformation behaviour, of Al-Cr-Nb-Y-Zr-N based film when varying the yttrium content.
Investigate the thermal stability of films in the Hf-Nb-Ti-V-Zr-N
and Al-Cr-Nb-Y-Zr-N systems.

To gain a more fundamental understanding of multi-component nitride materials, studies of the local atomic environment would be of great interest. Using
techniques such as extended X-ray absorption fine structure (EXAFS), X-ray
pair distribution function (PDF) and atom probe tomography (APT), it may be
possible to investigate preferential elemental ordering and bond distances to
see if the solid solutions are fully random and to experimentally estimate the
lattice distortion.
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Sammanfattning på svenska

Att belägga ett föremål med ett tunt ytskikt för att förändra dess egenskaper
är ett väletablerat koncept i dagens samhälle. Ytbeläggningar, även kallade
tunnfilmer finns över allt, till exempel på glasögon i form av antireflexskikt
för att minska reflektioner och speglingar eller på verktyg för att skydda mot
nötning. Redan de forntida egypterna (för ca 5000 år sedan) utnyttjade fördelarna med tunna filmer genom att belägga statyer och prydnader med ett tunt
lager av guld. På så sätt kunde de utnyttja stabiliteten som basmaterialet gav
(oftast trä eller metall) men ändå få ett vackert och glänsande yttre utan att
behöva använda stora mängder av det dyra guldet. För att få tillräckligt tunna
filmer hamrade egypterna ut guldet med hjälp av runda stenar till en tjocklek
på under 300 nanometer, det vill säga 300 miljarddelar av en meter. Den tjockleken kan jämföras med ett hårstrå som är mer än 100 gånger tjockare.
Numera tillverkas tunnfilmsmaterial med mer avancerade metoder jämfört
med egypternas hamrande. En vanlig tillverkningsmetod, som också använts
i denna avhandling, är katodförstoftning, mer känt som ”sputtring”. Denna
process innebär att ursprungsmaterialet atomiseras (förstoftas) genom att argonjoner (Ar+-joner) bombarderar ursprungmaterialets yta och slår ut atomer
från det. Processen kan liknas vid den första stöten som görs i början av ett
biljardspel då man skjuter en boll (Ar+ -jon) mot den triangelformade samlingen bollar (ursprungsmaterialet) som då som åker åt alla håll. I sputtringsprocessen landar de utslagna atomerna sedan på den yta man vill lägga sitt
skikt på (ofta kallat substrat) och när tillräckligt många atomer har samlats på
substratet har ett ytskikt bildats. Ytbeläggningsprocessen, som också kallas
för deponeringen, sker i en vakuumkammare för att undvika kontamination av
skikten, med avseende på till exempel syre och kol. Under processen kan man
också släppa in en reaktiv gas, som kvävgas och syrgas för att bilda föreningar
med de utslagna atomerna, till exempel oxider, nitrider eller en blandning av
både syre och kväve, så kallade oxynitrider. Deponeringsprocessen kallas då
reaktiv sputtring.
De material som har syntetiserats i denna avhandling är baserade på nitrider
och oxynitrider. Dessa typer av material är mycket välstuderade på grund av
sina intressanta egenskaper, som till exempel hög korrosions- och nötningsbeständighet samt gynnsamma optiska och elektriska egenskaper. I strävan att
upptäcka nya material har forskare på senare år börjat studera ytskikt med relativt många ingående element. Det är till exempel inte ovanligt med fyra eller
fler element i dessa så kallade multikomponentsmaterial. I denna avhandling
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har tre olika materialsystem studerats, som består av aluminium, germanium,
syre och kväve (Al-Ge-O-N), hafnium, niob, titan, vanadin, zirkonium och
kväve (Hf-Nb-Ti-V-Zr-N) respektive aluminium, niob, krom, yttrium, zirkonium och kväve (Al-Cr-Nb-Y-Zr-N). Systemen skiljer sig en del från varandra
med avseende på hur deras kristallina struktur är uppbyggd, det vill säga hur
atomerna är ordnade, och därmed är också deras egenskaper olika. Filmer baserade på Al-Ge-O-N-systemet ger optiskt transparanta skikt som inte är metalliskt ledande medan skikt baserade på Hf-Nb-Ti-V-Zr-N och Al-Cr-Nb-YZr-N systemen är metalliska och elektriskt ledande. En gemensam egenskap
som filmer inom alla de tre materialsystemen uppvisar är deras relativt höga
hårdhet. Hårdheten är lägre än den för diamant men högre än de för stål och
glas.
De erhållna resultaten från studien om Al-Ge-O-N-baserade tunnfilmer, visar att de optiska och mekaniska egenskaperna kan styras genom att ändra
halterna av både germanium och syre. Materialets kristallina struktur påverkades också av halterna av syre och germanium, där ökad halt av dessa element ledde till att den kristallina strukturen i materialen ”försvann” varvid
materialet istället blev oordnat, i likhet med hur ett glas är uppbyggt. Det visade sig också att med en ökad syrehalt var filmerna stabila vid relativt höga
temperaturer (850°C). Detta innebär att Al-Ge-O-N-systemet kan vara lämpligt för applikationer där det behövs optiska skikt som är hårda och stabila i
krävande miljöer.
I studien om Hf-Nb-Ti-V-Zr-N-systemet som presenteras i den här avhandlingen, visade det sig att en ökad hafniumhalt ändrade den strukturella uppbyggnaden. Utan hafnium, eller vid låga halter hafnium, bestod filmerna av
en enda fas som har samma kristallina strukturtyp som vanligt bordssalt
(NaCl). Vid högre halter av hafnium bildades istället två faser med olika
kristallina strukturer. Även om materialets hårdhet ökade med ökad halt
hafnium var det inte tillräckligt hårt för tillämpning i form av nötningsbeständiga skikt.
Filmerna baserade på Al-Cr-Nb-Y-Zr-N visade liknande struktur som HfNb-Ti-V-Zr-N-filmerna, det vill säga en NaCl-typ struktur. Dock visade det
sig att vissa element, särskilt yttrium, som har en relativt stor atomradie jämfört med de andra elementen, inte hade särskilt hög löslighet i strukturen. Till
följd av detta segregerades en del av yttriumatomerna ut i gränserna mellan
kristallkornen. Detta fenomen visade sig dock kunna bidra till en ökad seghet
i materialet, då det inte bara var hårt utan även resistent mot sprickbildning
vid deformering. Elektrokemiska tester visade också att filmerna var korrosionsbeständiga och många av filmerna var mer resistenta mot korrosion än
kommersiellt tillgängligt rostfritt stål.
Sammanfattningsvis visade dessa studier hur nitrid- och oxynitridbaserade
material kan modifieras genom att man ändrar deras sammansättning och hur
deras egenskaper beror på deras struktur.
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