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ABSTRACT  

Aluminum oxide based thin films are applied on cutting tool inserts 
as a top layer to protect the underlying nitride or carbide functional 
layer from the harsh working environment in terms of abrasive and 
chemical wear under thermal and pressure load. This Thesis explores 
the synthesis and characterization of the next generations of 
multifunctional wear-resistant thin film coatings in the form of Al-Cr-
O and Al-Cr-O-N compounds. The experiments include the 
deposition of oxide films by reactive magnetron sputtering and 
cathodic arc evaporation as well as investigation of structural and 
mechanical properties in as-deposited and annealed states. Ternary 
(Al 1-xCrx)2+yO3-y films were deposited on Si(001) and WC-Co 
substrates kept at 400-575 °C from elemental Al and Cr or alloyed 
Al/Cr cathodes in Ar/O2, O2/N2, and pure O2 atmospheres. Also, 
quaternary (Al1-xCrx)2+z(O1-yNy)3-z films were deposited at substrate 
temperature of ~400 °C on WC-Co substrates in O2/N2 atmosphere. 
X-ray diffraction and analytical electron microscopy combined with 
ab initio calculations showed the existence of a new face centered 
cubic (Al,Cr)2O3 phase with 33% vacancies on the metallic Al/Cr 
sites. Increasing the temperature during annealing of these metastable 
cubic films resulted in phase transformation to corundum solid 
solution in the temperature range of 900-1100 °C. The apparent 
activation energy of this phase transformation process was calculated 
as 380-480 kJ/mol by using the Johnson-Mehl-Avrami model. The 
mechanical properties of the cubic and corundum oxide films were 
measured in terms of nanoindentation hardness and metal cutting 
performance. The cubic and corundum films showed hardness values 
of 26-28 GPa and 28-30 GPa, respectively. The oxynitride solid 
solution films showed to be predominantly cubic Al-Cr-N and cubic-
(Al,Cr)2O3 and secondary corundum-(Al,Cr)2O3 with a hardness of 
~30 GPa, slightly higher than Al-rich ternary oxides. Metal cutting 
performance tests showed that the good wear properties are mainly 
correlated to the oxygen-rich coatings, regardless of the cubic or 
corundum fractions.  
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
 

Vi lever i en materiell värld. Allt består av material i olika former, 
t.ex. metaller som finns i naturen eller konstgjorda plaster. 
Materialvetenskap använder naturens lagar för att göra nya material 
med syftet att skapa nya egenskaper. Materialvetenskap visar oss hur 
vi kan blanda ett metalliskt grundämne som aluminium med en icke-
metall som syre för att göra en förening: aluminiumoxid, en keram 
som har mycket högre smältpunkt, ca 3000 °C, än både aluminium 
och syre med smältpunkter på ca 660 °C respektive -218 °C. 
Dessutom kan nya egenskaper styras genom nedskalning av 
materialen från bulk till mikro- (tusendels millimeter) eller nano- 
(miljondels millimeter) skalor. En ny vetenskapsgren kallas 
nanovetenskap. Nanovetenskap ger oss möjligheten att göra tunna 
filmer, skikt av material med tjocklekar från enstaka atomlager till 
mikrometer. De kan användas på ytan av ett annat material som kallas 
substrat. Tunna filmer har ofta helt olika egenskaper jämfört med 
samma material i bulk. Tunna filmer används i nästan varje enskild 
produkt som vi använder i vårt dagliga liv. Exempel är optiska skikt 
på ytor av glasögon och fönster, eller dekorativa skikt på våra klockor 
och dörrhandtag. En viktig tillämpning av tunna filmer i industri är i 
produktion av skärverktyg. Dessa verktyg är metaller, och beläggning 
av hårda skikt kan höja verktygs livslängd med 50 gånger eller mer. 

I metallbearbetningsindustrin tillverkas skikt bildas oftast av en serie 
av lager ovanpå varandra. Denna struktur kallas multilager i vilka 
aluminiumoxid ofta används som det sista lagret. Anledningen är att 
aluminiumoxid är en bra värmeisolator som skyddar de underliggande 
hårda tunna filmerna, vilket resulterar i ökad produktivitet. Den här 
avhandlingen handlar om produktion av nya typer av oxid- och 
oxynitrid-baserade tunna filmer som är gjorda av aluminium, krom, 
syre och kväve.  
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Tillverkningen av tunna filmer i den här avhandlingen gjordes med en 
beläggningsmetod som kallas sputtring. Beläggningsprocessen sker i 
en kammare som först pumpas ner för att uppnå ultrahögt vakuum. I 
denna kammare placerar man beläggningskällorna (som kallas 
targets) som i mitt fall är små runda plattor av aluminium och krom. I 
det nästa steg släpper man in reaktiva gaser av syre och/eller kväve 
samt ädelgasen argon in vakuumkammaren. Gaserna joniseras 
därefter av en pålagd spänningsskillnad mellan källorna och 
kammarväggarna och ett plasma bildas. Plasma är det fjärde 
aggregationstillståndet av material som är en blandning av neutrala 
gasatomer, positivta gasjoner och negativta elektroner. Om man 
lägger en negativ spänning på källorna, så kommer plasmajoner att 
bombardera källornas ytor med hög hastighet och därför kommer 
atomer att slås ut från källan till plasmat. Slutligen bildas genom 
kondensation ett tunt kristallint skikt av atomer ovanpå substratytan, 
d.v.s. verktyget blir belagt. En stor del av mina skikt gjordes i 
industriella beläggningssystem. I industrin är det oftast viktigast att ha 
en hög beläggningshastighet och därför kan andra metoder än 
sputtring också användas. En vanlig metod kallas katodförångning i 
vilket en elektrisk urladdning används för att smälta och förånga 
material från källorna (kallas katoder). Dessa material kommer också 
att kondensera på substratytan och bilda den växande filmen.  

Jag har tillverkat och använt skikten för att studera hur 
beläggningsparametrar kan påverka strukturella och mekaniska 
egenskaper av skärverktygen. Röntgenmätningar användes för att 
studera bildning av olika faser. Mikrostrukturer undersöktes med 
transmissionselektronmikroskopi med vilket jag kunde visa strukturen 
på atomnivå. Hårdheten och förslitningsmekanismerna av filmer på 
vändskär studerades med nanoindentation och metallbearbetningstest. 
Jag ville också se hur dessa egenskaper påverkas av höga 
temperaturer och därför gjorde jag värmebehandling och 
undersökningar i temperaturområdet 500-1100 °C. 
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Mina resultat visar att skikt av aluminium-krom-oxid eller oxynitrid 
kan bildas i två olika faser, kubisk som en sockerbit och korundum 
som en vaxkaka. För en bättre förståelse av dessa strukturer använde 
jag avancerade kvantmekaniska beräkningar. De visade hur atomer 
ska placeras i en kubisk eller korundum struktur i mina skikt. 
Mätningarna visade att kubiska filmer är lika hårda som filmer med 
korundumstruktur. Slutligen bekräftade bearbetningstest att 
kristallstrukturen inte påverkar skärresultaten nämnvärt. 
Oxynitridskikten gav det bästa resultatet i bearbetningstest, men hade 
en lägre hårdhet. 
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1. INTRODUCTION  

Many products benefit from thin film technology. Thin films, which 
have thickness of only one atomic layer to several micrometers 
functionalize the materials in a desirable way. Due to their low 
dimensions, thin films can have remarkably different properties 
compared to bulk of the same material system. Therefore, 
applications can benefit from the combined properties arising from 
the bulk and thin film. In industry, thin films are widely used in 
microelectronics and semiconductor-related trades. They are also 
used in decorative coatings on, e.g., home appliances, heat-filtering 
coatings on a window glass, wear- and heat-resistive coatings on jet 
turbine blades, and bio-compatible coatings applied on body joints or 
surgical instruments. In a relevant application to the scope of this 
thesis, hard and wear-resistant coatings can increase the cutting tool 
life by a factor of 50-60; thin films add remarkable durability to the 
products [1]. 
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1.1   BACKGROUND TO THE FIELD  

Al 2O3 is a widely used material in industry in both the bulk and thin 
film forms. Al2O3 coatings are associated with high hardness as well 
as resistance to corrosion and wear and therefore find applications in, 
e.g., microelectronics [1], thermal and diffusion barriers [2,3], and 
tooling industry [4]. Cr2O3 is the hardest among the common oxides 
with a value of 29.5 GPa [2]. It also shows very good mechanical, 
optical, and chemical inertness properties and therefore has been 
extensively used for applications in corrosion protection [3], wear 
protection [4], optics [5], and electronics [6]. Consequently, Cr2O3 
thin films have also been well-investigated regarding the deposition 
and properties [7-11].  

Cr2O3 and α-Al 2O3 are isostructural; both have corundum crystal 
structure (crystallographic space group	R3�c) [18]. Moreover, they 
have similar lattice parameters with mismatch of ~4% [19-23]. 
Therefore, formation of a ternary Al-Cr-O solid solution is probable 
at higher temperatures of > 1200 °C [24,25]. However, deposition of 
thin films takes place at non-equilibrium conditions while the 
extraction of phase diagrams are based on the equilibrium conditions. 
Much effort has been invested in the recent years to synthesis a 
ternary Al-Cr-O solid solution by using physical vapor deposition 
methods at substrate temperatures of 400-600 °C [26-32]. 

Besides the Al-Cr-O solid solutions, ternary nitride thin films of Al-
Cr-N solid solutions have also received attention [33-36]. This is due 
to their high oxidation temperature (~900 °C), which makes them 
beneficial compared to Ti-based alloys in tooling industry. Similar to 
formation of ternaries from two binary systems, a quaternary Al-Cr-
O-N solid solution can also form by a combinatorial approach from 
two ternary Al-Cr-O and Al-Cr-N systems. This is a new approach in 
research and development of new hard coatings and has gained 
interest in industry and academia [37-44]. The simultaneous presence 
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of two non-metal elements in the Al-Cr-O-N thin films can likely 
increase the toughness of the coating by introduction of N-related 
covalent bonds to the pure ionic structure of the oxide. 

Prior to my research work, it had become clear that Al-Cr-O solid 
solutions of corundum structure can form at substrate temperatures of 
500-600 °C. There was also a patent on industrial synthesis by 
cathodic are deposition of (Al1-xCrx)2O3 films, without a determined 
crystal structure [45]. This Thesis presents the cubic structure of such, 
Al-Cr-O solid solutions. Also, original studies of the detailed process-
structure-property relations in thin films of the ternary Al-Cr-O and 
quaternary Al-Cr-O-N materials systems are presented. 

1.2   SCOPE AND OBJECTIVES  

This thesis work has been inspired by scientific challenges on the 
understanding of thin film synthesis and structure of complex oxides 
and oxynitrides. The objectives are to understand the formation of Al-
Cr-O solid solutions at substrate temperatures as low as 450 °C and 
below, incorporation of high level (> 75 at. %) of Al in the deposited 
films, and thermal stability of the synthesized coatings when used in 
real cutting tool applications. The technological drive is to use oxide-
based coatings to push the limits of tool life and productivity by 
offering better chemical inertness for high-temperature applications, 
compared to present nitride-based coatings. My research strategy is to 
develop physical vapor deposition methods for ternary Al-Cr-O and 
quaternary Al-Cr-O-N solid solution thin films. These are reactive 
radio frequency magnetron sputtering and cathodic arc evaporation 
techniques. The microstructure and mechanical properties of the films 
have been characterized using different techniques of x-ray 
diffraction, electron microscopy and hardness and cutting 
performance tests in the as-deposited state and after thermal 
annealing. The structural variations of the films occurred during the 
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depositions and annealing experiments are calculated using modeling 
techniques in density functional theory.  

1.3   OUTLINE OF THE THESIS  

The thesis begins with chapters that present the research problem, 
materials system, deposition methods, and characterization methods. 
The major findings and my overall contribution to the field are then 
discussed. The results are presented in the form of scientific papers 
submitted for publication in peer-reviewed international journals. 

In Paper 1, the discovery of a cubic structure rather than the well-
established corundum one is reported for the Al-Cr-O solid solutions. 
Heat treatment studies of the magnetron sputtered cubic Al-Cr-O 
films together with the calculation of activation energy for the phase 
transformation process are presented in Paper 2. Paper 3 describes 
the results of a comprehensive study on cathodic arc deposition and 
application of Al-Cr-O-N thin films. In Paper 4 the experimental 
conditions resulting in industrial cathodic arc deposition of cubic and 
corundum Al-Cr-O thin films are investigated. Finally, the theoretical 
calculations of the structure of the newly reported cubic phase of Al-
Cr-O thin films are presented in Paper 5.  
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2.  CHOICE OF MATERIAL SYSTEMS 

This chapter presents the different oxides and oxynitrides that are the 
subject of my research.  

2.1   Al2O3 AND Cr2O3 

Aluminum oxide (alumina; Al2O3) exists in several polymorphs; 
different crystal structures with an identical chemical formula of 
Al 2O3. Besides the thermodynamically stable α-phase (called 
corundum) at room temperature and atmospheric pressure, there are 

thermodynamically metastable phases of γ and η in cubic symmetry, 

δ and κ in Tetragonal-Orthorhombic symmetry, and θ and λ in 
monoclinic symmetry. Some of these polymorphs in metastable 

alumina (e.g., γ-alumina) have found applications in industry as 
catalysts and adsorbents due to their high surface area and catalytic 
activities. α-Al 2O3 is a suitable choice of material for the applications 
carried out in harsh and corrosive environments as well as at high-
temperatures. Therefore, it has been desirable to deposit the Al2O3 
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films in this thermodynamically stable α-phase rather than those 
metastable polymorphs [1-5]. 

Chromium oxide (chromia; Cr2O3) has only the thermodynamically 
stable form called eskolaite with the same crystal structure as α-
Al 2O3. Cr2O3 is known as the hardest among the common oxides with 
a hardness of 29.5 GPa [6]. It has a wide range of applications in 
corrosion protection, wear resistance, electronics and optics [7-10]. 
The Cr2O3 coatings have also been well-investigated in terms of their 
deposition, characterization, and properties [11-15]. 

Corundum crystal structure of α-Al 2O3 and Cr2O3 has the 
crystallographic space group	R3�c. In this structure, oxygen atoms 
form a semi-hexagonal close packed (hcp) sublattice in which Al/Cr 
atoms are placed in two-thirds of the octahedral sites [16]. The top 
view of corundum structure (figure 2.1.b) shows the semi-hcp 
structure of oxygen atoms. The side view of structure shows the 
presence of 18 O and 12 Al/Cr atoms. It is important to note that the 

primitive cell of α-alumina has a rhombohedral lattice with a basis 
that consists of 6 O and 4 Al atoms, but it is more convenient to show 

the structure as hexagonal shown in figure 2.1. α-Al 2O3 and Cr2O3 are 
close in their lattice parameters in a way that a and c values in their 
corundum structure differs for 4% and 4.7%, respectively [17,18]. 
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(a)                                     (b)                                         (c) 

Figure 2.1 (a) perspective, (b) top, and (c) side views of schematic illustration of 
corundum crystal structure in which big and small circles represent oxygen and 
metal (Al in alumina and Cr in chromia), respectively. 

2.2   TERNARY Al-Cr-O SYSTEM  

2.2.1   THE PSEUDO-BINARY PHASE DIAGRAM OF Al2O3-
Cr2O3  

Figure 2.2.a shows the pseudo-binary phase diagram of Al2O3-Cr2O3 
at the thermodynamically equilibrium conditions of room temperature 
and atmospheric pressure [19-21]. According to this phase diagram, 
the solid solution of Al-Cr-O (marked by (Al,Cr)2O3(ss)) exist for the 
whole range of compositions if the temperature is above 1250 °C. 
Below this temperature and for the compositions with molar fraction 
of Cr2O3 < 0.8, the solid solution area is limited by a dashed line (or 
full line at higher pressures). This line is the boundary of miscibility 
gap area and separates the solid solution from the phase separated Al-
rich and Cr-rich regions. A miscibility gap occurs if two elements or 
phases form an endothermic solid solution, i.e., when the difference 
in the enthalpy of system before and after the mixture, ∆Hmix, has a 

positive value (i.e., ∆Hmix > 0). We know that the Gibbs free energy, 
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∆G, of a system is defined as ∆H - T∆S in which, ∆S is the difference 

in entropy. At high temperatures, T∆Smix is a large term and therefore, 

∆Gmix becomes negative meaning that the solution is 

thermodynamically stable. At low temperatures, T∆Smix is small and 

therefore, ∆Gmix becomes positive for a certain range of 
compositions; meaning that solid solution is not anymore 
thermodynamically stable. In a miscibility gap, there is a region in 
which the Gibbs free energy curve has a negative curvature, i.e., 

022 <dxGd  (Figure 2.2.b). This region is called chemical spinodal 

and upon cooling, one-phase alloys with a composition falling in this 
region may undergo a phase transformation named spinodal 
decomposition. Spinodal decomposition is an up-hill process in which 
the alloy components move toward the higher concentrations [22]. 
Spinodal decomposition in the Al2O3-Cr2O3 system was observed by 
Schultz and Stubican for a powder-metallurgy prepared (55 mol% 

Al 2O3-45 mol% Cr2O3) solid solution of α-(Al 1-xCrx)2O3 annealed at 
temperature of 800 °C [23].  In this thesis, annealing of the Al-Cr-O 
films is performed and reported in Papers 2 and 4. The results show 
that the annealing of corundum Al-Cr-O solid solution films does not 
result in a phase separation to the binary Al2O3 and Cr2O3 by spinodal 
decomposition. This is likely to be due to the limitation in increasing 
the annealing temperature to > 1100 °C and more. On the other hand, 
it is predicted that the spinodal decomposition occurs if the annealing 
temperature is increased to temperatures above the dashed line in 
figure 2.2.a; i.e., 1250 °C and above where the alloy is in one-phase 
solid solution region. This, however, was not practical in this thesis 
due to the melting of Co in the substrate at temperatures > 1100 °C. 
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                                        (a)                                                        (b) 

Figure 2.2 (a) Pseudo-binary phase diagram of Al2O3-Cr2O3; adopted from [19], 
and (b) Gibbs free energy of an alloy falling in a spinodal region; redrawn from 
[22]. The single phase region at 1 bar is marked by α-(Al 1-xCrx)2O3(ss) in (a). By 
increasing the pressure, the miscibility gap moves toward the lower temperatures. 

2.2.2   MIXING OF Cr IN Al2O3  

For several years, the deposition of α-Al 2O3 thin films has been 
performed by using chemical vapor deposition (CVD) method at 
temperatures of 1000 ◦C and more [24]. This range of substrate 
temperature is too high for a variety of substrates, e.g., polymeric-
based materials like plastics and high speed steels. Therefore, to 
decrease the deposition temperature in CVD method, several attempts 
have been performed; e.g., plasma-assisted CVD to deposit the α-
Al 2O3 coatings at temperature of ~600 °C [25,26]. In this technique, 
the energetic particles present in the plasma bombard the growing 
film. This provides the required energy for the growth of corundum 
phase in a decreased process temperature [27]. 
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Along with CVD, many efforts have been done to deposit the α-Al 2O3 

films by using different techniques of PVD at lower substrate 
temperatures. Techniques like magnetron sputtering [28-32] and 
cathodic arc deposition [33-35] were employed to deposit the α-Al 2O3 
films at substrate temperatures of ~500-700 °C. In majority of these 
works, a seed layer has been used as a facilitator for the lower-
temperature deposition of corundum phase in the functional α-Al 2O3 
film. The Cr2O3 layer was either deliberately deposited from a source 
or formed as a result of the oxidation of the Cr-containing substrate. 
Cr2O3 films can be deposited at substrate temperatures of 400 °C and 
lower, which is remarkably lower compared to α-Al 2O3 films. The 
low-temperature deposition of Cr2O3 films is likely due to the absence 

of metastable phases like γ, κ, etc., which are present in the case of 
Al 2O3 (section 2.1). In this regard, Cr2O3 layer is employed as a pre-
deposited template to provide the nucleation site for continued growth 
of isostructural α-Al 2O3  through a coherent interface/boundary at 
lower substrate temperatures [17, 36-38].  

In a different approach, several efforts have been made for low-
temperature deposition of corundum phase through alloying of Cr2O3 

and Al2O3 by forming a (AlxCr1-x)2O3 solid solution [39-44]. This is 
supported by the fact that Cr2O3 and α-Al 2O3 have small lattice 
mismatch of about 4% and 4.7% in their a and c axes in corundum 
structure, respectively. 

Here, solid solutions of Al-Cr-O thin films have been deposited in 
two different crystal structures of cubic (Papers 1, 2, and 4) and 
corundum (Paper 4). The cubic films deposited at substrate 
temperature of 400 °C by magnetron sputtering are most likely 
vacancy-stabilized solid solutions, which are also reported by Ref. 
[45]. The corundum films are deposited by cathodic arc deposition at 
600 °C. 
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2.3   QUATERNARY Al-Cr-O-N SYSTEM  

Thin films of quaternary Al-Cr-O-N solid solutions can be formed by 
alloying of Al-Cr-O and Al-Cr-N material systems. Al-Cr-N films 
have been recently used in several applications like fuel cells and 
tooling industry. In the latter case, they have shown to have superior 
properties compared to the Ti-based nitrides. This is mainly due to the 
formation of aluminum and chromium oxynitrides on the surface, 
which eventually prevents the further diffusion of the oxygen to the 
underlying layers of the tool [46,47]. Also, the solubility of CrN in 
AlN results in the formation of Cr-Al-N solid solutions with super 
hardness (values of ~ 40 GPa). The hardening mechanism in such 
alloys is explained as pinning of dislocations by the dissolved Al/Cr 
atoms in the lattice [48-50]. 

The ternary Al-Cr-O and Al-Cr-N thin films are only different in their 
non-metal elements; i.e., O and N, which are placed next to each 
other in the periodic table of elements and have different valency. 
Therefore, in order to maintain the electroneutrality of the material 
during e.g. introduction of O atoms in Al-Cr-N, two nitrogen atoms 
have to be replaced by three oxygen atoms (2��	 
 3��	). An 
alternative to that is to reduce the negative charge by creation of 
cation vacancies (��	  ��� 
 ��	  ���

�	  �1 � �����) [45]. 
The latter approach is likely the case in the arc deposited Al-Cr-O-N 
films in Paper 3, in which solid solution of cubic phase is observed. 

Reviewing the nature of the bonds in ternary oxide and nitrides 
encourages that quaternary Al-Cr-O-N solid solution can be 
advantageous. This is in terms of having the simultaneous presence of 
ionic and covalent bonds, which are respectively formed by oxygen 
and nitrogen atoms. A material with such ionocovalant structure is 
likely to be tougher compared to the majority of hard oxides with a 
purely ionic structure, as previously observed for Al-Ti-O-N films 
[51-53]. The incorporation of covalent bonds in Al-Ti-O-N films had 
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increased the wear resistant and hardness of the coatings. The effect 
of covalent bonds in this process is attributed to the fact that they are 
highly directional and can affect the deformation mechanisms. 
Examples of hard materials with covalent bonds are diamond (purely 
covalent) and c-BN (dominantly covalent) [54]. In this thesis, Al-Cr-
O-N thin films are deposited by cathodic arc deposition technique in 
Paper 3.  
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3.  DEPOSITION AND GROWTH OF THIN FILMS 

The deposition of thin films can be done by several techniques, which 
can be categorized in three major families of (1) physical, (2) 
chemical, and (3) hybrid methods. In this thesis, the focus is entirely 
on physical methods, although chemical methods are touched for 
comparison. Hybrid methods are combinations of physical and 
chemical methods; a plasma discharge is used for activation of the 
chemical deposition processes. This family is widely used in 
deposition of inorganic and polymer thin films. A more detailed list 
of these processes and methods can be found in Refs. [1-3]. 

3.1   PHYSICAL VAPOR DEPOSITION  

Chemical vapor deposition is based on the formation of chemical 
bonds between the source species in precursor and dangling bonds of 
the atoms present at the substrate surface. In contrast, PVD methods 
are generally purely physical processes (reactive PVD techniques are 
exceptions).  
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In the deposition of thin films by PVD, the first step is to transform 
the deposition source from its solid or liquid state to the gas/plasma 
phase. Depending on the mechanism in which the source material 
changes its state, two important PVD techniques are defined here; 
sputtering, in which the source atoms are ejected by collisional 
impacts and (cathodic) arc deposition, in which source material 
transfer directly to the plasma state as a result of high-current low-
voltage arcing occurred on its surface. The deposition source is called 
target in sputtering and cathode in arc deposition. Both techniques 
are discussed in details in sections 3.2 and 3.3. The second step in 
thin film deposition by PVD is the transport of the species from the 
vicinity of source to the surface of substrate where we would like the 
film to grow. As the third and final step, the arrived atoms on the 
substrate surface contribute in the growing film resulting in 
completion of the thin film deposition process [4,5]. 

One of the main advantages of PVD method over CVD is the low 
range of temperatures needed for formation of majority of desired 
phases. This is, as mentioned earlier, due to its physical nature. On 
the contrary, CVD demands a high range of temperatures by which 
the required energy for the formation of new bonds via chemical 
reactions is provided [6]. This is not suitable for majority of 
substrates, which cannot tolerate such high process temperatures, e.g., 
steels in CVD deposition of α-alumina coatings in tooling industry. 
Instead, a number of techniques in PVD method can be employed. 

3.2   THIN FILM DEPOSITION BY REACTIVE MAGNETRON 

SPUTTERING 

3.2.1   SPUTTERING PROCESS 

Sputtering is a process in which the atoms of a liquid or solid target 
are bombarded by energetic particles, e.g., ions. If the kinetic energy 
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conveyed to the atoms is larger than their bonding energies, the 
bombarded atoms will be ejected. On the other hand, they go from 
liquid or solid state to a gas phase, known as vapor. In addition to the 
ejected atoms, several other species are also emitted from the target 
surface such as secondary electrons, reflected ions and neutrals 
(figure 3.1) [7].  

The level of the kinetic energy provided by the bombarding ions is a 
determining factor in sustaining the sputtering process and therefore, 
governs the following events; the ions can be reflected back, scatter, 
sputter the target atoms, absorb, or get buried in the underlying 
surface layers. In this regard, the ions with kinetic energies below 10-2 

eV (which is the thermal energy kBT at room temperature) will stick 
to the target surface. Increasing the ion energies to 20 eV results in 
the lowest possibility of sticking to the surface, i.e., the ion will not 
absorb to the target surface. Further increase in ion energy (> 104 eV) 
results in ion implantation, which is not favored in sputtering 
processes. Therefore, the ion energies in the range of 20-104 eV will 
most likely result in sputtering of target atoms [8].  

 

Figure 3.1 schematic illustrations of the possible events occurring during the 
sputtering process at the target surface upon impinging the energetic ions. 
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3.2.2   SPUTTERING YIELD 

Sputtering yield is defined as the ratio between the number of atoms 
removed from and the number of ions bombarding the surface of a 
target during a sputtering process. Sputtering yield is a measure of the 
efficiency of the sputtering and can depend on several parameters like 
energy of bombarding ions and target materials. Regarding the latter, 
sputtering yield varies periodically with the atomic number of 
elements; yields increase consistently as the d shell of elements are 
filled. Cu, Ag, and Au have the highest sputtering yields among the 
other elements in their respective periods in the table of elements [9]. 
Sputtering yields of 10-1 to 10 is characteristic for most of the 
practical sputtering processes [10]. 

3.2.3   ORIGIN OF THE ENERGETIC PARTICLES 

The initiation of sputtering requires the presence of ions. This can be 
done by two approaches. The first and more straightforward one is 
using an ion gun, which is pointed toward the target surface and can 
produce the needed number of ions in sputtering process. This, 
however, is not a preferred method in large-scale and industrial 
applications and is mostly used in characterization techniques like 
secondary ion mass spectroscopy (SIMS). A second approach is 
taking advantage of plasma [11]. The nature of plasma is briefly 
described in the following section. 

Figure 3.2 is a drawing of a typical sputter deposition system in 
which target, substrate, and plasma are schematically shown. The 
chamber is pumped down to a base pressure of the order of 1×10-4 Pa 
and the target has a negative applied potential of a few hundred 
volts1. Such voltage difference between anode and cathode then 

                                                 
1 This is true if a confining magnetic field (magnetron sputtering) is present. 
Otherwise, several kV are required. 
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results in formation of an electric field. When sputtering gas (e.g., 
argon) flows into the chamber, a free electron inside the gas created 
by, e.g., thermal radiation is affected by the electric field and 
accelerates toward the anode. It gains energy which results in 
ionization of any Ar atom it collides with in the gas as follow: 

e- + Ar -> 2e- + Ar+ 

The generated electrons can now ionize new Ar atoms. In addition, 
the Ar+ ion is now accelerated toward the cathode and upon collision, 
a number of species including secondary electrons are emitted. The 
secondary electron along with the others generated inside the gas will 
ionize more Ar atoms. These ions are again attracted by the negative 
potential of the target and bombard the surface. This cycle repeats, 
which results in a stable plasma [12]. 

 

Figure 3.2 Schematic drawing of a sputtering deposition chamber. 
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3.2.4   PLASMA 

The term plasma was first introduced by Irving Langmuir in 1929 
[13]. Soon after him, it was realized that this state of matter is 
different than the other known states of gas, liquid, and solid. 
Therefore, it was called the fourth state of matter which was supposed 
to be rare. However, it is known nowadays that 99% of the known 
universe is in plasma form [14]. 

By definition, plasma is a collection of charged particles and is on the 
average electrically neutral [15]. The charged particles consist of 
positive ions and negative electrons with a total number of ~108-1014 
cm-3 in industrial applications. In plasmas, electrons have much 
higher mobility compared to ions, which is due to the large difference 
in mass. Therefore, electrons accumulate on the substrate surface 
which is the anode. It causes the plasma to obtain a positive potential 
and consequently every other object in plasma, e.g., the substrate, 
obtains negative potential. Finally, the substrate repels the further 
coming electrons, which results in an equal flux of electrons and ions. 
The potential of this surface is known as floating potential, Vf [16]. 
This potential causes the bombardment of substrate with positively 
charged ions. The level of substrate bombardment can be increased if 
it is biased with a bias voltage.  A negative bias voltage attracts more 
positive ions toward the substrate, i.e., the substrate (growing film) is 
bombarded with highly energetic ions. This results in the transfer of 
energy to the deposition species providing higher mobility for them 
resulting in a denser film. Figure 3.3 shows the plasma ignited in the 
deposition system used in this study.   
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Figure 3.3 The deposition process seen through a glass window in the chamber’s 
wall. Plasma, 2-inch-magnetrons (cathodes) and substrate (anode) are marked in the 
image. 

3.2.5   MAGNETRON SPUTTERING 

The conventional sputtering process is no longer of interest in the 
deposition of thin films, which is due to its relatively low deposition 
rate (hundreds of Å/h for most materials). On the other hand, it is not 
an efficient technique for industrial applications in which, having 
high deposition rates (> 1-2 µm/h for e.g., tooling industry) are of 
great importance. In addition, the process suffers from the need for a 
quite high working pressure (in a range of a few Pa) in order to 
sustain the discharge.  

One main reason for the necessity of high working pressure is the 
inability of keeping the (secondary) electrons in the vicinity of target. 
In non-magnetron sputtering, the electron trajectories are defined only 
by the electric field between the cathode and anode. Therefore, they 
can get accelerated over the cathode sheath and move toward the 
anode at high velocities.  

The solution was first introduced in the middle of 1970s by 
introducing a complementary process called magnetron sputtering 
[17,18]. In this method, electrons are confined to the vicinity of target 
by a magnetic field. The magnetic field is formed by using two sets of 
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magnets arranged with different N and S poles in the back of target 
plate (figure 3.4.a). Then, the magnetic lines formed in between the 
two poles do not let the secondary electrons escape from the 
neighborhood of target (or keep them confined for longer time). As a 
result, the number of collisions between the secondary electrons and 
gas atoms increases resulting in higher level of gas ionization. 
Therefore, target is bombarded by additional number of ions and 
sputtering rate increases, resulting in significant raise of deposition 
rate at substrate [19].  

Depending on the design of the magnetron, the strength of the central 
magnet can be the same as or different from the outer ring of 
magnets. If they are the same, the magnetron is called balanced 
(figure 3.4.b) in which all of the magnetic lines from outer magnets 
end up in the central magnet or vice versa (although in practice, no 
magnetron is completely balanced). If the strengths of the magnets 
are not the same in the center and the outer ring, the magnetron is 
called unbalanced and is the type used for deposition of the films in 
Paper 1 and Paper 2 (figure 3.4.c). One main difference between the 
balanced and unbalanced magnetrons is the effect of their magnets’ 
arrangement on how the plasma is spread in the chamber between the 
target and substrate. In a balanced magnetron, the plasma is confined 
to the areas close to target (< 6 cm) and therefore, it is dense. This is 
often not good because if the film growth takes place within this 
distance, the growing film is subjected to a lot of ion bombardment in 
such dense plasma resulting in many defects such as buried positive 
ions, inconsistency of crystal structure, interstitials, etc., in the film. 
On the other hand, the substrates out of this distance will experience a 
very low deposition rate due to the low plasma density.  To solve 
these problems, using an unbalanced magnetron can help because the 
plasma is less dense and the deposition rate is higher where the 
substrate is placed [20,21].  



3 DEPOSITION AND GROWTH OF THIN FILMS 
 

29 
 

 
(a)                                         (b)           (c) 

Figure 3.4 Schematic drawings of (a) top view from the arrangement of magnets 
placed in the back of target plate, and the side views of the magnetic lines in a (b) 
balanced and (c) unbalanced cylindrical magnetron. 

3.2.6   REACTIVE SPUTTERING 

By definition, reactive sputtering is the sputtering of an elemental 
target in the presence of a gas (known as reactive gas) that will react 
with the target material to form a compound [22]. In this context, all 
the sputtering processes can be reactive since there will be always 
residual gases in the deposition chamber that can react with the 
sputtering material. However, the concept of reactive sputtering is 
normally used only if a reactive gas is intentionally added to the 
deposition atmosphere. Reactive sputtering has been used in this 
study to deposit the ternary Al-Cr-O oxide thin films in Papers 1 and 
2. 

An alternative to reactive sputtering in deposition of compound films 
such as oxides or nitrides is sputtering from a compound target in an 
ambient of a noble gas like argon. In spite of having less complexity 
compared to reactive sputtering, this process is not a preferred one in 
a majority of industrial applications. One reason is that the formation 
of compound targets in a vast range of compositions might not be a 
practical task. Also, in magnetron sputtering processes, target is 
mainly noted as cathode which should be conductive, however some 
compounds like oxides are not conductive materials. The most 
probable drawback of compound targets in magnetron sputtering is 
their low sputtering yields. A vast range of compound targets have 
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higher surface energies compared to elemental ones. Therefore, 
higher level of energy is needed for breaking the bonds resulting in 
less available energy for sputtering of the target atoms. As a result, 
deposition rates are decreased, which is probably not tolerated in a 
high-mass-production application in industry. 

Over the years, many good studies and reviews on reactive sputtering 
process are performed which are mostly devoted to the reaction of 
target and reactive gas (e.g., see [23-26]). This is crucial because the 
amount of reactive gas flow has a direct consequence on the 
stoichiometry of films, deposition rates, etc. It is explained by 
hysteresis effect. 

When a reactive gas (here oxygen) enters the chamber at low flows, it 
reacts with all free surfaces such as chamber walls and substrate and 
form oxides with the materials sputtered from target(s). Therefore, 
oxygen does not experience any change in its partial pressure until a 
certain flow (point A in figure 3.5). At this point, all the possible 
surfaces for getter pumping are covered with oxide compounds. 
Therefore, any further increase in the oxygen flow results in the 
formation of an insulating layer of oxide on top of the target leading 
to a rapid increase in the partial pressure of oxygen. This is the 
beginning of a transition region from a fully metallic target at point A 
to a fully poisoned target at point B. At this point (i.e., point B), the 
whole target surface is covered with a layer of oxide which has a 
quite lower sputtering rate than metallic target; leading to a 
remarkable drop in deposition rate. The region in between points A 
and B is called transition region in which one would like to perform 
the reactive sputtering process. By using partial pressure control 
system, it is fully possible to sustain the deposition process in the 
transition region [22]. Further increase in the oxygen flow at point B 
results in increasing of partial pressure in a linear relation with its 
flow. Upon the decreasing of oxygen flow, as shown in figure 3.5, 
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partial pressure of oxygen does not return to its low values right away 
after point B and remains large enough for the formation of oxide 
layer until point C is reached. At this point, the oxide layer on top of 
the target is penetrated, which results in a higher sputtering yield from 
the metallic areas on target. More sputtered materials means more 
getter pumping of oxygen and therefore, decrease in the partial 
pressure of oxygen to point D. The loop formed by the points A, B, C, 
and D is called hysteresis loop and shows the complex behavior of 
reactive gas partial pressure vs. flow in a reactive sputtering process 
[26]. 

 

Figure 3.5 Schematic drawings of Hysteresis effect in reactive sputtering 
deposition caused by target poisoning [22]. © Elsevier, reprinted with permission. 

3.2.7   RADIO-FREQUENCY MAGNETRON SPUTTERING  

So far, direct-current magnetron sputtering (DCMS) has been 
discussed. In DCMS, target and substrate function as cathode and 
anode, respectively, and remain fixed during the process. Running a 
process based on this setup is suitable only if the target materials are 
all conductive and can remain conductive during the process. For the 
deposition of electrically non-conducting films like most oxides and 
many nitrides, DCMS cannot be used since a build-up of charge takes 
place on the insulating layer on target surface and arcing happens. 
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Generation of arcs is not desirable here and can terminate the glow 
discharge in the deposition chamber. 

Instead, other magnetron sputtering methods such as radio frequency 
(RF) and pulsed DC are usually employed. In RFMS, a high-
frequency (13.56 MHz or a multiple of that) power source is applied 
between the substrate and target. As a result, electrons which are so 
light will respond instantaneously to the change of the electric field 
between the two electrodes. The positively charged ions, however, 
cannot respond so quickly and therefore, the electrode gain a net 
negative charge. In order to maintain charge neutrality during each 
cycle, the whole RF waveform shift toward the positive voltage for 
less than 1% of the whole RF period. During this very short time, the 
electrodes are under positive voltage and attract the electrons. This 
result in sustaining the electric conductivity of the electrode during 
the deposition process [27-29].  

There are also a number of drawbacks with RF sputtering such as 
lower deposition rates and complexity of the system which requires 
impedance-matching networks and expensive power supplies [30].  

3.2.8   REACTIVE RF MAGNETRON SPUTTERING 

The deposition of Al-Cr-O films in Paper 1 and Paper 2 was 
performed by reactive RFMS in a UHV deposition system named 
Jessie. The system is located in the Thin Film Physics Laboratory at 
Linköping University. Figure 3.6.a shows the deposition system and 
its load lock (on the left). The schematic drawing of the chamber and 
the magnetrons are presented in figure 3.6.b. This system can host up 
to 4 targets mounted simultaneously on the magnetrons, which are 
30° tilted with respect to the vertical axis. Also, the substrate-
magnetron distance is 14 cm. The 5-cm-diameter Cr (top) and Al 
(bottom) targets are also depicted in figure 3.6.c. It shows the location 
of the race track on the targets, which is located between the inner 
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column and outer ring of magnets in the schematic drawing in figure 
3.4.a. The substrate is located at the end of the tube which directs the 
Cu and k-type thermocouple wires into the chamber. The Cu wires 
are then connected to a ceramic plate, which is heated resistively 
when the current is applied on the wires. Increasing the temperature 
on this plate results in heating up the substrate, which is located 1 
centimeter away. The temperature on this holder can go up to a 
maximum of 1100 °C and is measured by a k-type thermocouple. The 
substrate holder can rotate with adjustable speeds to provide a film 
with uniform thickness. The 99.999999%-pure Ar and O2 gases can 
flow into the chamber at the vicinity of targets and substrate, 
respectively. The chamber has always pumped down to a base 

pressure of ~1×10-8 Torr prior to each deposition. To measure the 
pressure of the chamber in different stages of deposition process, 
Pirani, ionization, and capacitance monometer gages were used.  

 

 

Figure 3.6 (a) the UHV system named Jessie used for the deposition of Al-Cr-O 
films in Paper 1 and Paper 2, (b) the schematic drawing of the chamber and 
magnetrons, and (c) 5-cm-diameter Cr (top) and Al (bottom) targets. 
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3.3   THIN FILM DEPOSITION BY CATHODIC ARC DEPOSITION 

3.3.1   WHAT IS AN ARC? 

Arcs are by definition low voltage (tens of volts), high current (tens to 
hundreds of amps) electrical discharges, which are generated between 
two electrodes [31]. The medium by which the arc current is 
transported between the electrodes is normally insulating. One 
common example of arcs in nature is lightning. Here, clouds and the 
earth’s surface functions as the electrodes and the moisturized 
atmosphere is the insulating medium. In thin film technology, arcs 
take place in vacuum chambers and therefore are called vacuum arcs. 
This might be a paradox because if a vacuum exists, there can be no 
arc and vice versa. However, arcs in this context mean those 
generated and sustained by material from a cathode in an environment 
than would otherwise be a vacuum [32]. Two types of arcs are 
employed in the deposition of thin films; Anodic and Cathodic arcs. 
In anodic arcs, the deposition takes place by using a source material 
under positive bias; i.e., an anode [33-35]. In this thesis, the focus is 
entirely on cathodic arcs and their implication in thin film deposition.  

3.3.2   CATHODIC ARC DEPOSITION 

Cathodic arc deposition is a method used widely industrially. In this 
method, arcs are employed to generate a vapor from the cathode, 
which is made out of desired material(s) to be deposited on a 
substrate. This vapor mainly consists of ions and microdroplets. Here, 
from the standpoint of film deposition, ions are desired species while 
microdroplets are of a major concern and can end up as 
microparticles in the growing film. The ions and electrons in the 
vapor transfer the electric charges from cathode to anode, which 
results in a closed electrical circuit. This is due to the fact that, in 
contrast to the arcs spanning the distance between the electrodes; e.g., 
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in lightning, the arcs in cathodic arc deposition are confined to the 
vicinity of cathode. The typical voltages of these arcs are in the range 
of 15-50 V. Their current, however, is varied between 30-400 A in a 
DC-powered and exceeding 1000 A peak current in a pulsed DC-
powered process [36]. 

The ignition of arcs in the beginning of the process is mainly carried 
out by using a mechanical striker, which is usually made of 
molybdenum. The striker connects for a very short time to the 
cathode and creates a high-voltage pulse, resulting in ignition of the 
plasma. Subsequently, the plasma is sustained by generation of tiny 
arcs on a few square micrometers on the cathode surface named as the 
cathode spot. The generated arcs extinct in the time scale of 1-10 
nano-seconds. Upon the extinction of these arcs, new ones are 
generated due to their lower resistivity compared to the preceding hot 
arcs. A continuous repetition of this process results in a random 
movement of arcs on the surface of cathode. The new arcs occur at 
sharp areas of target surface where the electric field of target is 
concentrated. The electric field attracts the present ions in the plasma, 
resulting in bombarding and heating the cathode spot. The 
combination of the field and heat leads to tunneling of electrons, 
extreme heating and explosion producing jets of highly ionized 
plasma. 

A cathodic arc deposition is mainly characterized by an emitted 
vapor, which can be up to 100% ionized. These ions are multiply 
charged and have high level of kinetic energy of the order of 10-100 
eV (in case of Al ions ~ 40 eV [37]). This, in contrast to sputtering in 
which almost all (> 99%) the emitted species to be deposited are 
neutral atoms, can make substantial effects in the growing film. 
Firstly, the ion flux in the plasma is charged and therefore, can follow 
a pre-defined path by e.g., a biased substrate or a magnetic field 
induced from a coil. It is beneficial in coating the substrates, which 
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are complex in shape; possibly not-practical by sputtering processes. 
Secondly, multiply-charged high-energetic ions in arc process can 
transfer a considerable amount of kinetic energy to the growing film, 
resulting in increased lateral ion mobility and therefore, a denser 
microstructure with less porosity and imperfections. In sputtering 
processes, the lack of sputtered material ions are being attempted to 
solve by developing processes like high power impulse magnetron 
sputtering (HiPIMS), in which up to 90% of the sputtered material 
can be ionized [38]. Using ionized-PVD methods like HiPIMS can 
probably solve the problematic microparticles present in arc process, 
described in the following section.  

3.3.3   MICRODROPLETS AND MICROPARTICLES 

The numerous number of arcing spots occurring on the cathode 
surface results in the formation of a molten pools in micron scale, 
which can emit several microdroplets in liquid state into the plasma. 
The microdroplets can then reach the substrate, stick to and contribute 
in the growing film, forming microparticles which are submicron to 
several micrometers in diameter. They also cause local shadowing, 
which results in formation of relatively large voids and porosities in 
the film. The presence of microparticles is the most limiting factor in 
further use of cathodic arc deposition technique for specific 
applications (like semiconductors). Figure 3.7 shows the presence of 
these microparticles in plan-view and cross-sectional SEM 
micrographs recorded from an Al-Cr-O film.  

The size and distribution of the microdroplets is primarily affected by 
the cathode’s material. As a rough generalization, materials with high 
melting points generate higher level of ions and electrons but fewer 
and smaller microdroplets. The other parameters like gas pressure, arc 
current, and system geometry also affect the microdroplets. For 
example, increasing the reactive gas pressure in the chamber results 
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in generation of fewer droplets, which is due to the formation of 
compounds with higher melting points on the target surface [39].  

There are a number of methods proposed for reducing the number of 
produced microparticles during the cathodic arc deposition process, 
as follows [40]: 

• Low-angle shielding of cathode. Most of the microparticles 
are emitted at angles lower than 30° with respect to the target 
surface. This is probably due to their higher mass compared to 
the other plasma species. 

• Increasing the arc speed on the cathode surface by using 
magnetic field. In this way, the arcs are moving faster (i.e., 
extinguish faster) on the cathode surface and melt lower 
volume of material, which later explodes as arcs.  

• Microparticle filtering. This is based on guiding the plasma in 
a non-linear route toward the substrate by using an 
electromagnetic field of the order of 0.01-0.1 T. The 
microdroplets, in contrast to electrons and ions, are not 
charged and therefore, will not follow the non-linear path to 
the substrate. Microparticle filtering is not a commonly 
preferred method in industrial production units. This is 
primarily due to difficulties in designing appropriate filtering 
geometries in industrial arc systems. Also, filtering of arc-
generated plasmas results in very high-ratio ion to neutral 
plasmas, which can cause a high level of residual stress in the 
growing films. Another main reason for not using filtering 
method is the considerable reduction in deposition rate, which 
is of great importance for industry. 
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Figure 3.7 The microparticles in the (a) plan-view and (b) cross-sectional SEM 
micrographs of an Al-Cr-O film deposited by cathodic arc deposition technique 
(Paper 4).  

3.3.4   CATHODIC ARC DEPOSITION OF Al-Cr-O AND         

Al-Cr-O-N FILMS 

The depositions of Al-Cr-O-N (Paper 3) and Al-Cr-O (Paper 4) films 
were performed in two separate industrial cathodic arc deposition 
systems, for which their schematic drawings are given in Fig. 3.8. 

For the deposition of oxynitride films a Metaplas MZR323 deposition 
system was used (figure 3.8.a). In this system, up to six circular 63-
mm-diamater cathodes in two opposing columns on the sides of 
chamber can be placed. The substrates were then fixed on the one-
fold rotational holder in five different levels shifted vertically with 
respect to each other. This configuration makes it possible to deposit 
films in one run with different compositions, if different targets are 
employed (as was the case in Paper 3). The substrates were heated to 
the desired temperature using the resistive heating elements located 
on the chamber wall. Using different reactive gas flows of N2/O2, 
oxynitride films with different compositions were deposited. 

Al-Cr-O films were also deposited in an industrial arc deposition 
system in which, up to sex circular 160-mm-diameter cathodes in 
three columns could be used (Figure 3.8.b). In my depositions in 
Paper 4, up to four cathodes were used for placement of Al/Cr and 
two for elemental Al and Ti sources. The Al and Ti cathodes operated 
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during the deposition of 200-300 nm Al-Ti-N binding layer, while 
Al/Cr cathodes were on during the deposition of functional oxide 
layer. The substrates were also fixed in four levels shifted vertically 
with respect to each other for the compositional considerations.  

 

 

Figure 3.8 Schematic top-view drawings of the industrial cathodic arc deposition 
systems used for (a) Al-Cr-O-N films in Paper 3 and (b) Al-Cr-O films in Paper 4. 

3.4   THIN FILM GROWTH 

So far, the deposition methods of thin films used in this thesis have 
been described. This section deals with the arrival of the species and 
the process of the film growth on the substrate. As shown 
schematically in figure 3.9, this process includes nucleation, island 
growth, coalescence of the islands forming grains, and grain growth. 
The following sections give a brief description of some of these 
phenomena. 
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Figure 3.9 Schematic diagram illustrating different stages of film growth: 
nucleation, island growth, coalescence of islands, and grain coarsening. Adopted 
from [41]. © Elsevier, reprinted with permission. 

3.4.1   NUCLEATION 

The very first stage of thin film growth is nucleation and occurs when 
the atoms arrive on the bare substrate surface and start the growth of 
an island, which is either randomly-oriented (in case of an amorphous 
or polycrystalline non-textured substrate) or has a preferred 
orientation (in case of a textured or single-crystal substrate). This is 
called primary nucleation. A secondary nucleation can take place if a 
number of islands originated as a result of primary nucleation 
coalesce. Therefore, bare substrate surface is provided again and 
nucleation takes place [42].  

One of the determining factors in the nucleation process is the surface 
energies, γ, of the substrate and the film. The difference in the value 

of γ for the substrate and film along with the change in the free 
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energy of system determine the critical size of the nuclei. This is 
called critical size because the generated nuclei can increase in size 
by gaining the newly impinged atoms when is larger or shrink by 
losing the already added atoms when is smaller than. In both cases, 
the reduction in the total free energy of the system is favored.  

In another perspective, further growth of nuclei can take place in 
three different modes of (1) island (or Volmer-Weber), (2) layer (or 
Frank-Van der Merwe), and (3) Stranski-Krastanov. These are 
illustrated schematically in figure 3.10. Islands form if atoms are 
more strongly bound to each other than to the substrate. Therefore, 
the formed nuclei grow in three dimensions by gaining new atoms or 
molecules. Most metals grow in this mode. In contrast, layer mode 
happens if the atoms are more strongly bound to the substrate than to 
the other arriving atoms. This results in a two-dimensional growth of 
the formed nuclei resulting in a monolayer covering the whole 
substrate surface. The next layer is formed on top of the first layer 
and epitaxial growth proceeds. This is observed in epitaxial 
semiconductors. The third mode is a combination of the first and the 
second modes. In this one, after forming one or more layers, the 
growth layer become unfavorable and instead islands form. This is 
more observed in the growth of layers, which have a lattice mismatch 
of 2% and more with respect to the substrate. However, it is possible 
to continue the epitaxial growth in spite of having slightly larger 
lattice mismatches; e.g., continued growth of α-Al 2O3 on Cr2O3 with a 
lattice mismatch of ~4%. The continued growth of corundum 
structure in this case is possible due to the introduction of 
dislocations, which can relax the α-Al 2O3/Cr2O3 interface [43,44]. 
The Stranski-Krastanov growth mode is common in metal-metal and 
metal-semiconductor systems as well as the growth of quantum dots 
[45]. This mode of growth is also observed in the deposition of oxide 
films like BaTiO3 and Ba-Cu-O compounds [46].  
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Figure 3.10 Basic modes of nucleation and growth: (a) island, (b) layer, and (c) 
Stranski-Krastanov. Adopted from [46]. © Elsevier, reprinted with permission. 

3.4.2   CRYSTAL GROWTH 

Upon a successful coalescence of nuclei, a polycrystalline film forms 
which is at its very early stages of growth. The rate of growth at this 
stage depends on the orientation of the crystals. This results in a 
competition among the neighboring crystals, which have different 
crystallographic orientations. This stage of growth is called 
competitive growth, in which the faster growing crystals grow over 
the slower growing ones. This takes place at relatively low 
temperatures where the mobility of atoms located at the grain 
boundaries is not so high and therefore, boundary migration is very 
slow. The final structure has several V-shaped grains and the texture 
of the film is varying over the film thickness. However, at sufficiently 
high temperatures, the boundary atoms gain enough mobility 
resulting in faster grain boundary migrations. During this stage, the 
grain growth takes place laterally. Moreover, a preferred orientation 
is also obtained motivated by minimizing the surface and interface 
energies. The development of these two stages is strongly temperature 
dependent. This is schematically depicted in a structure zone model in 
figure 3.11 [47,48]. Considering deposition parameters other than 
temperature like plasma and ion effects, gas flow and impurities, 
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three dimensional zone diagrams are developed. These diagrams can 
be found in [49-51].  

The ternary Al-Cr-O in Paper 1, 2, and 4, and quaternary Al-Cr-O-N 
films in Paper 3 deposited in cubic structure have a preferred 
crystallographic orientation of (002), while the films deposited in 
corundum structure are polycrystalline and non-textured. 

 

 
Figure 3.11 Structure zone model at various film thickness, adopted from [40].  
© Elsevier, reprinted with permission. 
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4.  CHARACTERIZATION OF THIN FILMS 

Structural, compositional, and mechanical methods were used to 
characterize the films of this thesis. These include x-ray diffraction 
(XRD), scanning (SEM) and transmission (TEM) electron 
microscopy, energy dispersive x-ray spectroscopy (EDX), elastic 
recoil detection analysis (ERDA), and x-ray photoelectron 
spectroscopy (XPS) techniques. Mechanical properties are analyzed 
by nanoindentation and metal cutting tests. Each technique is 
described in the following sections. 

4.1   X-RAY DIFFRACTION  

X-rays are electromagnetic radiations with wavelength of the order of 
10-10 meters. Such small wavelengths of x-rays correspond to 
interatomic distances in the materials and therefore, they can easily 
penetrate matter and probe crystal structures. Moreover, it is a non-
destructive technique. 
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The principle of XRD is based on scattering, which occurs inside the 
matter upon the penetration of the x-rays. Depending on the scattering 
directions, x-rays can either interfere constructively resulting in 
intensity maxima or interfere destructively resulting in intensity 
minima. In a crystal, x-rays are said to be reflected from a set of 
parallel crystallographic planes, which are separated from each other 
equally by interplanar spacing, d. This is shown schematically in 
figure 4.1.a. Figure 4.1.b shows two x-rays that arrive to and reflects 
from the crystal in phase. As shown in this figure, the relative phase 
between these two rays is determined by the path difference of 2dsinθ 
generated as a result of reflecting from two separate parallel 
crystallographic planes. This path difference is equal to the multiple 

of x-ray wavelength, λ. Therefore: 

2� sin � 
 ��,      n=1,2,3, . . . 

in which θ is the scattering angle of the x-rays. This equation is called 

Bragg’s law. In this thesis, the Cu Kα (λ = 1.54 Å) is used as the x-ray 
source to study the films in three different modes; θ/2θ and grazing 
incidence scans and pole figures.  

 

 

Figure 4.1 Schematic drawing of (a) reflecting x-rays from parallel 
crystallographic planes and (b) path difference between two in-phase x-rays 
describing the Bragg’s law. Adopted from [1]. 
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4.1.1   THE θθθθ/2θθθθ XRD TECHNIQUE 

In the symmetric θ/2θ scans (Figure 4.2.a), the incoming K0 and 
outgoing K beams make equal angles with respect to the film surface 
during the measurement (i.e., θin=θout). Therefore, the scattering 
vector Q is always normal to the film surface and as a result, only 
planes parallel to the surface are probed. In this way, by probing the 
desired sample for an adequate range of 2θ angles, the intensity and 
location of the peaks (compared to the XRD databases) are employed 
for the determination of phase in the measured sample. In phase 
determination by using θ/2θ scans, it is helpful to check for the 
absence of forbidden peaks. In each crystal structure (except simple 
cubic), there are some families of crystallographic planes, which are 
not allowed to give diffraction in the θ/2θ diffractograms of their 
corresponding measured samples. This is due to the structure factor, 
S, which is inherent to each crystal structure. The value of structure 
factor determines the conditions for which, the crystallographic 
planes can or cannot give diffraction in a specific crystal structure. 
For example, in an fcc structure, crystallographic planes with hkl 
Miller indices as a mixture of odd and even numbers (e.g., (100)) will 
not give any diffraction because for these planes, S = 0 (for details of 
calculations, see Ref. 2). Therefore, these peaks are not present in the 
θ/2θ diffractogram and are known as forbidden peaks. Along with the 
other characterization methods such as TEM, forbidden peaks are 
used here for the determination of crystal structure (Paper 1). 
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Figure 4.2  (a) schematic representation of a θ/2θ scan geometry, adopted from 
[3] and (b) a θ/2θ XRD pattern recorded from an sputtered Cr2O3 film (Paper I). 

4.1.2   THE GRAZING INCIDENCE XRD TECHNIQUE 

In difference to the symmetric θ/2θ scans, the grazing incidence XRD 
(GIXRD) is a technique in which, the angle between the incoming 
beam and the surface (noted usually as α) is not equal to the scattering 
angle (i.e., θ). Instead, a very small α in the range of few degrees is 
employed, which remains constant through the whole measurement 
time. As seen in figure 4.3.a, the angle between the outgoing beam 
and the sample surface is 2θ-α. Another main difference between the 
GIXRD and symmetric θ/2θ configurations is the orientation of the 
scattering vector Q. In the symmetric θ/2θ scan, the Q vector is 
always perpendicular to the sample surface (figure 4.2.a) and 
therefore, only crystallographic planes parallel to surface are probed. 
In GIXRD, however, the Q vector is always changing in orientation 
which results in scanning the other crystallographic planes not 
parallel to the sample surface. A typical GIXRD scan is shown in 
figure 4.3.b. Here, an Al-Cr-O-N film (Paper 3) deposited on WC-Co 
substrate is measured with a low α angle of 2°. This resulted in 
elimination of overlapping substrate peaks (with the film’s peaks) 
from the pattern. 



4 CHARACTERIZATION OF THIN FILMS 
 

51 
 

 

Figure 4.3 (a) schematic representation of GIXRD scan geometry, adopted from 
[3] and (b) a GIXRD pattern recorded from an arc deposited Al-Cr-O-N film in 
which WC substrate peak is prohibited by using a low α angle of 2° (Paper 3). 

4.1.3   TEXTURE ANALYSIS BY POLE FIGURES  

The preference of crystallite orientation is called texture. This means 
that in a polycrystalline film, the crystallographic orientation of the 
grains can be found in all the directions rather than those, which can 
be probed by the symmetric θ/2θ and GIXRD scans. One way to 
investigate the texture of a polycrystalline film is by making pole 
figures. In this technique, as shown schematically in figure 4.4.a, the 
sample undergoes a 360◦ azimuth rotation along its normal. The 
respective angle is therefore called azimuth angle, ϕ. Upon the 
completion, the whole scattering plane tilts for a specified amount of 
degrees. The angle between the Q vector and the sample normal is 

then called tilt angle, ψ. By a continuous repetition of this cycle for 
several tilt angels, stereographic projections (called pole figures) of 
the orientations that are present in a measured film at a fixed 2θ angle 
are achieved [4]. I employed this technique to aid the determination 
of the crystal structure of the as-deposited films. A typical pole figure 
is shown in figure 4.4.b and belongs to the (Al0.31Cr0.69)2O3 film 
deposited at 400 °C (Paper 1). This pole figure has been measured at 
2θ = 65.25°, which corresponds to the (220) plane in an fcc film with 
a lattice constant of 4.04 Å. The pole figure shows a ring of 
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diffraction at ψ = 45°, which is the angle between (200) and (220) 
planes. 

 

 

Figure 4.4 (a) schematic representation of texture analysis configuration in 
making pole figures, adopted from [3] and (b) Pole figure measured at 2θ = 65.25° 
from a (Al0.31Cr0.69)2O3 film deposited at 400 °C. ϕ and ψ are azimuth and tilt 
angles, respectively. 

4.2   ELECTRON MICROSCOPY 

Electron microscopes are widely used in characterization of thin 
films. The short wavelength of electrons (~ 2.5 pm at 200 kV 
accelerating voltage) in electron microscopes makes it possible to 
gather information on the scale of interatomic distances. In 
comparison to XRD, electron microscopy is sometimes a more 
beneficial method. For instance, a crystalline film with very small 
grains (e.g., < 3 nm) will show up as amorphous in XRD due to very 
small cross sections provided by the small grains, while electron 
microscopy might show the crystallites. Another example is recording 
a diffraction pattern, which can take quite long time in XRD, while it 
takes less than a second in TEM [5].  
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4.2.1   SCANNING ELECTRON MICROSCOPY  

Scanning electron microscopy is a technique in which the sample 
surface is scanned by an electron beam, which is accelerated by a 
voltage in the range of e.g., 5-20 kV. As a result of interaction 
between sample surface and electron beam, different signals are 
emitted such as secondary, backscattered, and Auger electrons and x-
rays. Among all, secondary electrons have lower energy and can 
escape only from near the sample surface and therefore, they are used 
to study the topography of surfaces in SEM. EDX can be used in 
combination with SEM to obtain the chemical composition of the 
films. Moreover, SEM is used to study the cross-section of samples in 
which the microstructure, level of defects and porosity, and film 
morphology can be investigated. In spite of having lower resolution 
compared to TEMs, the SEMs benefit from the fact that it is easy to 
work with them and the sample preparation process is comparatively 
to TEM almost negligible [6].  

In this thesis, plan-view SEM micrographs are used to investigate the 
surface morphology and roughness (e.g., Figure 3.7.a). Figure 4.5 
shows a cross sectional SEM micrograph of a 2-µm-tick 
(Al 0.31Cr0.69)2O3 film in which the columnar structure of the film is 
shown along the out-of-plane orientation. 

 

Figure 4.5 Cross sectional SEM micrograph of a (Al0.31Cr0.69)2O3 film showing 
its columnar structure (Paper 1). 
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4.2.2   TRANSMISSION ELECTRON MICROSCOPY 

In transmission electron microscopy, a beam of electrons passes 
through a very thin sample, which results in emission of several 
different signals, similar to the ones in SEM introduced in section 
4.2.1. One major difference between SEM and TEM is the range of 
accelerating voltages which they work in. SEMs work in the range of 
5−20 kV while for conventional TEMs, this number is in the range of 
100 to 400 kV. Such high operating voltages provide the TEM 
instruments with higher energetic electrons than SEMs and therefore, 
higher resolution is provided. 

The main feature of TEM samples is that they should be really thin 
(~50 nm) and that is why sample preparation is an important stage. 
The reason for having such a thin sample is to avoid plural scattering 
(> 1 time) and multiple scattering (>20 times) when the electron is 
traveling through the sample, although plural scattering is inevitable. 
When the number of electron scattering increases, it gets more and 
more difficult to interpret the electron behavior and consequently the 
images and electron diffractions [5]. 

There are many useful applications in TEMs, which make it an 
invaluable technique in characterization of thin films. Some of them 
are used in this thesis and will be explained in the following sections. 

4.2.2.1   HIGH RESOLUTION TRANSMISSION ELECTRON 

MICROSCOPY  

High resolution transmission electron microscopy (HRTEM) is a 
technique of TEM, which allows crystal lattice-resolved imaging and 
therefore, is suitable for studying the materials in nanoscales. In 
HRTEM, the mechanism by which an image forms is phase contrast. 
When the high-energy electron wave passes through a TEM sample, 
the electrons may be affected by the sample’s crystal structure. It 
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means that the electrons can continue their direct path and leave the 
sample un-deviated or they diffract as a result of “scattering” from the 
crystallographically ordered atoms in the sample lattice planes. The 
corresponding electron waves for these two conditions are named as 
transmitted and diffracted waves, respectively. Since transmitted and 
diffracted waves are different in phase, their interference produces 
intensity variations, which is detected by the microscope. These 
intensity variations are then used to create contrast and form lattice 
image. Such an image is shown in figure 4.6.b for the 
(Cr0.5Al0.5)2.1(O0.75N0.25)2.9 film. 

 

Figure 4.6 (a) TEM and (b) HRTEM images of (Cr0.5Al 0.5)2.1(O0.75N0.25)2.9 film. 
The TEM shows a sub-columnar and layer-by-layer structure of the film. The 
HRTEM shows the layer thickness of 10 nm resulted from the rotation of the 
substrate during the deposition process (Paper 3).   

4.2.2.2   ELECTRON DIFFRACTION 

Electron diffraction is a method in which the reciprocal lattice is 
imaged, similar to the diffraction pattern obtained in XRD. However, 
there are differences as well. Electron diffraction patterns in TEM are 
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formed as a result of Coulomb interactions of electrons with the 
nucleus of atoms, while x-rays diffraction patterns are generated 
when x-rays are scattered against the core electrons of atoms in the 
measured sample. Another difference is the time needed for recording 
of patterns by electrons and x-rays. Recording an electron diffraction 
pattern can take place in less than a second in TEM, while recording a 
diffraction pattern in XRD can take several hours. Also, a main 
benefit of electron diffraction over other methods such as x-ray is the 
low wavelength of electrons (in the range of pm). Different from x-
rays, electrons can be easily focused to get a beam as narrow as 1 nm 
or less in diameter, which results in high resolution [5]. 

There are two techniques for recording an electron diffraction pattern 
in TEM; selected area electron diffraction (SAED) and convergent 
beam electron diffraction (CBED). In SAED, the illumination of 
sample is performed by using a parallel beam of electron. Also, using 
a selected area aperture on the back focal plane of the objective lens 
(diffraction plane) makes it possible to record the electron diffractions 
from areas as small as ~300 nm, providing crystallographic 
information from each grain in an e.g., polycrystalline material. In 
CBED, on the other hand, the electron beam illuminates the sample at 
its ultimately possible convergence angle and therefore, electron 
diffraction from a very small area is obtained. In CBED mode, the 
electron diffraction pattern is in form of circles instead of solid 
focused spots. CBED patterns are used for determination of point and 
space groups [7].  

In SAED patterns, the shape of recorded electron diffraction pattern 
can help to determine if the specimen is an amorphous, single crystal 
or a polycrystalline one. Also, by aligning the central beam along a 
zone axis and measuring the distance of diffraction from the center of 
pattern, the diffractions can be named based on the Miller indices of 
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the planes from which their respective diffraction have come. This is 
performed here for the α-(Al 0.51Cr0.49)2.2O2.8 film shown in figure 4.7. 

 

Figure 4.7 SAED pattern from α-(Al 0.51Cr0.49)2.2O2.8 film (Paper 4). 

4.2.2.3   SCANNING TRANSMISSION ELECTRON 

MICROSCOPY  

Scanning transmission electron microscopy (STEM) is combination 
of SEM and TEM techniques. The reason is that to form an STEM 
image, the high-voltage electron beam (characteristic of TEM) scans 
the surface (characteristic of SEM) at several small steps. What 
makes STEM different from conventional TEM is the very small 
beam used in this technique. Here, the electron beam size is less than 
10 nm (in ideal case < 1 nm) while in TEM mode, the beam size is 
usually around 1µm and even larger. In STEM mode, the incoherent 
elastic electrons, which are scattered at angles above 10° are detected 
by a high-angle annular dark field (HAADF) detector to form the 
image. STEM images have better contrast in both bright and dark 
field than TEM images, although they are noisier and have poorer 
resolution in bright field mode. Furthermore, the contrast mechanism 
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is mass-thickness contrast, meaning that the heavier the atoms in the 
film, the more scattered the electrons will be. 

In this thesis, STEM is used in combination with EDX technique by 
employing very small probe sizes of 1-5 nm to study the 
compositional variations in very small areas (see below).  

4.2.2.4   ENERGY DISPERSIVE X-RAY SPECTROSCOPY IN 

TEM 

Energy dispersive x-ray spectroscopy is one of the analytical methods 
of electron microscopy in which the emitted x-ray from the sample is 
detected by a semiconductor detector. In EDX detectors, three 
elements of H, He, and Li cannot be detected due to their low-energy 
x-rays.  

X-rays are characteristic to the elements from which they are emitted. 
This is the result of filling the empty place of a core electron, which is 
ejected by scattered electron beam by an electron from outer shells. 
During this process, the excited atom will come back to its ground 
state and characteristic x-ray will be emitted. In x-ray spectroscopy, 
the count of emitted x-rays will be recorded vs. their corresponding 
energy and therefore, the chemical mapping of the scanned area 
(mostly in STEM mode) will be achieved. EDX technique is used 
here to measure the Cr/Al-content ratios along the in-plane and out-
of-plane oriented lines in STEM mode.  This along with XRD and 
TEM could further confirm the presence of solid solution in Al-Cr-O 
(Paper1, 2, and 4) and Al-Cr-O-N (Paper 3) thin films (e.g., figure 
4.8) 
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Figure 4.8 TEM EDX measurements of the (Al0.31Cr0.69)2O3 film along (a) and 
(c) out-of-plane, and (b) and (d) in-plane orientations. The Cr/Al signal-intensity 
ratio is normalized to the compositional. 

4.3   COMPOSITIONAL ANALYSIS  

In this thesis, the composition of the films is measured using two 
techniques: (1) EDX, which was performed in both SEM (section 
4.2.1) and TEM (section 4.2.2.4). The former is used to obtain an 
average composition of the films while the latter is employed for 
investigation of Al and Cr atoms’ distribution in the grain and sub-
grain scales, which could further confirm the presence of solid 
solution in the measured films, and (2) ERDA, which has much 
higher sensitivity for low-mass elements of O and N compared to 
EDX. On the other hand, EDX provides higher sensitivity for high-
mass elements like Al and Cr compared to ERDA. Therefore, both 
techniques were employed in parallel to each other; they were 
complementary.  
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4.3.1   BASICS OF ION BEAM ANALYSIS 

Ion beams have several different applications and techniques 
depending on their range of energies from few tens to hundreds eV to 
several MeV. Low- and medium-energy ions are present in, e.g., 
sputtering or ion implantation while high-energy (> 1 MeV) ion 
beams are usually employed for material characterization of thin and 
thick films. The common-use developed techniques are ERDA, 
Rutherford backscattering spectroscopy (RBS), nuclear reaction 
analysis (NRA), and particle induced x-ray emission (PIXE). In 
ERDA and RBS, the energies of the ejected target atom and scattered 
incoming ion are measured, respectively. In NRA and PIXE, 
however, the emissions of γ-rays and x-rays generated from the 
excitation of nucleus and electron shell of the target atoms are 
employed, respectively.  

RBS and ERDA techniques behave in an elastic two-body collision 
regime. This means that the projectile will transfer a certain amount 
of its initial energy, E0, to the target atom when collision takes place. 
As the result, target atom eject with energy and velocity of E2 and V2, 
as schematically illustrated in figure 4.9. The level of transferred 
energy is related to a kinematic factor, K, which in turn depends on 
the mass of the projectile, M1, target atoms, M2, and the scattering and 
recoil angles [8].  

 

Figure 4.9 Schematic illustration of the collision between the projectile with 
mass M1 and target atom with mass M2. Adopted from [8]. 
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4.3.2   ELASTIC RECOIL DETECTION ANALYSIS 

When the high-energy high-mass projectile hit the surface of the 
films, target atoms recoil elastically from the surface. Therefore, the 
technique in which the recoiling target atoms are detected to obtain 
the information on target composition is called elastic recoil detection 
analysis.  

As the projectiles (in this thesis; 40 MeV 127I9+) penetrate into the 
film, they knock out the target atoms. The emitted atoms are then 
detected by, e.g., a time-of-flight energy (ToF-E) detector; employed 
in this thesis. In ToF-E detectors, the recoiled atoms will travel 
between two timing foils before they reach the detector for energy 

measurement. By measuring the time difference (∆t) they need to 
pass the distance (L) between the foils and their energy (E), their 
masses can be determined by using the following equation:  
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A typical ToF-E ERDA spectrum for the Al-Cr-O-N films deposited 
on WC-Co substrate (Paper 3) is shown in figure 4.10. After the 
evaluation of ERDA spectrum, the elemental composition is obtained. 
Figure 4.11 shows the elemental composition of an Al-Cr-O film 
deposited on Si substrate (Paper 1). 

Strengths:  

• Very good mass resolution and sensitivity for light atoms like 
O, N, and C. 

• Quantitative elemental depth profile (in contrast to EDX) 

Limitations: 

• Limited analysis depth up to ~1 µm. 
• Poor mass resolution for heavy atoms [9,10]. 
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The above-mentioned limitations in ERDA technique are 
compensated by using the complementary EDX technique, described 
in sections 4.2.1 and 4.2.2.4. 

 

Figure 4.10 A typical ToF-E ERDA spectrum for Al-Cr-O-N films on WC-Co 
substrate (Paper 3). 

 

 

Figure 4.11 ERDA depth profile of an Al-Cr-O film deposited on Si substrate 
(Paper 1). 
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4.4   MECHANICAL CHARACTERIZATION 

The mechanical properties of the films in this thesis were 
characterized by measuring the nanoindentation hardness and making 
metal cutting performance tests on the sputtered and arc deposited 
films in the as-deposited and annealed states. 

4.4.1   NANOINDENTATION 

In this study, hardness, H, and reduced elastic modulus, Er, are 
measured by employing the nanoindentation method followed by data 
interpretation using Oliver and Pharr method [11]. To perform the 
measurement, a Berkovich diamond tip indents the film by increasing 
the load at several small steps until the maximum load, Pmax, is 
achieved (figure 4.12). The maximum indentation depth, hmax, takes 
place at maximum load and is the determining factor for the film 
hardness measurement. hf is then the recovered depth and indicates 
the plastic deformation formed as a result of indentation process. 
Also, the slope of the unloading curve, S, is used to measure the Er. Er 
is then related to Young’s modulus (i.e., E) by the following 
relationship: 
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in which, ν and νi are the poisson’s ratios of the film and indenter. 
Similarly, E and Ei are the Young’s modulus for the film and indenter. 

In nanoindentation test, the choice of Pmax is critical for the 
measurement results and can affect the values of H and E 
considerably. A determining parameter, which should be taken into 
consideration for choosing the right value of Pmax is the thickness of 
the film. It is important because a nanoindentation test on an identical 
film with different thicknesses can result in different values of H and 
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E, though Pmax is the same in all. This is due to the surface and 
substrate effects at low and high loads, respectively. In principle, the 
right Pmax in nanoindentation test is the one for which, the indention 
depth is independent of the applied load.  

Here, Pmax was determined for each sample by performing the 
continuous stiffness method (CSM). In this method, the film’s 
hardness was measured for a wide range of applied loads (here, 15-50 
mN with ∆P=1 mN) resulted in indents with different indentation 
depths. The range of loads for which the hardness values are 
independent of the indentation depth is then selected as the 
appropriate load. The Pmax used in this thesis was varied in the range 
of 25-35 mN for both the Al-Cr-O (Paper 1 and 4) and Al-Cr-O-N 
(Paper 3) films.  

The hardness measurements show that the Al-Cr-O films have 
nanoindentation hardness and elastic modulus of 26-30 GPa and 250-
350 GPa, respectively (Paper 1 and 4). The Al-Cr-O-N films show 
similar hardness values of 30 GPa, which are slightly higher than the 
averaged values of pure ternary Al-Cr-O and Al-Cr-N films (Paper 
3). 

 
Figure 4.12 Schematic representation of loading-unloading curves used in 
Oliver-Pharr method to interpret the nanoindentation data. Redrawn from [11]. 
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To avoid the surface roughness of 0.2-0.5 µm in the arc deposited Al-
Cr-O-N (Paper 3) and Al-Cr-O (Paper 4) films, the samples needed 
to be polished first. Also to elude the risk of removing the whole film 
during polishing, the samples were first mounted in bakelite cylinders 
as illustrated in figure 4.13. Then, the samples were polished by using 
SiC papers followed by 30-0.25 µm diamond papers. As the result, 
mirror-like surfaces were obtained. Afterwards, the measurements 
were performed as far away as possible from the substrate. 

 

 

Figure 4.13 Schematic representation of the top (left) and side (right) views of a 
polished arc deposited films mounted in bakelite cylinder.  

4.4.2   METAL CUTTING PERFORMANCE TEST 

During a cutting process, the tool is subjected to a tremendous level 
of friction with the work piece. Such a large frictional force is 
focused in a very small area resulting in an increased temperature of 
1000 °C and above at the contact zone.  The overheating resulted 
from high temperature provides the conditions suitable for not only 
physical but chemical activities resulting in tool wear. Therefore, the 
tool wear is a combination of mechanical (mainly abrasion) and 
chemical (diffusion) interactions between the tool and work piece 
[12].  
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A thorough understanding of all the effective parameters in a cutting 
tool life and its performance is not trivial. These parameters are (1) 
tool-related like the geometry and mechanical properties of coatings 
as well as the substrate, (2) work-piece-related like the hardness and 
physical behavior of alloys when imposed with high temperatures, 
and (3) cutting conditions such as the cutting speed and applied feed 
[13]. Any slight variation in these parameters can result in 
malfunctioning of a previously high-performance cutting tool; 
commonly caused by development of a crater, flank or/and notch 
wear (figure 4.14).  

Crater wear occurs on the rake face of the tool in which the 
temperature is maximum as a result of the continuous contact with the 
curling chips during the cutting process. When the crater wear arrives 
at the edge of the tool, the performance drops dramatically and the 
tool should be changed. Flank wear is a continuous wear of the tool 
edge, which is usually caused by the hard inclusions of oxides and 
carbides in the work piece. Notch wear is most likely to happen 
during the machining of previously deformation-hardened materials 
like in steels [14]. 

Figure 4.15 shows the SEM micrographs from cutting tools coated 
with Al-Cr-O-N films with different compositions. The images are 
taken after the cutting performance test done at two repetitions at 
cutting speeds of 200 m/min (Paper 3). The results here show that the 
wear behavior in the tools deposited in E-G deposition series with 
high amount of O2/N2 in the reactive atmosphere is remarkably better 
compared to that in the films deposited in A-C series. The films 
deposited in the former (E-G) and latter (A-C) series are oxides and 
oxynitrides, respectively. Therefore, it can be concluded that the good 
wear properties is mainly attributed to the oxide films when compared 
to the other compositions.  
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Figure 4.14 Schematic illustration of the different tool wear mechanisms, 
adopted from [15]. © Elsevier, reprinted with permission. 

 

 

Figure 4.15 SEM micrographs of the cutting tools coated with different 
compositions of Al-Cr-O-N films after being tested. See the interpretation of results 
in Paper 3. 
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5.  THEORETICAL MODELING  

First-principle calculations of the cubic structure and its stability 
conditions in ternary Al-Cr-O films are presented here using the 
density functional theory (DFT). So far, employing the 
characterization techniques described in chapter 4 has revealed the 
presence of an fcc lattice in the as-deposited Al-Cr-O films. Here, we 
provide support that the fcc structure has a rock salt B1-like atom 
basis with a metallic/non-metallic ratio of 2/3.  

5.1   DENSITY FUNCTIONAL THEORY 

Determination of the allowed energy states of a material system 
demands a complete understanding of the quantum mechanical 
wavefunction that fully describes that system. The way to obtain the 
wavefunction of a system is to solve the Schrödinger equation (or the 
Dirac equation in case the relativistic effects are of high importance). 
For a hydrogen atom one can solve the problem exactly, while for 
similar simple systems we can solve the Schrödinger equation 
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numerically. However, obtaining the wavefunction for real many-
body systems is not feasible. The reason is that in a many-body 
system, the electrons are affected not only by the nuclei, but also by 
the other electrons. Therefore, all the Coulomb interactions between 
the electrons, nuclei and electrons-nuclei should be considered, which 
makes the calculations extremely complicated. Density functional 
theory (DFT) is a method to obtain approximate solutions to the 
Schrödinger equation in these kinds of real-sized systems. As an 
alternate formulation, DFT is a modeling method in condensed-matter 
and computational physics by which the electronic structures of 
many-body systems like atoms and molecules in their ground states is 
described in a single-particle manner. DFT calculations are often 
referred to as ab initio or first-principles calculations.  

In the Born-Oppenheimer approximation, the mass of electrons 
compared to nuclei is considered extremely small. In calculations, 
this method divides the wavefunction of a system into the electronic 
and nuclear components provided by the assumption that the 
electronic and nuclear motions can be separated. The Schrödinger 
equation is then solved for the electronic problem while the nuclei 
often can be treated as classical particles in the potential from the 
quantum electronic state. 

In spite of the considered approximation, to find the electronic 
structure from the Schrödinger equation for many-body systems is 
still nearly impossible. To solve the problem, Hohenberg and Kohn 
proposed two theorems (H-K theorems), which acted as the columns 
of the foundation, which DFT is based on. Both theorems benefit 
from the concept of electron density, which substitutes the concept of 
the many-body wavefunction. The first H-K theorem states that the 
electron density (which depends on only 3 coordinates instead of 3N 
in a many-body wavefunction of the system with N electrons), 
uniquely defines the ground state properties of a many-electron 
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system. According to the second H-K theorem, a universal functional 
of energy can be defined for any many-body system with an external 
potential. Minimization of this functional (finding the global energy 
minimum) will then lead to the determination of the ground state 
properties [1].  

The practical use of the H-K theorems is done through the Kohn-
Sham self-consistent approach [2]. The effectively one-electron 
Kohn-Sham equations were a great improvement to DFT calculations 
of the many-body systems. However, the density functional itself is 
not an easy thing to deal with as its exact form is unknown. This is 
because one term cannot be exactly calculated, namely the exchange-
correlation energy (Exc), which implicitly contains all the many-body 
effects. This energy is particularly small compared with the kinetic 
energy but it is often crucially important to obtain the proper 
description of physical properties, especially in metallic systems. 
Therefore, one needs to approximate Exc in a reasonable way. The 
two commonly used approximations are Local Density 
Approximation (LDA)  and Generalized Gradient Approximation 
(GGA). LDA provides Exc by assuming a fully homogenous electron 
gas with the same electron density as for which Exc is calculated. 
Though it is an accurate approximation in practice for majority of 
compounds, it can also fail in situations where electron density 
undergoes rapid changes. Instead, GGA consider the occurred 
gradient in electron density and therefore, can result in more accurate 
approximations compared to LDA.  

A similar case where LDA can probably not be the best approximate 
is in compounds, which contain rare-earth or transition metals. These 
elements (like Cr) have partially filled d or f orbitals, for which the 
picture of fully delocalized electrons is often not appropriate. In these 
compounds, the interactions between the individual electrons are so 
important that cannot be presented by standard LDA. The reason is 
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that in standard LDA, every single electron is affected by an average 
Coulombic potential, which leads to the tendency to delocalize the 
electrons over several atoms. To avoid this problem, a Hubbard-like 
Coulomb interaction term is explicitly added to the LDA density 
functional; known as LDA+U [3]. This method is used in this thesis 
in Paper 5 to calculate the structural and energetic properties, as well 
as the electronic density of states for cubic and corundum Al-Cr-O 
solid solutions. 
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6.  SUMMARY AND CONTRIBUTION TO THE FIELD 

6.1   THE Al-Cr-O SYSTEM 

A main part of this research work is dedicated to the deposition of Al-
Cr-O solid solution thin films, reported in Papers 1,2, and 4.  

The goal with Paper 1 was to obtain a basic understanding of the 
conditions leading to the deposition of solid solution thin films in the 
Al-Cr-O material system. Reactive magnetron sputtering from 
elemental Al and Cr targets in an Ar/O2 atmosphere was employed to 
grow the films on Si(001) at substrate temperature of 400 °C. This 
study resulted in discovery of a new cubic phase in this system rather 
than the conventional corundum structure. The cubic phase in the 
deposited films was investigated by symmetrical θ/2θ x-ray 
diffraction as well as texture measurements, showing the presence of 
an fcc lattice with lattice parameter of 4.04 Å. A full understanding of 
the crystal structure was, however, not trivial due to the metal/non-
metal ratio of 2/3 in these films, confirmed by the compositional and 
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spectroscopic analyses. I proposed an fcc structure with an atom basis 
consisting 33% vacancies on the metal sites. 

The cubic phase in Al-Cr-O films reported in Paper 1 was assumed to 
be metastable with respect to the corundum phase, which in turn is 
metastable to the stable binary oxides of α-Al 2O3 and Cr2O3. This is 
investigated by the ex-situ annealing studies of these films in Paper 2. 
The annealing experiments were performed in temperature range of 
400-1100 °C and annealing times of 2-10 h. The results showed that 
the as-deposited cubic films starts to phase transform to corundum 
upon reaching the temperature of 900 °C. According to the x-ray 
diffraction patterns, increasing the temperature resulted in further 
decrease and increase in cubic and corundum peaks, respectively. At 
annealing temperature of 1000 °C, the phase transformation process 
completed, showing the metastability of cubic films with respect to 
those with corundum structure. In order to obtain the activation 
energy of this phase transformation process, the Johnson-Mehl-
Avrami model was used. This model showed that the cubic to 
corundum phase transformation process demands the apparent 
activation energy of 380-480 kJ/mol to take place. 

The cubic to corundum phase transformation in the annealed Al-Cr-O 
films in Paper 2 showed the existence of multiple phases for the solid 
solutions in this material system. On the other hand, the preceding 
works had only reported the formation of Al-Cr-O films in corundum 
structure. Paper 4 was then aimed to investigate the experimental 
conditions resulting in the deposition of corundum Al-Cr-O films. 
Comparison of these conditions with those resulting in the growth of 
cubic Al-Cr-O films in Paper 1 was finally targeted. In this work, by 
altering the flux of reactive O2 gas and the number of active alloyed 
Al/Cr cathodes in an industrial cathodic arc evaporation system, both 
cubic and corundum Al-Cr-O films were deposited at substrate 
temperature and bias of 600 °C and -120 V, respectively. The results 
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showed that the Al-Cr-O film formed in a mixed cubic and corundum 
structure if the O2 flow per active target during the depositions was 
regulated for values lower and higher than 150 sccm, respectively. In 
other words, plasmas with lower and higher density of oxygen ions 
formed between the cathodes and substrates during the deposition 
process were associated to the conditions resulting in formation of 
cubic and corundum phases, respectively. The annealing of the 
industrially deposited cubic films in Paper 4 resulted in phase 
transformation to corundum in the temperature range of 500-1100 °C, 
similar to Paper 2. However, the corundum films showed to be stable 
in the identical range of annealing temperatures; spinodal 
decomposition was not observed. This was associated to the inability 
of further increasing the temperature (due to sample melting) to the 
one-phase solid solution region, which occurs at temperatures above 
1250 °C according to the psudo-binary phase diagram of Al2O3 and 
Cr2O3. Investigation of  the mechanical properties showed that the Al-
rich Al-Cr-O films have hardness values of 26-28 GPa, regardless of 
the crystal structue.  

Papers 1, 2, and 4 showed that the low-temperature deposition of the 
Al-Cr-O films with either of the cubic or corundum structures is 
feasible and depends on the deposition parameters of the level of O2 
flow, number of active targets and their compositions (Al/Cr ratio), 
and substrate temperature and bias. Here, the most impact was 
observed from the level of O2 flow and number of active targets; high 
(≥ 400 sccm) and low (≤ 150 sccm) O2 flow per active target during 
the deposition process resulted in corundum and cubic structures, 
respectively. The formation of cubic- or corundum-structured films 
depends also on the composition of the films. I.e., in the deposition of 
ultra-Al-rich (Al content > ~70-80 at.%) films, the corundum 
structure no longer exists or at least is not dominant. Instead, a cubic 
phase is formed, which has remarkably similar mechanical properties 
as that in a corundum film with different composition. Similarly, a 
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Cr-rich (Cr content > ~40 at.%) film is deposited in corundum or 
corundum-dominant structure. The applied changes in the other 
parameters like substrate temperature (400-600 °C) and bias (floating 
potential to -120 V) did not show a systematic change of structure; 
i.e., both cubic and corundum were observed for the whole 
investigated ranges. 

Paper 5, takes on a theoretical viewpoint by considering the cubic 
and corundum (Cr1-xAl x)2O3 from first principles. It is shown that a 
cubic B1-like structure with one third of the metal sites vacant could 
fulfill the optimal coordination for both metal and oxygen atoms if 
the metal vacancies are ordered. However, both ordered and 
disordered vacancy distributions had lattice parameters close to the 
experimentally observed values for x=0.5. The cubic solutions were 
higher in energy than the corundum structure solutions indicating 
metastability in line with the experimental observations. However, if 
the extra configurational entropy originating in disordered metal 
vacancies were considered at the growth temperature, the excess free 
energy of the cubic phase as compared to the corundum was similar 
to other well-known metastable B1 solid solutions possible to grow 
with magnetron sputtering. The electronic density of states for 
(Cr0.5Al0.5)2O3 solid solutions were calculated revealing a 
semiconducting character also for the B1-like structures, although 
with a smaller bandgaps as compared to the corundum structure. 

6.2   THE Al-Cr-O-N SYSTEM 

In Paper 3, incorporation of an additional fourth non-metal element 
to the ternary Al-Cr-O system is investigated in the films deposited 
by cathodic arc evaporation technique. Here, I added N, which is the 
next element after O in the periodic table of element. This means that 
O and N are different in their valency by only one electron. 
Therefore, in order to maintain the neutrality of the crystal, 
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introduction of N into Al-Cr-O can cause cation vacancies as they 
help the formation of cubic structure. Also, incorporation of N could 
result in higher ductility of the films provided by introduction of the 
covalent bonds to the purely ionic structure of the ternary oxide; 
previously observed in Ti-Al-O-N films. The Al-Cr-O-N films were 
then deposited in an industrial arc-evaporation system from alloyed 
Al/Cr targets in an O2+N2 atmosphere. The composition of phase in 
the deposited films was mainly cubic resulted from Al-Cr-N and 
cubic-Al-Cr-O phases and secondary hexagonal resulted from α-Al-
Cr-O phase. The hardness measurements showed that the oxynitride 
films are superior to the pure oxide or nitride films with a hardness 
difference of ~4 GPa. In contrast, oxide films showed better 
performance and durability during the cutting tests. 
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