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1.1. Introductive notion about Surface engineering  

 

1.1.1 Surface engineering 

According to David Melford at the Institute of Metal in the UK which has elaborate a 

first definition of this term "surface engineering essentially consist in the design of the surface 

and substrate together as a system to provide performance that are unable separately." Surface 

engineering is not a simple choice of one of the surface treatment technologies, but she refers 

specifically to the design of the unified system, surface layer based material so that it will best 

respond to the functional role of a rational use of materials at acceptable costs. 

Surface engineering involves a wide range of technologies, some of them well known 

and successfully applied for many years, such as diffusion surface treatments with or without 

reaction, hardening by rolling, so although some advanced technology, have expanded only 

their commercial purpose in recent years (hard adherent layer deposition stimulated or 

activated in plasma, ion implantation, laser treatment, sputtered deposition) [1]. 

Focusing the scientific effort to develop this new area of multidisciplinary research 

was determined by the fact that removal of a mechanical part from use is caused by three 

phenomens, i.e. wear, corrosion and fatigue, which occurs mainly in the area, where the 

demands are more intense and complexes [2]. Progressive deterioration of metal parts and 

tool surfaces used in industry leads to gradual decrease in the use of their properties or even 

their premature removal from service. Destruction of the materials due to wear and corrosion 

both direct and indirect, with a economic cost of hundreds of billions of dollars each year for 

different countries [3]. 

In Fig.1.1. is shown schematically the superficial layer – substrate system. The 

connection between the two elements is achieved by an interface whose thickness and 

structure depends on the nature of materials and the technology necessary for obtaining the 

superficial layer [4]. 

The system presents four distinct areas: 

 contact surface with the conjugated piece or environment where the 

roughness, friction coefficient and chemical stability are the most important; 

  interface between superficial layer and substrate, where adhesion and 

chemical interaction between coating and substrate are crucial properties; 
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  superficial layer

microstructure

strength, corrosion, internal stress, Young modulus and

  substrate, whose basic properties are tensile strength, toughness, hardness and 

Young modulus [5];

 

Fig.1.1.

Deposition particles by their

composition and compactness of 

destination of the film, during the deposition 

thickness, electrical resistance, or another parameter.

technological process of creating thin films, 

treatment by sintering and homogenization of the

PVD coating process has its beginning from 1857, when Faraday was able to 

glassy surface metal vapors produced by 

an inert environment. Approximately 

decoration, using condensation of pure metals (

not ensure growth durability or hardness of the surface layer of tools used.
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superficial layer which is particularly interested in depth, composition and 

 determinate for their properties such as hardness, tensile 

osion, internal stress, Young modulus and tenacity;

, whose basic properties are tensile strength, toughness, hardness and 

modulus [5]; 

 

Fig.1.1. The superficial layer-substrate system 

 

 

by their energy and nature have a great influence on the structure, 

composition and compactness of the deposition. Depending on the intended function

during the deposition process are controlling the

resistance, or another parameter. The physical deposition is a 

technological process of creating thin films, consisting of powder material 

sintering and homogenization of the layer. 

PVD coating process has its beginning from 1857, when Faraday was able to 

produced by pulverization of a metallic specimen

pproximately 100 years the process has been app

decoration, using condensation of pure metals (ex. coatings on watch dials). The method does 

or hardness of the surface layer of tools used. 
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particularly interested in depth, composition and the 

as hardness, tensile 

tenacity; 

, whose basic properties are tensile strength, toughness, hardness and 

 

energy and nature have a great influence on the structure, 

. Depending on the intended functional 

the: deposition time 

The physical deposition is a 

consisting of powder material coating and heat 

PVD coating process has its beginning from 1857, when Faraday was able to deposit on a 

pulverization of a metallic specimen, which was in 

100 years the process has been applied only for 

coatings on watch dials). The method does 
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PVD techniques are physical deposition techniques. The nanostructure layers, through 

these deposition technologies enable conversion applications of thermal energy into electrical 

energy. Deposition process includes dry and wet deposition. Chemical vapor deposition and 

physical vapor deposition are dry depositions. In the deposition process, the deposited atoms 

are bounded only by molecular bonds due to the van der Waals forces. The PVD is a 

deposition process of a thin layer in a gas phase, where the source material is transformed by 

physical means in vacuum, from a substrate without any chemical reaction involved [1]. 

During PVD deposition, the material which fallows to be deposited is vaporized or sprayed, 

and is mixed with a gas and then condenses from the vapor form into a thin film on the 

material. Layers are obtained by condensation, on the surface substrate of atomic or molecular 

species in vapor. 

PVD processes can be divided according to the methods of formation of the primary 

vapors: thermal evaporation processes and kinetic pulverization processes. Deposition 

material or at least its basic component is initially in solid or liquid state. Atomic vapor source 

transition is made by physical mechanisms, meaning pulverization, particle bombardment or 

by evaporation. For the deposition to produce on the substrate with little loss of material is 

necessary that between the walls and the substrate to exist temperature differences, i.e. the 

substrate to be colder and the walls to be at the system temperature. PVD technique is used 

with good results for metal layers with controlled morphology [6]. 

 

 

1.2. Data regarding the types of materials used  

Recently,a new class of materials has become very important for several technological 

fields, but poorly explored, the oxynitrides: MeNxOy (with Me=metal). The importance of 

this class of materials is based on the fact that oxygen is much more reactive than nitrogen 

and, due to this higher reactivity, the addition of a small amount of oxygen to a growing 

transition metal nitride film induces the production of ionic metal–oxygen bonds in a matrix 

of roughly covalent metal–nitrogen bond. This fact creates a new structure with a large 

gradient indifferent properties, where the optical, electrical and mechanical ones may be 

tailored according to the particular application envisaged. The control of the oxide/nitride 

ratio allows tuning of the band gap,band width, and crystallographic order between oxide and 

nitride and, in consequence, the electronic properties of materials and thus, the overall films 

responses [7]. 
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1.2.1. Thin films based on chromium 

Chromium based coatings have been investigated for over a decade and were 

successfully implemented in many areas such as wood machining, bearing work other 

engineering components. These coatings exhibit excellent properties like high hardness, 

oxidation resistance, chemical stability, etc. [7-8]. Chromium nitride (CrN) and chromium 

oxide (Cr2O3) are very good candidates for protection of steels, decorative applications due to 

their distinct colours and for their mechanical properties [9-10]. In fact, and due to the CrN 

excellent mechanical properties, oxidation resistance, chemical stability and slide, it has been 

used as a material for cutting tools, plastic metal molds, and frictional parts [11]. It also finds 

applications in automotive industry as coatings for lubricated tribological systems. They are 

also used in molds and pins for aluminium die casting, where mechanical resistance and high 

temperature oxidation resistance is required [12]. Chromium nitride (CrN) films have drawn 

wide attention in electronics industry because of their high hardness (1090 Hv) and lower 

electrical resistivity (640 µΩ cm) [14]. 

Among the various chromium oxides, Cr2O3 is the most stable under ambient conditions, 

and it is characterized by its chemical inertness, stability, mechanical strength and relatively 

high hardness Previous research shows that the hardness of chromium oxide coatings strongly 

depends on the stoichiometric polycrystalline Cr2O3 phase present in the coating [12], with 

high quality Cr2O3 stoichiometric coatings reaching nearly 30 GPa hardness combined with 

good scratch resistance. In terms of optical-based applications Cr2O3 thin films include 

electrochromic coatings, infrared (IR)-transmitting coatings, selective black absorbers, and 

optically selective surfaces of solar collectors [13]. 

As chromium oxide is an insulating antiferromagnetic material it is also suitable as a 

tunnel junction barrier. Depending on its stoichiometry CrNx shows a metallic-like (ρCrN ≈ 

6.4×10-4 
Ω cm, x ≈ 0.93) or semiconducting behavior (ρCrN > 1×10-2 Ω cm, x ≈ 1.06) while 

chromium oxide is a wide-band gap semiconductor (Eg ≈ 4 eV, ρCr2O3 >> 1 Ω cm). Combining 

both materials as chromium oxynitride opens the possibility to tune the energy band gap and 

hence the electronic properties in a wide range [14]. 
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Fig. 1.2. Application of the thin films based on chromium 

 

In comparison with Cr2O3, the chromium oxynitride has a higher corrosion resistance and the 

layer has a better adhesion and a uniform structure [3]. 

Chromium oxynitride crystallize in the rock salt structure (fcc) and are antiferromagnetic with 

a Néel point of about 273K [9]. The density of bulk CrN (6.2 gcm-3) is higher by 12% 

compared to Cr2O3 (5.2gcm-3). This is plausible, since chromium oxide crystallizes only at 

substrate temperatures of ≥ 300 ºC [4].  

 

 

1.2.2. Thin films based on aluminium 

Among the group of possible oxynitrides, aluminium oxynitrid thin films (AlNxOy) 

may have some interesting applications in different technological fields, due to a wide 

difference in the two base materials: aluminium nitride (AlN) and aluminium oxide (Al2O3). 

However, the available knowledge on this particular system is still much reduced and its 

application is still very limited. 

Anyway, and similarly to the other already studied oxynitride systems, the wide 

variation between the properties of Al2O3 and those of AlN opens a significant number of 

possible applications for the Al–N–O system, which, in a first approach, would allow to tailor 

the properties of the oxynitride films between those of the pure oxide and nitride films, or to 

combine some of their advantages by varying the concentration of aluminium, oxygen and 

nitrogen in the film, according to the particular application envisaged.  

Aluminium nitride (AlN) is known as being a semiconductor with a large band gap 

(6.2eV) [1] in its more stable and common hexagonal (wurtzite) crystalline structure [2]. 

Beyond this structure, AlN has also two kinds of cubic structures (with two different lattice 
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parameters) [2] and it was considered, a couple of decades ago [3],as one of the best existing 

thermal conductors, being an important ceramic material used in many applications such as 

substrate in microelectronic devices. The hexagonal AlN also exhibits a high chemical 

stability, high hardness (25 GPa) [4] and high electrical resistivity (1020 cm) [5]. The thermal 

conductivity and electrical resistivity are even higher for the cubic AlN [2]. Polycrystalline 

aluminium nitride has also high dielectric strength (between 400 and 550 Vm−1), which can be 

improved if one produces amorphous AlN [1]; a moderated dielectric constant (8.8 at 1 MHz) 

[5];and it is an excellent piezoelectric material [6].  

AlN also resists to high temperatures (melting point above 2670 K) and caustic 

chemical etching [7]. All these physical/chemical properties allowed the use of this material 

in the fabrication of optical sensors (in the UV–visible region), high power and high 

temperature electronic devices, surface acoustic wave (SAW) devices [8], electronic 

packages, among several other examples.  

On the other hand, aluminium oxide, or simply alumina (Al2O3), is an insulator 

material which is commonly prepared in the form of polymorphous material, since it can exist 

in many metastable structures that are divided into two broad categories: a face-centered-

cubic (fcc) or a hexagonal close packed (hcp) arrangement of oxygen anions. The 

arrangement of aluminium cations can produce different structures, those that are based in fcc 

packing of oxygen and those based on hcp packing of oxygen. The first case includes γ- Al2O3 

and η- Al2O3 (cubic arrangement), θ- Al2O3 (monoclinic), and δ- Al2O3 (either tetragonal or 

orthorhombic); while in these second case we have α- Al2O3 (trigonal), k- Al2O3 

(orthorhombic), and x- Al2O3 (hexagonal) phases [9]. The dominant and stable phase of 

alumina, α- Al2O3, possesse strig on asymmetry with rhombohedral Bravais lattice. It exhibits 

chemical and mechanical stability at a temperature of up to 1250 K and melts at 2326 K [10] 

and it is considered as the best anti-oxidization coating at high temperatures, being an 

important coating used in the metal working industry [11]. An important fact about α- Al2O3 

(or corundum phase of alumina) is that it only can be produced at temperatures above 1023 K, 

using Physical Vapour Deposition (PVD) techniques [11].  

The particular dielectric properties of alumina allow to use it in a large variety of 

applications, which can vary from microelectronics and optical applications to wear resistant 

coatings [12], as protective films for metal reflectors, for dark mirrors, and in metal–oxide 

semiconductor devices [13]. Regarding the “mixed” aluminium oxynitride films, its use is not 

yet very common, despite some very few examples that are known in the field of protective 
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coatings against wear, diffusion and corrosion, optical coatings, optoelectronics, 

microelectronics [14], multilayer capacitors as dielectric [1], among others. 

 

 

 

Fig. 1.3. Application of the thin films based on aluminum 

 

Taking into account that the properties of the materials significantly depend on their 

interdependence of composition, structure and morphology, an understanding of these 

relationships will be a major concern in this work. For this purpose a set of Cr-N-O and Al–

N–O films was prepared and analyzed in terms of all the above items. The study will allow 

the establishment of limits for practical applicability of devices coated with these materials, 

providing new areas of application and supplying criteria for new materials design for specific 

applications. 

 

 

1.3. Conclusion 

The this first chapter presents information regarding Surfaces engineering and the 

PVD deposition methods of thin layers, and data about the coatings used based on chromium 

and aluminum in particular the oxynitride type. 

During PVD deposition, the material that has to be deposited is vaporized or sprayed, is 

mixed with a gas and then it condenses under a vapor form of a thin film on the substrate. The 

coatings are obtained by condensation on the surface of the substrate of an atomic or 

molecular species, under vapor phase. 

Thin films as the chromium oxynitride have interesting properties like, high hardness 

and a beautiful decorative colour green, therefore, have industrial applications as hard and 

decorative coatings. Regarding the mixed coatings, as aluminum oxynitride type, its use is not 

yet very common, despite some very few examples that are known in the field of protective 
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coatings against wear, diffusion and corrosion, optical coatings, optoelectronics, 

microelectronics [14], multilayer capacitors as dielectric [1], among others. 
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2.1. Deposition technique: reactive magnetron sputtering 

 

2.1.1. Basic concept 

The term sputtering comes from the Dutch “sputteren” meaning “to spit out in small 

particles and with a characteristic explosive sound”. Sputtering was first observed by Groves 

in 1852 but was Plücker first to suggest, in 1858, that this discovery can be used as a tool to 

produce metallic films. Today, sputtering is a powerful tool used for the deposition of thin 

films, in chemical analysis, etching and cleaning. Sputtering is commonly utilized for thin 

film deposition, as the extreme conditions for melting or chemically reacting high melting 

point materials are not required, as with evaporation or an electrochemical process [1]. 

In the basic sputtering process, a target plate is bombarded by energetic ions, generated by a 

glow discharge plasma, located in front of the target. The bombardment process causes the 

removal of atoms of the target, which will condense on a substrate (part to be coated) as a thin 

film [2]. Secondary electrons are also emitted from the target surface as a result of the ion 

bombardment. These electrons play an important role in maintaining the plasma. 

Sputtering is a physical vapour deposition process (PVD) and is driven by momentum 

transfer between the ions and atoms in the material (Fig. 2.1). Collisions are elastic or 

inelastic, depending on whether the internal energy of the colliding specie is preserved. In an 

elastic collision, only kinetic energy is interchanged and there is conservation of the 

momentum and kinetic energy of translational motion, and no atomic excitation occurs and 

potential energy is conserved [3]. 

 

 

 

Fig. 2.1. Scheme of the sputtering process 
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As a result of both momentum and kinetic energy conservation laws, the ratio of the kinetic 

energies between the two species that collide is: 

 

��
�� =

�����

(�����)
����         (eq.2.1) 

 

where (M1, E1) and (M2, E2) refer to the mass and energy of the impinging particles and the 

sputtered target atoms, respectively. The angle is defined by the initial trajectory of impinging 

particle and the line joining their centres at contact. Nevertheless, the first collision pushes 

atoms deeper into the material, the subsequent collisions between the atoms result in some of 

the atoms near the surface being ejected away from the surface of the target (Fig. 2.1).  

The first and most well-known scientific work on the quantification of the sputtering 

process was carried out by P. Sigmund [3]. He proposed that the momentum transfer 

processes occurring at the surface are caused by a collision cascade, within the surface layers, 

Fig.2.1. The amount of ejected atoms from the surface per incident particle is called the 

sputter yield, which is an important measure of the efficiency of the sputtering process. The 

sputter yield depends not only on the energy and masses of the incident ions, but also on the 

atoms of the target and their surface binding energy and/or on the possible compounds formed 

at the target surface [4-7]. 

The sputtering process is quantified in terms of the sputtering yield, defined as the 

number of target atoms ejected per incident particle. The yield depends on the target species 

and the nature, energy, and angle of incidence of the bombarding species.  

During sputtering process there are two main processes that occur: plasma generation and ion 

bombardment. There are several ways to supply the necessary energy for plasma generation 

from a neutral gas. In magnetron sputtering the plasma is achieved by applying an electric 

field to a neutral gas (Fig. 2.2) [8]. A variety of power supplies are used for plasma 

generation, ranging from direct current (DC) to alternate current (AC), with frequencies into 

the mega-hertz range – radiofrequency (RF) – being the most common ones. In dc sputtering, 

a potential difference of several hundred volts is generated between the substrate holder and 

the magnetron, creating an intense electric field between them (Fig. 2.2) [9]. The electrons in 

neutral gas are accelerated by the intense electric field applied between the electrodes, 

generating new electrons and ions (electron-impact ionization) and thus mantaining the 

plasma.  
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Fig. 2.2. Scheme of the system used to obtain the plasma 

 

 

2.1.2. Sputtering regimes 

The fundamental understanding of sputtering emerges from investigations that study 

the interactions between bombarding charged particles and atoms in a solid [5]. In 1908, Stark 

was the first to propose the momentum transfer theory, which states that target atoms are 

ejected when momentum is transferred from bombarding ions to target atoms. The momentum 

transfer processes occurring at the surface are caused by a collision cascade within the surface 

layers, which was first proposed by Sigmund. 

At low kinetic energies (below 50 eV), the ions don’t have sufficient energy to 

dislocate the target atoms and thus the ejection of target particles occurs only for very special 

collision geometries. The momentum transferred from the ion impact will drive only the 

surface target atoms further into the target. For moderate energies (between 50 and roughly 1 

keV), the ion impact dislocate (“knock-on”) atoms into the target, which by their turn will 

dislocate other target atoms. This induces a collision cascade that eject atoms, ions, electrons 

and neutrals from the first 10 to 50Å of the surface of a target. Several studies show that, to 

induce sputtering, the ion energies must exceed four times the binding energy of the atoms at 

the target surface [10,11]. It is in this range of energies that most common PVD systems 

operate and can be illustrated schematically in fig. 2.3. 

 



  
 

 R. Arvinte 20 

 

Characterization of the electrical and optical properties of the CrNxOy and AlNxOy thin films 

 

 

Fig. 2.3. Scheme of the three sputtering regimes: a) single-knock-on; b) linear cascade; c) 
spike 

 

 

2.1.3. Magnetron sputtering 

Magnetron sputtering has developed rapidly over the last decade to the point where it 

has become established as the process of choice for the deposition of a wide range of 

industrial important coatings. The driving force behind this development has been the 

increasing demand for high-quality functional films in many diverse market sectors.  

The basic sputtering process has been known and, despite its limitations, used for many years. 

It consists in the bombardment of a target (or cathode) plate by energetic ions generated in a 

glow discharge plasma, situated in front of the target. The bombardment process causes the 

removal, i.e., ``sputtering``, of target atoms, which may then condense on a substrate as a thin 

film [13]. Secondary electrons are also emitted from the target surface as a result of the ion 

bombardment, and these electrons play an important role in maintaining the plasma. However, 

basic sputtering is limited by low deposition rates, low ionisation efficiencies in the plasma, 

and causes high substrate heating.  

The introduction of what is now termed ``conventional``, or ``balanced`` magnetron, 

in the early 1970s was an important step forward in overcoming these limitations. However, it 

was the development of the unbalanced magnetron in the late 1980s and its incorporation into 

multi-source ``closed-field`` systems in the early 1990s, that transformed the capabilities of 

this technique, and has subsequently been responsible for the raise of its importance [12]. 

Magnetron is, in basic terms, a system composed by magnets with a specific orientation, 

positioned behind the target. The magnets are positioned in order that one pole is situated at 

the central axis of the target and the second pole is formed by a ring of magnets around the 

outer edge of the target. The introduction of a magnetic field parallel to the target surface 
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constrains the electron motion t

helicoidally trajectories around magnetic field flux lines

electrons are thus confined (“trapped”) 

across the sheath and gain acceleration towards the target 

increased ionization efficiency within the regions close to the target, and thus 

plasma density. This, in turn, leads to an increase in ion bombard

originating higher sputtering rates and, therefore, higher deposition rates at the substrate [15]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4. Scheme of a magnetron and the correspondent magnetic field lines

 

The increased ionization efficiency achieved in

be maintained at lower operating pressures (typically, 10

lower operating voltages (typically, 

basic sputtering [15]. In spite of these advantages, the plasma confinement close to the target 

induces localized sputtering phenomena, reducing the sputtered area of the target to less than 

30 % of the target material

conventional magnetrons, new magnetrons have been designed 

magnetic field unbalancing [17]. There are two types of planar magnetrons, unbalanced and 

balanced, with slight differences in design

balanced magnetron, the plasma is strongly confined to the target region, typically extending 

to few tens of millimeters (typically between 60 and 100 mm) from the target surface. In a 

type-1 unbalanced magnetron the outer ring of magnets is strengthe

pole. In this case, not all the field lines are closed between the central and outer poles in the 

magnetron, but some are directed towards the substrate, and some secondary electrons are 
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motion to the vicinity of the target, forcing them 

around magnetic field flux lines near the target surface (Fig.

electrons are thus confined (“trapped”) in front of the target, but ions are allowed to travel 

across the sheath and gain acceleration towards the target [14]. This confinement

increased ionization efficiency within the regions close to the target, and thus 

This, in turn, leads to an increase in ion bombardment of the target, 

originating higher sputtering rates and, therefore, higher deposition rates at the substrate [15]. 

Scheme of a magnetron and the correspondent magnetic field lines

The increased ionization efficiency achieved in the magnetron, allows the discharge to 

be maintained at lower operating pressures (typically, 10-3 mbar, compared to10

lower operating voltages (typically, -500V, compared to -2 to -3 kV), than it is possible in the 

pite of these advantages, the plasma confinement close to the target 

induces localized sputtering phenomena, reducing the sputtered area of the target to less than 

30 % of the target material- the erosion zone [16]. To overcome this limitation

, new magnetrons have been designed with different 

unbalancing [17]. There are two types of planar magnetrons, unbalanced and 

balanced, with slight differences in design, which are illustrated in fig 5

balanced magnetron, the plasma is strongly confined to the target region, typically extending 

to few tens of millimeters (typically between 60 and 100 mm) from the target surface. In a 

1 unbalanced magnetron the outer ring of magnets is strengthened relative to the central 

pole. In this case, not all the field lines are closed between the central and outer poles in the 

magnetron, but some are directed towards the substrate, and some secondary electrons are 

 21 

Characterization of the electrical and optical properties of the CrNxOy and AlNxOy thin films 

o the vicinity of the target, forcing them to describe 

near the target surface (Fig.2.4). The 

ions are allowed to travel 

This confinement, results in an 

increased ionization efficiency within the regions close to the target, and thus in a higher 

ment of the target, 

originating higher sputtering rates and, therefore, higher deposition rates at the substrate [15].  

Scheme of a magnetron and the correspondent magnetic field lines 

the magnetron, allows the discharge to 

mbar, compared to10-2 mbar) and 

3 kV), than it is possible in the 

pite of these advantages, the plasma confinement close to the target 

induces localized sputtering phenomena, reducing the sputtered area of the target to less than 

the erosion zone [16]. To overcome this limitation of 

with different degrees of 

unbalancing [17]. There are two types of planar magnetrons, unbalanced and 

, which are illustrated in fig 5. In a conventional 

balanced magnetron, the plasma is strongly confined to the target region, typically extending 

to few tens of millimeters (typically between 60 and 100 mm) from the target surface. In a 

ned relative to the central 

pole. In this case, not all the field lines are closed between the central and outer poles in the 

magnetron, but some are directed towards the substrate, and some secondary electrons are 
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able to follow these field lines. Consequently, the plasma is no longer strongly confined to the 

target region, but is also allowed to flow out towards the substrate [18]. In this case the field 

lines which do not close on themselves are directed towards the chamber walls and the plasma 

density in the substrate region is low. (Fig. 2.5). In an unbalanced-type magnetron (type 2), 

not all the magnetic field lines are closed between the central and outer poles in the 

magnetron, but some are focused in the direction of the substrate, [12], resulting that some 

secondary electrons are able to follow these field lines. This generates plasmas that are no 

longer strongly confined to the target region, but are also allowed to run out in the direction of 

the substrate, originating higher ionic currents from the plasma without the requirement of 

externally biasing the substrate. Thus, in addition to providing a high flux of adatoms, an 

unbalanced magnetron also acts as a very effective ion source. 

 

 

Fig.2.5. Schematic representation of the plasma confinement observed in conventional and 

unbalanced magnetrons 

 

 

2.1.4. Reactive sputtering 

Reactive sputtering can be defined as the sputtering of elemental targets in the 

presence of chemically reactive gases that react with both the ejected target material and the 

target surface. It has become a very popular technique in today’s search for new materials, for 

the deposition of a wide range of compound and alloy thin films including oxides, nitrides, 

carbides, fluorides or arsenides [20].  

Although reactive sputtering is conceptually simple, it is in fact a complex and 

nonlinear process which involves many interdependent parameters. The presence of the 

reactive gas at both the cathode surface and the substrate results in strong interactions of their 
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active gas not only with the condensing material but also with the cathode surface, resulting in 

the so-called target poisoning. If flow control of reactive gas is used, such reactions are 

marked by a change in the impedance of the operating plasma, an abrupt increase in the 

system pressure or more precisely, in the reactive gas pressure, a drastic drop in the deposition 

rate and a change in the film composition from metal-rich to gas-rich [20]. 

The simplest experiment to study the reactive sputtering process is the so called 

hysteresis experiment: the discharge is ignited in pure argon, at a given pressure by 

introducing a certain argon flow to vacuum chamber. The ratio between the argon flow and 

the argon pressure defines the argon pumping speed. Keeping the discharge current constant, 

the oxygen flow is stepwise increased. When the target is completely poisoned the measuring 

procedure is reversed, i.e. the oxygen flow is stepwise decreased until the discharge is again in 

pure argon. 

This value of reactive gas flow is defined as the critical flow where transition between 

metallic and compound mode occur at the target. For reactive gas flows lower than the critical 

value, the target works in a “metallic mode”, while for reactive gas flows higher than that 

critical value, it works in the “poisoned mode”. The transition from the “metallic mode” to 

“poisoned mode“, most of the times, exhibits a hysteresis that can be reduced by increasing 

the pumping speed (Fig.2.6). 

 

 

Fig.2.6. Typical behaviour of the deposition rate, and partial pressure of the reactive gas 

versus the reactive gas flow rate, during a reactive magnetron sputtering 
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Figure 2.6 shows the behaviour of the partial pressure of the reactive gas, as function 

of the reactive gas flow rate, when the plasma is on and off. When the plasma is off, the 

partial pressure varies linearly with the reactive gas flow rate injected into the deposition 

chamber, while when the plasma is on, the partial pressure of the reactive gas remains almost 

constant until the reactive gas flow reaches the critical value.  

This constancy of the partial pressure of the reactive gas is due to the trapping of the 

reactive gas, by compounds formation on the target surface, as well as by the metal deposited 

on the walls and the substrate (getter effect). When the reactive gas flow is higher than the 

critical value, the target becomes poisoned and the consumption of reactive gas drops, 

inducing linear behaviour of the partial pressure of the reactive gas with the reactive gas flow 

injection [24]. 

In a general way, the behaviour of the target voltage during reactive magnetron 

sputtering can be mostly attributed to the formation of a compound layer on the target surface, 

which has a different ion-induced secondary electron emission (ISEE) coefficient than the 

target material. In terms of target voltage, it is widely known and accepted that the minimum 

voltage required to sustain the magnetron discharge is given by: 

 

���� =
	�


���� ����	
         (eq.2.2) 

 
with W0 representing the effective ionization energy; γISEE the ion induced secondary electron 

emission coefficient; and E the effective gas ionization probability. The other two parameters, 

εi and εe, are close to unit for magnetron sputtering, which means that the cathode voltage 

essentially depends on the γISEE coefficient [22-23]. 

 

 

2.2. Deposition system 

 

For this work, CrNxOy and AlNxOy thin films were prepared by dc reactive magnetron 

sputtering, in a laboratory-sized deposition system (Fig. 2.7) [25]. The system is mainly 

composed by a deposition chamber, a vacuum system, a gas flow control system, an electrical 

system, a pre-chamber and a control unit. 

 



 

 

 

 

Characterization of the electrical and optical properties of the CrNxOy and AlNxOy thin films

Fig.2.7. a) Schematic representation of the home

 

 

2.2.1. Deposition chamber 

The deposition chamber has a cylindrica

with a volume of approximately 0.1

closed or mirrored field configuration. In the case of the samples deposited in framework 

this thesis, only one vertically rectangular magnetron 

configuration, was used [26]. 

dimensions 200×100×6 mm (Fig.

 

Fig. 2.8. Image of the inside of the deposition chamber
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Schematic representation of the home-made deposition system; 

deposition system 

The deposition chamber has a cylindrical shape, with a diameter close 

with a volume of approximately 0.14 m3. The system can accommodate four magn

closed or mirrored field configuration. In the case of the samples deposited in framework 

thesis, only one vertically rectangular magnetron (unbalanced of type 2),

. The target rest in front of the water cooled magnetron wi

Fig. 2.8). 

 

 

Image of the inside of the deposition chamber 

b) 
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made deposition system; b) image of the 

l shape, with a diameter close to 0.4 m and 

. The system can accommodate four magnetrons in a 

closed or mirrored field configuration. In the case of the samples deposited in framework of 

unbalanced of type 2), in a closed field 

The target rest in front of the water cooled magnetron with 
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Fig. 2.9. Schematics representation of the disposition of the magnetron and substrate holder 

in the interior of the chamber 

 

 

2.2.2. Vaccum system 

The vacuum system is composed by three rotatory pumps and two turbomolecular 

pumps see Fig. The primary vacuum (~0.5 Pa) in the deposition chamber is obtained by two 

parallel rotatory pumps: a Trivac D8B and a Balzers DUO 012A, with nominal pumping 

speeds of 2.36 L/s  and 3.33 L/s, respectively. The base pressure was obtained by the two 

parallel turbomolecular pumps: a Balzers TPU200 and an Alcatel PTM 5400, with nominal 

pumping speeds of 190 L/s and 400 L/s, respectively. The overall pumping speed was 

measure to be approximately 356 L/s. The pressure inside the chamber was controlled by two 

pressure gauges: a pirany for primary vacuum (model PRL 10) and a penning (model CP25-

K) for secondary vacuum, both models from Edwards. 
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Fig. 2.10. Schematics of the vacuum system 

 

2.2.3. Pre-chamber and electric system  

A rotatory pump, Edwards E2M18, was connected to a pre-vacuum chamber, with a 

pumping speed of 5.7 L/s. This pump allowed reaching to a primary vacuum in the order of 2 

Pa, before the substrates (placed at the substrate holder) were transferred, through a gate valve 

(placed between the main chamber and the pre-chamber) to the main chamber. This allowed 

reaching the base pressure much faster. The electrical system is composed by two Hüttinger 

dc generators, a PFG 2500 DC and a PFG 7500 DC, with a maximum output power of 2.5 and 

7.5 kW, respectively. A Pulsed power supply from ENI (model RPG 50) was used for the 

etching of the substrates (in-situ pre-cleaning). A current rectifier from Delta (Portugal) was 

used for the biasing of the substrates (maximum current of 2 A). The power supplies, as well 

as the different opening/closing of  the valves and the gas feeds are computer controlled. 
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2.3. Samples preparation 

 

Magnetron sputtering has become the process of choice for the deposition of a wide 

range of industrially important coatings. Examples include hard, wear-resistant coatings, low 

friction coatings, corrosion resistant coatings, decorative coatings and coatings with specific 

optical, or electrical properties [12].  

Recently,a new class of materials has become very important for several technological 

fields, but poorly explored, the oxynitrides: MeNxOy (with Me=metal). The importance of 

this class of materials is based on the fact that oxygen is much more reactive than nitrogen 

and, due to this higher reactivity, the addition of a small amount of oxygen to a growing 

transition metal nitride film induces the production of ionic metal–oxygen bonds in a matrix 

of roughly covalent metal–nitrogen bond. Among the group of already studied oxynitrides, 

aluminium oxynitride (AlNxOy) and chromium oxynitride (CrNxOy) have many interesting 

applications in different technologic fields, but the available knowledge on these two systems, 

specially the first one, is somewhat limited. The use of aluminium oxynitride is not yet very 

common, nevertheless there are some very few applications in the field of microelectronics, 

such as dielectric in multilayer capacitors, barrier diffusion [22].  

On the other hand, chromium oxynitride coatings have been investigated for over a 

decade and were successfully implemented in many areas. These coatings exhibit excellent 

properties like high hardness, oxidation resistance and chemical stability and have used also 

as temperature dependent resistors in thermal radiation detectors [27]. Taking in to account 

that the properties of the materials significantly depend on their interdependence of 

composition, structure and morphology, an understanding of these relationships will be a 

major concern in this work. For this purpose a set of Al and Cr–N–O thin films was prepared 

and analyzed in terms of all the above items. This study will allow the establishment of limits 

for practical applicability of devices coated with these materials, providing new areas of 

application and supplying criteria for new materials design for specific applications. 

In basic terms, the work consisted in the deposition of different series of samples, in 

which the main purpose was to study in detail the influence of deposition parameters in film’s 

properties in special the influence on electrical and optical properties. 

Two series of samples were prepared, a first one with chromium oxynitride (set of 15 

samples) and a second one of aluminium oxynitride (a set of 15 samples). 
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The first series, noted in the text as series CrNxOy, is a set of 15 samples that were prepared 

with the substrate holder positioned at 70 mm from the target in a rotation mode-type (9 rpm), 

using a gas atmosphere composed of argon and a reactive gas mixture composed of 85 % N2 

+ 15 % O2 (17:3 ratio). The working pressure was approximately constant during the 

depositions (varying slightly between ~0.4 and 0.5 Pa).  

The substrates used were:  

i) glass (used for optical and electrical characterization);  

ii) silicon (100 – for structural, composition and morphological analysis). 

The substrates were grounded and kept at a constant temperature of approximately 373 

K during the 1.5 or 2 h deposition. A delay time of five minutes was used before positioning 

the surface of the samples in front of the Cr target (99.6 at.% purity). This delay time was 

used to avoid the deposition of material resulting from the target cleaning process and also to 

assure a practically constant deposition temperature of the substrates during film growth. 

 

 

 

 

The second series, noted in the text as series AlNxOy, is a set of 16 samples that were 

prepared using the same basic conditions as the first series (series AlNxOy). 

The coated substrates were:  

iii) glass (used for optical and electrical characterization);  

iv) silicon (100 – for structural, composition and morphological analysis). 

Table II summarizes the deposition conditions used for this second series of samples. 

 

 

 

 

 

Parameter Value

    Traget current density   75 A.m¯ ²
    Argon flow   70 sccm
    Argon partial pressure   0.3 Pa
   Gas mixture (N2+ O2) flow   0 to 32 sccm
   Gas mixture (N2 + O2) partial pressure   0 to 0.256 Pa

Table I– Summary of deposition parameters selected for the deposition of CrNxOyfilms. 
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2.4. Conclusion 

 

This chapter presents the deposition system used for the deposition of thin films 

systems regarding the AlNxOy and CrNxOy type. Was used the reactive magnetron sputtering in 

special the DC magnetron sputtering in a system consisting in an Cr and Al target with a high 

purity (99.6%). 

Substrates that were used for the deposition are glass and silicon, and were deposited a set of 

10 samples of CrNxOy type and 15 samples of AlNxOy type. The deposition process is divided 

in two major parts: the etching and the actual deposition. 

The two sets of thin films of oxynitride type were deposited in a static way using a gas 

atmosphere composed of argon and a reactive gas mixture composed of oxygen and nitrogen 

with a constant temperature of about 373 K during the deposition, which lasted about 1.5 or 2 

hours. A delay time of five minutes was used before positioning the surface of the samples in 

front of the Cr and Al. This delay time was used to avoid the deposition of material resulting 

from the target cleaning process and also to assure a practically constant deposition 

temperature of the substrates during film growth. 

 

 

 

 

 

 

 

Parameter Value

    Traget current density   75 A.m¯ ²
    Argon flow   70 sccm
    Argon partial pressure   0.3 Pa
   Gas mixture (N2+ O2) flow   0 to 11.3 sccm
   Gas mixture (N2 + O2) partial pressure   0 to 0.0902Pa

Table II – Summary of deposition parameters selected for the deposition of AlNxOyfilms. 
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3.1. Introduction 

 

Typically, PVD processes are used to deposit films with thicknesses in the range of a 

few nanometers to thousands of nanometers; however they can also be used to form 

multilayer coatings, graded composition deposits, very thick deposits and freestanding 

structures [1]. 

Reactive sputtering is well-known to be a suitable technique to deposit several types of thin 

films, including the cases of metallic oxide and nitride thin films, and specially those of  

that are related to this work. Regarding its application, it is known that different films, using 

almost all periodic table elements, for the most varied purposes are being produced by 

Physical Vapour Deposition techniques, where reactive sputtering is one of the most used 

methods. Reactive sputtering has some important characteristics, among which, its high 

versatility should be one of most important ones, connected to an easy control of the 

deposition parameters and thus particularly suitable to modulate the final properties of the 

coatings [2-7]. 

Typically, a problem in reactive sputter deposition is to prevent the “poisoning” of the 

sputtering target by the formation of a compound layer on its surface. Poisoning of a target 

surface greatly reduces the sputtering rate and sputtering efficiency. This problem is 

controlled by having a high sputtering rate (magnetron sputtering) and controlling the 

availability of the reactive gas, such that there will be enough reactive species to react with 

the film surface to deposit the desired compound, but not so much that it will unduly poison 

the target surface [1]. 

Reactions in the gas phase are ruled out for the same reasons that ions can not be neutralised 

in the gas phase (there is no mechanism which can dissipate the heat of neutralisation to 

conserve both momentum and energy in a two-body system, therefore it can only happen at a 

surface) .These cathode reactions are seen to increase suddenly at some rate of reactive gas 

flow. If flow control of reactive gas is used, such reactions are marked by a change in the 

impedance of the operating plasma, an abrupt increase in the system pressure (or more 

precisely in the reactive gas pressure), a drastic drop in the deposition rate and a change in the 

film composition from metal-rich to gas-rich [8]. 

Within the different controls that are done in modern laboratories (and production 

lines), there are always special features that need to be taken into account if high quality films 

are expected to be prepared the so-called process instabilities. If these process instabilities are  
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always seen as undesirable and responsible for deviations in film’s responses (electrical, 

optical, mechanical, among others), the case of decorative films is particularly serious since it 

will have severe  consequences in thin film colour. Among others, typical instability 

phenomena of experimental parameters are frequently met with the reactive process involving 

one metallic target with one (or more) reactive gas(es) [9-13]. 

In reactive sputtering, the reaction at the cathode is called an oxide mode and the 

reaction at the substrate is called a metallic mode. The deposition rate is significantly affected 

by the surface condition of the target and/or the mode of the reactive sputtering. Deposition 

rates will show the hysteresis curve with the variation of the flow rates of the reactive gas 

[14].  

 

 

 

Fig. 3.1. Hysteresis behaviour of reactive gas consumtion 

 

The hysteresis effect is very undesirable and has to be eliminated, if flow control of 

reactive gas is used, because the process is unstable inside this region [8]. At one value of fr, it 

is likely to deposit compound films of different stoichiometries and thus physical properties. 

This is due to the existence of two stable operating states corresponding to an individual value 

of fr ,when fr is in the region of hysteresis. Fast and sophisticated process control systems are 

required in order to operate inside this region. 
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3.2. Characterization techniques 

 

Instead of light, the Scanning Electron Microscopy (SEM) uses secondary electrons 

emitted from the surface to form the image. The intensity and angle of emission of the 

electrons depend both on the surface topography and the material. The angle of emission 

depends on the surface morphology so the spatially-collected electrons allow an image of the 

surface to be collected and visually presented [15]. 

The SEM technique provides the investigator with a highly magnified image of the 

surface of a material that is very similar to what one would expect if one could actually "see" 

the surface visually. In the SEM, a source of electrons is focused (in vacuum) into a fine 

probe that is rastered over the surface of the specimen. As the electrons penetrate the surface, 

a number of interactions occur that can result in the emission of electrons or photons from (or 

through) the surface. A reasonable fraction of the electrons emitted can be collected by 

appropriate detectors, and the output can be used to modulate the brightness of a cathode ray 

tube (CRT) whose x- and y-inputs are driven in synchronism with the x-y voltages rastering 

the electron beam. In this way an image is produced on the CRT; every point that the beam 

strikes on the sample is mapped directly onto a corresponding point on the screen [1]. 

The principle images produced in the SEM are of three types: secondary electron 

images, backscattered electron images, and elemental X-ray maps. Secondary and 

backscattered electrons are conventionally separated according to their energies. 
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Fig. 3.2. Schematic of the scanning electron microscope 

 

The most common imaging mode relies on detection of this very lowest portion of the 

emitted energy distribution. Their very low energy means they originate from a subsurface 

depth of no larger than several angstroms. The image magnification is then simply the ratio of 

scan lengths on the CRT to that on the specimen. 

Backscattered electrons are the high- energy electrons that are elastically scattered and 

essentially possess the same energy as the incident electrons. The probability of 

backscattering increases with the atomic number Z of the sample material. Since the 

backscattered fraction is not a very strong function of Z (varying very roughly as - 0.05Z for 

primary electron beams employed in the SEM). 

A SEM is like a large X-ray vacuum tube used in conventional X-ray diffraction 

systems. Electrons emitted from the filament (cathode) are accelerated to high energies where 

they strike the specimen target (anode). In the process, X-rays characteristic of atoms in the 

irradiated area are emitted. By an analysis of their energies, the atoms can be identified and by 

a count of the numbers of X-rays emitted the concentration of atoms in the specimen can be 

determined [16].  
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Fig. 3.3. Electron and photon signals emanating from tear-shaped interaction volume 
during electron-beam impingement on specimen surface 

 

All these signals are the result of strong electron-specimen interactions, which depends on 

the energy of the incident electrons and the nature of the specimen and can be used to form 

images or diffraction patterns [17-19]. As the higher energy primary electrons penetrate the 

solid, they undergo scattering which increases the interaction volume [20]. Fig.3.4 shows the 

range and spatial resolution of backscattered electrons, secondary electrons, X-ray and Auger 

electrons incident on a solid. 

 

 

 

Fig. 3.4. Summary of the range and spatial resolution of backscattered electrons, secondary 

electrons, X-ray and Auger electrons incident on a solid 
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Some of the primary electrons will be backscattered toward the surface with little or 

no energy loss; these high energy electrons yield better image contrast in many situations [1, 

21]. Energetic primary electrons ionize atoms in the solid producing X-rays which are 

characteristic of the elements that are present [21]. 

Samples to be analyzed in SEM have to be: stable in high vacuum, stable physical and 

chemically and have electrical conductive in the surface. Due to the last condition (and 

because some samples have high resistivity) the samples are coated with a thin film of usually 

gold to ensure electrical conductivity [19]. 

In our case the determination of the thickness was made on a Leica Cambridge S-360 

SEM that is equipped with a fully automated stage, with a maximum travel of 100 mm in the 

X and Y axes, and 50 mm in the Z axis. In addition to all of the features of the S-200 this 

instrument has the following capabilities: 

High resolution digital capture and storage of SEM images using the PC based Orion 

software. Capture and store images at 2992 x 2272 resolution in tiff or jpeg format. Storage of 

stage positions, allowing the user to return to any preselected position [22].  

 

 

 

Fig. 3.5. Scanning electron microscope Leica Cambridge S-360 

 

Thickness is one of the most important thin-film parameters since it largely determines 

the properties of a film. On the other hand, almost all properties of thin films depend on the 

thickness and can therefore be used for the thickness measurement. From this fact follows a 

great diversity in methods of measurements. The very concept of thickness depends on the 

method of measurement selected or, more accurately, different methods of measurement may 

yield different results, different thickness for the same film [23]. 
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There are many direct and indirect techniques for measuring the thickness of a 

deposited thin film. A general problem in measuring film thickness is the definition of the 

“surface.” Since films have a low thickness, substrate surface roughness can play a major role 

in the thickness measurement. Film and coating thickness may be defined in three ways: 

geometrical thickness, mass thickness, property thickness.  

Different thickness measuring techniques may give differing values for the thickness. 

Many of the indirect thickness measuring techniques require careful calibration. Often 

thickness is determined by depositing the film on a smooth substrate (witness plate) in an 

equivalent position and determining the geometrical thickness. Since the growth and 

geometric area on the witness plate is different from that of the real substrate, the thicknesses 

may differ but the measurement is good for relative values from run-to-run [23]. 

A large variety of different methods are shown in figure 3.6. 

 

 

Fig. 3.6. Different methods of measuring the coating thickness 
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3.3. Results and discussion 

3.3.1. Chromium oxynitride 

 

Target potential 

The characterization of target voltage is always seen as a simple, but also powerful 

technique, giving important indications on the process characteristics. In fact, and in terms of 

industrial production, this characterization is often used as the main measure for quality 

control. Since in this work a mixture of oxygen and nitrogen was used as a reactive gas, it is 

possible that the formation of oxide and nitride compounds takes place at the target surface, 

and thus ruling both potential and deposition rate behavior.  

 

 

Fig. 3.7. Evolution of the target potential, as a function of the partial pressure of reactive gas 

(N2+O2). The pressure was measured prior to discharge ignition 

 

From the analysis of the target potential evolution with reactive gas pressure one can 

observe two major deposition regimes for the prepared samples. A first regime with gas 

partial pressures between 0.01 and 0.1 Pa and characterized by relatively low target voltages, 

has values varying only slightly around -380 V. The set of samples within this zone were 

prepared with reactive gas flows lower than 8 sccm, exhibiting metallic-like surface tones. A 

second zone follows, for partial gas pressures between 0.1 and 0.27 Pa, where the target 

voltage increased gradually from -375 V to values close to -420 V. Due to this variation of 

target voltage, one would expect a gradual change in the growth modes of the samples within 
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this zone, as well as in its properties. This assumption was firstly confirmed by the sudden 

modification in the surface appearance of the coatings within this second zone, which varied 

from metallic-like to interference-like ones. 

To explain the behaviour of the target voltage with the reactive gas pressure, one has to 

consider the gettering of the reactive gas by the target material, as shown by Berg et al. [24], 

leading to the formation of a compound layer on the target surface and thus, influencing the 

reactive gas partial pressure and also the ion-induced secondary electron emission (ISEE) 

coefficient of the target material [25].  

In terms of target voltage, it is widely known and accepted that the minimum voltage required 

to sustain the magnetron discharge is given by: 

 

���� =
	�


���� ����	
         (eq.3.1) 

 

with W0 representing the effective ionization energy; γISEE the ion induced secondary electron 

emission coefficient; and E the effective gas ionization probability. The other two parameters, 

εi and εe, are close to unit for magnetron sputtering, which means that the cathode voltage 

essentially depends on the γISEE coefficient [26]. The dependence of this coefficient on the 

reactive gas partial pressure varies for different target materials and reactive gases [27]. In 

short the Berg model describes the gettering of the reactive gas by the target material which 

influences the reactive gas partial pressure. At low reactive gas flow, the reactive gas is almost 

completely gettered and hence the target condition remains metallic. When on increasing the 

reactive gas flow the maximum amount of reactive gas which can be gettered is reached, the 

reactive gas partial pressure increases and the target becomes completely poisoned. 

Depending on the experimental conditions this change from metallic to poisoned mode can 

occur abruptly [28]. 

In this respect, it is widely known and accepted that the minimum voltage required to 

sustain the magnetron discharge is roughly inversely proportional to the γISEE coefficient of 

the target material [27]. The dependence of this coefficient on the reactive gas partial pressure 

varies for different target materials and reactive gases, increasing for some metals like Al and 

Y, with increasing reactive gas incorporation on the target, while for other materials, like Cr, 

Ti, Zr decreases with the reactive gas incorporation [26]. For the present case, at low reactive 

gas flow, the reactive gas is almost completely gettered and hence the target condition remains 

metallic, which explains the low constant target voltage observed for Cr target. On increasing 
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the reactive gas flow, the amount of gas that can be gettered by the Cr target is reached, the 

reactive gas partial pressure increases and the target becomes gradually poisoned, which 

explains the steady increase in the target voltage observed for then set of samples that were 

indexed to the second zone. 

 

 

Deposition rate 

Since deposition rate can influence the crystallinity and structural defects of the 

coatings and consequently the final properties of the thin films, the first characterization done 

was the evaluation of the deposition rate as a function of the gas mixture (N2+O2) partial 

pressure. 

Being a direct reflex of the material that constitutes the growing film, and thus related 

with the atmosphere present within the reactor, the characterization of the deposition rate 

enables to follow the first differences in the prepared films and, above all, to establish some 

rules of thumb regarding the types of films that have been grown: metallic-like, oxide-like, 

etc. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.8 Evolution of the deposition rate as a function of the partial pressure of reactive gas 

(N2+O2). The pressure was measured prior to discharge ignition 
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Following the variation of target potential, the deposition rate measurements reveal 

different types of films, which seem to clear out the analysis made above of the different film 

depositions. The evolution of deposition rate, Fig. 3.8, indicates that the set of samples that 

were firstly divided into two major zones after the target potential analysis, should be in fact 

split into 3 different modes (regimes) – i) a set of samples that were deposited within a 

metallic mode regime, which will be indexed from hereafter as zone I films; ii) a second set of 

samples that were deposited in an compound mode (oxide) regime, indexed from hereafter as 

zone II films; and in between, a set of films that seem to have been deposited in a some kind 

of transition regime, which will be noted as being in a zone T.  

Regarding the available literature about this deposition rate variation issue, and based on 

Safi’s hysteresis behaviour of reactive magnetron sputtering [29], Spencer et al. [30] proposed 

a conceptual model of the reactive sputtering process, in which the deposition rate variations 

were the motive of extensive analysis. This model describes the effects of raising the reactive 

gas partial pressure at the target and the substrate. 

 

 

 

Fig 3.9. The origins of the reactive gas consumption reproduced from Spencer et al. [22]; a) 

Evolution of the metal flux as a function of reactive pressure; b) Evolution of the atomic ratio 

gas/metal as a function of reactive gas pressure 

 

 

At the target, a partially poisoned surface results when the poisoning rate is higher than 

the cleaning rate. Since the sputtering yield of metal atoms from a poisoned surface is less 

than that from a pure metallic target, the metal flux from the target decreases with increasing 

reactive gas partial pressure until the entire target is poisoned, as can be seen in Fig. 3.9a. At 

the substrate, when the reactive gas partial pressure is low, the formation rate of the 

compound film is limited by the impact rate and utilization of the reactive gas atoms and 
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hence a metal rich, or sub-stoichiometric, film is deposited. Since the impact rate of the 

reactive gas atoms increases with its partial pressure, the reactive gas content of the 

compound film increases with the reactive gas partial pressure until a gas-rich, or over-

stoichiometric saturated, film is deposited Fig. 3.9b. 

The first regime – metallic mode, includes the group of samples prepared with reactive 

gas flows up to 8 sccm (corresponding to partial pressures varying from 0.01 to 0.1 Pa), 

revealing higher deposition rates (above 35 nm/min), which is characteristic of the sputtering 

process occurring in the metallic regime [31].  

For reactive gas partial pressures above 0.16 Pa, there is a clear tendency for a 

progressive decrease of the deposition rate, reducing from roughly 40 nm/min. to a value 

close to 10 nm/min. at the highest reactive gas flow. The progressive decrease of deposition 

rate within the oxide zone (zone II) is a consequence of the well-known poisoning effect of 

the target by both reactive gases [32]. Both chromium nitride and oxide layers form at the 

surface of the Cr target. Since the sputtering yield of both compounds is lower than that of Cr, 

a decrease in the deposition rate is expected. Between these two main zones (corresponding to 

the group of samples prepared with reactive gas flows between 12 and 20 sccm), one can 

clearly distinguish the previous mentioned transition zone, which maybe associated to the 

transition regime between the metallic and compound regime in the hysteresis cycle of pure 

nitrides, where the deposition rate tends to stabilize at about 40 nm.min-1. The fact that the 

deposition rate does not change significantly induces that the set of samples that were 

prepared within this growth mode will probably reveal very similar characteristics, namely in 

what concerns to morphology and structure, and thus their set of basic properties. The almost 

consistency in the deposition rate values maybe due to the almost constant target potential 

values, consistent with an almost steady state of the sputtering process.  
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Morphology of the films 

Fig. 3.10 presents Scanning Electron Microscopy (SEM) micrographs of the cross-

section morphologies of the films relevant for all three zones. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.10. SEM cross-sections images of the films: a) Zone I, b) Zone T, c) Zone II 

 

 

Regarding the samples deposited, they developed a typical columnar microstructure 

that is very well correlated with the decrease in the deposition rate presented and discussed in 

Fig. 3.8. With the increase of the partial pressure of reactive gas mixture the type of the 

growth is changed from a columnar-like type in zone I were the amount of metallic atoms 

sputtered are very high to a more dense columnar-like growth for the samples that compose 

zone T. 

The second zone indexed with low values of deposition rate and with a completely 

poisoned chromium target reveals a very dense microstructure with a less pronounced 

columnar morphology. 

 

b) a) 

c) 
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3.3.2. Aluminium oxynitride 

 

Target potential 

Fig. 3.11 shows the evolution of target potential, −V, of the different coatings as a 

function of the gas mixture (N2 +O2) partial pressure. 

 

 

 

Fig. 3.11. Evolution of the target potential, as a function of the partial pressure of reactive 

gas (N2+O2). The pressure was measured prior to discharge ignition 

 

As it can be observed, the target potential varies from about 450 V, for an atmosphere 

without reactive gas, to values between 428 and 422 V, when the reactive gas partial pressures 

vary from 0.01 to 0.02 Pa, respectively. When the partial pressure reaches the value of 

approximately 0.03 Pa, there is a significant decrease in the target potential, dropping about 

11% to a value of about374 V. This decrease persists until a minimum value of 268 V is 

reached for a reactive gas mixture partial pressure of 0.06 Pa. Above this pressure, the target 

potential remains approximately constant. 

According to the obtained results in Fig. 3.11, one might identify two main zones, with a 

transition zone between them like the case of CrNxOy discussed before. The first one–zone I, 

is observed for gas mixture partial pressures up to 0.02Pa, corresponding to high target 

potentials. A second zone–zone II–is indexed to the films prepared with gas partial pressures 

of 0.06 Pa and above, which are characterized by low values of target potential. 
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Between these two zones, one can consider a transition zone–zone T (0.03Pa ≤ pN2+O2 

≤ 0.05Pa), where target potential is decreasing gradually.  

In the case of aluminium sputtering, the increase of the reactive gas partial pressure 

(oxygen/nitrogen) induces the formation of an oxide/nitride layer on the target surface, 

leading to an increase of the γISEE coefficient and the consequent decrease of the discharge 

voltage (−V) [33-35]. This particular behavior can be used to explain the evolution of both 

target potential and deposition rate as a function of the reactive gas partial pressure observed. 

For the case of the films indexed to zone I, the target remains in a clean surface state (metallic 

mode), corresponding to a low value of the γISEE coefficient thus explaining the high value of 

cathode voltage. The slight decrease of the target potential observed in zone I, can be 

explained by the raise of the γISEE coefficient due to the increasing on the reactive gas ion 

implantation on the target. In the case of the films prepared with in the transition zone (zone 

T), the target is most likely becoming partially oxidized, since the free Gibbs energy of 

formation of aluminium oxide (alumina), Δ��,�
 ��� �� ����	�
 =  −1.58 ×  10��� 
���� is 

much lower than of the aluminium nitride, Δ��,�
 ��� �� ����
 =  −2,87 × 10��� 
���� [36], 

meaning that oxidation of the target surface predominates over nitrating. In this zone T, the 

cathode voltage decreases with reactive gas pressure, due to the increase of γISEE coefficient as 

the target becomes more and more oxidized.  

Finally, in the case of the films prepared within zone II, the target is completely 

poisoned and thus the discharge voltage reaches its minimum value, meaning that the γISEE 

coefficient is at its maximum value. 
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Deposition rate 

Fig. 3.12 presents the evolution of the deposition rate, of the different coatings as a 

function of the gas mixture (N2 +O2) partial pressure. 

 

 

 

Fig. 3.12. Evolution of the deposition rate as a function of the partial pressure of reactive gas 

(N2+O2). The pressure was measured prior to discharge ignition 

 

Regarding the deposition rate, Fig. 3.12 shows for zone I within the range of reactive 

gas partial pressures (0.00 Pa ≤ pN2+O2≤ 0.02Pa), a deposition rate that remains approximately 

constant at a value around 35 nm.min−1. 

Zone T shows a significant increase of the deposition rate from about 43% to a value of 63 

nm.min−1, when the partial pressure is increased from 0.02 to 0.03 Pa. Increasing further the 

reactive gas pressure, the deposition rate decreases steeply until a minimum value of about 4–

5 nm.min−1 is reached, for a gas mixture partial pressure of 0.06 Pa and above that is indexed 

in zone II. 

In order to clarify the three zones evolution, one must take into account that reactive 

magnetron sputtering is a complex process, depending on many parameters that are 

commonly strongly correlated. The reactive gas used to sputter the target, not only reacts with 

the sputtered material in the plasma region, but also interacts with the cathode surface, leading 

to ion implantation or chemisorptions of reactive species on the target surface. These 
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processes modify the sputtering yield, thus affecting the deposition rate, but also the ion 

induced secondary electron emission coefficient of the target, which, in its turn, is closely 

related to the minimum sustaining discharge voltage. During reactive magnetron sputtering 

there are three general working regimes for the sputtered target: the first one, a so-called 

metallic mode, occurs when the partial pressure of reactive gas is too low to react with the 

metallic target, which remains clean. This induces the preparation of films with relatively high 

deposition rates and target voltages that can be relatively low in some cases [37], but also 

relatively high, such as the case demonstrated here for the aluminium oxynitrides. 

This would be the case demonstrated here by the samples indexed to zone I. A second 

regime appears as a result of the increase of the reactive gas pressure, which starts to “poison” 

the target surface, resulting on a decrease of its sputter yield [8], and in a decrease of the 

deposition rates, to get her with a significant variation on the target potential values. This 

would be the case of the films prepared in the frame work of this study indexed to the 

transition zone. Finally, the third regime (target poisoning) occurs when the sputtered targets 

are close or completely poisoned, leading to a strong decrease in the sputter yield and 

consequently in the obtained deposition rate. In this case, the target voltages are commonly 

observed to be relatively low (or high) [38] in comparison to those observed for zone I. This 

would be the case of the films prepared for this study that were indexed to zone II. 

Concerning the deposition rate of the films (calculated based on SEM observations), 

one should note that for the same deposition time, the thickness of the samples depends on the 

amount of material that arrives to the substrate, which is correlated with the amount of atoms 

sputtered from the target. Since the sputter yield of a poisoned target is less than that from a 

metallic target, it is expected that the deposition rate decreases as the partial pressure 

increases until the target becomes totally poisoned. 

 

 

Morphology of the samples 

Regarding the morphology of the Al-N-O system an analysis of the SEM images was 

made for a better understanding of the results from all the three zones as it this shown in fig. 

3.13(a-c). The observation of the obtained results are revealing the type of growth of the films 

that present a significantly difference between the films prepared in zone I and those from 

zone T, whereas the zone I films present a typical columnar-like growth, the transition zone 

are very porous with a cauliflower-like growth. Therefore the high deposition rates within 
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zone T do not imply a higher quantity of material that was being deposited, but the formation 

of films with lower density. 

The increase of the partial pressure within zone T induces a decrease of the deposition rate 

that is a direct consequence of the reduction of the target sputtering yield. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.13. SEM cross-sections images of the films: a) Zone I, b) Zone T, c) Zone II 

 

Finally, zone II reveal a dense but featureless –type growth that is explained by the 

roughly constant deposition within this zone that is a consequence of the aluminium target 

that is completely poisoned and the amount of metallic atoms that are very low. 

 

 

3.4. Conclusions 

 

This chapter presents the fundamental characterizations of the coatings in special the 

target potential, deposition rate determined with the use of the thickness and morphology of 

these coatings. 

a) b) 

c) 
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The samples of the CrNxOy system presents an analysis of the evolution of the target 

potential dividing the coatings into two main zones, one with the relative small target voltage 

and the other area with values of the target voltages that increase gradually. 

Instead, determining the deposition rate leads to a new classification of the samples meaning 

dividing them into three regimes. Zone I is an area consisting of deposited samples in a 

metallic regime, a zone T with samples deposited in a somewhat transition regime and the 

third zone indexed to as zone II with samples deposited in a compound (oxide) regime. In the 

case of morphology of deposited coatings they have developed a columnar type 

microstructure. 

The system of AlNxOy type presents an analysis of the target potential in a 

continuously decreasing and the coatings are divided in three zones. Zone I is a zone with 

high values of target potential, zone T presents values of target potential that are gradual 

decreasing and zone II is characterized by low values of target potential. Deposition rate 

remains almost constant over zone I with a metallic regime, zone T shows a significant 

increase of the deposition rate and zone II shows a sharp drop of the deposition rate in the 

oxide type regime. The morphology of this system presents a typical columnar growth for 

zone I, the coatings from zone T are porous with an cauliflower type growth, as for the 

coatings from zone II they present a dense growth without specific form. 
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4.1. Introduction 

 

Ion implantation has been extensively used to obtain a wide variation in near-surface 

microstructure and properties. Using MeV ions it has become possible to make structures of 

interest such as buried conducting layers [1] and very large scale integration (VLSI) deep 

wells. The damage produced during MeV ion implantation can be used to reduce minority 

carrier life time in Si and to provide buried gettering sites for collection of metallic impurities. 

Energetic ions induce damage in the silicon and at higher fluences, a phase transformation 

from crystalline Si (c-Si) to amorphous Si (a-Si) can occur. Damage induced by ion 

irradiation in Si depends on fluence, flux, energy of the ion, mass of the ion, target 

temperature, tilt angle of the target, etc. Understanding the amorphization process is still an 

active area of research and various mechanisms have been put forward [1]. As it is well 

known, RBS is an ion beam analysis technique based on the elastic collision between the 

incoming particles and target nuclei [2]. From the study of scattered projectiles, atomic 

composition depth profiles can be obtained for the near surface region of materials, making 

RBS a powerful nondestructive technique for this purpose. 

The term structure is used as a commonly accepted concept in materials engineering, 

although many systems are more or less nanoscaled in nature. Due to the nature and 

characteristics of PVD processes, the structural properties of thin films are, in general, 

strongly dependent of the deposition parameters, such as deposition rate, deposition 

temperature, gas (working and reactive ones) pressures, impurities, ion bombardment etc [3]. 

Diffraction effects are observed when electromagnetic radiation impinges on periodic 

structures with geometrical variations on the length scale of the wavelength of the radiation. 

The interatomic distances in crystals and molecules amount to 0.15–0.4 nm which correspond 

in the electromagnetic spectrum with the wavelength of x-rays having photon energies 

between 3 and 8 keV.  

Accordingly, phenomena like constructive and destructive interference should become 

observable when crystalline and molecular structures are exposed to x-rays [4]. When a 

crystalline film is irradiated with short wavelength X-rays the crystal planes can satisfy the 

Bragg diffraction conditions giving a diffraction pattern. This diffraction pattern can be used 

to determine the crystal plane spacing (and thus the crystal phase), preferential orientation of 

the crystals in the structure, lattice distortion, and crystallite size [5]. Thin-film XRD is 

important in many technological applications, because of its abilities to accurately determine 
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strains and to uniquely identify, the presence and composition of phases. In semiconductor 

and optical materials applications, XRD is used to measure the strain stare, orientation, and 

defects in epitaxial thin films, which affect the film’s electronic and optical properties.  

For magnetic thin films, it is used to identify phases and to determine preferred 

orientations, since these can determine magnetic properties. In metallurgical applications, it is 

used to deter-mine strains in surface layers and thin films, which influence their mechanical 

properties. For packaging materials, XRD can be used to investigate diffusion and phase 

formation at interfaces [6]. 

 

 

4.2. Characterization techniques 

 

4.2.1. Composition analysis: Rutherford Backscattering (RBS) 

The method was first employed by nuclear physicists to analyze their targets in 1951. 

Extensive application to material science began in the late1960s. The technique has been 

refined and now constitutes one of the most common methods for compositional analysis of 

the surface region [7]. 

This popular thin-film characterization technique relies on the use of very high energy (MeV) 

beams of low mass ions. These have the property of penetrating thousands of angstroms or 

even microns deep into films or film- substrate combinations. Interestingly, such beams cause 

negligible sputtering of surface atoms. Rather, the projectile ions lose their energy through 

electronic excitation and ionization of target atoms. These “electronic collisions” are so 

numerous that the energy loss can be considered to be continuous with depth. Sometimes the 

fast-moving light ions (usually 4He+) penetrate the atomic electron cloud shield and undergo 

close-impact collisions with the nuclei of the much heavier stationary target atoms. 

The analysis of the surface and near-surface region of solids has become an important 

field of science and technology. RBS is one of the most powerful methods among a number of 

analyzing techniques. In RBS, high-energy ion beams, usually H or He ions with energies in 

the range 1–4 MeV, are used as probes. A sample is irradiated by the ion beam. Almost all 

ions penetrate deep inside the sample up to ca. 10 µm until they entirely lose their kinetic 

energy. During the penetration some ions collide with the target atoms and are subject to 

elastic Coulomb scattering (Rutherford scattering) between the projectile and the target nuclei 

and maybe backscattered from the sample. The energy of the ion backscattered from the target 
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atom depends on the target atom mass. This allows compositional analysis of a surface region 

of several micrometers by measuring the energy spectrum of the backscattered ions.  

Figure 4.1 illustrates a schematic set-up of RBS and an example of an energy spectrum 

for a two-element thin film on a low mass substrate. The ions scattered from each element 

form a separated peak. The number of target atoms in the film can be derived from the peak 

yields and the peak width gives the film thickness [8]. 

 

 

 

Fig. 4.1. RBS spectrum for a two element compound film (Am Bn) on a low mass substrate. The 

inset shows the schematic set-up of RBS 

 

The resulting scattering from the Coulomb repulsion between ion and nucleus has been 

long known in nuclear physics as Rutherford scattering. The primary reason that this 

phenomenon has been so successfully capitalized upon for film analysis is that classical two-

body elastic scattering is operative. This, perhaps, makes RBS the easiest of the analytical 

techniques to understand.  

At a basic level, RBS demonstrates the electrostatic repulsion between high energy 

incident ions and target nuclei. The specimen under study is bombarded with monoenergetic 

beam of 4He+ particles and the backscattered particles are detected by the detector analysis 

system which measures the energies of the particles. During the collision, energy is 

transferred from the incident particle to the target specimen atoms; the change in energy of the 

scattered particle depends on the masses of incoming and target atoms. For an incident 

particle of mass M1, the energy is E0 while the mass of the target atom is M2.  
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After the collision, the residual energy E of the particle scattered at angle Ø can be 

expressed as: 

E= k2E0          (eq.4.1) 

 

� =
(����������

�� ��
� ���� �

��� ��

        (eq.4.2) 

 

where k is the kinematic scattering factor, which is actually the energy ratio of the particle 

before and after the collision. Since k depends on the masses of the incident particle and target 

atom and the scattering angle, the energy of the scattered particle is also determined by these 

three parameters.  

For a particular combination of M, rm , and θ the equation 2 allows to correlate the energy of 

the incident ion before and after to interaction with the target atom. 

 

iE iK= 0* E           (eq.4.3) 

 

iK  is known as the kinematic factor and can be calculated from equation 4.3.  

Once the incident ion mass, energy and angular position of the ion detector are 

selected, iK  just depends on the atomic weight of the target atom. The majorities of the 

incident ions penetrates below the film surface and are continuously losing energy at a linear 

rate with distance traversed, but the scattered ion energy is still given by equation 4.3 only the 

0E  is now the ion  incident energy at that point in the matrix. The backscattered ions that 

collide with the detector generate an impulse that is proportional to the energy of the detected 

particles allowing the determination of their energy.  

Measuring the iE  allows the determination of the mass of the target atmos. In the 

course of passage through the target material, the ion beam can be thought of as splitting into 

two separate chemical elements, each spanning a different range of energies. For each broad 

elemental peak detected, the highest and lowest energies correspond to atoms on the front and 

back film surfaces, respectively. Therefore, by measuring the number and energy of 

backscattered ions, information about the nature of the elements present, their concentration, 

and their depth distribution can all be simultaneously acquired [9]. A simplified layout of 

backscattering experiment is shown in Fig.4.2. 
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Fig. 4.2. Schematic representation of the experimental setup for Rutherford backscattering 

analysis 

 

In the standard RBS, 1–4 MeV He ion beams and a SSB detector are commonly used. 

Although both the mass and depth resolutions are poorer for H ions than for He ions, H ions 

are sometimes used in RBS in order to analyze deeper regions. Ions generated by an ion 

source are accelerated by an electric field. The most widely used devices for the production of 

a megaelectronvolt ion beam are the Van de Graaff- type and Cockcroft and Walton type 

accelerators. The accelerated ions are analyzed by a magnet to eliminate contamination 

species and to select the ion energy. The calibration of the analyzing magnet is usually done 

using resonant nuclear reactions. After passing the analyzing magnet, the ion beam is 

collimated by apertures to a size of ca.1 mm and introduced to a scattering chamber where 

targets are mounted on a manipulator. The beam current is usually monitored by target current 

or a beam monitor system installed between the final aperture and the target. The typical beam 

current is of the order of 10 nA. For a channeling measurement, the beam divergence angle 

and the precision of the manipulator should be less than 1mrad [7]. 

 

 

4.2.2. Characterization Techniques - X-ray diffraction (XRD) 

X-rays were discovered in 1895 by the German physicist Wilhelm Conrad Röntgen. 

Currently, already well-known and studied, this radiation, which consists of electromagnetic 

waves of wavelength ranging between 0.1 and 10 Å, it is produced when fast electrons collide 

with a metallic target [10]. X-ray Diffraction (XRD) is a powerful technique used to uniquely 

identify the crystalline phases present in materials and to measure the structural properties 

(strain state, grain size, epitaxy, phase composition, preferred orientation, and defect 

structure) of these phases. XRD is also used to determine the thickness of thin films and 
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multilayers, and atomic arrangements in amorphous materials (including polymers) and at 

interfaces [11]. 

An integral part of the process of crystal structure determination is an experiment and 

the techniques used to collect the experimental data. The experiment consists of scattering 

radiation from crystalline matter, the radiations that are usually employed being x-rays, 

electrons and neutrons. Although all three radiations can be employed, the vast majority of 

structure determinations are based on x-ray diffraction data [12.].  

Diffraction occurs when a wave encounters a series of regularly spaced obstacles that are 

capable of scattering the wave, and have spacings that are comparable in magnitude to the 

wavelength. Furthermore, diffraction is a consequence of specific phase relationships that are 

established between two or more waves that have been scattered by the obstacles [13]. 

 

 

Bragg`s law 

X-rays are a form of electromagnetic radiation that have high energies and short 

wavelengths—wavelengths on the order of the atomic spacings for solids. When a beam of x-

rays impinges on a solid material, a portion of this beam will be scattered in all directions by 

the electrons associated with each atom or ion that lies within the beam’s path [14]. 

 

 

 

Fig. 4.3. Bragg’s diffraction condition for a reflection of x-rays in two planes of atoms in a 

solid 

 

For constructive interference between two waves, a certain geometric configuration is 

needed. X-rays 1 and 2 are reflected by the atoms P and Q (Fig. 4.3) and the path difference 

between them will be: 
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QS + QT = 2dsinθ         (eq.4.4) 

 

The high degree of order and periodicity in a crystal can be envisioned by selecting sets 

of crystallographic lattice planes that are occupied by the atoms comprising the crystal. The 

planes are all parallel to each other and intersect the axes of the crystallographic unit cell. Any 

set of lattice planes can be indexed by an integer triple hkl with the meaning that a/h, a/k and 

a/l now specify the points of intersection of the lattice planes with the unit cell edges. This 

system of geometrical ordering of atoms on crystallographic planes is well known to be 

indicated by the so-called Miller indices hkl. As an example, the lattice planes with Miller 

indices (110) and (111) are displayed in fig. 4.4 for the simple cubic lattice. 

 

 

 

Fig. 4.4. Lattice planes with Miller indices (110) and (111) in a simple cubic lattice 

 

The distance between two adjacent planes is given by the interplanar spacing dhkl with the 

indices specifying the Miller indices of the appropriate lattice planes. For cubic lattices it is 

found by simple geometric consideration that the interplanar spacing depends on the unit cell 

parameter a and the Miller indices according to [4]: 

 

���� =
�

√��������         (eq.4.5) 

 

For a set of crystalline plans with Miller indices (hkl), the condition for constructive 

interference to be observed is the transposition in Bragg's law (eq.4.3) [15] which relate 

between the wavelength of X-radiation (λ), the angle between the incident beam, the plane 

responsible for Bragg diffraction (θ) and the distance between crystal planes (dhkl): 

 

2�������� = ��         (eq.4.6) 
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n represents the diffraction order.  

The variation of the angle of the beam on the sample allows the detection of the peaks 

that correspond to the crystal planes in the sample. 

 

 

Bragg-Brentano geometry 

The basic measurement geometry of by far the most frequently used x-ray diffraction 

instrument is depicted in Fig.4.5. The angle of both the incoming and the exiting beam is θ 

with respect to the specimen surface. Its measurement geometry may also be applied to the 

investigation of thin films, especially if the layer is polycrystalline and has been deposited on 

a flat substrate, as is often the case [4]. 

 

 

 

Fig 4.5. Schematic representation of θ/2θ diffraction in Bragg–Brentano geometry 

 

After passing through receiving slits, the diffracted X-rays are detected. The specimen is 

rotated at one- half the angular velocity of the detector. Since the incident and diffracted X 

rays make the same angle to the specimen surface, structural information is obtained only 

about (hkl) planes parallel to this surface [16]. 
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Glancing Incidence X-ray Diffraction (GIXD) 

For ultrathin epitaxial films (less than - 100 Å), Grazing Incidence X-ray Diffraction 

(GIXD) is the preferred method and has been used to characterize monolayer films. Here the 

incidence angle is small (-0.5°) and the X rays penetrate only - 100- 200 Å, into the specimen.  

 

 

 

Fig. 4.6. Schematic diagram of grazing incidence X-ray diffractometry (GIXRD), 2θ Bragg 

angle, ω angle of incidence 

 

The exit angle of the diffracted X rays is also small and structural information is 

obtained about (hkl) planes perpendicular to the specimen surface [15]. GIXRD can therefore 

be used for the extreme situation of surface structure, or epitaxial relationships at the 

interfaces of films, where atomic positions can be determined to an accuracy of 0.001 Å in 

favorable cases [8]. 

 

 

4.3. Results and discussion 

4.3.1 Chromium oxynitride 

 

Composition of the films 

The atomic composition of the as-deposited samples was measured by Rutherford 

Backscattering Spectroscopy (RBS) using (1.4, 1.75) MeV and 2 MeV for the proton and 4He 

beams, respectively. The scattering angles were 140º (standard detector, IBM geometry) and 

180º (annular detector), tilt angles 0º and 25º. Composition profiles for the as-deposited 

samples were generated using software NDF [17]. For the 14N, 16O and 28Si data, the cross-

sections given by Ramos et al. were used [18]. The analyzed area was about 0.5×0.5 mm2. 
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Fig. 4.7. RBS spectra obtained for the measurements of the series of samples prepared with 

different reactive gas flows 

 

As a summary, figure 4.7 shows the obtained RBS spectra and simulations of the 

representative samples prepared with different reactive gas flows from the three different 

zones. The first important fact that should be mentioned is that the results from the RBS 

simulations revealed an almost homogenous in depth composition profiles. 

Following the previous analysis, the samples in fig 8 can be divided in the same three 

zones, which actually correspond to important variations of the composition.  

 

 

 

 

 

 

 

 

CrO13.4N12.9 

CrO56.8N10.5 

CrO27.4N30.1 
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Fig. 4.8. Evolution of the chemical composition as a function of the partial pressure of 

reactive gas (N2+O2). The pressure was measured prior to discharge ignition. The chemical 

composition of all samples was determined within an error of about 3-5 at. % 

 

For the films in Zone I, prepared with low partial pressure of reactive gas mixture 

(pN2+O2 ≤ 0.1 Pa), the concentration of chromium decreases suddenly from 75 at. % to a value 

close to 58 at. %, thus confirming the high sub-stoichiometric condition of these samples and 

their metallic nature, as in fact anticipated by their visual inspection. The concentration of 

oxygen and nitrogen presents quite similar behaviours in this first zone, with the oxygen 

varying from about 13 to 21 at. %., and the nitrogen from around 11 to 21 at. %. For films 

prepared within zone T, the chromium content reveals a slight decrease from around 47 to a 

value close to 45 at. %. Oxygen and nitrogen contents are approximately constant and with a 

quite similar value within this zone, at about 30 at. %.  

Regarding the samples prepared with the highest gas mixture partial pressures 

(between 0.16 to 0.25 Pa), zone II, the composition analysis, Fig. 4.8, reveals again the 

decrease of the chromium content from around 40 to a value close to 32 at.%. The RBS 

analysis shows for this zone a slightly decrease of the nitrogen content from to around 8 at. % 

and a significant increase of the oxygen content from 43 at.% to a value close to 56 at.%.  

Beyond these absolute values of composition and their variations, it is particularly 

important to notice the evolution of the atomic ratios of the different elements as shown in 
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Fig. 4.9, which may give the first indication about the particular tendency for compound 

formation. 

 

 

Fig. 4.9. Evolution of the concentration ratio as a function of the partial pressure of reactive 

gas (N2+O2). The pressure was measured prior to discharge ignition. The chemical 

composition of all samples was determined within an error of about 3-5 at. % 

 

Within zone I, results show that all non-metals to chromium atomic ratios (CO/CCr, 

CN/CCr and CO+N/CCr) have values below one, indicative of the sub-stochiometric nature of the 

films, forming a kind of metastable solid solution of Cr(N,O)x.  

Within the transition zone, the CO/CCr and CN/CCr ratios are approximately constant, with 

values close to 0.6, while the CO+N/CCr ratio is higher than 1, characteristic of an over-

stoichiometric compound. On the other hand, the fact that the CO+N/CCr ratio in this zone is 

still below 1.5 (the value that would correspond to the Cr2O3 compound), would mean, in a 

first approximation, that there is not enough oxygen (even if together with N) to form oxide-

like compounds (N-doped if this element could occupy some of the O positions within the a 

Cr2(O,N)3-type compound), but at the same time also too high to form a oxygen-doped 

nitride-like phase. This may induced the possibility to have over-stoichiometric Cr (O,N)-type 

compound in this transition zone.  

Finally, the films from zone II show an increase of the CO/CCr and the CO+N/CCr ratios to 

values around 1.7 and 2, respectively, with the CN/CCr ratio decreasing to a value close to 0.3. 

This set of results can be explained by the higher binding enthalpy of chromium oxide (-564 
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kJ/mol per chromium atom) compared to chromium nitride (-125 kJ/mol), favouring thus the 

bonding of Cr atoms with oxygen [19]. The films from this zone are likely to be oxide-based 

Cr2O3 or CrO2 compounds, with the excess of nitrogen probably being incorporated in lattice 

or in interstitial positions within the oxide phase [20-21].  

 

 

Structure analysis of prepared films 

The crystallographic structure was investigated by X-ray diffraction (XRD), using a 

Philips PW 1710 diffractometer (Cu-Kα radiation) operating in a Bragg- Brentano 

configuration. XRD patterns were deconvoluted, assuming to be Pearson VII functions to 

yield the peak position, peak intensity and integral breadth [22]. 

Fig. 4.10 shows a summary of the different structural features revealed by the overall set 

of prepared samples. In fact, and following both the deposition characteristics (target potential 

end deposition rate) and composition analysis, the structural characterization revealed the 

development of three major types of crystalline structures, represented by each of the 

diffractograms depicted in Fig. 4.10.  

Thus, the set of samples that were prepared within the metallic-like zone, zone I, 

represented in Fig. 4.10 by the sample prepared with the highest CO+N/CCr ratio within this 

zone (CrN0.36 O0.37), showed the development of a very poorly crystallized structure (quasi-

crystalline), where the position of the different diffraction patterns suggest that it may be 

similar to a fcc CrN-type one. It is worth mentioning, that a hcp Cr-type phase may also be 

present, as evidenced by the large and broad peak at around 2Ɵ = 44º, as well as the peak tail 

at 2Ɵ ≈ 65º, meaning that the samples in this zone probably consist of a mixture of both 

CrN(O) and Cr(O) phases. The (O) representation is inserted here to take into account the 

non-neglecting possibility that it may be incorporated in both structures [20-21]. 
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Fig. 4.10. X-ray diffraction patterns for representative samples of each of the three 

identified zones with different crystallographic features. 

 

Notice also the relatively high shift in the peak positions for the CrN(O) phase, which can 

be easily understood taking into account the sub-stoichiometric condition of the samples in 

this zone (CO/CCr and CN/CCr below 0.4 and CO+N/CCr ratio below 0.7), and the fact that 

oxygen being very reactive, may be occupying nitrogen positions in the CrN lattice (as 

mentioned above), thus inducing significant lattice distortions. 

Regarding the samples that were indexed to zone T, Fig. 4.10 clearly shows that a CrN-

type structure is present, with relatively high crystallinity, as demonstrated by the XRD 

pattern of the CrN0.71 O0.65 sample. The two diffraction peaks observed correspond to (111) 

and (200) planes of that fcc CrN(O)-type structure, with a (111) preferential growth. As 

already anticipated by the composition analysis, no oxide phase is observed, which may be 

easily understood by the insufficient oxygen content in the films to form such a Cr2O3 phase. 

Important also to note is the much higher crystallinity of this zone T samples when compared 

to the results obtained for the zone I samples. Furthermore, it is also to note the significantly 

less shift in the peaks position, again if compared to those of zone I.  

The main reason for such behaviour is certainly associated with the particular 

stoichiometry of the samples within this zone. As demonstrated by Fig. 4.10, the samples 

prepared within zone T have CO/CCr and CN/CCr ratios close to 0.6, while the CO+N/CCr ratio is 

varies between about 1 and 1.3. Taking into account the possibility to have O occupying N 
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positions within the fcc CrN lattice (quite probable due to the low CN/CCr ratio), this would 

lead to an increasing stoichiometric-condition of the crystalline phase and thus to a continuous 

approach towards the CrN peak positions. 

Finally, the samples prepared within zone II develop an amorphous-type structure, as 

shown in the diffractogram of the sample with composition CrN0.25O1.64. Beyond the 

composition analysis, Fig. 4.8, which induced an oxide-like nature of the films prepared 

within this zone II, their structural features are clearly different from the two previous zones, 

where the amorphous type structure may correspond to an oxide-like phase, as demonstrated 

by R. Mientus et al. [19]. 

 

a) 

b) 

 

Fig. 4.11. Grain size (a) and lattice parameter (b) of the crystals as a function of the 

concentration ratio 
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Taking in too account the structural transitions grain size and lattice parameter 

(determined by using the integral breadth method) were carry out as a function of the non-

metallic/metallic ratio (Fig. 4.11a). The results are showing an increase of the grain size from 

~3.5 to 12.5 nm with the increase of concentration ratio (0.7 <CO+N/CCr <1.3) that is given by 

the improvement on the crystallinity of the films from zone T. Zone II with a concentration 

ratio, CO+N/CCr between 1.3 to 2.0 presents a decrease of the grain size revealing the tendency 

of the films to become amorphous with an increase of the oxygen content which is an 

important factor for the changes occurring in the structure of the films. This behaviour can be 

explained by a deformation energy dominant process that is mainly due to the oxygen 

incorporation in the CrN lattice and thus the creation of inherent structural defects [27]. 

Fig. 4.11b presents the lattice parameter as a function of the concentration ratio CO+N/CCr. 

The increase of the lattice parameter presented in the plot can be described by the insertion of 

nitrogen and oxygen in interstitial positions. Another factor that can have an impact over the 

increase on the lattice parameter is the compressive residual stress state in which the films 

may be. This factor is revealed by the lattice parameters of the CrN coating in zone T 

(a=4.05Å) that are lower than the reference value of this material (aCrN= 4.149Å) that might 

be turn by the structural defects or doping of the oxygen.  

 

 

4.3.2. Aluminium oxynitride 

 

Composition of the films 

Fig. 4.12 (a - b) shows the chemical composition (at.%) and the concentration ratios of 

non-metallic/metallic elements of the films as a function of the partial pressure of the reactive 

gas mixture. 
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(a)  

 

 

(b) 

 

Fig. 4.12 Evolution of the (a) chemical composition and (b) concentration ratio, as a function 

of the partial pressure of reactive gas (N2 +O2). The pressure was measured prior to 

discharge ignition. The chemical composition of all samples was determined within an error 

of about 3-5at.% 
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For films belonging to zone I, prepared with low partial pressures of the reactive gas 

mixture (pN2+O2≤ 0.02Pa), the concentration of aluminium decreases slightly with the increase 

of the reactive gas pressure, from 100 at.% pure Al concentration to a value close to 90 at.%. 

The concentration at.% of oxygen and nitrogen increased slightly for these films, with the 

oxygen varying from 0 to 8 at.% (0< CO/CAl <0.09); and the nitrogen from 0 to 3 at.% (0< 

CN/CAl <0.04), as shown in Fig. 4.12 (a and b). The films in this zone have a characteristic 

metallic color, as a result of the high aluminium content and the small incorporation of 

nitrogen and oxygen in the films. The films within this first zone will be noted here after as 

belonging to a metallic-like zone. 

Regarding the samples that were prepared with the highest gas mixture partial pressures 

(pN2+O2 ≥ 0.06Pa), zone II, the RBS analysis revealed that all films have very similar 

compositions, with an aluminium content around 40 at.% and an oxygen amount close to 60 

at.%. The nitrogen concentration drops to a residual value non-detectable within the 

resolution of the experimental setup, meaning that its amount should be below 3-5 at.%. This 

set of results induces a roughly stoichiometric composition of the films in the form of Al2O3 

(alumina) films. This is to be expected since the lower sputter yield of the poisoned target 

reduces significantly the amount of aluminium that arrive to the substrate and it is completely 

consumed due to high density of reactive gas in the plasma.  

The higher affinity of oxygen to bond aluminium compared to nitrogen, explains this non-

incorporation of nitrogen in the films. In accordance with this oxide-like concentration, the 

films have interference-like colorations, consistent with their semi-transparency. The films 

within this second zone will be thus noted here after as belonging to a compound-like zone. 

Between these two main zones, a transition region was already identified (zoneT), 

corresponding to the films that were prepared with reactive gas partial pressures between 0.03 

and 0.05 Pa.  

Within this transition zone, the incorporation of aluminium decreases more sharply than 

in zone I, varying from 85 to 55 at.%. In these films the incorporation of nitrogen and oxygen 

becomes more important, as can be observed from the sharp increase of the CO+N/CAl ratio up 

to 0.81, with the oxygen concentration rising from 10 to 20 at.% (0.12≤ CO/CAl ≤0.34) and the 

nitrogen content also increasing, from 5 to 25 at.% (0.06≤CN/CAl ≤0.47). The films in this 

transition zone have dark grey opaque-like surface tones, which is most likely the result of 

their decreasing metallic content. 
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Structure analysis of prepared films 

Fig. 4.13 shows X-ray diffraction diagrams of representative AlNxOy films, prepared 

within the frame of the present work. 

Given the three different zones of films identified previously, the obtained results revealed 

crystalline-like thin films within zones I and T, and amorphous-type ones for the case of the 

films prepared within zone II. 

 

 

 

Fig. 4.13. X-ray diffraction patterns for representative samples for metallic-like and 

transition zone 

 

The coating deposited without reactive gas (“pure” aluminium thin film) exhibits, as 

expected, a face-centered cubic (fcc) structure, characteristic of aluminium [23]. The two 

diffraction peaks represented in Fig. 4.13 correspond to (111) and (200) planes of such fcc 

structure, with a clear (111) preferential growth. A second important note is that in spite of the 

differences in the composition of the films within zones I and T, the structure is maintained, 

although the peak intensity is gradually decreasing with increasing pressure of reactive gas. 

This means that the films are becoming less crystalline, ending up as completely amorphous 

or the highest partial pressures (pN2+O2 ≥ 0.06Pa), zone II.  

Furthermore, with increasing reactive gas partial pressures, the diffraction peaks also are 

shifting to lower diffraction angles, corresponding to higher lattice parameters, which could 

be a sign of the presence of some nitrogen and oxygen in interstitial positions or even 

substituting metallic atoms in the fcc crystalline structure of the aluminium. 
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This change in the lattice parameter can be observed in Fig. 4.14b, where the values of the 

lattice parameter and grain size (estimated by XRD peak fitting with a Pearson VII function, 

using the integral breadth method) are plotted as a function of the concentration ratios of the 

films. 

 

a) 

 

b) 

 

Fig. 4.14. Grain size (a) and lattice parameter (b) of the crystals as a function of the 

concentration ratio 
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The results show that there is a general tendency for the increase of the lattice 

parameter as more oxygen and nitrogen is incorporated in the films. Another important fact is 

that the lattice parameter of the aluminium coating (a =4.034Å for pN2+O2= 0.00Pa) is lower 

than the reference value of this material found in the available literature [24] (aAl=4.0496nm), 

which is a typical behavior for the films deposited by magnetron sputtering, indicating that the 

film is in a compressive residual stress state [25], which by its turn may result from structural 

defects such as interstitials, vacancies and some residual doping elements such as those of 

argon and oxygen. 

Concerning the film’s grain size, the results plotted in Fig.4.14a show that there is a 

sharp decrease of this property as a function of the non-metallic/metallic ratio (CO+N/CAl) in 

zone I, from 52 nm (CO+N/CAl =0.00 Pa) to 14 nm (CO+N/CAl =0.13). This decreasing can be 

explained by the incorporation of oxygen in the films that is segregated to the surface and 

grain boundaries, which inhibits the grain coarsening during columnar film growth, due to the 

reduced mobility of aluminium atoms on oxide layers [26].  

Interesting to note for the different zones films is the behaviour that can be observed for the 

grain size evolution within the transition zone. In this zone, no significant variation of the 

grain size is reported, which assumes a value of about 30 nm. This behavior is consistent with 

the formation of round shape grains whose growth is completely blocked by a surrounding 

oxide layer in an early stage of grain formation [26]. 

 

 

4.4. Conclusions 

 

This chapter presents the determination of atomic composition of the deposited 

samples and the depth profiles of the concentration (in the direction of growth) has been 

achieved by Rutherford backscattering spectroscopy (RBS), crystallographic structure was 

investigated by X-ray diffraction (XRD) and XRD patterns were deconvoluted assuming to be 

Pearson VII functions to yield the peak's position, peak intensity and integral breadth and 

from here determination of grain size and lattice parameter. 

CrNxOy system presents a chemical composition were the Cr concentration reveals a 

continuously decreasing from 75 at.% in zone I to 32 at.% to zone II, while the concentration 

of nitrogen and oxygen shows a continuous increase in the first and the transition zone, and in 
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zone II oxygen due to the higher reactivity makes its presence felt increasing to a value of 56 

at% compared to nitrogen that decreases considerably. 

Besides this, the concentration ratio reveals for zone I a sub-stochiometric nature of films that 

forms a metastable solid solution of Cr(N,O)x, transition and zone II shows a over-

stochiometric nature f the films but where the formed compounds are different as fallows, 

over-stochiometric compounds such as Cr(O,N) with compounds such as Cr2O3, CrO2, with 

an excess of nitrogen. This system developed a CrN centered cubic structure with low 

crystalline for zone I to a CrN(O) structure with relatively high crystallinity in the transition 

zone and an amorphous type structure with oxide phases in zone II. Concentration and 

structure lead to determination of grain size that shows an increase for the first zones, from ~ 

3.5 to 12.5 nm and a lattice parameter that grows continuously up to ~ 4.05 Å. 

In the second system of AlNxOy chemical concentration is similar to the one of the 

first system that shows the reducing of the chromium concentration for zone I and T, reaching 

stable values in Zone II. The nitrogen concentration fallows a decrease for zone II, and an 

increase of the oxygen for all the three zones. The concentration ratio revels a sub-

stoichiometric nature of films from the first zones and a stoichiometric behaviour of the 

coatings of Al2O3 (alumina) in zone II. . 

These concentrations helps to form the structure which in this case the presents a fcc 

crystalline structure of the aluminium in zone I, with a decrease of the cristallinity during the 

transition zone and becoming amorphous for the samples from zone II. 

Determination of grain size shows a decrease with increasing the non-metallic /metallic and a 

lattice parameter is characterized by an increase given by the non-metallic /metallic ratio. 
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5.1. Introduction 

 

The capability to design novel non equilibrium solid structures using thin film 

technologies has boosted in recent years the growth and practical use of a wide variety of 3d 

transition metal (TM) nitrides, oxides, and oxynitrides. This interest has triggered numerous 

efforts to investigate their electronic structure and consequently their potential for 

applications. As a consequence of their high electro negativity, nitrogen and oxygen have a 

strong tendency to attract electrons from neighboring metal atoms, creating strong crystal 

fields which result in metallic, semiconducting, or insulating behaviors [1]. 

Several studies have been performed recently on Cr–O–N coatings, to investigate the effect of 

oxygen on their electronic, structural, morphological and mechanical properties [2]. 

Depending on its stoichiometry CrNx shows a metallic-like (ρCrN≈6.4× 10-4 
Ω cm, x≈ 0.93) 

or semiconducting behavior (ρCrN> 1 × 10-2
 Ω cm, x≈ 1.06 ) but chromium oxide is a wide-

band gap semiconductor (Eg≈ 4 eV, ρCr2O3 ≫ 1 Ω cm). Combining both materials as 

chromium oxynitride, promises the possibility to vary the energy band gap and hence the 

electronic properties in a wide range. Another possible application is the use of chromium 

oxynitride films as temperature dependent resistors in thermal radiation detectors [3]. 

Among the group of possible oxynitrides, aluminium oxynitride thin films (AlNxOy) 

may have some interesting applications in different technological fields, due to a wide 

difference in the two base materials: aluminium nitride (AlN) and aluminium oxide (Al2O3). 

Aluminium nitride (AlN) is known as being a semiconductor with a large band gap (6.2 eV) 

[4] in its more stable and common hexagonal (wurtzite) crystalline structure [5]. Beyond this 

structure, AlN has also two kinds of cubic structures (with two different lattice parameters) 

and it was considered, a couple of decades ago [6],as one of the best existing thermal 

conductors, being an important ceramic material used in many applications such as substrate 

in microelectronic devices [7].  

On the other hand, aluminium oxide, or simply alumina (Al2O3), is an insulator 

material which is commonly prepared in the form of polymorphous material, since it can exist 

in many metastable structures that are divided into two broad categories: a face-centered-

cubic (fcc) or a hexagonal close packed (hcp) arrangement of oxygen anions [8]. The 

particular dielectric properties of alumina allow using it in a large variety of applications, 

which can vary from microelectronics and optical applications to wear resistant coatings [9], 
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as protective films for metal reflectors, for dark mirrors, and in metal–oxide–semiconductor 

devices [10]. 

For a better understanding of the other characterizations discussed in the previous chapters 

with the electronic properties of the films, an analysis of the resistivity was carried out. This 

chapter will allow an establishment of the difference in the electrical behaviour of the films 

and how it is influenced the film properties. The characterization of the electrical properties 

will also establish the limits of practical applicability and new areas of application for these 

thin films. 

 

 

5.2. Electrical resistivity 

 

Electrical resistivity is a key physical property of all materials. It is often necessary to 

accurately measure the resistivity of a given material. The electrical resistivity of different 

materials at room temperature can vary by over 20 orders of magnitude. No single technique 

or instrument can measure resistivities over this wide range [11]. Electrical resistance (R) is a 

physics quantity that expresses the "impairment" suffered by charge carriers, subject to the 

action of an electric field, when crossing from a point to another in a given ``body``, being 

dependent on the dimensions and type of material for which this body is constituted. 

Moreover, electrical resistivity (ρ, electrical resistivity) is a quantity that is also related to an 

impairment suffered by the charge carriers, however, is an intrinsic property of matter, being 

independent of the size of the body [12]. 

The electrical resistivity of a material describes how much it resists the flow of electricity. 

This property does not depend on the physical dimensions of the material. The resistivity of a 

material can vary greatly at different temperatures. The resistivity of metals usually increases 

as temperature increases, while the resistivity of semiconductors usually decreases as 

temperature increases. The resistivity of a material can also depend on the applied magnetic 

field. 

The resistivity of a material ρ is related with a local applied electric field (E) and the resultant 

current density (J) by the following expression: 

 

� ≡ ��           (eq.5.1) 
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where E is the electric field (V/m), J is the current density (A m–2), and ρ is a proportionality 

coefficient (Ω m). Equation 5.1 is one form of Ohm’s law. Note that E and J are vectors, and ρ 

is, in general, a tensor. This implies that the current does not necessarily flow in the direction 

of the applied electric field. In the case of isotropic and homogeneous materials, it is assumed 

that ρ is a scalar [13-14]. 

In all conductors, semiconductors, and many insulating materials, only electronic 

conduction exists, and the magnitude of the electrical conductivity is strongly dependent on 

the number of electrons available to participate in the conduction process. However, not all 

electrons in every atom will accelerate in the presence of an electric field.  

The number of electrons available for electrical conduction in a particular material is related 

to the arrangement of electron states or levels with respect to energy, and then the manner in 

which these states are occupied by electrons [15]. At relatively large separation distances, 

each atom is independent of all the others and will have the atomic energy levels and electron 

configuration as if isolated. However, as the atoms come within close proximity of one 

another, electrons are acted upon, or perturbed, by the electrons and nuclei of adjacent atoms. 

This influence is such that each distinct atomic state may split into a series of closely spaced 

electron states in the solid,to form what is termed an electron energy band. 

Figure 5.1 exhibits the energy band diagrams of three classes of solids: insulators, 

semiconductors, and conductors. In insulators, the bandgap is relatively large and thermal 

energy or an applied electric field cannot raise the uppermost electron in the valence band to 

the conduction band. In metals or conductors, the conduction band is either partially filled or 

overlaps the valence band such that there is no bandgap and current can readily flow in these 

materials. In semiconductors, the bandgap is smaller than that of insulators, and thermal 

energy can excite electrons to the conduction band. The bandgap of a semiconductor 

decreases with higher temperature. For instance, for silicon, Eg is 1.12 eV at room 

temperature and 1.17 eV at zero Kelvin [16] 
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Fig.5.1. Simplified diagram of the electronic band structure of insulators, semiconductors and 

conductors (metals). The position of the Fermi level is when the sample is at absolute zero 

temperature (0 K) 

 

The Fermi level is an important consequence of band theory, the highest occupied 

quantum state of electrons at absolute zero temperature. The position of the Fermi level 

relative to the conduction band is an important parameter that contributes to determine the 

electrical properties of a particular material. The position of the Fermi level position is also 

indicated in Figure 5.1. The Fermi energy EF, also referred to as the Fermi level, is the highest 

energy occupied state at T = 0K for an electron, and very close to that for T > 0K, which is 

within about 0.1 eV at room temperature.  

As a practical matter EF represents the highest energy electrons in an equilibrium solid 

notwithstanding the Fermi tail. Therefore any excitations of electrons imposed, for example, 

by an external electric field, or even optical excitation, will potentially lift the equilibrium 

energy levels to higher energies [17]. 

 

 

5.2.1. Conductors 

Metals are good conductors because the electrons in these valence bands are not fixed 

to their atoms. But that is not the only condition for conduction. What makes a metal a 

conductor is that if you apply an external electric field to it (a potential difference), the 

electrons will start to accelerate and move. Normally, the probability distribution of k of the 

electron “cloud” has zero average: (k) =0. If you apply an electric field E, the electrons start 

moving on average a bit more in the direction of E.  
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For an electron to become free, it must be excited or promoted in to one of the empty and 

available energy states above Ef. Thus, very little energy is required to promote electrons into 

the low-lying empty states. Generally, the energy provided by an electric field is sufficient to 

excite large numbers of electrons into these conducting states.  

Even though these electrons are not locally bound to any particular atom, they, 

nevertheless, must experience some excitation to become conducting electrons that are truly 

free. 

Thus, although only a fraction is excited, this still gives rise to a relatively large number of 

free electrons and, consequently, a high conductivity. 

 

 

 

 

 

 

 

 

 

Fig. 5.2. a) Detail of a half-filled band at T = 0, showing the Fermi-Dirac distribution of the 

left: b) Band structure of a metal at T > 0, showing the Fermi-Dirac distribution of the left. 

 

Their resistivity is typically on the order of 10nΩm at room temperature, decreases 

with decreasing temperature, and in an ideal crystalit would even vanish at T=0. A material is 

customarily considered metallic if its conductivity exceeds 106 (Ωm)−1 (i.e., its resistivity ρ< 

1µΩm). 

 

 

5.2.2. Insulators 

Insulators have higher-energy “conduction bands”, but they do not energetically 

overlap with the (filled) valence band. There is a band gap between the valence and 

conduction bands. If the band gap ∆E is large compared to the temperature of the material, i.e. 

if ∆E≫ kT, then the chance that an electron gets “accidently” thermally excited to the 

conduction band is so low that this virtually never happens [semiconductor based]. The most 

relevant band gap is the one that separates the bands that are filled completely in the ground 
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state from those that are completely empty. This can occur when the number of electrons per 

atom is even, and they completely fill one or more bands in the ground state, and the next, 

empty band is separated by a finite energy gap from the occupied ones. At finite temperatures 

those states whose energy is larger than the chemical potential can be partially filled by 

thermally excited electrons, and lower-energy states can be partially empty.  

 

 

 

Fig. 5.3. Band structure in which EF lies in the gap between bands 

 

Therefore, strictly speaking, the conductivity does not vanish even when the energy 

gap exceeds the thermal energy kBT. A material is considered to be electrically insulating if 

its conductivity is less than 10−8 (Ωm)−1. In general, those materials that are insulators at low 

temperatures remain insulators at room temperature, too [18]. 

 

 

5.2.3. Semiconductors 

Among the materials whose band structure has a finite gap around the chemical 

potential particular behavior is observed in those for which the energy gap is larger than the 

thermal energy at room temperature but nonetheless sufficiently small, consequently electrons 

excited thermally across the gap carry an electric current that can be easily measured and has 

substantial effects. Such materials are called semiconductors. 

However, suppose that some other process excites electrons into the conduction band, for 

instance the absorption of a photon. We then have a mobile electron that contributes to 

conductivity. But we also have a positively charged vacancy, called a “hole”. The hole can 

now also move around, as if it is a positively charged particle in itself. If an electric field is 

applied to the material, the free electrons in the conduction band move in −��� direction while 

the holes move in +��� direction. Both movements contribute to the conduction. 
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Fig. 5.4. Band structure of a semiconductor The gap between bands is much smaller than in 

an insulator, so there is now a small population of the conduction band 

 

Since all the electrons in the conduction band came originally from the valence band, 

the number of vacancies in the valence band is exactly equal to the number of electrons in the 

conduction band. Thus, the values of (EV - EF) must be exactly equal to the values (EC- EF), 

and so the Fermi energy must be at midpoint of small energy gap between conduction and 

valence bands.  

The thermal excitation across the energy gap between the valence and the conduction band is 

relatively probable leading to measurable electrical conductivity. Semiconductors depend 

more strongly on the temperature regarding the electrical conductivity then conductors and 

insulators [13, 17, 18]. 

 

 

5.3. Characterization techniques 

 

5.3.1. Four-point probe 

The most common way of measuring the resistivity of a semiconductor material is by 

using a four-point collinear probe. The four-point collinear probe technique of resistivity 

measurement involves bringing four, equally spaced, electrical conducting pins in contact 

with the material of unknown resistance. The array is placed in the center of the material. 

An in-line four-point probe is used to determine the specimen sheet resistance at each desired 

measurement location. The number and positioning of measurement locations is determined 

by end-use needs, or by the parties to the test in the case of referee measurements. At each 
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location, a direct current is passed into the specimen, using two of the probes, as specified, 

and the potential difference is measured using the other two probes. Current polarity is 

reversed and the potential difference is remeasured to allow elimination of thermoelectric 

effects. Before the probe is raised, the process is repeated using a different combination of 

probes, as specified. At each location, the sheet resistance is obtained from the four ratios of 

potential difference to current [20-24]. 

 

 

 

Fig. 5.5. Four-point probe method for measuring the resistivity of the coatings 

 

The resistivity is then calculated from the following equation: 

 

� =
��ℎ

���
          (eq.5.2) 

 

Where ρ is the resistivity in Ωm, V voltage measured by voltmeter in volts, w- width of the 

sample bar measured in meters, h- height of the sample bar measured in meters, I- current the 

ammeter measures flowing through the sample in amperes, l1- distance between the two points 

where the voltmeter wires make contact to the bar, measured in meters [14]. 

 

 

5.3.2. Two point technique I-V curves 

The resistivity of a material can be obtained by measuring the resistance and physical 

dimensions of a bar of material. In this case, the material is cut into the shape of a rectangular 

bar of length l, height h, and widths w. Copper wires are attached to both ends of the bar. This 
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is called the two-point technique, since wires are attached to the material at two points. A 

voltage source applies a voltage V across the bar, causing a current I to flow through the bar. 

(Alternatively, a current source could force current through the sample bar, while a voltmeter 

in parallel with the current source measures the voltage induced across the sample bar). The 

amount of current I that flows through the bar is measured by the ammeter, which is 

connected in series with the bar and voltage source. The voltage drop across the ammeter 

should be negligible. 

 

 

 

Fig. 5.6. I-V technique for measuring the resistivity of the coatings 

 

The two-point resistivity of the material is then: 

 

� ≡
��ℎ

�
          (eq.5.3) 

 

where ρ is the resistivity in Ωm, R is the measured resistance in Ω, and w, h, and l are the 

measured physical dimensions of the sample bar in meters. 

In spite of the simplicity of this technique to measure electrical resistivity, there is 

usually some resistance between the contact wires and the material or inherent to the 

measuring equipment itself. This additional resistance is responsible for obtaining resistivity 

values higher than the real values of the tested material. Because of this problem, the 

experimental error is relatively smaller if it is used to measure the electrical resistivity of high 

electrical resistivity or insulating materials, where the electrical resistivity is several orders of 

magnitude higher than that one of the contacts [13-14]. 
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5.4. Results and discussion 

 

5.4.1. Electrical behaviour of the chromium oxynitride and aluminium oxynitride coatings 

The electrical resistivity of the conducting films was measured using the four-pointed 

probe method (in linear geometry) [25]. For high resistivity films, aluminum contacts (1×6 

mm2) were vapor deposited on the top of the coatings and the electrical resistivity of the films 

was obtained from the I-V characteristic. 

Following both the composition and structural characteristics evolutions of the systems, the 

electrical properties are showing, a wide range of different behaviors, as it can be observed by 

the evolution of the electrical resistivity at room temperature, as a function of the non-

metallic/metallic concentration ratio (Fig. 5.7). The results correspond to the films from both 

systems AlNxOy (a) and CrNxOy (b). 

The first conclusion to be drawn from this plot is that the evolution of resistivity is in good 

agreement with the different zones (regimes) analysed before for both systems , revealing that 

composition influences the film properties, as in fact it was already demonstrated for all films 

characteristics, such as the structural evolution. 

 

 

 

Fig. 5.7. Electrical resistivity at room temperature of the films as a function of the: a) 

CO+N/CAl concentration ratio, b) CO+N/CCr concentration ratio  
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Regarding the AlNxOy system (Fig. 5.7a) the plot reveals for zone I films with low values of 

chemical ratio (CO+N/CAl <0.13) a very low electrical resistivity, close to the aluminium bulk 

resistivity (ρ = 2.67 µΩm). This zone consists in sub-stoichiometric thin films, with a fcc Al- 

type crystalline structure, were the electrical resistivity analyzed is between 3 and 23 µΩ cm 

corresponding to the metallic-like films. 

Within the transition zone were the composition ratio is between 0.17< CO+N/CAl <0.65 that 

reveal the same sub-stoichiometric conditions and a crystallinity of the fcc structure. The 

incorporation of nitrogen and oxygen in the lattice leads to an increase in the electrical 

resistivity of the films to values between 5.6×102 and 1.1×104 µΩ cm. This behaviour can be 

explained by the decrease of the amount of the free electrons in the lattice, due to the 

reduction of the metallic content of the films. 

Finally, the oxide films formed with a concentration ratio CO+N/CAl = CO/CAl =1.5 that 

revealed an over-stoichiometric condition with an amorphous Al2O3 structure that belongs to 

the compound-like zone respectively zone II. 

The films from this zone exhibit an expected insulator behaviour with values of electrical 

resistivity between 1017 and 1018 µΩ cm. The electrical resistivity of these alumina films is in 

agreement with the values found in the literature for the alumina coatings [26-27]. 

Regarding the second system of thin films of CrNxOy, this are reviling for the samples 

from zone I, which presented a sub-stoichiometric condition and poorly crystallized XRD 

patterns of a fcc CrN-type structure, the resistivity analysis revealed relatively low values of 

resistivity, from 7.2×102 
µΩ cm to around 1.5×103 µΩ cm, which are characteristic of 

metallic-like compounds, and relatively close to those of chromium nitride with varied 

stoichiometries, CrNx (1×102 < ρCrNx < 15×104 µΩ cm) [28] but also higher the those of the 

Al-N-O system. R. Mientus et al. [29] reported the resistivity values of CrON films roughly in 

the vicinity of 1×104 µΩ cm for the lower nitride range - nitride-based coatings, the 

equivalent to zone I in this work. Anyway, their coatings were already in the stoichiometric 

condition and thus the range was not including all the set of sub-stoichiometric nitride 

compositions (O doped), which in the present case explains the variation from 1×102 to 

1×104 µΩ cm. 

For the samples prepared within the transition zone, where the composition analyses 

revealed a CO+N/CCr ratio increase to an over-stochiometric condition, and the structural 

analysis showed a high crystalline fcc CrN-type phase, the resistivity analysis conducted to 

the development of an increase of the electrical resistivity of the films, with values ranging 
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between 7×103 and 1.4×105 
µΩ cm. Again, there is a good agreement between these results 

and those obtained for both CrNx and CrOxNy systems [28]. The first important note is the 

good agreement of the results obtained for the films within this transition zone and those 

obtained by R. Mientus et al. [29], which have quite similar values in their stoichiometric to 

close-stoiciometric-like CrOxNy films. Important also to note is the agreement of these 

resistivity values of the samples from zone T with those of bulk chromium nitride (ρCrN = 

1×104 Ω cm) [29]. 

Finally, the oxide-like samples prepared within zone II presented an expected insulator-

type behaviour, with high values of resistivity varying between 1,9×107 and 1.1×109 µΩ cm, 

consistent with Cr2O3 resistivity (ρCr2O3 >>108 µΩ cm), and far beyond the values obtained in 

zone T. This increase in the resistivity is also consistent with the increase in the stoichiometry 

of the samples, Fig. 3.9, especially that of CO/CCr, which goes even beyond that of Cr2O3.  

This work suggests that by simply changing the reactive gas flow it’s possible to tune the 

electrical properties of CrNO and AlNO compounds in a wide range, from metallic like to 

semiconducting behaviour. 

 

 

5.5. Conclusions 

 

This chapter presents the evolution of the electrical resistivity measured at room 

temperature, according to the non-metallic/metallic concentration ratio which depends on both 

concentration and structure of the deposited films. 

Regarding the first system of AlNxOy revelas for zone I samples that presents low values of 

concentration ratio and electrical resistivity, where electrical resistivity analyzed is between 3 

and 23 cm µΩ cm. The second system with thin films of CrNxOy with samples deposited 

under sub-stoichiometric conditions showing relatively low resistivity of these films, with 

values from 7.2 × 102 µΩ cm to about 1.5 × 103 µΩ cm corresponding to a metallic films and 

yet higher than the ones from first system. 

In the transition zone for the aluminium system where are sub-stoichiometric 

conditions and fcc crystal structure, the electrical resistivity of the samples have values 

between 5.6 × 102 and 1.1 × 104 µΩ cm. This behaviour can be explained by reducing the free 

electrons from the lattice, as a reduction of metal content within the layer. Instead the second 
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system presents the same conductor behaviour with higher values contained between 7 × 103 

and 1.4 × 105 µΩ cm. 

Finally, the formed oxide films presents a over-stochiometric condition with an amorphous 

structure of Al2O3 belonging to the compound zone, meaning zone II where the coatings 

present an insulating behaviour. The same insulator type is noted for zone II of the CrNxOy 

samples with values ranging between 1.9 × 107 and 1.1 × 109 µΩ cm which consistent with 

the higher oxygen content. 

This work suggests that by simply changing the reactive gas flow is possible the 

adjustment of the electrical properties of AlNO and CrNO compounds in a wide range, from a 

metallic behaviour to a semiconductor one. 
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6.1. Introduction 

Optical measurements are attractive because they are almost always non-contacting 

with minimal sample preparation, a major advantage when contacts are detrimental. The 

instrumentation form any optical techniques are commercially available and are often 

automated. The measurements can have very high sensitivity [1]. In order to understand the 

optical behavior of films and film systems, one must become familiar with the optical 

constants of materials, their origins, magnitudes, and how they depend on the way film are 

processed. On this basis, optical properties are interpretable from what we know of the 

electronic structure and how it is affected by atomic structure, bonding, impurities, and 

defects [2]. 

From absorption spectrum as a function of photon energy, a number of processes can 

be contributed to absorption. At high energies photons are absorbed by the transitions of 

electrons from filled valence band states to empty conduction band states. 

For energies just below the lowest forbidden energy gap, radiation is absorbed due to the 

formation of excitants, and electron transitions between band and impurity states. The 

transitions of free carriers within energy bands produce an absorption continuum which 

increases with decreasing photon energy. Also, the crystalline lattice itself can absorb 

radiation, with the energy being given off in optical phonons. Finally, at low energies, or long 

wavelengths, electronic transitions can be observed between impurities and their associated 

bands [3-4]. 

Optical measurements fall into three broad categories photometric measurements (amplitude 

of reflected or transmitted light is measured), interference measurements (phase of reflected or 

transmitted light is measured), and polarization measurements (ellipticity of reflected light is 

measured) [1]. The main optical techniques are summarized in Fig.6.1. 
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Fig.6.1. Optical characterization techniques 

 

Investigations of optical properties of solids, including these of thin films, are aimed 

on: first, to obtain data for ascertaining their band structure; second, to determine such 

important parameters as refractivities and absorptivities necessary for designing devices and 

their elements. Thin films of transparent and light absorbing materials are widely used in 

manufacturing interferential and absorption filters, in production of multi-layer mirrors, 

polarizers, light detectors, in making antireflection coatings. In all enumerated cases one 

needs to have exact data upon optical constants, n and æ, of considered materials. For many 

years respective calculations were based on relationships that took into account repeated 

reflections and interference in a thin layer, and measured in experiment were intensities of 

light beams reflected and transmitted by the thin layer [5-6]. 

Optical properties of semiconductors typically consist of their refractive index n and 

extinction coefficient k or absorption coefficient α (or equivalently the real and imaginary 

parts of the relative permittivity) and their dispersion relations, that is their dependence on the 

wavelength, λ, of the electromagnetic radiation or photon energy hυ, and the changes in the 

dispersion relations with temperature, pressure, alloying, impurities, etc [7]. 

The knowledge of accurate values of the wavelength dependent complex refractive index of 

thin solid films is very important, both from a fundamental and a technological viewpoint. It 

yields fundamental information on the optical energy gap (for semiconductors and insulators), 

defect levels, phonon and plasma frequencies, etc. Moreover, the refractive index is necessary 

for the design and modeling of optical components and optical coatings such as interference 

filters. If the model of an isotropic, homogeneous and plane-parallel thin film can be adopted, 

the real and imaginary parts of the refractive index at each wavelength completely determine 
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the optical properties of the film (in most instances, the film thickness can be determined at 

the same time) [8]. 

The important features in the α vs hυ behaviour as the photon energy increases can be 

classified in the following types of absorptions: 

(a) Reststrahlen or lattice absorption in which the radiation is absorbed by vibrations of the 

crystal ions, 

(b) free-carrier absorption due to the presence of free electrons and holes, an effect that 

decreases with increasing photon energy,  

(c) an impurity absorption band (usually narrow) due the various dopants,  

(d) exciton absorption peaks that are usually observed at low temperatures and are close to the 

fundamental absorption edge,  

(e) band-to-band or fundamental absorption of photons, which excites an electron from the 

valence to the conduction band [7]. 

 

 

Fig. 6.2. Absorption coefficient is plotted as a function of the photon energy in a typical 

semiconductor to illustrate various possible absorption processes 

 

 

6.1.1. Reststrahlen or lattice absorption 

The Reststrahlen absorption takes place mostly in the infrared region giving no 

contribution to color. It originates from the response of optical phonons to the electromagnetic 

wave. For any two nearest-neighbor atoms having opposite charges, the optical phonon 

oscillations are then equipped with a set of dipoles. With a frequency comparable to that of 
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the lattice vibration, the incident electric field induces the vibration of two opposite charges in 

the converse direction. The vibration in the transverse optical mode generates the strongest 

absorption, called Reststrahlen absorption, and causes the reflection of the remaining light 

(mostly in the infrared region) called Reststrahlen reflection [9]. 

 

 

6.1.2. Free-carrier absorption 

Striking a material having the partially filled valence band, the electromagnetic 

radiation excites the free carriers from the original ground states to unfilled higher energy 

states locating immediately above the Fermi energy level. Therefore, these carriers absorb 

light with a wide range of energy including the visible region. After being excited to the 

higher energy levels, no electron is infinitely stable in that state. Some may collide with the 

lattice vibrations and then dissipate their extra energy in form of heat. Some excited electrons 

return to lower energy states by dissipating their energy in the form of photons. The photons 

immediately leave the material surface as the observed reflected light [10]. 

The response of material is represented in terms of the refractive index, n, and the 

extinction coefficient, k. The refractive index is the ratio of light velocity in vacuum and in 

medium so it is not less than unity. The extinction coefficient of materials indicates the 

exponential damping of the light wave amplitude during the propagation in medium and it 

depends mainly on the conductivity of the materials. Both terms are described together as the 

complex refractive index, N. The response of free carriers to the electromagnetic radiation can 

be described by the Drude model [11-12]. This model explains the relation of the complex 

refractive index with the number of free electrons, Ne, an electronic charge, e, and an effective 

mass,  

me as follows: 

 

� = � + �	 = 1 −
����	

�


��
�

        (eq.6.1) 

The frequency at zero complex refractive index is defined as the plasma frequency [9]: 









=

e

e
e m

eN 2
2 4πω          (eq.6.2) 

with em being the effective mass andeN the number of conduction electrons per unit volume. 
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6.1.3. Band-to-band or fundamental absorption 

Band-to-band absorption or fundamental absorption of radiation occurs due to the 

photo-excitation of an electron from the valence band to the conduction band. Thus, 

absorption of a photon creates an electron in the conduction band and a hole in the valence 

band and requires the energy and momentum conservation of the excited electron, hole, and 

photon. In crystalline solids, as the band structures depend on the electron wavevector k, there 

are two types of band-to-band absorptions corresponding to direct and indirect transitions. In 

contrast, in amorphous solids, where no long-range order exists only direct transitions are 

meaningful [7]. Both direct and indirect interband transitions must involve a third particle 

(e.g., a phonon) in addition to the electron and photon in order to account for the momentum 

transfer [3]. 

 

Fig. 6.3. The absorption edge of; a) a direct semiconductor and b) indirect semiconductor 

 

From this picture it is clear that indirect transitions require a modification of the 

density of states since in the energy of the lattice vibrations (phonons) is involved in the 

transition process. The phonon is either created by the absorption process or, if the 

temperature is high enough, it is already thermally excited in the crystal. 

With band gaps larger than the highest energy in the visible region (3.5 eV), the materials 

become transparent since there is no absorption of visible light. Materials with band gaps 

smaller than 1.7 eV (lower limit of visible region of the electromagnetic spectrum) are opaque 

and blackish due to the absorption of the whole spectrum of visible light wavelengths. 

 

 

 



  
 

 R. Arvinte 102 

 

Characterization of the electrical and optical properties of the CrNxOy and AlNxOy thin films 

6.1.4. Impurity absorption 

Impurity absorption can be registered as the peaks of absorption coefficient lying 

below the fundamental (band-to-band) and excitonic absorption. Mostly they can be related to 

the presence of ionized impurities or, simply, ions. The origin of these peaks lies in the 

electronic transitions either between electronic states of an ion and conduction/valence band 

or intra-ionic transitions (e.g., within d or f shells, or between s and d shells, etc.). In the first 

case the appearing features are intense and broad lines while in the latter case their appearance 

strongly depends on whether these transitions are allowed or not by the parity selection rules. 

For allowed transitions the appearing absorption peaks are quite intense and broad while the 

forbidden transitions produce weak and narrow peaks [7]. 

 

 

6.2. Characterization techniques 

 

6.2.1. Spectrophotometry and colour space 

In psychology, colour look is classified by means of visual sensation into three 

independent properties [13]: lightness, hue and saturation. Hue is what we usually mean when 

we ask “what colour is that?” It is s the classification in terms of red, blue, green, etc. Each 

hue corresponds to the relative spectral intensity that is very strong in particular ranges of 

wavelengths, saturation is related to chromaticity, saturation tells us how a colour looks under 

certain lighting conditions. 

Spectroscopy is a technique that measures the interaction of molecules with 

electromagnetic radiation. Light in the near-ultraviolet (UV) and visible (vis) range of the 

electromagnetic spectrum has an energy of about 150–400 kJmol-1.The energy of the light is 

used to promote electrons from the ground state to an excited state. A spectrum is obtained 

when the absorption of light is measured as a function of its frequency or wavelength. 

Molecules with electrons in delocalized aromatic systems often absorb light in the near-UV 

(150–400nm) or the visible (400–800nm) region. 

Spectrophotometers are standard laboratory equipment. They usually contain two light 

sources: a deuterium lamp, which emits light in the UV region and a tungsten–halogen lamp 

for the visible region. After passing through a monochromator (or through optical filters) the 

light is focused into the cuvette and the amount of light that passes through the sample is 

detected by a photomultiplier or a photodiode. In double-beam instruments a cuvette with 
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buffer is placed in the reference beam, and its absorbance is subtracted from the absorbance 

measured for the sample. 

Colourimetry is a form or better said one of the branches of spectroscopy, an analysis 

that measures how atoms or molecules respond when exposed to electromagnetic radiation of 

a certain wavelength and energy. The analysis made reveal an measurement of the absorption 

of visible light, the intensity of a solution’s colour (“colorimetry”) or the intensity of light 

reflected from the surface of materials (“reflectance colorimetry”) by using chemical tests or 

inexpensive apparatus. The intensity of the light exiting the sample (transmitted light) is 

measured on the other side of the sample. By comparing the incident intensity to the 

transmitted intensity, the absorbance can be determined for that wavelength of light [14-15]. 

The CIELAB metric transforms colors to a representation which is approximately 

perceptually uniform in the sense that Euclidean distances between different colors in this 

space correspond roughly to perceived color differences [16-17]  

Colorimetry can describe the physiological colour perception by means of the L*a*b* 

coordinates in the CIELAB colour space. 

The a* and b* represents the chromaticity coordinates and their magnitudes and signs are 

indicate hues and saturation [18] 

 

 

 

Fig. 6.4. Schematic of the CIELAB colour space 

 

Regarding a* the positive values denote redness and the negative ones denote 

greenness, as for b* coordinate the positive value indicates yellowness and the negative 

blueness [19] with magnitudes that vary from zero at the center of the sphere to 100 at the 

surface. 
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As for the vertical axis this represents lightness, with scale of magnitudes between 100 that is 

attributed to a perfect white sample and zero to those of a perfect black (fig.6). 

The equations are expressed as follows: 

L*=116 163
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Y
         (eq.6.3) 
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Where 10X , 10Y and 10Z are the XYZ Tristimulus values for a CIE 10º Supplementary 

Standard. 

,0
10X  

0
10Y , 

0
10Z  are the XYZ tristimulus values for a perfect reflecting diffuser observed of the 

specimen. The value 10º reveals the filed of view of 88 mm at 500 mm view distance. 

Tristimulus values are the spectral sensitivity to red, green and blue light of the three different 

cones in the retina and are obatined from the integral equations that are presented in the 

visible region. The equations are presebted as follows: 

10X = ( ) ( ) ( ) λλλλ dRxSK 10

780

380
∫         (eq.6.6) 

10Y = ( ) ( ) ( ) λλλλ dRySK 10

780

380
∫         (eq.6.7) 

10Z = ( ) ( ) ( )dyRzSK λλλ 10

780

380
∫         (eq.6.8) 

Where K=

( ) ( )dyyS λλ 10

780

380

100

∫
        (eq.6.9) 

Tristimulus values are calculated from spectral reflectance factors, R(λ), covering the 

range 400-700 nm. In a 0-1 scale these factors express the reflectance at each wavelength as a 

decimal fraction of that reflected by a perfect reflecting diffuser identically illuminated. R(λ) 
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is multiplied by S(λ), the relative spectral power distribution of the illuminant, by each of the 

three colour matching functions ( )λ10X , ( )λ10Y , ( )λ10Z  and by the scaling factor κ [20]. 

The color measurement of the samples was made at room temperature by using a 

portable spectrophotometer Minolta CM-2600d. The measurement was performed at 8 degree 

viewing angle with a difuse illumination (D65 light source). The color quantization was 

reported using the L* a* b* color system [21]. 

The transmission and reflectivity was measured using a Shimadzu UV-3101 

spectrophotometer. 

 

 

6.2.2. Interaction between light and matter  

When a light beam interacts at an interface between two semi-infinite media (air and 

material), several phenomena can occur. The wave generally changes direction (refraction), 

slows down, and it can be partially or completely absorbed (absorption), or transmitted 

(transmission), Fig.6.5. 

 

 

 

Fig. 6.5. Phenomena occurring due to the interaction between light and matter 

 

When a material interacts with a such light beam, two of its most important characteristics 

may be unfolded: its complex index of refraction, N, which is a combination of a real number 

or refraction index n, and an imaginary number or extinction coefficient k. From k one can 

obtain the absorption coefficient, α, of the material as [18]: 

 

� = 4��
��           (eq.6.10) 
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6.2.3. Transmission 

Optical transmission or absorption measurements are used to determine optical 

absorption coefficients and certain impurities. 

During transmission measurements light is incident on the sample and the transmitted light is 

measured as a function of wavelength as illustrated in Fig.6.6. The sample is characterized by 

reflection coefficient R, absorption coefficient α, complex refractive index (n1− jk1), and 

thickness d. Light of intensity Ii is incident from the left.The absorption coefficient is related 

to the extinction coefficient k1 by α = 4πk1/λ. The transmitted light It can be measured 

absolutely or the ratio of transmitted to incident light can be formed [1]. 

 

 

Fig. 6.6. Schematic transmittance measurement 

 

The transmittance T of a sample with identical front and back reflection coefficient and light 

incident normal to the sample surface is: 

 

� =
(���)�����

�����������������	 (
)
        (eq.6.11) 

 

where ϕ = 4πn1d/λ and the reflectance R is given by: 

 

� =
(�����)����

�

(�����)����
�
         (eq.6.12) 

 

The semiconductor band gap can be determined by measuring the absorption 

coefficient as a function of the photon energy [1]. Light,with energy higher than the band gap, 

is absorbed. However, absorption is low to moderate for hν near EG. For indirect band-gap 

semiconductors, α1/2 is plotted against hν, the extrapolated intercept on the hν axis yields the 

semiconductor band gap. Such a plot is sometimes referred to as a Tauc plot. For direct band-

gap semiconductors like GaAs, for example, α
2 is plotted against hν and the band gap is again 

determined from the extrapolated intercept [22]. 
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6.2.4. Reflection 

Reflection or reflectivity measurements are commonly made to determine layer 

thicknesses, both for insulating layers on semiconducting substrates and for epitaxial 

semiconductor films. 

Figure 6.7. shows a reflection of linearly polarized light at the interface between two media. 

 

 

 

Fig. 6.7. Linearly polarized light after reflection at the interface between two media changes 

to elliptically polarized light 

 

The reflectance for the structure, consisting of an absorbing layer of thickness d1 on a 

nonabsorbing substrate, is given by: 
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�
������
�

��������
�
���	 (��)

�����
�
�
�

��������
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       (eq.6.13) 
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)

��

]  (eq.6.14) 

 

Reflection is often dominated by surface roughness, which makes the material diffusive or 

specular. The cause for specular reflection is a difference in refractive indices. The fraction of 

reflected light, R, is determined by Fresnel's formula: 

 

� =
(�����)�

(�����)�
          (eq.6.15) 

 

Instead of illuminating the sample with monochromatic light and varying the 

wavelength, it is possible to shine white light, containing many wavelengths, onto the sample 



  
 

 R. Arvinte 108 

 

Characterization of the electrical and optical properties of the CrNxOy and AlNxOy thin films 

and analyze the reflected light by passing it through a spectrometer. Small areas can be 

characterized by shining the light through a microscope. Once the various wavelengths have 

been dispersed by the spectrometer, they can be detected by a photodiode array with the 

various wavelengths falling on different diodes in the array, for automatic data acquisition [7]. 

Reflectance measurements are also used to determine the thickness of epitaxial semiconductor 

layers, but it only works if there is a substantial doping density change at the epitaxial 

substrate interface, because there must be a measurable index of refraction change at that 

interface. 

 

 

6.3. Results and discussion 

 

6.3.1. Optical behaviour of chromium and aluminium oxynitride coatings 

Regarding the optical behaviour of the chromium and aluminium oxynitride this is 

represented in the colour coordinates as a function of the reactive partial pressure N2+O2 

represented by the CIELAB 1976 colour space in fig. 6.8 and 6.9. 
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Fig. 6.8. L* coordinate of the CIELAB 1976 colour space for a) CrNxOy and b) AlNxOy, under 

the standard CIE illuminant D65, for films prepared with different reactive gas flows from 

series 1. The error bar was determinate by maximum deviation to the average value 

 

Regarding the values that defined the brightness of the samples of the CrNxOy 

represented in fig. 6.8a) were the same three zones of the samples mentioned in the previous 

chapters are still present the same as in the case of AlNxOy (fig 6.8b). Discussing the samples 

of the chromium oxynitride the plot revealed that zone I presents the higher values of 

brightness L* that is characteristic of the samples prepared with low reactive gas partial 

pressure N2+O2 that have a characteristic metallic colour. This high values of L* is applied 

even for zone I of the aluminium oxynitride coatings that compose this zone, indicate the 

same metallic colour that decrease with the increase of the reactive gas.  

The samples that indicates the transition zone for the chromium presents steady values 

of brightness to a value close to 51 that reveals the decrease of the metallic content in the 

samples with a dark grey colour. The brightness values regarding the aluminium oxynitride 

coatings that forms zone T, are almost stable with a dark grey opaque-like surface tones. 

As for the second zone (zone II) the distinction between the two systems is quite clear 

and can be very well seen in fig 6.8 a) and b). This zone reveal samples prepared with high 

reactive gas partial pressure presenting lower values of brightness with a dark grey colour 

consistent with their semi-transparency for the case of chromium oxynitride (Fig. 6.8a). The 

samples of aluminium oxynitride that forms zone II reveal an increase of L* compared with 

the one from the transition zone that is explained by the composition of the films that reveal a 
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higher incorporation of the oxygen that is in accordance with the interference-like colorations, 

consistent with its semi-transparency (Fig 6.8b). 

For a better understanding of this differences between the set of samples that compose 

this three different zone for chromium and also for aluminium oxynitride. The decrease of the 

brightness is given by the decrease of the amount of the chromium or aluminium content that 

arrives to the substrates and of course of the reactive gas partial pressure used for the coating 

deposition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.9. Chromaticity coordinates (a* and b*) of the CIELAB 1976 colour space for a) 

CrNxOy and b) AlNxOy, under the standard CIE illuminant D65, for films prepared with 

different reactive gas flows. The error bar was determinate by maximum deviation to the 

average value 
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The chromaticity coordinates of the chromium oxynitride (Fig. 6.9a) presents for zone 

I when the partial pressure is low between 0.016 to 0.064 Pa, the values of a* shown no 

significant change but the positive b* value that represents the yellowness shows a significant 

decreases that continues also for the samples that compose the transition zone. Regarding the 

zone II where the partial pressure has the higher values ~ 0.25 Pa were the, a* value keeps the 

same tendency like in the other zone but b* values are decreasing sharply until a negative 

value of b* (blueness) is touched. 

Taking in consideration the second case, namely the aluminium oxynitride it can be 

seen a quite clear difference between these two systems (Fig. 6.9b). The first zone of 

aluminium that is compose by the low values of partial pressure N2+O2 have an almost 

constant values of a* and b* at the limit between the negative and positive values of the 

chromaticity coordinates. The difference can been seen in zone II were chromaticity 

coordinates presents a significant change compared with zone I and T. In this zone the 

positive a* values (redness) shows a significant increase and a sharp decrease of the negative 

b* values (blueness) describing very well the interference colorations of the samples from this 

zone given by the changes in the composition presenting in the other chapters. 

 

 

6.3.2. Reflectance of the coatings 

Fig. 6.10 presents the reflectance spectrum in the visible range of the chromium 

oxynitride from the all three zones that were divided even from the first chapters. From the 

analysis of the reflectance spectra is visible a high values of reflectance in zone I that is to be 

expected because of the metallic nature of the films.  

As the reactive mixture gas is increasing and the chromium concentration is 

decreasing the reflectance decreases slightly in the transition zone were the samples present a 

dark grey colour. 

Taking in consideration the metallic like behaviour of the reflectance spectrum of the 

sample in the first zones, zone II compose from over-stoichiometric films reveal a drop of 

reflectance that is explained by their semi-transparency and by the phase transition (from CrN 

to Cr2O3) [23] that is described by the chemical concentration. 

 

 

 

 



  
 

 R. Arvinte 112 

 

Characterization of the electrical and optical properties of the CrNxOy and AlNxOy thin films 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.10. Reflectance spectrum in the visible range of the CrNxOy samples from the all three 

zones 

 

Taking under analysis the behaviour of the reflectance spectra of the AlNxOy samples 

we discover that zone I presents the metallic like behaviour of the samples with the a much 

higher value of reflectance then in the case of the chromium toching a value close of 90% for 

the sample without reactive gas (pure Al) as it can bee seen in Fig. 6.11. 

In the transition zone the reflectance drops to a residual value of 4% given by the 

decrease of the metallic content and the dark opaque color of the samples. 

In zone II given by the semi-transparency of the sample and the insulator behaviour, a 

increase of the reflectance spectra to a value of ~65% that may be explained by the increase of 

the oxygen content given by the formation of the alumina (Al2O3).  

An application of AlON films can be as an optical coatings that`s way the presence of 

the transparency is an important factor [24]. 
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Fig. 6.11. Reflectance spectrum in the visible range of the AlNxOy samples from the all three 

zones 

 

 

6.3.3. Optical transmittance of the coatings 

Figure 6.12 shows the transmittance spectrums for sample that compose zone II of the 

two sets of coatings of chromium and aluminium oxynitride. The measurements of the optical 

transmittance were performed with a wavelength that starts from 200 until 2500 nm. 
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Fig. 6.12. Transmittance spectrums for the samples from zone II 

oxynitride, 

 

The data of the optical transmittance reveal that the samples measured from zone II of 

the two systems are optically transparent i

The analysis of transmittance spectra of the chromium oxynitride reveal that in zone I the 

sample deposited with 30 sccm presents a transmittance of ~ 30% in the near

With the increase of the react

visible range and to a value close to 80% in the near

oxynitride samples the transmittance data reveal the optically transparency in the visible and 

near-infrared region with values close to 90% as can be observed in fig 6.12 b). 
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Transmittance spectrums for the samples from zone II a) samples of chromium 

oxynitride, b) samples of aluminium oxynitride 

The data of the optical transmittance reveal that the samples measured from zone II of 

the two systems are optically transparent in the visible and near-infrared regions. 

The analysis of transmittance spectra of the chromium oxynitride reveal that in zone I the 

sample deposited with 30 sccm presents a transmittance of ~ 30% in the near

With the increase of the reactive mixture gas the optical transmittance increases even in the 

visible range and to a value close to 80% in the near-infrared region. As for the aluminium 

oxynitride samples the transmittance data reveal the optically transparency in the visible and 

infrared region with values close to 90% as can be observed in fig 6.12 b). 
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samples of chromium 

The data of the optical transmittance reveal that the samples measured from zone II of 

infrared regions.  

The analysis of transmittance spectra of the chromium oxynitride reveal that in zone I the 

sample deposited with 30 sccm presents a transmittance of ~ 30% in the near-infrared region. 

ive mixture gas the optical transmittance increases even in the 

infrared region. As for the aluminium 

oxynitride samples the transmittance data reveal the optically transparency in the visible and 

infrared region with values close to 90% as can be observed in fig 6.12 b).  
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Zona I   

Fig. 6.13. Pictures of the substrates after the deposition of the thin films from the all three 

zones that are dived: 

 

Figure 6.13 presents pictures from the

zones in order to see their color due to reactive gas flow 

deposition process. 

 

 

6.4. Conclusions  

This chapter presented the optical properties of thin films determined namely c

reflectivity and optical transmission that these 

These were determined by using a 

which was measured the color

and with the help of the 

transmission of the films. 

In the case of brightness L

clear difference between the chromium 

reveals for zone I a metallic zone

of the chromium oxynitride. Chromatic coo

same difference between the two systems, 

the two coordinates a* and b*

value b* and an approximately constant value of 

reflectance, with values up to 85% 

samples.  
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Pictures of the substrates after the deposition of the thin films from the all three 
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presents pictures from the representative samples divided into 

in order to see their color due to reactive gas flow that was introduced during the 

This chapter presented the optical properties of thin films determined namely c

ransmission that these films have developed after the 

using a portable spectrophotometer Minolta CM

color of the samples in color space CIELAB 1976 and reflect

with the help of the Shimadzu UV-3101 PC spectrophotometer was determined 

of brightness L* of the two different systems of oxynitrides, it 

the chromium and aluminum oxynitride. Aluminum oxynitride 

a metallic zone area with higher values compared with samples from 

of the chromium oxynitride. Chromatic coordinates a* and b* of the first zone 

same difference between the two systems, the samples of AlNxOy shows 

* , while the CrNxOy samples reveals a decrease of the 

ely constant value of a*. This difference persists in the 

values up to 85% for the AlNxOy and values up to 40% for the 
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Pictures of the substrates after the deposition of the thin films from the all three 

type 

representative samples divided into the three 

was introduced during the 

This chapter presented the optical properties of thin films determined namely color, 

have developed after the deposition. 

portable spectrophotometer Minolta CM-2600d trade (with 
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3101 PC spectrophotometer was determined 

nitrides, it shows a 

oxynitride. Aluminum oxynitride 

higher values compared with samples from zone I 
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values up to 40% for the CrNxOy 
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Transition zone of the two systems reveals a degree of brightness L* of the chromium 

oxynitride greater than that of aluminum. The AlNxOy chromatic coordinates have revealed a 

stability in zone I, as for the CrNxOy they show a value almost stable for a* and an continues 

to decrease of b* bringing darker tones of these samples revealed by the reflectance measured 

for this samples with values up to ~24%. Samples of AlNxOy have a decrease of the reflection 

up to 7% which means that the colours of the films have a darker tone going until black with 

an opaque surface. 

Zone II is represented by a significant reduction in the brightness in the samples of chromium 

oxynitride while the aluminium system shows an increase of it. This difference is supported 

by the chromatic coordinates that continues to decrease for CrNO while in the aluminum 

system both a* and b* reveal a significant increase. The amount of the reflectance decreases 

in the chromium system and for aluminum, she has a significant growth that is consistent with 

semitransparency of these samples. 

In the second zone, the optical analysis carried out revealed high values of 

transmittance in near infrared domain g being optically transparent in the visible one, thing 

that is applied to both systems (aluminum and chromium). 
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