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Abstract 

 

AlNxOy thin films were produced by DC reactive magnetron sputtering, 

using an atmosphere of argon and a reactive gas mixture of nitrogen and 

oxygen, for a wide range of partial pressures of reactive gas. During the 

deposition, the discharge current was kept constant and the discharge 

parameters were monitored. The deposition rate, chemical composition, 

morphology, structure and electrical resistivity of the coatings are strongly 

correlated with discharge parameters. Varying the reactive gas mixture partial 

pressure, the film properties change gradually from metallic-like films, for low 

reactive gas partial pressures, to stoichiometric amorphous Al2O3 insulator 

films, at high pressures. For intermediate reactive gas pressures, sub-

stoichiometric AlNxOy films were obtained, with the electrical resistivity of the 

films increasing with the non metallic/metallic ratio. 

 

Keywords: Aluminium oxide, aluminium nitride; DC magnetron; reactive 

sputtering; morphology; structure; electrical resistivity 
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1. Introduction 

 

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 in different 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, bandwidth, and 

crystallographic order between oxide and nitride and, in consequence, the 

electronic properties of materials and thus, the overall films responses. 

Among the group of possible oxynitrides, aluminium oxynitride thin films 

(AlNxOy) may have some interesting applications in different technologic 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 

bandgap (      ) [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 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 (      ) [4] and high electrical resistivity (          ) 
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[5]. The thermal conductivity and electrical resistivity are even higher for the 

cubic AlN [2]. Polycrystalline aluminium nitride has also high dielectric strength 

(between     and           ), which can be improved if one produce 

amorphous AlN [1]; a moderated dielectric constant (           ) [5]; and it is 

an excellent piezoelectric material [6]. AlN also resists to high temperatures 

(melting point above       ) 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 in 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 the second case we have α- Al2O3 (trigonal), κ- Al2O3 

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

phase of alumina, α- Al2O3, possesses trigonal symmetry with rhombohedral 

Bravais lattice. It exhibits chemical and mechanical stability at a temperature of 

up to        and melts at        [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 

      , 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 coatings against wear, diffusion and corrosion, optical coatings, opto-
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electronics, microelectronics [14], multilayer capacitors as dielectric [1], among 

others. 

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 Al-N-O 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. 

 

2. Experimental details 

 

For the present work, AlNxOy films were deposited by reactive DC 

magnetron sputtering, in a laboratory-sized deposition system. The films were 

prepared with the substrate holder positioned at       from the target in a 

rotation mode-type (        ). A DC current density of          was used on 

the aluminium target (99.6% purity). 

The substrates (glass, monocrystalline silicon wafers with (100) 

orientation, and mechanically polished high speed steel AISI M2) were 

grounded and kept at a constant temperature of approximately       during the 

      or     deposition (using a Joule effect resistor). The temperature evolution 

of the coated substrates was monitored with a thermocouple placed close to the 

surface of the substrate holder. A delay time of five minutes was used before 

positioning the surface of the samples in front of the Al target. This delay time 

was used to avoid target poisoning resulting from previous depositions and also 

to assure a practically constant deposition temperature of the substrates during 

film growth. 

The aluminium target (         ) was sputtered using a gas 

atmosphere composed of argon (working gas) and a reactive gas mixture 

composed of nitrogen and oxygen with a constant N2/O2 ratio of 17/3. Before 

each deposition, the substrates were subjected to an etching process, using 

pure argon with a partial pressure of        (       ), a pulsed current of       

(              and            ) for      . During the depositions, the partial 
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pressure of reactive gas (N2+O2) varied from   to         (corresponding to a 

flow up to           ). The argon partial pressure was fixed at         

(       ). The discharge parameters: target potential and current, gas 

pressure, argon flow and reactive gas (N2+O2) flow, were monitored using a 

National Instruments NI USB-6800 hardware plugged to a personal computer 

with Labview Signal Express software. To connect the power supply, the 

pressure sensors and the flow controller to the NI USB-6800, shielded copper 

cables, with        diameter, were used, and specially prepared for this 

acquisition system. All these instruments have analog outputs, which allowed 

the connections to the acquisition system. Later, this acquisition system was 

replaced by a Data Acquisition/Switch Unit Agilent 34970A with a multifunction 

module (334907A) where the cables were connected. This unit uses a RS-232 

interface and the data is acquired with Benchlink Data Logger III software. 

The chemical composition of the films was investigated by Rutherford 

Backscattering Spectrometry (RBS) with scattering angles of      (standard 

detector) and      (annular detector) and incidence angles of    and    . 

Measurements were made at       with      and, for some samples, at 

         with protons. The data were analyzed with the IBA DataFurnace NDF 

v9.3b [15]. 

The structure and the phase distribution of the coatings were analyzed by 

X-ray diffraction (XRD), using a Philips PW 1710 diffractometer (Cu-Kα 

radiation) operating in a Bragg–Brentano configuration. The XRD patterns were 

deconvoluted, assuming to be Pearson VII functions to yield the peak position, 

peak intensity and integral breadth. These parameters allow calculating the 

interplanar distance, preferential orientation and grain size. 

Scanning electron microscopy (SEM) was made, to determine the 

thickness of the films and to catch images from the cross section of the 

coatings, using a Leica Cambridge 5526 apparatus. 

In order to characterize the morphology of the films, beyond SEM, Atomic 

Force Microscopy (AFM) was used (Nanoscope III in tapping mode). The AFM 

images where processed by WSXM software [16]. 

The electrical resistivity of the conducting films was measured using the 

four-point probe method (in linear geometry) [17]. For the high resistivity films, 
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aluminium contacts (       ) were vapour deposited on the top of the 

coating and the electrical resistivity of the films was obtained from the I-V 

characteristics of the metal-insulator-semiconductor (MIS) capacitor structure. 

 

 

3. Results and discussion 

 

3.1 Target potential, deposition rate and morphology of the films 

 

Figure 1 shows the evolution of both target potential,   , and deposition 

rate, of the different coatings as a function of the gas mixture (     ) partial 

pressure. 

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

atmosphere without reactive gas, to values between       and      , when the 

reactive gas partial pressures vary from         to        , respectively. Within 

this range of reactive gas partial pressures (               
        ), the 

deposition rate remains approximately constant at a value around            . 

When the partial pressure reaches the value of approximately        , there is 

a significant decrease in the target potential, dropping about     to a value of 

about      . This decrease persists until a minimum value of       is reached 

for a reactive gas mixture partial pressure of        . Above this pressure, the 

target potential remains approximately constant. 

Regarding the deposition rate, figure 1 shows a significant increase of about 

      to a value of              when the partial pressure is increased from 

        to        . Increasing further the reactive gas pressure, the deposition 

rate decreases steeply until a minimum value of about              is 

reached, for a gas mixture partial pressure of         and above. 

According to the obtained results in figure 1, one might identify two main 

zones, with a transition zone between them. The first one - zone M, is observed 

for gas mixture partial pressures up to        , corresponding to high target 

potentials and relatively high deposition rates. A second zone - zone C - is 

indexed to the films prepared with gas partial pressures of         and above, 

which are characterized by low values of target potential and deposition rates. 
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Between these two zones, one can consider a transition zone - zone T 

(               
        ), where both target potential and deposition rate 

are decreasing gradually. 

In order to clarify these 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 

chemisorption of reactive species on the target surface. These 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 [18], 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 M. 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 [19], and in a decrease of the deposition rates, together with a significant 

variation on the target potential values. This would be the case of the films 

prepared in the framework 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) [20] in comparison to 

those observed for zone M. This would be the case of the films prepared for this 

study that were indexed to zone C. 

In terms of target voltage variations, it is widely known and accepted that 

the minimum voltage required to sustain the magnetron discharge is given by 

[21]: 
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,                                         (1) 

with    representing the effective ionization energy;       the ion-induced 

secondary electron emission coefficient (      for aluminium, representing the 

number of electrons emitted per incoming ion on the target); and   the effective 

gas ionization probability. The other two parameters,    and   , are close to unit 

for magnetron sputtering [22], which means that the cathode voltage essentially 

depends on the       coefficient [20]. The dependence of this coefficient on the 

reactive gas partial pressure varies for different target materials and reactive 

gases [22]. 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       coefficient and the 

consequent decrease of the discharge voltage (  ) [23-25]. 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 in 

figure 1. For the case of the films indexed to zone M, the target remains in a 

clean surface state (metallic mode), corresponding to a low value of the       

coefficient thus explaining the high value of cathode voltage. The slight 

decrease of the target potential observed in zone M, can be explained by the 

raise of the       coefficient due to the increasing on the reactive gas ion 

implantation on the target. In the case of the films prepared within the transition 

zone (zone T), the target is most likely becoming partially oxidized, since the 

free Gibbs energy of formation of aluminium oxide (alumina), 

         
                           is much lower than of the aluminium 

nitride,          
                         [26], 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       

coefficient as the target becomes more and more oxidized. Finally, in the case 

of the films prepared within zone C, the target is completely poisoned and thus 

the discharge voltage reaches its minimum value, meaning that the       

coefficient is at its maximum value. 

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, 
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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. In fact, for low partial pressure of 

reactive gas (zone M), the target remains almost metallic and the sputter yield is 

high, which explains the relatively high values of the deposition rate. Coming to 

the transition zone (zone T), one might notice an unexpected jump on the 

deposition rate, since the target is expected to become more and more 

oxidized, leading to a decrease of metal atoms sputtered. This should be 

reflected on a deposition rate decrease. The ambiguous result observed in the 

plot from figure 1 (the values of the deposition rate in the transition zone are 

actually higher than those obtained for the films deposited within zone M), can 

be understood by the analysis of the SEM images shown in figures 2 a)-c). 

From the observation of the obtained results, one can claim that the type of 

growth of the films prepared within zone T is significantly different from those of 

films from zone M. Whereas the zone M films, have a typical columnar-like 

growth, the transition zone films are very porous with a cauliflower-like growth. 

Therefore the high deposition rates within the zone T do not imply a higher 

quantity of material that was being deposited, but the formation of films with 

lower density. Further increasing the partial pressure, within the transition zone, 

the deposition rate is reduced as a direct consequence of the reduction of the 

target sputtering yield. Finally, in zone C the aluminium target is completely 

poisoned and the amount of metallic atoms sputtered is very low, thus 

explaining the roughly constant deposition rates in this zone. 

Regarding the morphology of films, the atomic force microscopy (AFM) 

images reinforce the existence of the already mentioned three films zones, as 

can be seen from the figures 2d)-f). The columnar-like growth (zone M) induces 

a relatively high RMS roughness (      ) in the films (figure 2d)). The films 

from zone T are even rougher (RMS roughness of      ) as it can be seen 

from the figure 2e), which one might find as an expected behavior if one 

observe the correspondent SEM image. Finally, the films from zone C have 

relatively smooth, surfaces, with a correspondent low value of RMS roughness 

(    ) (figure 2f)). 

 



10 

3.2 Chemical composition 

 

Figures 3a)-b) shows the chemical composition (    ) and the 

concentration ratios of non metallic/metallic elements of the films as a function 

of the partial pressure of the reactive gas mixture. 

For films belonging to zone M, prepared with low partial pressures of the 

reactive gas mixture (      
        ), the concentration of aluminium 

decreases slightly with the increase of the reactive gas pressure, from          

pure Al concentration to a value close to        . The concentration      of 

oxygen and nitrogen increased slightly for these films, with the oxygen varying 

from        to        (             ); and the nitrogen from        to 

       (             ), as shown in figures 3a) and 3b). 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 hereafter as belonging to a metallic-like 

zone. 

Regarding the samples that were prepared with the highest gas mixture 

partial pressures (       
        ), zone C, the RBS analysis revealed that all 

films have very similar compositions, with an aluminium content around         

and an oxygen amount close to        . The nitrogen concentration drops to a 

residual value (non-detectable within the resolution of the experimental setup, 

meaning that its amount should be below   to       . 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 hereafter as belonging to a compound-like zone. 

Between these two main zones, a transition region was already identified 

(zone T), corresponding to the films that were prepared with reactive gas partial 
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pressures between         and        . Within this transition zone, the 

incorporation of aluminium decreases more sharply than in zone M, varying 

from         to        . In these films the incorporation of nitrogen and oxygen 

becomes more important, as can be observed from the sharp increase of the 

         ratio up to     , with the oxygen concentration rising from         to 

        (                ) and the nitrogen content also increasing, from 

       to         (                ). The films in this transition zone have 

dark grey opaque-like surface tones, which is most likely the result of their 

decreasing metallic content. 

 

3.3 Structural properties 

 

It is widely known and accepted that one of the most important properties of 

any given thin films system is its crystalline structure, which is also known as 

depend significantly on its particular composition. In fact, the structural features 

of a thin film are often used to explain not only the overall film properties, but 

also to develop a certain coating system with a set of required properties. In the 

present case, and as a result of the observed changes in composition, it is 

expected that the films may develop different structural features, which may 

then be used to scan some possible applications of the developed coatings. In 

order to study the phase composition of obtained thin films, X-ray Diffraction 

(XRD) analysis has been used. Figure 4 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 M and T, and amorphous-

type ones for the case of the films prepared within zone C. 

The coating deposited without reactive gas (“pure” aluminium thin film) 

exhibits, as expected, a face-centered cubic (fcc) structure, characteristic of 

aluminium [27]. The two diffraction peaks represented in figure 4 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 M and T, the structure is maintained, although the peak 

intensity is gradually decreasing with increasing pressure of reactive gas. This 
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means that the films are becoming less crystalline, ending up as completely 

amorphous for the highest partial pressures (      
       ), zone C. 

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. This change in the lattice parameter can 

be observed in figure 5, 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 chemical composition of the 

films. 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 

(          for       
       ) is lower than the reference value of this 

material found in the available literature [28] (            ), which is a typical 

behavior for the films deposited by magnetron sputtering, indicating that the film 

is in a compressive residual stress state [29], 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 figure 5 show that there is sharp decrease of this property 

as a function of the non-metallic/metallic ratio (        ) in zone M, from       

(               ) to        (             ). 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 [30]. 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      . 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 [30]. This is also the type of growth 

suggested by figure 2b). 
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3.4 Electrical Resistivity 

 

Electrical measurements were performed, at room temperature, and the 

electrical resistivity ( ) was calculated. The results are displayed in figure 6 

where the electrical resistivity is plotted as a function of the non-metallic/metallic 

chemical ratio,         . 

For low values of chemical ratio (             ) the electrical resistivity of 

the films is very low, with the values very close to aluminium bulk resistivity 

(              ). These low resistivity values (between approximately 

        and         ) correspond to metallic-like zone films. Within the 

transition zone (                     ) the incorporation of nitrogen and 

oxygen in the lattice leads to an increase in the electrical resistivity of the films 

to values between                 and              .This behavior can be 

explained by the decrease of the amount of free electrons in the lattice, due to 

reduction of the metallic content of the films. Finally, the oxide films formed 

(                   ), belonging to the compound-like zone, exhibits an 

expected insulator behavior, with values of electrical resistivity between      

and            . The electrical resistivity of these alumina films is in agreement 

with the values found in the literature for alumina coatings [31, 32]. 

 

4. Conclusion 

 

AlNxOy thin films were deposited by DC reactive magnetron sputtering, 

using an aluminium target, in an atmosphere composed of Ar and a mixture of 

nitrogen and oxygen as a reactive gas. There is a straight correlation between 

the discharge parameters, the deposition rate, chemical composition, 

morphology and structure of the films. Varying the partial pressure of reactive 

gas mixture, three different kinds of films were found: zone M - metallic-like 

films; zone T - sub-stoichiometric AlNxOy films; and zone C - stoichiometric 

Al2O3 - alumina films. zone M occurs for low partial pressures of reactive gas, 

resulting on the formation of metallic films with relatively high deposition rates in 

a columnar-like growth and high value of RMS roughness. The grain size 

decreases with the increase of the non metallic/metallic ratio. The resistivity of 
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these films is very low, consistent with a metallic-like behavior. Zone T 

(transition zone) occurs for intermediate partial reactive gas pressures, resulting 

on the growth of dark grey low density sub-stoichiometric AlNxOy. The grain size 

is independent of the chemical composition and the electrical resistivity is 

two/three orders of magnitude higher than zone M films. Within the zones M 

and T the increase of oxygen and nitrogen in the films decreases the 

crystallinity of the fcc structure of the coatings, until a complete amorphization is 

obtained. Zone C occurs for high partial pressures of reactive gas, when the 

target is completely poisoned, resulting on the formation of compact semi-

transparent smooth thin films of alumina in stoichiometric proportions, but with 

very low deposition rates and very high electrical resistivity consistent with 

insulator-type films. 
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Figure captions 
 
Figure 1 - Evolution of the target potential and deposition rate as a function of 

the partial pressure of reactive gas (N2+O2). 

 

Figure 2 - SEM images of the coatings for a) zone M (columnar-like growth), b) 

zone T (cauliflower-like growth), c) zone C (dense, featureless-type growth); 

and AFM processed images for d) zone M, e) zone T and f) zone C. 

 

Figure 3 - Evolution of the a) chemical composition and b) concentration ratio, 

as a function of the partial pressure of reactive gas (N2+O2). The chemical 

composition of all samples was determined within an error of about 3 to 5 at. %. 

 

Figure 4 - XRD patterns for metallic-like and transition zone films. 

 

Figure 5 - Grain size and lattice parameter of the crystals as a function of the 

concentration ratio. 

 

Figure 6 – Electrical resistivity of the films as a function of the concentration 

ratio. 
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