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Abstract 

Thin films of AlOxNy were deposited by magnetron sputtering in a wide composition range. 

Different structures and morphologies were observed, depending on the composition and 

bonding states, which opened the possibility to tailor the properties of this oxynitride system 

between those of pure Al and those of nitride and oxide films. In a wide range of 

stoichiometries, one can report the formation of nanocomposite porous films, where Al 

nanoparticles are dispersed in an amorphous matrix of AlOxNy. The electrochemical 

behaviour of the films was studied in isotonic NaCl solution. It was observed that the pitting 
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potential characteristic of aluminium disappears with the incorporation of oxygen and 

nitrogen in the films, being replaced by a smooth current increase. Electrochemical 

impedance spectroscopy performed during 35 days showed that the corrosion resistance of the 

films steadily increases. The unusual optical reflectance profile of some films is maintained 

after immersion for several months. 

 

Keywords: Thin films; AlOxNy; EIS; Corrosion; Optical stability. 

 

1. Introduction 

Aluminium (Al) is known for its low density, 2.7 g.cm
-3

, which is an important 

characteristic to reduce the weight of specific alloys, while keeping excellent mechanical 

properties [1], and for giving a good response to manufacturing processes [2]. Another 

important feature about aluminium is its good corrosion resistance, since a nm passivating 

oxide (Al2O3) film is easily formed at its surface when exposed to air and water, providing 

protection to the underlying metal. This passive film displays semiconducting characteristics 

(n-type) with a bandgap ranging from 2.5 to 4.5 eV [3]. Although the passive layer is very 

stable, it can undergo corrosion in more aggressive environments such as chloride (Cl
-
) 

solutions, which can promote the so-called pitting corrosion [4]. When an improved corrosion 

resistance is required, anodization is often used [3, 5, 6], but the growth of AlNx films by 

magnetron sputtering [7] and ion implantation [8] have also been successfully used, namely to 

increase the pitting potential [8]. Furthermore, it has been shown that nano and 

microcrystallization of aluminium can enhance its oxidation behaviour and decrease the 

susceptibility to pitting corrosion [9-11]. On the other hand, the electrical and optical 

properties of aluminium make it important in many areas of technology. It is widely used as 

electrical conductor in microelectronic applications [12], as electrode in some devices such as 
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in diodes [13, 14] and metal-insulator-metal (MIM) capacitors [15]. Most importantly, in the 

last years, the possibility of using Al in very/ultra large scale integration (VLSI/ULSI) 

technology has been studied [16, 17]. Aluminium is the preferred material to fabricate mirrors 

and it is also used in other optical coatings such as in surface plasmon-coupled emission 

(SPCE) devices [18], and it is a good candidate to be used as nonresonant plasmonic 

nanoparticle in thin-film silicon solar cells [19, 20]. The possibility of producing a material 

that combines the advantages of Al with the noblest characteristics of Al2O3 [3, 21-23] and 

AlNx [7, 24-26], by adding small amounts of oxygen and nitrogen to Al films, leads to the 

development of a ternary AlOxNy system with tuneable properties and thus opens a wide field 

of applications, as also demonstrated in other oxynitride (MeOxNy) systems [27-33]. 

In previous works about the AlOxNy system [34-38], the authors showed that by 

increasing the concentration of oxygen and nitrogen in the films it is possible to obtain 

different microstructural characteristics, which induced a wide range of electrical and optical 

responses, and hence making those films potentially useful in many technological areas, such 

as in temperature sensors [39], medical devices such as electrode in (bio)sensors [40, 41] and 

in concentrated solar power (CSP) systems [42, 43]. Nevertheless, the films have to display a 

set of functional properties that ensures their utilization in diverse environments, namely in 

what concerns the contact with a particular electrochemical environment, such as the case of 

the human contact or simple exposure to humidity. In order to be able to draw some 

conclusions about the possible use of such a system in any application that may involve fluids 

(mostly sweat) or other type of aqueous solutions, a systematic electrochemical analysis was 

carried out, using one of the most common solutions tested in films containing aluminium: 

isotonic NaCl [4, 7]. Therefore, a set of AlOxNy films covering a wide range of compositions 

was prepared and the influence of the immersion in isotonic NaCl assessed in terms of 

corrosion resistance and optical properties. 
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2. Experimental details 

2.1. Production and characterization of the thin films 

The thin films were produced by reactive DC magnetron sputtering, in a laboratory-sized 

deposition system [36] operating at a base pressure of ~1×10
-3

 Pa, using AISI 316 L stainless 

steel, glass lamellae and single crystalline silicon wafers with <100> orientation as substrates, 

during 90 minutes. The substrates were placed in a grounded holder at 70 mm from the target, 

in a rotation mode-type (9 r.p.m.), and kept at a constant temperature before discharge 

ignition, by using a Joule effect resistor (regulated to 100 ºC and positioned at 80 mm from 

the substrates). Prior to the depositions, the substrates were ultrasonically cleaned and then 

subjected to an in-situ etching process, using pure argon with a partial pressure of 0.3 Pa (70 

sccm), and a pulsed current of 0.6 A (Ton= 1536 ns and f= 200 kHz) for 900 s. A DC current 

density of 75 A.m
-2

 was used on the aluminium target (99.6% purity) with dimensions 

200×100×6 mm
3
, being sputtered using a gas atmosphere composed of argon (working gas), 

with a partial pressure fixed at 0.3 Pa (70 sccm), and a reactive gas mixture composed of 

nitrogen and oxygen, with a constant N2:O2 ratio of 17:3. Before each deposition, a target 

cleaning process was carried out in pure argon until the target voltage reached a steady state.  

The chemical composition of the films was investigated by Rutherford Backscattering 

Spectrometry (RBS). Measurements were made at 2 MeV with 
4
He and 1.4 MeV with 

1
H, at 

normal incidence. There were three detectors in the chamber: one located at a 140º scattering 

angle respective to the beam direction, and two pin-diode detectors located symmetrically 

each other, both at a 165º scattering angle. The data were analyzed with the code NDF [44, 

45]. 

The bonding characteristics were studied by X-ray Photoelectron Spectroscopy (XPS). 

The experiments were carried out using a Isa-Riber setup, equipped with a Mac 2 detector of 
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0.5 eV resolution. The pressure in the analytical chamber was kept below 10
-8

 Pa. For XPS 

spectra, a Mg anode was used as operating source (hν= 1253.6). For each sample, a survey 

scan was performed, followed by a core level spectrum of the Al-2p, O-1s and N-1s region. 

The binding energies were determined with respect to the C-1s peak at 284.6 eV. The XPS 

spectra were processed by XPSPEAK41 software. 

The structure and the phase distribution of the coatings were analyzed by X-ray 

diffraction (XRD), using a PANalytical X'Pert PRO – MPD. The XRD patterns were 

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

and integral breadth, using Winfit software [46]. 

Morphological features of the samples were probed by scanning electron microscopy 

(SEM), using both plane view micrographs and cross-section observations, and the chemical 

characterization of the samples’ surface was carried out by energy dispersive X-ray 

spectroscopy (EDS). The SEM / EDS analysis was performed using a High resolution 

(Schottky) Environmental Scanning Electron Microscope with X-Ray Microanalysis and 

Electron Backscattered Diffraction analysis: Quanta 400 FEG ESEM / EDAX Genesis X4M, 

operating at 15 keV. The thickness of the samples was estimated by cross-section SEM 

analysis and the growth rate was calculated by the ratio between the average thickness and the 

deposition time (90 minutes for all samples). 

Transmission Electron Microscopy (TEM) observations were performed on a JEOL 

2200-FS operating at 200 kV and equipped with a field-emission gun and an energy-filter 

(omega). Cross-sectional specimens were investigated in bright-field, dark-field, high-

resolution and selected area diffraction modes. 

The electrical resistivity of the films was measured at room temperature, using the Van 

Der Pauw method [47] for lower resistivity values (< 10
5
 Ω.m, using a HMS 5300 Ecopia 

setup) and by I-V curves, between Al contacts, for higher resistivity values. 
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2.2. Electrochemical characterization 

AISI 316 L stainless steel specimens coated with AlOxNy films were cleaned by 

ultrasonication in isopropanol (10 minutes) and water (10 minutes). The bulk aluminium 

samples (99.99%) were abraded with emery paper (1000 grit) and ultrasonically cleaned in 

water for 10 minutes. All electrochemical experiments were performed in an isotonic sodium 

chloride solution (0.9% NaCl, ACS grade ≥ 99%), at room temperature. Cyclic voltammetry 

(CV) curves were performed at sweep rates varying from 0.1 to 6 V/s, by using a Gamry 

G300 equipment (Gamry Instruments, USA) driven by the Gamry PHE200 software. 

Electrochemical impedance spectroscopy (EIS) was performed at the open circuit potential, 

for frequencies ranging from 20 kHz – 10 mHz, with a 7mV (rms) AC perturbation, by using 

the EIS300 software from Gamry. All potentials were measured against the saturated calomel 

electrode (SCE), with a platinum wire as counter electrode. Simulation of the experimental 

data was also performed with Gamry software. The immersion times varied from a few hours 

to 35 days. 

 

2.3. Optical response in real conditions 

In order to study the possibility to use this film system in a real part or device, namely in 

what concerns their chemical and structural stability, the in-service behaviour of the samples 

was characterized by immersion in 0.9% NaCl solution, during approximately 4 months for 

reflectance measurements purposes. The reflectance values were measured weekly, in glass 

lamellae substrates, between 250 nm and 2500 nm using a Shimadzu UV-3101 PC UV-Vis-

NIR with an attached integrating sphere of 60 mm (inner diameter). With the purpose to 

eliminate experimental artifacts caused by the integrating sphere, two standards, a STAN-

SSH High-Reflectivity Specular Reflectance Standard (from Ocean Optics) and a WS-1-SL 
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Spectralon White Reflectance Standard (from Labsphere), were used for reflectance 

measurement correction purposes. 

 

3. Results and discussion 

3.1 Composition, bonding characteristics and structure 

RBS analysis revealed uniform composition across the film thickness. For lower partial 

pressures of reactive gas one obtained films with a concentration of oxygen+nitrogen below 5 

at%, as well as electrical resistivities close to Al-bulk [48]. For intermediate partial pressures 

of N2+O2, sub-stoichiometric AlOxNy films were obtained with increasing x and y coefficients 

as well as a gradual increase of the electrical resistivity, up to four orders of magnitude higher 

than the Al film. These films were indexed to a transition zone (zone T) which follows the 

mentioned Al-rich zone (metallic zone or zone M) and precedes a zone of close-

stoichiometric Al2O3 films (zone C), with electrical resistivities typical of insulator materials 

such as alumina [49]. The composition of the samples, representative of each zone previously 

mentioned, can be observed in Table 1, as well as the thickness of the films and their 

electrical resistivity. 

Fig. 1 shows the evolution of the non-metallic over aluminium (CO+N/CAl) atomic ratio as 

a function of the N2+O2 partial pressure. An almost linear increase of the CO+N/CAl atomic 

ratio can be observed up to a value of approximately 0.8, as the partial pressure of reactive gas 

increases towards 4.6×10
-2 

Pa. Above this value, the CO+N/CAl atomic ratio rises sharply to 

about 1.6, as the partial pressure of reactive gas is increased to 5.6×10
-2

 Pa, which is 

approximately the value that one should expect when depositing alumina-like compounds. 

Particularly noticeable is the evolution of the atomic ratio of each non-metallic element 

over aluminium, CO/CAl and CN/CAl, which is shown in the inset in Fig. 1. It is clear that 

despite the large excess of nitrogen in the gas mixture (85 % N2 + 15 % O2), the oxygen 
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content in the films is very similar to that of nitrogen, which is the result of the well know 

higher reactivity of oxygen towards aluminium when compared to that of nitrogen [31, 32]. 

Although the reactive sputtering does not operate at thermodynamic equilibrium, the standard 

free Gibbs energy of formation of Al2O3 (-1.6×10
3
 kJ.mol

-1
) is much lower than the one of 

AlN (-2.9×10
2
 kJ.mol

-1
) [50], and thus the formation of films with higher content of oxygen is 

thermodynamically more favourable. This is, in fact, also verified for the film deposited with 

a N2+O2 partial pressure of 5.6×10
-2 

Pa, where a close-stoichiometric alumina-type material 

(Al2O2.9N0.4) was obtained, although the partial pressure of N2 is higher. 

In order to follow the changes at the bonding level, within the different zones, a detailed 

XPS analysis was carried out. Figs. 2(a-b) show the line shapes for the aluminium, Al-2p, and 

nitrogen, N-1s, XPS lines. 

The XPS analysis of the Al film, indexed to the zone M, revealed a peak centered around 

a binding energy of 73 eV, in accordance with the binding energy value found in literature for 

metallic aluminium [51-53], suggesting the existence of pure aluminium in the film, as 

expected. It was also possible to observe a shift in the Al-2p peak, centered around a binding 

energy of 75 eV, which corresponds most likely either to the Al-O line in Al2O3, or other 

bonding states of Al in Al(OH)3 or AlOOH [54], since the XPS analysis did not reveal the 

existence of peaks corresponding to Al-N bonds. 

Regarding the films within the transition zone, the presence of a Al-2p peak at 73 eV is 

noteworthy, indicating that a metallic aluminium phase is also present in the surface of these 

films. Furthermore, from Fig. 2(a) one can also observe the Al plasmon-loss peak at 

approximately 88 eV [53] accompanying the 2p core level of Al, which gives a plasmon 

energy of ~15 eV, in agreement with the Al-plasmon energy found in the literature [55]. The 

presence of a shifted Al-2p peak, at 75 eV, in the films indexed to zone T, indicates the 

possibility of the existence of either Al-O or Al-N bonds, since their binding energies in 
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Al2O3 and AlN, respectively, are very close to each other [56, 57]. Anyway, the presence of 

Al-N bonds is demonstrated in Fig. 2(b), where one can observe the typical N-1s peak 

centered around 397 eV, ascribed to aluminium nitride [57]. Overlapped with this peak is 

another one, centered around a binding energy of 399 eV, which is normally attributed to N-O 

bonds in AlN according to the literature [56, 58]. 

At this point, and taking into account the above discussion, one can conclude that the 

films ascribed to zone T are expected to be composed of a mixture of phases, where pure 

aluminium is mixed with aluminium nitride/oxide/oxynitride. This is a sign of the transition 

between pure aluminium and a nitride/oxide or oxynitride phase mentioned above. The shifts 

are consistent with some doping of the original metallic or nitride/oxide phases, or even the 

development of a kind of aluminium oxynitride phase. 

In the case of the film indexed to the zone C, the metallic Al-2p peak at 73 eV vanishes, 

since this film is expected to be composed of close-stoichiometric alumina with poor nitrogen 

content, in agreement with RBS results. As it can be observed, the N-1s peak corresponding 

to Al-N bonds vanishes too, contrarily to the N-1s peak at 399 eV, which indicates the 

presence of N-O bonds and confirms the formation of aluminium oxide doped with nitrogen. 

These results show a progressive decrease of the metallic character of the films, since 

aluminium is bonding preferably with oxygen and nitrogen to form covalent Al-N and ionic 

Al-O bonds as their concentration increases. This fact is expected to induce a gradual change 

in the crystallographic order of the films, thus opening a significant number of possible 

responses. 

In order to follow the influence of the bonding characteristics in the structure of the films, 

and thus understanding the different electrochemical responses that may arise, a structural 

characterization was also carried out. The XRD diffraction patterns are shown in Fig. 3. 



10 

The crystalline structure was found to be Al-type (ICSD collection code: 52255), with a 

typical <111> preferred orientation, and a clear growing amorphization with the increase of 

the non-metallic content in the films, in good agreement with the composition and XPS 

results. This type of structural arrangement is maintained in the films within zones M and T 

(atomic ratios, CO+N/CAl, up to 0.8). For higher atomic ratios, such as the close-stoichiometric 

alumina film (Al2O2.9N0.4), no diffraction patterns were detected, confirming the growing 

amorphization of the films. Anyway, the formation of an amorphous film is somewhat 

expected since the samples were prepared at relatively low temperature, and both alumina and 

aluminium oxynitride need significantly higher temperatures to crystallize [59, 60]. A final 

remark is that there is no significant peak shifting of the diffraction angles corresponding to 

the aluminium phase, showing that the incorporation of non-metallic elements in the 

crystalline aluminium is not significant as the CO+N/CAl atomic ratio increases. 

An important result that can be drawn from the overall set of results discussed above is 

that the films revealed a gradual transition, in terms of bonding states and structural features, 

between the typical characteristics of metallic Al (indexed to the zone M) and those of 

amorphous alumina Al2O3 (zone C). According to the XPS and XRD results the films indexed 

to this transition zone (or zone T) are composed of an oxide/nitride/oxynitride amorphous 

phase containing metallic aluminium, which are becoming less crystalline as the CO+N/CAl 

atomic ratio increases. These results are consistent with the formation of a nanocomposite 

material where Al nanoparticles are dispersed in an amorphous oxynitride matrix, as 

suggested by TEM observations of these films [35, 36, 38] (see Fig. 4). The Al nanoparticles 

form a percolating network, which makes these films (indexed to zone T) conductive and 

suitable to be used as electrodes (see electrical resistivity, Table 1) [36]. 

 

3.2 Electrochemical studies in NaCl solutions 
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3.2.1 Open circuit potential (OCP) 

The open circuit potential (OCP) values of the sputtered films stabilized after ~1.5 h of 

immersion in isotonic NaCl.  

The sputtered aluminium film reached an OCP value of about -0.75 V, close to that of 

bulk Al. On the other hand, the quasi-pure alumina film (Al2O2.9N0.4) revealed a clearly nobler 

and stabler OCP of about 0.3 V, as expected from a chemically stable and insulating oxide 

film known for its corrosion protection properties [23]. Concerning the films indexed to the 

zone T, they displayed OCP values between -0.75 and -0.65 V, which can be explained taking 

into consideration the model proposed before for the microstructure of these films, namely the 

existence of a composite formed by aluminium nanoparticles embedded in an aluminium 

oxynitride matrix. The application of the mixed potential theory [61] to this composite 

predicts that the OCP in these cases will lie between the values of aluminium and those of the 

oxynitride phases, with the aluminium behaving as the anode. 

As a major overall conclusion, this set of results shows that the OCP values of AlOxNy 

films lie between those of Al and alumina, with the values shifting to nobler values with the 

increase of the amount of oxygen and nitrogen in the films. 

 

3.2.2 Potentiodynamic analysis and its correlation with the morphology of the films 

Fig. 5 shows the cyclic voltammetry results of the Al film and a representative sample of 

an AlOxNy nanocomposite film. The voltammetric curves show two main types of behaviour, 

corresponding to (i) a quasi-independence of the current on the potential for all sweep rates, 

Fig. 5(a), and (ii) a current vs. potential dependence that becomes stronger for higher sweep 

rates, Fig. 5(b). Moreover, there is a notorious correlation of these two major behaviours with 

the zones previously identified. In fact, the first type of behaviour (I independent of V) was 
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observed in the Al film (indexed to zone M) and corresponds to an almost pure capacitive 

behaviour, where the current density (j) is mainly ascribed to the double layer charging. The 

second kind of behaviour, observed in the films indexed to zone T, was characterized by a 

capacitive behaviour for sweep rates up to 0.8 V.s
-1

 and a mixed capacitive-resistive 

behaviour for sweep rates between 0.8 and 6 V.s
-1

, with the resistive part (I vs. V 

proportionality) becoming progressively more important for increasing sweep rates. This is 

typically observed in porous materials, where the current vs. potential dependence is related 

with the ohmic drop within the pores [41]. At an infinite sweep rate the CV behaviour would 

be described by the Ohm’s law. Furthermore, the currents observed in films within zone T 

were one order of magnitude higher than in the Al film (for the same sweep rate). Concerning 

the film indexed to the zone C (Al2O2.9N0.4), it is noteworthy that it revealed a quasi-

independence of the current on the potential for sweep rates up to 1.5 V.s
-1

. Nevertheless, the 

current density for the same sweep rate was about three orders of magnitude lower than the Al 

film. The differences in the current density are mainly ascribed to changes in the capacitance 

of the films, as can be observed in Fig. 6, where is plotted the double layer capacitance vs. 

atomic ratio of CO+N/CAl. The double layer capacitance (CDL) was computed for each 

film/electrolyte interface from the slope of the straight line defined by the current vs. sweep 

rate plot [62]. For the zone T films only the lowest sweep rates, for which a linear relationship 

holds (capacitive behaviour), were considered. 

From the analysis of Fig. 6, it can be observed that also in terms of capacitance the films 

can be indexed to the same three zones. The Al film in zone M displays a double layer 

capacitance of ~14 µF.cm
-2

, then a twenty-fold capacitance increase is observed on passing to 

zone T films (267-360 µF.cm
-2

), followed by a steep decrease to 67 nF.cm
-2

 for the double 

layer capacitance of the Al2O2.9N0.4 film. The capacitance found for the zone C film is 

expectable for a relatively thick, compact and strongly resistive close-stoichiometric alumina 
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film. Furthermore, its lowest capacitance compared to the Al film, should be mainly related 

with the thicknesses of the respective oxides: 460 nm for the Al2O2.9N0.4 film and a few nm 

for the Al native oxide film [63]. 

It is remarkable the twenty-fold increase of capacitance on passing from the Al film to 

the film with atomic ratio CN+O/CAl of 0.31 (AlO0.14N0.17), and the fact that all films in zone T 

display high capacitance values. To find an explanation for such variation one has to consider 

that the double layer capacitance (CDL) of a passive metal/electrolyte interface has two 

contributions, namely the passive film capacitance and the Helmholtz layer capacitance [4]. 

The total capacitance of two capacitors connected in series is given by: 







ox0

ox

H0

H

DL

dd

C

1
                                                         Eq. 1 

 

where ε0 is the dielectric constant of vacuum; dH and dox are, respectively, the thicknesses of 

the Helmholtz layer and of the oxide (or its space charge layer); εH and εox are the dielectric 

constants associated with the Helmholtz capacitor and the oxide. According to Eq. 1, CDL will 

be as high as the lowest of its components. Therefore, to explain the increase of CDL from the 

Al film towards the films indexed to zone T it is necessary to explain the raise of both 

capacitances when a slight increase of oxygen and nitrogen is verified (namely in sample 

AlO0.14N0.17). In these conditions, the most plausible hypothesis is to assume an abrupt change 

of the film morphology, specifically of the exposed area, although the contribution of minor 

changes in dielectric constant and/or oxide film thickness of the oxynitrides cannot be 

discarded. This assumption is supported by the SEM images displayed in Fig. 7 and also by 

the observed growth rate curve reported in Fig. 6, which remarkably mimics the capacitance 

evolution curve, and was correlated with the type of microstructure developed by the films. In 

fact, the films indexed to zone T revealed a columnar-to-granular microstructure separated by 

voids (cauliflower growth), which is known to increase the roughness and porosity [64], 
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contrarily to the less-voided columnar growth observed in the Al film. This radical change of 

the type of growth verified from Al film to zone T induced a decrease on the films’ density 

and thus explains the shift of the growth rate [36] (see Fig. 6). Afterwards, the gradual 

amorphization of the films is again inducing some densification of the voided structure, as 

confirmed by SEM analysis, Fig. 7. The porous and rough microstructure is likely to increase 

the exposed area to the electrolyte and thus the shift on the capacitance from the Al film 

towards zone T can be attributed to the rise of the electroactive surface area, as also reported 

in other porous materials [41, 65-74]. For example, the electroactive area increase was already 

used to explain important capacitance changes by A. Norlin et al [75] for the titanium vs. 

titanium nitride films and Cunha et al [40] for titanium nitride thin films of different 

compositions. Moreover, it is also well known by the medical biosensors researchers that the 

very strong capacitance increase of silver, when a silver chloride film is formed, comes 

mostly from the increase of roughness and porosity of the electrode [76]. 

The aluminium oxynitride films were also studied at a low sweep rate (1 mV.s
-1

), for 

potential values ranging from the typical immunity region of aluminium (about -1.0 V) up to 

~1.0-1.5 V, well above the typical aluminium pitting potential [4, 77]. The linear sweep 

voltammetry (LSV) plots of the AlOxNy films are displayed in Fig. 8 together with a pure 

aluminium bulk sample for comparison. 

The pure aluminium sample revealed a corrosion potential around -1.1 V, where the 

anodic currents began, and a passive region extending to -0. 7 V, which are typical values for 

aluminium bulk material [4, 11, 63, 77-80]. The sputtered Al film exhibits a noblest corrosion 

potential as well as a higher pitting potential than the bulk sample, showing a passive 

behaviour in the potential range from - 0.7 to - 0.4 V, where the gradual thickening of the 

Al2O3 protective layer is likely to occur. These results are in line with other works that 
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showed an improved pitting resistance of sputtered Al films, when compared to cast Al [11, 

81]. 

As the CO+N/CAl atomic ratio further increases, the typical current plateau of the 

aluminium LSV curve gradually disappears, as well as the pitting potential, leading to a 

smooth current increase with the applied potential. It is significant that the AlOxNy films were 

observed by SEM after the LSV and no pitting corrosion was apparent. The improvement in 

pitting resistance is ascribed to the incorporation of oxygen and nitrogen in the films. Indeed, 

while the increase of oxygen concentration can improve the blocking characteristics of the 

films, the presence of nitrogen may also have contributed to the increase of the pitting 

resistance since, as noted in Schäfer’s work [7], the pitting corrosion of aluminium nitride 

coated aluminium is higher than for non-coated aluminium and it increases with the CN/CAl 

atomic ratio. 

 

3.2.3 Electrochemical Impedance Spectroscopy (EIS) studies  

The electrochemical responses of the nanocomposite samples (zone T) and of the Al 

film were studied in isotonic NaCl. The Bode diagrams, measured after one hour of 

immersion, are shown in Fig. 9 for representative stoichiometries. The high impedance values 

observed show that all interfaces are passivated and the observed differences between the 

impedance moduli should reflect mainly the surface morphological differences among the as-

deposited films. Important to notice is also the lower impedance values for frequencies above 

10 Hz observed in the films indexed to zone T, which might be an important result for 

electrode devices, such as the case of EEG and ECG recording [40]. 

The electrical equivalent circuits displayed in Fig. 10 were chosen to describe the 

electrochemical behaviour of the AlOxNy films. Re stands for the electrolyte resistance and the 

upper and lower branches of the parallel circuits represent the non-faradaic and faradaic 
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processes taking place at the interface, respectively. The capacitive element of the non-

faradaic branch was represented by a constant phase element (CPE) in order to take into 

account the surface roughness and other surface inhomogeneities or relaxation processes [82]. 

In the faradaic branch, Wσ stands for the ionic diffusion through the film, whose coefficient is 

given by [41]: 

 

W2

1



                                                             Eq. 2, 

and Rt stands for the charge transfer resistance, related with electrochemical processes taking 

place at the film/electrolyte interface. It is noteworthy that initially one tried to simulate the 

non-faradic part of the interface with a CPE/R parallel circuit, in order to take account of 

hydrogen evolution, which is thermodynamically possible at the working OCP’s [83]. 

However, it was not possible to find consistent solutions so it was assumed that the 

contribution from such process is negligible. This is also confirmed from the sub-A currents 

displayed for such potentials, see Fig. 8. 

In what concerns the Faradic branch of the circuit, the first simulations were carried out 

with a CPE in parallel with Rt to simulate also the capacitive component of the charge transfer 

process. However, the CPE value was consistently below 2-5×10
-6

 Ω
-1

.cm
-2

s
α
, with errors 

higher than 60%. Once this was removed, the errors associated to the Warburg component 

were substantially reduced while keeping the high quality of the fits. Furthermore, in some 

cases, the Warburg component was found to display a low impedance and it was affected by a 

large error. In such cases, it was removed from the circuit without affecting the quality of the 

fit and decreasing the errors associated with Rt, see circuit in Fig. 10(b). 

The experimental results obtained in the first set of measurements (“day zero”) and the 

results of the fit, can be observed in Fig. 9. 
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The EIS study was extended for 35 days in order to monitor the evolution of the films 

when immersed in isotonic NaCl. The same models presented in Fig. 10 were used for the 

simulations, also with excellent results. The typical evolution of the Bode spectra of the 

oxynitride system is reported in Fig. 11, for a sample indexed to the transition zone 

(AlO0.35N0.40). A slight increase of the impedance moduli with immersion time, particularly 

for frequencies below 100 mHz, was observed. On the other hand, the phase angle clearly 

decreases, which is assigned to an increase of the charge transfer resistance or the Warburg 

impedance.  

The values of the simulated parameters are plotted in Fig. 12(a-d) as a function of the 

immersion time. One should note that the area effect described in section 3.2.2 was taken into 

account. 

The values observed for  are lower for the oxynitride films than for aluminium. This 

fact may be related with the roughness/porosity increase, in line with the CV study and the 

SEM images. In fact, the  parameter of the CPE closely follows the trend observed in Fig. 6 

from zone M to zone T, since lower α values correspond to more rough and voided films. 

These values stabilize with immersion time, even if the differences among the films remain. 

Since the values are close to one, the CPE values must have a strong capacitive 

contribution. The differences in the CPE among the samples increase with immersion time, 

particularly for the low oxygen/nitrogen films. This could be related, hypothetically, with a 

higher dielectric constant of these oxynitrides due to hydration or the incorporation of ionic 

species in the aluminium-rich films, such as chloride, since aluminium is known to easily 

incorporate chloride in its oxide [4]. 

On the other hand, the Warburg diffusion coefficient () increases with immersion 

time, particularly for the oxygen/nitrogen richer films. Also, the charge transfer resistance (or 

corrosion resistance), steadily increases with time. This may be explained by the 
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reconstruction of the bulk film, as demonstrated by EDS analysis in Fig. 13, promoted by 

some Al dissolution and strong interfacial electric fields, which are likely to improve the films 

barrier characteristics by promoting the reoxidation of metallic nanoparticles, resulting in 

densification of the film [84]. This reconstruction of the oxide layers is only clear in the films 

indexed to the transition zone and this fact should be related with their nanocomposite 

structure, which facilitates water impregnation in the film and promotes metallic nanoparticles 

oxidation in the bulk. Fig. 13 shows the SEM images of AlO0.35N0.40 sample, representative of 

zone T, before and after the EIS measurements (~35 days immersion), where it seems evident 

some film´s reconstruction, resulting in the formation of a thicker oxide layer in the films 

indexed to the zone T, and not in the Al film, as confirmed by the increase in the CO/CAl ratio. 

 

3.3 Influence of sodium chloride solutions in the optical reflectance 

The influence of stoichiometry, morphology and structural features on the optical 

properties of the AlOxNy system were also studied in order to establish the limits for practical 

applicability of these coatings in optical devices [35]. The samples indexed to zone M 

revealed metallic-like colourations, in agreement with their high content of Al. In the case of 

the films indexed to the zone T, the non-metallic content becomes more important and one 

can report dark grey opaque-like surface tones, which is most likely the result of the change 

of the type of growth and morphology and decreasing metallic content. The zone C is 

characterized by O-rich samples with stoichiometries close to alumina (Al2O3), and revealed 

interference-like colorations consistent with their semi-transparency. According to the optical 

reflectance measurements, the optical profiles of the films indexed to the zone T are 

characterized by a nearly constant optical reflectance with values as low as 5 % from 250 nm 

to 2500 nm. This is an important feature for possible applications in solar devices such as 

CSP systems [42, 43], where the solar energy is used to heat a material with high solar 
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selectivity in the range of the solar spectrum (between 300 and 2500 nm) [85], with the 

purpose of generating electricity. 

To test the optical behaviour of the deposited films in environments different from air, 

such as in adverse atmospheric conditions or in the sea where the Cl
-
 concentration can be 

important, some representative AlOxNy films were immersed in isotonic NaCl during ~4 

months in order to study the influence of the immersion time on the optical reflectance. The 

results are plotted in Fig. 14, which shows the reflectance profile of the samples studied, in 

the range of 290 to 2500 nm, measured in different days, as well as the reflectance of pure 

aluminium (for comparison) calculated using its standard optical models [55, 86]. 

As it can be observed, the as-deposited Al film, with a concentration ratio of non-metallic 

elements below 5 at.%, has reflectance values progressively lower than the ones predicted by 

the optical models as the wavelength decreases. The profile of the Al film is thus distinct from 

a polycrystalline and uncontaminated material, mainly due to the presence of lattice defects, 

residual doping elements and, possibly, formation of very thin oxide/nitride layers. 

Nevertheless, the typical interband absorption of aluminium (at ~0.8 µm) can clearly be 

observed. The optical profile of the Al film gradually shifts to low values as the immersion 

time increases, and this is due to the formation of oxide compounds at its surface which might 

be the result of electrochemical reactions between the film and the electrolyte. 

As the non-metallic/Al atomic ratios increases, the morphology of the films with atomic 

ratios, CO+N/CAl, between 0.3 and 0.8 consists in aluminium nanoparticles embedded in an 

oxynitride matrix which can induce low and nearly constant values of optical reflectance. It is 

important to notice that immersion in the chloride solution does not affect significantly the 

reflectance profiles. In fact, the AlO0.14N0.17 and AlO0.35N0.40 samples maintain the 

approximately constant reflectance values, which are about 10% and as low as 5%, 
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respectively. These features reinforce the possibility of using these coating in solar 

applications, even in environments containing chloride solutions. 

 

4. Conclusions 

Thin films of AlOxNy were deposited by reactive DC magnetron sputtering, using an 

aluminium target and an atmosphere composed of argon and a reactive gas mixture of N2+O2. 

Varying the partial pressure of reactive gas allowed the production of a wide range of 

different compositions, ranging from an Al film towards a gradual increase of the x and y 

coefficients, as well as an abrupt transition for Al2O3-type films for higher pressures. The 

increase of non-metallic content in the films, together with the particular deposition 

characteristics, induced changes in the bonding characteristics, structure and morphology of 

the films. This allowed indexing the deposited films to different zones concerning their 

features. Indeed, the overall set of results suggested the formation of nanocomposite-like 

materials with Al nanoparticles dispersed in an AlOxNy matrix (zone T), whose properties lie 

between the typical responses of Al (zone M) and the insulator properties of Al2O3 (zone C). 

The Al-type structure found in zone M in maintained in the transition zone with a gradual loss 

in crystallinity, until a complete amorphization in obtained in zone C. 

The voltammetry study in sodium chloride solution showed that the typical pitting 

potential of aluminium vanishes as the CO+N/CAl atomic ratio increases, being replaced by a 

smooth current increase up to 1.5 V. Cyclic voltammetry proved that there is a strong 

capacitance increase of the films on passing from zone M to zone T, associated with the 

enlargement of the electroactive surface area, promoted by the formation of porous structures, 

followed by a sharp decrease on its value due to the formation of a dense ceramic material in 

zone C. 
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The EIS technique was used to monitor the behaviour of the films during 35 days and a 

gradual increase of the corrosion resistance and of the Warburg coefficient were observed. 

This behaviour was associated with a thickening of the oxide films, particularly in zone T. 

Another important result for the films ascribed to zone T is that the unusual low and flat 

optical reflectance profile is maintained during 4 months of immersion in isotonic NaCl, 

reinforcing the possibility that these films could be used in solar applications. 
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Tables 

 

Table 1 – Atomic concentration of each element (Al, O and N) in the films, thickness and electrical 

resistivity of the samples. 

 

Zone 

Partial 

pressure of 

N2+O2 (Pa) 

CAl / 

at.% 

CO / 

at.% 

CN / 

at.% 
Stoichiometry 

Thickness / 

μm 

Electrical 

resistivity / 

Ω.m 

Zone M 1.0×10
-2

 100 
Not detected by RBS 

(below 5 at.%) 
Al 3.1 10

-8
 

Zone T 

2.4×10
-2

 76 10 13 AlO0.14N0.17 3.7 1.6×10
-6

 

3.5×10
-2

 64 20 16 AlO0.31N0.26 3.2 7.1×10
-6

 

4.0×10
-2

 60 18 22 AlO0.30N0.36 2.3 3.8×10
-5

 

4.6×10
-2

 57 20 23 AlO0.35N0.40 1.9 1.8×10
-4

 

Zone C 5.6×10
-2

 37 54 8 Al2O2.9N0.4 0.46 10
11
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Figure Captions 

 

Fig. 1 – Atomic ratios, CO+N/CAl, CO/CAl, and CN/CAl, as a function of the reactive gas mixture 

(N2+O2) partial pressure inside the deposition chamber. 

 

Fig. 2 – XPS spectra of representative samples of the AlOxNy system, corresponding to the (a) 

Al-2p and (b) N-1s peaks. 

 

Fig. 3 – Evolution of the XRD patterns of representative films, as a function of the 

stoichiometry. 

 

Fig. 4 – (a) Cross-sectional dark-field TEM micrograph obtained by selecting a spot given by 

one set off <1 1 1> aluminium reflecting planes in Al, showing the distribution of aluminium 

nanoparticles. The selected area electron diffraction pattern shown in (b) was obtained by 

probing a circular area of 1 µm diameter in the film. Intense spots, indicating crystalline 

phases, and faint large rings, revealing amorphous phases, were observed. The circled bright 

spot labelled as g2 in (b) was selected to form the dark-field image (a). Cross-sectional high 

resolution TEM micrograph in (c) shows Al nanoparticles dispersed in the amorphous 

oxynitride matrix close to the interface.  

 

Fig. 5 – Cyclic voltammograms of the (a) Al film and (b) of a sample representative of the 

typical behaviour observed in the films indexed to zone T (AlO0.35N0.40). The sweep rates 

used varied from 0.1 to 6.0 V/s. 
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Fig. 6 – Capacitance (CDL) of the double layer charging region and growth rate of the films, 

both as a function of the CO+N/CAl atomic ratio. 

 

Fig. 7 – Top view (left) and cross section (right) SEM images. 

 

Fig. 8 – Comparative voltammetric behaviour of the AlOxNy films at a lower sweep rate (1 

mV.s
-1

).  

 

Fig. 9 – Bode diagrams for representative films of zone T and of Al film. The measurements 

were made after the OCP values were stable (day “zero”). The symbols correspond to the 

experimental results and the solid lines represent the simulated spectra. 

 

Fig. 10 – Electrical equivalent circuits proposed for the simulation of the AlOxNy/NaCl 

interface. 

 

Fig. 11 – Bode diagrams of the (AlO0.35N0.40) nanocomposite film, indexed to the transition 

zone, as a function of the immersion time. 

 

Fig. 12 – Electrical equivalent circuit parameters obtained from the EIS simulated spectra, 

using the circuits of Fig. 10. 

 

Fig. 13 – SEM images (i) and corresponding EDS profiles (ii) of sample AlO0.35N0.40, (a) as-

deposited and (b) after immersion in isotonic NaCl during ~35 days and subjected to EIS. 
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Fig. 14 – Optical reflectance of representative AlOxNy films as a function of immersion time 

in NaCl solution. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 

 
  

(b) (a) (c) 

Amorphous 

AlOxNy 

Al nanoparticles 

Si  

Interface 



34 

Fig. 5 
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Fig. 6 
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Fig. 7 

 
  

(a) Al film (top view) (b) Al film (cross section) 

(d) AlO0.14N0.17 film (cross section) 

(e) AlO0.31N0.26 film (top view) (f) AlO0.31N0.26 film (cross section) 

(c) AlO0.14N0.17 film (top view) 
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Fig. 8 
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Fig. 9 
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Fig. 10 
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Fig. 11 
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Fig. 12 
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Fig. 13 

 
  

(b-i) AlO0.35N0.40 (after 35 days) (a-i) AlO0.35N0.40 (as-deposited) 

CO/CAl = ~0.08 

CO/CAl = ~0.18 

(a-ii) (b-ii) 
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Fig. 14 

 


