
Journal of Non-Crystalline Solids 356 (2010) 2714–2721

Contents lists available at ScienceDirect

Journal of Non-Crystalline Solids

j ourna l homepage: www.e lsev ie r.com/ locate / jnoncryso l
Amorphous niobium oxide thin films

G. Ramírez a,b, S.E. Rodil a,⁎, S. Muhl a, D. Turcio-Ortega a, J.J. Olaya c, M. Rivera d,
E. Camps e, L. Escobar-Alarcón e

a Instituto de Investigaciones en Materiales, Universidad Nacional Autónoma de México, Circuito Exterior s/n, CU, México D.F. 04510, México
b Facultad de Química, Departamento de Ingeniería Química, Universidad Nacional Autónoma de México, México D.F. 04510, México
c Unidad de Materiales, Departamento de Ingeniería Mecánica y Mecatrónica, Universidad Nacional de Colombia, Cra. 30 45-03, Bogotá, Colombia
d Instituto de Física, Dpto. Materia Condensada, Universidad Nacional Autónoma de México, CU, México D.F. 04510, México
e Departamento de Física, Instituto Nacional de Investigaciones Nucleares, Apdo. Postal 18-1027, México D.F. 11801, México
⁎ Corresponding author.
E-mail address: ser42@iim.unam.mx (S.E. Rodil).

0022-3093/$ – see front matter © 2010 Elsevier B.V. A
doi:10.1016/j.jnoncrysol.2010.09.073
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 4 February 2010
Received in revised form 8 September 2010
Available online 11 October 2010

Keywords
Corrosion;
Niobium oxide;
Optical properties;
Mechanical properties;
Amorphous coatings
Amorphous niobium oxide thin films were deposited by unbalanced reactive magnetron sputtering under
different conditions of pressure (2 to 4 Pa) and oxygen percentage (9, 17, and 23%). The films were
characterized to obtain the relationships between the deposition parameters and the most relevant physical
properties (structural, optical, mechanical, surface morphology and optical). The composition was
determined by Rutherford backscattering spectroscopy and energy dispersive X-ray spectroscopy. From the
results of X-ray diffraction and the composition, we can conclude that for all of the deposition pressures and
flow ratios used, the films were stoichiometric Nb2O5 and amorphous. Similarly, the mechanical and optical
properties did not show significant variation between the different deposition conditions; all the films were
transparent with a bandgap of about 3.4 eV and a hardness around 5 GPa. Concerning the electrochemical
properties, the response of the films to DC polarization in a 0.89% NaCl solution was significantly different. The
parameters used to compare the electrochemical response were the polarization resistance and the corrosion
resistance obtained from the Tafel analysis.
ll rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Niobium oxide films have been proposed for a wide variety of
technological applications, such as sensing materials [1–7], to assist
catalytic processes [4,6,8–11] and as biocompatible coatings [12–18].
Since the discovery of electrochromism in 1980, niobium oxide films
became promising electrochromicmaterials for device applications, in
part, because of its excellent chemical stability and corrosion
resistance in both acid and base media [19–22]. In the microelectronic
industry, there has been considerable interest in using transition
metal oxides as a high permittivity dielectric to replace SiO2 in
semiconductor devices to increase the charge storage capability and
frequency response of devices [23,24]. Niobium oxide has also been
proposed as an ideal substitute for Ta2O5 in solid electrolyte tantalum/
tantalum pentoxide (Ta2O5) capacitors, where the oxide dielectric
layer is formed from a porous metal powder compacted by anodic
oxidation. Due to the larger permittivity of Nb2O5 compared to Ta2O5

it is a logical substitute since it has a similar anodization behavior and
in addition offers the advantage of greater natural abundance and
hence, lower raw material price [25–31].
In spite of the large number of applications and interesting
properties only a relatively small number of reports are available on
the preparation and properties of niobium oxide films. Recent papers
describe the preparation by thermal evaporation [32], anodization
[26,28,30], sputtering [19,29,33–41], sol–gel processes [42–45],
pulsed laser ablation [1,46], spray deposition [22,47], atomic layer
deposition [23] and chemical vapor deposition [48].

One difficulty with niobium oxide is the complexity of the crystal
system that contains a large variety of polymorphic forms. Additionally,
there are at least three stable niobiumoxides;NbO,NbO2 andNb2O5 and
each has different electrical properties ranging from conducting NbO to
semiconducting NbO2 and insulating Nb2O5 [49].

It has been demonstrated that reactive magnetron sputtering,
deposition of niobiumoxide at low temperatures leads to an amorphous
structure for thicknesses below a critical value [35]. Similarly, it has been
shown that the Nb/O composition ratio increases with the relative
amount of oxygen in the deposition chamber. However, the specific O2

content in the gas phase required to obtain a particular composition is
difficult to extrapolate fromone deposition system to another. The effect
of both the deposition pressure and power has been less studied.
Magnetron sputtering is a physical vapor deposition process (PVD)
classified as a non-equilibrium deposition technique, where the film
structure and properties are highly dependent on the deposition
parameters, therefore in order to determine the optimum conditions

http://dx.doi.org/10.1016/j.jnoncrysol.2010.09.073
mailto:ser42@iim.unam.mx
http://dx.doi.org/10.1016/j.jnoncrysol.2010.09.073
http://www.sciencedirect.com/science/journal/00223093


2715G. Ramírez et al. / Journal of Non-Crystalline Solids 356 (2010) 2714–2721
to obtain a specific composition and microstructure, it is necessary to
performa complete characterization of theprocess condition–properties
relationship.

In this paper, we report the results of the deposition of amorphous
Nb2O5 thin films using an unbalanced magnetron sputtering system.
We are particularly interested in evaluating the corrosion protection
offered by the amorphous oxide coatings to stainless steel substrates
submerged in physiological fluids (0.89% NaCl).

The protection of metals by covering their surface with a non-
reactive coating is a good way to take advantage of their mechanical
properties while preventing corrosion and introducing one or
multiple desirable surface properties in a single step. These properties
might be color, wear or corrosion resistance, hardness, electronic
insulation, or biocompatibility. Corrosion resistance provided by
crystalline sputtered coatings to metallic substrates is affected by
the well-known columnar structure of the films deposited at low
temperatures [50], and the high density of growth related defects:
pores and pinholes [51,52]. The inter-columnar space and defects
permit corrosion attack of the substrate (which is usually less noble
than the ceramic coating) since they allow the passing of the
electrolyte through them. The corrosion is even more severe if the
corrosive medium contains chlorine ions (Cl−) due to the strong
ability of Cl− in promoting localized corrosion.

It has been shown that Nb2O5 films have good biological
compatibility and are suitable for the surface treatment of implants
(e.g. prostheses) [13,16,53]. However, these applications require the
parts to be exposed to an environment which contains a wide range of
chemical reagents or corrosive liquids. Therefore, failure of coatings is
often connected to corrosive attack which reduces the lifetime and
service quality of the coated parts, despite the fact that the coating
materials themselves are highly corrosion resistant [54].

Thus, the fact that our as-grown Nb2O5 films are amorphous, with
no columns, can be expected to help in reducing attack by corrosion.
To a large extent this is the motivation of the present work: produce
amorphous Nb2O5 films on stainless steel substrates and evaluate the
corrosion resistance in a physiological fluid.

The paper is divided in two parts; the first concerns the
identification of the deposition parameters that lead to the amor-
phous niobium pentoxide phase and the second, to the evaluation of
the functional properties, i.e., the corrosion resistance.

2. Materials and methods

2.1. Film deposition

The niobium oxide films were deposited using a commercial
unbalanced magnetron, a Nb target (0.1 m diameter, 99.95% purity),
in Ar+O2 (both of ultra high purity) atmosphere. The equipment has
an automated gas flow system that maintained the deposition
pressure constant while the O2 flow ratio was increased from 9 to
23%. The samples were deposited simultaneously on pieces of
crystalline silicon (111) and AISI 316L stainless steel substrates (SS)
polished with 600 grade SiC grit. The base pressure in the system was
5×10−4 Pa and the substrate–target distance was 0.05 m. The DC
sputtering power was fixed at 80 W and both the gas pressure and
Table 1
Deposition conditions and properties of the series of NbOx films.

Sample name NbOx-01 NbOx-02 NbOx-03 NbOx-04

Pressure (Pa) 2 2 2 3
O2 % 9 17 23 9
Nb/O 0.390 0.429 0.430 0.394
Growth rate (nm/s) 0.160±0.002 0.140±0.005 0.120±0.005 0.130±0
Hardness (GPa) 3.9±0.1 5.3±0.7 4.9±1.0 3.9±0.4
Band gap Eg (eV) 3.35±0.01 3.40±0.01 3.41±0.01 3.40±0.0
Refractive index at 2.25 eV 2.27 2.30 2.25 2.26
percentage of oxygen in the gas phase were varied as described in
Table 1. The O2% was relatively high in order to avoid the formation of
lower oxygen content niobium oxides, such as NbO and NbO2 [36].
The deposition time was adjusted to obtain samples of 200 nm
thickness for all of the conditions used; the deposition rates obtained
from an average of five measurements are shown in Table 1.

2.2. Film characterization

The film structure was analyzed by X-ray diffraction (XRD) using a
Siemens D500 system in grazing angle (incidence angle 2°) mode and
CuKα radiation. The chemical composition of thefilmswasmeasured by
both energy dispersive X-ray (EDX) and Rutherford backscattering
spectroscopy (RBS). The RBS analysis was carried out using 5 MeV Li2+

ion beam from a Tandem Van de Graff accelerator and 135° detection
angle [55]. The EDX spectra were obtained in a scanning electron
microscope (SEM) Cambridge-Leica Stereo Scan 440 system. Selected
samples were first analyzed by RBS to obtain the Nb and O atomic
concentrations, then the same samples were used as standard to obtain
sensitivity factors for EDX analysis of the Nb and O atomic concentra-
tions of the other samples [56].

The film hardness was measured using a Nano-Hardness Tester
from CSM with a Berkovich indenter and a load of 0.3 mN. More than
five indentations were made on each sample to obtain the average
film hardness and the standard deviations.

The surface morphology was studied using an atomic force
microscopy (AFM) Jeol JSPM-4210 in tapping mode with a velocity
of 1.6667/ms.

Theoptical properties, the thickness and theoptical-roughness of the
films were obtained by spectroscopy ellipsometry. The measurements
were carried out ex-situ using a Horiba Jobin Yvon spectroscopic
ellipsometer using three incidence angles (60°, 65°, and 70°) and a
photon-energy range of 1.5–4.5 eV with an interval step of 0.05 eV.

Samples deposited on the silicon substrates were used for the
optical, mechanical, structural and compositional measurements. The
corrosion resistance analysis was evaluated using films deposited on
AISI 316 stainless steel discs.

The corrosion resistance was evaluated by potentiodynamic anodic
polarization. The tests were performed, in triplicate, on the bare and
coated stainless steel substrates. The counter electrode was a platinum
wire and the reference was a saturated calomel electrode (SCE). The
electrolytewas 8.9 g/l NaCl, pH 7.4. The samplewas sealed to thewall of
the electrochemical apparatus with a Viton O-ring leaving an area of
0.1 cm2 exposed to the solution. The sample was kept in contact with
the electrolyte solution at room temperature for 1 h to obtain the open
circuit potential (OCP). Then, the voltage was scanned from −280 mV
vs. OCP to +1280 mV vs. OCP at a scan rate of 20 mV/min.

As support to the DC electrochemical testing, we also performed
electrochemical impedance spectroscopy (EIS) in the frequency range
from 10 kHz to 1 mHz, after 2 h of immersion in the NaCl electrolyte.
Five data points per decade were measured at an amplitude of 10 mV.
The impedance spectrawere analyzedusingstandardequivalent circuits
for thin films on metal substrates. The EIS and potentiodynamic
polarizationmeasurementswere carriedout using aGamry Instruments
potentiostat, Framework 2004, Version 5.3.
NbOx-05 NbOx-06 NbOx-07 NbOx-08 NbOx-09

3 3 4 4 4
17 23 9 17 23
0.417 0.418 0.418 0.394 0.429

.003 0.120±0.2 0.100±0.002 0.120±0.003 0.110±0.005 0.090±0.003
4.8±0.5 4.5±0.8 4.0±0.2 4.4±0.3 4.3±0.7

1 3.46±0.01 3.40±0.01 3.45±0.01 3.36±0.01 3.41±0.01
2.27 2.25 2.21 2.23 2.24



Fig. 1. Variation of the deposition rate as a function of the pressure for the three
different O2%. The lines are only guides for the eyes.

Fig. 3. RBS spectra of a NbOx-06 sample showing a composition, obtained from the
simulation of the spectra, very close to Nb2O5.
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All experimental results, were analyzed using statistical analysis
based on the Bonferroni's test using pb0.05 to find correlation between
the deposition conditions and properties.
3. Results and discussion

3.1. Deposition parameters — properties

Fig. 1 shows the deposition rates as a function of the deposition
pressure for the three different O2%. It can be seen that the rate
decreased as both the amount of O2 and/or the pressure increased.
This is in good agreement with other experimental results and is
characteristic of reactive magnetron sputtering [36,57].

Fig. 2 shows typical XRD spectra of the films and the absence of the
diffraction peaks confirms their amorphous nature. Fig. 2 also includes
the XRD spectra of samples annealed for 1 h in air at 400 and 500 °C. In
agreement with other authors, crystallization occurs at temperatures
above 400 °C and the 500 °C annealed sample clearly showed diffraction
peaks corresponding to thehexagonalNb2O5phase (JCPDS28-0317) [58].

The RBS spectra and composition of one of the samples is shown in
Fig. 3. As mentioned above, the compositions obtained from RBS were
used to calibrate the EDX spectra and to obtain the Nb/O composition
ratio for the9 sampleswhichare given inTable1. Somewhat surprisingly,
all the Nb/O ratios ranged between 0.390 and 0.429 without any clear
trend with the preparation conditions.
Fig. 2. Typical diffraction patterns for the amorphous films. The spectra of two samples
annealed in air at 400 and 500 °C are also included. The diffraction planes corresponding to
the hexagonal Nb2O5 phase are clearly observed for the 500 °C annealed sample.
The hardnesswas obtained by nanoindentation using very low loads
to avoid a large penetration of the indenter. Nevertheless, since the
samples were very thin the penetration was about 25% of the total
thickness. The results are shown in Fig. 4 as a function of the pressure
and for the different O2 fractions. The statistical analysismade, using the
Bonferroni's test, showed no significant difference between the
hardness of the nine coatings. The large deviations are probably related
to inhomogeneities in the sample surface, since variability did not
improve by increasing the number of measurements. The hardness
values ranged between 3.9±0.1 GPa and 5.3±0.7 GPa. There are few
papers that report the hardness of NbxOy; Chappe et al. [59] mentioned
values of about 6 GPa and in a more recent paper Cetinorgu et al. [33]
measured the hardness of amorphousNb2O5films deposited bydual ion
beam sputtering as a function of the ion energy and the values ranged
between 5.5 and 6.5 GPa.

The surfacemorphology of some of the samples deposited on silicon
substrates is shown in Fig. 5. It can be observed that the topography
changed as the deposition conditions varied, but again no clear trends
were found. The RMS roughness varied from 1.1 to 6.4 nm, which are
values similar to those reported for sputtering deposition [35].

The typical measured ellipsometry spectra (dots) of Si/Nb2O5 films
are presented in Fig. 6 together with their best-fit curves (lines). The
ellipsometry spectra are reported as Is and Ic,whichare theexperimental
measurements in a phase modulated ellipsometer [60]. These spectra
Fig. 4. Variation of the hardness of the Nb2O5 films as a function of the pressure for the
three different O2%. The lines are guides for the eyes.
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Fig. 5. Surface morphology of selected samples obtained by atomic force microscopy.
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correspond to the experimental data for three incident angles for the
sample NbOx-01. In the analysis of the experimental ellipsometry
spectra, the dispersion function used to parameterize the complex
dielectric functions of the Nb2O5 films was the Tauc–Lorentz function
proposed by Jellison and Modine [61], which is the combination of the
Tauc joint density of states and the quantum mechanical Lorentz
oscillator (two oscillators were used) model and satisfies the Kramers–
Kronig relation. Additionally, we assumed a two-layer structure: a top
layer to take into account the surface roughness (50%Nb2O5+50%void)
and a second layer of Nb2O5modeled by the Tauc–Lorentz function. The
actual determination of themodel parameters was carried out using the
Levenberg–Marquardt algorithm to minimize the difference between
themeasured andfitted spectra. The fittings carried out using themodel
and dispersion function described above are shown as lines in Fig. 6. The
calculated values of the film thickness agreedwell with thosemeasured
by profilometry for all of the samples.

As result of the modeling of the nine films, the refractive index and
extinction coefficient dispersion were obtained and the values are
shown in Fig. 7. The inset shows that therewas a slight increment of the
refractive index as thepressurewasdecreased suggesting adensification
of the films at a lower pressure as also found by other authors. The
optical gap (the photon energy at which extinction coefficient, k, is
greater than zero; according to the definition from the Tauc–Lorentz
model)wasbetween3.35and3.46 eV. Theerror associated to theoptical
gap value given in Table 1 is the parameter from the minimization
algorithm.

image of Fig.�5


Fig. 6. Measured (dots) and fitted (lines) values of the ellipsometric data; Is and Ic for
the three different acquisition angles, Is and Ic are correlated to the ellipsometric
parameters as Is=sin2ΨsinΔ and Ic=sin2ΨcosΔ. The three spectra were fitted
simultaneously to obtain the film optical parameters, thickness and roughness of the
layer. The figure of merit (Levenberg–Marquardt algorithm) for fitting the three angles
and the complete energy range (1.5–5 eV) was between 1.8 and 9 for all samples.

Fig. 8. Potentiodynamic polarization curves for films obtained at 2 Pa and different O2%
in comparison to the stainless steel substrate. The electrolyte was 0.89% NaCl at pH 7.4,
simulating body fluid saline content.
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3.2. Functional properties: corrosion resistance

For clarity Fig. 8 only shows the polarization curves for the samples
deposited at 2 Pa in comparison to the SS substrate. It can be seen that
all the coatings showed a more noble behavior than the SS substrate.
The scans were made up to 1280 mV vs. OCP (open circuit potential)
to observe the passivation region and failure of the surfaces. It can be
seen that the passivation zone is more extended for the coated
Fig. 7. The film optical parameters; refractive index and extinction coefficient as a
function of the photon energy. The inset shows the variation of the refractive index at
2.25 eV as a function of the deposition pressure.
substrate. The results of the Tafel analysis made over the interval
(−250 mV, 250 mV), around OCP and the polarization resistance
within the interval (−10, 10 mV) are shown in Fig. 9 for all of the
samples. It can be seen that the NbOx-06 and NbOx-02 coatings have
the largest polarization resistance (Rp) and the smallest current
Fig. 9. Results from the electrochemical characterization tests for all samples and the
substrate. The top plot shows the porosity factor estimated from the equation shown in
the text, the middle plot corresponds to the corrosion current obtained from the Tafel
analysis and the bottom plot is the polarization resistance.
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density (Icorr). Moreover, the porosity (P) was much reduced for these
films; P was estimated using the following equation [62]

P = Rpm = Rp

� �
10−j△Ecorr j=βa

where Rpm is the polarization resistance of the bare stainless steel, Rp is
the polarization resistance of the coating, βa is the anodic Tafel slope
of the bare stainless steel and ΔEcorr is the difference in corrosion
potential between the coated and bare substrate again using data
obtained from the Tafel analysis. The electrochemical determination
of the coating porosity is based on the idea that the pores in the
coating provide a passage through which the exposed substrate can
react with the electrolyte. According to this analysis, the film which
gave the best corrosion protection was NbOx-6 (minimum porosity
factor 0.07). This sample was used to measure the impedance spectra
of the coating in comparison to the substrate.

The values of impedance over a wide frequency range (EIS data)
were analyzed by Bode plots, see Fig. 10. The EIS spectra show that the
impedance at the lowest frequency, Zmod, is larger for the coating than
for the substrate confirming the higher resistance from the Nb2O5

film. The two materials showed a capacitive response with a phase
angle close to−80°. Moreover, for the coating, two time constants can
be clearly observed.

4. Discussion

4.1. Film properties

The composition, structure, mechanical and optical characteriza-
tion of the nine niobium oxide films indicated that they were
amorphous with a composition close to Nb2O5 and, that within the
range of deposition conditions used, no significant variations of the
properties were seen. The fact that we did not detect significant
changes in the film composition, structure and physical properties as a
function of either the O2% or the gas pressure may be because the
three O2 fractions were sufficiently high to cause the target surface to
be fully oxidized and therefore, the deposit was always of the more
stable Nb2O5 phase.

The hardness of the Nb2O5 amorphous films was between 4 and
5 GPa. The measurements were made by nanoindentation with a
maximum penetration depth close to 25% of the thickness and the
hardness values were obtained using the Oliver–Pharr (O–P) method.
It is not clear if these values correspond to the “true” film hardness
since it has been well-established that the hardness of thin films
Fig. 10. Bode plot showing the modulus and phase of the impedance as a function of the
frequency for sample NbOx-06 and the bare substrate. The maxima in the phase angle
are correlated to the coating–electrolyte and substrate–coating interfaces.
depends on the penetration depth due to the influence of the
substrate. A common rule is to limit the indentation depth to less than
10% of the film thickness and this is generally used for the
characterization of hard films deposited on soft substrates. However,
in our case, the hardness of the Nb2O5 films is lower than the hardness
of the silicon substrates (9–12 GPa depending on orientation) [63]. In
this situation there are some controversies about the applicability of
the 10% limit. It has been shown that there is an error in the
estimation of the contact area because of material pile-up around the
indenter, instead of sink-in as assumed in the O–P method [64].
However, it seems that the substrate-effects are observed for
penetration depths slightly larger than 10%. Saha et al. [65] found
that the “true” hardness of aluminum films on different hard
substrates could be obtained for 0.05bh/tb0.2, where h is the
penetration and t the film thickness. Similarly, Pelegri and Haung
[66] by finite element analysis found a “true” hardness for h/t between
0.05 and 0.45, while Beegan et al. [63] reported the influence of the
substrate for all h/t values. Thus considering that it was not possible to
measure indentations below h/t=0.25, the reported hardness in this
work might be somewhat overestimated. However, given that our
films were all of the same thickness and were deposited on the same
substrate, the associated systematic error is the same for all of them.
Thus, we can conclude that the hardness did not vary significantly
within the range of experimental conditions studied, and that they
were lower than those reported by Cetinorgu et al. [33].
4.2. Corrosion resistance

The electrochemical impedance spectroscopy was used to evaluate
more carefully the corrosion resistance of the best coating (NbOx-06)
determined by the potentiodynamic test in comparison to the bare
substrate. Fig. 10 shows the impedance spectra, where three different
regions can be observed; high (104–102), medium (102–10−1) and
low frequency (b10−1), which reflect the behavior of the different
interfaces of the samples. This behavior can be modeled using
equivalent electrical circuits, as shown in Fig. 11 for the uncoated
and coated substrate. In these circuits, Rsol represents the resistance of
the solution between the working (sample) and the reference
electrode, i.e. the ohmic drop across the electrolyte. For the SS, it
Fig. 11. Equivalent circuits used to analyze the EIS spectra for; a) the uncoated stainless
steel, b) the coated substrate and c) the schematic representation of the different
interfaces observed in the Bode plot in Fig. 10.
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Table 2
Results obtained from fitting the EIS spectra using the equivalent circuit shown in
Fig. 11. The resistance and capacitance are defined in Fig. 11 and in the text, while the n
factors correspond to the exponent of the constant phase elements (CPE) used to fit the
non-ideal capacitors. The impedance of a CPE is defined as: 1

ZCPE
= Q* jωð Þn where ZCPE is

the impedance of the CPE, Q is a proportional factor, ω is the angular frequency, and n is
a factor which represents the degree of non-ideality (if n is equal to 1 then we have an
ideal capacitor). The Levenberg–Marquardt method indicated that the correctness of fit
was 6.25×10−4.

SS316L NbOx-06

Rsol (Ω) 366.8 404.8
Rs (Ω) 1.62E+06 1.05E+07
Cs (S*sn) 1.03E−05 8.28E−07
ns 8.67E−01 8.24E−01
Rpore – 1.74E+05
Cc (S*sn) – 1.17E−06
nc – 8.79E−01
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has been shown that a simple RC circuit can be used, where Rs is the
charge transfer resistance and Cs is the double layer capacitance [67].
On the other hand, the circuit shown in Fig. 11b has been proposed to
describe protective coatings on metallic substrates [51]. Here, the
capacitance of the perfect coating is represented by Cc, with a value
much smaller than that typical for the double layer capacitance, and
ion conduction paths in the coatings due to the presence of pores or
defects are represented by Rpore (schematically shown in Fig. 11c). The
pore resistance is in series with the parallel RC contribution of the
substrate. These capacitances are mathematically modeled by a
constant phase element to take into account the inhomogeneities in
the surface. The total interfacial impedance (Z) measured at very low
frequency, LF, provides a measure of the protective nature of the
coatings. At a high frequency, HF, the changes of Cc with the exposure
time can be used to determine degradation of the coatings. Similarly,
the decrease of Rpore in the medium frequency range, MF, also
indicates the coating degradation; these processes will be studied as a
function of immersion time in the future. For the present paper, using
a single immersion time, it is possible to use the polarization
resistance, Rp, estimated from EIS to appreciate the effect of the film
on the corrosion resistance of the steel substrate. The Rp is defined as
the sum of the corresponding resistances; for the single substrate
Rp=Rs and for the coated substrate Rp=Rpore+Rs, where the inverse
of the Rp is proportional to the corrosion rate.

Thus, the EIS spectra of Fig. 10 show that the impedance, Zmod, is
larger for the coating than for the substrate, confirming the higher
resistance provided by the Nb2O5 film. Moreover, the numerical
results (Table 2) obtained from the fitting procedure showed that Rp
for the film is one order of magnitude larger than for the bare
substrate, therefore the corrosion rate of the stainless steel was
decreased by the deposition of the 200 nm Nb2O5 amorphous film.

In the future, we plan to prepare crystalline Nb2O5 coatings to
compare electrochemical response with that of the amorphous films.
It was not possible to use the 500 °C annealed samples because the
films showed clear evidence of cracking. On the other hand, the good
corrosion protection shown by the amorphous films grown without
substrate heating or thermal treatments is of industrial interest for
applications where the substrate cannot stand high temperatures or
simply to reduce process costs.

5. Conclusions

Amorphous niobium oxide films have been prepared by reactive DC
magnetron sputtering on Si and stainless steel substrates at different
oxygen percentages and pressures. From the RBS and EDX measure-
ments it was found that the films were amorphous with a composition
very close to stoichiometric Nb2O5, suggesting deposition from a fully
oxidizedNb target. Itwas shown that deposition fromO2 concentrations
between 9 and 23% and pressures from 2 to 4 Pa produced films which
are relatively smooth, fully transparent (~3.4 eV), have a high-refractive
index (~2.3 at 2.25 eV) and a hardness of about 5 GPa. The deposition
rate decreased from 0.18 to 0.09 nm/s as either the O2% or the pressure
was increased. Moreover, from the point of view of corrosion resistance
not all the deposition conditions were equivalent. For example the
corrosion porosity factor changed by two orders of magnitude for
specific deposition conditions, suggesting that some films had much
fewer defects and thus provided better corrosion protection even
though the physical–chemical properties were indistinguishable.
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