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a b s t r a c t

Thin nanocrystalline, compact films, based on the copper–nitrogen system, up to 2.5 lm thickness and
3.5% nitrogen, were deposited by magnetron sputtering at different partial pressure ratios of N2 and
Ar, without formation of CuxN compounds, the nitrogen concentration influencing grain size (down to
30 nm) and film homogeneity. Electrochemical corrosion properties were investigated using polarization
curves and electrochemical impedance spectroscopy in 0.5 M NaCl aqueous solution, and compared with
pure bulk copper; morphology was examined by scanning electron microscopy. Significant variations in
corrosion currents between samples were attributed to grain size and structural defects on the grain
boundaries.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

It is well known that copper is one the most important indus-
trial materials with a wide variety of applications due to its excel-
lent electrical, thermal and mechanical properties and corrosion
resistance. New industrial challenges require the production of im-
proved high strength/ductile copper, reflected by the research for
over two decades on nanocrystalline materials with a strong focus
on copper. However, for nanocrystalline copper to be widely used,
it is necessary to study in detail the effects of nanocrystallinity on
its other properties, such as corrosion resistance [1].

Sputtering is one of the most efficient techniques to produce
nanocrystalline thin film materials, and is often used to study
‘‘new” properties of nanocrystalline bulk materials. Control of the
film deposition parameters is one of the advantages of the sputter-
ing technique, another being that it can dope materials with ele-
ments beyond their equilibrium solubility, to control structures
and morphologies [2]. Copper is one of the few metallic elements
with high adatom mobility whilst exhibiting low susceptibility to
nanocrystallinity [2,3]. Fabrication of nanocrystalline copper thin
films by sputtering is carried out with the substrate assisted by a
cold trap, or more recently using a controlled atmosphere with dif-
ferent partial pressures of nitrogen [2].

In recent work [2], different thin films based on the Cu–N sys-
tem were deposited by reactive magnetron sputtering with a com-
pact cauliflower morphology, employing partial pressure ratios of
nitrogen and argon, PN2 : PAr less than 1:2. Under these conditions
it was possible to incorporate nitrogen into copper thin films with-
ll rights reserved.
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out the formation of CuN compounds. Although a heterogeneous
nitrogen distribution through the films was observed, it was found
that the grain size distribution was homogeneous, even at the low-
est nitrogen content, as well as a significant decrease in grain size
down to 30 nm compared to sputtering in the absence of nitrogen.
Besides the unexpected and remarkable impact of this result on the
mechanical properties of copper films, a question to answer is how
the nanocrystallinity of the metal influences the electrochemical
properties of the films, especially the corrosion resistance.

An important quality of this metal and its alloys is its resistance
to corrosion attributed to the formation of a protective film of cu-
prous oxide (Cu2O) [4,5]. However, in the presence of oxygen, chlo-
rides, sulphates or nitrate ions, the metal is susceptible to localized
types of corrosion such as pitting corrosion, which is very danger-
ous for thin film structures [6], and two possible mechanisms for
the observed increase of corrosion rate have been proposed [7–
11]. These are the dissolution-precipitation mechanism and the
erosion mechanism. Electrochemical, accelerated corrosion tech-
niques have been presented as an alternative tool for the investiga-
tion of the copper corrosion mechanism; the advantages are
decreasing the experimental time and improving the data
reproducibility.

Traditional dc polarization methods as well as ac techniques
such as electrochemical impedance spectroscopy (EIS) are useful
in characterizing the corrosion behaviour. One of the principal
advantages of EIS is that it can be performed in solutions of low
conductivity, which is a problem that may affect dc electrochemi-
cal measurements [12]. Also, EIS is a non-destructive technique
(only a small perturbation signal is applied during the measure-
ments), so that EIS measurements at the open circuit potential
can be repeated several times without altering the surface of the
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metal being examined [13]. A number of papers have been devoted
to the study of the corrosion and corrosion inhibition of copper and
its alloys with elucidation of the mechanisms, especially in NaCl
environments simulating seawater [14–19].

The present work was undertaken to investigate the corrosion
behaviour of different nanograined copper thin films in chloride
media, prepared by magnetron sputtering, using linear sweep vol-
tammetry (Tafel plots) and EIS. Additionally, the samples were
examined with scanning electron microscopy (SEM) in order to
give important information concerning the morphology and the
surface characteristics before and after the occurrence of corrosion.
2. Materials and methods

2.1. Copper deposition

Cu and Cu–N thin films were deposited by dc magnetron sput-
tering on square stainless steel substrates of area 1 cm2. In the case
of the Cu–N thin films, the copper target was sputtered in reactive
mode using three different nitrogen/argon partial pressure ratios
(PN2 : PAr) 1:60 (1 of nitrogen to 60 parts of argon), 1:30 and 1:2.
A total deposition pressure of 0.3 Pa and a constant power density
of the pure copper target of 3.33 W mm�2 were used. In order to
avoid grain growth during deposition, the substrate temperature
was maintained at a temperature lower than 373 K by promoting
heat flow through the substrate holder to the exterior of the sam-
ple. The sputtering chamber was evacuated to 2 � 10�4 Pa before
admitting pure argon and nitrogen gases.

Thin copper films produced were as follows: Cu(N0.0) – 2.5 lm
thick without nitrogen, Cu(N1.5) – 2.5 lm with 1.5% nitrogen, and
Cu(N3.5) – 1.5 lm thick with 3.5% nitrogen. The Cu–N films are all
nanocrystalline, with grain size decreasing down to 30 nm with
3.5 at.% of nitrogen [2].
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Fig. 1. Tafel plots for all types of electrode in 0.5 M NaCl, scan rate 5 mV s�1.
2.2. Reagents and electrolyte solutions

Millipore Milli-Q nanopure water (resistivity P18 MX cm) and
analytical reagents were used for the preparation of all solutions.
Experiments were performed at room temperature (25 ± 1 �C),
and 0.5 M NaCl aqueous solution, in the presence of dissolved O2,
was used as electrolyte.

Electrodes were made by attaching a copper wire to the rear
surface of the stainless steel substrates with silver conductive paint
covered by epoxy resin, insulating the rest of the stainless steel
surface and edges with epoxy resin, leaving only the deposited
copper thin films exposed. For comparison purposes, electrodes
of pure bulk copper (99.99%, Johnson–Matthey, area 0.20 cm2)
were also made; these were polished with alumina down to
0.3 lm particle size before use.

A three-electrode electrochemical cell of volume 10 cm3 was
used, containing the copper electrode as working electrode, a plat-
inum foil counter electrode and a saturated calomel electrode
(SCE) as reference.

Electrochemical measurements were performed using a com-
puter-controlled l-Autolab Type II potentiostat–galvanostat run-
ning with GPES (General Purpose Electrochemical System) for
Windows Version 4.9 software (Metrohm Autolab, Utrecht,
Netherlands).

The electrochemical impedance measurements were carried out
on a PC-controlled Solartron 1250 Frequency Response Analyser,
coupled to a Solartron 1286 Electrochemical Interface using ZPlot
2.4 software (Solartron Analytical, UK). A rms perturbation of
10 mV was applied over the frequency range 65 kHz–0.01 Hz, with
10 frequency values per decade.
A Philips XL-30 scanning electron microscope was used for sur-
face morphology characterization. All images were captured using
15 keV.

3. Results and discussion

3.1. Polarization curves

In order to investigate the electrochemical properties of the
copper thin films, electrochemical measurements using linear
sweep voltammetry were carried out in 0.5 M NaCl aqueous solu-
tion in the presence of dissolved O2 in the applied potential range
from �500 mV vs. to +500 mV vs. SCE, at 5 mV s�1 scan rate. Fig. 1
shows the corresponding Tafel plots for all experiments, both bulk
copper electrode and Cu(N1.5) had lower anodic and cathodic cur-
rents, with a positive potential shift of 30 mV of Ecor for the thin
films.

The anodic and cathodic currents are generally lower at the bulk
electrode. Except for the Cu(N3.5) electrode, evidence of barrier
oxide film formation is observed, with dissolution at �+0.2 V vs.
SCE.

The Cu(N0.0) electrodes showed higher currents than the bulk
electrodes at all potentials, but the currents at Cu(N3.5) and
Cu(N1.5) are lower than the values obtained for Cu(N0.0). The
determination of Icor is strongly influenced by the shape of the
curve and the applied experimental methodology [20,21]. The val-
ues of Ecor and Icor, estimated from extrapolation of the linear parts
of the Tafel plots, are presented in Table 1. As seen, all the samples
have similar corrosion potential values, with a variation of ±15 mV
vs SCE. However, the Icor values vary significantly, ranging from
0.12 lA cm�2 for Cu(N1.5) films, to 6.99 lA cm�2 for the Cu(N3.5)
films.

The experiments using all three types of copper film electrodes
(Cu(N0.0), Cu(N3.5) and Cu(N1.5)) were very reproducible, a simi-
lar Icor being obtained from five electrodes of each type, the same
being true of the Tafel slopes, as shown in Table 1. Table 1 also
shows the potentials at open circuit recorded after 15 min immer-
sion, when the values have reached a much slower variation with
time, are also shown and are more positive by approximately
100 mV than the corrosion potentials, this difference demonstrat-
ing that a stationary state has not yet been reached. Long term
measurements of steady-state OCP were not possible on some of
the samples since, in those cases, the films began to degrade.

The results obtained by potentiodynamic measurements show
that the nanocrystallinity of the copper films influences their elec-



Table 1
Corrosion parameters obtained from Tafel Plots (Ecor, Icor and Tafel slopes ba and bc)
and OCP after 15 min immersion, for all types of electrode in 0.5 M NaCl in the
presence of dissolved O2; data for five electrodes.

Sample type

Cu (N0.0) Cu (N1.5) Cu (N3.5) Bulk Cu

Ecor/mV vs. SCE �283 ± 16 �323 ± 10 �313 ± 2 �313 ± 7
Icor/lA cm�2 2.62 ± 0.92 0.12 ± 0.08 6.99 ± 1.03 1.87 ± 0.89
ba/V dec�1 0.72 ± 0.03 0.12 ± 0.04 0.10 ± 0.01 0.09 ± 0.005
bc/V dec�1 0.17 ± 0.01 0.19 ± 0.02 0.18 ± 0.01 0.20 ± 0.01
OCP/mV vs. SCE �195 ± 3 �215 ± 3 �203 ± 8 �190 ± 5
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Fig. 3. Complex plane impedance plots in 0.5 M NaCl of: ( ) Cu(N0.0), ( )
Cu(N1.5), ( ) Cu(N3.5), ( ) bulk copper electrodes at applied potential equal to Ecor

(see Table 1).

Table 2
Chemical elements detected by EDX and the atomic percentage on the electrode
surface after corrosion. Nitrogen, if present, was below the detection level.

Cu (N0.0) Cu (N1.5) Cu (N3.5)

Element at.% Element at.% Element at.%

O 63 O 65 O 54
Cl 12 Cl 11 Cl 6
Cu 25 Cu 24 Cu 40

Table 3
Resistance and capacitance values obtained by equivalent circuit (Fig. 2) modelling of
the impedance spectra (Fig. 3). The applied potentials corresponding to Ecor, are
shown in Table 1.

Ecor

Cu(N0.0) Cu(N1.5) Cu(N3.5) Bulk Cu

R1/kO cm2 2.48 4.39 1.66 4.44
C1/lF cm�2 sn�1 233 72 204 60

Table 4
Resistance and capacitance values obtained by equivalent circuit (Fig. 2) modelling of
the impedance spectra (Fig. 4). The values of OCP applied to each sample are shown in
Table 1.

OCP

Cu(0.0) Cu(N1.5) Cu(N3.5) Bulk Cu

R1/kO cm2 3.87 0.52 0.50 1.96
C1/lF cm�2 sn�1 259 111 187 60
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trochemical behaviour. The Cu(N3.5) electrode is formed from the
smallest grains of copper, so that it is expected that this electrode
will have the higher corrosion current. Experiments with linear
sweep voltammetry undertaken at other electrodes prepared with
the same films reproduce the results described very closely.

3.2. EIS

Electrochemical impedance spectroscopy (EIS) experiments
were carried out in 0.5 M NaCl, after a stabilization time of
15 min, at potentials equal to Ecor determined from Tafel analysis
as well as at the OCP. Spectra were recorded at other potentials,
in the range between �0.8 and +0.8 V vs SCE, but – partly due to
the time needed to record a full impedance spectrum – the differ-
ences between the behaviour of the different films were less evi-
dent and so are not shown here.

The equivalent circuit proposed to fit the EIS results, similar to
that proposed in other copper thin film electrode studies, e.g. [18],
and is shown in Fig. 2. It consists of the cell resistance, RX, with a
value of 3 ± 0.5 O cm2, in series with a parallel combination of a
constant phase element, CPE1 = {(Cix)n}�1, representing the inter-
facial charge separation, modelled as a non-ideal capacitor, and a
polarization resistance, R1. Values of the n exponent were �0.76
for all spectra.

Fig. 3 shows spectra recorded at Ecor. In all cases depressed
semicircles were observed with a similar profile, differing only in
the resistance and capacitance values. Table 3 presents the results
obtained by fitting. It is seen that the smallest charge transfer resis-
tance is obtained at the Cu(N3.5) electrode with a charge transfer
resistance of 1.66 kO cm2, while the bulk copper film electrode
has the highest value of 4.44 kO cm2. High capacitance values were
CPE 1

RΩ

R1

Fig. 2. Equivalent circuit proposed to fit the EIS results which represents the cell
resistance, RX, in series with a constant phase element, CPE1 representing the
interfacial charge separation, in parallel with a polarization resistance, R1.
obtained for Cu(N0.0) and for Cu(N3.5) of 233 lF cm�2 sn�1 and
204 lF cm�2 sn�1, respectively, much larger than the value of
72 lF cm�2 sn�1 for Cu(N1.5) and 60 lF cm�2 sn�1 for the bulk cop-
per electrode.

Fig. 4 shows spectra recorded at all electrodes at applied poten-
tials corresponding to the value of the OCP after 15 min immersion.
At this potential the Cu(N1.5) and Cu(N3.5) present inductive loops
at low frequencies which is associated with film relaxation pro-
cesses. Table 4 shows the resistance and capacitance values ob-
tained by fitting of the spectra. However, the Cu(N1.5) has a
similar spectra profile and resistance values as Cu(N3.5), present-
ing a charge transfer resistance of 0.52 kO cm2 a capacitance of
111 lF cm�2 sn�1, the capacitance reaches the minimum value of
60 lF cm�2 at the bulk copper electrode and the maximum value
of 259 lF cm�2 sn�1 is at Cu(N0.0).

These differences in the capacitance and resistance can be
attributed first, and mainly, to different structures, roughness as
well as grain size of the films, the electrodes with smallest grain
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Fig. 4. Complex plane impedance plots in 0.5 M NaCl of: ( ) Cu(N0.0), ( )
Cu(N1.5), ( ) Cu(N3.5), ( ) bulk copper electrodes at applied potential equal to OCP
(see Table 1).

Fig. 5. Scanning electron micrographs of Cu(N0.0) copper thin film (a) folded film
(showing surface in contact with substrate) and (b) higher magnification of
corroded surface.

Fig. 6. Scanning electron micrographs of (a) Cu(N1.5) and (b) Cu(N3.5) copper thin
films.
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size having the higher surface area. Secondly, the different compo-
sition of the film surfaces, with different metal oxides leads to dif-
ferent electrochemical characteristics. Both of these possible
contributing factors are confirmed by the SEM characterization dis-
cussed below. Additionally, the lower values of the impedance at
the more positive potential reflect the effect of enhanced copper
dissolution with probable formation of complex species with chlo-
ride ion, thus hindering the formation of protective oxide.

The results obtained in the EIS studies are in agreement with
those from the polarization curves, and suggest that the Cu(N3.5)
film, that exhibits the smallest resistance, has the smallest grain
size. This implies that its surface is expected to have a larger num-
ber of nanostructures per unit area, resulting in a higher electroac-
tive area.

3.3. Scanning electron microscopy (SEM) characterization of the
copper films

Physical and structural characterization of the as-prepared cop-
per films has previously been done by Calinas et al. [2]. In this work
the SEM analysis was carried out in order to determine the surface
characteristics of the films after corrosion had occurred.

Fig. 5a shows scanning electron micrographs recorded at the
Cu(N0.0) electrode, in which the upper surface and that in contact
with the steel substrate of a partially peeled film are shown. The
white and smooth surface (which contacted the substrate) is free
from any corrosion, whereas the other exposed face has undergone
corrosion. The latter shows cube-shaped grains of 700 nm diame-
ter over the entire surface, demonstrating that preferential corro-
sion occurred at the grain boundaries, in this way evidencing the
grain nanostructure. The grains are easily seen in Fig. 5b, which
shows the same electrode but from a different angle where it is
possible to see better the roughness and the ‘‘cube-like” aspect of
the grains.

The micrographs for Cu(N1.5) and Cu(N3.5) after corrosion,
shown in Fig. 6, contrast with those obtained for the film without
nitrogen, and the cube-like structures are practically non-existent,
being substituted with smaller, irregular structures. It is also seen
that in the case of Cu(N1.5), this occurs over the whole electrode
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surface. However, the most interesting observation was for the
Cu(N3.5) film, where there is a mixture of smaller structures to-
gether with big deformed structures of more than 30 lm diameter.

Table 2 shows EDX results obtained from electrode surface
examination after corrosion, using the same samples. For all elec-
trodes, the presence of chloride and oxygen was detected, from
which one can deduce that CuCl and CuO should be formed. This
information can be confirmed from the results of atomic percent-
ages of oxygen of 63% and 65% and Cl of 12% and 11% for the elec-
trodes Cu(N0.0) and Cu(N1.5), respectively. For these electrodes,
the Cu percentages obtained were 25% and 24%, respectively. Nev-
ertheless, for Cu(N3.5) a high percentage of Cu of 40% was ob-
tained, which indicates that in this case CuCl formation was
somehow inhibited, since 54% of oxygen was found, and only 6%
of Cl. Nitrogen was not detected although the possible presence
of residual nitrogen in the thin films can be deduced from the as-
pect of some of the thin films during SEM analysis or of thin foils
by transmission electron microscopy (TEM). Some of the micro-
and nanobubbles in the thin films could be attributed to the
desorption of nitrogen during the analyses.

The formation of CuCl grains and their different structure and
size can explain the different conductance of the film, and the va-
lue of Icor measured for Cu(N3.5). Although this corrosion current
was higher than the others, the CuCl and CuO formation was less,
from which one can deduce that the dimension of the copper grain
interferes with the process of copper oxidation and formation of
CuCl.

Films with smaller copper grain size dimensions, Cu(N3.5), have
higher corrosion currents, probably due to an increase in the num-
ber of grains per unit area leading to an increase in the electroac-
tive surface.

4. Conclusions

This work has shown the influence of the nanocrystalline char-
acter of copper thin films on their electrochemical and corrosion
behaviour, reflecting the fact that the presence of nitrogen in the
sputtering chamber produces copper films with good mechanical
and electrochemical properties, due to minimization of grain size
and structural defects on the grain frontiers. The corrosion process
that occurs on thin films with different surface morphology and
grain size may contribute to the formation of different oxide and
chloride films. Thin films with smaller copper grain size dimen-
sions have a higher corrosion rate (corrosion current), probably
due to an increase in the number of grains per unit area and thus
an increase in the electroactive surface area. The EIS studies show
convincingly that the electrode with the smallest grain size has
lower resistance than the others.

The trends observed by both electrochemical techniques are the
same. High reproducibility between the experiments demonstrates
that the procedure used for film deposition is highly reproducible,
the films having very similar micro/nano-structure, with minimum
failures in the nanograin boundaries, which is important for elec-
tronic device application.
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