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Abstract In this work, nanostructured NbxSiyNz thin

films were deposited onto stainless steel AISI 304 sub-

strates by co-sputtering a Nb target with Si additions while

using unbalanced magnetron sputtering. The microstruc-

ture was analyzed by X-ray diffraction, and the chemical

composition was identified by X-ray photoelectron spec-

troscopy. The hardness was measured by nanoindentation,

and the corrosion resistance was studied by potentiody-

namic polarization curves and electrochemical impedance

spectroscopy using a 3 wt% NaCl solution. The addition of

Si in the NbN thin films changed the microstructure from a

crystalline to an amorphous phase. The chemical analysis

showed the presence of both Si3N4 and NbN phases. The

hardness decreased from 20 GPa (NbN) to 15 GPa for the

film with the highest Si concentration (28.6 at.%). Never-

theless, the corrosion properties were significantly

improved as the Si concentration increased; the polariza-

tion resistance after 168 h of immersion was two orders of

magnitude larger in comparison with the substrate.

1 Introduction

The synthesis of superhard nanocomposite coatings has

significantly improved the lifetime of cutting tools, molds,

and structures [1]. Such films have been deposited by dif-

ferent techniques; physical vapor deposition methods

(PVD) have demonstrated good efficiency by improving

mechanical, electrical, optical, and chemical properties [2–

6]. In particular, the unbalanced magnetron sputtering

(UBM) process provides higher deposition rates, a denser

structure under low temperatures, and better film-substrate

adhesion than balanced magnetron sputtering, which are

properties that enhance the lifetime of substrate–thin-film

systems [7–9]. A common feature of the nanocomposite

coatings is the addition of Si into hard metal nitrides

(MeN), such as Cr–Si–N [10–15], Ti–Si–N [16, 17], V–Si–

N [18], W–Si–N [19–21], and Nb–Si–N [22–26]. Most of

those studies have shown an improvement in the mechan-

ical properties, but few studies have analyzed the effect of

the Si-modified structure on the corrosion resistance [27].

In our research group, we have been investigating the

corrosion resistance of different coatings for a variety of

applications, such as tools or biomedical implants [28–34].

The corrosion resistance of metal nitride coatings TiN,

TaN, NbN, and CrN was affected by the energy deposited

(degree of bombardment) during the deposition [29, 31, 33,

35–38]; it was shown that highly energetic conditions were

generally detrimental for the corrosion resistance, contrary

to the behavior observed for the hardness. The lower cor-

rosion protection of the hard films was associated with a

higher degree of stress, which induces adhesive failures of

the coatings during immersion in the electrolyte. Moreover,

it is well known that the corrosion resistance of PVD

coatings is controlled by the presence of the intrinsic

porosity, which is mainly due to the columnar boundaries
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and grain boundaries that result under typical PVD depo-

sition conditions. Therefore, our hypothesis in this work

was that the amorphous SiyNz-based second phase, which

has been extensively used to enhance the film hardness [20,

22, 39], could help to improve the corrosion resistance by

reducing the intrinsic porosity, while maintaining a relative

high hardness in the films.

Niobium nitride (NbN) coatings have been deposited

onto steel substrates using UBM sputtering, providing

relative good corrosion resistance and high hardness [33,

37, 38, 40]. Moreover, it has been shown that the addition

of Si to NbN can increase the film hardness [22–26].

However, there are no studies on the effect of the Si

addition on the corrosion resistance of the films. In this

work, NbxSiyNz films were produced by co-sputtering Nb

and Si, where square Si pieces were placed over the

racetrack of a Nb target. By increasing the number of Si

pieces, it was possible to produce NbxSiyNz films with

different Si concentrations, leading to changes in the

microstructure, hardness, and corrosion resistance.

2 Experimental details

Thin NbxSiyNz films with different Si concentrations were

deposited using UBM sputtering from a combined Nb–Si

target, where small pieces of Si were added to the surface

of the Nb target. The deposition conditions were as fol-

lows: working pressure at 6 9 10-1 Pa, Ar (99.99 %) and

N2 (99.99 %) flow rates of 9 and 3 sccm, respectively. The

current during the sputtering process was maintained at

350 mA, applied to the 101.6 mm (400) diameter Nb

(99.99 %) target. Figure 1 shows a schematic of the dis-

tribution of the 7 9 7 mm Si pieces (purity 99.999 %) on

top of the Nb target. In order to maintain the uniformity of

the film composition, the substrates were rotated at 35 rpm.

Two substrates were used: Si (100) to measure the

deposition rate and stainless steel (AISI 304) substrate

disks (14 mm 9 2 mm) for the electrochemical and

structural characterization. The steel disks were mirror-

polished using an alumina solution to obtain a final

roughness of *4 nm. After polishing, the substrates were

ultrasonically cleaned with acetone and isopropyl alcohol

for 5 min each.

In order to improve the adhesion between the substrate

and the NbxSiyNz films, a thin layer (*100 nm) of NbxSiy
was deposited onto the substrates prior to the introduction

of N2 inside the chamber. The deposition time was adjusted

according to the deposition rate previously determined for

NbN to obtain films with thicknesses of *1000 nm

(20 min). The final thicknesses and deposition rates were

determined using a profilometer (DEKTAK 150) measur-

ing a step along a displacement of 200 lm and an applied

force of 1 mg. X-ray diffraction (XRD) patterns were

obtained using a Cu Ka radiation source at 45 kV and

40 mA in an Xpert-Pro Panalytical device in the Bragg–

Brentano mode. The morphology of the coatings was

characterized by scanning electron microscopy (SEM)

using a FEI QUANTA 200 SEM. The chemical composi-

tion was determined by X-ray photoelectron spectroscopy

(XPS) (VG Scientific Multilab ESCA 2000), the XPS was

operated at 8 9 10-7 Pa using Al Ka radiation

hm = 1486.6 eV with a spatial resolution of 500 lm and 50

and 20 eV pass energy to acquire the survey and high-

resolution spectra, respectively. The spectra analyzed here

were obtained without Ar cleaning, since the N1s signal

was strongly decreased by the Ar bombardment and oxy-

gen was actually found bonded to niobium. High-resolution

spectra were acquired for Nb 3d, N 1s, and Si 2p photo-

electron peak energy regions. The XPS error is based on a

detection limit estimated to be about 1 % and proper

propagation of uncertainties. The hardness was measured

with a nanohardness tester (CSM) using a Berkovich tri-

angular pyramid indenter and a peak load of 5 mN.

Fig. 1 A graphical

representation of the

distribution of the Si pieces on

the Nb target is shown for each

condition, where the black line

indicates the target race track
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The corrosion and electrochemical behaviors of the

uncoated and coated specimens were studied using a three-

electrode system and a Gamry 600 potentiostat at room

temperature. The samples were mounted in a special cell

which limited the exposed area of the coated steel substrate

face to be 0.196 cm2. In the corrosion resistance experi-

ments, the substrates were placed as the working electrode,

a carbon rod was used as the counter electrode, a saturated

calomel electrode was used as the reference electrode, and

a 3 wt% NaCl solution was used as the electrolyte (pH

7.9). Prior to each corrosion experiment, the corrosion

potential was allowed to stabilize during a 0.5-h immersion

in the test solution, followed by the conduction of poten-

tiodynamic polarization (PP) or electrochemical impedance

tests. In the PP experiments, the initial potential was

500 mV below the open-circuit potential and the scanning

rate was 1 mV/s, The corrosion current density (Icorr) was

estimated by a linear fit and Taffel extrapolation to the

cathodic part of the polarization curve. Afterward, the

specimens were examined by SEM to detect surface pit-

ting. Electrochemical impedance spectroscopy (EIS) mea-

surements were taken using the same custom cell described

above at a stable open-circuit potential. The perturbing

signal had an AC amplitude of 10 mV and frequency range

from 0.01 Hz to 100 kHz. Measurements were taken after

1, 2, 24, 48, and 168 h of immersion. The analysis of the

EIS was conducted using the equivalent circuit fitting

model in the Gamry Echem Analyst software.

3 Results and discussion

Table 1 shows the physical properties of the samples as a

function of the number of Si pieces added to the Nb target.

The table includes the chemical composition obtained by

XPS, the approximate grain size, the hardness, and the

Young’s Modulus.

The chemical composition analysis for the samples

conducted by XPS is presented in Fig. 2. Low-resolution

XPS survey spectra for each of the samples are displayed in

Fig. 2a, while in Fig. 2b–d high-resolution XPS spectra for

the N 1s, Si 2p, and Nb 3p peaks are displayed. The

analysis of the N 1s peak shows that it can be deconvoluted

into two peaks (except for the sample where no Si pieces

were placed on top of the target), and the binding energies

for the two peaks are 397.4 eV and 398.8 eV, which are

attributed to Si3N4 and NbN, respectively [41, 42]. As

shown in Table 1, the N concentration remained relatively

constant, which suggests that nitrides were formed in all

the experiments. Meanwhile, the intensity of the Si 2p

peaks increased as the number of Si pieces on top of the Nb

target increased. The high-resolution spectrum for Si 2p in

Fig. 2c shows only a single peak at 101.7 eV, which is

attributed to Si atoms bonded to N (Si3N4) [43, 44]. There

is no evidence of pure Si, which should be at 99.1 eV, or

silicon oxide (SiO2) at 103.4 eV. On the other hand, there

is a large variation in the Nb 3d signal as the Si content was

increased (Fig. 2d); the Nb 3d doublet is very clear for the

sample with 0 at.% Si. However, the Nb 3d relative peak

intensity decreases as the concentration of Si increases, and

the Nb 3d doublet becomes less defined for the sample with

the highest Si concentration. Oxygen was found to be

bonded to Nb, and the deconvolution of the Nb 3d signal

revealed the presence of two double peaks: NbN and

Nb2O5. The presence of oxygen could explain the low film

hardness as will be presented later. The message from the

XPS analysis is the existence of both NbN and Si3N4

phases in all the Si-doped thin films, as has been found in

similar studies [22–24, 45–47].

To confirm our interpretation of the XPS analysis, in

Fig. 3, XRD patterns are displayed as a function of the Si

concentration. It can be observed that for the sample with

0 at.% Si two characteristics peaks appeared, at 34.66� and
40.83�, which correspond to the cubic NbN phase (PDF

database 0-071-0162). Another peak appeared at 37.02�,
which belongs to the 100-nm NbxSiy interlayer that was co-

deposited to enhance the adhesion between the substrate

and the film (PDF database 01-088-2330). The other peaks

observed in Fig. 3 correspond to the stainless steel 304 (SS

304) substrate. By using the Scherrer equation [48], the

NbN crystalline size was estimated (Table 1) for each of

the samples; the crystalline size dramatically decreased as

the Si content was increased from 0 (19.3 nm) to 13.1 at.%

Si (2.3 nm). Further increase in the Si content led to a

completely amorphous coating, as is shown for the

28.6 at.% Si XRD pattern, where the NbN peaks are not

Table 1 Physical properties of the samples, chemical composition, estimated grain size, hardness, and Young’s modulus

Sample

name

Silicon

pieces

Nitrogen

(at.%)

Niobium

(at.%)

Silicon

(at.%)

Crystalline size

(nm)

Hardness

(GPa)

Young modulus

(GPa)

NbN-0Si 0 37.1 45.3 0 *19 21.6 ± 1.2 232 ± 7

NbN-12Si 12 41.5 32.2 13.1 *3 19.9 ± 1.2 185 ± 2

NbN-17Si 17 39.9 13.2 28.6 Amorphous 14.9 ± 0.9 155 ± 7
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present. Evidence of crystalline Si3N4 was not found for

any of the samples, which suggests that the Si3N4 phase

observed by XPS is mainly amorphous, as described by

other authors [10, 18, 41, 46, 49]. The amorphous Si3N4 (a-

Si3N4) phase may be surrounding the NbN nanograins, thus

limiting their growth [22, 23, 45–47, 50]. However, no

direct evidence of such structural change can be inferred

from the present results. Furthermore, the deposition

method was not precise enough to incorporate Si at smaller

percentages, so we observed a sharp crystalline-amorphous

phase transition. Nevertheless, as shown later, the corro-

sion resistance of the amorphous coatings was significantly

enhanced.

The hardness and Young’s Modulus values, presented in

Table 1, decreased as the Si content was increased, and the

sample with 0 at.% Si presented the highest hardness and

Young’s modulus. However, the values obtained were

lower than those usually reported for NbN, which can be

associated with the oxygen contamination. As the Si con-

tent was increased, the reduction in hardness is attributed to

the a-Si3N4 phase. It has been reported than when the

a-Si3N4 layer is larger than the grain size of the NbN phase,

a different deformation mechanism can operate: grain

sliding. This mechanism can be activated when the dis-

tance between the NbN nanograins is larger than their size

and would result in a decrease in hardness and Young’s

Modulus [47]. Nevertheless, the hardness achieved for the

film with the highest Si content is *5 times higher than

that of the SS 304 (*3 GPa) [51].

Regarding the electrochemical characterization, Fig. 4

shows the open-circuit potential (OCP) acquired as a

function of time in the 3 wt% NaCl solution. Different
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Fig. 2 Chemical composition analysis for the samples conducted by XPS. a Low-resolution XPS survey spectra for the films with different

content of Si. b–d are high-resolution XPS spectra for Nb 3d, Si 2p, and N 1s peaks for the different Si concentrations, respectively
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corrosion processes occur for the coated and the uncoated

SS 304 specimens, and it can be observed that the OCP is

in the -100 to -4 mV range for the coated substrates,

being relatively stable or becoming more positive as time

goes on. Meanwhile, for the uncoated SS 304 substrate, the

OCP becomes more negative with time, reaching an

equilibrium value of -355 mV after 168 h of immersion.

Overall, no strong differences were observed as a function

of the Si content, except for the initial times, where the film

with the highest Si content presented slightly higher OCP

values.

Typical potentiodynamic polarization curves obtained

from the coated and uncoated SS 304 specimens are pre-

sented in Fig. 5. Here, it is clear that the coated specimens

presented better corrosion resistance than the uncoated SS

304 (the curves are shifted to the left-upper part of the

plot); specifically, the sample with the highest Si content

showed the lowest corrosion current density (Icorr). The

results from the Tafel analysis are shown in Table 2, where

there is a decrease in the Icorr from 184 nA/cm2 for the SS

304 to 23 nA/cm2 for the 28.6 at.% Si sample. Since Icorr is

directly proportional to the corrosion rate of a sample, this

indicates that improved corrosion resistance is provided by

the coatings.

The improved corrosion resistance and stability of the

coatings when immersed in the electrolyte are shown by

the EIS data as a function of the immersion time. Figure 6

compares the evolution in time of the impedance spectra of

the SS 304 and the coated specimens. Figure 6a, c, e, g

shows that the impedance modulus (Zmod) is one order of

magnitude larger for the films than the SS 304 and that

there are no significant changes in Zmod as the immersion

time increases for the films, while in the SS 304 Zmod

decreased after the first 2 h of immersion time. In Fig. 6b,

d, f, h, it is shown that the phase angle of the films

remained stable during 168 h of immersion, while the SS

304 relaxation time decreased after the first 2 h of

immersion. A summary of these results is presented in

Fig. 7, where only the impedance spectra for each of the

samples after an immersion time of 168 h are displayed.

Figure 7a shows a linear relationship between the log of

Zmod and the log of frequency in the coated specimens,

which is symptomatic of a predominantly capacitive

behavior at the electrode/solution interface. Moreover, at

lower frequencies there is an increase in the impedance

(from 105 X to 2 9 106 X) as the Si content increases,

where the film with the highest Si concentration showed

the highest Zmod, while for the SS 304 at higher fre-

quencies Zmod is at least one order of magnitude lower

than for the coated substrates. The phase angle for the

NbxSiyNz thin films is higher than the one observed for the

SS 304 sample (Fig. 7b) and shows a long relaxation time,

which can be correlated with the NbxSiyNz dielectric

properties. In the frequency range of 10-2–102 Hz, the

phase angle has values close to 80� which is characteristic

of an extended relaxation time, while at high frequencies

the phase angle shift is close to 0 and an ohmic resistance

dominates the system impedance. The long relaxation time

reveals a capacitive behavior, which is indicative of a high

passivation degree of the microporosities that are usually
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Fig. 5 Potentiodynamic polarization curves obtained after the 168 h

of immersion for the films and SS 304. The corrosion current
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Table 2 Results from Tafel extrapolation, corrosion current density,

and corrosion potential for each sample

Sample name Silicon (at.%) Icorr (nA/cm
2) Ecorr (mV)

SS 304 0 184 ± 8 -272 ± 36

NbN-0Si 0 110 ± 4 -187 ± 35

NbN-12Si 13.1 148 ± 7 -231 ± 14

NbN-17Si 28.6 23 ± 18 -176 ± 47
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present in PVD thin films [27, 29, 38, 52, 53]. Hence, it can

be concluded that the coated specimens with high Si con-

centration are in the passive state, while the stainless steel

304, which has a short relaxation time, shows an active

behavior.

The EIS spectra were fitted using the Simplex algorithm

to obtain the best possible fitting (minimum figure of

merit). For all the EIS data, a Kramers–Kroning analysis

was performed to confirm the validity of the measurements

before proceeding with the equivalent circuit analysis. The

impedance spectra of the coated specimens displayed in

Fig. 6 were analyzed using the electric circuit (EC) model

shown in Fig. 8, where Relectrolyte represents the solution

resistance; Rpore represents the thin-film resistance; Rinter-

face represents the interface resistance; Cthinfilm represents a

constant phase element for the thin film; and Cinterface

represents a constant phase element for the interface

between the substrate and the coating. The capacitances

(Cthinfilm and Cinterface) are simulated using a constant phase

element (CPE), where the indexes n and m can vary from

0.5 to 1; ideally, a value of 1 represents a perfect capacitor.

This EC has been effectively used to represent coatings

with a long relaxation time behavior [27, 30, 52–56], and

also stainless steels due to the passive oxide layer of its

surface [33, 35, 52]. There was no need to use a different

circuit for any of the samples, as can be observed in Fig. 6,

where the continuous line corresponds to the fitting results

and the symbol to the measurement data.

The simulation results from the EC after 168 h immer-

sion time are shown in Table 3. When n and m approach 1,

the CPEs (capacitors) presented a fully capacitive behavior,

which means that the coatings are basically free of

microporosities and have better corrosion resistance. At

low frequencies, the CPEs behave as an open circuit, while

at high frequencies they behave as a short circuit. The

simulation allows one to estimate the polarization resis-

tance (PR), which is a measure of the corrosion resistance

provided by the coating, and it is calculated by adding

Rinterface ? Rpore [54, 57–59]; higher PR values mean a

larger protective capability. The variation in PR as a

function of time and Si concentration is plotted in Fig. 9.

The value of PR for the SS 304 is one order of magnitude

lower than for the films in agreement with both the

potentiodynamic polarization corrosion potential and the

lower modulus of impedance. Moreover, it decreased

slightly as a function of time, indicating that the electrolyte

is attacking the SS 304 surface. This can be observed in

Fig. 10a that shows the SEM image after the 168 h of

immersion; many (arrows in the figure) localized corrosion

defects (pitting sites) are observed on the SS 304 surface,

besides the accumulation of some salt crystals. On the

other hand, the PR value for the NbN film is one order of

magnitude larger than SS 304 and it barely changes with

the immersion time. Comparatively, the SEM image

(Fig. 10b) shows a lower density of corrosion defects,

although some of them are larger than for the SS 304,

probably related to delamination of the NbN film around

the corrosion defect. Such result is in agreement with the

slight variations observed in the phase angle (Fig. 6d) for

the NbN films, which suggest that even without polariza-

tion, the electrolyte is creating some modifications of the

films surface. A small improvement in the PR value was

observed for the NbxSiyNz sample with 13.1 at.% of Si,

where the PR value was nearly constant in time, as the

impedance spectra, and very few small corrosion defects

are observed in Fig. 10c. Finally, the NbxSiyNz film with

bFig. 6 Evolution in time of the impedance spectra. Impedance

modulus (Zmod) for: a SS 304 substrate, c film with 0 at.% Si, e film
with 13.1 at.% Si, and g film with 28.6 at.% Si. Phase angle for: b SS

304 substrate, d film with 0 at.% Si, f film with 13.1 at.% Si, and

h film with 28.6 at.% Si. The impedance modulus (Zmod) was one

order of magnitude larger for the films than for the SS 304. The phase

angles remained stable for the films in comparison with the SS 304
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Fig. 7 a Impedance modulus (Zmod), and b phase angle after 168 h

of immersion for the NbN films having different Si concentrations

and the SS 304
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the maximum Si content (28.6 at.%) has a PR value nearly

two orders of magnitude higher than the substrate, it

remained perfectly stable with the immersion time, and no

corrosion defects were observed in the SEM image after

the 168 h of immersion. The overall results indicated that

the PR value increased as the Si content was increased and

the film structure changed from crystalline to amorphous;

the initiation of the localized corrosion defects is delayed

or limited as the Si content increased, probably due to

modification in the electronic configuration [34] or due to a

modification in the original porosity of the NbN films as Si

is added [60].

In summary, the hardness of the films is higher than that

of the SS 304. The films are able to protect the SS 304 from

corrosion, as was supported by the SEM images, and the

potentiodynamic polarization curves revealed that the film

with the highest Si concentration has the lowest corrosion

rate. Moreover, the polarization resistance obtained from

the EIS measurements suggests that the addition of Si

improves the barrier properties of the coatings. The cor-

rosion resistance likely increased due to the disappearance

of grain boundaries, since the film structure at a high Si

concentration becomes amorphous. Such compact NbxSiy-
Nz amorphous films drastically reduce the diffusion paths

for the electrolyte and improve the corrosion resistance of

the coated substrates. Therefore, the amorphous films

produced in this study can be used to protect the SS 304

from corrosion while maintaining high hardness.

Fig. 8 Equivalent electric circuit used for the simulation of the impedance spectra; reference electrode (RE); working electrode (WE)

Table 3 Simulation results from EIS measurements after 168-h immersion time

Sample name Silicon (at.%) Relectrolyte (X) Rinterface (X) Rpore (X) Cinterface (S*s
n) n Cthinfilm (S*sm) m

SS 304 0 54 8.1E4 2.6E4 3E-5 0.629 1.9E-5 0.890

NbN-0Si 0 51 6.4E5 6.7E5 2E-5 1 1E-5 0.909

NbN-12Si 13.1 44 1.5E6 1.5E6 5.6E-6 0.842 4.5E-6 0.924

NbN-17Si 28.6 62 3.1E6 5.7E6 3.8E-6 1 3.1E-6 0.925

N and m can vary from 0.5 to 1, and a value of 1 represents a perfect capacitor

0 20 40 60 80 100 120 140 160
104

105

106

PR
 (o

hm
s)

Time (hours)

 28.6 at.% Si
 13.1 at.% Si
 0 at.% Si
 SS 304

Fig. 9 Variation in the polarization resistance (PR) of the NbN and

NbN-Si films in comparison with the SS 304 substrate after 1, 24, 48,

and 168 h of immersion in the NaCl solution
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4 Conclusions

The addition of square Si pieces onto the racetrack of a Nb

target allowed us to co-deposit NbxSiyNz thin films and

achieve a high Si concentration.

The elemental analysis by XPS confirmed the presence

of both Si3N4 and NbN phases, while XRD confirmed that

no crystalline Si3N4 phase was present and that there was

formation of the cubic NbN phase with small grain sizes.

The a-Si3N4 phase can be at the grain boundaries of the

NbN grains and prevent their growth.

The sputtered Si-doped thin films showed a decrease in

hardness compared to the sputtered NbN film, but still the

hardness of the films is much higher than that of the SS

304.

The analysis of the electrochemical response of the

NbxSiyNz films as a function of the immersion time sug-

gests that the addition of Si led to an improvement in the

barrier properties of the films, protecting the stainless steel

from corrosion. Moreover, there was a linear increase in

the polarization resistance as a function of Si content. The

amorphization observed by the XRD analysis and the high

hardness shows that is possible to synthesize amorphous

Si-rich NbxSiyNz films to improved corrosion resistance.
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