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A B S T R A C T   

Multicomponent (TiNbZrTa)Nx films were deposited on Si(100) substrates at room temperature using magnetron 
sputtering with a nitrogen flow ratio fN [fN = N2/(Ar + N2)], which was varied from 0 to 30.8%. The nitrogen 
content in the films varied between 0 and 45.2 at.%, i.e., x = 0 to 0.83. The microstructure was characterized by 
X-ray diffraction and electron microscopy. The metallic TiNbZrTa film comprised a dominant bcc solid-solution 
phase, whereas a single NaCl-type face-centred cubic structure was observed in all nitrogen-containing films 
(TiNbZrTa)Nx. The mechanical, electrical, and electrochemical properties of these films varied with nitrogen 
content. The maximum hardness was achieved at 22.1  ±  0.3 GPa when N = 43.0 at.%. The resistivities in-
creased from 95 to 424 μΩcm with increasing nitrogen content. A detailed study of the variation of morphology 
and chemical bonding with nitrogen content was performed and the corrosion resistance of the TiNbZrTa nitride 
films was explored in 0.1 M H2SO4. While all the films had excellent corrosion resistances at potentials up to 
2.0 V vs. Ag/AgCl, the metallic film and the films with low nitrogen contents (x  <  0.60) exhibited an almost 
stable current plateau up to 4.0 V vs. Ag/AgCl. For the films with higher nitrogen contents (x ≥ 0.68), the 
current plateau was retained up to 2.0 V vs. Ag/AgCl, above which a higher nitrogen content resulted in a higher 
current. The decrease in the corrosion resistance at these high potentials indicate the presence of a potential- 
dependent activation effect resulting in an increased oxidation rate of the nitrides (present under the passive 
oxide film) yielding a release of nitrogen from the films. TEM results indicate that the oxide layer formed after 
this corrosion measurement was thick and porous for the film with x = 0.76, in very good agreement with the 
increased corrosion rate for this film. The results demonstrate that an increased nitrogen content in (TiNbZrTa) 
Nx system improves their mechanical properties with retained high corrosion resistance at potentials up to 2.0 V 
vs. Ag/AgCl in 0.1 M H2SO4. At even higher potentials, however, the corrosion resistance decreases with in-
creasing nitrogen concentration for films with sufficiently high nitrogen contents (i.e. x ≥ 0.68).   

1. Introduction 

The introduction of the concept of high-entropy metal alloys in 
2004 [1,2] has been rapidly extended to high-entropy ceramics (ni-
trides, carbides, borides, and oxides) [3–7]. These materials have re-
markable properties leading to a wide range of applications as thin 
films, including diffusion barrier layers [8], hard wear-resistant coat-
ings [9], and corrosion-resistant coatings [10]. Though promising, they 

still face barriers that limit the fundamental scientific understanding as 
well as practical applications, such as choices of metal elements, lattice 
distortion, and unexpected properties emerging by adding species. All 
these aspects need to be tuned by tailoring the composition, in parti-
cular when adding a constituent non-metal element, such as nitrogen, 
carbon, boron, or oxygen. 

High-entropy nitrides (HENs) constitute the majority of multi-
component nitrides (no restrictions on equal composition [7]) and are 
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being developed based on transition metal nitride systems [11]. Gen-
erally, stoichiometric (or nearly stoichiometric) nitride films (Me1N1, 
Me = metals) deposited using physical vapor deposition techniques 
(mainly magnetron sputtering [12–15] and cathodic arc deposition 
[16,17]) are mostly studied for their physical, mechanical and chemical 
properties [18]. In contradistinction, off-stochiometric multicomponent 
nitride coatings are only beginning to attract attention. These materials 
can be modified in a larger composition range between stoichiometric 
nitride and metallic films with a small amount of dissolved nitrogen. 
Existing studies mostly focus on the effect of nitrogen content on mi-
crostructure and primarily mechanical properties [10,16,19–30]. A few 
reports [10,24] on multicomponent nitrides have explored the influ-
ence of the nitrogen content on their corrosion resistance. These stu-
dies, which were conducted with multicomponent nitrides containing 
Al and Cr, e.g. (AlCrSiTiV)Nx (0.48 ≤ x ≤ 1.14) films in 3.5% NaCl 
electrolyte [10], (AlCrSiTiZr)Nx (0 ≤ x ≤ 1.13) films in 0.1 M H2SO4 

[24], suggest that the corrosion resistance increases with increasing 
nitrogen concentration in the films. However, recent work on the 
(TiNbZrTa)Nx system [14] showed that films with x = 0.45 were more 
corrosion resistant than the corresponding films with x = 0.59. More-
over, the related nitrogen-free refractory high entropy alloy HfNbTa-
TiZr [31] was reported to exhibit passivation up to at least 8.0 V vs. Ag/ 
AgCl. These results raise the following question: what is the effect of the 
nitrogen content on the corrosion resistance of (TiNbZrTa)Nx thin films 
for 0.5  <  x  <  1? 

In the present work, multicomponent refractory (TiNbZrTa)Nx 

(0 ≤ x ≤ 0.83) films were deposited by reactive magnetron sputtering 
using two segmented targets and a nitrogen flow ratio [fN = N2/ 
(Ar + N2)] varied between 0 and 30.8%. The effect of the nitrogen 
content on the microstructure, electrical, mechanical and corrosion 
resistances was studied for the (TiNbZrTa)Nx films grown on silicon 
substrates. The outcome of this research is intended to provide funda-
mental material-level understanding of the corrosion resistance and 
corrosion mechanisms for this class of multicomponent coatings, which 
is of potential importance for applications in the field of batteries and 
fuel cells. 

2. Experimental details 

Multicomponent (TiNbZrTa)Nx films were deposited on Si(100) 
substrates using magnetron sputtering in a high vacuum chamber with 
two segmented 2-in. targets of Nb/Zr and Ti/Ta with an area ratio of 
50/50. The pumping speed of the turbo pump of 550 l/s resulted in a 
base pressure lower than 4 × 10−7 Pa (3 × 10−9 Torr) after baking. 
The distance between the targets and the substrate is approximately 
140 mm. The target powers of both segmented targets were set constant 
at 200 W within a mixture Argon/nitrogen gas (total flow: 65 sccm) 
with a flow ratio of nitrogen fN [fN = N2/(Ar + N2)] between 0 and 
24.6% at a constant pressure of 0.48 Pa (3.6 mTorr). For the nearly 
stochiometric nitride films the target powers were reduced to 100 W 
with a fN of 30.8%. Silicon (100) substrates with a size of 10 × 10 mm2 

were cleaned sequentially with acetone and ethanol in an ultrasonic 
bath for 10 min, and finally blow-dried with nitrogen gas. The substrate 
holder was kept at ambient temperature (no intentional heating), and 
the substrates were electrically floating. The deposition time was 
30 min for all the films. 

The elemental compositions of the (TiNbZrTa)Nx films were de-
termined using a combination of energy-dispersive X-ray spectrometry 
(EDS, Oxford Instruments X-Max) and coincidence time-of-flight elastic 
recoil detection analysis (ToF-ERDA) measurements. The ToF-ERDA 
measurements were performed at Uppsala University [32] using a 
36 MeV 127I8+ as probing beam at 67.5° incidence relative to the sur-
face normal and the recoiled species were detected at 45° recoil angle. 
The data was analysed using the Potku code [33]. The XPS measure-
ments were performed in a Kratos Axis Ultra DLD instrument from 
Kratos Analytical (UK) employing monochromatic Al Kα radiation 

(hν = 1486.6 eV). The surface contamination due to the exposure of the 
sample to air was first removed by sputter-etching the films for 120 s 
with a 4 keV Ar+ ion beam incident at 70° with respect to the sample 
normal; the Ar+ ion energy was then reduced to 0.5 keV for 600 s to 
minimize surface damage. The size of the sputter-etch cleaned area was 
3 × 3 mm2, while the spectra were collected from the 0.3 × 0.7 mm2 

area centred in the middle of the etched crater and with electrons 
emitted along the surface normal. The binding energy (BE) scale of the 
spectrometer was calibrated using the ISO-certified procedure [34] to 
avoid problems related to the use of the C 1s peak of adventitious 
carbon [35,36]. The analyser pass energy was set to 20 eV which re-
sulted in the full width at half maximum of 0.55 eV for the Ag 3d5/2 

peak. 
The crystal structure was evaluated by X-ray diffraction (XRD) 

measurements with a PANalytical X'Pert PRO diffractometer in a Bragg- 
Brentano geometry. The Ni filter used during the measurement causes 
an abrupt change of intensity at 67°. Top-view and cross-section surface 
morphologies of the films were examined by a scanning electron mi-
croscope (SEM, LEO Gemini 1550, Zeiss), with an acceleration voltage 
of 5.0 kV.(Scanning) Transmission electron microscopy [S(TEM)] 
characterization was conducted with FEI Tecnai G2 TF20 UT instru-
ment with a field emission gun operated at 200 kV. The cross-section 
samples studied before and after the linear sweep voltammetry (LSV) 
measurement were glued together face-to-face and clamped with a Ti 
grid, and then polished down to 50 nm thickness, followed by Ar+-ion 
milling with a Gatan precision ion polishing system. Initially, the in-
cident angle and energy of the Ar+ ions were set at 8° and 3.8 keV, 
respectively. During the final step, the values were decreased to 6° and 
2.5 keV, respectively. 

Hardness and elastic modulus of the (TiNbZrTa)Nx films were de-
termined by nanoindentation measurements (Triboindenter TI 950) 
performed using a Berkovich diamond tip with an apex radius of 
100 nm. The indentation measurements were carried out in a load- 
controlled mode (load: 1 mN, 25 indents) and the hardness and reduced 
elastic modulus were obtained from load–displacement curves fol-
lowing the Oliver and Pharr method [37].The electrical resistivities 
were determined by measuring the sheet resistances of the films in a 
four-point-probe Jandel RM3000 station. The resistivity was obtained 
by multiplying the sheet resistance with the film thickness, which was 
obtained from cross-section SEM images. 

Potentiodynamic polarization measurements were performed at 
room temperature to evaluate the corrosion resistances of the 
(TiNbZrTa)Nx films. A Autolab PGSTAT302N potentiostat/galvanostat 
(Metrohm Instruments) was used for the experiments and the samples 
were tested using a typical three-electrode electrochemical cell filled 
with 0.1 M H2SO4 aqueous solution. The film samples were used one by 
one as the working electrode, while an Ag/AgCl (3.0 M NaCl) electrode 
and a Pt wire served as reference electrode and counter electrode, re-
spectively. To evaluate the corrosion resistances of the multicomponent 
(TiNbZrTa)Nx films with different amounts of nitrogen, LSV measure-
ments were performed in which the current (i) versus the electrode 
potential (E) were recorded in 0.1 M H2SO4 aqueous solution at scan 
rate of 1 mV/s. The LSV plots were then transformed into polarization 
curves i.e. plots of log |i| vs. E. The corrosion potential (Ecorr), and 
corrosion current density (jcorr) were determined from the polarization 
curves within the potential region around Ecorr  ±  200 mV. 

3. Results and discussion 

3.1. Deposition rate 

The (TiNbZrTa)Nx films were deposited with a nitrogen flow ratio fN 

which was varied from 0 to 30.8%. The deposition rate decreased when 
increasing the fN value, from 41.0 nm/min (for fN = 0%) to 5.2 nm/min 
(for fN = 30.8%) yielding different thicknesses as seen in Table 1. This 
trend could be attributed to a lower sputtering rate because a higher 
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nitrogen flow rate generally results in poisoning of the surfaces of the 
targets [38]. 

3.2. Composition 

The chemical composition of the (TiNbZrTa)Nx films, as shown in  
Table 1 in atomic percent (at.%), was deduced by a combination of EDS 
and ToF-ERDA. In general, the nitrogen content x increased from 0 to 
0.83 as a function of fN, which varied between 0 and 30.8%. The con-
centrations of the four metals were determined by EDS while the ni-
trogen and oxygen contents were determined using ToF-ERDA. The 
oxygen contents were less than 0.5 at.% for all samples, whereas the 
carbon concentrations were close to the detection limit of ERDA 
(~0.1 at.% for the present measurement), indicating that the samples 
were clean. Quantitative XPS analysis is not included due to numerous 
peak overlaps (e.g. N 1s and Ta 4p, Ti 2p and Nb 3s). 

Fig. 1 shows high-resolution XPS spectra recorded over the Nb 3d, 
Zr 3d, Ti 2p, Ta 4f, N 1s and O 1s core-level regions for all MeNx films 
(Me = TiNbZrTa,0 ≤ x ≤ 0.83). All metal core-level spectra recorded 
from N-containing films are characteristic of nitrides. The BE values for 
all primary peaks are listed in Table SI.1. Additional contributions that 
appear on the low BE sides of primary lines, best visible for Nb 3d5/2 

and Ta 4f7/2 peaks, are due to sputter damage effects as was shown for 
NbN and TaN in ref. [39]. The latter include the formation of the Ta2N 
phase (indicated in Fig. 1d) in the case of sputter-etched N-containing 
samples. In the case of metallic films (x = 0), the largest BE shifts with 
respect to the reference positions (which were obtained in a separate 
measurements conducted for Ti, Zr, Nb, and Ta films) are observed for 
Zr 3d5/2 and Ti 2p3/2 peaks: −0.60 and −0.35 eV, respectively. Nb 
3d5/2 and Ta 4f7/2 peaks are less affected with the respective shifts 
towards lower BE of −0.20 and −0.10 eV. Hence, we can conclude 
thatgroup-4 metal atoms in nitrogen-containing films acquire sig-
nificantly higher negative charge density when alloyed than their cor-
responding metal samples. These results can be explained by the fact 
that the metallic alloys are bcc, which is also characteristic of Ta and Nb 
reference metal samples. In contrast, both Ti and Zr reference metals 
have hexagonal crystal structure, which implies much larger changes in 
the bonding distance (and hence valence charge distribution) upon al-
loying. The N 1s spectra from N-containing samples show a single peak 
centred at 397.7 eV. These values can be compared to the ones obtained 
for stoichiometric binary nitrides, which range from 397.2 eV for TiN 
through 397.3 eV for ZrN, 397.5 eV for TaN, and 397.6 eV for NbN 
[39]. The O 1s spectra in Fig. 1 reveals that the residual O content was 
higher for the films with lower nitrogen content x, it may be related to 
the density of films and reactivity state of these metals. 

3.3. Crystal structure 

XRD patterns of the (TiNbZrTa)Nx films with various nitrogen 
content are presented in Fig. 2a. The diffractogram of the metallic film 
shows two peaks located at 37.8° and 53.8°, indicating the presence of a 
dominant bcc phase. For the film with x = 0.57, five diffraction peaks 

(at 35.4°, 41.1°, 59.5°, 71.2° and 75.1°) are observed and can be as-
signed to the planes of a NaCl-type fcc structure. For x  >  0.57, all 
reflections are shifted to lower 2θ angles (larger d spacings). The width 
of the (002) peak is increased with nitrogen content x ≥ 0.78, which 
may be due to the presence of different binary/ternary fcc phase or a 
decreased grain size. Fig. 2b shows a comparison between the lattice 
constants determined from all the peaks in the diffractograms for the 
(TiNbZrTa)Nx films as well as the binary nitrides [40–42]: TiN, NbN, 
ZrN, and TaN. The lattice constant of the dominant bcc structure of the 
metallic TiNbZrTa film was about 3.38(3) Å. The lattice constants of the 
non-stoichiometric (TiNbZrTa)Nx films stayed around 4.39 Å when x 
was varied from 0.57 to 0.68, and then increased to 4.55 Å when 
x = 0.83. This variation is within the boundary of the related binary 
nitrides: 4.24 Å (pure TiN) and 4.61 Å (pure ZrN). In addition, we 
would like to note that the texture and microstructure could be affected 
by the thickness of films. In this case, no peak shift was observed when 
changing the thickness of MeN0.57 film. 

3.4. Mechanical properties 

The hardness (H) and the reduced elastic modulus (Er) for the 
(TiNbZrTa)Nx (0 ≤ x ≤ 0.76) films were determined by na-
noindentation, as shown in Fig. 3a. The measurements were not con-
ducted on the MeN0.83 film as this film was quite thin (230 nm). One 
should also be a bit careful about the value of MeN0.76 film with 
thickness of 450 nm. All the nitrogen-containing films exhibited a 
higher hardness than the metallic TiNbZrTa film (5.9  ±  0.3 GPa). The 
films with x = 0.57 and 0.68 exhibited similar mechanical properties 
with hardness values around 16.0 GPa. An increase of nitrogen in the 
film from x = 0.68 to 0.76 resulted in increase in the hardness from 
18.0  ±  0.4 to 22.1  ±  0.3 GPa. Similar trends have been observed in 
other multicomponent nitride systems such as (AlCrMoSiTi)N [43], 
(AlCrMoSiTi)N [21], (AlCrSiTiZr)N [24], and (AlCrNbYZr)N [13]. The 
change in hardness was related to the nitrogen content and the tran-
sition of the crystalline structure. The reduced elastic modulus of these 
substoichiometric (TiNbZrTa)Nx films showed a value around 
215.0 GPa, which is much higher than that of the metallic film 
(144.5  ±  10.3 GPa). Meanwhile, a less stoichiometric case (TiNbZrTa) 
Nx (x = 0.46) film in previous work [14], exhibited a higher hardness 
reaching 26.0 GPa and an elastic modulus of 226.1 GPa, and an 
(AlCrNbYZr)N0.41 film [13] had a hardness of 29.6 GPa and a reduced 
elastic modulus of 343 GPa. The reason for higher hardness values in 
above cases may be the influence of nitrogen content, or the denser 
structure in those films obtained at higher deposition temperature [14] 
or bias voltage [13]. 

3.5. Electrical properties 

The room-temperature resistivities of the (TiNbZrTa)Nx films de-
posited on Si(100) depended on their nitrogen contents, as shown in  
Fig. 3b. The metallic film had a resistivity of 95 μΩcm. In the range of x 
from 0.57 to 0.76, the resistivities of MeNx films (x = 0.60) were 

Table 1 
The chemical compositions of the TiNbZrTa nitride films on Si substrates, metals percentages determined by EDS, and the light elements (N and O) measured by 
ERDA.            

fN (%) Thickness (μm) EDS ( ± 0.5 at.%) ERDA ( ± 0.4 at.%) Formula 

Ti Zr Nb Ta Me N O   

0.0  1.24  25.6  21.8  23.8  28.9  99.7  0.0  0.30 Me  
3.1  1.23  26.9  22.3  22.6  28.2  63.6  36.3  0.13 MeN0.57  

6.2  1.16  24.2  22.5  24.0  29.3  62.6  37.4  0.04 MeN0.60  

12.3  0.79  21.0  21.0  26.2  31.9  59.5  40.5  0.03 MeN0.68  

24.6  0.45  18.5  19.6  28.4  33.5  56.9  43.0  0.06 MeN0.76  

30.8  0.23  14.5  24.5  27.3  33.7  54.7  45.2  0.05 MeN0.83 
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higher, between 185 and 228 μΩcm. The nearly stoichiometric nitride 
film (x = 0.83) exhibited a higher resistivity of 424 μΩcm. This is ra-
ther typical behaviour of group-4 binary nitrides [44]. The resistivities 
of N-containing TiNbZrTa films in the present work are in a similar 
range (some hundreds of μΩcm) as those previously reported for the 
(TiZrHf)N [29], (TiNbZrTa)N [14] and (HfNbTiVZr)N [12], (AlCrN-
bYZr)N [13] systems, and relatively lower than those of the (TiVCr)N 
[45], (AlCrMoTaTi)N [46], (AlCrNbYZr)N [13]. 

3.6. Corrosion resistance 

Polarization curves were recorded (Fig. 4), to evaluate the corrosion 
resistance of the films with different amounts of nitrogen. The potential 
was scanned from −0.7 to 2.5 V vs. Ag/AgCl for the metallic film 
(x = 0), and from −0.7 to 4.0 V for the following films: MeN0.60, 
MeN0.68, MeN0.76 and MeN0.83. The corresponding polarization curve 

for the MeN0.57 film can be found in Ref. [14]. 
Prior to the LSV experiment, the samples were immersed in the 

electrolyte for 60 min (during which the OCP was measured) to attain a 
relative stable potential value. High-resolution XPS spectra for the Nb 
3d, Zr 3d, Ti 2p, Ta 4f, N 1s and O 1s core-level regions obtained before 
the OCP and the LSV measurements are displayed in the first row of  
Fig. 5. The latter spectra, which were recorded without any pre-sput-
tering, show that the surfaces of the films consisted of metal oxides for 
the nitrogen-free sample (i.e., metallic film, black curve), whereas a 
mixture of nitrides (NbN, ZrN, TiN and TaN) and oxides was found for 
the MeNx films with x ≥ 0.57. This indicates that both the nitrogen-free 
and the nitrogen-containing films were coated with a native oxide layer 
and that the latter was thin enough to allow the nitrides underneath to 
be detected by XPS. In contact with oxygen, the nitrides should undergo 
oxidation to yield the corresponding oxides and molecular nitrogen 
(e.g. 2 TiN + O2 = 2 TiO2 + N2). The most nitrogen-rich films MeN0.76 

Fig. 1. (a–f) High-resolution Nb 3d, Zr 3d, Ti 2p, Ta 4f, N 1s, and O 1s XPS core level spectra recorded from (TiNbZrTa)Nx films (0 ≤ x ≤ 0.83) after sputter-cleaning. 
Vertical lines indicate the reference BE values for metals (red lines) and binary nitrides (grey dashed lines). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

R. Shu, et al.   Surface & Coatings Technology 404 (2020) 126485

4



and MeN0.83, exhibited OCP values around 0.3 V vs. Ag/AgCl, whereas 
the corresponding values for the MeN0.60 and MeN0.68 films were 
around 0.15 V vs. Ag/AgCl. For the nitrogen-free film, the OCP value 
was 0.08 V vs. Ag/AgCl after 60 min. As the data show that higher OCP 
values were obtained for higher nitrogen contents in the films (Fig. SI 
1), the results thus indicate that the corrosion resistance of the films 

under OCP conditions increased with increasing nitrogen concentra-
tion. This can be explained by the fact that the oxidation potentials for 
the nitrides are more positive than those of the metals. The oxidation 
potential is hence shifted towards more positive values as the nitrogen 
concentration in the film is increased. This is true even though there is a 
native oxide on the surface of the films in all cases as the growth of the 
oxide layer requires an oxidation of the nitride present underneath the 
native oxides. 

Fig. 4 shows the polarization curves (obtained by replotting the LSV 
data) for the TiNbZrTa nitrogen-free and the nitride films with different 
nitrogen contents. The corrosion potentials (Ecorr) and corrosion current 
densities (jcorr), which were determined based on graphical extrapola-
tions (i.e. Tafel plots) involving the anodic and cathodic currents close 

Fig. 2. (a) X-ray diffraction patterns of the (TiNbZrTa)Nx films deposited on Si(100) with different nitrogen content x; The bcc and fcc reference values were based on 
the theoretical power diffraction pattern of equal-atomic TiNbZrTa and (TiNbZrTa)N; (b) calculated lattice constants as a function of nitrogen content x. 

Fig. 3. (a) Hardness and reduced elastic modulus, (b) room-temperature elec-
trical resistivity for the (TiNbZrTa)Nx films as a function of nitrogen content x. 

Fig. 4. Polarization curves for the (TiNbZrTa)Nx films deposited on Si sub-
strates with different x. The polarization curves were obtained by replotting the 
recorded linear sweep voltammograms, recorded in 0.1 M H2SO4 at room 
temperature using a scan rate of 1 mV/s. The inset shows the Ecorr and jcorr 

values calculated as described in the main text. 
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to Ecorr, are given in the inset of Fig. 4. The Ecorr values were found to be 
approximately −0.2 V vs. Ag/AgCl for all the samples. It is thus clear 
that there was no significant effect of the nitrogen content on the Ecorr 

values. This can be explained by the fact that a passive layer had al-
ready been formed during the OCP period prior to the LSV experiment. 
The corrosion current density jcorr was around 1.3 × 10−8 A/cm2 for 
the nitrogen-free film, whereas slightly higher values were obtained for 
the nitrogen-containing samples. While a value of about 8.7 × 10−8 A/ 
cm2 was obtained for both the MeN0.60 and MeN0.68 films, a slightly 
lower value of around 4.7 × 10−8 A/cm2 was found for the MeN0.76 

and MeN0.83 films. These differences between the jcorr values are small 
among the samples, which can be due to the different surface roughness 
(see below) or metal content. The SEM images (see Fig. 6b–e) obtained 
prior to the recording of the linear sweep voltammograms show that the 
films with higher nitrogen contents (x = 0.76 and 0.83) were less rough 
and denser compared to the other two films with lower nitrogen-con-
tent (x = 0.60 and 0.68). When looking at the potential region between 
Ecorr and about 0.6 V vs. Ag/AgCl, the current densities for the nitride 
films were higher than for the metallic film. This indicates that the 
current in this potential region depended on the nitrogen content in the 

Fig. 5. (a–f) High-resolution Nb 3d, Zr 3d, Ti 2p, Ta 4f, N 1s, and O 1s XPS core level spectra recorded from (TiNbZrTa)Nx films (0 ≤ x ≤ 0.83) in the pristine state 
and after the LSV experiments. The vertical lines indicate the reference binding energy values (also shown in Table SI.1), for metals (red lines), and binary nitrides 
(grey lines), and oxides (blue dashed lines). No Ar+ etching was used in this case before XPS data acquisition. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

R. Shu, et al.   Surface & Coatings Technology 404 (2020) 126485

6



films (i.e. the oxidation of the nitrides). The values were about 
5 × 10−8 A/cm2 for the nitrogen-free film, while values of 5 × 10−7 

and 1 × 10−7 A/cm2 were found for the MeN0.60 and MeN0.83 films, 
respectively. The larger currents seen during the scan from Ecorr to 
about 0.5 V vs. Ag/AgCl for the nitride films compared to the metallic 
one, can be explained by the oxidation of the nitrides underneath the 
oxide layer generating either a mixed oxynitride/oxide layer, as re-
ported for TiN [47–49] and ZrN [50], or a thicker oxide layer. At about 
0.6 V vs. Ag/AgCl, an oxidation (i.e. passivation) peak can be seen for 
the nitrogen-free film due to a further oxidation of the metallic ele-
ments in the films, while oxidation (i.e. passivation) peaks can be seen 
at about 0.8 V vs. Ag/AgCl for the nitride-containing films (except the 
MeN0.60 film) due to oxidation of the nitrides present under the native 
oxide layer. The latter oxidation peaks give rise to formation of passive 
layers yielding passive current densities of around 8 × 10−6 A/cm2, 
where the width of the passive region depended on the nitrogen content 
in the film. For the nitrogen-free film, the LSV scan in Fig. 4a was only 
continued up to 2.5 V vs. Ag/AgCl but for the MeN0.60 film, a relative 
stable passive behaviour was maintained up to 4.0 V vs. Ag/AgCl in 
good agreement with previous findings for valve metals [51,52]. As can 
be seen in Fig. SI 2a the metallic film likewise exhibited a stable current 

plateau up to 4.0 V vs. Ag/AgCl. After the LSV experiment up to 4.0 V 
vs. Ag/AgCl, the thickness of the oxide layer for the MeN0.60 film was 
about 30 nm according to the EDS line-scanning analysis (Fig. SI 3). For 
the films with higher nitrogen contents (i.e. x = 0.68, 0.76 and 0.83), 
higher current densities were observed for higher nitrogen contents at 
potentials above 2.0 V vs. Ag/AgCl. For the MeN0.83 film, a current 
density of 2 × 10−3 A/cm2 was seen at 3.75 V vs. Ag/AgCl, after which 
the current dropped rapidly due to the breakdown of the film (see the 
SEM images in Fig. 6j). As seen in Fig. 4, the corrosion resistance of the 
films decreased with increasing nitrogen concentration at potentials 
above about 2.0 V vs. Ag/AgCl. This is generally not a problem as po-
tentials above 2.0 V vs. Ag/AgCl rarely are encountered in practical 
applications. Based on the polarization curves shown in Fig. 4, it can 
thus be concluded that the nitrogen-free film exhibited the highest 
corrosion resistance, most likely since the oxidation of the nitrides give 
rise to the formation of N2. As the molecular N2 is at least partially lost 
to the electrolyte, the likelihood of the generation of a more porous 
material increases, which renders the films more susceptible to corro-
sion. 

Fig. 5 shows high-resolution XPS spectra recorded over the Nb 3d, 
Zr 3d, Ti 2p, Ta 4f, N 1s and O 1s core-level regions for all TiNbZrTaNx 

films (0 ≤ x ≤ 0.83) in the pristine state (e.g., with no sputter cleaning) 
as well as after corrosion tests. Nb 3d, Zr 3d, Ti 2p, and Ta 4f core level 
spectra from pristine samples contain contributions from surface native 
oxide layer in addition to signals from deeper-lying regions not affected 
during air exposure. The latter results differ from the results shown in  
Fig. 1 in that they are free from the sputter damage effects (no extra 
peaks on the low energy sides of the primary lines are detected). After 
the corrosion testing all spectra show only oxide components, with the 
exception for the x = 0.57 film which contains a residual signal due to 
nitride likely indicating thinner surface oxide after the LSV scan up to 
1.5 V vs. Ag/AgCl. After the scan up to 2.5 V vs. Ag/AgCl the surface of 
the nitrogen-free sample would be expected to consist of Nb2O5, ZrO2, 
TiO2 and Ta2O5 based on previous results [50–53]. The Pourbaix dia-
gram for Zr [54], however, predicts the formation of the soluble species 
ZrO2+ rather than ZrO2. The same oxides were observed on the surfaces 
of the pristine and oxidized films. This indicates that the oxidation 
merely involved growth of the native oxide present on the pristine films 
due to their exposure to oxygen. This also shows that the nitrides un-
dergo a spontaneous oxidation to yield a passive layer composed of the 
corresponding oxides upon contact with oxygen. As for the nitride 
samples, both MeN0.57 (Fig. SI 4, [14]) and MeN0.60 films, had similar 
microstructures and were scanned up to different potentials, up to 1.5 
and up to 4.0 V vs. Ag/AgCl, respectively. The XPS results reveal some 
differences between these two films both before and after the LSV 
measurements. In the former case, a peak in the N 1s spectrum at a 
binding energy of 402.0 eV was detected before and after the LSV ex-
periment, indicating the presence of molecular N2 [55,56]. In addition, 
after the LSV scan to 1.5 V vs. Ag/AgCl, the XPS analysis of the MeN0.57 

sample indicated the presence of traces of NbN, ZrN and TaN, in ad-
dition to metal oxides. This indicates that the oxide layer was still thin 
enough to allow the detection of the nitrides presented underneath the 
oxide layer. For the MeN0.60 film, a peak corresponding to N2 was ob-
served only after the LSV experiment in addition to the peaks due to the 
abovementioned oxides. 

According to previous electrochemical studies on the binary sys-
tems, TiN [47] and ZrN [50], the oxidation of the TiN and ZrN to TiO2 

or ZrO2 respectively, proceeds through the formation of an intermediate 
step, which includes the formation of a mixed oxynitride/oxide layer. 
The further oxidation of the latter to TiO2 (or ZrO2) which then takes 
place at sufficiently high potentials [47] was reported to be accom-
panied by the formation of molecular N2. Some of the molecular ni-
trogen was found to be trapped in the oxide layer [47,50]. In a study on 
nitrogen-implanted titanium [48], it was also suggested that N2 re-
mained incorporated within the oxide layer, even at high potentials, i.e. 
1.9 V vs. SHE. In the case of the present MeN0.60 film, the XPS and EDS 

Fig. 6. (a–e) Top-view and cross-section SEM image of the pristine (TiNbZrTa) 
Nx films with different nitrogen content x; (f–j) top-view and cross-section SEM 
images of the corresponding (TiNbZrTa)Nx films after the LSV measurements. 
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results indicate that nitrogen elements were present in the film even 
after scanning up to 4.0 V vs. Ag/AgCl (Fig. SI 3). For the films with 
higher amounts of nitrogen (x  >  0.60), the XPS data obtained after the 
LSV experiment indicate that the surface was likewise covered by metal 
oxides although no peak corresponding to N2 could be seen with XPS. 
The results thus show that for the films with nitrogen contents 
x  >  0.60, nitrogen is released from the oxide layer into the electrolyte 
at potentials above about 2.0 V vs. Ag/AgCl. Polarization curves were 
also recorded in 0.1 M H2SO4 employing bulk pieces of Zr, Nb, Ti and 
Ta (Fig. SI 2b). For Nb, a marked increase in the passive current was 
observed at around 1.8 V vs. Ag/AgCl suggesting the presence of an 
effect increasing the oxidation rate of the Nb. Although similar results 
have been reported for Nb in acidic electrolytes [52], the effect still 
remains to be explained. Note that a similar oxidation phenomenon also 
can be seen for Ti, Ta and probably also for Zr at potentials above about 
2.7 V vs. Ag/AgCl (Fig. SI 2b). For Ti, this effect has been proposed to 
stem from a phase transformation involving the oxide [53], although 
little experimental evidence was presented to support this hypothesis. It 
is not fully understood why the current started to increase at about 
2.0 V vs. Ag/AgCl for the above-mentioned nitrides. Nevertheless, it is 
reasonable to assume that the effect is linked to the corresponding in-
crease seen in the Nb oxidation current (Fig. SI 2b). The latter could be 
caused by the formation of cracks in the Nb2O5 oxide, e.g. due to in-
ternal stress, as this would enable oxidation of the nitrides present 
below the passive oxide layer. As the oxidation of the nitrides (e.g. 2 
TiN +2 H2O = 2 TiO2 + N2 + 4H+ + 4 e−) would give rise to 
molecular nitrogen, in addition to the corresponding oxides, this would 
be expected to give rise to a more porous passive layer if the nitrogen 
concentration in the film is high enough. This would explain the in-
creased currents seen above approximately 2.0 V vs. Ag/AgCl in Fig. 4, 
as well as the dependence of the magnitude of these currents on the 
nitrogen contents in the films. As no significant increase in the current 
was seen above about 2.0 V vs. Ag/AgCl for the metallic film and the 
film with x = 0.60 the results thus indicate the nitrogen content in the 
film needs to be sufficiently high to give rise to a sufficiently porous 
film during the oxidation above about 2.0 V vs. Ag/AgCl. 

3.7. Electron microscopy of pristine and corroded films 

Fig. 6 shows SEM images of the surface and cross-sectional mor-
phology of the nitrogen-free and the (TiNbZrTa)Nx films with different 
nitrogen contents before and after the electrochemical experiments. For 
the pristine films, the microstructure depends on the nitrogen content 
in the films. The metallic film (Me, Fig. 6a), exhibited an elongated- 
grain structure. Both the surface morphology and growth structure of 
the nitrogen-containing films depended on their nitrogen content. The 
MeN0.60 film featured both triangular grains and elongated grains and is 
less dense compared to for the nitrogen-free sample (Fig. 6b). In gen-
eral, a higher nitrogen content in the film resulted in a smoother surface 
and fine grains (Fig. 6c–d). After the LSV experiments, the surface of 
each film was examined by SEM (Fig. 6f–g). For the metallic film, 
coalesced grains appeared on the surface. When increasing the nitrogen 
content, a significant change in the surface morphology from a sharp- 
edged to round-shaped grains was found, which in the MeN0.68 case 
resulted in homogeneous and porous granular particles. After scanning 
up to 4.0 V vs. Ag/AgCl, an oxide layer with a thickness of about 
270 nm was observed for the MeN0.76 film, whereas the MeN0.83 film 
disintegrated into pieces due to the fast etching process mentioned in 
the previous paragraph, thus exposing the Si substrate (Fig. 6j). The 
latter is in agreement with the rapid drop in the current seen at about 
3.7 V for the MeN0.83 film (Fig. 4). Moreover, the large increase in the 
oxide thickness seen for the MeN0.76 film supports the hypothesis that 
the oxidation above 2.0 V vs. Ag/AgCl resulted in a porous film (see 
below) as the oxide layer would need to be porous in order to grow this 
thick. 

After the LSV experiments, the microstructure of the MeN0.60 and 

MeN0.76 films were also studied by TEM. Fig. 7a and e display the se-
lected-area electron diffraction (SAED) patterns obtained in an area 
from the top of the surface to about 100 nm below for both samples. For 
the MeN0.60 film, the LSV experiment did not affect the film thickness 
(which was 1.14 and 1.12 um before and after the LSV experiment), nor 
the crystal structure. The latter can be seen in SAED patterns (Fig. 7a), 
which show that the observed diffraction spots can be assigned to a 
NaCl-type structure. Both pristine films (i.e. MeN0.60 and MeN0.76) ex-
hibited similar crystal structures with few differences apart from dif-
ferences in the intensities. The weaker diffraction intensity for MeN0.76 

compared to that of MeN0.60, consistent with their corresponding 

Fig. 7. Cross-sectional TEM micrograph of the pristine and corroded films 
MeN0.60 (a–d) and MeN0.76 (e–h). (a) and (e) the comparison of SAED patterns 
for pristine film and film after the LSV measurements; (b) and (f) low-magni-
fication TEM images near surface; (c) and (g) low-magnification TEM image in 
pristine films; (d) and (h) low-magnification TEM images for the surface of films 
after the LSV measurement, showing growing oxide layers in different thick-
ness. 
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intensities observed in XRD (Fig. 2a), suggests lower crystallinity in the 
former. This may explain their different hardness and electrical re-
sistivity, although both of these could be affected by additional factors, 
such as the electrical properties of each metal constituent, the nitrogen 
content, defects, impurities and the morphologies of the films. 

After the LSV experiments, amorphous oxide layers with different 
thicknesses were seen in both cases (Fig. 7d and h). This was also 
confirmed by STEM-EDS (Fig. SI 3 and 5). For the MeN0.60 film, a rough 
amorphous oxide layer with a thickness of about 30 nm was formed 
after the LSV experiment (Fig. 7d and Fig. SI 3), while no apparent 
native oxide layer (Fig. 7b) could be observed prior to the LSV ex-
periment, indicating that the native oxide layer was very thin. The 
MeN0.76 film was, on the other hand, covered by a layer of native oxides 
with a thickness of around 7 nm (Fig. 7f). After the LSV experiment, a 
porous and amorphous oxide layer (see the SAED pattern in the inset of 
Fig. SI 5), with a thickness exceeding 100 nm was found (Fig. 7h) for 
the MeN0.76 film. These results, which are in agreement with the SEM 
results discussed above, support the hypothesis that the oxidation of 
this film at potentials above about 2.0 V vs. Ag/AgCl resulted in the 
formation of a porous oxide layer as a significant fraction of the gen-
erated N2 most likely was lost to the electrolyte. The structure of 
MeN0.60 and MeN0.76 films both show a dense and uniform granular 
nanocrystalline structure (Fig. 7c and g), with a lot of grain boundaries. 
The TEM results reveal that the thickness of the oxide layers after the 
LSV up to 4.0 V, depends on the amount of the nitrogen in the films. 

4. Conclusions 

The effect of nitrogen content on the microstructure, mechanical 
and electrical properties, and the corrosion resistance has been studied 
for multicomponent (TiNbZrTa)Nx films (0 ≤ x ≤ 0.83), covering the 
entire composition range from metal to near-stoichiometric nitride 
MeN0.83. The crystal structure transformed from a dominant bcc phase, 
of metallic film to fcc phase of nitrogen-containing films, and the cor-
responding lattice constants increased from 3.38 to 4.61 Å. The max-
imum hardness of 22.1  ±  0.3 GPa was obtained when x = 0.83. The 
room-temperature resistivities were between 95 and 424 μΩcm. 

The effect of nitrogen content on the corrosion resistance of the 
(TiNbZrTa)Nx films was investigated. The amount of nitrogen had an 
effect on the shapes of the polarization curves recorded in 0.1 M H2SO4 

and the corrosion current density was about 1.3 × 10−8 A/cm2 for the 
nitrogen-free film and around 8.7 × 10−7 and 4.7 × 10−7 A/cm2 for 
nitrogen-containing films. The films with lower nitrogen contents 
(x  <  0.60) exhibited an almost stable current plateau up to 4.0 V, 
similar to the metallic films, while the films with a higher nitrogen 
content only featured a plateau up to 2.0 V, above which a higher ni-
trogen content resulted in higher currents. The corrosion resistance 
above 2.0 V vs. Ag/AgCl hence depends on the nitrogen concentration 
in the film if x  >  0.60. The XPS results indicated the presence of 
molecular N2 in the oxidized films with x up to 0.60. TEM results in-
dicate that the oxide layer formed after the corrosion measurement 
became thicker and porous for the film with x = 0.76 and that this 
increased the corrosion rate of this film. This study of the influence of 
the nitrogen effect on the corrosion resistance of (TiNbZrTa)Nx films 
provides new insights on nitrogen-containing multicomponent films. 
This knowledge is important in conjunction with applications of this 
type of materials, e.g., as corrosion resistant coatings on metallic bi-
polar plates in fuel cells or batteries. 
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