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A B S T R A C T   

Multicomponent TixNbCrAl nitride films were deposited on Si(100) substrates by reactive direct current 
magnetron sputtering (dcMS) and high power impulse magnetron sputtering (HiPIMS) in the absence of substrate 
heating and bias. Three single Ti, Nb, and Cr50Al50 targets were either driven by three dc or three HiPIMS power 
supplies. The Ti content in the films was varied by tuning the power applied to the Ti target. The composition was 
determined by ion beam analysis. The nitrogen content is nearly stoichiometric (48–50 at.%) in the HiPIMS 
series, while the dcMS are understoichiometric (39–45 at.%). The crystal structure, stress and density of the 
studied film were investigated by X-ray techniques and the microstructure was examined by scanning electron 
microscopy. All the Ti-containing films for both series exhibit an fcc NaCl-type phase structure. In particular, the 
dcMS series shows a (111) preferred orientation, resulting in a faceted surface morphology compared to a dense 
and smooth microstructure of the HiPIMS films. The compressive stress of the HiPIMS series (> 2.0 GPa) is 
significantly larger than the values of the dcMS series (<0.5 GPa). Nanoindentation measurements show a 
maximum hardness of 29.9 GPa and Young's modulus of 304 GPa were obtained in the HiPIMS series. The results 
may promote HiPIMS techniques for the synthesis of complex multicomponent films for the application aspect to 
protective and hard coatings.   

1. Introduction 

The concept of high-entropy alloys [1,2], originally referring to a 
class of materials that contain five or more elements in near-equal 
proportions, has been rapidly extended to high entropy ceramics by 
replacing or adding a non-metal element. Their unconventional com-
positions and chemical structures hold promise for achieving unprece-
dented combinations of mechanical, electrical, and chemical properties 
as thin film materials. Multicomponent nitride materials, as a typical 
class of high entropy ceramics [3–5], have shown great potential ap-
plications as hard coatings [6,7], contact layer, and anti-corrosion 
coatings [8,9]. For example, (HfTaTiVZr)N films have been shown to 

exhibit high hardness up to 34.0 GPa while retaining a single fcc 
structure up to 1300 ◦C [10], which is promising for prolonging the 
lifetime of cutting tools. Another example are (TiNbZrTa)Nx films, 
which exhibited a low corrosion current density (10− 8– 10− 7 A/cm2) in 
sulfuric acid solution, which makes them suitable for anticorrosive 
coating applications [11]. 

Physical vapor deposition techniques including direct current 
magnetron sputtering (dcMS) and cathodic arc evaporation [12] are 
commonly used to synthesize multicomponent nitride films using a 
single compound target [8,13], or segmented [11] as well as mosaic 
targets [14] in mixed argon/nitrogen atmosphere. However, there are 
still several challenges when synthesizing multicomponent nitride films. 
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In particular, target power, deposition temperature, and substrate bias 
play an important role on the microstructure and properties of the films. 
Additional ion-bombardment assistance is generally needed to achieve a 
dense and smooth microstructure in sputter-deposited coatings. 

One way to increase the ionized fraction of the deposition flux is to 
use high-power impulse magnetron sputtering (HiPIMS) [15,16]. In 
HiPIMS, short pulses of high power are applied to a standard magnetron 
sputtering device. The significant ionization of the deposition flux re-
sults in a number of desirable properties of the produced thin films, such 
as improved film surface smoothness and increased film density 
[17–19]. It has also enabled the control over phase composition and 
microstructure as well as enhanced mechanical properties [20]. In the 
literature, there are so far only reports of HiPIMS-deposited multicom-
ponent thin films from a compound target, e.g., nitrides: (AlTiVCu)N 
[21], (AlCrTiVZr)N [22], and (AlCrNbSiTiV)N [6,23], and carbides: 
(HfNbTaTiZr)Cx [24]. Studies using multiple single elemental targets to 
tune film composition and thereby film properties have so far not been 
reported in HiPIMS. 

In the present work, multicomponent TiNbCrAl nitride films were 
deposited on Si(100) substrates at room-temperature using reactive 
dcMS and HiPIMS. The effect of titanium content in TixNbCrAl nitride 
films on the microstructure, and mechanical, electrical, and electro-
chemical properties were investigated. TixNbCrAl nitride films were 
chosen due to the general interest in TiCrAl-based nitrides, which have 
shown potential for machining applications, and as protective coating 
serving in high temperature, owing to their high hardness, outstanding 
oxidation resistance and thermal stability [25–31]. Nb is believed to 
improve corrosion resistance, as shown in previous works on TiNbZrTa 
nitrides [9,11]. 

2. Experimental details 

2.1. Thin film synthesis 

Multicomponent TiNbCrAl nitride films were deposited on Si(100) 
substrates using magnetron sputtering in an ultra-high vacuum chamber 
(base pressure < 5 × 10− 6 Pa) with three 3-in. targets: Ti, Nb and 
Cr50Al50 (atomic percent) targets. The distance between targets and 
substrate holder was approximately 140 mm for the Nb target, and 110 
mm for the Ti and Cr50Al50 targets. The gas mixture consisted of 27.5 
sccm Ar and 3.5 sccm N2, at a constant pressure of ~0.43 Pa (3.2 mTorr) 
during film growth. For the dcMS series, the target power of Nb and 
Cr50Al50 was set to 100 W and 40 W, respectively, and the following 
powers were applied to the Ti target: 0 W, 65 W, 90 W, 120 W and 150 
W. As for the films grown by HiPIMS, the cathodes were powered by 
three separate HiPIMS units (HiPSTER 1, Ionautics) which were fed by 
three dc driving units. All the HiPIMS units were externally controlled 
by a synchronization unit (Ionautics AB), enabling the start of the pulses 
with a time delay of 0 μs and the same negative pulse frequency of 500 
Hz. The average power on the Nb and Cr50Al50 targets was kept at 285 W 
and 40 W, respectively, by regulating the target voltage. Note that a 
higher power was applied to the Nb target in HiPIMS compared to dcMS 
due to significant back-attraction of Nb ions. The negative discharge 
pulse length was maintained at 35 μs for the Cr50Al50 target, and at 70 μs 
for the Ti and Nb targets. The average power of the Ti target was varied 
from 0 W, 140 W, 180 W, 220 W, to 270 W. Si(100) with a size of 10 ×
10 mm2 were used as substrates. Before deposition, all the substrates 
were cleaned sequentially with acetone and ethanol in an ultrasonic 
bath for 10 min, and finally blow-dried with nitrogen gas. All the de-
positions were conducted at an ambient temperature (no intentional 
heating). The substrates were grounded and were rotating with a con-
stant speed of 15 rpm. The deposition time was 30 min for the dcMS as 
well as HiPIMS depositions. To be able to evaluate the mechanical 
properties of the films, thicker films were deposited using HiPIMS with 
the same conditions as previously described but for 75 min. 

2.2. Scanning electron microscopy 

Top-view and cross-section surface morphologies of the films were 
examined by a scanning electron microscope (SEM, LEO Gemini 1550, 
Zeiss), with an acceleration voltage of 5.0 kV. 

2.3. Compositional analysis 

The elemental compositions of TiNbCrAl nitride films were deter-
mined using a combination of energy-dispersive X-ray spectrometry 
(EDS, Oxford Instruments X-Max) in SEM, Rutherford backscattering 
spectrometry (RBS) and time-of-flight elastic recoil detection analysis 
(ToF-ERDA) measurements at the Tandem Laboratory of Uppsala Uni-
versity. RBS measurements were carried out employing 2 MeV 4He+

primary ions which were detected at a scattering angle of 170◦. ToF- 
ERDA measurements were performed using a 40 MeV 127I9+ beam at 
67.5◦ incidence relative to the surface normal and a 45◦ recoil angle 
[32]. The data sets were analyzed using SIMNRA [33] and the simula-
tion code Potku [34]. 

2.4. X-ray diffraction 

The crystal structure was evaluated by X-ray diffraction (XRD) 
measurements with a PANalytical X'Pert PRO diffractometer in a Bragg- 
Brentano geometry using a Cu Kα X-ray source. Philips X'Pert-MRD 
operating with Cu Kα radiation with a configuration of crossed slits (2 ×
2 mm2) as primary optics and a parallel plate collimator (0.27◦) as 
secondary optics was applied for X-ray reflectivity (XRR) measurements 
and omega scans. The density of films was determined by XRR. The 
residual film stress (σf) was investigated using the wafer curvature 
method, which determines the in-plane residual stress of film deposited 
on Si(100) substrates, based on the Stoney equation [35]: 

σf =
Ms × ts

2

6Rs × tf  

where Ms is the biaxial modulus of Si(100), 180 GPa, Rs is the substrate 
curvature, tf and ts are the thickness of film and substrate, respectively. 
To determine Rs, the shift of Si (004) peak at a set of symmetrical po-
sitions with distance of 1 mm from the center of samples in x direction 
was measured by omega scans. 

2.5. Nanoindentation 

Hardness and reduced elastic modulus of TiNbCrAl nitride films were 
determined 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 the load- 
controlled mode (1.0 mN for dcMS samples, 2.2 mN for HiPIMS sam-
ples). 25 indentations were made for each sample. The hardness and 
reduced elastic modulus were deduced using the Oliver-Pharr method 
[36]. 

2.6. Electrical resistivity 

The electrical resistivities were determined by measuring the sheet 
resistance of the films with a four-point-probe Jandel RM3000 station. 
The resistivity was obtained by multiplying the sheet resistance with the 
film thickness measured from cross-section SEM images. 

2.7. Electrochemical measurements 

Corrosion resistance of TiNbCrAl nitride films were measured using a 
double-jacketed standard glass cell and a three-electrode configuration 
potentiostat (VSP, Biologic). The measurements were conducted in 0.1 
M aqueous sodium chloride (NaCl, VWR Chemicals) electrolyte. During 
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experiments, the temperature was maintained at 25 ◦C and the elec-
trolyte was in contact with the ambient air. Ag/AgCl in saturated-KCl 
electrode and a large area graphite electrode were the reference and 
counter electrodes, respectively. Samples, with exposed area of 0.13 
cm2, were stabilized in the electrolyte to measure open circuit potentials 
(OCP, Eoc) for a period of 1 h. Afterward, potentiodynamic polarization 
(PDP) measurements were performed from − 0.1 V vs. Eoc to 1.2 V vs. 
potential of reference electrode (Eref) at a scan rate of 1 mV/s. The PDP 
curves were adjusted for ohmic drop, experimentally determined from 
the high-frequency limit of the impedance diagrams, and corrosion po-
tentials (Ecorr) were estimated. Tafel extrapolation was used to estimate 
corrosion current density (icorr) [37]. Corrosion rate (CR) was calculated 
based on the following equation [38]: 

CR =
0.003272 × icorr × EW

d  

where EW is the equivalent weight and d is the experimental density of 
films which is between 4.5 and 5.6 g/cm3. 

To confirm the repeatability of the data, the electrochemical tests 
were done at least on three replicates of each selected film. The voltage 
was measured vs. Ag/AgCl in saturated-KCl electrode, unless otherwise 
specified. 

3. Results and discussion 

3.1. Deposition rate 

Fig. 1 shows deposition rates of TixNbCrAl nitride films deposited on 
Si substrates by dcMS and HiPIMS as a function of the Ti target power. 
The accuracy of the deposition rate is within 0.5 nm/min based on the 
thickness obtained from cross-section SEM images. The deposition rate 
of both series increased with increasing Ti target power. The deposition 
rate of the dcMS series significantly increased from 11 to 30 nm/min, 
whereas that of the HiPIMS series increased slightly to 10 nm/min when 
the power applied to the Ti target reached 270 W. The deposition rate 
ratio between HiPIMS and dcMS decreased from 0.6 to 0.3 when 
increasing the Ti target power. These observations are consistent with 
the expected differences in sputtering rates between Ti, Cr, and Al for dc 
and HiPIMS. Samuelsson et al. [39] investigated the rateHiPIMS/ratedcMS 
values of individual metals, where the HiPIMS deposition rates of Ti, Cr, 
and Al were approximately 30%, 50%, and 50%, respectively of the 
dcMS rates, and thereby in line with the here-reported deposition rate 
ratio for TixNbCrAl nitride films. The main reason for the observed 

deposition rate loss in HiPIMS is due to back-attraction of ionized 
sputtered species [40]. A high ionization fraction transfers particles 
from the neutral population to the ion population. Ions, but not neutrals, 
are back-attracted to the target, which leads to a reduction of the 
deposition rate (the sum of the ion and the neutral fluxes). 

3.2. Composition 

Chemical composition of the TixNbCrAl nitride films deposited by 
dcMS and HiPIMS was determined by ToF-ERDA (Fig. 2), in good 
agreement with the results from RBS measurements for selected samples 
(Table SI. 1). The nitrogen content is near-stoichiometric (≥ 48.5 at.%) 
in the HiPIMS series, but it varied from 37 to 45 at.% for the films in the 
dcMS series. Compared to dcMS, stoichiometric films are easier to 
achieve in HiPIMS due to a reduced, or sometimes even eliminated, 
hysteresis in the process parameters [41]. Note that the power applied to 
the Nb and the Cr50Al50 targets was fixed, while the power applied to the 
Ti target was gradually increased. In both series, the Ti content gradu-
ally increased with Ti target power, while the Al, Cr and Nb fractional 
content consequently decreased. The oxygen content of the Ti = 0 W 
film produced by dcMS and all the films grown by HiPIMS is found to be 
less than 1 at. %. The oxygen content of the Ti-containing films in the 
dcMS series is about 6– 7 at.%, which can be observed along the 
thickness of films in depth profile analysis (Fig. SI.1). The origin of the 
different oxygen content is discussed in the next section. 

3.3. Crystal structure and microstructure 

X-ray diffractograms of the TixNbCrAl nitride films deposited by 
dcMS and HiPIMS are presented in Fig. 3. In the dcMS series (Fig. 3a), 
the Ti-containing films indicate a (111) textured fcc NaCl-type structure. 
No Bragg peaks from the film without Ti are observed, indicating no 
crystalline characteristics in the NbCrAl nitride film. Fig. 3b shows the 
lattice parameter a calculated from 111 reflections as a function of Ti 
content, a(111). An increase of the cell parameter to a maximum value of 
4.20 Å is observed when the Ti content reaches 16.0 at.%, which is 
followed by a slight decrease for higher Ti content. For the HiPIMS se-
ries, Fig. 3c presents the phase structure evolution with increasing 
applied power on the Ti target. The five X-ray diffractograms present the 
111, 002, 311, and 222 Bragg peaks from an fcc phase at 2θ = 36.9◦, 
42.8◦, 74.5◦ and 78.6◦ (labeled as green vertical lines), respectively. All 
the reflections are shifted to lower 2θ angles with increasing Ti content; 
see enlarged (111) reflections in the inset of Fig. 3c. As shown in Fig. 3d, 
the lattice parameters a(111) and a(002) were calculated from (111) and 
(002) peaks as function of Ti content. a(111) increases from 4.20 to 4.23 Å 
and then decreases for a Ti content higher than 11.3 at.%. The theo-
retical lattice parameter a0 for HiPIMS series was calculated based on 
the lattice constant of related binary cubic nitrides (TiN: 4.24 Å; NbN: 
4.39 Å; CrN: 4.14 Å and AlN: 4.12 Å) at corresponding composition from 
ERDA measurements. a0 increases from 4.16 Å to 4.18 Å when 
increasing the Ti content. These theoretical lattice parameters are much 
smaller than the experimental values, most probably due to the out-of- 
plane elongation by in-plane compressive stress (discussed in the next 
sections). They are also larger than those values of dcMS films at the 
corresponding Ti content, which may be also related to nitrogen stoi-
chiometry, apart from the stress in films. 

Fig. 4 shows the experimentally measured density of TixNbCrAl 
nitride films deposited by dcMS and HiPIMS as a function of Ti content. 
The density values were determined from X-ray reflectivity measure-
ments. Theoretical density values of both films were calculated based on 
the corresponding metal ratios from ERDA measurements, and assuming 
they were all forming stoichiometric nitride cubic fcc structure (octa-
hedral coordination VI) [42]: TiN (5.34 g/cm3), NbN (8.05 g/cm3), CrN 
(6.15 g/cm3) and AlN (4.04 g/cm3). The theoretical densities decrease 
when increasing the content of Ti. It is seen that the experimental 
densities of dense films produced by HiPIMS are around 5.5 ± 0.1 g/ 

Fig. 1. Deposition rate of TixNbCrAl nitride films deposited on Si substrates by 
dcMS and HiPIMS (left axis). The deposition rate of HiPIMS over dcMS depo-
sition rate (by dividing the two fitted lines) is shown as well (red curve, 
right axis). 
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cm3, relatively close to the corresponding theoretical values, while the 
dcMS series present a lower density with values around 4.6 ± 0.3 g/cm3 

with Ti content in range between 7.1% and 23.1%, which is significantly 
lower than the theoretical values above 5.3 g/cm3. The lower density in 
the dcMS series is consistent with an underdense microstructure (see 
below), but may also may also partly be due to a slight nitrogen 
deficiency. 

Fig. 5 shows the surface morphology and cross-sectional SEM images 
of TixNbCrAl nitride films deposited by dcMS and HiPIMS when 
changing the Ti target power. For the dcMS series, the film without Ti 

shows weak nodular mounds (Fig. 5a), whereas for the Ti-containing 
films, a faceted triangular morphology and columnar growth structure 
are observed (Fig. 5b–e). The faceted feature is typically attributed to 
the (111) preferred orientation in early transition-metal nitride films 
[43]. It is confirmed by the observed (111) texture in the corresponding 
XRD pattern (Fig. 3a). The underdense structure may result in oxygen or 
water absorption after deposition in ambient environment, see the ox-
ygen content in Ti-containing films (Fig. 2). For the HiPIMS series, a 
significantly different microstructure is observed. The non-Ti-containing 
film shows faceted triangular grains. On the other hand, a dense and 

Fig. 2. Composition for the TixNbCrAl nitride films measured by ERDA.  

Fig. 3. θ-2θ X-ray diffractogram of TixNbCrAl nitride films deposited on Si(100) using dcMS (a) and HiPIMS (c), and the corresponding lattice parameter of 
TixNbCrAl nitride films calculated from (111) and (002) plane (b, d). 
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smooth surface morphology with fine grains, rather than facets, is 
observed in Ti-containing films produced by HiPIMS. Meanwhile, the 
competitive growth between (111) and (002) planes can be observed 
with well-defined V-shaped columns for the HiPIMS series, but much 
less inter-columnar voids features compared to the Ti-containing films 
produced by dcMS. The difference oxygen content in the dcMS and 
HiPIMS series may result from their difference in density, where the 
porous dcMS samples gives the possibility for oxygen incorporated after 
deposition. 

3.4. Mechanical properties 

Fig. 6 shows the residual stress measured from the wafer curvature 
by X-ray diffraction as a function of Ti content for TixNbCrAl nitride 
films deposited by dcMS and HiPIMS. Both series of films exhibit 
compressive stress. The compressive stress is less than 0.5 GPa for the 
dcMS series, and over 2.0 GPa for HiPIMS series. In both series the stress 
stays relatively constant when the Ti content is increasing. It is 
reasonable to attribute the significant difference in stress of these two 
film series to differences in the deposition processes. For both series 
grown without intentional heating, the adatom mobility energy may not 
be sufficient for grain growth (grain boundaries are immobile). The 
energetic adatoms in HiPIMS process can be inserted into grain 
boundaries [44], causing denser films with higher compressive stress 
compared to the films grown by dcMS. Similarly, when depositing bi-
nary TiN films with dcMS [45], Ti is mainly neutral, resulting in much 
lower stress in dcMS films compared to HiPIMS cases. Hovsepian et al. 
[46] found a compressive stress of 3 GPa for TiN film deposited by 
HiPIMS on a grounded substrate with a deposition temperature of 
400 ◦C, where the ion bombardment is mainly from impinging metal 
ions, i.e., Ti ions. Note that a moderate compressive stress in HiPIMS 
may benefit the performance of protective coatings but may also lead to 
issues with adhesion when depositing thicker films, which typically re-
quires process optimization to reduce the amount of multiply charged Ti 
ions and thereby reduce film stress [45]. 

Fig. 7 shows the nanoindentation hardness (H) and the reduced 
elastic modulus (Er). For the dcMS series, the hardness of the films de-
creases with increasing Ti content, and ranges between 9.9 and 13.7 
GPa. The elastic modulus shows a slight increase from 183 to 206 GPa as 
a function of Ti content in films. A significant increase is observed in 
both hardness and elastic modulus for the films deposited by HiPIMS, 
from 24.0 to 29.9 GPa, and from 260 to 304 GPa, respectively. This trend 
should be interpreted with care because of the well-known substrate 
effect during nanoindentation measurement [47]. Still, a direct 

Fig. 4. Experimentally measured density of TixNbCrAl nitride films deposited 
by dcMS and HiPIMS, as determined by XRR, as well as the nominal density for 
both series calculated from stoichiometric (Me1N1) binary nitrides. 

Fig. 5. Top-view and cross-section SEM image of TixNbCrAl nitride films 
deposited on Si(100) by dcMS and HiPIMS. 

Fig. 6. Residual stress determined by the wafer curvature method for 
TixNbCrAl nitride films deposited by dcMS and HiPIMS. 
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comparison can be made between the dcMS and HiPIMS films at 10 at.% 
Ti content (see load-displacement curves Fig. SI. 2). The sample 
deposited by HiPIMS presents a higher hardness (more than double) and 
a higher elastic modulus (+ 100 GPa) compared to the film deposited by 
dcMS. Similar trends in mechanical properties have previously been 
reported by Greczynski et al. [48] for the binary nitride CrNx. The films 
deposited by HiPIMS were found to be harder than the dcMS equivalent 
at the same composition regardless of nitrogen content. 

3.5. Electrical properties 

The electrical film resistivity, shown in Fig. 8, is generally decreasing 
with increasing Ti content, except for the dcMS film containing no Ti. 
For the dcMS series, the resistivity decreases from 19.3 to 2.4 mΩcm 
with the Ti content varied between 7.1 and 23.1 at.%, which is within 
the range of previously reported values (2.2– 26.7 mΩcm) for related 
substoichiometric multicomponent nitrides (NbCrAlZrY)Nx [49,50]. 
The film resistivity of the HiPIMS series decreases from 2.8 to 0.8 mΩcm 
when the Ti content increases from 0 to 14.4 at. %, which is much lower 
than the values of dcMS series. Apart from the Ti content, the electrical 
properties of multicomponent nitride coating could be affected by 
various parameters such as defects or nitrogen contents. 

3.6. Electrochemical properties 

Phase stability, uniformity, and protective passive film, as well as 
film adhesion to the substrate are among controlling factors for 
improving aqueous corrosion resistance of multicomponent alloys; and 
all of these can be governed by composition and structure [51,52]. In 
this work, the effects of Ti content on corrosion resistance properties of 
TixNbCrAl nitride films are investigated. Fig. 9 presents results of OCP 
and PDP measurements for selected nitride films with different Ti con-
tent deposited on Si(100) by dcMS and HiPIMS. The use of silicon sub-
strates is intended to provide understanding of the corrosion behavior of 
the multicomponent nitride film itself. This should be viewed as a first 
step toward an application, where specific film/substrate systems need 
to be studied. 

Fig. 9a and b show an example from one series of results and Table 1 
summarizes all the corrosion resistance results. Measurements of OCP 
for 1 h, as plotted in Fig. 9a and b, were conducted to reach a steady state 
for the films in 0.1 M NaCl. Changes in potential over time, negative or 
positive slope, suggest an activation or deactivation of the surface. A 
negative slope (i.e., lower final potential of the sample after a specific 
immersion time than the initial potential) indicates activation of the 
surface potential. This activation generally represents metal dissolution 
in presence of chloride in the electrolyte that leads to more reduction 
reactions until steady state is attained [53,54]. This behavior was 
observed in almost all samples, with a higher negative slope for the 
HiPIMS samples. Low concentration of oxygen and hence low content of 
oxides, in all HiPIMS films and in the dcMS film without Ti (Fig. 2), 
explains their higher rate of dissolution. In the last 10 min of OCP 
recording, Eoc reaches a relatively stable value with a slope ranging from 
×10− 7 to ×10− 6 (V/s). This value differs from film to film, which can be 
an indication of composition variation in the films. 

In general, at potentials above OCP, a sample is thermodynamically 
unstable and prone to corrosion. On the contrary, at potentials below 
OCP plot, a sample is thermodynamically stable and has less tendency to 
take part in corrosion reactions. Following that, the samples deposited 
by dcMS at Ti = 150 W and by HiPIMS at Ti = 180 W show the most 
active surfaces. The samples deposited by dcMS at Ti = 90 W and 150 W, 
and by HiPIMS at Ti = 0 W show the most stable surfaces, which can be 
an indication of surface uniformity in these films. These OCP results are 
consistent with the PDP results (discussed below in Fig. 9c and d). OCP 
plots reveal that the dcMS films deposited at Ti = 90 W (Eoc = 0.20 ±
0.04 V) and HiPIMS at Ti = 140 W (Eoc = 0.22 ± 0.01 V) have the most 
stable and noble surfaces among the dcMS and HiPIMS films, 
respectively. 

Table 1 presents the summary of the polarization tests. Measure-
ments were corrected for ohmic drop that was experimentally deter-
mined from the high-frequency limit of the impedance diagrams 
[55,56]. The small error bars for most sets of samples indicate the 
consistency of the results in the three repeated tests for each set of films. 
Large error bars, especially in corrosion current density (icorr), are 
observed in samples deposited by dcMS at Ti = 0 W and by HiPIMS at Ti 
= 180 W. These two sets of samples showed passivation breakdown, for 
the first one in all the three samples and for the latter in two samples, at 
around 0.35 V. For both dcMS at Ti = 0 W and HiPIMS at Ti = 180 W, the 
three samples in a set also showed inconsistent behavior regarding icorr; 
first sample one order of magnitude higher and second sample one order 
of magnitude lower than the third one, which is the one presented in 
Fig. 9. 

Fig. 9c and d display potentiodynamic polarization (PDP) curves. 
The measurements followed the 1 h OCP measurements, previously 
explained, to reach a steady state in the cell, i.e., when Eoc stops drifting. 
Generally, higher-density HiPIMS samples exhibited higher corrosion 
resistance in the NaCl electrolyte. The HiPIMS samples demonstrate 
breakdown at around 1.2 V, in the transpassive region. In this region, 
further increase of potential results in escalated current density, and 
increased dissolution of the material. On passive films with appropriate 

Fig. 7. Hardness (H) and reduced elastic modulus (Er) of TixNbCrAl nitride 
films deposited by dcMS and HiPIMS. 

Fig. 8. Resistivity determined from sheet resistance measurements for 
TixNbCrAl nitride films deposited on Si(100) by dcMS and HiPIMS. The stan-
dard deviation is smaller than the size of symbols. 
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semiconducting properties, oxygen evolution can occur in the trans-
passive region. In the presence of impurities or aggressive anions (i.e., 
Cl− ions) in the aqueous solution, an increase in the current density can 
be observed at a potential located in the passive region (i.e., below the 
transpassive potential). This effect is caused by local breakdown of the 
passive film and localized dissolution/corrosion [53,57]. Here, none of 
the samples show localized corrosion except the samples deposited by 
dcMS at Ti = 0 W and by HiPIMS at Ti = 180 W (not shown here), which 
leads to premature breakdown of the passive layer. 

The PDP plots also show that oxidation of the films generally 
continued in all samples, in the dcMS samples with lower slope and in 
the HiPIMS samples with a slightly higher slope in the anodic branch. 
Oxidation continued with a zero slope for HiPIMS samples and ended 
with breakdown of the passive layer. However, for the dcMS samples, 

except for the one without Ti, oxidation continued with the same slope 
with no sign of passivation breakdown up to 1.2 V potential. Considering 
the lower density of the dcMS-deposited films compared to HiPIMS 
samples, our explanation is that lower density can facilitate diffusion 
and charge transfer through the film that leads to oxidation and thick-
ening of the passive layer. However, higher film density can produce 
higher compressive stress in a film, which can lead to film rupture and 
higher corrosion rate. The compressive stress was >2.0 GPa for the 
HiPIMS samples and <0.5 GPa for the dcMS samples. These values show 
smaller compressive stresses for the dcMS samples, which have therefore 
less effect on the corrosion properties than the film density in the test 
conditions. 

In summary the PDP plots reveal that the lowest corrosion current 
density among dcMS films, 1.82 ± 0.12 × 10− 4 mA/cm2, is related to the 
film deposited at Ti = 90 W. For HiPIMS films, both films deposited at Ti 
= 0 and 140 W show similar low corrosion current densities, 3.20 ±
0.01 × 10− 5 and 3.53 ± 0.05 × 10− 5 mA/cm2, respectively, which are 
approximately 10 times lower than the corrosion current density of the 
dcMS film. Accordingly, the calculated corrosion rates for these films 
showed very low penetration rate. 

4. Conclusions 

Multicomponent TixNbCrAl nitride films were deposited on Si(100) 
by dcMS and HiPIMS. Ti content in the films was tuned by regulating the 
applied power on the Ti target, to investigate the effect on microstruc-
ture, mechanical, electrical, and corrosion resistant properties. The 
composition analysis by ToF-ERDA shows that the Ti content increases 
with increasing Ti target power in both series. The nitrogen content is 
nearly stoichiometric (48–50 at.%) in the HiPIMS series, while being 
understoichiometric (37–41 at.%) in the dcMS films. All the Ti- 

Fig. 9. Open circuit potential (a and b) and potentiodynamic polarization (c and d) curves for the TixNbCrAl nitride films deposited on Si(100) by dcMS and HiPIMS 
with different power of Ti target. The data were measured in 0.1 M NaCl aqueous solution at 25 ± 0.1 ◦C applying a scan rate of 1 mV/s. The curves were adjusted for 
the ohmic drop. 

Table 1 
Summary of the polarization results.  

Sample Eoc vs. Ag/ 
AgCl Sat. (V) 

Ecorr vs. Ag/ 
AgCl Sat. (V) 

icorr (mA/ 
cm2) 

CR (μm/ 
year) 

dcMS Ti = 0 
W 

0.09 ± 0.15 0.02 ± 0.21 (4.59 ±
5.46) × 10− 5 

(4.13 ±
4.92) × 10− 7 

dcMS Ti = 90 
W 

0.20 ± 0.04 0.11 ± 0.05 (1.82 ±
0.12) × 10− 4 

(1.63 ±
0.11) × 10− 6 

dcMS Ti =
150 W 

0.18 ± 0.02 0.10 ± 0.03 (8.46 ±
1.24) × 10− 4 

(8.40 ±
1.23) × 10− 6 

HiPIMS Ti =
0 W 

0.16 ± 0.06 0.03 ± 0.05 (3.20 ±
0.01) × 10− 5 

(2.31 ±
0.04) × 10− 7 

HiPIMS Ti =
140 W 

0.22 ± 0.01 0.07 ± 0.01 (3.53 ±
0.05) × 10− 5 

(2.51 ±
0.37) × 10− 7 

HiPIMS Ti =
180 W 

0.22 ± 0.08 0.12 ± 0.14 (7.77 ±
6.40) × 10− 5 

(5.55 ±
4.58) × 10− 7  
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containing films for both series exhibit an fcc NaCl-type phase structure. 
A (111) preferred orientation in the dcMS series is observed, resulting in 
a faceted surface with porous morphology, whereas the HiPIMS films 
exhibit a polycrystalline fcc phase structure with a dense and smooth 
microstructure. The compressive stress of the HiPIMS series reached 
above − 2.0 GPa, which is significantly larger than the values of the 
dcMS series (< 0.5 GPa). The densities of the HiPIMS films are all at 
around 5.5 g/cm3, which is significantly higher than the values of the 
dcMS samples (< 5.0 g/cm3). A hardness of 29.9 GPa and a Young's 
modulus of 304 GPa were obtained in the HiPIMS film containing 23.1 
at.% Ti. The HiPIMS samples showed one order of magnitude lower 
corrosion rate than the dcMS samples in 0.1 M NaCl aqueous solution. 
The results are important for production and improved performance of 
complex multicomponent films for applications as protective and hard 
coatings. 
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