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Abstract: In this work, thin films of TaN were synthesized on 304 steel substrates using the reactive
DC sputtering technique from a tantalum target in a nitrogen/argon atmosphere. All synthesis
parameters such as gas ratio, pressure, gas flow, and substrate distance, among others, were fixed
except the applied power of the source for different deposited coatings. The effect of the target power
on the formation of the resulting phases and the microstructural and morphological characteristics
was studied using XRD and AFM techniques, respectively, in order to understand the growth
mechanisms. Phase, line profile, texture, and residual stress analysis were carried out from the X-ray
diffraction patterns obtained. Atomic force microscopy analysis allowed us to obtain values for
surface grain size and roughness which were related to growth mechanisms in accordance with XRD
results. Results obtained showed a strong correlation between the growth energy with the crystallinity
of the samples and the formation of the possible phases since the increase in the growth power caused
the samples to evolve from an amorphous structure to a cubic monocrystalline structure. For all
produced samples, the 5-TaN phase was observed despite the low N, content used in the process
(since for low Ny content it was expected to be possible to obtain films with o-Ta or hexagonal e-TaN
crystalline structure). In order to determine the corrosion resistance of the coatings, electrochemical
impedance spectroscopy and polarization resistance were employed in the Tafel region. The results
obtained through this evaluation showed a direct relationship between the power used and the

improvement of the properties against corrosion for specific grain size values.

Keywords: tantalum nitride; coatings; X-ray diffraction; roughness; corrosion resistance; sputtering
power

1. Introduction

Transition metal nitrides have been a type of material of great interest, being widely
studied for their importance both in fundamental science and in a wide range of technologi-
cal applications [1,2]. Between their highlighted characteristics, mechanical properties, such
as high hardness and thermal stability, as well as the high melting point, classify transition
metal nitrides as refractory materials. Resistance to wear and friction and resistance to
corrosion make them very important compounds in applications for protective coatings
of structures, which are generally made of steel, cutting tools, and reconstruction of worn
parts. Likewise, these compounds have excellent electrical and thermal conductivity, high
chemical stability, low diffusion, and adequate adherence [3-7]. For all these properties
that have made nitride materials of vital importance, great efforts have been devoted to
the study of transition metal nitrides to find hard and resistant materials that meet the
growing demand that has been generated in recent decades in various applications, as
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already mentioned [8,9]. For these purposes, tantalum nitride (TaN), as a hard coating, was
initially not as attractive as titanium nitride (TiN), zirconium nitride (ZrN), and their alloys,
probably due to their high cost and the difficulty of achieving successful synthesis [10].
Furthermore, depending on the amount of nitrogen (N;) incorporated, TaN shows a great
variety of crystalline phases such as cubic, hexagonal, tetragonal, and orthorhombic, which
cause multiple and sensitive changes in its properties [11,12]. However, tantalum nitride
has recently attracted great interest as a protective coating due to its excellent properties
such as good wear and corrosion resistance, super hardness, high strength and toughness
(even at high temperatures), high thermal stability, and great thermal conductivity [4,11-13].
These properties position this material as a great candidate for different applications such
as diffusion barriers, an application in which it has achieved a great reputation [14,15],
silicon-based integrated circuits, high-performance microprocessors and in a wide variety
of biomedical applications, showing that these coatings have better histocompatibility and
hemocompatibility than traditionally used biomedical alloys [16,17]. Additionally, the
superconductor TaN has been shown to be a much better candidate than niobium nitride
(NDbN) for the detection of single photons [15] due to its smaller space and lower density
of states. This material also works well as a normal state barrier as Josephson crosses [18].
Previous work has found that TaN coatings significantly improve the corrosion resistance of
stainless steels (austenitic), which is mainly due to their character as an inert material. They
even, for tests of Bode diagrams, showed that the resistance to polarization is maintained
over time [19].

In order to fully understand the structural properties of TaN coatings and thus be able
to design these materials for a specific application, it is necessary to study the physical
and chemical mechanisms involved during the film growth process. It is well known that,
in the case of the magnetron sputtering technique, models have been identified, the best
known being those that represent the mechanisms of (i) Van der Merwe, which corresponds
to growth by monolayers, (ii) Volmer—Weber mechanism, that corresponds to the three-
dimensional growth of nuclei, and (iii) Stranski-Krastanov (5-K) mechanism, in which the
formation of a deformed or pseudomorphic structure occurs followed by nucleation of
clusters in such altered layer [18,20]. These mechanisms are generally described in terms
of thermodynamic or surface energy aspects. Aspects include the absorption, desorption
and diffusion of atoms, deformations in the crystal lattice of the surface, reconstruction of
the surface, or relaxation of the crystal lattice of the surface. These phenomena cause the
spacing between atoms or the crystallographic structure of the surface to change, producing
amorphous crystalline mixtures [21]. On the other hand, although it has been reported that
the three variables that most affect the growth of the coating are temperature, pressure,
and argon to nitrogen ratio [22-24], there are other variables present in the process that
can influence the energies of the particles and their mobility both in the plasma and on
the substrate, as the growth power [25]. Considering that there are few reports where the
structure, microstructure, and morphology of TaN are related to applied power in the DC
magnetron sputtering technique alongside a corrosion analysis, the novelty of this work is
framed in the contribution to the knowledge of how this material grows in an important
technique as important parameters like power, is varied.

This work evaluated the influence of applied power in a reactive DC magnetron sput-
tering technique on the microstructure and morphology of TaN coatings. The main goal
was to identify growth mechanisms based on material parameters like crystalline structure,
microstructure, and surface parameters like morphology and their relation to power. Sub-
sequently, the behavior of the corrosion resistance of these materials was evaluated using
potentiodynamic techniques. The study of the microstructure and the present phases and
morphology was carried out using X-ray diffraction techniques (XRD) and atomic force
microscopy (AFM), respectively. On the other hand, the corrosion resistance was evaluated
by means of electrochemical impedance spectroscopy.
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2. Materials and Methods

The TaN films were grown in a TORUS® 2 inches Kurt-Lesker magnetron sputtering
system (Kurt J. Lesker, Clairton, PA, USA) on AISI-SAE 304 steel substrates. The substrate
surface was prepared by mechanical polishing to generate a mirror-like finish in order
to decrease the rugosity which allows for the evaluation of the roughness of the coating
generated during growth. Subsequently, the substrates were taken to a bath in an ultrasonic
cube to free them of particulate and organic materials. Then, the chamber was evacuated at
a base pressure of 1.1 x 1073 Pa. When this pressure was reached, the entry of gases was
carried out. Initially, argon was introduced, in order to perform a target cleaning process
(plasma cleaning) eliminating the impurities present on the target surface. The deposition
of the coatings was carried out at a constant pressure of 666 x 103 Pa, in a mixture of Ar
and N, with constant fluxes of 22.5 and 2.5 sccm, respectively. A tantalum target, with a
purity of 99.99%, was placed on the cathode and the substrates were placed in an electrically
floating piece, at a distance of approximately 19.2 cm to the plasma source. The synthesis of
the coatings was carried out by varying the applied power with values of 120, 150, 160, 170,
180, 190, 200, 210, and 220 W. The diffraction measurements were carried out with a Bruker
D8 Advance diffractometer with a beam wavelength of A = 1.5406 A, corresponding to
the ka1 line of a copper X-ray tube, and with a scintillation point detector. Measurements
were made in asymmetric diffraction in a grazing incidence method, where the incident
angle was fixed to 4 degrees meanwhile the detector scanned from 30 to 75°. The angular
step was set at 0.02° and the time per step was 5 s. The equipment was calibrated with
the Lanthanum Hexaboride (LaB6) 660 °C sample from the National Institute of Standards
and Technology (NIST). Lattice parameters were calculated from peak positions associated
with the peak with the best statistics (intensity to noise ratio) and higher angle, where the
error in the interplanar distance, calculated from Bragg’s law, are lower. Crystallite size
and microstrain values were calculated using the Williamson-Hall method [26] and texture
coefficients were obtained from Harris method [27].

For the morphological characterization of the samples, surface measurements were
made with a scanning probe microscope (SPM) (AFM 5100, HITACHI, Tokyo, Japan) in
dynamic force microscopy (DFM) or non-contact mode, using a silicon (5i) tip type N
whose radius of curvature is 6 nm, frequency of 300 KHz and a spring constant (C) of
80 N/m. 5 and 1 um? scans were made, with a resolution of 512 pixels x 512 lines, and
frequencies recommended by the equipment software. Finally, for the evaluation of the
corrosion resistance, a Gamry 1000 E potentiostat/galvanostat (Warminster, PA, USA) was
used using the EIS techniques and resistance to polarization in the Tafel region. A corrosive
medium, 0.5 M HySO,4 was used. The mentioned equipment is located in the Plasma
Physics Laboratory of the National University of Colombia, in Manizales City, Colombia.

3. Results and Discussion
3.1. X-ray Diffraction Analysis

Figure 1 shows the diffraction patterns of the films prepared at different powers
applied to the tantalum target and the simulated diffraction pattern (at the bottom of the
figure in the black line) corresponding to the identified phase based on the database. In
all measurements, only the reflections associated with the atomic planes (111), (200), (220),
and (311) of the -TaN phase (JCPDS 49-1283 crystallographic card [28]) were identified,
for 26 values at 35.7°, 41.6°, 60.3°, and 72.2°, respectively.

The interdiffusion effects and the influence of the substrate surface on the formation
and evolution of the phase in the different planes are negligible because, when the films are
deposited at room temperature, the substrates only act as flat surfaces for deposition [29].
H. B. Nie et al. [29] and S. Xu et al. [30] coincide in their findings, reporting that, as the
nitrogen content increases in the growth process, an evolution occurs that goes from an
«-Ta phase to a 6-TaN phase passing through a hexagonal e-TaN phase, showing that the
structure 6-TaN is a stable structure in a wide range of nitrogen concentration. It should be
noted in this work that, given the low nitrogen content, the increase in growth power led to
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the unique formation of the cubic structure 6-TaN. However, V. E. Petrunin et al. [31] report
the successful manufacture of 8-TaN by self-propagating high-temperature synthesis (SHS)
at a temperature of 1200 °C; likewise, Sung-II Baik and Young Woon Kim [32], through
TEM measurements, observed that, as the growth power increases, the formation and
good definition of a columnar structure corresponding to the 5-TaN phase is favored, and
furthermore, that it becomes a dominant phase for growth at high powers, even for different
nitrogen concentrations. It is clear then, that there is a minimum kinetic energy for the
formation of this structure, that is to say, that it is a structure characterized by high formation
energies, even for nitrides of other elements such as boron, titanium [33], molybdenum,
tungsten, rhenium, hafnium, and zirconium [34]. Therefore, high powers improve the
mobility of the ions, both Ta and N, stabilizing the structure in a high-temperature regime,
where high diffusion and absorption are favored, as well as low desorption of the atoms of
nitrogen reaching the substrate.
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Figure 1. Diffraction patterns of TaN thin films deposited at different growth powers: (a) 120, (b) 150,

(c) 160, (d) 170, (e) 180, (f) 190, (g) 200, (h) 210, and (i) 220 W. At the bottom (black line) simulated
diffraction pattern.

The interplane distances dyy for the most representative intensities are shown in
Figure 2a. A comparison with the values taken from the crystallographic database [28]
allows the observation of, in most cases, a tensile stress for dq11; and a compressive stress
for dzoo.
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Figure 2. (a) Interplanar distances obtained from the Bragg law, and calculated from (111) (circles)
and (200) (triangles) reflections and (b) Lattice parameter obtained from XRD.
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However, the mean value of the lattice parameter, calculated by taking all the indexed
peaks in each pattern (see Figure 2b), shows a compressive stress at 170 and 180 W, tensile
at 210 and 220 W, and a general increase in its magnitude for the highest power values.
Indeed, it has been reported that the growth power produces a more significant variation of
the residual stress in the films for the tensile stress intervals, than for those of compressive
stress [35]. Since the coatings were made at a low partial pressure of nitrogen, the energetic
ions have a considerable mean free path and a high momentum with low collision frequency,
which then causes a compressive stress initially in the films, where a fibrous and dense
structure can be expected, as reported by Takuya Yoshihara and Katsumi Suzuki [36]. As
the growth power increases, the number of collisions also increases, and it goes to a tensile
regime with a microstructural evolution with grains of small columns with low-density
grain limits at the film/substrate interface, as reported by L.A Clevenger et al. [37].

For microstructural analysis, the Williamson-Hall method was used with an instru-
mental resolution function calculated from a lanthanum hexaboride (LaBg) standard sample
through the Caglioti equation [38]. Figure 3 shows the results obtained for both the crystal-
lite size (black squares and black arrow) and the microstrain (red circles and red arrow). It
is possible to observe a wide range of values for the size of the crystalline domain, which
varies between 60 and 125 nm.
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Figure 3. Crystallite size and microstrain, calculated from the Williamson-Hall method [26].

As the power increases, there is a slight decrease in the crystallite size parameter to
the minimum value (55.46 nm) corresponding to the 200 W sample. For higher power
values, the crystallite size increases to the maximum values (~124 nm). We can identify
three behaviors mainly for the parameter in question, which are the increase for the range
170-180 W and 200-210 W, a decrease for the range 190-200 W, and invariance for powers
of 180-190 W and 210-220 W.

The power applied to the target is generally directly associated with the energy with
which the species reaches the substrate, since argon atoms, highly energetic, provide
translational kinetic energy to the adatoms [39-41]. For this reason, as the power increases
in sputtering deposition processes, it is expected that diffusion processes are promoted and,
therefore, the growth of crystallite size and crystallinity [42]. This behavior corresponds,
then, to two regions of Figure 3, where the increase in power leads to this change. The
growth of the crystallite related to the lower powers (170, 180, and 190 W) is accompanied
by a decrease in microstrain, which, although slight, is associated with the disappearance
of domain boundaries given the favoring of the crystallization of the material.

The decrease in crystalline domain size, that is observed between the powers of 190
and 200 W does not constitute normal behavior at the levels of microstrain shown in
Figure 3. This implies that there is an additional mechanism to diffusion, which generates a
refinement in the crystallite with low microstrain. H. N. Shah et al. [43] have stated that
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the increase in power is associated with the increase in the flux density of the species, and
therefore with the increase in the collision frequency. The latter would result in a greater
loss of energy in the adatoms and, therefore, in a reduction in the crystallization processes
on which the crystallite size depends, without compromising variations in microstrain,
considering that the change in this last parameter is not very representative, with respect to
powers less than 200 W. Finally, for higher power values, an increase in both microstrain
and crystallite size is evidenced. For this last parameter, such an increase may be associated
with the fact that the applied power reaches levels where a flow of high density and
energy of the species is generated, which would “reactivate” the diffusion mechanism
and therefore the domain sizes have reached a higher crystalline size. For the increase of
microstrain, another characteristic mechanism of sputtering processes, with the high energy
of species, must be coupled to the one previously described. This process corresponds to
the bombardment of reactive and neutral species against the growing coating. This process
generates a collisional displacement of atoms in their ideal atomic positions, creating local
defects in the material [44,45].

On the other hand, Figure 4 shows the results of the calculation of the texture coefficient
by means of the Harris method [27]. The dotted lines represent the values of the texture
coefficients for a powder sample (from the database), which does not have a contribution
due to preferential orientation developed in the crystallization process and therefore will
act as a reference. In contrast to the results obtained from the microstructure, from the
aforementioned results, the three regions characterized by “low”, “medium”, and “high”
powers are not evident. In this case, for the power of 170 W, an almost texture-free sample
is produced, where the difference from powder preferential orientation is negligible.
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Figure 4. Texture coefficients calculated from the peak intensities for the different samples.



Coatings 2022, 12,979

7 of 15

An increase in power generates a considerable change in orientation with respect
to all directions ((111), (200), and (220)) since there is a strong preferential orientation
towards the peak of (111) resulting in the representative decrease of (200), and (220) plane
orientations. For the 190 W power, the texture coefficients closely match those of the
theoretical standard, with a slight favor to the (111) direction as a result of a decrease of
the (220) peak. The increase in power to a value of 200 W generates an abrupt change in
the preferential orientation totally opposite to the 180 W sample, since, for this sample, the
preferential orientation is given for growths directed along the (200) orientation, sacrificing
growth in the (111) and (220) directions. For the higher value powers, in the case of the
one synthesized at 210 W, there is a similarity with respect to the 200 W sample, but not as
representative, since there is a decrease in orientation along (200) and an increase for both
(111) and (220). Finally, the 220 W sample exhibits a slight preferential growth along the
(111) and (200) directions.

As has been reported in other research, the evolution of texture is related to crystalliza-
tion processes, which are characterized by the deposition energy. Low deposition energies
lead to preferential orientation related to recrystallization of the grains that have the lowest
nucleation energy [45]. It is observed then, from Figure 4, that there is a competition in the
preferential orientation of crystallographic planes (111) and (200), that varies following a
defined behavior. As source power increases, preferential orientations change gradually
from (111) to (200) at constant texture values for the (220) peak. For the sample grown
with 200 W, (200) texture reaches its maximum and at the highest power values (210 W
and 220 W), (111) texture increases with the decrement of (200) texture, until the values
become approximately equal, slightly above to that corresponding to the free texture TaN
sample, meanwhile, (220) texture remains below this reference. This clearly shows that
there is a direct relation between ion energies reaching the substrate (related to power
source) and preferred orientation of growth, which is shown in texture variations, and
where those energies reach a certain value, energies of adatoms favored both (111) and
(200) orientation of growth, due to the tendency towards a structural conformation of
lower surface energy [46,47]. Mentioned competition, in our case, is due to the energy of
the incident ions and to a lesser extent to the flow ratio of gas ions to metal (which may
vary due to cathode poisoning), which cause strong anisotropy in potential energies and
diffusion of surface mobile species [48], where possibly, there is a competition between
surface energy and surface elastic surface energy.

In this way, the results lead to determine that the growth mechanisms that are imposed
in the formation of thin films of cubic tantalum nitride in its & phase are constituted by
good diffusion linked to the high growth energies, which lead to the high mobility of
target-dwelling species. This promotes homogeneous nucleation that leads to a good
crystallization of the phase, where the reflections for the smaller angles associated with the
planes (111) and (200) generally prevail, as the growing power increases and this becomes
evident with increasing crystallite size. There is no evidence in our results of a possible
re-evaporation of the deposited material or effects of possible polluting agents.

3.2. Scanning Probe Microscopy Analysis

Analysis of thickness, roughness, and grain size was performed using the AFM
technique in DFM in a non-contact mode [35]. Figure 5 shows a representative image used
to measure the thickness of the coatings corresponding to the sample grown at 210 W.
The thickness values for all the samples are shown in Table 1, where an increase in the
deposition rate is evidenced, this correlated with the increase in the applied power in the
deposition process [49].

Morphological analysis of TaN coatings was based on surface roughness Rq (Rms) and
the grain size. An example of AFM micrographs, showing surface morphology at different
scales, is shown in Figure 6, for a sample grown at 210 W.
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y- 20V

Figure 5. AFM image in isometric view of the thickness profile of the synthesized TaN sample
produced at 210 W.

Table 1. Thicknesses of TaN films synthesized at different powers.

Power of the Sample (W) Thickness (nm) Error (nm)
120 467.08 +34
150 424.02 +14
160 697.91 +3.5
170 579.26 +1.7
180 707.16 +3.5
190 560.33 +£35
200 524.4 +6.1
210 588.37 +1.1
220 645.96 +3.2

00pm 0.2 04 0.6 0.8

(b)

Figure 6. (a) Micrograph used to obtain the values of the roughness Rq (Rms) and (b) Micrograph
used to obtain the values of average grain sizes.

In general, all measurements resulted in low roughness without representative abrupt
grain height variations. This can be evidenced in the values reported in Table 2, where
considering the error, roughness does not exceed 30 nm approximately. It is important to
note that grooves associated to the polishing procedure on the AISI 304 steel, were also
observed in some regions of the surface coating, hence, morphological statistical analysis
was made focusing the measurement region where these grooves are not present.
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(a)

Table 2. Rq Roughness (Rms) of TaN films synthesized using the magnetron sputtering technique.

Power of the Sample Roughness Rq (Rms) (nm) Error (nm)
120 4.6 1.4
150 10.7 3.7
160 22.6 9.9
170 7.9 1.3
180 17.9 3.7
190 13.5 3.1
200 6.7 1.6
210 11.2 29
220 8.2 2.7

An increase in the roughness of the films at 120, 190, and 220 W can be observed in
Figure 7, where grain definition is evident as deposition source power increases. It has been
shown that amorphous surface morphology, referring to those surfaces with shallower
depressions or channels and hence a smoother finish, are produced at low deposition source
power. As power increases, the formation of deeper channels and the protrusion of grain
start to occur, increasing roughness. The last step of the mentioned mechanism is related
to crystallization processes favored by power increments (see Figure 1), where a defined
crystal flat surface should start to show decreasing roughness [50-52]. It is evident that the
range of power applied in this work does not reach the values that favor the mentioned
surface flatting process. In the case of the present work, applied power only enables the
definition of the grain increasing roughness.

(b) (©)

Figure 7. Micrograph of the surface of the films grown at different powers (a) 120 W (b) 190 W
(c) 220 W.

The transition from amorphous surface morphology to a defined grain surface struc-
ture can be explained by the tendency of grain size, as power in the deposition process, is
augmented. This behavior is shown in Figure 8. For samples deposited at 150 W, a high
grain size varying from 70 to 120 nm is observed, which can be related to irregularity or an
amorphous surface topography. In this sense, large size cumulates of coating result in a
high size grain and the same occurs for small size cumulates, resulting in low size grains.

This is the reason for the high error observed for this data point. As applied power
is increasing, these amorphous large grains start to shrink (samples grown at 160, 170,
and 190 W) as a consequence of the definitions of crystalline grains on the surface and
subsequently, at higher power values, grains grow as a consequence of recrystallization
processes [50]. From the results shown in Figures 2 and 8, it is evident that for some samples,
crystallite size becomes higher than grain size, which can be assumed as an unusual result.
Nevertheless, it is important to note that crystallite size, given by line profile analysis, is
measured along the direction of growth of the coating, and the grain obtained from the
AFM technique is a lateral measurement (along the plane of the coating); therefore, for
non-homogeneous materials, like coatings and thin films, where the biaxial length are
considerably larger than the thickness of the material, crystallite and grain size are not
always measured along the same direction.
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Figure 8. Grain size for different deposition source powers.

3.3. Corrosion Resistance Analysis

The potentiodynamic polarization curves in the Tafel region for the different coatings,
grown at different powers, are shown in Figure 9. It can be observed how the samples
grown at 180, 190, 200, and 220 W move at anodic potentials with respect to austenitic
304 steel, which represents a more noble tendency of the surface [53].
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Figure 9. Potentiodynamic polarization for all samples.

Samples 160 W, 170 W, and 210 W, show cathodic potentials, which implies more
aggressive corrosion, as can be corroborated in Table 3. This corrosion mechanism is further
supported by the corrosion rates presented. Table 3 also shows the calculated values of
corrosion current (Icorr), corrosion potential (Ecorr), polarization resistance (Rp), and cor-
rosion rate. The results show an increase in the polarization resistance through the increase
in the synthesis power, exhibiting values of the order of kQ cm?, giving the coatings a good
protective efficiency. The high resistance to polarization can be attributed to a thin passive
inert layer of TapOs that forms in this type of nitride [54]. In previous investigations, it has
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been constantly reported that physical vapor deposited (PVD) coatings are characterized
by possessing different types of defects such as holes, cracks, and impurities, among others,
due to their chemical composition, structure, and deposition parameters. In aggressive
environments, these defects can be direct paths to the substrate, thus causing localized
corrosion and a decrease in protective efficiency [55].

Table 3. Variables obtained from the polarization experiment.

Corrosion Rate

Sample Icorr (u.A) Ecorr (mV)  Rp (kQ-cm?) P (%)
(mmpy)

304 6.55 44.69 3.24 1.55 x 1073 -
160 4.88 45.78 3.40 115 x 1073 25.49
170 12.49 57.56 1.40 295 x 1073 0
180 4.29 26.17 441 1.01 x 1073 34.50
190 2.71 34.25 7.83 6.41 x 1074 58.62
200 2.44 40.07 7.97 572 x 1074 62.74
210 21.12 59.77 1.16 5.00 x 1073 0
220 2.35 33.92 8.27 551 x 104 64.12

The energy with which the material strikes the growing film during its deposition can
also influence the density of these defects through the variation of the energy with which
the ions reach the surface of the substrate, which could influence the atomic distribution
surface and generate changes in the corrosive behavior of the coatings. The protective
efficiencies of the coatings are listed in Table 3.

Additionally, comparing the corrosion rate and the grain size at different growth
powers, it was observed that there is an inverse correlation; the higher the grain, the lower
the corrosion resistance of the coatings, mainly attributed to the decrease in the number
of grain boundaries [56]. In Table 3, it is presented how corrosion resistance behaves with
increasing growth power.

3.4. Electrochemical Impedance Spectroscopy (EIS)

The behavior of impedance as a function of frequency is shown in Figure 10a. The
Bode diagram corresponding to the phase angle in Figure 10b clearly shows two-time
constants for samples 160 W and 210 W. The peak at high frequencies is related to the
capacitive behavior of the coating and the peak at low frequencies to the capacitive behavior
of the substrate in pores [57].
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Figure 10. (a) Phase module as a function of frequency, (b) Phase angle as a function of frequency.
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The loss of phase shift for some samples at low frequencies represents the loss of
the dielectric properties of the substrate in the pores, which makes the accumulation of
charge between the two interfaces (coating-electrolyte and substrate-electrolyte) hardly
distinguishable. The attempt to form a significant phase shift at low frequencies shown by
samples 170, 180, 190, 200, and 220 W may represent a sudden loss of the passive oxide
layer formed in the pores, indicating that the electrolyte reached the substrate much more
invasively than in the other samples. The diffusion of some reactants such as oxygen
through the system depends largely on the type of grain boundaries present in the pores of
the coating. For this reason, the microstructure of the coatings is related to the diffusive
behavior [58], which could give us indications of a possible columnar structure in samples
170, 180, 190, 200, and 220 W, and an equiaxed or amorphous vitreous structure in samples
160 and 210 W that showed a significant lag. Furthermore, the austenitic 304-steel substrate
showed highly capacitive behavior only at high frequencies, which gives an indication of
its low porosity [59].

4. Conclusions

e  The successful synthesis of tantalum nitride has been achieved using the reactive
DC sputtering technique and the effect of growth power on phase formation and
microstructure has been investigated to reach an understanding of the growth mecha-
nisms that predominate in the formation of the compound;

e  Despite the fact that TaN is a material that is characterized by its great richness and
coexistence of phases, with the parameter configuration used in this work, nanocrys-
talline films of the cubic 5-TaN structure were obtained for source power above 170 W,
despite the low nitrogen content used, where it was then expected to obtain «-Ta or
hexagonal e-TaN; below this value, amorphous phases were obtained;

e  Growth mechanisms were identified to be strongly related to the energy of ions
reaching the substrate, where stress transition from compressive to tensile as applied
power increases according to a variation in lattice parameter from 4.32 to 4.34 A (free
lattice parameter for 5-TaN is 4.34 A), is related to energy decrement of nitrogen ions
due to the collision frequency variations as a function of power;

o  Conventional diffusion increment of adatoms on the growing coating is favored as
power goes from 170 W to 190 W, which is evidenced by the increment of crystallite
size from 50 nm to 100 nm approximately. Subsequently, when power is increased to
200 W, an abnormal lowering in crystallite size is observed, implying an additional
mechanism for diffusion, which consists of the collision frequency increment for Ta
and N atoms, associated with adatom energy loss. Finally, higher power values lead
to reactivation of diffusion processes due to the fact that energy loss due to collisions
is recovered by the high potential applied to the deposition, implying a crystallite size
growth above 100 nm;

e  An additional mechanism is evident when microstrain increases simultaneously with
crystallite size. This mechanism consists of the bombardment of reactive and neutral
species against the growing coating when higher power is applied;

e  From texture analysis, growth directions are influenced by the energy dissipation
of adatoms in the substrate/growing coating surface. In addition to this, the high
deposition rate and the low surface roughness of the samples is evidence of the high
energy of the incident atoms. It was then possible to determine that excellent diffusion
and homogeneous nucleation are the particular growth mechanisms that favor the
formation of 8-TaN, for certain applied power values;

e  The performance of the electrochemical tests allowed the determination that the
increase in the grain size reduces the corrosion resistance of the coatings. However,
it was also observed that the higher the deposition power, the better the corrosion
resistance, achieving efficiencies of between 20 and 60%;

e  Further work could be focused on the analysis of the cross-section of these coatings in
order to correlate the specific mechanisms and lateral grain morphology (columnar
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and/or granular). Also, it would be very revealing to evaluate structural, microstruc-
tural, and morphological parameters with varying coating thickness in order to identify
mechanisms at different stages of growth. It is important to note that knowing the
mechanisms involved in the growth of this type of material by important techniques,
such as magnetron sputtering will lead to the design and synthesis of coatings with
specific desirable properties.
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