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Abstract: The possibility to tune the elemental composition and structure of binary Me oxynitride-
type compounds (Me1Me2ON) could lead to attractive properties for several applications. For this
work, tantalum-titanium oxynitride (TaTiON) thin films were deposited by DC reactive magnetron
co-sputtering, with a –50 V bias voltage applied to the substrate holder and a constant substrate
temperature of 100 ◦C. To increase or to decrease in a controlled manner, the Ti and Ta content in the
co-sputtered films, the Ti and Ta target currents were varied between 0.00 and 1.00 A, in 0.25 A steps,
while keeping the sum of the currents applied to the two targets at 1.00 A. The reactive gases flow,
consisting of a nitrogen and oxygen gas mixture with a constant N2/O2 ratio (85%/15%), was also
kept constant. The single-metal oxynitrides (TaON and TiON) showed a low degree of crystallinity,
while all the other co-sputtered films revealed themselves to be essentially amorphous. These two
films also exhibited higher adhesion to the metallic substrate. The TaON film showed the highest
hardness value (14.8 GPa) and the TiON film a much lower one (8.8 GPa), while the co-sputtered
coatings exhibited intermediary values. One of the most interesting findings was the significant
increase in the O content when the Ti concentration surpassed the Ta one. This significantly influenced
the optical characteristic of the films, but also their electrical properties. The sheet resistivity of the
co-sputtered films is strongly dependent on the O/(Ta + Ti) atomic ratio.

Keywords: ternary oxynitride; co-sputtering; hardness; adhesion; wear

1. Introduction

Transition metal oxynitrides are a group of ceramic materials that are characterized
by the possibility of changing the ratio between the nitrogen and oxygen content, and
the one between the transition metal and the non-metallic elements (Me/(O + N)), which
allows for controlling a broad spectrum of properties suitable for many applications:
optical properties, especially obtaining a wide range of colours; electrical properties, from
conductive to insulating, variable mechanical properties, etc.

Hereinafter, a short overview on the tantalum and titanium-based oxides, nitrides,
and oxynitrides (TaO, TaN, TaON, TiO, TiN, TiON) will be presented, with emphasis on
their actual and potential applications.

One of the most common variants of tantalum oxides is tantalum pentoxide (Ta2O5).
It is extensively studied due to its high dielectric constant, high refractive index and
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good thermal and chemical stability, properties which make it a strong candidate for
microelectronics applications. Other applications of tantalum pentoxide include anti-
reflection coatings deposited on the surface of solar cells, optical transmission paths (optical
fibres), insulating material in devices requiring high permittivity [1], as well as in the
manufacture of metal-oxide-semiconductor field effect transistors [2]. Tantalum pentoxide
can also be used as protective coatings or components of storage capacitors in HDRAM
(High-density random-access memory) units. Related to the example presented above, there
are a few drawbacks, the most significant being related to the fact that tantalum pentoxide
crystallizes at temperatures above 600 ◦C, with negative effects on its performance [1].
Due to its high chemical stability, tantalum pentoxide is also a promising biocompatible
material, and it can be used as a catalytic material for wastewater treatment and for the
decomposition of water to obtain hydrogen for energy purposes [3,4].

Transition metal nitrides are known for their remarkable properties which include
high hardness, high temperature stability, chemical stability, etc. These nitrides can be used
as wear-resistant coatings, protective coatings and structural elements in integrated circuits,
among other applications. Tantalum nitride can be used as thin-layer resistors [5], diffusion
barriers [6] or wear-resistant hard layers [7,8]. The properties of tantalum nitride thin films
depend on their microstructure and composition. A search in the literature, regarding the
reported tantalum nitride phases, resulted in an extensive list. Some examples are TaN0.05,
Ta2N, TaN0.8–0.9, and TaN [9], ε-TaN, θ-TaN and δ-TaN [10], Ta2N, Ta5N6, and Ta3N5 [11].
The electronic properties range from good conductors, like Ta2N, TaN or Ta5N6 to more
semiconductor phases, like Ta3N5 [11].

Tantalum oxynitrides demonstrate having application potential, in general, in a much
larger domain, in relation to the corresponding metallic nitrides and oxides [12–14]. In
terms of electrical resistivity, it was found that this parameter varies in a very large domain.
As a thin film, produced by magnetron sputtering, its electrical resistivity may vary from
5.29 × 10−4 Ω cm (for a flow of 2.5 sccm of reactive gas - 15% O2 + 85% N2 - and a
grounded substrate holder), up to 1.93 × 106 Ωcm (for a flow of 30 sccm of reactive gas
mixture and a substrate polarization voltage of –100 V) [12]. Hardness values for tantalum
oxynitride coatings, varying from ~7 GPa up to ~22 GPa, depending on their composition
and structure, have been previously reported [14].

Titanium oxide is one of the most studied titanium-based materials. Titanium oxide
films were proposed for photocatalytic, electronic, optical, and optoelectronic applica-
tions [15–17]. Moreover, other applications are reported for TiO2, namely: corrosion
resistant coatings, anti-bacterial coatings, self-cleaning surfaces, etc. [18].

Titanium nitride has also been extensively studied. It is a versatile ceramic material,
which exhibits good wear and corrosion resistant properties, being widely applied on cut-
ting tools. Moreover, titanium nitride has biocompatible properties as well as a combination
of high ductility and hardness, leading to its use in the medical implants field [19].

The properties of TiON thin films depend on the O/N and Ti/(O + N) ratios. TiON
films can be used in many fields of applications: medical devices, selective solar absorbers,
dielectric layers, resistive layer in memory devices, thin film resistors, and as a photocata-
lyst [20]. Moreover, TiON films can be also used as decorative coatings due to the colour
variation when the O/N ratio is changed [21].

Since oxynitride coatings based on transition metals (MeON) can benefit from the prop-
erties of the respective oxides or nitrides of the particular metal, or can be characterized by
entirely new properties, the possibility to tune the elemental composition and the structure
of binary Me oxynitride-type compounds, containing two transitional metals (Me1Me2ON-
type), could further lead to attractive properties for several applications. Hereinafter,
results concerning some mechanical properties (hardness, elastic modulus, adhesion to the
substrate, wear behaviour), optical properties (colour coordinates and reflectance), and
electrical properties (sheet resistance) of co-sputtered TaTiON coatings will be correlated to
their deposition parameters, and to their chemical composition and structure.



Coatings 2022, 12, 36 3 of 16

2. Materials and Methods

Films belonging to the TaTiON system were deposited onto several types of substrates
by DC reactive co-magnetron sputtering. The selected substrates, needed for various
analysis techniques, were glass slides, silicon wafers, and AISI 316L steel disks (20 mm
in diameter, 1.5 mm in thickness) polished to a mirror-like finish. Before being inserted
in the chamber, all the substrates were cleaned with ethanol, to remove impurities from
the surface. Prior to the deposition process, the chamber was evacuated to a base pressure
lower than 1 × 10−5 Pa. The substrate holder was positioned at 70 mm from the high
purity targets (Ta and Ti 99.6%) with dimensions 200 mm × 100 mm × 6 mm. A suitable
rotation speed of the substrate holder was employed, to avoid the deposition of multilayer
structures. Before each deposition, the substrates were plasma etched, using a pulsed direct
current of 0.6 A, during 500 s, in an argon atmosphere, with a partial pressure around
0.3 Pa. The gas atmosphere during the deposition process was composed of argon as
working gas and a reactive mixture of nitrogen + oxygen (15% O2 + 85% N2). The argon
flow (70 sccm) was kept constant during all depositions, as well as the N2 + O2 gas mixture
flow (10 sccm). The films were deposited with a –50 V bias voltage applied to the substrate
holder. The substrate holder was heated by the Joule effect, thermostatically controlled to
maintain the temperature at 100 ◦C for all depositions. The temperature was measured
using a thermocouple. The homogeneity of the substrate temperature was guaranteed by
connecting the heater significantly before the beginning of the deposition (never less than
3 h) and by the rotation of the substrate holder during the deposition. The main variable
parameter was the applied target current on each target. To increase or to decrease, in
a controlled manner, the Ti and Ta content in the deposited films, the Ti and Ta targets
currents were varied between 0.00 and 1.00 A, in 0.25 A steps, but keeping the sum of the
currents in both targets always equal to 1.00 A. The equivalent total current density in
each deposition was 50 A/m2. These current configurations led to five different deposition
sessions, each one with the duration of 3600 s. Detailed deposition parameters can be found
in Table 1.

Table 1. Values of the experimental parameters used to deposit by reactive magnetron co-sputtering
films belonging to the TaTiON system (tf = thickness of the films).

Sample Code
Targets Current

(A)
Targets Voltage

(V)
(N2 + O2)

Flow
(sccm)

Ar Flow
(sccm)

Bias
(V)

tf (nm)
Ta Ti Ta Ti

Ta1–Ti0–ON 1 0 391 - 10 70 −50 934 ± 85

Ta0.75–Ti0.25–ON 0.75 0.25 424 360 10 70 −50 1006 ± 96

Ta0.5–Ti0.5–ON 0.50 0.50 421 383 10 70 −50 677 ± 73

Ta0.25–Ti0.75–ON 0.25 0.75 425 397 10 70 −50 417 ± 63

Ta0–Ti1–ON 0 1 - 436 10 70 −50 220 ± 44

The chemical composition of the coatings was assessed by Rutherford backscattering
Spectrometry (RBS). The measurements were made at the CTN/IST Van de Graaff acceler-
ator in the small chamber, where three detectors are installed: standard at 140◦, and two
pin-diode detectors located symmetrical each other, both at 165◦ (detector 3 on same side
as standard detector 2). Spectra were collected for 2.3 MeV 4He+, under normal incidence.
The RBS data were analysed with the IBA DataFurnace NDF v9.6 h [22]. Double scattering
was calculated with the algorithms given elsewhere [23], while pileup was calculated with
the algorithms given in [24]. Several of the samples showed spectral features which are
characteristic to the presence of surface roughness, in some cases eventually with the for-
mation of islands or other forms of surface non-uniformity. Consequently, the simulations
were done by introducing a thin Ta layer with very large thickness standard deviation,
between the film and the substrate.
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The structure of the films was analysed by grazing incidence and symmetrical X-
ray diffraction (GIXRD and XRD) investigations, performed on the films deposited on Si
substrates with an Empyrean instrument (Panalytical, Almelo, Netherlands) set to work in a
parallel beam geometry with CuKα radiation (λ = 1.540598 Å), in the range of 2θ = 30–100◦.

Instrumented indentation measurements were performed on the films, to obtain the
indentation hardness and the indentation elastic modulus, using a CSM Instruments/Anton
Paar NHT2 nanoindenter (Corcelles-Cormondrèche, Switzerland), equipped with a Berkovich
geometry diamond pyramidal tip (tip radius = 100 nm), with the following protocol: 30 s
loading to the desired load, 10 s pause (dwell time, to minimize the creep effect), 30 s
unloading. The maximum applied load per each sample was chosen as a function of the
coating thickness, to avoid the influence of the substrate on the final results. At least
20 indentations were performed on each sample. The coating thickness was measured
in several locations by ball cratering, using a Calotest machine from CSM Instruments,
equipped with a 30 mm steel ball and diamond slurry as the abrasive entity.

The adhesion of the coatings to the substrate was quantified by scratch tests, using a
CSM Instruments/Anton Paar Microscratch Tester (Corcelles-Cormondrèche, Switzerland),
equipped with a diamond Rockwell geometry tip (radius = 100 µm). On each sample, at
least 5 tracks were performed, with the following protocol: progressive load from 0.03 N
to 10.00 N, loading rate 5.00 N/min, and scratch length of 2 mm. The results of interest
are the load responsible for the occurrence of the first cracks in the coating (Lc1), the load
necessary for the initial delamination (Lc2), and the load needed for the removal of more
than 50% of the coating (Lc3).

The wear behaviour was assessed on a rotational tribometer from CSM Instruments/
Anton Paar (Corcelles-Cormondrèche, Switzerland), against 6 mm diameter Al2O3 balls. At
least 3 wear tracks were carried out on each sample, with the following protocol: applied
load of 1 N, linear speed of 20 cm/s, stop condition 200 m. Before each test, the samples
and the friction couples were cleaned with ethanol and blow dried with compressed air.

The optical reflectance and the colour coordinates in the CIE L*a*b* space were
recorded with a 3nh YS4510 portable spectrophotometer (wavelength 400–700 nm), in
at least 3 regions of each sample, on the films deposited on glass slides, with a D65 standard
illuminant source, a measurement aperture of φ 4 mm, and a 10◦ observation angle.

The sheet resistance was measured with an Ossila 4-point probe meter with a 1.27 mm
spacing between the measuring probes, on the samples deposited on glass slides, using a
linear fit for the voltage–current curves.

3. Results and Discussion
3.1. Chemical Composition and Structural Development

Figure 1 presents the thickness of the deposited films as a function of the Ti and
Ta targets’ applied currents. The trend coincides to that of the deposition rate, since the
deposition period was set to 3600 s for each batch.

The thickness of the films decreases significantly from ~900 nm, for the sample without
titanium (Ta1–Ti0–ON), down to ~200 nm, for the sample without tantalum (Ta0–Ti1–ON).
It seems that a slight increase in the deposition rate happens from ITi = 0.00 A (ITa = 1.00 A)
to ITi = 0.25 A (ITa = 0.75 A), but, for titanium target currents above 0.25 A (and tantalum
currents below 0.75 A), the co-sputtered coatings follow a decreasing linear trend of the
thickness. The sputtering yield of these two elements is rather similar, which translates to
relatively similar sputtering rates for the pure elements, the one for Ta being 85 Å/s, while
the deposition rate for Ti is 80 Å/s [25].
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Figure 1. Coating thickness as a function of the Ti and Ta target applied currents.

The justification for the observed behaviour should be sought elsewhere. The sputtered
atoms ejected into the gas phase are not in a pure thermodynamic equilibrium. In any case,
the standard enthalpies of formation of the compounds, which might form during the de-
position process, may help to explain the trend of the thickness (Figure 1) and the chemical
composition (Figure 2). The values found in literature are: ∆H0

f (TaN) = − 251 kJ·mol−1,

∆H0
f (TaO2) = −201 kJ·mol−1, ∆H0

f (Ta2O5) = −2046 kJ·mol−1, ∆H0
f (TiN) = −265.8 kJ·mol−1,

∆H0
f (TiO) = −519.7 kJ·mol−1, ∆H0

f (TiO2) = −944 kJ·mol−1, ∆H0
f (Ti2O3) = −1520.9 kJ·mol−1,

∆H0
f (Ti3O5) = −2459.4 kJ·mol−1 [26]. Based on these values, it would seem that, for sim-

ilar stoichiometry compounds (e.g., TaN vs. TiN, TaO2 vs. TiO2, etc.), the ones based on
titanium are more favoured to be formed. The higher reactivity of Ti towards N, and partic-
ularly towards O, when compared to the affinity of Ta to the same elements, is reflected in
Figure 2. When the current of the Ti target increases, the non-metal/metal ratios tend to
increase, particularly the O/Ti when I(Ti) > 0.5 A (Figure 2b). Consequently, when the
amount of Ti atoms sputtered from the target is increased, due to the higher applied current,
the probability of formation of compounds (especially oxides) is higher. However, this
phenomenon could lead to a higher degree of target poisoning, since the compounds are
not only formed on the substrate surface, but on other surfaces of the deposition chamber
(including the target) as well. Generally, the sputtering rate of compounds is significantly
lower than that of the elemental targets. Since the target would be working in poisoned
mode, fewer elemental atoms are released through sputtering, which could explain the
lower deposition rate. Another aspect that may contribute to explaining the higher deposi-
tion rate observed for Ta richer films is related to the higher chemical bond length of Ta
compounds compared to analogous Ti compounds (e.g., TaN vs. TiN, TaO2 vs. TiO2, etc.).
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Figure 2. Chemical composition (a) and atomic ratios (b) and (c), as a function of Ti and Ta target
applied currents.

Figure 3a,b presents grazing incidence XRD patterns of the deposited oxynitride films.
According to these results, due to the presence of characteristic diffraction peaks, the
single metal element oxynitrides (Ta1–Ti0–ON and Ta0–Ti1–ON, Figure 3a) exhibit a certain
degree of crystallinity. On the other hand, all the other co-sputtered samples (TaTiON,
Figure 3b) showed an amorphous structure, regardless of the deposition parameters.
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Figure 3. Grazing incidence XRD patterns of the single-sputtered coatings (a) and co-sputtered
coatings (b).

It seems that the competition occurring between the metallic elements, to react with
the gases and to form compounds, leads to a hindering of the crystal formation and growth.
It cannot be overlooked that the relatively high atomic radius difference between Ti and
Ta does not contribute to the formation of perfect crystals, particularly in the case of
substitution of Ti by Ta or Ta by Ti, in the crystal lattices. The influence of the chemical
composition can also be observed in relation to the phase attribution of the crystalline
phases, depicted in Figure 3a. The formation of nitride crystallites was favoured during the
deposition of the Ta1–Ti0–ON sample (TaON film), which can be correlated to the higher
nitrogen content in the working atmosphere. In fact, when comparing the composition
ratios of this sample (Figure 2c), the N/Ta ratio (~1.4) is approximately double that of the
O/Ta ratio (~0.7). The XRD pattern of the TaON film exhibits significantly better-defined
peaks, when compared with the TiON diffraction pattern, and reveals a polycrystalline
structure. The diffraction peaks can be assigned to the face-centred cubic (fcc) phase of
TaN (ICDD card 04-019-2403), probably doped with some oxygen. These diffraction peak
positions are very close to those of the fcc phase of TaO (ICDD card 03-065-6750). Although
the formation of Ta2O5 is thermodynamically favoured compared to the formation of TaN
(see enthalpy of formation values), the kinetic mode prevails due to significantly higher N2
partial pressure when compared to O2.

Conversely, the diffraction peaks and bands corresponding to the Ta0–Ti1–ON sample
(TiON film) coincide with the location of either metallic orthorhombic phase of Ti (ICDD
card 00-055-0345), but more probably, based on the chemical composition of the sample, to
the rutile phase of TiO2 (ICDD card 00-021-1276). One exception can be observed in the
case of the diffraction peak located at 2θ = ~43.5◦, where a peak of the TiN0.6O0.4 structure
could be assigned (ICDD card 00-049-1325). In the case of the TiON film, the O/Ti ratio
(2.1) is almost stoichiometric to TiO2, and it is significantly higher than the N/Ti ratio
(0.5) (Figure 2c). Consequently, the formation of oxides is favoured over that of nitrides,
although the O2/N2 ratio in the working atmosphere is less than 0.2. It seems that, in
this case, the thermodynamic mode is predominant, particularly when compared to the
phenomena observed for the TaON film. One can observe from the thermodynamic data
that the difference between the enthalpy of formation values of the Ti oxides compared to
the Ti nitrides is higher relatively to the analogous Ta oxides and nitrides. This fact has



Coatings 2022, 12, 36 8 of 16

an impact on the composition (Figure 2a) and on the structural evolution (Figure 3a) of
the films.

Furthermore, the samples obtained with intermediary current values (Ta0.75–Ti0.25–
ON and Ta0.25–Ti0.75–ON) exhibit a broad band in the 2θ = ~30◦–40◦ region, which could
signify the formation of poorly developed crystallites in an amorphous matrix. Going into
more detail, for the co-sputtered film richer in Ta (Ta/Ti = 5.5), the kinetic mode seems to
dominate, inferred from the following: N/(Ta or Ti) > O/(Ta or Ti). For the film richer in Ti
(Ta/Ti = 0.9), the thermodynamic mode seems to prevail, since O/(Ta or Ti) > N/(Ta or Ti).
In a certain way, these results confirm the sputtering modes discussed above for the single
metal oxynitride films.

The sample deposited with 0.5 A applied to each metallic target is entirely amorphous.

3.2. Mechanical Properties

The variation of both indentation hardness and elastic modulus, as a function of the
applied current on each target, is shown in Figure 4. One can observe that these parameters
vary in a rather large domain, from ~7 GPa up to ~15 GPa for the hardness, and from
~70 GPa up to ~220 GPa for the indentation elastic modulus. The observed trend is probably
related to the higher O content promoted by the increase of the current on the Ti target
current. The deviation observed in the case of Ta0–Ti1–ON sample (TiON film), especially
in the case of hardness, can be a consequence of the significantly lower penetration depth
of the indenter (~20 nm), due to the lower thickness of the coating (~200 nm). In situations
like these, the combination of two factors may be responsible for the observed behaviour:
the roughness and the indentation size effect (ISE), where the reduction of the load on the
indenter and the indent size lead to an increase in the hardness as the load on the indenter
decreases [27]. Using these two material characteristics (H and E), the H/E and H3/E2

ratios can be obtained, useful for predicting the behaviour of a material.

Figure 4. The variation of the indentation hardness and elastic modulus as a function of Ti and Ta
target applied currents.

The variation of the H/E and H3/E2 ratios as function of the deposition conditions is
presented in Figure 5. The H/E ratio, called elastic strain to failure, can be used to predict
the resistance against wear of a material. Higher values for this ratio generally signify a
better wear and failure resistance. Coatings with high hardness and rather low values of
the indentation elastic modulus should exhibit improved facture toughness. Materials with
high H/E ratio have a small plasticity index, meaning that their deformation under load is
more likely to be elastic than plastic. The consensus regarding this H/E ratio is that, if it is
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larger than 0.1, the material is resistant to cracking [28]. The H3/E2 ratio is used to assess
the resistance to plastic deformation, highlighting the material’s elasticity.

Figure 5. The variation of the H/E and H3/E2 ratios (H/E—elastic strain to failure ratio,
H3/E2—indicator of a material’s resistance against plastic deformation) as a function of Ti and
Ta target currents.

The critical loads obtained after the scratch tests, which give an indication on the
adhesion/cohesion of the substrate/coating system, exhibiting relatively different trends,
compared to the observed trends of the variation of H and/or E (Figure 6).

Figure 6. The variation of the scratch test adhesion critical loads: Lc1—first cracks; Lc2—first
delamination; Lc3—total film removal.

It is worth mentioning that not all critical loads were observed on each sample. The
amorphous samples did not exhibit the formation of any cracks for the selected interval
of loads applied on the indenter, most probably due to their amorphous character and
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relatively low H/E ratio values. Once the current applied on the Ta target is gradually
decreased, both the load which causes the first delamination (Lc1) and the one necessary
for film removal (Lc3) decrease. However, the samples with the highest oxygen content
(Ta0–Ti1–ON) and the lowest nitrogen content (Ta0.25–Ti0.75–ON), both produced with
I(Ti) ≥ 0.75 A and I(Ta) ≤ 0.25 A, delaminate entirely due to increasingly higher loads.

Comparing the common critical load observed in all the substrate/film systems (Lc3)
with the composition (Figure 7), a decrease of the critical load is observed when ITa decreases
(ITi increases) until the targets are under the same current (0.50 A). This is probably due
to the decrease of the Ta content, although the N content is more or less constant. As it
was discussed previously, comparing the two metallic elements’ affinity to the reactive
species, tantalum atoms showed higher affinity to nitrogen than titanium atoms, forming
tantalum nitride crystals (eventually with some O doping). The richest film in crystalline
tantalum nitride (Ta1–Ti0–ON) is the hardest and the most adherent, and the continuous
decrease of the Ta content does not contribute to the formation of this metal nitride and
apparently the hardness and the adhesion are both decreasing, as a consequence. However,
when ITi > 0.50 A, a significant increase of O content (and strong decrease of N content)
was observed, and this fact seems to strongly contribute to an adhesion increase, although
the hardness continues to decrease. This may be related with the relatively high ductility of
these films, as the micrographs presented in Figure 8 show.

Based on the micrographs from Figure 8, the coatings seem to become more and
more ductile as the oxygen content is increased (inferred from the aspect of the first
delaminations—Lc2). The difference between the crystalline samples is most evident if
one observes the shape and direction of the cracks in the coating (Lc1), where sample
Ta1–Ti0–ON exhibits tensile cracking, while sample Ta0–Ti1–ON exhibits conformal crack-
ing. Moreover, sample Ta0–Ti1–ON was the only configuration that did not exhibit the
occurrence of intermediary delaminations, a phenomenon which might be related to the
fact that this sample is the only one which exhibits a H/E ratio larger than 0.1.

Figure 7. Correlation between critical load Lc3 and the composition and deposition parameters.
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Figure 8. Representative micrographs of coating failure: Lc1—first cracks; Lc2—first delamination;
Lc3—total film removal.

The wear behaviour was assessed on a rotational tribometer, against Al2O3 balls. From
the variation of the friction coefficient as a function of distance, shown in Figure 9, the
following observation can be made: all samples, with the exception of the bare substrate,
exhibit a low friction regime, from up to ~30 m for sample Ta1–Ti0–ON, down to ~10 m
for sample Ta0.5–Ti0.5–ON, followed by a high friction regime, which would signify that
the substrate was breached by the Al2O3 ball. The better wear behaviour of sample Ta1–
Ti0–ON could be linked to its higher hardness. Interestingly, even if sample Ta0–Ti1–ON
has the lowest thickness, it behaves adequately during wear tests, exhibiting a low friction
regime for a larger duration relative to the other samples.
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Figure 9. The variation of the friction coefficient as a function of distance.

3.3. Colour Coordinates and Reflectance

The perceived colour of the coatings deposited on steel substrates is shown in Figure 10.
One can observe that two films with highest Ta-content (Ta1–Ti0–ON and Ta0.75–Ti0.25–
ON) are dark-grey, while the ones with increasing Ti and O content exhibit typical interfer-
ence coloration.

Figure 10. The perceived colour of the TaTiON coatings: 1—Ta1–Ti0–ON; 2—Ta0.75–Ti0.25–ON;
3—Ta0.5–Ti0.5–ON; 4—Ta0.25–Ti0.75–ON; 5–Ta0–Ti1–ON.

Since the perceived colour of a material depends on the illuminant, a proper compar-
ison was made using the CIE L*a*b* colour coordinates system. The variation of the L*,
a*, and b* coordinates from the CIE L*a*b* colour space, as a function of the deposition
parameters, is shown in Figure 11. The colour parameters of the two films produced with
highest Ta target current (Ta1–Ti0–ON and Ta0.75–Ti0.25–ON) are significantly different
from the remaining three films (shadowed region of Figure 11). The variation of the colour
parameters between these two samples is relatively small, as expected from the perceived
colour of Figure 10. The lightness component (L*) is close to 0, coherently with the dark
grey perceived colour. With regard to the chromatic components (a* and b*), both exhibit
low chroma (a* and b* very close to 0) and both suffer a slight shift to lower values: a*
decreases from 0.13 ± 0.22 to −0.39 ± 0.19, for sample Ta1–Ti0–ON (TaON film), and b*
from 0.05 ± 0.83 to −2.12 ± 0.48, for sample Ta0.75–Ti0.25–ON.
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Figure 11. The variation of the colour coordinates in the CIE L*a*b* colour space.

The remaining three films exhibit large differences among them. It must be mentioned
that these changes are not related only with the interaction with visible radiation with the
film surface. The relatively high O content promotes the formation of oxides, which are
generally transparent to visible light, as it is the case of TiO2. Because of this transparency,
the colour parameters are resultant not only from the intrinsic colour of the film but also
from what it is below the surface, substrate included. These observations can be confirmed
by the diffuse reflectance spectra of the samples (Figure 12a,b).

Figure 12. The variation of the reflectance as a function of the wavelength of the incident radiation:
(a) Ta1–Ti0–ON and Ta0.75–Ti0.25–ON; (b) Ta0.50–Ti0.50–ON, Ta0.25–Ti0.75–ON and Ta0–Ti1–ON.

The reflectance spectra of Ta1–Ti0–ON and Ta0.75–Ti0.25–ON samples (Figure 12a) are
low (dark films). The reflectance of the Ta0.25–Ti0.75–ON film is typical of a transparent
material, exhibiting interference fringes coherent with its thickness (Table 1). The Ta0–Ti1–
ON sample (TiON film) seems to be too thin to exhibit the interference fringes, and the film
produced with the same current applied to both targets (Ta050–Ti0.50–ON) is probably in
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the limit of being transparent to the visible radiation, although some waviness is detected
when λ > 520 nm.

3.4. Sheet Resistance

The values of the sheet resistance and of the O/metal ratio of the films produced in
co-sputtering mode are depicted in Figure 13. As expected, a significant increase of the
resistivity is observed when the O content of the samples increases. It would be difficult to
find a better correlation between the sheet resistance and the atomic ratio O/(Ta + Ti) as
the one expressed in the figure.

Figure 13. Sheet resistance measured by the 4-point probe method for the co-sputtered TaTiON
coatings and correlation between sheet resistance and the O/(Ta + Ti) atomic ratio.

4. Conclusions

Co-sputtered tantalum-titanium oxynitride (TaTiON) thin films were deposited sys-
tematically by reactive magnetron sputtering. A titanium oxynitride (TiON) and a tantalum
oxynitride (TaON) film were deposited in the same conditions of the co-sputtered films.
Only these two single metal oxynitride films revealed some degree of crystallinity, higher
for the TaON than the one exhibited by the TiON film. It was observed that the deposition
rate is linked to the Ti content, the higher the Ti content, the lower deposition rate of the
produced films. The deposition rate decreased from 2.8 Å/s, for the film with the lowest
Ti content, to 0.6 Å/s for the film with the highest Ti content. The single metal oxynitride
films also exhibited the highest critical load values (total film removal), both higher than
8 N. The TaON coating exhibited the highest hardest of all coatings (14.8 GPa), while the
hardness of the TiON film was significantly lower (8.8 GPa). The co-sputtered coatings
have intermediary properties, in terms of mechanical behaviour (hardness, adhesion crit-
ical loads). A significant increase of the O content occurred for the films where the Ti
concentration was larger than the one of Ta. Consequently, the optical characteristic of the
films changed significantly: the films with highest O content became transparent to visible
radiation, due to the formation of oxides, particularly titanium dioxide. The sheet resistance
of the co-sputtered films revealed to be strongly dependent on the O/(Ta + Ti) atomic ratio,
varying in a rather large domain, from 247 ± 0.07 Ω/sq for the Ta0.75–Ti0.25–ON sample,
up to 3.26 ± 0.11 × 106 Ω/sq for the Ta0.25–Ti0.75–ON sample.
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