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NbXAlyNZ thin films were deposited by magnetron sputtering reactive technique with (y/x+y)
ratio varying from 0 to 0.4, in order to maintain aluminum atoms inside NbN matrix in solid solution.
GAXRD analyses revealed that the crystalline phase obtained for NbXAlyNZ thin films was B1-NbN
with a lattice constant shrinkage as Al concentration at these coatings was increased. Due to similarity
in electro negativity values between Nb and Al, XPS analyses could not verify pronounced changes
among as deposited NbelyNL coatings. The average hardness values evidenced that solid solution
strengthening mechanism did not increase hardness significantly. The oxidation resistance increased with
Al content and no oxide phases were registered by GAXRD analyses for coating with more aluminum
added. However, SEM images revealed bubbles after oxidation at high temperatures for all samples.
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1. Introduction

Niobium nitride (NbN) has been widely explored as
protective coatings mainly due to properties such as high
hardness and wear resistance, providing an interesting option
for applications that require good mechanical performance'~.
Initially, NbN was used as a component in multilayered thin
films along with titanium nitride (TiN)*3, showing significant
improvements regarding hardness and corrosion resistance.
Remarkably, when the two nitrides were analyzed separately
in those works, NbN showed higher hardness and wear
resistance values compared to TiN.

Despite the good mechanical properties, oxidation
temperature of NbN is near to 700 K¢, which compromises
its applicability in high temperature service conditions. One
possibility to hinder NbN oxidation process is the addition of
a third chemical element, in its matrix, such as aluminum. Al
atoms have already been successfully incorporated in Ti(Al)
N, Cr(ADN, Zr(ADN and Ta(ADN thin films, improving
the oxidation resistance besides good results in coatings
mechanical properties’!'. However, as seen in the literature,
adding a different element or molecule to coatings matrixes
is highly prone to result in strong changes on the formed
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structure and properties'?. In particular, when aluminum
solubility limit is exceeded, hexagonal AIN phase (B4-AIN)
is commonly formed, rendering the ternary coating an
improved oxidation resistance but strongly decreasing global
mechanical resistance’”!*!, suggesting the best results for
thermal stability and mechanical properties for these nitrides
are obtained when aluminum atoms are exclusively in solid
solution, without hexagonal AIN grains formation'*'*.
Notably, Al solubility in NbN matrix has been reported
to be highly dependent on the formed structure. It is relevant
to the formation of ternary NbXAlyNZ, given the numerous
crystalline structures that pure NbN can manifest, i.e.,
hexagonal B-Nb,N, 3'-NbN, &-NbN and fcc 5-NbN. Earlier
works have demonstrated that the latter can accommodate
more Al atoms in solid solution compared to the others
NbN crystalline structures, retarding therefore B4-AIN
or transitions phases formation in NbelyNZ with (y/x+ty)
ratio value up to 0.45'15, Thus, a few works reported the
thermal stability and tribological behavior for NbAIN cubic
structure (B1 phase) with Al in solid solution'*"7, however
none systematically concerning the influence of aluminum
content in B1-NbAIN on crystalline structure, chemical
bonds, hardness and oxidation at high temperatures.
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Hence, the present work aims to investigate how
the morphological and structural characteristics impact
hardness and oxidation resistance of NbelyNZ thin films
with rock-salt cubic structure, as well as pure NbN and
AIN coatings for comparative analyses. Coatings were
characterized by Rutherford Backscattering Spectrometry
(RBS), Glancing Angle X-ray Diffraction (GAXRD), X-ray
photoelectron spectroscopy (XPS), nanohardness, oxidation
tests at temperatures up to 873 K and Scanning Electron
Microscope (SEM).

2. Material and Methods

Coatings were deposited by reactive magnetron sputtering
with an AJA Orion equipment 5-HV Sputtering Systems
model. Niobium and aluminum targets with purity of 99.99%
were applied on RF and DC power supply, respectively.
Polyethylene and silicon wafer substrates used were subjected
to ultrasonic bath for 20 minutes with distilled water and
detergent and then dried. Furthermore, the silicon substrates
were subjected to a bath in hydrofluoric acid solution to
remove oxides existing on the surface.

For NbelyNZ coatings all deposition parameters were
kept constant, except for the Al target power which was varied
to achieve different aluminum concentrations. Additionally,
pure NbN and AIN coatings were deposited with the same
basic parameters of NbelyNZ coatings, but using only one
target at time. Prior to nitrides deposition, an interlayer of
Nb for NbN and NbelyNZ samples and Al for AIN samples
were deposited for 5 min. All main deposition parameters
can be seen in Table 1.

RBS analysis were performed using a 3 MV Tandetron
with alpha particles accelerated up to 2 MeV, with a silicon
based detector at an angle of 165° and resolution of 12
keV. The GAXRD analyses were executed on a Shimadzu
LabX XRD-6000 model (Cu-Ko. radiation; A = 1.54 A)
with grazing angle of 1°; scan speed = 2°/min; fixed time;
voltage =40 kV; current = 30 mA. Measurement values were
obtained at 26 from 20° to 80° and peaks were identified by
comparison with International Centre for Diffraction Data
(ICSD) data files.

XPS was recorded using a hemispherical spectrometer
PHOIBOS 150- SPECS equipped with X-Ray Gun (XR-50)
with an Al Ka source (soft X-ray source at 1486.6 eV, which

Materials Research

is non-monochromatic). The base pressure in the analysis
chamber was about 108 Pa. The anode was operated at 10
W (10kV, 10 mA) and the analyzer was operated at constant
pass energy of 50 eV for survey spectra and 20 eV for selected
regions. Before analyzes, all samples were subjected to
surface cleaning with Ar* (1.0 KeV) sputtering procedure
for 10 minutes. The ion source IQE12/38 from SPECS was
used, which allows the operation at 5 KeV beam energy. The
incidence angle is preselected to be 50°, as the sample was
not tilted (rotation angle at 0°). The binding energy shifts
due to surface charging were corrected using the C 1s level
at 284.6 eV, as an internal standard. The spectra were Shirley
background-subtracted across the energy region and fitted
using CasaXPS Version 2.3.15.

Hardness values were obtained through nanoindentation
tests in a Fisherscope HV 100 with a Berkovich indenter.
It was performed ten indentations for each analysis, with
depth of 40 nm, 10 mN load and 60 seconds for indentation.
Oxidation tests on NbN, AIN and NbelyNZ coatings were
conducted in a traditional electrical resistance furnace.
Samples were annealed in ambient atmosphere at 773 and
873 K for 30 minutes. Thereafter, samples were analyzed
again by GAXRD and nanohardness tests using the same
parameters mentioned above. Surface morphology after
oxidation tests was analyzed by SEM using a JEOL JCM
5700 microscope.

3. Results and Discussion

3.1 Composition characterization

NbelyNZ samples were analyzed by RBS in order to
precisely determine chemical composition of the coatings.
A typical RBS spectrum is shown in Figure 1, obtained from
pure NbN and Nb , Al O, N o
substrates were employed for RBS analyses aiming to eliminate

samples. Polyethylene

high background signal from the silicon wafer used in the
present work for other characterizations. Similar spectra (not
shown) were obtained for other NbelyNZ samples.
Additionally to the presence of aluminum peak, another
noticeable difference between both spectra is the width and
intensity in niobium and nitrogen peaks, respectively. The
first fact is attributed to the increased thickness associated
with aluminum incorporation, given that all parameters

Table 1. Main deposition parameters for NbN, AIN and NbelyNZ coatings.

RF power applied to Nb target (W/cm?)
(NbN, NbAIN_10, NbAIN_20 and NbAIN_40)

DC power applied to Al target (W/cm?)
Base Pressure (Pa)

Working Pressure (Pa)

Flow rates (sccm)

Deposition parameters niobium interlayer
(NbN, NbAIN_10, NbAIN 20 and NbAIN_40)

7.6

AIN=7.6; NbAN_10=0.5; NbAIN_20=3.0; NbAIN 40=5.0
1x10°

3x10!

Ar=14; N =7

2 min; 3x10'Pa; 100% Ar; 20 sccm; 7.6 W
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Figure 1. RBS result for the NbN and Nb , Al ,,0, N . samples.

regarding NbN were kept constant in all samples. The latter is
related to nitrogen raised concentration due to establishment
of Al - N bonds.

Using computational simulation software X-rump it was
possible to estimate the variation of aluminum concentration
for RBS spectra. Table 2 shows the chemical composition
obtained for all samples, which nomenclatures are based on
Al/(Nb+Al) ratio. Oxygen detected in the samples can be
explained as a contaminant derived from reactions between
Nb and residual O,/H,O molecules adsorbed in the chamber,
though similar oxygen concentrations are frequently found
for nitrides deposited by reactive magnetron sputtering!+!>!7.

3.2. Structure analysis

GAXRD obtained from as deposited AIN, NbN, NbAIN 10,
NbAIN_20 and NbAIN_40 samples are shown in Figure
2. AIN sample showed a hexagonal wurtzite B4 (JCPDS
65 - 1902) structure while NbN presented a cubic rock-salt
B1 (JCPDS 38 - 1155). NbXAlyNZ patterns maintained NbN
peaks, with no AIN phase identified. The peak at 38.2° is
related to the BCC niobium phase from Nb interlayer primarily
deposited for all Nb Al N, samples (JCPDS 35 - 789). The
Al interlayer peak was also observed on AIN diffractogram
at 44.6° (JCPDS 4 - 787).

Aluminum atoms addition in the ternary nitride coatings
promoted a shift of all NbN peaks to larger angles regions,
suggesting an interplanar distance shrinkage, from 4.38 A
for pure NbN to 4.28 A for NbAIN_40 sample. Such fact is
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Figure 2. XRD patterns for AIN, NbN and NbXAlyNZ samples as
deposited.

related to the substitution of Nb by Al atoms, since aluminum
possess a smaller ionic radius compared to niobium, 0.54 A
and 0.72 A, respectively's.

The average crystallite size was estimated by Debye-
Scherrer equation using the FWHM value from XRD
diffraction peaks. The values for samples NbN, NbAIN 10
and NbAIN_20 were basically the same, varying from 11.7
nm to 11.1 nm. However, for NbAIN 40 the calculated
crystallite size value was 13.1 nm, which is greater than
pure NbN and reveals a higher degree of crystallinity when
compared to other percentages.

In contrast, it is interesting to observe that this last
sample presented a broadening in (200) peak. According to
literature'?, at Al/(Nb+Al) ratio value close to 0.45, NbAIN
cubic structure transforms into hexagonal B, phase, which
represents the transition between B1 and B4 phases and
possess a similar formation energy to the cubic NbAIN
structure. Thus, such broadening probably indicates the start
point in a tendency to form the B, transition phase. That fact,
associated with the strong shift of BI-NbN peaks to higher
angles, suggests that in sample NbAIN 40 the aluminum
addition induced the disorder of original NbN cubic structure
more intensively in order to better accommodate aluminum
atoms. In other words, although the highest percentage of
Al atoms resulted in the increased grain size for plane (111),
the solid solution NbAIN with 40 at.% Al is probably close
to its solubility limit.

Table 2. RBS results with the composition of the deposited films on polyethylene substrate

Sample Nb (at.%) Al (at.%) N (at.%) O (at.%) (AV/(Nb+Al))*100
NbN 47.6 - 47.6 4.8 -
NDbAIN_10 40.6 4.9 49.6 4.9 10.7
NbAIN_20 372 9.7 483 4.8 20.6
NbAIN_40 28.6 19.1 47.6 4.7 40.0
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For a better understanding of the formed structures, XPS
analyses were performed and core-level spectra of Nb 3d, Al
2p and N 1s regions from NbN, AIN and NbXAlyNZ samples
are shown in Figure 3a, 3b and 3c, respectively. Sample
NbAIN_20 spectra for all regions presented very similar
results compared to NbAIN_40 sample and, for better spectra
visualization, these analyses will not be shown.

Figure 3a shows Nb 3d photoelectron region from NbN,
NDbAIN_10and NbAIN_40. The best fit deconvolution yielded
three doublets, the component with lower binding energy
(203.3 - 206.8 eV) was attributed to Nb 3d,, - Nb 3d,,
electrons of NbN compound'*?. The doublet component at
binding energy 204.0 eV (Nb 3d,,) was assigned to Nb-O-N
oxynitrides'?*?!. It could also be identified a small contribution
from Nb-O oxide phases at 206 €V for Nb 3d,, and 208.8
eV for Nb 3d, ***>*. These results are in agreement with
previous works'”?*, where oxide compounds are commonly
identified in sputtered thin films, and has also been found
in RBS analyses. No significant binding energy shift was
observed in this region as the Al concentration was raised.

The best fit from N 1s region for AIN, NbN, NbAIN_10
and NbAIN_40 samples is shown in Figure 3b. From AIN
sample, N 1s spectrum was deconvoluted into two peaks.
Peaks identified at 396.3 eV and 397.7 eV were attributed
to AIN and Al-O-N oxynitride compounds, respectively?2.
The core-level spectra from NbN sample yielded two peaks
at 396.7 and 397.4 eV, attributed to NbN compounds and
Nb-O-N oxynitride presence.

The NbAIN_10 core-level spectra showed a peak centered
at 396.9 eV, associated to NbN compounds, a peak at 396.3
eV attributed to AI-N bond!’?, and a weak peak centered
at 397.6 identified as Nb-O-N oxynitride compounds'”?’.
From NbAIN_40 sample, the N 1s spectrum revealed the
presence of characteristic peaks of NbN (396.7 eV) and
AIN (395.9 eV) nitrides, in addition to oxynitride presence
(397.4 eV). It is possible to observe a tendency of reduction
on energy values attributed to AI-N bonds with the increase
of aluminum concentration. However, this displacement is
lower than 0.5 eV, thus it is not possible to ensure a significant
change. From Holec et al.®®, the charge transfer in a solid
solution formed by Nb Al N, with cubic structure presents
a greater dispersion for N atoms. The charger transfer is
larger from Al to N than from Nb to N, which suggest that
the Al-N bond is more ionic than Nb-N one.
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In parallel, Al 2p spectrum of AIN and NbAIN_40
samples (Figure 3c) showed a peak at a binding energy of
73.4 eV, that could be assigned to AIN compounds!7*-3!,
Due to the high background noise caused by low aluminum
concentration, the spectrum obtained for samples NbAIN_10
and NbAIN_20 will not be shown. No significant binding
energy shift was observed between pure AIN and NbAIN_40
samples. The best fit deconvolution of this band also indicated
the presence of a weak peak centered at 74.3 eV, which was
attributed to the presence of aluminum oxides?!#2,

From Nb 3d and Al 2p regions it is possible to suggest
that the electronic surroundings of both atoms is not affected
by the presence of the other. This fact may be associated
with the similar electro negativity between Nb and Al
atoms, which is 1.6 and 1.5, respectively. From this, no
significant change in binding energies could be observed in
XPS spectra. Based on these facts, it is possible to suggest
that the behavior observed on XPS analyses is in agreement
with what was observed by GAXRD analyses, towards the
formation of a solid solution and reinforcing that aluminum
replaces niobium atoms in the NbN lattice.

3.3 Nanohardness analysis

Mechanical behavior of as deposited thin films was
verified through nanohardness tests. The hardness values
obtained for samples AIN, NbN and NbXAlyNZ are shown
in Figure 4. For AIN sample the hardness value obtained
was 18.6 GPa, which has already been reported by others
authors'**3, The hardness value observed for NbN was
23.8 GPa, similar results were observed in previous works
for the B1-NbN phase?>3.

NbAIN_10 and NbAIN 20 samples presented similar
results, varying between 25.4 and 26.3 GPa. Although
these values are statistically close to NbN hardness value,
it is possible to note a slight improvement, possibly due
to the solid solution strengthening mechanism derived
from the lattice constant shrinkage. Contrarily, the sample
NbAIN_40 presented a tendency of decreasing the hardness
value compared to others NbXAlyNZ and NDbN thin films,
registering a value of 22.8 GPa. This change in hardness
behavior might be attributed to the growth of grain, but the
amorphization observed in peak (200) previously discussed
in XRD results could also slightly influence the hardness
value. Indeed, according to the literature, BI-NbAIN phase

Figure 3. XPS regions for Nb 3d (a), N 1s (b) and Al 2p (c), from de NbN, AIN and NbelyNZ samples.
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Figure 4. Hardness measurements for AIN, NbN and NbXAlyNZ
samples as deposited.

entirely crystalline is assumed to be the hardest phase of this
ternary nitride thin films'.

The nanohardness analyses registered for NbN and
NbXAlyNZ coatings suggest that aluminum addition in NbN
matrix for samples NbAIN_10, NbAIN_20 and NbAIN_40
does not modify significantly the coatings hardness values
when compared to other Me-Al-N ternary nitrides, that show

most relevant increments'3-3738,

3.4 High temperature oxidation tests

Figure 5a and 5b show GAXRD results after oxidation
tests at high temperatures for pure NbN and NbAIN_10
samples, respectively. For both thin films only peaks related
to niobium oxide (Nb,O,) can be observed at 773 K (JCPDS
27 - 1312). However, in sample NbAIN_10 the Nb,O, peaks
are less intense compared to pure NbN, probably due to
nitride/oxide structure modification. The Nb,O; pattern
remains at 873 K for NbN and NDAIN_10 sample. No NbN
or Nb interlayer peaks can be observed, suggesting that the
coatings at high temperatures were completely oxidized,
from the surface to the substrate.

Itis a fact that increasing the temperature further facilitates
the diffusion of oxygen within the coatings. Oxidation reactions
begin at the interface between the surface oxide layer and
the thin film, as the amorphous layer thickens, micropores
are formed on the surface, favoring oxygen diffusion. In
addition, N, gas is released as one of the oxidation reaction
products, which generates even more pores and microcracks®.

Earlier works**#! studied the oxidation of NbN thin films,
in this case it was found that as the oxygen rate increases
after oxidation at 400° C, the nitrogen concentration
decreases. Nb,O, formation over other oxides occurs due to
the largest negative Gibbs free energy of Nb,O, (AG1600K
=—1.215,608 J/mol Nb) in comparison with NbO (AG .
= —277.111 J/mol Nb) and NbO, (AG,,, = —515,186 J/
mol Nb), showing a large difference even compared to that
reported for NbN (AG . = - 85.208 J/mol Nb) and Nb,N
(AG (o = —94.715 J/mol Nb).

As noticed in previous works'”#?, in high oxidation
temperatures the aluminum atoms present in the NbAIN
thin films microstructure diffuses into grain boundary and
surface regions, forming amorphous ALO,. In Figure 3c,
Al O, was detected by XPS analysis in AIN and NbAIN_40
samples as deposited, but due to its amorphous behavior,
cannot be observed in the GAXRD analysis.

GAXRD results after oxidation tests at high temperatures
for NbAIN_20 and NbAIN_40 samples are shown in Figure
6a and 6b, respectively. Differently from samples NbN and
NbAIN_ 10, no relevant modification can be observed after
exposure to 773 K for sample NbAIN_20. At 873 K it is
possible to identify the beginning of niobium oxide formation
at 22.5°. However, it is still noted the presence of small peaks
related to NbN cubic phase and Nb interlayer peak, proving
that the coating is not completely oxidized.

For NbAIN_40 sample, Nb,O, formation was not
observed in any oxidation temperature and the presence of
Nb interlayer is observed even at the highest oxidation test
temperature. No considerable modification can be found in

Figure 5. GAXRD patterns for (a) pure NbN and (b) NbAIN_10 sample as deposited and after oxidation tests at 773 and 873 K.
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Figure 6. GAXRD patterns for (a) NbAIN 20 and (b) NbAIN 40 samples as deposited and after oxidation tests at 773 and 873 K.

XRD pattern for as deposited sample and when subjected
to 873 K or lower.

The behavior of as deposited pure AIN thin film and
after oxidation tests at high temperatures can be observed
in Figure 7. No modification in AIN patterns or aluminum
oxide formation could be found when the coatings were
exposed to high temperatures. Similar results were observed
earlier”, proving the excellent stability at high temperatures
for these coatings. Contrary to nanohardness analyses,
where aluminum addition in NbN matrix did not modify
significantly the Nb Al N, coatings hardness, it is possible to
observe an expressive and crescent enhancement in oxidation
resistance from pure NbN to NDAIN_40 sample, proving
that incorporation of Al atoms in solid solution reinforce
the oxidation resistance of NbN structure.
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Figure 7. GAXRD patterns for pure AIN as deposited and after
oxidation tests at 773 and 873 K.

3.5 Nanohardness and morphological
characterization after oxidation tests

Subsequently to oxidation tests, samples were subjected
surface SEM analyses and nanohardness tests in order to verify

the coatings integrity after exposure to high temperatures.
AIN, NbN, NbAIN 10 and NbAIN_20 coatings showed a
drastic reduction in hardness values when exposed to 873
K. Coincidentally, these samples presented a hardness value
near to 9 GPa, similar to those found for silicon wafer used
as substrate. On the other hand, sample NbAIN 40 presented
a higher value of 17 GPa, registering a reduction of 20% in
relation to the as deposited coating.

Aiming to better elucidate the reduction in coatings
hardness after oxidation tests, surface SEM analyses were
carried out. All studied as deposited samples presented a
regular aspect, without cracks, bubbles or visible defects
(not shown).

Figure 8a presents the result for sample AIN after 873 K.
It is possible to verify the appearance of many cracks on the
sample surface as the oxidation temperature was increased.
Thus, although AIN thin films exhibit good resistance to
oxidation when exposed to high temperatures (Figure 7),
it showed thermal fragile characteristics probably due to
cooling from 873 K to ambient temperature, justifying the
loss in hardness.

SEM images obtained from NbN, NbAIN_10, NbAIN_20
and NbAIN_40 samples show comparable results. NbN and
NDAIN_10 coatings after oxidation at 773 K already presented
the formation of erupted bubbles on the material surface, as
showed in Figure 8b and Figure 8c for samples NbN and
NbAIN_10, respectively. Such fact is attributed to nitrogen
gas release after the transformation of NbN into Nb,O, by
oxidation reactions. Nitrogen molecules formation can lead
to the rupture of bubbles, allowing exposure of the substrate.
Samples NbAIN_20 and NbAIN_40 also present bubbles,
but none burst. In this context, such surface defects along
with regions where the substrate was exposed have a direct
influence on the hardness values measurement obtained for
these samples.

For sample NDAIN_40, despite the maintenance of the
NbN cubic phase verified in the GAXRD analysis, it was
possible to verify some concentration of defects, represented
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Figure 8. Surface SEM images after oxidation tests (a) AIN at 873 K; (b) NbN at 773 K; (c) NbAIN_10 at 773 K and (d) NbAIN_40 at 873 K.

by the white agglomerates (Figure 8d). However, they are
in lower concentration when compared to other samples.
Presence of agglomerates may be caused by the onset of
oxide formation on the surface, explaining the reduction
in hardness value verified after the oxidation test for this
sample. Nevertheless, subtract exposure is not observed, being
possible to conclude that NbAIN_40 sample still presents
significant value compared to the literature', showing the
best results observed with GAXRD and nanohardness tests.
Nonetheless, SEM analyses prove the coating integrity was
not maintained after 873 K.

4. Conclusions

The influence of aluminum concentration in NbXAlyNZ
solid solution thin films was studied in this work. From
GAXRD results it was possible to observe that aluminum
addition in the thin films did not change the B1-NbN phase
observed in pure NbN. However, peak shifts to larger angles
were observed, indicating the shrinkage of lattice constant
and the formation of a solid solution, hypotheses ratified by
XPS analyses. Nanohardness analyses suggest no significant
modification in hardness values among NbN and NbXAlyNZ
coatings. On the other hand, GAXRD analyses of oxidized

samples showed that aluminum addition improves substantially
the oxidation resistance at high temperatures, with further
increments as Al content was gradually raised in NbXAlyNZ
coatings. Samples AIN, NbN, NbAIN_10 and NbAIN_ 20
after oxidation tests present hardness values identical to the
silicon wafer, suggesting the substrate was exposed, what
was confirmed by surface SEM analysis. The images reveal
the presence of cracks and bubbles in all coatings. However,
GAXRD showed that NbAIN_40 presented the best results
against oxidation at high temperatures while hardness value
was less affected.
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