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There are many polymorphs of Nb,Os, each with interesting properties that have been explored for
biomedical, photocatalytic, and optical applications. However, Nb,Os is not generally used for
mechanical applications owing to its low hardness (8 GPa). The objective of this work was to
evaluate the effects resulting from the addition of silicon (Si) into the Nb,Os structure, with the aim
of increasing its hardness through the formation of a nanostructured composite coating. In this
paper, the authors report the structure and mechanical properties of Nb,Os as a function of the
silicon content (0-5.5 at. %). The coatings were deposited on silicon and D2 steel substrates using
a confocal-dual magnetron sputtering system using a mixture of argon and oxygen (80:20) with
each magnetron (Nb and Si targets) independently driven. The coatings were annealed at 550 °C to
obtain a crystalline structure. However, analysis of the optical properties indicated the persistence
of a substoichiometric amorphous phase. Despite the contribution of the amorphous phase, the
mechanical—tribological properties were slightly improved after Si incorporation. The hardness
reached a maximum of 17.6 GPa for the samples deposited at S0 W in the Si target, coupled with a

reduction in both the coefficients of friction and wear. © 2016 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4954985]

I. INTRODUCTION

Niobium oxide coatings have been studied for various
applications, many of which take advantage of their optical
properties including a high refractive index (above 2.1 at
500 nm) and wide band gap.' Some examples include cata-
lytic photoactivated processes,* ® including photovoltaics,”®
water splitting,” and as an electrochromic material.*'*~'2
The dielectric properties of the niobium oxide coatings are
also of interest for capacitors,'*™'® sensors,'”'® and memory
devices.'” There are also some reports of biomedical appli-
cations of these coatings owing to their high chemical and
corrosion resistance.’’ 23 However, much less is known
about the mechanical properties of the Nb,O5 coatings. The
hardness of sputtered deposited amorphous Nb,Os coatings
has been reported by Ramirez et al.** and Mazur et al’
showing that the hardness depends upon the deposition con-
ditions and varies between 3.9 and 5.6 GPa. Meanwhile,
Cetinorgii-Goldenberg er al.®® have reported the hardness
and elastic modulus of the T-Nb,O5 phase with values of 6.8
and 132 GPa, respectively. Niobium oxides form a family of
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materials presenting different compositions, structures, and
properties.'*?® The basic phase diagram identifies three dif-
ferent compositions of NbO, NbO,, and Nb,Os whose elec-
tronic character changes from metallic to a small band-gap
semiconductor and finally to an insulating or large band-gap
semiconductor, respectively.'* However, solid solutions and
nonstoichiometric phases have also been reported.”’>° As a
coating, the most commonly reported composition is nio-
bium pentoxide or niobia (Nb,Os), which has different poly-
morphic forms'*** and has interesting optical properties.
These properties include a band gap above 3eV and a high
refractive index, making it suitable for a wide range of opti-
cal applications. Among these different polymorphs, the
most frequently produced are the pseudohexagonal TT-
Nb,Os, obtained between 400 and 500 °C; the orthorhombic
T-Nb,Os, obtained between 500 and 600 °C; and the mono-
clinic H-Nb,Os, obtained above 1000°C, while below
400°C the Nb,Os is usually amorphous.®!%2426:31-33

A wide range of deposition or synthesis methods for
Nb,Os5 coatings have been used, including anodization,yF37
sol—gel,'%*% spray pyrolysis,*®*' vapor deposition,****
and sputtering.>>*43®

© 2016 American Vacuum Society 041518-1


http://dx.doi.org/10.1116/1.4954985
http://dx.doi.org/10.1116/1.4954985
http://dx.doi.org/10.1116/1.4954985
http://dx.doi.org/10.1116/1.4954985
http://dx.doi.org/10.1116/1.4954985
mailto:srodil@unam.mx
http://crossmark.crossref.org/dialog/?doi=10.1116/1.4954985&domain=pdf&date_stamp=2016-07-01

041518-2 Mirabal-Rojas et al.: Effect of the addition of Si into Nb,Os coatings

Because the hardness values of the Nb,Os coatings are
relatively low (<6 GPa), Nb,Os coatings are not considered
suitable for mechanical applications such as machining
or forming tools. However, if the hardness could be
increased well above that of glass (Corning Gorilla® glass;
5.5-6.5 GPa), then the optical properties of the Nb,Os mate-
rial in combination with its corrosion**** and thermal oxida-
tion resistance*” may be a benefit for some applications such
as solar cells, optical sensors, capacitors, and memories.

The objective of this work was to evaluate the effect of
the addition of silicon (Si) into polycrystalline niobium ox-
ide coatings with the aim of increasing the hardness of the
material through the formation of a nanostructured compos-
ite coating. Such an approach has been previously used to
improve the hardness of metal nitride coatings’*>* by add-
ing an amorphous SiN, secondary phase. The nanocomposite
hardening effect works because of the synergy between the
dislocation-free metal nitride nanocrystals and impairment
of the dislocation movement through the amorphous matrix
even under high-applied stress. The addition of Si between 7
and 11 at. % leads to a substantial increase in the hardness
from that of metal nitride (about 25 GPa) to 40-60 GPa for
TiN:Si (Ref. 50) or to 38 GPa for NbN:Si.>> Other authors
have also reported that the addition of Si into metal nitride
coatings leads to hardness enhancement but through mecha-
nisms such as solid solution hardening or defects.’®’
However, the use of Si addition as a mechanism to augment
the mechanical strength of oxide coatings has not been
explored carefully. Voevodin et al.’® have obtained AlSiO,
coatings deposited by the electrochemical oxidation of Al
alloys with a high voltage spark treatment in an electrolyte
bath containing NaSiOs, so that SiOx was incorporated into
the Al,O5 coating. They reported the synthesis of a compos-
ite coating consisting of a hard (18-25GPa) Al,O3 phase
and a softer (2GPa) alumina-silicate phase. However, the
presence of the soft phase leads to degradation of the
mechano-tribological properties. Nb-Si composite coatings”’
have been prepared for solar-absorption coatings, and
Nb,05-Si0, multilayers® have been proposed to control the
stress in optical coatings for applications in micromechanical
systems or as a reflection layer in optical lenses.®’

The present paper reports screening experiments to deter-
mine the effect of the addition of Si into niobium oxide coat-
ings deposited via reactive magnetron sputtering using two
independent targets (Nb and Si). The variations in the struc-
ture, morphology, optical, and mechanical—-tribological prop-
erties are reported as a function of the power applied to the
Si target.

Il. EXPERIMENTAL PROCEDURES
A. Deposition conditions

The Nb-O system includes NbO, NbO,, Nb,Os, and non-
stoichiometric phases. Initial experiments were done to
determine the deposition conditions that allow the produc-
tion of coatings with a predominant T-Nb,Os structure, as
shown by x-ray diffraction (XRD) patterns. For this, the O,
gas flow rate was changed from 2 to 8 standard centimeter
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cubic meters (sccm) with a 2 sccm step size, while the Ar
flow rate was fixed at 24 sccm. The working pressure was
manually adjusted to 0.4 Pa, while the substrate temperature
was varied between room temperature (RT), i.e., no external
heating and 300 °C. Two separate power values (direct cur-
rent) were applied to the Nb target of 200 and 400 W. From
these screening experiments, we selected the following dep-
osition conditions: an Ar/O, flow rate ratio of 24/6, 400 W
applied to the Nb target, and no external heating applied to
the substrate. This last condition was adapted because the
coatings were amorphous for any of the tested temperatures,
which made it important therefore to carry out annealing of
the coatings after the deposition. The coatings were annealed
in air at 550°C for 2 h, whereupon, as shown later in the
results, though XRD indicated a pure T-Nb,Os phase, optical
analysis revealed that the coatings contained a certain frac-
tion of amorphous substoichiometric phases. Therefore, we
will designate the coatings NbO,.

The NbO,:Si coatings were deposited on silicon (100),
glass, and polished D2 steel disks. A confocal magnetron
sputtering system was used in which the magnetrons (10 cm
diameter) were positioned with their axes about 53° off the
vertical, and the substrate—target distance was fixed at
100mm. The substrates were mounted on a rotary sample
holder [speed of 15 revolutions per minute (rpm)] to assure
film homogeneity. The targets used were Nb (99.95% purity)
and Si (99.999% purity) and were individually driven. The
base pressure of the vacuum system was <4 x 10~ *Pa.

To deposit the NbO,:Si coatings, the conditions described
above were used, and the Si was added by increasing the ra-
dio frequency (rf) power applied to the Si target from 12 to
200 W. The plasmas were operated at the same time, but, in
the case of the D2 steel substrates, a 300nm Nb bonding
layer was grown using only Ar (10 min). Subsequently, the
O, was added, and the power to the Si target was applied.

The deposition time was fixed to allow determination of
the effect of the power applied to the Si target, and therefore
the amount of Si incorporation, upon the deposition rate. For
the samples deposited on Si and glass, the deposition time
was set at 45 min, and for the D2 steel substrates, the deposi-
tion time was fixed at 90 min (plus the 10 min for the Nb
bonding layer).

B. Coatings characterization

The thickness of the coatings was evaluated using a
Veeco Dektak 150 profilometer measuring the height of a
step to a small uncoated area. The structural characterization
was done on both the Si and D2 steel substrates using a
Rigaku Ultima IV diffractometer (CuKo 1.5406 A) in the
Bragg Brentano scan configuration and the 6—26 mode from
15° to 60°; and by micro-Raman spectroscopy with a Horiba
T64000 with a INNOVA 70C spectrum laser with a wave-
length of 514 nm. The surface morphology and the composi-
tion of the coatings were obtained using a JEOL7600F field
emission-scanning electron microscope with 10kV of accel-
eration voltage, and with a coupled Oxford INCAX-ACT
energy dispersive x-ray spectrometer (EDS). To study the
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optical properties, a spectroscopic ellipsometry (samples de-
posited on Si) was used via a Jobin-Yvon UVISEL phase
modulated ellipsometer in the 1.5-5eV range and an energy
step of 0.15 eV and an incidence angle of 70°.

The mechanical-tribological properties were measured
on the coatings deposited on the D2 substrates. The hardness
and elastic modulus of the coatings were evaluated by nano-
indentation using a continuous stiffness measurement nano-
indentator (model TTX) with a Berkovich-type pyramidal
diamond tip. For each sample, six measurements were car-
ried out, and the maximum load was chosen whereupon the
penetration depth was <10% of the coating thickness.** The
load range was between 1 and 3 mN, and the hardness was
calculated using the Oliver—Pharr model.®® The scratch test®*
was used to measure the adhesion between the coating and
the steel substrate, and was performed using a TriboTechnic
Millenium 100 instrument with a 6 mm steel pin and a vari-
able load from 0 to 80 applied along an 8.5 mm distance at a
displacement velocity of 8§ mm/min. For each sample, three
scratch test scans were carried out. The coefficient of friction
(CoF) was measured using a TriboTechnic pin-on-disk tri-
bometer with 6 mm Al,Os5 balls, 1 N load at a linear speed of
0.5 m/s, and 500 m of sliding distance at RT. For each sam-
ple, the CoF was measured on three different samples to ver-
ify the reproducibility of the test. The wear tracks left by the
pin-on-disk tests were subsequently observed by optical
microscope, and the volume loss was estimated by meas-
uring the depth of the wear-track using a stylus profilometer.

lll. RESULTS AND DISCUSSION
A. Structure

Figure 1 shows the in situ XRD analysis of the initial
T-Nb,Os samples as a function of the annealing temperature,
where it can be observed that the films are amorphous until
the annealing temperature reaches 500 °C. At this tempera-
ture, the T-Nb,Os5 orthorhombic phase (ICDD-01-071-0336)
can be clearly identified and it does not change as the
temperature increases up to 700°C or after the sample is
returned to RT. Similar behavior is observed as the Si con-
tent is increased, and therefore, all samples were annealed at
550 °C for 2 h. It is important to remark that no other Nb-O
phases are observed by XRD. However, it is essential to
mention that the low optical transmittance in the visible
range of the samples suggests the presence of niobium oxide
phases with lower oxygen content. These probably occupy a
phase between NbO or NbO, in small quantities or are amor-
phous, as shown later.

Figure 2 shows the thickness of the coatings versus the
power applied to the Si target for samples deposited on Si
(45 min) and D2 steel (90min). It can be seen that, as the
power applied to the Si target increases from 0 to 200 W, the
thickness of the films doubles. Nevertheless, the Si incorpo-
ration into the films is relatively low, as can be observed also
in Table I; so most probably, the increase in the deposition
rate is a consequence of the densification of the plasma
owing to the action of both magnetrons. Hereafter, the
NbO:Si samples will be designated as NbO,-Pg;, where Pg;
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FiG. 1. (Color online) /n situ XRD vs temperature (RT to 700 °C) analysis of
the as-deposited niobium oxide coatings. Above 500 °C, the diffraction
peaks can be assigned to the orthorhombic T-Nb,Os phase (JCDPS card No.
01-071-0336). After cooling (pattern at top), the T-Nb,O5 phase is retained.

is the rf power applied to the Si target; and where the corre-
sponding deposition conditions and Si at. % determined by
EDS are indicated in Table I. The O/Nb ratio measured from
the EDS analysis is also included in Table I, where it can be
observed that, within the accuracy of the technique, the
NbO, samples (no Si) has a ratio very close to the stoichio-
metric Nb,Os composition. However, as the Si at. % is
increased, the increase in O/Nb suggests an oxygen-rich nio-
bium oxide, but it is more probably indicating that oxygen is
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Fic. 2. (Color online) Thickness of the coatings vs the power applied to the
Si target (Pg;) for samples deposited on both substrates; Si (45 min) and D2
steel (90 min). The right-axis presents the increase in the Si at. % as a func-
tion of the Pg;.
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TaBLE I. Deposition power applied to the Si target, Si atomic percentage, O/Nb atomic ratio, crystalline grain size obtained from the XRD data, and the hard-

ness and Young’s modulus obtained from the nanoindentation analysis.

Sample Power (W) Si at. %" O/Nb* Grain size (nm) Hardness (GPa)® Young’s modulus (GPa)*
NBOx 0 0 24*0.1 40£2 8.4*=0.7 134535
NBOx-12 12 0.2*+0.1 24*0.1 382 11.1+£0.7 161.1 4.7
NBOX-25 25 0.5*+0.1 25*0.1 32+2 12712 174.8 2.3
NBOX-50 50 0.9*0.1 25*0.1 23+2 176 £0.9 181.7 4.2
NBOx-75 75 2.6*+0.2 2.6 0.1 21+2 9.9*+0.8 149.2 £ 3.6
NBOX-100 100 3.1+03 2.6*+0.1 7.7+0.5 138.6 £4.3
NBOX-150 150 42+02 2.7*0.1 — 7.3+0.7 134.8 4.6
NBOX-200 200 55+0.2 29*0.1 — 6.2+0.8 130.3 £2.7

“Mean = standard deviation.
®Median = standard error.

also bonding to silicon. Further experiments using x-ray pho-
toelectron spectroscopy are required to confirm the respec-
tive bonding configurations.

The XRD patterns of the NbO,:Si samples are reported in
Fig. 3. For Pg; values below 75 W, the diffraction peaks cor-
respond to the T-Nb,Os, which is the orthorhombic phase
(ICDD-01-071-0336). The sample without Si (NbO,) and
the NbO,-Ps; samples with Pg; values below 50 W presents a
preferential growth along the (200) direction. However, there
is a change in the preferred orientation in the NbO,-75 sam-
ple, where the (001) becomes the preferred plane. Above
this power of 75 W, the coatings present broad diffraction
peaks that indicate the formation of extremely small nano-
crystallites or amorphous oxide despite an annealing
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FiG. 3. (Color online) X-ray diffraction patterns of the NbO,.Si samples after
the annealing treatment at 550°C for 2 h in air. The samples produced at
Ps; <75W were crystalline and exhibit the T-Nb,Os phase. The position
and relative intensity of the diffraction peaks of the T-Nb,Os (JCDPS card
No. 01-071-0336) are also included as the dashed lines. The NbOy-100 to
NbO,-200 coatings showed broad diffraction bands.
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treatment at 550 °C performed on all of the samples. It is im-
portant to note that there are no diffraction peaks associated
with Si, SiO,, other Nb-O phases or Nb-Si phases® present
in the patterns.

The grain sizes were estimated using the Halder—Wagner
method®® for the samples presenting clear diffraction peaks
(Table I). The grain size is seen to decrease from 40 = 2 nm
in the NbOy coating to 21 = 2nm in the NbO,-75 sample.
The addition of Si into the NbO, coatings induces a progres-
sive reduction of the grain sizes as the Si content is increased
until a point that a nanocrystalline or amorphous state is
obtained.

B. Optical properties

One property that has been reported to vary among the
different Nb-O phases is the optical absorption. Specifically,
NbO exhibits metallic behavior, NbO, is cataloged as a low
band-gap semiconductor (optical band gap, E,, between 0.5
and 1.2 eV have been reported) and the Nb,O5 and nonstoi-
chiometric phases (phases between NbO, and Nb,Os) are
considered high band-gap semiconductors (E, > 3.0 ev)."
Therefore, we performed an analysis of the optical properties
to determine the presence of noncrystalline phases that could
not be observed by XRD. The ellipsometric spectra were
measured in the 1.5-5 eV range for samples deposited on the
Si and D2 steel substrates, and similar spectra were obtained.
The ellipsometry data were analyzed using the Delta-Psi®
software. The parametric function used to simulate the prop-
erties of the niobium oxide layer was the Tauc-Lorentz dis-
persion function,®” shown in Eq. (1), which was appropriate
because the XRD results indicated that the crystalline do-
main was nanocrystalline. Therefore,

1 AE,C(E —E,)*

5 , E>E,
8:81+i82—>82: E(EZ—E(Z)) +C2E2 s
0 E<E,
&) Kramers — Kronig integral 1)

where E is the photon energy, E, is the oscillator energy, E,
is the optical band gap, and A and C are parametric values.®’
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The first fittings were done using a single-homogeneous
material and considering the optical properties of the Nb,Os
phase,' as suggested by the XRD data. However, no fitting
was possible, and, as mentioned above, the visible-light
transmittance was null for the samples with Pg; values lower
than 100 W, and for Pg; > 100 W, it increased only slightly.
This contradicts the expected results for a pure Nb,Os,
which even in the amorphous** or nonstoichiometric state
are transparent.'* Therefore, a single-heterogeneous layer
consisting of a mixture of the Nb,O5 and a secondary phase
[NbO,, (y <2.5)] was proposed, as exemplified in Fig. 4(a).
The Bruggeman effective medium approximation®® was

(b)
0.2
0.1
Iy I
. NbO,-100 p

NbO, % , 0.0

NbO,-25 g

NbO -100
-0.1
-0.2

Refractive Index, n

o o o = =

IS » o o N
3 ‘JUSIDY}S0D UoRoUNXT

e
[N

o
=}

Photon Energy (eV)

Fic. 4. (Color online) (a) Schematic of the effective medium model used to
simulate the ellispometric results. The model assumes the two phases of
Nb,0s5 and a substoichiometric amorphous NbO, phase. (b) Examples of the
fitting of the ellipsometric spectra showing good agreement between experi-
mental data (symbols) and the model (continuous lines). For the configura-
tion used by the phase modulated ellipsometer, Is=sin2ysinA and
Ic =sin2ycosA (c) The effective refractive index of the coatings estimated
from the heterogeneous layer composed of Nb,O5 and the substoichiometric
NbOy component.
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used, and the volume fraction was one of the fitting parame-
ters. The ellipsometric parametric models used to consider the
contribution from the different niobium oxide phases were
proposed based on previous references,"® and the Nb,Os
phase was modeled using the single Tauc-Lorentz oscillator
with a resonance frequency around 5 eV and an optical band
gap of about 3.5eV. Meanwhile, the substoichiometric NbO,
(y < 2.5) phase was modeled using two Tauc-Lorentz oscilla-
tors and a smaller optical gap to consider the properties of the
low band-gap NbO, or the metallic NbO phases. No phase
corresponding to Si or SiOx was included because no evidence
of Si segregation was obtained with any of the other charac-
terization techniques. Using this approach, it was possible to
obtain good fittings of the ellipsometric spectra for all of the
samples (except NbOy-75), as shown in Fig. 4(b) for limited
samples. In Fig. 4(b), the measured ellipsometric spectra
(Is = sin2ysinA and I = sin2ycosA)’® are represented by the
symbols (some data points removed for clarity) and the con-
tinuous lines are the results of the fitting. Figure 4(c) shows
the effective refractive index and extinction coefficient of the
coatings estimated from the heterogeneous layer composed of
Nb,Os and the substoichiometric NbOy component. These
values are similar to those reported by other authors.'? The
optical band gap (E,) obtained for the Nb,Os phase ranges
between 3.5 and 3.8 eV, while that for the substoichiometric
phase is below 1.0eV. Table II shows the relative fraction of
both the Nb,Os and the sub-stoichiometric NbO, phases,
including also the figure of merit (the lowest values are the
best) from the fitting process of the samples deposited on Si.
However, similar values (£2%-5% variation) are obtained
when the samples deposited on the D2 steel are modeled.

Therefore, it is important to note that it is possible to
probe the presence of other Nb-O phases by performing the
ellipsometric analysis and that the relative fraction of each
phase is similar for all of the Si contents, i.e., ~70%—-80%
for the Nb,Os and ~30%—20% for the substoichiometric
NbO,. As observed in Table I, the O/Nb ratio does not
decrease with the Si content, which is in agreement with the
fact that the fraction of the substoichiometric component
remains approximately constant for all samples. Thus, the
increase in the O/Nb ratio may be associated with the forma-
tion of SiO bonds, which is probable owing to the high en-
thalpy necessary for their formation.

TaBLE II. Volume percentage of each phase and the figure of merit for the
ellipsometric fitting ().

Sample 7 Nb,Os (%) NbO, (%)
NBOx 0.018 73.0+0.5 27.0*0.5
NBOx-12 0.017 70.7£0.3 29.3+0.3
NBOX-25 0.023 71403 28.6+0.3
NBOX-50 0.025 718 +0.4 282+ 0.4
NBOx-75 — — —

NBOX-100 0.053 71.9+0.6 28.1+0.6
NBOX-150 0.052 77.8+0.7 22207
NBOX-200 0.087 744 +0.7 25.55%0.7
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C. Raman spectroscopy

Figure 5 shows representative micro-Raman spectra of
some of the samples. The Raman spectra overlapped with a
broad fluorescence band, which may be related to the low-
band gap phase since the Raman excitation energy (2.41eV)
is larger than the optical band gap.”" The fluorescence back-
ground may hide from view some low intensity signals, so
only three peaks are observed and they are identified as cor-
responding to the Nb,Os (Refs. 33 and 72) phase. The spec-
trum of NbO, contains other bands,”' including one very
intense band at 405 cm_l, not observed in any of the sam-
ples. Independent of the Si content, there is a strong band
around 500-700cm ' that is assigned to the symmetric
stretching mode of the NbOg octahedra (S peak) and two
additional bands in the 200-300 cm ' region assigned to the
bending modes of the Nb-O-Nb linkages (B, and B, peaks).
The fact that all samples present similar spectra indicates
that the same Nb-O-Nb structure is preserved locally.
Similar to the XRD results, micro-Raman analyses per-
formed on different positions within the same sample do not
show the presence of other Nb-O or Si-associated phases. On
the other hand, analysis of the peak positions and relative
intensities indicate that some variations in the bonding char-
acteristics occurred as a result of the Si incorporation.
Figures 6(a)-6(c) show the peak position as a function of the
Ps;, wherein the center peak position is obtained by adjusting
the Gaussian functions at the two wave-number regions. The
main peak (stretching Nb-O-Nb mode, S peak) is seen to
shift from 685 cm ™! for the NbO, sample to about 675 cm ™!
as the Si content increases. Small (3.4cm™") red-shifts in

Normalized Intensity

200 300 400 500 600 700 800 900
Raman Shift (cm™)

FiG. 5. (Color online) Micro-Raman spectra of the samples NbO,:Si sam-
ples; all of the annealed (amorphous or crystalline) samples presented simi-
lar spectra, so only three of them are shown. The three characteristics bands
observed for all films were identified as S, B; and B, and are related to the
modes of T-Nb,Os phase.
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this signal have been previously associated with phase trans-
formations, as, for example, from the TT-Nb,Os to the
T-Nb,Os phase,” but no phase change is observed as the Si
content increases and the S peak shift is much larger. This
larger decrease in the wave-number (~10cm ') of the S
peak is probably owing to a decrease in the bond order of the
niobia polyhedral,’* which is also confirmed by the increase
in the width of the S peak [Fig. 6(e)]. Both changes are an in-
dication that the structure becomes more disordered as the Si
content is increased. Figures 6(c) and 6(d) show the relative
intensity of the bending modes normalized to the stretching
mode, wherein the B, peak intensity increases while the B,
peak intensity decreases and the distinction between the
two bending modes decreases as the disorder increases.
Nevertheless, it is significant to note that the amorphous as-
deposited NbO, and NbO,:Si samples do not exhibit any
Raman signal. The presence of the Raman signal in the
NbO,-Pg; samples (Ps; > 75 W) suggests that the Si addition
induces a decrease in the grain size (no longer measurable
by XRD), but not the complete amorphization of the
samples.

D. Topography and mechanical properties

Figures 7(a)-7(d) show the surface morphology of the
coatings using SEM images of some samples, where no sig-
nificant differences can be observed among the samples.
Similar cauliflower-like features are observed for both the
crystalline and amorphous samples. Nonetheless, the root
mean square roughness value estimated using profilometry
shows a small reduction from 40.16 = 2.89 nm for the NbO,
sample to 26.34 = 1.92nm for the amorphous NbO,-200
sample. These roughness values did not have significant
effect on the scattering of light since they are lower than the
wavelengths used.

After the determination of the structural variations of the
NbO,:Si samples, the mechanical-tribological properties
were measured. The hardness and Young’s modulus were
obtained from nanoindentation measurements that provide
information on the mechanical properties of the materials
through modeling of the indenter load—displacement curves.
In general, the load—displacement curve is influenced by the
properties of the coating and the substrate. In this work, we
used indentation loads wherein the penetration depth was
less than 10% of the coating thickness to obtain only the
hardness of the coatings.®? Figure 8 shows the hardness and
elastic modulus of the different NbO,:Si samples as a func-
tion of the power applied to the Si target, Ps;. The nanoin-
dentation experiments are done for both the Si and D2 steel
substrates, and both data are presented in Fig. 8. There is a
larger influence from the substrate mechanical properties
upon the determination of the elastic modulus because it
influences the elastic response even at low loads.®® It can be
seen that the hardness of the NbO, sample (on D2) is
8.41 = 0.72 GPa, which is similar to the values reported by
Mazur et al.®> for T-Nb,Os. As the Si content is increased,
the hardness increases up to 17.62 = 0.89 GPa for the NbO,-
50 sample to nearly double its original value. However,
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FiG. 6. (Color online) Variations of the Raman spectra as a function of Si incorporation (or the Pg;). The position shifts of the (a) S, (b) By, and (c) B, peaks,
and the relative intensities of the (d) B1/S and (d) B,/S peaks. (e) The width of the main S peak corresponding to the stretching mode.

(c) NbO, -75 (d) NbO, -100
FiG. 7. (Color online) Surface morphology of the samples does not show
strong variations as a function of the Pg;. Representative SEM micrographs
of the surfaces of: (a) NbOy, (b) NbO,-50, (c) NbO,-75, (d) NbO,-100
exhibiting and morphology shows an amorphous nature. (Insets)
Corresponding EDS analysis where Si is clearly observed.
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further increase in the Si content leads to a hardness decrease
to 6.23 = 0.82 GPa for the NbO,-200 sample, which is lower
than the hardness of the T-Nb,Os sample and is closer to the
hardness of SiO, coatings [reported about 5-6.5 GPa (Ref.
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FiG. 8. (Color online) Results of the nanoindentation analysis, plotting the
hardness and elastic moduli of the samples as a function of the power
applied to the Si substrate for both the Si and D2 steel substrates.
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73)]. The elastic modulus, also shown in Fig. 8, presents a
similar trend as that of the hardness. The elastic modulus
values vary from 134.50*=3.54GPa for NbO, to
181.65 £ 4.21 GPa for NbO4-50 and finally decrease to
114.34 = 2.54 GPa for NbO,-200.

Prior to the measurements of the coefficient of friction
(CoF), the scratch test was used to determine the critical
load that the samples could support before the first failure
event occurs.”* Figure 9 shows examples of the scratch
images, where the adhesive failure load at which the coating
detaches from the substrate is indicated. Only the NbOx-100
sample fails by compressive spallation at very low loads
(<20N). The mechanism of the failure of the other samples
changes randomly from buckling/spallation to films that
only present plastic deformation. Therefore, as described by
Bull,75 we have not tried to correlate the critical loads to the
Si incorporation or to the structure. The important message
is that the coatings do not fail at the loads used for nanoin-
dentation or CoF measurements. Finally, the variation of the
CoF and the wear-rate volume as a function of the Pg; are
presented in Fig. 10. The CoF shows a small dip for sample
NbO4-25 with the lowest value of 0.70, which rapidly
increases for the other samples and reaches a CoF of 0.81.
On the other hand, the wear-rate remains similar for all of
the crystalline samples (NbOy to NbOy-75) and shows an
increase of more than twice the value as the Si content
increases and the samples become amorphous. The trend in
both figures of the CoF and wear-rate is similar, and their
error bars suggest that there are small and statistically signif-
icant variations in both parameters, but such minute varia-
tions have no implications for real applications.

FiG. 9. (Color online) Micrograph of the full scratch of the NbO:Si coatings
deposited on the D2 steel substrate with a bonding Nb layer. The triangles
indicate the first adhesive failure event.
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ation of the coefficient of friction and the wear-rate as a function of the Pg;.

E. Discussion

The objective of the present work was to evaluate the
effect of Si addition into the structure and properties of nio-
bium oxide coatings. Therefore, a series of NbO,:Si coatings
were produced by cosputtering from independent targets of
Nb and Si. The as-deposited coatings were amorphous, and
all the films were therefore annealed at 550 °C for 2 h in air.
After annealing, XRD measurements indicated that the
T-Nb,Os structure was obtained. This was in good agree-
ment with previous reports that indicated that at such a tem-
perature range the orthorhombic phase should be obtained.
However, by analyzing the optical properties and the XRD
data of the coatings, it was evident that an amorphous NbO,,
(y <2.5) phase was also present. This NbO, component
explains the low optical transmittance of the samples, but
the fraction of this component was not dependent upon the
Si content. Therefore, it is reasonable to say that the struc-
tural modifications of the samples were owing to the incor-
poration of silicon. For example, when considering the
decrease in the grain size and the subsequent increase in
the hardness (Fig. 8), it was found that the grain size of the
NbO,:Si coatings (Ps; <50 W) decreased from 40 to 23 nm
and the nanohardness increased from 8.7 to 17.6 GPa. The Si
at. % estimations were done using the EDS of coatings de-
posited on D2 steel. The values obtained below 1 at. %
might not be very accurate owing to the low resolution of
the EDS, but the incorporation of Si was clearly identified
(see the inset in Fig. 7). The XRD analysis showed that, for
these samples, the structure was the orthorhombic T-Nb,Os
phase with a preferred (200) crystalline orientation. The
Halder—Wagner method was used to calculate the crystalline
domain (grain size), which allowed the separation of the
effect of both the finite size and the strain upon the peak
broadening, and the results indicated that no significant
strain was introduced because of the Si addition. This can be
observed in Fig. 3 where no significant peak shifts are
observed, which may be owing to stress relief during the 2h
thermal treatment at 550 °C. Therefore, we can conclude that
the hardening is not owing to an increase in the strain.
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However, the absence XRD-peak shifts is also an indication
that Si was not incorporated either substitutionally or inter-
sticially into the T-Nb,Os structure. More likely, the Si was
allocated into the grain boundaries, as has been observed in
other similar works,5 0-5% or was substituionally incorporated
into the NbO, substoichiometric component. Moreover, the
allocation of Si into the grain boundaries could also explain
the reduction in the Nb,Os grain size as a function of the
addition of Si atoms. Actually, the reduction in the crystal-
line domain continued gradually as the Si content increased,
reaching 21nm for the NbO,-75 sample and values not
measureable by XRD for the last three samples (up to 5.5 Si
at. %). We also observed a variation in the preferred orienta-
tion for the Nb,Os-75 sample from the (200) to the (001).
Variations in the preferred orientation have also been
reported for metal nitrides when Si is incorporated,”’®"” or
as a consequence of an increase in the energy during the dep-
osition.”® In the case of the Nb,0s-75 sample, the grain size
was smaller than that of the Nb,O5-50 samples, but the hard-
ness did not exhibit the increasing trend, but had already
begun to reduce (9.9 GPa), probably owing to the change in
the preferred orientation.

It is well known that the hardness and elastic modulus of
polycrystalline materials can be improved through grain size
refinement or the Hall-Petch effect,79’80 where the relation-
ship between the hardness and the grain size is given by

H=H,+kd?, )

where H is the hardness of the material, d is the grain size,
and the H, and kj, are constants related to the material.””%°
Nonetheless, it has been shown by Chokshi e? al.®! that the
Hall-Petch effect is valid up to a minimum grain size of
about 10-20 nm, and that a further decrease in grain size will
lead to a decrease in the hardness (Inverse Hall-Petch
effect).

Figure 11 plots the graphic representation of Eq. (2)
showing the hardness versus the square root of the inverse of

1sl R'=093
H, =16.34 GPa
16l *=16295GPanm™

141

10 |
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o

—m=
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FiG. 11. (Color online) Hardness vs square root of the inverse of the crystal-
line grain size (i.e., Hall-Petch relationship).
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the grain size. For the Nb,Os-Si samples with Pg; below
50 W, wherein hardness enhancement was observed, a rela-
tively good linear fit could be obtained (R =0.93). This lin-
ear fit explains the mechanism through which the addition of
small amounts of Si induced a hardness enhancement in the
NbO, samples. However, the sudden decrease with further
Si addition is not so clear. First, for the NbO-75 sample,
there is a change in the preferred orientation whereupon
even a smaller grain size presents lower hardness. This may
be the consequence of the anisotropy in the intrinsic elastic
modulus, as has been observed for metal nitrides.®? For the
other samples, however, it is not clear if the hardness
decrease is owing to an inverse-Hall-Petch effect (because
grain size could not be estimated from the XRD data), or to
the growth of the interfacial Si-rich phase situated in the
grain boundary, or to a decrease in the density of the film
owing to the amorphization. The metal nitride—Si nanocom-
posite coatings also presented a decrease in the hardness for
Si contents above 10-12 at. % (depending upon the system
and deposition method), which has been explained as a con-
sequence of the growth of the interfacial a-SiNy layer
beyond one monolayer. However, in the present case, we do
not yet have evidence of the formation of a nanocomposite
structure, but simply have the macrostructural evidence that
suggests that Si was segregated into the grain boundaries of
the Nb,Os crystals to limit their growth. This is in agreement
with the Raman results that suggest that the predominant
local bonding remained as NbOy polyhedra without the evi-
dence of the formation of Si-based structures. On the other
hand, the relative fraction of the substoichiometric NbO,
component, as determined from optical analysis, remained
similar between the crystalline (Ps; <75 W) and the amor-
phous samples (Ps; > 75 W). Therefore, its contribution to
the structural, mechanical, and tribological properties is rele-
vant but does not vary with the Si addition. Interestingly,
small additions of Si led to a small but significant increase in
the coating—substrate adhesion and a reduction in both the
friction coefficient and wear-rate. We did not find any previ-
ous communication reporting the tribological performance
of niobium oxide layers, so the values obtained herein can-
not be compared. Oxide surfaces are important for tribologi-
cal applications because it has been observed that, during
dry machining or high-temperature sliding bearing applica-
tions of metallic components, a low-friction layer is formed.
These are known as lubricious oxides®*> (MoO3, V,0s, WO,
Re>04, PdO, FeO, Co,03, SnO,, Cr,03, ZnO) and, for some
applications, metallic elements are added to the alloy or the
coating to induce the formation of this self-lubricating oxide
surface.®**> Two explanations for the low CoF of some ox-
ide layers have been proposed. Erdemir®® has proposed a
chemical approach that relates the CoF with the ionic poten-
tial whereby the ratio of the cationic charge is related to the
radius of the cation. There is not a clear boundary in this
approach, but larger ionic potentials correspond to lower
CoF values at elevated temperatures. Prakash and Celis®
have improved this model by also considering the CoF of the
oxide layers in a wider range of temperatures and conclude
that a better approach is to correlate the CoF with the
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polarizability of the ions. Both papers collected CoF values
of a wide variety of oxides from the literature, but none of
them included any of the niobium oxides phases. The ionic
potential of the Nb,Os (7.4) is high enough to expect a low
CoF at elevated temperatures according to Erdemir.®
However, according to the polarizability model,*> no NbO,
phases are considered of interest to achieve low friction and
wear.

In summary, we have observed that it is possible to
enhance the mechanical properties of the niobium oxide
coatings through the incorporation of a small percentage of
silicon. However, to take full advantage of this effect, a pure
Nb,Os5 phase should be obtained, whereupon the method
proposed could be used to produce hard and wear-resistant
transparent coatings. Moreover, to fully understand the role
played by the addition of Si upon the structural changes,
nanoscale and local-bonding characterization are required.

IV. SUMMARY AND CONCLUSIONS

Silicon-containing niobium oxide coatings were deposited
by cosputtering, whereupon a significant increase was found
in the hardness (from 8.4 to 17.6 GPa) when small fractions
of Si were added, and the grain size was reduced from 40 to
23nm. The predominant structure of the films was ortho-
rhombic T-Nb,Os but a ~30% volume fraction of a substoi-
chiometric and amorphous NbO, component was found for
all films. There was no evidence of Si or Si-based segregated
particles based upon the macroscopic evaluation via XRD,
SEM, and Raman. The hardness enhancement was associ-
ated with the grain size reduction following a Hall-Petch
relation. This grain size reduction was probably owing to the
allocation of Si at the grain boundaries that limited the
growth of the Nb,Os crystalline domains, which eventually
led to an XRD-amorphous phase.
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