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The simultaneous ablation of silicon and titanium targets in a nitrogen atmosphere was performed in order to
obtain the ternary compound TiSiN. The study showed that the plasma density played an important role in
determining the composition and properties of the deposited thin films. The plasma parameters were measured
using a planar Langmuir probe. The laser fluence applied to the silicon target was varied and this changed the
silicon plasma density. The results demonstrated that the deposition rate and the silicon content in the films
strongly depended on the plasma density. The composition measurements showed that the silicon content
changed from 6 to 29 at.% when the plasma density was increased from 1 × 1019 m−3 to 1 × 1020 m−3. The
silicon ion energy was fixed at ~160 eV. In order to determine the hardness, friction coefficient, wear resistance
and adhesion of the coatings, the TiSiN films were deposited onto nitrided stainless steel substrates at low
temperature (200 °C) and a working pressure of 1.33 Pa (Ar/N2 60/40). The overall results showed that the
film hardness varied between 24 and 34 GPa, the friction coefficient (in air) from 0.55 to 0.58 with a wear rate
as low as 1.2 × 10−6 mm3/N m and the critical load of adhesion, measured by scratch testing, was between 30
and 64 N.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The idea of improving the hardness of TiN by including a third
element which can form a stable oxide, for example Al, Si, or Cr was
originally investigated by Hirai et al. [1]. However, the first successful
attempts to improve the hardness of TiN by adding silicon were carried
out by Shizhi et al. [2] and Veprek et al. [3], using a CVD process, and
they reported values of hardness greater than 40 GPa; in the range of
the superhardmaterials. Nevertheless, it is worth noting that the exper-
imental conditions in which those materials were deposited included a
toxic atmosphere; Shizi used as reactive gasses TiCl4, SiCl4 and H2, and
Veprek used SiH4, moreover, the depositionwas carried out at substrate
temperatures in the range of 500–600 °C. These experimental condi-
tions can limit the applicability of these types of coatings. One way to
avoid such problems is through the use of a reactive PVD process with
nitrogen as the reactive gas. The growth of TiSiN thin films by reactive
sputtering has been seen to result in polycrystalline samples with
mixed phases of TiN, TiO2 and Si3N4 [4]. Arc evaporation has also been
used to deposit TiSiN thin films but in this case many expensive
compound Ti–Si targets were needed to obtain a precise control of
the Si content in the deposits [5–7]. In order to reduce the substrate
temperature, a plasma containing high energy ions (N10 eV) can be
used [8]. Finally, various groups have reported that polycrystalline TiN
thin films could be deposited using laser ablation of Ti in a nitrogen
s).

ghts reserved.
atmosphere [9,10]. Based on the above considerations we have studied
the simultaneous laser ablation of two targets (Ti and Si) in a nitrogen
atmosphere to produce TiSiN. We showed in our previous publication
[11] that with the correct selection of the Ti ion energy, films of crystal-
line TiN with either the (111) or (200) crystallographic orientations
could be obtained. The relatively high kinetic energy of the ions incident
on the substrate during laser ablation means that crystalline deposits
can be formed at reduced substrate temperatures, and in the present
experiments deposition was carried out at 200 °C. The produced
samples were characterized and used to study the tribological behavior
of TiSiN.

2. Experimental

Fig. 1 shows a schematic representation of the laser ablation system
used in this work. It consisted of a vacuum chamber evacuated by a
turbomolecular pump to a base pressure of 2.7 × 10−4 Pa. During the
deposition, the chamber was backfilled with a 60/40 Ar/N2 gas mixture
to the working pressure of 1.33 Pa. The laser ablation was performed
using a Nd:YAG laser with emission at 1064 nm, a 5 ns pulse duration
and a 10 Hz repetition rate. To obtain the thin films of the ternary com-
pound the ablation was carried out simultaneously from two rotating
targets (Ti and Si) which were placed perpendicularly to one another;
the relative positions of the targets and the substrate are given in
Fig. 1. Outside the vacuum chamber the laser beam was divided into
two beams of similar intensity; one of the beams was directed onto
the titanium target and the other onto the silicon target. The energy
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Fig. 1. A schematic drawing of the top view of the experimental setup.
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Fig. 2. The time of flight (TOF) curves for the silicon plasma for some of the regimes used.
Ek is the mean kinetic ion energy and Np is the value of the plasma density.
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fluence (J/cm2) incident on the titanium target was kept constant and
the substrate holder was placed 6 cm in front of the titanium target.
The distance of the substrate from the source of silicon depended on
the position of the ablation point on the silicon target surface and this
was varied from 2.5 up to 5 cm. The variation of this distance produced
the changes in the silicon plasma density. The laser fluence on the sili-
con target was varied using attenuators in order to keep the silicon
ion energy constant. All themeasurements of the silicon plasma charac-
teristics were obtained without ablation of the titanium target and vice
versa for the titanium plasma.

The plasma parameters were measured using a 6 mm diameter
planar Langmuir probe biased at −50 V such that the ion current to
the probe was saturated. The probe current was obtained bymeasuring
the voltage drop across a 15 ohm resistor and was recorded using a
Tektronix 500 MHz fast digital oscilloscope. The regimes used for depo-
sition of the films were determined using the Langmuir planar probe
placed at the position of the substrate (6 cm from the titanium target).
The probe measurements gave time of flight (TOF) curves of the ions
and from these using the procedure described by Bulgakova et al. it
was possible to calculate the average kinetic energy of the ions, Ek, pres-
ent in the plasma [12]. The calculation uses the following relationship,

Ekh i ¼ mL2
2

∫
∞
0
t−2I tð Þdt
∫
∞
0
I tð Þdt

where m is the mass of the ion, L is the target to

probe distance and I(t) is the probe current.
The plasma density was obtained from the peak values of current of

the TOF curves [13].
In this study the experimental conditions were set such that the

silicon ion energies were fixed at 160 ± 15 eV and the films were
deposited as a function of the plasma density.

Our earlier studies, aswell as other published reports have indicated
that, even though the ablation was carried out in a gas atmosphere,
at the gas pressures used the majority of the ions that are incident on
the substrate correspond to ionized target atoms [11,14]. Therefore,
in the rest of this work we refer to the silicon and titanium plasmas as
the plasma generated by the ablation of the corresponding target and
that the ion energies are the energies of the silicon and titanium ions.

Films were deposited at 200 °C on 2.0 cm diameter, 0.5 cm thick,
polished AISI 304 stainless steel substrates. In order to enhance the
film adhesion the steel substrates were previously nitrided and their
hardnesswas increased to 10 GPa. The details of thenitridingprocedure
can be found in [15]. No substrate bias was used for these experiments
and the substrate holder was connected to ground.

The laser fluence on the titanium target was chosen from previous
experiments and was known to give good quality nanocrystalline TiN
thin films [11]. Using a laser fluence of 8 J/cm2 on the Ti target, without
the silicon ablation, in the argon–nitrogen gas mixture at low tempera-
ture, crystalline (111), hard (24 GPa) TiN thin films could be produced.
The silicon ablation was included in order to deposit the ternary
compound and to study the influence of the inclusion of silicon on the
properties of the deposits.

The silicon content of the films, as well as the concentration of other
elements, was determined using an EDS Oxford 3608 on a JEOL 5900LV
SEM. Thenormal calibration procedure using Cu and SiO2 standardswas
carried out before each measurement, but that could mean that there
was an undetermined constant error in the absolute values of the ele-
mental concentrations. The crystalline structure of thefilmswas studied
by X-ray diffraction (XRD) using a Siemens D-5000 diffractometer with
CuKα radiation. Thefilm thicknesswasdetermined using a profilometer
(KLA Tencor D-120). The hardness measurements were performed
using a CSM nanoindenter with a Berkovich indenter, and in these
measurements the load was chosen so that the penetration depth did
not exceed the 10% of total thickness of the samples. The applied load
was varied between 2 and 3 mN, the reported results are the average
of ten indentations and the error bars are the standard deviation
of these measurements. The adhesion of the films was measured
using a Tribotechnic Millenium 100 scratch tester with a 1.58 mm
diameter 100Cr6 steel ball (instead of a diamond tip), a loading speed
of 100 N/min and a sample movement of 10 mm/min. The wear rate
and the friction coefficient were determined from measurements
obtained with a CETR UMT reciprocating wear tester, equipped with a
polycrystalline polished alumina tip, 10 mm in diameter, with 1 and
2 N loads, 5 Hz of reciprocatingmovement and 10 mmof displacement
amplitude. The reported results are the average of at least three
measurements.
3. Results

Fig. 2 shows a set of TOF curves of the silicon plasma for some of the
regimes used in these experiments. The silicon plasma density was
varied from 1 × 1019 m−3 up to 1 × 1020 m−3. In the case of the titani-
um plasma the ion energy and the plasma density were kept constant
for all the experiments at 275 eV and 1 × 1020 m−3, respectively.

The samples were prepared in 2 hour experiments and the average
thickness was found to be approximately 600 nm; with a variation of
less than 10% for the samples produced at the lowest and highest
plasma densities. The thickness of the individual deposits varied by
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Fig. 3. The silicon content of the TiSiN samples as a function of the silicon ion plasma
density.
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Fig. 5. Shown in the upper section is the hardness (■) and Young's modulus E (open
circles) as a function of the silicon content of the films, in the middle layer the elastic
recovery, We, also as a function of the silicon content of the films, and in the lower
frame the toughness (H/E) of films as a function of the silicon content. The lines are a
guide for the eye.
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less than ±5% over the surface of the 2.0 cm samples. Fig. 3 shows the
increase of silicon content, from 6 to 29 at.%, in the deposited samples
as a function of the silicon plasma density. The EDS measurements did
not show the presence of oxygen in the films.

The influence of the inclusion of silicon in thefilms on their structure
is shown in Fig. 4. Here we present the XRD patterns for samples made
with different values of the silicon plasma density and therefore with
different silicon contents. We also show the XRD patterns for a nitrided
304 steel substrate and a sample made without a silicon plasma, i.e. a
TiN film oriented in the (111) direction. The peaks from the nitrided
substrate can be clearly seen in the TiSiN samples. The overall result
shows that the inclusion of silicon produced a reduction in the grain
size and a slight shift towards lower 2θ values of the (111) direction
of the TiN. No peaks associated with crystalline silicon nitride were
observed. These observations are consistentwith the idea that the inclu-
sion of silicon promotes the formation of the nc-TiN surrounded by an
amorphous phase of the silicon nitride as reported by other groups
[16]. However, a conclusive test of this structure was not carried out
in this work. Similarly, it is at present not clear if the shift in the peak
position is due to the change in the sample composition or changes in
the residual stress or a combination of both.
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Fig. 4. The X-ray diffraction patterns of some of the TiSiN deposited samples at different silicon
calculated grain size is included on the left-hand side. The TiN reference corresponds to the
peak and the circles (●) correspond to the peaks from the nitrided substrate (γ-Fe4N).
Each of the samples, with different Si contents, was used for the
mechanical and tribological tests. The hardness values of the samples
deposited at the different plasma densities are presented in Fig. 5; the
hardness, H, and the elastic modulus, E, are shown as a function of the
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silicon content in the films. Themaximumhardness, 34 ± 1.5 GPa, was
achieved for themiddle range of plasma densities and was significantly
lower for the highest and lowest plasmadensities. In terms of the silicon
content, this means that themaximum values of hardness were obtain-
ed for silicon concentrations around 13 at.%. This value is somewhat
higher than that reported by other authors, for example Hauert and
Patscheider [17] reported that various groups had found hardness
maxima for silicon concentrations between 5 and 12 at.%, with this
variation probably being related to the different procedures used to
measure the hardness and the uncertainty in the absolute value of the
silicon content. Fig. 5 also shows the calculated elastic recovery, We,
and the toughness of the films expressed by the ratio H/E [18]. Both pa-
rameters show a similar behavior as the hardness with the silicon con-
tent of the deposits. A recent paper byMusil [19] showed that in general
the best nanocomposite coatings have a H/E N 0.1 and aWe N 60%. Our
films,with a silicon content close to 13%, have H/E ≈ 1.2 andWe ≈ 68%
indicating that they are of enhanced toughness.

In order to evaluate the adhesion of the films to the steel substrates,
scratch tests were performed on the samples measuring the critical
load at which complete failure of the coating was observed. The results
are presented against the silicon content of the films in Fig. 6, and
we have also included a photograph of a typical scratch track. In the
photograph we have indicated the different failure modes of the films;
the y-axis of the graph, Critical Final Load, corresponds to the failure
mode #2 shown in the photograph. The data shows that the best adhe-
sion, critical load ~64 N, was obtained when the Si content was
~13 at.%. Similar to the film hardness, for lower or higher values of Si
concentration the failure of thefilmsoccurred at lower loads. The lowest
critical loads were 30 and 40 N for silicon contents of 6 at.% and 29 at.%,
respectively.

For the samples prepared using a plasma density from 1.2 × 1019 up
to 6.4 × 1019 m−3 (silicon content between 6 to 18 at.%) the friction
coefficient, measured using the reciprocating wear tester at 2 N, was
found to decrease from 0.58 to 0.55 but then increased back to 0.58
for the highest plasma density of 1.0 × 1020 m−3, 29 at.% Si, which is
close to the value obtained for the TiN film. The friction coefficient of
the nitrided steel substratewasmeasured under the same experimental
conditions and was 0.6.

The wear tracks produced by the reciprocating wear testing were
used to calculate the volume of the removed material and therefore
the wear rate. The measurements were made at 1 and 2 N loads and
the results are shown in Fig. 7 as a function of the silicon content in
the samples. In the plot we also show the wear rate for the uncoated
nitrided substrate (2.5 × 10−4 mm3 N−1 m−1) and for the TiN thin
film (3.7 × 10−6 mm3 N−1 m−1). From the plot it can be observed
that the lowest values of the wear rate, ~1.2 × 10−6 mm3 N−1 m−1,
Fig. 6. The scratch test results showing the critical final load as a function of the silicon
content of the samples. The inset is a photograph of a typical scratch mark produced
during the test; the labels 0, 1 and 2 correspond to individual or isolated events, systematic
failures and complete coating delamination, respectively.
were obtained when a plasma density of less than 5 × 1019 m−3 was
used (a silicon content of less than 15 at.%).When higher plasma densi-
ties were used the wear rate abruptly increased and there was a strong
dependence of the wear rate with the applied load; the higher the load,
the higher the wear rate. The wear rate of the TiSiN films produced in
this work was much lower than that of nitrided steel and for low Si
concentrations the TiSiN films had wear rates similar to those of the
TiN films but with a higher hardness.

A possible explanation of the observed mechanical properties,
together with the composition and XRD results, is that for the lowest
plasma densities the silicon is included as a solid solution within the
TiN nanocrystals and that for higher silicon concentrations possibly
the TiN nanocrystals are surrounded by a fewmonolayers of amorphous
silicon nitride; as described by other groups [20–22]. The formation of
such a structure might be responsible for the observed improvement
in the mechanical properties. However, for larger concentrations of
silicon the thickness of the amorphous phase could be expected to
increase and thus allow mechanical deformation with a corresponding
reduction in the hardness and toughness of the deposits.

4. Conclusions

In this work TiSiN thin films were produced using the simultaneous
ablation of Ti and Si targets in a reactive atmosphere containing nitro-
gen. The main aim of the present work was to show that by controlling
the density of the silicon plasma, while keeping both the Si and Ti ion
energies constant as well as the Ti plasma density, it was possible to
control the characteristics of the deposits. The results showed that the
silicon content in the deposited films was dependent on the plasma
density and it was possible to deposit nanocrystalline TiSiN thin films
with different silicon contents and different mechanical properties. In
particular, we have shown that the hardness, adhesion, coefficient of
friction and wear rate are a function of the Si content, although there
is some uncertainty in the absolute vales of the Si concentration. The
best films at ~13 at.%, had a grain size of ~8 nm, a hardness of
~34 GPa, a H/E ratio of ~0.12, an elastic recovery of ~68%, a critical
adhesion load of ~64 N and awear rate of ~1.2 × 10−6 mm3 N−1 m−1.
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