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1. Introduction

Many deposition tools such as magnetron sputtering, plasma enhanced chemical vapor dep‐
osition (PECVD), arc ion plating (AIP), and filtered vacuum arc (FVA) have been introduced
for synthesizing nanocomposite films. Table 1 summarizes previous works of nanocompo‐
site coatings. Nanocomposites based on TiN have been investigated dominantly with the in‐
corporation of silicon or carbon contents. The incorporation methods such as an alloy arc
cathode, addition of reactive gas, and additional magnetron sputtering have been used to
deposit ternary or quaternary composition nanocomposite films. The magnetron sputtering
and PECVD have been firstly used to grow nanocomposite films due to the simplicity of
controlling a composition ratio becuase precise control of additional components is impor‐
tant to make a nanocomposite structure. For example, Ti-Si-N nanocomposite films have
showed the maximum hardness at Si content of 9±1 at.% [1]. After that, a vacuum arc dis‐
charge has been applied to the nanocomposite coatings becuase the vacuum arc process has
many advantages against other CVD or PVD processes. A vacuum arc plasma exhibits high
ionization ratio more than 90%. Also the ion energy in a vacuum arc is in the range of 10-100
eV. Hence, the effect of ion energy on the film structure appears significantly [2]. Neverthe‐
less, the vacuum arc method cannot avoid the problem of macro particles. Macro particles
generated from arc spots are the main drawback of the vacuum arc process. The macro par‐
ticles form micro cracks or pin holes, resulting in a bad corrosion resistance when coatings
are exposed in some corrosive environments.
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In FVA, magnetic filters have been introduced to transport plasma except the macro parti‐
cles. The filters transport charged particles selectively using electromagnetic fields. Howev‐
er, neutral macro particles collide with a wall by an inertia drift. Main issues are the efficient
removal of the macro particles and the minimization of ion loss through a magnetic filter
wall. The effective way to reduce the macro particles is based on the spatial separation of the
trajectories of macro particles and ions [3]. If the magnetic field is curved such as the field in‐
side a curved solenoid, electrons follow the curvature. The electrons are said to be magne‐
tized. In contrast, ions are usually not magnetized because the gyration radius of ion is much
larger than that of electron. Nevertheless the ions are forced to follow the magnetic field lines
due to the electric fields between electrons and ions. Therefore ions and electrons are trans‐
ported along magnetic field lines [4]. Various FVA methods have been widely applied to the
nanocomposite deposition without any macro particle problems. Magnetic filtering technol‐
ogy removes efficiently the macro particles and result in a smooth film surface [5,6].

Method Material Hardness Ref.

Arc Ti-Si-N 45 GPa [1]

Arc Ti-Al-N/Cr-N 37 GPa [7]

Arc Ti-Al-Si-N 34 GPa, 42.4 GPa [8,9]

Arc Ti-Al-N 35.5 GPa [10]

Arc, magnetron sputter TiN-Cu, CrN-Cu, MoN-Cu 27-42 GPa [11]

Arc, magnetron sputter Ti-Si-N 45-55 GPa [12,13]

FVA, magnetron sputter Ti-Si-N 45 GPa [14]

FVA, magnetron sputter, E-beam

evaporation

Ti-Cr-N,Ti-B-C 43.2 GPa [15,16]

FVA Ti-Si-N 40.1 GPa, [17]

PECVD Ti-Si-N 3500 HK(kg/mm2), 40 GPa [18,19]

PECVD Ti-Si-C-N 48 GPa [20]

PECVD Ti-Si-C-N 52 GPa [21]

Magnetron sputter Ti-Si-N 38GPa, 45 GPa [22,23]

Table 1. Nanocomposite coatings by various methods.

Several studies found the maximum efficiency and the optimum condition for the curved
magnetic filters. An analysis of plasma motion along the toroidal magnetic field has been
shown that plasma that is transported by the magnetic field in a guiding duct should satisfy
the following relation [24],

B>MiV3 / Zea (1)
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where Mi is the ion mass, Vo is the translational velocity, Z is the charge multiplicity of the
ion, e is the electron charge, and a is the minor radius of the plasma guiding duct. The trans‐
port of heavy metal ions having an energy of even a few tens of eV requires strong magnetic
field above 1 Tesla to fulfill the inequality in Eq. (1). However, it is practically impossible to
provide a stable burning of the direct current arc discharge in the strong magnetic field.
Therefore, it is reasonable to consider heavy-element plasma flow transport in a curvilinear
system with crossed electric and magnetic fields using the principles of plasma optics as a
guide [25,26]. In this case, the required magnetic field is determined by the following condi‐
tion, ρe< a <ρi, where ρe and ρi are the electron and ion Larmor radius, respectively. The re‐
quired field is significantly lower than the fields defined by the expression in Eq. (1).
Electron Larmor radius is

re =  (mekTe)1/2 / eB (2)

where me is the electron mass, k is Boltzmann constant, and Te is the electron temperature.

Note that electrons are only magnetized, while the ions are not. The electrons move along
the magnetic field lines. Due to the highly conductive plasma, the magnetic field lines are
equi-potentials. Considering a plasma diffusion in vacuum, electrons have higher mobility
than ions due to smaller mass except at a sheath boundary. However, electrons expand with
the same velocity as ions because electrostatic forces keep the electrons and ions together.
And a cross field diffusion is given by the Bohm formula, DB= kTe/16B, though the cross field
diffusion coefficient, D, is proportional to B-2 in the classical theory[27].

Anders mentioned about the criterion of system efficient, Ks, which is generally considered
as the ratio of the total ion flow at the exit of the system, Ii, to the arc discharge current, Ia, as
follows,

Ks =Ii / Ia (3)

The system coefficient is typically 1% [6]. There is a general agreement that the transport ef‐
ficiency is maximized by focusing the plasma into the duct and biasing the duct to a positive
potential of 20 V. Predictions of the available maximum transmission vary between 11 and
25% depending on the ion energy [28]. In practice, the transport of plasma produced by
pulsed high current arcs (HCA) was showed that the system coefficient was 7% [6]. For line‐
ar FVA, the maximum value of the system efficiency reached 8% when arc current Ia was
adjusted in the range of 100–110 A and the magnetic filter field was ~ 20 mT [29].

To supplement the accuracy of system coefficient, a particle system coefficient, Kp, is pro‐
posed to eliminate the influence of the various ion charge states by considering the mean ion
charge state, Zav, of the used metal as follows.

Kp =Ii / ZavIa (4)
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Because the average ion charge state is taken into account, the particle system coefficient is
more closely related to the deposition rate [30]. However this can be particularly insufficient
for filter optimization when the system used a graphite cathode that generates solid re‐
bounding macro particles.

The problem has been solved by the numerical calculation of the particle trajectories using a
two-dimensional approximation [31]. In the calculation, it assumes that the macro particles
are solid spheres, the inner surfaces of the plasma guide, and the intercepting fins are
smooth, the repulsion of particles from a guiding duct wall is partially elastic, the particles
are emitted froma cathode spot with equi-probability in any direction. The computing re‐
sults make it possible to estimate the ratio of the pass of macro particle flow,Nex, to the flow,
Nent, generated by the cathode spot. The ratio Nex/Nent characterizes the likelihood of an mac‐
ro particle passing through the system. The results of simulations indicate that the absence
of a direct line-of-sight between the cathode and the substrate is not always sufficient to pro‐
vide the required degree of macro particle removal from the plasma. The results of compu‐
tations performed for various magnetic filters are presented in Table 2 [27].

Filter type Knee (45°) Torus (45°) Rectang. Dome Torus (90°) Retil. Radial Wide apert.

Nex/Nent [%]

(predicted)

1.7 25.0 17.0 1.7 0 4.4 0 0

Transport [%]

(measured)

3.0 2.5 2.5 2.5 1.5 1.8 8.4 ~6.0

Table 2. Fitlering (Nex/Nent) and transporting properties of magnetic plasma filters [27].

There are various types of filters as shown in Fig. 1[32]. Most types are used magnetic fields
to transport plasma without macro particles. Several types only use the collisional reduction
of macro particles. In most cases a plasma is transported from the cathode to the substrate,
and the droplets are eliminated by a plasma transportation wall, guiding duct. Many review
papers of the filtered arc system and technology have been reported [6,33-38]. A typical fil‐
tered arc system with its different electromagnetic plasma transportation duct or droplet fil‐
ter configurations is shown in Fig. 1(a)–(h). Electromagnetic coils transporting plasma in the
out of line of sight direction can be positioned in the chamber, instead of placing them out‐
side of the filter duct. The off-plane double bend filter is nicknamed FCVA and is now com‐
mercially available [39,40]. Most FAD units have electromagnetic coils outside of the plasma
duct and have baffles inside the duct wall. However, some types have freestanding coils in‐
side the plasma duct or the chamber. Other interesting filters have been developed. Exam‐
ples are shown in Fig. 1(i)–(l). In the Venetian-blind filter, the plasma passes between the
vane lamellae, and the droplets are caught or reflected by the lamellae [41,42]. A coaxial fil‐
ter is operated with a large current pulse, and the plasma is driven by a self magnetic field
[43]. An electrostatic filter can be used with a pulsed arc having a laser trigger [44]. Howev‐
er, recently only the laser triggered arc is used without the electrostatic filter. Mechanical fil‐
ters can be used in a pulse arc [45], which may also be used in pulsed laser deposition [46].

Nanocomposites - New Trends and Developments440



Figure 1. Various types of filter systems [32]. (a) Rectilinear. (b) Bent. (c) Rectangular. (d) Knee. (e) Torus. (f) S-shape.
(g) Off-plane double bend. (h) Dome. (i) Venetian blind. (j) Co-axial (pulse). (k) Electrostatic filter with laser trigger
(pulse). (l) Mechanical pulse.

2. Nanocomposite Films Prepared by a FVA With an Organosilane
Precursor

2.1. Basic Configuration of Deposition System for an Organosilane Incorporated FVA

Ti-Si-C-N quaternary nanocomposite coatings were prepared by using a filtered vacuum arc
deposition system. Figure 2 represents the schematic diagram of the FVA coating system.
The deposition system consists of a water-cooled cathode and anode, plasma guiding duct,
and magnet coils. The diameter and height of the chamber is 800 and 650 mm, respectively.
The vacuum arc discharge from cathode emits high energy (~ 60 eV) ions and generates
dense plasma above 1013 cm-3. An arc spot also makes neutral macro particles, which cause
several problems such as rough surface, pinhole, and micro cracks in coatings. To remove
the macro particles the plasma guiding duct and magnet coil were used. Coaxial magnetic
fields about 15 mT were generated by six magnetic coils. The pumping system consists of
rotary pump (900 l/min) and oil diffusion pump (1500 l/s). The ultimate pressure of deposi‐
tion chamber was 2 × 10-6 mTorr by using rotary and diffusion pumps. MKS mass flow con‐
trollers were used to regulate the flow rate of tetramethylsilane (TMS) (99.99%), argon
(99.999%) and nitrogen (99.99%) gases.
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The samples are mounted on the rotational substrate holder with a rotational speed of 3 rpm
for the deposition of the coatings. The deposition process consisted of Ar ion bombardment
cleaning, Ti(100 nm)/TiN(200 nm) interlayer deposition to improve an adhesion strength.
The thickness of the Ti-Si-C-N nanocomposite coating was about 0.4 to 0.6 μm. The experi‐
metal details are shown in Table 3.

Structural characterization of as-obtained samples was done by X-ray diffraction (Shimad‐
zu XRD-6000, Cu Kα radiation λ = 1.5406 Å, scanning rate 1° min−1) and transmission elec‐
tron microscopy (JEOL JEM-3100 FEF-UHR, 300 kV). The crystallite size was determined
by Scherrer formula and lattice parameter of coating was calculated by Bragg law for the
cubic system.

Elemental analysis and chemical nature of coatings were performed with X-ray photoelec‐
tron spectroscopy (XPS), using a VG Scientific ESCALAB 250 spectrometer with a Mg Kα X-
ray source. Hardness are assessed by means of a nanoindentation system (MTS, nano
indenter XP) using a Berkovich diamond indenter. Coating hardness was determined from
the loading and unloading curves employing depth-sensing hardness testers. The applied
load was gradually increased to 3000 μN at a loading rate of 150 μN/s, and was held at this
maximum value for 10 s. Testing was done using the constant-displacement-rate mode until
a depth of 200 nm was reached and the values from fifteen indents were averaged for each
condition. Adhesion strength was measured by a scratch tester (J&L, Scratch Tester). The ap‐
plied load on the diamond tip (tip radius 200 μm, conical angle 120°) was continuously in‐
creased at a rate of 0.25 N/s, while the tip advanced at a constant speed of 0.05 mm/s.

Figure 2. Experimental schematics of filtered vacuum arc with organosilane vaporizations.
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Arc voltage 24 V

Arc current 60 A

Duct voltage 25 V

Duct current 43A

Substrate voltage 0 ~ -400 V

Base pressure 2.3×10-6 Torr

Total pressure 8.2×10-4Torr

Deposition rate 9-38 nm/min

N2 flow rate 50 sccm

TMS flow rate 10 sccm

Substrate Temperature < 150˚C

Table 3. Experiment details.

2.2. Ti-Si-C-N Nanocomposite Film Prepared by a FVA With TMS Gas

2.2.1. Composition and Chemical Analysis

XPS analysis is used to identify a chemical composition on the surface of the nanocomposite
coating. Surface pre-sputtering eliminated the surface oxide at air-exposed samples. The ele‐
mental compositions for Ti, Si, C and N as a function of TMS flow rate from 5 to 20 sccm are
given in Fig. 3. A strong increase of the Si (2.1±1 to 12.2±1 at. %) content is observed up to
the TMS flow rate of 20 sccm. Ti and N content showed decreasing trend from 18.8±1 to
9.83±1 at.% and 24.8±2 to 19.14±2 at. %, respectively. Whereas the carbon content remained
constant in the range of 31± 2 at. %.

The XPS spectra of of Ti 2p, Si 2p, and N 1s are shown in Fig. 4. Fig. 4 (a) depicts the XPS
spectrum of Ti 2p. The characteristic doublet of Ti 2p3/2 and 2p1/2 are clearly observed. The Ti
2p3/2 peak position shows positive shift from 460.85 eV, which reveals a good agreement val‐
ue of 460.5 eV for TiN. This peak position shifts to higher value at silicon content of 3 at. %
and then it moves to lower binding energy (BE) side at silicon content at 8 at. %. The second
peak position Ti 2p1/2 is showing at 455.15 eV matching with Ti- nature bonding position of
TiN. It is well known that TiNx has flexible chemical states governed by the compactness of
other small non-metal atoms filled in the octahedral voids of titanium [47]. Fig 4 (b) shows
the high resolution spectrum of N 1s region. The three peaks correspond to 398.5, 396.8 and
400.6 eV, are in agreeing with the binding energies of Si3N4, TiN and TiC, respectively. With
increasing silicon content the N1s peak position showeda negative shift from 396.8 to 396.6
eV. Fig 4 (c) shows Si 2p spectra peaks, which are observed at 101.8, 101.1 and 102.8 eV, are
attributed to the Si3N4, the Si (2p)–C, and Si (2p)–O bonds, respectively. The incorporation of
TMS at low Si content (2 at.%) results in Si3N4 formation, whereas SiC formation is dominant
at the high Si content (12 at.%). The reason is that CH3 in TMS is not dissociated perfectly in
arc plasma so the carbon content are incorporated and react with Si contents. From the XPS
results, it was concluded that Si in Ti–Si–C–N coatings existed mainly as amorphous silicon
nitride with some silicon carbide.
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Figure 3. Chemical composition of Ti-Si-C-N nanocomposite films as a function of TMS flow rate.

Figure 4. XPS spectra of Ti-Si-C-N nanocomposite films. (a) Ti (2p), (b) Si (2p),(c) N (1s).

2.2.2. Microstructure Analysis

X-ray diffraction (XRD) is used to investigate the crystalline phases of the Ti-Si-C-N coating.
Figure 5 shows the XRD pattern of Ti-Si-C-N coating with different silicon contents. The Ti-
Si-C-N nanocomposite coatings with silicon content range of 2.1 to 16.2 at. %, exhibit the dif‐
fraction peaks at the angles of 2θ = 36.01°, 43.63° and 50.79° which are corresponding to
(111), (200) and 220) TiCN reflections respectively [14,48-52]. These positions of the three
peaks are coinciding with the values obtained in the JCPDS card [53]. Also, peak is observed
at 38° that are attributed to the diffraction of stainless steel, which is the substrate. No sig‐
nals from the phase formation of Si3N4 or from titanium silicide can be observed [54,55].
Note that the amorphous phase Si3N4, deduced from the XPS results analysis, has been con‐
firmed with the XRD measurement.
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The crystalline size of the Ti-Si-C-N coating is calculated from the TiN (111) diffraction peak.
The TiN (111) peak is fitted by using a Gaussian function to calculate the crystallite size
from FWHM by using Scherrer equation. Adding Si, the crystallite sizes decreases from 3 to
2 nm, which shows that nanocrystalline phases are formed. It representsthat the addition of
silicon could reduce the grain coarsening in the Ti-S-C-N nanocomposite coatings.

Figure 6 shows HRTEM picture acquired on the Ti-Si-C-N coating contain 3 at. % of Si. The
lattice spacing of these crystallites is 0.212 nm. The amorphous phase has an irregular shape
and a boundary surrounding the TiN nanocrystallites. The growth direction of (111) plane is
clearly identified in this image. The image shows the fine grain structure and reveals that
these fine grains are largely oriented in the direction of growth. An arrow indicated the
growth direction. TiN nanocrystals with an average grain size of about 10 nm were separat‐
ed by less than 1 nm thick brighter Si3N4 tissues. Fig. 6 (b) shows a STEM image of Ti-Si-C-N
coating and the intensities from Ti, Si, C, and N obtained from an EDX line scan acquired
from the STEM image. In the matrix, the Ti and the Ti signals are high and small for silicon
small signals are observed from the XRD, XPS and TEM analysis results, it could be con‐
firmed that the Ti–Si-C–N coating obtained in this experiment consisted of nanosized TiN
crystallites surrounded by thin amorphous phase of Si3N4 [56].

Figure 5. X-ray diffraction patterns at various Si contents from 2 to 12 at. %.

Figure 6. HRTEM image of Ti-Si-C-N at 3 at.% of Si content.
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2.2.3. Mechanical Properties

The nano-indentation technique permits to extract the surface mechanical properties from
depths of nanometers. Hardness can be calculated using Oliver and Pharr method [57]. The
hardness decreases with increasing the depth of indentation at extremely small depths. This
indentation sizes effect is expected for soft metal films and has been related to strain gradi‐
ent plasticity. In the present study, nano-hardness of the Ti-Si-C-N coatings was obtained as
a function of depth up to a maximum depth of 180 nm. The steel substrate hardness is
around 2 GPa and Young's modulus is 200 GPa as obtained by nano-indentation experi‐
ments. Load versus indentation depth curves from multiple experiments by using the same
maximum load and from 25 different sample locations were averaged and standard devia‐
tions were calculated and reported. Figure 7 represents the hardness of Ti-Si-C-N coatings
as a function of displacement into surface. The hardness values of Ti-Si-C-N coatings are 18,
35, 32 and 27 GPa at a contact depth of 40 nm at 2.1, 3, 7 and 8 at. % of Si, respectively. The
maximum hardness of ~35 GPa is obtained for the silicon content of 3 at. %. The hardness
value of 48 GPa was achieved adding 10 at.% Si and 30 at.% C by Dayan Ma et.al [58]. Also
he was explained it with carbon contents. Suddeep mabiraham et. al [49] also achieved the
hardness of the Ti-Si-C-N films at the Si content of 9.2. at % with maxiumum hardness
around 55 GPa achieved with Si content of 8.9 at.%. by using PVD method in [59]. So far
many people have been reported the hardness of the Ti-Si-C-N coating at above 5 at. % of
the silicon content. Present results show that the maximum increases in hardness for Ti-Si-C-
N coating within 3 at. % of silicon, which proves such hardening effects, is known to occur
in transition metal nitride systems with a few at. % of silicon content and this increased
hardness effect due to hindrance effect of the segregated Si3N4 on TiN grain boundary slid‐
ing which is the predominant deformation mechanism in nanocrystalline materials [60]. On
the other hand, the hardness reduction with a further increase in Si content is observed [58].
The decrease in hardness is due to increasing contributions from the soft substrate.

Figure 7. Nano indentation of Ti-Si-C-N films with 3 at. % of Si.
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2.2.4. Adhesion Properties

Scratch tests with ramping loads up to 100 N were conducted on the films deposited on
stainless steel substrates. The critical load required to cause the first delamination at the
edge of the scratch track (adhesive failure) characterizes the adhesion properties of coatings.
Optical microscopy of the films subjected to the scratch tests (Not shown here). The critical
loads obtained for the above four coatings were 37, 44, 33 and 30 N, respectively. Strong
acoustic signals were observed for the critical load exceeding 30 N. The lowest value of COF
of 0.16 is obtained for the hardest film with Si content of 2.1 at.% and it is 0.17- 0.22 for the
rest of nanocomposite films and agrees with the literature [59, 61]. For FVA deposition, the
intrinsic energy of ions emitted from a cathode source is considerably higher as compared to
the evaporated or sputtered atoms. This higher ion energy up to 60 eV condenses deposited
film and enhances adhesion. Beside that the friction coefficient and penetration depth versus
force show several inflections for the Ti-Si-C-N with 8 at. % Si.

2.3. Substrate Bias Effects on Ti-Si-C-N Nanocomposite Films

2.3.1. Structural Properties

The deposition rate of Ti-Si-C-N nanocomposite coating was found to decrease gradually
from 18 to 8 nm/min, when the bias voltage increased from 0 to −400 V. The decreasing
trend of deposition rate has been explained on the basis of removal of impurities and densi‐
fication of films due to the energetic ion bombardment when increased substrate bias volt‐
age [62].The XRD diffraction of Ti-Si-C-N nanocomposite coating for different substrate bias
voltage is as shown in Fig. 8. It matches well with the ICDD PDF 42-1489 revealing the NaCl
type crystal structure. However, the diffraction peaks are shifted towards the higher angle
side indicating the presence of compressive stress in the coatings [63]. At zero bias voltage,
coating shows predominant presence of (111) and (200) orientations. With increase in sub‐
strate bias, (220) was found to dominate the spectra especially at substrate biases of − 300 V
and − 400 V. This behavior has been observed in binary, ternary and quaternary coatings
and is attributed to the decrease in sputtering rate at higher substrate bias. There is no fur‐
ther detail of the Ti-Si-C-N coating with effect of bias voltage by using FVA system. These
result show that substrate bias voltage has a strong influence on the structural properties of
the deposited films and will be correlated with changes in hardness of the coatings. Fig. 9
shows the calculated lattice parameters from the XRD pattern for TiN peak position using
equation (1). The lattice constant of TiN changes from 4.31599 to 4.24762 Ǻ with the different
substrate bias voltages. For −100 V bias voltage, TiN films are over stoichiometric corre‐
sponding to the highest lattice parameter (ICDD PDF 42-1489) a =4.29 Ǻ). The shift could be
attributed to higher residual stress in the coatings and changes in the composition of the
coating. The calculated lattice parameter was shown 4.24762 Ǻ at −400 V, it is slightly lower
than that of the value reported standard lattice parameter. Usually these kinds of stress with
increasing bias voltage are commonly observed in thin films grown by physical vapour dep‐
osition methods. With increasing bias voltage, the ion bombardment encouraged mobility of
atoms was major effect which implies that the decreasing trend of the stress because of en‐
hanced annihilation of defects [64].
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Figure 8. X-ray diffraction patterns of Ti-Si-C-N nanocomposite coatings various substrate bias voltage.

Figure 9. Lattice parameter of the Ti-Si-C-N nanocomposite coatings various substrate bias voltage.

2.3.2. Texture Orientation

The changes in the preferred orientation of Ti-Si-C-N nanocomposite coating as a function of
the substrate bias are qualitatively estimated in terms of texture coefficients (TC). The TCs,
determined by TC = Im(hkl)/I0(hkl)/(1/n){Im(hkl)/I0(hkl)} for (111) and (220) reflection [65], as
a function of substrate bias are shown in Fig 10. Where Im(hkl) is the observed intensity of
the (hkl) plane, I0(hkl) is the standard data (JCPDS) of the (hkl) plane, and N is the total
number of diffraction peaks. When the TC value is larger than 1, a preferred orientation ex‐
ists in the sample. The texture coefficient of the (111) orientation is significantly higher than
that of the (220) orientation in the substrate bias range 0 to −100 V. When deposited lower
film thickness it has been shown that the influence of surface prevails over strain energy and
(100) orientation expected, but it is higher film thickness have (111) orientation expected
with vice versa [66]. However we observed the contrary result compared to other research‐
ers for nitride coatings with substrate bias. This may be due to the ion input energy or chan‐
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neling effect is not the major role for the change of orientation between (111) and (220)
plane. At −300 V, the trend of texture has completely changed from (111) to (220) and texture
coefficient value shows extensively higher value than that of the (111) and it was maintained
at the higher bias voltage of -400 V. It attributed to the mutual effects of both Ti and Si ele‐
ments for preferred growth orientation of the Ti-Si-C-N nanocomposite coating at higher
substrate bias voltage.

Figure 10. Texture Coefficient of the Ti-Si-C-N nanocomposite coatings various substrate bias voltage.

2.3.3. Chemical Composition and Analysis

To determine the composition of the Ti-Si-C-N nanocomposite coating, XPS analysis has
been performed. The samples are sputtered with argon ions to remove the oxide top layer.
Even though we found uniform oxygen concentration with respect to substrate bias voltage,
could be due to the TMS gas which is used in the present studies. With increasing the nega‐
tive bias voltage from 0 to −300 V, the silicon concentration increased from 5.17 to 8.14 at. %.
Silicon has lower electro negativity than carbon; amorphous carbon atom bonded to a silicon
atom attracts electrons from the silicon atom, which condense the Si-H bonds. The number
of silicon atoms attached to Si-Hx is predicted to increase as silicon content increases in the
Ti-Si-C-N nanocomposite coating [67]. In contrast, decreasing trend was observed for carbon
content in the range from 40 to 24 at. %. It may be due to carbon atom is lighter than the Si
atom and also the energy of the Ar ion increases with cause to build strong bombarding to
the substrate with increasing bias voltage. Further with increasing substrate bias voltage
about −400V, the silicon concentration shows decreasing trend in the range of 4 at.%, it is
also lower value than substrate bias voltage range of silicon content from 0 to -300 V. The N
and Ti content are seen to be almost independent respect to the substrate bias.

The chemical state of the Ti-Si-C-N nanocomposite coating was analyzed by the XPS meas‐
urements and is as depicted in Fig. 11. Fig 11 (a) depicts the C 1s peak spectra shows five com‐
ponent’s namely, C1, C2, C3, C4 and C5 were observed in the spectrum zone. The two peaks
of C1 (at 285.7 eV) and C2 (at 284.5 eV) corresponded with the position of C-N and C=C phase
formation. Another three peak were peaks observed C3 (at 282.5 eV), C4 (at 281.2 eV) C5 (at
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288.4 eV) corresponded with the position of Ti-C phase formation. As compared Ti-C peak
position, the C=C peak position accounts for only a small fraction of the total C1 spectra, in‐
dicating that a small fraction of C atoms are bonded to Ti atoms, and most of the C atoms ex‐
ist  as  amorphous  carbon  [68,69].  Fig  11(b)  depicts  the  Si  2p  peak  spectra  shows  three
components namely S1, S2 and S3 were observed in the spectrum zone. These two peaks of
S1 (at 100.8 eV) and S2 (at 102.3 eV) corresponded with the position of SiC and Si3N4 phase
formation. Another one of weak component was observed at about S3 (at 102.8 eV) corre‐
sponds to Si-O bonds. The peak intensity gradually increased with an increase of bias volt‐
age, which implies that increasing trend of silicon concentration. Fig. 11(c) depicts the N1s
2p peak spectra shows three components namely N1, N2 and N3 were observed in the spec‐
trum zone. These two peaks of N1 (at 398.28 eV) and N2 (at 396.64 eV) corresponded with
the position of Si3N4 and TiN phase formation. Another one of the weak component at about
N3 (at 400.8 eV) corresponds to C-N bonds. The formation of Si3N4 phases was confirmed by
XPS analyses for nanocomposite coatings. Figure 12 shows the HRTEM image of Ti-Si-C-N
nanocomposite coatings deposited at a bias voltage of −100 V. These coatings are nanocom‐
posite coatings of TiN nano-crystalline (black area) embedded in an amorphous matrix, which
are clearly distinguished from the particles by high-resolution TEM image. The SAED pat‐
terns in the TEM analysis did not reveal any crystalline silicon nitride. Finally from the XRD,
TEM and XPS result together confirmed that the Ti-Si-C-N coatings had nanocomposites struc‐
ture of nanosized TiN crystallites embedded in an amorphous Si3N4 matrix.

Figure 11. XPS spectra of Ti-Si-C-N nanocomposite coatings with various substrate bias voltage (a) C (b) Si and (c) N.

Figure 12. HRTEM image of Ti-Si-C-N coating at -100 V.
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2.3.4. Nano Mechanical Properties

Figure 13 shows the effect of substrate biasing on the hardness of Ti-Si-C-N nanocomposite
coating. It was clearly seen that the hardness increases initially with the increase in the in‐
dentation depth upto 30 nm. After that the hardness starts to decrease with increase in the
penetration depth and finally attains saturation. This saturation in hardness value is ob‐
served in all the coatings. Hence this clearly indicates that at higher penetration depths, the
obtained hardness may be due to the substrate effect. Hence, as per the Oliver-Pharr [70],
the extracted hardness values are only from the 10 % of the film thickness. Hence, for the
un-biased Ti-Si-C-N coating,at the depth of about 30 nm, the peak hardness was found to be
49 GPa. A maximum value of 49 GPa has been obtained for the coatings deposited at a sub‐
strate bias of − 100 V. This peak in hardness value is well corroborated with XRD, XPS and
TEM studies. Furthermore increasing trend of hardness with bias voltage have been also
studied many researchers by using different PVD synthesis methods. Usually enhancement
of the packing density in plane of (111) were improved with increasing the substrate bias
voltage and also from in our XRD pattern already confirms about orientation (111) has been
formed at this bias range of coating. It is well known resultant microstructure of the film de‐
pends on the ion bombardment [71], and this in turn affects the hardness of the film. Also
from the TEM analysis we have confirmed nanocrystalline phase formation with amorphous
phase formation in this range of bias (−100 V) coating, it may be another reason for peaking
hardness at this range of nanocomposite coating. Finally with increase the substrate bias the
energy of the bombarding ions increases, causing structural modification, which is responsi‐
ble for changes in the level of the hardness. However, a drastic drop of hardness observed
from 49 to 20 GPa over the range −100 and −200 V was observed. The film hardness between
−200 to −300 V substrate biases remained constant at a value of about 18.5 GPa. We already
pointed out in our XRD result shows the preferred orientation of (220) and stress formation
with more defects this causes decreasing hardness. Therefore we can conclude that the hard‐
ness of nanocomposite coating depends directly on the substrate bias of nanocomposite
coating in this present studies.

Figure 13. Nanohardness as a function of displacement into surface at various substrate voltages.
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3. Summary

Ti-Si-C-N nanocomposite thin films on stainless steel were prepared by using FVA techni‐
que at constant gas mixture of argon and nitrogen flow rate with room temperature. The
nanocomposite films with silicon content in the range of 2.1 to 16.2 at. % was prepared on
stainless steel substrate with different TMS gas using FVA technique. From the XRD pattern,
we have confirmed nancomposite structure like nc-TiCN/a-Si3N4 formation. The nanocrys‐
tallite size of the samples decreases with the silicon content. Nanohardness measurement in‐
dicated a peak hardness of ~49 GPa and Young’s modulus of ~245 GPa for the films with Si
content of 3 at.%. All these results show that Ti-Si-C-N nanocomposite coatings are suitable
for surface coatings applications requiring low roughness, moderate hardness and low fric‐
tion coefficient.

In the variation of substrate bias, we found (111) orientation at lower bias voltage range
from 0 to − 100 V, whereas the (220) orientation has confirmed at higher bias voltage range
from −200 to −400V. XPS result of Ti-Si-C-N coatings has confirmed the formation of nc-
Ti(C)N/a-Si3N4 phase with respect bias voltage. The highest hardness around at 49 GPa has
achieved phase at the bias voltage of -100 V. Further increasing voltage the hardness was
decreased due to stress and orientation behavior on this coating. By changing the bias volt‐
age to change microstructure and chemical natural of the films and to improve tribological
applications such as hardness and adhesion properties, it shows promising future in indus‐
trial fields.
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