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Nanocomposite Ti-Si-N thin films were deposited on Si (100) and Stainless Steel (type 304) substrates by
DC/RF magnetron sputtering. The effect of varying deposition parameters on the structural and mechanical
properties of Ti-Si-N films was investigated by several characterization techniques such as XRD, FE-SEM,
AFM, TEM, and Nanoindentor, respectively. XRD analysis of the thin films, with varying Si content revealed
the (111) orientation up to 15.6 at.% Si content and thereafter the film become amorphous. The microstrain
of the films decreases with increase in Si content as observed in the present work.

A reduction in grain size and the transformation of pyramidal shape of grain morphology into columnar and
finally to amorphous structure occurs for the films deposited, with varying Si content, as evident from the
microstructural analysis. The surface roughness of the Ti-Si-N films, calculated from its AFM images,
decreases with varying Si content. The hardness and Young's modulus values of Ti-Si-N films were observed
to increase up to 34 GPa and 275 GPa with 15.6 at.% Si content respectively but decreases afterwards with
increase in Si content. The improvement in the hardness of the films (up to 34 GPa) is due to grain boundary
hardening arising from the two phase structures consisting of nanocrystallites of TiN embedded in the
amorphous matrix of SisN4. With increasing Si contents beyond 15at.%, hardness of the films decreases due

to incomplete nitridation of Si owing to the deficit nitrogen source during deposition of the films.

© 2009 Published by Elsevier B.V.

1. Introduction

Ti-Si-N nanocomposite coatings have been shown immense in-
terest in recent years due to its very high hardness, high wear resis-
tance, and improved thermal stability as compared to TiN [1-8]. It was
developed during the early 1980s [9,10] and the processing, structure,
and property of nanocomposite coating were investigated in detail by
Veprek et al. [11,12] and Prochazka et al. [13]. According to Veprek
et al. [12], for the development of superhard and thermally stable
nanocomposites, the formation of stable nanostructures by self-
organisation is essential through the thermodynamically driven
spinodal phase segregation. A high nitrogen activity (partial pressure
>1x10"3mbar) and deposition temperature of 500-600 °C are
required to realize the formation of thermally stable nanocomposites.
The maximum hardness of nanocomposites is achieved when one
monolayer of SizN4 covers the surface of polar, hard transition metal
nitride nanocrystals such as TiN, W;N, etc. They reported that the
factors such as formation of atomically sharp interfaces, impurities
(oxygen contents) <0.2at.%, and formation of tiny nanocrystals
achieved through the deposition conditions favorable for thermody-
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namically driven phase segregation is essential for fabricating super-
hard nanocomposite coatings. Prochazka et al. [13] has synthesized
nanocomposite TiN/SisN, with stable nanostructures by reactive
magnetron sputtering and observed its high hardness value of
>45 GPa. They reported that its high hardness value is due to the
higher nitrogen pressure >0.002 mbar and high deposition temper-
ature 550-630 °C used in the sputtering, which are favorable for the
formation of stable nanostructures facilitated by phase segregation. An
enhancement of hardness and refractory properties manifested in the
nanocomposite Ti-Si-N was elucidated with the size effect of TiN
nanocrystals embedded in the SisN, amorphous matrix, which act as
an effective barrier for dislocation motion as reported in the literature
[12]. Silicon content affects the physical properties of the films such
as electrical resistivity, oxidation stability, and diffusivity. For example,
the formation of amorphous SisN,4 thin films depends on Si content,
which serves as an effective diffusion barrier than its polycrystalline
films due to the absence of grain boundaries and extended defects. The
Si content also reduces grain size of the TiN in nanocomposite Ti-Si-N
thin films through the incorporation of amorphous SiN, between
grains. The absence of distinguishable crystalline phases in the nano-
composite films with fewer defects contribute to increased resistivity
and barrier strength [14-24].

Kim et al. [25] have investigated Ti-Si-N hard coatings deposited
on SKD11 steel substrates, in which TiN was deposited by the arc ion
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plating (AIP) method while Si was incorporated into the films by
sputtering technique. A maximum hardness of 45 GPa at Si content
of 7.7 at.% was observed in the coatings. The size of TiN crystallites
has reduced with increasing Si content and it was distributed with
multiple orientations in the amorphous silicon nitride phase. Surface
roughness of the Ti-Si-N coating also has decreased with increase
of Si content. Mei et al. [26] have deposited Ti-Si-N nanocomposite
films on high speed steel substrates by reactive magnetron sputtering.
The microstructure and mechanical properties of films are affected by
the varying percentage of Si contents. TiN nanocrystals with grain size
of about 20 nm were formed in the Ti-Si-N films, with the Si contents
ranging from 4.0 at.% to 9.0 at.%, and they were surrounded by SizN4
interphase (1 nm thick) as observed in their work. The hardness (H)
and elastic modulus (E) of films have increased with increasing Si
contents and its maximum H and E values were 34.2 GPa and 398 GPa,
respectively. With the further increase of Si content, the mechanical
properties of films have reduced gradually and finally it reached lower
than that of the TiN films. Jiang et al. [27] have deposited Ti-Si-N
on Si (100) substrates at room temperature by reactive unbalanced
DC-magnetron sputtering and characterized by XPS. It was shown
that in Ti-Si-N films, the Si bonding was in the form of SisN4 with
low Si contents (<14 at.%), while it was in the form of both Si and
Si3Ny4 at high Si contents (>18 at.%). Also, the grain size and surface
roughness have decreased due to higher nucleation rate with in-
crease in Si content.

Kim et al. [28] have investigated the DC reactive magnetron
sputtered Ti-Si-N on SKD 11 steel substrate using HRTEM and XPS.
They reported that the films consist of nano-sized TiN crystallites
surrounded by an amorphous SisN,4 and crystallites of initially aligned
microstructure are finer, randomly oriented, and fully penetrated by
amorphous phase with increase in Si content; the films showed a
nearly amorphous phase with higher Si content. The free Si was
observed in the films, due to the deficit of the nitrogen source, when Si
content was increased. The hardness value of approximately 38 GPa
was obtained from the Ti-Si-N films with the Si content of 11 at.%,
which showed a microstructure of fine TiN crystallites dispersed uni-
formly in an amorphous matrix. The hardness reduction with increase
of Si content beyond a critical point was attributed to the thickening
effect of amorphous Si3N, rather than to the effect of free Si. Cairney
et al. [29] have deposited Ti-Si-N coatings on Si(100) wafers by
concurrent cathodic arc evaporation and magnetron sputtering. These
Ti-Si-N coatings of varying Si contents were examined by cross sec-
tional transmission electron microscopy and observed that the sam-
ples with low contents (0.8 and 1.5 at.% Si) exhibits a columnar grain
structure, which is deformed by intergranular cracking and shear
sliding at the grain boundaries, while samples with higher Si contents
(9.5 and 12.5 at.% Si) consisted of TiN nanocrystals of 5 nm in size
connected by an amorphous SizN4 matrix. Xu et al. [30] have studied
the reactive magnetron sputtered Ti-Si-N films on 321 steel substrates
and substantiated the influence of Si into TiN, especially on micro-
structure and adhesion of the coating/substrate system. They have
reported that the films consist of fine TiN crystals surrounded by an
amorphous SisN4 matrix and with increasing Si contents, the
orientation of TiN crystals shifts from (111) to (200), the crystallite
size significantly diminishes from 15 nm in a pure TiN thin films to
4.2 nm in the Ti-Si-N thin films containing 22.6 at.% Si. The addition
of a certain amount of Si increases the hardness and Young's modulus
of the coatings, reaching maximum values to 42 GPa and 320 GPa,
respectively. The scratch tests indicated that the adhesive strength
also improves with Si addition. Rebouta et al. [31] have deposited
Ti-Si-N films on polished tool steel and high speed steel substrates
(AISI M2) by reactive magnetron sputtering. The films revealed higher
hardness values than those obtained for TiN. The hardness increases
with small Si additions reaching the maximum values for Si content
between 4 and 10 at.%. The denser sample (4.7 g/cm>) with a Si content
of approximately 2 at.% showed maximum E value of 462 GPa.

Although the Ti-Si-N films have been studied in detail, the
mechanisms affecting the mechanical properties of the films vary
with respect to the microstructures of films influenced by the sput-
tering parameters. Hence, it is very essential to investigate influence of
microstructures, with varying deposition conditions, on the mechan-
ical properties of nanocomposite Ti-Si-N films. Owing to this view, the
present work has been focused to investigate the DC/RF magnetron
sputtered nanocomposite Ti-Si-N thin films, with the chosen
sputtering parameters and varying Si contents, in order to identify
the factors facilitating the enhancement as well as reduction in
hardness of the films. The films were characterized by XRD, FE-SEM,
AFM and TEM to reveal the influence of processing parameters on
microstructural characteristics. The Si contents in the Ti-Si-N thin
films were analyzed by using Energy Dispersive Spectroscopy (EDS)
attached with FE-SEM. The hardness and Young's modulus of the films
were measured by nanoindentation technique and the mechanisms of
hardening effect were explained using their microstructural and
compositional features.

2. Experimental
2.1. Deposition of Ti-Si-N thin films

The Ti-Si-N films were deposited on Si (100) and Stainless Steel
(type 304) substrates by Direct Current (DC)/Radio Frequency (RF)
magnetron sputtering. DC magnetron sputtering is used for conduct-
ing targets such as metals or doped semiconductors but not for non-
conducting targets (non metals or insulators) because of its non-
conducting nature, positive ions would lead to a charging of the
surface and subsequently to a shielding of the electric field. Sub-
sequently, the ion current would die off. Therefore, RF magnetron
sputtering (radio frequency of 13.56 MHz) is used for non-conducting
and semiconductor targets in which an AC-voltage is applied to the
target. In one phase, ions are accelerated towards the target surface to
sputter material and in the other phase, charge neutrality is achieved.

The Si substrate was cleaned by first rinsing in Hydrofluoric acid to
remove SiO, layer and then ultrasonic baths of acetone and methanol
and finally dried under nitrogen gas. The Stainless Steel (type 304)
substrate was first polished by using 1/0, 2/0, 3/0 and 4/0 grid SiC
emery papers and then cloth polished up to mirror finish. The sub-
strates were cleaned by ultrasonic baths to remove the SiC and dust
particles. The sputtering targets were 99.99% pure Ti and Si disc
(2” diameter and 5 mm thick) fixed at an angle of 45° to each other
and with the use of rotator, the substrate was rotated between
Ti and Si targets continuously to perform a co-sputtering as shown
in Fig. 1. DC sputtering and RF sputtering for Ti and Si targets were
used, respectively, during deposition. The base pressure was better
than 2x 10~ ®Torr and the sputtering was carried out in an Ar + N,
atmosphere with the ratio 80:20. Reactive sputtering was used to
deposit Ti-Si-N films in the present work. Before starting the
deposition, the targets were pre-sputtered for 15 min with a shutter
located in between the targets and the substrate. This shutter is

Fig. 1. Schematic diagram of experimental setup used for Ti-Si-N film deposition.
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also used to control the deposition time. All the deposition was
performed at a fixed substrate to target distance of 50 mm. The
sputtering parameters for Ti-Si-N films with varying Si content are
included in Table 1.

2.2. Characterization details

XRD (Bruker AXS, D8 Advance) measurements with using CuKa
(A=1.54A) radiation to characterize the Ti-Si-N thin films. The
excitation voltage and current were set to a 40kV and 30 mA
respectively, in the diffractometer. The grain size ¢t of the Ti films was
estimated from the Scherrer's formula [32], given as

0.9\
" Bcosh (1)

where B (crystallite) is the corrected full-width at half maximum
(FWHM) of a Bragg peak, A is the wavelength of X-ray, and 0 is the
Bragg angle.

The texture coefficients of the Ti-Si-N films as a function of
deposition time are calculated from their respective XRD peaks using
the following formula [33];

I(hkI)

Texture Coefficient(T) = 11) + 1(200) + 1(220)] (2)

where, h, k, | are planes and represents the (111), (200) or (220)
orientations.

Cross sectional FE-SEM images were used to measure the thickness
of Ti-Si-N films deposited on Si (100) substrate. FE-SEM (FEI, Quanta
200F) and TEM (FEI, Tecnai 20) were used to characterize the
microstructures of the Ti-Si-N thin films at an acceleration voltage of
20 kV and 200 kV, respectively. The surface morphology (3D) of the
Ti-Si-N films was characterized by AFM (NT-MDT, Ntegra) operated
in semi contact (tapping) mode in order to calculate its surface
roughness. The root-mean-square (RMS) roughness of the surface of
the sample was calculated from AFM scan at five different spots for
each sample.

2.3. Nanoindentation measurements

The hardness and elastic modulus of Ti-Si-N thin films were
measured by using Hysitron nanoindentation instrument. In this nano
hardness tester, an indenter tip with known geometry is driven into a
specific site of the material to be tested by applying an increased normal
load [34,35]. The load is increased and decreased in a linear fashion
during the experiment. The diamond indenter is forced into the thin
films being tested under constant load conditions. The loading profile
during indentation testing followed linearly increasing with a hold time
of 5 s at the peak load. The loads used were 10, 15, 20, 25 and 30 mN at
loading rate 20.0 mN/min in the present work and the average hardness

Table 1
Sputtering parameters for Ti-Si-N films with variation of Si content.

Target Ti (99.99% pure, 2 inch diameter and 5 mm thick)
and Si (99.99% pure, 2inch diameter and
5 mm thick)

Base pressure 2x 10~ ®Torr

Gas used Ar: N, (80:20)
Sputtering (deposition) pressure 5 mTorr

Deposition time 90 min
Sputtering power for Ti target 150 W
Power density for Ti target 7.4 W/cm?

Sputtering power for Si target
Power density for Si target
Substrate

Substrate temperature

25-125 W (3.0-21.4 at.%)

1.23-6.17 W/cm?

Si (100) and Stainless Steel (type 304)
300 °C

and Young's modulus value were calculated from the load-displace-
ment curve obtained from the nanoindentation testing. Hardness values
were consistent (6= + 1) from indent to indent and uniform over the
range of indentation depth of 100-120 nm. The analysis of elastic
modulus is based on the Oliver and Pharr Method [36].

3. Results and discussion

The XRD peaks for the nanocomposite Ti-Si-N films deposited at
varying Si contents on Stainless Steel substrate are shown in Fig. 2(a).
It is observed that with increasing Si content up to 12.8 at.%, the films
exhibit (111) preferred orientation but with increase in Si contents
above 12.8 at.%, intensity of (200) and (220) peaks grows up.
However, no signals corresponding to crystalline SisN, and various
phases of titanium silicide could be observed. It shows that Si was
present in an amorphous phase of either SizN4 or Si, which are in
agreement with previous reports on Ti-Si-N nanocomposite films
prepared by CVD and PVD [28,30]. With increase in Si contents of
above 15.6 at%, no peak could be observed in the XRD spectra,
indicating that the TiN crystals become too tiny to detect or the whole
coating becomes amorphous.

Epitaxial stabilization of cubic SiN, in TiN/SiN, multilayers was
investigated in detail by both experimental and ab initio calculations
by Soderberg et al. [37]. The transformation of crystalline (cubic) to
amorphous layer of SiN, occurs in the TiN/SiN, multilayers when the
thickness of SiN, increases beyond 0.8 nm as reported in their work. It
has been shown through ab initio calculations that the epitaxial

Fig. 2. (a) XRD peaks of Ti-Si-N films with variation of Si content and (b) texture
coefficients of same films.
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Table 2
Properties of Ti-Si-N films with variation of Si content.

Coating Thickness (pm) Interplanar spacing, Crystallite size Lattice parameter, a (A) Microstrain (111) peak Average roughness
(A) (111) peak (nm) (111) XRD (111) peak (nm) AFM
Ti-Si (3.04+:0.4)-N 1.82 2.439 479+1.7 4224 0.823 67.7
Ti-Si (6.5+0.7)-N 1.72 2431 41.7+£19 4211 0.492 48.2
Ti-Si (9.4+£0.9)-N 1.51 2.425 34.1+£22 4.200 0.239 39.7
Ti-Si (12.8+£1.1)-N 1.75 2.422 302+24 4.195 0.119 36.3
Ti-Si (15.6 +1.3)-N 2.05 2411 17.8+3.1 4176 —0.096 33.8
Ti-Si (18.7 +1.4)-N 1.72 - - - - 294
Ti-Si (21.44+1.5)-N 235 - - - - 22.8

stabilization of cubic SiN, occurs in the multilayers, only for the few
monolayers of SiN,, due to the minimization of interfacial energy at
the early stages of layer nucleation and pseudomorphic forces present
during subsequent coalescence and growth. The structural interfacial
energy in addition to chemical interfacial energy contributes to the
stabilization of amorphous structure of SiN, if its thickness is higher
than 0.8 nm.

The grain growth of TiN crystals is inhibited due to the presence of
second phase particles causing Zener drag effect, which result in
reduction of size of TiN crystals. The crystallite size of the thin film
with 3.0 at.% Si, calculated from the X-ray peak broadening is 47.9 4+

1.7 nm and crystallite size decreases with increase in Si content and
the size reduces to 17.8+3.1 nm for 15.6 at.% Silicon. This indicates
that TiN crystals become finer with the incorporation of the amor-
phous SizN, phase. It was also observed that with increase in Si
contents; inter planar spacing, d decreases from 2.439 A for 3.0at.% Si
to 2.411 A for 15.6at.% Si and thereafter, the films become amorphous
with further increase in Si contents.

Fig. 2(b) shows the texture coefficients of the nanocomposite
Ti-Si-N films deposited at varying Si content calculated from their
respective XRD peaks by using the formula, as given in Eq. (2).
From Fig. 2(b), it is observed that the texture coefficient of (111)

Fig. 3. FE-SEM images of Ti-Si-N films with variation of Si content (a) 3.0 at.%, (b) 9.4 at.%, (c) 15.6 at.% and (d) 21.4 at.%.
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peak dominates till the Si content reaches 12.8 at.% and after-

wards, other orientations such as (220) and (200) peaks develops.
The microstrain from (111) peak of Ti-Si-N films on Stainless Steel

substrate were calculated by the following equation [38,39]:

€= (a—a,)/a, x 100 3)

where, a and a, are the lattice parameters of the strained and
unstrained Ti-Si-N films, respectively, which are calculated from XRD
data [40]. The lattice parameter, a of Ti-Si-N films were calculated
using the equation of cubic structure [32]:

1 R+ + B
FT @ @

where, d is the interplanar distance obtained from the position of the
(111) peak using the Bragg condition, a is the lattice parameter and
h, k and [ are planes.

The lattice parameters of the films on Stainless Steel substrate for
varying Si content are included in Table 2 and it is observed that with
increase in Si contents, lattice parameter, a decreases. It is also evident
that with increase in Si contents, microstrain, &, decreases and the
data of all Ti-Si-N films are included in Table 2.

The FE-SEM images of the Ti-Si-N films with increasing Si contents
are shown in Fig. 3(a-d). It is observed that with increase in Si
contents, grain size decreases and the initial pyramidal shape grains
transform into columnar and finally to amorphous structure. The
atomic percentage of Si in the Ti-Si-N films is calculated from the EDS
results.

Fig. 4(a-d) shows the 3D AFM images of the Ti-Si-N films with
increasing Si contents. It is evident from this figure that with
increasing Si contents, grain size and surface roughness decreases,
which could also be explained from the XRD results. With increase in
Si contents, X-ray peak broadening is observed indicating the size
reduction of TiN. The root mean square values of surface roughness
with different Si contents on Stainless Steel (type 304) substrate
calculated from the AFM images of the films are shown in Table 2.

Cross sectional FE-SEM images of varying Si content are shown in
Fig. 5. It shows a columnar morphology and it becomes denser with
increasing Si content (21.4 at.%). The thickness of Ti-Si-N measured
from cross sectional FE-SEM images is included in Table 2.

TEM images in Bright field mode and selected area diffraction
modes of Ti-Si-N films with varying Si contents are shown in Fig. 6(a-b).
From Fig. 6(a), it is observed that the Ti-Si-N film with Si contents
6.5 at.% shows crystalline structure in Bright field mode with corres-
ponding rings in selected area diffraction mode. On the other hand,
in Fig. 6(b), with Si contents of 21.4 at.%, the diffraction patterns
are diffused and bright field image revealed that the film consisted
mainly of an amorphous phase. These results are in tandem with that
of the XRD analysis.

Fig. 7(a) and (b) shows the AFM in-situ image of the indent on
the sample which is obtained after the indentation and the influence
of Si content on hardness and Young's modulus (E) of Ti-Si-N thin
films, respectively. From Fig. 7(b), it is observed that the H and E
values increases with increasing Si content and the films with
15.6 at.% Si contents show a maximum hardness and E values of
34 GPa and 275 GPa, respectively. However, these values drop when
the Si content is increased beyond 15.6 at.%. An enhancement of

Fig. 4. 3D AFM images of Ti-Si-N films with variation of Si content (a) 3.0 at.%, (b) 9.4 at.%, (c) 15.6 at.% and (d) 21.4 at.%.
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Fig. 5. Cross section FE-SEM images of Ti-Si-N films deposited on Si substrate at varying Si content (a) 3.0 at.%, (b) 9.4 at.%, (c) 15.6 at.% and (d) 21.4 at.%.

mechanical properties of Ti-Si-N films is considered to be due to its
improved microstructure.

A possible phenomenological explanation to the observed hardness
can be deduced from results of structural analyses and their comparison
with existing concepts on nanocomposite mechanisms [41]. The for-
mation of superhard nanocomposites requires 3—4 nm crystallite sizes
with less than 1 nm thick separation in an amorphous matrix [42]. At
these conditions, both dislocation formation and incoherence stress
relaxation are suppressed, providing superhardness. The superhardness
achieved in nc-TiN/a-SisN4 nanocomposite is attributed to the strong
nanostructure with an optimum thickness of one monolayer of the
interfacial SisN,4 as reported by Veprek [43]. It is because of the pro-
nounced quantum confinement, which contributes to strengthening,
when the size of nanocrystal decreases to less than 4-5 nm. The dif-
ference in electronegativity leads to partial transfer of negative charge
to silicon, which increases the bond strength. The decrease in hardness
of the films beyond one monolayer thickness of the interface is due to
the formation of misfit dislocation as explained in Veprek's work. He has
further emphasized the influence of impurities at a level of >0.5at.%
of oxygen on substantial degradation of hardness of the films. The
superhardening effect manifested in TiN/SiN, multilayer is due to
the epitaxial stabilization of cubic SiN,, which occurs only for 1-2
monolayer thickness of the SiN, (0.3-0.8 nm) [37]. A better lattice
match (0.5%) of cubic SiN, with TiN is found in this multilayer.

However, the Ti-Si-N films prepared in the present work exhibit
large crystallite size, ~17-48 nm, which was sufficient for the for-
mation of nanosized dislocations. This has limited the increase in hard-
ness of the films in the present study. Nevertheless, it is observed that
the improved hardness coincides with a reduction in grain size, which
implies the presence of high volume fraction of grain boundaries. A two-
phase structure consisting of nanocrystalline TiN surrounded by a
matrix of amorphous SisN,4 could facilitate grain boundary hardening,
contributing to the enhancement of hardness values. However, a re-
duction in hardness of the films occurs when the Si contents is increased
(>15.6 at.%) during deposition of the films. It is due to the incomplete
nitridation of Si, owing to the deficit of nitrogen source, leads to the
presence of free Si in the films, which affects the properties of amor-
phous phase. Kim et al. [28] have also observed the presence of free
Si in the DC reactive magnetron sputtered Ti-Si-N thin films, using
HRTEM and XPS, when the Si content in the films is increased beyond
13.4at.%.

4. Conclusions
The structural and mechanical properties of nanocomposite Ti-Si-N

thin films deposited on Si (100) and Stainless Steel (type 304) substrates
by DC/RF magnetron sputtering were investigated in the present work.
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Fig. 6. Bright field image and SAD patterns by TEM of Ti-Si-N films deposited on Si
substrate at varying Si content (a) at 6.5at.% and (b) at 21.4at.%.

XRD analysis of the thin films, with varying Si contents, revealed
the (111) orientation up to 15.6 at.% Si content, beyond which the
films become amorphous. The stabilization of amorphous structure,
with the increase in thickness of SiN, layer (>0.8 nm), is attributed to
the chemical as well as the structural interfacial energy, which leads
to the formation of misfit dislocations at the interface. The decrease in
crystallite size and microstrain of the films is due to the formation of
amorphous SiN, layer with increasing Si contents as observed in the
present work. Microstructural analysis of the films reveals a reduction
in grain size and the transformation of pyramidal shape grains into
columnar and finally to amorphous structure with varying Si contents.

The hardness and Young's modulus values of Ti-Si-N films have
increased up to 34 GPa and 275 GPa, respectively, with 15.6 at.% Si
contents. The high hardness of the films is governed by a two-phase
structure consisting of nanocrystalline TiN and amorphous SizNy,
which facilitates the effective grain boundary hardening in the films.
The reduction in hardness of the films with increasing Si addition

Fig. 7. (a) AFM in-situ image of the indent on the sample and (b) hardness and Young's
modulus of Ti-Si-N films deposited with variation of Si content.

(>15.6 at.%) is due to the presence of free Si, which affects the
properties of amorphous phase.
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