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The effect of substrate bias variation on structure and properties of the Ni–TiN nanocomposite thin films

deposited on Si (100) substrates by magnetron sputtering has been investigated. Deposition has been carried

out by reactive co-sputtering of high purity Ti and Ni targets as RF and DC sources, respectively in an atmosphere

with Ar:N2 = 1:2. The microstructures of the as-deposited films have been examined using grazing incidence

X-ray diffraction and transmission electron microscopy. It has been observed that with an increase in negative

substrate bias from 0 to −80 V, the TiN volume fraction increases from 36 to 50%, whereas the average grain

sizes of both Ni (≈10–17 nm) and TiN (≈6–9 nm) decrease. Moreover, the biaxial compressive residual stress as

estimated by sin2ψ technique scales with negative substrate bias. The surface roughness determined using atomic

forcemicroscopy appears to be the least in the nanocompositefilmdepositedwith substrate bias of−60V. Further-

more, X-ray photoelectron spectroscopy studies have confirmed the formation of oxygen-free stoichiometric TiN in

this film. Hardness (≈12.6–16.9 GPa), elastic modulus (≈208–233 GPa) and scratch-resistance determined by

nanoindenter, as well as electrical resistivity (≈26–47 μΩ·cm) measured using dc four-probe method, are found

to scale with TiN content. An increase in hardness and electrical resistivity with an increase in negative substrate

bias is also attributed to a decrease in Ni grain size and an increase in point defect density.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Nickel-based nanocomposite thin films containing ceramic nano-

particles are considered interesting for use as protective coatings for

cylinder liners and piston rods of automobiles as well as for die-casting

molds due to their high elastic modulus and hardness alongwith impres-

sive corrosion resistance [1–4]. Other potential applications are in electri-

cal circuit interconnects and micro-electromechanical systems. Among

the commonly studied ceramics, TiN has an advantage due to its metal-

like electrical conductivity [5]. The Ni-matrix nanocomposite films can

be prepared by either electrodeposition [1–4] or reactive magnetron

co-sputtering [6]. Magnetron sputtering of high purity targets under

optimized conditions can ensure greater control on composition, finer

grain size and higher hardness than the electrodeposition process [6].

Formore than two decades, the TiN based nanostructured films have

been developed for use in the form of superhard coatings for enhancing

the performance of cutting tools. However, these coatings are also

known to have very high compressive residual stress and significantly

large coefficient of friction, which adversely affect their adhesion with

the substrate and wear behavior, respectively [7]. It has been observed

that the addition of small amount of Ni to Ti-nitride based coatings is

effective not only in restricting grain growth, but also in reducing both

compressive residual stress and friction coefficient [7–13]. Furthermore,

a study by Chu et al. [14] has shown that the use of theNi–TiN nanocom-

posite film as an intermediate layer between the substrate and outer

TiN-based superlattice coating is helpful for improving its adhesion.

Nickel is preferred as thematrix for the aforementioned nanocomposite

film, because both its thermal expansion coefficient and elasticmodulus

match closely with those of the steel substrate. Another reason for

choice of this nanocomposite system is the coexistence of Ni and TiN

in thermodynamic equilibrium [15].

In a recent study [6], the Ni–TiN nanocomposite films prepared by

reactive magnetron co-sputtering of Ni and Ti targets without applica-

tion of substrate bias have confirmed the formation of stoichiometric

TiN on deposition using Ar:N2 = 1:2. Application of negative substrate

bias is known to result in energetic bombardment of the film by

positively charged ions of the plasma, thereby leading to an increase

in adatom mobility and resputtering of the as-deposited film [16,17].

Therefore, the present study is focused on examining the effect of

substrate bias (0 V to −80 V) on growth rate, as well as structure and

properties of the Ni–TiN nanocomposite thin films deposited using Ar:

N2 = 1:2.
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2. Experimental procedure

2.1. Processing

The films were deposited on p-type Si (100) substrates through

co-sputtering of Ti and Ni targets (99.99% purity) used as RF and DC

sources, respectively in Ar + N2 atmosphere (purity of 99.999%) inside

a chamber for magnetron sputtering system (model KVS-T 4065, Korea

Vacuum Tech., Gyeonggi-do, South Korea). The parameters used for

deposition are shown in Table 1. Further information regarding process-

ing has been reported elsewhere [6].

2.2. Characterization

The growth rates were determined on the basis of at least 5

measurements of film thickness by a surface profilometer (Dektak150

surface profiler, Veeco Instruments, Plainview, NY, USA) with a diamond

stylus having 12.5 μm diameter, following the procedure described in an

earlier report [6]. The as-deposited Ni–TiN nanocomposite thin films

were further characterized with the help of grazing incidence X-ray dif-

fraction (GIXRD) using Cu Kα radiation (Philips X'Pert PRO Diffractome-

ter, PANalytical, Almelo, The Netherlands). The GIXRD peaks were

examined for phase identification, determination of constituent phase

volume fractions by Rietveld analysis, as well as estimation of average

grain size using the Williamson–Hall relation [18].

The biaxial residual stress in Ni and TiN was measured using the

sin2Ψ technique [6,19] on a diffractometer in the Bragg–Brentano

configuration (Bruker D8 Discover, Germany). For the purpose of stress

measurement, the positions of Ni{200} and TiN{200} peaks were

obtained for the sample subjected to rotation about the surface normal

by three different angles (ϕ = 0°, 45° or 90°) with respect to a chosen

direction. Furthermore, this sample was tilted with respect to the

surface normal by angles (ψ) between 0° and 60° with steps of 15° at

each value of ϕ. The magnitude of residual lattice strain (ε(hkl)Ψ,ϕ) at a

given tilt angle (ψ) and rotation angle (ϕ) has been calculated using

the following relation [19,20]:

ε
hklð Þ

Ψ;ϕ ¼ d
hklð Þ

Ψ;ϕ–d0
hklð Þ

� �
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¼ −ν=E σ11 þ σ22ð Þ ð3Þ

where d(hkl)Ψ,ϕ is the spacing between (hkl) planes along the direction

defined by angles, Ψ and ϕ, d(hkl)0,ϕ is the interplanar spacing perpen-

dicular to the specimen surface (ψ = 0) in the stressed material, and

d0 is the interplanar spacing in the absence of stress, whereas E is the

Young's modulus, and ν is the Poisson's ratio. The experimentally

obtained values of ε(hkl)Ψ,ϕwere plotted against sin2Ψ in order to deter-

mine σϕ. The set of three equations obtained for values of ϕ = 0°, 45°,

and 90° were solved to obtain σ11, σ22, and σ12, which in turn were

used to calculate the values of principal normal stresses (σ1 and σ2).

The values of Young's modulus (E) and Poisson's ratio (ν) are ENi =

210 GPa, νNi = 0.31, ETiN = 440 GPa, and νTiN = 0.25.

To analyze stoichiometry of thedispersedphase in the nanocomposite

films, X-ray photoelectron spectroscopy (XPS, Model PHI 5000 Versa

Probe II, ULVAC-PHI, Inc.) was carried out at the acceleration voltage of

15 kV in a chamber with base vacuum of≈10−8 Torr. For this study, Al

Kα (1.487 keV) radiation with beam size of ≈100 μm2 was used as the

excitation source. The sample surfaces were sputter-cleaned using Ar+

for 60 s prior to analysis through slow scans.

The microstructures of the as-deposited nanocomposite thin films

were examined using a field emission scanning electron microscope

(FESEM, Model: Zeiss SUPRA 40, Carl Zeiss SMT GmbH, Oberkochen,

Germany) operated at an accelerating voltage of 20 kV. Furthermore,

microstructures of electron transparent, cross-section specimens pre-

pared by argon ion-thinningwere studied using a transmission electron

microscope (TEM,Model: JEM 2100, JEOL Ltd, Tokyo, Japan) operated at

an accelerating voltage of 200 kV. The images were recorded on TEM

using both bright-field and dark-field imaging modes, whereas the

phases were identified by selected area electron diffraction (SAED).

Chemical analysis was carried out using the energy dispersive spectros-

copy (EDS) facility on FESEM and TEM.Moreover, the surface roughness

was measured using an atomic force microscope (AFM) to scan an area

of 10 μm × 10 μm on the investigated thin films.

Hardness and Young's modulus of the investigated thin films were

evaluated using a nanoindenter (Model TI950 TriboIndenter, Hysitron

Inc., Minnesota, MN, USA) having a Berkovich indenter with tip radius

of ≈50 nm, that was operated at a loading rate of 0.2 mN/s to a

maximum load of 2 mN. The load–displacement plots from at least 25

indents with depths b1/10th of the thickness were averaged for each

film. Furthermore, using the same indenter and maximum load as

mentioned above, nano-scratch tests were carried out at a lateral

speed of 0.5 μm/s to a length of ≈20 μm, and these scratches were

imaged in-situ using an AFM attached to the nanoindenter.

Electrical resistivity measurements were carried out on the investi-

gated thin films grown using the conditions mentioned in Table 1 on

Si (100) wafers with a SiO2 scale grown on its surface by exposure in

air at 1000 °C for 1 h in a horizontal tube furnace. The electrical resistiv-

ity of the nanocomposite thin film was measured by the Van der Pauw

four point probe method (Keithley Model 220 Programmable Current

Source and Model 2182 Nano-voltmeter, Cleveland, OH, USA), as

described in an earlier report [6].

3. Results and discussion

3.1. Rate of film growth

The average thickness of the as-deposited films has been found to

vary from ≈350 nm to 500 nm, depending upon their growth rates.

Plots depicting the variation of growth rates of the Ni, TiN and Ni–TiN

nanocomposite thin films against negative substrate bias used for depo-

sition are shown in Fig. 1. The results in this figure show that at a given

substrate bias, the sputter yield of Ni target is much higher than that of

Ti. Therefore, the Ni target power has been kept as 1/6th of that used for

Ti in order to have dispersion of a suitable volume fraction of TiN. The

growth rate of Ni matrix is also reduced in order to achieve higher

film density. Furthermore, the growth rate of the Ni film has been

found to decrease with an increase in negative substrate bias voltage

(Fig. 1). This observation can be attributed primarily to re-sputtering

of adatoms from the as-deposited film as well as greater amount of

densification caused by the energetic bombardment of Ar+ ions.

Table 1

Process parameters used for the deposition by reactive co-magnetron sputtering of Ni and

Ti targets.

Process parameters Values

Base pressure 2.0 × 10−6 Torr

Working pressure 20 mTorr

Ar:N2 1:2

Ti RF power 300 W

Ni DC power 50 W

Substrate temperature Ambient

Substrate bias 0, −20, −40, −60 and−80 V

Substrate rotation speed 25 rpm

Substrate to target distance 120 mm

Duration of deposition 1 h
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Interestingly, the growth rate of TiN film is increased marginally

with an increase in the substrate bias from 0 to −60 V, whereas it is

decreased on further increase to−80 V, similar to the behavior reported

by Jiang et al. [21]. Due to its high reactivity, the sputtered Ti atoms are

expected to be partially ionized by collisions with positively charged

ions in the plasma. The ion current density is expected to increase up to

negative substrate bias of−60 V, and then reach saturation in a manner

similar to that reported by Jiang et al. Furthermore, the kinetics of TiN for-

mation by in-situ reaction betweenneutral or ionized Ti and chemisorbed

N2
+ is enhanceddue to an increase in adatommobilitywith substrate bias,

which in turn lowers the resputtering rate of the unreacted species. How-

ever, on increase in the substrate bias till−80 V, energetic bombardment

of Ar+ is probably high enough to raise the resputtering rate of unreacted

Ti and N2
+ to such an extent that the apparent growth rate of TiN is

reduced.

The results in Fig. 1 show that deposition rates of the Ni–TiN nano-

composite film as predicted by addition of the individual growth rates

of Ni and TiN films are found to exceed the experimentally observed

values, except for the substrate bias voltages of 0 V and −80 V. The

presence of Ni adatoms is expected to act as a barrier for the reaction

between Ti and N2
+, and thereby retard the reaction kinetics. Reduction

in the rate of formation of TiN could cause an increase in the desorption

rate of Ti and N2
+, which could lower the overall growth rate of the

nanocomposite film.

3.2. Microstructure

3.2.1. Phase identification and morphology

The results of GIXRD analysis of the Ni–TiN nanocomposite thin films

deposited using different substrate bias voltages as shown in Fig. 2(a)

through (e) reveal the presence of Ni and TiN peaks. A typical FESEM

micrograph depicting the granular microstructure of the nanocomposite

thin film deposited at substrate bias of−60 V is shown in Fig. 3. Further-

more, the Ni:Ti ratios as determined by bulk EDS analysis as shown in

Table 2, indicates that the atomic fraction of Ti is increased at the expense

of Ni with an increase in negative substrate bias voltage. Typical bright-

field and dark-field TEM micrographs depicting the cross-sectional

microstructure of the nanocomposite Ni–TiN thin films deposited at the

substrate bias of −60 V are shown in Fig. 4(a) and (b), respectively,

whereas the corresponding SAED pattern confirming the presence of Ni

and TiN is shown in Fig. 4(c). The TEM dark-field image in Fig. 4(b)

shows the presence of equiaxed, nanometric grains. The average

grain sizes of Ni and TiN measured from several dark-field images are

shown in Table 3. The lattice image depicting the microstructure of the

nanocomposite film grown with substrate bias of 0 V, as shown in

Fig. 5, indicates that the TiN grains are faceted with the Ni–TiN interfaces

being atomically abrupt.

3.2.2. Volume fraction of TiN

Examination of the GIXRD patterns shown in Fig. 1 indicates that

with an increase in substrate bias from 0 V to −80 V, the intensities of

the peaks representing TiN are increased, while those belonging to Ni

are lowered. Rietveld analysis of the XRD peaks have shown the volume

fractions of TiN to increase from 36% to 50% with an increase in the

substrate bias from 0 V to −80 V, as shown in Table 2. The increase in

the TiN volume fraction at the expense of Ni can be attributed to a

sharper fall in the growth rate of Ni than that of TiN with the increase

in negative substrate bias, as shown in Fig. 1.

Comparison of the Ni:Ti ratios calculated on the basis of TiN volume

fractions obtained through Rietveld analysis agrees closely with those

estimated directly by EDS analyses. The results in Table 2 also show

that the Ni:TiN ratios obtained from the individual growth rates of Ni

and TiN are significantly higher than those derived from the results of

Rietveld analyses. The reason for this discrepancy can be attributed to

retardation in the rate of TiN formation due to the presence of Ni

adatoms, as discussed in Section 3.1.

3.2.3. Grain size

The average grain sizes of Ni and TiN in the nanocomposite thinfilms

grown at different substrate bias voltages, as determined by analyzing

the GIXRD peaks using the Williamson–Hall relation, are shown in

Fig. 1. Plots depicting the variation of film growth rate with applied substrate bias.
Fig. 2. GIXRD patterns obtained from the Ni–TiN nanocomposite thin films deposited

using substrate bias of: (a) 0 V, (b) −20 V (c) −40 V, (d) −60 V, and (e) −80 V.

Fig. 3. FESEMmicrograph depicting themicrostructure of the Ni–TiN nanocomposite films

deposited with the substrate bias of −60 V.
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Table 3. The results in this table show an excellent agreement between

the grain sizes obtained by XRD and dark-field TEM analyses. Moreover,

with an increase in the negative substrate bias from 0 V to −80 V, the

average grain sizes of Ni and TiN are decreased by 41% and 34%, respec-

tively. Due to energetic bombardment of the film by Ar+ ions with an

increase in the negative substrate bias, the distribution of nucleating

islands is expected to be more uniform [16,17], thereby reducing the

average grain size as confirmed by the results presented in Table 3.

Moreover, the increase in the volume fraction of TiN with the increase

in negative substrate bias, as discussed above, is also expected to restrict

the matrix grain growth.

3.3. Residual stress

The values of biaxial residual stress obtained forNi and TiN as shown

in Table 4 are found to be compressive in character. Furthermore, the

magnitude of this stress is found to increase with an increase in the

negative substrate bias, and the amount of stress in the TiN phase

exceeds that in Ni. The presence of compressive residual stress in both

Ni and TiN as well as its increase with substrate bias, as shown in this

table, may be attributed to atomic shot-peening effect [22] and forma-

tion of Frenkel pairs [20,23] caused by energetic bombardment of

Ar+ ions. As the Frenkel pairs are created in the films by bombardment

of Ar+ ions, their concentration is expected to scale with the negative

substrate bias.

3.4. Surface roughness

The plots of surface roughness obtained by AFM studies on Ni, TiN

and Ni–TiN nanocomposite thin films against the negative substrate

bias used for deposition are shown in Fig. 6. The decrease in surface

roughness with an increase in the applied substrate bias till −60 V as

shown in this figuremay be attributed to the increase in surface density

by closure of pores through rearrangement of adatoms [16,21], which is

possible due to their enhanced mobility.

It is interesting to note that for deposition with a specified substrate

bias, the surface roughness value obtained for the pure Ni film is much

higher than that of either Ni–TiN nanocomposite or TiN film. Therefore

a decrease in Ni content of the film with increasing substrate bias could

be one of the reasons for a decrease in surface roughness. The sharp

rise in surface roughness with an increase in negative substrate

bias from −60 V to −80 V, as shown in Fig. 6, may be attributed to

the formation of surface defects due to energetic bombardment by

Ar+ ions [21].

3.5. Stoichiometry of TiN

The complete XPS spectrum of the Ni–TiN nanocomposite films has

shown the peaks of Ti, C, O and N [6]. The surface-based impurities such

as C and O introduced by contact of the film with air could be partially

removed by sputtering with Ar+. The XPS spectra showing the peaks

of Ti 2p, N 1s and Ni 2p obtained from the investigated nanocomposite

thin films using slow scan are shown in Fig. 7(a), (b) and (c), respective-

ly. As shown in Fig. 7(a), a shift in the values of BE for the XPS peaks

representing Ti (2p3/2) from 455.4 eV to 454.9 eV is observed, as the

substrate bias is changed from 0 V to −80 V. Similarly, the BE of N

(1s) peak is decreased from 397.8 eV to 396.7 eV for a similar change

in the substrate bias [Fig. 7(b)]. However, as expected, the XPS peaks

representing Ni [Fig. 7(c)] in elemental form at BE = 852.5 eV (2p3/2)

and 869.6 eV (2p1/2) are sharper than those representing Ti and N.

The systematic variation in the position of the XPS peaks of Ti and N

with change in the substrate bias voltage as shown in Fig. 7(a) and (b)

may be attributed to the difference in both oxygen content and stoichi-

ometry (Ti/N ratio) of TiOyNx. For the stoichiometric TiN with 0 at.% O,

the XPS peaks representing Ti (2p3/2), Ti (2p1/2), andN (1s) are reported

to be located at 455.03 ± 0.05 eV, 460.85 ± 0.05 eV, and 397.11 ±

0.04 eV, respectively [24]. These values of BE are found for the XPS

peaks from the nanocomposite film deposited at substrate bias

of −60 V. Based on the results in the literature [24–26], it is inferred

that in the nanocomposite films grown with substrate bias between 0

and −40 V, the value of y is N0 in TiOyNx, whereas y = 0 in the film

deposited using substrate bias = −60 V and −80 V.

It has been shown by Jiang et al. [21] that the use of the optimum

substrate bias causes the formation of TiN film with stoichiometric

composition, such that the formation of surface oxides during subse-

quent exposure to atmosphere is restricted. The reduced tendency for

oxidation of such films may be ascribed to smooth surfaces with a

minimum amount of defects observed on growth with optimum

substrate bias, which is −60 V in this study. Furthermore, the XPS

peak positions representing Ti (2p3/2), Ti (2p1/2), and N (1s) for the

film deposited with the substrate bias of −80 V are suggestive of

sub-stoichiometric composition (Ti/N N 1), which may be attributed to

increased desorption rate of N2
+ caused by energetic bombardment of

Ar+ ions during deposition.

3.6. Nanoindentation hardness and elastic modulus

Plots depicting the variation of Young'smodulus and hardness found

by nanoindentationwith TiN volume fraction are shown in Fig. 8(a) and

(b), respectively. In these plots, the rule of mixtures (ROM) predictions

on the basis of the results obtained for pure Ni and TiN films are also

shown for the purpose of comparison. Examination of the results in

these figures indicates that hardness and Young's moduli lie in the

range of 12.6–16.9 GPa and 207.4–233.4 GPa, respectively, which

agree reasonably with the results reported in earlier studies [6,7].

Whereas the Young's modulus obtained by nanoindentation on the

nanocomposite thin film with a given volume fraction of TiN is found

to be nearly equal to that predicted by ROM [Fig. 8(a)], the correspond-

ing hardness value is found to be higher [Fig. 8(b)]. This observation

regarding hardness is similar to that reported for multilayered nano-

composite films [27] and may be attributed to higher hardness of the

Ni matrix of the nanocomposite than that of the unreinforced Ni film.

Higher hardness of matrix in the nanocomposite film is expected to be

due to finer grain size than that in the pure Ni films, as well as image

forces experienced by dislocations at Ni–TiN interfaces [6]. The increase

in hardnesswith TiN volume fraction can also be attributed partly to the

increase in point defect densitywith negative substrate bias, as reported

in earlier studies [20,23].

Table 2

The ratios of Ni:Ti and Ni:TiN obtained on the basis of EDS and Rietveld analyses.

Substrate bias (V) Ni:Ti ratio on the basis of: Ni:TiN ratio on the basis of:

EDS analysis Rietveld analysis Rietveld analysis Growth rate of Ni and TiN films

0 2.8:1 2.7:1 64:36 73:27

−20 2.4:1 2.4:1 61:39 70:30

−40 2.1:1 2.0:1 57:43 65:35

−60 1.7:1 1.7:1 52:48 53:47

−80 1.6:1 1.5:1 50:50 52:48
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3.7. Nano-tribological properties

A typical AFM image depicting the scratch formed by the Berkovich

indenter in the nanocomposite thin film deposited at substrate bias of

−60 V as shown in Fig. 9 shows formation of hillocks on either side of

scratch. This observation confirms that plowing mechanism involving

plastic deformation is effective in displacing material from inside the

trough. The average values of width (W) and depth (D) obtained from

the results of 5–6 measurements carried out on scratches by AFM are

plotted against TiN volume fraction in Fig. 10. The linear fit in this figure

with R2
N 0.9 indicates that scratch resistance is directly proportional to

TiN content of the nanocomposite film.

It has been conclusively shown by Tsui et al. [28] that the resistance

to plastic deformation by a rigid spherical indenter is proportional to the

value of H3/E⁎2, where H is the hardness and E⁎ is the biaxial Young's

modulus = E / (1 − ν2), with E and ν being Young's modulus and

Poisson's ratio, respectively. The average scratch-width (W) has been

plotted against H and H3/E⁎2 obtained for the investigated nanocom-

posite thin films in Fig. 11(a) and (b), respectively. The equations for

the best-fit lines in these plots are:

W ¼ 629:2−15 �H R
2
¼ 0:85

� �

ð4Þ

W ¼ 516:3−1903:5 � H
3
=E

�
� �2

R
2
¼ 0:90

� �

: ð5Þ

Table 3

Mean grain sizes found by XRD analyses for Ni and TiN in the nanocomposite thin films

deposited at different negative substrate biases. The grain size measured by TEM dark

field studies is also shown for comparison.

Substrate bias (V) Grain size

measured by

XRD (nm)

Grain size measured

by TEM (nm)

Ni TiN Ni TiN

0 17 9 18 ± 1 9 ± 1

−20 16 9 15 ± 2 8 ± 1

−40 14 8 13 ± 1 8 ± 1

−60 11 7 12 ± 1 7 ± 1

−80 10 6 10 ± 1 6 ± 1

Fig. 5. Atomic resolution image depicting the microstructure of Ni–TiN nanocomposite

thin films deposited at the substrate bias of 0 V.

Fig. 4. Results of TEM studies on the cross-sectionmicrostructure of the Ni–TiN nanocom-

posite thin film sample deposited at the substrate bias of−60V: (a) brightfield image, (b)

dark field image, and (c) the corresponding SAED pattern.
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Based on the R2 values for the above linear relations, it is appropriate

to infer that the scratch resistance is more fundamentally related to the

parameter, H3/E⁎2 than to H.

The coefficient of friction (COF) is found to decrease with the

increase in substrate bias, as shown in the plots depicted in Fig. 12. As

reported in some of the previous studies [29,30], the force of friction

depends on the combined effects of surface roughness, adhesive charac-

ter of contact and volume of displacedmaterial. Both adhesive character

of contact and volume of displaced material are expected to increase

with increasing Ni content and decreasing hardness of the film. There-

fore, the highest value of COF is found for thefilms grownwith substrate

bias of 0 V. Interestingly, the lowest COF has been recorded for the film

grown using substrate bias of −80 V in spite of its high surface rough-

ness. This observation indicates that lowering of both adhesive interac-

tion and volume of displacedmaterial due to higher hardness of thefilm

grownwith substrate bias of−80 V could have greater influence on the

COF than surface roughness.

3.8. Electrical resistivity

The values of electrical resistivity are found to increase linearly with

TiN volume fraction, as shown in Fig. 13. The results of resistivity

measurements carried out on the nanocomposite thin film without

the application of any substrate bias at different Ar:N2 ratios [6] are

also shown for the purpose of comparison. It is clear that the slope of

the best fit line for the plot of electrical resistivity against TiN content

for the films deposited with negative substrate bias is much greater

than that for the data representing the film processedwithout substrate

bias. Such a sharp difference in the electrical behavior of the film

subjected to substrate bias during depositionmay be attributed to higher

point defect density and finer grain size of the Ni matrix, compared to

those in the films grown without substrate bias.

4. Conclusions

The relationship between process parameters, microstructure

and properties of the Ni–TiN nanocomposite thin films prepared by

Table 4

Residual stresses in Ni and TiN as measured by XRD analyses.

Substrate bias (V) Ni {200} peak TiN {200} peak

σ1 (GPa) σ2 (GPa) σ1 (GPa) σ2 (GPa)

0 −1.5 −0.5 −2.1 −1.0

−20 −1.7 −0.8 −2.3 −1.1

−40 −1.9 −1.1 −2.6 −1.3

−60 −2.2 −1.3 −2.8 −1.6

−80 −2.5 −1.5 −3.0 −1.8

Fig. 6. Plots depicting the variation of surface roughness as measured by AFM, with

negative substrate bias used for deposition for the thin films of Ni, TiN and Ni–TiN

nanocomposite.

Fig. 7. The parts of XPS spectrum recorded through slow scan after sputtering with Ar+ ions

for 60 s showing: (a) Ti (2p3/2) and Ti (2p1/2) peaks, (b) N (1s) peaks, and (c) Ni (2p3/2) and

Ni (2p1/2) peaks.
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Fig. 8. Plots showing the variation of: (a) Young's modulus and (b) hardness with TiN

volume fraction, for the nanocomposite thin films deposited at different negative

substrate biases.

Fig. 9. Typical AFM image depicting the scratch on the surface of Ni–TiN nanocomposite

thin films deposited at substrate bias of−60 V.

Fig. 10. Plots depicting the variation of depth (D) andwidth (W) of the scratch introduced

by the Berkovich indenter with TiN volume fraction.

Fig. 11. Plots depicting the variation of width (W) of the scratch with: (a) hardness (H)

and (b) H3/E⁎2 [where E⁎ = E / (1− ν2)].
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magnetron co-sputtering of Ni and Ti targets in Ar + N2 atmosphere

at substrate bias voltages between 0 V and−80 V have been investi-

gated. The following conclusions are drawn from the present study:

(i) It has been shown that theNi–TiN nanocomposite thinfilmswith

volume fractions of TiN varying from 36% to 50% can be prepared

by changing the negative substrate bias from 0 V to −80 V.

Increase in the TiN volume fraction with increasing negative

substrate bias is attributed to preferential resputtering of Ni.

(ii) Increase in the negative substrate bias during deposition leads to

reduction in growth rate of the nanocomposite thin films, while

surface roughness is also reduced till the negative substrate bias

is increased to −60 V.

(iii) Using XRD and TEM studies, the average grain sizes of Ni and

TiN have been found to be in the range of ≈10.2–17.6 nm

and ≈6.0–9.0 nm, respectively.

(iv) Both hardness and elastic modulus of the films found by nanoin-

dentation are found to increase with the increase in volume

fraction of TiN, whereas the scratch resistance scales closely

with both TiN content and resistance to plastic deformation.

(v) The electrical resistivity is found to increase with the increase in

TiN volume fraction and point defect density, as well as with the

decrease in the matrix grain size.
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Fig. 13. Plot depicting the variation of electrical resistivity (ρ) with TiN volume fraction of
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dotted line) are shown for comparison.
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