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Abstract

TiC, TiN and TiCN thin films deposited on silicon (1 0 0) substrates using plasma enhanced chemical vapor deposition

(PECVD) was investigated by scanning probe microscopy (SPM) and nanoindentation techniques. Results showed that the TiC

film exhibits lower surface roughness and friction coefficient than the TiN and the TiCN films. Young’s modulus and hardness

both decreased as the indentation depth increased for all the films and the TiC film exhibited a higher hardness and Young’s

modulus. Additionally, the contact stress–strain relationships and fractal dimension were also analyzed.

# 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium carbide (TiC), titanium nitride (TiN) and

titanium carbonitride [Ti(CN)] hard films are consid-

ered as high technology materials commonly used in

micro-electrics, space technology, the aeroplane indus-

try and the semiconductor technology due to their

unique characteristics such as high hardness and

Young’s modulus, low friction, good corrosion resis-

tance, good thermal conductivity, higher electric con-

ductivity and higher melting temperatures [1–4].

Understanding the nanomechanical characteristics

of a thin film’s surface is significant today because

the surface may be different for those bulk material

surfaces that have had different treatments [5]. It

is essential to study the mechanical and surface

characteristics of these thin films and recognize

how the relative parameters affect the material struc-

tures and properties for advanced applications. By

means of the scanning probe microscopy (SPM), it

is possible to find out the surface topography and

nanofriction characteristics with a spatial resolution

that is measured on the atomic scale. Nanoindentation

is the most commonly used technique for quantifying

thin film properties on a nanoscale such as Young’s

modulus and hardness [6–8].

There are many methods used to prepare TiC, TiN

and TiCN films such as cathodic arc plasma deposi-

tion (CAPD) [9], magnetron sputtering [10], plasma

assisted chemical vapor deposition (CVD) and metal-

lic organic chemical vapor deposition (MOCVD) [11].

Each method has its relative advantages for certain

applications. Among them, plasma enhanced chemical

vapor deposition (PECVD) is a promising technique

because of its superior plasma-species production rate
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and ability to achieve uniformity during deposition on

the film [12].

In this study, the surface analysis, nanofriction and

nanomechanical characteristics of TiC, TiN and TiCN

thin films deposited by PECVD were investigated by

SPM and nanoindentation technique. Additionally, the

contact stress–strain relationships and fractal dimen-

sion of the deposited films were studied.

2. Experiment details

TiC, TiN and TiCN thin films were prepared on

silicon (1 0 0) substrates by the PECVD method with a

rf bias applied to the substrates holder. A 13.56-MHz

rf bias voltage was coupled to the substrate holder.

The chamber was first evacuated to 0.01 Torr and then

the gas mixture of (TiCl4, N2, CH4, H2) was introduced

into chamber. The deposition parameters for the three

kinds of films used are listed in Table 1. A square

20 mm � 20 mm area of the specimen surface was

scanned at low resolution to get the optimum surface.

If the surface was acceptable, the selected area was

contracted to a 2 mm � 2 mm area for the friction and

indentation experiments.

In addition, the average surface roughness, Ra, of

the current sample was recorded for comparison with

the test areas of subsequent samples in the experiment.

Samples with comparable initial surface conditions

were used throughout the entire experiments. The pre-

scan procedures for nanoindentation, nanofriction and

fractal analysis processes were the same.

The topographic properties and frictional properties

of the thin films were analyzed by a SPM apparatus

(Shimadzu SPM 9500-J2, Tokyo, Japan). A constant

scan speed of 2 mm s�1 was used under a constant load

of 100 nN. The atomic force microscopy (AFM) and

friction force microscopy (FFM) imaging was per-

formed simultaneously. AFM scanning uses only the

two vertical quadrants to measure vertical deflection

of the cantilever and thus the surface topography of the

specimen. FFM scanning uses the other two horizontal

quadrants to get the frictional force images of the

sample’s surfaces.

Nanomechanical properties such as Young’s mod-

ulus and hardness of thin films were obtained by

nanoindentation technique (Hysitron Triboscope,

USA). Load controlled indentation testing followed

a trapezoidal loading profile with a hold time of

typically 10 s at peak load. Peak loads were ranged

from 100 to 1000 mN at a loading rate of 10 mN s�1.

The diamond indenter was a Berkovich tip with a tip

radius of 100 nm [6]. From the analyzed load–dis-

placement curves, Young’s modulus of measured films

can be calculated as follow:
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where Ac, Er, S and b are denoted as the actual contact

area, the reduced elastic modulus for each indenter/

specimen combination, the measured stiffness and a

shape constant of 1.034 for the Berkovich tip, respec-

tively. Where the subscript m and i are denoted as the

film and the indenter tip, respectively, E is the Young’s

modulus and v is Poisson’s ratio. Indenter properties

used in this study’s calculations are Ei ¼ 1140 GPa

and vi ¼ 0:07, and assumed the Poisson’s ratio to be

vm ¼ 0:17 for TiC, vm ¼ 0:19 for TiN, and vm ¼ 0:182

for TiCN [13].

3. Results and discussion

3.1. Morphology and surface characteristics

The surface topographies of TiC, TiN and TiCN thin

films deposited by PECVD are shown in Fig. 1a–c.

It is known that island-like growths in the films are

observed in all the AFM images. The lighter areas

of AFM images represent those areas with a higher

height.

The results of the surface roughness are shown in

Table 2. It can be seen in Table 2, that Ra is defined

as the mean value of the surface height relative to

the center plane and rms is the root-mean-square

roughness profile of the surface height within the

scanned area and both have been used to explain

Table 1

Deposition conditions for TiC, TiN and TiCN thin films

Gas TiCl4, N2, CH4, H2

Substrate Si(1 0 0)

Deposition temperature (8C) 500

Pressure (Torr) 0.01

Power (W) 200
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the surface morphology [14]. TiC film exhibits lower

surface roughness than the others. The average rough-

ness of TiC, TiN and TiCN films are 5.4, 8.9 and

16.1 nm, respectively.

Fractal analysis has been used to determine the

characteristics of surface irregularities on a variety

of materials. It reveals the complexity of the surface

morphology through fractal dimension analysis. It

has been established in previous research that the

roughness parameters based on conventional theories

depend on the sampling interval of the particular

measuring apparatus used [15].

In this study, the structure function method was

adopted to analyze the fractal dimension of the depos-

ited films [14]. The fractal dimension Ds is calculated

from the least-square degeneration line on a log–log

plot of structure function S(t) versus a large vector t
[15]. All AFM images show self-affine structures. The

fractal dimension determines the relative amount of

the surface irregularities using different distance

scales. The results of fractal analysis are shown in

Fig. 2. The fractal dimension is approximate to 2 and

exhibits a lower complicated geometry. Therefore, the

higher the fractal dimension the rougher the surface

Fig. 1. AFM images of (a) TiC, (b) TiN, (c) TiCN thin films.

Table 2

Surface roughness and friction coefficient of TiC, TiN and TiCN

thin films

TiC TiN TiCN

m 0.28 0.33 0.40

Ra (nm) 5.4 8.9 16.1

rms (nm) 7.7 11.2 23.8

Fig. 2. Fractal dimension of TiC, TiN and TiCN thin films.

T.-H. Fang et al. / Applied Surface Science 228 (2004) 365–372 367



tends to be, i.e. TiC films have a smaller grain size and

a larger surface roughness, on the contrary TiCN films

own the opposite values.

3.2. Nanofriction tests

The frictional force images of TiC, TiN and TiCN

thin films are shown in Fig. 3a–c. It can be compared

with the surface morphology and frictional force

images in Figs. 1 and 3. The light areas indicate a

greater height in Fig. 1 and also indicate larger friction

forces in Fig. 3. This indicates that there is a strong

dependence between the surface asperity and the

friction coefficient on a nanometer-scale. The friction

coefficient (m) defined as the average ratio of the

friction to the normal load can be evaluated in

Table 2. It can be seen that the TiC film exhibits lower

friction coefficient and lower surface roughness than

the TiN and the TiCN films. The results showed that

the surface roughness Ra and rms are strongly affected

by their structures. Further discussion of this subject

can be found in the Ruan and Bhushan’s studies [16–

18], which investigated the influence of different sur-

face asperity morphologies.

Fig. 4 shows the relationship of the friction force

and various friction speeds under a constant applied

load. The results showed that there was no direct effect

on the friction forces as the friction speeds were

increased. This phenomena maybe owing to the fact

that the friction force represents, the ability of over-

coming the bond energy, between the probe and the

surface of samples at an atomic scale within every

time step, there is no clear influence on the magnitude

of the friction force when the scanning speed

increases.

3.3. Nanoindentation tests

Fig. 5 illustrates that the load–unloading curves are

obtained from a Berkovich diamond indenter at a load

of 1000 mN. The penetration depth of TiC film was the

lowest. It was clearly seen that the TiC film exhibited a

higher hardness property than the TiN and the TiCN

films at the same applied loads. The hardness for TiC,

TiN and TiCN thin films are shown in Fig. 6. The

hardnesses ranged from 20.56 to 23.64 GPa, 11.84 to

14.09 GPa and 8.24 to 11.02 GPa. The results show

the hardness decreased slowly as the penetration depth

increased and the TiC film exhibited a higher hardness

than the TiCN and the TiN films.

Young’s modulus for TiC, TiN and TiCN thin films

are shown in Fig. 7. The results showed that the

Fig. 3. FFM images of (a) TiC, (b) TiN, (c) TiCN thin films.
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Fig. 4. The relationship of the friction force at various friction speeds.

Fig. 5. Load–displacement curves of TiC, TiCN and TiN at an indentation load of 1000 mN.
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Fig. 6. Hardness of deposited films measured as a function of the penetration depth.

Fig. 7. Young’s modulus of deposited films measured as a function of the penetration depth.
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Young’smoduli for TiC,TiNand TiCNthinfilms ranged

from 264.81 to 272.06 GPa, 182.83 to 199.28 GPa and

170.34 to 180.25 GPa, respectively. The TiC film exhi-

bits higher Young’s moduli than those of the TiCN and

the TiN films.

To understand the deformation mechanisms under

micro-Newton level loads, the radius, a, of the contact

area is calculated by using the Hertzian equation

[19],

a ¼ 3PR

4Er

� �1=3

(2)

where R is the radius of indenter and P is the normal

load. The contact strain is defined as a/R. The relation-

ship between stress and strain is then deduced from the

above-calculations and shown in Fig. 8. The greater

the stress the greater the strain and therefore the

deformation of the thin films that subsequently leads

to yielding behavior. As can be seen, TiC films have a

lower strain than TiCN and TiN films when the

indentation loads were increased.

4. Conclusion

In this study, the SPM and the nanoindentation

technique were carried out for TiC, TiN and TiCN

thin films deposited on silicon (1 0 0) substrate using

the PECVD method to investigate their microstruc-

tures and nanomechanical properties. Results showed

that the TiC films have smaller grain size, lower

surface roughness and fractal dimension than the

TiN and the TiCN films. The results also showed that

Young’s modulus and hardness both decreased when

the indentation penetration depths for all specimens

was increased. Harnesses for TiC, TiCN and TiN films

ranged from 20.56 to 23.64 GPa, 11.84 to 14.09 GPa

and 8.24 to 11.02 GPa, respectively and their Young’s

moduli ranged from 264.81 to 272.06 GPa, 182.83 to

199.28 GPa and 170.34 to 180.25 GPa, respectively.

The contact stress–strain relationship depicts that

TiC film can bear larger indentation loads and have

a lower surface strain on a nanometer-scale via

nanoindentation.

Fig. 8. Contact stress–strain relationship of TiC, TiN and TiCN thin films.
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