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Abstract

Amorphous-carbon (a-C) films were deposited on a single-crystal silicon substrate by vacuum vapor deposition system and
these amorphous carbon films were implanted with 110 keV C* at fluences of 1 x 10'7 jons/cm?. The effect of ion mixing on the
surface morphology, friction behavior and adhesion strengths of amorphous carbon films was examined making use of atomic
force microscopy (AFM), ball-on-disk reciprocating friction tester, nano-indentation system and scanning electron microscope
(SEM). The changes in chemical composition and structure were investigated by using X-ray photoelectron spectroscopy (XPS).
The results show that the anti-wear life and adhesion of amorphous carbon films on the Si substrates were significantly increased
by C ion implantation. The Si—C chemical bonding across the interface plays a key role in the increase of adhesion strength and
the anti-wear life of amorphous carbon film. The friction and wear mechanisms of amorphous carbon film under dry friction

condition were also discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Ion-implantation has been shown to improve
the mechanical, optical and electrical properties of
materials by surface modification [1,2]. It has also
been utilized for post-growth modification of thin
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films of carbon-based materials such as graphite,
diamond or related materials [3,4].

Carbon films prepared by different techniques, e.g.
sputtering, evaporation and plasma-assisted chemical
vapor deposition, have different physical properties
depending on the deposition conditions. Owing to their
ability to form different bonding configurations, carbon
films may have a wide span of hardness values as well as
friction and wear properties. But while using these
conventional deposition techniques, the interaction
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between film and substrates is often difficult to control.
Inmany cases, films adhere poorly to substrates because
of structural barriers, interfacial contamination or inter-
facial stress, etc. [5]. Therefore, the attempts to improve
the properties of carbon film have been largely focused
on the modification and optimization of the preparation
parameters. For example, pre-sputtering interlayer and
multilayer films and multi-component films have been
utilized to reduce the internal stress and improve the
adhesion of the amorphous carbon film to the substrate
[6-8]. Ion implantation has been successfully applied in
the semiconductor industry and it has also proven to be
successful as a means to alter the physical and chemical
properties in the near-surface region of metals and
ceramics. Many investigations on the improvement of
adhesion of metallic films deposited on ceramics by ion
beam mixing have been published [9—11]. It is believed
that the ion beam mixing method can alter many factors
critical to adhesion, such as interfacial roughness,
structural barriers, and interfacial stresses without mo-
difying the bulk substrate properties. In addition, a
strong bonding under thermodynamic nonequilibrium
conditions can be achieved. But relatively little work
has dealt with the influence of ion beam mixing on
nonmetal films deposited on ceramic substrates [12].

In the present paper, the preliminary results of C/Si
interface irradiated by 110 keV energy carbon ions are
reported. The chemical changes following carbon ion
implantation of C/Si samples were examined using X-
ray photoelectron spectroscopy (XPS). The effect of
carbon implantation on the surface morphology,
mechanical property, friction behavior and adhesion
of the amorphous carbon film on Si substrate was
investigated.

2. Experimental

2.1. Duplex surface modification of single-crystal
silicon wafer

Silicon (1 00) samples were cut from industrial
standard Si wafer. The Si wafers were ultrasonically
cleaned in acetone and ethanol for about 10 min and then
placed into the 3 x 107*Pa environment. Prior to
deposition, the Si substrates were cleaned in situ by
exposing them to an Arion beam of 600 eVand a current
density of 50 mA/cm?® for 30 min. Then, the 150 +

20 nm thick amorphous carbon films were deposited on
the Si substrates by vacuum evaporation deposition
under a base pressure of 7 x 10~ Pa using a DZS-500
electron beam vacuum evaporation deposition device.
Ionimplantation was performed on a200 keVimplantor
withawater cooling device, the chamber pressure during
implantation was kept at 3 x 10 to 5 x 107 Pa. All
samples were implanted with 110 keV Cionsatacurrent
density of 30 wA/cm?; the implanted fluence of each
specimen was 1 x 10'7 jons/cm?.

2.2. Evaluation of the surface morphologies,
mechanical properties and friction properties of
unimplanted and implanted amorphous carbon
films

The surface morphologies of the amorphous carbon
films before and after implantation were examined
using SPA 400 atomic force microscope (AFM; Seiko,
Japan) under ambient conditions. The root mean
square (RMS) surface roughness was measured using
the same device in contact mode.

A nano-test 600 system installed in an ultra-clean
test chamber (Micro Materials, Wrexham, UK) was
used to carry out the nano-indentation tests of the
amorphous carbon films before and after implantation
in ambient conditions. Thus, the hardness and elastic
modulus of the amorphous carbon films were
determined using a Berkovich (three-sided pyramidal)
indenter diamond tip, with the maximum indentation
depth being kept at 30 nm to minimize the substrate
contribution. Five replica indentations were made for
each of the unimplanted and implanted Si wafers, and
the hardness and elastic modulus were calculated from
the loading—unloading curves.

The adhesion strengths of the amorphous carbon
films were performed on the same nano-test system
using a lateral force measurement device with a nano-
scratch option [13]. Thus, the scratch tests were
carried out using a conical diamond with 25 pm tip
radius at a table speed of 1 wm/s and load-increasing
rate of 0.33 mN/s. The load at which the friction force
assumed a sharp increase was defined as the critical
load (L.) of the film and used as a quasi-quantitative
criterion to evaluate the adhesion strength of the film
on the Si substrate.

The friction and wear behaviours of the amorphous
carbon films before and after implantation were
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evaluated on a UMT-2MT friction and wear test
system (made in USA, providing a reciprocal sliding
configuration) by sliding the implanted Si samples
against an Al,O; ceramic ball (diameter 4 mm, HV
1500-1700 kg m ™2, root mean square 5.6 nm) at a
frequency of 6 Hz and a load of 2.0 N. All the ceramic
balls were ultrasonically cleaned in acetone prior to
measurement and a new ball or a new position of the
ball was used for each friction test. The friction
coefficient and sliding time were recorded automati-
cally during the test.

All the friction and wear tests and scratch tests were
conducted at room temperature of about 23 °C and 40—
45% relative humidity.

2.3. Analysis of microstructure and chemical
properties, the worn and scratched surfaces of the
unimplanted and implanted amorphous carbon
films

The chemical states of the typical elements of the
film were examined by X-ray photoelectron spectro-
scopy (Kratos Axis Ultra) operating with Al Ko
radiation at 225 W and a pass energy of 40 eV. The
depth-profiling XPS analysis was performed with Ar*
ion bombardment, at a beam voltage of 5kV, and
sputter area of 4 mm X 4 mm.

(a) [1m]

The morphology of the wear tracks and scratched
tracks of the amorphous carbon films before and after
implantation were observed using a JSM-5600LV
scanning electron microscope (SEM) and KEVEX
SIGMA energy dispersive X-ray spectroscopy (EDS).

3. Results and discussion
3.1. Surface morphology

The surface morphologies of the as-deposited
amorphous carbon film and C-doped amorphous
carbon film are shown in Fig. 1 and Table 1. Both
films show a smooth and uniform morphology. It is
clear from this picture (Fig. 1) that the RMS surface
roughness is reduced from 0.448 to 0.324 nm by C*
implantation into the amorphous carbon film.

3.2. Mechanical properties and adhesion

Table 1 shows the nano-hardness, elastic modules
and critical load of the amorphous carbon films
before and after implantation. It can be seen that
the implantation has little effect on the nano-
hardness and elastic modules of the amorphous
carbon films.

(b) [tm]

Fig. 1. AFM morphology of amorphous carbon films. (a) Unimplanted and (b) C* implanted.

Table 1

Surface roughness, nano-hardness, elastic modulus, critical load, friction coefficient and wear life of unimplanted and C* ion implanted

amorphous carbon films

Implantation fluence (ions/cmz)

Mechanical, friction and wear properties

Roughness, Hardness, Elastic modulus, Critical load Friction ‘Wear

RMS (nm) H (GPa) E (GPa) (mN) coefficient life (s)
0 0.448 132+ 0.6 182+6 13.2 0.17 25
1 x 10" 0.324 129405 176 + 5 24.0 0.05 2300
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