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Abstract

A hybrid technique combining the radio-frequency magnetron sputtering of silicon and the plasma-enhanced chemical vapor

deposition of hydrogenated carbon was developed to synthesize silicon-incorporating diamond-like carbon films. Plasma power was

supplied at different levels to a silicon electrode in an Ar/CH4 atmosphere to prepare films having different Si contents. The effects of

plasma power level on the compositions and microstructures of the deposited film were investigated. The Si contents and deposition

rates of the films increased with the plasma power. All the films exhibited an amorphous structure. The addition of Si not only resulted

in the smoothening of the granular surfaces of the films but also led to the formation of round projections having a diameter of about

200 nm on the surfaces. Most of the Si in the films reacted with carbon, and no precipitation of SiC or Si phases was noticed in the films.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Amorphous hydrogenated diamond-like carbon (a-C:H)
films have been used extensively as protective and func-
tional coatings in industrial and biological applications
owing to their good mechanical characteristics, biocom-
patibility, corrosion resistance, wear resistance, chemical
inertness, smooth surfaces, ability to conduct heat, and
noncytotoxic nature [1–6]. The properties of a-C:H films
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. A
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can be altered by incorporating additional elements such as
F, N, O, Cu, Ti, Ag, and Si in various amounts [7–14].
Adding the nonmetallic elements F, N, and O can change
the wear resistance, surface hardness, and hydrophilicity of
a-C:H films. In addition, incorporating metallic elements
can improve the biocompatibility and antimicrobial prop-
erty of the films. However, some doping elements, such as
Cu and Ag, are chemically inert to elemental C, and their
solubilities in C are also very low, causing the elements to
form a segregated metallic phase in the a-C:H matrix
[10,15]. On the other hand, doping elements that react
more readily with C, such as Ti and Si, can induce the
carbide phase in the a-C:H films [11,14]. The formation
of metallic and carbide phases results in the a-C:H films
that exhibit differences in their mechanical characteristics,
ll rights reserved.
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Fig. 1. SEM images of (a) a-C:H/Si0.16 film, (b) a-C:H/Si0.17 film, (c) a-C:H/

Si0.21film, (d) a-C:H/Si0.24 film and (e) a-C:H/Si0.49 film.
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including corrosion resistances and surface morphologies,
depending on the phase formed. In addition, the intro-
duction of various doping elements having different che-
mical properties adds different functionalities to a-C:H
films. For instance, it has been reported that the addition
of elemental Si improved the thermal stability, resistance
to corrosion in body fluids, and mechanical stability of
a-C:H films, while also resulting in higher interfacial
toughness and better biocompatibility [7,13,16]. Therefore,
Si-incorporating a-C:H coatings have the potential to be
used as protective layers for implants and other surgically
placed medical devices.

The most commonly used low-temperature a-C:H film
coating techniques, such as plasma-enhance chemical
vapor deposition (PECVD) [13,17,18], ion-beam deposi-
tion [19], magnetron sputtering [20,21] and vacuum-arc
deposition [22–25], all make use of plasma-based enhance-
ment. The generation of plasma can effectively decompose
the used hydrocarbon gas into carbon species, which can
be used to synthesize a carbon film on the surface of the
deposition substrate. The aim of this study was to combine
the radio-frequency (RF) plasma deposition of a-C:H
films and the magnetron sputtering-based deposition of
silicon to synthesize silicon-incorporating a-C:H films in
an atmosphere of argon and methane. The effects of the
plasma power supplied to the Si sputtering electrode on the
compositions and microstructures of the obtained films
were investigated.

2. Materials and methods

The Si-incorporating a-C:H (Si/a-C:H) films were depos-
ited on silicon wafers having a diameter of 1 cm and
a thickness of 2 mm. All substrates were cleaned in an
ultrasonic bath using the following cleaning sequence:
15 min in acetone, 10 min in deionized water, and finally,
15 min in ethanol. Then, the substrates were dried at 80 1C
for 8 h in an oven and loaded into the deposition chamber.
The deposition process used was a hybrid of the radio-
frequency plasma chemical vapor deposition of a-C:H
films and the magnetron sputtering of silicon. The plasma
species generated between the sputtering gun and the sub-
strate simultaneously sputtered Si atoms from the silicon
electrode and decomposed the CH4 gas, which was used
as the carbon source, resulting in the synthesis of the
composite films. The equipment setup and details of the
deposition procedures have been described previously
[9,26]. The distance between the silicon electrode and the
substrates was fixed at 60 mm. After evacuating the chamber
and heating the substrates to 200 1C, a methane/argon gas
mixture in a ratio of 1/1.5 was introduced into the chamber
and RF plasma was generated. To deposit films having
different Si contents, plasma power was supplied for
10 min each at the following five levels: 100, 150, 200,
250, and 300 W.

Field-emission scanning electron microscopy (FESEM)
(JSM-6500F) was employed to determine the surface
morphologies and thicknesses of the deposited films. The
crystallographic structures of the films were identified
via transmission electron microscopy (TEM) (JEM-2100)
using an operational voltage of 200 kV.The crystallinity
and phase were identified via glancing angle X-ray diffrac-
tion (XRD) using a CuKa radiation with an incidence
angle of 11 and at a scanning speed of 21/min performed
using a CuKa radiation source (SIEMENS D5000). X-ray
photoelectron spectroscopy (XPS) (AES-650) was used to
analyze the elemental bonds present in the films and to
determine the chemical compositions of the films. Before
XPS detection, the sample surface was cleaned by Arþ

ion-beam bombardment.

3. Results and discussion

Fig. 1 shows the surface morphologies of the various
a-C:H films having different Si contents. Unlike in the case
of a-C:H films formed via PECVD, which have numerous



Fig. 2. Dependence of the film deposition rate as a function of plasma

power.

Fig. 3. Dependence of the Si/a-C:H ratio in film as a function of

plasma power.
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small ridges on their surfaces [27], a number of uniformly
distributed sharp-edged granules were observed on the
surfaces of the Si-incorporating a-C:H films. With an
increase in the Si content, these granules became smaller.
However, larger, round projections appeared on the film
surfaces. This indicated that the roughness of the film
surfaces changed with the Si content of the films. The
deposition rates for the obtained films, shown in Fig. 2,
were calculated by measuring their thicknesses. The deposi-
tion rate increased with an increase in the plasma power
supplied. However, the increase was not linear and dissim-
ilar to the linear dependence usually seen in the case of
PECVD carbon films [28], where an increase in the plasma
power supplied intensifies the decomposition of methane.
However, this type of nonlinear dependence is common in
reactive sputtering processes and is known to be the result
of a phenomenon called the ‘‘target poisoning effect’’. An
increase in the plasma power should intensify ion bombard-
ment on the silicon electrode and cause a greater number of
silicon species to eject, thus resulting in greater silicon
deposition and thus a film of greater thickness. However,
a carbide layer with a low sputtering yield forms on the
silicon electrode and limits the ejection flux of the silicon
species, consequently reducing the deposition rate. Even
though the target poisoning effect can usually be suppressed
by using a radio-frequency mode power supply, it can still
cause a sudden drop in the deposition rate at a plasma
power of 250 W. The film deposition rate is also affected by
the dissociation of methane and the attachment of the
plasma species. It has been reported that doping a-C:H films
with Si enhances the formation of C–Hn and Si–Hn bonds in
the films [13,29]. The formation of these bonds is also
influenced by the dissociation of methane. Thus, it was
assumed that the volume fraction of such single-bonded
hydrogen atoms could also be an important factor affecting
the film deposition rate.

The values of Si/a-C:H ratio, shown in Fig. 3, supported
this assumption. The values of the Si/a-C:H ratio of the
films deposited at plasma powers of 100 W, 150 W, 200 W,
250 W, and 300 W were 0.16, 0.17, 0.21, 0.24, and 0.49,
respectively. These films are subsequently referred to as
a-C:H/Si0.16, a-C:H/Si0.17, a-C:H/Si0.21, a-C:H/Si0.24, and
a-C:H/Si0.49, respectively. The value of the Si/a-C:H ratio
increased exponentially with an increase in the plasma
power. The curve of the values of the Si/a-C:H ratio dips
slightly downward at 150 W and 250 W, with the dips
partly confirming the reduction in the Si flux because
of target poisoning. The lower silicon content in the
films deposited at plasma power levels lower than 250 W
indicated that the deposition rate at lower power levels was
mainly determined not only by the level of the power
supplied but also by the deposited a-C:H matrix. Most
of the energy supplied was consumed by the complex
interactions between the hydrocarbon molecules and the
electrons. However, once the plasma power supplied was
high enough, the emission rate and kinetic energy of the
ions was sufficient to remove the carbide film formed
on the surface of the silicon electrode. This resulted in a
sudden increase in the flux of the silicon species, with the
plasma power level now determining the deposition rate
and the composition of the film deposited.
The chemical states of the carbon atoms in the a-C:H:Si

films were determined using the C1s core level spectra of
the films. The XPS spectra of the C1s core level of the
deposited films, shown in Fig. 4, suggested that the
primary bonds in the films were the C¼C sp2 (284.6 eV)
and C–C sp3 (285.4 eV) bonds. A few C–Si (283.7 eV) and
CO- (286.6 eV) bonds were also seen to coexist in the films.
The fraction ratio of the C¼C sp2 and C–C sp3 bonds
increased with the Si content of the films. This result was
not in accordance with those reported in the case of
Si-incorporating a-C:H films deposited via PECVD by
Camargo et al. [13] and Iseki et al. [30]. They found that
the incorporation of silicon inhibited cluster formation in
the a-C:H phase owing to the opening up of the six-fold
aromatic rings and the replacement of the carbon atoms



Fig. 4. XPS C1s spectra of a-C:H/Si films with different Si contents.

Fig. 5. XRD patterns of a-C:H/Si film coated samples.

Fig. 6. XPS Si2p spectra of a-C:H/Si films with different Si contents.
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in the sp2-bonded carbon clusters [31]. Considering the
atomic structure of Si, which is known to form only
four-fold-coordinated networks (Si-C), the number of
Si–C bonds present should be included when determining
the overall sp3 bond fraction. Therefore, the values of the
overall sp2/sp3 ratio of the films determined in this study
were only approximate. Camargo et al. [13] had also
suggested that hydrogen effusion caused by heating might
be associated with the carbonization of the films and the
conversion of hydrogenated sp3 bonds into sp2 bonds. Tai
et al. had also obtained a similar result [32]. Thus, the
higher temperatures to which the substrates were heated in
this study might also have contributed to the carbonization
of the deposited films. These two competing factors were
responsible for the results of the current study being
different from those previously reported. It is known that
the number of sp3 and sp2 bonds present significantly
affects the hardness of amorphous carbon materials, with a
higher number of the former resulting in greater hardness
[33,34]. However, the doping of silicon also increases the
hydrogen content of a-C:H films, and this can increase
the number of polymeric C–Hn and Si–Hn bonds. These
polymeric bonds weaken the structural integrity of the
films, reduce the stress produced, and consequently decrease
the hardness of the films [29]. The voids remaining after
hydrogen effusion also affect network connectivity in
Si-rich a-C:H films and reduce the hardness of the films [31].

The presence of these complex mixed-type bonds indi-
cated that the structure of the a-C:H matrix in all the films,
which had different Si contents, was disordered. The XRD
patterns of the Si-incorporating a-C:H films, shown in
Fig. 5, supported this conclusion. All the films deposited
and investigated in this study had a similar structure,
which was amorphous. The only distinguishable diffrac-
tion peak in the XRD spectra of the films was that
belonging to the Si of the wafer substrate. However, the
XPS Si 2p spectra of the films, shown in Fig. 6, indicated
the presence of Si–C (102.2 eV) bonds and Si–Si (101.1 eV)
bonds in the films. The fraction ratios of the Si–C and
Si–Si bonds increased with an increase in the Si content of
the films. This result was similar to that reported by Zhao
et al. [31]. The increase in the number of Si–C and Si–Si
bonds implied that there might be SiC or Si phases present
in the form of precipitates in the films with high Si
contents. To further investigate the microstructures of
these a-C:H/Si films, they were analyzed using TEM.
As can be seen from the cross-sectional TEM image shown
in Fig. 7, no obvious secondary phase was found in the



Fig. 7. Cross-sectional TEM bright field image and selected area diffrac-

tion pattern of a-C:H/Si0.49 film.
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a-C:H/Si film. In addition, the selected area diffraction
(SAD) patterns taken from A (Fig. 7) in the film indicated
that the film is amorphous. The Si–C and Si–Si bonds
could only exist in a short-range order. Furthermore, the
expected carbide precipitate was also not found. This
was in contrast to the a-C:H films to which Cu and Ag
had been added: such films had exhibited low solubility
and low reactivity to carbon and contained segregated
metallic clusters in their a-C:H matrices [9,10]. Thus, the
Si introduced as a dopant was highly soluble in the a-C:H
phase.
4. Conclusion

The microstructures of Si-incorporating a-C:H films
having different Si contents and deposited by a hybrid
technique comprising magnetron sputtering and plasma-
enhanced chemical vapor deposition were investigated in
this study. The Si content of the a-C:H films increased with
an increase in the plasma power supplied. The fraction
ratio of the sp2 bonds also increased slightly with the
increase in the plasma power and the Si content. However,
owing to the target poisoning of the silicon electrode, the
deposition rate for the films increased nonlinearly with
the plasma power. Finally, although the Si contents of
the films increased with the increase in the plasma power
supplied, all the Si-incorporating a-C:H films synthesized
in this study had an amorphous a-C:H structure and did
not exhibit an observable secondary phase.
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