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Abstract

Metal cathodic arc and acetylene dual plasma deposition is used to synthesize molybdenum-containing diamond-like carbon (Mo-DLC)
thin films. The Mo contents in the film layer can be controlled by varying the acetylene gas flow rates and the substrate bias voltages. The
Mo-doped film prepared by the above technique exhibits small surface roughness. Fine molybdenum carbide grains are found to be
embedded inside the amorphous carbon cross-linked structures. In addition, these films are shown to possess high thermal stability after a
series of high temperature annealing. The results show that dual plasma deposition is a useful and effective technique to fabricate metal-

incorporated carbon thin films with controlled metal contents.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Metal-doped diamond-like carbon (Me-DLC) films have
attracted a great deal of scientific interest for more than a
decade [1,2]. As the metallic nanocrystalline clusters [3] and
metallic carbide nanocrystallites [4] are present in the
amorphous carbon matrix, metal-containing DLC films
exhibit several superior properties such as good adhesion
with the substrate [5], high hardness [6], low friction
coefficient [7], high thermal stability [8] and high electrical
conductivity [9]. The reason for the good film adhesion is
that metal doping can lower the compressive stress in the
carbon cross-linked structure [10]. In addition, the nano-
clusters in the film can further stop and hinder cracks
initiation and propagation so as to yield high film toughness
[11]. The conductivity of the film varies with the amount of
the incorporated metals and can be explained using the
Poole-Frenkel effect [12] that is enhanced by metal precip-
itates in the DLC film thereby providing extra paths for
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electronic transportation [13]. Several techniques have been
proposed to deposit metal-doped DLC films. The most
common methods include magnetron assisted pulsed laser
deposition [14], sputter deposition using a hydrocarbon gas
[15], radiofrequency (RF) magnetron sputtering [16], and
electron cyclotron resonance chemical vapor deposition
(ECR-CVD) with metal grids [17,18].

Recently, we attempt to deposit metal-doped DLC using
hybrid plasma deposition in an immersion configuration.
The metal cathodic arc is used primarily to produce the
metal plasma and the reactant gases are fed in the vicinity of
the metal plasma plume. In our process, the dual plasma is
generated by the vacuum arc in contrast with that generated
by two plasma sources in other studies [19—-21]. The
plasmas are guided and transported through a curved duct
[22,23] into the process chamber to conduct deposition. In
this paper, we report the deposition and characterization of
molybdenum-containing diamond-like carbon (Mo-DLC)
thin films. The experiments were carried out with different
acetylene (C,H,) gas flow rates and sample bias voltages.
Several analytical techniques including Rutherford back-
scattering spectrometry (RBS), contact mode atomic force
microscopy (AFM), X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD) and laser Raman scattering
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were used to verify the process efficacies and characterize
the thin films.

2. Experimental

Si (100) was used as the substrate materials. The base
pressure in the vacuum chamber was about 1 X 10~ > Torr.
Before deposition, the samples were cleaned by an argon
plasma for 10 min using a sample bias of — 1000 V.
Deposition was carried out using a dual plasma consisting
of acetylene and metal ions from the cathodic arc source.
Acetylene gas was first bled into the vacuum chamber at
different flow rates at the vicinity of the exit of the metal arc
discharge plume as shown in Fig. 1. In this way, the gas
plasma was simultaneously induced when the cathodic arc
was triggered. The arc was ignited within the pulse duration
of about 300 pus and repetition rate of 60 Hz. The amount of
the molybdenum discharge was controlled by the main arc
current between the cathode and anode. The plasma was
guided into the vacuum chamber by an electromagnetic
field. The duct was biased to —20 V to build up a lateral
electric field while the external solenoid coils wrapped
around the duct produced the axial magnetic field with the
magnitude of 100 G. The samples were positioned about
15 cm away from the exit of the plasma stream and they
were negatively biased to different voltages.

The Rutherford backscattering spectrometry (RBS) work
was carried out using a 2 MeV “He" " beam and a back-
scattering angle of 170° to determine the Mo and C contents
as well as the film thickness. Contact mode atomic force
microscopy (AFM) was conducted on a Park Scientific
Instrument (PSI) Autoprobe Research System to evaluate
the surface morphology and the scanned area was 0.2 X 0.2
pm. Mo and C bonding information was acquired using
X-ray photoelectron spectroscopy (XPS) employing
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Fig. 1. Schematic diagram of the experimental setup illustrating that C,H, is
bled into the vacuum chamber in the vicinity of the Mo plasma plume.
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Fig. 2. RBS spectra acquired from the Mo-doped DLC deposited using
different C,H, flow rates at substrate bias voltage of — 200 V: (a) 5 sccm
and (b) 15 sccm.

monochromatic Al K « radiation. Prior to the analyses, the
sample surface was cleaned by 4 keV Ar ion bombardment
for 1 min to remove atmospheric contaminants. The micro-
structure of the films was determined by X-ray diffraction
(XRD) using a Siemens D500/501 thin film diffractometer
with a Cu K o source. In order to evaluate the thermal
stability of the deposited films, the samples were cut into
small pieces and annealed at a series of different temper-
atures under nitrogen. Raman scattering spectra were ac-
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Fig. 3. Film thickness and Mo concentrations in the film as a function of
C,H, flow rate at a substrate bias voltage of —200 V.
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Fig. 4. Mo content in the film as the function of the substrate bias voltage at
a C,H, flow rate of 5 sccm.

quired from the films excited by an Ar" laser at 514.5 nm
using a Jobin Yvon T64000 system.

3. Results and discussion

In order to determine the contents and profiles of Mo
and C in the films, RBS analysis was performed and the
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spectra were fitted using the RUMP simulation code [24].
Fig. 2 depicts the two spectra acquired from the samples
deposited at different C,H, flow rates. As the carbon signal
overlaps with that of silicon, the error in the carbon
concentration is around several atomic % while that of
molybdenum is expected to be much lower. It can be
observed that molybdenum is quite uniformly distributed
in the carbon matrix in our samples prepared under
different C,H, flow rates and substrate biases. Generally,
in the cathodic arc discharge, molybdenum macro-particles
are emitted from the cathode surface. However, these
macro-particles are effectively filtered by the curved elec-
tromagnetic duct and only the fully ionized molybdenum
plasma is guided and transported to the processing cham-
ber. The process efficacy can be evaluated according to the
simulation results of the molybdenum contents in the layer.
Fig. 3 shows the influence of the C,H, flow rates on the
deposited layer thickness and Mo contents. When more
C,H, is added to the plasma plume, the layer thickness
increases while the Mo concentration decreases. As the
C,H, flow rate increases, a higher partial pressure of C,H,
ensues in the duct and there are more collisions between
the Mo and C,H, as well as species in the C,H, plasma
plume. Thus the film thickness increases and Mo fractions

0 100 200 300 400 500 600
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Fig. 5. Surface morphology of Mo-doped DLC deposited at different substrate bias voltages at a C,H, flow rate of 5 sccm: (a) — 50 V, (b) —200 V, and (c)
— 500 V. (d) Shows the RMS surface roughness as the function of the substrate bias voltage.
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Fig. 6. XPS data showing the C 1s and Mo 3d peaks acquired from the sample deposited at a C,H, flow rate of 5 sccm at a substrate bias voltage of —200 V.

decreases. Fig. 4 indicates that there is generally an
increase of Mo concentration when the bias voltage of
sample goes up. Our results are consistent with those of
Rusli et al. [17] who deposited metal-containing DLC using
an ECR-CVD system. It should, however, be noted that the
metal contents in the carbon film are relatively independent
of the bias voltage using a magnetron sputter deposition
system [25]. It may be attributed to two factors: sputtering
effects and electrical adsorption. The ions get higher
energies and bombard the deposited films more intensively
under a higher sample bias [26]. Thus, the deposited carbon
is more severely sputtered, consequently leading to a
relatively higher Mo concentration. On the other hand, a
higher sample bias results in the incorporation of more ions
(including Mo ions and carbon-based ions) relative to the
deposited excited carbon-based particles so that the depo-
sition rate increases as illustrated in Fig. 4. From this
viewpoint, the Mo contents in the carbon matrix can be
controlled by varying the C,H, flow rates and substrate
bias voltage.

Fig. 5 demonstrates the surface morphology of Mo-a.C:H
films deposited under different substrate biases at 5 sccm
C,H, flow rate. It shows that ultra smooth films with a surface
root mean square (RMS) roughness of less than 0.15 nm can
be obtained using the dual plasma technique. It also reveals
that there are no large Mo clusters in the film and the Mo
macro-particles (usual size in the range of micrometers)
generated from the cathodic arc source have been effectively
removed. In fact, there are minor effects of the bias voltage on
the surface roughness as shown in Fig. 5d and this may be due
to the different deposition rates under various bias voltages.

Fig. 6 displays the XPS results of the C 1s peak and Mo
3d peaks. The C 1s peak can be deconvoluted into two
distinct components. Based on previous reports [18,27,28],
the first component at a lower binding energy of 283.46
originates from Mo—C whereas the second component with
the binding energy of 284.56 corresponds to polymeric
carbon. As the Mo—C bond is long and Mo has a weak
effect on the C 1s electrons, part of the photo-emitted C 1s

Intensity (arb. unit)
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Fig. 7. XRD spectra acquired from Mo-doped DLC deposited at a C,H,
flow rate of 5 sccm and substrate bias voltage of — 50 V: (a) as-deposited
and (b) annealed at 400 °C for 2 h.
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Fig. 8. Surface structure of deposited DLC films: (a) the evolution of
Raman scattering results acquired from Mo-doped DLC deposited at a
C,H, flow rate of 5 sccm and substrate bias voltage of — 50 V after
annealing at different temperature (b) /p/lg ratio and G peak shift as a
function of the annealing temperature.

electrons will have a low binding energy. The Mo 3d peaks
in Fig. 6b reveal that the Mo—Mo structures at binding
energies of 228.46 and 231.69 are attributed to different
electronic spins. As shown in the XRD results in Fig. 7,
molybdenum carbide nanocrystallites are formed in the film
mainly in the form of Mo,C phases with multiple orienta-
tions. The broad diffraction peak at around 37° may consist
of different phases and can be ascribed to a small grain size
of the nanocrystalline metallic carbides. The diffraction
peaks become relatively sharp and intense after annealing
at 400 °C under nitrogen ambient for 1 h. It may mean that
more metallic carbides have formed and the grains become
large.

We have hitherto demonstrated that molybdenum carbide
embedded amorphous DLC films can be fabricated using
the dual plasma technique. The samples were subsequently
annealed in a furnace at different temperatures under nitro-
gen and subsequently examined using argon laser Raman
scattering. The results are shown in Fig. 8. The films exhibit
relatively high thermal stability and only minor variations of
carbon clusters and G shift can be observed. As depicted in

Fig. 8b, the I to Ig ratios and G peak shift suggest that the
films become more graphite-like when the annealing tem-
perature increases. The rate of conversion to graphite-like
structures in our metal-doped films is, however, low com-
pared to that of the pure DLC annealed at the same temper-
atures [29,30]. It implies that the metal species incorporated
into the carbon matrix retards the transformation of the
carbon matrix during the annealing processes.

4. Conclusion

Mo-doped carbon films (Me-C:H) have been synthesized
using a dual plasma technique. The experimental results
show that the Mo concentration can be controlled by
varying the C,H, flow rates and substrate bias voltages.
Molybdenum is observed to be relatively uniformly distrib-
uted throughout the deposited layer and the films exhibit
extremely smooth surface and high thermal stability. XPS
and XRD results show that metallic carbide is formed
inside the amorphous carbon matrix. Further work to
determine the other properties of the films such as mechan-
ical, optical, conductive properties are being conducted in
our laboratory.
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