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The residual stress and atomic bond structure of Si-incorporated diamond-like carbon filmswere investigated by
the molecular dynamics simulation using Tersoff interatomic potential. The effect of Si incorporation into amor-
phous carbon matrix was analyzed for the various Si concentrations ranging from 0 to 2.1 at.%. The present sim-
ulation revealed that the incorporation of a small amount of Si significantly reduced the residual compressive
stress: when the Si content was 0.54 at.%, the minimal compressive stress of 1.4 GPa was observed. Structural
analysis using the radial distribution function and the bond angle distribution indicated that the compressive
stress reduction resulted from the relaxation of highly distorted bond angles less than 109.5°.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Owing to its high hardness, low friction coefficient and chemical
stability [1,2], diamond-like carbon (DLC) films are not only widely
used as a mechanical protective coating in various industrial applica-
tions, but also considered as a strong candidate for medical applica-
tions, such as heart valves [3,4], vascular stent [5] and artificial joint
[6]. However, high level of residual compressive stress that is closely
related with the distorted atomic bonds in amorphous carbon struc-
ture deteriorates the adhesion between the film and the substrate,
leading to the failure of the coated surface.

Many efforts have been thusmade to decrease the stress of DLCfilms
by controlling the substrate bias during deposition [7], multilayer nano-
structure coating [8], third element doping [9] and adapting post-
annealing process [10]. Third element doping has aroused more re-
search interest because the third element incorporation can improve
tribological or biological performance of the coating in addition to the
reduction of the residual stress [11–14]. For example, a significant
decrease in the residual compressive stress of tetrahedral amorphous
carbon filmswas observedwhen a small amount of Si was incorporated
[11]. It was also reported that the tribological properties and anti-
corrosion properties were also improved by Si incorporation [15,16].
However, the effect of third element addition on the atomic bond struc-
ture is yet to be clarified, because of the limited experimental character-
ization of the atomic bond structure.

Computational simulation technique in atomic scale provides a
robust method for deeper insight of the atomic bond structure and
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the properties of a diamond-like carbon film. In diamond-like carbon
films, the thermal spike and sub-plantation models for the sp3 hybrid
bond formation have been intensively tested by the atomic scale
simulation [17–19], whereas Marks et al. [20] proposed a new
model of energetic burial. Many simulation studies reproduced the
structure and property variations with kinetic energy of deposited
carbon atoms, which led to understand the growth process in atomic
scale [21–23].

Most of the previous computational results focused on the mech-
anism of sp3 bond formation and the dependence of the atomic
bond structure on the kinetic energy of the deposited species in
pure carbon or hydrocarbon system. In contrast, computational
study on the third element addition during diamond-like carbon
growth is highly limited. In the present work, we performed a classi-
cal MD simulation to investigate the structure and the residual stress
of Si-incorporated DLC films using Tersoff interatomic potential for
Si–C system. Structural analysis of the film in atomic scale revealed
that the Si atom is very effective to relax the bond angle distortions,
which results in the significant stress reduction.

2. Computational method

In order to simulate the deposition and structure of Si-incorporated
DLCfilms, Tersofff potential for the Si–C systemwasused. Tersoff poten-
tial, which is a three body empirical potential considering dependence
of bond order on the local environment, was firstly introduced for
pure Si and has been successfully applied to various Si systems
[24,25]. Tersoff also suggested an empirical potential for carbon or mul-
ticomponent system with the identical form to that for Si, but with dif-
ferent numerical values of the parameters [26,27]. Even if the calculated
results have revealed the limit of the potential that π bonding is not
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Fig. 1. Energy change during deposition process of the first five incident C atoms. In this
figure, the upper blue one corresponds to the PE curve, the other is the KE curve.
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adequately considered [28–30], the Tersoff potential is still an effective
potential for simulating the C–Si system.

Energetic atoms of C and Si impacted on a diamond (001) single
crystal substrate of 7a0×7a0×6.75a0, where a0 is the equilibrium lat-
tice constant of bulk diamond. The diamond substrate was composed
of 2800 carbon atoms with 100 atoms per layer and was equilibrated
at 300 K for 100 ps before deposition. The incident atoms were depos-
ited at the position of 10 nm above the substrate surface at a random
{x, y} position. While the positions of atoms in the bottom two layers
were frozen to mimic the bulk substrate, all the other atoms were
unconstrained. The incident kinetic energy of incident C or Si atoms
Fig. 2. The snapshots of DLC films w
was fixed at 70 eV/atom because the optimum energy for a highly
stressed and dense a-C film deposition is known to be in the range
from 50 to 100 eV/atom [28,29]. 5000 carbon atom deposition was
simulated and the concentration of Si was varied from 0 at.% to
2.1 at.%. The periodic boundary conditions were applied in x and y di-
rections, and the time step for simulation was fixed at 1 fs.

The time interval between two consecutive C atoms depositing on
the substrate was fixed at 10 ps, which corresponded to an impractica-
ble ion flux of 1.57×1027/m2 s. Fig. 1 shows the changes in potential
and kinetic energy of the system during deposition of the first five inci-
dent C atoms. The peaks in Fig. 1 were explained in a previous publica-
tion [29]. The energy change in the system shows that most of the
substantial reaction occurred during 2 or 3 ps after an energetic carbon
bombardment. The time interval of 10 ps was thus enough for relaxing
the atomic structure and diminishing the unrealistic effect of high car-
bon flux on the deposition process. The temperature of the substrate
was rescaled to 300 K after the atomic rearrangement caused by the
bombardment of incident atom was finished. It can be thus said that
the present simulation reasonably mimics the real deposition behavior
even if the simulation itself was under an accelerated condition.

3. Results and discussion

Fig. 2 shows the finalmorphologies for pureDLC and Si-incorporated
DLC films. Green spheres represent the deposited carbon atoms while
blue ones are the substrate carbon atoms. Si atoms are presented by
red spheres. All the deposited films are amorphous as will be described
later by the radial distribution function (RDF). The incorporation of a
small amount of Si atoms has little effect on the film thickness; the
film thickness is about 5.9 nm for all the cases of Si concentration.
ith various Si concentrations.

image of Fig. 2


Fig. 5. Variations of the residual compressive stress and number density with Si con-
centration in Si-incorporated DLC films.

Fig. 3. Si distribution in DLC films when Si concentration is 2.1 at.%.

S192 X.-W. Li et al. / Surface & Coatings Technology 228 (2013) S190–S193
Since the kinetic energy of the incident atoms is much higher than the
cohesive energy of diamond (7.6–7.7 eV/atom), the incident atomspen-
etrated into the diamond lattice and intermixed with the substrate
atoms. Significant intermixing layer between the film and the substrate
was observed in Fig. 2. Incorporated Si atoms are uniformly distributed
throughout the films, as illustrated in Fig. 3.

Before characterizing the film properties such as density and sp3

fraction, variation of the properties with depth was investigated.
Fig. 4 shows the variations of number density and hybridization
ratio along the film growth direction when the Si concentration was
0.54 at.%. It reveals that the whole system is divided into four regions
including substrate, transition region, steady state growth region and
surface region. Because of the intermixing on the substrate surface,
structural gradient exits at the interface leading to the change in the
physical properties. The surface region is also markedly relaxed.
Therefore, the physical quantities of the film were quantified in the
steady state growth region of thickness of 3.5 nm (gray region of
Fig. 4), where the number density and hybridization ratio exhibited
a relatively constant value. One should note that the sp3 fraction in
all films appears low with values around 10 to 20%. It might attribute
to the limit of Tersoff potential that the formalism was originally
developed for Si system where no π bonding needs to be exactly
described.

Fig. 5 shows the dependence of the calculated residual stress and
the number density on the Si concentration. Pure DLC film had a
high residual compressive stress, larger than 15 GPa. However, the in-
corporation of 0.54 at.% of Si significantly reduced the compressive
stress down to 1.4 GPa. Further incorporation of Si slightly increased
the residual stress. The significant reduction in the residual stress of
tetrahedral amorphous carbon by the small amount of Si incorpora-
tion was consistent with the previous experimental results [11]. The
number density changed in a similar manner to that of the residual
stress. With the Si incorporation, number density decreased to
0.215 mol/cm3 from 0.251 mol/cm3 of pure DLC film. However, it
must be noted that the variation in the number density (max. 14%)
is much smaller than the residual stress reduction (max. 90%).

In order to elucidate the properties in terms of the atomic bond
structure variation, the radial distribution function and bond angle
distribution were analyzed. The radial distribution functions (RDF)
Fig. 4. Variations of number density and hybridization ratio along the growth direction
under Si concentration of 0.54 at.%. The positive direction corresponds to the films,
while the negative direction corresponds to the original substrate.
of the Si-incorporated DLC films are illustrated in Fig. 6. For compari-
son, the RDF of pure DLC film was also included. First of all, the RDF
spectra show that all the films are amorphous without exhibiting a
long range order. The red broken vertical lines represent the first
nearest neighbor (1.54 Å) and the second nearest neighbor distance
(2.52 Å) of crystalline diamond. The first nearest neighbor distances
for Si–C and Si–Si are 1.94 Å (blue broken vertical line) and 2.34 Å
(green broken vertical line), respectively. For pure DLC film, the 2nd
C–C nearest neighbor peak is located at 2.53 Å which is similar to
that of diamond. On the other hand, the first nearest neighbor peak
for C–C (1. 48 Å) is much smaller than that of diamond. The decrease
in the C–C bond distance would be the major reason for the high com-
pressive stress of DLC film. With Si incorporation, the positions of the
1st nearest neighbor peaks have almost no shift comparing with
those of pure DLC film. Therefore, it can be said that the incorporated
Si atoms have little effect on the bond distance of DLC film. However,
it would be noted that the shape of the 2nd nearest neighbor peak
changed with the Si incorporation, even if one considers the small
shoulder at the position of 2.1 Å as the “false peak” caused by the
cut-off radius of the potential function [20,30]. Because the 2nd
nearest peak is dependent on both bond angle and bond distance,
these results implied that a significant bond angle change occurred
by the Si incorporation.

More direct evidence of the bond angle change was revealed by
the bond angle distribution analysis. Fig. 7 shows the bond angle dis-
tribution of pure DLC film and the Si-incorporated DLC films. The
equilibrium bond angle of graphite is 120° and that of diamond is
109.5°. In pure DLC film, large population of the bond angle below
Fig. 6. Radial distribution functions of pure DLC and Si-incorporated DLC films.
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Fig. 7. Bond angle distribution functions of pure DLC and Si-incorporated DLC films.
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109.5° was observed. In addition to the reduced bond distance
(Fig. 6), the bond angle distortion would also contribute to the high
compressive stress. Small amount of Si incorporation (see red curve
in Fig. 7 for 0.54 at.% incorporation) considerably reduces the popula-
tion of the bond angle smaller than 109.5°, whereas the population of
bond angle near 120° increases with Si incorporation. These results
suggest that the incorporation of Si atoms resulted in the relaxation
of distorted bond and the reduction in the residual compressive
stress.

4. Conclusion

Molecular dynamics simulation of the Si incorporated DLC film
reproduced the experimental observation that the residual stress sig-
nificantly decreased with a little degradation of the atomic number
density of the film with Si incorporation [11]. By the analysis of radial
distribution function and bond angle distribution, it was revealed that
the Si incorporation efficiently relaxed the distorted bonds in the
amorphous carbon matrix, resulting in the reduction of the residual
compressive stress.
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