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ABSTRACT

Structural properties and growth evolution of diamond-like carbon (DLC) films with different incident
energies were investigated systematically by the molecular dynamics simulation using a Tersoff inter-
atomic potential for carbon-carbon interaction. The results revealed that the density, sp? fraction and
residual compressive stress as a function of incident energy increased firstly and then decreased; when
the incident energy was 70 eV/atom, the density could reach to 3.0 g/cm? with the maximal compressive
stress of 15.5 GPa. Structure analysis indicated that the deviation of both bond angles and lengths from
the equilibrium position led to the generation of a large residual stress, while the high compressive stress
mainly attributed to the decrease of both bond angles and lengths among carbon atoms. The growth of
DLC films underwent a formation process of “Line-Net” structure accompanied with the interaction of
many atomic motion mechanisms, and the “Point” stage was only found for DLC films with low incident

energy.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Diamond-like carbon films (DLC) owning high hardness, low
coefficient of friction, superior optical property and good chemi-
cal inertness, have been widely used as a protective coating in the
industrial fields of cutting tools, molds and so on [1,2]. Especially
for the good biocompatibility, DLC films are being considered as a
strong candidate for the medical applications, such as heart valves
[3,4], vascular stent [5] and artificial joint [6]. However, one of the
most significant limitations of this coating is the high level of resid-
ual compressive stress which deteriorates the adhesive strength
between the film and the substrate and leads to the failure of coated
surface. Therefore, continuous efforts are being devoted to reduc-
ing residual stress and to improving physical properties of DLC films
[7-12].

It is well known that the properties depend on the microscopic
structure of the deposited layer. But no experimental method
exists for characterizing this microstructure from the viewpoint
of atomic scale. Computational simulation techniques provide a
robust method for deeper insight of the microscopic structure and
properties of a DLC film. Many previous works have reproduced the
structure and property variations with kinetic energy of deposited
carbon atoms by the molecular dynamics (MD) simulation, which
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led to understand the deposition process in atomic scale [13-15].
However, the relationship of the origin and distribution of stress
with structure evolution is not fully understood yet. In addition,
the explanation for the growth mechanism of DLC films is still
controversial. For example, the subplantation mode was gener-
ally accepted as the growth mechanism of DLC films [16,17], while
Marks et al. [18] deduced a new model of energetic burial from the
film deposition by MD simulation.

In the present study, the deposition of DLC films with different
incident energies was carried out via MD simulation to systemati-
cally investigate the structure, properties and growth mechanism.
The dependence of properties on incident energy, the origin and
distribution of residual stress as well as the growth mecha-
nism combined with the atomic motion mechanism were mainly
analyzed.

2. Computational method

In order to simulate the deposition and structure of DLC films by
MD simulation, the three-body empirical potential Tersoff was used
to describe the interaction between the deposited carbon atoms
and the diamond substrate [19]. The Tersoff potential has been
proved to be an effective and accurate potential for carbon system.

Energetic atoms of C impacted on a diamond (001) single crys-
tal substrate of 25.2210 x 25.2210 x 24.0758 A3 in the x, y and z
directions, which contained 2800 carbon atoms with 100 atoms per
layer and was equilibrated at 300 K for 100 ps before deposition. The
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Fig. 1. Energetic variation during the deposition process when the incident energy
is 150 eV/atom.

incident C atoms were deposited at the position of 10 nm above the
substrate surface at arandom {x, y} position. While the positions of
atoms in the bottom two layers were frozen to mimic the bulk sub-
strate, all the other atoms were unconstrained. The incident kinetic
energy of C atoms was changed from 1 eV/atom to 150 eV/atom and
2000 impacts were simulated. The periodic boundary conditions
were applied inx and y directions and the time step was fixed at 1 fs.

The time interval between two sequential deposited C
atoms was 10ps, which induced an impracticable ion flux of
1.57 x 1027/m? s. Fig. 1 shows the changes in potential energy (PE)

and kinetic energy (KE) of the system during depositing the first
six incident C atoms. The energy change in the system indicates
that the time interval of 10 ps is enough for relaxing the atomic
structure and diminishing the unrealistic effect of high carbon flux
on the deposition process. The temperature of the substrate was
rescaled to 300K by the Berendsen method [20] after the atomic
rearrangement caused by the bombardment of incident atom was
finished. Thus it can be said that the present simulation reason-
ably mimic the real deposition behavior even if the simulation was
under an accelerated condition.

3. Results and discussion

Fig. 2 shows the final morphologies for DLC films with the inci-
dent energies of 1eV/atom, 70eV/atom and 150 eV/atom, where
colors represent the different coordination numbers. When the
incident energy is 1 eV/atom (Fig. 2a), a film with high roughness is
generated; the incident atoms have little effect on the arrangement
of substrate atoms, causing an obvious interface between the film
and the substrate. With increasing incident energy to 70 eV/atom,
the film has a good compact structure, smaller thickness and
smooth surface (Fig. 2b); because the incident energy is much
higher than the cohesive energy of diamond (7.6-7.7 eV/atom),
the incident atoms can implant into the diamond lattice result-
ing in the intermixing layer at the interface, which may induce
a high stress due to impairing the regular structure of substrate.
When the incident energy is 150 eV/atom, a looser structure with
many defects is produced again, implying the change of mechanical
properties.

1020304059

(b) 70 eV/atom

(a) 1 eV/atom

(c) 150 eV/atom

Fig. 2. Coordination configurations of films under different incident energies, where colors represent the different coordination number.
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Fig. 3. RDF of (a) Diamond and (b) Films.

Taking the final configurations as objects, the radial distribution
functions (RDF) of DLC films are illustrated in Fig. 3. For compari-
son, the RDF of crystal diamond is also included. First of all, the RDF
reveals the long-range ordered arrangement of diamond (Fig. 3a),
and the peaks of the first nearest neighbor and the second nearest
neighbor are located at 1.52 A and 2.54 A, respectively. For all DLC
films, the first and second peaks shown in Fig. 3b are observed at
the similar positions comparing with those of diamond. This sug-
gests the existence of similar structures between the diamond and
the DLC films; besides, Fig. 3b reveals that all the films are amor-
phous with the characters of long-range disorder and short-range
order. But except the first two amorphous peaks with narrow peak
width and large peak value, other peaks toward larger interatomic
distance are also observed at the energy of 1eV/atom, implying
stronger degree of order. At the position of 2.1 A shown in Fig. 3b,
the small sharp peak is caused by the cut-off radius of the Tersoff
potential, termed as “false peak” [18,21].

Before charactering the dependence of films properties on inci-
dent energy, the variations of density and hybridization ratio along
the film growth direction are plotted in Fig. 4 when the incident
energy is 1 eV/atom or 70 eV/atom. It reveals that the whole system
is divided into four regions including substrate, transition region,
stable region and surface region. In the substrate region, the atomic
arrangement keeps the original structure of crystal diamond and
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there is no change in property. In the transition region, the amor-
phization comes into being gradually and the structure changes
from the crystallization of diamond to the amorphization of DLC
films, so the existence of structural gradient causes significant
decrease in density and sp? fraction and increase in sp? fraction;
with increasing the incident energy, the transition region is dis-
placed toward the substrate direction. The surface region is also
markedly relaxed, in which the variations of physical quantities
drop to zero and the sp fraction has a great fluctuation. There-
fore, the whole performance of the films is quantified in the stable
region, where the density and hybridization ratio exhibit a rela-
tive constant value. One should note that the sp? fraction in all
films appears low values around 15 to 33%. It might attribute to the
limit of Tersoff potential where the 7 bonding was not adequately
considered.

Fig. 5 shows the dependence of the density, residual stress and
sp3 fraction on the incident energy. The residual stress, o, is com-
puted by the formula

_ Pxx + Pyy + Pz,

N dv
where d is the dimensionality of the system (2 or 3 for 2d/3d), V is
the system volume (or area in 2d); Pxx, Pyy and P, are the diagonal
components of the stress tensor. Following the increase of incident
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Fig. 4. Variations of density and hybridization ratio (sp3%, sp?% or sp%) along the growth direction at the incident energy of (a) 1eV/atom and (b) 70 eV/atom. The positive
direction in horizontal axis corresponds to the films, while the negative direction corresponds to the original substrate.
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Fig. 6. Stress distribution along the growth direction under different incident ener-
gies.

energy, the density, residual compressive stress and sp> fraction
increase rapidly and then decrease gradually. When the incident
energy is 70 eV/atom, the density can reach to the maximal value
of 3.0g/cm3 with the compressive stress of 15.5GPa and the sp3
fraction is 33%. In addition, Fig. 5a shows that the residual stress as
afunction of incident energy changes from tensile state to compres-
sive state. The reduction of sp3 fraction at higher incident energy
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attributes to that the formed sp? structure is broken by high-energy
deposited atoms.

The further analysis of residual stress along the growth direc-
tion is demonstrated in Fig. 6. In the case of the incident energy of
1 eV/atom, the stress state changes from the compressive stress of
transition region to the tensile stress of stable region; however, the
compressive stress is dominant in the DLC film with the incident
energy of 70eV/atom or 150 eV/atom. Meanwhile, the transition
region shows higher stress than the stable region or the surface
region for each case, which can be explained as one of the factors
for the exfoliation of films.

In order to elucidate the properties in terms of the atomic bond
structure variation, the bond angles and bond lengths were ana-
lyzed. Fig. 7 shows the bond angle and length distributions for DLC
films at 1eV/atom, 70eV/atom and 150eV/atom. It can be found
that the bond angle distribution shows a peak at approximately
120° which is the graphitic bond angle, indicating that the con-
tribution from the threefold coordinated atoms is prominent for
each case. The peak value decreases and the peak width shifts
toward the tetrahedral bond angle of 109.471° obviously as the
incident energy increases. This is related with the increase of four-
fold concentration; many distorted bond angles which are less than
109.471° are produced, resulting in the generation of high compres-
sive stress. But at the 150 eV/atom, incident atoms can bring larger
heat-affected zone, and sufficient relaxation of distorted angles is
conducted, so the number of distorted angles decreases. Fig. 7b
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Fig. 7. Bond angle and length distribution functions (a) Bond angle distribution (b) Bond length distribution.
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Fig. 8. Atomic motion mechanism in the deposition process of DLC films, including
(a) adsorption, (b) (c) rebound and (d) implant.

reveals that the deviation of bond lengths from the equilibrium
state also contributes to the residual stress. Therefore, the com-
pressive stress mainly originates from the decrease of both bond
angles and lengths among carbon atoms.

Before the growth mechanism was clarified, the motion mech-
anism of single incident atom with the different energies was
done, which had an important effect on the structure and growth
mechanism of DLC films. Fig. 8 shows the different atomic motion
mechanisms in the deposition process of DLC films, including
adsorption, rebound and implant.

(1) Adsorption (Fig.8a): it hasaleadingrole in the range of low inci-
dent energy. The incident atoms cannot overcome the potential
barrier among substrate atoms, but they can be attached to
the surface and reach to an equilibrium position instantly. This
mechanism is benefit for the production of sp or sp? hybridized
structure.

(2) Rebound (Fig. 8b, c): it can be divided into two types according
to the incident energy. One is the direct rebound of atoms after
interacting with surface atoms, which almost has no effect on

the films structure (Fig. 8b). The other is that deposited atoms
can implant below the surface and then rebound (Fig. 8c). As
for the latter, they can collide with the surrounding atoms by
transferring energy and thus the formed heat-affected zone
results in the relaxation and rearrangement of local atoms. It’s
disadvantageous to form the sp3 bonding configuration.

(3) Implant (Fig. 8d): atoms can be embedded into a deeper posi-
tion of substrate followed by energy release to the surrounding
atoms. On one hand, the existence of implant mechanism is
benefit to increase density and sp3 structure of films. On the
other hand, atoms take relaxation at the same time due to the
heat-affected zone, so the structure tends to be transformed
from the high energetic state to the low energetic state, which
brings about the decrease of density and promotes the bonding
structural change from sp? to sp or sp2.

Based on the previous analysis of atomic motion mechanism,
the growth of DLC films was clarified. When the incident energy is
1eV/atom, the growth variation in initial stage is shown in Fig. 9.
Because of the low energy, “adsorption” as the atomic motion
mechanism takes a leading role; the deposited atoms are absorbed
in the low energetic position of substrate randomly, existing in
the form of “Point” (Fig. 9a). With the further deposition of carbon
atoms, they joint each other to make the “Line” structure (Fig. 9b).
Finally, the “Net” structure is formed by linking “Lines” (Fig. 9c¢),
indicating the completeness of transition process from the crys-
talline structure to the amorphous structure. After that, the stable
growth of film begins. Due to the adsorption of incident atoms, the
sp3 fraction is much lower than the sp? fraction (Fig. 4a) and many
defects exist in this film (Fig. 2a).

When the incident energy is 70 eV/atom, deposited C atoms can
implant below the substrate surface and form the “Line” structure
directly, so the growth mechanism of this film only undergoes the
“Line-Net” stage (Fig. 10); because partial substrate atoms obtain
energy from the deposited atoms by colliding and escape from
the equilibrium position, these atoms squeezed out from the sub-
strate take part in the formation of initial structure and the ordered
arrangement disappears. In all, the growth of DLC films is a dynamic
process that involves the growth mode of “Point-Line-Net” and the

Il

(a) “Point”

(b) “Line”

(c) “Net”

Fig. 9. Growth variation in the initial stage at the incident energy of 1 eV/atom. Blue balls represent substrate atoms and red balls represent deposited atoms.
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Fig. 10. Growth variation in the initial stage at the incident energy of 70 eV/atom. Blue balls represent substrate atoms and red balls represent deposited atoms.

interaction of many atomic motion mechanisms; the “Point” stage
is absent at the high incident energy.

4. Conclusion

MD simulation was undertaken to investigate structural prop-
erties of DLC films with different incident energies. The Tersoff
potential was used to describe the interaction between carbon
atoms. The growth mechanism and atomic motion mechanism
were also clarified.

With the different incident energies, the density, sp? fraction
and compressive stress changed accordingly. When the incident
energy was 70 eV/atom, the density reached to the maximal value
of 3.0g/cm3 with the compressive stress of 15.5GPa and the sp3
fraction was 33%. The stress of transition region is higher than
that of stable region; the analysis of both the bond angle and bond
length distributions revealed that the decrease of both bond angles
and lengths led to the high residual compressive stress. During the
deposition process, the incident C atoms showed different motion
mechanisms including adsorption, rebound and implant; the first
two motion mechanisms caused a reduction of sp3 fraction and
were disadvantages to the preparation of DLC films with high qual-
ity. The DLC films were grown in the mode of “Point-Line-Net”
accompanied with many atomic motion mechanisms, and there is
no “Point” stage at high incident energy.
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