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Diamond-like carbon (DLC) films are composed of carbon bonds with different hybridizations, including sp2,
sp3 and even sp1. Understanding the atomic bonding structure is essential to understanding the properties
and optimizing the process parameters of the films. Because of the limited analytical tools for characterizing
the atomic bonding structure in amorphous materials, computational research at the atomistic scale could
provide significant insight into the structure–property relationships in diamond-like carbon films and has
been applied to understanding the various phenomena occurring during DLC film growth. The contributions
of the atomistic simulations and electronic structure calculations pertain mainly to three important issues:
(i) the sp3 bond formation and stress generation mechanisms, (ii) the stress reduction mechanism by
metal incorporation, and (iii) the impact angle-dependent surface smoothening/roughening mechanisms.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Diamond-like carbon (DLC), commonly referred to as amorphous
carbon (a-C), with a high content of sp3 bonds, has attracted consid-
erable attention from the scientific community since a thin film of
the material was created by Aisenberg and Chabot in 1971 using an
ion-beam deposition technique at room temperature [1]. DLC films
exhibit properties comparable to those of diamond materials, such
as a high mechanical hardness and chemical inertness. These charac-
teristics are attributed to the covalent sp3 bonding; a high bond
strength (7.41 eV for a σ bond in diamond) allows the materials to
be both mechanically hard and chemically inert. Such properties are
desirable for applications where surface protection is required. With
the technical availability of thin DLC film fabrication by various
methods, e.g., filtered cathodic vacuum arc and mass-selected ion
beam methods, DLC coatings are widely used in industry [2,3].

DLC films with a variety of properties can be generated by tuning
the growth conditions, among which the ion energy E has the most
critical role. An E in the range of 50–500 eV is usually used for DLC
film growth [2]. The dependence of the film structure on the ion
energy has been extensively studied by experiments and atomistic
simulations, and it is accepted that E=50–100 eV is the optimum
energy range for producing a high sp3 fraction. At relatively low ener-
gies, an sp2-rich film is produced, while at high energies (greater than
100 eV) the sp3 fraction also begins to decrease [3].

Although DLC films are satisfactory with respect to their superior
mechanical properties (hardness=60–120 GPa), the high residual
compressive stress (6–20 GPa) can cause poor adhesion between
rights reserved.
the film and the substrate [4,5]. Therefore, buckling or even delami-
nation (particularly with hard substrates such as glass) is often
encountered [6], which hampers the performance.

Extensive effort has been devoted to understanding the mecha-
nisms that mediate these features of DLC using atomistic simulations
such as molecular dynamics (MD). Now, computational methods are
becoming more important in shedding light on veiled microscopic
details, thanks to the rapid development of both computational
power and reliable interatomic potentials (see next section).

In this brief review, we shall focus on two aspects of DLC or
hydrogen-free a-C growth: first, what previous MD or ab initio stud-
ies have to tell us about (i) the sp3 bond formation process and the
origin of intrinsic high residual compressive stress and (ii) the stress
reduction upon the incorporation of a small amount of metal, and
second, the origin of surface smoothening or roughening bifurcated
by the impact angle.

2. Development of the empirical carbon potential

In this section, a brief history of the empirical carbon potential is
introduced. Tersoff developed the general formalism of the empirical
potential for a covalent system by considering Si as a representative
element [7]. The formalism was soon empirically re-parameterized
and applied to carbon systems in 1998 [8]. Although both C and Si
are group IV materials and are able to covalently bond with them-
selves, their amorphous phases display clear differences in bond
formation; for a-C, the sp2 hybridized bonds are contained in the
structure, while they appear only as dangling bonds in amorphous
silicon (in other words, Si presents an absence of π-bonding) where
an sp3-bonded network is constructed. Thanks to the small differ-
ences in the enthalpies of sp2 and sp3 lattices, carbon is versatile
and is able to form multiple bonds, including single, double and triple
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Fig. 1. Nearly identical responses of the three structural factors (the sp3 fraction, the
density ρ, and the stress σ) to the beam energy. Each response curve is collapsed to
one curve, which is represented by the dashed line, adapted from Ref [31]. These
three components of the DLC are closely coupled with each other; if the sp3 fraction
increases, the density ρ and the stress σwould be increased due to the ρ→ρ0 transition
and the many distorted bonds involved with the subplantation, respectively (inset).
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bonds, with itself and with other elements, while Si is unable to form
multiple bonds due to weak pπ–pπ orbital overlap, the overlap modal-
ity involved in forming multiple bonds [9]. A good interatomic poten-
tial for carbon should be sensitive to such diverse and unique
properties of carbon bonding, thus enabling accurate modeling of
the material's chemistry and the related dynamic processes.

Based on the work of Abell [10] and Tersoff, Brenner introduced
improved potentials for hydrocarbons in 1990 and 1992 [11,12]. The
motivation was to empower atomic-scale dynamics simulations to
resolve the issues on diamond films produced by chemical vapor de-
position. Although the Abell–Tersoff approach describes C\C bond
lengths and energies (including single, double and triple bond) rea-
sonably well, the underlying assumption only takes into account
nearest-neighbor interactions and can overestimate the binding ener-
gy (so-called “overbinding”) for intermediate bonding configurations,
e.g., bonding between a three-coordinate C atom (a radical) and a
four-coordinate C atom, and favor decidedly unphysical configura-
tions such as a five-coordinate carbon atom, i.e., the overbinding of
radicals [13]. In the Brenner potential, such conjugation effects or
many-body interactions were taken into account by means of the
bond order function [14].

In 2002, Brenner et al. revised the potential to be suitable for ex-
tended data sets and called it the 2nd generation reactive empirical
bond order (REBO) potential [15]. The REBO potential is capable of
modeling chemical interactions, e.g., C\C or C\H covalent bond for-
mation and breaking. To take into account van der Waals interactions
between molecules, e.g., forces between graphite layers, the adaptive
intermolecular reactive empirical bond order (AIREBO) potential was
proposed by Stuart et al. in 2000 [16]. The AIREBO potential includes
two additional energy terms besides the REBO energy term for cova-
lent bonding; one is the Lennard–Jones 6–12 potential that represents
the attractive van der Waals dispersion interactions for non-bonded
long-range intermolecular interactions, and the other is a torsional
potential for refining the relative orientations of dihedral angles
coupled with single bonds.

Marks introduced the environment-dependent interaction poten-
tial (EDIP) for carbon [17]. However, the EDIP is inherently unable to
reproduce the correct distances for double and triple C\C bonds [17].
Lee et al. reported the modified embedded atom method (MEAM)
interatomic potential for carbon, stating that the MEAM potential
is as good as the original Tersoff potential for carbon and is easily
extended to various metal–carbon alloy systems [18]. However, thus
far, there have been few reports that confirm its capabilities. The
reactive force field (ReaxFF) developed by van Duin et al. is the
most advanced potential in that it provides a proper way to handle
not only the bond order approach but also charge equilibration. Con-
sequently, it can deal with more complex systems and has described
many organic and inorganic systems [19,20]. However, MD simula-
tions of DLC film growth with ReaxFF have not yet been reported.
Although there are some variants of the potentials described above,
this is a functional line-up of the well-recognized empirical carbon
potentials. Citation statistics indicate that the Brenner, REBO and
AIREBO potentials are still in mainstream use in MD simulations of
systems containing C and H [14].

3. The physical origin of the high residual compressive stress of
DLC films fabricated by ion-beam methods

There are two widely accepted models used to explain the high
residual compressive stress of DLC films: one is the subplantation
model, and the other is the thermal spike model. In what follows,
computational approaches to address this issue are briefly reviewed.
Lifshitz et al. proposed the subplantation model to explain both the
high sp3 fraction and the high compressive residual stress in DLC
films generated by energetic ion bombardments [21–23]. Subplanta-
tion is a shallow implantation of incident energetic atoms in the
subsurface when they have sufficient energy to penetrate the target
surface. If deposited at the subsurface, they would induce a local
structural distortion of the existing carbon network, producing
increased internal stress and densification of the film. Moreover, a
tetrahedral sp3 environment would be more likely to yield at the sur-
face because the surface atoms are less coordinated than the bulk
atoms [24–26]. The thermal spike model, however, assumes that a
significant fraction of the energy from energetic ions is transferred
to the local region near the impacts, causing a ‘thermal spike’ region
or a local melting region. In such a region, carbon atoms would
favor a metastable sp3 site that is made thermodynamically stable
under the high pressure and high temperature induced by the ther-
mal spike [26–28].

Uhlmann et al. carried out the first three-dimensional MD simula-
tion with a density-functional-based tight-binding (DFTB) method
[29]. For E>30 eV, the effect of subplantation increased substantially
due to C incorporation and momentum transfer, while the surface
was covered with a defective sp2-rich structure due to the collision
damage. Overall, a composite structure consisting of an sp2-rich/
sp3-rich layer was developed. For Eb30 eV, the incoming C was
deposited on the surface, and a rough, sp2-rich film was generated.
This is supportive of the subplantation model rather than the thermal
spike model because the atoms in the collision damage region were
significantly displaced, and as a result, a low sp3 fraction and density
were obtained.

Kaukonen and Nieminen found through MD simulations with the
Tersoff potential that dense diamond-like structures were formed in
an energy window of E=40–70 eV, consistent with previous experi-
mental suggestions [30]. This demonstrated that an MD approach
using an empirical potential (neglecting electronic processes) is
applicable to real deposition processes. The authors argued that the
optimal energy window is produced by the interplay between
annealing due to local heating and defect generation, both of which
are generally attributed to thermal spikes at high energies.

Lee et al. reported MD results supportive of the thermal spike
model [31]. The sp3 fraction reached a peak in an energy window of
E=50–75 eV and then decreased at higher energies. The density
and the residual stress also exhibited similar trends (Fig. 1). These



Table 1
Comparison of the DLC films obtained by MD simulations. The values shown here are
for the cases with the highest sp3 fractions.

Potential Growth conditions Film properties Ref.

E
[eV]

f
[m−2 s−1]

Φ Ts
[K]

Stress
[GPa]

ρ/ρ0 sp3ratio
[%]

DFTB 80 1×1030 17 0 – 0.86 75 [29]
Tersoff 40 4×1030 320 300 – 0.95 44 [30]
Tersoff 50–75 1×1030 500 300 11 0.8 48 [31]
Tersoff 60 2×1028 900 300 5 0.83 48 [32]
Brenner 40 2×1024 560 100 9⁎ 0.94 82 [13]
Brenner 70 2×1024 5000 293 8⁎ 0.89 65 [34]

ρ0: 3.5 g cm−3 for diamond.
⁎: 0 K value.
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structural features are strongly coupled with the common structural
factor of the three-dimensional interlink, the sp3 bonding; an increase
in the sp3 fraction by subplantation would lead to many distortions of
both the bond angle and the bond length, inducing an increased stress
level in the film. Hence, the residual stress, the hardness, and the den-
sity of DLC films can have nearly identical dependences on the sp3

fraction. The link with the thermal spike model could be found in
the analysis of the radial distribution function (RDF). The authors
found a satellite peak at approximately 2.1 Å in the RDF, which
also appeared in Kaukonen's results. This peak was not observed at
low energies, but was clearly captured at E=50 eV, which was con-
sidered the optimum energy for a high sp3 fraction in this simulation.
Interestingly, this peak was reproduced when molten carbon (at
10,000 K) was rapidly quenched to 0 K at a rate lager than a threshold
value. Thus, the satellite peak was attributed to the trapping of carbon
atoms in metastable sites. Hard and dense amorphous carbon films,
from this point of view, are obtained when the localized thermal
spike can be efficiently dissipated to the lattice.

Zhang et al. addressed the stress generation mechanism in DLC
films from a different perspective, i.e., the competition between de-
fect generation and defect recovery [32]. They mentioned that one
of the drawbacks of the subplantation model [24,26] is its oversimpli-
fied picture in which all of the atoms in the subsurface layer are under
compressive stress upon the intrusion of incident atoms into the sub-
surface. The subplantation model can thus be applied to overdense
films. However, significant defects such as interstitials and vacancies
(the authors regarded a free-volume-shortage and a free-volume-
excess as an interstitial and a vacancy in the amorphous structure, re-
spectively) existed in the subsurface layer in their MD simulation. The
radiation damage induced by the energetic ion primarily consisted of
the creation/annihilation of an interstitial-vacancy pair (Frenkel pair).
They calculated the steady-state density of interstitial-vacancy pairs
with classical models: the Kinchin and Pease model [33] for the num-
ber of displaced atoms and the Seitz and Koehler model (thermal
spike model) [27] for the number of recombinations (E5/3 scaling).
Combined with the elastic theory, such an approximation could give
qualitatively good agreement with the film stress behavior under
different ion energies; the stress increased linearly at low energies,
then peaked at approximately E=50 eV, followed by a power-law
decrease at higher energy.

Jäger and Albe obtained a larger sp3 fraction (close to the value ob-
served experimentally) using the Brenner potential with an increased
C\C cutoff [13]. The sp3 fraction obtained from the Tersoff potential
was rather small, that is, less than one half. The authors tried to
check whether the original Brenner potential, refined against the
overbinding problem of the Tersoff potential, gave a better result for
the sp3 fraction, and surprisingly, a very small value for the sp3 frac-
tion (resulting in an almost graphitic material) was obtained from
the deposition simulations. The main reason for this was identified
as the C\C cutoff distance; it was too short to bind with neighboring
carbon atoms, and thus by increasing the cutoff distance, structures
with realistic densities and sp3 contents were obtained. The authors
claimed that such a high fraction of sp3 formation was essentially
based on a process that occurred in the subsurface. It is also worth
noting that the sp3 fraction critically depends on the substrate tem-
perature as well. After the incorporation of the bombarding ions in
the subsurface, relaxation processes leading to the sp3-to-sp2 conver-
sion were efficiently suppressed at the time scale of 0.5 ps when the
substrate temperature Ts was less than a critical temperature Tc
(≈373 K for E=40 eV), while graphitic a-C was formed when
Ts>Tc [34].

The MD results above, summarized in Table 1, are equivocal on the
subject of which model is superior. Rather, both the subplantation
and thermal spike mechanisms may be more or less active, largely
depending on the interatomic potential and the simulation method
used. This indicates (i) the complexity involved with the ion-surface
interaction (that would require a more refined model) and (ii) the
limitations of MD modeling associated with the limited accuracy
of the empirical potentials and the limited length and time scales
(that would require multiscale modeling). Thus, further studies with
more accurate potentials and a scale-bridging approach are needed
before a consistent conclusion may be drawn.

4. The physical origin of stress reduction in Me-DLC

Metal incorporation is a common strategy for reducing high
residual compressive stress in DLC films with no significant degrada-
tion of the material properties [35–39]. In this section, we discuss the
contributions of metal incorporation to the stress reduction in DLC
films based on the previous studies of Wang et al. [40,41] and Choi
et al. [42,43].

Wang et al. reported unusual stress behavior when W was incor-
porated in hydrogenated DLC [40]. The ‘unusual’ behavior indicates
that the film stress is initially drastically decreased, then jumps up,
then decreases as the W concentration increases. At a W concentra-
tion of 2.8 at.%, the residual stress of the DLC film can be as low as
half that of the bare DLC, but no significant deterioration of mechan-
ical properties is observed. However, by further increasing the W
concentration up to 3.6 at.%, the compressive stress rapidly increased
to 85% of the bare films. This was attributed to the phase segregation
of the W in the matrix. At a low concentration, the W atoms are well
dispersed in structural harmony with the DLC matrix, while at a
higher concentration, phase segregation occurs in a narrow W con-
centration range (thus, the stress increases dramatically), and the
nano-sized WC1− x crystallite evolves upon further increasing of the
W concentration, thus, decreasing the film stress.

The stress reduction in the well-dissolved phase was explained
by the comparison of the total energy between the C\C and C\W
bonds as a function of the bond distortion angle. From ab initio cal-
culations, the variation of the total energy (ΔE) against the deviation
of the equilibrium bond angle (109.5°) was very small in the case of
a W atom located at the center of the tetrahedron, compared with
the case of a C atom. This result implies a “pivotal” role of the W
atoms in the amorphous carbon matrix by which the distortion of
the atomic bond angles can occur without a significant increase in
the strain energy.

Choi et al. investigated the stress reduction behavior in metal-
incorporated a-C with various transition metals and noble metals
using ab initio calculations [42,43]. The total energy change for the
tetrahedral bond model was estimated by distorting the bond angles
from the equilibrium angle of 109.5° over the range of 90–130°
(Fig. 2). The total energy was significantly increased in the case of
the pure carbon model, while it was drastically reduced by the
replacement of the central C atom with a metal atom. The transition
metals known to form metal carbides, such as Ti, Mo, Cr, and W,
exhibited low formation energies for the Me–C tetrahedron as well,
implying their chemical affinities with carbon. The noble metals



Fig. 2. Schematics of the tetrahedral bond model for C\C (a) and metal–C bonds (b) and the total energy change upon a bond distortion of 90° as a function of the number of
valence electrons in the metal atoms (c), Ref. [42].
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such as Au and Ag, with fully filled d-shells, gave a lower total ener-
gy change than the transient metals with partially filled d-shells.
Thus, the noble metals should be better in reducing the film stress.
However, the formation energy for a tetrahedron composed of the
noble metals and carbon atoms was approximately two to three
times larger than for the transition metals. The Al atom is unique
because a negative total energy change was obtained for a bond dis-
tortion angle of 90°, implying that Al and C prefer a two-dimensional
configuration.

The stress reduction in the metal-incorporated DLC (Me-DLC) can
be explained in terms of the characteristics of the bonding between
the metal and carbon atoms. From the spatial distribution of electrons
involving a bond between a metal and a carbon atom, a more isotro-
pic distribution with a lower density for the metal–carbon bond was
typically obtained in contrast with the strong and highly oriented car-
bon–carbon covalent bond, implying a weak dependence of the bond
energy on the bond angle. Thus, the weak and isotropic nature of
metal–carbon bonds may contribute to the lower stress level of the
Me-DLC film.

In summary, although the tetrahedron bond model reflects only
limited configurations of the metal atoms in a carbon network, this
model is insightful because the tetrahedrally coordinated (sp3)
bonds are closely related to the changes in the physical and chemical
properties of DLC films (as described in Section 3). According to this
model, the stress reduction in Me-DLC films is possible without
sacrificing hardness due to the pivotal role of metal atoms; a distor-
tion of the atomic bond angle can be present without a significant
increase in the elastic energy, which can be viewed as resulting
from the weak and less directional Me–C bonds.

5. The physical origin of surface smoothening and roughening
according to the angle of incidence

5.1. The smooth surface of DLC under normal incidence

Surface smoothness, sometimes called ultrasmoothness due to an
atomic-scale roughness Wb2 Å, is an intrinsic property of DLC films,
typically achieved by the deposition of energetic carbon atoms at
normal incidence [44–48]. According to the random deposition
model, without a lateral relaxation process, the surface roughness
would rapidly increase with power law behavior under prolonged
deposition [49]. With this in mind, what is the relevant relaxation
process that supports the surface smoothening in DLC film growth?
One possibility is thermally activated surface diffusion, which could
take into account the surface smoothening as it was derived by Mul-
lins [50,51]. However, the diffusion of covalently bonded carbon
atoms is believed to be kinetically unfavorable at room temperature
[47,48,52]. Localized melting based on the thermal spike model is
possible, but this phenomenon still needs to be proven and remains
under debate [46,47,53]. Ballistic diffusion or ion-induced diffusion
accompanied by energetic atoms seems plausible. Nearby atoms
around an impact site can acquire enough energy to displace trans-
versely on the surface (but not sufficient energy for being sputtered
away), and this ion-induced surface diffusion could be the source of
smoothening (or roughening). Carter proposed the effect of ballistic
atomic drifts parallel to the surface, and derived an incidence-angle
dependent smoothening term at the continuum level [54]. Surface
smoothening and roughening (or sometimes rippling) of an irradiat-
ed Si surface according to the incidence angle was explained by the
theory, although the experimental conditions were quite different
from those of conventional DLC growth. In line with this, two recent
MD results support ion-induced transport as a primary mechanism
of smoothening in DLC film growth.

Moseler et al. suggested from multiscale modeling based on the
coupling between MD simulations (with both density-functional
based tight-binding (DFTB) and the REBO potential) and the continu-
um equation that the ultrasmoothness of DLC films originates from
impact-induced downhill currents at normal or near-normal inci-
dences [47]. The net displacement vector of the surface atoms indicat-
ed downhill currents generated when energetic ions bombarded
slightly sloped surfaces (0°–20°) under normal incidence, which in-
duced the smoothening of an initially sinusoidal surface after the im-
pact of 4000 C atoms with E=100 eV. The impact-induced downhill
current j was directly coupled with the local slope ∇h(x, t) and the
ion energy E, and a continuum equation known as the Edwards–
Wilkinson equation was constructed with a coefficient obtained
from the MD data. This model then gave good agreement with the
experimental findings. This shows that such a multiscale modeling
approach can realistically simulate the smoothening phenomena
occurring during DLC film growth.

Ma et al. reported that the smoothening of an initially rough sur-
face (consisting of hills and valleys) was observed in MD simulations
using the REBO potential under normal incidence with E=20 eV
and 4300 C impacts [55]. The smoothening of the film was mainly
attributed to the impact-induced atomic displacements: the authors
traced the incident atom and found transverse migration (to a valley)
of surface atoms around a hillside, while the movement of the atoms
in a valley was restricted, promoting a smooth film.

image of Fig.�2


Fig. 3. Cross-sectional snapshots of the growing film after 4000 C impacts with 75-eV kinetic energy under an incidence angle θ=0° (a), 30° (b), 60° (c) or 70° (d) (Ref. [56]).
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5.2. Rough surfaces produced under grazing incidence angles

As the ion incidence angle becomes grazing, a rough surface is
produced. The initial roughening of an a-C film, grown from energetic
carbon atoms (40–70 eV), was observed at grazing incidence angles
(60°–70°), in sharp contrast with the atomically smooth surface pro-
duced under near-normal incidences (0°–30°) [45,48]. Only limited
reports are available in which microscopic processes are so far held
responsible for the surface roughness evolution of a-C film under
grazing incidence [47,55]. The effect of the impact angle, particularly
for grazing incidences, has not been clarified yet.

Ma et al. investigated the effect of the incidence angle with a focus
on the structural properties of the material, as opposed to the surface
roughness. The three structural factors of DLC (i.e., film density, sp3

fraction, and compressive stress) decreased dramatically as the inci-
dence angle was increased from 0 to 60°. The transverse migration
was enhanced by increasing the incidence angle, causing surface
relaxation, but the surface roughening was not mentioned.

Joe et al. recently conducted MD simulations with the REBO
potential to investigate the initial surface roughening during a-C
film growth [56]. Normal or near-normal incidence with an angle
of 0° or 30° resulted in a smooth surface for the deposited film. A
bump-like surface structure emerged and led to rough surfaces at
grazing incidences of 60° or 70° (Fig. 3). These observations are in
good agreement with previous experiments. The bifurcated growth
mode, depending on the incidence angle, is explained by the net
displacement vector of the surface atoms, depending on the local
incidence angles. Downhill transport along sloped surfaces, imply-
ing smoothening, was dominant at normal incidence, while uphill
transport, implying roughening, prevailed at a grazing incidence.
This mechanism mediated the initial formation of seed structure
and subsequent roughening, driven by shadowing effects under
grazing incidence.

6. Conclusions

Atomistic simulations, particularly MD simulations, have been
fruitfully applied to finding relevant physical or chemical mecha-
nisms for various phenomena during DLC or a-C film growth. Their
contributions, which shed light on three important issues, have
been covered in this article: (i) the sp3 bond formation and stress
generation mechanism, (ii) the stress reduction mechanism of
metal incorporation, and (iii) the impact angle-dependent surface
smoothening/roughening mechanism. Due to their importance in
MD simulations, brief history of the empirical potentials for carbon
was also given. An obvious future direction in atomistic simulations
of DLC growth is the exploration of more reliable interatomic poten-
tials that can correctly capture the sp3 fraction during the DLC film
formation, for which the previous results are rather inconsistent
with each another, as discussed in Sections 2 and 3. In particular,
further development of a multicomponent potential is needed to
allow a detailed understanding of the alloy formation and the stress
reduction in Me-DLC film growth, as discussed in Section 4. To bet-
ter understand the morphological evolution of the DLC surface, as
discussed in Section 5, it is helpful to examine self-organized
pattern formation under grazing incidence. This is caused by the
interplay of the many seed structures that would be expected in a
large-scale simulation and still remains challenging.
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