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ABSTRACT: Ab initio molecular dynamics simulation based on
density functional theory was performed to investigate (Ti, Cr, or
W)-incorporated diamond-like carbon (DLC) ﬁlms. The structure
models were generated from liquid quench containing 64 atoms. The
dependence of the residual compressive stress, bulk modulus and tetracoordinated C content on the Ti, Cr, and W concentrations in the range
of 1.56 to 7.81 atom % was studied. The present simulation results
reveal that the residual stress strongly depends on the incorporated Ti,
Cr, and W atoms. With the incorporation of Ti at 1.56 atom %, Cr at
4.69 atom %, and W at 3.13 atom % to DLC ﬁlms, the compressive
stress was reduced by 46.9%, 81.4%, and 82.5%, respectively, without
obvious deterioration of the mechanical properties. However, at higher
Ti, Cr, and W concentrations, the compressive stress increased for each
case, which was consistent with the experimental results. Structural analysis using both the bond angle and bond length
distributions indicates that the small amount of Ti or W incorporation eﬃciently relaxes both the highly distorted bond angles
and bond lengths, whereas the Cr incorporation only relaxes the distorted bond lengths, which decreases the residual
compressive stress and provides theoretical explanations for the experiments.

1. INTRODUCTION
Diamond-like carbon (DLC) ﬁlms are widely investigated
because of their unique structures and many technologically
important mechanical, electronic, optical, and magnetic properties.1 DLC ﬁlms are used as a protective coating in various
industrial applications and are considered in the ﬁelds of solar
cell, magnetic-disk storage devices, medical application, etc.2−6
To tailor the properties of DLC ﬁlms for the desired
technological applications, particularly to reduce the high
level of residual compressive stress, which deteriorates the
adhesion between the ﬁlm and the substrate and leads to failure
of the coated surface, other elements such as Ti, W, Cr, Ni, Cu,
and Ag are often incorporated into the carbon matrix.7−14
Compared with the addition of soft and ductile Ni, Cu, or Ag
into amorphous carbon matrix, the alloying of DLC with the
carbide-forming element (Ti, W, or Cr) can signiﬁcantly
decrease the stress without seriously deteriorating the hardness
because hard carbide nanoparticulates form.7−9 For example,
Wang et al.8,15 revealed that when the incorporated W atoms
were dissolved in the carbon matrix without forming a WC1−x
phase, the pivotal action of the W atoms reduced the stain
energy that appeared from the distortion of the bond angles,
which signiﬁcantly reduced the residual stress.
It is well-known that in metal-incorporated DLC (Me-DLC)
ﬁlms, the residual compressive stress is closely related to the
distorted atomic bond structure. However, although the
© 2015 American Chemical Society

incorporation of metal atoms introduces complexity to the
structure, because of the limited experimental characterization
of the atomic bond structure, the eﬀect of incorporated metal
atoms on the atomic bond structure from the atomic-scale
viewpoint has not been clariﬁed, which causes the phenomenological explanation of the stress reduction mechanism.
Theoretical simulation technique provides a robust method for
in-depth insight into the atomic bond structure and clears the
stress reduction mechanism for Me-DLC ﬁlms. Until now,
many simulation works have reproduced the structure and
property variations of DLC ﬁlms with the kinetic energy of
deposited carbon atoms using the classical molecular dynamics
(MD) simulation, which helps us understand the deposition
process at the atomic scale.16−18 However, most previous
computational results focused on the mechanism 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 systems. In contrast, computational study on the
metal-element incorporation in Me-DLC ﬁlms is highly limited,
particularly for the direct simulation of the Me-DLC ﬁlm
growth using classical MD simulation.
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criterion of 10−5 eV, and a full relaxation of the atomic
positions was repeated until the Hellmann−Feynman force on
each atom was reduced below 0.01 eV/Å, and a gamma point
only was used to sample the Brillouin zone. To check the kpoint convergence on amorphous structure, a fully converged
calculation with a grid of 4 × 4 × 4 points (64 k points) was
performed. When only the gamma point was used, compared to
a fully converged calculation with 64 k points, the absolute
error of average binding energy of per atom was found to be
accurate to better than 0.004 eV.
Five samples were obtained at the density of 2.87 g/cm3 with
various Ti, Cr, and W concentrations (1.56−7.81 atom %,
which corresponded to 1, 2, 3, 4, and 5 Ti, Cr, and W atoms in
the 64-atom systems). To provide more representative models
of the actual Me-DLC system than the direct substitution of
carbon by metal atoms in the previously generated pure DLC
networks, the Ti, Cr, and W atoms were introduced by
substituting carbon atoms in the liquid carbon system.31 Pure
DLC ﬁlms were also involved for comparison with the Ti-, Cr-,
and W-incorporated ones. Before characterizing the structure
and coordination number of the Me-DLC ﬁlms, the radial
distribution functions (RDFs) g(r) in the (Ti, Cr, or W)-DLC
systems with high Ti, Cr, and W concentration (39 atom %)
were ﬁrst analyzed to deﬁne whether the Ti, Cr, and W atoms
were bonded or nonbonded with C atoms, as shown in Figure
1. The distance to the ﬁrst minimum in the RDF (inset values

Recently, Choi et al.19 performed ﬁrst-principles calculations
on three typical metals, namely, Mo, Ag, and Al, as the
transition, noble, and simple metal in the Me−C system,
respectively, and provided an explanation for the stress
evolution with metal addition based on the atomic bond
characteristics. Li et al.20 also revealed the bond characteristics
between all transition metal (TM) atoms and the C atom using
ﬁrst-principles calculation with the tetrahedral-bond model, and
showed that the TM−C bond characteristic with the 3d
electrons of doped TM changed from bonding (Sc, Ti) to
nonbonding (V, Cr, Mn, Fe) and ﬁnally to antibonding (Co,
Ni, Cu), which accounted for the change of total energy caused
by distorting the bond angles. Nevertheless, these works were
highly limited to the simpliﬁed tetrahedral-bond model, which
represented a special situation of the incorporated metal atoms
in a carbon network. A complete atomistic understanding of the
role and eﬀect of incorporated metal atoms on the microstructure of Me-DLC ﬁlms remains unable to clarify the stress
reduction mechanism, and it is also indispensable for tailoring
their structure and properties by guiding the deposition
process.
In the present work, we performed an ab initio MD (AIMD)
simulation based on density functional theory (DFT) to
investigate the structural properties of various Me-DLC ﬁlms.
Compared with classical MD methods, which require
predetermined empirical potential parameters for speciﬁed
compositions, the superiority of the parameter-free AIMD
method is obvious. Strong-carbide-forming metals (Ti, Cr, and
W) were selected as the representative incorporated metal
elements. The concentrations of Ti, Cr, and W (1.56−7.81
atom %) were selected. The residual compressive stress and
bulk modulus were calculated, and the structure changes, which
included both bond angles and bond lengths, were mainly
analyzed. The results show that the structural evolution
strongly depends on the variety and concentration of the
incorporated metal atoms, which can account for the
experimental changes in the physical and chemical properties
of (Ti, Cr, or W)-DLC ﬁlms.

2. COMPUTATIONAL DETAILS
The structural models of (Ti, Cr, or W)-DLC ﬁlms were
generated from liquid quench using AIMD simulation, which
has been demonstrated to provide a good description of DLC
materials and to reveal the intrinsic relation between the
structure and properties.21−24 The Vienna ab initio simulation
package25,26 based on DFT was used for the spin-polarized
calculations with a cutoﬀ energy of 500 eV and a generalized
gradient approximation with the Perdew−Burke−Ernzerhof
parametrization.27 In this work, the initial conﬁguration
contained 64 atoms in a simple cubic supercell with constant
volume and periodic boundary conditions throughout the
simulation system that has been proved to be suitable and
accurate to reveal the characteristics of amorphous carbon
systems and save the required computation time.23,28,29 To
obtain Ti-, Cr-, and W-incorporated DLC systems, the system
was ﬁrst equilibrated at 8000 K for 1 ps to become completely
liquid and eliminate its correlation to the initial conﬁguration
using a canonical ensemble with a Nose thermostat for
temperature control. Then, the samples were cooled to 1 K
within 0.5 ps, which corresponded to a cooling rate of 1.6 ×
1016 K/s. Afterward, subsequent geometric optimization was
performed using the conjugated gradient method,30 where a
self-consistent ﬁeld was created using an energy convergence

Figure 1. RDF of Ti-DLC, Cr-DLC, and W-DLC ﬁlms with high Ti,
Cr, and W concentrations of 39 atom %, where the inset values are the
Rcut values for the C−C, Ti−Ti, C−Ti, Cr−Cr, C−Cr, W−W, and C−
W bonds.

of Figure 1) was set as the cutoﬀ distance Rcut for the C−C,
Ti−Ti, C−Ti, Cr−Cr, C−Cr, W−W, and C−W bonds.31,32
Then, the RDF, hybridization ratio, residual compressive stress,
bulk modulus, and the distributions of both bond angles and
bond lengths in various (Ti, Cr, or W)-DLC ﬁlms were
evaluated.
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Figure 2. (a) Final morphologies and (b) RDF spectra of pure DLC ﬁlms at densities of 2.87 and 2.03 g/cm3, where the gray spheres represent the
carbon atoms. (c) Hybridization ratio and (d) compressive stress and bulk modulus as a function of the densities of pure DLC ﬁlms.

Figure 3. Final morphologies of (Ti, Cr, or W)-DLC ﬁlms with the Ti, Cr, and W concentrations of (a) 1.56 and (b) 7.81 atom %, where the gray,
light blue, dark blue, and green spheres represent the C, Ti, Cr, and W atoms, respectively.

3. RESULTS AND DISCUSSION
3.1. Pure DLC Films. Figure 2a shows the ﬁnal morphology
of a pure DLC ﬁlm, which was produced at the density of 2.87
g/cm3; for comparison, the ﬁlm at the density of 2.03 g/cm3
was also considered. It is noted that compared with the highdensity (2.87 g/cm3) ﬁlm, the low-density structure of the pure
DLC ﬁlm (2.03 g/cm3) is looser and contains many ﬁvemembered rings and planar chains, which are weakly cross-

linked. This characteristic is typical for graphite and is not
present in the sample with a higher density.
The RDF is proportional to the density of atoms at a
distance r from another atom, which is a notably important
parameter for the structural characterization of amorphous
materials. Figure 2b presents a comparison of the RDF in pure
DLC ﬁlms at diﬀerent densities, where the dotted lines
represent the positions of the ﬁrst (1.54 Å) and second nearest
6088
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neighbors (2.52 Å) of crystalline diamond. First, it is clearly
observed that the RDF spectra reveal the characteristics of the
amorphous structure, which are long-range disorder and shortrange order. With increasing density of the pure DLC ﬁlms, the
ﬁrst C−C nearest-neighbor peak is displaced from 1.46 Å at the
density of 2.03 g/cm3 to 1.50 Å at the density of 2.87 g/cm3,
which is related to the hybridization ratio. In addition, the ﬁrst
C−C nearest-neighbor peak is much smaller than that of
diamond, which implies that there is high residual compressive
stress.33 The g(r) value from this calculation is consistent with
the previous experimental34,35 and theoretical results,22,23,36
which demonstrate that the simulated results reﬂect the nature
of the actual system.
The hybridization ratio (sp3, sp2, and sp) and mechanical
properties as functions of the densities of pure DLC ﬁlms are
illustrated in Figure 2c,d, where the line is a guide for view. The
stress, σ, and bulk modulus, B, are computed by the equations
σ = −P =

B = −V

σ=

3
P
2

dP
dV

Pxx + Pyy + Pzz
3

(1)

(2)

Figure 4. RDF spectra of the (Ti, Cr, or W)-DLC ﬁlms with diﬀerent
Ti, Cr and W concentrations, where the vertical dotted lines represent
the ﬁrst and second nearest peak positions of crystalline diamond.

(3)

where P is the hydrostatic pressure, Pxx, Pyy, and Pzz are the
diagonal components of the stress tensor, V is the system
volume, B is the bulk modulus; the pressure, P, is converted to
the biaxial stress, σ, by multiplying the pressure by a factor of
1.5, according to the method of McKenzie (eqs 3).37,38 The
ﬁgure shows that when the density increases from 2.03 to 3.22
g/cm3, the sp3 content, residual compressive stress and bulk
modulus gradually increase;36 when the density is 2.87 g/cm3,
the sp3 content and compressive stress are 56.3% and 26.6 GPa,
respectively. Note that the sp content in the ﬁlm is notably low
and generally neglected in most DLC studies.
3.2. (Ti, Cr, or W)-Incorporated DLC Films. To display
the ﬁnal conﬁgurations of (Ti, Cr, or W)-DLC ﬁlms with
various Me concentrations, the Rcut values of C−Ti, Ti−Ti, C−
Cr, Cr−Cr, C−W, and W−W bonds in Figure 1 were used.
Figure 3a,b shows the conﬁgurations for the (Ti, Cr, or W)DLC ﬁlms with the Me concentrations of 1.56 and 7.81 atom
%, respectively. After the incorporation of Ti, Cr, and W, we
ﬁnd that the incorporated metal atoms can bond with many C
atoms around the incorporated position, whereas the low
content of Ti, Cr, or W incorporation (Figure 3a) has no
signiﬁcant eﬀect on the fraction of tetra-coordinated carbon
atoms; there is no obvious cross-linked chains in (Ti, Cr, or
W)-DLC ﬁlms, as shown in Figure 3.
Figure 4 shows the RDF of (Ti, Cr, or W)-DLC ﬁlms with
diﬀerent Ti, Cr, and W concentrations. The ﬁlm for each case
exhibits the typical amorphous characteristics: long-range
disorder and short-range order. The ﬁrst peak is known to be
related to the atomic bond distance, and the second peak is
related to both the bond angles and bond lengths. However, we
note that with the increase in Ti, Cr, and W concentrations, the
positions of the ﬁrst and second nearest-neighbor peaks of the
(Ti, Cr, or W)-DLC ﬁlms are changed accordingly, which
indicates the evolution of the atomic bond structure including
bond angles and bond lengths, as will be discussed later.
The calculated residual compressive stress, bulk modulus,
and tetra-coordinated C content of (Ti, Cr, or W)-DLC ﬁlms

as a function of the Ti, Cr, and W concentrations are shown in
Figure 5. For the Ti-DLC ﬁlms in Figure 5a, the compressive
stress decreases and subsequently increases with the increase in
Ti concentration. When the Ti concentration in the Ti-DLC
ﬁlms increases from 0 to 1.56 atom %, the residual compressive
stress decreases from 26.6 to 14.2 GPa; a further increase in Ti
concentration to 7.81 atom % causes the compressive stress to
increase to 30.6 GPa. In addition, Figure 5a shows that when
the Ti concentration changes from 0 to 7.81 atom %, the bulk
modulus slightly increases and subsequently decreases, which is
consistent with the change in tetra-coordinated C content in
Figure 5b. At a Ti concentration of 3.13 atom %, the maximal
content of tetra-coordinated C reaches to 71.88%. This is
attributed to the incorporated Ti atoms that could easily bond
with the three-coordinated C atoms with low bonding energy.
However, with further increasing Ti concentration to 7.81 atom
%, many highly distorted ﬁve-coordinated C atoms with the
content of 14.06% are generated, causing the decrease of tetracoordinated C content. In general, the mechanical properties of
DLC ﬁlms mainly depend on the interlink matrix of tetracoordinated C, which can account for the behavior of the bulk
modulus with the Ti concentrations. By contrast, at the low Ti
concentration, the compressive stress can be reduced by 46.9%
without an obvious change in the mechanical properties, which
is consistent with the experimental study.7
Figure 5c shows that when the Cr concentration in the CrDLC ﬁlm is 4.69 atom %, the lowest compressive stress of
approximately 5.0 GPa is measured, whereas further incorporation of Cr up to 7.81 atom % induces the compressive stress
to increase to 16.0 GPa; the bulk modulus similarly changes
with the change in tetra-coordinated C content (Figure 5b).
However, the variation in the bulk modulus (max. 5.9%) is
much smaller than that in the residual stress reduction (max.
81.4%). The evolution in the residual stress and mechanical
properties of DLC ﬁlms because of the Cr incorporation is
consistent with previous work.9,39
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Figure 5. Compressive stress and bulk modulus of (a) Ti-DLC, (b) Cr-DLC, and (c) W-DLC ﬁlms, and the (d) tetra-coordinated C content as a
function of the Ti, Cr, and W concentrations.

Figure 5d shows the dependence of the compressive stress
and bulk modulus on the W concentration. With the
incorporation of W into DLC ﬁlms, the compressive stress
dramatically decreases to 4.7 GPa at W 3.13 atom %, whereas it
rapidly increases to 37.5 GPa when the W concentration
increases to 7.81 atom %; the bulk modulus remains almost
constant at 336 ± 3 GPa for the tetra-coordinated C content in
Figure 5b, which indicates that incorporating W can decrease
the compressive stress by 82.5%, but the mechanical properties
have no obvious deterioration, which has also been proved in
Wang et al.8,15
For the strong-carbide-forming metals such as Ti, Cr, and W,
previous works have proposed that at a low metal
concentration, the dissolved metal atoms in the amorphous
carbon matrix play pivotal sites, where the distorted structure
can be relaxed and decrease the residual stress.7−9 For higher
metal concentrations, the metal atoms can bond with many C
atoms and generate highly distorted 5-fold coordinated C
atoms and the new distorted C−Ti, C−Cr, or C−W bond
structure, which makes a dominant contribution to the increase
in compressive stress (Figures 5). If both the residual stress and
mechanical properties are closely related to the atomic bond
structure of the carbon matrix, to elucidate the role of stress
reduction because of various metals and various concentrations,
more direct evidence for the atomic bond structure including
the bond angle and length distributions must be collected.
Figures 6 through 7 show the calculated results of both bond
angle and bond length distributions for Ti-DLC, Cr-DLC, and
W-DLC ﬁlms. For comparison, the case for pure DLC ﬁlm is
also considered. The black dotted lines in Figure 6 represent
the stable bond angles of 120° and 109.5° for graphite and
crystalline diamond, respectively; the red dotted lines in Figure

7 represent the stable bond lengths of 1.42 and 1.54 Å for
graphite and diamond, respectively. For Ti-DLC ﬁlms, the total
bond angle distribution (Figure 6a) is mainly composed of C−
C−C, C−Ti−C, and C−C−Ti bond angles (Figure 6b,c); with
increasing Ti content, the peak value decreases, and the peak
width shifts obviously toward the small bond angles, which are
induced because of the C−Ti−C and C−C−Ti bond angles
shown in Figure 6c. In Figure 7a, the total bond length
distribution of Ti-DLC ﬁlms mainly consists of C−C (Figure
7b) and C−Ti bond lengths, and noted that a small peak at
approximately 1.85−2.5 Å is generated. Figure 7c gives the
RDF spectra of Ti-DLC ﬁlm with the Ti content of 7.81 atom
%, which is decomposed into partial contributions from the C−
C, C−Ti, and Ti−Ti. It proves that the small peak in Figure 7a
originates from the C−Ti bonds because it is longer than the
C−C bonds.
Li et al.33 reported that the high compressive stress mainly
originated from the distortion of both bond angles and bond
lengths of the carbon network, which were below 109.5° and
1.42 Å, respectively. Thus, the C−C−C bond angles and C−C
bond lengths are further focused on to gain the fractions of
distorted bond angles and bond lengths, respectively. The C−
C−C bond angle distribution in Ti-DLC ﬁlms (Figure 6b)
shows a peak at approximately 109.5°, which demonstrates the
prominent contribution from the tetra-coordinated atoms for
each case. The peak position with the Ti content shifts to 120°,
which is related to the change in tetra-coordinated C content
(Figure 5b). By integrating the C−C−C bond angle (Figure
6b) and C−C bond length distributions (Figure 7b), the
fractions of distorted bond angles (<109.5°) and bond lengths
(<1.42 Å) in Ti-DLC ﬁlms are separately deduced, as shown in
Figure 8, which clearly reveals that when the Ti content
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Figure 6. Bond angle distribution functions for Ti-DLC, Cr-DLC, and W-DLC ﬁlms. For each case, a, d, and g are the total bond angle distributions,
Ptotal, which are composed of C−C−C, C−Me−C, and C−C−Me bond angles; b, e, and h are the bond angle distributions of C−C−C, PC−C−C,
where the black dotted lines represent the stable bond angles of 120° and 109.5° for graphite and diamond, respectively; c, f, and i are the combined
distributions of the bond angles containing Me and C atoms.

increases from 0 to 1.56 atom %, the fractions of both highly
distorted bond angles (<109.5°) and bond lengths (<1.42 Å)
are simultaneously reduced, which decreases the residual
compressive stress of DLC ﬁlms in Figure 5a. However, in
the Ti-DLC ﬁlm with a Ti content of 7.81 at%, the fraction of
distorted bond lengths increases (Figure 7b). This can account
for the increase in compressive stress.
For Cr−DLC ﬁlms, the total bond angle distribution (Figure
6d) is mainly constituted by C−C−C, C−Cr−C, and C−C−Cr
bond angles (Figure 6e,f); the small peak of the total bond
length distribution caused by C−Cr bond changes in the range
of 1.8 to 2.5 Å, as shown in Figure 7d. This is also conﬁrmed by
the C−C bond length distribution (Figure 7e) and the partial
RDF spectra (Figure 7f). When the Cr content is 4.69 atom %,
the fraction of distorted C−C−C bond angles increases to
44.73% from 41.42% of pure ﬁlm, whereas the fraction of highly
distorted C−C bond lengths signiﬁcantly decreases to 11.97%
from 21.67% of the pure ﬁlm (Figure 8), which mainly causes
the compressive-stress reduction (Figure 5c). When the Cr
content increases to 7.81 atom %, the fraction of distorted C−
C−C bond angles slightly decreases (Figure 6e), whereas the
fraction of distorted C−C bond lengths (Figure 7e) obviously
increases and contributes to the higher compressive stress of
Cr-DLC ﬁlms.
For W-DLC ﬁlms, the similar behavior of the total bond
angle distribution with W content is also observed in Figure 6g,
which is from the C−C−C, C−W−C, and C−C−W bond
angles (Figure 6h,i). In the total bond length distribution
(Figure 7g), Figure 7h,i reveals that the small peak ranged from

1.85 to 2.5 Å is caused by the C−W bond. Figure 8 indicates
that when the W content is 3.13 atom %, the fractions of both
distorted bond angles and bond lengths are separately reduced
to 39.40% and 15.23%, respectively, compared with the pure
DLC ﬁlm, which explains the signiﬁcant reduction of residual
compressive stress (Figure 5d). However, when the W content
is 7.81 atom %, the signiﬁcant increase in the fraction of
distorted bond angles increases the residual compressive stress,
as illustrated in Figure 6h. Therefore, these results can explain
the experiments7−9 and clarify the stress reduction mechanism
caused by the Ti, Cr, and W incorporation. Furthermore, we
observe that the incorporated Cr or W atoms produce a much
smaller minimal stress than the Ti atoms, which is attributed to
diﬀerent fractions of highly distorted bond structure caused by
the incorporated metal atoms.

4. CONCLUSIONS
In this study, an AIMD simulation based on DFT was
successfully used to prepare (Ti, Cr, or W)-DLC ﬁlms by
quenching from liquid. The Ti, Cr, and W concentrations were
controlled at 1.56 to 7.81 atom %. The residual compressive
stress, bulk modulus and tetra-coordinated C content in each
ﬁlm were studied. The atomic bond structure, which includes
both bond angle and bond length distributions, was mainly
analyzed to clarify the stress reduction mechanism. The results
show that the incorporation of a small amount of Ti, Cr, or W
signiﬁcantly decreases the residual compressive stress. When
the Ti, Cr, and W contents were 1.56, 4.69, and 3.13 atom %,
respectively, the residual compressive stress decreases to 14.2,
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Figure 7. Bond length distribution functions for Ti-DLC, Cr-DLC, and W-DLC ﬁlms. For each case, a, d, and g are the total bond length
distributions, Ptotal, which are composed of C−C and C−Me bond lengths; b, e, and h are the bond length distributions of C−C, PC−C, where the red
dotted lines represent the stable bond lengths of 1.42 and 1.54 Å for graphite and diamond, respectively; c, f, and I are the partial RDF spectra
including gC−C, gC−Me and gMe−Me in the ﬁlms with the Me content of 7.81 atom %.

atoms only relaxed the distorted bond lengths. Although the
current results made no comparison with the discrete
organometallic molecules, which are a far cry from incorporating metal atoms in DLC ﬁlms, they were consistent with
previous experimental ﬁndings and provided further insight into
the structure and stress reduction mechanism.
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Electronic Density of States and Structural Properties of Tetrahedral
Amorphous Carbon. Diamond Relat. Mater. 2000, 9, 736−740.
(37) McKenzie, D. R.; Muller, D.; Pailthorpe, B. A. Compressive
Stress Induced Formation of Thin Film Tetrahedral Amorphous
Carbon. Phys. Rev. Lett. 1991, 67, 773−776.
(38) Marks, N. A. Evidence for Subpicosecond Thermal Spikes in the
Formation of Tetrahedral Amorphous Carbon. Phys. Rev. B 1997, 56,
2441−2446.
(39) Dai, W.; Ke, P.; Wang, A. Microstructure and Property
Evolution of Cr-DLC Films with Different Cr Content Deposited by a
Hybrid Beam Technique. Vacuum 2011, 85, 792−797.

6093

DOI: 10.1021/acs.jpcc.5b00058
J. Phys. Chem. C 2015, 119, 6086−6093

