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ABSTRACT: Amorphous carbon (a-C) films composited
with transition layers exhibit the desirable improvement of
adhesion strength between films and substrate, but the further
understanding on the interfacial structure transformation of a-
C structure induced by transition layers is still lacked. In this
paper, using ab initio calculations, we comparatively studied
the interfacial structure between Ti, Cr, or W transition layers
and a-C film from the atomic scale, and demonstrated that the
addition of Ti, Cr, or W catalyzed the graphitic transformation
of a-C structure at different levels, which provided the
theoretical guidance for designing a multilayer nanocomposite film for renewed application.
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Amorphous carbon (a-C) film has attracted much attention
in the past few years because of its superior mechanical

and tribological properties, which is a strong candidate as
protective coating in the fields of cutting tools, automobile, and
so on.1−3 Especially, the controllable band gap of a-C film,
originating from the modulation of sp3/sp2 hybridized
structure, generates the excellent optical properties, suggesting
the potential optoelectronics applications, such as proton
exchange membrane fuel cell.4−7 But the films are frequently
prone to failure from the coated surface because of the existing
poor film−substrate interfacial adhesion, especially on blank
metal substrate.
Introducing a transition layer into a-C films has been proved

to be an effective method to enhance the adhesion strength
between the a-C and substrate,8,9 but it also catalyzes the
special interfacial structure transformation.10 For example,
Chen et al.8 reported that the addition of a Cr−C layer
dramatically enhanced the adhesion of films to substrate,
obtaining the critical load exceeding 80 N. Li et al.9 found that
the ultrathin Cr/Al and Ti/Al dual interlayers offered the
improved adhesion for diamond films and were also effective in
suppressing the formation of graphitization structure on steel
surface. However, Lee10 deposited the carbon films on different
metal buffer layers at 700 °C, and revealed that carbon-
nanoparticle films were produced with the Cr and W buffer
layers, whereas the carbon-nanotube films were generated with
the Ti and Ta buffer layers. Nevertheless, the effect of metal
transition layers on the deposited a-C films from the atomic
scale is still not fully understood yet. Especially, recent studies
inspired that the graphene with high quality could be obtained

from a-C films by Ni or Cu-induced catalyzed effect under
optimal temperature.11,12 Therefore, exploring the interfacial
catalysis to a-C films induced by the metal transition layer and
its temperature dependence are essential to account for the
structural property evolution in experiment10 and optimize the
conditions for functionalized carbon structure.
In the present work, we carried out the ab initio calculations

to comparatively study the interfacial structure evolution
between the a-C and different metal transition layers under
different temperatures. The widely used Ti, Cr, and W metals
were chosen as the transition layers separately for comparison.
Figure 1a shows the models for a-C structure with different
metal substrates (named as a-C@Me). Ti0001, Cr011, and
W011 with four layers were chosen as the surface, which were
composed of 72, 80, and 80 atoms, respectively; the used a-C
film containing 116 carbon atoms and box size of 15.04 × 8.51
× 9 Å3 was obtained from ab initio molecular dynamics
(AIMD) simulation by liquid quenching method,13 in which
the original sp3 and sp2 fractions were 23% and 60% separately.
For each model, the corresponded average lattice mismatch
between Ti, Cr, or W and a-C models were less than 2.5%. A
vacuum of 15 Å was employed in the direction perpendicular to
the surface to avoid spurious interactions across the periodic
boundaries. Initial position between metal and a-C was 2 Å.
Atoms in the bottom layer of the metal substrate were fixed to
mimic the semi-infinite large surface.
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All calculations were performed by VASP software14,15 with a
cutoff energy of 500 eV and a generalized gradient
approximation with the Perdew−Burke−Ernzerhof parametri-
zation.16 A two-step process composed of geometric
optimization (GO) and AIMD simulation was used.13 During
the GO process, a full relaxation of the atomic positions based
on conjugated gradient17 was repeated to obtain the stable
interface structures until the Hellmann−Feynman force on
each atom was below 0.01 eV/Å, and the self-consistent loop
was created using an energy convergence criterion of 1 × 10−4

eV. Then the system was relaxed by AIMD simulation at the
stepwise increased temperature18 from 300 to 600, 900, 1200,
and 1500 K (2 ps for each given temperature) using NVT
ensemble with a Nose thermostat for temperature-control.
Periodic boundary condition was employed along all directions.
The Γ-only k-point was used to sample the Brillouin zone, and
a MD time step of 1 fs was used. The energy change in Figure
S1 showed that a relative stable state could be achieved for each
case during the thermostatic process.
Before characterizing the structural evolution of a-C@Me

systems, the cutoff radius values, Rcut, for C−C, C−Ti, C−W,
C−Cr, Ti−Ti, W−W, and Cr−Cr were defined first by radial
distribution functions (RDF) to evaluate whether they bond
with each other or not. The RDF, g(r), is proportional to the

density of atoms at a distance r from another atom, which is a
very important parameter for structural characterization of
amorphous materials, and it is computed by the formula

ρ π
=g r

N
r r

( )
d

4 d2 (1)

where ρ is the average density of system, dN is the number of
atoms from r to r + dr. Table 1 shows the cutoff radius for each
case, which have been defined by previous work.19

Figure 1 shows the initial, GO and final configurations at
1500 K of a-C@Ti, a-C@Cr, and a-C@W systems. After GO
for initial a-C@Ti, a-C@Cr and a-C@W systems (Figure 1b),
Ti, Cr, or W atoms could stabilize the dangling C atoms in the
a-C layer; the distance between metal and a-C film decreases
compared to the original 2 Å, and the obvious interactions
between the C and Ti, Cr or W atoms can be observed as well;
the sp3-C fraction for each case is 16.4, 16.4, and 16.4 at. %

Figure 1. (a) Initial, (b) GO, and (c) final configurations of a-C@Ti, a-C@Cr, and a-C@W systems based on the stepwise temperature increase
from 300, 600, 900, 1200 to 1500 K in AIMD simulations. The C, Ti, Cr, and W are shown in gray, red, blue, and green colors, respectively.

Table 1. Cutoff Radius for C−C, C−Ti, C−W, C−Cr, Ti−Ti,
W−W, and Cr−Cr Interactions

C−C C−Ti Ti−Ti C−Cr Cr−Cr C−W W−W

Rcut (Å) 1.85 2.56 3.51 2.50 3.24 2.52 3.36
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separately, and the sp2-C fraction is 59.5, 59.5, and 58.6 at. %,
respectively. After 10 ps AIMD simulation with stepwise
temperature increase, the final configurations presented in
Figure 1c show that in the a-C@Ti system, a few C atoms enter
into the Ti layer, but the sharp interface is still observed in both
a-C@Cr and a-C@W cases. Furthermore, the carbon roll
structure is formed from a-C for each case, which agrees well
with the previous experiment study,10 but the obvious holelike
defect is generated in a-C@Ti and a-C@W systems.
The dependence of carbon structure evolution including sp,

sp2 and sp3 hybridizations on the temperature increased from
300 to 1500 K is shown in Figure 2 (see Figure S2 for the

corresponding configurations of coordinated carbon structure
at different temperature). Noted that different transition layers
show different effect on the change of a-C structure. In a-C@Ti
system, the sp2-C fraction in a-C structure with increasing the
temperature from GO to 900 K increases gradually, and then
decreases with further increasing the temperature to 1500 K,
which shows the contrary dependence of sp3-C fraction on
temperature; the maximal sp2-C fraction of 66 at. % is obtained
at 900 K. However, in both the a-C@Cr and a-C@W systems,
the change of sp2-C fraction with temperature reveals the
opposite tendency to that of the a-C@Ti case, which decreases
slightly first and then increases significantly. This trend is
consistent with the sp-C fraction, but is also contrary to the
change of sp3-C fraction; when the temperature is 1500 K, the
sp2-C fractions in a-C@Cr and a-C@W systems reach to 72 at.
% and 67 at. %, respectively. Therefore, it indicates that at the

lower temperature (<900 K), the Ti illustrates better catalyzed
effect on a-C structure than Cr or W cases, while at the higher
temperature (>900 K), the Cr- or W-catalyzed transformation
from a-C to graphitization structure is more obvious.
Figure 3 shows the further structure analysis for the

temperature-dependent sp2-C structure in each system, and
the number of five-, six-, and seven-membered rings only from
sp2-C structures is also given representatively. In a-C@Ti
system, the number of seven-membered ring decreases
gradually, whereas the number of five- and six-membered
rings increases first from 300 to 900 K and then decreases with
further increasing to 1500 K; when the temperature is 900 K,
the maximal polygonal ring number is obtained. In the a-C@Cr
system, the number of five- and six-membered rings increases
monotonically with increasing temperature from 300 to 1500
K; the maximal polygonal ring number is achieved at the
temperature of 1500 K for this case. The evolution of polygonal
rings with temperature in a-C@W system is similar to that in a-
C@Cr case.
In a-C@Ti system, the sp3-C atoms are quickly converted to

sp2-C atoms at the lower temperature (T < 900 K), which leads
to the higher sp2-C fraction and the number of polygonal rings,
accounting for the experimental result;10 with further increase
of temperature from 900 to 1500 K, the number of isolated C
atoms increases and more C atoms diffuse into Ti layers
(Figure 1c) to form the stable covalent bond.20 This
redissolving behavior of the grown graphitic structures induced
by Ti results in the reduction of sp2-C fraction and polygonal
rings, as can be seen from Figures 2 and 3. But in a-C@Cr
systems, a few of unstable sp-C structures tend to interact with
the neighbored sp2-C atoms (Figure 2), causing the slight
decreased sp2-C fraction at lower temperature (T < 600 K); as
increasing the temperature to 1500 K, the sp3-C transforms into
sp2-C quickly, and there is no reverse dissolution of grown
graphitic structures into Cr layers observed (Figure 1c), which
is the reason for the fast increase of sp2-C fraction (Figure 2)
and polygonal rings (Figure 3). The system with W atoms
shows the similar behavior for the graphitic transformation of
amorphous structures to that in a-C@Cr system. The
calculation results are consistent with our preliminary
experimental study in Figure S3, where the similar carbon
roll structure changes and graphitic transformation are
achieved. In addition, previous study revealed that Ti with
four valence electrons tended to interact with C atom in the
form of bonding state, whereas Cr or W bonded the weaker
nonbonding state with C atom, respectively.20 Thus the weak
stability of Cr−C or W−C bonds also contribute to the obvious
catalytic behavior of carbon structure at high temperature.
In conclusion, we performed the AIMD simulations to

comparatively investigate the effect of Ti, Cr, or W transition
layers on a-C structure evolution with temperature ranged from
300 to 1500 K. Our simulation suggested that for each case, the
carbon roll structure was generated. Specifically, Ti layers
showed stronger catalyzed effect on the graphitic trans-
formation of amorphous carbon structures at lower temper-
ature (T < 900 K) than Cr or W layers, whereas the evolution
of a-C to graphitization induced by Cr or W layers is more
obvious at the higher temperature (T > 900 K). This result not
only provides the guidance for the design and selection of a-C
film with transition layers for wide industrial application, but
also offers a facile strategy to fabricate the special functionalized
carbon structure from large area a-C film catalyzed by metallic
layers.

Figure 2. Evolution of hybridized carbon structure (sp, sp2, and sp3)
with the increase in temperature from 300 to 1500 K in the a-C@Ti, a-
C@Cr, and a-C@W systems. The case after GO is also considered for
comparison.
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