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ABSTRACT: Amorphous carbon ﬁlms (a-C) codoped by two metal elements exhibit the
desirable combination of tribological and mechanical properties for widely potential
applications, but are also prone to catastrophic failure due to the inevitable residual
compressive stress. Thus far, the residual stress reduction mechanism remains unclear due
to the insuﬃcient understanding of the structure from the atomic and electronic scale. In
this paper, using ab initio calculations, we ﬁrst designed a novel Cu/Cr codoped a-C ﬁlm
and demonstrated that compared with pure and Cu/Cr monodoped cases, the residual
stress in Cu/Cr codoped a-C ﬁlms could be reduced by 93.6% remarkably. Atomic bond
structure analysis revealed that the addition of Cu and Cr impurities in amorphous carbon
structure resulted in the critical and signiﬁcant relaxation of distorted C−C bond lengths.
On the other hand, electronic structure calculation indicated a weak bonding interaction
between the Cr and C atoms, while the antibonding interaction was observed for the Cu−
C bonds, which would play a pivot site for the release of strain energy. Those interactions
combined with the structural evolution could account for the drastic residual stress
reduction caused by Cu/Cr codoping. Our results provide the theoretical guidance and desirable strategy to design and fabricate
a new nanocomposite a-C ﬁlms with combined properties for renewed applications.
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1. INTRODUCTION
Amorphous carbon (a-C) materials have aroused signiﬁcant
attention owing to their unique structures and superior
mechanical, chemical, electronic and magnetic properties,1−3
making them a strong candidate as a protective coating in the
ﬁelds of cutting tools, modulus, automobile and magnetic disk
storage devices to minimize the mechanical wear and
corrosion.4−6 However, it is still necessary to overcome the
current a-C materials limitations for wider applications, as
exempliﬁed by the inevitable high residual compressive stress,
which deteriorates the adhesive strength between the ﬁlms and
substrate and ultimately leads to catastrophic failure of the
coated surface. Introducing metal elements into a-C ﬁlms has
been proved to be eﬀective way to reduce the residual
compressive stress eﬀectively by the pivot site of metal
nanocrystallites for structure relaxation,7 substitution of strong
C−C bonds by weak Me−C bonds,8 or the promoted
graphitization of C-sp2 bonds.9
Especially, two or more metal elements codoping has been
taken into account recently to overcome these barriers and
explore new functions conveyed by multiple nanostructures
coexisting in carbon ﬁlms. For example, Liu et al.10−12 recently
reported that the Ti/Al codoped a-C ﬁlms exhibited low
residual stress, high hardness, good toughness, as well as low
friction coeﬃcient and wear rate, which was attributed to the
formation of a graphitized transfer layer. Moreover, when Ti
© 2015 American Chemical Society

was replaced by Si, a near-frictionless and superelastic behavior
but low hardness was obtained in Si/Al codoped a-C:H ﬁlms,
due to the dual nanocompsite structures combined with
fullerene-like clusters in carbon matrix.13 So, codoping two
metal elements in a-C ﬁlms could provide the desirable
combination of tribological and mechanical properties. Nevertheless, the novel Cu/Cr codoped nanocomposite carbon
matrix has also never been mentioned. Most importantly,
because of the diﬃculties in direct observation of structural
evolution by experiments with atomic and electronic scale, the
dependence of residual stress on microstructure has not been
fully understood yet, which is indispensable for exploring the
stress reduction mechanism. Ab initio calculations provide a
powerful tool to capture atomic and electronic details and gain
a deeper insight into the stress reduction mechanism of metal
codoped a-C ﬁlms.14,15
In the present study, we reported the ﬁrst investigation on
the novel Cu/Cr codoped a-C ﬁlms using ab initio calculations
based on density functional theory (DFT). The structure
models were generated from liquid quench containing 64
atoms. The eﬀect of Cu/Cr codoping on the residual stress was
focused in terms of the evolution of atomic bond structure
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the sample was quenched from 8000 to 1 K at cooling rate of 1.6 ×
1016 K/s. For the subsequent GO of amorphous structure, a full
relaxation of the atomic positions based on conjugated gradient
method21 was repeated 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 10−5 eV; the Γ-only k-point
was used to sample the Brillouin zone. To check the k-point
convergence on amorphous structure, a fully converged calculation
with a grid of 4 × 4 × 4 points (64 k-points) was performed. When the
Γ point only was used, the absolute error of average binding energy of
per atom was found to be accurate to better than 0.004 eV compared
to the fully converged calculation with 64 k-points.
In the designed Cu/Cr codoped amorphous structure, because we
focused on the small amount of doped metal concentrations to avoid
the giant deterioration of other mechanical and tribological properties
dominated by the interlink amorphous carbon matrix, the total
concentrations for Cu/Cr were selected ranging from 3.13 to 7.81 at.
% with diﬀerent Cu/Cr ratio, corresponding to 2, 3, 4 and 5 atoms in
64-atom models, respectively. To provide more representative models
of the real metal doped ﬁlm than the direct substitution of carbon by
metal atoms in pregenerated pure carbon networks, Cu and Cr atoms
were introduced by substituting carbon atoms in the liquid carbon
state with a external equilibrium at 8000 K for 0.5 ps.19 For
comparison, pure and Cu/Cr monodoped cases with Cu or Cr
concentrations of 1.56−7.81 at. % were also involved. Then, the RDF,
hybridization fraction, residual compressive stress, and the bond
structure were evaluated.

including bond angles, bond lengths and bonding feature. The
results showed that, in comparison with those pure and Cu/Cr
monodoped a-C ﬁlms, the Cu/Cr codoped case exhibited an
extremely low residual compressive stress due to the relaxation
of highly distorted bond lengths and the formation of weak
Cr−C and Cu−C bonds. If one notes the optimized designing
with the selected codoped metal characteristics, our results
present a new straightforward strategy to tailor the a-C ﬁlms
with low residual stress and other novel physical and chemical
properties.

2. COMPUTATIONAL DETAILS
All the calculations were carried out using the Vienna ab initio
simulation package16,17 with a cutoﬀ energy of 500 eV and a
generalized gradient approximation with the Perdew−Burke−
Ernzerhof parametrization.18 The initial conﬁguration contained 64
atoms in a simple cubic supercell with constant volume and under
periodic boundary conditions throughout the simulation, which has
been proved to be suitable and accurate to reveal the characteristics of
a-C ﬁlms and also save the required computation time.15,19 To obtain
Cu/Cr codoped a-C ﬁlms, a two-step process composed of meltquenching by ab initio molecular dynamics (AIMD) simulation and
geometric optimization (GO) was used, which has been demonstrated
to give a good description of a-C materials and revealed the intrinsic
relation between the structure and properties.15,19,20
Figure 1 shows the schematic diagram of the calculated process to
obtain the Cu/Cr codoped a-C ﬁlms. During the AIMD simulation,
the initial sample was ﬁrst equilibrated at 8000 K for 1 ps to become
completely liquid state and eliminate its correlation to the initial
conﬁguration using NVT ensemble with a Nose thermostat for
temperature-control and a time step of 1 fs, which was conﬁrmed by
calculating the radial distribution function (RDF) of the samples; then,

3. RESULTS AND DISCUSSION
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
g(r ) =

dN
ρ ·4πr 2dr

(1)

where ρ is the average density of system, dN is the number of
atoms from r to r + dr. Before characterizing the structure of
Cu/Cr codoped a-C ﬁlms, the RDF, g(r), in the ﬁlms with high
metal concentration was analyzed ﬁrst to deﬁne the Cu, Cr and
C atoms being bonded or nonbonded with each other, as
shown in Figure 2. The distance to the ﬁrst minimum in RDF
(see inset values of Figure 2) was set as the curoﬀ distance, Rcut,
for C−C, C−Cu, Cu−Cu, C−Cr, Cr−Cr and Cu−Cr
bonds.22,23
Figure 3 shows the ﬁnal atomic structures of Cu/Cr codoped
a-C ﬁlms with diﬀerent Cu/Cr concentrations using the
precalculated cutoﬀ distance to determine the nearest neighbor
atoms. Pure and Cu/Cr monodoped a-C ﬁlms are also
considered. It is worth noting that compared with the pure aC ﬁlm, doping Cu and/or Cr into carbon matrix causes the
increase of density and tetra-coordinated C fraction. For pure aC ﬁlm, the tetra-coordinated C fraction in the network (Figure
3a) is 56.2%, which is consistent with previous work.24 In Cu
doped a-C ﬁlms (Figure 3b−d),22 the tetra-coordinated C
hybridized structure with Cu concentration increases gradually,
because the doped Cu atoms easily bonding with threecoordinated C atoms around the doped position. In particular,
Figure 3d shows that the Cu atoms in the ﬁlms with high Cu
concentration could cluster with each other due to the weak
Cu−C bond.25 For the Cr doped a-C ﬁlms (Figure 3e−g),15
the tetra-coordinated C fraction increases ﬁrst and then
decreases, and the formation of many highly distorted ﬁvecoordinated C atoms in the ﬁlms with higher Cr concentration
could account for the change of hybridized structure. However,

Figure 1. Schematic diagram to visually present the calculated process
for obtaining the Cu/Cr codoped a-C ﬁlms, in which red, yellow, and
blue colors indicate the C, Cu and Cr atoms, respectively.
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existed in each case compared with the Cu doped a-C ﬁlm with
Cu 7.81 at. % (Figure 3d).
Figure 4 shows the RDF spectra of pure and Cu/Cr codoped
a-C ﬁlms with diﬀerent Cu/Cr concentrations, in which the

Figure 4. RDF spectra of pure and Cu/Cr codoped a-C ﬁlms. The
vertical dotted lines represent the 1st and 2nd nearest peak positions
of crystalline diamond. The subscript is the concentration of doped
metal atoms in the ﬁlm.
Figure 2. RDF of (a) Cu 39 at. % monodoped, (b) Cr 39 at. %
monodoped and (c) Cu/Cr codoped a-C ﬁlms with Cu and Cr
concentrations of 39 at. % separately, where the inset values are the
Rcut values for the C−C, C−Me, and Me−Me bonds.

vertical dotted lines represent the ﬁrst and second nearest peak
positions of crystalline diamond. It reveals that for each case the
ﬁlm shows the typical amorphous character, that is long-range
disorder and short-range order. For pure a-C ﬁlm, the ﬁrst and
second nearest neighbor peak are located at 1.50 and 2.46 Å,
respectively. As known that the ﬁrst peak is related with the
atomic bond lengths, and the second peak correlates with both
the bond angles and bond lengths. However, after the addition
of Cu/Cr into amorphous carbon matrix, the positions of the

after doping Cu and Cr into carbon matrix simultaneously, the
structure seems to be modiﬁed seriously, as illustrated in Figure
3h−l, which will induce the signiﬁcant change of properties. In
addition, it can be observed that there is no obvious Cu cluster

Figure 3. Atomic structures of (a) pure, (b−d) Cu doped, (e−g) Cr doped and (h−l) Cu/Cr codoped a-C ﬁlms, in which the numbers are the tetracoordinated C fractions in each ﬁlm, and red, yellow and blue colors indicate the C, Cu and Cr atoms, respectively.
27880
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Figure 5. 1st peak position as a function of (a) Cr or (b) Cu concentration in Cu/Cr codoped a-C ﬁlms.

ﬁrst and second nearest neighbor peaks in the ﬁlms are deviated
from that of pure a-C ﬁlm obviously as shown in Figure 5,
demonstrating the evolution of atomic bond structure. Taking
the ﬁlm with Cu 1.56 at. % and Cr 1.56 at. % for example, the
ﬁrst peak increases to 1.52 Å from 1.50 Å of pure case (Figure
5), indicating the relaxation of distorted bond lengths and thus
suggesting the reduction of residual stress. Nevertheless, the
bond structure needs to be further analyzed in order to clarify
the relation between the structure and properties.

the lowest compressive stress of about 5.0 GPa is measured as
the Cr concentration is 4.69 at. %, while the further
incorporation of Cr up to 7.81 at. % induces the compressive
stress increased to 16.0 GPa. The evolution in the residual
stress of a-C ﬁlms by Cr incorporation is consistent with the
previous experimental results.28 Taking the beneﬁts from the
simulation, nevertheless, noted that the drastic evolution of
residual stress is observed after introducing Cu/Cr into a-C
ﬁlms simultaneously. As the concentrations of codoped Cu and
Cr atoms are all 1.56 at. %, the ﬁlm exhibits the lowest residual
stress about 1.7 GPa. By contrast with pure a-C case, codoping
Cu and Cr could signiﬁcantly reduce the residual stress by
93.6%, while in Cu/Cr monodoped cases the compressive
stress only drops by 78.5% or 81.4%, respectively.
To elucidate the giant stress reduction mechanism caused by
Cu/Cr codoping, more direct evidence for the atomic bond
structure including both the bond angle and length
distributions are collected ﬁrst. Figure 7 shows the calculated
results of both the bond angle and length distributions for the
Cu/Cr codoped a-C ﬁlm with Cu 1.56 at. % and Cr 1.56 at. %
in which the lowest residual stress is observed (Figure 6). For
comparison, the case for pure a-C ﬁlm is also considered. In
Figure 7a, the total bond angle distribution is composed of the
bond angle distributions for all combinations, as shown in
Figure 7b,c; compared with pure case, the total bond angle
distribution in Cu/Cr codoped ﬁlm shifts obviously toward the
small bond angles around 70° (Figure 7a), which are
contributed by the existence of the C−Cu−C, C−C−Cu, C−
Cr−C and C−C−Cr bond angles shown in Figure 7c. The total
bond length distribution in Figure 7d mainly consists of C−C,
C−Cr and C−Cu bond lengths (Figure 7e,f); in particular, a
small and wide peak located at around 2.13 Å is generated in
the total bond length distribution, which originates from C−Cu
and C−Cr bonds because they are longer than C−C bond
(Figure 7f).
Li et al.29 revealed that the distortion of both bond angles
(<109.5°) and bond lengths (<1.42 Å) in carbon network was
the key factor for the high level of residual compressive stress.
Therefore, the C−C−C bond angles and C−C bond lengths in
Cu/Cr codoped a-C ﬁlm were particularly focused on to in
order to gain the fractions of distorted bond angles and bond
lengths, respectively, which are illustrated Figure 7b,e. The
black vertical dotted lines In Figure 7b represent the
equilibrium bond angle of 120° for graphite and 109.5° for
the crystalline diamond. The equilibrium bond length of stable
sp2 and sp3 C−C bonds are 1.42 and 1.54 Å separately (the red
vertical dotted lines in Figure 7e). First, the C−C−C bond
angle distribution of Cu/Cr codoped a-C ﬁlm (Figure 7b)
shows a peak at approximately 109.5°, demonstrating the

Figure 6. Compressive stress of pure, Cu/Cr mono- and codoped a-C
ﬁlms as a function of Me concentrations. The subscript is the
concentration of doped metal atoms in the ﬁlm.

The dependence of the calculated residual compressive stress
on Cu/Cr concentrations is illustrated in Figure 6. The stress,
σ, is computed by the equations
Pxx + Pyy + Pzz
P=
(2)
3

3
P
(3)
2
where P is the hydrostatic pressure, Pxx, Pyy and Pzz are the
diagonal components of the stress tensor; 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).26,27 In case of the pure a-C ﬁlm, a high residual compressive
stress about 26.6 GPa is estimated. With introducing Cu atoms
into a-C ﬁlms, the compressive stress as a function of Cu
concentration decreases quickly and then increases; when the
Cu concentration is 1.56 at. %, the minimal residual
compressive stress of about 5.7 GPa is obtained, which is
reduced by 78.5% compared with the pure case. Similar results
have been conﬁrmed by experiment.25 For Cr doped a-C ﬁlms,
σ=
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Figure 7. Atomic bond structure of pure, Cu/Cr codoped a-C ﬁlms. (a) Total bond angle distributions being composed of the bond angle
distributions for all combinations; (b) bond angle distributions of C−C−C, PC−C−C, in which the black vertical dotted lines represent the stable bond
angles of 120° for graphite and the one of 109.5° for diamond; (c) combined distributions of the bond angles containing Me and C atoms; (d) total
bond length distribution being composed of C−C and C-Me bond lengths; (e) bond length distributions of C−C, PC−C, in which the red vertical
dotted lines represent the stable bond lengths of 1.42 and 1.54 Å for stable sp2 and sp3 C−C bonds, respectively; (f) combined distributions of the
C−Cr and C−Cu bond lengths. The subscript is the concentration of doped metal atoms in the ﬁlm.

prominent contribution from the tetra-coordinated atoms, and
the peak position with the Cu/Cr codoping has no obvious
change. Nevertheless, the peak position of the C−C bond
length distribution in Figure 7e deviates to 1.54 Å distinctly,
which is related to the change of tetra-coordinated C fraction
(Figure 3).
By integrating the C−C−C bond angle and C−C bond
length distributions (Figure 7b,e), the fractions of distorted
bond angles (<109.5°) and bond lengths (<1.42 Å) in Cu/Cr
codoped a-C ﬁlm with Cu 1.56 at. % and Cr 1.56 at. % are thus
deduced separately, as shown in Figure 8. The calculations for
pure, Cu (1.56 at. %) and Cr (1.56 at. %) monodoped a-C ﬁlms
are also carried out for comparison. Figure 8 shows that in pure
a-C ﬁlm the fractions of distorted bond angles (<109.5°) and
bond lengths (<1.42 Å) are 41.4% and 21.7%, respectively.
After monodoping Cu 1.56 at. % into a-C ﬁlm, the reduction of
compressive stress attributes to the simultaneous relaxation of
both the distorted bond lengths and bond angles, which are
37.6% and 17.7% separately; even if doping Cr 1.56 at. % into
a-C ﬁlm causes the distorted bond lengths increased to 22.4%,
the fraction of highly distorted C−C−C bond angles decreases
to 40.9%. This opposite and slight change in the distorted

Figure 8. Fractions of distorted bond angles (<109.5°) and bond
lengths (<1.42 Å) in pure, Cu/Cr mono- and codoped a-C ﬁlms. The
subscript is the concentration of doped metal atoms in the ﬁlm.

atomic bond structure leads to the mediate change of residual
stress, as illustrated in Figure 6. Nevertheless, with codoping Cu
1.56 at. % and Cr 1.56 at. % into a-C ﬁlms, the synergistic eﬀect
of Cu and Cr atoms causes the distorted bond angles increased
to 42.9% by comparing with Cu/Cr monodoped cases, while
the fraction of distorted C−C bond lengths decreases
27882
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Cu or Cr and C atoms are connected by the charge
distribution, which is the typical feature of covalent bond.
Moreover, due to the electronegativity diﬀerence between Cu
or Cr and C atoms, the charge of Cu and Cr atoms obviously
shifts to neighboring C atoms (Figure 10b). The highest
occupied molecular orbital (HOMO) characteristics in the
ﬁlms not only dominate the ﬁlms stability, but also contribute
to the ﬁlms rigidity except the tetra-coordinated C fraction, so
they are further analyzed. The PDOS (Figure 9) reveals that
HOMO is mainly dominated by Cu 3d and C 2p states,
whereas the Cr 3d also has slight contribution to the HOMO.
Figure 10d illustrates that the charge accumulation between the
Cr and C atoms in the HOMO is much smaller than pure C−C
bond,30 meaning the weak bond strength. However, the charge
distribution in the HOMO possesses a nodal structure between
the Cu and C atoms, as shown in Figure 10e, indicating a
presence of antibonding behavior, which induces the decrease
of the bond strength and the stability of ﬁlm seriously.
According to the above discussion, it can be concluded that
Cu/Cr codoping modiﬁes the structure of a-C ﬁlm, resulting in
the change of bond characteristics and DOS. Choi et al.30
revealed that compared to the pure C−C covalent bond, the
weak bond characteristics could lead to the small energy change
caused by the distortion of bond structures. Because of the
formed weak bond characteristics in Cu/Cr codoped a-C ﬁlms,
the codoped Cu and Cr atoms could play the role of a pivotal
site to form the antibonding for Cu−C bond and the weak
covalent bond for Cr−C bond and reduce the bond strength
drastically, where the distortion of atomic bond structure can
occur without the signiﬁcant increase of the strain energy.
Therefore, the relaxation of distorted C−C bond lengths and
the formation of weak bond characteristics between the Cu/Cr
and C atoms are supposed to be the fundamental reasons why
the residual stress is signiﬁcantly decreased due to the Cu/Cr
codoping.

drastically to 14.7%, which contributes to the signiﬁcant change
of residual stress shown in Figure 6.
In addition, the evolution of electronic structure brought by
Cu/Cr codoping is also of great importance for providing the
further insight for the residual stress reduction mechanism. To
analyze the constitution of valence band (VB) and conduction
bond (CB), we ﬁrst perform the spin resolved density of states
(DOS) and projected density of states (PDOS) on the C, Cu
and Cr atoms in the Cu/Cr codoped a-C ﬁlm with Cu 1.56 at.
% and Cr 1.56 at. %, as shown in Figure 9. It shows that VB

Figure 9. DOS and PDOS projected on the C, Cu and Cr atoms in the
Cu/Cr codoped a-C ﬁlm with Cu 1.56 at. % and Cr 1.56 at. %.

mainly consists of Cu 3d, Cr 3d, C 2s and C 2p states. The
obvious hybridization in VB is observed between the Cu 3d or
Cr 3d and C 2p states. CB is mainly composed of Cr 3d and C
2p states. Moreover, the Cu 3d and Cr 3d states in VB shift
upward to near the Femi energy level compared with Cu/Cr
monodoped case, attributing to the eﬀect of Cu/Cr codoping
(see Supporting Information Figure S1 and Figure S2).
The charge density of Cu/Cr codoped a-C ﬁlm with Cu 1.56
at. % and Cr 1.56 at. % is examined. As shown in Figure 10a,

4. CONCLUSIONS
In this study, we ﬁrst time brought forward the design of novel
Cu/Cr codoped amorphous carbon ﬁlms by employing ab
initio calculations based on DFT. The dependence of residual
stress upon the evolution of electronic structures induced by
Cu/Cr codoping was studied. Compared with pure a-C ﬁlm,
Cu/Cr codoping could reduce the residual stress by 93.6% to
1.7 GPa as the Cu/Cr concentrations are 1.56 at. % and 1.56 at.
%, respectively, whereas monodoping Cu or Cr into a-C ﬁlms
only decreased the residual stress by 78.5% to 5.7 or by 81.4 to
5.0 GPa. The structure analysis revealed that the codoping of
Cu and Cr could relax the distorted bond lengths signiﬁcantly.
On the other hand, electronic structure calculation indicated a
weak bonding interaction between the Cr and C atoms,
whereas the antibonding interaction was observed for the Cu−
C bonds, which could synergistically play a pivotal site to
reduce the increase of strain energy change caused by the
distortion of bond structure. These two factors are the key
explain for the signiﬁcant change of residual stress. Most
importantly, our result provides a straightforward possibility by
using the synergistic beneﬁts from the binary doped metal
feature to fabricate the new nanocomposite carbon-based ﬁlms
with high performance for the promising wider applications.

Figure 10. (a) Charge density, (b) charge density diﬀerence, (c)
HOMO image, (d) 3D view of the HOMO charge density for Cr−C
and (e) 3D view of the HOMO charge density for Cu−C bond in Cu/
Cr codoped a-C ﬁlm with Cu 1.56 at. % and Cr 1.56 at. %.
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