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Here, we selected Ti, Cr, andW as the representative metal elements to composite with Al atom in order to gen-
erate co-doped amorphous carbon (a-C) films using ab initio calculations. Results show that compared with the
pure and mono-doped cases, the Ti/Al, Cr/Al, or W/Al co-doped a-C films exhibit a general tendency of stress re-
duction. Particularly, it is noted that with the co-doping of Ti (1.56 at.%)/Al (1.56 at.%), Cr (1.56 at.%)/Al (4.69 at.
%), or W (1.56 at.%)/Al (1.56 at.%), the residual stress is reduced by 83%, 78.9%, and 90.6%, respectively, without
deteriorating the mechanical properties. Structural analysis reveals that the co-doping of Ti/Al, Cr/Al, or W/Al
brings the critical and significant relaxation of distorted C–C bond lengths, as well as the formation of a weak co-
valent interaction for Ti–C, Cr–C, andW–C bonds and the ionic interaction for Al–C bonds, which account for the
giant residual stress reduction. Consequently, by the synergistic effect of small amounts of soft ductile weak-
carbide-formingmetals and hard-carbide ones, it provides the theoretical guidance and desirable strategy to de-
sign and fabricate the a-C films with low residual stress and other novel performance/functions.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Amorphous carbon (a-C) films have emerged as the key ingredients
for the developments of many protective materials and advanced de-
vices [1–3]. In particular, nanostructuring a-C films with metal dopants
renews them more potential applications ranging from electronic and
biological to automotive tribological industry, due to the enhanced
physicochemical properties and multi-functionalities [4–8]. Despite
the versatile features of metal dopants and classifications of a-C films,
it is generally observed that metal doped a-C films consist of the
nanocrystallites of puremetal ormetal carbides embedded in the amor-
phous carbon matrix [9–11]. In comparison to pure a-C films, the most
known benefit of metal dopants is the considerable reduction of resid-
ual compressive stress, which is attributed to the promoted graphitiza-
tion of C-sp2 bonds [12], substitution of strong C–C bonds byweakMe–C
bonds [13], or pivot site of metal nanocrystallites for structure relaxa-
tion [14]. So far, however, since these stress reductions induced by sin-
gle metal dopant are always at a sacrifice of mechanical or tribological
properties of carbon films in most previous works [12–16], there is a
critical pre-requisite to overcome these barriers by taking full advan-
tages of multiple nanostructures co-existing in carbon films.
imte.ac.cn (A. Wang).
Recently, multiple metal elements co-doping has been taken into ac-
count recently to overcome these barriers and explore new functions.
Jansson et al. [17] put forward a general concept to design the self-
adaptive low friction nanocomposite coatings, where the Ti–Al–C was
chosen for the model system. They found that alloying Al provided the
driving force for the formation of amorphous carbon bonds, which pro-
moted the graphitization of filmduring friction test and as a consequence,
the friction coefficient was significantly reduced about 85% in (Ti0.5Al0.5)
C1.2 coating compared to that of TiC1.5. Similar results were also reported
in Ti/Al co-doped amorphous hydrogenated carbon (a-C:H) films by Liu
et al. [18,19], which exhibited the low residual stress, high toughness,
low friction coefficient and wear rate. Moreover, when Ti was replaced
by Si, due to the formed self-assembled dual metallic nanostructures
combined with fullerene-like clusters in carbon matrix, a near-
frictionless and extremely-elastic behavior but low hardness was ob-
tained in Si/Al co-doped a-C:H film [20]. However, though the aforemen-
tioned results inspire that co-doping two metal elements in a-C films
provides the desirable combination of tribological and mechanical prop-
erties for widely potential applications, the dependence of mechanical
properties on structure of multiple metal co-existing a-C films from the
viewpoint of atomic and electronic scale has not yet been studied, and it
is also indispensable for clarifying the stress reduction mechanism and
tailoring the excellent overall performance of a-C films.

In the present work, we focused on the residual stress and structure
evolution of metal co-doped a-C films using ab initio calculations based
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Fig. 1. RDF of (a) Ti/Al, (b) Cr/Al, and (c)W/Almono- and co-doped a-C filmswith high Ti,
Cr,W, and/or Al concentrations of 39 at.%, where the inset values are the Rcut values for the
C–C, C–Me, and Me–Me bonds.
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on density functional theory (DFT). Hard-carbide-forming metals (Ti,
Cr, or W) and soft ductile weak-carbide-forming metals (Al) were se-
lected as the representative doped metal elements to composite the
co-doped systems. The residual stress and bulk modulus were calcu-
lated, and the bond structure including bond angles and bond lengths
and bonding feature were examined to elucidate the stress reduction
mechanism induced by co-dopants. We observed that co-doping Ti/Al,
Cr/Al, or W/Al into a-C films into carbon matrix could exhibit an ex-
tremely low residual compressive stress due to the relaxation of highly
distorted bond structures and the formation of weak bond characteris-
tics in carbon matrix in comparison with that of Ti, Cr, W, or Al mono-
doped and pure a-C films. If one notes the optimized designing with
the selected co-doped metal characteristics, our results could not only
account for the physical and chemical properties in experiment, but
also present a new straightforward strategy to tailor the a-C films with
low residual stress and other novel performance/functions.

2. Computational details

Compared with classical molecular dynamics (MD) methods which
require predetermined empirical potential parameters for specified
compositions, the superiority of the parameter-free ab initio simulation
method is obvious. All the spin-polarized calculations were carried out
using the Vienna ab initio simulation package based on DFT [21,22]
with a cutoff energy of 500 eV and a generalized gradient approxima-
tion with the Perdew–Burke–Ernzerhof parameterization [23]. In this
work, the initial configuration contained 64 atoms in a simple cubic
supercell with constant volume and under periodic boundary condi-
tions throughout the simulation that has been proved to be suitable
and accurate to reveal the characteristics of amorphous carbon systems
and also save the required computation time [24–26]. To obtain Ti/Al,
Cr/Al, or W/Al co-doped a-C systems, a two-step process composed of
melt-quenching by ab initio MD (AIMD) simulation and geometric
Fig. 2. Atomic structures of pure a-C, Ti/Al mono- and co-doped a-C films, i
optimization by static calculations was used, which has been demon-
strated to give a good description of a-C materials and revealed the in-
trinsic relation between the structure and properties [25,27–29].

During the AIMD simulation, the system was first equilibrated at
8000 K for 1 ps to become completely liquid 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; then, the samples were
quenched from 8000 to 1 K at cooling rate of 1.6 × 1016 K/s. For the sub-
sequent geometric optimization of amorphous structure, a full relaxation
of the atomic positions based on conjugated gradientmethod [30]was re-
peated until the Hellmann–Feynman force on each atom was below
0.01 eV/Å, and the self-consistent loop was created using an energy con-
vergence criterion of 10−5 eV; a gamma point only was used to sample
theBrillouin zone. To check the k-point convergence on amorphous struc-
ture, a fully converged calculation with a grid of 4 × 4 × 4 points (64 k
points)was performed.When the gammapoint onlywas used, compared
to a fully converged calculation with 64 k points, the absolute error of av-
erage binding energy of per atomwas found to be accurate to better than
0.004 eV.

Sincewe focused on the small amount of co-dopedmetal concentra-
tion without invoking severe changes in carbon matrix, the total con-
centrations for two metals in Ti/Al, Cr/Al, or W/Al co-doped systems
were selected ranging from 3.12 to 7.81 at.% with different ratios, corre-
sponding to 2, 3, 4 and 5 atoms in 64-atom systems, respectively. In
order to provide more representative models of the real metal doped
system than the direct substitution of carbon by metal atoms in pre-
generated pure carbon networks, Ti, Cr, orWwith Al atomswere intro-
duced by substituting carbon atoms in the liquid carbon state with an
external equilibrium at 8000 K for 0.5 ps [25,29]. Pure and mono-
doped a-C films were also involved for comparison with the co-doped
ones.

3. Results and discussion

Before characterizing the structure of Ti/Al, Cr/Al, and W/Al co-
doped a-C films, the RDF, g(r), in the systems with high metal concen-
tration was analyzed firstly to define the Ti, Cr, W, Al, and C atoms
being bonded or non-bonded with each other, as shown in Fig. 1. The
distance to the first minimum in RDF (inset values of Fig. 1) was set as
the cutoff distance Rcut for the C–C, C–Me, and Me–Me bonds [24,31].
Then, the RDF, final morphologies, residual compressive stress, bulk
modulus, both the bond angle and bond length distributions and elec-
tronic structure in various a-C systems were evaluated.

Fig. 2 shows the final structures of Ti/Al co-doped a-C films by using
the cutoff distance of Fig. 1 to determine the nearest neighbor atoms.
Pure and Ti/Al mono-doped cases are also considered. We find that all
the films are amorphous, which will be described later by RDF. Fig. 3
n which the subscript is the concentration of each doped metal atoms.



Fig. 4. RDF spectra of pure, Ti/Al mono- and co-doped a-C films. The vertical dotted lines
represent the 1st and 2nd nearest peak positions of crystalline diamond; the subscript is
the concentration of each doped metal atoms.
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gives the tetra-coordinated C content for each case. For pure a-C film,
the structure is dense, and the tetra-coordinated C content is 56.2%
(Fig. 3), which is consistent with previous work [28]. However, in Ti
doped a-C films, the tetra-coordinated C hybridized structure with the
addition of Ti increases at first, because the doped Ti atoms could easily
bond with the three-coordinated C atoms with low bonding energy,
which agrees well with the experimental results [32]. With further in-
creasing Ti content to 7.81 at.%, the formation of many highly distorted
five-coordinated C atoms with the content of 14.06% causes the de-
crease of tetra-coordinated C content, suggesting the high residual com-
pressive stress [24]. In Al doped a-C films (Fig. 3), the similar behavior of
hybridized structure with Al content is also observed. However, co-
doping Ti/Al into carbonmatrix seems tomodify the structure seriously,
as illustrated in Figs. 2d and 3, which will induce the significant change
of properties; after co-doping Ti 1.56 at.% and Al 1.56 at.% into the a-C
film simultaneously, the tetra-coordinated C content of 73.44% is ob-
tained. Besides, noted that for the co-doped films with constant Ti con-
tent, the tetra-coordinated C content as a function of Al content
decreases gradually following the increase of three-coordinated C con-
tent and five-coordinated hybridized structures.

Fig. 4 shows the RDF spectra of pure, Ti/Al mono- and co-doped a-C
films. First, it reveals that for each case the film shows the typical amor-
phous character, that is long-range disorder and short-range order. For
pure a-C film, the 1st nearest neighbor peak is located at 1.50 Å,which is
in agreementwith the previous experimental [33,34] and theoretical re-
sults [25,28,35], suggesting that the simulated results reflect the nature
of real system. As known that the 1st peak is related with the atomic
bond lengths, and the 2nd peak correlates with both the bond angles
and bond lengths. The position of 1st peak in pure a-C film is much
smaller than that of diamond, which implies the high residual compres-
sive stress [36]. After the addition of Ti and/or Al into the films, the po-
sitions of the 1st and 2nd nearest neighbor peaks in RDF are deviated
from that of pure a-C film. By mono- and co-doping Ti 1.56 at.% and Al
1.56 at.% into a-C film shown in Fig. 4, the positions of 1st nearest-
neighbor peak shift to 1.51, 1.51 and 1.52 Å, respectively, demonstrating
the evolution of atomic bond structure and properties.

The biaxial stress,σ, and bulkmodulus, B, are computed by the equa-
tions

P ¼ Pxx þ Pyy þ Pzz

3
ð1Þ

B ¼ −V
dP
dV

ð2Þ
Fig. 3. Tetra-coordinated C content of pure a-C, Ti/Al mono- and co-doped a-C films, in
which the subscript is the concentration of each doped metal atoms.
σ ¼ 3
2
P ð3Þ

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 multi-
plying the pressure by a factor of 1.5, according to the method of
McKenzie (Eq. (3)) [37,38], which expresses the hydrostatic pressure
as the average of the diagonal components of the stress tensor. Fig. 5
shows the residual compressive stress and bulk modulus of Ti/Al co-
doped a-C films as a function of Ti/Al concentrations. Pure and Ti/Al
mono-doped cases are also evaluated. Our previous study [24] presents
that in case of thepure a-Cfilm, a high residual compressive stress about
Fig. 5. Compressive stress and bulk modulus of pure, Ti/Al mono- and co-doped a-C films
as a function of Ti/Al concentrations. The subscript is the concentration of each doped
metal atoms.



Fig. 7. (a) Charge density of HOMO for the Ti/Al co-doped a-C systemwith Ti 1.56 at.% and Al 1.5
Al–C bond, respectively.

Fig. 6. Fractions of distorted bond angles (b109.5°) and bond lengths (b1.42 Å) in pure, Ti/
Al mono-doped and co-doped a-C films. The subscript is the concentration of each doped
metal atoms in the film.
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26.6 GPa is estimated; for Ti doped a-C films, the compressive stress
with Ti concentrations decreases firstly and then increases, which has
been proved in previous experimental study [32]. When the Ti concen-
tration is 1.56 at.%, the minimal residual compressive stress of about
14.2 GPa is obtained [24]. In addition, the bulkmodulus changes slightly,
which is in accordance with the change of tetra-coordinated C content
shown in Fig. 3. In general, themechanical properties of a-C filmsmainly
depend on the tetra-coordinated C interlinkmatrix. This can account for
the behavior of bulk modulus with Ti concentrations and also proves
that Ti as a hard-carbide formattingmetal has little effect onmechanical
properties [32]. For Al doped a-C films, the evolution of residual stress
with Al concentrations is similar to that in Ti doped cases, and a lower
compressive stress of about 17.0 GPa is generated in the film with Al
1.56 at.%; moreover, noted that the doped soft ductile weak-carbide
forming metals, Al, gives rise to the obvious decrease of bulk modulus
from 318.4 to 299.5 GPa [12].

However, after introducing Ti and Al into a-C films simultaneously,
the drastic evolution of residual stress is presented in Fig. 5 and the
bulk modulus also shows the similar behavior to that of the tetra-
coordinated C content (Fig. 3). As the concentrations of Ti and Al are
1.56 and 1.56 at.%, respectively, the film exhibits the lowest residual
6 at.%. (b) and (c) are the contour plots of charge density of HOMOpassing through Ti–C or
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stress of about 4.6 GPa. In respect to pure a-C film, co-doping Ti and Al
could reduce the residual stress by 83%, while in Ti/Al mono-doped
cases the stress only drops by 47% or 36%, respectively. This is well con-
sistent with previous work [19], in which the residual stress of Ti/Al co-
doped a-C film decreased about 50% comparing to that of Ti doped a-C
film. Most importantly, the co-doping of Ti (1.56 at.%) and Al (1.56 at.
%) brings the bulk modulus slightly increased to 329.9 from 324.4
(only Ti) and 318.4 GPa (only Al). This suggests that compared with
the Ti/Al mono-doping, co-doping a small amount of Ti/Al into a-C
films could not only reduce the compressive stress drastically, but also
retain the excellent mechanical properties which are usually deterio-
rated by doping single metal atoms [12–14].

In order to elucidate the properties in terms of the dopedmetal con-
centrations and provide further insight to the stress reduction mecha-
nism, more direct evidences for the atomic bond structure including
both the bond angle and length distributions of Ti/Al co-doped a-C
films are analyzed firstly. Previous study has revealed that the high re-
sidual compressive stress of a-C films is mainly originated from the dis-
tortion of both the bond angles and bond lengths of carbon network,
which are less than 109.5° and 1.42 Å, respectively [24,36]. So the C–
C–C bond angles and C–C bond length distributions in pure, Ti/Al
mono- and co-doped a-C films are integrated to gain the fractions of
distorted bond angles (b109.5°) and bond lengths (b1.42 Å), as
shown in Fig. 6. In pure a-C film, the fraction of distorted bond angles
is 41.4% and that of distorted bond lengths is 21.7% [24]. By mono-
doping Ti 1.56 at.% into a-C film, the fractions of distorted bond angles
and bond lengths are decreased to 40.9% and 19.9% separately, leading
to the decrease of residual compressive stress (Fig. 5) [24]; but in Al
mono-doped film with Al 1.56 at.%, doping Al into a-C film causes the
Fig. 8. Atomic structures and properties including the compressive stress and bulk modulus of
cases are also considered. The subscript in each figure is the concentration of each doped meta
opposite changes in the fractions of distorted bond angles and bond
lengths which are 42.1% and 20.1%, respectively. As a consequence,
this leads to themediate change in the residual stress (Fig. 5). Neverthe-
less, after co-doping Ti (1.56 at.%) and Al (1.56 at.%) into films, the syn-
ergistic effect of Ti and Al atoms on the structure brings the fraction of
distorted bond lengths to be significantly decreased to 16.2%, while
the fraction of distorted bond angles slightly increases to 41.9%. This
contribution agrees well with the calculation results (Fig. 5) and exper-
iments study where a drastic reduction of residual stress is visible [19].

In addition, the evolution of electronic structure such as the bonding
characteristics caused by Ti/Al co-doping is also of great importance for
optimizing the design strategies and providing the further insight for
the residual stress reduction mechanism. The spin resolved density of
states shows that the obvious hybridization occurs between Ti-3d, Al-
3s or Al-3p and C-2p atomic orbitals, and the highest occupied molecu-
lar orbital (HOMO) mainly consists of Ti-3d, Al-3p and C-2p atomic or-
bitals. The charge density distribution of HOMO is given in Fig. 7. It
illustrates that the Ti and C atoms are connected by the charge distribu-
tion (Fig. 7b). This is the typical character of covalent bond, but the
charge accumulation between Ti and C atoms is much smaller than C–
C covalent bond [36], suggesting the weak bond strength. Especially,
the charge between Al and C atoms in the HOMO is concentrated
around the more electronegative atom, C (Fig. 7c). This indicates that
the bond characteristic between Al and C atoms is ionic. Since the
HOMO characteristics also contributes to the system rigidity except
the tetra-coordinated C content, the Ti and Al atoms could form the
weak covalent for Ti–C and ionic bond for Al–C separately in Ti/Al co-
doped a-C systems and thus play the role of a pivotal site to reduce
the bond strength and directionality drastically, where the distortion
(a) Cr/Al co-doped and (b)W/Al co-doped a-C films. Pure and Cr/Al orW/Al mono-doped
l atoms.
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of atomic bond structure can occur without the significant increase of
the strain energy due to the formed weak bond characteristics. Conse-
quently, the drastic relaxation of distorted C–C bond lengths and the
formation of weak bond characteristics between Ti/Al and C atoms are
supposed to be the fundamental reasons why the residual stress is sig-
nificantly decreased due to the Ti/Al co-doping.

Similar to the Ti/Al co-doped case, the Cr/Al andW/Almono- and co-
doped a-C systems were also evaluated using the same method. Fig. 8
shows the final structures and the calculated properties including the
residual compressive stress and bulk modulus. It reveals that all of the
films are amorphous (Fig. 8). Compared with the pure and Cr/Al
mono-doped cases (Fig. 8a), co-doping Cr/Al into a-C matrix could fur-
ther decrease the residual compressive stress; when the co-doped Cr
and Al contents are 1.56 and 4.69 at.%, respectively, the residual stress
reduces to 5.6 from 24.2 of Cr (1.56 at.%) and 20.1 GPa of Al (4.69 at.
%) mono-doped cases, while the bulk modulus increases to 322.7 from
317.8 (only Cr 1.56 at.%) and 309 GPa (only Al 4.69 at.%). By contrast
with pure a-C film, the co-doping of Cr/Al could decrease the compres-
sive stress by 78.9%with the increase of bulkmodulus by 2.9%. The anal-
ysis of distorted bond structure and bond characteristics is shown in
Fig. 9a. It indicates that when Cr 1.56 at.% and Al 4.69 at.% are doped
into a-C film simultaneously, the fraction of distorted bond angles
(b109.5°) slightly increases to 44.2% from 40.9% of Cr (1.56 at.%) and
42.7% of Al (4.69 at.%) mono-doped cases, but that of distorted bond
lengths (b1.42 Å) drops to 12.4% remarkably from 22.4% of Cr (1.56 at.
%) and 16.9% of Al (4.69 at.%) mono-doped cases. Moreover, the elec-
tronic structure (Fig. 9a) shows that the co-doped Cr and Al atoms
also bond with C atoms in the form of weak covalent and ionic bonds,
respectively. So the combination of critical relaxation of the C–C
distorted bond lengths and weak bond characteristics caused by Cr/Al
co-doping contributes to the obvious reduction of the residual compres-
sive stress.
Fig. 9. Fractions of distorted bond angles (b109.5°) and bond lengths (b1.42 Å) andbond charac
is the concentration of each doped metal atoms.
For the W/Al co-doped a-C film, Fig. 8b shows that compared with
the compressive stress of pure a-C, W 1.56 at.%, and Al 1.56 at.%
mono-doped cases (corresponding to 26.6, 9.0, and 17 GPa, respec-
tively), it is seriously reduced to 2.5 GPa when the W 1.56 at.% and Al
1.56 at.% are co-doped. Especially, it is observed that the bulk modulus
increases to 332.6 from 333.5 (only W 1.56 at.%) and 318.4 GPa (only
Al 1.56 at.%). In contrast with pure case, the co-doping of W/Al could
lead to the compressive stress decreased by 90.6% following the in-
crease of bulk modulus by 6%. Furthermore, the fractions of distorted
bond angles for W (1.56 at.%) or Al (1.56 at.%) mono-doped films are
42.7% and 42.2%, and those of distorted bond lengths are 15.3% and
20.1%, respectively, as shown in Fig. 9b. Although the fraction of
distorted bond angles (b109.5°) shows a little increases (44.1%), that
of distorted bond lengths (b1.42 Å) declines up to 11.6% drastically.
On the other hand, Fig. 9b also shows the similar bond characteristics,
weak covalent bond for W-C and ionic bond for Al–C. These factors ac-
count for the behavior of the residual stress caused by W/Al co-doping.

4. Conclusions

In this study, ab initio calculations based on DFT were employed to
prepare Ti/Al, Cr/Al, or W/Al co-doped a-C films by a two-step process
composed of melt-quenching from liquid and geometric optimization.
The residual stress and bulk modulus were calculated, and the atomic
and electronic bond structure was analyzed to clarify the stress reduc-
tion mechanism. Compared with pure and mono-doped a-C films, the
co-doping of Ti/Al, Cr/Al, or W/Al could reduce the residual stress re-
markably without the expense of mechanical properties; as Ti (1.56 at.
%)/Al (1.56 at.%), Cr (1.56 at.%)/Al (4.69 at.%), or W (1.56 at.%)/Al
(1.56 at.%) were co-doped, the residual compressive stress reduced to
4.6, 5.6, and 2.5 GPa separately from26.6 GPa of pure case. The structure
analysis revealed that although co-doping Ti/Al, Cr/Al, or W/Al into a-C
teristics of (a) Cr/Al co-doped and (b)W/Al co-doped a-Cfilms. The subscript in each figure
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film causes the slight increase of fractions of the distorted bond angles
smaller than 109.5°, the fractions of the distorted bond lengths smaller
than 1.42 Å drastically declined to 16.2%, 12.4%, and 11.6%, respectively,
from 21.7% of pure a-C film. On the other hand, electronic structure cal-
culation indicated that weak covalent interaction was formed between
Ti, Cr or W and C atoms, while the ionic interaction was observed for
the Al–C bond. Therefore, the co-doping of Ti/Al, Cr/Al, or W/Al could
not only provide the key relaxation of distorted C–C bond lengths, but
also play a pivotal site to reduce the increase of strain energy change
caused by distortion of bond structure due to the formed weak bonding
characteristics, which can resulted in the giant residual stress reduction.
The current result provides further insight into the structure and stress
reductionmechanism for the previous experimentalwork, but themore
important is that it provides a straightforward possibility by using the
synergistic benefits from the binary doped metal feature to fabricate
the new nano-composite carbon-based films with high performance
for the promising wider applications.
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