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Amorphous carbon (a-C) ﬁlms co-doped by two metals exhibit a desirable combination of mechanical
and tribological properties for wider applications. Nevertheless, the structural evolution of metal codoped a-C ﬁlms from the atomic and electronic scales is a critical pre-requisite to illustrate the
intrinsic mechanism of residual stress reduction. Herein, we ﬁrst fabricated the Ti/Al co-doped a-C ﬁlms
with different concentrations by a hybrid ion beam system. When the co-doped Ti/Al concentrations
were <Ti3.9 at.%/Al4.4 at.%, the Ti and Al atoms were dissolved in the a-C matrix without forming a carbide
phase; with the Ti/Al concentrations further increased beyond of Ti3.9 at.%/Al4.4 at.%, the crystalline titanium carbide nano-particles appeared, while Al existed in the form of aluminum oxidation state in the
ﬁlms. The residual stress, hardness and elastic modulus of ﬁlms were strongly dependent on the
chemical state of the co-doped Ti/Al atoms, which decreased ﬁrst and then increased with Ti/Al concentrations. Ab initio calculations revealed that the residual stress reduction in a-C ﬁlms caused by Ti/Al
co-doping was mainly attributed to the signiﬁcant relaxation of distorted CeC bond lengths and the
formation of a weak covalent interaction for TieC bonds and the ionic interaction for AleC bonds.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Amorphous carbon (a-C) ﬁlms open a wide ﬁeld of applications
for functional coatings with tailored mechanical, tribological, biological and optical properties due to their excellent high hardness,
low coefﬁcient of friction, chemical inertness, good biocompatibility and optical transparency [1e3]. In particular, doping metal
into a-C ﬁlms has been considered as an effective strategy to control
the ﬁlm properties and to optimize e. g. friction and electronic
behaviors for the applications of cutting tools, automobile components, magnetic disk storage and vascular stent [4e7]. For
example, metal dopants in a-C matrix could bring the considerable
reduction of intrinsic residual compressive stress due to the promoted graphitization of C-sp2 bonds [8], substitution of strong CeC
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bonds by weak MeeC bonds [9], or pivot site of metal nanoparticulates for structure relaxation [10]. If one keeps in mind the
different feature of doped metals, it thus would be very interesting
to explore new performance/functions conveyed by multiple coexisting dopants. However, previous works mainly focused on
mono-doping with various chemical elements such as Si, Ti, Cr, Al,
Ag etc [11e14], but up to now only few studies on duplex co-doped
a-C ﬁlms are presented.
Recently, Liu et al. [15,16] reported that compared with Ti-doped
a-C ﬁlms, the introduction of Al synergistically enhanced the
graphitization of carbon ﬁlms and thereafter lowered the residual
stress; in addition, the co-doped ﬁlms also exhibited the high
toughness, low coefﬁcient of friction and wear rate due to the
formed nanocomposite structures. Moreover, when Ti was replaced
by Si, a Si/Al co-doped a-C ﬁlm with dual or hierarchy nanostructure constructed of cross-linking networks and fullerene-like
structures was obtained, which exhibited extremely high elasticity, super low friction and superior wear resistance [17]. These results bring forward a new concept to design a-C ﬁlms with desirable
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combination of mechanical, tribological and even other functional
properties by taking ﬁll advantages of the synergistic effect from
co-doped metals. Nevertheless, a comprehensive understanding of
the role of co-doped metal elements on the relationship between
structure and properties is still required. Most importantly, due to
the difﬁculties in direct observation of structural evolution by experiments with atomic and electronic scales and the complexity of
co-doped metal natures, the dependence of residual stress on
microstructure has not been fully understood yet, which is essential
and signiﬁcant to explore the stress reduction mechanism and
deposit the thicker a-C ﬁlms with high performance for friction
components. Ab initio calculations provide a robust method to
capture the atomic and electronic details and gain a deeper insight
into the stress reduction mechanism of metal co-doped a-C ﬁlms
[18,19].
In this work, we used a unique hybrid ion beam system to
fabricate the Ti/Al co-doped a-C ﬁlms with different Ti/Al concentrations. Compared to the traditional reactive magnetron sputtering [15e17], PE-CVD [20] and cathodic vacuum arc techniques [21],
the hybrid ion beam system comprising a DC magnetron sputtering
unit and an anode-layer linear ion beam source (ALIS) can not only
easily tailor the metal concentrations in a large range and the
intrinsic structure of ﬁlms, but also realize the high ionization rate
and kinetic energy of C2H2 carbon source and the large-area uniformity of a-C ﬁlms, representing the low-cost, facile advantages for
mass production technique [22,23]. The in-depth analysis of
composition, microstructure and mechanical properties was carried out according to the comprehensive experimental and theoretical methods. Most importantly, the simpliﬁed Ti/Al co-doped
amorphous carbon networks were constructed by ab initio calculations, and the effect of co-doped Ti/Al on the bond structure
evolution from the atomic and electronic scales was investigated to
illustrate the fundamental mechanism of residual compressive
stress reduction. It was observed that the residual stress and mechanical properties were strongly sensitive to the chemical state of
co-doped Ti/Al atoms and the microstructure evolution caused by
Ti/Al co-doping.
2. Experimental and calculation details

(350 KHz, 1.1 ms) was applied to the substrate during ﬁlm deposition. The deposition time was 1 h, but for the deposited ﬁlms the
effect of ﬁlm thickness on structural properties was neglected
because Fig. S1 in Supporting Information revealed that no significant change was observed with thickness increased from 400 to
1200 nm.
2.1.2. Film characterization
A surface proﬁlometer (Alpha-step IQ, USA) was used to measure the thickness of the deposited ﬁlms with employing a step
formed by a shadow mask. X-ray photoelectron spectroscopy (XPS,
Thermo Scientiﬁc ESCALAB 250) with Al X-ray source was used to
characterize the composition and chemical bonds of the deposited
ﬁlms. Before commencing the measurement, the sample surface
was etched by Arþ ion beams with energy of 3 keV for 5 min to
remove the contaminants; the Ti/Al/C atomic ratio of the ﬁlms was
determined based on the atomic sensitivity factors and area ratio of
the C 1s to Ti 2p and Al 2p peaks in XPS spectra of the ﬁlms, and the
hydrogen atom concentration was not considered due to its signal
intensity below the XPS detection threshold. In addition, Raman
spectroscopy (RenishawinVia-reﬂex) equipped with a He-Ne laser
of 532 nm exciting wavelength was employed to further evaluate
the carbon atomic bonds at a detecting range from 800 to
2000 cm1. The surface morphology of the ﬁlms was studied by
AFM (Dimension 3100 V, Veeco, US) at a scan rate of 2.0 Hz. The
root-mean-square roughness Rq of the ﬁlm surfaces was calculated
from 512  512 surface height data points obtained from
1 mm  1 mm scan area. Cross-sectional high-resolution transmission electron microscopy (TEM) of the ﬁlms was performed on
Tecnai F20 electron microscope, which was operated at 200 keV
with a point-to-point resolution of 0.24 nm.
Mechanical properties were measured by a MTS-G200 nanoindenter tool in a continuous stiffness measurement mode with a
maximum indentation depth of 500 nm and a Berkovich diamond
tip. The characteristic hardness of the ﬁlms was chosen in the depth
where the hardness with indentation depth was stable and was not
affected by the substrate. Six replicate indentations were done for
each ﬁlm. The residual stress was calculated according to the
Stoney equation and the curvature of the ﬁlm/substrate was
determined by a laser tester (JLCST022, J&L Tech).

2.1. Experimental details
2.2. Calculation details
2.1.1. Film deposition
The a-C ﬁlms with different Ti/Al concentrations were prepared
by the unique hybrid ion beam deposition system consisting of a DC
magnetron sputtering with Ti/Al composite target and an ALIS
supplied with C2H2 gas for a-C ﬁlm deposition [24,25]. A p-type Si
(100) wafer with thickness 450 ± 20 mm was used as substrate, and
a thin one with thickness of 240 ± 5 mm was also used as substrate
to accurately estimate the residual stress. All substrates were
cleaned ultrasonically in acetone, ethanol, and dried in air blow
before putting into the vacuum chamber. The distance from the
substrate to the ALIS and Ti/Al target was controlled about 20 cm
separately. Prior to deposition, the chamber was evacuated to a
vacuum of 2.7  103 Pa, and the substrates were pre-cleaned for
10 min using Arþ ions (Ar ﬂow rate of 40 sccm) at the bias voltage
of 100 V. During ﬁlm deposition process, the working pressure
was kept at 0.56 Pa; C2H2 gas with the ﬂow rate of 10 sccm was
introduced into the ALIS to obtain the hydrocarbon ions, and the
working current and voltage of the ALIS were 0.2 A and 1400 ± 50 V,
respectively; Ar sputtering gas ﬂow with 70 sccm was supplied to
the magnetron sputtering source, where a Ti/Al composite target
with the Ti/Al atomic rate of 1:1 was used. The low concentration of
co-doped Ti/Al in ﬁlms was controlled by changing the sputtering
current from 1 to 4 A. A negative pulsed bias voltage of 50 V

All the calculations were carried out using the Vienna ab initio
simulation package based on density functional theory [26,27]. The
initial conﬁguration contained 60 atoms in a simple cubic supercell
under periodic boundary conditions throughout the simulation. To
model Ti/Al co-doped a-C ﬁlms, a two-step process composed of
melt-quenching by ab initio molecular dynamics (AIMD) simulation and geometric optimization (GO) was used [19,28e30]. 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;
then, in order to provide more representative models than the
direct substitution of carbon by metal atoms in pre-generated pure
carbon networks, Ti and Al atoms were introduced into sample by
substituting carbon atoms in the liquid carbon state with a external
equilibrium at 8000 K for 0.5 ps; after that, 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, atomic relaxation based on
conjugated gradient method was repeated until the forces acting on
the atoms were below 0.01 eV/Å, and a self-consistent ﬁeld was
created using an energy convergence criterion of 105 eV. The
detailed calculation process could refer to the previous study [19].
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In addition, during the calculation, the cutoff energy was 500 eV,
the exchange-correlation was handled in the generalized gradient
approximation with the Perdew-Burke-Ernzerhof parameterization
[31], and a gamma point only was used to sample the Brillouin
zone.
3. Results and discussion
3.1. Thickness and composition
Table 1 shows the thickness and Ti/Al/C concentrations in the
ﬁlms deposited at different sputtering currents. It can be seen that
as the sputtering current changes from 1 to 4 A, the thickness increases from 702 to 1371 nm monotonously, indicating the growth
rate varied from 11.7 to 22.8 nm/min, which is similar to the previous results in Ti or Al mono-doped a-C ﬁlms [8,24,32]. The Ti/Al
concentrations with sputtering current also increase gradually
following the decrease of the C concentration; when the sputtering
current is 2.5 A, the Ti/Al concentrations are Ti3.9 at.%/Al4.4 at.%, while
they reach to Ti8.5 at.%/Al14.4 at.% in the ﬁlm deposited at 4 A. The
increased sputtering current enhances the bombardment effect of
Ar ion on the Ti/Al composite target, so more Ti and Al atoms are
sputtered from the target to deposit on the substrate, resulting in
the increase of growth rate and Ti/Al concentrations in ﬁlms.
Especially, noted that the Al concentration for each ﬁlm is higher
than that of Ti due to the higher sputtering yield of Al atoms [16].
For the ﬁlm deposited at the sputtering current of 1 A, Ti and Al
atoms cannot be detected by XPS due to the existing target
poisoning and lower energy of incident Ar ions which cannot
overcome the sputtering threshold value of Ti/Al composite target.
3.2. Microstructure
Fig. 1 displays the typical XPS results of ﬁlms with different Ti/Al
concentrations including Al 2p, Ti 2p, and C 1s spectra. The XPS
survey spectra are provided as Fig. S2 in Supporting Information for
reference. The Al 2p XPS spectra shown in Fig. 1a illustrate an AleO
peak with binding energy of 74 eV and the peak intensity increases
with Al concentration in the ﬁlms, implying that the doped Al
atoms in carbon matrix exist in the form of aluminum oxidation
state [24]. The formation of oxidized aluminum may result from the
rest of O2 or H2O during the plasma deposition process due to the
insufﬁcient vacuum. Similar to the evolution of Al, the intensity of
Ti 2p peak in Fig. 1b increases with Ti concentration as well. Despite
the changes occurred in the peak intensity, however, no signiﬁcant
variations can be elucidated from the spectra of Ti 2p peaks in ﬁlms
because it is rather difﬁcult to distinguish the chemical bond between the metallic Ti and Ti carbide. According to the evolution of C
1s spectra (Fig. 1c), there is a major peak located at 284.6 eV for all
ﬁlms, representing the typical binding energy of a-C ﬁlms [33], and
the intensity of C 1s peak as a function of the Ti/Al concentrations
decreases gradually as a consequence of the decreased C concentration in the ﬁlms.
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To further investigate the atomic bond structure in ﬁlms, we
take the Ti3.9 at.%/Al4.4 at.% co-doped a-C ﬁlm for representative
example (Fig. 1d). The C 1s peak can be deconvoluted into four
components with binding energies at 284.6 eV for CeC/CeH bond,
286.6 eV for CeO bond, 288.7 eV for C]O bond, and 282.1 eV for a
small shoulder peak resulted from the CeTi bonds [11,32], respectively. As the Ti/Al concentrations increase to Ti8.5 at.%/Al14.4 at.%, the
peak intensity of CeTi bond becomes more obvious (Fig. 1c), indicating higher fraction of formed titanium carbide. Nevertheless,
there is no shoulder peak for CeTi bond observed as the Ti/Al
concentrations are less than Ti3.9 at.%/Al4.4 at.%, which means the
doped Ti atoms do not bond with the carbon atoms to form titanium carbide. In addition, neither aluminum carbide peak (around
281.5 eV) nor aluminum oxycarbide (around 282.5 eV) is detected
in the C 1s spectra of the ﬁlms regardless of the Ti/Al concentrations
[12,34]. As a result, it could be said that when Ti/Al concentrations
are larger than Ti3.9 at.%/Al4.4 at.%, the doped Ti atoms with higher
concentration begin to bond with carbon atoms and form the titanium carbide phase, but the doped Al atoms only exist as
aluminum oxidation state for each case.
Fig. 2 shows the cross-sectional TEM and AFM results of the
ﬁlms with Ti0.4 at.%/Al0 at.%, Ti3.9 at.%/Al4.4 at.% and Ti8.5 at.%/Al14.4 at.%,
respectively. It can be seen that for the ﬁlm with Ti0.4 at.%/Al0 at.%, the
corresponding selected area electron diffraction (SAED) in Fig. 2a
illustrates a broad and diffuse diffraction halo, indicating a typical
amorphous character, and the co-doped Ti/Al dissolve in the
amorphous carbon matrix leading to the low RMS roughness of
0.163 (Fig. 2d). When the Ti/Al concentrations are Ti3.9 at.%/Al4.4 at.%,
the very weak crystalline diffraction rings could be distinguished
from the SAED (Fig. 2b), but the lattice fringes cannot be found in
the TEM micrograph due to the poor crystallinity and low fraction
of formed titanium carbide in a-C ﬁlms which is conﬁrmed by XPS
mentioned above (Fig. 1d), and the RMS roughness is 0.358 (Fig. 2e).
With the Ti/Al concentrations further increased to Ti8.5 at.%/Al14.4 at.%,
the sharp crystalline diffraction rings emerged in Fig. 2c and they
are identiﬁed to be the (111), (200), (220) and (222) reﬂections of
cubic TiC structure, and the magniﬁed image also reveals the clear
lattice fringes of nanoparticles with size of 3e4 nm (noted by the
red circles in Fig. 2c) uniformly embedded in the a-C matrix, indicating the existence of nano-crystalline carbide phases and also
resulting in the highest roughness of 0.671 (Fig. 2f). This is in
agreement with the obtained XPS results (Fig. 1).
The carbon atomic bonding structure is also evaluated by Raman
spectroscopy, as illustrated in Fig. 3. It clearly shows that for each
case there is a broad asymmetric Raman scattering curve ranged
from 1000 to 1700 cm1 (Fig. 3a), suggesting the typical characteristics of a-C ﬁlm [1]; the intensity of Raman spectra with Ti/Al
concentrations decreases gradually, because of the increasing of
centrosymmetric phases, such as TiC, aluminum oxidation, which
are inactive to the Raman excitation. In general, the Raman spectra
can be ﬁtted into two Gaussian peaks including D peak at
1350 cm1 and G peak at 1580 cm1 (Fig. 3b), where the G peak
originates from the stretching mode of sp2 atoms in both aromatic

Table 1
Thickness and compositions of the ﬁlms deposited at different sputtering currents.
Sputtering current (A)

Thickness (nm)

Deposition rate (nm/min)

Atomic composition (at.%)
Ti

Al

C

1.0
1.5
2.0
2.5
3.0
4.0

702
862
1166
1237
1313
1371

11.7
14.4
19.4
20.6
21.9
22.8

0
0.4
1.3
3.9
3.9
8.5

0
0
2.6
4.4
7.3
14.4

100
99.6
96.1
91.7
88.8
77.1
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Fig. 1. Typical XPS spectra of the ﬁlms with different Ti/Al concentrations: (a) Al 2p, (b) Ti 2p, (c) C1s, and (d) the deconvolution of XPS C1s peak for the Ti3.9 at.%/Al4.4 at.% co-doped
ﬁlm. (A colour version of this ﬁgure can be viewed online.)

Fig. 2. (a) Cross-sectional TEM micrograph and corresponding SAED pattern; (b) AFM images and the RMS surface roughness of the ﬁlms with different Ti/Al concentrations of (a)
Ti0.4 at.%/Al0 at.%, (b) Ti3.9 at.%/Al4.4 at.%, and (c) Ti8.5 at.%/Al14.4 at.%, respectively. (A colour version of this ﬁgure can be viewed online.)

rings and chains, while the D peak is due to the breathing mode of
only sp2 atoms in aromatic rings [1].
The intensity ratio of D peak to G peak, ID/IG, and G peak position
can be used to evaluate the carbon atomic structure, as shown in

Fig. 3c and d. With increasing the Ti/Al concentrations, both the ID/
IG and G peak position increase ﬁrst and then decrease; when the
Ti/Al concentrations are Ti3.9 at.%/Al4.4 at.%, the maximal values of ID/
IG and G peak position reach to 1.32 and 1553.6 cm1, respectively.
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Fig. 3. (a) Raman spectra of the ﬁlms with different Ti/Al concentrations; (b) the ﬁtted result of Raman spectrum for the Ti3.9 at.%/Al4.4 at.% co-doped ﬁlm; (c) corresponding ID/IG ratio
and (d) FWHM and position of G peak as function of Ti/Al concentrations. (A colour version of this ﬁgure can be viewed online.)

It is empirically known that the ID/IG increases and G peak position
shifts upwards as the increase of graphitic component in the a-C
ﬁlm. The observation in our ﬁlms reveals that the sp2 content increases at ﬁrst and follows by a decrease by changing the Ti/Al
concentrations from Ti0 at.%/Al0 at.% to Ti8.5 at.%/Al14.4 at.%. In addition,
Fig. 3d shows that the full width at half maximum of the G peak
(GFWHM) decrease monotonously as the Ti/Al concentrations
changes from Ti0 at.%/Al0 at.% to Ti3.9 at.%/Al4.4 at.%, indicating the
enhanced ordering and graphitizing of a-C ﬁlms [35], and then it
increases gradually with further increasing the Ti/Al concentrations
to Ti8.5 at.%/Al14.4 at.%. This results is consistent with the reports by
Dai et al. [32], where the doped Ti atoms as catalysts not only
promoted graphitization of a-C ﬁlms, but also tended to bond with
the sp2-C due to its lower bonding energy compared with sp3-C,
while the doped Al as ductile element mainly contributes to the
increase of sp2-C [8,24]. Consequently, in the Ti/Al co-doped a-C
ﬁlms, when the Ti/Al concentrations changes from Ti0 at.%/Al0 at.% to
Ti3.9 at.%/Al4.4 at.%, the doped Al and Ti with low concentrations
causes the graphitization simultaneously. As the Ti/Al concentrations reach beyond of Ti3.9 at.%/Al4.4 at.%, although doping Al promotes the increase of sp2-C content, Ti atoms with higher
concentration could bond with many sp2-C atoms to form the
nano-crystalline carbides, inducing the reduction of sp2-C content
markedly.

3.3. Mechanical properties
Fig. 4 shows the mechanical properties including hardness and
elastic modulus. With increasing the Ti/Al concentrations, the
hardness and elastic modulus decrease linearly and then increase;
the minimal hardness of 13.1 ± 0.3 GPa and elastic modulus of
140 ± 1.4 GPa are obtained as the Ti/Al concentrations are Ti3.9 at.%/
Al4.4 at.%. Noted that the mechanical properties of a-C ﬁlms are
mainly dependent on the sp3 hybridized carbon matrix. According
to the Raman and XPS results, the ﬁlms tend to be graphitizated as

Fig. 4. Hardness and elastic modulus of the Ti/Al co-doped a-C ﬁlms as a function of Ti/
Al concentrations. (A colour version of this ﬁgure can be viewed online.)

the Ti/Al concentrations change from Ti0 at.%/Al0 at.% to Ti3.9 at.%/Al4.4
resulting in the reduction of hardness obviously. However,
when the Ti/Al concentrations are higher than Ti3.9 at.%/Al4.4 at.%, the
hard titanium carbide nano-particles are generated due to the
increased Ti concentration following the decrease of sp2 content,
which contributes to the increase of the hardness. So the ﬁlm with
Ti8.5 at.%/Al14.4 at.% shows higher hardness of 16.4 ± 0.3 GPa and
elastic modulus of 178 ± 1.4 GPa than that with Ti3.9 at.%/Al4.4 at.%.
Fig. 5 shows the measured residual compressive stress of the
ﬁlms as a function of the Ti/Al concentrations. For comparison, the
change of residual stress per thickness as a function of Ti/Al concentrations is also given as Fig. S3 in Supporting Information,
revealing that the ﬁlm thickness has no signiﬁcant effect on the
evolution trend of residual stress with Ti/Al concentrations. As the
Ti/Al concentrations increase up to Ti3.9 at.%/Al4.4 at.% from Ti0 at.%/Al0

at.%,
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Fig. 5. Residual stress of the Ti/Al co-doped a-C ﬁlms as a function of Ti/Al concentrations. (A colour version of this ﬁgure can be viewed online.)

at.%, the compressive stress of the ﬁlm dramatically drops down to
1.28 ± 0.13 from 2.39 ± 0.20 GPa, whereas it subsequently increases
to 1.63 ± 0.09 GPa as the Ti/Al concentrations reach to Ti8.5 at.%/Al14.4
at.%, which shows the similar behavior with the Ti mono-doped case
[32]. Compared with the Ti0 at.%/Al0 at.% co-doped ﬁlm, the
compressive stress reduces by 46% maximally. According to the
above structural and composition analysis, when the Ti/Al concentrations are less than Ti3.9 at.%/Al4.4 at.%, the co-doped Ti/Al atoms
are uniformly dissolved in the amorphous carbon matrix and no
nano-crystalline carbides emerged. Especially, previous works have
proposed that the doped Ti could play a pivot site of metal nanocrystallites for structure relaxation [32], while Al could promote
graphitization of C sp2 bonds [8], which result in the reduction of
residual stress. The Ti3.9 at.%/Al4.4 at.% co-doped a-C ﬁlm, therefore,
presents the minimal residual stress. With increasing the Ti/Al
concentrations to Ti8.5 at.%/Al14.4 at.%, the formation of the hard titanium carbide phase makes a dominated contribution to the increase of residual compressive stress [32]. Nevertheless, this is
limited to the phenomenological explanation for stress reduction
mechanism, the fundamental understanding based on atomic and
electronic bond structure is still required.

Fig. 6. Atomic structures of Ti/Al co-doped a-C ﬁlms with different Ti/Al concentrations, in which the number is the concentration of each doped metal atoms. (A colour
version of this ﬁgure can be viewed online.)

3.4. Atomic and electronic bond structure analysis
In order to elucidate the properties in terms of the doped metal
concentrations and provide further insight to the stress reduction
mechanism, ab initio calculations were carried out to provide more
direct evidences for the atomic structure and chemical states of Ti/
Al co-doped a-C ﬁlms. During ab initio calculations, the Ti/Al concentrations were selected ranging from Ti1.7 at.%/Al3.3 at.%, Ti3.3 at.%/
Al5.0 at.% to Ti3.3 at.%/Al6.7 at.%, accordingly corresponding to the Ti1.3
at.%/Al2.6 at.%, Ti3.9 at.%/Al4.4 at.% or Ti3.9 at.%/Al7.3 at.% co-doped cases in
experiment, and the ﬁnal structures of Ti/Al co-doped a-C ﬁlms by
ab initio calculations are shown in Fig. 6. The residual stress in
modeled Ti/Al co-doped a-C ﬁlms is computed by the equations
shown in previous work [19]. Fig. 7 shows the comparative result of
residual stress in Ti/Al co-doped a-C ﬁlms from experiments and ab
initio calculations. It can be seen that the evolutions of residual
stress obtained from ab initio calculations as a function of Ti, Al and
Ti þ Al concentrations are consistent well with those from the
experiments, implying that the simulated ﬁlms could represent the
experimental cases to explore the residual stress reduction

Fig. 7. Comparative result of residual stress in Ti/Al co-doped a-C ﬁlms from experiments and ab initio calculations. (A colour version of this ﬁgure can be viewed online.)
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mechanism.
The bond angle and bond length distributions are analyzed
ﬁrstly to evaluate the change of atomic bond structure caused by
co-doped Ti/Al. Previous report [36] has revealed that the high
residual compressive stress of a-C ﬁlms is mainly originated from
the distortion of both the bond angles and bond lengths of carbon
network, which are less than 109.5 and 1.42 Å, respectively. In
order to gain the fractions of distorted bond structures, both the
CeCeC bond angle and CeC bond length distributions are calculated, which are presented in Fig. 8a and b, respectively. By integrating the bond angle and bond length distributions (shaded area
in Fig. 8), the fractions of distorted bond angles (<109.5 ) and bond
lengths (<1.42 Å) of carbon network are shown in Fig. 9. It clearly
demonstrates that by co-doping Ti1.7 at.%/Al3.3 at.% into a-C ﬁlm, the
fractions of distorted bond angles and bond lengths are 34.7% and
29.3% separately. Nevertheless, in Ti3.3 at.%/Al5.0 at.% co-doped a-C
ﬁlms, although the fraction of distorted bond angles slightly increases to 37.3%, the fraction of distorted bond lengths is signiﬁcantly decreased to 16.2%, which contributes to the drastic
reduction of residual stress. With the Ti/Al concentrations further
increased to Ti3.3 at.%/Al6.7 at.%, the fraction of distorted bond lengths
greatly increases to 25.7% compared to that in Ti3.3 at.%/Al5.0 at.% codoped case, leading to the increase of residual stress consequently.
Furthermore, the chemical bonding states caused by Ti/Al codoping are also illustrated. The density of states reveals the highest occupied molecular orbital (HOMO) mainly being composed of
Ti 3d, Al 3p and C 2p atomic orbitals (see Fig. S4 in Supporting Information). Fig. 10 gives the contour plots of charge density of
HOMO in the Ti3.3 at.%/Al5.0 at.% co-doped a-C ﬁlm representatively
which pass through TieC or AleC bond, respectively. It can be seen
that the typical characteristic of covalent bond between Ti and C
atoms is observed, but the bond strength is much weaker than that
of pure CeC bond due to the smaller charge accumulation between
Ti and C atoms. Meanwhile, the charge between Al and C atoms in
the HOMO shifts to be around the C atom, displaying the ionic
feature for AleC bond [37].
Therefore, it could be concluded that the co-doped Ti/Al atoms
in a-C ﬁlms could form the weak covalent for TieC and ionic bond
for AleC separately, which synergistically play the role of a pivotal
site to reduce the bond strength and directionality drastically,
resulting in the easier distortion of atomic bond structure without
inducing the signiﬁcant increase of strain energy [37]. On the other
hand, the highly distorted CeC bond lengths can be relaxed effectively due to the Ti/Al co-doping. As a consequence, these two
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Fig. 9. Fractions of distorted bond angles (<109.5 ) and bond lengths (<1.42 Å) in Ti1.7
Ti3.3 at.%/Al5.0 at.% or Ti3.3 at.%/Al6.7 at.% co-doped a-C ﬁlms. (A colour version
of this ﬁgure can be viewed online.)

at.%/Al3.3 at.%,

factors are supposed to be the fundamental reasons why the residual stress of Ti3.9 at.%/Al4.4 at.% co-doped a-C ﬁlm in experiment is
signiﬁcantly decreased.
4. Conclusions
Ti/Al co-doped a-C ﬁlms were successfully fabricated using a
hybrid ion beam system composed of a DC magnetron sputtering
source and a linear ion beam hydrocarbon source. Of particular, the
residual stress reduction mechanism caused by Ti/Al co-doping was
clariﬁed by comprehensive investigation of ab initio calculation and
experimental study. Results indicated that Ti/Al co-doping played a
signiﬁcant role on the structure and properties of the ﬁlms. As the
Ti/Al concentrations were smaller than Ti3.9 at.%/Al4.4 at.%, the codoped Ti/Al atoms were uniformly dissolved in the amorphous
carbon matrix promoting the graphitization of the structures,
which caused the gradual decrease of mechanical properties and
residual stress. Speciﬁcally, the minimal residual stress of
1.28 ± 0.13 GPa was obtained in the Ti3.9 at.%/Al4.4 at.% co-doped a-C
ﬁlm. When the Ti/Al concentrations increased beyond of Ti3.9 at.%/

Fig. 8. Atomic bond structure of Ti/Al co-doped a-C ﬁlms. (a) bond angle distributions of CeCeC, PCeCeC, in which the black vertical dotted lines represent the stable bond angles of
120 for graphite and the one of 109.5 for diamond. (b) bond length distributions of CeC, PCeC, in which the red vertical dotted lines represent the stable bond lengths of 1.42 Å and
1.54 Å for stable sp2 and sp3 CeC bonds, respectively. (A colour version of this ﬁgure can be viewed online.)
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Fig. 10. Contour plots of charge density of HOMO passing through TieC or AleC bond, respectively, in the Ti3.3 at.%/Al5 at.% co-doped a-C ﬁlm. (A colour version of this ﬁgure can be
viewed online.)

Al4.4 at.% to Ti8.5 at.%/Al14.4 at.%, the doped Ti atoms were involved to
bond with C atoms forming the hard carbide phases, while Al atoms
existed in the form of aluminum oxidation phases, which were all
embedded in the a-C matrix, inducing the higher hardness of the
ﬁlms. The analysis of atomic bond structure and bond characteristics by ab initio calculations revealed that co-doping Ti/Al into a-C
ﬁlms could not only relax the distorted CeC bond lengths, but also
forms the weak covalent bond for TieC and ionic bond for AleC,
respectively. This accounted for the obvious residual stress reduction observed in experimental case of Ti3.9 at.%/Al4.4 at.% co-doped aC ﬁlm. Most of important result presented here is that the relationship between microstructures and mechanical properties of
binary metal co-doped carbon functional materials is addressed for
the carbon communities, which is thought to be a novel concept to
design and tailor the nanostructured carbon materials with
comprehensive mechanical and wear-corrosion performance for
harsh protective applications.
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