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source. The Cu concentration (from 0.1 to 39.7 at.%) in the Cu-DLC films was controlled by varying the sputtering
current. The dependence of residual stress, microstructure and atomic bond structure upon Cu concentration was
investigated systematically. Results indicated that the nanoscale Cu particles began to evolve from the carbon
matrix in the Cu concentration range of 2.6-7.0 at.%. The residual stress of the Cu-DLC films (less than
0.60 GPa) showed a significant reduction compared with that of the pure carbon film (2.0 GPa). Theoretical
calculations revealed that the formation of antibonding between Cu and C and the relaxation of distorted bond
angles and bond length accounted for the significant reduction of residual stress caused by Cu incorporation.

© 2017 Published by Elsevier B.V.

1. Introduction

Due to their excellent properties such as high hardness, low coeffi-
cient of friction, and good chemical inertness [1], diamond-like carbon
(DLC) films have been widely used in the fields of car parts, hydrophobic
surface, gas barrier and electronics devices [2-6]. However, high residu-
al stress of DLC films is the major drawback for their wider practical
application [7,8]. Recently, the addition of metal element (Mo, W, Cr,
Ti, Al, Cu, Ag, Au, etc.) into DLC films has been adopted as an effective
way to reduce stress [9-24]. In general, at lower doping concentration
those incorporated metal atoms would be dissolved in the DLC matrix,
but at higher doping concentration some carbide forming elements
such as Mo, W, Cr and Ti would gather into nanoscale carbide particles,
while others such as Al, Ag, Au and Cu atoms would be distributed as
nanoscale metal particles in the DLC matrix. For example, using reactive
magnetron sputtering, Corbella et al. [9] reported that W and Mo incor-
porated DLC showed nearly no stress when the relative methane flow
ratios was 0.03, and they discovered that stress was proportional to
lattice parameter variation from the unstrained state. Wang and co-
workers [10,11] proposed that at the lower W doping level, part of the
W atoms were distributed in the DLC matrix without bonding with car-
bon atoms, which provided the pivot location for the bond distortion
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and reduced the film compressive stress. Ji et al. [13] proposed that
the interface and grain boundary effects due to nanoscale MoC particles
in the DLC matrix would cause stress reduction. Chen et al. [20] found
that nanoscale Cu particles in the DLC matrix could reduce the film
stress to 0.7 GPa and improve the critical load to 80 N for sample with
11 at% Cu, and they thought that the stress reduction could be
explained from the change of sp concentration due to incorporated
Cu atoms.

Obviously, due to the limited experimental characterization, the
stress reduction mechanism caused by metal element incorporation is
still unclear and even contradictory in different metal incorporated
DLC films. In order to reveal the role of incorporated metal atoms,
Choi et al. [25] used the first-principles calculations with a tetrahedron
bond model, they pointed out that transition metals with unfilled d-or-
bitals, such as Mo, showed nonbonding characteristics and caused the
decrease in both strength and directionality of the bonds; compared
with transition metals, a noble metal with filled d-orbitals, such as Ag,
showed antibonding characteristics and reduced both the strength
and directionality more significantly; while light metals, such as Al pre-
ferred a two-dimensional configuration with carbon. However, this tet-
rahedron bond model could not reveal the structural evolution due to
incorporated metal atoms directly. Hence, the further insight of the
stress reduction mechanism of metal incorporated DLC films combining
with experimental characterization and theoretical calculations is still
needed.

In this paper, Cu was selected as the incorporated metal element,
since it was considered as a strong candidate element for reducing the
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residual stress of DLC films and is inert with respect to carbon [20,26-
29]. The structural evolution of Cu incorporated diamond-like carbon
(Cu-DLC) films with Cu incorporation and the relationship between
the structure and stress of Cu-DLC films were systematically investigat-
ed, moreover, theoretical calculations were also used to reveal the role
of Cu atoms in the reduction of residual stress. In addition, the mechan-
ical properties of the Cu-DLC films were also investigated in this study.

2. Experimental and computational details
2.1. Experimental details

Cu-DLC films were deposited on glass/silicon substrates by a hybrid
ion beams deposition system [16] consisting of a DC magnetron
sputtering with a Cu target (99.99%) and a linear anode-layer ion
sources (LIS). Another 250 + 5 um silicon wafer was used to accurately
estimate the internal stress. Before deposition, all substrates were sput-
ter-cleaned for 20 min using Ar ion with a bias voltage of — 100V, and
the Cu target was also cleaned using argon sputtering for 5 min. The
base pressure was evacuated to 3 x 10~3 Pa. During film deposition, hy-
drocarbon gas (C;H,) was introduced into the LIS for carbon deposition,
and Ar was supplied to the magnetron sputter for Cu sputtering. The Cu
concentration was changed by the sputtering current, and the current
was kept at 0.8, 1.0, 1.2, 1.5, 1.8 and 2.0 A, respectively. The C;H; flux
and Ar flux were kept at 15 and 65 sccm, respectively; the work pres-
sure was kept at about 0.5 Pa. Typical values of LIS voltage and current
were 1200 V and 0.2 A, respectively. A negative pulsed bias voltage of
—100 V (350 kHz, 1.1 ps) was applied to the substrate. The deposition
time was 15 min. For comparison, DLC film was also prepared using
only LIS and a negative substrate bias of —100 V.

Surface profilometer (Alpha-Step IQ, US) was applied to measure
thickness of the films, through a step between the films and bare Si
wafers covered with a shadow mask. X-ray photoelectron spectroscopy
(XPS, Axis ultradld, Japan) with Al (mono) Ko irradiation at pass energy
160 eV was used to characterize the chemical composition and chemical
bonds of the films. Before measurement, the Ar ion beam of 3 keV was
used to etch the sample surface for 5 min to remove any contaminants.
X-ray diffraction (XRD, Bruker D8 Advance, Germany) with a secondary
monochromator selecting the Cu Ko radiation, was used to analyze
crystal structure of films deposited on glass. High-resolution transmis-
sion electron microscopy (TEM, Tecnai F20, US), operated at 200 kV
with a point-to-point resolution of 0.24 nm, was used to characterize
the microstructure of the deposited films. The samples for TEM were
prepared by the grinding, dimpling, and ion-beam milling method.
Raman spectroscopy (Renishaw inVia-reflex, UK) with a wavelength
of 532 nm was used to measure the atomic bonds of the films at a de-
tecting range from 800 to 2000 cm™ ', and the laser power was 6 mW.

The residual stress of the films was calculated from the curvature of
film/substrate composite using the Stoney eq. [30], and a laser tester
(J&L Tech Co. Ltd., JLCST022) was used to determine the curvature of
film/substrate composite. Nano-indentor (MTS-G200, US) was applied
to measure mechanical properties, with depth 200 nm, and the hard-
ness was chosen in a depth of around 1/10 of the coating thickness in
order to avoid the contribution of Si substrate to the results, and 6
replicate indentations were performed for each sample.

2.2. Computational details

Fig. 1 shows the employed tetrahedral bond model, in which four
carbon atoms were arranged as a tetrahedron with either a carbon or
Cu in the center and each peripheral carbon atom was terminated by
hydrogen atoms. This model had been proved to be satisfactory to pro-
vide a reasonable explanation for the experiments in amorphous carbon
system [11,25,31]. The structure with a bond angle of 109.471° in Fig. 1a
was chosen as a reference state. When the bond angle was distorted in a
range of 90-130° shown in Fig. 1b, the structural relaxation was

a 109.471°

109.471°

b

90°~130°

Fig. 1. Tetrahedral bond model with C or Cu atom located in the center [31]. (a) Reference
state for the model with bond angles of 109.471°. (b) Distorted model with the bond
angles in a range of 90-130°. The white, black and orange colors indicate the H, C and
Cu atoms, respectively.

characterized from the electronic structure and the change of total ener-
gy in Cu—C system. The spin-polarized first-principles calculations
based on the density functional theory were performed by the DMol®
software package. During the calculation, the exchange-correlation
was defined by the generalized gradient approximation (GGA) with
the Perdew-Burke-Ernzerhof (PBE) parameterization [32] and all elec-
trons double-numerical polarization basis set was used. The conver-
gence criterion for structure relaxation and energy calculation with
orbital cutoff of 9 A was set with the tolerance of self-consistent field
and maximum force of 10~ eV and 0.01 eV/A, respectively. A cubic
supercell with a lateral size of 15 A was used to avoid interactions be-
tween the adjacent images of the model. The electronic change caused
by Cu incorporation was analyzed by the partial density of states and
charge distribution of the highest occupied molecular orbital.

In order to reveal the structural evolution including the distorted
bond angles and bond length, the first-principles molecular dynamics
simulations were also carried out using the VASP [33,34] with GGA-
PBE parameterization [32], [-only k-point sampling and cutoff energy
of 500 eV. The initial configuration contained 64 atoms in a simple
cubic supercell with constant volume and under periodic boundary con-
ditions throughout the simulation. During the calculation, the initial
system was first equilibrated at 8000 K for 1 ps to become completely
liquid and eliminate its correlation to the initial configuration using a
canonical ensemble with a Nose thermostat for temperature-control
and a time step of 1 fs; then the incorporated Cu atoms were introduced
into the system by substituting carbon atoms in the liquid state with an
external equilibrium at 8000 K for 0.5 ps. After that, the system was
quenched from 8000 to 1 K at cooling rate of 1.6 x 106 K/s. For the
subsequent geometric optimization of amorphous structure, a full relax-
ation of atomic positions based on conjugated gradient method [35] was
repeated until the force on each atom was below 0.01 eV/A, and the self-
consistent loop was created using an energy convergence criterion of
107> eV. The computational details were referred from previous study
[36]. In this calculation, Cu concentration of 1.56 at.% was selected, cor-
responding to 1 Cu atom in 64-atom system. DLC film was also consid-
ered for comparison. The final obtained structures of DLC and Cu-DLC
films are given in Fig. 2.
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Fig. 2. Final morphologies of (a) DLC and (b) Cu-DLC film with Cu concentrations of
1.56 at.% obtained from first-principle molecular dynamics simulation. Black and orange
colors indicate C and Cu atoms, respectively.

3. Results and discussion
3.1. Thickness and composition

Fig. 3 presents the average growth rates for all samples at different
sputtering current. Clearly, the growth rate remarkably increased from
14 to 80 nm/min when the sputtering current increased from 0 to
2.0 A. This was due to the higher sputtering yield of Cu at higher
sputtering current while keeping the constant of the hydrocarbon gas
pressure [21]. Fig. 4 shows the ratio of atomic concentration of Cu in
the film as a function of sputtering current. The Cu concentration was
deduced based on the atomic sensitivity factors and the area ratio of C
1s to Cu 2p peaks in the XPS spectra, and the relative atomic composi-
tion ratio was considered as a sum of carbon and copper, since O con-
centration ranged from 0.64 to 1.68 at.% in our work and hydrogen
could not be detected by XPS. It should be noted that as the sputtering
current increased from 0 to 2.0 A, the Cu concentration of the films
increased from O to 39.7 at.%.

Fig. 5a and b display the XPS C 1s spectra and Cu 2p spectra of the
films with different Cu concentration, respectively. In Fig. 5a, C 1s spec-
tra of all the films showed certain peaks, one around 284.5 eV corre-
sponding to the sp?-C, the other one around 285.3 eV for the sp>-C,
and C—O/C=0 around 288.1 eV for some samples due to long exposure
to air or possible incorporation of the oxygen during films deposition
[37-39]. For Cu 2p spectra in Fig. 5b, two peaks could be well observed
at around 952.7 and 932.8 eV, which corresponded to Cu (2p 1/2) and
Cu (2p 3/2), respectively [22,39], implying that no carbide particles
were observed.
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Fig. 3. Growth rates of films as a function of sputtering current.
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Fig. 4. Cu concentration in the films as a function of sputtering current.

3.2. XRD and TEM analysis

Fig. 6 displays the typical XRD patterns of Cu-DLC films with various
Cu concentrations. When the Cu concentration was 39.7 at.%, two peaks
were obtained at 43.3° and 50.4° which matched well with the face-cen-
tered cubic (FCC) copper phase and corresponded to Cu (111) and Cu
(200), respectively [20]; according to Scherrer formula, the size of Cu
crystallite determined from the integral width of the (111) diffraction
peak was about 6 nm. As the Cu concentration was less than 39.7 at.%,
the peak of Cu (200) could not be detected; the Cu (111) peak also
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Fig. 5. (a) XPS C 1s spectra and (b) Cu 2p spectra of the films with different Cu
concentrations.
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Fig. 6. XRD patterns of Cu-DLC films with various Cu concentrations.

disappeared when the Cu concentration was less than 7.0 at.%. It implied
that nanoscale Cu particles existed in the DLC matrix when Cu concen-
tration was larger than 7.0 at.%.

In order to further investigate the structural evolution of the Cu-DLC
films, high resolution transmission electron microscopy (HRTEM) and
corresponding selected area electron diffraction (SAED) were used.
As shown in Fig. 7a, when the Cu concentration was 2.6 at.%, there
was no crystalline phase existed in the plan-view image, and the
corresponding SAED only showed a diffused ring, which indicated a ho-
mogeneous and amorphous structure, similar to that of pure DLC [16].
However, some sharp crystalline diffraction rings were observed as
the Cu concentration increased to 7.0 at.% (Fig. 7b), indicating the exis-
tence of polycrystalline phases, which were identified to be the (111),
(200), (220), (311) and (420) reflections of the FCC Cu phase. Compared
with the XRD patterns, it could be concluded that the Cu crystalline
phase began to evolve in the DLC matrix when Cu concentration was
in the range of 2.6-7.0 at.%.

3.3. Raman analysis

Fig. 8a displays the Raman spectra of the films as a function of Cu
concentration. According to the XRD result, the FCC Cu crystalline
phase is centrosymmetric, so Raman spectra are obtained from the car-
bon matrix only. Obviously, all samples presented a broad asymmetric
Raman scattering band in the range of 1000-1700 cm™ !. Two Gaussian
peaks, G-peak (graphite) at around 1580 cm ™" corresponding to Eg

symmetry stretching vibration mode and shoulder D-peak (disorder)
at around 1360 cm ™! corresponding to the zone edge of A, breathing
mode, were used to fit the experimental spectra after background cor-
rection [1]. The bond disorder, sp?/sp ratio, sp? site clustering of the
films can be derived qualitatively according to the fitted G-peak posi-
tion, the peak area ratio of D-peak to G-peak (Ip/Ig), the full width at
half maximum of G-peak (Ggwnwm) [40,41]. As shown in Fig. 8b, with
Cu concentration increasing, the G peak position shifted upwards from
1540 cm™ ! for pure carbon film to 1557 cm™ ! and the Ip/I¢ ratio also in-
creased from 0.8 to 2.4, implying the increase of sp?/sp° ratio and C-sp?
cluster size. Also, Fig. 8c showed that Gpwiy decreased from 192 cm™!
to 127 cm™ ! with the increase of Cu concentration, suggesting that the
degree of film structural disorder declined.

3.4. Stress analysis

Fig. 9 presents the residual stress of the films as a function of Cu con-
centration. Compared with the high stress of DLC film (2.0 GPa), a signif-
icant reduction of residual stress was observed for all the Cu-DLC films.
When the Cu concentration increased from O to 2.6 at.%, the residual
stress decreased remarkably from 2.0 to 0.032 GPa, then increased to
0.56 GPa at 24.4 at.%, after that the residual stress decreased slightly to
0.40 GPa at 39.7 at.%. Similar results can be referred in [10,11,20]. Taking
into account the microstructure, it was safe to conclude that the residual
stress was closed related to the structural evolution. When Cu concen-
tration was less than 2.6 at.%, the metal atoms were dissolved in the
DLC matrix, which could reduce the strain energy arising from the dis-
tortion of the atomic bond structure, resulting in a significant reduction
of the residual stress; as Cu concentration exceeded 7.0 at.%, nanoscale
Cu particles were distributed uniformly in the DLC matrix, then Cu-
DLC films could still maintain a low-level stress, which was similar in
Al [15], Ag [17,18] and Au-incorporated [19] DLC films, but remarkably
different from the Mo [13], W [10], Ti [14] and Cr-incorporated [16]
DLC films. This can be explained from the fact that nanoscale Cu/Al/
Ag/Au particles were much softer compared with WC; _ , CrC, TiC
and MoC phases, so deformation caused by highly distorted DLC matrix
in those soft nanoscale metal particles can occur, which resulted in less
structural disorder compared with DLC films and residual stress reduc-
tion. While, in the range of 2.6-7.0 at.%, the residual stress also
depended on the change of the atomic bond structure as dissolved Cu
atoms began to form nanoscale Cu particles.

In order to gain insight into the experimental results and reveal the
stress reduction mechanism, the electronic and atomic bond structure
of Cu-DLC films were also investigated [42]. Firstly, the bond character-
istics between Cu and C atom were studied by first-principles

Fig. 7. Plan-view HRTEM and corresponding SAED patterns of Cu-DLC films with (a) 2.6 at.% and (b) 7.0 at.% Cu atoms.
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Fig. 8. (a) Raman spectra, (b) G peak position and Ip/I, and (c) Gryrm Of the films with different Cu concentrations.

calculation based on density functional theory (DFT) using the simpli-
fied tetrahedral structure model [25]. Fig. 10a presents the energy
change via bond angle distortion in Cu—C and the pure C—C system.
It showed that with the bond angle distortion, the energy change was
decreased seriously comparing with C—C system. Because the residual
stress was closely related with the distortion energy, the addition of
Cu atoms into amorphous carbon matrix would decrease the residual
stress due to the lowered distortion energy. In order to clarify the ener-
gy change, the bond characteristics were analyzed by the analysis of
partial density of states (PDOS) and charge distribution of the highest
occupied molecular orbital (HOMO), as shown in Fig. 10b. According
to molecular orbital theory, the HOMO of Cu—C was antibonding,
which reduced the strength of bond and stability of system. So it led
to the small distortion energy change. The simulation was largely in ac-
cordance with our experimental results.

It is known that the residual stress in DLC films was closely related
with the distorted bond structure. So the first-principles molecular dy-
namics simulation was undertaken to provide the change of atomic
bond structure including both the bond angles and bond length distri-
butions in Cu-DLC films as shown in Fig. 11. The equilibrium bond
angle of graphite is 120° and the diamond one is 109.471° (Fig. 11a);
the equilibrium bond length of graphite is 1.42 A and the diamond
one is 1.54 A (Fig. 11b). Previous study has revealed that the high com-
pressive stress mainly originated from the distortion of bond angles and
bond lengths, which were less than 109.471° and 1.42 A, respectively
[43]. It can be found that when the Cu concentration increased from 0
to 1.56 at.%, the population of bond length smaller than 1.42 A and the
bond angle smaller than 109.471° decreased simultaneously comparing
with DLC film, which implied that the incorporation of Cu into DLC films
affected the distorted structure of carbon matrix, and led to the signifi-
cant reduction of compressive stress. Therefore, the stress reduction
mechanism caused by Cu attributed to the weak Cu—C bond and the
decreased fraction of distorted structures.
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Fig. 9. Residual stress of Cu-DLC films as a function of Cu concentration.

3.5. Hardness analysis

Fig. 12 depicts the hardness and elastic modulus as a function of Cu
concentration. It clearly showed that as the Cu concentration increased
from 0 to 39.7 at.%, the hardness and elastic modulus of the films de-
creased obviously from 25.3 to 4.97 GPa, 216 to 90.7 GPa, respectively.
According to its structural evolution, at least three key factors should
be considered. First, the incorporation of Cu atoms caused a higher
sp?/sp> ratio, while the mechanical properties of DLC films mainly
depended on its sp> carbon matrix [1]; moreover, the nanoscale Cu par-
ticles present at higher Cu concentration would break up the continuity
of the carbon network; besides, the increase of soft Cu content could
also influence the harness of the composite films, resulting in a reduc-
tion of both hardness and elastic modulus of the films.
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Fig. 10. First-principle calculation results [31]: (a) energy change via bond angle distortion
in Cu—C and the pure C—C system; (b) PDOS projected on the central Cu and corner C
atoms in the Cu—C system, in which the inset shows the charge density between the
central Cu or C and corner C atoms for the HOMO passing through Cu and two corner C
atoms.
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4. Conclusions

The Cu-DLC films with Cu concentration varying from 0.1 to 39.7 at.%
were prepared on the silicon/glass substrates by a hybrid beams depo-
sition system with Cu target (99.99%) and C,H, precursor gas. Composi-
tional and structural analysis showed that nanoscale Cu particles began
to evolve from the carbon matrix in the range of 2.6-7.0 at.%, and the in-
corporation of Cu would result in a higher sp?/sp> ratio and bigger C-sp?
cluster. The residual stresses of the Cu-DLC films ranged from 0.032 to
0.56 GPa, showing a significant decrease compared with that of the
DLC film, which could be due to metal atoms distribution and deforma-
tion in nanoscale Cu particles in different Cu concentration range. Theo-
retical calculation based on DFT revealed that the addition of Cu atoms
into amorphous carbon matrix would decrease the residual stress due
to formation of Cu—C antibonding and the relaxation of distorted
bond angles and bond length.
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