Surface & Coatings Technology 205 (2011) 2882–2886

Contents lists available at ScienceDirect

Surface & Coatings Technology
j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / s u r f c o a t

Synthesis, characterization and properties of the DLC ﬁlms with low Cr concentration
doping by a hybrid linear ion beam system
Wei Dai, Aiying Wang ⁎
Division of Surface Engineering and Remanufacturing, Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences, Ningbo 315201, China

a r t i c l e

i n f o

Article history:
Received 1 May 2010
Accepted in revised form 26 October 2010
Available online 1 November 2010
Keywords:
Diamond-like carbon
Low concentration doping
Residual stress
Mechanical properties

a b s t r a c t
A small amount of Cr-doped diamond-like carbon (Cr-DLC) ﬁlms were deposited on silicon wafers by a hybrid
deposition system composed of a DC magnetron sputtering with a Cr target (99.99% purity) and a linear ion
source. Cr concentration in the ﬁlms was controlled by varying the gas ﬂow ratio of Ar/CH4 in the supply gas.
XPS, Raman spectroscopy, and HRTEM were employed to analyze the composition and microstructures of the
ﬁlms. The ﬁlm residual stress was calculated via the Stoney equation, where the curvature of the ﬁlm/
substrate was measured by the laser reﬂection method. The mechanical properties and tribological behavior
of the ﬁlms were studied by the nano-indentor and ball-on-disc tribometer, respectively. With a small amount
of Cr (b 0.3 at.%) doping, the ﬁlms exhibited a typical amorphous structure feature as the pure DLC ﬁlm, and
neither Cr–C boding nor particulate microstructure was observed in the carbon matrix. The residual stress of
the ﬁlms showed a signiﬁcant reduction compared with that of the pure DLC ﬁlm, while the hardness of the
ﬁlms still retained a high value. Furthermore, the ﬁlms with a low Cr content also exhibited a low friction
coefﬁcient and better wear resistance.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Metal-doped diamond-like carbon (Me-DLC) ﬁlms have been
immensely studied recently in scientiﬁc community due to their
superior toughness, thermal stability, excellent tribological properties
as well as relatively lower residual stresses than that of pure DLC ﬁlms
[1–4]. Numerous metallic components (Ti, W, Ag, Cu, Au, etc.) have been
used to modify the structures and properties of the ﬁlms [5–8]. It is
generally accepted that the metal atoms incorporated into the DLC
matrix can form nano-clusters or bond with carbon atoms in case that
the concentration of the doped metal is adequately high [9–11]. These
nanostructure embedded in the DLC matrix will signiﬁcantly affect the
microstructure and thus the properties of the DLC ﬁlms. Using a pulsed
DC reactive magnetron sputtering method, Corbella et al. [12,13]
investigated the effect of doped metals (including W and Mo) on the
structure and properties of DLC ﬁlms, and found that with a high
concentration of the W and Mo doping, columnar microstructures and
granular pattern structures were formed in the ﬁlms. As a result, the
residual stress and hardness of the ﬁlms exhibited a signiﬁcant decrease
due to the formation of these microstructures. The particulate
microstructures were also reported by Singh and co-workers [14] at a
high concentration (N1.5 at.%) Cr-doped DLC ﬁlms, where the formed
nanoparticulates destroyed the continuity of the carbon network and
led to the hardness reduction. Wang et al. [15] suggested that the

chemical state of the incorporated metal atoms signiﬁcantly inﬂuenced
the residual stresses of the W-DLC ﬁlms synthesized by a hybrid ion
beam deposition system, and the W–C bonding would increase the ﬁlm
residual stress at high concentration W doping.
However, it must be noted that, with a low metal doping state, those
microstructures or formed carbide bonding are generally invisible,
because the doped metal atoms are dispersed and dissolved in the DLC
matrix displaying an amorphous microstructure [15–17]. Therefore it
can be said that the doped metal atoms don't affect the microstructure
by destroying the carbon network continuity but the local atomic bond
distortion, and therefore the superior mechanical properties of ﬁlms
which depend on the carbon network will be retained. Up to now,
although the studies on the low metal-doped DLC ﬁlms have been
reported, the comprehensive understanding of the doped metals with a
lower concentration is lacking due to the complexity of carbon
hybridized bonds and the diversity of doped metal nature, and the
various used deposition technique as well [15]. In this work, we are
focusing on the Cr-DLC ﬁlms with small concentration Cr doping
deposited using a unique hybrid ion beam system consisting of a DC
magnetron sputtering and a linear ion source. The residual stress and
mechanical properties of the ﬁlms were studied, and the results
indicated that the DLC ﬁlms with relatively low stress and high hardness
could be achieved via a low concentration Cr atoms doping.
2. Experimental
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The low concentration Cr doping DLC ﬁlms were prepared by the
unique hybrid ion beam deposition system, which consists of a DC
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Fig. 1. Schematic diagram of the used hybrid ion beam system.

magnetron sputtering of Cr target (99.99%) and a linear ion source (LIS)
supplied with CH4 for hydrogenated DLC ﬁlm deposition. Fig. 1 shows
the schematic diagram of the hybrid ion beam system for the present
ﬁlm deposition. The doped chromium concentration was controlled by
varying the gas ﬂux ratio of Ar/CH4 in the precursor gases. A p-type Si
(100) wafer with thickness 525 ± 15 μm was used as the substrate,
which was cleaned ultrasonically in acetone, ethanol, and dried in air
blow before putting into the vacuum chamber. A thin Si (100) wafer of
thickness 285 ± 5 μm was also used as a substrate to accurately estimate
the residual stress. Prior to deposition, all the substrates were
precleaned for 10 min using Ar ions at the bias of −100 V. The deposition chamber was evacuated to a vacuum of about 2.66 × 10−3 Pa
before deposition. During ﬁlm deposition, the working pressure was
kept at about 4.66 × 10−1 Pa through a pressure control valve. CH4 gas
was introduced into the linear ion source to obtain the hydrocarbon ions
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and the gas ﬂow rate was kept at 40 sccm. The voltage and current of the
linear ion source were 1050 ± 50 V and 0.2 A, respectively. Simultaneously, the Ar sputtering gas ﬂow, ranging from 10 to 50 sccm, was
supplied to the chromium magnetron sputtering. The DC power of the
sputtering gun was about 1 KW (~400 V, 2.5 A). A negative pulsed
bias voltage of −50 V (350 KHz, 1.1 μs) was applied to the substrate
during ﬁlm deposition. The deposition time was adjusted to obtain a
ﬁlm thickness of 550 ± 50 nm for all the samples. For comparison,
the pure DLC ﬁlm was prepared by only operating the linear ion source
and the pure Cr ﬁlm was prepared by only operating the sputter gun,
respectively.
The thickness of the deposited ﬁlm was measured using a surface
proﬁlometer (Alpha-Step IQ) employing a step formed by a shadow
mask. The ﬁlm composition was also measured by an X-ray photoelectron spectroscopy (XPS, Axis ultradld) with Al Kα irradiation at a pass
energy of 160 eV. Before commencing the measurement, Ar+ ion beam
with an energy of 3 KeV was used to etch the sample surface for 5 min to
remove contaminants. High-resolution transmission electron microscopy (HRTEM, FEI Tecnai F20) operated at 200 KeV with a point-topoint resolution of 0.24 nm was used to characterize the microstructure
of the deposited ﬁlm in cross-section. The TEM specimen was prepared
by gluing two cut coated Si wafer slices in face-to-face, then precision
and dimple grinding (Gatan Model 656), followed by Ar ion-milling at
4 KeV (Gatan Model 691). Raman spectroscopy with a 514.5 nm Ar+
laser was employed to evaluate the carbon atomic bonds of ﬁlms.
The hardness and elastic modulus of the ﬁlms were measured by
the nano-indentation technique (MTS-G200) in a continuous stiffness
measurement (CSM) mode using a Berkovich diamond tip. The
maximum indentation depth was 500 nm, and the characteristic
hardness was chosen in the depth of about 55 nm to minimize the
substrate contribution. Six replicate indentations were made for each
sample. The residual stress of the ﬁlms was calculated from the
curvature of the ﬁlm/substrate composite using the Stoney equation,
and the curvature of the ﬁlm/substrate was measured by a stress
tester using a laser reﬂection method. The tribological behavior was
tested on a rotary ball-on-disc tribometer at room temperature with a

Fig. 2. Typical high-resolution XPS spectrum of the ﬁlms deposited with the representative gas ﬂux ratio of Ar/CH4, (a) Cr 2p core level peak, and (b) C 1s core level peak of the ﬁlms.
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Fig. 4. Cross-sectional HRTEM of the Cr-DLC ﬁlms deposited at a gas ﬂux ratio of 50/40
(0.27 at.% of Cr).

Fig. 2(b) illustrates the corresponding high-resolution C 1s spectra
of the ﬁlms. There is also no distinct difference in the C 1s spectra
between the pure DLC ﬁlm and Cr-DLC ﬁlms. In general, all the spectra
present three deconvoluted peaks with binding energies at 286.1 eV
for the C–O bond, 285.1 eV for sp3 bonds, and 284.6 eV for sp2 bonds,
respectively. The reported C 1s spectra of the chromium carbides have

Fig. 3. (a) Typical Raman spectrum and Gaussian ﬁtting, and (b) the corresponding G-peak
position and ID/IG ratio of the ﬁlms deposited with different gas ﬂux ratios of Ar/CH4.

relative humidity of 40–50% under dry sliding conditions. A SUJ-2
steel ball (hardness-HRC60) with a diameter of 7 mm was used as the
friction counter body. All the friction tests were performed under a
load of 1 N with a sliding speed at 0.2 ms−1, and the total sliding
distance was 500 m. After the tests, a ﬂuorescence microscopy (Leica
DM2500 M) was used to observe the wear tracks and scars.
3. Results and discussion
3.1. Microstructural characterization
Fig. 2 shows the representative high-resolution C 1s and Cr 2p core
level XPS spectra of the Cr-DLC ﬁlm with the gas ﬂow ratios of Ar/CH4
at 30/40 and 50/40. For comparison, the C 1s spectrum of the pure DLC
ﬁlm and the Cr 2p spectrum of the pure sputtered Cr ﬁlm are also
included in Fig. 2(a) and (b), respectively. It can be seen from Fig. 2(a)
that, all the spectra present a major peak at a binding energy around
574 eV and a shoulder peak around 583.7 eV, the intensity and the full
width at half maximum of the Cr 2p peak increases with increasing
the gas ﬂow ratio of Ar/CH4. The Cr concentration, determined based
on the atomic sensitivity factors and area ratio of the C 1s to Al 2p
peaks in the XPS spectra of the ﬁlms, increases from 0.17 to 0.27 at.%
as the gas ﬂux ratio of Ar/CH4 increases from 30/40 to 50/40, and the
maximum value of the doped Cr concentration is less than 0.3 at.% in
the deposited ﬁlms. However, it can be noted that no signiﬁcant
difference is observed between the Cr 2p peak in the Cr-DLC ﬁlms and
that in the pure sputtered Cr ﬁlm. In fact, it has been reported that the
Cr 2p peak cannot be used effectively to differentiate the chemical
bonds between Cr and Cr carbide [14].

Fig. 5. (a) Residual stress, and (b) hardness and elastic modulus of the Cr-DLC ﬁlms
deposited at different gas ﬂux ratio ratios.
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similar bond feature of low concentration Cr-doped DLC ﬁlms as that of
the pure DLC ﬁlm.
Raman spectroscopy is a popular and effective tool to characterize
the carbon bonding in a-C:H ﬁlms. Since the π states have a lower energy
than the σ states and thus are more polarisable, the sp2 sites consisting of
two π orbits and two σ orbits have a 50–230 times larger Raman crosssection than sp3 sites, which only contain four σ orbits [20]. Accordingly,
the Raman spectrum is dominated by the sp2 sites. Fig. 3(a) shows the
Raman spectra of the Cr-DLC ﬁlms as a function of the gas ﬂux ratio of Ar/
CH4 in a wavelength range of 1000–1700 cm−1. All the spectra of the CrDLC ﬁlms present an asymmetric dispersion curve, implying the typical
bond feature of the amorphous hydrogenated carbon ﬁlms. In visible
Raman, the DLC Raman spectroscopy can be deconvolved into two
peaks: the G peak centered at around 1550 cm−1 is due to the bond
stretching of all pairs of sp2 atoms in both aromatic rings and chains, and
the D peak is due to the breathing modes of sp2 atoms only in rings [20].
It is known empirically that the G-peak position will shift to higher
values of wave number and ID/IG increases as the graphitic component in
the ﬁlm increases [20,21]. Fig. 3(b) shows the G-peak position and the
ID/IG ratio of the ﬁlms. The G-peak position of the ﬁlms varies over a
small range from 1560.4 cm−1 to 1566.5 cm−1 when the gas ﬂow ratio
of Ar/CH4 increases from 10/40 to 50/40, while the ID/IG ratio almost
keeps at a constant value of 1.25± 0.1. This indicates that the sp3/sp2
ratio of the ﬁlms has little change as the Ar/CH4 ratio increases.
Fig. 4(a) presents the cross-sectional HRTEM micrograph of the CrDLC ﬁlm (Cr 0.27 at.%) deposited with the gas ﬂow ratio of Ar/CH4 at
50/40. It is seen that nano-crystalline and particulate, as shown in
previous papers [14,15], are not found in the ﬁlm. The corresponding
selected area diffraction (SAED) pattern of the ﬁlm also exhibits a
diffuse halo without any observable diffraction rings. Those results
illustrate that at low doping levels (b0.3 at.%), Cr atoms are uniformly
distributed and dissolve in the DLC matrix, and the as-deposited CrDLC ﬁlms perform a typical amorphous structure.
Fig. 6. (a) Friction coefﬁcient of the ﬁlms as a function of sliding distance and (b) the
average friction coefﬁcient of the ﬁlms deposited with various Ar/CH4 gas ﬂux ratios.

binding energies around 283.0 eV [18,19]. Thus, the Cr atoms
incorporated in the ﬁlms do not bond with the carbon atoms, because
of peak absence at a binding energy around 283.0 eV. Furthermore,
the sp3/sp2 ratio in the ﬁlms determined by integrating the related peak
area ratio in the C 1s spectra does not change a lot, demonstrating the

3.2. Stress and mechanical characterization
Fig. 5(a) shows the residual stresses of the ﬁlms. All the Cr-DLC
ﬁlms exhibit a lower residual stress compared with the pure DLC ﬁlm
deposited by the linear ion source, and the residual stress stabilizes
around 0.46 GPa as the gas ﬂux ratio of Ar/CH4 increases further. Two
main aspects should be taken into account for the reduction of the
residual stress. On one hand, the Cr+ bombardment of the magnetron

Fig. 7. Wear surfaces (upper) of the ﬁlms deposited with the gas ﬂux ratio of Ar/CH4 at (a) 0/40, (b) 10/40 and (c) 30/40, and the corresponding contact balls after the friction test
(lower).
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sputtering source will increase the adatom mobility, which has been
expected to contribute to the relaxation of the residual stress of the
ﬁlm [22,23]. On the other hand, it was found that at a low doping level,
the metal atoms distributed in the DLC matrix without bonding with
carbon can result in the atomic bond distortion, which will decrease
the residual stress of the ﬁlm [15,24].
Fig. 5(b) shows the hardness and elastic modulus of the ﬁlms. The
hardness and elastic modulus decrease continuously with increasing
the Ar/CH4 gas ﬂux ratio, but the decrease degree is very small.
Normally, the mechanical properties of DLC ﬁlms mainly depend on
the sp3 carbon matrix [20]. According to the XPS and Raman spectrum
results, although a small amount of Cr atoms are incorporated, the
atomic bond structure of carbon (the bonding ratio of sp3/sp2) keeps
constant without any obvious change. Therefore, the reduction of the
ﬁlm hardness may be attributed to the increase of the plasticity due to
the Cr doping. It was found that the incorporation of the metal atoms
would cause the plasticity of DLC ﬁlms to increase [3,25]. Note that the
hardness of the ﬁlms still retains a high value (N12 GPa), although the
residual stress of the ﬁlms decreases to a low value of about 0.46 GPa.
This indicates that the DLC ﬁlms with relatively low stress and high
hardness can be acquired through low concentration metal atoms
doping using the hybrid beams.
3.3. Tribological behavior
Fig. 6(a) reveals the evolution of the friction coefﬁcient of the DLC ﬁlm
and Cr-DLC ﬁlms against the sliding distance, and the average friction
coefﬁcients (calculated after 200 m of sliding distance) of the deposited
ﬁlms are also given in Fig. 6(b). It shows that, in general, the Cr-DLC ﬁlms
exhibit a low coefﬁcient of friction against SUJ-2 steel ball and slightly
higher than the pure DLC ﬁlm. As the gas ﬂux ratio of Ar/CH4 increases,
the friction coefﬁcient of the Cr-DLC ﬁlms has no signiﬁcant change. Fig. 7
shows the wear surfaces on the ﬁlms and the corresponding contact balls
after the friction test. Obviously, the wear track and wear scar of the CrDLC ﬁlms are slightly larger than those of the DLC ﬁlm, implying that the
Cr-DLC ﬁlms perform more serious wear compared with the pure DLC
ﬁlm. The wear rate of the Cr-DLC ﬁlms is about 3 × 10−8 mm3/Nm, which
is higher than that of the pure DLC ﬁlm of about 2.6× 10−8 mm3/Nm. The
ﬁlm tribological behavior may have a relationship with the hardness,
which decreases with the incorporation of Cr atoms, as shown above.
Even so, the Cr-DLC ﬁlms still possess a low friction coefﬁcient and will be
a good candidate for the tribological application.
4. Conclusions
Diamond-like carbon ﬁlms with low concentration Cr doping
(b0.3 at.%) were deposited by a hybrid beam system, which is
composed of a DC magnetron sputtering and a linear ion source.
The Cr concentration in the deposited ﬁlms was adjusted by varying
the gas ﬂux ratio of Ar and CH4 in the supply gas. In the present

concentration (b0.3 at.%), neither Cr–C boding nor particulate
microstructure are observed in the as-deposited ﬁlms, and the ﬁlm
carbon structure (sp3/sp2 ratio) almost keeps constant without any
obvious change. The residual stresses of the ﬁlms show a signiﬁcant
decrease compared with that of the pure DLC ﬁlm due to the atomic
bond distortion and the enhancement of the adatom mobility induced
by Cr ion bombardment. The hardness of the ﬁlms decrease slowly
with increasing Ar/CH4 gas ﬂux ratio, but it still retains a high hardness (b12 GPa), which is mainly caused by the relatively stable carbon
structure (sp3/sp2 ratio). The ﬁlms with low concentration Cr doping
also exhibit excellent tribological properties with a wear rate of about
3 × 10−8 mm3/Nm and a friction coefﬁcient of about 0.2, which are
slightly higher than that of the pure DLC ﬁlm.
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