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a b s t r a c t

Cr-containing diamond-like carbon (Cr-DLC) films was deposited on silicon wafers by a hybrid beams
system, which consists of a DC magnetron sputtering and a linear ion source. The chromium content in
the films was adjusted by varying the fraction of Ar in the Ar and CH4 gas mixture. The composition,
microstructure, surface morphology, mechanical properties and tribological behavior of the films were
investigated by XPS, TEM, AFM, SEM, nano-indentation and tribological tester as a function of Cr content.
It is shown that, as the Cr content increased from 1.49 to 40.11 at.%, the Cr-DLC films transfer from
amorphous DLC with dispersed metallic-like Cr to composite DLC with carbide phases embedding in the
DLC matrix, and the film surface morphology also evolve from flat surface into rough surface with larger
hillocks. The amorphous Cr-DLC films exhibit a low friction coefficient and wear rate as pure DLC, while
the composite Cr-DLC films show a higher friction coefficient and wear rate, although they possess
a relatively high hardness.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, numerous metallic elements (e.g. Cr, Ti, W, Ag,
and Cu) have been attempted to overcome the shortcomings of
diamond-like carbon (DLC) films such as high residual stress, poor
thermal stability and ductility [1e5]. Among those doping metals,
carbide former, like Cr [6], Ti [7], and W [3], can exist as either
metallic cluster dissolving in DLC films or metal carbide phase
embedding in the amorphous carbon matrix, which will signifi-
cantly influence the mechanical and tribological properties. Singh
et al. [6] studied Cr-containing DLC (Cr-DLC) films by a hybrid PVD/
PECVD process and found that Cr-DLC filmswith lowCr content had
similar microstructure and tribological characteristics with those of
pure DLC films, while the films with high Cr content exhibited
a composite structure with carbide phase embedding in the DLC
phase and thus the tribological behavior of the films was charac-
terized by abrasive wear. The formation of the carbide phase is
expected to depend on the doped metal solubility in the DLC
matrix, which significantly correlates with the deposition tech-
nique and the process parameter. Zhang and co-workers [2]
deposited Ti-DLC films using co-sputtering of graphite and tita-
nium targets. Nanocrystalline of TiC was detected in amorphous
matrix of a-C when the Ti content was increased to 16 at.%. In
All rights reserved.
another work, Meng et al. [7] reported that the dissolution limit of
Ti atoms in the DLC films deposited by reactive magnetron sputter
technique was between 0.9 and 2.5 at.%. Beyond this dissolution
limit, nanocrystalline could be observed in the films.

The purpose of the present paper was to report the results of
experiments designed to prepare Cr-DLC films using a hybrid
beams system comprising an anode-layer linear ion beam source
and a DC magnetron sputtering unit. The composition and micro-
structure evolution of the films were studied as a function of the Cr
content. The film surface morphology, mechanical property and
tribological behavior were discussed according to the composition
and microstructure of the films with various Cr contents.

2. Experimental details

Silicon (100) wafers of thickness at 525�15 mmwere used as the
substrates, which were cleaned ultrasonically in acetone, ethanol,
and dried in air before being put into the vacuum chamber. The
Cr-DLCfilmswerepreparedbyahybridbeamssystem,whichconsists
of a DC magnetron sputtering and a linear ion source (LIS) [8]. The
substrates were biased by an asymmetrically bipolar pulsed power
(Pinnacle Plus 5 kW,AdvancedEnergy),whichwould supply a square
wave pulsed bias with a frequency of 350 kHz and a reversal time of
1.1 ms. Prior to deposition, the substrates were sputter-cleaned for
10minusingAr ionsatabiasvoltageof�100V.Thebasepressurewas
evacuated to thevacuumof2.5�10�5 bar.Duringdepositingprocess,
the work pressure was kept at about 4.4 � 10�3 bar. CH4 gas was
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Fig. 1. Cr content and growth rate of the films as a function of Ar fraction in Ar and CH4

gas mixture.

Fig. 3. Deconvolution of the XPS C 1s peak of the film with 8.42 at.% Cr.
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introduced into the LIS to obtain the hydrocarbon ions beam. Ar gas
was supplied to the magnetron sputtering to sputter Cr target. The
contentof chromiumatoms in thefilmswascontrolledbyvarying the
gas fraction of Ar in the precursor gases and the total gas flux (Ar and
CH4) was kept at 80 sccm. Typical value of LIS voltage and current
were 1200 � 50 V and 0.2 A (current model), respectively. The DC
power supplied to the sputtering gun was about 950 W (2.5 A)
Fig. 2. Typical high-resolution XPS spectra of the films with different Cr content: (a) Cr
2p core level peak and (b) C 1s core level peak.
(currentmodel). A bias voltage of�50Vwas applied to the substrate.
The deposition time was 1 h.

The thicknesses of the deposited films were measured by
a cross-section SEM (S-4800, Hitachi, Japan) measuring scale, and
the film thicknesses are ranging from 600 nm to 780 nm. An X-ray
photoelectron spectroscopy (XPS, Axis ultradld, Japan) with Al
(mono) Ka irradiation at a pass energy of 160 eV was used to
characterize the chemical composition and chemical bonds of the
deposited films. The XPS energy step size was 0.05 eV for the high-
resolution spectrums. Before commencing the measurement, Arþ

ion beam with the energy of 3 keV was used to etch the sample
surface for 5 min to remove contaminants. High-resolution trans-
mission electron microscopy of the films was performed on Tecnai
F20 electron microscope operated at 200 keV with a point-to-point
resolution of 0.24 nm. The TEM specimen was prepared by peeling
off the film from the NaCl crystalline substrate, whichwas dissolved
in deionized water. The surface morphology of the films was
studied by SPM (Dimension 3100 V, Veeco, US) at a scan rate of
1.5 Hz. The root-mean-square (RSM) roughness Rq of the film
surfaces was calculated from 512 � 512 surface height data points
obtained from 1 mm � 1 mm scan area [9]. Mechanical properties
were measured by the nano-indentation technique in a continuous
stiffness measurement (CSM) mode with a maximum indentation
Fig. 4. The sp3/sp2 ratio determined from fitting the XPS C 1s peak as a function of
Cr content.



Fig. 5. TEM micrograph and corresponding diffraction pattern of the Cr-DLC films with (a) and (c) 8.42 at.%, and (b) and (d) 40.11 at.% Cr.
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depth of 500 nm. The characteristic hardness of the films was
chosen in the depth around 1/10th of the film thickness to mini-
mize the substrate contribution. Six replicate indentations were
made for each sample. The tribological behaviors of the films were
tested on a rotary ball-on-disk tribometer at room temperature
with a relative humidity of 40e50% under dry sliding conditions. A
steel ball (SUJ-2, HRC60) with a diameter at 7 mmwas used as the
friction counter body. All the tests were performed at 0.1 m s�1
Fig. 6. AFM (upper) and SEM (lower) images of the Cr-DLC films with (a) and (e) 1.
sliding velocity for a distance of 300 m and the applied load was
3 N. After the friction test, the wear traces were observed by a 3D
scanning surface profiler (AEP, US).

3. Results and discussion

Fig. 1 shows the Cr content and growth rate of the films as
a function of the Ar fraction. The Cr/C atomic ratio of the films was
49 at.%, (b) and (f) 8.42 at.%, (c) and (g) 17.56 at.%, and (d) and (h) 40.11 at.% Cr.



Fig. 7. Hardness and elastic modulus of the Cr-DLC films with various Cr contents.
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determined based on the atomic sensitivity factors and area ratio of
the C 1s to Cr 2p peaks in XPS spectra of the films (Hydrogen atom
content was not considered due to its signal intensity below the
XPS detection threshold). As the Ar fraction increases, the Cr
content increases monotonically. This indicates that the chromium
content in the films can be adjusted by varying the Ar fraction in the
gas mixture. The growth rate of the films also increases with
increasing Ar fraction, implying that the Cr doping would improve
the growth rate of the films deposited by the hybrid beams.
Fig. 8. Friction coefficient of the Cr-DLC films as a function of sliding distance.
The chemical bonds of the deposited films were detected by
the XPS spectra. Fig. 2 shows the high-resolution Cr 2p and C 1s
core level XPS spectra of the Cr-DLC film with various Cr contents.
The Cr 2p spectra reveal a major peak at a binding energy around
574 eV and the presence of a shoulder around 583.7 eV in all
spectra. The intensity of the Cr 2p peak increases with increasing
Cr content. However, there is no significant difference between the
Cr 2p peaks in those Cr-DLC films. In fact, the Cr 2p peak could not
be used effectively to differentiate the chemical bonds between
metallic Cr and Cr carbide. Nevertheless, the C 1s spectrum can be
use to determine the films chemical state. The C 1s spectrum of
the film with Cr 1.49 at.% only reveals a single peak around
284.5 eV, which originates from CeC or CeH bonding in DLC
phase [6]. As the Cr content increases, a shoulder peak appears at
a lower binding energy of about 283 eV, which can be assigned to
carbon in carbide state [10]. This demonstrates that the carbide is
formed in the films. The intensity of the peak sharply increases
with the Cr content increased, implying that the fraction of
chromium carbide increased since the intensity of the C 1s
shoulder peak is an indication of the chromium carbide content in
the films.

Further analysis of the C 1s XPS spectra can be acquired in the
peaks deconvolution results [11]. Normally, the C 1s spectra can be
deconvoluted into three components around 283 eV, 284.2 eV and
284.7 eV, corresponding to CreC, sp2eC and sp3eC, respectively
(see Fig. 3). Subsequently, the ratio of sp3/sp2 carbon atoms in the
films is determined as the ratio of the corresponding sp3 peak area
over the sp2eC 1s peak area. Fig. 4 presents the sp3/sp2 ratio as
a function of Cr content. It should be noted that the sp3/sp2 ratio
increases monotonously with increasing the Cr content. Since
sp2eC has the relative lower bonding energy than sp3eC, it would
favor to bond with the Cr atoms to form the carbide phase.
Consequently, as Cr content increases, a larger number of sp2eC are
used to formed carbide phase and thus results in the decrease of
sp2eC fraction and the increase of the sp3/sp2 ratio.

Fig. 5 shows the typical TEM micrograph and corresponding
diffraction pattern of the films with 8.42 and 40.11 at.% Cr. At
a small amount of Cr content at 8.42 at.%, as shown in Fig. 5(c), the
ring-like in the diffraction pattern indicates that the crystal phases
begin to evolve in the amorphous carbon matrix. However, the
crystalline phase has not been observed in the plan-view image
(Fig. 5(a)) yet due to the low Cr content. Further increasing the Cr
content to 40.11 at.%, a granular nanocomposite structure with the
uniform nano-scale particle-like embedded into the amorphous
carbon matrix is observed (Fig. 5(b)). However, the exact size and
configuration of particles are rather hard to be deduced because of
the present limited TEM resolution. The distinct rings displayed in
the diffraction patterns (Fig. 5(d)) are identified to be the (111),
(200), (220) and (311) reflections of the face-centered (FCC) chro-
mium carbide crystal. The lattice distance is simulated around
0.41 nm, which might be attributed to the metastable B1-CrC
crystal phase [12]. The TEM results indicate that the Cr-DLC film
with low Cr content doping should be the amorphous DLC with
dispersed metallic-like Cr, while the film with high Cr content
doping present as the composite DLC with carbide phases
embedding in the DLC matrix.

Fig. 6 shows the images of AFM and SEM of the films with
different Cr content. The Cr-DLC film with 1.49 at.% Cr is charac-
terized by a low RMS roughness of 0.356 nm, and appear smooth
for AFM and SEM images. As Cr content increases up to 17.56 at. %,
the roughness of the film increases to 3.17 nm. The AFM
morphology of the filmwith 17.56 at.% Cr shows numerous hillocks
on the surface and the corresponding SEM image also reveal many
granular contrasts. This implies that the films with low Cr content
doping mainly exhibit the feature of the amorphous DLC with



Fig. 9. Wear tracks micrograph and corresponding cross-section profiles of the films: (a) and (b) 1.49 at.%, and (c) and (d) 40.11 at.% Cr after friction test.
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dispersed metallic-like Cr, and thus possess a smooth surface.
When the Cr content of the films increases up to 17.56 at.%, a large
amount of chromium carbide phase are formed in the films, which
have been expected to increase the film surface roughness [13].
However, as the Cr content increases to 40.11 at. %, in spite of higher
metallic content, the RMS roughness of the films dramatically
decreases to 1.67 nm. The AFM micrograph of the film shows that
the surface hillocks seem to be merged into bigger agglomerates
appearing larger bumps, which may cause the film surface rough-
ness to decrease.

The hardness and elastic modulus of the Cr-DLC films are pre-
sented in Fig. 7. It should be noted that there is an increase in the
hardness of the Cr-DLC films followed by stabilization of hardness
around 12 GPa. The initial increase of the hardness mainly origi-
nates the formation of the hard carbide phase, which will enhance
the mechanical hardness of the films [6]. Furthermore, the increase
of the sp3/sp2 ratio also contributes to the hardness increase.
However, as incorporation of more Cr atoms (�8.42 at.%), a large
amount of carbide phases will break the continuity of the carbon
network and thus cause the hardness to decrease. Accordingly,
these counteracting factors result in the relatively stable hardness
at high Cr content (>1.49 at.%).

Fig. 8 shows the friction coefficient evolution of the Cr-DLC films
with sliding distance. It can be seen that the Cr-DLC films con-
taining low Cr atoms (�8.42 at.%) present a low friction coefficient
of about 0.15. As the Cr content increases, the friction coefficient of
the films increases sharply. When the Cr content reaches up to
40.11 at.%, the film shows a high friction coefficient of about 0.3 and
performs a non-stable friction behavior with continuous oscillatory
peaks in the friction coefficient. This can be attributed to the
presence of hard chromium carbide phase, which has been
expected to increase friction [14].

Fig. 9 reveals the typical wear tracks micrograph and corre-
sponding cross-section profiles of the films with 1.49 and 17.56 at.%
Cr after friction test. The Cr-DLC film with 1.49 at.% Cr (Fig. 9(a))
shows a smooth wear track with the low wear depth of about
25 nm. The wear rate of the film is about 8.9 � 10�9 mm3/N-m.
However, the wear depth sharply increases to about 280 nm in the
film with 17.56 at.% Cr, as shown in Fig. 9(b), and the wear rate
increases to 1.4 � 10�7 mm3/N-m dramatically. The friction and
wear behaviors of the Cr-DLC films mainly correlate with the
composition and microstructure of the Cr-DLC films. At low Cr
content, the films exhibit the feature of amorphous DLC with
a small amount of Cr atoms dispersed in it. Thus, the films present
a low friction coefficient and high wear resistance as pure DLC films
[14]. While at high doping, the films are composite Cr-DLC con-
sisting of the chromium carbide phase embedding in DLC. The hard
carbide phase has been expected to cause abrasive wear, and thus
increase wear. So the films show a high friction coefficient and
larger wear depth.
4. Conclusions

The Cr-DLC films were deposited by the hybrid beams hybrid
beam source, which consists of a DCmagnetron sputtering unit and
a linear ion source. The Cr content of the films could be varied from
1.49 to 40.11 at.% by adjusting Ar fraction in the Ar and CH4 gas
mixture. It is shown that the dissolution limit of Cr atoms in the DLC
matrix deposited by the hybrid beam technique is around 8.42 at.%.
The films with less than 8.42 at.% Cr exhibit the feature of the
amorphous DLC structure with dispersed metallic-like Cr, which
reveal a smooth surface, low friction coefficient and wear rate as
the pure DLC. Above the content of about 8.42 at.%, a larger amount
of carbide phase is formed and the films evolved into the composite
DLC films with carbide phases embedding in the DLC matrix.
Accordingly, the films with high Cr content are characterized by
abrasive wear and thus showed a high friction coefficient and wear
rate, although they possess a relatively high hardness.
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