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Abstract. Copper/carbon composite films have been deposited on Si substrates from argon-
acetylene mixtures using a hybrid technique combining sputter-deposition and plasma-assisted
chemical vapor deposition. The carbon content in these films determined by Rutherford
backscattering spectroscopy was varied in the range 5-99 at.%. The crystallographic structure
was determined by X-ray diffraction techniques. The microstructure of films was examined by
transmission electron microscopy. The magnitude of compressive residual stresses increased
up to 0.5 GPa with increasing carbon content in the films. The hardness and elastic recovery of
films determined by nanoindentation measurements were studied as functions of the composition
of the gas phase. Low friction coefficient values were obtained from films containing more than
50 at.% of carbon in room air with a relative humidity of 50%. The wear resistance of films
containing 23 to 29 at.% of carbon was higher by a factor of 2 than that of pure Cu films.

1. INTRODUCTION

Diamond-like carbon (DLC) films can combine the
properties of solid lubricating graphite structure and
hard diamond crystal structure, i.e., extreme hard-
ness approaching that of diamond, chemical inert-
ness, high thermal conductivity and optical trans-
parency without the crystalline structure of diamond.
Hydrogenated and hydrogen-free DLC films prepared
by various deposition techniques such as plasma-
enhanced chemical vapor deposition (PECVD) and
sputtering possess excellent lubricating properties
under specific sliding conditions [1,2]. Depending
on the tribological test conditions, the friction coef-
ficient can be less than 0.10 or even as low as 0.01
[3,4]. The formation of graphite-like transfer films in
the sliding contact leads to a large decrease in wear

rate of materials [5]. However, DLC films may ex-
hibit severe limitations and drawbacks. A poor ad-
hesion of DLC films to various substrates, in par-
ticular steel substrates result from the excessive
magnitude of compressive residual stresses (sev-
eral GPa) developed in hard DLC films. In addition,
the thermal stability of DLC films is not sufficiently
high for a given application (maximum temperature
of 250 °C in operation) and the lubricating properties
depend considerably on the environment [6-8].

Recently, hydrogen-free DLC films produced by
pulsed laser deposition exhibited a superhardness
in the range 60-70 GPa and the friction coefficient
values were between 0.06 and 0.10 for a wide range
of test environment [9,10]. The wear rate of these
films was found to be several orders of magnitude
lower than that of ceramic coatings [9,11]. However,
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fracture and delamination of films deposited on steel
substrates were observed as the Hertzian contact
pressure was above 1 GPa. The analyses of fail-
ures demonstrated that these superhard DLC films
lacked toughness and resistance to cross-sectional
crack propagation [12]. A possible method to im-
prove film toughness would be through compositional
modifications, e.g., incorporation of nanosized metal
clusters in the DLC matrix to produce composite
films or hydrogenation of amorphous carbon films.

The major pioneering works on carbide forming
metal/hydrogenated amorphous carbon (a-C:H) com-
posite films have been performed at the beginning
of eighties by Dimigen et al. [2,13,14]. Small fric-
tion coefficients against steel or cemented carbide
(WC/Co 6 wt.%) were obtained from Me/a-C:H com-
posite films (with Me = Ta, W or Fe) deposited by
reactive sputtering as the metal content in the films
was less than 30 at.%. Recently, the tribological
properties of titanium/carbon composite films were
thoroughly investigated [15-17]. The technique
named magnetron assisted pulsed laser deposition
was used to prepare films of crystalline TiC, TiCN
and hydrogen-free amorphous carbon (a-C) exhibit-
ing characteristics of DLC films [18]. Pure TiC and
a-C films exhibited high hardness values of 27 to 60
GPa, respectively [19]. The hardness of TiC/a-C
composite films containing 30 at.% of Ti determined
by nanoindentation under a load of 1 mN was about
32 GPa. This hardness is higher than that of
nanocrystalline stoichiometric TiC films but not so
high as the hardness of 60 GPa for sp3-bonded a-C
films. However, the ductility of these TiC/a-C com-
posite films deduced from nanoindentation tests was
equal to 40%, i.e., four times higher than that of
superhard but brittle a-C films. To explain the ob-
served combination of high hardness and elevated
ductility, various arguments were proposed and de-
veloped by Voevodin et al. [19,20].

Metal/carbon composite films combining high
hardness, elevated ductility and toughness are rec-
ognized to be of interest as wear-resistant and low
friction films for tribological applications [21]. Tough-
ness can be achieved by strain release via nanosized
metal-based crystallites sliding in the amorphous
carbon matrix. In metal/carbon composite films con-
taining metal such as Cu or Ag inert with respect to
carbon, crystallite-carbon interfaces are expected
to be very abrupt with very weak interaction forces.
Under these conditions, the deformation at grain
boundaries or metal-carbon interfaces leading to
multiple shifts of nanocrystallites with respect to
one another should be facilitated as a stress is ap-
plied. These Cu/C or Ag/C composite films may have

high ductility and toughness. Furthermore, the tri-
bological behavior and friction properties of these
metal/carbon composite films can be very distinct
from those of carbide forming metal/carbon com-
posite films.

Phase segregation phenomena are required for
the formation of nanosized metal clusters in the
carbon matrix during film growth. The appropriate
deposition technique should assure sufficiently en-
ergy for the thermodynamically driven segregation
of the phase to occur [22]. Activated chemical or
physical vapor deposition (CVD or PVD) techniques,
in particular plasma-assisted CVD and PVD appear
to be suitable for preparation of metal/carbon com-
posite films. Copper/amorphous carbon or polymer
composite films of a variety of compositions have
been deposited by various techniques including co-
evaporation [23,24], ion implantation [25,26], ion
beam deposition [27], pulsed laser ablation [28], co-
sputtering [29-33], reactive sputtering [34-37] and
hybrid technique combining microwave PECVD of
carbon from argon-methane or acetylene mixtures
and sputtering of a Cu target [38,39].

The purpose of the present paper is to report on
the results of experiments designed to prepare Cu/
a-C:H composite films by microwave plasma-as-
sisted deposition techniques and to investigate the
composition, microstructure, mechanical properties
and tribological behavior of composite films produced
from argon-acetylene mixtures of various composi-
tions.

2. EXPERIMENTAL

Copper/carbon composite films have been depos-
ited on (100)-oriented single crystal silicon sub-
strates mounted on a water-cooled substrate holder.
The deposition of films was carried out using a dis-
tributed electron cyclotron resonance (DECR) mi-
crowave plasma reactor [40], i.e., a hybrid technique
combining DECR microwave plasma-assisted
chemical vapor deposition and sputtering of a metal
target from argon-hydrocarbon mixtures. The depo-
sition set-up and experimental procedure were de-
scribed recently [41,42]. Briefly, the microwave field
was applied through four cylindrical antennae of 8
mm in diameter placed at the periphery of the cylin-
drical plasma chamber. The total microwave power
was maintained at 400 W. The metal target of 100
mm in diameter was biased to – 300 V and – 600 V
for deposition of Cu/carbon and Ni/carbon films, re-
spectively. The target-substrate distance was equal
to 13 cm. The total pressure in the deposition cham-
ber was fixed at 0.13 Pa while the methane concen-
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tration in the gas phase was varied from 0 to 100%.
The flow rates of argon and acetylene were varied in
the range 0-10 cm3/min. The water-cooled substrate
holder was maintained at the floating potential. The
duration of the deposition step was fixed at 30 min.
The thickness of films was measured by surface
profilometry.

The composition of films was determined by
Rutherford backscattering spectroscopy (RBS)
measurements. For determination of the copper
content, the RBS measurements were performed
using 2 MeV 4He+ beam at normal incidence and
the detection angle was equal to 160°. The carbon
content was obtained from backscattering measure-
ments using helium particles of 3.4 MeV. At this
energy, the backscattering cross-section on carbon
atoms is higher by a factor of 5 than the Rutherford
value. As a result, the carbon peak in these NRBS
(non-Rutherford backscattering) spectra emerged
significantly above the base line corresponding to
backscattering events on substrate atoms and the
carbon content can be determined without any am-
biguity. The hydrogen content was obtained from
elastic recoil detection analyses (ERDA) using a
2.9 MeV 4He+ beam and a glancing angle forward
scattering geometry. The accuracy on the atom
concentrations determined by RBS, NRBS and
ERDA was in the range 1-5 at.%.

The crystallographic structure of films was de-
termined by X-ray diffraction (XRD) techniques us-
ing an Inel diffractometer in θ-2θ position, with a
collecting angle varying from 5° to 150°. The copper
Ka radiation (with wavelength of 1.5406 Å) was used
to analyze the samples. The position and integral
width of XRD peaks were determined to identify the
crystalline phase and to calculate the size of small-
est crystallites from the Scherrer equation, respec-
tively [43].

The microstructure of films was examined by
cross-sectional transmission electron microscopy
(XTEM). The cross-sectional samples were prepared
by mechanical grinding and a low angle, low energy
ion-beam thinning technique [44]. The weak inter-
face between the layers made XTEM sample prepa-
ration especially difficult because the layers were
easily pulled apart.

The radius of curvature of Si substrates was
measured prior and after deposition of films by sur-
face profilometry. The magnitude of residual stresses
in the films was calculated from the Stoney equa-
tion [45]. The mechanical properties of films were
measured by nanoindentation using a Nano Indenter
II (MTS Systems Corp.) equipped with a Berkovitch
indenter. The load was varied in the range 0.25-50

mN. The hardness and elastic modulus were found
at the minimal load using the Oliver and Pharr model
[46].

The friction coefficient and wear resistance of
films were investigated by pin-on-plane tribological
tests with a reciprocating mode conducted in room
air with a relative humidity of (50 ± 5) %. The pin
was made of BK-8 hard alloy (87.5 HRC). The dry
sliding speed and the normal load were equal to 4
mm/s and 1 N, respectively. The surface of wear
tracks after various sliding distances was examined
by optical microscopy.

3. RESULTS AND DISCUSSION

Pure copper films have been sputter-deposited from
pure argon with a deposition rate of 26 nm/min un-
der the experimental conditions investigated [47].
Copper/carbon composite films have been depos-
ited on Si substrates covered with a native oxide
layer by the microwave plasma-assisted hybrid
deposition technique. The deposition rate of these
composite films adherent to Si substrates was found
to vary in the range (26-14) nm/min as the C

2
H

2 
con-

centration in the gas phase increased up to 100%.
The thickness of films prepared under the deposi-
tion conditions investigated was varied from 420 and
780 nm.

3.1 Composition and structure of
copper/carbon films

The composition of films expressed by the atom
number ratios Cu/(Cu + C) and C/(Cu + C) was de-
pendent on the C

2
H

2
 concentration in the gas phase

(Fig. 1). As the C
2
H

2
 concentration was varied from

10 to 90%, the carbon content increased progres-
sively and continuously from 5 to 99 at.% while the
Cu content decreased symmetrically. With C

2
H

2

concentrations in the gas phase higher than 90%,
the Cu content in the films was less than 1 at.%.
Under these conditions, the sputtering yield of the
Cu target was considerably reduced. Carbon bear-
ing species from the plasma condensed both on
the substrate and target surfaces. At the very be-
ginning of the deposition process, the Cu target
surface was carbon free and Cu atoms were ejected
from the target. After a very short period of time, the
target surface was covered with carbon species and
the amount of Cu atoms sputtered from the target
was negligible. As a result, the Cu incorporation in
the films occurred essentially during this short pe-
riod of time and the Cu content was not uniformly
distributed through the films. The Cu and C con-
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Fig. 1. Composition of Cu/a-C:H composite films
versus C

2
H

2
 concentration in the gas phase.

Fig. 2. Size of smallest copper crystallites embed-
ded in the carbon matrix versus carbon content of
films.

tents were equal in copper/carbon composite films
deposited from a gas mixture containing 65% of C

2
H

2
.

The values of the atom number ratio H/C were
relatively scattered between 0.25 and 0.55 depend-
ing on the gas phase composition (Fig. 1). The av-
erage value of this ratio was approximately equal to
0.40-0.45. In addition, this ratio H/C was significantly
reduced in composite films containing less than 1
at.% of copper.

The major diffraction peaks in the X-ray diffrac-
tion patterns of Cu/a-C:H films were ascribable to
the face-centered cubic (f.c.c.) copper phase [48].
The positions of the diffraction peaks (or diffraction
angle values) were independent of the C

2
H

2
 concen-

tration in the gas phase. As a result, the crystal
lattice parameter of the copper phase was constant
and independent of the composition of films con-
sisting of polycrystalline copper and a-C:H phases.
However, the intensities and widths of diffraction
peaks were found to be dependent on the composi-
tion of films. The copper crystallite size was calcu-
lated from the integral width of the (111) diffraction
peak using Scherrer equation (Fig. 2). For pure cop-
per films, the crystallite size was about 20 nm. The
copper crystallite size in Cu/a-C:H films decreased
progressively and continuously from 20 to 2 nm as
the carbon content increased up to 55 at.%. This
value corresponds to the size of smallest copper
crystallites incorporated in the films.

A typical XTEM image of Cu/a-C:H com-
posite films is displayed in Fig. 3. The C content or
the atom number ratio C/(Cu + C) in this film pre-
pared from a gas mixture containing 20% of C

2
H

2

was equal to approximately 15 at.%. The XTEM
images revealed various structural details. The
samples exhibited a continuous polycrystalline cop-
per layer at the film-substrate interface and this
copper layer was covered with the composite film.
For the 600-nm-thick Cu/a-C:H film displayed in Fig.
3, the thickness of the copper film at the substrate
surface was approximately 25 nm. This copper layer
was grown during the first stage of the deposition
process when the Cu target was not totally covered
with a layer of carbon species. The C content in
this layer was very low or negligible. As a result,
segregation phenomena of Cu atoms and carbon
species were probably very active during the growth
of this copper film on the substrate surface. The
upper part of the film exhibits a fine-grained struc-
ture with a uniform distribution of copper crystal-
lites wrapped in an amorphous carbon tissue. Ac-
cording to the XRD data, the size of smallest cop-
per crystallites incorporated in the upper part of film
was approximately 7 nm.

3.2 Mechanical characteristics of
copper/carbon films

The magnitude of tensile residual stresses devel-
oped in pure Cu films was less than 0.3 GPa [47].
The carbon incorporation in Cu films led to a reduc-
tion of the magnitude of residual stresses. For Cu/
a-C:H films containing approximately 5 at.% of car-
bon, the residual stresses were negligible (Fig. 4).
Residual stresses were found to be compressive in
Cu/a-C:H films with a C content in the range 10-95
at.%; In addition, the magnitude of compressive re-
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sidual stresses increased up to 0.5 GPa with in-
creasing carbon content. The residual stresses de-
veloped in hydrogenated amorphous carbon (a-C:H)
films produced by microwave plasma-enhanced
chemical vapor deposition from pure acetylene were
found to be tensile (Fig. 4). During deposition of these
films, the target was not biased. As a result, no
energetic species were ejected from the target sur-
face and condensed on the surface of growing films.
The substrates were at the floating potential and
the difference between the plasma potential and the
floating potential was equal to approximately 10 V
whatever the gas phase composition. The relatively
low kinetic energy (10 eV) of species condensed
on substrates at the floating potential may be re-
sponsible for the growth of a-C:H films with tensile
residual stresses [45]. The progressive development
of compressive residual stresses in Cu/a-C:H films
can be related to the kinetic energy of carbon spe-
cies ejected from the target surface. The fraction of
these energetic carbon species condensed on the
surface of growing films increased with increasing
C

2
H

2
 concentration in the gas phase.

Two groups of Cu/a-C:H films can be distin-
guished depending on the hardness values (Fig. 5).
The first group of composite films was produced from
gas mixtures containing 10 to 60% of C

2
H

2
. These

films containing 10 to 40 at.% of carbon exhibited a
similar hardness in the range 2-2.5 GPa. These

Fig. 3. Typical transmission electron micrograph on
the cross-section of a Cu/a-C:H film deposited from
a gas mixture containing 20% of acetylene.

Fig. 4. Residual stresses developed in: (ο) a-C:H
films prepared by plasma-assisted chemical vapor
deposition from pure C

2
H

2
 and (•) Cu/a-C:H films as

a function of the carbon content in the films.

hardness values are very similar to the hardness of
pure Cu films produced by sputtering [42]. The load-
displacement curves of these samples were similar
at high peak loads and displayed a wide hysteresis
loop during reloading (Fig. 6a). The width of the loop
decreased with decreasing the loading rate. The
wide hysteresis loop and its dependence on the load-
ing rate, which are characteristic features of poly-
mer-like materials, are caused by the viscoelastic
mechanical behavior of these materials [49,50].
These Cu/a-C:H films belong to the so-called plasma
polymer materials with the hardness of approxi-
mately 1 GPa deposited at room temperature un-

Fig. 5. Hardness of : (•) Cu/a-C:H films and ( ) a-
C:H films prepared by plasma-enhanced chemical
vapor deposition from pure C

2
H

2
 as a function of the

C
2
H

2 
concentration in the gas phase.
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der low energy bombardment [51]. The copper crys-
tallites in these films resulted in increased hard-
ness values up to 2.5 GPa.

The second group of samples consisted of Cu/
a-C:H films deposited from gas mixtures containing
more than 60% of C

2
H

2
. The C content in these films

was in the range 40-100 at.%. The hardness of films
increased progressively up to 6 GPa with increas-
ing C

2
H

2
 concentration in the gas phase or C con-

tent in the films (Fig. 5). A reduced hydrogen con-
tent in the films was observed to be concomitant
with relatively high hardness values. This relatively
high hardness may originate from the compressive
residual stresses developed in the Cu/a-C:H films.
The hardness of a-C:H films produced by microwave
plasma-enhanced chemical vapor deposition from
pure acetylene was significantly lower than that of
composite films (Fig. 5). Tensile residual stresses
developed in these films may lead to reduced hard-
ness values.

The hysteresis loop of load-displacement curves
for the Cu/a-C:H composite films became less and
less pronounced as the C content in the films in-
creased. The elastic recovery of the contact depth
during unloading increased considerably. For Cu/a-
C:H films produced from pure C

2
H

2
, approximately

90% of all the indenter displacements originated from
the elastic deformation (Fig. 6b). This parameter does
not exceed 14% for metal films. The significant in-
crease in harness and very high elastic recovery
indicate that the deposition of ion-hardened poly-

Fig. 6. a) Load-displacement curves of Cu/a-C:H films deposited from a gas mixture containing 60% of
C

2
H

2
. The large hysteresis loops are characteristic of a soft polymer-like a-C:H matrix. b) First loading cycle

for Cu/a-C:H films produced from a gas mixture containing : (•) 60% of C
2
H

2
 and (ο) 100% of C

2
H

2
. The small

hysteresis loop is characteristic of an ion-hardened a-C:H matrix.

mer-like films occurred as the C
2
H

2
 concentration

in the gas phase exceeded 60% [50]. With rela-
tively high C

2
H

2
 concentrations in the gas phase,

the surface of the Cu target was covered with car-
bon species and these species can be sputtered
from the target surface and condensed on the sur-
face of growing films with a relatively high kinetic
energy. These energetic species, which condensed
on the film surface, may be responsible for the
change of properties of films with increasing C

2
H

2

concentration in the gas phase. Composite films
exhibiting unusual mechanical properties have been
deposited under these conditions. The mechanical
behavior of these Cu/a-C:H films is close to that of
hard rubber. If an abrasive particles moves on the
surface of a material with a very high elastic recov-
ery, the elastic deformation of the surface prevails.
Therefore, these films having not a very high hard-
ness, but with a very high elastic recovery can pos-
sess a high wear resistance [50,52].

3.3 Tribological behavior of
copper/carbon films

The friction of coefficient on bare Si surface versus
sliding distance was very scattered after the first
few cycles under the tribological test conditions in-
vestigated (Fig. 7a). This dependence is typical of
an abrasive wear. The friction behaviors of pure cop-
per and Cu/a-C:H film containing up to 18 at.% of
carbon were rather similar (Fig. 7a). Three distinct
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Fig. 7. Friction coefficient versus sliding distance
for various samples: (a) bare Si substrate, pure Cu
film and Cu/a-C:H films containing 6 and 18 at.% of
carbon, (b) Cu/a-C:H films containing 23 and 29
at.% of carbon, and (c) a-C:H film prepared by
plasma-assisted chemical vapor deposition from
pure C

2
H

2
 and Cu/a-C:H films containing 55 and 68

at.% of carbon.

Fig. 8 Optical micrographs of wear tracks for Cu/a-
C:H films with a carbon content of : (a) 18 at.%, (b)
29 at.%, and (c) 78 at.% after various sliding dis-
tances.

regions can be distinguished depending on the slid-
ing distance. In the initial region corresponding to a
sliding distance varying from 0 to 2 m, the initial
value of the friction coefficient was in the range 0.15-
0.20 and then, the friction coefficient increased lin-
early with increasing sliding distance. In the mean-
time, the rider moved on the film surface and pen-
etrated progressively in the films (Fig. 8a, after a
sliding distance of 1 m). The increase in friction

coefficient with increasing sliding distance was
caused by the increase in contact surface area re-
sulting from the gradual penetration of the round
surface of the rider into the film.

The value of the friction coefficient was approxi-
mately constant as the sliding distance was varied
from 2 to 4 m (Fig. 7a). In this region, the rider was
sliding on the border of films and smooth Si sur-
face. The optical micrograph of the wear track for a
sliding distance of 3 m is given in Fig.8a. The slid-
ing distance value in this region was determined to
a greater extent by various phenomena and param-
eters, such as the transfer of film material to the
rider surface, the hardness and viscosity of wear
debris, and the adhesion of films to Si substrates.
For sliding distances higher than 6 m, the values of
the friction coefficient were found relatively scattered
(Fig. 7a). In this third region, the rider was sliding
directly against the Si surface (Fig. 8a, after a slid-
ing distance of 6 m). Therefore, the length of the
sliding distance in the first region corresponds re-
ally to a relative measure of the wear resistance of
films under the tribological test conditions investi-
gated.
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The initial friction coefficient of 0.1 was relatively
low for Cu/a-C:H films containing 23 to 29 at.% of
carbon and the length of the sliding distance in the
first region corresponding the film abrasion increased
considerably (Fig. 7b). The friction coefficient for
sliding distance of 10 m and above did not exceeded
0.35. A sharp increase in friction coefficient was
not observed between the second and third regions
of friction tests. The optical micrograph of the wear
track displayed a partial foliation of films in the first
region of friction (Fig. 8b, after a sliding distance of
1 m). For high sliding distances, the wear track
exhibited a smoother surface (Fig. 8b, after sliding
distances of 4 and 8 m). This smooth surface of the
wear track, reduced friction coefficient and increased
wear resistance may result from the change of shear
stresses during friction as the C content in the films
increased. For a-C:H films, the formation of a thin
graphite film with a low shear stress in the sliding
contact is recognized to be responsible for reduced
friction coefficients [53]. Such mechanism leading
to a reduction of friction coefficient values can be
invoked also for Cu/a-C:H composite films.

The tribological behavior of Cu/a-C:H films with
a C content of 55 at.% and above was relatively
different (Fig. 7c). In the first region of the tribologi-
cal tests, the friction coefficient values were scat-
tered and the length of the sliding distance decreased
as a result of a reduced wear resistance of films.
The wear tracks exhibited spike edges and cracks
typical of the wear of hard and brittle films with a
weak adhesion on the surface of Si substrates (Fig.
8c). For a-C:H films produced by microwave plasma-
assisted chemical vapor deposition from pure C

2
H

2
,

the friction coefficient increased from 0.1 to 0.25 as
the sliding distance increased up to 1 m (Fig.7c).
Then, the friction coefficient value was relatively
stable as the sliding distance was varied from 1 to
10 m and these films exhibited a reduced wear re-
sistance.

4. CONCLUSION

Nanostructured copper/a-C:H composite films with
a C content varying from 5 to 99 at.% have depos-
ited on Si substrates from argon-acetylene mixtures
using a hybrid technique combining sputter-deposi-
tion and microwave plasma-assisted chemical va-
por deposition. These films consisted of Cu crystal-
lites embedded in the carbon matrix. The hardness
of copper-rich films with a C content lower than 50
at.% was similar to that of pure Cu films. For car-
bon-rich films, the hardness increased up to 6 GPa
with increasing carbon content. The mechanical

behavior of these films was close to that of hard
rubber, which is very favorable for wear-resistant
films. Relatively low friction coefficients equal to
approximately 0.1 were obtained from carbon-rich
films in room air with a relative humidity of 50%.
These films deposited on Si substrates suffered from
a drastic limitation since the adhesion was rather
poor for tribological tests. However, these films de-
posited on other substrates with improved adhesion
would be appropriate for tribological applications.
Additional investigations are in progress to improve
the adhesion of these composite films on various
substrates.
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