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Mechanical properties of nanostructured
copper/hydrogenated amorphous carbon
multilayer films grown in a low base vacuum system
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Nanostructured copper/hydrogenated amorphous carbon (Cu/a-C:H) multilayer films have been deposited in a low base
vacuum system (base pressure 1x10° Torr) and studied for their mechanical properties. The analysis shows very low
residual stress (below 1 GPa), moderate nanohardness (H) and elastic modulus (E) of the resultant films. Further these
films have been studied for their plastic deformation energy and elastic recovery. Atomic force microscopic analysis reveals
the nanostructured morphology and low surface roughnesses of the resultant films. Estimated roughnesses values have
also been correlated with the experimental measured H values. The presence of Cu in these structures have been
confirmed by time of flight-secondary ion mass spectroscopy, X-ray photoelectron spectroscopy and energy dispersive X-

ray analysis.
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1. Introduction

Diamond like carbon (a-C:H or DLC) thin films
retains considerable scientific and industrial interest due to
its low friction and high hardness properties, which result
in its applications as a hard and protective coating on
magnetic storage devices, micro-electromechemical
systems and coating on parts of heart valves [1-3].
However, high level of residual stress exist in DLC films
limits its wide-spread applications. Multilayer films are
found to be an appropriate approach to minimize the high
level of residual stress and improve tribological properties
[4, 5]. Voevodin et al. [6, 7] have extensively studied the
various architectures of multilayer composite coatings
with super hard a-C:H layers for wear protection at high
contact loads. The importance of DLC multilayer films has
also been reported by Yeldose et al. [8]. Pauleau et al. [9]
have broadly studied the Cu containing a-C:H films for
their mechanical properties and found very low hardness
values (2 to 6 GPa). There are sufficient literature
available on metal/DLC such as Ti/DLC multilayer and
bilayer films for mechanical applications, but negligible
reports has been found throwing light on the mechanical
aspect of Cu/a-C:H multilayer films.

In this manuscript, we report the mechanical
properties of nanostructured Cu/a-C:H multilayer films
grown in a low base vacuum system using combined radio
frequency (RF)-plasma enhanced chemical vapor
deposition (RF-PECVD) and RF-sputtering techniques.
These films exhibited moderate nanohardness (H) and
very low residual compressive stress (S). The mean (R,)

and root mean square (R,) roughnesses values, estimated
by atomic force microscope (AFM) technique, have also
been correlated with H and elastic modulus (E). The
presence of Cu in these multilayer films was confirmed by
time of flight-secondary ion mass spectroscopy (TOF-
SIMS), x-ray photoelectron spectroscopy (XPS) and
energy dispersive x-ray analysis (EDAX).

2. Experimental details

Four sets of nanostructured Cu/a-C:H multilayer films
have been deposited using a hybrid system involving RF-
sputtering and RF-PECVD techniques, in the sequence of
alternate layers of Cu and a-C:H, on well cleaned silicon
wafer, Corning 7059 glass, stainless steel sheet, substrates.
Prior to multilayer film deposition, the substrates has been
cleaned for 10 min in RF argon (Ar) plasma at a high
negative self bias voltage of about 300 V. The ultimate
base pressure for deposition was ~1x107 Torr in all the
processes that has been achieved by a root blower pump
backed by rotary pump. A Cu disk of 50 mm diameter has
been used as the metal sputtering target and the substrate
to metal target distance has been kept constant to about 6
cm. All depositions has been carried out at constant
negative self biases of 300 and 100 V for RF-sputtering
and RF-PECVD processes, respectively, at constant Ar
and acetylene (C,H,) gas pressures of 70 mTorr and 28
mTorr, respectively. Only the number of Cu/a-C:H
bilayers (combination of one Cu and one a-C:H layer
makes one Cu/a-C:H bilayer) has been changed from 1 to
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4. During Cu layer deposition, the electrode on which the
substrates have been placed is connected to ground and RF
power has been applied to target electrode, while during a-
C:H deposition, target electrode has been connected to
ground and RF power has been applied to electrode on
which substrates are placed.

Using a laser scanning curvature method, the S of the
multilayer films at room temperature has been estimated
by a Frontier semiconductor 500 TC stress measurement
system. TOF-SIMS measurement has been performed
using ion TOF-SIMS instrument to find out the elemental
composition of these multilayer films. This instrument
equipped with Bi-cluster ion analysis gun and sputter O,
gun. Similarly, EDAX has been used to identify the
presence of Cu and carbon in the deposited structures.
XPS spectra of these films have been obtained by Perkin
Elmer 1257 instruments using X-ray radiation of Al K,
1486.6 eV. AFM analysis has been done using Veeco V
Nanoscope instrument.

3. Results and discussion
3.1 TOF-SIMS

Fig. 1 shows the TOF-SIMS depth profiles for Cu, C,
O and Si from Cu/a-C:H multilayer film having 4 Cu/a-
C:H bilayers. The solid, dash, dot and bold solid lines
represent the elements namely, C, Cu, O and Si,
respectively. This is to be noted that this multilayer film
consists of 4 Cu and 4 a-C:H layer, alternatively. TOF-
SIMS analysis gives a clear elemental demarcation
between Cu and a-C:H layers. Figure clearly shows the 4
steps of Cu within the certain intervals, which evident the
existence of 4 Cu layer in the structures. It can be seen
that, in comparison to that of Cu, no steps has been
observed for C. This may be due to (i) TOF-SIMS
technique is very sensitive for metals like Cu and (ii) the
hydrocarbon plasma always dominant in deposition system
therefore, even during the growth of Cu layer, some
carbon atoms travel in processing chamber and may be
condensed over the growing structures. The TOF-SIMS
depth profile also reveals the presence of significant
amount of O in depth of this structure because of their
high base pressure (1x10™ Torr) depositions. At this high
base pressure, sufficient air is diluted in the multilayer
structures. However, very high intensity Si peak has been
accounted to the fact that Si substrate has been used for the
growth of these multilayer films.
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Fig. 1. TOF-SIMS depth profiles for Cu / a-C:H
multilayer structure having 4 Cu / a-C:H bilayers.

3.2 XPS and EDAX

XPS has been used to investigate the chemical
composition, oxidation state and structural properties of
Cu / a-C:H multilayer films and the deconvoluted C 1s
spectra for 4 Cu / a-C:H bilayers film has been shown in
Fig. 2 (a). The spectra fitted with three peaks obtained at
284.2, 285.2 and 286.8 eV has been assigned to sp> C, sp’
C and C-O bondings, respectively. The FWHM values for
these peaks were found to be 1.7, 1.7 and 2.2 eV,
respectively. Similarly, the area under the curve for peaks
at 284.2, 285.2 and 286.8 ¢V was found to be 63.6, 23.2
and 13.2 %, respectively. In view of all these, it is found
that these multilayer films have more graphite-like nature.
Further, graphite-like nature of these films have also been
confirmed by mechanical properties which show moderate
values of H and E as discussed in other section. It is
interesting to note that the Cu layer is covered under the a-
C:H layer. Therefore, this multilayer film has been
sputtered for 5 minutes to visualize the presence of Cu in
the structure. The 5 minute sputtered Cu (2p) core level
spectra of Cu / a-C:H multilayer structure having 4
bilayers is shown in Fig. 2 (b). Spectra reveal the presence
of two intense peaks centered at 932.9 and 952.4 eV. It is
to be noted that the binding energy of Cu (2P;5,) is shifted
to higher values comparison to that of pure Cu peak,
suggest the contribution of CuO. The Fig. 2 (c) shows the
O 1s core level spectra of same sample. The presence of O
(1s) peak in the spectra may be attributed to two facts: (i)
deposition of these multilayer structures took place at
comparatively high base pressure of the order of 1x107
Torr, which allowed some air dilution in the structures
during its growth and (ii) prior to XPS measurements, the
samples has been exposed in ambient air which led to
surface contaminations.
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The oxygen plasma may be very useful in Cu / a-C:H
multilayer structures for improving mechanical properties.
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Jiang et al. [10] have already reported that oxygen
plasma preferentially etches the soft graphitic like sp’
clusters and enhanced the diamond-like character.
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Fig. 2. XPS core level spectra of (a) C 1s (b) Cu 2p and (c) O 1s for multilayer structure having 4 Cu / a-C:H bilayers.

EDAX measurement was performed to investigate the
composition of Cu/a-C:H multilayer film. EDAX spectra
of Cu/a-C:H multilayer film having 4 bilayers is
demonstrated in Fig. 3. It can be seen from the figure that
in addition to strong C and lower intensity Cu peaks,
strong Si and O peaks have also been observed. Si peak
arises from the substrate whereas the O peak appears due
to the high base pressure of 1x10~ Torr used in the growth
of these films which is also evidenced by XPS results.
Gold (Au) peak is also obtained in the spectra, since
substrates were Au sputtered to make contact during SEM
and EDAX measurements.
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Fig. 3. EDAX spectra of multilayer structure consisting
of 4 Cu/a-C:H bilayers.
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3.3 AFM

Surface morphology of Cu/a-C:H multilayer film
having 1 and 4 Cu/a-C:H bilayers, studied by AFM, are
presented in Fig. 4. In contrast to pure a-C:H [11], these
images reveal the nanostructured surface morphology with
particle size of 45 and 55 nm for films having 1 and 4
Cu/a-C:H bilayers, respectively. It is expected that these
nano-particles are of carbon since the top layer is of a-C:H
itself. Note that carbon nanotubes and nanofiber structures
also require a very thin base layer of metal prior to
deposition. Further, R, and R, roughnesses in these
multilayer structures were found to be very low. The
structure having 1 Cu/a-C:H bilayer shows R, and Ry
values of 0.37 and 0.53 nm, respectively. However, with
increase in interfacial states these roughnesses have been
increases and found to be 0.73 and 0.92 nm, respectively
for structure having 4 Cu/a-C:H bilayer.
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Fig. 4. AFM pictures of multilayer structures having (a)
1 Cu/a-C:H bilayer and (b) 4 Cu/ a-C:H bilayers.

3.4 Mechanical properties

Nanostructured Cu/a-C:H multilayer, in which Cu and
a-C:H layers are stacked on top of one another, has been
prepared to obtain low residual compressive stress (S)
films. Fig. 5 shows the variation of S versus number of
Cu/a-C:H bilayers. It is evident from figure that initially S
increases with increasing Cu/a-C:H bilayers but beyond
certain number of bilayers it starts to decrease. The films
having 1, 2 and 3 Cu/a-C:H bilayers exhibited S as 0.5, 0.7
and 0.85 GPa, respectively. However, structure having 4
Cu / a-C:H bilayers exhibit S of 0.75 GPa. This is to be
noted that S in all the multilayer films studied is below 1
GPa. The concept of soft/hard layer is used here for
minimizing the S values. Thin soft Cu layer grown using
RF-sputtering technique are interface layers and acts as an
adhesive layer for RF-PECVD grown hard a-C:H layer. It
appears that one can obtain thick DLC films with a
multilayer structure of Cu/a-C:H, because interface layers
present in the multilayer structures reduce the S in films as
soft/hard structure provides the needed relaxation in the
overall structure. The pulsed plasma grown soft / hard
DLC layer and Si containing DLC multilayer structure
concepts for the relaxation of S have been reported by
Kumar et.al [12, 13]. Moreover, the soft Cu layer present
in the multilayer structure acts as a metallic substrate for
subsequent a-C:H layers and therefore, prevents the
delamination.
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Fig. 5. Variation of residual compressive stress versus
number of Cu / a-C:H bilayers.

Nanoindentation is found to be very suitable
technique to study the mechanical properties at nanoscale.
Fig. 6 (a) and (b) shows the variation of H and E versus
number of Cu/a-C:H bilayers.
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Fig. 6. Variation of number of Cu / a-C:H bilayers versus
(@) H (b) E and (c) U..

The values of H and E has been found to be in the
range of 13 to 6 and 177 to 100 GPa, respectively
depending upon number of Cu/a-C:H bilayers. This can be
seen that the maximum values of H and E has been
observed for the structure having only 1 Cu/a-C:H bilayer,
that decreases further on increasing Cu/a-C:H bilayers.
The reduction in these values with increase in Cu/a-C:H
bilayer is may be due to an increase of number of
interfacial states. Reduction in H and E values may also be
explained on the basis that since the deposition of these
multilayer films have been carried out at high base
pressure of 1x10™ Torr and after deposition of each Cu
layer, the RF power is made to switch off and then a-C:H
layer is allowed to grow, therefore, during off period of RF
power, some air bubbles may trap between the region of
Cu and a-C:H layers, which may give rise imperfection
between these two layers and finally may makes overall
structure loosely bound. XPS spectra (Fig. 2) also reveal
the shifting of pure Cu peak due to O interference. Hand E
values have also been known to correlate with sp® and sp*
bondings. The a-C:H films can be divided into three
categories, namely (i) more diamond-like (high H); when
it contain high sp® fraction, (ii) more graphite-like
(variation of H between low to moderate values); when it
contain high sp” fraction and (iii) polymer-like; when these
films become very soft and contains significant hydrogen
in the structure. It appears that increase in Cu / a-C:H
bilayers give rise to more graphite-like sp® bonding and
therefore, reduces the H and E values. Ji et al. [14] have
also suggested the increase in sp’ bonding with the
introduction of Mo in DLC matrix. H and E are also
correlated with surface roughnesses values. The structure
having low R, and R, values (0.37 and 0.53 nm) shows

maximum H and E (13 and 177 GPa) than that of structure
having high R, and R, values (0.73 and 0.92 nm) which
shows low H and E (6 and 100 GPa) values. Further, the
moderate values of H and E have also been related to
elastic recovery (ER). The value of ER is found to be in
the moderate range between 47.4 to 57.6 %. Pauleau et al.
[9] have observed polymer-like nature in the
nanostructured copper/hydrogenated amorphous carbon
films due to low H wvalues in their films. Plastic
deformation energy (U,) is also very important concept to
describe the mechanical properties [15]. Fig.6 (c) shows
the variation of U, versus number of Cu / a-C:H bilayers.
The U, varies inversely proportional to the H [15]. The
values of U, are found to be in the range from 3.7x107 to
5.5x107 joule for multilayer films having number of Cu /
a-C:H bilayers betweenl and 4. This is to be noted that
brittle material exhibit lower U, while ductile material
exhibit comparatively higher U, However, observed
moderate values of U,, which increases with increasing Cu
/ a-C:H bilayers, shows the transition of material from
brittle to ductile phase.

4. Conclusions

Nanostructured Cu/a-C:H multilayer films have been
deposited using combined techniques, involving RF-
sputtering and RF-PECVD, in a low base vacuum system.
TOF-SIMS, XPS and EDAX techniques confirm the
presence of Cu in these films. AFM analysis reveals the
nanostructured surface morphology with particle size of 45
and 55 nm for structure having 1 and 4 Cu/a-C:H bilayers,
respectively. AFM technique also provides R, and R4
roughnesses which is found to be very low and correlated
with mechanical properties. S in these structures is found
to be well below 1 GPa. These structures exhibited
moderate values of H and E values due to its more
graphite-like nature. The H and E values decreases with
increasing interfacial states and also decreases with
increasing surface roughnesses values.
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