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ABSTRACT

Nanostructured copper/hydrogenated amorphous carbon (a-C:H) multilayer grown in a low base vacuum
(1 x 1073 Torr) system combining plasma-enhanced chemical vapor deposition and sputtering tech-
niques. These nanostructured multilayer were found to exhibit improved electrical, optical, surface and
structural properties, compared to that of monolayer a-C:H films. The residual stresses of such multi-
layer structure were found well below 1 GPa. Scanning electron microscopy and atomic force microscopy
results revealed a nanostructured surface morphology and low surface roughnesses values. X-ray photo-
electron spectroscopy, secondary ion mass spectroscopy and energy dispersive X-ray analysis confirmed
a very small amount of copper in these films. These structures exhibited very high optical transparency
in the near infrared region (~90%) and the optical band gap varied from 1.35 to 1.7 eV. It was noticed
that the temperature dependent conductivity improved due to the presence of both copper and the
nano-structured morphology.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Hard hydrogenated amorphous carbon (a-C:H), also called dia-
mond like carbon (DLC), has evolved as one of the most versatile
material in recent years. It contains tetrahedral diamond-like sp?,
trigonal graphite-like sp? and even sometimes linear sp! phases
of carbon in its structure [1]. Because of both diamond and
graphite like character, a-C:H exhibits unique electrical, optical,
and tribological properties suitable for applications such as cut-
ting tools, magnetic storage media and field emission devices [2-9].
Homo (a-C:H/a-C:H) and hetro (C-Si/a-C:H) junction solar cells and
antireflection coatings on crystalline silicon solar cells are some
of its recent applications realized [10-12]. It also finds applica-
tion in the area of bio-implants due to its biocompatibility [13].
More recently, low temperature preparation of nanocrystalline dia-
mond and carbon nanotube (CNT) embedded a-C:H thin films,
prepared by plasma intensive technique, have attracted the atten-
tion of many researchers [14]. a-C:H, as a material has its limitation
such as excessive residual stress and poor adhesion to the sub-
strates which restrict its potential applications. However, these
shortcomings may be reduced by the incorporation of foreign ele-
ments such as Si, N, Fand various metals like Cu, Ti, etc. in the a-C:H
matrix. Incorporation of such elements in a-C:H alters its properties
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by modifying the bonding structure. In addition, metal incorpora-
tion in a-C:H matrix not only reduces its residual stress but also
improves adhesion, toughness and thermal stability of the film [15].
But the incorporation of nano-metallic particles in a-C:H matrix,
using radio frequency (RF)-sputtering and radio frequency-plasma
enhanced chemical vapor deposition (RF-PECVD) techniques is
quite complex.

Voevodin et al. [16-18] have extensively studied various archi-
tectures of multilayer composite coatings with super hard a-C:H
layers for wear protection at high contact loads. The use of a multi-
layer structure improves the adhesion of coatings to the substrates
due to the inter layer present in the structures, which in turn min-
imizes the differences between the substrate and the coatings. By
close examine, it is realized that metal/a-C:H multilayer has an
additional advantage over other a-C:H structures that, in certain
cases, metallic base layer, a few nanometers thick, in the multi-
layer structure of metal/a-C:H may also act as a catalyst for the
formation of carbon nanostructures [19,20]. Multilayer structure
of metal/a-C:H also find applications in the area of electronics and
optics.

This paper reports the preparation and characterization of
nanostructured copper/hydrogenated amorphous carbon (Cu/a-
C:H) multilayer, grown using a hybrid system involving RF-
sputtering and RF-PECVD techniques, at room temperature, and
at a base pressure of 1 x 10~3 Torr. Four sets of multilayer structure
were prepared with varying number of Cu/a-C:H bilayers, from one
to four. After depositions, these structures were characterized for
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Fig. 1. Schematic representation of the deposition process in a hybrid system combining sputtering and PECVD techniques for the growth of Cu/a-C:H multilayer structure.

their surface, structural, transport, mechanical and optical proper-
ties.

2. Experimental details

Four Cu/a-C:H multilayer structure were deposited using a hybrid system
involving RF-sputtering and RF-PECVD techniques, in the sequence of alternate lay-
ers of Cu and a-C:H, on well cleaned Si wafers, Corning 7059 glass, stainless steel
sheet, and indium tin oxide coated glass substrates. Prior to the deposition of the
multilayer structure, these substrates were also cleaned for 10 min in RF argon (Ar)
plasma at a high negative self bias voltage of about 400V. The ultimate base pres-
sure for deposition was ~1 x 10~3 Torr in all the processes, which was achieved by
aroot blower pump backed by rotary pump. A Cu disk of 50 mm diameter was used
as the metal sputtering target and the substrate to metal target distance was kept at
about 6 cm. All depositions were carried out at constant negative self biases of 300
and 100V 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) were changed. The sample cdml-1, cdml-2, cdml-3 and cdml-4
contain one, two, three and four Cu/a-C:H bilayers, respectively, in the multilayer
structure.

Fig. 1 is a schematic of the deposition unit used for the growth of Cu/a-C:H
multilayer structure. Only single RF generator was used for growth of both Cu and
a-C:H layers. During Cu layer deposition, the electrode on which the substrates were
placed was connected to ground and RF power was applied to target electrode, while
during a-C:H deposition, target electrode was connected to ground and RF power
was applied to electrode on which substrates were placed. The parameters used for
the deposition of Cu/a-C:H multilayer structure is summarized in Table 1.

The thickness of the sample cdml-1, cdml-2, cdml-3 and cdml-4 were found to be
56, 105, 154, 205 nm, respectively. The thickness of each Cu layer in the multilayer
films was found to be ~15nm. IBIS-Nanoindentation, Fisher-Cripps laboratories
Pvt. Limited (Australlia), equipped with Berkovich indenter was used to measure

the hardness and elastic modulus of multilayer coatings. The stresses in these mul-
tilayer films deposited on silicon wafer were determined from the change in the
radius of curvature of the wafer, before and after deposition, using 500 TC tempera-
ture controlled film stress measurement system (M/s FSM Frontier Semiconductor,
USA). The laser beam scans the surface of the wafer and the beam is deflected by the
wafer surface which is detected by a position detector. If there is curvature induced
in the wafer after deposition of film there will be change of position of the reflected
beam. Curvature measurements were made by translating the sample a known dis-
tance X, along a direction perpendicular to the incident laser beam and measuring
the displacement d of the reflected beam. Measurement of the reflected beam dis-
placement was performed at a distance L from the sample. Using the values of X, d
and L the radii of curvature R of a sample may be calculated by the relation:

C2XL

k=

The substrate curvature method generally relies on the Stoney formula relating the
film average stress to the substrate curvature under the assumption that the film is
much thinner than the underlying substrate. The Stoney formula, which was used
to estimate residual stress is given in Eq. (1):

2

o = gl (l—l) (1)
(1-v5)ds \Rr Ro

where E;, vs and ds are Young's modulus, Poisson ratio and thickness of the substrate,

respectively, and Ry and Ry are the radii of substrate curvature before and after film

deposition.

A scanning electron microscope (SEM Leo Electron Microscope model 7060) was
used to study the microstructure of thin films. Energy dispersive X-ray (EDAX) was
used to identify the presence of Cu and carbon in the deposited structures. Sur-
face morphology, surface roughness, i.e. mean (Ra) and root mean square (RMS)
roughnesses and particle size were analyzed using atomic force microscopy (AFM)
instrument (model: nanoscope Veeco V). X-ray photoelectron spectroscopy (XPS)
spectra of the films were obtained by Perkin Elmer 1257 instruments using X-
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Table 1
Deposition parameters used for the growth of Cu/a-C:H multilayer structure.

Sample Layer sequence Ar pressure (mTorr), CyH, pressure (mTorr), Thickness multilayer structure (nm)
negative self bias (Volt) negative self bias (Volt)
cdml-1 Sub./Cu/a-C:H 70,300 28,100 56
cdml-2 Sub./Cu/a-C:H/Cu/a-C:H 70, 300 28,100 105
cdml-3 Sub./Cu/a-C:H/Cu/a-C:H/Cu/a-C:H 70, 300 28,100 154
cdml-4 Sub./Cu/a-C:H/Cu/a-C:H/Cu/a-C:H/Cu/a-C:H 70,300 28,100 205
ray radiation of Al Ko 1486.6 eV. Depth profile has been characterized by time of 0.90 T T T T
flight-secondary ion mass spectroscopy (TOF-SIMS), which is equipped with Bi-
cluster ion analysis gun and sputter O, gun. Photoluminescence (PL) measurements 0.85 - L]
were carried out at room temperature using Perkin Elmer LS 55 spectrometer.
Transmission spectra were obtained by Shimadzu UV-VIS 1601 instrument. Dark 0.80 - E
conductivity measurements as a function of temperature was carried out from 298
to 473 K using a Keithley 610C Solid State electrometer on samples prepared in a < 0.75 - "
coplanar structure, made by evaporating Al in a vacuum better than 10~ Torr with %
a electrode separation of 0.078 cm. = 070 b
n
S 065} .
3. Results and discussion a
0.60 | i
3.1. Hardness and elastic modulus 055 |
These Cu/a-C:H multilayer structure were characterized for 050 = E
their mechanical properties by nanoindentation and details are
. 0.45 L L L L
given elsewhere [21]. The values of hardness was found to decrease 1 2 3 4

from 13 to 6 GPa with increase in number of Cu/a-C:H bilayers from
one to four. Observed values of elastic modulus also followed simi-
lar trend and decreases from 177.3 to 100 GPa with the increase in
number of Cu/a-C:H bilayers from one to four. It is to be noted that,
observed moderate values of hardness and elastic modulus in Cu/a-
C:H multilayer structures were due to following causes including
(i) higher graphite-like sp? content, which is also confirmed by XPS
analysis and (ii) high base pressure (1 x 103 Torr) growth of mul-
tilayer structure which involves several impurities. To elucidate
more elastic properties in Cu/a-C:H multilayer structures, several
other important mechanical parameters such as plastic resistance
parameter (ratio between hardness and elastic modulus), elas-
tic recovery (ER), ratio of residual displacement to displacement
at maximum load (dres/dmax) and plastic deformation energy (U;)
were also calculated [22]. The maximum value of plastic resistance
parameter as 0.073 was observed in Cu/a-C:H multilayer structure
containing one bilayer beyond which significant decrease in their
values were observed that reveal more fraction of work is con-
sumed in plastic deformation and large plastic strain is expected
when contacting a material. In addition, the values of ER were also
decreased from 57.6 to 47.4% with increase in number of Cu/a-C:H
bilayers from one to four which revealed elastic-plastic behaviour
of the deposited structures. Observed decrease of ER with increase
in number of Cu/a-C:H bilayers was also satisfied by hardness
values because hardness and ER vary proportional to each other.
Similarly, observed elastic-plastic behaviour was also confirmed
by dres/dmax Which was to be in the range between 0.42 and 0.52.
Furthermore, observed decrease of U, with increase in number of
Cu/a-C:H bilayers one to four was also approved by hardness and
ER results.

3.2. Residual stress

There are several studies reported in the literature that con-
cern the methods to reduce the residual compressive stress in
a-C:H films, either through incorporation of foreign elements in
the a-C:H matrix [23,24] or by using a multilayer structure [25].
Delamination of the film from the substrate, due to high residual
compressive stress, is one of the major issues with a-C:H films. In
order to reduce the high residual compressive stress, four Cu/a-
C:H multilayer structure were grown in which Cu and a-C:H layers

Number of Cu/a-C:H bilayers

Fig. 2. Variation of residual stress versus number of Cu/a-C:H bilayers for multilayer
structure.

were stacked on top of one another. The soft/hard layer concept is
used here to minimize the residual stress in the multilayer struc-
ture. The thin soft Cu layers were grown using the RF-sputtering
technique. This layer (interface layer) acts as an adhesive layer
for the RF-PECVD grown hard a-C:H layer. It appears that one
can obtain thick a-C:H films with a multilayer structure of Cu/a-
C:H, because interfacial layers present in the multilayer structure
reduce the residual compressive stress in the films as the 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 concept for the relaxation of the residual
stress has been reported by Kumar et al. [26,27]. The soft Cu layer
present in the multilayer structure acts as a metallic substrate for
subsequent a-C:H layers and prevent the delamination of the mul-
tilayer structure. Fig. 2 shows the variation of residual compressive
stress as a function of number of Cu/a-C:H bilayers in the multi-
layer structure. Initially, on increasing the Cu/a-C:H bilayers, the
residual compressive stress of the structure was also increased but
after a certain number of bilayers a small decrease in the stress was
observed. The structure having one, two and three Cu/a-C:H bilay-
ers exhibited residual compressive stress of the order of 0.5 GPa,
0.7 GPa and 0.85 GPa, respectively, which decreased to 0.75 GPa for
the structure consisting of four Cu/a-C:H bilayers. It is worth noting
that residual compressive stress present in all the multilayer struc-
ture studied was well below 1 GPa. Observed decrease of residual
stress beyond three Cu/a-C:H bilayer structure may be due to the
relaxation of the bonding at the interfaces. Thus, the multilayer hav-
ing three Cu/a-C:H bilayers can be considered as threshold beyond
which the relaxation in the residual stress was observed and below
which there was increase in the residual stress with the increase of
Cu/a-C:H bilayer from one to three.

3.3. SEM and AFM analysis

Fig. 3 shows the surface morphology of a Cu/a-C:H multilayer
structure involving one, two, three and four bilayers (samples
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Fig. 3. SEM micrographs of Cu/a-C:H multilayer structure having one (cdml-1), two (cdml-2), three (cdml-3) and four (cdml-4) Cu/a-C:H bilayers.

cdml-1, cdml-2, cdml-3 & cdml-4), which reveal the formation of
a nanostructured network on the surface of the multilayer struc-
ture. Since in all these multilayer structure, a-C:H layer was used as
top layer therefore, it is expected that these may be carbon nano-
agglomerates. It may also be possible that the metallic Cu layer acts
as a catalyst for the growth of the said carbon nano-agglomerates. It
is evident from these SEM micrographs that the size of these nano-
agglomerates increase with increasing the number of Cu/a-C:H
bilayers. The sample cdml-1 shows the presence of small nano-
agglomerates which appear to be interconnected and form a long
randomly oriented chain-like nanonetwork. With the increase in
the number of Cu/a-C:H bilayers in the multilayer structure (for
cdml-2), the sizes of these nano-agglomerates further increases.
Observed chain-like network may help to improve the transport
properties of the overall structures. However, a similar chain-like
network is also observed for cdml-3 having three Cu/a-C:H bilayers.
But the size of nano-agglomerates in this particular nanonetwork
is larger. The SEM micrograph for cdml-4 containing four Cu/a-C:H
bilayers in the structure exhibits the overlapping of these nano-
agglomerates. It appears that the size of these nano-agglomerates
has been further enhanced for this structure as compared to the pre-
vious structures. It is expected that, the metallic Cu layer present
in the multilayer structure may play an important role in chang-
ing the structure of a-C:H from amorphous to nano-agglomerates,
because nanotube and nanofiber like structure in thin film form
have been studied previously, which had been obtained by grow-
ing a very thin metallic base layer prior to the amorphous carbon
layer [20]. This kind of structure has also obtained by Ikuno et al.
[28] and Bonard et al. [29]. Recently Mousinho et al. also reported
the growth and characterization of nanocrystalline DLC films [30].

AFM has also been used to investigate the surface morphol-
ogy, particle size and surface roughness of the Cu/a-C:H multilayer
structure. A typical AFM image of a multilayer structure hav-

ing four bilayers is shown in Fig. 4. It is evident from the AFM
image that particles are uniformly distributed over entire surface
of the structure and the surface is found to be very smooth. The
values of average roughness (R,), root mean square (RMS) rough-
nesses and particle size were found to be 0.73 nm, 0.92 nm and
~40-60 nm, respectively, for the multilayer structure having four
Cu/a-C:H bilayers. The possible reason for this may be that the mul-
tilayer structure breaks the continuity of a single layer and thereby

Fig. 4. Typical AFM picture of Cu/a-C:H multilayer structure having four (cdml-4)
Cu/a-C:H bilayers.
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Fig. 5. XPS spectra of as grown Cu/a-C:H multilayer structure. (a) and (b) represent the general scan whereas (c) and (d) represent the deconvoluted core level spectra of C

(1s). (e) and (f) represent the core level spectra of Cu.

reduces the defect generation. It is emphasized that as pure a-C:H is
amorphous in nature whereas Cu/a-C:H multilayer exhibit nanos-
tructured morphology. However, SEM images reveal that the RMS
roughness value seems to be much larger than 0.92 nm. This could
be due to images obtained by AFM and SEM was not from the same
area of the sample. As AFM result was observed by probing one par-
ticular point whereas SEM result was obtained by scanning entire
surface.

3.4. XPS analysis

XPS was used to investigate the chemical compositions, oxi-
dation states and structural properties of the Cu/a-C:H multilayer
structure. XPS spectra for as grown samples cdml-1 and cdml-4 are
shown in Fig. 5(a)-(f). The general spectra as given in Fig. 5(a) and
(b) for cdml-1 and cdml-4 revealed that oxygen is present with C

1s peak for these Cu/a-C:H multilayer structure. It is evident from
the spectra that C and Cu peaks were found at their usual positions,
but the intensity of the Cu peak in the general scan is found to
be negligible. A similar observation has also been reported by Said
et al. [31] for Ti doped DLC films. It is interesting to note that the
Cu layer is covered under the nanostructured a-C:H layer. There-
fore, core level spectra of Cu (2p) as shown in Fig. 5(e) and (f) in the
binding energy range from 925 to 965 eV have been plotted to visu-
alize the Cu peak. The presence of O (1s) peak in the spectra may
be attributed to two facts: (i) deposition of these multilayer struc-
ture took place at comparatively high base pressure of the order
of 1 x 1073 Torr, which allowed some air dilution in the structures
during its growth and (ii) prior to XPS measurements, the samples
were exposed in ambient air which may led to surface contamina-
tions. Jiang et al. [32] reported that oxygen plasma preferentially
etches the soft graphitic like sp2 C phase in the amorphous carbon
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Fig. 6. EDAX spectrum of Cu/a-C:H multilayer structure containing one and four bilayers.

and carbon nitride films. Therefore, oxygen dilution may be useful
for enhancing its mechanical properties.

Deconvoluted C 1s core level spectra for as deposited multilayer
structure (cdml-1 and cdml-4) are shown in Fig. 5(c) and (d). The
fitting of XPS C 1s core level spectra was performed by peak fit
software using the Gaussian component. Since Cu does not form
carbides (CuC), only three peaks in this particular core level spec-
trum have been fitted. These spectra exhibit two strong and one low
intensity peak, which correspond to sp? C, sp2 C and C-0 bondings,
respectively. Sample cdml-1 exhibited sp3 C, sp2 C and C-O peaks at
the binding energy values 284.1, 285.1 and 286.8 eV, respectively,
and changed to 284.2, 285.2 and 286.8 eV, respectively, for cdml-
4 as shown in Fig. 5(c) and (d), respectively. The area under each
component and the full width half maxima (FWHM) values, evalu-
ated from various peaks present in the deconvoluted C 1s core level
spectra are summarized in Table 2. The sp? C, sp? C and C-0 bond-
ings in cdml-1 contributed 60.4, 25.5 and 14.1% area, respectively,
of the total area. However, in cdml-4 the area acquired by sp? C,
sp3 C and C-0 bondings changed to 63.6, 23.2 and 13.2%, respec-
tively. It is evident from the deconvoluted C 1s core level spectra
that no significant changes in the values of area and FWHM were
obtained for these two samples. Core level spectra of Cu (2p) are
shown in Fig. 5(e) and (f), where two intense peaks are present in
both the core level spectra centered at 933.1 and 952.4 eV for cdml-
1, change t0 932.9 and 952.4 eV for cdml-4. In cdml-4 (Fig. 5(f)), the
satellite peak was observed at ~941.6 eV which was having 8.7 eV
higher binding energy side from 932.9 eV. Similar difference (9 eV)
in these two peaks has also been reported in literature [33,34]. The
difference between the peaks of Cu 2P3j; and Cu 2Py, is found to
be about 19.5eV. XPS data reveal that the binding energy position
of Cu (2P3),) shifted to the higher binding energy in comparison to
the pure Cu peak position (~932.6), which suggests that peak of Cu
(2P) may have a contribution of CuO or Cu,0. After analyzing the
XPS result it is confirmed that this peak is of CuO because the bind-
ing energy of Cu,0 peak lies lower than pure Cu peak whereas the
binding energy of CuO peak lies higher than pure Cu peak [33,35].
Similarly for cdml-1 the peak at 933.1eV correspond to the CuO
and the difference between the peaks of Cu 2Pz, and Cu 2Py, is
found to be about 19.3 eV.

3.5. EDAX analysis

EDAX measurement has also been performed to investigate the
composition of the multilayer structure. Fig. 6 shows an EDAX spec-
trum of samples cdml-1 and cdml-4, which reveals the presence of

strong C and lower intensity Cu peaks. In addition to Cand Cu peaks,
strong Si and O peaks in the spectra were observed and attributed
to the fact that a Si substrate was used for the growth of the Cu/a-
C:H multilayer structure. The reason for the presence of oxygen
peak appears to be the high base pressure used in the growth of
these structures (as evidenced by XPSresults). Gold (Au) peakis also
obtained in the spectra, since substrates were Au sputtered to make
contact during SEM and EDAX measurements. The reason for using
EDAX measurement along with XPS is that EDAX used high energy
X-ray (from 0 to 10 keV) than XPS (which used X-ray photoelectron
of few eV) for detecting the element composition of the deposited
material. Therefore, from EDAX the material present even in the
depth can also be identified. In the present case Cu always covered
with a-C:H. Thus, by using EDAX it could be possible to find out Cu
in the multilayer structure.

3.6. SIMS analysis

Due to some discrepancy occurred during analysis of XPS
regarding presence of Cu, the depth profile of Cu/a-C:H multilayer
structure was analyzed by secondary ion mass spectroscopy (SIMS).
Fig. 7 shows the TOF-SIMS depth profiles for Cu, C, O and Si from
Cu/a-C:H multilayer having four bilayers. The solid, dash, dot and
bold solid lines represent the elements namely, C, Cu, O and Si,
respectively. TOF-SIMS analysis gives a clear elemental demarca-
tion between Cu and DLC layers. Figure clearly revealed the 4 steps
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Fig. 7. Depth profile of Cu/a-C:H multilayer structure having four Cu/a-C:H bilayers.
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Table 2
Peak position, area and FWHM values of deconvoluted C 1s core level spectra of cdml-1 (one Cu/a-C:H bilayer) and cdml-4 (four Cu/a-C:H bilayer).
Sample Peak position (eV) Bonding state Area under the curve (%) FWHM (eV)
cdml-1 (one bilayer) 284.1 sp? C 60.4 1.76
285.1 sp> C 25.5 1.74
286.8 Cc-0 14.1 2.16
cdml-4 (four bilayers) 284.2 sp? C 63.6 1.71
285.2 sp3 C 232 1.71
286.8 Cc-0 13.2 2.24

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 were observed for C. This may be due to (i) TOF-SIMS
technique is very sensitive for metals like Cu and (ii) the hydrocar-
bon plasma always dominant in deposition system therefore, even
during the growth of Cu layer, some carbon atoms travel in process-
ing chamber and may be condensed over the growing structures.
The TOF-SIMS depth profile also revealed the presence of signifi-
cant amount of O in depth of this structure because of their high
base pressure (1 x 10~3 Torr) depositions. At this high base pres-
sure, sufficient air is diluted in the multilayer structures. However,
very high intensity Si peak has been accounted to the fact that Si
substrate was used for the growth of these Cu/a-C:H multilayer
structure.

3.7. Photoluminescence (PL)

PL spectra of as deposited Cu/a-C:H multilayer structure having
one and four Cu/a-C:H bilayers in its composition is shown in Fig. 8.
A broad peak comprising of several small peaks was obtained in
the visible range from 400 to 500 nm. The main PL peak for the
structure having one Cu/a-C:H bilayer was centered at 447.5 nm
which changed to 451.5 nm for the structure having four Cu/a-C:H
bilayers.

It is observed that pure a-C:H film exhibits a PL peak centered
near 600 nm [36]. However, in the Cu/a-C:H multilayer structure
PL peaks were found at ~447.5 and ~451.5nm for one and four
bilayers, respectively. It is expected that carbon nano-agglomerates
embedded in the a-C:H matrix may play a very vital role in the
shifting of PL peaks from a higher wavelength region to a lower
wavelength region (blue shift). The mechanism of PL in a-C:H can
be explained on the basis that a-C:H contains both sp? and sp?3 sites.

PL Intensity (a.u.)

380 400 420 440 460 480 500 520 540 560
Wavelength (nm)

Fig. 8. Photoluminescence spectra of as deposited Cu/a-C:H multilayer structure
having one and four Cu/a-C:H bilayers.

The sp? sites possess 1 states so their local band gap is much smaller
than that of sp3 sites which give rise to very strong fluctuations
of the band edges. The strong fluctuations inhibit the mobility of
carriers and provide a natural means to localize the electron-hole
pair and result into efficient PL spectra [37]. PL in a-C:H can also be
explained by cluster model. The electron-hole pairs are excited and
recombine within clusters of sp? sites embedded in a sp3-bonded
matrix [37]. This localized transition within sp? cluster (from 7 to
T*) can be considered as band-to-band transition.

Particle size estimation for these multilayer structures was also
done by PL spectra using Eq. (2) or (3) [38]:

h? x 2
E —E, + X7 2
=5t i om R 2)
or

2
R— M 3)

(8m, E; —Eg)'/?

where Ris the particle size, m, is the rest mass where m,=0.125 m,,
E; is the PL emission peak energy and Eg is the band gap of the
material. However, the particle size estimated by this technique is
found to be very low. The multilayer structure having one Cu/a-
C:H bilayer shows a particle size about 1.45 nm, which changes to
1.63 nm for the structure having four Cu/a-C:H bilayers. It seems
that there is a great difference in particle size for the multilayer
structure as estimated by two different techniques, namely AFM
and PL. It is not clear, why different values of particle size are
obtained, but this may be due to the limitation of the AFM technique
used in the present investigation to determine ultra nanoparticles
present in the structures, whereas in PL even ultra nanoparticles
may contribute to PL emission. The limitation of AFM technique
may be due to artifact due to tip with the cantilever, if the radius
of tip is relatively larger compared to the morphology of uneven
film surface, the artifact affects to AFM images. There could also be
possibility of the presence of smaller nanoparticles embedded in
bigger nanoparticles, which cannot be observed in AFM image.

3.8. Transmission and optical band gap

Fig. 9 shows the transmission spectra of the multilayer struc-
ture of Cu/a-C:H, having one, two and three layers, in the range
325-1000 nm. The spectra reveal the high transparency (~90-95%)
in the near IR region, inspite of the presence of metallic Cu layer in
the multilayer structure. Further, the transmission and reflection
measurements have been used to estimate the Eg values. The varia-
tion of Eg with the number of Cu/a-C:H bilayers is shown in the inset
of Fig. 9. The values of E; for these structures were estimated from
plot (ahv)1/2 versus hv curve by taking the asymptotic/ tangent of
curve to the X axis. The values of Eg for these multi-structures var-
ied between 1.35 and 1.7 eV. The structures having one, two and
three Cu/a-C:H bilayers have Eg of 1.35, 1.47 and 1.7 eV, respec-
tively, but a slight decrease in Eg was found, with a value of 1.6eV
for the structure having four Cu/a-C:H bilayers.
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Fig. 9. Transmission spectra of Cu/a-C:H multilayer structure containing one, two
and three Cu/a-C:H bilayers. The figure in inset shows the optical band gap variation
of these multilayer structure as a function of the number of Cu/a-C:H bilayers.

3.9. Dark conductivity (op)

Dark conductivity (op) measurements on the Cu/a-C:H multi-
layer structure were performed on coplanar structures. a-C:H is a
thermally conductive material in which conduction of charge carri-
ers depends on trigonal graphite like spZ phase, associated with 1 to
m* weak bonds, because it contain one free electron in its structure.
Generally a-C:H is considered to be insulating and its conductiv-
ity lies in the range of 10-12 to 108 Q-1 cm1, but in the present
investigation the conductivity in the multilayer structure varied
from 1079 to 104 Q-1 cm~1! in the temperature range 298-473 K.
It is expected that metallic Cu layers in the structure play a very
important role to enhance the value of op. As SEM micrographs con-
firm the nanostructured network in the multilayer structure, these
structures may also be responsible for enhancing the values of op.
It is evident from Fig. 10 that the multilayer structure having small
nano-agglomeration (confirmed by SEM and AFM) exhibited higher
value of op and vice versa. On increasing the number of Cu/a-C:H
bilayers in the multilayer structure, the number of interface lay-
ers (interface states) of the structure is also increased, which may
lead to decrease in conductivity values. The variation of tempera-
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Fig. 10. Variation of o versus inverse of temperature for as grown multilayer struc-
ture containing one, two, three and four Cu/a-C:H bilayers.

ture dependent conductivity, (if the conduction is by a thermally
activated process) is given by Eq. (4):

Op = 001 €Xp (%) + 002 €Xp ( kATE2> (4)
where op is the dark conductivity and og; and o, are conductivity
pre exponential factors, AE;and AE, are two activation energies,
k and T are the Boltzmann constant and the temperature, respec-
tively.

Fig. 10 shows that each of these structures has a transition tem-
perature at around 333 K, beyond which the slope of the variation
of conductivity with inverse temperature changes. One process is
dominant at higher temperatures and another process is domi-
nantatlower temperatures. Below 333 K, the activation energy AE,
appears to be dominant, and beyond 333K, the activation energy
AE; is dominant. The activation energy AE, for multilayer struc-
ture having one, two, three and four Cu/a-C:H bilayers was found
to be 0.55,0.27, 0.37 and 0.36 eV, respectively. However, values of
activation energy AE; were found to be comparatively higher 0.77,
0.74,0.71 and 0.75 eV, respectively.

4. Conclusions

A hybridized system, involving RF-PECVD and RF-Sputtering
techniques, operated at relatively high base pressure of
1x10-3Torr was used to grow novel nanostructured Cu/a-
C:H multilayer with the number of Cu/a-C:H bilayers varying
from one to four. These structures exhibited multiple properties.
The residual compressive stress of the multilayer structure was
reduced considerably below 1GPa. SEM and AFM micrographs
revealed nanostructured networks and low roughness values.
XPS, SIMS and EDAX spectra’s confirmed the presence of Cu in
the structure. By the estimation of sp3 and sp? fraction of carbon
from C 1s peak the multilayer structure were found to be of more
graphite-like. The multilayer structure showed visible PL spectra,
which were used to estimate the particle size. In spite of the
presence of Cu in the multilayer structure, the optical transparency
of these structures in the visible and near IR region was not
significantly affected. The values of E; were found to be in the
range of 1.35 to 1.7 eV for various Cu/a-C:H multilayer structure.
Temperature dependent transport improved due to the presence
of nanostructured network.

In conclusion, observed decrease in stress and improvement in
electrical and optical properties by employing Cu/a-C:H multilayer
structure grown at low base vacuum condition in a low cost system
could be useful for cost effective coatings not only for protecting
soft surfaces such as hard coating on cutting tools, hard and pro-
tective coating on solar cells, wear resistance coating on magnetic
storage media; but may also for electronic, optical and optoelec-
tronic applications.
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