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Composites of amorphous carbon films and silver were deposited by co-sputtering, where the target (10 cm
diameter) was of pure graphite with small inclusion of pure silver (less than 1 cm2). The films were
deposited under different powers, from 40 to 250 W, and different target-substrate distances. The substrate
was earthed and rotated in order to obtain a uniform distribution of the silver content. The addition of the Ag
piece into the target increased the deposition rate of the carbon films, which could be related to the higher
sputter yield of the silver, but there seems to be also a contribution from a larger emission of secondary
electrons from the Ag that enhances the plasma and therefore the sputtering process becomes more efficient.
Scanning electron micrographs acquired using backscattered electrons showed that the silver was
segregated from the carbon matrix, forming nanoparticles or larger clusters as the power was increased.
The X-ray diffraction pattern showed that the silver was crystalline and the carbon matrix remained
amorphous, although for certain conditions a peak attributed to fullerene-like structures was obtained.
Finally, we used Raman spectroscopy to understand the bonding characteristics of the carbon–silver
composites, finding that there are variations in the D/G ratio, which can be correlated to the observed
structure and X-ray diffraction results.
l rights reserved.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Recently, a lot of interest has been given to metal-containing
amorphous carbon films as a way to control the stress and adhesion of
the films, as well due to their potential biomedical and optical
applications [1–4]. The addition of silver into carbon films has been
proposed for awide range of applications [2,5–7]. The addition ofmetals
(including silver) has been mainly investigated for hydrogenated
carbon films, where the metal introduction is by sputtering of a metal
target in hydrocarbon plasma [8,9] or by hybrid methods [10]. For non-
hydrogenated carbon samples, filtered cathodic arc [11], sputtering of a
metal target [12] and pulsed laser ablation [13] have been tried. Inmost
cases a self-assembled array ofmetallic nanoparticles within the carbon
matrixhas been reported, although in somecases substrate temperature
has been used to induce the diffusion and growth of the nanoparticles.
The purpose of the present paper was to determine the grade of control
that can be achieved from the sputtering of a multicomponent target
(graphite/silver) under argon atmosphere and the effect of different
power and substrate-target distances (ds− t) on the Ag content, the
particle size and distribution, as well on the microstructure of the com-
posite films.
2. Experimental details

The a-C:Ag composites were deposited by magnetron sputtering on
silicon substrates using a multicomponent target (4 in. in diameter)
consisting of pure graphite (99.99 at.%) and a pure silver piece of
approximately1 cm2attached to thegraphite race track, that corresponds
to approximately 2.7% in area. The substrate was rotated at constant
speed (80 rpm) in order to obtain a uniform distribution of the silver
particles. The base pressure in the chamber was 1×10−4Pa, the argon
fluxwas fixed at 10 sccm and the deposition pressure was 20 mTorr. The
deposition power, time and the ds− t were varied as indicated in Table 1.

In order to evaluate the variations induced by the silver incorpora-
tion in the microstructural and bonding characteristics of the com-
posite films different characterization techniques were used. The
thickness was measured using a DEKTAK IIA profilometer, and Ag
content and surface morphology were studied using a scanning
electron microscope (SEM; Cambridge-Leica 4400) with elemental
analysis facilities (EDS). Themicrostructure and grain size of the silver
nanoparticles was evaluated by parallel beam grazing angle X-ray
diffraction (Rigaku mod. 2200, CuKα radiation). Raman spectra were
obtained in the visible range (632.8 nm) using a Jobin-Yvon spec-
trometer (Micro-Raman HR-800 HJY).

3. Results

The growth conditions, thickness, deposition rates, Ag at.%, grain
size and Ag lattice parameter are summarized in Table 1, including
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Table 1
Variable deposition conditions: power and substrate-target distance (ds− t), deposition time (s), thickness (nm), Ag content, lattice parameter and grain size.

Sample name Power
(W)

ds– t
(mm)

Deposition rate
(nm/s)

Thickness
(nm)

Lattice parameter Ag
(nm)

Ag
(at.%)

Ag grain size
(nm)

a-C matrix a-C:Ag a-C matrix a-C:Ag Ag: 0.40862

40d1 40 40 0.043 0.12 77±0.45 220.5±2.5 0.41019 22.6 8.2
40d2 40 34 0.049 0.14 58.7±1.1 165.9 ±1.7 0.40915 17.3 4.7
40d3 40 28 0.08 0.17 48.7±1.3 100.6 ±4.7 0.40935 6 5.3
100d1 100 40 0.12 0.23 209.4±1.85 417.3±15 0.40878 29 22.2
100d2 100 34 0.14 0.3 164.3±3.5 358±2.4 0.40878 17.7 15.3
100d3 100 28 0.19 0.37 115.3±1.6 220.6±7 0.41005 9 30
250d1 250 40 0.32 0.35 579.8±4.7 638.8±6.6 0.40523 7.1 1.9
250d2 250 34 0.4 0.34 479.4±7.6 413.9±9.4 – 3.4 –

250d3 250 28 0.47 0.38 284.2±2.7 230.4±7.2 – 2.7 –
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information from the a-Cmatrix. As observed from the data, there is an
enhancement in the deposition rate for the a-C:Ag films in comparison
to the a-C matrix, and this enhancement is more notorious at low
power. The Ag at.% values were obtained from the EDS analysis, which
is not the more accurate elemental analysis technique for carbon-
Fig. 1. Backscattering electron images of the a-C:Ag samples for different powers and ds− t.
250d3 sample was reduced to show that Ag is not segregated as in the other samples.
based materials, therefore the values have to be considered as esti-
mates. The amount of silver was strongly reduced as the power was
increased, may be due to the deposition of carbon onto the silver piece
whenworking at very high powers. This leads to a decrease in both the
Ag at.% and the loss of the enhancement in the deposition rate.
(a) 40d3, (b) 100d3, (c) 250d3, (d) 40d2 and (e) 40d1. The magnification used for the
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Fig. 1 shows the SEM images of the samples deposited at different
powers and ds− t; using backscattering electron image it was possible
to observe the distribution of the Ag particles within the carbon
matrix. It might be seen that the smaller Ag particles were only
observed for the 40 W samples (Fig. 1a,d,e). The smallest particles
were observed for the distance d3 (=28 mm) where image analysis
indicated an average Ag particle size around 68 nm. As the distance
was increased, the Ag islands became larger but there is no obvious
explanation for this trend. For the 100 W samples, a larger surface
agglomeration of Ag was observed (Fig. 1b), leading to a nearly con-
tinuous Ag film for the 100d1 sample (image not shown). Meanwhile
Fig. 2.Un-normalized XRD spectra for all samples, showing signals from the amorphous
carbon matrix, the crystalline silver and fullerite.
at 250 W (Fig. 1c), the Ag content was so strongly reduced that even at
lowermagnification it was not possible to observe the Ag distribution.

Fig. 2 shows the XRD results, where the presence of crystalline
silver is clearly observed, except for two of the 250 W samples. The
signal from the amorphous carbon matrix is also distinguishable for
all samples, which is a clear indication of carbon clustering. Some
difractograms showed a thin peak that according to the JCPDS data
base (PDF # 49-1719 fullerite) could be assigned to some fullerene-
like structures in the samples, possible induced by the presence of
the silver particles. However, high resolution transmission electron
microscopy will be required to corroborate this assignment to a
fullerene-like carbon.

From the diffraction Ag peaks the lattice parameters of the silver
crystals were estimated, and the values are included in Table 1. The
lattice parameter of crystalline silver is 0.40862 nm, thus the devia-
tions were lower than 0.5 %, suggesting low level of stress. The
average grain size was estimated using the Scherrer equation from
the Ag (111) reflection and the values are also reported in Table 1. The
small grain size obtained from the XRD spectra (2–30 nm) does not
correlate with the size of the surface particles observed in the SEM
images (Fig. 1) where particle sizes are larger than 50 nm, suggesting
that these are really polycrystalline Ag particles or that in the
bulk, there are smaller silver particles. There are some experimental
evidences of surface segregation of Ag atoms into a-C films, which
lead to larger particles on the surface than in the bulk [14].

Fig. 3 shows the Raman spectra from the a-Cmatrix and the a-C:Ag
samples as a function of power for a fixed ds− t. It can be observed that
the Raman spectra exhibit the typical characteristic of amorphous
carbon films: a broad peak centered approximately 1550 cm−1 that is
usually fitted to two peaks at approximately 1560 cm−1 (G band) and
1360 cm−1 (D band). The G band represents the CC sp2 bonds and the
presence of the D band indicates the formation of aromatic rings/
clusters in the sp2 phase [15]. The I(D)/I(G) ratio reflects the size of
the aromatic clusters in disordered carbons [15]. These typical Raman
spectra were not observed for the samples with the highest Ag at.%
(100 W) since the signal was strongly absorbed by the metal. The
spectra were analyzed using a convolution of Lorentzian (D) and
Breit–Wigner–Fano (G) curves. For fixed power, the incorporation
of Ag resulted in the increase of the I(D)/I(G) ratio (Fig. 4a), the
narrowing of the G peak (Fig. 4b) and the position of G peak shifted
over a considerable range from 1560 to 1572 cm−1 (Fig. 4c). These
characteristics suggest the increase of clustering of the sp2 bonds in
the amorphous carbon matrix [15].
Fig. 3. Raman spectra for samples deposited at ds− t=28 mm. The spectra without
symbols correspond to the a-C matrix.



Fig. 4. Parameters obtained from the deconvolution of the Raman spectra that reflect
the bonding characteristics and structure of the films. Only the results from the samples
deposited at 40 W and 250 W are shown. (a) I(D)/I(G) ratio, (b) FWHM of the G peak,
(c) position of the G peak.
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4. Discussion

The sputtering yield of silver is more than ten times larger than for
carbon, and this ratio explained the relative high Ag silver concentra-
tions found under certain deposition conditions, but not directly the
difference in the deposition rates [16]. According to Depla et al. [17]
this might be a consequence of the difference in the ion-secondary
electron emission (ISEE) between the two materials, which deserves
deeper studies.
From the results of this study, we could say that depending on the
arrival ratio Ag/C and the Ag concentration, either Ag clusters
embedded in the a-C matrix or Ag surface layers can be achieved.
For medium Ag arrival rates, the Ag atoms are thermally accommo-
dated on the cold substrate, diffuse, and grow up to form islands. This
clustering is driven by the reduction of the surface energy of the silver
islands as they are covered by the amorphous carbon matrix [18] as
observed for the 40 W samples. As the Ag arrival rate increased
(100 W), the Ag islands coalesce forming an Ag nearly continuous
layer on the surface and the Ag crystalline size was larger. On the
other hand, for very low Ag arrival rate (250 W) the silver atoms
remained mostly isolated in the amorphous carbon matrix.

The Raman spectra of metal-containing amorphous carbon films
have been studied for different metals and inmost cases an increase in
the I(D)/I(G) ratio has been reported [11,19]. This increment in
conjunction with the shift of the G peak to higher wave numbers and
the narrowing of the G peak, suggested ordering of the sp2 phase into
a more graphitic structure. Metal-induced graphitization has been
reported for different metals [20–22]. Thus, the trends observed in
Fig. 4 and the presence of the fullerene-like peak in the XRD spectra
might indicate the formation of ordered sp2 nanostructures within the
amorphous carbon matrix induced by the silver, as a catalyst.

5. Conclusions

Nanocomposite films made of Ag nanoparticles embedded in a
carbon matrix were deposited by co-sputtering of a multicomponent
target. The ideal nanostructure consisting of Ag crystalline clusters
uniformly distributed in the amorphous carbon matrix was obtained
working at low deposition power (40 W) and short target-substrate
distance (28 mm). Correlations between the deposition rate, Ag at.%
and the XRD reflections indicated different regimes for Ag nanopar-
ticle growth, which are mainly dependent on the Ag/C arrival ratio,
which is not easily controlled under the co-sputtering from a single
target. Clustering or graphitization of the sp2 phase induced by the
addition of silver was observed and it might explain the observation of
a fullerene-like signal in the XRD spectra.
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