
ISSN 1063�7826, Semiconductors, 2010, Vol. 44, No. 8, pp. 1074–1079. © Pleiades Publishing, Ltd., 2010.
Original Russian Text © A.D. Remenyuk, T.K. Zvonareva, I.T. Serenkov, V.I. Sakharov, T.S. Perova, J. Wasyluk, 2010, published in Fizika i Tekhnika Poluprovodnikov, 2010,
Vol. 44, No. 8, pp. 1108–1113.

1074

1. INTRODUCTION

Amorphous carbon (α�C) has long attracted
researchers’ attention as a multipurpose material for
various coatings. Recently, steadily increasing interest
has been aroused by its use as a host for metal–carbon
composites. In different times, the role of metal addi�
tive has been played by gold [1], titanium [2, 3], chro�
mium [4], iron [5], cobalt [6], copper [7], and a num�
ber of other metals. All these metals modify the amor�
phous carbon matrix and thereby create metallic
clusters, rather than becoming a substitution impurity.
The properties of these nanoclusters and their effect
on the manner in which the amorphous carbon matrix
is modified depend on the nature of the modifying
metal. Platinum is of particular interest as a modifier
because of its being a known catalyst for numerous
chemical processes [8]. The carbon film can serve as a
support for such a nanocatalyst. Another important
specific feature of platinum is its full chemical neutral�
ity toward the material of the carbon matrix.

In our previous study [9], we examined an admix�
ture�free amorphous carbon and α�C modified with
platinum by means of ellipsometry, IR absorption
spectroscopy, and Raman spectroscopy. It was demon�
strated that platinum clusters are incorporated into the
system of graphene planes of amorphous carbon. As
also in the case of modification of amorphous carbon
with cobalt and copper [10, 11], modification with
platinum changes the size of chainlike and ringlike
graphite structures. Estimating calculations of the size
of graphene clusters for unmodified amorphous car�
bon and that containing platinum in amounts compa�
rable with the content of carbon [9] demonstrate that,

with the amounts of platinum we introduced, the
structure of the carbon matrix changes only slightly.

The goal of this study was to subject layers of amor�
phous carbon modified with platinum (α�C–Pt) by
magnetron co�sputtering of carbon and platinum to a
joint analysis by Raman spectroscopy and Rutherford
backscattering of protons. This communication con�
tinues a series of articles concerned with the interac�
tion of metallic inclusions with the amorphous carbon
matrix [9–12].

2. EXPERIMENTAL

2.1. Sample Fabrication Technique

Amorphous carbon α�C layers had the form of thin
films transparent in the visible spectral range. The
films were deposited by dc magnetron sputtering of a
graphite target in the atmosphere of argon onto single�
crystal silicon substrates. This was done using an
O1NI�7�006 Oratoriya 5 industrial installation. The
sample fabrication procedure was described in more
detail in [13].

To introduce platinum into amorphous carbon,
i.e., to produce an α�C–Pt composite, we used
cosputtering of graphite and platinum also onto
Si (111) substrates. The amount of platinum intro�
duced into carbon films was varied by changing the
area of the platinum target. The sputtering duration
also affects the platinum content of the films because
of the different sputtering rates of carbon and plati�
num [14]. The film thickness was measured with an
MII�4 interference microscope. The results of these
measurements are listed in Table 1. They are close to
those calculated in [15], where results of ellipsometric
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measurements of the thickness of thin samples were
reported.

2.2. Determination of the Platinum Content of α�C–Pt

The content of platinum was determined by the
medium energy ion scattering (MEIS) method, which
is a variety of the widely known Rutherford backscat�
tering technique. In the experiment, we measured
energy spectra of H+ ions with an initial energy of
242 keV scattered to an angle of 120°. The spectra
were measured in an unoriented (“random”) mode,
with the direction of the primary beam of H+ ions con�
stituting an angle of 7° with the (111) direction of the
single�crystal silicon of the substrate. In some cases,
mostly for films with a small amount of platinum,
spectra were also measured in the oriented (chan�
neled) mode, in which the direction of the primary
H+ beam coincided with the (111) direction of the
substrate. In this case, the suppression of the flux of
ions scattered by the substrate makes it possible to
more precisely distinguish the signals determined by
the scattering of H+ ions at “light” atoms of the film:
C, N, and O. According to estimation, the fraction of
carbon matrix atoms displaced from the equilibrium
position upon collisions with protons having the
energy used in the experiment is less than 0.3%. Infor�
mation about the composition of a film was obtained
by fitting a film model, including its composition and
thickness to the experimental spectrum (MEIS) [16].

2.3. Analysis of Raman Spectra

Raman spectra of α�C–Pt samples were measured
at room temperature in the backscattering configura�
tion with a RENISHAW 1000 micro�Raman system
equipped with a CCD detector and a Leica micro�
scope. All the measurements were performed using a
grating with 1800 lines per millimeter, which provided
a spectral resolution of ~1 cm–1. A He–Ne laser
(633 nm, 10 mW) served as the excitation source. The
measurements were carried out over 30 s with five
accumulations in the frequency range 450–1900 cm–1.
The laser beam was focused onto the sample surface
with a 50 × short�focal�length lens.

3. EXPERIMENTAL RESULTS

3.1. Rutherford Backscattering

Figure 1 shows an energy spectrum of backscat�
tered H+ ions, measured for sample 3 with a spherical
electrostatic energy analyzer (ESA) having a high
energy resolution and, accordingly, good depth resolu�
tion. Under the conditions used (H+ ions, initial
energy 242 keV, scattering angle 120°), the depth res�
olution for surface layers of the film is ~2 nm.

Information on the parameters of the film was
obtained by comparing its experimentally measured

spectrum with that produced by simulation (circles
and solid curve in Fig. 1, respectively). The part of the
spectrum in the energy range 240–210 keV corre�
sponds to H+ ions scattered by platinum atoms, and
that with energies of 200 keV and lower, to the silicon
substrate. In the range 200–170 keV, the signal from
the light components of the film, C, N, and O, is
superimposed on the signal from the substrate.

The amount of platinum found in the simulation
was 4.2 × 1016 at cm–2; that of carbon, 2.5 × 1017 at cm–2;
and the total amount of nitrogen and oxygen atoms,
1.7 × 1017 at cm–2. The amount of platinum is deter�
mined with the highest accuracy (error not exceeding
5%). The error in determining the amount of carbon
atoms is substantially larger: 30% according to our esti�
mate. The “flat top” of the Pt peak points to a constant
concentration of platinum across the film thickness.

Using data on the geometric thickness of a film as
the distance between the film and substrate surfaces,

Table 1. Parameters of the samples under study

Sample
no.

Thickness,
nm

Volume concentra�
tion of platinum, 

1022 at cm–3

1 40 0

2 130 1.09

3 90 0.47

4 110 0.97

5 60 1.2

6 70 2.06

7 20 2.0
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Fig. 1. Experimental (circles) and simulated (solid curve)
spectra of H+ ions with an initial energy of 242 keV scat�
tered to an angle of 120° from sample 3.
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found by interference measurements, we can deter�
mine the volume concentration of platinum atoms in
the film. Table 1 lists platinum concentrations in the
films studied, according to MEIS data.

Some of the samples contain, in addition to plati�
num, also hydrogen, oxygen, and nitrogen. Presum�

ably, these elements were introduced into the films in
the course of magnetron sputtering via ionization of
residual gas molecules in the vacuum chamber.

3.2. Raman Scattering

Figure 2a shows Raman spectra of amorphous car�
bon for sample 1, which contains no platinum, and
sample 4, modified with platinum. Figure 2b shows an
experimental spectrum and its decomposition into two
constituent bands by using a mixture of Gaussian and
Lorentzian functions for the platinum�containing
sample 3. The spectra are typical of α�C [11, 7] and
contain two known bands: G band (graphitic) peaked
at 1560–1600 cm–1, and D band (disordered) peaked
at 1350–1420 cm–1, which are related to sp2 carbon
bonds. In the platinum�free sample, the D band is
noticeably weaker than the G band and only makes the
spectrum asymmetric, being a shoulder of the G band.
The G band is due to stretching vibrations of the sp2

bonds in carbon rings and chains, and the D band is
associated with breathing modes in carbon rings
[11, 18, 19]. The D band is due to violation of the
selection rules for the wave vector in phonon transi�
tions in the case of small graphene crystallites in the
presence of some structure�disturbing factors, e.g.,
foreign inclusions.

Table 2 lists peak frequencies and full widths at
half�maximum (FWHM) for the D and G bands and
the ratio of the peak band intensities. The peak posi�
tions of the bands were found by fitting a combination
of Gaussian and Lorentzian functions to an experi�
mental Raman spectrum. It can be seen from Table 2
and Fig. 3 that the peak frequency of the D band
increases with concentration at low platinum concen�
trations and weakly depends on the platinum content
as it increases further within the entire range under
study. The peak frequency of the G band weakly
decreases as the content of platinum grows (Fig. 3), in
contrast to the results of [11] for copper and cobalt.
The FWHM of the D and G bands also somewhat
decreases with increasing platinum content (Fig. 4),
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Fig. 2. (a) Raman spectra of platinum�free sample 1 and
sample 4 with a platinum concentration of 0.97 × 1022 at cm–3.
(b) Raman spectrum of sample 3 with a platinum concen�
tration of 0.47 × 1022 at cm–3. (1) Experiment and
(2) Gaussian approximations.

Table 2. Platinum concentration N, peak positions of D and G (ΩD and ΩG), FWHM of D and G bands (WD and WG), inten�
sity ratio of D and G bands (ID/IG), and average size of graphene clusters (La) for the samples under study

Sample
no.

N, 1022

at cm–3 ΩD, cm–1 WD, cm–1
ΩG, cm–1 WG, cm–1 ID/IG La, Å

1 0 1350 425 1605 319 0.98 13.3

2 1.09 1412.5 350 1574.4 124 1.47 16.3

3 0.47 1402 387 1564 133 1.84 18.2

4 0.97 1400 349 1572 128 1.46 16.2

5 1.2 1416 346 1568 136 1.63 17.2

6 2.06 1420 302 1588 151 1.37 15.8

7 2.0 1399 277 1574 159 1.14 14.3
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which points to a higher degree of graphitization of the
Pt�containing films, compared with those composed
of pure α�C [20]. The weak dependence of the peak
positions of the D and G bands on the platinum con�
tent confirms the opinion that platinum does not give
rise to new chemical bonds in the amorphous carbon
matrix and weakly affects its structure, with only a
charge redistribution caused in graphene clusters,
similarly to the case of copper and other metals [3, 5,
6, 10, 21].

The intensity ratio of the D and G bands, ID/IG,
shows a nonmonotonic dependence on the platinum
content. At low platinum concentrations, ID/IG
sharply increases, compared with samples containing
no platinum and, as the platinum concentration
increases further, varies only slightly (Fig. 5). It may be
that, at Pt concentrations corresponding to the maxi�
mum in Fig. 5, the nature of interaction between plat�
inum atoms and graphene clusters changes and plati�
num clusters start to be formed in the graphene matrix.

Table 2 also lists sizes of graphene clusters calcu�
lated in accordance with [9, 17, 25]. On the assump�
tion that graphene clusters have small sizes, we have

(1)

Here, La is the cluster size and γ = 5.5 × 10–3 Å2 at the
excitation wavelength of 515.5 nm, the value obtained
by matching at 20 Å formula (1) with the empirical
formula

(2)

which is valid when passing from nanographites to a
disordered system.

It should be noted that, as can be seen in Figs. 3–5,
a wide scatter of points is observed in the dependences

ID/IG γLa
2
.=

ID/IG 44/La 22[ ],=

of the ID/IG ratio, band peak frequency, and FWHM of
the bands on the platinum content of a sample.
Because the precision of Raman and Rutherford back�
scattering measurements is fairly high and the values
obtained are rather well reproduced in repeated mea�
surements, this scatter is not accidental and reflects
the diversity of sample properties, despite the mea�
sures taken to well reproduce the film deposition con�
ditions. In particular, a specific property of α�C is the
ambivalence allowing simultaneous existence of
phases with sp3, sp2, and sp1 hybridizations, which
correspond to the following crystalline allotropic
modifications: diamond, graphite, and carbine.
Therefore, minor differences between samples may
consist in differences not only in the platinum con�
tent, but also in relative amounts of sp3, sp2, and
sp1 bonds. In addition, the results of previous IR

~~
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Fig. 3. Peak positions of D and G bands vs. the platinum
content of a film.
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Fig. 4. FWHM of D and G bands vs. the platinum content
of an amorphous carbon film.
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Fig. 5. ID/IG ratio vs. the platinum content in the film.
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absorption studies [9] demonstrate that spectra of
amorphous carbon films contain bands associated
with C–O, C=O, O–H, C–H, and, possibly, single,
double, and triple C–N bonds. According to Ruther�
ford backscattering data, the films under study also
contain nitrogen inclusions. It has been reported pre�
viously [19] that presence of nitrogen in an amorphous
carbon film hardly affects the Raman spectrum, but
gives rise to new active absorption bands in the same
spectral range. However, subsequent studies demon�
strated [23] that presence of nitrogen rather strongly
affects the Raman spectrum of amorphous carbon and
the ID/IG ratio varies with the platinum content in the
same direction as does the dependence of this quantity
on the Pt content. Therefore, the ID/IG ratio contains
for some samples, especially for samples 1 and 3, a
contribution associated with the presence of nitrogen
and may be somewhat overstated. Samples 1 and 7 also
contain hydrogen, which leads, according to [21, 24],
to an increase in the fraction of sp2 bonds in the struc�
ture of the amorphous carbon film. However, the gen�
eral tendency of variation of the ID/IG ratio, FWHM, and
peak frequencies of the D and G bands with the platinum
concentration is not affected by these differences.

The question of how the simultaneous presence of
various metallic and other incorporated elements
affects the Raman spectrum of amorphous carbon
requires further, more detailed analysis.

4. CONCLUSIONS

Raman spectra of films of amorphous carbon mod�
ified with platinum in amounts from zero to that com�
parable with the carbon content were studied. The
platinum content of the films was determined by the
Rutherford backscattering method. It was found that
the ID/IG ratio grows with increasing Pt/C at small
platinum concentrations and the full width at half�
maximum of the G band decreases. Thus, it was
demonstrated that, as the platinum concentration
increases to ~0.5 × 1022 cm–3, graphene clusters grow
in size. As the platinum concentration is raised further,
their size decreases. A comparison of the Raman spec�
tra for platinum�free and platinum�containing sam�
ples confirmed that the presence of platinum in the
amorphous carbon matrix leads to an increase in the
fraction of the sp2 phase in the matrix, in agreement
with the results of [21, 24].
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