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a INFM-Dipartimento di Fisica, Università di Milano, Via Celoria 16, I-20133 Milan, Italy
b INFM-Dipartimento di Ingegneria Nucleare, Politecnico di Milano, Piazza Leonardo da Vinci 32, I-20133 Milan, Italy

c Laboratorio Nazionale TASC-INFM, Padriciano 99, I-34012 Trieste, Italy

Received 30 July 1997; accepted for publication 3 October 1997

Abstract

The use of clusters as elemental building blocks can open new routes towards the creation of a new class of architectures and
nanostructures. We report the synthesis of nanocrystalline carbon thin films produced by depositing supersonic clusters. An optimized
version of a pulsed arc cluster ion source (PACIS) was utilized for the production of intense and stable ionized and neutral cluster
supersonic beams. Laser photoionization and mass spectrometric techniques have been used to characterize the source, the cluster
mass distribution and energy. A set of techniques was then applied to evaluate the structural and electronic properties of the thus-
grown nanocrystalline carbon films encompassing Raman and C 1s X-ray photoemission spectroscopies ( XPS). © 1998 Elsevier
Science B.V. All rights reserved.
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1. Introduction 2. Experimental

A schematic view of the deposition apparatus isIn recent years, the nanoscale materials synthesis
shown in Fig. 1. A clusters supersonic beam isusing clusters as building blocks has been a matter
produced by a modified version of a PACIS [3,4].of speculation, and a large number of methods for
A carbon plasma is generated by an electricalcluster production and assembling have been pro-
discharge produced between two graphite rods.posed, depending on the nature of the material
The plasma is mixed with a pulse of inert bufferand on the specific application required [1,2].
gas to favour thermalization and cluster aggrega-Here, we describe a high-efficiency PACIS
tion; the mixture is then expanded into vacuum.recently built along with a selection of spectro-
We have introduced several modifications com-scopic results relative to carbon-based nanocrystal-
pared to the original design, such as the introduc-line materials grown with it.
tion of a thermalization chamber [5], to overcome
the typical PACIS instability, fast electrodes deteri-
oration and clogging, and we have characterized* Corresponding author. Fax: (+39) 40 226767;

e-mail: sancrotti@sci.area.trieste.it the beams produced by different configurations.

0039-6028/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
PII: S0039-6028 ( 97 ) 01072-8



442 A. Libassi et al. / Surface Science 402–404 (1998) 441–444

Fig. 1. Schematic view (not to scale) of the experimental apparatus used for thin film deposition.

The characterization of the different cluster mass 3. Results and discussion
distribution and charge states in the beam has
been performed with a linear time-of-flight (TOF ) In Fig. 2, we show a mass spectrum of carbon

neutral clusters produced with source conditionsmass spectrometer [6 ]. Neutral clusters have been
ionized with the fourth harmonic (266 nm) of a used for films deposition. The mass distribution

peaks around 500 atoms per cluster, and the centerNd:YAG laser. Cluster fluxes have been charac-
terized with a quartz microbalance and with a of mass of the distribution is at 950. The center of

mass of the size distribution and the charge stateFaraday cup placed in the deposition chamber
after the first skimmer (see Fig. 1) are strongly influenced by the presence of the

thermalization cavity. The clusters residence timeCluster-assembled specimens were grown on
different substrates [Si(100) and poly-Cu] at room TR depends on parameters such as the pressure

reached in the cavity, its volume and the conduc-temperature at #1×10−7 mbar.
Unpolarized Raman spectra were recorded

ex-situ, at room temperature in backscattering
geometry, using an I.S.A. Jobin-Yvon triple-grat-
ing spectrometer with a liquid nitrogen-cooled
camera detection system. The spectral resolution
was about 3 cm−1, and the 514.5-nm line of an Ar
ion laser was used as excitation source; the power
on the sample was about 3 mW.

XPS has been carried out ex-situ in UHV (base
pressure#1×10−10 mbar), using Mg K

a
radiation

(hn=1253.6 eV ), utilizing a double-pass cylindri-
cal mirror analyzer for electron energy analysis.
The typical overall energy resolution value was
#1.2 eV. The specimens were analyzed after soft

Fig. 2. Mass distribution of carbon clusters used as precursors
Ar+ sputtering (Ep=1 keV ) for removing the con- of thin films. The TOF spectrum has been obtained by ionizing
taminants. The surface cleanliness was checked the clusters in the beam using the fourth harmonic (266 nm) of

a Nd:Yag laser (see text).by XPS.
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tance of the nozzle. In order to evaluate the real
mass distribution of the deposited clusters, its
evolution as a function of TR must be taken into
account. For a very large TR, clusters of several
thousands of carbon atoms contributed to the
mass spectra, without substantially changing the
position of the center of mass of size distribution.
The spectrum in Fig. 2 takes into account all the
spectra produced up to TR=15 ms after the
discharge.

The ions–clusters (cations) mass distribution is
different from that of neutrals: 0–1200 atoms per
cluster (mass distribution peaked at 350 atoms per
clusters) for ions, 0–2000 atoms per cluster (peaked
at 500 atoms per cluster) for neutrals. This is Fig. 3. Raman spectrum of a film deposited at room
probably due to a trade-off between cluster growth temperature.
and charge neutralization: the large cluster growth
requires long residence times inside the source, but
this also implies a greater chance of being neutral- ters). In our case, it is reasonable to expect a film

with a sp2 character, with the presence of deformedized. Our results suggest that the assumption fre-
quently made on the correspondence of neutral rings and only a small number of sp3 bonds.

The predominant sp2 character of the film isand ion cluster beam produced by the same source
must be always carefully verified [2]. confirmed by Raman spectra. The overall spectra,

and in particular the intensities and the shapes ofBy growth rate measurements, performed with
the quartz microbalance, the overall beam intensity G and D bands, are typical of sp2 bonds [7,9].

The low-frequency region is also characterized byis found to be in the range of 3×1014 and
2×1015 s−1 sr−1 particles, depending on the dis- features that can be attributed to disordered sp2

bonds, as reported for different types of carboncharge voltage. A fraction of about 10% of the
total average flux is due to anions, whereas cations [10]. The low-frequency region of sputtered a-C is

characterized by a broad peak at 760 cm−1, whichconstitute about 2%. Neutral cluster velocities are
in the range of 2000 m s−1, depending on the exit has been related to a peak in the graphite phonon

density of states [11].time. The typical kinetic energy of a medium-size
cluster is thus about 0.3 keV. The feature around 1180 cm−1 deserves particu-

lar attention since it has been suggested to beFig. 3 shows the Raman spectrum of a film
deposited at room temperature. In the low-fre- related to the sp3 content in a-C films [12]. Perez

and co-workers have deconvoluted the Ramanquency range, we observe a broad hump extending
from roughly 650 cm−1 up to 800 cm−1, peaking spectra in the 1000–2000 cm−1 range with three

Gaussians only [13], and they attributed theat about 740 cm−1. The region between 1000 and
1800 cm−1 presents two peaks at #1584 cm−1 1180 cm−1 peak to the presence of a microcrystal-

line or ‘‘amorphous’’ diamond phase originatedand #1363 cm−1, superimposed on a broad struc-
ture, which can be identified as the G peak of by the linking of very small cage-like clusters C28

[13]. In our samples, the presence of an amorphouscrystalline graphite arising from the zone-center
E2g mode, and the D peak assigned to an A1g diamond phase is unlikely since small cage-like

clusters are eventually produced and depositedzone-edge phonon activity by disorder due to the
finite crystalline size [7,8]. together with graphitic clusters, thus preventing

the formation of an sp3 network.We can assume that our clusters substantially
retain their individuality, due to the low-energy To confirm the predominant sp2 character and

in order to compute the sp2–sp3 concentration indeposition (<1 eV per atom for medium size clus-
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the possibility that our sample presents only an
sp2 character. Our results indicate that there is
11.3±9% of sp3 hybridization, i.e. the predomi-
nant configuration in this specimen is the sp2 one.
This is qualitatively in good agreement with the
expectations based on Raman spectroscopy.

4. Conclusions

In conclusion, we have deposited and charac-
terized nanocrystalline carbon thin films from
supersonic cluster beams.

Raman and XPS spectra show that the films are
essentially graphite-like with the presence of a high
number of distorted sp2 bonds. The granularity of
the films may have important consequences on the
electronic and mechanical properties of these
materials.
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