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Abstract. Nanostructured carbon thin films have been grown by deposition of cluster beams produced by
a supersonic expansion. Due to separation effects typical of supersonic beams, films with different nanostructures can be grown by the simple intercepting of different regions of the cluster beam with a substrate. Films
show a low-density porous structure, which has been characterized by Raman and Brillouin spectroscopy.
Film morphology suggests that growth processes are similar to those occurring in a ballistic deposition
regime.
PACS. 81.15.Hi Molecular, atomic, ion, and chemical beam epitaxy – 81.05.Tp Fullerence and related materials; diamonds, graphite – 81.05.Ys Nanophase materials

1 Introduction
The physico-chemical properties of carbon thin films are
influenced by a series of features, i.e., the coexistence of
different atomic coordination, the degree of crystallinity,
texture, voids, surface roughness, etc. High-density sp3
films show outstanding mechanical properties [1]. On the
other hand, sp2 films with high roughness and porosity
are interesting for catalysis and electrochemistry [2]. Film
morphology and structure are determined by growth processes, where critical lengths range from nanometer up to
micrometer scales. The understanding and control of these
processes could help one in finding new synthetic routes
and in making progress towards a unified description of
the astonishingly large variety of carbon allotropes and
carbon-based solids.
Different synthetic strategies are adopted, depending
on which properties one wants to enhance in the film.
Atom-by-atom growth is used for the production of highdensity films with good mechanical properties and small
surface roughness [3], whereas chemical routes based on
polymeric precursors are used to produce porous forms of
carbons [2]. These latter techniques are not particularly
suitable for the production of thin films.
The use of carbon clusters as building blocks for carbon films has opened up new perspectives for the synthesis of films with improved mechanical properties [4]. On
the other hand, it has been shown that low-energy cara
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bon cluster beam deposition can be used for the synthesis of nanostructured films characterized by a low-density
structure reminiscent of the precursor clusters [5, 6]. This
new material, which we can call nanostructured carbon
(ns-C), shows properties interesting for electronic applications, such as field emission devices [7].
A systematic characterization of the structural and
functional properties of ns-C is only the beginning, and
in particular the influence of the cluster mass distribution
and structure on the final properties of the film is still to be
investigated. To accomplish this task, it is very important
to have a well-characterized cluster beam and to use characterization techniques sensitive to different length scales
in order to discriminate between different contributions
coming from different atomic coordinations, single-cluster
structures and cluster–cluster interactions.
Here we will show that the use of supersonic beams provide unique opportunities for ns-C film deposition in terms
of deposition rates and the control of cluster size distributions. We report here a characterization of the structural
and mechanical properties of ns-C showing that the films
retain a memory of the precursor clusters. The morphology
of the films is also reminiscent of the low-energy deposition
regime. Features observed on a mesoscopic scale suggest
a ballistic deposition regime of growth.

2 Experimental setup
The experimental apparatus for nanostructured thin film
deposition consists of three differentially evacuated chambers and operates in the high vacuum regime. The first
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Fig. 1. Schematic representation of the pulsed cluster source placed in front of the skimmer of the first chamber. By properly adjusting the source-skimmer distance and the chamber background pressure, a detached shock is produced. Because of their lower
inertia, light particles are diverted from the center beam, while the heavy ones follow straight-line trajectories.

one, a ∅ 250 mm stainless steel cylindrical vessel, hosts the
cluster source and is evacuated by a 2000 l/s oil diffusion
pump in order that an average pressure in the range of
1–3 × 10−5 torr may be maintained, despite the high gas
load necessary for optimum source operation. Base pressure in the source chamber is typically 1 × 10−7 torr. The
second chamber is equipped with a sample holder which
can intersect with the supersonic beam and a quartz microbalance for beam intensity monitoring; it can alternatively host a beam-chopper and a fast ionization gauge for
time-of-flight measurements of the velocity distribution of
particles in the beam. The deposition chamber is evacuated by an oil diffusion pump at a background pressure of
typically 1 × 10−7 torr. The third chamber hosts a TimeOf-Flight Mass Spectrometer (TOF/MS). The TOF/MS
is a short linear one performing second-order space focusing [8], and is placed collinear to the beam axis in order
that the best transmission on the full mass range covered by the electron multiplier ion detector [9] may be
achieved. The detector of the TOF/MS, being sensitive
to high-speed neutral clusters as well, can also be used in
conjunction with a beam chopper for time of flight characterization [10].
Our cluster source is a modified version of the PACIS
source [11], and it works vaporizing the material used
for cluster production with a pulsed electrical discharge.
A schematic cross section of the source is sketched in
Fig. 1. Two electrodes of the material to be vaporized
(graphite in this case) face each other in a small cavity
inside the ceramic body of the source. A pulsed valve injects some inert gas inside the cavity so that an electrical discharge can take place between the two electrodes.
The discharge, driven by high voltage (between 500 and
1500 V), is very intense (∼ 1000 A), lasting a few tens of
microseconds, and produces the ablation of the cathodic
material. This is quenched by inert gas and condenses in
clusters, which are carried out of the source in a seeded
supersonic expansion [12]. With a proper design of the
source nozzle, high-intensity, well-collimated cluster beams
can be produced, and deposition rates up to 5 nm/s on
the beam axis can be obtained. Moreover, if the nozzleskimmer or interference is exploited to produce separation effects (Fig. 1), films with different mass distribu-

tion of the precursor clusters can be deposited (see below) [13].
From a schematic point of view, we can say that our
source has many characteristics typical of gas aggregation
sources, and that, because of this, it is intense and stable. On the other hand, it can produce a pulsed supersonic beam which is particularly attractive for thin film
deposition.

3 Cluster beam characterization,
manipulation and film deposition
With typical discharge conditions, we obtain a log-normal
cluster mass distribution in the range of 0 − 1500 atoms/
clusters, with a maximum peaked at around 400 atoms/
cluster and an average size at about 950 atoms/cluster.
During operation, the source body reaches a temperature of ≈ 400 K. Stagnation temperature of the carrier
gas is, however, a function of time, evolving very rapidly
down to ≈ 100 K as expansion takes place and the source
gets empty. The velocity of the carrier gas is thus about
2000 m/s at the time the first clusters come out of the nozzle, but slows down to ≈ 1000 m/s at the tail of the cluster
pulse. A velocity slip of the clusters with respect to the carrier gas is also present but becomes of some relevance only
for clusters exiting late from the source, when the stagnation pressure is reduced.
From these time of flight measurements, we see that the
kinetic energy of the clusters is lower than 0.2 eV/Atom,
well below the binding energy of carbons in the cluster. At
cluster impact on the surface, there is thus no substantial
fragmentation of the aggregates, and deposited films may
keep memory of the structure the clusters had in the gas
phase [6].
Several approaches have been proposed for controlling
the cluster mass distribution. The local pressure where the
target vaporization takes place and the residence time of
the clusters in the source strongly affect the cluster size
distribution. Unfortunately, a change of these parameters
often corresponds to an instability of the source. In gas aggregation sources and in particular for pulsed sources with
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Fig. 2. Cluster mass distributions obtained from a pulsed
plasma source with different nozzle diameters. The distributions are obtained by the averaging for all different residence
times of the clusters inside the source.

aggregation chambers, the residence time can be varied if
the nozzle diameter, and thus the time necessary for emptying the source, is changed. Cluster mass distributions
produced with our source with different nozzle diameters
are shown in Fig. 2. The center of the mass distribution
moves toward higher masses when the nozzle diameter is
reduced. This can be explained by the fact that clusters
experience a longer residence time, hence there are more
collisions inside the aggregation chamber. The use of different nozzles does not allow a fine control over the mass
distribution, and in our case, only an enrichment of very
large clusters is observed. A possible way to circumvent
this problem is a radical change in source dimensions, but
this will work only for the production of large clusters [14].
The conditions for the production of small clusters are at
odds with high intensities and stability.
Cluster separation can be also obtained in the beam.
Usually this method is applied on charged clusters using
electromagnetic selectors, such as quadrupoles or Wien filters [15, 16]. Although beams that are monochromatic in
mass can be obtained, the beam intensity is so low that
their use for thin film deposition is impractical.
By taking advantage of the separation effects attainable
in supersonic expansions, the mass distribution of neutral
clusters can be efficiently controlled. Since the pioneering work on supersonic jets [17, 18], it has been recognized
that if species with different weights are present in the gas
to be expanded, the heavier constituents become concentrated along the core of the beam. Different mechanisms
have been proposed to account for these effects. Reis and
Fenn [17] have shown that one can obtain mass separation
by exploiting the interaction of the beam with the shock
wave detached from the skimmer (see Fig. 1). In particular,
because of the species’ different inertia, the light species
follow diverging streamlines after the shock front, whereas
the heavy species are not diverted, and can follow straight
trajectories through the skimmer. Because of this effect,
large clusters are concentrated in the central portion of the
beam, whereas the lighter ones are at the periphery.
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In our apparatus, due to the long gas pulse exiting from
the source with a condensation cavity, (i.e., the high duty
cycle of the source), the source-skimmer distance Dsk and
the gas pressure in the first chamber are important parameters to be controlled. Depending upon Dsk , a shock wave
can be produced in front of the skimmer, causing mass separation effects and affecting the final characteristics of the
beam.
Selecting a portion of the beam with a skimmer, circular films with a radius of 1 cm and uniform thickness can be
deposited in the second chamber of the apparatus. Intersecting the beam in the first chamber films with an area of
several cm2 , one can prepare a film with a thickness which
is uniform on a scale considerably larger than that of the
experimental probes used for characterization.
In analogy with aerosol apparatus, where inertial effects are used for separation of particles [19], we have used
separation effects to deposit thin films by intersecting different regions of the beam spot with a substrate (Fig. 1).
Since clusters maintain, at least partially, their original
structure [5, 13], the films should be reminiscent of the
precursor clusters and present different coordinations and
local order.

4 Film growth and morphology
It is well known that the morphology of thin films show,
regardless of the material, universal characteristics [20].
These ubiquitous features, consisting of arrays of columnar
and conical structures, are correlated with low adatom mobility. Since deposition is usually performed on substrates
kept at temperatures considerably lower than the melting
point of the deposited material, a regime where the impinging particles have a low mobility is common.
The general occurrence of morphological similarities,
not only between different materials but also on different length scales, as the growth takes place, suggests that
a nonspecific mechanism is responsible for the observed
morphologies, and that formation, growth, and dynamics
of film surfaces can be described in terms of scaling relations and universality classes [20]. Different growth mechanisms have been proposed, such as random and ballistic
deposition, the critical ingredient for all the models being
surface diffusion.
Cluster beam deposition allows one to investigate how
the precursor particle dimensions affect thin film morphologies and, more generally, whether there is any influence
of the particle dimensions on the scaling parameters.
The film growth mechanisms with cluster beam deposition has been studied for the very initial stages at submonolayer coverages [21, 22]. No systematic characterization of the further stages of growth have been undertaken
so far. The evolution of film structure and of film surface roughness is of particular interest for thick films, since
these parameters evolve with thickness in a way that is not
yet clear.
In Fig. 3, the surface, and a section of cluster-assembled
carbon films are shown. In Fig. 3a, the surface of a thin
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Fig. 4. TEM micrograph showing closed graphitic particles
and graphene sheets dispersed among amorphous material.

5 Structural and mechanical properties

Fig. 3. SEM micrographs of the surface and of the section
of ns-C films. (a) Surface of a film with ≤ 1 µm thickness.
(b) Surface of a 15 µm thick film. (c) Section of a thick film
showing conical and nodular structures. Different morphologies
observed with this scale of magnification are due to different
film thicknesses.

film (≤ 1 µm) is fairly flat at this scale of magnification,
whereas, at the same scale, a film 15 µm thick shows a disordered and highly corrugated structure (Fig. 3b). The
roughness evolution, characterized with scanning electron
microscopy and atomic force microscopy, indicates that
the surface may be self-affine. The film section reported in
Fig. 3c shows conical and nodular features typical of a lowmobility deposition regime [23].
Cones and spherical nodules develop as the film grows.
At higher magnification, the cones are composed by dendritic structures (not shown). The large number of these
defects indicates that the mobility of the clusters is very
low. However, the role of the deposition rate must also be
decoupled and separately studied.

The nanostructure of an ns-C film is shown in Fig. 4. The
TEM picture shows the presence of closed graphitic particles and graphene sheets in analogy to what was reported
in [4].
In order to characterize the films deposited with different portions of the supersonic beam, we have performed
Raman spectroscopy studies, which are sensitive to the
carbon coordination and degree of crystallinity on a nanometric scale (Fig. 5). The top spectrum in Fig. 5 is taken
on a region rich in small clusters (periphery of the beam).
The shape and the shift of the peak (G band) are typical
of a highly disordered carbon [24]. The D peak is present
as a broad shoulder on the left of the G band. The peak at
2150 cm−1 is quite unusual for disordered carbon produced
by the deposition of carbon atoms or ions, and it can be attributed to the presence of carbon chains characterized by
sp acetylenic bonding [25].
Going from the top to the bottom spectrum in Fig. 5,
one can follow the evolution from an amorphous to a disordered graphitic structure by shifting from the periphery
of the beam towards the central region (large clusters).
This evolution is confirmed by a hardening of the G peak,
the appearance of a well-defined D band, and by the narrowing of the two Raman lines. All these parameters are
in agreement with a more pronounced graphitic ordering of
the sample [24].
The spectra are typical of a disordered carbon, with
a high degree of sp2 coordination. The spectral features
relative to broadened and highly overlapping G and D
bands suggest that the phonon density of states is different from that of graphite because of the presence of
different types of disorder (bond angle and length defects, which yield different coordination with respect to
graphitic sp2 ). The degree of disorder is such that even
in the region with large clusters, the Tuinstra–Koenig relationship is not valid [24]. Preliminary TEM investigation suggests that the nanostructure of the film depends
on the size of the precursor clusters. A correlation with
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Surface Brillouin scattering probes surface acoustic
phonons with a wavelength of several hundreds of nanometers. If the surface roughness or domains have typical
dimensions comparable to this value, the medium cannot
be considered as a continuum for acoustic excitations, and
localization phenomena can take place. One can observe
this in the evolution of our film by increasing the thickness
and thus the roughness. Thin films (≤ 200 nm) show defined surface Brillouin peaks, whereas thicker films show
a broadening and a disappearance of these peaks, together
with the appearance of a strong central peak.

6 Summary
The present experiments show that supersonic cluster
beams are a promising tool for the synthesis of nanostructured thin films. Carbon films have been prepared
by depositing high-intensity beams produced by a pulsed
discharge source. Separation effects typical of supersonic
beams have been used to control the cluster mass distribution in the beam and to deposit films with different
nanostructures, as confirmed by Raman spectroscopy. The
films are characterized by low-density and mechanical
properties similar to those of a graphitic material. The
morphology of the films indicates that growth processes
are affected by the very low mobility of clusters after deposition. Surfaces may have a self-affine character, the
dependence of surface evolution from the precursor clusters is under investigation.

Fig. 5. First order Raman spectra of films deposited with different portions of the cluster beam. Going from the bottom
(internal part of the beam i.e. large clusters) to the top spectrum (external part of the beam, i.e. small clusters) one can
see the evolution from a disordered graphitic structure to an
amorphous one. The peak around 2150 cm−1 can be related to
sp bonds.

the trend observed with Raman spectroscopy is under
investigation.
A ns-C film mass density of 1.1 g/cm3 has been evaluated by optical ellipsometry [6] and by X-ray reflectivity
measurements. The mechanical properties of this kind of
soft material cannot be determined by nanoindentation
methods, due to the large surface roughness related to the
nanostructure of the films.
Brillouin scattering can be used to characterize the
elastic properties of thin films. We have recently demonstrated that this technique can be also used in the case
of rough and granular films [26]. The adiabatic effective
bulk and shear moduli of cluster-assembled carbon films
have been determined. The value of shear modulus, of the
order of 4 GPa, compares with the C44 elastic constant
of hexagonal crystalline graphite (2 ≈ 4 GPa), at a length
scale of several hundreds of nanometers. The bulk modulus
of ≈ 3.7 GPa differs significantly from that of crystalline
graphite (∼ 35 GPa).
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