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future generation of small electronic devices. The recentA kind of revolution in carbon science and technology
discovery of carbon nanotubes has opened new perspec-has occurred over the last 20 years or so in the use of
tives in microelectronics and the search for new possiblevarious carbon materials which has spread into several
technological applications is being fruitfully investigated.technological developments, such as carbon fibers,

Here we report on the application of the Lina-SparkEdiamond-like materials and others. From a fundamental
point of view, carbon has indeed generated a wealth of atomizer, LSA, to the formation of new carbon structures,
basic research, both experimental and theoretical, due to the so-called carbon nanocurls. Recent experiments have
the discovery of several new structures such as fullerenes, shown that LSA is a suitable method for preparing
nanotubes and related structures. For recent reviews, see particular three-dimensional thin films with interconnected
Refs. [1,2]. Carbon materials with nanometre-scale struc- particles forming a web-like structure that have at least
ture have shown promising use as building blocks for the 95% porosity [3]. We thus expect that the atomization of

carbon material can provide such unusual microstructures.
* The experimental LSA set-up is shown in Fig. 1.Corresponding author. Tel.: 141-21-693-4908; fax: 141-21-

693-3089. Briefly, it consists of a pulsed Nd-YAG laser, 1.06 mm,
E-mail address: raymond.houriet@epfl.ch (R. Houriet). which is focused on the target material. The lens mount is
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Fig. 1. Laser spark atomizer, LSA, experimental layout.

Fig. 2. SEM micrograph of a carbon film formed by LSA. These coatings consist of nanoparticulate materials piled up in a tridimensional
mesoporous network forming a web-like structure.
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Fig. 3. HRTEM micrographs of the carbon film formed by LSA showing the particulate appearance of the web (a), tangled, curled tubules
and globules of the web (b), nanocurls at high magnification (c), and some special nanocrystalline regions of the web (d).
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moved so that the laser beam describes a circle on the
target, thus avoiding the formation of a crater. The
experiment runs under atmospheric pressure of argon with
a flow rate around 1 l /min. The evaporation of material
occurs from local heating due to the formation of a
microplasma. Downstream, the evolved particles eventual-
ly condense, agglomerate and solidify, before reaching a
membrane where collection of the particles occurs [4]. On
arrival onto the membrane which is typically an alumina
membrane (Anodisc from Whatman with 20 nm average
pore size), the particles pile up to form a fractal three-
dimensional network at a rate of about 1 mg/min. The
microstructure of the resulting mesoporous thin film can be
influenced by the argon flow rate as recently shown [4].

For the present experiments, we used pyrolytic graphite
as target material and an argon flow rate of 0.6 l /min.

Fig. 4. Raman spectrum of the carbon film produced by LSA.The films were examined first by infra-red spectroscopy,
FTIR, and micro-X-ray fluorescence, XRF, in order to

forward geometry. They are also quite distinct from so-check the chemical purity of the films. Since no significant
called onion-like structures [1]. Some regions of the webamount of impurities could be detected, we are certain that
are found to consist of interconnected graphite nanocrystal-our films are at least 99% pure. In particular, the infra-red
lites that can be seen in Fig. 3d. The diffractogram in thespectra showed no C–H absorption bands, neither were
circular inset indicates their random orientation. The latticearomatic C=C absorptions observed.
fringes here mainly correspond to h10.0j and h10.1j planesThe microstructure was examined with both scanning
having 0.213 and 0.203 nm spacing, respectively, whereaselectron microscopy, SEM, and high resolution transmis-
the curved graphitic layers of Fig. 3c almost exclusivelysion electron microscopy, HRTEM. For HRTEM, the
exhibit h00.2j fringes of around 0.335 nm spacing.particulate films were dispersed in propanol and transferred

The Raman spectrum of the carbon film produced byto copper microgrids coated by holey carbon films. Elec-
LSA is shown in Fig. 4. The spectrum exhibits two majortron micrographs were recorded under optimum contrast

21lines centered about 1342 and 1564 cm . Whereas theconditions at a JEM 4000 EX operating at 400 kV. Only
former can clearly be attributed to nanocrystalline graphite,regions of the specimen where the particle network was

21the latter corresponds to the 1580 cm line usually foundbridging over holes of the supporting film yielded images
for graphite, slightly red-shifted due to size effect, see Ref.of good quality. The Raman spectra were measured using a
[1]. The composite peak structure in this area was de-Dilor XY800 spectrometer and an argon ion laser line at
convoluted using a peak fitting procedure showing the514 nm.
presence of a small residue, which indicates that theThe overall features of the carbon films produced by the

2 3presence of small quantities of sp and sp amorphousLSA method are quite similar to those observed previous-
carbon cannot be entirely ruled out. The low intensityly, i.e. as seen in Fig. 2 a quite homogeneous film is

21structureless line at 29506100 cm is probably aformed with the typical highly mesoporous structure,
superposition of graphite second-order and combinationanalogous to those obtained from targets made out of
bands.refractory materials [3,4]. Again, a thick film can be

In summary, a novel carbon microstructure (nanocurls)produced, in this case thickness was about 18 mm as
has been obtained using laser atomization. The influence ofmeasured on an SEM cross section. The SEM micrograph
the operating parameters on the nanocurl microstructureshown in Fig. 2 reveals a web-like structure with com-
are now under investigation.ponents loosely interwoven into one another. More details

Exploring the novel electronic, chemical and structuralof the microstructure are found in the HRTEM microg-
properties of nanocurls might open new perspectives inraphs. From Fig. 3a the particulate appearance of the web
microelectronics for applications such as molecular swit-may be recognized with primary particles of 8.4 nm mean
ches, molecular wires and even as mesoscopic metal-size forming the yarn. At the next level of structure shown
semiconductor devices [5].in Fig. 3b, this web is found to consist of tangled and

curled tubules and globules. It is this appearance of the
material that led us to the designation ‘nanocurls’. At
somewhat higher magnification, as given in Fig. 3c, it can Acknowledgements
be seen that the nanocurls are composed of heavily curved
graphitic layers. These features are clearly different from Financial support of the Fonds National Suisse is
those of nanotubes since they do not have a straight- gratefully acknowledged.
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current was supplied. The discharge process was main-Carbon nanotubes have attracted much attention owing
tained for 5 min. After the discharge, a column-like depositto their special properties and intriguing applications in
had formed on the cathode and the tip of the SiC rodmany fields. It has been demonstrated that they possess
turned black in color. The cathode deposit was directlyexcellent mechanical properties and have interesting elec-
observed by a scanning electron microscope, and the blacktric transport behavior. Carbon nanotubes are regarded as
powders in its core as well as the black powders left at thean ideal one-dimensional quantum wires and can be either
tip of anode were dispersed on some microgrids and alsometallic or semiconducting, depending on their diameter
checked in a transmission electron microscope.and helicity [1]. Therefore, to synthesize carbon nanotubes

The black core of cathode deposit is composed of lots ofwith well-defined structures is of great importance to their
long and straight nanofibers and some nanoparticles. Itsactual applications and the related fundamental research.
SEM image (Fig. 1) shows a typical morphology of aBut, as estimated by Blase et al. [2], small diameter carbon
cathode deposit formed in a normal carbon-arc process tonanotubes tend to be metallic owing to the sufficiently

strong s*–p* hybridization effects which dramatically
change the band structure. So far, many researchers have
tried to synthesize the smallest nanotubes, and the
nanotubes with diameters of 0.7 [3], 0.5 [4] and 0.4 nm [5]
have been observed. In a previous letter, we reported the
synthesis of nanographite ribbons by utilizing a SiC rod as
the anode to an arc-discharge in hydrogen [6]. When
choosing helium gas as the discharge atmosphere, we
found that a similar arc-discharge process led to the
creation of small diameter carbon nanotubes in mass.

The experiments were carried out in a normal DC
arc-discharge apparatus. A SiC rod (7.5 mm in diameter)
containing iron impurity acted as the anode and a graphite
plate as the cathode. Full details have been published
earlier [6]. Before the discharge, 15 kPa pure helium gas
was sealed in the chamber and 30 A (35 V) DC electric

*Corresponding author. Fax: 186-10-8264-9531.
E-mail address: yubaoli@aphy.iphy.ac.cn (Y. Li). Fig. 1. SEM image of the cathode deposit core.
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