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We report the preparation of graphite and carbon-metal clusters by high-current pulsed arc
evaporation of the eectrodes used. Experiments were performed as a function of the gas
pressure and type, for the graphite electrodes, and the meta type used as one of the
electrodes, for the carbon-metal particles. The maximum arc current was varied by
controlling the circuit resistance and the charge voltage of the bank of capacitors (total
capacitance 0.5 F). The deposits were studied by AFM, SEM and TEM, and the chemical
analysis of the deposits was performed using XPS and EDX. Most experiments were carried
out at atmospheric pressure, but both the effect of the ambient pressure and gas type, air,
helium and argon were studied for conditions that had been found to be efficient for the
cluster production.
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1. Introduction

The discovery of the formation of diverse nanostructured forms of carbon by the
Kratschmer-Huffman carbon arc method [1] and the modifications developed by Dravid et al.
[2,3] have together generated a strong interest in the production of nanostructured materias for
many applications [4,5]. The techniques have been used to produce not only carbonaceous materials
but also a wide range of encapsul ated metal nanoparticles (EMN’s) [6,7,8,9]. Most of this work has
been performed using DC continuous arcs, with currents of around 100A in a He, Ar or hydrogen
atmosphere at 200-500 Torr [10,11]. However, there are a few reports of the advantages of using
pulsed arcs in the same current range [12,13,14]. Even with the great interest, the formation process
of the clusters and nanoparticlesis not clearly understood [14]. In this paper, we report the formation
of carbon nanoparticles and EMN’s using a high-current pulsed arc system; = 1000 A. Under these
conditions, not only is there sufficient energy to evaporate the electrode materials but also much
higher energy plasmeas are created.

2. Experimental details

The experimental apparatus is described in detail dsewhere [15]. For the experiments on
carbon deposits, two 0.6 mm diameter graphite rods were machined from 3.12 mm diameter high
purity AERO graphite from ESPI; the thin part of the rods was typicaly 5 mm long. For the meta
carbon work, 3.12 mm diameter carbon dectrodes with various diameters and types of metd wire
were used. The maximum arc current and its tempora form were sensed by measuring the voltage
drop across a low inductance 0.98 mQ resistor in the arc circuit, connected to a HP54522A Digital
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osclloscope. An analysis of the I/V curves showed that the circuit inductance and the arc power at a
charge voltage of 80 V was typicaly 163 kW.

For the carbon experiments, two silicon or highly polished stainless sted substrates were
used, one placed 8 mm from the arc and the other 6 cm from the arc on a water-cool ed copper block
which was connected to a DC power supply to bias the substrate relative to the graphite. Deposits
were produced in air from 45 mTorr to atmospheric pressure and in hdium and argon a 100, 300
and 500 Torr. For the metal-carbon study, the arc was crested in air a atmospheric pressure within a
20 mm diameter piece of glass tubing. For the TEM anaysis, the deposit was removed from the
inside of the tube by agitation in methanol using an ultrasonic bath. Drops of this liquid were then
applied to a TEM grid coated with a holey polymer layer. For the SEM work, a +500 V biased
substrate of polished stainless sted was used. Experiments were performed using 1 cm long pieces
of 1 mm diameter wire of Ti, W, Cu, Ag and 316 stainless sted.

The deposits were characterised by X-ray diffraction using a Siemens D500 difractometer,
TEM, SEM, EDX, AFM Auto Probe CP system of Park Scientific Instruments. Additionaly, XPS
andysis was carried out using a Thermo VG MultiLab ESCA 2000 system with a CLAM4 MCD
andyzer and a MgK, (hv = 1253.6 eV) X-ray source. The peak FWFM was 1.2 eV, and the spectra
were calibrated rd ative to the surface oxygen peak.

3. Results and discussion

31.1 Carbon deposits

Our earlier work using shadowgraphy and optical emission spectroscopy indicated that
(i) bi-atomic carbon molecules and dectrons were the principa particles emitted by the arc
evaporation, (ii) the effective refractive index of the volume around the arc could be modeled as
containing carbon particles of approximatdy 250 nm diameter at atmospheric pressure, and (iii) the
particle size decreased with decreasing gas pressure [15]. To confirm the results of the simulation,
samples were deposited on polish stainless sted as a function of pressure in air, He and Ar. SEM
mi crograph images of the deposits prepared at a sdection of gas pressures are shown in Fig. 1. The
digitised images of the deposits were ana ysed, and the average particle diameter as a function of the
gas pressure is presented in Fig. 2. The diameter of the particles prepared at atmospheric pressurein
air can be seen to be about 120 nm. Considering the assumptions used in the analysis of the
shadowgraph, based on Mie scattering, this is in reasonable agreement with

h N o 1

Fig. 1. SEM micrographs f particles of bon pfoduced i ar at the pressures shown,
using ad1200 A - 40 ms arc between two 0.6 mm diameter graphite el ectrodes.

the simulated value. The particle diameter was found to decrease almost linearly with the logarithm
of the gas pressure, except for the lowest pressure of 45 mTorr where the diameter was 1487 nm
and the particles were notably more spherical. Fig. 3 shows a TEM image and dectron diffraction
pattern of the particles deposited using a (11200 A arc in air. The pattern can be indexed to that of
graphite, and the bright diffraction lines in the image (these were seen to translate across the
particles as the sample was tilted) indicate that the particles are monocrystals of graphite Fig. 4
shows an AFM image of part of one of these partides, the distance between adjacent minima or
maxima in the image is 1.33 nm, which is twice the c-axis of the hexagonal unit cdl of graphite.
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Deposits were carried out in ar using 5 arcs of (11200 A, as a function of the substrate bias from —
600 to +600V The weight of the stainless sted substrate was measured before and after the
deposition.
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Fig. 2. The carbon particle diameter versus gas Fig. 3. TEM bright field image of the carbon
pressure for particdes produced using a 11200 A particles, together with their el ectron
-40 ms arc between two 0.6 mm diameter graphite diffraction pattern.
electrodes, in ar, helium and argon.
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Fig. 4. The AFM image and andysis of the carbon particles.
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Fig. 5. The substrate weight gain per arc as a function of the substrate bias used in the
deposition of the carbon particles.
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Fig. 5 shows the results of this study. The weight gain per arc for a negative bias is
approximatd'y constant. However, a significant increase was observed for positive values, indicating
that the carbon partid es had a negative charge. The results lead us to consider that (i) the bi-atomic
carbon mol ecul es emitted from the surfaces of the graphite rods by the arc suffer collisions with the
surrounding gas molecules, causing the formation of larger carbon molecules, (ii) this process
continues during the 040 ms lifetime of the arc and furthermore, (iii) as these larger molecules
travel outwards, a sequence of collisons and coaescences of particles occurs until the 120 nm
clusters are created and deposited. At lower pressures, the mean free path of the molecul es/particles
increases, leading to fewer collisions and the accumulation of less materia and therefore the
deposition of smaler dusters. Within the arc plasma, the dectron density is very high and the
relativdy large clusters can easily capture dectrons and accumulate a net negative charge. This
phenomenon is an example of a dusty plasma, as discussed recently ([16] and references therein).
However, at a pressure of 45 mTorr, the mean free path is approximately equa to the rod-to-
substrate distance. Therefore, the bi-atomic molecules arrive at the substrate with few collisions with
the gas molecules. The high-energy environment a the substrate surface (dectron and photon
fluxes) is probably responsible for the formation of the spherical smooth carbon particles. Further
experiments are planned in the near future to study this formation process.

Fig. 6. SEM micrographs of the material deposited by a[11000 A - 40 ms arc between a
graphite electrode and copper, stainless steel or tungsten wires.

3.2. M etal-carbon deposits

Fig. 6 shows low and high magnification SEM images of deposits formed using Cu, W and
stainless sted eectrodes. Independently of the metd used, the deposits formed strings of metal-
carbon spheres, which at low magnification appear as long fibres. The compasition of the fibres
obtained by EDX isgivenin Table 1 for the Cuand W cases. It isinteresting to note that the carbon
content of the Cu spheres is higher than that of the W ones, even though Cu does not form a stable
carbide.

Fig. 7. TEM images of the encapsulated metal particles.
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Fig. 7 shows a sdection of TEM images of the particles deposited using W and Ag. Again,
independently of the eectrode type, it can be seen that in each case the particles consst of a
crystalline metal-contai ning nucl eus of approximatey 80 nm, coated with amorphous carbon. The d-
spacings obtained from the dectron diffraction pattern of the Ag-C particles do not agree with those
of Ag, graphite or diamond, but appear to be from a mixture of various silver oxides.

Table 1 shows the results of the XPS and EDX compositional analyses of the metal-C
particles. Fig. 8 shows part of the spectra obtained from the XPS anaysis of the W-C, Ag-C and Ti-
C dusters. It is clear that the metal nucleus is a mixture of pure metal and oxide, in agreement with
the diffraction results, with amost no formation of the metal carbide, and that the carbon content of
the particlesis approximatdy 70 at.% in each case.

There is a considerable difference between the composition values from EDX and XPS, but
this is due to the experimental differences in the measurements. The EDX andysis was performed
on particles deposited on meta substrates, and therefore includes information from any undercoat
bd ow the particles. The XPS anaysis was of partides that had been separated from the substrate

Table 1. The compositional analysis of the encapsul ated metal nanoparticles.

Ti-C Partidles W-C Particles Ag-C Particles Cu-C Particles
Atomic% Atomic% Atomic% Atomic%
EDX | XPS EDX | XPS EDX | XPS EDX | XPS

Ti 24 3.1
O 35 19.6
C 41 77.4

8 9.1 Ag 41 4.1 Cu 46 -
14 14.2 ®) 4 27.3 O 10 -
78 76.7 C 55 68.5 C 44 -

0|o|=

4. Conclusions

The high current pulsed arc evaporation of carbon from thin graphite eectrodes in ar
initiates with the emission of carbon bi-atomic molecules. These callide with the gas molecules,
causing agglomeration of the molecules until ~120 nm monocrystalline graphite d usters are formed.
The type of gas and the pressure control the collision process and, therefore the cluster sizes depend
strongly on these parameters. If the gas pressure is such that the mean free path between collisionsis
a least equal to the eectrode-substrate separation, the cluster formation is controlled by the high
energy density at the substrate surface.
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Fig. 8. The XPS spectra of the silver, titanium and tungsten encapsul ated
metd particles, showing the proportion of the different phases present.
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Encapsulated metal nanopartides can be formed by the joint evaporation of carbon and
metal dectrodes. The formation process in this case appears to be the simultaneous reaction of the
metal with oxygen and the gas phase condensation of the meta +oxide. These small particles are then
covered by amorphous carbon, as an outer shell. In this case, the meta nucleus is crystalline, but
more work is needed to satisfactorily identify the crystaline phase present. The deposited EMNs
sdf-aign as fibres during the deposition process, independently of the metal used. However, as yet
no dear understanding of this phenomenon is available Due to the size of the particle and the high
density of éectrons in the arc plasma, the clusters accumulate a negative charge, which facilitates

the deposit collection.
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