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ARTICLE INFO ABSTRACT

PACS: Nanoparticles are produced in argon glow plasmas where carbon is introduced by sputtering of a graphite
52.27.Llw cathode. A scaling law of growth is reported on as a function of the discharge time. Two successive stages
52.40.Kh of growth of concomitant agglomeration and carbon deposition are observed, followed by a final stage of
gf'gg'az’v growth by carbon deposition. A model of formation of molecular precursors by coagulation of neutral

clusters on the one hand and of neutral-negative clusters on the other hand is presented, based on for-

mation enthalpy and cluster geometry.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Dust grains produced in different tokamaks during normal and
off-normal operations are characterized in shape, size and compo-
sition by routine procedures [1-7]. Studies performed by optical
and scanning electron microscopy have revealed the presence of
grains of irregular shape, of count median diameters, roughly
speaking of 0.5-20 um. Recent analyses have shown that deposits
collected on the leading edge of the graphitic neutralizers of Tore
Supra and TEXTOR are composed of carbon tips in the micrometer
size range [8]. By means of high resolution electron microscopy
(HRTEM), further investigations have evidenced that in the case
of Tore Supra dust samples, these ones contain spherical particu-
lates of 10-70 nm size, of onion-like texture. These particulates
are also present in TEXTOR deposits but mixed with carbon of
lamellar texture [8]. These results show clearly that nanoparticles
can be created by homogeneous nucleation in tokamak plasmas
from eroded materials. Previous papers also reported on the exis-
tence of very small particles, originating through aerosol nucle-
ation [5,7].

In tokamaks with graphite plasma facing components (PFCs),
two sources of production of nanoparticles may operate during
normal operations. The precursors can be formed by: (1) condensa-
tion of supersaturated carbon vapours originating from the physi-
cal erosion of the PFCs, followed by a stage of coagulation of the
formed carbon clusters, and (2) through collisions between certain
hydrocarbon radicals originating from the chemical erosion of the
PFCs. Examples of both routes have already been identified in lab-
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oratory experiments with various experimental conditions. For in-
stance, in the case of nanoparticles generated in hydrocarbon
discharges with low input power, mass spectrometry showed that
positive and negative ions may participate as precursors in the ini-
tial stage of dust formation [9]. Taking advantage of these results, a
complex precursor growth model was developed [10]. When, the
discharge input power is greater, the discharge gas temperature in-
creases and negative ions are no longer stable. In such a case, infra-
red absorption spectroscopy identified the presence of certain
neutral hydrocarbon molecules [11] which may play a role as pre-
cursors. A complex thermochemical model of dust nucleation was
developed based on these observations [12].

Our study concerns the formation of nanoparticles in a carbon
vapor introduced in glow plasmas from cathode sputtering. In such
conditions, a first model of precursor formation by coagulation of
neutral clusters and of neutral-negative clusters is presented.
Experimentally, we have established a scaling law of growth of
nanoparticles collected in the glow discharges as a function of
the plasma duration. By means of HRTEM, we have observed two
successive stages of agglomeration, concomitant to carbon deposi-
tion. The agglomeration process favored by surface charge fluctua-
tions stops when the final particles become negatively charged.
Hence, we have also observed a growth phase corresponding to
cluster deposition occurring when the nanoparticles are negatively
charged [13].

2. Experimental conditions

The experiments are performed in argon DC glow discharges
between two parallel electrodes as previously described [13]. The
electrodes are 10 cm in diameter and separated by 10 cm. The ar-
gon pressure is Pg = 0.6 mbar. The discharge current is I = 0.08 A.
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Over 9 min duration, the bias of the graphite cathode varies from
—540V to —580V. Emission spectroscopy shows that during
9 min, the intensity of argon lines remains rather constant as well
as the intensity of C lines and C, molecular bands. At t ~ 9 min,
thermocouples provide the cathode (anode) temperature,
T ~ 120 °C (~37 °C). In such conditions, the cathode fall length is
~3 mm and the negative glow length (NG) is 7-8 cm as predicted
by our simulations. In addition, we find in the NG a mean electron
density of ~10'"cm? for an electron temperature of 2 eV. The
experimental results presented here were obtained in these stable
conditions. For t > 9 min, the discharge voltage increases rapidly
for reasons that are not reported on here.

3. Modeling of molecular precursors

Carbon clustering in the DC discharges considered in this work
starts with the sputtering of the graphite cathode by argon ions.
The ion flux and energy are given by a semi-analytical model dis-
tinguishing four discharge regions: the sheath, the negative glow,
the Faraday dark space (FDS) and the positive column (PC). The
sheath is described with a non local model treated by Monte Carlo
(MC) simulations that accounts for the conservation of electron
flux and energy and for the coupling between the electric field
and the electrical charges. The MC simulation is also used to de-
scribe the non local ionization which takes place in the NG [14].
The discharge model used for the NG and the FDS allows predicting
the electric field reversal at two positions, located at the junction of
the sheath and the NG and of the FDS and the PC [15,16]. We have
considered that the carbon clusters formed in the discharge as a re-
sult of the sputtering process have no effect on the discharge
behavior.

The growth model takes into account the formation of neutral
and negative clusters. Positive clusters are not considered since
such species likely undergo a fast drift toward the cathode. We
use the model of Bernholc and Phillips [17] to describe the cluster
coagulation where the growth is based on the formation enthalpy
and on the cluster geometry. In this model, we consider the coag-
ulation pathway: C, + C! — C1,,, where =0, —1 and x=1, 2, 3.
The rate constants are determined assuming that each aggregating
cluster grows by one carbon atom addition. Hence, the growth
starts by the interaction between one carbon atom of a cluster
and one given carbon atom of the other cluster [17]. As proposed
by Schweigert et al., for a given n, all the possible isomers are con-
sidered (chains, mono-cycle, poly-cycle) [18]. A similar rule is
adopted for the molecular growth of negative clusters [17]. The
charged cluster originates from electron attachment. The charge
transfer between neutral and negative clusters is taken into ac-
count and significantly affects the relative predominance of nega-
tive and neutral clusters. The diffusion and mobility coefficients
are estimated from [19]. The equations are time-integrated in a
1D geometry, to determine the axial profile of the different cluster
densities. The largest molecular edifice is set for the moment to 30.
It is shown that the negative clusters grow in the glow region of the
reversed electric field.

Fig. 1 shows the distributions of both neutral and negative clus-
ters at 1 cm above the cathode. The small size domains n < 10 cor-
respond to molecular chains. For larger sizes, the distributions
depend strongly on the isomer geometry. A predominance of the
neutral clusters is obtained for n < 3, followed by an exponential
decrease, up to n = 10. Magic numbers with n=4m + 3 periodicity
are evidenced from m = 2. However, for n > 3 the neutral popula-
tion is dominated by the negative clusters exhibiting odd magic
numbers.
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Fig. 1. Distributions of neutral (a) and negative clusters (b). The small size domains
Ch<10 correspond to molecular chains. For larger sizes, the distributions depend
strongly on the isomer geometry. The presence of magic numbers is well evidenced.

4. Experimental results

SEM micrographs show that the solid particulates have a spher-
oid shape. For a given discharge time, the sizes were measured on a
large number of particulates in different SEM micrographs of same
magnification. The size distributions are lognormal.

Fig. 2 presents the nanoparticle diameter (nm) as a function of
the discharge time, t = 30, 45, 60, 90, 120, 180, 300 and 540 s. The
dots give the mean diameter. The intervals of measurement which
cover 68.3% of the total dispersion are established with a multipli-
cative standard deviation of 1.2. The HRTEM analyses show that in
the early stage of growth, nuclei of 2-3 nm size agglomerate to
give rise to primary particles (PP) of 5-15 nm size. Fig. 3(a) dis-
plays an example, obtained at t=60s where a PP of ~ 8 nm is
formed by two nuclei, welded by carbon deposition. The PPs
agglomerate in their turn to form bigger particulates. This is well
evidenced in Fig. 3(b) where dust of 45 nm mean size, obtained
at t=120s, is formed by PPs of 5-15 nm size. For t>120s, the
multi-stage agglomeration process is stopped and the growth goes
on by cluster deposition with a 2.2 nm/min rate [13].

5. Discussion

A growth phase by successive agglomeration has been evi-
denced. This mode of growth has already been observed in partic-
ulates forming silane plasmas [20]. The origin is attributed to
charge fluctuations, leading to positively and negatively charged
particulates, favoring Coulomb attraction. Positive surface charge
may be due to secondary electron emission (SE) [21,22] which
added to ion influx can balance or overcome the electron influx.
SE can be produced by the ionizing energetic electrons, accelerated
in the cathode fall. In the negative glow where dust is formed, they
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Fig. 2. Scaling law of growth - dust size increase (nm) as a function of the discharge
time, t = 30, 45, 60, 90, 120, 180, 300 and 540 s.

Fig. 3. (a) HRTEM micrograph showing a nanoparticle of ~8 nm size, formed at
t=60s by two nuclei of 2-3 nm size, welded by carbon deposition, and (b) TEM
micrograph showing particulates of 45 nm mean size, formed during 180s by
agglomeration of nanoparticles of 8-10 nm size.

may have enough energy to induce SE. UV radiation emission has
also to be considered [22]. In our case, an UV line of 4.2 eV is ob-
served. This energy is slightly lower than the graphite work func-
tion of 4.7 eV but may be enough for SE emission in the case of
amorphous carbon (a-C) and of carbon containing structural de-

fects. Both features are present in the particles formed at
t<120s. Indeed, HRTEM show the presence of a-C composed of
tetra-coordinated carbon (sp® hybridization) and tri-coordinated
carbon in the form of isolated aromatic rings (sp? hybridization).
Structural defects can also be present in a-C as dangling bonds,
as bond angles and lengths which are slightly different of sp? and
sp> hybridizations conformations. For instance, Fig. 3(a) shows nu-
clei with a-C cores and in the periphery, basic structural units
(BSUs) formed by concentrically oriented polyaromatic layers
[23]. All around, the carbon deposition presents BSUs of ~1 nm
length with structural defects in the junction regions. The overall
structure could favor SE under UV radiation.

Beyond a given size, the SE added to the ion influx cannot bal-
ance anymore the electron influx. The dust charge becomes nega-
tive and the agglomeration process is stopped. In such conditions,
nanoparticles may grow by carbon cluster deposition.

6. Conclusion

We have presented a study of carbon nanoparticles formation in
glow discharges where the carbon source is the sputtered dis-
charge graphite cathode. We have established a first model of
growth of dust precursors by coagulation of neutral clusters and
of neutral-negative clusters, based on the formation enthalpy and
on the cluster geometry. Experimentally, two successive stages of
growth of concomitant agglomeration and carbon deposition are
observed. The first one concerns the agglomeration of nuclei of
2-3 nm, giving rise to bigger particles which participate to further
agglomeration. The growth model by agglomeration of solid parti-
cles having charge fluctuations is in progress. In the time interval
where the glow plasmas are stable, we have also observed a final
growth stage by cluster deposition occurring when the nanoparti-
cles are negatively charged.
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