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The formation of nanoparticles from the sputtering of graphite and tungsten cathodes in
direct-current discharges is investigated. The successive phases of growth present speci-
ficities according to the cathode material. The evolution of the discharge and plasma
parameters during the growth phases accounts for the nanoparticle-plasma electrostatic
coupling. This evolution also presents strong differences as a function of the cathode
material. Features characterising each case are discussed.

1. Introduction

Low temperature plasmas can generate nanoparticles (NPs). Many studies were de-
voted to their formation, especially in SiH4-based discharges relevant for plasma process-
ing (Boufendi et al. 1992; Watanabe 2006). The formation of carbon NPs has also been
investigated from sputtered carbon atoms (Ganguly et al. 1993; Praburam & Goree 1995;
Samsonov & Goree 1999a) and in hydrocarbon plasmas (Deschenaux et al. 1999; Géraud-
Grenier et al. 2004; Kovačević et al. 2005). All these studies were mainly performed in
high-frequency discharges. In addition, few studies have been devoted to the generation
of metallic nanoparticles (Jellum & Graves 1990; Samsonov & Goree 1999b) and to com-
parisons between various growth mechanisms. Therefore, we report on the NP formation
from the sputtering of graphite and tungsten cathodes in parallel electrode direct-current
(DC) discharges (Arnas et al. 2013; Kishor Kumar et al. 2013). Specific growth sequences
as well as strong differences of the evolutions of plasma and discharge parameters are
presented as a function of cathode materials.

2. Experimental set-up

DC discharges are produced between two parallel electrodes (Arnas & Mouberi 2009).
The cathode of 10 cm diameter placed at the top of the device, is in graphite or tungsten.
The grounded anode of 15 cm diameter is in stainless steel. Both electrodes are separated
by 10 cm. Discharges are produced in argon at the pressure of 60 Pa. The current densities
are fixed at 10 A ·m−2 and 5 A ·m−2 for respectively graphite and tungsten cathodes,
in order to have calculated sputtered carbon and tungsten fluxes of the same order,
Γ ∼ 1018 m−2s−1. In such conditions, NPs are generated in the plasma, which consists
mainly of a negative glow. During the growth, evolutions of the discharge voltage, plasma
density and emission line intensities are recorded. NPs are then collected on substrates,
pushed one after the other under a hole, drilled in the anode center. Samples are analysed
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Figure 1. at t = 60s, a) carbon nanoparticle grown by coagulation of nuclei (2-3 nm), welded
by graphitic domains, b) tungsten nanoparticle grown by coagulation of crystallites (3-4 nm),
c) magnification of tungsten crystallites on the nanoparticle edge.

by electron microscopy for size measurements and internal structure studies (Dominique
& Arnas 2007). The NP detection in the plasma is performed by laser scattering (Zeinert
et al. 2008).

3. Nanoparticle formation

It is admitted that NP precursors are negative ion clusters. They grow through com-
plex chemical reactions in the plasma where they are trapped up to the nucleation i.e. the
appearance of the first solid particles of 1-3 nm. The latter coagulate to form spheroid
particles also called primary particles. Modellings show that because of charge fluctua-
tions the probability for small particles to be neutral or positively charged is not strictly
equal to zero and can thus favoured coagulation (Matsoukas 1997). In a self-consistent
model of the particle charging process in a plasma, it was also shown that the proba-
bility to have positively charged small particles is enhanced when the electron density
decreases while the big particles stays highly negatively charged. This result indicates
that the coagulation mechanism is also favoured by size dispersions because attraction
between small and big particles is favoured (Annaratone et al. 2009). When the nucle-
ation diminishes, this mechanism saturates and the NP growth continues by ionic and/or
neutral species deposition.
Figure 1-a) shows a carbon NP of ∼ 15 nm, grown by coagulation of nuclei of 2-3 nm.

Carbon deposits, appearing in the shape of graphitic domains, weld these nuclei. Figure
1-b) shows a tungsten NP of ∼ 30 nm, grown by coagulation of crystallites of 2-4 nm,
identified by parallel diffraction fringes in figure 1-c). Size histograms were established for
various plasma durations. Figure 2 shows the size increase between 10 s and 300 s, in blue
(black) of carbon (tungsten) NPs. The dots are the average sizes and the vertical bars,
the multiplicative standard deviations of size histograms, fitted by lognormal functions.
In both cases, the fastest sequence corresponds to a growth by coagulation. Beyond
t > 200 s, the coagulation of carbon NPs saturates. During this saturation phase and for
t > 400 s, a new NP generation appears, identified by the presence of a second hump
in the particle size distribution (bimodal distribution not shown here). The part where
the growth saturates gives a rate of 2 nm/min, consistent with a growth of the first NP
generation by carbon deposition.
In the case of tungsten Nps, a new generation appears when t > 200 s and the co-

agulation saturation is not observed as shown in figure 3. Up to 200 s, the dots are the
average values, already given in figure 2, in black. We have added from 120 s to 400 s,
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Figure 2. Size evolutions of the first generation of carbon (blue) and tungsten (black)
nanoparticles as a function of plasma duration

the maxima of bi-modal distributions. Therefore, the dots at the top of figure 3 give the
most probable size of the first NP generation.
If one assumes that all sputtered tungsten atoms participate to the NP growth by

deposition with a sticking coefficient of 1, a rough estimation of the growth rate, da/dt
can be deduced from the tungsten flux expression: Γ ∼ 4ρ/mW · da/dt, where ρ is the
tungsten mass density andmW the atomic mass. A sputtering yield of 3.2% (see reference,
Kishor Kumar et al. (2013)) provides, Γ ∼ 1018 m−2s−1 and a maximum growth rate
by deposition, da/dt ∼ 12 nm/min. This overestimated value being smaller than the one
calculated with the upper dots of Figure 3 (∼ 15 nm/min), we might conclude that the
first generation of NPs grows mainly by a continuous coagulation.
The appearance time of the second generation presents a rather large dispersion. In

contrast, for long plasma durations, both generations have similar growth rates. This re-
sult is correlated to the fact that small size particles are always present in the histograms,
which indicates a continuous nucleation or formation of tungsten crystallites leading to
a continuous coagulation.

4. Evolution of discharge and plasma parameters, and discussion

The presence of NPs, negativelly charged proportionally to their size, can be detected
by strong modifications of the plasma and discharge parameters. Figures 4 a)-b) give
the evolution of the discharge voltage Vd (black) and the intensity of an Ar line (red)
during the formation of carbon and tungsten NPs, in plasmas of 500 s. In figure 4 -b)
the intensity evolution of a tungsten line (blue) and the electron density evolution (ne
in green) measured by microwave interferometry are also presented. Signals show strong
differences as a function of cathode materials.
When a graphite cathode is used, the increase of Vd during ∼ 300 s is correlated

to the NP size increase and consequently, to a progressive loss of free electrons in the
plasma. The discharge current being fixed to a constant value, the compensation of the
electron loss in the plasma is assured by a spontaneous increase of Vd which enhances
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Figure 3. Size evolution of two generations of tungsten nanoparticles as a function of plasma
duration. The various symbols represent sets of 3-4 measurements between two successive device
opening.

the secondary electron (SE) emission at the cathode surface. Therefore the gas ionisation
is also increased.
From t∼ 300 s to t∼ 440 s, Vd saturates and then decreases until t∼ 460 s while

the plasma emission decreases. This discharge behaviour is correlated to the NP cloud
transport from the beginning of the negative glow (NG) located under the cathode sheath,
towards the end of the NG, located above the anode sheath. This transport was first
observed by laser light scattering by G. M. Jellum and D. B. Graves, in similar conditions
(Jellum & Graves 1990). Therefore, dust particles that are transported towards a region
where the plasma density is smaller than near the cathode collect fewer electrons. In
this situation, the discharge is easier to sustain (Vd saturation). This transport could
also explain the coagulation saturation if one assumes that new nucleation can only take
place in a dust free region (beginning of the NG) as it was observed in the void region
of RF dusty plasmas ((Samsonov & Goree 1999b; Mikikian et al. 2010; Cavarroc et al.

2008)). Hence, in such DC discharges, sputtered atoms which are emitted continuously
could more efficiently give birth to a second generation of NPs at the beginning of the
NG, as the first generation of NPs is transported towards the end of the NG. In the last
sequence (> 450 s), Vd increases again (as does the plasma emission) in a similar way
as during the beginning of the discharge. This rise allows the compensation of electron
losses due to the charging of the new NP generation.

When a tungsten cathode is used, after the breakdown Vd rises from∼ 500 V to ∼620 V
in 3-4 s. At t ∼ 4 s, Vd drops by ∼ 15 V (not visible in Figure 4-b due to the time scale),
then follows a plateau within ∼ 40 s and a consequent decrease of ∼ 200 V during 150 s.
These successive behaviours of Vd are correlated to the sudden appearance of a bright
glow under the cathode center (appearance time ∼ 4 s) and its expansion over the cathode
surface within 150 s. During this expansion, ne increases strongly. All this characteristics
results from the sputtering of an oxide layer (bright glow appearance), starting in the
cathode center. The cathode SE emission of pure tungsten being higher than that of
tungsten oxide when the energy of ions and fast charge exchange neutral is lower than
100 eV, an increase of the ionisation occurs starting at t ∼ 4 s. Moreover, the tungsten
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Figure 4. a) Evolution of the discharge voltage Vd and the intensity of two argon lines b):
Evolution of Vd , the intensity of argon and tungsten lines an the electron density (ne)

ionisation potential being lower than that of argon (7.86 eV and 15.76 eV, respectively),
an efficient W ionisation happens during the glow expansion over the cathode surface.
Consequently, the electron density in the plasma increases. Because the discharge current
is kept constant, Vd decreases. This behaviour shows that there are conditions for which
the charging mechanism of growing nanoparticles is not the leading process which drives
the evolution of the plasma and discharge parameters.
In the last phase (> 150 s), the charge carried by nanoparticles (two generations)

becomes important and therefore the electron density decreases. As a consequence, Vd

must increase to sustain the ionisation process.

5. Conclusion

In this article, the formation of NPs from the sputtering of graphite and tungsten cath-
odes, in DC argon discharges is reported. Experiments were performed at fixed discharge
currents and for similar sputtered carbon and tungsten fluxes. We show that carbon
nanoparticles grow by coagulation and concomitant deposition up to the coagulation
saturation. This saturation is explained by the appearance of a second NP generation,
more efficiently feed by nucleation and coagulation, under the cathode sheath while the
first NP generation is transported towards the anode region. Evolutions of the plasma
and discharge parameters are correlated to the successive phases of growth and charging
of the two NP generations. All the results confirm the existence of an electrostatic cou-
pling between the nanoparticles and the discharge as expected in dusty plasmas. When
a tungsten cathode is used, we show that the sputtering of a tungsten oxide layer at the
cathode surface, dominates the early plasma (discharge) evolution. A progressive increase
of the cathode secondary electron emission occurs and the injected tungsten atoms are
ionised. These effects overcome the loss of free electrons due to the NP charging. No cou-
pling is observed during this sequence. The influence of the loss of free electrons begin
to appear during the formation of a second NP generation.

This work was supported by the French ANR contract, CRWTH No. ANR-09-BLAN-
0070-01-CRWTH.
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