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Abstract

We developed a model for the nucleation, growth and transport of carbon dust particles in a
DC discharge. The carbon source comes from the sputtering of a graphite cathode resulting in
the production of primary clusters and then of nanoparticles. We consider the ionic cluster
growth as well as the particle growth and charging and the influence of both on the discharge
equilibrium. We found that the discharge becomes electronegative for long duration when
particle density reaches 10° cm™ and particle size 45 nm. The corresponding transition
modifies the electric field profile in the vicinity of the field reversal region in the negative
glow. We then analyze the space and time evolution of the different discharge characteristics
and the mechanisms involved in the discharge. We showed that particle density is governed
by nucleation, coagulation and transport, while particle size is mainly governed by the
deposition of the small neural clusters emitted at the cathode on the particle surface
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Introduction

Although, dust formation was experimentally observed in DC discharges in the early 90°s
[1].[2], there are very few studies, especially through modeling, of this phenomenon [3] which
was mainly considered for capacitively coupled parallel plate RF (CCPP-RF) discharges in
silane and, to a lesser extent, in acetylene [4]. In these discharges the molecular species
present in all the plasma volume give rise to a molecular growth and a subsequent solid
particle-nucleation. These conditions are very different from those encountered when particle
formation results from cathode sputtering as experimentally observed in rare gas DC or DC-
magnetron discharges [1]. In these last cases, the growth precursors are generated at the
cathode and therefore sputtering kinetics is one of the key phenomena that govern particle
formation and growth. Further, the discharge structure and dynamic are different from the
CCPP-RF configuration. As a result, one may expect that the driving mechanisms for particle
formation and growth and the subsequent dusty plasma effect would be different from those
encountered in CCPP-RF dusty plasmas.

In this work, we are interested in the study of the mechanisms involved in particle formation
through sputtering of a graphite electrode in DC discharges. Our purpose is to understand how
carbon particles observed in this kind of discharges [5], [6]are produced, and to investigate
the changes in the discharge characteristics, density, electric field, etc., when particle
formation is significant enough to induce a dusty plasma effect.

A scenario of particle formation and growth was previously proposed [7], in which primary
carbon species C, and to a lesser extent, C, and Cs, are produced as a result of the sputtering
of the graphite cathode by argon ion and fast neutral species. These primary species undergo
molecular growth that result in the formation of larger clusters, which-may end up with
nucleation of solid particles, if the discharge conditions are appropriate. The particle
population and charge evolve under the effect of aerosol dynamic phenomena, transport,
surface-growth and particle-coagulation.

Based on this scenario, we have previously developed a numerical model that enables us
investigating molecular growth and particle nucleation in DC sputtering discharges for
conditions where the density of clusters and carbonaceous particle is small enough so as the
discharge equilibrium is not affected by clustering [8, 9]. In these conditions we showed in
particular, the key-role of the field reversal that occurs in the negative glow of the discharge
[7]. This effect induces a trapping of the negative clusters, the residence time of which
becomes long enough to allow for efficient molecular growth.

A question that naturally arises is whether this very weak field reversal still plays a key-role
when dusty plasma effect, i.e., coupling between discharge, particles and clusters dynamics,
becomes significant and should be taken into account.

As a matter of a fact, experimental measurements showed that carbon particles are obtained at
a density value as high as 10% cm™ [10]. Taking into account the typical electron density in
this discharge, i.e., between 10® and 10*° cmdepending on the discharge region, and the large
charge number that could be carried-out by submicron particles, the contribution of solid
particles to the discharge equilibrium and therefore the dusty plasma effect should be
significant.

In this paper, we specifically address this question and examine clustering, nucleation and
particle growth while taking into account a dusty plasma effect that would result from the
coupling between molecular growth kinetics and solid particle dynamics on one hand, and the
discharge equilibrium on the other hand. We propose to investigate how this coupling affects
the growth kinetics and the discharge characteristics. Especially, one may expect that the
presence of heavy negative particles at a significant density would affect the space charge
field and the trapping efficiency.



For this purpose, we substantially improved the model that was previously developed to
investigate the molecular growth of carbon clusters and the onset of particle formation [8, 9]
in order to achieve a self-consistent description of clustering, aerosol dynamic and discharge
equilibrium.

The paper includes five sections. In section 2, we briefly describe the experimental system
considered in this work. The details of the model used to describe the dusty plasma are
discussed in section 3. The results are presented and discussed in section 4. The main
conclusions that arise from this work are summarized in section 5.

I. Investigated Discharges

We consider argon DC glow discharges, generated between two parallel electrodes of 10cm
diameter [6]. The cathode is in polycrystalline graphite and the grounded anode, in stainless
steel. The distance between the electrodes is 14 cm. The argon pressure is set to 60 Pa and the
discharge current is set to a constant value of 80 mA. In such conditions, the discharge voltage
is a free parameter and the cathode takes spontaneously a bias value of ~ -550 V. As a
consequence, the cathode is sputtered by ions and by fast argon atoms that are produced
through charge exchange in the cathode sheath.

A detailed experimental study was performed on the discharge described above [5], which
clearly indicates that the sputtering of the graphite cathode results indeed in the injection of
carbon species, probably carbon atoms and, to a lesser extent, small C, and C3 molecules, in
the discharge. Langmuir probe measurements at 300 s showed that the electron density is
approximately 10 cm™ in the negative glow (NG). The dust particles collected on the anode
showed an avera%e diameter of ~ 40 nm, while the average dust density was estimated to be
around 2.10% cm™ [10]. A simple estimation from the Orbital Motion Limited (OML) theory
shows that these dust particles are negatively charged and can carry up to 10 elementary
charges. The total density of the charge carried out by the solid particles and the negatively
charged clusters may exceed, at least in some discharge regions, the charge density
corresponding to electrons. As a result, a transition to an electronegative discharge is
expected, which would result in a significant change in the electric structure of the discharge.
The confinement and charging process of dust particles would be modified due to the strong
coupling between aerosol dynamic and discharge equilibrium. In the next section, we present
the dusty plasma effects in the discharge of interest by taking into account the coupling
between the discharge equilibrium, the growth of negative clusters and the aerosol dynamics
in a self-consistent way. The model develop in this aim is discussed in the next section.

Il. A dusty DC discharge model

[I.L1. Phenomenological description

The model used in this work is based with a large number of improvements on the one
described in [7]. In particular, the present model takes into account the coupling between
molecular growth and dust particle aerosol dynamic on one hand, and the discharge
equilibrium on the other hand. As a result, this model enables us describing properly the dusty
plasma effect, while our previous model [7] only describes molecular growth and particle
formation assuming pristine argon discharge conditions.

In this model, although it is not mandatory, we assume a short discharge, i.e., no positive
column. We distinguish three regions in the discharge vessel: the cathode sheath (CS), the



negative glow (NG) and the Faraday dark space (FDS). The cathode sheath region is mainly
considered because it provides the fast secondary electrons that maintain the discharge in the
negative glow. The molecular growth of carbon clusters is assumed to take place in the NG
and FDS through a collisional model that involves both neutral and negative clusters.
Nucleation and growth of solid carbonaceous particles are also assumed to take place in the
NG and the FDS. The model takes into account the field reversal effect in the NG which
induces the trapping of the negatively charged species and solid particles.

As a result, two main modules have been developed. The first one combines a semi-analytical
model and a Monte Carlo simulation to determine the sheath characteristics and the non local
ionization source terms in the NG and the FDS. The second module describes the coupled
phenomena of (i) transport of the discharge species, i.e. argon-ion, charged and neutral carbon
clusters, (ii) molecular growth of carbon clusters, and (iii) nucleation, growth and transport of
solid carbon particles (dust) in the FDS and the NG. This module combines several sub-
modules that allow determining: the electric field structure in the NG and the FDS, the cluster
densities, the nucleation rate and the solid particle population density, charge and size.

In the next section we describe the models used in these different sub-modules.

[I.2. Sheath, non local ionization and electron population models.

The sheath characteristics are determined from the well known classical sheath model
described for example in [11]. For a given background gas pressure and plasma density in the
NG, the sheath thickness and the secondary emission coefficient are determined from the
current balance equation and Poisson’s equation assuming a matrix-sheath. Then, once the
sheath characteristics, i.e., essentially the thickness and secondary emission coefficient, are
known, a Monte Carlo simulation of electron kinetics in the gap region, i.e., sheath, NG and
FDS in the case of short discharges, is performed. These simulations yield the rate of non
local ionization needed to express charged species balance in the NG region.

Electron kinetics in this quite well known DC discharge is surprisingly complex [12].
Basically, three electron groups may be distinguished in the discharge: (i) the fast electrons,
with energy above the ionisation threshold, that are produced in the sheath and induce the non
local ionization in the NG and are no more present in the FDS, (ii)the intermediate energy
electrons that results from fast electrons that loose their energy and end up with energy below
the first excitation threshold, (iii) the cold electron that are produced through the ionization
processes that take place in the NG and that show very low energy, much below the first
ionization threshold.

The fast and intermediate electrons show very weak populations and insure ionization
processes and current continuity, respectively. The population of cold electron that are present
in much larger number insure the space charge and one may therefore neglect the population
of fast and intermediate electrons in determining the E-field in the NG and FDS.

[1.3. Collisional processes and transport phenomenain the dusty
NG and FDS

11.3.a. Molecular growth and transport of Carbon clusters

As mentioned above, some aspects of this model was discussed in [7]. Therefore, we restrict
ourselves here to the description of the key assumptions and the main peculiarities of the
model, and especially the characteristics that are related to the dusty plasma effect.

The model assumes that cluster formation is due to the sputtering of the graphite cathode by
energetic argon ions, which produces carbon as C, C, and C3 [13]. These clusters are created
at the carbon cathode and are subsequently transported inside the sheath, the NG and the FDS
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where they experience collisions with electrons, positive argon ions (charge transfer) and
other  clusters  (molecular growth). These collisions result in ionization,
attachment/detachment processes, charge transfer and molecular growth. As a result, a
complex plasma containing a cluster population with a large size distribution is formed.
Positively charged carbon species created by neutral clusters ionisation or charge transfer with
positive argon ion have extremely short a residence time of approximately 10 s, in the region
located between the cathode and the field reversal position. This time is much shorter than the
characteristic time of molecular growth and sticking on the surface of negatively charged
particles. These were estimated to be of the order of 1 s and 10, respectively. The positive
species created in this region are therefore lost at the graphite cathode before contributing to
molecular growth and particle growth through surface deposition. In the region located
beyond the field reversal location, the carbon cluster ionization is fairly slow with a
characteristic time of approximatively 10 s. Therefore the contribution of positively charged
clusters to molecular growth and sticking to particles is limited by the ionization kinetics. This
has to be compared to the characteristic time of particle growth through neutral cluster
deposition which is approximately 10 s, indicating that particle growth through sticking is
dominated by neutral clusters in this region.

The above analysis shows that the contribution of positive ions to the molecular growth and
aerosol dynamic is negligible in the whole investigated discharge system. These species were
therefore not considered in our model.

On the opposite, collisions with electron produce negative clusters that can be trapped in the
positive potential of the discharge. Although both singly and doubly charged negative carbon
clusters can be formed, doubly charged negative clusters usually show population much
smaller than singly charged negative clusters and are not taken into account [7].
Consequently, we only consider neutral and single charge negative clusters. Further, the
model takes into account the existence of different conformation, i.e., linear, cyclic, bicyclic,
etc., for each cluster size [14]. We describe the formation of large clusters from the C, C, and
Cs species emitted from the cathode through a collisional scheme that involves:

e Molecular aggregation for neutral and charged clusters

CxtCr—>Chax (R1)
CytCn—>Crix (R2)
e Charge transfer
Ch+Cm—> Cn+ C (R3)
e Electron Attachment/Detachment
Cite—>Cy (R4)
e +C,—C, +2¢’ (R5)

where x=1-3, n>1, m>1

As may be noticed, we did not use a reversible molecular growth model. We indeed assume
that large clusters cannot undergo fragmentation to produce more stable smaller clusters.
Nevertheless, the molecular model we are using does take into account the existence of magic
numbers in the cluster size distribution and therefore predict much higher abundance for
clusters corresponding to these magic numbers (such as fullerenes).

The estimation of the rate constants for the processes (R1-R5) is thoroughly discussed in [7].
To take into account the existence of magic numbers in the size distribution, the rate constants
include a correction that depends on the formation enthalpy and the subsequent relative
thermodynamic stability of the different clusters. Of course more accurate description of
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cluster size distribution would require taking into account fragmentation (reversibility).
However this would make the molecular growth model far more complex.

The molecular growth mechanism described by processes (R1-R5) is assumed to take place
up to a maximum size that defines the largest molecular edifice (LME). Aggregation
processes involving this LME are assumed to lead to the nucleation of a solid particle.

In the present study, we choose a LME of 30-atom carbon clusters which leads, taking into
account the existence of a negative and a neutral clusters and several isomers for each size, to
a cluster system of 126 species.

Once solid particles are formed, carbon cluster may also undergo heterogeneous chemistry on
the surface of the particles. We assume in the present model that this heterogeneous chemistry
essentially consists of sticking reactions that results in a depletion of cluster population and is
therefore described using a phenomenological sticking coefficient.

As far as transport effects in the NG and FDS regions are concerned, the neutral species are
transported by diffusion while the charged species are transported by drift and diffusion in the
very weak electric field.

We are mainly interested in the trapping mechanism that confine negative clusters and dust
particle in the axial direction between the sheath and the FDS. Consequently, only axial
distribution of species densities and electric field between the sheath edge and the anode
surface are of interest in the present study. Therefore, we make use of a radially averaged 1D
model where the species losses at the reactor wall are described through a macroscopic source
term. As a result, the time evolution for the density of a cluster of size ‘i’ with a charge ‘z’ is
governed by the continuity equation:

on/

=-V(-D,Vn? + 14,.2.E) +W* — PP —P", (1)
withi=1,30 z=-1,0

Equation (1) expresses the balance between the time evolution of the cluster density and the
rates of change due to the drift-diffusion transport (first term in the right hand side) and to the
source terms related to molecular growth processes (second term in the RHS), heterogeneous
sticking on solid particles (third term in the RH) and on the reactor wall (last term).

ni’, Di, Wi, Wi’ represent the density, diffusion coefficient, mobility and net production rate
through gas phase processes of cluster ‘i’ of charge z respectively.

Drift and diffusion are assumed to take place in argon that remains the major species.
Diffusion coefficients are determined using a Lenard-Jones potential, while mobility
coefficients are obtained from Einstein relation.

The net production rate W’ takes into account the processes R1-R5, the rate constants of
which are thoroughly discussed in [9] and references therein.

PPand P" represent the loss rate of cluster i through heterogeneous processes at the surface

of carbon particles and at the reactor wall. Note that since we do not consider positively
charged clusters and multiply charged negative clusters, the value of z may be either 0 or -1 in
the present model. E is the electric field.

The solution of the continuity equations (1) requires specifying boundary conditions at the
cathode and anode surface. The boundary conditions for the small C, C, and C3 are derived
from the sputtering rate of the graphite cathode assuming that C, C, and C3 represents 70%,
20% and 10% of the sputtered carbon. We assumed that all the other neutral cluster sticks to
the cathode surface with a sticking coefficient of 1. As for the negative clusters, we assume a
zero density at the cathode surface since they experience the repulsion of the potential.

At the anode surface, the boundary conditions express the balance between drift-diffusion
fluxes and surface reactions, i.e., sticking at the surface.



11.3.b. Nucleation, growth, charging and transport of solid
particles

As mentioned previously, aggregation processes involving this LME are assumed to lead to
the nucleation of a solid particle that may undergo an aerosol dynamic with transport
phenomena and growth processes through surface sticking of clusters or particle coagulation
processes. Fragmentation processes are not taken into account.

In principle, describing the growth and charging of solid particles requires considering
detailed size and charge distributions of the solid particle population [15]. Coupling such a
detailed aerosol dynamic to the detailed model of molecular growth and to the discharge
equilibrium model would however result in too much complexity and can make the problem
intractable. Therefore, we made the choice in this work to simplify the description of the
aerosol dynamic, while keeping a detailed description of the molecular growth, i.e., the
nucleation step, and the coupling between cluster kinetics, solid particle growth and discharge
equilibrium.

As a result the particle population is described through three physical parameters: the particle
density, the particle volume mean diameter and the particle averaged charge.

The particle density is governed by the following transport equation that expresses the balance
between the rates of change in particle number density due to transport fluxes, particle
nucleation and coagulation process :

agt—p = V(B )+W,,. W,

uc coag

(2)

where pr is the particle flux density determined through a drift-diffusion expression as in the

case of carbon clusters. Wp, accounts for particle production through nucleation processes
and represents therefore the nucleation rate, i.e., the total rate of cluster aggregation processes
that lead to more than 30 carbons (30 carbons is the size assumed for the LME). Weoag
accounts for the reduction of the particle number density due to aggregation processes that
merge two particles in a single one. The source terms are thoroughly discussed in [7]. Note
that the image potential enhancement of coagulation rate suggested in reference by Ravi and
Girshick is not taken into account in this study [16].

The particle volume mean diameter is estimated from the average mass of particles assuming
a material density of 1 g.cm™®[17]. The average particle mass is determined using the
following particle mass conservation equation that expresses the balance between the rates of
change in particle mass density due to transport fluxes, nucleation and deposition of gas phase
species on the surface of solid particulates :

an m ncluster

P P = —§(mp .'Ep )+Wnuc'mnuc + ZWSit'm(i:IUSIEI’
ot = 3)

Myyc 1S the mass of the nucleus and m; the mass of the cluster i. The source terms, i.e. last two
terms of the right hand side, that appear in this equation account for particle mass gain
through nucleation and sticking of carbon clusters on the existing particles.



The discharge conditions encountered in the NG and the FDS are such that the particle charge
may significantly deviate from the steady state charge obtained when assuming that charging
process is only due to electron and positively charged ion fluxes. This deviation is due to the
contribution of nucleation of singly charged particles and sticking of charged clusters to the
particles in the average charge governing equation (3). Note also, that the electron
temperature for the dominant cold electrons is very low, i.e., 0.1 eV [18]. Consequently, the
charging of particles, especially those with diameter below 10 nm, is characterized by a fairly
long characteristic time. A 4 nm particle needs 0.3 s in order to reach its equilibrium charge of
-0.8 elementary charge whereas a 10 nm particle will reach -2 elementary charge in a few ms
(cf. figure 1).

As a result, we have to consider the dynamic evolution of the average charge of solid particles
through the following charge conservation equation that expresses the balance between the
rates of change of particle charge due to transport effects, absorption of electron (slow and
fast), positive ion and negative clusters, as well as nucleation through charged cluster.

@np_qp - ) ncluster .
= _V(qp'Fp )+ (Ie + Ii + Ie )'S'np +Wnuc'qnuc + Z\Nst'qcluster
a @)

Where gn is the charge of the nucleus, qiduster the charge of the cluster i, S the particle
averaged surface and I",- the courant density expressed using OML theory. In this equation we

distinguish charging due to fast | ™ [19], intermediate 1™ [19], and cold |°" electrons

[20]. Of course charging due to ions is also taken into account (1, ).

Equation (4) allows estimating the average charge of the particles. This is not sufficient since
describing particle growth through coagulation and surface sticking of clusters requires in
principle the knowledge of the detailed charge and size distributions of the particles. As a
matter of fact, the major driver for particle coagulation in dusty plasma is charge fluctuation
effect that results in the presence of neutral or positively charged particles, especially for
small size particles [21]. Assuming the same average negative charge for all particles would
prevent any coagulation. Similarly, particle charge fluctuation enhances surface sticking of
negatively charged clusters. It is therefore necessary to take into account the charge
fluctuation effect. For this purpose we make use of the approach proposed by Matsoukas et al.
[22] who derive an analytic expression for charge distribution as a function of the average size
and charge of the particles and of the plasmas parameters, T, and n.. Note however, that the
validity of the analytic expression given in [22] is questionable for small size particles.
Nevertheless, we estimate the fraction of particle that may be neutral or positively charged as
a result of charge fluctuation over all the considered size domain. The charge distribution of 5
nm particles with averaged charge of -1 and -5 obtained for Te=0.1 eV are given in figure 2.

In practice, beside the very dominant negatively charged particles only neutral and singly
charged positive particles contribute significantly to coagulation and surface growth processes
[23].

The boundary conditions for the particle density continuity equation are similar to those used
for the cluster density continuity equation. The boundary conditions for mass and charge
density conservation equations are derived on the basis of consistent density, mass and charge
fluxes at the anode and cathode surface. This is discussed in detail in Reference [7].



[I.4. Cold electron transport, and dusty plasma effect in the NG and
FSD,

The dusty plasma effect is basically described through the transport of the cold electron
population. As mentioned previously the model developed here considers that the discharge
current is carried out by the intermediate energy electrons. This results in approximately zero
current carried out by the other charged species. In other words, the present model assumes
that the net electrical current carried out by the positive ions, the negative clusters, the
negative particles and the dominant cold electron is zero. This is equivalent to assuming that
the transport of cold electrons, positive argon-ions and negative clusters and particles is
ambipolar.

Consequently, the plasma can be assumed to be locally neutral in the NG and the FDS and the
constraint of zero electrical current for the cold electrons and ions enables determining the
electric field in these regions. We recall that the discharge current is carried by the
intermediate electrons.

Therefore to describe the discharge equilibrium one has to consider a transport equation for
slow electrons (or argon-ion), the density of argon-ion (or slow electron) being determined
form a local electrical neutrality constraint.

Here we use the following transport equation for cold electrons that expresses the balance
between drift-diffusion flux, non local ionisation rate (in the NG), attachment processes,
absorption on dust particles and losses at the reactor wall:

— —- — n
% = —V(— Devne + N, E)+ Si (X) - Pdeust - Paettach - Prid(z - ] ()
n

e

where De, [ are the electron diffusion and mobility coefficients, S; the ionization source term
obtained from a Monte-carlo simulation of the fast electron population combined with an
analytical sheath model [18] (this term is disregarded in the FDS), P%just and P®qach are the
electron losses on the particles and clusters and P®q is the electron loss on the wall which is
controlled by ambipolar diffusion. The ambipolar diffusion coefficient is a function of the
neutral carbon species density, n.[24].

The structure of the electric field in the NG and FDS regions, and therefore the field reversal
effect if it takes place, are determined by expressing that the electrical current carried out by
the cold electron, the positive ion and the negative clusters and particles is zero:

£ _D.vn -D.vn, ->'Z.D.Vn ©)
M N+ N, + ZZ_zy_n_

where Z. represent charge number and D., p+and n.. represent the positive Argon ion diffusion
coefficient, mobility coefficient and density.

It is worthy to mention hear that the approach used here is similar, at least in its spirit, to that
proposed by Boeuf and Pitchford [25]. The main difference comes from the fact that we take
into account the radial losses of charged species on the lateral wall of the reactor. This
approach is quite different from the one that is proposed by Kolobov and Tsendin [18] and
that we used in our previous work on the early discharge phase where the plasma is still
electropositive and the clusters and particles do not contribute to the discharge equilibrium. In
this approach, the E-field is derived assuming that the cold electrons satisfy the Boltzmann
equilibrium. Note that for both these approaches cold electron temperature is one of the key-
parameter of the model that is very difficult to estimate. As discussed by Kolobov and



Tsendin, measurement tends to indicate that the temperature of these electrons would be of
few tenths of eV [26]. The authors investigated the effect of these parameters on particle
formation and showed that the particle formation can only take place in a narrow window of
cold electron temperature that is consistent with the value reported in [18]and that would be
approximately 0.1 eV [7].

Basically, equation (5) and (6),along with the conservation equations for cluster densities (1),
and solid particle, number (2), mass (3) and charge (4) lead to a self consistent description of
the E-field and charged species densities distributions in the NG and the FDS, which makes it
possible to describe the dusty plasma effect in these regions.

[1.5. Solution method

The model discussed in the previous sections end up with a description of the time-space
variations of cluster density, dust particle density, dust particle average mass, dust particle
average charge, and electron density through a set of 130 non linear partial differential
equations that are strongly coupled and subject to a non linear differential constraint that yield
the electric field.

The simulation domain is located between the sheath edge and the anode considering only a
short discharge. This means that the sheath region is disregarded when investigating the dusty
plasma effect. This should not affect the results since negative cluster and particles are
produced outside the sheath, in the NG and the FDS. As for the boundary conditions, we
assume zero density for cold electron and negative clusters and particles at the sheath edge.
The boundary conditions at the anode for negative clusters and solid particles express the
balance between the rates of transport flux and sticking processes. For cold electrons, we
assume a zero density at the end of cathode sheath and zero gradient condition at the anode,
this means that the cold electron flux are absorbed at the anode, their flux being essentially a
drift flux.

As for the numerical approach, we used a central difference approximation for diffusion-
dominated fluxes and an upwind approximation for (drift) convection-dominated flux. This
formulation transforms the partial differential equation system into a large system of coupled
non-linear ordinary differential equations that are solved by time integration using the
Backward Difference Formula (BDF) method.

However a full implicit treatment of such a coupled system of equations is quite difficult due
to an ill-conditioned jacobian matrix that results at least partly from the strong coupling
between the transport fluxes of carbonaceous species and the density of cold electrons which
determine the ambipolar electric field dynamics. Therefore, since the characteristic time for
the density variation of clusters, of the order of few seconds (z,s~ 10 S), is much greater than
the cold electron plasma frequency z~10s, we used an explicit treatment for the estimation
of the carbonaceous transport fluxes as function of the electric field. The flux at a time t+dt is
estimated as a function of the field at t using:

= todt Toatedt | oAt gt et
FU% =-D,Vvn™ +z,  un™E"' (7)

The change in cold electron density shows a much shorter characteristic time and an implicit
formulation was used. An under-relaxation is introduced to enable a system of differential
equation with a diagonally dominant Jacobian matrix.

F e = —D,VnX"*t + zu n('j”((l— g)EM + gE") 8)

where ¢ = 0,1.
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I11. Results

[11.L1. Simulation conditions

In the simulations described in paper, the cold electron temperature is setto 0.1 eV.
The carbon cluster populations are followed until they reach 30 carbons with different
isomer configuration. We consider that these carbon clusters are in thermal equilibrium
at 300 K. We assume that the sticking coefficient of the neutral clusters on particle
surface is 1. Finally 126 continuity equations are considered.

[11.2. Dynamic of the discharge at the field reversal position

Figure 3 shows the axial profiles of the electron density and the axial electric field between
the cathode, x=0 cm, and the anode, x=14 cm. The electron density, Figure 3.a, reaches a
maximum of 10*cm™ in the negative glow, at a distance of 2.25 cm from the cathode. The E-
field profile, Figure 3.b, shows a reversal at a 2.3 cm in the negative glow. Since the discharge
is short, i.e., no positive column, the field remains positive in the whole region between the
reversal position and the anode. The field remains almost constant, at a value around 5x107
V.cm™, in a large fraction of this region. Then, it decreases in the vicinity of the anode. Note
that the field reversal is weaker by more than 8 orders of magnitudes than the field in the
cathode fall, i.e., 5x10° V.cm™.

Figure 4a shows the time evolution of the negatively charged C,, Ci5™ et Cgo clusters at the
position of the field reversal, i.e., E=0. The density of the clusters increases very sharply
during the first 150-200 s of the discharge. The maximum density of the C4 is around 10° cm
% while the density of Cso that is responsible for solid particle nucleation remains below
10’ cm™. The time-variations of the neutral cluster densities are shown Figure 4b. The
densities of neutral clusters with more than four carbon-atoms, are much smaller than the
corresponding negative cluster densities. The neutral clusters are indeed rapidly lost by
diffusion to the wall, while the negative clusters are trapped in the field reversal. The only
neutral species that show large densities are C, C, and Cs that are sputtered from the cathode
(cf. figure 5). Actually, aggregation processes between the high density small neutral clusters
that are emitted at the cathode result in the formation of C4-Cg neutral clusters, a fraction of
which undergoes attachment processes that result in the production of C;, Cs and Cg
negative clusters. These small negative clusters are trapped in the field reversal region where
they undergo a molecular growth process that end up with the nucleation of solid particles.
This molecular growth route is schematized in figure 6.

Figure 7 shows the time-variation of the solid particle density (figure 7a), diameter (figure 7b)
and charge (figure 7c) at the field reversal position, i.e., E=0 position. The particle density
increases during the 150-200 s, reaches a value of 2x10° cm™, slightly decreases for time-
periods between 300 and 500 sec and then remains almost constant for longer durations. The
particle diameter shows a different behaviour since it increases steadily, reaching 30 nm at
200 s and 60 nm at 600 s. The particle charge number increases steadily up to 6 negative
charges for a particle diameter of 60 nm (The net charge, which is the opposite of the charge
number decreases).

To understand the time-variation of particle density and average diameter, we report in figure
8 the contributions of the different phenomena involved in the particle formation and growth.
Figure 8a shows that the nucleation rate, the number of solid particles produced per unit time
and volume, remains greater than the number of solid particles consumed by coagulation. The
ratio of the nucleation to the coagulation rates is around 100 for short time-period, i.e., when
the particles start to form, and decreases significantly at longer time period to less than a
factor 10 when the particle density becomes significant, i.e. around 10° cm™. It appears
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therefore that the nucleation rate always exceeds the coagulation rate during the whole
discharge duration. This means that there is a continuous net production of particles at the
field reversal position. Nevertheless, particle density at this position reaches a maximum of
3x10° cm™ at a time-value of 300 s and slightly changes above this value. The limitation in
the particle density despite a positive net production of particles is due to transport effects and
changes in the topology of the electric field in the vicinity of the field reversal position.
Indeed and as will be discussed in the next section, the particles that are produced at the field
reversal position are transported by drift-diffusion in the surrounding region. The change in
the field topology and the resulting transport processes even results in a slight decrease of the
particle density at the field reversal position for time-periods between 300 s and 500 s despite
the positive net production rate. Figure 8b shows a comparison between the contributions to
particle growth, i.e., the increase of the mean diameter, due to the sticking of carbon clusters
on one hand, and to the particle coagulation on the other hand. These contributions are
expressed in terms of the number of carbon atoms gained by each solid carbon-particle per
unit time. Basically, the particle growth is mainly insured by the sticking of carbon cluster.
The number of carbon atoms gained by each particle through this process remains at least
two-orders of magnitude higher than the one corresponding to the coagulation process. Figure
8c shows the contribution of the different clusters to the particle growth through molecular
deposition at the surface. It appears clearly that the small clusters emitted at the cathode bring
the major contribution to particle growth and therefore to the observed increase of the particle
diameter. This result may be well understood when considering that the major part of the large
clusters, i.e., Cp>3, are negatively charged. Their sticking to the negatively charged particle is
therefore strongly inhibited by the electrostatic repulsive forces. Note that the 2 orders of
magnitude decrease in the nucleation rate over the time-periods ranging between 200 and 600
s is consistent with the one order of magnitude decreases of the C, C, and C3 densities on one
hand and of the C4 density on the other hand. The rate of molecular growth that determine the
nucleation Kkinetics is indeed at least partly determined by the second order aggregation
processes between the negative clusters, like C4, and the dominant small neutral clusters
emitted at the cathode.

Figure 9a represents the time variation of the electron density at the field reversal position.
This density remains almost constant during the first 150 s, it decreases exponentially by more
than one order of magnitude for time-periods ranging between 150 and 300 s, and at a much
slower rate for longer time-periods. The values obtained for the electron density at the field
reversal position and for time period of 500-600 s are in quite good agreement with those
measured by Dominique et al. [27] who found a value of approximately 10*° cm™ at 2.5 cm
from the cathode.

The decrease of the electron density is accompanied by a strong increase of the negative
clusters and charged particle densities. The total electrical charge carried by negative clusters
and charged particles exceeds the electrical charge carried by electrons as shown in figure 9b
that depicts the discharge electronegativity factor a. The discharge becomes therefore
electronegative at the field reversal position. The analysis of the loss terms, depicted in figure
10, shows that the electron depletion is mainly due to the losses at the reactor wall during the
first 100 seconds of the discharge and to the dust particle charging for longer discharge
duration. It is also interesting to notice that the charging of the dust particles becomes rapidly
the major electron loss process despite the very small value of the cold electron temperature,
i.e.,, Te = 0.1 eV, that results in very limited electron attachment charging rates as compared to
what is usually obtained in capacitively coupled RF discharges, for Te~2 eV.

12



[11.3. Space distributions of the charged species densities, self
consistent E-field and dust cloud densities, average charge and
mean diameter.

So far, we mainly discussed the time-evolution of the discharge parameters at the field
reversal position. Cluster and particle formation and the resulting time-evolution of the
discharge parameters significantly depend on the considered discharge region. We therefore
discuss in the second part of this section the evolution of the axial distribution of the different
discharge parameters. Figure 11 shows the axial profile of C, density for time periods of 100,
150, 200, 400 and 600 s. The cluster density is significant, i.e., density-values greater than 1%
of the maximum value, in a region located between 1 and 6 cm distance from the cathode.
Although the maximum value decreases significantly for time period above 150-200 s, the
region with large density value tends to extend significantly, and the maximum density-value
is reached over a 2-3 cm plateau with a constant density. The axial profiles of larger cluster
densities show similar relative variations, although the absolute values are one and two orders
of magnitude smaller for Cy5 and Csg’, respectively. Also, axial profiles with a plateau region
are obtained earlier for larger clusters. They are observed at a time period of 400 s for C3, and
600 s for C4.. Similar behaviour are obtained for the electron density, since, as shown in Fig.
12, the large decrease of the maximum electron density, i.e., more than one order of
magnitude, is accompanied with the formation of a large plateau region where the electron
density reaches its maximum value. The transition from an electropositive to an
electronegative discharge is accompanied with a strong decrease of the ionization degree. This
decrease in the total ionization degree may be well understood when considering that electron
and positive ion production through the non local ionization is very weakly affected by the
formation of carbon clusters and particles and remains therefore almost constant meanwhile
electron and positive ion losses strongly increase with the appearance of solid particles (cf.
figure 10).

The dust density profiles calculated for 100, 150, 200, 400 and 600 s are shown in figure 13.
Basically, during the early time period, the dust cloud shows a density profile with a
pronounced maximum. This maximum is reached at the field reversal position at the early
stage of the discharge (200 s) and tends to move toward the sheath for larger time periods
(400 s). The maximum particle density shows only a slight decrease for time-periods between
400 and 600 s, where the major change observed is the spreading of the dust cloud and the
formation of a plateau region where the maximum density is reached (see the dust density
distribution at 600 s). Basically, the evolution of the dust cloud formed in the investigated
discharge is characterized by a first phase where the cloud shows a significant non-uniformity
in terms of density, and a second phase where the dust cloud tends to spread out with a large
region of maximum concentration (a plateau shape) that remains almost constant and around
1-2x10° cm™.This is somewhat larger than the estimate derived experimentally by laser
extinction [10] who suggested a value of 2x10® cm™ for a time-period of 600s. This difference
may be due to the absence of any detailed representation of the particle size distribution and
the subsequent approximate treatment of the coagulation kinetics. The model describes the
particle clouds only in terms of averaged quantities, i.e., number density, diameter and charge,
and is therefore quite simple as far as aerosol dynamics is concerned. Nevertheless, the model
prediction and the experimental estimation of the particle number density remain of the same
order of magnitude which can be considered as satisfactory.

Dust particles are therefore trapped in a region located between the sheath edge and the bulk
of the discharge, namely the negative glow of the DC discharge. This is similar to what was
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already observed in several experiments on similar or different discharge systems [28].
However, the position and width of the dust cloud highly depend on the space-distribution of
the E-field shown in figure 14. As a matter of fact, a constant electric field region, consistent
with the plateau observed in the charged species density profiles, is also observed for large
time periods, i.e., above 400 s (figure 14). The formation of this constant E-field region is
accompanied with a decrease of the electric field magnitude (in absolute value) around the
initial field reversal position. This evolution ends up with an almost zero E-field magnitude
over a wide region between the initial field reversal position and the sheath. Compared with
an electropositive discharge, the field structure in the dusty electronegative discharge does not
show a precise field reversal position, we rather obtain a negative E-field in the region of the
negative glow that is close to the sheath, a wide almost zero E-field region in the bulk of the
negative glow and a positive E-field in the negative glow and the Faraday dark space. This
zero-field quasi-equipotential region corresponds to space occupied by the dust cloud. Outside
the dust cloud in the NG and FDS regions the electric field is almost not affected by the
presence of the particles and its magnitude remains nearly equal to the one obtained in the
pristine argon discharge.

Figure 15 shows the space distribution of the particle mean-diameter (15. a) and average
charge (15.b). Of course, the particle mean diameter increases with time and the maximum
mean-diameter values varies from 30 nm at 200 s to 50 nm at 400s and 75 nm at 600 s. This
increase is in good agreement with experimental measurements of Dominique et al [5],
showing that mean sizes of ~ 35 nm and ~ 45 nm are reached at 180 s and 420 s, respectively.
Note however that mean sizes determined experimentally are number mean diameter and may
therefore differ from the calculated volume mean diameter. Basically, a volume mean
diameter is larger than the corresponding number-mean diameter. This would indicate that the
calculated sizes are slightly smaller than the measured one.

Nevertheless, this result can be considered as a very satisfactory since the model used does
not describe the details of the particle size distributions an only considers average quantities
to characterize the particle cloud. The present model can be therefore used to investigate, at
least qualitatively and more probably semi-quantitatively in terms of variations and trends, the
major effects that govern the dusty plasmas obtained in DC sputtering discharges.

The space distribution of the dust mean-diameter becomes strongly non uniform for larger
time-periods. As a matter of fact, while the space distribution for short discharge periods, i.e.,
t=200 s, shows a maximum value at the field reversal position, in the bulk of the dust cloud,
and almost symmetric behaviour with smaller diameter around the field reversal position, the
distribution at large time periods tends to becomes much less symmetric with a maximum
diameter reached at the edge of the dust cloud facing the cathode sheath and a strong decrease
of the mean diameter with the distance from the cathode. In other words, the largest dust
particles tend to accumulate at the edge of the cloud facing the cathode sheath while the
particles inside the cloud are smaller. This result may be well understood by comparing the
different source terms involved in the particle growth kinetics. As a matter of fact, particle
growth takes place through surface sticking of the small clusters sputtered from the cathode.
These clusters interact first with the particles located in the cloud region facing the cathode.
Their density significantly decreases inside the dust cloud as shown in figure 16 in the case of
C-atom. Therefore, dust particle growth through carbon cluster sticking is much less effective
for larger distance from the cathode. As a result, while the axial distributions of the C, C, and
C; cluster densities exhibit a simple exponential behaviour at short time periods, i.e., t<200 s,
they evolve to bimodal distributions for larger time periods, i.e., t=400 and 600 s (cf. figure 16
for the case of C-atom density). This bimodal distributions show a first exponential part with
a strong variation, i.e., more than one order of magnitude over 2 cm distance. This happens in
a region located between the cathode and the left side of the dust cloud where the particles
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have the largest mean-diameter and induce an enhanced loss of the small neutral carbon
clusters through heterogeneous surface reaction (0<x<2.5 cm). In this first region, the
variation rate of the carbon cluster density with the distance from the cathode strongly
increases with the time period. It is therefore consistent with the trends of the variation of the
maximum value of the particle mean diameter obtained at the cathode faced side of the
particle cloud with the time-period. The second part of the distributions corresponds to
distances above 3 cm from the cathode, and shows much slower and similar values for the
variation rates of the carbon cluster density as function of the distance over the whole time-
domain explored in this work (cf. Figure 16 for the case of C-atom density).

Further understanding of the interplay between the different phenomena that govern the
particle production and growth kinetics may be gained by comparing the source terms
involved in the particle number and mass density equations. For this purpose, we reported the
axial profiles of the coagulation and nucleation rates for different time-periods in figure 17.
This shows that the maximum nucleation rate decreases by one order of magnitude between
200 and 600 s (figure 17.a). The position of the maximum is however shifted toward the
sheath at the edge of the dust cloud. The decrease of the nucleation rate with time inside the
cloud is much more pronounced since the rate varies by two orders of magnitude between 200
and 600 s. This means that although the nucleation still takes place at the edge of the dust
cloud facing the sheath, it is clearly quenched in the bulk of the cloud and in the whole region
located between the cloud and the anode. Figure 17.b shows the axial profiles of the
coagulation rate for the same time periods. The coagulation rate strongly decreases in the
region where largest mean-diameters are obtained, i.e., the cathode-faced side of the dust
cloud facing the sheath. The decrease of the coagulation in the bulk and in the right side of the
dust cloud remains however quite moderate, i.e., less than one order of magnitude, and the
coagulation rate almost compensates the nucleation rate in the bulk of the cloud, i.e., x=2-2.5
cm, and exceeds it in the right side of the cloud, i.e., x=2.5-4 cm for long time periods.

In figure 18 we reported the axial profiles of the carbon gain per particle and per second
corresponding to the coagulation processes (Figure 18. a) and to the surface deposition
processes (figure 18 b). We can see that the rate of a particle growth due to the deposition of
carbon clusters on its surface exceeds by 1-4 orders of magnitude depending on the
considered position. The evolution of the particle mean diameter is then clearly largely
dominated by surface sticking of carbon clusters.

The analysis above enables to draw a simple picture for the aerosol dynamics that characterize
the dusty plasma obtained in sputtering DC discharge. The particle number density is mainly
governed by the balance between (i) nucleation processes, the only particle production
process, at the edge of the dust cloud facing the sheath potential barrier, where the small
carbon clusters emitted at the cathode still shows high density-values to initiate molecular
growth, (ii) coagulation processes, the only particle number reduction process, in the bulk and
in the anode-faced side of the cloud where particle mean diameter and average charge are
small enough to make the formation of neutral or positively charged particles through charge
fluctuation significant enough thus enhancing coagulation and (iii) transport phenomena that
insure the transfer of a fraction of the particles that are produced in the nucleation region to
the coagulation region (without affecting the global number of particles), thus leading to
almost constant solid particle density in the major fraction of the dust cloud. The particle size
is mainly governed by the deposition of small neutral carbon clusters on particle surface. The
coagulation processes, as modelled in this work, do not affect particle size significantly, while
they play a key-role in affecting the particle number density in the bulk of the cloud and in the
cloud region facing the anode.

The axial distributions of the average charge of the dust particles obtained for different time
periods (cf. Figure 15.b) show behaviours that are similar to those of the mean diameter

15



distributions. Basically, for long time-periods, particles with the largest charge (in absolute
value), i.e., around 7-8 charge units, corresponds to those with the largest diameter and are
therefore located at the edge of the dust cloud facing the cathode sheath. Consistently, the
smaller particles located inside the dust cloud and farther from the cathode sheath shows
smaller charges (in absolute value), i.e., 2-4 charge unit. Also interesting is the comparison of
the calculated average-charge and the charge value that would be obtained using OML theory.
These are also reported figure 15b (open symbols). There is a significant deviation of the
calculated non-equilibrium average charge from the equilibrium OML charge. For the short
time periods, i.e., t=200 s, the deviation from the OML theory is around 1 charge unit at the
edge of the dust cloud and 2 charge units in the bulk of the charge cloud, which corresponds
to around 50% deviation for both cases. For very long time periods, i.e., t=400-600 s, the
deviation from OML is mainly significant at the cloud edge facing the cathode sheath where
the difference with respect to OML theory is of almost 2 charge units, which represents 25%-
30% relative deviation. It appears therefore very important to take into account the deviation
of the average charge from the OML theory.

IV Conclusion

We developed a self-consistent model of particle formation and growth in DC discharge.
Discharge equilibrium, molecular transport and growth, and particle nucleation transport and
growth are described self-consistently. The model makes use of a detailed description of the
nucleation Kinetics that results from the molecular growth of carbon clusters, while the
aerosol dynamics was described in a simpler and approximate fashion by expressing balance
equations on averaged quantities, i. e., number density, average mass and average charge.

The model results in a mathematical description in terms of a large partial differential
continuity equations system subject to an algebraic constraint that yields the ambipolar
electric field. This system was solved using a high order implicit approach, which makes it
possible to simulate the non-stationary evolution of the dusty plasma over large discharge
durations despite the very high stiffness of the system.

The simulations showed that the particle formation takes place and a dusty plasma effect is
obtained due to the reversal of the axial electric field that enables trapping negatively charged
carbon clusters which makes it possible to induce a molecular growth and a nucleation
process. Negative particle formation takes place due to attachment processes on the C4, Cs
and Cg clusters obtained through coagulation of the small neutral clusters emitted at the
cathode. They also showed that the field topology is strongly affected by the presence of the
dust cloud. Instead of a single field reversal position that characterizes electropositive
discharges, the dusty plasmas showed a large zero-field region corresponding to the dust
cloud. The trapping effect remains however effective and particle formation is still possible.
The formation of a dusty plasma is accompanied with the transition from an electropositive to
an electronegative discharge with an electronegativity factor of 2. The cold electron density is
mainly depleted due to the charging of solid particles, attachment processes on carbon clusters
being quite negligible in the electron balance. We showed that the dust cloud obtained at a
long time-period is characterized by an almost constant particle density. The space
distribution of the particle size is however much more non uniform, the largest particle being
located at the edge of the dust cloud facing the cathode sheath. We explain this result by
analyzing the different effect involved in the aerosol dynamics. We showed that the particle
density is governed by nucleation at the edge of the dust cloud facing the sheath, coagulation
in the bulk and in the anode-faced side of the cloud, and transport inside the cloud, while
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particle size is mainly governed by the deposition of the small neural clusters emitted at the
cathode on the particle surface. Comparison of the results predicted by the model discussed
here and estimates determined experimentally show that the present model gives a very good
prediction of the electron density in the NG and the particle mean diameter. However, the
model predictions overestimate the particle number density estimated experimentally although
the calculated and experimental values of this parameter remain in a fairly good qualitative
agreement. In any case the fairly good qualitative agreement obtained between the model
results discussed in this paper and the experimental estimates of reference [27] tends to
support the whole picture inferred from the analysis of the model results as far as the interplay
between the different phenomena governing the investigated dusty plasmas, i.e., molecular
growth, aerosol dynamics, transport, discharge equilibrium, is concerned.

Of course, this model that deals with the description of quite complex plasmas can be
substantially improved. In particular, an improved description of the aerosol dynamics by
taking into account a detailed description of the particle size distribution is needed. This
would enable a more accurate description of the coagulation kinetics and its impact on the
behaviour of the whole dusty plasma. Such improvement would hopefully yield a better
agreement with experiments as far as particle number density is concerned, which would
make the model much more predictive. Also, the approach used here in the case of graphite
cathode and carbon (nano)-particles formation can be used for many other dusty plasmas
generated in sputtering discharges provided basic data for sputtering yields and molecular
growth Kinetics are known.
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Figure 1 : Absolute elementary charge and charging time derived from the OML theory as functions of the

particle diameter for Te=0.1 eV, n;=n.=10"° cm™ Tg=300 K,
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Figure 2 : charge distribution for a 5 nm particle and an average charge of -5 and -1 for Te=0.1 eV,
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Figure 3: Axial distribution of the cold electron density (a) and the electric field (b) in the gap region for
the pristine argon discharge. The cathode is located at 0 cm while the anode is at 14 cm. These profiles
represent the initial distribution, the distribution at t= 0 sec, for the dusty plasma model. Since the
discharge is a short discharge, there is no positive column and the field remains positive beyond the field
reversal position, i.e., x=2.3 cm.
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Figure 16: Density axial distributions for the neutral carbon clusters emitted at the cathode: C
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Figure 18: Axial distributions of the number of carbon gained per dust particle by coagulation (a) and
through surface deposition of carbon clusters (b) .
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