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Abstract:

An aerosol sectional model that describes the spage=tim voI)tion of the size distribution of
carbon particles produced in a graphite cathode s@eri discharge is presented. The model
includes the coupled phenomena of particle “growth, pfocesses, due to coagulation and
molecular surface deposition, particle nu% s inferred from a molecular growth
process, particle charging in the plasma andwa

rtiele‘drift-diffusion transport in the electrode
gap. Comparison between simulation experiments showed that the model yields
a satisfactory prediction of the paditicle cloud density and particle mean diameter in the

calculated size distribution show.

electrode gap. It also yields a satisfactary~arediction of the particle size distribution. The
x‘ particle-populations: a first one with a very small size
e

and just above the nucle r*and a second population, with a larger size, that
determines the mean-diameter-ef thé particle cloud. The sectional model also shows that
simple aerosol mode ng single size particles significantly overestimates the particle

Isfa i
density although it yields a satisfactory prediction for the particle size.
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I. Introduction

Although solid particle formation is observed in low pressure DC discharges since the 90's
[1], [2], very little effort has been devoted to the understanding of the processes that lead to
their formation. Recently a first modeling study of dusty plasmas generated in graphite
cathode argon DC discharges showed that particle formation is induced by molecular growth
and a subsequent electron attachment on carbon clusters [3]. Attaghment results in the
formation of negatively charged clusters that are trapped in the field reyersal region of the
negative glow (NG) and can therefore undergo further growth that end up with solid particle
nucleation. In the model used in this first investigation, the coupling between the discharge
equilibrium and the particle aerosol dynamic was not taken inte,account. Nevertheless, it
was clearly shown that the field reversal effect in the NG{plays a key=role as far as particle
nucleation in DC sputtering discharges is concerned [3]. Based on"this first approach, an
improved self consistent dusty plasma model was\developed: This model couples the
discharge equilibrium, the molecular growth kinetic ‘and the particle aerosol dynamic
described through the number-density, the mean-diameter and the average-charge of the
particles. This second study showed that theufield jreversal effect still enables particle
formation when the coupling between the space charge field and particle formation is taken
into account [4]. It also showed that this coupling.effect is effective only for long discharge
durations, i.e., longer than 300 s duration,

In all these studies, the dust particle elouds.were described using their total particle densities
and mean-diameters. A major“coensequence of such a simplification is that coagulation
kinetic is not accurately des¢cribed.NAs*a,matter of fact, dust particles are charged in plasma
discharges, and assuming thatall“the particles have a size corresponding to the mean-
diameter results in a particle with a*substantial negative charge (this is a consequence of the
Orbit Motion Limited«(OML)%charge equilibrium). Consequently, with this simple particle
cloud description,/the chargefluctuation, which is the driver for particle coagulation, is not
high enough tof gengrate neutral or positively charged particles and the model tends to
artificially eliminate the“coagulation processes [4]. Consequently, accurate prediction of the
coagulation Kinetics requires taking into account the detailed particle size distribution so as
to access the ffaction of small size particles that may be either neutral or positively charged
due t@ thecharge fluctuation effect.

Therefore, inthis paper, we are interested in investigating the detailed size distribution over
thewwhole particle population through an aerosol dynamics approach. The space-time
evolution of the particle size distribution is governed by the interplay between the
nucleation, the growth through cluster deposition on the particle surface and the
coagulation [5],[6]. The kinetics of these phenomena are highly dependent on the electrical
charge and on the surface to volume ratio of the particles. For this purpose we will make use
of the so-called sectional model that enables one considering the size distribution over a
large range of particle size. A size range of 1-100 nm was considered in this study, which
allows obtaining a detailed description of the governing growth mechanisms as function of
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Publishing the discharge duration, the position in the discharge gap and the particles size and charge. In

order to simplify the analysis and keep the numerical solution tractable, we do not consider
in this study the coupling between charged carbon particles and discharge equilibrium. We
limit ourselves to discharge durations where this coupling can be neglected.

The paper is organized in five sections, including this introduction. In section 2, the

investigated discharge is briefly presented. The model used to destribe the investigated

dusty plasmas is described in section 3. In section 4, we discuss the results obtained on the

s@»distri ution, particle

are compared with

experimental measurements. We also discuss how the ji !3pla between the different
it

time-space evolution of the particle cloud characteristics, i.

density, average diameter, charge, etc. The calculated sul
phenomena involved in the aerosol dynamic end up the_observed particle size
distributions. The main conclusions that may be drawnffrom thisawork are given in section 5.

II. Model Description t )

! -
IL.1. Investigated discharge sys \d
We consider an argon DC glow discha produced between two parallel plane electrodes

ge
of 10 cm diameter [7]. The cathode s h‘%hl and the grounded anode in stainless steel.
The distance between the electrode Th%l cm«The argon pressure in the vessel is 60 Pa and
the discharge current is adjusted.to a“constant value of 80 mA. This results in a discharge
voltage of 550V and since the an is grounded, the cathode takes spontaneously a bias
value of approximately -550 Monsequence, the cathode is sputtered by ions and by
fast argon atoms that are produced,through charge exchange in the cathode sheath [8]. The
sputtering of the gra it(%jode releases in the emission of C-atom and, to a lesser extent

ing effect, they have high enough residence time so that they can grow

experience clus
clusters are f/ ed th re trapped in the field reversal region of the DC potential structure
[3]. Due to )u}m

until they reach a critical size at which nucleation occurs [3].

.2 Mod®l characteristics and modeling approach
a/growth pathway leading to particle nucleation was extensively studied and

once they nucleate. More specifically we seek information on the time and space
evollbion of the particle size distribution. As a matter of fact, particles, once formed, can
grow by two mechanisms, i.e., molecular deposition on their surface and particle-particle
@gulation. The relative predominance of these mechanisms strongly depends of the
particle size and charge distributions.

As far as coagulation process is concerned, collision probability between two charged
particles strongly depends on the electrostatic attraction/repulsion effect. This is governed

3
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Publishing by the instantaneous charge-values of the colliding particles. The charge value of a given

particle shows a significant dynamic fluctuation due to the stochastic nature of electrons and
ions collection by the solid particles in the plasma. Under the studied discharge conditions,
in particular with an electron temperature of 0.1 eV, the typical elementary charge, as may
be inferred from the OML theory for particle size is in the range 1-100 nm, are relatively
small, i.e., between -1 and -20 elementary negative charges [12]. Notesthat these values are
similar to those reported by Agarwal and al. [13] and Kim et al. [14] diofrequency dusty
silane plasmas. In these conditions, the charge fluctuation canfl N%ﬁe existence of
particles carrying instantaneous neutral and even positive char, e follow the work of
Matsukas et al. [15] and made the assumption that the particle%’sﬁi given by a Gaussian
distribution around an average charge for a given particlé diametersNote that even if the
illedfor the smallest particle,
us to account, in a simple

assumptions made in Matsoukas et al [15], are not to aﬂx
we use this assumption for all particle size distribution, This aﬁ

harged particle coagulation. It is

way, for the particle charge distribution that epable
worthy to mention here, that coagulation i be.jlso enhanced through a dipole
interaction between particle [16]. This mechanism w3s however not taken into account in

this study.

The values of the colliding particle dia et@ so key-factors that affects the coagulation

frequency. Figure 1 depicts the variation ef the normalized coagulation frequency with the

diameter ratio of the colliding partieles: T[is volution shows that two particles with very

different diameters have much tigher epagulation frequencies than particles with the same

size. As an example, the ob&%\a ue for the coagulation between 1 and 100 nm
it

arger than that for two 100 nm-diameter particles.

particles is three orders of magnij

™,
ow

),

il b
\/J’\

normalized coagulation fi
-
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Figure 1 : Normalized coagulation frequency between two neutral particles of diameter d; and d, from [5]
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Publishing Therefore, a satisfactory description of the particle coagulation process requires taking into

account the whole particle size distribution. And, indeed, a model, denoted in the following
a single size model, that assumes that all the particle have the same size, corresponding to
the mean diameter, would significantly underestimate the coagulation contribution to the
overall aerosol dynamics [3].

We propose in this study to analyze the dust growth and transport phénomena using the so-
called sectional model where particle size range is divided intocbins, "er sections, which
allows a detailed description of the particle size effect.

Aerosol dynamics in a DC discharge strongly depend on the discharge conditions. This means
that describing particle nucleation and growth resulting ffom molecular sputtering of small
precursors in the discharge volume should take intoraccount the coupling between the
plasma equilibrium, the molecular species balances, and the aerosol dynamics. Such a
coupling that governs the dusty plasma effect was previously investigated using a single size
aerosol model where the particle charge and size distributions are described by average
values [11]. Taking this coupling into account in the frame of a detailed study of aerosol
dynamics using a sectional model turns out towe computationally cumbersome.

Since we are mainly interested in the detailed evolution of the particle size distribution, we
will consider a discharge durations shorter than 300 s for which the coupling between
particle dynamics and discharge equilibrium is almost negligible [11]. For such discharges,
the aerosol dynamics may be wellkdescribed without taking into account the dusty plasma
effect (the contribution offthe particles in the plasma equilibrium may be neglected).
Further, the aerosol dynamicsis.coupled to the cluster kinetics through particle nucleation
and cluster loss due te their sticking on the particle surface. We showed that the cluster
deposition is predominant for species C, C; and C3 which are produced from the graphite
cathode sputtering [3]. Thesefdensities are controlled mainly by the balance between their
production thrdugh«sputtering, and their consumption due to aggregation and sticking.
Taking into account the full coupling between cluster kinetics and a detailed aerosol
dynamics dlsoturns out to be very cumbersome. We assumed therefore in this work that the
space-time “vafiation of the cluster densities and nucleation rate are similar to those
obtaified with the model that describes the particle cloud using a single size distribution, i.e.,
corfespondingfto the mean-diameter and average charge.

Consequently, the investigation of the detailed aerosol dynamic was performed using a two-
step @pproach. In a first step, we solve for the plasma equilibrium together with a cluster
module and a single-size particle distribution model [3]. This first step allows in particular
determining the time and space evolution of the plasma parameters, i.e., electron density
and electric field, and the molecular cluster densities.

In a second step, we solve for the detailed aerosol dynamics using the time and space
distributions of the plasma parameters and cluster densities calculated in the first step. Our
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distribution corresponding to averaged particle properties yields satisfactory estimates of
the cluster densities that govern the particle nucleation and growth through surface
deposition processes.

In the next sections we briefly present the models used to describe the plasma equilibrium,
the molecular growth and the aerosol dynamic.

I1.3. Plasma module
We restrict ourselves to the description of the main peclliasities“ef this model that was
thoroughly discussed in [3]. As mentioned previously Wwe ‘are<interested in discharge
durations for which the plasma equilibrium is not affected bysthe particles and negative
clusters. Therefore the DC discharges characteristics were determined assuming a pristine
argon discharge and disregarding the effect of carbon speciesin the charge balance.

We used a 1D model that describes the discharge _chacracteristics across the electrode gap.
We distinguish three discharge regions: the cathode sheath, the negative glow (NG) and the
Faraday dark space (FDS). The situation,considered“nere corresponds therefore to a short DC
discharge without a positive column regien. A"nen-local approach proposed by Kolobov and
Tsendin [17] is combined to a Mante:zCarlo,simulation of the high-energy electrons to
determine the sheath dimensiofi and the ionization rate along the discharge gap. We then
solve for the cold electron density profile with the assumption of an ambipolar transport
using the ionization rate inferred“fcogm Monte Carlo simulations in both the NG and the FDS.
We made the assumption that the cold electron temperature is 0.1 eV [17] . The electric
field is finally determined assuming that cold electrons are in Boltzmann equilibrium[18].

11.4. CHusger mogiile
For the applied voltage value of -600 V considered in this work, only small clusters C, C; and
Czcan be sputtéred from the graphite cathode [9] . These primary clusters have to grow until
nucledtion ,canwgccur. For the discharge pressure considered here, diffusion is fast and
neutral‘elusters are lost on the reactor wall before undergoing any molecular growth [4].
Similarly, goositive carbon clusters that may form by electron impact ionization or charge
transfer processes are rapidly lost by drift to the electrode in the high electric field cathode
sheath and radial diffusion to the reactor wall outside the sheath [11]. In fact, for the
conditions considered here, only negative clusters obtained by attachment processes and
teapped in the field reversal region can show high enough residence time to enable particles
nucleation [3]. Consequently, the molecular growth model used to determine the nucleation
rate takes into account negative and neutral clusters and disregards positively charged
clusters. Carbon clusters are subject to aggregation, attachment and detachment processes
discussed in [3]. Particle nucleation is assumed to originate from the aggregation processes

6
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-~ —f 9, j q dz=0 exp(—z,) —exp(-z,,,)

assess, we showed in a previous study that LME above 15 carbon atoms results in similar
nucleation rates [19]. We therefore assume in this work that the nucleation proceeds
through the aggregation processes involving C;s and Cys.

I1.5. Aerosol dynamics model
The detailed charge and size distributions can be well described using sectional models
[20],[21] that make possible taking into account the size and ch rge effects in nucleation,
coagulation and surface growth by cluster sticking process S tional® models were

especially used for modelling the aerosol dynamics in dustyssila

capacitively coupled radiofrequency discharges (CCRF) [22] 2%\{5
In this work, we develop a 1D sectional model to desgribe bhanopartlcle nucleation,
growth and transport in DC argon discharge. In our a roac the space and time-variation
of particle nucleation rate is inferred from the cIu er gr th odel briefly presented in the
previous section and thoroughly described in r [3] The same cluster molecular
growth model is used to determine the clust den&__Jes required for the estimation of
particle growth kinetics through surface s% cesses. Particle charge distribution is

di

included in this model considering a Gaussi ibution around a dynamic average charge
for each section of the size distributions The“average charge for each section is calculated

plasmas obtained in
[26],[16],[13]

using charge balance equations [4].

We present in this section a crlptlon of this sectional model where the size
distribution is investigated over I‘%h(e size range that is divided into n evenly spaced
sections of particle volume Iog : z =In(v). Particles of section i have volumes in the

range [v;, Vi) such as vig=

M-«S\”th constant factor
Particle volume distributign is'given by g(z) and its integral represents the total volume of

particle Q per?u
0=|q(z)dz Fq 1

The secti Qodel assumes a constant particle volume distribution g(z) in a section / :

/ q(z)=gq,on|z,-z,,] Eq2
Thetotal {er density on each section / is thus given by :

)

Eq3

) oxp(e) Dexp(z) Zin =%
In each section /, characterlzed by a size | and an average charge g;, we solve a continuity
@ation for the total particle volume Q, taking into account the section gain/loss rate due to
coagulation, cluster sticking, transport and particle nucleation.


http://dx.doi.org/10.1063/1.4981245

AllP

Publishing

| This manuscript was accepted by J. Appl. Phys. Click to see the version of record.

00,1 _990) 90,
ot Ot coag Ot siicking
The source term, Suceation, COrresponds to the nucleation rate and is obtained from the
cluster module. It is non-zero for the only smallest size section.

+S

nucleation

—VF, Eq 4

o0, (t
210) , in such @ sectional model was

coag

The estimation of the coagulation source term,
extensively described in [20]. It involves several contributions:

e A particle gain through the coagulation between particles.belonging to sections iand
j with i<l and j</ that results in a particle that belongs tossection /,

e A particle loss due the coagulation of particle belonging'te.section / with a particle of
section i with i</,

e A particle loss due to the coagulation with two particles,of section /,

e A particle loss due to the coagulation with particle*ef section j with j>I.

This leads to the following master equation :

6%’:” — 2> 00w @ (N ZQQLW (q(i). a8,
_%QLZWI(CI(Z),Q(Z))ﬂfz o
- fg 0w (2. (B}

where f';;, is the productioficoagulation coefficient between particles belonging to sections
I and j that produce particle in_section | for neutral particles and f,, x=[2,4] is the
consumption coagulation ceefficient between particles belonging to sections m and n [20].
Nmax is the mumber of'the largest section. The coagulation coefficients are obtained from
ordinary neutral{_Brownians coagulation coefficient in free-molecule regime assuming
spherical particles [5]. w/represents a charge correction factor that allows taking into
account the.dimpact.of electrostatic interaction between the particles on the coagulation rate
constant {5]. The coagulation is strongly enhanced for particles with opposite charges and
strongly redueed for particles with the same charge. For example coagulation rate of 1 nm
particles carrying only 1 elementary charge is reduced by more than 6 orders of magnitude
as compared with coagulation rate of two neutral particles of the same size. On the
opposite, coagulation rate of 1 nm particle carrying +1 and -1 elementary charge is increased
by 2 orders of magnitude.

As.mentioned previously, to take into account the charge fluctuation that takes place in
electrical discharges, we assumed that the charge distribution in each section follows
Matsoukas model [15]. More specifically, anticipating on the results section and for the
discharge conditions considered here, only very small particles with size just above the
nucleus diameter, i.e., with a diameter in the range 1-5 nm, may become neutral or
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one positive charge remains very weak over all the size distribution and can be disregarded.

Consequently, for each section / with an average negative charge Z,;, the model developed
here takes into account the particle fraction having a neutral () or a single positive
instantaneous charge () . Although neutral and positively charged particles represent only
very small fraction of the particle cloud, coagulation is essenti

driven by collision
between these neutral and positively charged particles on one h an e large majority
of negatively charged particles on the other hand. Then, considéting coagulation of particle

of section i with a particle of section j, collision can occur betw [2

e the fraction yp,; of neutral particles of section i wit IIQrgflio section j,

o the fraction y;; of positive particle of section i with«neuteal particle of section j (yy,),
e the fraction y;; of positive particle of section % with nﬁgative particle of section j ()

where coagulation rate is enhanced by atettion een two particles of opposite

N

-
The coagulation between two negatively%{ rticles is neglected due to the strong

reduction of the coagulation rate by @ repulsion, i.e., the electrostatic reduction

factor w is huge.

charge as described in [5].

Following a similar approach, m@lecula stichng may affect the particle population of section
l'in three different ways:

e sticking takes place omicle lying in section | with the resulting particle still
belonging to settion / : this is called the intra-sectional sticking,
e molecular sti 'n‘gw%es place on a particle lying in section | with the resulting
particle outside seetion /, which represents a loss for this section,
. moIZ?er icking takes place on a particle in section /-1 with the resulting particle
|

still ection /.

omgiQ{
Cons uehy, the change of particle volume, Q,, due to sticking can be written as :

00 — - - Eq 6
ﬁ“ = H,0, - I+1 + I,
— — —_— [

sticking intra —sectional gain volume leaving section 1 volume entering section 1
from section 1-1

Thes tra—)ectional gain operator represents a first order moment of the sticking operator

~

[21].dt is given by :

\ oo =

H = - [ H(x)dx

Zi T2

Z

The sticking operator H for a single particle is defined by :
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4 mclusler Iop Vp

with y;:the molecular sticking coefficient, n’; density of it cluster of charge z and with miclsuter

mass. p, represents the carbon material density and S, is the surface of a single particle.

Eventually the inter-sectional operator is defined by: /

n_1l+1
where m;, is the averaged particle mass in section /. -)\

The transport fluxes are estimated on the basis of a drift-diffusign model:

F=-DV0 +Zu0F i
As mentioned previously, we made the assumpti thar‘Wrticle charge distribution for each
section follows a Gaussian distribution arou ani_averaged charge as described by
Matsoukas and al [15]. Using this assu ion, we only solve for the averaged particle
charge for each section following the sa&\ap ch as the one described in [3]. More

precisely, we solve for a charge baIan%hon taking into account particle charging by
coa

OML fluxes, transport, charge-chan 'bs lation and sticking of negative clusters.
\ h
/Q

10
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II1. Results

II.1. A brief description of the main plasma characteristics and cluster
growth Kinetics.
Before discussing the detailed aerosol dynamics which is the main subject of this paper, we
first give brief illustrations of the main peculiarity of the discharge characteristics and

ea‘jme are depicted

Unction of the distance

nucleation kinetics as inferred from previous model.

Typical plasma and potential distribution obtained in the investi
in figure 2 that shows the electric field and the electron density a
not shown in this
sition of the electric
field reversal, 2 cm from the cathode. The very slight field.revegsal, i.e., around 5x107 ch'l,
in the NG turns out to be very efficient in providing an eISctr static potential structure

where negative species can be trapped [3]. C

0.10

10"

-0.08

- 0.06

- 0.04
- 0.02

0.00

E (Vicm)

--0.02

--0.04

electron density (cm®)
-
o
o

--0.06

--0.08

<

1

' ' ' ' ' 14
/\ / X (cm)
Figure 2™ Dt

ron density, n., and electric field, E, as functions of the distance to the cathode.
The anode is located at 14 cm from the cathode.

-0.10

V.
—~ 4

Figure 3a‘shows the axial profiles of the density for the carbon atoms sputtered from the

“catho nd for different discharge durations [4]. C-atom shows a higher density-value at

\J

the cathode, i.e., 10" cm?, and the density decreases when clusters are transported toward
t node. Note that C, and Cz clusters which are also produced by sputtering of the
graphite cathode present similar profiles with density-values one order of magnitude smaller
than C due to their reduced sputtering yields [4].

Figure 3a shows that the decrease of carbon cluster density with the distance to the cathode
in the vicinity of the cathode, i.e.,, x=0-2 cm, is much pronounced for longer discharge

11
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subsequent enhancement of C-atom loss through sticking at the particle surface near the
field reversal position with discharge duration [3].

Figure 3b shows the variation of C4, C4, Cis and Cy5 densities with the distance to the
electrode for discharge duration of 300 s. For these clusters that result from molecular
growth, i.e. not sputtered from the surface, negatively charged clusters density largely
exceeds neutral cluster density. This shows the efficiency of the eleetrostatic trapping
c'D/e previously showed
clusters C, C; and C3

despite the very small value of the field reversal in the NG. In
that clusters growth pathway starts with the sputtering of théwneu
followed by a limited aggregation of the small neutral clustérsithateads to the formation of
C4- Cg clusters that undergo attachment processes [3] . :)MG- negative clusters are
produced, they are trapped in the field reversal regionfand growwup to the Largest Molecular
Edifice that leads to particle nucleation [3].

1011

10’

: IN\ 14
x (em) x (cm)

Figure 3 : (a) Carbon a om_%éity as a function of the distance to the cathode for different discharge
and Cys d

durations. (b) of C4, C,, ensities as functions of the distance to the cathode for 300s discharge

duration

15

Figure 4 shows aXial profiles of the nucleation rate along the discharge for different
discharge dupations.™\WWefobserve that a time-period of 50 s is necessary to obtain a
significant

ticlefermation. This delay represents an incubation time for particle formation
Zhs to the characteristic time of the molecular growth of the first sputtered

cons by surface sticking on the particle, which limits molecular growth and nucleation

m
inet&s. Nevertheless, due to the continuous graphite cathode sputtering and molecular

3 Qowth, the nucleation rate remains significant for all discharge durations.

12
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Figure 4 : Nucleation rate in cm™s™ as a function of the distance to the é’thode for different discharge
duration values. =,

A
III.2. Aerosol dynamics and partigle sizgdistribution in the investigated

plasmas \
The aerosol dynamic equations wer n the range 1-100 nm in order to achieve
satisfactory estimates of the size di

:

for the smallest sections, i.e., just above the

nucleation threshold, that are especially’ inyolved in the coagulation process. The aerosol

uations, 100 equations in the form of equation (4)

for particle volume density ndl\dgx rning equations for the average charge. The space
re

derivative, i.e., the flux terms,

dynamic is governed by 2x100 er

iscretized over the electrode gap using a 100 points-1D
space grid. The diffusj uxes were approximated by a second order central difference,
while the drift fluxesswere “approached by an upwind scheme. This results in a large
nonlinear system/of ydi differential equations where the unknown are the particle
volume densrit/an verage charge at a given grid point of the electrode gap. Starting with a
very low denSity;almostizero, seed particle clouds, and using the nucleation rate and the
plasma ¢ ar&)m inferred from the cluster growth model and the plasma model
e previous subsections, the governing equation were time-integrated using a
ard Difference Formula (BDF) method during 300 s.

—

The time-evelution of particle size distribution at each grid point in the electrode gap is

e ibed’n the first part of this subsection. Then, we compare the results obtained from

the ﬁ:OSOI models, i.e., size distributions, particle density, mean diameter, etc., with those
er

et ined experimentally or estimated from a single size aerosol model. In the last part of

St}{is section we analyze the relative predominance of the different phenomena, i.e.,

nucleation, surface sticking processes, coagulation and transport involved in the aerosol
dynamics.
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I1L.2.a. Space-time evolution of particle size distribution.
Figure 5 shows the particle size distribution,( dN,/dLogD,) between the cathode (x=0), where
clusters are sputtered, and the anode (x=14 cm) for discharge durations of 100 s, 150s, 200 s
and 300 s. The particle density is reported in a logarithmic scale.

At 100 s, we find particles everywhere outside the cathode sheath, i.e., above 0.3 cm from
the cathode. The major fraction of the particle cloud is however lo€ated around the field
reversal position, i.e., x=1.8 cm. This is indeed the position where the particle population is
maximum for all the size values. We also observe that the pacticle’ cloud ‘is much more
localized for larger particle diameter, which means that the électrostatic trapping effect is
much more pronounced for larger particles. As a matter of fact, the population of few nm
size particles tends to be significant over all the discharge gap;<larger particle population
shows significant population in a limited region around the“field reversal position. For
example, the 10 nm diameter particles cloud extends from the sheath edge to a distance of
6 cm from the cathode, while the 20 nm diameter particle“cloud is more localized in the
range x=1-3 cm. Figure 5 also shows that after 100 s discharge, the maximum density is
obtained for a particle diameter of 10 nm,a value that represents the mean diameter for
this discharge duration. Despite the prenounced /maximum population around 10 nm
diameter, it appears that all the size{distribution, especially the large size region of the
distribution, is populated in the vicinity“ef the field reversal position. In fact, the large
particle observed at this position corkespends to the initial seed particles that were trapped
in the field reversal region where they ceuld grow and reach diameter as high as 100 nm.

The structure of the particle elotrdidramatically changes for a discharge duration of 200 s and
above. Indeed for this discharge duration the particle cloud splits in two populations
(modes). We first haveé a few,nm size, i.e., 1-3 nm, particle cloud that spread over almost all
the discharge gap, see the very thin colored line in the vicinity of d=0 nm with a dN,/dLn(d})
values that rangefbetween 10" and 10° and that extends over the whole discharge gap. Then
we have a second mode that contains the major fraction of the particles and that is strongly
confined around the field reversal position. In this mode, the particles show size-values
ranging between 15 and 100 nm. The size distribution reaches a maximum value slightly
greater than 20% cm?, just at the position of the field reversal and for a size value of 35-
40 nm.“A ‘major characteristics of the size distributions obtained for discharge durations
above 200 syis the very strong population depletion that starts just above a size value of 2-
3 nm and may extend up to a size of 15-20 nm depending on the discharge duration.

To appreciate this depletion in the size domain ranging between 3 and 20 nm, we report in
figure 6a the size distribution obtained for discharge durations of 100s, 200s, and 300 s at
the field reversal position, i.e., x=1.8 cm. Figure 6b shows the details of the size distribution
in the depletion region, i.e., for dp=1-10 nm. Figure 6a confirms that for a short discharge
duration, i.e., below 100 s, the size distribution increases steadily up to a maximum value,
obtained for a particle diameter of 10 nm, and then decreases for larger diameter values. It

14


http://dx.doi.org/10.1063/1.4981245

AllP

| This manuscript was accepted by J. Appl. Phys. Click to see the version of record. |

Publishing is worthy to mention here that the population of the smallest size section, i.e., just above

the nucleation threshold, is quite significant and only one order of magnitude smaller than
the maximum size distribution. Figure 6a shows the very sharp decrease of the size
distribution just above the nucleation threshold for long discharge durations. For instance,
for a discharge duration of 200 s, the particle size distribution decreases by more than three
orders of magnitude when the particle size increases from 1 nm (the_ucleation threshold)
to 1.5 nm. A sharpest decrease is even observed for longer dischargé durations. As a matter
of fact, for 300 s discharge duration, the size distribution decreases by,more«than 6 orders of
magnitude over 1-1.5 nm size range. Further, particle depletionstends to take place over
much larger size range for longer discharge durations. As a matter of fact, the size range for
which the size distribution is two orders of magnitude/smaller than its maximum value
increases from 2-10 nm for a discharge duration of 200.s to 2<20 nm*for a discharge duration
of 300 s. This enlargement of the size range over{which the“depletion of the particle
population takes place is obtained along with the increase of the size at which the
distribution reaches its maximum. This increases'from 3Q nm to 40 nm when the discharge
duration increases form 200 s to 300 s.

The distributions obtained in this work sHew Similar/qualitative behavior as those obtained
by Kim and Kim [14] in CCRF dusty silané plasmas. As a matter of fact, although the discharge
conditions are quite different, a strong depletion build-up, similar to the one obtained here,
for the intermediate sizes was also reported by these authors who used a one-dimensional
aerosol model with prescribed &lectronidensity and temperature [14]. Particle distributions
with a strong depletion werefalso obtained in the gap center of CCRF dusty silane plasmas by
Agarwal and Girshick who used,a fully selfconsistent model for the plasma and the aerosol
dynamics [13]. Note that in these two references the size distribution maxima at the
nucleation threshold and for the larger population, i.e., 10-50 nm diameter population, show
comparable values. This“gepresents a significant difference with respect to the results
obtained in our/conditionssfor which the population at the nucleation threshold is several
orders of magnitude smaller than the large particle population. This difference may be due
to the fact that the,authors of these two references made use of constant prescribed
nucleation*“rates that are probably much greater than the nucleation rate calculated from
the mblecular growth model used in this work. It is worthy to mention that depletion-free
monotonqus distributions was obtained by De Bleeker et al. who used a one-dimensional
self-consistent model of plasma and aerosol dynamics in CCRF silane plasmas [28]. We
believe that this difference is due to the fact that in the discharge conditions investigated by
De Bleeker et al., the population of large particles remains very limited and coagulation
takes place only between small size particles.

To conclude this first part, we can say that the detailed aerosol dynamic simulations show
that for long discharge durations when the particle cloud starts to be highly populated and
particle mean diameter reaches significant values, the particle size distribution shows two
populations: a very small size, i.e., just above the nucleation threshold, population and a
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Publishing major large size population that defines the average characteristics of the particle cloud. The
size distribution is characterized by a strong depletion in a size domain starting just above
the nucleation threshold and that may extend up to 20 nm diameter.
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Figure 5 : Particle size'distribution ( dN,/dlog(Dp)) in the electrode gap region at 100 s (a), 150 s,
200 s and 300 s. The colors gives the magnitude of the size distribution in a logarithmic scale
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Figure 6 : Particle size distribution at the field reversal position, i.e., at 1.8 cm from the cathode, for
discharge durations (b) is a zoom on the range 1-10 nm.

I11.2.b. Model validation

The calculated size distributions were used to determine the number density and the mean-
diameter of the particle cloud. Figure 7 shows the time-variations of the particle number
density at the field reversal position calculated by the sectional modél and the single size
model. The particles reach a significant density after discharge dukatien of 50 s, which is
consistent with a short characteristic time for the nucleation pfocess as discussed in the
previous section. The sectional model predicts a particle density=value smaller than that
obtained from the single-size model over all the time range consjdered in the simulation.
However, for discharge durations smaller than 100 s, particle densities obtained by both
models are quite similar. For longer discharge durations, the_particle density determined
using the sectional model reaches a plateau with a value of #0® ¢m™, which is one order of
magnitude smaller than the density obtained, fofthe same‘conditions, by the single size
model. Figure 8 shows the time-variations of the ‘particlesmean diameter calculated by both
models. For the sectional model this value is obtained by @ weighted averaged of the particle
section with their corresponding density. Theumean-diameter value predicted by the single-
size model remains always slightly larger thag that.predicted by the detailed aerosol model
over all the investigated time range. However;<the values obtained by the sectional model
and the single size model shows enly a“slight difference for intermediate discharge
durations, i.e., 100-200 s, and tehds to,gét closer for longer discharge duration. As a matter
of fact, the particle diameter predieted“by the sectional model reaches a value of 30 nm
after 200 s and 40 nm after 300.s* For the same time period the mean diameter values
predicted by the single size modekare 35 nm and 42 nm.

It is worthy to remind_here'that the particle nucleation rates and the cluster densities
available for particle growth by sticking are exactly the same in the two models.

The particle déasity Valué of 108 cm™ predicted by the aerosol dynamic model for 300 s
discharge durationis_in a very good agreement with experimental measurements made by
laser extihetion [29] that yield a particle density value of approximately 2x10® cm™ for a
dischafge duration of 600 s. On the other hand, these density values are one order of
magnitudée smaller than the one obtained using the single size model. It appears therefore
that consjdering a detailed aerosol dynamic model results in a substantial improvement in
the'prediction of the particle density. These comparisons also show how crucial is the use of
a coagulation model that considers the detailed particle size-distribution along with charge
fluctuation effect, in order to achieve a satisfactory prediction of the dust cloud density.
Particle average diameter determined through experimental measurements by Scanning
electron Microscopy carried out on the investigated device are also reported in Figure 8. The
particle collection procedure consists in using a high flow-rate pumping at the end of every
discharge, in the direction of the gravity field. The aim is to collect the largest fraction of
particles contained in the vessel on substrates. These substrates are located at the bottom
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Publishing of the vessel and are pushed one after the other, just below an aperture made in the anode.

Each substrate is used for a given plasma duration. A set of several substrates provides the
growth kinetics. Size distributions of Figure 9 and 10 were established with a bin width of 5
nm, used for around 800 size measurements (in each case). The experimental points in
figure 8 present the mean values of size distributions well fitted by log-normal distributions
with 1.2-1.3 multiplicative standard deviations. A discussion was ingluded in the revised
version to clarify the measurement method.

These measurements showed that the particle mean-diameter Jreaches a value of
approximately 35 nm after only 50 s discharge duration, 42 nm_after120s and 45 nm after
300 s. When comparing these values with those calculated/Using either the detailed aerosol
dynamic model or the single size model one should remember that.the absolute value of the
calculated diameters are obtained assuming a partifle mass“density of 1 g.cm™ [5]. The
actual particle mass density is however not really known and cannot be easily estimated.
Therefore, quantitative comparison between calgulated and“measured diameters cannot be
completely meaningful, and only qualitative camparison gan be carried out. From this point
of view, it appears that the particle diameter determined experimentally is significantly
larger than those estimated by both the aérosokand the single-size models at the early stage
of the particle formation just after thé incubation time during which the nucleation takes
place. Also, the particle growth kinetics predicted by the models appears to be significantly
slower than that determined experimentally. Indeed, measurements shows that steady state
value for the average diameterfisueached after only 150 s, while the steady state average-
diameter value is not reached in, the models even for 300 s discharge duration. Note
However that the calculated time-variation of the average diameter tends to decrease for
discharge durations above 250 s and calculated average diameter seems to approach the
steady state value atéthis duration. In particular, the difference between the measured and
calculated diametérs tends to decrease for long discharge durations. The measured and
calculated diameter valuessfor 300 s discharge duration are in fairly good agreement. The
difference between the models prediction and the experimental measurement seems to
originate at least partly from the nucleation kinetics (molecular growth model) that strongly
depends oniihé sputtering yield. Therefore this difference may be at least partly due to the
uncertainty of the sputtering yield and the rate constants involved in the cluster growth
model [4}., Nevértheless, both the detailed aerosol dynamic model and the single size model
yield mean diameter values that are not far from those measured experimentally.
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To furth
—
t
“pre
the
rticle size distributions is not totally meaning full. It is indeed much more relevant to

valiﬁéte the model prediction, at least qualitatively, we compare in this paragraph
measured and calculated particle size distributions. However, since, as mentioned
i usl> the estimation of the particle size is based on a prescribed qualitative value of
rticle mass density, a direct quantitative comparison of the measured and calculated

eempare particle size distributions that correspond to the same mean particle diameter. Of
course such comparison cannot validate the capability of the model to predict the absolute
particle size distribution. It allows however obtaining at least a qualitative validation of the
very peculiar particle size distributions that were calculated for the investigated discharge
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calculated particle distribution.

Figure 9 and 10 show the calculated and measured particle size distributions corresponding
to similar mean particle diameter of about 20 nm (figures 9-a and 9-b) and 40 nm (figures
10-a and 10-b). Comparison of the measured and calculated distributions shows that
although the dynamic of particle growth predicted by the mogdel shows a delay of
approximately 100 s with respect to the experiment, i.e., the model predict that a mean
diameter of 40 nm is reached at 275 s while this mean-diametéer value is observed
experimentally for a time period of 150 s, the shape of the talculated and measured size
distributions obtained for the same mean diameter are very'similar:

For instance, Figures 9a and 9b show that for a short dischargesduration, both measured and
calculated particle distributions are lognormal and centéred on a single maximum
corresponding to a size of 20 nm. Figures 10a and-10b“are Obtained for longer discharge
durations. In this case, both experimental and calculated distributions show a log-normal
shape with a population depletion for particle below 10-hm, a sharp population increase in
the size range between 15 and 40 nm andwa much slower decrease for larger sizes. As
discussed in the beginning of this section, seealsofigure 6a, beside the main population that
corresponds to particles with size in the, vicinity. of the mean diameter, there is a second
population with much smaller size ‘@nd.a fairly significant density that shows a populati*on
maximum at the nucleation threshold/ Although, this population could not be directly
identified experimentally, its existence, ‘which is necessary for enhancing the coagulation
processes, is consistent with“theparticle’density and structure observed experimentally. And
indeed, experimental characterization by SEM showed that carbon particles obtained in the
investigated discharge‘may“eontain 2-3 nm carbon particle agglomerates that are imbedded
in a continuous cearbon matrix [30],[31]. This finding is consistent with the growth
mechanism as may bé inferred from the present model with simultaneous coagulation
process involvihg the'small size distribution and an enhanced surface sticking process on the
large particles (see‘the discussion in the next subsection).

To congludethis part, we can say that the particle size distributions predicted using the
detailed agrosol*dynamic model are in good qualitative agreement with those measured in
the experiment. Further, the bimodal nature of the predicted distributions, with a very small
size population, just above the coagulation threshold, and a major population with a size
around the mean particle diameter, is consistent with the particle morphology and structure
determined experimentally.
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4 1M2.c Analysis of the different phenomena involved in the

o aerosol dynamic
The smaller particle density value obtained when using a detailed aerosol model (as
“com with the single size model), may be easily explained by the capability of the

aero§>| dynamic model to accurately describe the enhanced particle coagulation kinetics

\ b en particles of different size and/or different charges. Figure 11a shows the particle

size distributions obtained using the aerosol dynamic model with and without taking into
account the coagulation process. Disregarding the coagulation processes, results in a
truncated regular lognormal-like distribution with a single maximum around the mean
diameter. The population depletion therefore disappears when coagulation is disregarded.
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Publishing This depletion effect is in fact very characteristic of the coagulation process that prevents

the growth of small size particles that are rapidly consumed by coagulation with the particles

belonging to the core of the distribution. As a result, intermediate size distribution cannot be

produced and the distribution is depleted at intermediate sizes. In the absence of the

coagulation processes, the particle population density is strongly enhanced. This may be
easily seen in figure 11a that shows that the size distributions obtained when disregarding
the coagulation processes is one order of magnitude larger than thewone obtained when
taking onto account this effect. Further, figure 11b shows the timg evolutions of the particle
densities at the field reversal position calculated using the aerosolkdyhamic model with and
without taking into account the coagulation processes. In the same figtike we also report the
time variation of the particle density calculated using thg single size.distribution model at

the same position. We can clearly see that disregarding the“egagulation process results in a
larger particle density with values that are similar with thosecobtained using the single size

distribution model.
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Figure 11 : (a) particle siZe distributions presenting similar averaged diameter obtained (1) with
coagulation at 170 s (filled square) and without coagulation at 300 s (empty circle). (b) time-evolution of
the particle density at the field reyersal position calculated with and without taking into account the
coagulation process. The density calculated with the single size model is also show.

To furtherwunderstand how coagulation processes plays in affecting the size distribution, we
reportfin figureil2a the particle volume gain per unit plasma volume due to coagulation, i.e.,
the _positive part of the coagulation source term, as a function of the size. Surprisingly, the
coagulation“process seems to be very active during the early stage of the discharge, i.e.,
during the'first 100 s, when the mean diameter is still small and the population of the 1-5 nm
size particles significant. For larger discharge duration when the particle size increases and
the size distribution is depleted at the intermediate size, the coagulation rate experiences a
dramatic decrease both for the very small and the core distribution particles. For instance
the coagulation rate for the size-range 25-30 nm decreases by more than four orders of
magnitude when the time increases from 200 to 300 s. This decrease is well correlated to
the strong depletion of the particle population in the range 1-5 nm. In particular, particles
with size ranging between 3 and 5 nm experience a population decrease by more than 6
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Publishing orders of magnitude (cf. figure 12a). In order to understand how the coagulation contributes
to the mass balance of the different section, we show in figure 12b the positive and negative
parts of the coagulation source term for the different sections at the field reversal position
and for a time period of 100 s. Figure 12b clearly shows that the net contribution of
coagulation to the volume change for small particle is negative ( the loss is much greater
than the gain), while this net contribution is positive for particles that show size-values
above the mean-diameter. This result shows that coagulation tf to consume small

particles and enhance the population of large particles, whigh=is consistent with the

population depletion observed at the small size. The effect of ;}Iation on particles as
function of their size may be well appreciated by looking to thN loss defined as the
ratio of the negative part of the source terms of the aerqsol dynami

& -

~%2 This is depicted in figure 13 that shows,that the loss frequency of

equation and the size
distribution, i.e.,

small particles is much larger than that of large parti_gle urtP}r, the loss frequency of small
particles tends to increase with the time while the opposite is observed for large particles.

icles isb
magnitude than the loss frequency of large parti

For instance, the loss frequency of small p

eater by more than 6 orders of
s for long time periods, i.e., 200 and
300 s. This indicates that the coagulation processes4nduces a very large relative change of
the small particle volume, while its eff tWqume of the large particles remains quite

limited. In other words, the coagulation precess involves a large number of small particles

that interact with large particles. Th \cﬁhnge of large particles volume due to coagulation
remains however quite limited. x
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In fact, the increase of the large particle diameter population and the subsequent shift of the
size distribution toward the large size, is mainly insured by surface sticking processes. Figure
14 shows the particle volume gain per unit plasma volume through surface sticking
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processes as a function of the particle size. The contribution of surface sticking process to
the particle growth kinetics exceeds the contribution of coagulation by more than one order
of magnitude at 100 s, four orders of magnitude at 200 s and eight orders of magnitude at
300 s. This basically shows that for long discharge durations coagulation does not affect the
core of the size distribution that is governed by surface sticking process. Coagulation
essentially govern the populations of the very small size particles, i.e4 near the nucleation
threshold. Basically the coagulation process represents the major lgssunechanism of small
particles. This process balances particle production by nucleation/a m\the increase of
particle density. Therefore the coagulation process determines, “along with the nucleation
process, the overall particle density at steady state. It is worth mention here that when
this process is not properly taken into account and un
model, steady state density can be hardly achieved. A am
particle density predicted by the single size model ke
range of discharge durations, while particle densinre

re?9mate as in the single size
er'?iH-act, figure 7 shows that
s increasing over all the investigated
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Publishing As clearly shown in figure 1, the coagulation between particles of very different size is
strongly enhanced, i.e., coagulation rate between particle with a size ratio of 10° is three
orders of magnitude larger than coagulation rate between particles with the same size.
Beside this size effect, charge fluctuation may result in a substantial fraction of neutral and
positively charged particles, especially when the average charge is limited. As a result, the
coagulation can be also enhanced by electrostatic attraction between particles with opposite
charges. Therefore, the main drivers for coagulation process are both the size effect and the
charge fluctuation effect. This later essentially involves small*“particles and may be
appreciated in figure 15 where we showed the evolution of the average charge (Figure 15 a)
and the fraction of neutral and positively charged particles (Figure 15b).as a function of the
particle size at the field reversal position. Charge fluctuatigh involves‘particles with diameter
smaller than 10 nm and average charge below 2 elementary charges. This means that
particles with diameter as high as 10 nm will contribute to cqagulation with particles of the
core distribution. Note however that neutral and positively charged particles represent more
than 5% of the total particles only for size valuesibelow-5 nm. Therefore particles with size-
values between the nucleation threshold and 5%am-diaméter bring the main contribution in
the coagulation and represents therefore thedriver of this process.

qp

o)

1
neutral/positive particles (%)

T T
1 10 100 1 10 100

particle diameter (nm) particle diameter (nm)
(@ (b)

Figure/15 : Averaged charge (a) and percentage of neutral and positively charged
particles (b) as functions of the particle size

The average charge carried by the major part of the particle population, i. e., which shows a
diameter4value around 40 nm, is approximately 5 elementary charges. This average charge
valuewgives, for a particle density of 10® cm™, cf. figure 11b, a global charge of 5x10®
elenfentary charges per cm®. This is much lower than the electron density which is in the
rangé 10'°-10" cm™ in the negative glow of the investigated discharges (Figure 2 and
reference [3]). This supports the assumption made in this article with respect to the
negligible contribution of the solid particles to the overall plasma equilibrium. The average
charges calculated in this work compare well with those reported by Kim and Kim for CCRF
dusty silane plasma. They found a value of approximately 5 elementary charges for 40 nm-
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average charge values reported by Agarwal et al. who used a self-consistent one-
dimensional model with prescribed nucleation rate to describe similar (CCRF) silane
discharges. De Bleecker et al. who used a self-consistent one-dimensional model for (CCRF)
dusty silane discharges, obtained similar average charge values for particles located in the
center of the discharge gap where the electron temperature is usually moderate (2 eV) and a
much larger charge values, i.e., 100 elementary charges, in the vicinity«of the sheath where
the electron temperature is usually very large.

Transport effects also contribute significantly to the space-time ewvglution of the particle
cloud that extends from x=1 cm to x=3 cm distance frofm~the cathode. The nucleation,
coagulation and surface sticking rates are not uniform in the diseharge gap. The analysis of
the net transport fluxes and the coagulation and surface sticking source terms show that
many of the small particles that contribute to the coagtlation process in the bulk of the dust
cloud, i.e., in the vicinity of the field reversal région located at x=1.8 cm, come from the
periphery of the dust cloud, i.e., x=1-1.5 cm and x=2-2.5 cm. This may be well understood by
looking at Figure 16a that shows the rategof change“due to transport fluxes in the axial
direction of the small particles with sizetbelow 5 nm. It appears that small particles are
transported by diffusion from the cloud periphery, i.e., x=1-1.5 cm and x=2-2.5 cm, to the
cloud center, i.e., x=1.8 cm. In fact, particle_nuclei are produced and undergo a first growth
through surface sticking of C, C, and, C3*neutral species sputtered from the cathode at the
periphery of the particle cloud Where particle density and coagulation rate are small. They
are then transported inside the pagticle cloud in a region located in the range x=1.5-2.5 cm
where the large particle density isfatger and the coagulation process is enhanced. In figure
16b we represent the transport for'80 nm size particles inside the dust cloud. It appears that
large particles are trahsported from the center of the cloud, i.e., x=1.8 cm, to the periphery,
i.e., x=1-1.5 cm ahd x=2<2.5/cm. This shows that the production of larger particles is
enhanced in the cenfral zone of the dust cloud. It is worthy to mention here that the
transport flux ofilarger<particles is 1 order of magnitude slower than for the smallest one.
This is duedothe better confinement of the large particles that carry higher negative charges
in the fieldyreversal region. It is worthy to mention at this stage that the investigated
dischdrge is generated in a closed vessel with no gas flow. Of course as shown in reference
[13], thewpresénce of gas flow may substantially affect the particle dynamic inside the
dischargeg
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Figure 16 : transport of particle of Snm (a) and 30 nm (b) particles in the dust cloud centered at 2

cm at 200 s.

IV. Conclusion

This study made possible understanding theidetailed mechanism and dynamics of particles
growth due to graphite cathode sputtering inwan argon DC discharges. The modeling
procedure described in this work enabkles«us_estimating and investigating the time- and
space-evolution of the particle sizeddistributign, and the corresponding total density, mean-
diameter and average-charge. Particle size“distributions showed a bimodal behavior, with a
minor, although very important,\small particle population, a major core distribution and a
strong population depletion for Mmtermediate sizes. Both distribution modes are well
represented by log-normal distgibution. Comparison with experiment showed that the
aerosol dynamic model yields a good prediction of the size-distribution behavior in the size
range 10-100 nm where particle size could be measured. It also showed that the model also
yields a good prédiction ofithe total particle density. Sectional model yields therefore a
much better predictien thah a single size model for the particle density. The mean diameter
values predicted using the sectional and the single-size distributions models are however
very simildr. Comparison with experiments showed that, although calculated and measured
mean-diameter values are similar for long discharge durations, a significant difference on
particle growth dynamics was observed.

The better particle density prediction obtained with the aerosol model is due to the more
accurate description of the size- and charge- dependent coagulation growth process in this
modél. The sectional model makes it possible to properly describe the enhanced coagulation
between particles with very different size. It also enables one taking into account the charge
fluctuation that results in neutral or positively charged particle in the size range 1-5 nm. This
charge fluctuation combined with relatively small charges are the driver for the coagulation
process and govern the steady state particle density and the peculiar log-normal shape of
the size distributions. These are characterized by a bimodal structure and a strong depletion
in the size range 2-10 nm, for long discharge durations. Analysis of the interplay between the
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Publishing different phenomena involved in the aerosol dynamics, shows that while the particle density

is governed by coagulation, the mean diameter value is mainly determined by surface
sticking process. This is the reason why aerosol dynamics and single size models yield the
same prediction for the mean diameter value. The same analysis showed that the lifetime of
small, 1-5 nm, particles is very short. These particles are consumed through coagulation with
the large particle of the core distribution. This explains the strong depletion observed in the
distribution. It also suggests a structure consisting of a collectigh“ef 1-5 nm particles
embedded in a matrix that results from carbon deposition, for theflarge particles of the core
distribution. This is fully consistent with the particle microstructures/bserved by SEM. We
finally analyzed the space dynamics of the particle cloud. We observedithat particle growth
is located at the cloud center. The large particle obtained at this positien diffuse to the cloud
periphery. On the opposite the particle that nucleate in-the cloud periphery are transported
to the cloud center and supply at this position the small partigle population that plays a key-
role in the coagulation process .

Of course, this model that deals with the déscription of quite complex plasmas can be
substantially improved. In particular, we can take“into account, in a self consistent way the
coupling between cluster growth, i.e., particle nucleation, discharge equilibrium and aerosol
dynamics. This would make it possible o describe additional effect such as the dusty plasma
effect that appears at longer discharge dugations and the coupling between the nucleation
and the deposition processes on partiele. Also, particle growth due to coagulation, in
particular when involving large“particles, may be further improved by taking into account
enhancement effect such as_dipolesinteraction between particle [16].
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