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Introduction

Ce n’est qu’en essayant continuellement que ['on finit par réussir.
Autrement dit : plus ¢a rate, plus on a de chances que ¢a marche.
Les Shadoks

Les gaz ionisés contenant de fines particules solides (présentant des tailles allant du
nanomeétre au micromeétre) sont communément appelés les plasmas poussiéreux, poudreux,
voire plus récemment "complexes" (dusty or complex plasmas). On les rencontre aussi bien
a I’état naturel que dans l'industrie, sur Terre ou dans I’Espace.

En astrophysique, les plasmas poussiéreux sont omniprésents : milieux interplanétaires,
queues de cométes, nuages interstellaires, anneaux de planétes, atmosphéres planétaires...
Dans I'industrie, on les trouve principalement dans les procédés de microélectronique (dépot,
gravure par plasma) et de traitement de surface.

Dans l'industrie de la microélectronique, éviter l'apparition et surtout le dépo6t des
poussiéres lors des nombreuses étapes de procédé est un véritable défi technologique [1].
A Topposé, la synthése de ces mémes poussiéres est un enjeu & la fois scientifique et tech-
nologique pour la production de poussiéres analogues a celles présentes en astrophysique
[2], ou pour la production de cristaux de taille nanométrique [3|. C’est autour de ce second
axe qu’ont été articulées les différentes études présentées dans cette thése.

En effet, les plasmas poussiéreux sont de véritables sources de nanoparticules aux pro-
priétés variées et novatrices. Ils constituent notamment des sources trés attractives pour
la production d’ilots quantiques (quantum dots) [4] présentant de nombreuses applications
possibles en nanotechnologie. On peut par exemple citer le transistor & un électron [5] ou
les mémoires silicium non-volatiles [6]. Les plasmas poussiéreux permettent aussi le dépot
de matériaux nanostructurés : des grains nanométriques sont inclus dans une matrice amor-
phe. Ces nouveaux matériaux présentent des propriétés mécaniques, optiques, électriques
ameéliorées. Ainsi, le silicium polymorphe (pm-Si), constitué de nanocristaux de silicium in-
clus dans une matrice de silicium amorphe, permet de fabriquer des cellules photovoltaiques
a rendement plus élevé et plus stable dans le temps que celles fabriquées en silicium amorphe

[7, 8]. Les plasmas poussiéreux se sont aussi révélés plus récemment étre de trés bons outils
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pour simuler la synthése d’aérosols dans certaines atmosphéres planétaires, notamment celle
de Titan [2].

Cependant, afin d’exploiter efficacement la source de nanoparticules que représentent
les plasmas poussiéreux, il est indispensable de développer les connaissances et les outils
nécessaires au contrdle des propriétés de ces poussiéres.

Il existe en effet deux principaux moyens de synthétiser des poussiéres dans un plasma :
soit par pulvérisation d’une cible ou d’'un matériau déposé, soit en utilisant un gaz réactif tel
que le silane, le méthane ou l'acétyléne. Afin de pouvoir contréler au mieux la décharge, et
de ce fait la synthése de poussiéres, un diagnostic électrique qui ne perturbe pas la décharge
a été mis au point au laboratoire [9]. C’est d’ailleurs le principal diagnostic qui a été utilisé
au cours de cette these.

L’objectif de cette theése était de réussir a synthétiser des poussiéres de taille et/ou
composition chimique maitrisées en vue de différentes applications. Pour cela, nous nous
sommes basé sur les quatre théses réalisées précédemment au laboratoire et dédiées a ce type
de plasmas. Les theéses de J.Ph. Blondeau [10] et L. Boufendi [11] ont servi de références
sur les mécanismes de formation et de croissance des poussiéres. La thése de S. Huet [12] a
apporté les premiers élément concernant les effets notamment de la température de gaz sur
les propriétés des nanocristaux de silicium (taille, structure), et la thése de M.C. Jouanny
[13] m’a servi de référence quant au diagnostic électrique développé et calibré pendant sa
these.

Cette thése a été réalisée dans le cadre d’une collaboration nationale et de séjours de

recherche dans les laboratoires suivants :

e Le Service d’Aéronomie de Verriéres le Buisson, en France, ol nous avons partagé notre
expertise en terme de diagnostics électriques dans une décharge en chimie méthane-
azote.

e L’Institut fiir Experimentalphysik IT de Bochum, en Allemagne, oul j’ai acquis un cer-
tain nombre de connaissances sur 1’ellipsométrie in-situ sur des poussiéres synthétisées
en chimie acétyléne-azote.

e Le groupe de Fisica i Enginyeria de Materials Amorfs i Nanoestructures (FEMAN)
de Barcelone, en Espagne, ol j’ai pu acquérir une vision plus globale des applications

des nanocristaux de silicium tournées notamment vers les nanotechnologies.
Le travail présenté s’articule autour de trois principaux axes :

e La localisation et I’étude du démarrage de la phase d’agrégation des nanocristaux ont
d’abord été réalisé au travers de I'é¢tude paramétrique d’'une instabilité. Ce travail
a été suivi par une étude de la forme et du comportement du nuage de poudres
au cours de la croissance de poussiéres dans deux décharges différentes. Ces études,
présentées dans les chapitres 11T et IV de la thése, ont été réalisées dans le but d’affiner

notre compréhension des phénoménes de croissance de poussiéres et des perturbations

18 Marjorie Cavarroc



Introduction

(spatiales, temporelles...) qu’ils induisent. Ces résultats nous ont notamment permis
d’optimiser nos parameétres de dépdt pour la synthése de nanoparticules de silicium
monocristallines non-agglomérées.

e Une étude sur la synthése de poussiéres en chimie & base d’hydrocarbures, dans le but
de produire des poussiéres analogues aux tholins de Titan ou aux grains interstellaires,
a été réalisée. Ce travail a été mené en collaboration avec Pr. Cernogora et Dr. Szopa
au Service d’Aéronomie et, Pr. Winter and Dr. Hong a I'Institut fiir Experimental-
physik II. Ces études, présentées dans le chapitre V, m’ont permis d’appréhender la
formation de poussiéres en chimie carbonée.

e Une étude visant a controéler la taille des nanocristaux de silicium via une modification
de la température de gaz dans la décharge est finalement présentée dans le chapitre
VI

Le synoptique ci-dessous présente la structure de cette thése, organisée en six chapitres.

Chapitre I

Etude et physique '

Poussiéres dans les plasmas [N HGGER LIRS ET MM Poussicres dans les plasmas
industriels (dépét, gravure) spatiaux (atm. Titan, ...)

Chapitre I1
= < - Plasmas poussiérenx 0
il . i
na e
5% 25
G Ea
£ a
= H
= ~
Chapitre VI S ) Chapitre V
ST N 3 ==
Chimie Silicium & = Chimie Carbone
v e .2
Plasmas poussiéreux & e Plasmas poussiéreux
& =,

a base de silane & base d'hydrocarbures

Contréle de la synthése
des poussieres dans
différentes chimies

Cette thése a été réalisée dans le cadre du label européen. Elle est donc rédigée en partie
en anglais (tous les chapitres purement scientifiques), et en partie en francais (introduction,
conclusion et résumé de chaque chapitre scientifique).

This PhD thesis has been realized in the frame of the European label. It is therefore
written part in English (all the scientific only chapters) and part in French (introduction,

conclusion and summary of each scientific chapter).
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Chapter 1

Plasma Physics: Some notions

In physics and chemistry, a plasma is typically a partially or fully ionized gas. It is usu-
ally considered as the fourth state of matter after solid, liquid and gas (see figure I.1) and
corresponds to the most disordered state of matter. A plasma is an electrically conductive
collection of charged and neutral particles (electrons, ions, atoms, molecules, ...), that re-
sponds collectively to electromagnetic forces.

Plasma is the most common phase of matter. It is often said that 99% of the Universe
consists of plasma. Even if it is quite impossible to verify or to disprove, we can be sure
that the space between stars is filled with a plasma (a very sparse one). Our Solar system
is also permeated with plasma such as the Sun, solar winds, planet atmospheres (Earth,
Titan ...), Saturn’s rings ... On Earth, some examples of natural plasmas are flashes and
polar lights (see table I.1). Figure 1.2 illustrates various kinds of plasmas.

Artificially produced plasmas are also easy to find. The most outstanding example is
lighting (candle flame, fluorescent lamp, neon signs ...). They also occur in the array of in-
dustrial processes: thin film deposition, etching or sputtering ... Their range of applications
is very wide: surface, gas and liquid treatments, solar cell or micro circuit fabrication are a
few examples among lots of others. They are also found in fusion devices such as Tore Supra
or the future reactor ITER. A simple discharge schematically consists of a voltage source
that drives current through a low-pressure gas between two parallel conducting electrodes.

The plasma state is characterized by a charged particle density n. ~ n; ~ n particles/m3
(where e and ¢ stand respectively for electrons and ions). A plasma is at thermodynamic
equilibrium when temperature T, = T; = T, (this notion will be developed further in I1.2).
These two parameters are often used to make some plasma classifications (cold or hot plas-
mas, high or low density plasmas). Figure 1.3 shows different kinds of plasmas on a log
T, versus log n diagram. There is a wide range of densities and temperatures for both

laboratory and space plasmas.
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Chapter I: Plasma Physics: Some notions

I.1 A brief history of plasma physics

The first glow discharge vacuum tube was made by M. Faraday in 1838 using brass electrodes
and a vacuum of approximatively 2 Torr. In 1857 the platinum-to-glass seal was invented
allowing the production of sealed-off glow discharge tubes (Geissler tubes). In 1860, J.H.
Hittorf noted that "cathode rays" projected "shadows" in a gas discharge tube. W. Crooke
made some studies on these "cathode rays" in 1879. The nature of the Crooke tube "cathode
rays" was identified by Sir J.J. Thompson in 1897. He identified them as negative particles
that were the same as Stoney’s "electrons". The Nobel prize-winning I. Langmuir was the
first to use the term plasma to described an ionized gas in 1928 [14]. In Greek, plasma
(mAaopa) means "moldable substance" or "jelly". Several explanations for the choice of
this term have been put forward. Maybe Langmuir was reminded of the way blood carries
red and white corpuscles by the way electrified fluid carries electrons and ions. Or maybe
the mercury arc plasma he worked with tended to diffuse throughout their glass vacuum
chambers filling them like jelly in a mold. Who knows ...

After Langmuir, plasma research gradually spread in other directions. The development
of radio broadcasting led to the discovery of the Earth’s ionosphere leading E.V. Appleton
and K.G. Budden to develop a theory of electromagnetic wave propagation through a non-
uniform magnetized plasma. Astrophysicists quickly realized that most of the Universe
consists of plasma, requiring a better understanding of plasma physics. H. Alfvén was a
pioneer in this domain and developed the theory of magnetohydrodynamics around 1940.
The creation of the hydrogen bomb in 1952 generated a great deal of interest in controlled
thermonuclear fusion as a possible energy source. In the 1960’s, the development of high
powered lasers opened up the field of laser plasma physics. At the same period, the first
"ion guns" were developed by the NASA for space propulsion. Presently, plasmas are used
in numerous industrial processes. As an example, chemically reactive plasma discharges are
widely used to modify the surface properties of materials for applications in the electronics,

aerospace, automotive, steel, biomedical and environmental industries.
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I.1 A brief history of plasma physics
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Figure I.1: The four states of matter (adapted from [15]).
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Figure 1.2: Overview of various plasmas: laboratory plasma (GREMI's PKE), neon sign,
nebula NGC 604 (Hubble Space Telescope photo PR96-27B), flash of lightning,
plasma of a Hall effect thruster, Tycho supernova remnant (x-ray photo), plasma
ball (Courtesy L. Viatour), candle flame, Titan’s atmosphere (IR photo taken
on January 14" 2006 by Cassini probe).
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Space plasmas

Natural plasmas on Earth | Artificially produced plasmas

Sun and stars
Solar wind
Nebulae
Interplanetary medium
Titan atmosphere
Saturn’s rings
To Jupiter flux tube

Flashes Candle flame
Polar lights Fluorescent lamp
Aurora borealis Neon signs
Aurora australis Plasma displays
Tonosphere Laboratory plasmas
St Elmo’s fire Hall effect thrusters
Sparks Tokamak plasmas

Table I.1: Some examples of space plasmas, natural plasmas on Earth and artificially pro-

duced plasmas.
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Figure 1.3: Space and laboratory plasmas on a temperature versus density diagram.
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1.2 Basic parameters

1.2 Basic parameters

In this section, some fundamental parameters in plasma physics are introduced. More
explanations and demonstrations can be found in books as well in English as in French (see
for example [16, 17, 18, 19, 20, 21]).

I[.2.a Densities and ionization degree

The plasma is composed of electrons, with a density n. and a charge g., positive or negative
ions, with a density n; or n_ and a charge ¢; or g_, and neutral atoms or molecules with a
density n,.
The ionization degree is defined as follow:
n
Q= ——— (I.1)

Ne + Ny

The collection of free charges is, on the average, electrically neutral thereby:
NeGe +Niq; +n_q_ =0 (L.2)

The ionization degree permits to distinguish weakly ionized plasmas (107 < o; < 0.1)
such as ionosphere, industrial or laboratory plasmas, and strongly ionized plasmas (a; ~ 1)

such as stellar or thermonuclear plasmas.

I[.2.b Thermodynamic state

The kinetic state of the various species is characterized by three temperatures Te, T;, T},
respectively the electron, ion and neutral temperature, often given in eV (1 eV = 11605 K).
Those temperatures have a rigorous signification only if the velocity distribution function

fj(w;) for the species j, defined as follow:

nj = /// Fi(wj)d*w; (I.3)

msw?
(M )3/2 ~mpT 1.4
f] _n]<27TkBT’j € / ( : )

where nj, m; and T} are respectively species j density, mass and temperature, and kp the

is maxwellian:

Boltzmann constant.
Thus, T} is linked to the species j average kinetic energy by:
<wi> 3

mj——g— = kT, (L5)

The thermal velocity is defined as follow:

8kpT;
<w; >= =21, (1.6)
7ij
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and can be written for the electrons as:

<we > (em.s™h) = 6.7.10"\/T,(eV). (1.7)

At complete thermodynamic equilibrium, all temperatures 7} are equal and constant in the
medium. It is seldom the case in a discharge plasma. In accordance with the discrepancy

to the equilibrium state, the plasma can be :

e at local thermodynamic equilibrium, such as temperatures from different species vary

in space but are locally equal:
Te(r) = T;(r) = Tu(r) (1.8)

e at partial thermodynamic equilibrium, for example with two temperatures:
Te(r) > Ti(r) = T (r) (1.9)

e out of equilibrium:

Te(r) > Ti(r) > Ty(r) (1.10)

I[.2.c Debye length

Neutrality is only a macroscopic property of the plasma. In fact, a charged particle is
surrounded by a number of other charged particles with an opposite sign. The particle
charge is screened over a distance called Debye length. This is the distance on which the
influence of a charged particle can be felt by other charged particles. Ap. and Ap; are

respectively electron and ion Debye length and are defined as follow:

ADe,i = (

kg T 1/2
E(’L) (L11)

Ne,i-€2
As the electron mobility is higher than the ion one, screening is mainly due to electrons.
The Debye length Ap gives the characteristic length scale of a plasma and can be written
as:

(1.12)

AD = Ape = (M)lﬂ

Ne.€2
Practically, it can be given by:

Ap(em) = Ape(em) = 6.9, | % =743 % (L.13)

In our typical experimental conditions where T, = few eV and n, = few 10'®> m™3, \p is
of a few hundreds micrometers. The plasma can be considered as neutral on space scales
larger than a Debye length.

In some particular cases, the linearized Debye length is used. It is defined as follows:

ADe-ADi

e T
ADe T ADi

Further explanations will be given in section [.4.a.ii.

(1.14)
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I[.2.d Plasma frequency

When a plasma is instantaneously disturbed from its equilibrium, collective motions appear.
They are characterized by an oscillation frequency called plasma frequency w,. This fre-
quency is not the same for electrons and ions but depends on the mass, charge and density

of the plasma particles. Particles (electrons and ions) oscillate around their equilibrium

2n,
wy = | 2 (1.15)
€My

where g, n, and m, are respectively the particle mean charge, density and mass. The

position with the plasma frequency:

electron plasma frequency can also be written as:

Foe(Hz) = “2’—” — 9000+/n0(cm—3) (1.16)
T

and the ion plasma frequency, for ions carrying one charge, can be written as:

m
Wpi = Wpe Ej (I.17)

In our typical experimental conditions, fp. is a few GHz while f,; is a few MHz . As f,.
and fy,; give the order of magnitude of the particle response time to an electric field, one
can conclude that in a 13.56 MHz excited rf discharge, electrons can oscillate in the rf field

while ions can only see a time averaged field.

I[.3 Introduction to radio frequency discharges

Radio frequency discharges are widely used in plasma processing technologies. Chemical
reactive plasmas are often used to modify surface properties of material. Their range of
applications is very wide: thin layer deposition, etching, surface functionalization... Typi-
cally, these discharges are performed at low pressure (a few pbar to a few mbar ). They are
characterized by a relatively low electron/ion density of approximatively 109 to 10 cm™3,
an electron temperature comprised between 1 and 10 eV and an ion temperature equal to
neutral temperature around 0.03 €V (room temperature). All the following information

concerning rf discharges can be found in ref.[16].

I.3.a Rf diodes

Capacitively driven rf discharges are often called rf diodes. An idealized discharge in plane
geometry consists in two planar electrodes, separated by a distance typically comprised
between 2 and 10 cm, enclosed in a vacuum chamber and driven by a rf power source. The
typical rf driving voltage is V,y = 100-1000 V , and the most common used frequency is

13.56 MHz. The operation of capacitively driven discharges is reasonably well understood.
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The mobile plasma electrons, responding to the rf field, oscillate back and forth within the
positively charged cloud of ions. Oscillation of the electron cloud creates sheath regions

near each electrode.

I.3.b Sheaths

Quasineutral plasmas are joined to wall surfaces across thin positively charged layers called
sheaths. Sheath regions contain net positive charge when averaged over an oscillation
period. In fact, as electrons have a higher thermal velocity (i.e. are faster) than ions, they
are lost to the wall faster than the ions. The boundary potential is thus negative with
respect to the plasma. The positive charge exceeds the negative one in the system (plasma
bulk and sheaths), with the excess appearing within the sheaths. This excess produces a
strong time-averaged electric field in each sheath directed from the plasma to the electrode.
This field allows to keep the quasi-neutrality of plasma bulk by limiting electron losses to
the wall. Typically, low voltage sheaths are a few Debye length wide.

According to the inhomogeneous model of a symmetric capacitive discharge developed
by M.A. Lieberman and A.J. Lichtenberg in [16], the relationship between the rf voltage

(Vr¢) and rf current (I,f), involving the total sheath capacitance (C;), is non-linear:

() = o Vag ) (113)

In a current-driven discharge, this leads to the appearance of harmonics in the rf voltage.
By simulation, only odd harmonics are produced. No second harmonic is observed, and the

third harmonic is estimated to be 4.2% of the fundamental.

I.3.c «a and 7 regimes of the discharge

Capacitively coupled rf discharges are known to exist in two different forms: « and =~
regimes, corresponding to two different electron heating mechanisms. A visual difference in
the glow emission distribution can be seen by naked eye. It is due to different processes at
the electrodes.

The « regime is characterized by a diffuse glow, with dark sheaths and bright presheaths.
The primary sustaining mechanism is the ionization due to the electrons in the plasma bulk,
also called volume ionization. The ionized gas conductivity is weak. The low discharge
current is mostly capacitively coupled, and is displacement current. This form is also char-
acterized by the dominance of the surf effect for electron heating: electrons gain energy
following the sheath wave movement (rf sheath expansion and contraction) [21].

When the voltage applied to an « discharge is increased, it suddenly transforms to the
form, that is characterized by an intensive emission glow, nearly uniform. The sheath length
decreases. The primary sustaining mechanism is then the secondary electron emission and

the ionization due to the electron accelerated in the sheath. The ionized gas conductivity
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is high, the discharge current is considerable and secondary emission takes place at the
electrode (cathode mainly) [21].

A third form can be distinguished: the 4/ form, characterized by a dominant ohmic heat-
ing of electrons, without any secondary emission. This form is observed in dusty plasmas,
when dust particles are highly charged. In this case, the free electron density is drastically
decreased. In order to maintain the discharge, the electron temperature increases, leading
to this particular case of the v mode.

The denotation « and - has been adopted from the Townsend’s first ionization coef-
ficient («) for the avalanche of charge carriers in the volume, and v for the ion induced

secondary emission [22].

[.3.d Self-bias voltage and area ratio law

A self-bias voltage is set at the driven electrode of a cc-rf discharge if both electrodes
differ in size and when a coupling capacitor is inserted between the rf generator and the
electrode (or when the electrode is non-conductive). In most cases, capacitive discharges
are asymmetric, with more electrode surface grounded than driven. In the following, V,, is
the plasma potential, Vy.jen is the average dc voltage drop between the plasma and the
driven electrode and Vi,undeq i the one between the plasma and the grounded electrode

(see figure 1.4). The self-bias voltage, set-up at the driven electrode, is defined as:

Vdc - _(Vdriven - %rounded) (119)

and is negative in the usual case with Vj,ounded < Variven-

Setting-up of the self-bias voltage

If one considers a given sinusoidal voltage, applied to the capacitor formed by the elec-
trodes, first the voltage over the plasma is the same as the applied voltage. During the
first half-period, when the voltage is positive, electrons are accelerated toward the driven
electrode. The capacitor is charged up by the electron current, and the voltage over the
plasma drops. On the second part of the cycle, the applied voltage changes polarity, hence
the voltage over the plasma as well. The capacitor is now charged up by the ion current,
and the voltage over the plasma drops as well. Nevertheless, this second drop is less pro-
nounced due to the lower mobility of ions compared to electrons. At the next half-cycle,
the applied voltage (and the voltage over the plasma) changes polarity once again. The
charging process occurs until the capacitor is sufficiently negatively charged so that the
electron and ion fluxes (integrated over a rf cycle) are equal. This process finally results in
a time-averaged dc bias at the driven electrode. We can note that this process also occurs

at the grounded electrode, but with a much lower effect [22].
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Area ratio law

The self-bias voltage depends on the area ratio of the electrodes and can be deduced from
the so-called area ratio law. The potential distribution in the inter-electrode space is shown
in ﬁgure [.4 in the case of Agrounded > Adriven- Adriven and Agrounded are the areas of

respectively the driven and the grounded electrode.

grounded

Ar]:iven

C

RF generator |— plasma

Vdn'ven

Figure I.4: Potential distribution in the electrode gap in the case of Ay ounded > Adriven-

According to the capacitive sheath approximation, the average value of the plasma
potential \7;3 depends on the rf voltage amplitude V;.; and the self-bias voltage V. as:

_ 1
Vo= §(Vrf + Vie)- (1.20)

As Viriven and Vgrounded are respectively the average potential drops at the driven and at
the grounded electrode, the area ratio law is given by
Vdriven _ (Agrounded>n

1<n<4 (L.21)
Vgrounded

Adm’ven
The value of n depends both on the assumptions supporting a given model and on the

considered plasma conditions. As Virjpen = ‘_/p — Ve and Vyrounded = VP, equation I1.21

(1 — Vdc/v;"f) _ <Agr0unded)n (I 22)
1+ Vdc/v;"f Adriven -

In reference [23] M. Mohamed Salem and J.F. Loiseau give an overview of the exponent

becomes

value obtained from four classical models (see table 1.2).
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Reference Assumptions Exponent value
Current density of positive ions equal and uni-
Koenig and Maissel [24] | form at both electrodes n=t
Collisionless and purely capacitive sheaths
Ion currents equal and uniform at the elec-
Maniv [25] trodes n=2
Collisionless and purely capacitive sheaths
"Frozen ions" model n = 4 collisionless sheaths
Pointu [26] wpi € w <K Wpe n = 3 collisional sheaths, low field

n = 5/2 collisional sheaths, high field

Ion currents equal and uniform at the elec-
Turban [27] trodes
Purely capacitive sheaths n = 3/2 collisional sheaths, no ionization

n = 2 collisionless sheaths

Table 1.2: Summary of four classical models on the area ratio law (adapted from [23]).

I.4 What about dusty plasmas?

A dusty plasma (also referred as "complex plasma" in the literature), is as its name indicates,
a "classic plasma" that contains dust grains. This additional charged species makes the
system even more complex than a plasma system. Dust grain size can range from nanometer
to millimeter. They can be made of almost any sort of matter (silicon, carbon, ice, polymer,
...) and be of various shape (spherical, cauliflower, fractal structure...). The dust particle
presence in the discharge implies new phenomena such as collective behavior of the dust
cloud, inhomogeneities (void region), instabilities ...

There are different manners to get a dusty plasma in the laboratory. Calibrated dust
particles can be introduced in the discharge (Melamine Formaldehyde (MF), silicates in
the pum size range). Dust particles can be grown in the plasma by sputtering a target or
a deposited layer (polymer, carbon, silicon ...), or using a reactive gas (silane, methane,
acetylene, ...). The scope of this thesis is the study of dust particle formation and growth
in silane/rare gas discharges, and more especially in silane/argon ones. First studies of
dust particle formation in SiH4 based discharges were performed in the 1980’s using laser
light scattering [28]. Since then, dust particle formation has been widely studied both in
Europe and Japan. Lots of publications have been produced on this topic (see for example
[29, 30, 31, 32, 33]) and some books are especially devoted to dusty plasma physics such as
[34] or [18].

I.4.a Dusty plasma basic characteristics

The presence of dust particles in the plasma leads to the definition of some new parameters in
order to describe phenomena linked to this additional charged species. Thus, macroscopic
neutrality, Debye shielding and characteristic frequencies have to be re-examined in this

particular case.
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I.4.a.i Macroscopic neutrality

A dusty plasma, as a classic plasma, is macroscopically neutral. Due to their charge, dust
particles have to be taken into account in the neutrality condition. Thus, in presence of

charged dust particles, equation 1.2 becomes:
NeGe + NG +n_qg_ + NgQgq =0 (1.23)

where Ny and Qg are respectively dust particle density and charge. In most laboratory
dusty plasmas, dust grain charging processes lead to a drastic depletion of free electrons in

the plasma.

I.4.a.ii Linearized Debye length

The Debye length is a measure of the shielding distance or the thickness of the sheath. In
a dusty plasma, the linearized Debye length defined by equation 1.14 is often used. Indeed,
dust particles can be considered as individually isolated particles only if the plasma physical
dimensions are larger than the Debye length. In a dusty plasma with negatively charged
dust grains, Apy, =~ Ap;. The shielding distance (or the sheath length) is mainly determined
by the ion temperature and density. In the case of positively charged dust particles (seldom),
ADL ™~ Ap. meaning that the shielding distance (or the sheath length) is mainly determined

by the electron temperature and density.

I.4.a.iii Dust plasma frequency

In the same way as we defined an electron (ion) plasma frequency, a dust plasma frequency
can be defined:

(1.24)

Thus, when dust particles are displaced from their equilibrium position, they oscillate
around this position with a frequency wp4. Depending on the dust particle size, charge and

density, wpq can be comprised between a few hundred Hz and a few kHz.

I.4.b Dust formation in silane based plasmas

Presently dust particle formation is known to occur in various reactive gases such as silane
or hydrocarbon, but the mechanisms leading to the formation are not totally elucidated
yet. The behavior of "big" dust particles (ry > a few nm) is quite well understood, while
the formation and the chemistry of the first proto-particles is still little-known.

It has been shown in previous works that dust formation in an Ar/SiHy rf discharge is
a four step process [12, 11, 35]. It begins with the formation of proto-particles leading to

the formation of the first primary clusters of atoms during a "nucleation phase" also called
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"polymerization phase". Those clusters next accumulate up to a critical density during an
"accumulation phase". Then the "aggregation phase", that consists in a fast agglomeration
of these clusters, takes place leading to dust particles around 50 nm. Finally, those dust
particles grow by accretion of plasma species during the "surface deposition phase".

In the following, the main characteristics of each step are summarized, and figure 1.5

gives a synopsis of dust particle formation and growth in a typical Ar/SiHy rf discharge.

Nucleation and polymerization phase

At the ignition of the discharge silane molecules break into lower silicon hydrides due to
collisions with electrons. Those hydrides can be neutrals, cations, or anions. In the pres-
ence of argon, the production of neutral radicals is enhanced due to high rate constant for
dissociation of SiHy by collision with Ar* or Ar". Hence, in Ar/SiH, discharges, the neutral
radical density is much higher than cation and anion densities at the plasma ignition [36].
Neutral radicals, having one or more dangling silicon bonds, are highly reactive to polymer-
ize into neutral clusters (Si,H,;,0 < z < 2n + 2) with an average size of 0.5 nm (n = 4)
[36]. Diffusion to the walls of these neutral clusters prevents them to grow into larger size.
Direct formation of silicon hydride anions such as SiH; , SiH; and SiH™ can be caused by

dissociative attachment of electrons with silane molecules:
e+ SiHy — SiH, +(4—2)H (1.25)

Hollenstein et al. [37] demonstrated, thanks to mass spectroscopy measurements of neutral,
positive and negative Si, H;, that the negative ion path is clearly involved in a discharge
quite similar to the one we use. Thus, anions such as SiHj or SioH; react with vibrationally

excited SiH} molecules in polymerization reactions:

SZH:; + SiH} — S’LQHS_ + Ho
SioH: + SiH} — SisH. + Hy

o 4 7_ (1.26)
StnHont1 + SZHZ — S’L'n+1H271+3 + Hy

leading to formation of bigger and bigger clusters [38]. Once the critical cluster size (around
2-3 nm in diameter at room temperature) is reached, polymerization reactions slow down
and stop. In our experimental conditions, those 2-3 nm clusters have been shown to be
single-crystal silicon nanoparticles in the fcc phase [39]. They will be referred as "nanocrys-
tals" in the following. During this polymerization phase, the discharge is in the « regime

exhibiting a capacitive behavior.
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Accumulation phase

At the end of the polymerization phase, nanocrystals accumulate in the plasma until reach-
ing a high density, evaluated around 10*! — 102 cm~3 (by Laser Induced Particle Explosive
Evaporation (LIPEE) measurements [35]) at room temperature. During this phase, the dust
particle size remains constant and they are not able to attach and maintain one electron
each. So their mean charge is relatively small (of the order of 0.03 electron). This value
was deduced from the electron and ion densities, assuming that the plasma neutrality must

be realized at any time [40]. The discharge is still in the a regime.

Aggregation phase

This fast agglomeration phase starts once the nanocrystal critical density is reached. Dust
particle size increases by nanocrystal agglomeration while their density drastically decreases.
Aggregation phase is a quite paradoxical phenomenon since dust particles are generally neg-
atively charged, and thus have to overcome the Coulomb repulsion to coagulate. However,
due to charge fluctuation of small clusters, two charged clusters (with radius smaller than
a few nanometers) with different signs of electric charge, can attract each other and stick
together by collision [41]. Agglomeration ends when dust particle charge becomes too im-
portant preventing them to stick together due to the Coulomb repulsion, that is to say once
the dust particle sizes are around 40-50 nm in diameter. Once the coagulation started,
already formed particles are very efficient traps for radicals, blocking the formation of new
polymerization chains leading to nanocrystals. We assume that no more nanocrystals are
formed in the discharge [40]. During this phase, dust particles collect more and more elec-
trons on their surface (tens to hundreds electrons per dust particle), leading to an important
decrease of free electron density. The ionization process needs to be increased to compensate
electron losses. The o — ~' transition takes place, the mean electron temperature increases

from 2 to 8 eV [42]. The discharge behavior becomes resistive.

Surface deposition growth

This phase starts once the discharge is in the 7/ regime. Dust particle growth is achieved
through radical deposition on their surface, leading to an a-Si:H layer of growing thickness.

The deposition rate is evaluated to 1.25 nm.s™'.

Dust particle density remains the same
[40]. Ionization, dissociation and excitation rates increase a lot. When dust particles be-

come too large (a few hundreds nm), they are expelled from the discharge.
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I.4.c Isolated dust charge

In this section, we consider a spherical dust grain which is neither growing nor sputtered by
the surrounding plasma. An isolated dust grain immersed in a plasma behaves like a small
probe, collecting charges (i.e., electrons and ions) from the plasma. The dynamic charge

Qg of this grain is determined by:

dQq
— =X =0 1.27
pn k (1.27)

where Iy, are the different currents to the grain. The main species contributing to the net
current are electrons and ions. Nevertheless, some other charging mechanisms can arise such
as secondary emission at the grain’s surface, photoelectric or thermoionic effect. In a low
temperature laboratory plasma as the one we use, those three last effects can be neglected,
and dust grain charge is assumed to be due to electrons and ions. As electrons are much
more mobile than ions, an isolated dust grain immersed in a plasma will acquire a negative
charge and thus exhibits a negative potential with respect to the plasma potential.

To be considered as isolated, a dust grain of radius r4 has to satisfy ry < App < d,
where d is the intergrain distance and Apj is the linearized Debye length. In this case,

equation .27 can be expressed as:

e —=I.+1=0 1.28
o + (1.28)

where the electron (1) and ion (I;) currents can be described by the orbital motion limited
(OML) approach.

Plasma bulk

Sheath
Electrode

Figure 1.6: Scheme of various forces experienced by an isolated charged dust particle im-

mersed in a plasma.
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The OML theory implies several hypothesis:

e clectrons and ions move toward the dust grain from infinity on collisionless path

e clectrons and ions are only subject to electronic interaction with the dust grain

e 7y < [: charge particle transport in the grain sheath is collisionless (I is the sheath
thickness).

The OML charging current for ions is given by:

8kpT; eVy
I; = mrien; (1 — > 1.29
' N Tmg kpT; (1.29)
and the OML charging current for electrons by:
8T, (o)
I, = —nrien, Ble  o\FpTe (1.30)

TMe

where Vj is the potential difference between the dust grain surface and the plasma. Using

those current expressions in equation 1.28, we obtain:

eV, 1
e(kB%e) _ ﬂ(meTif (1 _ Va ) (1.31)
Ne miTe kBE

In a typical laboratory plasma (i.e. electropositive plasma), n;/n. = 1 and T, > T;,

equation 1.31 becomes:

kT, mely

V= () 1.32
d 2e " m;T; ( )

In an argon discharge, assuming 7T, =~ 100 T; [43]:

—2kpT,

Vo~ B2 (1.33)

e

Once the dust grain potential Vjy is known, its charge can be deduced:

Qa = 4megraVy (1.34)

This formula is for an isolated dust particle. However, the dust particle charge is not
a static variable, but must be considered as a dynamical variable, especially when a whole

cloud of charged particles is taken into account.

I.4.d Forces acting on an isolated dust particle

Dust particles immersed in a plasma experience various forces which confine them in the
plasma or drag them outside (see figure 1.6). In a capacitively coupled rf discharge, the
electrostatic force tends to confine dust particles whereas other forces (gravity, ion and
neutral drag) tend to eject them from the plasma [34|. Those different forces and their

expression are given in the following sections, in the case of an isolated dust grain.
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I.4.d.i Gravitation force

Earth’s gravity force acting on a dust particle is proportional to the dust particle mass, or
to its mass density and its volume:
. L4 g
Fy=mqg = 37 aPg (1.35)
with F; the gravitational force, g the gravitation field, my the dust particle mass, r4 its
radius et p its mass density (p = 2330 kg.m 3 for silicon).
For submicron dust particles, this force is generally weak compared to the others. How-

ever, once the plasma is switched off, it can become the prevailing force.

I.4.d.ii Electrostatic force

This section gives a summary of the main results obtained by Daugherty, Porteous and
Graves [44] and the ones obtained by Hamaguchi and Farouki [45].

Daugherty et al showed that the electrostatic force on a small dust particle (compared
to the Debye length) due to an electric field in the plasma bulk can be approximated by the
corresponding force on a charged sphere in vacuum Qdﬁo. The main result to retain is that
even if the sheath isolates the dust particle from the plasma, it does not screen the external
applied field as well. Hamaguchi et al showed that the Debye sheath is not "attached" to
the dust particle, but it behaves like a disruption of the surrounding plasma. Assuming
that this sheath is not distorted by the external field, the resulting force is in the electric
field direction Eg and is given by:

= = (ra/Apr)?
F = QdEo(l n m) (1.36)

The first term of equation 1.36 is the force which would be felt by the dust particle under
the field Eo in vacuum. The second term corresponds to the dipolar force due to polarization
of the surface charge. That means that the polarized surface charges induce an electric field
which in turn exerts an electric force. Generally ry4 < Apr, and the electrostatic force can
be approximated by Qdﬁo. Moreover, Hamaguchi et al pointed out that the field due to
the polarization of charges on dust particles also exerts a force on the plasma, increasing
the ion pressure on the dust grain. Assuming a Boltzmann ion density in the dust sheath,
they showed that this ion pressure force exactly counterbalances the force due to surface
charge polarization.

Hamaguchi et al also brought to the fore another contribution due to the Debye sheath
distortion induced by the spatial dependence of the Debye length. Bouchoule showed that
this additional force can be neglected in usual conditions (rq < Apr) [34].
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I.4.d.iii Thermophoretic force

When the gas temperature (and so the neutral temperature) is not uniform, a dust particle
experiences a force induced by the thermal gradient. Considering molecules or atoms collid-
ing with the dust grain, the warmest ones will transfer more momentum to the grain than
the coldest ones. A force, called thermophoresis, results from this phenomenon, oriented in
the heat flow direction (from warm to cold side).

Talbot et al, using the Chapman-Enskog method to solve the Boltzmann equation, gave

the following expression of the thermophoretic force:

- 32 r? 5 -
= "a (1 -+ —W(l — ath))fiTgradTg (1.37)

150 32

with vy, = \/W the neutral thermal mean velocity, k7 the gas thermal con-
ductivity, T, the gas temperature and ay, a corrective coefficient.
Talbot et al showed that for gas and dust grain temperatures lower than 500 K, a4, co-
efficient is approximatively 1 [46].
Rothermel et al, using elementary kinetics arguments, gave the following expression of

the same force [47]:
- 8 12 -
Fy = —— "d rrgradly, (1.38)
3 Uth,n

We can note that there is a gap of about 20% between these two formulae.

I.4.d.iv Neutral drag force

A dust grain immersed in a neutral gas is subject to a drag force due to the transfered
momentum during collisions with atoms or molecules. Typically, in laboratory plasmas, the
relative velocity between dust particles and molecules is smaller than the thermal velocity
of gas molecules. In these conditions, the neutral drag force can be evaluated thanks to the

Epstein relation [34]:

- 4 N .
F, = —gwrgmnnnvthyn(ud — Up) (1.39)
with m,, the gas atom or molecule mass, n, the gas density, ug the dust particle velocity

and 1, the gas atom or molecule velocity.

I.4.d.v Ion drag force

The ion drag force is due to momentum exchange between positive ions and the dust grain.
This force may be important in regions where the ion flow is important. This force is made
of two components: the collection force due to positive ion collection by the dust particle,
and the Coulomb force due to electrostatic interactions between the dust particles and the

ions.
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The collection force can be expressed as follow:

Froo = nii03 0 con = niuv; (wbly,) (1.40)

coll

with n; the ion density, v; the ion velocity, u = m;mg/(m; +mg) the reduced mass of the
system, oo the collection cross-section given by wbzoll with b.,y the collection parameter.

The collection cross-section is given by:

2eVy
Ocoll = ngou = 7rr02{<1 — W) (1.41)
As mg > m;, equation 1.40 can be expressed as [48]:
2eVy
FLou = nimramv? (1 - 2) (1.42)
mﬂ)i

The Coulomb force (also called orbit force) can be written as:
Feou = ni/“)zgacoul (143)

with 0.y the momentum cross-section. This parameter is obtained by calculating the

ADL
Ocoul = / 47&2 (144)
bcoll 1 + (p/bﬂ-/Q)

with p the impact parameter and b5 is the parameter giving a /2 deviation:

following integral:

eV,
brja = ra——nt (1.45)

mwi

The integral 1.44 is calculated between b, in order to not take into account collected
ions, and Apr, distance over which interactions become negligible.

Solving equation 1.44 leads to the following expression for the momentum cross-section:

Xbr, + bip)

Geout = 2702 5l (1.46)
PENRZ + b2 1o
Finally the Coulomb force can be expressed as:
A2+ b2
Fcou = T 22 b2 l (M) 1.47
l nmvzﬂ-ﬂ/2n b2 +b2 ( )

coll w/2

Another approach of the ion drag force can be found in [49].

I.4.d.vi Order of magnitude of the forces

In this section, the main forces acting on a dust particle are evaluated for different dust
radii under typical conditions of a capacitively coupled (cc) rf Ar/SiHy discharge. In order

to make the calculations, the following assumptions are made:
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Figure 1.7: Evolution of the main forces acting on a dust grain immersed in a plasma as a

function of the grain radius.

E = 10* V/m (in the sheath)

e uy — u, = 0.1 m.s~! (assuming that the dust grain is immobile i.e. ug = 0)

e v; = 400 m.s~!

grad T, = 103> K.m~! (10 K over 1 c¢m)

They permit to obtain the force expressions as a function of the dust particle radius:

e Electric force F, ~ 2.6.107% r4 (for Qg = 1e)

Gravity F, ~ 9.6.10% 73

Neutral drag force F}, ~ 5.3.1072 rﬁ

Ion drag force F; ~ 1.8.107% r2In (1 + 107127} ?)
e Thermophoresis Fy, ~ 9.1072 7"3

Figure 1.7 shows the evolution of the different force amplitudes for a dust particle radius
from 1 nm to 10 um. F, is the dominant force in almost all cases (as far as ry < 5—6um) and
confine dust particles in the plasma. It is important to note that F = 1O4V/m is the field
value in the sheath. In the plasma bulk this value is much more lower, and in some cases F;

and Fy, can overcome F. Dust particles are then expelled toward plasma boundaries where
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the electric field is high enough to confine them back to the bulk. F; and F;, are not able
to counterbalance F, but they are assumed to have an influence on dust particle transport
in the discharge. Fj, which evolves as 7“2, is negligible for nanoparticles but can become
the dominant force for microparticles even overcoming F,. In some cases, when grad T
is important enough and dust particles not too large, Fy; can be counterbalanced by Fj,
allowing to trap microparticles in the discharge. Another way to investigate microparticles
is the work under microgravity conditions during parabolic flights or during experiments on
board the International Space Station (ISS) [50].

I.4.e Dust cloud shape and behavior

Depending on the dust particle size and the forces they experience, the dust cloud can exhibit
various shapes. The most common shapes observed are: thin layers near the electrodes
(figure 1.8(a)), dome-like shape (figure 1.8(b)) or dense cloud filling the whole interelectrode
volume (figure I.8(c)). In some cases, crystalline regions (figure 1.8(d)) and/or vortex (figure
[.8(e)) can also be observed. The observed dust cloud structure is often very complex as
can be seen in figure 1.8(f).

When the dust particle density is sufficient, the appearance of a dust-free region inside
the dust cloud can be observed (see figure 1.9). These dust voids in complex plasmas have
been observed for more than 10 years now. Their main distinctive feature is the sharp
boundary between dust and dust-free regions. Dust voids are characterized by a higher
ionization rate than the surrounding dust cloud. The theory of dust voids in complex
plasmas is widely studied [51, 52, 53, 54]. Presently, the void is assumed to be maintained
by a balance between an outward ion drag force (due to the high ionization rate) and an
inward electrostatic force, both acting on dust particles.

The void region often exhibits an unstable behavior. This has been first brought to the
fore by Praburam & Goree [55] and Samsonov & Goree [56] at the end of the 90’s. They
describe an instability having at least two distinct stages: the "filamentary mode" and the
"great void mode" where they could observe void rotation. In 2004, Mikikian et al. reported
on the so-called heartbeat instability consisting in successive contractions/expansions of the
void region [57]. Moreover, the void region is often linked to dust particle growth, and
especially to dust particle successive generations in complex plasmas. This will be developed

further in chapter IV.
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(a) Thin layers near the electrode. (b) Dome-like shape.

(c) Dense cloud. (d) Crystalline structure.

(e) Vortex. (f) Complex shape.

Figure 1.8: Some examples of the various shapes of a dust cloud.
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Figure 1.9: Dust cloud exhibiting a void region.

I.5 French summary/Résumé en frangais

En physique/chimie, un plasma est typiquement un gaz partiellement voire totalement ion-
isé. On le considére habituellement comme le quatriéme état de la matiére apreés le solide,
le liquide et le gaz comme le montre la figure I.1. C’est ’état le plus désordonné de la
matiére. Un plasma est un ensemble de particules chargées et neutres (électrons, ions,
atomes, molécules, ...), qui répond collectivement aux forces électromagnétiques.

Le plasma est 'état de la matiére le plus répandu. On dit souvent que I’Univers est
constitué a 99% de plasma. Meéme si cette affirmation est impossible a vérifier ou a in-
firmer, nous pouvons étre stirs que l'espace entre les étoiles est un plasma (trés peu dense).
Notre systéme solaire est aussi grandement constitué de plasmas tels que le soleil, les vents
solaires, certaines atmospheéres de planétes (la Terre, Titan), les anneaux de Saturne, etc...
Les éclairs et les aurores boréales sont des exemples de plasmas naturels sur Terre.

Il existe aussi de nombreux plasmas produits artificiellement. L’exemple le plus parlant
est certainement ’éclairage (lamme d’une bougie, lampes fluorescentes, enseignes néon ...)
On les trouve aussi beaucoup dans les procédés industriels tels que le dépot de couches
minces ou la gravure pour la microélectronique. Leur champ d’application est trés étendu :
le revétement de surface, la fabrication de cellules solaires, la fabrication de micro-circuits
sont quelques exemples parmi tant d’autres. Le tableau 1.1 donne un apercu des nombreux
plasmas répertoriés. On les retrouve aussi dans les applications liées & la fusion telles que le
réacteur Tore Supra ou le futur ITER. Typiquement, une décharge est constituée de deux
électrodes paralléles entre lesquelles se trouve un gaz. Une source de tension permet de faire
circuler un courant dans ce gaz, créant ainsi le plasma.

Physiquement parlant, I’état plasma est caractérisé par une densité de particules chargées

ne & n; ~ n particules/m? (ot les notations e et i se rapportent respectivement aux élec-
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trons et aux ions). Il est a I’équilibre thermodynamique lorsque T, = T; = T. Ces deux
parametres (température et densité) sont souvent utilisés pour classifier les plasmas (plasma
chaud ou froid, plasma dense ou non). La figure 1.3 donne un apergu des différents types de
plasmas sur un graphique log T, /log n. On peut ainsi constater que les gammes de densités
et de températures sont trés vastes tant pour les plasmas spatiaux que pour les plasmas de

laboratoire.

Petit historique de la physique des plasmas

Le premier tube & décharge a été réalisé par Faraday en 1838 a l'aide d’électrodes en
laiton et d’un vide d’environ 2 Torr. En 1857, la soudure platine sur verre est mise au point,
permettant la production de tubes a décharge scellés (les tubes de Geissler). En 1860, J.H.
Hittorf remarque que des "rayons de cathode" projettent des "ombres" dans la décharge.
W. Crooke méne une étude sur ces "rayons de cathode" en 1879. Leur nature est identifiée
en 1897 par Sir J.J. Thompson. II les identifie comme étant des particules négatives, les
mémes que les "électrons" de Stoney. Le lauréat du Prix Nobel, Irving Langmuir, est le
premier a utiliser le terme plasma pour décrire un gaz ionisé en 1928 [14]. En grec, plasma
(mAaopa) signifie "substance modelable" ou "gelée". Différentes explications pour le choix
de ce terme ont été avancées. Pour certains, la facon dont le plasma transporte les ions et
les électrons lui aurait rappelé la fagcon dont le sang transporte les globules. Pour d’autres,
le plasma d’arc de mercure sur lequel il travaillait aurait eu tendance & diffuser hors de la
chambre, comme de la gelée remplissant un pot...

Apreés les recherches de Langmuir, la recherche dans le domaine des plasmas s’est
développée dans d’autres directions. Le développement de la communication par ondes
radio a permis la découverte de l'ionosphére terrestre, amenant E.V. Appleton et K.G.
Budden & développer la théorie de la propagation des ondes électromagnétiques dans les
plasmas magnétisés non-uniformes. Les astrophysiciens ont vite réalisé que la majorité de
I’Univers était constituée de plasma, requérant de ce fait une meilleure compréhension de
la physique des plasmas. H. Alfvén a été un pionnier dans ce domaine en développant la
théorie de la magnétohydrodynamique dans les années 1940. La création de la bombe & hy-
drogene en 1952 a généré un grand intérét pour la fusion thermonucléaire controlée comme
possible source d’énergie. Dans les années 1960, le développement des lasers de puissance
a permis l'essor de la physique des plasmas induits par laser. A la méme période, les pre-
miers "ion guns" ont été développés par la NASA pour la propulsion spatiale. A I’heure
actuelle, les plasmas sont utilisés dans de nombreux procédés industriels. A titre d’exemple,
les plasmas réactifs chimiquement sont utilisés pour modifier les propriétés de surface des
matériaux pour des applications en électronique, dans 'aérospatiale, ’automobile, 1’acier,
le biomédical et I'industrie environnementale.

Les décharges radio-fréquence (rf) sont trés largement utilisées dans le domaine des
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procédés plasmas. On les utilise notamment en chimie réactive pour le traitement de sur-
face (dépot de couches minces, gravure, fonctionalisation de surface). En régle générale ces
décharges se font a basse pression (quelques pbar & quelques mbar). Elles sont caractérisées
par une densité électronique/ionique relativement faible aux alentours de 10 a 101 em—3,
une température électronique comprise entre 1 et 10 €V et une température ionique égale &

la température des neutres autour de 0.03 eV (température ambiante) [16].

Les plasmas poussiéreux

Un plasma poussiéreux (aussi appelé "plasma complexe"), est, comme son nom l'indique,
un plasma qui contient des grains de poussiére. Cette espéce chargée supplémentaire rend
le systéme encore plus compliqué qu'un plasma classique. La taille des grains peut aller du
nanomeétre au millimétre. Ils peuvent étre constitués de divers matériaux (silicium, carbone,
glace, polymére...) et étre de formes variées (sphérique, chou-fleur, structure fractale ...).
La présence des poussiéres dans la décharge implique de nouveaux phénomeénes tels que le
comportement collectif du nuage de poudres, des inhomogénéités ("void"), des instabilités...

Il y a différentes maniéres d’obtenir un plasma poussiéreux en laboratoire. Des grains
de poussiére calibrés peuvent étre injectés dans la décharge (Mélamine Formaldéhyde ou
silicate de taille micrométrique). Les poussiéres peuvent croitre dans le plasma par pulvéri-
sation d’une cible ou d’une couche de dépét (carbone, polymeére, silicium...) ou a partir
d’un gaz réactif (silane, méthane, acétyléne...). Dans le cadre de cette these, c’est la for-
mation de poudres en chimie silane/gaz rare, et plus particuliérement silane/argon qui a
été étudiée. Les premiéres études de formation de poudres en chimie silane ont été réalisées
dans les années 1980 [28]. Depuis, ce sujet a été largement étudié notamment en Europe
et au Japon. Ces études ont donné lieu a de nombreuses publications (voir par exemple
[29, 30, 31, 32, 33|) et certains livres sont exclusivement dédiés a la physique des plasmas
poussiéreux comme [34] et [18].

A T’heure actuelle, la formation de poudres est un phénomeéne avéré dans de nombreux
gaz réactifs comme le silane ou les hydrocarbures, mais les mécanismes menant & cette
formation ne sont pas encore totalement compris. Le comportement des "grosses poudres"
(rayon supérieur a quelques nm) est relativement bien compris, tandis que la formation et
la chimie des premiéres protoparticules sont toujours mal connues.

Schématiquement, la croissance de poudres dans un plasma de gaz réactif débute par
la formation de protoparticules qui vont former les premiers clusters d’atomes pendant la
"phase de nucléation" aussi appelée "phase de polymérisation". Ces clusters s’accumulent
ensuite jusqu’a atteindre une concentration critique durant la "phase d’accumulation”.
Lorsque cette concentration est atteinte, la "phase d’agglomération" débute. Elle con-
siste en une agglomération ou coagulation rapide des clusters, menant & des poudres d’une

cinquantaine de nm. Finalement ces poudres grossissent par accrétion en surface des rad-
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icaux du plasma pendant la "phase de croissance par dépot de surface". Ces différentes
étapes de formation des poussiéres sont résumées sur le graphique 1.5 dans le cas d’un

plasma d’argon/silane.

Charge et forces sur les poussiéres

Lorsque qu’un grain de poussiére est immergé dans le plasma, il se comporte comme une
sonde de petite taille, collectant les espéces chargées (électrons et ions) du plasma. Le grain
tend ainsi & se charger négativement. Ce méme grain subit différentes forces qui tendent a
le maintenir dans le plasma ou & l'en expulser. La force de gravité Fj est proportionelle &
la masse du grain (ou & sa masse volumique et son rayon). Pour les grains submicroniques,
elle est en général tres faible comparée aux autres forces. Par contre, & l'extinction du
plasma, elle devient la force prépondérante. La force électrostatique est due & la charge
que porte le grain dans le champ électrique de la décharge. Elle s’exprime en général de
la facon suivante: ﬁe = QdEO et c’est dans la majorité des cas la force la plus importante
que subit le grain. Lorsque la température du gaz n’est pas uniforme, le grain est soumis
a la force de thermophorése Fi; qui tend & le faire migrer vers les zones les plus froides.
Le grain subit aussi une force de poussée F,, due aux atomes et aux molécules neutres du
plasma, ainsi qu'une force F; due aux échanges de quantité de mouvement avec les ions. Si
I’on compare les ordres de grandeur de ces différentes forces pour différentes tailles de grains
(voir figure 1.7) on constate que F, est prédominante dans la majorité des cas, et confine
les poudres dans le plasma. F; et F},, ne sont pas capables d’équilibrer F, mais peuvent
avoir une influence sur le transport des poudres dans le plasma. Fj est négligeable pour
les nanoparticules mais peut devenir prédominante pour les microparticules. Dans certains
cas, lorsque les particules ne sont pas trop grosses, Fy, peut équilibrer F,; de facon a piéger
les poudres dans la décharge. Il existe aussi deux autres moyens de s’affranchir de la force
de gravité que subissent les grosses poudres : les expériences lors de vols paraboliques ou &
bord de I'ISS (station spatiale internationale) [50].

L’équilibre entre les différentes forces agissant sur les poussiéres fagonne le nuage de
poudres, lui donnant des formes diverses et complexes. La figure 1.8 donne un apercu
des formes les plus courantes : couches minces proches des électrodes, nuage en forme de
déme, nuage dense, structure cristalline du nuage... Des structures fluides telles que des
vortex sont parfois observées. La figure 1.8(f) donne un exemple de structure complexe
du nuage de poudres. Lorsque la densité de poussiéres est suffisamment importante, on
peut observer I'apparition d’une zone vide de poudres au sein du nuage, appelée le "void"
(cf. figure 1.9). Cette structure est largement étudiée a ’heure actuelle, tant sur le plan
théorique [51, 52, 53, 54] que sur le plan expérimental. Il a notamment été montré que
le "void" présentait souvent un caractére instable [55, 56, 57]. Cet aspect particulier du

comportement du "void" sera développé plus amplement dans le chapitre IV de cette thése.
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Chapter 11
Experimental setups and diagnostics

The main experimental setup described in this chapter (located in the GREMI laboratory)
is the one I mainly used to perform the experiments presented in this thesis. Several other
setups (located in partner laboratories for some of them) have also been used. We can
especially cite the PAMPRE experiment (French acronym for Production d’Aérosols en Mi-
crogravité par Plasma REactif - Aerosol Production in Microgravity by REactive Plasma)
and the PKE setup (Plasma Kristall Experiment). The PKE setup is briefly introduced in
this chapter, while the PAMPRE setup will be introduced in chapter IV.

The GREMI setup has been widely described in several PhD thesis and publications [11,
12, 13, 30, 58]. However, several modifications have been performed in order to improve the
setup. Thus all the setup vacuum components, rf equipment, optics installation and gas
system are described in details in this chapter.

Standard experimental conditions are defined in terms of gas flow, total pressure, in-
jected power, and gas temperature. They will be widely used in this thesis. The substrate
preparation is detailed for various types of substrates (silicon wafer, stainless steel, Corning
glass ...). The experimental protocol for depositions is explained both for substrates in the
discharge box or in post discharge.

The main diagnostics we used are also introduced. In-situ diagnostics such as current
and voltage measurements, V;./3H based diagnostics, Langmuir probes, microwave reso-
nant cavity method, optical emission spectroscopy or laser light scattering are presented.
The video imaging system is also shortly described. Several ez-situ diagnostics such as
electron microscopy (scanning and transmission) or atomic force microscopy are also briefly

explained.
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II.1 Silane experiment

II.1.a Experimental setup

The whole experimental setup (figure I1.1) has already been described in several papers and
thesis [11, 12, 13, 30, 58]. As we realized some modifications, a detailed description is given

in the following parts.

II.1.a.i Plasma chamber

The plasma chamber consists in a vacuum vessel with a cylindrical discharge box (135 mm
in diameter and 37.5 mm in height) made of stainless steel enclosed, where the plasma is
generated. This plasma box is grounded and behaves like the rf discharge anode (figure
I1.2). Its base is closed by a 20% transparency grid, allowing to get a laminary gas flow
in our range of pressure (around 0.1 mbar). The rf electrode, also in stainless steel, closes
the top of the plasma box. It is a shower-head type electrode (12.8 cm in diameter and
1 cm in height). Rf polarisation and gas flow are ensured by a stainless steel tube. A
ceramic insulator is placed around the tube to electrically insulate the rf electrode from the
ground. Inside the rf electrode, there are three parallel grids separated by 1 mm. They
make a diffuser ensuring an uniform gas distribution in the plasma box. Rf and grounded
electrodes are separated by 33 mm (figure I1.3). The whole system (rf electrode and plasma
box) can be vertically moved thanks to a stepper. Moreover, the lateral side of the plasma
box is pierced by four vertical slits (2 mm by 4 ¢cm), allowing optical access to the plasma in
two perpendicular directions. In front of the slits, the vacuum vessel is equipped with three
Suprasil IIT windows. Those windows are transparent for wavelengths comprised between
190 and 3500 nm (UV - near IR). The window sides are not parallel. One of them is tilted
by 19, in order to avoid troubles linked to interferences (scattering and/or diffraction) when

laser beams are used.

II.1.a.ii Gas and vacuum systems

Pumping is ensured by two vacuum systems (primary and secondary) having complementary
purposes. The primary pump (chemical mechanical vacuum pump, Alcatel 2033 CP, 35
m?3.h~1) is specially designed to pump reactive gases. It can reach a pressure around 1073
mbar in the vacuum vessel. This pumping system has two purposes. First it is used to
empty the vacuum vessel before using the secondary pump. Second, it pumps gases during
the experiments and maintains the working pressure. This pump is separated from the
reactor by an electropneumatic valve and a manual one.

When silane is added to the discharge, it is necessary to inject No in a continuous flow in
the primary pump (1.5 Lmin~!). This gas flow avoids silane accumulation in the pump and

allows to dilute silane at less than 1%. It permits to avoid any risk of inflamation and/or
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Figure II.1: General overview of the experimental setup in its most common configuration.

Pumping input
i 100 mm

Vacuum vessel

/ @ external ; 400 mm

Ziinternal : 390 mm
Height - 317 mm

Slit #4

-

Window #4- — Window #3
Slit #3
Slit #1
Height - 40 mm
Width © 2 rmm Discharge box
@ internal : 135 mm
Slit #2 @ external © 140 mm
Oven Height : 37 5 mm
@ internal © 146 mm
[ @ external - 160 mm
Window #2— NS Height : 200 mm
(Suprasil Il1) :
Zi 40 mm

Figure 11.2: Top-view of the whole reactor (including the oven).
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Figure I1.3: Gas injection scheme in the plasma box.

explosion of this pyrophoric gas [59] (that can spontaneously inflame and burst in contact
with air, Ty, fiamation = 21°C).

The secondary vacuum system consists in a turbomolecular pump (Pfeiffer Vacuum
TMH 260, 210 1.s7!) and a rotary pump (Alcatel, 20 m3.h~!). This pumping system allows
to reach the base pressure in the vessel, which is around a few 10~ mbar. This system is
separated from the reactor by two electropneumatic valves and a manual one.

Two gas lines, totally independent, ensure the gas supply of the plasma chamber: one
is devoted to silane and the second is devoted to buffer gases (Ar, He, Ne, ...). Those lines
are made of stainless steel tubes of 4 mm in diameter. The gas mixture is performed at the
entrance of the plasma chamber. Two mass flowmeters equipped with controllers (one for
silane, one for buffer gases) measure the gas flow rate in sccm (standard cubic centimeter
per minute at 0°C and atmospheric pressure). The gas handling system scheme is given in
figure 11.4.

The reactor is equipped with two pressure gauges: a full-range one and a Baratron one.
The capacitance Baratron gauge (MKS) is used to measure pressures comprised between
10~* and 1 mbar. Capacitance gauges are made of a deformable membrane serving as a
plane capacitance framework. The pressure variation induces a capacitance variation quite
easy to measure. This gauge is located at the exit of the vacuum vessel and permits to
follow the gas pressure during the experiments. Its membrane is very fragile, brutal pressure
variations can damage it. The second gauge is a compact Fullrange gauge (Pfeiffer). It is
designed for pressure measurement in the range of 5.10™% to 1000 mbar. This gauge consists
of two separate measurement systems (the Pirani and the cold cathode system according
to the inverted magnetron principle). They are combined in such a way that for the user,

they behave as one single measurement system. From 1000 mbar down to 10~2 mbar,
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the pressure is measured by the Pirani circuit. For pressure lower than 10~2 mbar, the
measurement is performed by the cold cathode circuit. This gauge has to be isolated from
the plasma chamber when using silane in order to avoid contamination. Contamination of

the gauge generally causes a deviation of the measured values.
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Figure I1.4: Gas handling system scheme.

II.1.a.iii Radio frequency excitation

The discharge is excited thanks to a radio frequency wave at 13.56 MHz. The rf power is
supplied by a GERAL ARF 101 generator that delivers 100 W at most, corresponding to
0.75 W.cm™2 in the plasma box. A computer, equipped with an acquisition board, allows
to control the generator in pulsed way. The rf power coupling in the discharge is performed
through a L-type matching network. The matching box permits to adapt the capacitive
impedance of the discharge to the resistive impedance of the rf generator (50 €2), in order to
lower the reflected power. Thus, the coupled power is optimized and electronics is protected.

The matching box, shown in figure I1.5, is composed of two capacitors in parallel C¢o
and Cp, a coil L and a capacitor C'p in series. CF is a capacitor with a set capacitance
of 500 pF. C¢ is a off-setting varying capacitance (7 - 1000 pF), permitting to compensate
for parasite capacitances in the circuit. L is an inductance of 3 uH. Cp is a cut-off varying
capacitor (25 - 500 pF). This capacitor allows to get a high voltage to ensure the resonance
condition in the circuit branch supplying the rf electrode. It also generates the self bias

voltage on the rf electrode, due to the capacitive link it introduces in the circuit.
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Figure I1.5: Matching box scheme.

II.1.a.iv Gas temperature control

The gas temperature in the plasma chamber can be varied from -40°C to 200°C thanks to
two independent systems. The first one, allowing to heat the gas, is an aluminum cylindrical
oven in which a heating resistor ("Thermocoax") is located. This oven is placed inside the
vacuum vessel, around the plasma box. It allows to increase the gas temperature from room
temperature (RT) up to 200°C. The second system, allowing to cool down the gas, is a liquid
nitrogen circulation all around the vacuum vessel. It is made of a copper tube winding (6
mm in diameter) in which liquid nitrogen (-196°C) is pushed by gaseous nitrogen. Gas
temperature is measured using a type J thermocouple (iron/constantan) placed in the gas

flow below the plasma box.

II.1.b General mode of operation

In this short part, some details are given concerning the experimental procedures. The
most common experimental conditions (referred as standard conditions of experiment) we
used are given. The sample preparation for deposition is explained for different types of

experiments. And finally, we explain how to clean the plasma box.

I1.1.b.i Standard conditions of experiment

Standard conditions of experiment are a tool of control and comparison in case of doubt
concerning some results and/or experiments we performed. In those standard conditions,
all parameters and common results are well-defined. Our standard conditions are defined
as follow: argon flow rate of 20 sccm (corresponding to 120 pbar), silane flow rate of 1.2
scem, giving a total pressure of 124 pybar. The injected rf power is of 10 W corresponding to
a rf voltage of approximately 400 V peak-to-peak (depending on the matching conditions).
The experiment is performed at RT (RT =~ 25°C). Table II.1 summarizes all these data.

In those standard conditions, the characteristic duration of each dust formation step is
well-known. The time evolution of the amplitude of the third harmonic of the discharge
current and of the self-bias voltage is also well-defined. Most of the dust particle properties

given in part I.4.b have also been evaluated in those conditions [42, 12, 13, 9].
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Parameter Symbol Value
Ar flow rate Qar 20 sccm
SiH,4 flow rate Qsiny 1.2 sccm
Total pressure P 124 pbar
Injected rf power P,y 10 W
rf voltage \T ~ 400 V
Gas temperature T, RT ~ 25°C

Table I1.1: Summary of the different parameters of the experiment standard conditions.

II.1.b.ii Thin layer/dust particle deposition

Depositions can be performed in the plasma box (exposed to the plasma) or in post discharge
(the substrate is not exposed to ion bombardment). In the first case, substrates are placed
in the plasma box where they are fixed thanks to stainless steel fastener on the grounded
electrode. Both thin films and dust particles can be deposited in such a way. In the second
case, substrates are located downstream on a substrate holder. No plasma species can reach
them and only dust particles can be deposited that way.

Several types of substrates have been used to perform depositions:

e monocrystalline silicon 100 covered with a thin layer of oxide SiOq,

polished stainless steel, which is a good conductor,

polished aluminum, both conductor and amagnetic,
e Corning glass, having a very low roughness,
e copper grids covered with a thin layer of carbon (TEM grids).

Monocrystalline silicon and Corning glass have a very low roughness (0.5 and 0.2 nm respec-
tively) that make them suitable for AFM studies. They yet have a significant drawback:
they are not conductor and they disturb the discharge when they are placed in the plasma
box (due to the fact that they are not grounded, they thus induce an added capacitance).
They can be used without any troubles in post discharge (a few mm under the plasma box).
Polished metallic substrates are conductor, they are suitable for deposition in the plasma
box, and can be analyzed by SEM. They cannot be used for AFM analysis due to their
high roughness (around 2-3 nm) compared to the dust particle size. Copper grids covered
with a thin film of carbon (~ 50 nm) are used for TEM analysis. The carbon film is very
thin and highly transparent to electrons. However, the deposition on these grids has to be
performed in post discharge (in order to avoid sputtering of the carbon film by the plasma
ions).

Generally, depositions are performed using a pulsed discharge. The time the discharge
is on (T,y) is set functions of what we want to observe (from a few ms to one minute).

Delay between plasmas (Tyff) is of a few seconds. The number of plasmas can also be
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Figure 11.6: Example of a cycle for a pulsed discharge used for deposition.

fixed. Once this cycle is defined, it can be reproduced identically several times with a delay

Tuttente between each cycle (see figure I11.6).

II.1.b.iii Plasma box cleaning

In order to eliminate silicon films in the plasma box, it has to be cleaned regularly. The

cleaning is performed in five steps:

e the plasma box is immersed in a hot solution of diluted soda for one to two hours,
e it is rinsed out with water,

e it is rinsed out with ethanol,

e it is dried up with compressed air,

e it is placed in a drying oven at 100°C for one hour.

I1.2 Plasma Kristall Experiment (PKE)

The PKE chamber has been described in details in several papers (see for example [50, 57]).
Figure I1.7 shows an overview of the PKE setup, and a brief description is given in the

following.

I1.2.a Context

One of the major constraint acting on dust particles in laboratory plasmas is the gravity.
In order to study pure plasma effects and real interactions between dust particles, a way
to suppress this force was needed. The best way to do it were microgravity experiments,
considered since the early 1990’s. First experiments were performed at the end of the 1990’s,
by the Max Planck Institute for Experimental Physics (MPE, Germany) using parabolic
flights and sounding rockets [60], and by the Institute for High Energy Densities (IHED) of
the Russian Academy of Sciences, on board the MIR station. Then, these two laboratories
joined to work on the PKE-Nefedov program, on board the International Space Station
(ISS). Experiments on clouds of injected dust particles started in 2001 on board the ISS.
These experiments aimed to study 3D plasma crystals. The GREMI joined the MPE and the
ITHED in an extended program on dust particle growth. New series of experiments, prepared
in the GREMI, were performed on board the ISS in October 2001 by the French-Russian
crew of the ANDROMEDE mission [50].
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Figure I1.7: Overview of the PKE setup.

I1.2.b Experimental setup

The PKE chamber, shown in figure I1.7 is a cube of approximatively 10 X 10 X 5 cm.
The total volume is less than 1 1. Four sides of the chamber are made of glass, allowing
a wide optical access to two perpendicular directions. The discharge is generated between
two parallel circular electrodes of 4 cm in diameter, separated by a gap of 3 cm. They are
power-supplied by a rf excitation (13.56 MHz) in a push-pull mode, through a matching
box. The rf generator (MP1-SPACE type) can deliver a maximum power of 4 W. Two
pumps ensure the pumping down of the chamber. The primary pump is a mechanical pump

(Alcatel, 8 m®.h~1), while the secondary pump is a turbomolecular one (Pfeiffer Vacuum,

80 L.s~!). This pumping system allows

is separated from the chamber by a manual valve. The gas supply consists in a small bottle
of Ar (B1 type bottle) directly linked to the chamber by a manual valve. The reactor is

equipped with two pressure gauges: a full range one and a Baratron one. In most cases,

to reach a base pressure around 3.10~% mbar, and

experiments on PKE are performed with no gas flow (static pressure).
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Figure I1.8: Field of view of the cameras on the PKE setup.

I1.2.c Video imaging

The PKE chamber is equipped with a laser-sheet (A = 685 nm) and three standard CCD
cameras (25 frames per second (fps)) as shown in figure I1.8. The laser-sheet covers all the
interelectrode gap and is 0.5 mm wide. Two cameras (1 and 2 in figure) watch perpendicu-
larly to the laser-sheet. Camera 1 has a magnification of 1, allowing to observe details near
the lower electrode, while camera 2 has a magnification of 1/3 allowing to observe the dust
cloud on the right part of the interelectrode gap. Those two cameras and the laser-sheet are
fixed on a traveling platform moved by a stepper. We can thus explore 3D dust structures
in the discharge. The third camera forms a small angle relatively to the laser-sheet direction
in order to observe small dust particles that don’t diffuse at 90°. It allows to observe a large
part of the interelectode gap. All cameras are equipped with interferential filters (A = 685

nm, 10 nm wide).

I1.3 In situ diagnostics

Multiple diagnostics are implemented on the Silane setup in order to monitor and charac-
terize both the plasma and the dust particle formation in situ and in real-time as far as

possible.

I1.3.a Current and voltage measurements

The rf voltage is measured in real time using a high-frequency probe Lecroy PPE20KV.This
probe allows to measure voltage up to 40 kV peak-to-peak, with an attenuation of 1000 in
a 100 MHz bandwidth. It is made of a load resistance of 50 M) with a capacitance lower
than 2 pF. Its response time is evaluated at 4 ns, which is much lower than a rf period
(73.75 ns).

To measure the rf current, we use an EMCO 94430-1 probe with a load resistance of
50 © and a bandwidth from 10 to 250 MHz. Generally, current probes are transformers

producing a voltage, in a load resistance, which is proportional to the current flowing
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through the probe. The probe is located around the conductor in which the current has to
be measured. The cable behaves like the primary of the transformer while the probe makes
the secondary side. The current (I,) flowing through the probe is determined by the output
voltage (V,y¢) divided by the transfer impedance (Zrp):

V;)ut
Zr

I, = (1L1)

The value of Zp is a function of the frequency of the measured signal. As an example, it
is 6 2 at 13.56 MHz and 6.9 €2 at 40.68 MHz.

I1.3.b V,. and 3H probes

A V,./3H based diagnostics has been built-up in the GREMI laboratory in order to monitor
dust particle formation and growth in the discharge through the modifications they induce
in the electric properties of the plasma. In a pure argon (or other rare gas) plasma, the
Vae/3H signal is stable, while it shows a time evolution linked to dust particle formation in
silane-based plasmas [9]. This phenomenon is due at first to small dust particles interacting
with electrons, and thus modifying their collision frequency, and in a second time to electron

attachment on bigger dust particles modifying the plasma parameters.
V4. probe

If one performs a precise analysis of the rf voltage, it can be shown that it is a pure
sinusoidal 13.56 MHz signal, including a bias voltage (called self-bias voltage, Vy.), as can
be seen in figure I1.9 (yellow curve). This is due to the blocking capacitor and the counter-
electrode capacitance, that together act as a filter suppressing the voltage harmonics and
inducing a bias voltage. This self-bias voltage is closely linked to the reactor structure and
to the particle kinetics in the discharge. As the reactor structure remains always the same,

modifications in V. are only due to particle growth kinetics.
3H probe

In the same way, if we perform a precise analysis of the discharge current, we can
notice two main points. First, the signal is not sinusoidal, but contains numerous harmon-
ics (up to 20 in some cases). Second, the total discharge current is mainly composed of a
capacitive current due to the counter-electrode, that tends to hide the real discharge current
contribution. Low pressure rf discharges contain two or more different sheaths. Two cases
can be distinguished : symmetrical and asymmetrical rf discharges. In the first case, the
non linearity of the system is weakly pronounced. However, in the second case, the sheath
at the smaller electrode has a great influence on the plasma characteristics. A time vary-

ing potential drop across the sheath causes a displacement current that makes the sheath
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capacitive. The relation between the sheath voltage and the displacement current is non
linear because of the electron and ion dynamics in the sheath. The generation of harmonics
is due to this non linearity of the sheath on the rf electrode [61]. A precise analysis of these
harmonics can lead to precious information about the electric field in the sheaths and also
about the ion and electron energy distribution functions, and thus to a better control of
particle formation in the discharge.

Our diagnostics has been based on the third harmonic because it is the dominant har-

monic in the discharge (as a matter of course after the first one).
Setup

The Vj./3H diagnostics is based on electronic filters. Concerning V., it is based on
a low pass filter to extract the direct current part of the signal. Concerning 3H, the probe
is based on a frequency filter allowing to isolate the 40.68 MHz component of the signal. In
both cases, the probes deliver the time evolution of the amplitude of the signals. The two
probes are enclosed in the same box, which is located between the matching box and the rf

electrode.
Advantages

The main advantage of this diagnostics is to be an industry compatible diagnostics. It
doesn’t need any optical access to the reactor. Its size is small-scale. It doesn’t induce
any contamination of the process. No special data processing is required, and meaningful
results are obtained quite easily. Moreover, this diagnostics is both robust and stable. It
can be used in various chemistries based on reactive gases. We have notably shown that
it can be used in methane-based dust forming plasmas. This diagnostics has a high time

resolution (mainly limited by the filter response time).
Drawbacks

The main drawback of this diagnostics is that it is very time-consuming to calibrate in
terms of dust particle step of formation. The calibration involves the use of various other
diagnostics such as laser light scattering or microscopy to determine dust particle size, den-

sity, cristallinity. This calibration is reliable only if the experiments are quite reproducible.

I1.3.c Electrostatic (Langmuir) probe

An electrostatic probe is a small conductor immersed in the plasma, that can be polar-

ized in order to collect a current. This current depends on the density and temperature of
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Figure I1.9: Time evolution of the rf voltage (yellow), the total discharge current (green)

and the capacitive current (purple).

charged species. This dependence takes into account the species dynamics in the electric
field induced by the probe. This electric field is located in the probe sheath which is a few
Debye lengths wide. Most commonly used probes are made of metal (W, Ta, Mo, stainless
steel, Pt, ...) chosen for its high-resistance to sputtering, chemical attacks and heat. It
must also have a high work function in order to avoid secondary emission [20].

Electrical probe measurements allow to determine different plasma parameters: electron
density and temperature, distribution function, ion density, plasma potential and floating
potential. The main advantage of the probe method is its simplicity in terms of equipment
and experiment. Its main drawback is due to the complexity of the theory used to extract
the plasma characteristics from the probe measurements. In fact, there are few experimen-
tal conditions under which the theory gives quite simple relations. This method is finally
reliable principally in rarefied gases where the mean free path is greater than the size of the
probe and the sheath length.

In this work, we used the Langmuir probe only to determine the ion density. Indeed, the
determination of the electron density using a Langmuir probe in a rf discharge is quite com-
plicated and needs a compensation circuit (not available on our probe). For this purpose,
we used the microwave resonant cavity method as explained in section I1.3.d. Moreover,
using a Langmuir probe in a silane-based discharge has several drawbacks : due to negative
ions, the determination of the free electron density is difficult to achieve and the modified
Bohm criterion has to be used. The pollution of the probe by the deposition has also to be

taken into account: the probe has to be cleaned after a few experiments.
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Figure I1.10: Idealized current-voltage characteristic of a single probe.

Current - voltage characteristic of a single probe

Figure I1.10 shows an idealized probe characteristic: the value of the current collected
by the probe (i) is plotted as a function of the applied potential (Vjoiqr). The probe only
collects charged species from the plasma, it does not emit any. The current sign is defined
using the following convention: ¢ = 4, — i1. As electrons move faster than ions, in the
absence of potential difference between the probe and the surrounding plasma (Vppiar = Vp)
the current collected by the probe is practically equal to the electron current (i =~ i.).
When the probe potential is positive with respect to the plasma potential, ions are repelled
and electrons are attracted. The electron flux is weakly dependent on the probe potential.
The probe current coincides with the saturation electron current (which is more or less
constant). This corresponds to the plateau I on figure I11.10. When the probe potential
is negative with respect to the plasma potential, the decrease of V4, causes a drastic
decrease in i. The electron temperature can be deduced from the slope of this part of the
curve. For a certain potential V4, = V7, called floating potential, 7 = 0. The electron flux
is exactly compensated by the ion flux. This potential V} is the potential experienced by
an isolated surface immersed in the plasma. For even more negative potentials, the probe
repels electrons and collects ions. The probe is surrounded by an ionic sheath and the
collected current is purely ionic. This ion flux is nearly independent of the probe potential,

and induces the ionic saturation current.
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Determination of the ion density

Assuming an electropositive plasma with two maxwellian populations, when the probe po-
tential is highly negative, the collected current (ion saturation current) can be expressed
by:

1;s = 0.61n; q; v; S (11.2)

with n; the ion density, g; the ion charge, v; its velocity and S the probe surface. The ion

kg T,
vi =42 (11.3)
my

with kp the Boltzmann’s constant, T, the electron temperature and m; the ion mass.

velocity is given by the Bohm criteria:

I1.3.d Microwave resonant cavity method

Electron density measurement by the microwave resonant cavity method is based on the
variation of the dielectric constant value of the medium in the plasma box. When there is
no plasma in the plasma box, the dielectric constant is ¢y (dielectric constant for vacuum),
associated to a resonance frequency fy. Once the plasma is switched on, the dielectric con-
stant is modified and becomes € €,. The associated resonance frequency shifts towards a
higher value f,.. The modification of the dielectric constant of the medium is due to its free
electron density. Thus, the frequency deviation Af = f. — fo is directly linked to the
free electron density in the plasma. The main advantages of this method is that it is non-
intrusive, quite easy to implement and it has a high time resolution. The main drawback
is the lack of spatial resolution: we can only access to mean value of the electron density

averaged over all the plasma volume.
Theory

The electromagnetic field associated to a standing wave inside a cavity can be described
as a linear combination of various resonant modes of the cavity, exhibiting each its own
characteristic frequency. The wavelength of the different modes depends on the cavity di-
mensions (62, 63, 64, 65].

In a cylindrical cavity, any mode can be expressed as:
E(Z,t) = Eo(,t) ek — 1) (11.4)

where k and Ey(Z,t) are respectively the field wave vector and amplitude, determined by
the cavity geometry. € is the complex pulsation. Generally the term €2t is complex and

expresses the oscillations (imaginary parts) and the damping of the oscillations (real part).
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Its dispersion relation is given by:

2 2
2 ,2€C .9 C

Q _k:—2—k:

n Uy €

(11.5)

with n the refraction index of the medium, p,. its dielectric permeability (taken equal to 1)
and c the light velocity. The relative dielectric constant of the cavity containing the plasma

depends on the frequency w of the exciting wave:

w2

1
& =1+i— +i—2— 11.6
" - QoJr w (Ve —iw) 1L6)
where wy, is the electron plasma frequency, v, is the electron collision frequency and Qg the
empty cavity quality factor. The term & accounts for perturbations due to the non-ideality
of the cavity. The dissipation in the plasma is due to electron collisions with a frequency
Ve. The relevance of the cavity method becomes obvious once we note that wy, is directly

linked to the electron density n.:

2
wpe = ] =& (IL.7)

me €0

Assuming that the deviation of e, from the ideal case () is small, the dispersion relation
can be linearized:
wo

Q:w0+Aw—i2— (11.8)

where wg is the oscillation frequency of the resonant mode in the cavity without plasma,
and @ is the quality factor of the cavity when the plasma is ignited. The frequency shift

due to the plasma is given by:

Aw = 2 “ (IL9)
w = 5 wo w2 i 1/62 .
and the electron density can be deduced as:
Aw me € Af mee
2 e €0 2 2 e €0
Ne = 2w w—o 62 = 87 r —fo 62 (IIlO)

Corrective factor A

However, this calculation does not take into account the spatial repartition of the elec-

tron density in the cavity. It is thus necessary to add a corrective factor A accounting for

the spatial repartition of the microwave field. The electron density becomes:
Af me e

ne:A87T2f3% o2
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If we assume that the electron density profile has a cylindrical symmetry and that the r

and z dependences can be separated, n. can be written as:

Ne = MNeo f(’l“) g(z) (1112)

where r and z are the radial and axial coordinates and ney the electron density in the center
of the discharge (r = 0 and z = 0). In this case, f(0) = ¢(0) = 1. The factor A can be

written as:

A:

JIS .o E? (ro2,0) £(r) g(r) 27 v dr do dz] B s)

fffm(z) E? (r,z,¢) 2w rdrdedz

Generally several modes can be evidenced in the cavity. In order to perform our measure-

ments, we used the TM110 mode. Its spatial distribution is given by:

P {Eszy:O

I1.14
E, = J; (% 7“) cos¢ Ey ( )

with J; the first-order Bessel function and r. the cavity radius. For this mode, the

corrective factor becomes:

A =

2 (p r)g(r)2mrdr 217!
JJrzg B2 (:0) £(r) g(r) 27 dr dpd ] (IL15)

J[J,.s B2 (ri@) 2mrdrdg dz

Thanks to spectroscopic measurements, Haverlag et al showed that the electron density can
be considered as quasi-constant in the whole plasma volume in various plasmas [65]. They
evaluate the value of A between 1 and 1.8 with a strong dependence on pressure.

In dusty plasmas, the spatial repartition of the electron density evolves as a function of
time, the value of A cannot be fixed. For the sake of simplicity, we took A = 1 in all the

calculations.

Experimental setup

The plasma box serves as resonant cavity. We thus use a cylindrical cavity of 135 mm
in diameter and 33 mm height. Two antennas (10 mm in diameter) are inserted in the
cavity with a distance of 60 mm in between. The microwave signal is generated thanks to
a Rhode & Schwarz signal generator with a 100 kHz - 4320 MHz bandwidth. Its spectral
resolution is 1 kHz and the delivered signal is 5 dBm (corresponding to 3 mW). A negative
detector (Schottky diode, Agilent Technologies) is used to convert the output signal into
a voltage measured with an oscilloscope. An overview of this setup is presented in figure
IT.11.

According to the calculations [62], in the frequency range from 0 to 4.3 GHz, only three
resonant modes are present: TMO010 (1732 Mhz), TM110 (2723 MHz), TM210 (3811 MHz).
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Figure I1.11: Overview of the microwave resonant cavity setup.
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Due to the non-ideal form of the cavity (slits and antennas) and to the signal reflection in
the cables, one can observe more than 3 peaks in the cavity spectrum (see figure 11.12).

Some of them never change in frequency, whatever the experimental conditions.

I1.3.e Optical emission spectroscopy

Optical emission spectroscopy (OES) is the study of the interaction (emission, absorption)
between light and matter. OES is often used to identify the different elements present in the
plasma. OES examines discrete photon emissions as a spectrum radiated by a given element.
This element first absorbs energy, that elevates its electrons to higher energy levels, and then
radiates this energy as a photon (emission light) with a characteristic energy (wavelength),
linked to the decrease in electron energy as it drops in orbitals. For an electron dropping

from an excited level (of energy E”) to a lower level (of energy E’), we have:
E'—E =hv (IL.16)

with h the Planck’s constant and v the emitted photon frequency (hv corresponding to the
energy of the emitted photon). An emission spectrum is typically a collection of lines with
wavelengths from the ultraviolet to the mid-infrared.

The excitation energy can be due to various phenomena such as collisions, chemical re-
actions, photon absorption, etc... Lots of plasma parameters can be investigated by means
of OES: gas temperature, electron temperature, electron distribution function, rotational
and/or vibrational temperature, species densities, emission rate coefficient, excitation co-

efficient, etc... In this work, the use of OES is restricted to the tracking of some plasma
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Figure 11.13: Overview of the optical emission spectroscopy setup.

species during dust particle formation. We will use it to get an idea of the plasma compo-
sition and/or to follow the time evolution of some specific lines of known wavelength (such
as the Ar* line at 750.38 nm).

OES experimental setup

OES measurements are performed thanks to a SOFIE spectrometer. This spectrom-
eter is made of two monochromators: one dedicated to the UV range (200 - 600 nm) and a
second one for the visible range (500 - 900 nm). The detector consists in a photomultiplier
tube. Its standard focal length is 20 cm, and its resolution is quite low (< 1 nm). The global
plasma emission is collected on an optical fiber using two 100 mm lenses. An overview of

the setup is given in figure I1.13.
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I1.3.f Laser light scattering

9th century, quasi-

First experiments on light scattering were performed at the end of the 1
simultaneously by Tyndall (1869, light scattering by aerosols) and Rayleigh (1871, molecular
scattering). The theory of scattering by arbitrary sized spheres has been developed later by
Mie (1908) and Debye (1909). This theory is known as Mie scattering theory or Mie-Lorentz

scattering theory.
Theory

Figure I1.14 gives an overview of the scattering conditions we consider in the theory. The
scattering plane is defined by the incident wave direction €; and the scattered wave di-
rection €;.. We assume that the material of the dust particle has a linear and isotropic
behavior. We also assume that all the polarization state of the monochromatic field can be
described as a superposition of two linearly polarized waves. Two orthogonal directions are
used to describe the incident electromagnetic field: Eu is the component perpendicular to
the scattering plane and Ei// is the parallel component. In the same way, the scattered
field is described using Es and Eg,.

If we consider an incident wave of wavelength A and a sphere of radius r4, the scattered

Incident wave

Figure I1.14: Laser light scattering by a sphere.

field can be written as [34]:

E ik (5, 83\ (E;
< S//> L < ’//) (I1.17)
Es) jks® \ Si S Eil
where 7 is the distance to the particle (r > rg, A), ks is the wave vector of the scattered
field and S is the Stockes’ matrix.
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In the particular case of spherical particles, the S5 and Sy terms of the Stockes’ matrix
vanish. The two terms of the scattered field are thus defined by the terms S; and S5, which
depend on the scattering angle 6, the particle radius ry and its optical index m.

In fact, the parameters = = 277, /A and y = m * 271, /A would be used for the equation
resolution.

S1 and S5 are deduced from the Maxwell’s equations. Thus, the scattered field, far away
from a particle of radius r4, lighted by a plane wave propagating on €, and polarized in the

€, direction can be expressed thanks to the two following amplitude functions [34, 66]:

B = 2n+1 Pﬁ(cos@) 0 1
Si = E Y ( " %Pn(cos 0)by, ) (I1.18)

> 2n + 1 /Pl(cos®) 0 1
§:j ( b+ 5 Pa(cosf)a ) (IL.19)

where P! is the n'M Legendre’s polynome. The Mie scattering coefficients a,, and b,, are
defined by [34, 66]:

R ) mm
= B ) )
where the notation "'" indicates the derivative function. Moreover:
Yal@) = || G T2 (@) (11.22)
Ty (z) = thn(2) + %Ym (@) (I1.23)

where J(z) and Y (z) are the Bessel’s functions of 1% and 2"¢ order.
In the case n = 1 and for small arguments (z < 1), the functions ¢ and T can be approxi-
mated by [66]:

P1(x) = # — cos(x) (I1.24)
Ti(z) = e (—iz~™! — 1) (I1.25)

Thus, for small values of x, scattering coefficients are approximatively given by [66] :

2 2 . 2 2
cos(ma) (w(1420) — 2 (Mgt ) + sin(ma) ( — (15287) +22(Fpge”) )

COS(m$)($72(_i+imp2 - i+im2)) + sin(mz) (m*3(’ ””2) +x 1(1;:;2))

m 2m

ay ~

(11.26)
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6m

cos(ma)(z — 2 /6) + sin(ma)( — 1/m + 22(H422))

by ~ —— ) (11.27)
cos(ma)(—i + ) + sin(mz) (x—l(%) 1/m— x(lgz—;g))
In the case of small spheres, | m | z < 1, the scattering coefficients are [66]:
2ixdm? — 1

~ 11.28

“ 3 m2+2 ( )

by ~ 0 (I1.29)

an ~ by ~ 0  Vn>1 (11.30)

It is thus possible to determine (from I1.17) the intensity scattered by a spherical particle

in the direction making an angle 6 with the incident one, at a distance r [67]:

2

A 2 2
Lo(r,8,m) = Iog o5 (1 $1 P + 1 52 ) (11.31)

with Iy the incident wave intensity. From equations II1.18, 11.19, I1.28, 11.29, and II1.30, it

gives in our case:

m?—1)2 9
Id(r,ﬁ,m) = IOF? m (1 + cos 0) (1132)

where N is the number of diffusing dust particles.

81t N Tg

LLS experimental setup

Figure I1.15 gives an overview of the experimental setup used for LLS experiments. The
laser we used is an Ar* laser (A = 488 nm) Spectra-Physics that can deliver 2 W in contin-
uous wave. The focusing system is composed of two convergent lenses with a focal distance
of 75 and 50 mm, two mirrors (only one shown in the sketch) and a cone-shaped diaphragm
(in order to limit diffraction phenomena). The laser beam crosses the plasma box: it enters
by the first window, goes through the first slit, crosses the plasma, goes through the second
slit, get out through the second window, and finally meets the light trap (to avoid reflexion).
The scattered light is collected 90° apart from the laser beam direction. A 100 mm lens
allows to collect the light and an interferential filter (A = 488 nm, AX = 10 nm) limits
the observed range of wavelengths. A photomultiplier (Hamamatsu C659-72, water-cooled)
coupled to a photon counter (Hamamatsu C5410) collects the output data.

In order to isolate the scattered signal, three measurements have to be performed. First,
the global emission of the plasma is recorded to suppress the contribution of the plasma
Ar* line from the signal. Second, the background light (scattering on the walls) due to the
laser is measured without plasma. Finally, a measurement is performed during dust particle
formation. The scattered signal can be extracted from this measurement by subtracting the

two signals first measured.
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Figure I1.15: General overview of the LLS experimental setup.

I1.4 FEx-situ diagnostics

In order to characterize dust particles synthesized in the discharge, we used several ex
situ diagnostics. They are all based on microscopy techniques, and gave us information
concerning the dust particle size, density, structure and shape. We principally used electron
microscopy and atomic force microscopy.

Electron microscopes are used to magnify small details (up to 2.10° times) using a
beam of highly energetic electrons. Ruska and Knoll built the first electron microscope in
the 1930’s, and Ruska received the Nobel Prize for this invention in 1986. The principle
is quite simple: the sample is scanned by a thin beam of accelerated electrons (see figure
I1.16). This examination can bring various information concerning the sample topography,

morphology, composition and/or crystallographic state.

IT.4.a Scanning Electron Microscopy (SEM)

The Scanning Electron Microscope (SEM) is a type of electron microscope that can pro-
duce high resolution images of a sample. SEM images have a 3D aspect and can be used
to evaluate the surface structure of the sample. Typically, electrons are thermoionically
emitted from a cathode and accelerated toward an anode. The produced electron beam
has an energy ranging from a few tens of eV to a few tens of keV. This beam is focused by
several condenser lenses into a beam with a fine focal spot of a few nm. A pair of scanning

coils in the objective lens allows to deflect the beam. As primary electrons strike the sam-
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Figure I1.16: Scheme of a typical Electron Microscope: (1) Electron beam (2) Anode (3)
Condenser (4) Deflection-scanning system (5) Objective (6) Sample (7) Elec-
tron detector (8) Backscattered electron detector (9) x-ray spectrometer (10)
Transmitted electron detector (11) Absorbed current measurement (12) Elec-

tronics and visualization.

ple surface, various signals are emitted (secondary electrons, backscattered electrons, Auger
electrons, photons, x-rays ...) [68, 69].

In this study, we specially paid attention to secondary electrons emitted by the sample
surface. Those low energy electrons (50 - 200 eV) are the result of inelastic collisions of
the incident electrons with the surface. The detection of secondary electrons is the most
common imaging mode of SEM. Due to their low energy, those electrons have a small mean
free path in the matter and only electrons emitted close to the surface will be detected.
Using this technique, it is possible to get resolutions around 1 nm. Figure I1.17 shows a

typical image obtained thanks to a SEM.

I1.4.b Transmission Electron Microscopy (TEM)

An electron source at the top of the microscope emits the electrons that travel through
vacuum in the column. Electromagnetic lenses focus electrons into a very thin beam. The
electron beam then travels through the sample we want to study. Depending on the density
of the material, some of the electrons are scattered and disappear from the beam. At
the bottom of the microscope the unscattered electrons hit a fluorescent screen, which
gives rise to a "shadow image" of the specimen with its different parts displayed in varied
darkness according to their density. The TEM technique allows the direct observation

of crystal structure. A crystalline material interacts with the electron beam mostly by
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Figure I1.18: TEM image of dust particles deposited on a silicon substrate (left: bright field,
right: dark field) [39].

diffraction. The diffraction intensity depends on the orientation of the atom planes relative
to the electron beam: at certain angles the beam is strongly diffracted, while at others
it is mostly transmitted. Two techniques of imaging are thus available. The Bright Field
technique consists in the detection of only transmitted (unscattered) electrons, and provides
information on the crystal structure. The Dark Field method produces an image from
electrons deflected by a particular crystal plane. Figure I1.18 gives an example of images
obtained by TEM. The TEM technique exhibits a number of drawbacks. Sample preparation
is a limiting factor: they have to be thin enough to be electron transparent. The field of

view is relatively small and the sample may be damaged by the electron beam.

IT.4.c Atomic Force Microscopy (AFM)

The Atomic Force Microscopy (AFM) is a technique of scanning probe microscopy. It
allows to image a surface in the real direct space, with a spatial resolution around 1 nm.
The principle, brought to the fore by G. Binnig and H. Rohrer (Nobel Prize in 1986), is
quite simple: a small probe (a few nanometers) is approached to the surface and interaction
forces between the tip atoms and the surface atoms are measured. By scanning the probe,

a 3D image of the surface can be obtained.

Nucleation, growth and behavior of dust particles in reactive low pressure rf plasmas 73



Chapter II: Experimental setups and diagnostics

Monitoring
system

Feedback
: electronics

Piezoelectric wedge

Figure I1.19: Scheme of a typical Atomic Force Microscope.

Figure 11.19 illustrates how an AFM works. The probe is made of a tip connected to
an elastic cantilever. The cantilever deformation is proportional to the force experienced
by the tip. This deflection is measured thanks to reflection of a laser beam on the tip,
directed towards a photodetector (2 or 4 photodiodes). Generally, the sample, located on
the piezoelectric wedge, is moving in the three space directions close to the probe.

The tip is not scanned at constant height to avoid the tip to collide with the surface,
causing damage to both. In most cases, the tip-to-sample distance is adjusted by a feedback
mechanism in order to keep a constant force between the tip and the sample (around 1078
N). The sample is scanned in the x and y directions, and the resulting map represents the
sample topography (see figure I11.20). In this case, the forces measured are due to electronic
repulsion (Lennard-Jones potential). Nevertheless, frictions induced by the scan can damage
the sample.

Another mode can be used to scan the sample: the intermittent contact or tapping
mode. A high frequency oscillation (around 300 kHz) is forced on the cantilever. In this
mode, changes in the oscillation amplitude yield topographic information about the sample
[70, 71].

The AFM has several advantages over electron microscopes. AFM provides a true 3D
surface profile while electron microscope provides a 2D projection. Moreover, AFM can be
operated at atmospheric pressure while electron microscopes need a vacuum environment.
The main drawback, compared to electron microscope, is the image size. The maximum
area shown by the AFM is around 150 by 150 um. Moreover, it can take several minutes
for a region to be scanned with the AFM while SEM is able to scan faster.
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Figure I1.20: AFM image of dust particles deposited on a silicon substrate (contact mode),

white lines are artefacts due to damages on the sample.

I1.5 French summary/Résumé en frangais

Le principal dispositif expérimental (situé au GREMI) décrit dans ce chapitre, est celui sur
lequel la majorité des expériences de cette thése a été réalisée. Plusieurs autres dispositifs
ont cependant été utilisés, dont certains se trouvent dans des laboratoires avec lesquels nous
collaborons. On peut notamment citer le dispositif PAMPRE (Production d’Aérosols en
Microgravité par Plasma REactif) ou le dispositif PKE (Plasma Kristall Experiment). Ce
dernier dispositif sera présenté briévement dans ce chapitre, tandis que le dispositif PAM-
PRE sera introduit dans le chapitre V.

Le dispositif utilise au GREMI a été décrit dans plusieurs théses et publications [11,
12, 13, 30, 58]. Cependant, certaines modifications ont été apportées afin d’améliorer le
dispositif. C’est pourquoi une description compléte, comprenant les systémes de pompage,
I’alimentation électrique, la gestion des gaz et les dispositifs optiques, est reprise dans ce
chapitre.

Afin de faciliter la lecture du manuscrit, des conditions standards d’expérience seront
définies en termes de flux de gaz, pression, puissance injectée et température de gaz. Elles
seront par la suite utilisées largement dans cette thése. La préparation des substrats pour les
dépots sera détaillée pour différents types de substrats (silicium, acier inoxydable, verre...).
Le protocole expérimental pour réaliser les dépdts aussi bien dans la décharge qu’en post-
décharge sera détaillé.

Les principaux diagnostics utilisés sont aussi introduits dans ce chapitre. Des diagnos-
tics in-situ tels que les mesures de courant et de tension, le diagnostic Vg4./3H, la sonde de
Langmuir, la cavité résonante micro-onde, la spectroscopie optique d’émission ou la diffu-

sion de la lumiére laser sont présentés. Le systéme d’imagerie vidéo est aussi briévement
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décrit. De plus, quelques diagnostics ez-situ comme la microscopie électronique (a balayage

et en transmission) et la microscopie & force atomique sont aussi expliqués.

Le dispositif expérimental "Silane"

Le réacteur est constitué d’une chambre cylindrique, dans laquelle est insérée la boite a
décharge en acier inoxydable (d = 135 mm et h = 37.5 mm) ou est généré le plasma. La
boite a décharge est fermée a la base par une grille a 20% de transparence. Elle est de plus
reliée & la masse et se comporte comme ’anode de la décharge. L’électrode rf, en forme de
"pomme de douche", ferme le haut de la boite. Cette électrode sert & la fois a la polarisation
rf et & l'introduction de gaz dans le réacteur. Le flux de gaz introduit est laminaire grace
aux trois grilles insérées dans 1’électrode rf. Les accés optiques se limitent & quatre fentes
verticales (2 mm par 4 cm) placées perdendiculairement les unes aux autres, en regard des
hublots en Suprasil TII. Les figures I1.1 et I11.2 donnent un apercu du dispositif "Silane".

Le pompage de I’enceinte est assuré par deux groupes distincts. La pompe primaire
(pompe chimique Alcatel 2033 CP, 35 m®.h™!) est spécialement adaptée aux gaz réact-
ifs. Elle sert a la fois au prévidage de ’enceinte et au maintien de la pression de travail
lors des expériences. Le groupe de pompage secondaire est constitué d’une pompe turbo-
moléculaire (Pfeiffer Vacuum TMH 260, 210 L.S71) et d’une pompe primaire (Alcatel, 20
m?.h~!). Il permet d’atteindre un vide limite dans 'enceinte de I’ordre de quelques 10~7
mbar. L’alimentation en gaz est assurée par deux lignes de gaz totalement indépendantes
: une dédiée au silane (gaz pyrophorique) et l'autre aux gaz de dilution. Le controle de la
pression s’effectue grace & une jauge de type "full-range" et une jauge Baratron pour les
pression de travail.

L’excitation rf est assurée par un générateur de type GERAL ARF 101 permettant de
délivrer au maximum 100 W. Ce générateur peut étre controlé via un ordinateur afin de
pulser la puissance injectée. Une boite d’accord de type L est utilisée afin de d’adapter
I'impédance entre le circuit et la décharge de facon & optimiser le couplage de ’énergie et &
protéger 1’électronique de commande.

La température de gaz dans l’enceinte peut étre variée de -40°C & 200°C grace a deux
dispositifs distincts : un four et une circulation d’azote liquide. La température est con-
trolée grace a un thermocouple de type J (fer/constantan).

Les conditions standards d’expérience définies ici sont un outil de controle et de com-
paraison en cas de doute sur les résultats obtenus. Dans ces conditions standards, tous
les paramétres et les résultats habituels sont bien définis. Ces conditions sont données
dans le tableau II.1. L’évolution de la troisiéme harmonique ainsi que celle de la tension
d’autopolarisation sont bien connues dans ce cas particulier, de méme que la durée approxi-
mative des phases de croissance des poudres. Les principales caractéristiques des poussiéres

données dans la section I.4.a ont été déterminées dans ces conditions.
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Afin de réaliser des dépots, différents types de substrats ont été utilisés : du silicium
monocristallin 100 recouvert d’une couche de SiO4 et de I'acier inoxydable ou de I’aluminium
poli pour réaliser les analyses au MEB, du verre Corning pour réaliser les analyses AFM et
des grilles de cuivre recouvertes d’une couche de carbone pour les analyses MET. Générale-
ment, les dépots sont réalisés en décharge pulsée de fagon & pouvoir accumuler les dépots
a un temps donné. La durée d’exposition au plasma (T,,) peut varier de quelques ms a
quelques secondes, tandis que la durée entre deux dépdts est de 'ordre de quelques secondes
en général.

La boite & décharge nécessite des nettoyages trés fréquents pour éliminer le dépdt de
silicium. Le nettoyage se fait en cinq étapes : bain de soude concentrée, rincage a l'eau,

rincage a I’éthanol, séchage a 1’air comprimé et séchage a 1’étuve.

Le dispositif expérimental PKE

Le dispositif PKE (figure I1.7) a été décrit en détails dans plusieurs publications (voir
par exemple [50, 57]). Le réacteur PKE a été spécialement concu afin de réaliser des ex-
périences en microgravité a bord de la station spatiale internationale (ISS). Ces expériences
sont le fruit d’'une collaboration entre le MPE (en Allemagne) et 'THED (en Russie) au
sein du programme PKE-Nefedov. Les expériences ont débuté en 2001 & bord de I'ISS, afin
d’étudier la formation de structures cristallines 3D. Le GREMI a rejoint le MPE et 'THED
pour une extension du programme & la formation de poussiéres. De nouvelles expériences,
préparées au GREMI, ont été menées sur I'ISS en octobre 2001 par I’équipe franco-russe de
la mission ANDROMEDE [50].

Le réacteur PKE consiste en une chambre cubique en verre d’environ 10 x 10 x 5 cm,
d’un volume total inférieur & 1 1. La décharge est produite entre deux électrodes circulaires
de 4 cm de diamétre, séparées de 3 cm. Elles sont alimentées par une excitation rf en
mode "push-pull", au travers d’une boite d’accord. Le pompage est assuré par une pompe
primaire et une pompe turbomoléculaire permettant d’atteindre un vide limite de ’ordre
de 3.107% mbar. Le réacteur est alimenté en Argon par une bouteille B1 directement reliée
au dispositif. La pression est controlée par deux jauges : une "full range" et une Baratron.
En regle générale, les expériences sont réalisées sans flux de gaz (pression statique).

Le réacteur PKE est équipé d’une nappe laser et d’un systéme de trois caméras stan-
dards (25 images par seconde). Deux caméras filment perpendiculairement & la nappe laser
avec des grandissements de 1 et 1/3. La troisiéme cameéra filme selon un plan formant un
angle faible avec la nappe laser de fagon & observer les petites poussiéres qui diffusent peu
de lumiére a 90°. Toutes les caméras sont équipées d’un filtre interférentiel centré sur la

longueur d’onde de la diode laser (A = 685 nm).
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Diagnostics in-situ

De nombreux diagnostics sont installés sur les réacteurs afin de pouvoir suivre et con-
troler & la fois les caractéristiques du plasma, et la formation de poudres, in-situ et au-
tant que possible en temps réel. Nous disposons notamment d’'une mesure de la ten-
sion rf d’excitation (sonde Lecroy PPE20KV) et d’'une mesure de courant induit (sonde
EMCO 94430-1). Le principal diagnostic utilisé dans cette thése est le couple de sondes
Vae/3H développé au GREMI. Lorsque l'on analyse précisément la tension rf, on montre
que c’est une tension purement sinusoidale incluant une composante continue (appelée ten-
sion d’autopolarisation, notée Vg.). Cette derniére est due a la présence d’un condensateur
de blocage dans le boite d’accord. V. est liée a la fois a la structure du réacteur et a la
cinétique de croissance des poussiéres dans la décharge. Comme la géométrie du réacteur
est invariante, les évolutions de V4. sont donc principalement liées & la présence des pous-
siéres dans le plasma. De la méme facon, lorsque 1’on analyse le courant de décharge, on
obtient deux résultats marquants. Le premier est que le signal n’est pas sinusoidal, mais
contient de nombreuses harmoniques (jusqu’a une vingtaine dans certains cas). Ensuite,
ce courant de décharge est principalement composé d'une composante capacitive, due a

"yrai" courant de

la contre-électrode du réacteur, qui tend & masquer la contribution du
décharge. Ainsi, une analyse précise des harmoniques peut mener & de précieuses informa-
tions sur le champ électrique dans les gaines et les fonctions de distribution des électrons et
des ions, permettant ainsi de mieux controler la décharge. Notre diagnostic est basé sur la
troisiéme harmonique car elle s’avére étre I’'une des plus prononcées dans les différents gaz
rares.

Les densités électronique ioniques étant deux facteurs-clés dans une décharge, deux di-
agnostics sont mis en oeuvre pour les évaluer. La densité ionique est évaluée grace a des
mesures de sonde de Langmuir dans le régime de saturation ionique, tandis qu’une cavité
résonante micro-onde est utilisée pour ’évaluation de la densité électronique.

Par ailleurs, la spectroscopie optique d’émission a aussi été utilisée, principalement dans
le but de suivre I’évolution temporelle de certaines raies de I’argon pendant la formation
des poudres dans le plasma. Un diagnostic de diffusion de la lumiére laser a de méme été

mis en oeuvre pour suivre la formation et la croissance des poussiéres dans la décharge.

Diagnostics ez-situ

Dans le but de caractériser les poussiéres formées, plusieurs diagnostics ex-situ ont
été utilisés. Ce sont principalement des diagnostics basés sur la microscopie, permettant
d’obtenir des informations sur la taille, la densité, la structure et la forme des poudres.
Nous pouvons notamment citer la microscopie électronique & balayage (MEB) qui nous a

fourni des images d’apparence 3D nous permettant d’apprécier la surface des échantillons.
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En utilisant le mode de détection des électrons secondaires, il est ainsi possible d’obtenir
des images ayant une résolution de l'ordre du nanométre, ce qui permet d’identifier les
nanoparticules sur les échantillons. La microscopie électronique en transmission (MET)
donne des informations sur la cristallinité des échantillons, mais présente 'inconvénient
majeur d'une préparation relativement contraignante. La microscopie a force atomique
(AFM), bien qu’elle endommage dans certains cas les échantillons, permet d’obtenir des
relevés topographiques trés précis de la surface des échantillons et d’accéder a certaines

mesures de taille de poussiéres inaccessibles par microscopie électronique.
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Chapter 111

Aggregation instability in a

silane-based plasma

Some instabilities induced by the presence of dust particles in plasmas have been reported
for more than ten years now [55, 56, 57, 72]. All these instabilities have been observed in
dusty plasmas obtained by sputtering. The instability reported in this chapter is observed
in a silane based dust forming plasma, during the earlier phase of dust formation. However,
this instability seems to be comparable to those already reported.

A detailed study of this self-excited instability occurring during dust nanoparticle for-
mation is presented in this chapter. The formation and growth of nanoparticles is followed
thanks to the analysis of the time evolution of two signal amplitudes: the third harmonic
(3H, 40.68 MHz) of the discharge current and the self bias voltage (Vg.). In most cases,
at the end of the nanocrystal accumulation phase an instability occurs. It seems to be an
attachment induced-ionization instability as observed in electronegative plasmas [73, 74].
A detailed study of the influence of different operating conditions (injected power, gas tem-
perature, silane flow rate) on this instability behavior and frequency is presented. Some
experiments have been performed to determine the exact localization of the instability with
respect to dust particle formation steps. A very particular case of instability is also ex-
amined. The main appearance areas of the instability with respect to the experimental
conditions are also determined.

We show in this chapter that the instability can be used as a mark of the end of the
nanocrystal accumulation phase. This last point is of special interest for applications in
nanotechnologies such as single-electron device [5] or solar cell [8] fabrication.

The content of this chapter has been published in two papers :

e M. Cavarroc, M.C. Jouanny, K. Radouane, M. Mikikian, L. Boufendi
J. Appl. Phys. 99, 064301 (2006) [75]

e M. Cavarroc, M. Mikikian, G. Perrier, L. Boufendi
Appl. Phys. Letter 89, 013107 (2006) [76]
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III.1 Description of the aggregation instability

The main dust formation steps (accumulation phase, aggregation and growth by surface
deposition) can be clearly identify thanks to the Vg./3H electrical diagnostics (fig.II1.1).
Even though, some uncertainties are remaining concerning the exact transition from one
step to another. As can be seen in figure ITI.1 insert, a self-excited instability occurs in
between accumulation and aggregation phase. Due to this instability, until now it was still
quite difficult to exactly define when the aggregation starts.

The typical behavior of the self bias voltage and the third harmonic of the discharge
current during the instability is shown in figure I11.2(a) (Qa, = 20 scem, Qgim, = 0.8
sccm, p = 124 pbar, P,y = 6W, T = RT ). This instability appears as oscillations on the
signals. It is self-excited: it does not need any external excitation to appear. The typical
appearance time is between 100 and 200 ms after plasma ignition. The typical duration is
of a few to a few tens of ms. The frequency of this signal, given by a Fast Fourier Transform
(FFT) analysis, is shown in figure II1.2(b) and evolves during the instability. The typical
frequencies are comprised between 1 and 3 kHz.

It is interesting to note that the instability appears as oscillations on all the diagnostics
used. It can be observed on electrical potentials: radiofrequency voltage (V,.r), self-bias
voltage (Vgc), floating potential (V}), but also on discharge current fundamental and third
harmonic (1H and 3H), or on the ion flux measurement (V;). As an example, figures I11.3(a)
and II1.3(b) show the time evolution of the fundamental harmonic of the discharge current
(1H) and its frequency spectrum during the instability (Qa, = 20 sccm, Qgim, = 1.2 scem,
p = 124 pbar, P,y = 10 W, T = RT). The shape of the signal and its frequency spectrum
are very similar to the ones observed on 3H and/or V. signals. The different diagnostics
affected by this instability show that many physical properties of the plasma are concerned

by the oscillations observed on the electrical diagnostics.
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Figure ITI.1: Time-evolution of the third harmonic of the discharge current in an argon-

silane plasma under standard conditions.
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III.2 Localization of the instability

In order to exactly determine the instability localization with respect to the dust forma-
tion steps, we realized different depositions at different instants during the dust formation
[76]. Structural morphology of the deposited dust particles is qualitatively analyzed from
topographical observations of the samples by means of atomic force microscopy (AFM) op-

erating in the tapping mode and scanning electron microscopy (SEM).

I11.2.a Depositions

Three different types of depositions have been performed in order to locate the instability: a
first one just before (sample a), a second one during (samples b and ¢), and a last one after
the instability (sample d). The substrates we used are made of Si covered by a thin film of
SiOg. This type of substrate can be used as well for SEM analysis (not too many charge
effects) as for AFM analysis (the roughness of the sample is around 0.5 nm). However,
those SiO2/Si substrates have a significant drawback: they are not conductor. Thus each
new sample modifies the impedance and thus the energy deposition in the discharge box.
Figure II1.4 gives an overview of the different instants of deposition. All depositions were
performed in the standard conditions (Qa, = 20 sccm, Qg;p, = 1.2 scem, p = 124 pbar,
P,s = 10 W, T = RT), with 32 runs (successive depositions on the same sample). The
deposition instant is adjusted for each sample thanks to the electrical diagnostics in order

to locate the deposition instant with respect to the instability.
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Figure I11.4: Deposition instant of the samples a, b, ¢ and d with respect to the instability
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II1.2.b SEM analysis

The SEM images obtained from the samples are shown in figure IIL.5. Just before the
instability (figure II1.5(a)), there are only single nanocrystals (around 2-3 nm) on the sub-
strate. At the beginning and in the middle of the instability (figure IT1.5(b) and (c)), two
populations can be distinguished: there are both nanocrystals and small polycrystalline
aggregates. At the end of the instability (figure II1.5 (d)) deposited dust particles are
mainly small polycrystalline aggregates. These results seem to place the beginning of the

aggregation phase at the beginning of the instability.

X380k iaanm

Figure III1.5: SEM images of the samples deposited (a) just before (b) at the beginning of
(c) during (d) after the instability.

II1.2.c AFM analysis

The AFM images obtained from the same samples are shown in figure I11.6. They are all
normalized to the same height size scale in order to make the comparison easier. In the
nanocrystal case, the AFM tip size is of the same order as the nanocrystal size. We are
confronted to convolution troubles in the x and y directions. The only dimension we can use
is the height because this dimension is less concerned by convolution troubles. To estimate
the net dust particle size, the image baseline has to be subtracted to the measured size.
The results are quite similar to the ones obtained by SEM. Before the instability (figure
I11.6(a)), there are only small nanocrystals around 2-3 nm in height. At the beginning and
in the middle of the instability (figure IT1.6(b) and (c)), two populations of dust particles
are present, one around 2-3 nm and another one around 4-5 nm. After the instability
(figure II1.6(d)), a single population is visible, around 10 nm. Those results confirm the
ones obtained by SEM.
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Figure II1.6: AFM images of the samples deposited (a) just before (b) at the beginning of
(¢c) during (d) after the instability.

I11.2.d Radius distribution

The study of the radius distribution has been performed from AFM analyses of the samples.
For each sample, 8 to 10 images have been realized. This statistic allows us to get significant
distributions: the average number of dust particles taken into account for each sample is of
a few thousands. The radius distribution of dust particles corresponding to the first sample
(figure II1.7(a)) shows a single peak centered at ry = 1.5 nm (corresponding to 3 nm in
height). The same analysis performed on a sample deposited during the instability (figure
IT1.7(b)) shows two peaks located at different heights. The higher peak around r4 = 1.5
nm corresponds to the nanocrystals and the smaller one around r4 = 4 nm corresponds
to the first coalesced polycrystalline nanoparticles. On the last sample (figure I11.7(c)), a
single peak appears around ry = 5 nm, corresponding to bigger aggregated polycrystalline
nanoparticles. Those dust particle radius distributions confirm our qualitative topographical

observation.
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Figure II1.7: Radius distribution diagrams corresponding to a sample deposited (a)before
(b) during (c) after the instability.

II1.2.e Conclusion concerning the instability location

Presently, we can conclude that before the instability, dust particles are single-crystal silicon
nanoparticles of 2-3 nm in diameter in the face centered cubic (fcc) phase [39]. Their shape
appears to be spherical and their density increases during the accumulation phase until
reaching the critical value estimated to 10'! to 10'2 cm ™3 at room temperature [9]. Thereby,
just before the instability the single-crystal silicon nanoparticle density in the plasma is the
highest that can be reached. During the instability, nanocrystals agglomerate together to
form the first polycrystalline dust nanoparticles of 4-5 nm. All the nanocrystals begin to
agglomerate at least two by two. This is the early beginning of the aggregation phase
and two populations can be distinguished. The first one corresponds to nanocrystals while
the second one corresponds to first aggregated polycrystalline particles. At the end of the
instability, no more single nanocrystals remain in the gas phase. Thus, the onset of the

instability exactly corresponds to the beginning of the aggregation phase.

II1.3 Instability frequency

As can be seen in figure I11.2(b), the instability frequency evolves as a function of time.
We can first observe an increase of the frequency that could correspond to the instability

setting-up. Once the instability is established, the frequency decreases until the end of
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the phase where it becomes difficult to define the frequency. During the instability, there
is an increase in the mean mass of dust particles due to the beginning of the aggregation
phase. This increase of the particle mean mass could explain the decrease of the instability
frequency. Thus, if we calculate the dust plasma frequency from equation 1.4.a.iii, assuming
Ny to be the critical particle density (102¢m™=3) [9], Qq ~ 1073e¢ and 1 nm < 74 < 2 nm
for silicon particles [42], we get 1 kHz< f,q < 3 kHz (assuming fpq = wpa/27). These
frequencies correspond to the ones we observed for the instability in different conditions.

In the following, we will present some parameter effects on instability characteristics. It
is important to note that the frequency at the beginning and at the end of the instability are
not measured in the same way. As the frequency at the beginning is well defined its given
value is the average value of the frequency taken on the six first periods. As the frequency
at the end is much more difficult to define, its value is given by the last value of the FF'T,
with an uncertainty range due to the software and the method used to compute the data
(Matlab code).

IT11.4 Parameter effect

As the different phases of particle formation and growth, the region of the instability is
affected by different discharge parameters such as injected power, silane flow rate, gas
temperature or pressure. In the following sections, the effects of injected power, silane
flow rate and gas temperature on the instability are studied [75]. The instability is very
sensitive to changes in pressure. An increase of a few tens of microbars (10 or 20) leads
to the instability disappearance. That is why in the following the pressure effect won’t be
studied. At the end of this section, a very particular case of instability is reported. This
phenomenon is very sensitive to the operating conditions and only appears in two very tight

sets of parameters.

ITI1.4.a Injected power effect

The effect of injected power has been studied for different gas mixture rates of Ar/SiH4 with
silane flow rate varying from 0.4 sccm up to 1.6 sccm. In all cases the following parameters
were kept constant: Qa, = 20 sccm, p ~ 120 pubar, T = RT. The following observations
correspond to a synthesis of all the results obtained. Figure IT1.8 shows the time evolution
of the self bias voltage for different injected powers. In this particular case, the amount of
silane in the gas mixture was relatively small (Qs;m, = 0.8 sccm), as when the silane flow
rate is too high, the instability rapidly disappears when injected power is increased, and no
pertinent study can be done. In this case, the instability appears only for low powers be-
tween 6 W and 14 W. For higher silane flow rate, the instability tends to disappear around
10 W.
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When the power is increased in the discharge, all the phases of particle formation and
growth become shorter and so does the instability (see fig.II1.9(a)). This is due to the
fact that increasing the injected power increases the ionization process, thus increasing the
electron density. As the electron density is increased, dissociative attachment process is ac-
celerated. Consequently particle formation becomes faster. This acceleration of the kinetics
is also traduced by the instability starting earlier for high injected power as shown in figure
IT1.9(a). The amplitude of the instability also decreases when power increases. For high
injected power the kinetics is very fast leading to the disappearance of the instability.

The frequency of the instability has been shown to evolve in time, decreasing between
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Figure II1.8: Time-evolution of the self-bias voltage versus the injected power for Qg;im, =
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Figure I11.9: Effect of the injected power on the instability characteristics.
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the beginning and the end of the phase. In addition, the frequency at the beginning and
at the end seem to depend linearly on the injected power (see fig.II1.9(b)). Indeed, as-
suming that at the end of the accumulation phase ry and Ny are constant whatever the
injected power, then wy,q is proportional to the particle charge Q4. When injected power is
increased, electron density is also increased. Nevertheless, between 6 W and 20 W, electron
temperature remains constant (around 2 eV before av — 4’ transition). That means that
newly created electrons are attached by dust particles. Hence when the injected power is

increased, the particle mean charge also increases.

I11.4.b Silane flow rate effect

The effects of the silane flow rate have been studied in an Ar/SiH4 plasma with an injected
power of 10 W. The amount of silane in the discharge was varied from 0.4 sccm up to 1.6
sccm, keeping all the other parameters constant (Q4, = 20 sccm, P,y = 10 W, T = RT).
The induced pressure variation is negligible (~ 3-4 pbar) with respect to the total pressure
(p &~ 120 pbar). Figure IT1.10 shows the time evolution of the self-bias voltage as a function
of the silane flow rate in the discharge. The curves are shifted in the self-bias voltage axis
in order to give a better overview. In the case we present here, the injected power is low,
since, as it has been shown before, when the injected power is too high, no instability can
be observed. For 10 W injected power, the instability appears even for very small flow

rates and tends to disappear for silane flow rates higher than 1.5 sccm. The instability
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Figure II1.10: Time-evolution of the self-bias voltage versus the silane flow rate. The curves

are shifted on the self-bias voltage axis in order to have a better overview.

duration is maximum for 1 sccm silane flow rate as shown in figure III.11(a). From 0.4 sccm

to 1 sccm the duration of the instability increases when silane flow rate is increased. For
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Figure I11.11: Effect of the silane flow rate on the instability characteristics.

silane flow rate higher than 1 sccm, the instability is increasingly short until it disappears.
However, overall the amplitude of the instability seems to decrease when increasing silane
flow rate, until it becomes undetectable on the curves. For silane flow rates comprised
between 0.4 sccm and 1 scem, the instability was observed to begin earlier when increasing
the flow rate. From 1 sccm, this value seems to increase slightly until the disappearance of
the phenomenon (see fig.II11.11(a)). However it seems that above a given limit (around 1
scem in our case) an equilibrium is reached, and the reactions are no longer sped up. When
the quantity of silane in the discharge is increased, the amount of precursors is increased.
Indeed, the dissociation degree of silane is constant and independent of the silane flow
rate [77]. The initial, accumulation and aggregation, phases are therefore quicker. It is
interesting to note that in the particular case of silane flow rate variation, the instability
does not behave like the other formation steps. When all phases are quicker, the instability
lasts longer, certainly due to the fact that the silane flow rate acts on chemical reactions in
the discharge. The frequency of the instability has been shown to have a time evolution.
Figure II1.11(b) shows the evolution of the frequency at the beginning and at the end of
the instability as a function of the silane flow rate. These two frequencies seem to depend

linearly on the amount of silane in the discharge.

I11.4.c Gas temperature effect

The influence of the gas temperature on particle formation and growth was the subject of
many papers [38, 35, 78, 79, 80]. When the gas temperature is increased, particle formation
is delayed. In this work, the influence of the gas temperature has been studied from room
temperature (RT) up to 120°C (measured in the gas flow with a thermocouple just below

the plasma box) in a first part, and from 16°C down to -24°C (measured in the gas flow with
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a thermocouple near the plasma box). All the experiments were performed at constant gas

number density. We observed that the instability region is also affected by the temperature.

From RT to 120°C

Figure IT1.12 shows the time evolution of the self-bias voltage versus high gas tempera-
ture from RT to 120°C. The curves are shifted in the self-bias voltage axis in order to have

a better overview. When the gas temperature is increased, the appearance of the insta-
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Figure I11.12: Time-evolution of the self-bias voltage versus high gas temperature. The
curves are shifted on the self-bias voltage axis in order to have a better

overview.

bility is delayed (see fig I1I1I.13(a)). The duration of the instability is also affected by the
gas temperature: the higher the temperature, the longer the instability (fig.II1.13(a)). The
instability behaves like the different phases of particle formation and growth: it is delayed
and it lasts longer when the gas temperature is increased. Figure II1.13(b) shows instability
frequencies as a function of high gas temperature. The frequency at the beginning decreases
linearly as the gas temperature increases, while the frequency at the end remains the same
at around 0.6 kHz (except on the curve taken at 30°C).

From 16°C to -24°C

Figure II1.14 shows the time evolution of the current third harmonic amplitude for dif-
ferent low gas temperatures ranging from 16°C to -24°C. The curves are shifted in the 3H
axis in order to have a better overview. When the gas temperature is decreased, the appear-

ance of the instability is brought forward as can be seen in figure III1.15(a). The duration
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Figure II1.13: Effect of high gas temperature on the instability characteristics.

of the instability is also affected by low gas temperature: the lower the temperature, the
shorter the instability (fig.III.15(a)). The instability behaves like the different phases of
particle formation and growth: it is accelerated and it is shorter when the gas temperature
is decreased. Figure II1.15(b) shows the evolution of the mean frequency of the instability
as a function of low gas temperatures. Actually, for low gas temperature, the instability
frequency does not evolve much in time. Nevertheless, we can point out that for very low
gas temperature (under 0°C) the frequency at the end of the instability tends to be a little
bit higher than the one at the beginning.
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Figure I11.14: Time-evolution of the current third harmonic versus low gas temperature.

The curves are shifted on the 3H axis in order to have a better overview.
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Figure II1.15: Effect of low gas temperatures on the instability characteristics

I11.4.d Particular case

In some very specific conditions a particular case of the instability was observed. The figure
I11.16(a) shows the shape of the instability in this case. In a first part, it behaves in the
same way as the "common" instability, then it finishes before briefly restarting. This has
been confirmed by a frequency analysis (FFT analysis) (see fig.II1.16(b)). We can observe
a time evolution of the frequency and a range of frequencies similar to those previously
observed (between 2 kHz and 3 kHz). The second part seems to be a sort of replica of
the end of the first part, with exactly the same frequencies. This phenomenon is highly
sensitive to the operating conditions, appearing only for very low injected power (around
6 W) and in a very tight range of silane flow rates (several appearances between 2 and 3
sccm). Moreover, a temperature variation of only a few degrees leads to the disappearance
of the phenomenon. This particular case of the instability seems to correspond to dust
critical formation conditions, as the slightest modification of one of the parameters leads to
the disappearance of the phenomenon. However, we observed this particular instability in
at least six different sets of parameters. This observation leads us to surmise that a special
pair particle density/particle radius could favor a special behavior of the dense particle

cloud trapped in the discharge.

II1.4.e Instability appearance conditions

As we saw in previous sections, the instability develops under specific conditions. In the
whole temperature range we investigated, the instability systematically appears (excepted
the particular case of instability appearing only at RT). A pressure threshold (around 150
pbar) was observed for its disappearance. However, the instability needs very specific

conditions of injected power and silane flow rate to take place. Figure II1.17 represents

94 Marjorie Cavarroc



I11.4 Parameter effect

(@)

o
=}
s}

0 0.05 0.1 0.15 0. 0.3 0.35 0.4 0.45

2 _ 025
Time (s)

Frequency (Hz)

0‘29 0‘3 0‘31 0‘32 0‘33 0‘34 0‘35 0‘36 028 029 03 031 032 033 034 035 036 0.37
’ ’ “Time (s) ’ ’ ! Time (s)

(a) Particular case of the instability on the self-bias (b) Time-evolution of the frequency of the aggregation

voltage (a) on the plasma duration (b) zoom instability in the particular case

Figure II1.16: Particular case of the aggregation instability

the instability appearance areas in a P,f/Qg;m, plane. Areas where the instability appears
are represented with circles, the ones where the instability does not appear are represented
with crosses. Diamonds represent the particular case of instability. The line delimiting
the different areas corresponds to a P,y o Q;%j curve. Instabilities are best observed for
low P,y and low Qg;m,. When increasing one of these parameters, the instability tends
to disappear: for a determined value of P, (respectively Qg;m,), an increase of Qg;m,
(respectively P,) leads to the disappearance of the instability. Moreover, we can note that
the particular case of instability appears for special P,;/Qgin, pairs, very close from the
limit, underlining the threshold effect linked to the instability.

22r
20F XXX XXX XXX XXX XXX XXX XXX XXX XX XXX XXX X
)
;187 XOXXXXXX XX XXXX XXX XXX XXX XX XX XXX XXX X
<
—
Gg)lef XOXXXX XXX XXX XXX XXX XXX XXX XX XXX XX XX
o 14r XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX X
ie]
9_{12— XXX XXX XXX XXX XXX XXX XXX XXX XXX XX
@
= 10F XXXX XXX XXX XXX XXX XX XXX XXX X
c
E:L 8t XXX XXX XXX XXX XXX XX XXX X
6F XX X X XXX X X X X
4 . . . .

0.5 1 l‘.5 é ‘ C"Z 3.5 4
i, (séém)

Figure IT1.17: Aggregation instability appearance areas in a P,r/Qg;m, plane. Instability:

o, no instability: X, particular case: *

Nucleation, growth and behavior of dust particles in reactive low pressure rf plasmas 95



Chapter III: Aggregation instability in a silane-based plasma

II1.5 Comparison with attachment induced-ionization insta-

bilities observed in electronegative gases

A wide range of instabilities is observed in dusty and non-dusty plasmas. In their work,
Descoeudres et al describe some oscillations in the kHz range appearing on all their diag-
nostics in electronegative gases [74]. These oscillations seem to be quite similar to the ones
we described in this chapter. A possible explanation for this phenomenon is the attachment
induced-ionization instabilities observed in low pressure rf discharges in electronegative gases
[73]. The main parameters responsible for these instabilities are the electron temperature
T. and density n.. Nighan and Wiegand [73] gave a criterion for the appearance of the
instability. The physical basis of this criterion are the conservation equations of electronic

and ionic densities. The plasma can be unstable if

ko /0T,

1 IIT.1
Oki JOT, ~ (IL.1)

where k, and k; are respectively the attachment and ionization coefficients [73]. In prac-
tice, the criterion III.1 is fulfilled if the attachment rate coefficient increases with electron
temperature faster than the ionization rate. Nighan and Wiegand also deduce that the
electron and negative ion densities must be of the same order of magnitude, otherwise the
perturbation is stabilized.

As dust particles are charged, they behave like large negative ions. The instabilities we
observed may therefore be related to attachment-induced ionization instabilities. During
the accumulation phase, the nanocrystals have been shown to grow and accumulate in the
gas phase [35]. Their concentration increases until it reaches a critical value from which
the aggregation phase starts. This critical value has been measured to be around 10!! to
10'2 em ™3 [9]. However less than 0.1% of the dust particles are charged by electron attach-
ment. The concentration of negatively charged nanocrystals is therefore of the same order
of magnitude as the electron density, just before the instability. Furthermore the electron
temperature has been shown to be constant and equal to 2 eV during the accumulation
phase [38]. Figure I11.18 shows the time evolution of the electron density n. measured by
the microwave resonant cavity method for different gas temperatures. The first very narrow
peak (shown in the insert) corresponds to the SiH; ion formation. Those ions are the
first nuclei involved in the particle formation. Then, the electron density remains almost
constant during the accumulation phase. Just at the onset of the aggregation, a slight
decrease of the electron density can be observed while the ion mean density, measured by
Langmuir probe [13], remains constant. That means that at the beginning of the instability
k, increases while k; remains constant (0k;/0T. — 0). And so the ratio becomes larger

than one.
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Figure II1.18: Time-evolution of the electron density for different gas temperatures. The

insert is a zoom of the early beginning of the curve.

I11.6 Conclusion

In this chapter we present a wide study of a self-excited instability occurring in the earlier
phases of dust particle synthesis. This instability appears as oscillations on all the diagnos-
tics used: potential measurements (V. s, Ve, V), current harmonic measurements (1H, 3H)
and ion flux measurement (V;). It affects many properties of the dusty plasma.

Typical characteristics of the instability have been determined: frequency in the kHz
range, duration of a few to a few tens of ms and appearance time between 100 and 200
ms after the plasma ignition. Some depositions have been performed at different instants
during dust formation process in order to locate the instability in terms of dust formation
step. The samples have been analyzed by SEM and AFM and show that the onset of the
instability exactly corresponds to the beginning of the aggregation phase (or the end of
the nanocrystal accumulation). The instability frequency has been shown to evolve in time
thanks to a FFT analysis. This evolution can be explained by the increase of the particle
mean mass during the instability, leading to modifications of the plasma-dust frequency.

The effects of operating conditions on the instability have also been investigated. A
pressure threshold of disappearance around 150 ubar has been evidenced. The rf injected
power and the silane flow rate have been shown to have a significant effect on the instability
characteristics (appearance, duration, frequencies...). The gas temperature, investigated
from -24°C to 120°C has also a significant effect on the instability, but does not seem to
affect the appearance of the phenomenon. Finally, a very particular case of instability,
showing a short replica of its end, has been evidenced in six very tight sets of parameters.

An experimental criterion for the instability appearance in the most common cases has been
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determined.

Thanks to a comparison with the work of Descoeudres et al [74], a possible explanation
of the instability is given. It seems to be an attachment induced-ionization instability as
observed in electronegative gases |73, 74]. Nighan and Wiegand gave a criterion for the
appearance of the instability. We showed that in our conditions the criterion is met. The
instability we observe can thus be linked to the attachment induced-ionization instability.

The exact location of the instability at the end of nanocrystal accumulation phase makes
it a very good mark for single-crystal silicon nanoparticle deposition. The Vj./3H based
diagnostics does not need any optical access to the plasma. Once it is calibrated, this diag-
nostics can provide precise information concerning the dust particle nature in the discharge.
We performed the calibration for the first phases of formation (formation and accumulation
of nanocrystals and beginning of the aggregation) in a typical dust forming Ar/SiH4 plasma
generated in a rf discharge. Presently, we can conclude that before the instability, the dust
particles are single-crystal silicon nanoparticles of 2-3 nm in diameter in the FCC phase
[39] at room temperature. Their shape appears to be spherical and their density increases
during the accumulation phase until reaching the critical value estimated to 10! to 10!
cm ™3 [9]. Thereby, just before the instability the single-crystal silicon nanoparticle density
in the plasma is the highest that can be reached. The single-crystal nanoparticles obtained
by this way can be incorporated in thin film layers in order to improve their mechanical
and/or optoelectronical properties [8], or used for single electron device fabrication [5].

During the instability, nanocrystals agglomerate together to form the first polycrys-
talline dust nanoparticles of 4-5 nm. All the nanocrystals begin to agglomerate at least two
by two. This is the early beginning of the aggregation phase and two populations can be
distinguished. The first one corresponds to nanocrystals while the second one corresponds
to first coalesced polycrystalline particles. At the end of the instability, no more single
nanocrystals remain in the gas phase. Thus, the onset of the instability exactly corresponds
to the beginning of the aggregation phase. After the instability the dust nanoparticles are
made of agglomerated nanocrystals. Their size increases from 5 nm at the beginning of
the aggregation to about 45 nm at the end of the phase [81]. The dust particles are now
polycrystalline with a cauliflower form and exhibit a high specific surface (up to 115 m?.g~!

[82]) that can be of interest for applications in catalysis.
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II1.7 French summary / Résumé en francgais

Différents types d’instabilités induites par la présence de poudres dans un plasma ont été
rapportés depuis plus de dix ans maintenant [55, 56, 57, 72|. Toutes ces instabilités ont été
observées dans des plasmas poussiéreux obtenus par pulvérisation. L’instabilité décrite dans
ce chapitre est observée dans un plasma poussiéreux & base de silane, pendant les premiéres
étapes de formation des poudres. Elle semble tout de méme comparable aux instabilités
décrites précédemment.

Une étude compléte de cette instabilité auto-excitée, apparaissant pendant la formation
des nanopoudres, est présentée dans ce chapitre. La formation et la croissance des pous-
siéres sont suivies grace a I’analyse de 1’évolution temporelle de 'amplitude de deux signaux
électriques : la troisiéme harmonique du courant de décharge (3H, 40.68 MHz) et la tension
d’autopolarisation (V) (figure I1I1.1). Dans la plupart des cas, a la fin de ’accumulation des
nanocristaux, une instabilité apparait. Cette instabilité se présente sous forme d’oscillations
sur les signaux (figure I11.2(a)), et n’est pas due a une excitation extérieure. Elle apparait
typiquement 100 a 200 ms aprés 'allumage du plasma. Sa durée est de 'ordre de quelques
ms & quelques dizaines de ms. Sa fréquence, comprise entre 1 et 3 kHz, évolue dans le temps
comme le montre la figure II1.2(b). Il est par ailleurs intéressant de noter que 'instabilité
apparait sur tous les signaux mesurés : Vy¢, Vg, Vy, 1H, 3H, V;. Les figures III.3(a) et
I11.3(b) montrent un exemple d’instabilité sur 1H. La variété des diagnostics affectés par
I'instabilité montre que de nombreuses propriétés physiques du plasma sont concernées.

Afin de situer exactement 'instabilité par rapport aux étapes de formation des poudres,
des dépots ont été réalisés a différents instants (avant, pendant et aprés l'instabilité, cf.
figure II1.4). La morphologie des poudres déposées a été étudiée grace a la microscopie
électronique a balayage (SEM /MEB) et a la microscopie a force atomique (AFM) en mode
contact intermittent (tapping mode). L’étude des images obtenues (figures II1.5 et I11.6)
et de la fonction de distribution des rayons (figure II1.7) permet de localiser l'instabilité.
L’échantillon déposé avant 'instabilité présente une seule population, centrée autour de ry
= 1.5 nm. Pendant l'instabilité, on observe deux populations : une autour de ry = 1.5
nm (nanocristaux) et la seconde autour de ry = 4 nm (agrégats). A la fin de U'instabilité
une seule population apparait autour de r; = 5 nm, ce qui correspond & des nanocristaux
agglomérés. Le début de I'instabilité correspond donc au début de la phase d’agrégation.

Nous avons observé que la fréquence de I'instabilité évolue dans le temps (figure I11.2(b)).
L’augmentation de fréquence semble correspondre & 1’établissement de l'instabilité. La
décroissance observée par la suite peut étre expliquée par l'augmentation de la masse
moyenne des poudres pendant I'agrégation.  Une étude détaillée de 'influence des condi-
tions opératoires (puissance injectée, température de gaz, débit de silane et pression) sur
le comportement et les fréquences de l'instabilité est présentée ici. L’instabilité est tres

sensible aux changements de pression. Une augmentation de quelques dizaines de pbar
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conduit a la disparition du phénomeéne. Le seuil de disparition a été mis en évidence autour
de p = 150 pbar. L’augmentation de la puissance injectée (P,f) a un effet sensible sur
I'instabilité (figure II1.8). Lorsque P, s est augmentée, l'instabilité démarre plus tot et dure
moins longtemps (figure II1.9(a)), comme toutes les phases de formation de poudres. Les
fréquences de début et de fin augmentent linéairement avec P,y (figure II1.9(b)), ce qui
peut s’expliquer par I'augmentation de la charge moyenne des poudres lorsque la puissance
injectée augmente. Dans le cadre de I’étude en fonction du débit de silane (figure I11.10), la
variation de pression induite (3 - 4 pbar) est considérée comme négligeable par rapport a
la pression totale (p = 124 pbar). Le démarrage et la durée de 'instabilité présentent une
évolution en forme de "cloche" lorsque le débit de silane est augmenté (figure I11.11(a)),
avec un extremum pour ()s;g, = 1 sccm. Paradoxalement, les fréquences de début et de
fin d’instabilité augmentent linéairement avec la quantité de silane dans la décharge (figure
II1.11(b)). Les effets de ’élévation de la température de gaz sur la formation des poudres ont
été largement étudiés [38, 35, 78, 79, 80]. Dans le cadre de notre étude, nous avons étudié
deux gammes de température : de RT a 120°C et de RT 4 -24°C (cf. figures I11.12 et I11.14).
Globalement, le démarrage et la durée de l'instabilité sont proportionnels & la température
de gaz : plus cette derniére est élevée plus l'instabilité démarre tard et dure longtemps
(voir figures I11.13(a) et I11.15(a)). L’effet de la température sur les fréquences semble étre
différent selon la gamme considérée. A basse température, les fréquences diminuent linéaire-
ment quand la température est augmentée (figure I11.13(b)). A plus haute température,
la fréquence de début diminue linéairement quand la température augmente, tandis que la
fréquence de fin reste quasiment stable (figure II1.15(b)). Il est intéressant de noter qu’a
aucun moment les conditions de température ne ménent & la disparition de l'instabilité.
Dans quelques conditions expérimentales spécifiques, on peut observer un cas particulier
de l'instabilité. Cette derniére apparait en deux parties, la deuxiéme semblant étre une ré-
plique de la fin de la premiére (cf. figures I11.16(a) et I11.16(b)). Cette instabilité apparait
et est reproductible dans six jeux de paramétres différents, ce qui laisse penser que certains
couples taille/densité de poudres pourraient favoriser son apparition. Finalement, au terme
de cette étude, des zones de présence de l'instabilité peuvent étre définies en fonction des
paramétres. Les principaux paramétres entrant en jeu sont la puissance injectée et le débit
de silane (figure II1.17). La limite entre les différentes zones peut étre décrite par une courbe
du type Py Q;%é

Dans la référence [74], Descoeudres et al décrivent des instabilités semblables aux notres,
apparaissant sur tous leurs diagnostics en gaz électronégatifs. Une explication possible du
phénomeéne que nous observons pourrait étre les instabilités dues a attachement dissoci-
atif [73]. Nighan et Wiegand donnent un critére (voir équation III.1) pour 'apparition de
I'instabilité. Ils y ajoutent aussi une condition nécessaire pour que celle-ci se maintienne
: il faut que la densité d’ions négatifs et d’électrons soient du méme ordre de grandeur

[73]. En considérant que les poudres chargées négativement se comportent comme de gros
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ions négatifs, on peut montrer, grace & des études réalisées précédemment dans 1’équipe
[35, 9, 38], que les conditions sont remplies pour que l'instabilité apparaisse dans notre cas.

Le diagnostic électrique basé sur V. et 3H ne nécessite aucun accés optique au plasma.
Une fois calibré, ce diagnostic peut fournir des informations précises sur la nature des
poudres dans la décharge. Nous avons réalisé la calibration du systéme pour les premiéres
phases de formation des poudres dans un plasma Ar/SiH4. Ainsi I'instabilité étudiée dans
ce chapitre peut étre utilisée comme un repére de la fin de I'accumulation des nanocristaux
dans le plasma. A I’heure actuelle nous savons qu’avant l'instabilité, les poudres sont
monocristallines (cubique face centrée) de 2-3 nm de diameétre a température ambiante [39].
Leur forme semble sphérique et leur densité augmente pendant la phase d’accumulation
jusqu’a atteindre la valeur critique (10! —10'? cm~3) permettant le début de I’agrégation
[9]. Ainsi, juste avant l'instabilité, la densité de nanopoudres monocristallines est la plus
haute qui puisse étre atteinte dans la décharge. Ce dernier point s’avére particuliérement
intéressant pour les applications dans le domaine des nanotechnologies telles que la fabri-
cation de dispositifs & un électron [5] ou de cellules solaires [8]. Aprés U'instabilité, il ne
reste plus de monocristaux dans le plasma. Les poudres sont constituées de monocristaux
agglomérés. Leur taille augmente de 5 nm au début de l'agrégation jusqu’a environ 45 nm
a la fin de cette phase [81]. Les poudres sont alors polycristallines, en forme de chou-fleur
et présentent une grande surface spécifique (jusqu’a 115 m2.g~! [82]) particuliérement in-
téressante pour les applications en catalyse.

Le contenu de ce chapitre a fait 'objet de deux publications référencées [75] et [76] dans

la bibliographie de cette these.
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Chapter IV

Other self-excited instabilities 1n

complex plasmas

The void region and various instabilities linked to this dust-free region in dusty plasmas are
now well-attested, especially in sputtering discharges as the PKE experiment [57]. In most
cases, these instabilities are due to dust particle growth and/or presence in the plasma.

In this chapter, the behavior of the dust cloud during the growth of dust successive gen-
erations has been explored. A void region has been evidenced and a strong inhomogeneity
of the depositions has been brought to the fore. Moreover, an overview of three different
instabilities linked to dust particle formation and/or void region is presented. Those ex-
periments have been performed both on the Silane experiment and the PKE one. All of
them are self-excited instabilities. The first one, observed on the Silane experiment, occurs
during dust particle successive generations. It is closely linked to the growth /expelling cycle
of dust particles from the center of the discharge. Finally, the Successive Generation Insta-
bility (SGI) seems to be a void instability due to new dust generations formed in this region.
In a second part, we focused on the so-called heartbeat instability in the PKE experiment.
A new diagnostic, spatially resolved optical emission spectroscopy, has been implemented
on the setup. It allows to get an insight in local behaviors of both the plasma and the
void region. Moreover, the threshold behavior of the heartbeat is underlined by bringing
to light its damping and shutdown period. To finish, the complex scheme of Dust Particle
Growth Instabilities (DPGI) in the PKE experiment is presented. This instability is due
to the growth of the first dust particle generation in a sputtering discharge. A seven-step
development of the DPGI has been evidenced, and the three first steps are detailed here.

The content of this chapter has been published in three papers:

e M. Mikikian, M. Cavarroc, L. Couédel, L. Boufendi
Phys. Plasmas 13, 092103 (2006) [83]

e M. Mikikian, L. Couédel, M. Cavarroc, Y. Tessier, L. Boufendi
New J. Phys. 9, 268 (2007) [84]
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e M. Cavarroc, M. Mikikian, Y. Tessier, L. Boufendi
Phys. Rev. Lett. submitted (2007) [85]
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IV.1 Successive generations in Ar/SiH, plasmas

Dust particle formation in an Ar/SiH4 plasma is a continuous phenomenon. As long as
Silane precursors are provided , new generations of dust particles are formed in the discharge
[86]. The phenomenon we study in this section is located around one hundred seconds after
plasma ignition. From figure IV.1 we can distinguish: O (insert) nanocrystal formation
and accumulation, aggregation instability (see section III.1), nanocrystal aggregation and

growth by surface deposition, [ second and third dust particle generations.
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Figure IV.1: Time-evolution of the third harmonic of the discharge current amplitude dur-
ing dust particle successive generations in an argon-silane plasma for different

time-scales. The insert corresponds to figure III.1.

IV.1.a Experimental evidence of dust particle successive generations

Successive generations of dust particles can be monitored thanks to the V./3H diagnostic.
They appear as quasi-sinusoidal low-frequency oscillations of the signal, with a period of the
order of typically one minute as can be seen in figure IV.1. The decrease of 3H corresponds
to a decrease of the electron density: this can be explained both by the presence of big
dust particles attaching lots of electrons, or by numerous little dust particles that could
produce the same effect. The increase of 3H corresponds to an increase of the electron
density, meaning that less electrons are attached by dust particles: big dust particles could
be expelled from the plasma, or the density of smaller dust particles is small. All classical
parameters affecting dust particle formation have an influence on the time-period of these
oscillations. As an example, when gas temperature is increased, dust particle formation is

delayed and the time-period of these oscillations can rise above several minutes.
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Figure IV.2: Superimposition of 3H signal on the central column profile from standard

video during dust successive generations.

Dust particle successive generations can also be monitored using optical diagnostics. As
an example, we used a standard camera (25 fps) to record the plasma glow emission during
dust particle growth. If one correlates the central column profile and the 3H signal (see
figure IV.2), an obvious correlation can be observed. On the left hand side of the figure,
the plasma ignition is clearly identified, while on the right hand side, nearly three new dust

particle generations are evidenced.
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Figure IV.3: Time-evolution of 3H, I 4,~ and LLS during dust particle successive generations

in an Argon-Silane plasma.
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Thanks to correlations with Laser Light Scattering (LLS) signal and the time evolution
of the Argon line at 750.38 nm, we can refine our hypothesis concerning the behavior of
3H (see figure IV.3). For this purpose, we need to assume the presence of a void region in
the dust cloud as in [13]. We will see further (in the next section) that this assumption has
been validated by several experimental evidence.

For the sake of clarity, figure IV.3 has been divided in several parts numbered from I
to IV. The early stages of dust particle formation (between 0 and 10 s on the figure) have
already been discussed previously (see chapter III). So the analysis starts around 10 s after

plasma ignition:

e Part I (from 10 to 60 s): in this first part, 3H increases while I750 3 first increases
before reaching a maximum value and then decreases, and there is no detectable LLS
signal. The increase in I750.3g corresponds to the opening of a void region, where the
ionization rate is enhanced. The enhancement of the ionization rate favors the growth
of a new dust particle generation in the void region. Once this new generation started
to grow, I750.38 starts to decrease. In this part, new dust particles are neither big
enough nor numerous enough to be detected by LLS, so the LLS is zero. However,
new synthesized dust particles push away bigger ones from the discharge center. The
expelling of bigger dust particles, which had attached numerous free electrons, causes
an increase of the free electron density in the plasma. Newly created small dust
particles attach far less electrons than the expelled bigger ones. There is thus a net
increase of the free electron density in the discharge, leading to 3H increase. This

confirms the hypothesis of a void opening when 3H starts to increase [13].

e Part II (from 60 to 80 s): 3H exhibits a slope modification and keeps on increasing
but more smoothly. I759.3g is still decreasing as in part I and a small increase in the
LLS signal is detected. Newly created dust particles grow in the void region and
become detectable by LLS. They also start to attach more and more free electrons
due to their increasing size. They keep on pushing bigger dust particles away, and
tend to fill the whole void region, leading to the decrease of I750.38. As new dust
particles become bigger, and so more charged, the balance between free electrons lost
by attachment and free electrons recovered due to dust expelling is modified. There
is still an increasing amount of free electrons in the plasma, but the net increase is

lower than in part I, and thus explain the slope modification in 3H.

e Part III (from 80 to 110 s): 3H increases to its maximum value before starting to
decrease. 75038 decreases to its minimum value, and the LLS signal increases until
reaching a plateau. The new generation of dust particles is growing in the void region
and is now clearly detected thanks to LLS. This new generation now almost fill the
whole void region, leading to the decrease of I750.3¢ that reaches its minimum value.

The net increase in the free electron density is less and less important due to the
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strong attachment on the growing particles, leading 3H to reach a maximum value.
Then, a plateau appears on the LLS signal and I759.3g: the void region is now totally
filled by the new generation of dust particles. As these grains are still growing, they

keep on attaching more and more electrons, leading to the beginning of 3H decrease.

Part IV (from 110 to 140 s): The LLS signal suddenly falls to zero, while I750.38
starts to increase. A new void is opening in the discharge center. 3H decreases until
reaching a plateau: an equilibrium is reached between free electrons recovered from
dust appellation and free electrons lost by attachment. 1759 38 keeps on increasing until
a new dust particle generation starts to grow in the void region. The phenomenon is
then cyclic and the following part is a new part I, followed by a part III and so on,

as long as Silane is provided in the discharge.

IV.1.b Evidence of a void region

Dust voids are experimentally observed in various dusty plasmas. They have been observed

in sputtering discharges [55, 56, 50, 57| or with calibrated injected dust particles, both un-

der microgravity conditions or in the laboratory [50]. They also occur in reactive plasmas

using Silane [87] or Acetylene [88] produced in typical GEC cell (i.e. without plasma box).

Moreover, some cases of dust particle successive generations growing inside a void region

have already been reported both in sputtering plasmas [50] and in reactive gas plasmas [88].

In this case, a void region appears in the dust cloud and the new generation starts to grow

inside this void region as can be seen in figure IV.4.

2nd generation

e 1&t genaration

Figure IV.4: (a) Successive generations of grown dust particles on the PKE experiment (b)

high-resolution camera showing the separation between a previously grown

cloud (bottom) and a new growing one (top) in the void region [50].
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A first correlation between 3H, LLS signal and the intensity of the Ar*(750.38 nm) line,
presented in figure IV.3 lets think that a void region could appear in the dust cloud. Indeed,
as can be seen in figure IV.3 (part IV for example), when no dust particles are detected
in the plasma center (no LLS signal), an increase of the ionization rate (i.e. in I750.3g) is
observed, just before the beginning of a new generation growth on 3H. This increase of the
ionization is typical of a void region in dusty plasmas [57].

In order to determine the validity of this assumption, we performed several observations
of the plasma during the instability using a standard and a high speed camera. These
experiments were very fussy to perform due to the lack of optical accesses on our reactor.
In order to get a larger optical access to the plasma, we used a discharge box pierced by a
hole of 12 mm in diameter. Figure IV.5 shows a typical frame extracted from a movie: the
center of the circle hardly corresponds to the center of the discharge, while the dark blue
part corresponds to the plasma box. Thus, as can be seen in figure IV.5, a central area of
higher glow emission (in red), meaning that the ionization is higher as well, is evidenced in
the movies. This result confirms the one previously obtained by optical spectroscopy, and
tends to validate the void region hypothesis.

If we refer to figure IV.5, the assumed void region is off-center (the center of the circle

Figure IV.5: Typical frame extracted from a high-speed movie.

corresponds approximatively to the center of the discharge). The "red region" is obviously
in the upper part of the dust cloud. This effect can be explained by the thermophoretic
force on dust particles: the upper (powered) electrode is assumed to be 60°C while the
lower one (grounded) is at RT. The dust cloud is consequently attracted toward the lower

electrode, thus exhibiting a void region off-center toward the upper electrode.
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To get evidence of the void region, spatially resolved depositions were performed during
dust particle successive generations. Five samples were located on the grounded (lower)
electrode in the discharge box. The first one was in the center, and the others were evenly
dissevered on the electrode radius. They were placed at r = 0, 17, 32, 47, 62 mm respectively.
These samples have then been observed thanks to SEM using different magnifications. Fi-
nally, the two most representative scales for this study were 5 or 10 gum and 200 nm. On
the images with a scale of 5 um (see figures IV.7 (a) to (e)), very few big dust particles
are detected in the discharge center, while more and more are present when the radius is
scanned. On the other hand, the images with a scale of 200 nm (see figures IV.8) indicate
that lots of small nanoparticles (around 10 nm in diameter) are deposited in the discharge
center, while the deposition becomes less and less dense when we look toward the edge of
the plasma, with nanoparticles bigger and less numerous. Finally, the constitution of the
deposited layer is very dependent on its location in the discharge. In the discharge center,
the layer is made of very numerous nanoparticles around 10 nm (giving a dense sublayer)
and fewer bigger particles (between few tens of nm to 1 pm). The more we go away of the
center, the less the sublayer is dense and its smaller constituents tend to increase in size
(up to around 20 nm). Moreover, more and more bigger dust particles are detected on the
sample near the plasma edge. These results are totally consistent with a void region, where
new dust particle generations would grow.

Figure IV.6 gives a rough sketch of the proposed void region in the Ar/SiH,4 discharge.
As proposed in our model, several dust particle generations coexist in the plasma (five
in this example). Each new generation grown in the void pushes away the previous one,
leading to a concentric structure with the newest dust particles (i.e. smallest ones) in the
discharge center, and "shells" made each ones of "older" (i.e. bigger) dust particles. In
fact, each ellipse stands for a dust particle generation, with the smallest (newest) in the
discharge center and the biggest (oldest) at the edge. The five colored blocks stand for the

volume of deposition on each sample.

Figure IV.6: Model of the void region in the Ar/SiH, discharge.
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(e) r = 62 mm (discharge edge)

Figure IV.7: SEM images of the spatially resolved depositions (scale = 5um).
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(i) r = 62 mm (discharge edge) (j) r = 62 mm, zoom of (i)

Figure IV.8: SEM images of the spatially resolved depositions (scale = 200 nm).
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IV.2 Successive generation instability

If we have a look to the inner structure of the 3H signal during the oscillation due to dust
particle growth, we can bring to the light the unstable behavior of the signal (see figure
IV.9(a)). It is important to note that this successive generation instability (SGI) is self-
excited (no external excitation) and lasts as long as the plasma is on. A global FFT of
the signal exhibits a broadband spectrum typically comprised between 30 and 90 Hz. As
an example, figure TV.9(b) shows a spectrum ranging from 55 to 85 Hz. The electrical
characterization of the SGI is corroborated by an optical one. In order to get an insight in
the instability behavior, several movies were recorded during the instability, using a high
speed camera (1789 fps). The global emission (glow) of the plasma was recorded over 4000
frames corresponding to 2.25 s approximately.

By looking at the integrated glow over each frame as a function of time (figure IV.9(c)),
we get signals very similar to the ones obtained thanks to the electrical measurements.
Moreover, the FFT spectrum of the optical signals is comparable to the one of electrical
signals. It generally exhibits a broadband spectrum comprised between 30 and 90 Hz.
As an example, figure IV.9(d) shows a spectrum extracted from one of the movies, with
typical frequencies comprised between 50 and 90 Hz. Due to experimental constraints,
synchronization between the 3H signal and the recorded movies has not been possible.
As the SGI is a very reproducible phenomenon, we compared data that do not proceed
from the same experiment. This can explain the small discrepancies observed in figures
IV.9(b) and IV.9(d). Moreover a direct comparison between the FFT of the 3H signal
and the one of the I750.35 line of Arl (see figure IV.10) recorded simultaneously during
dust successive generations, shows that these two spectra are very similar. This first result
allows to conclude that the SGI is not an artefact due to the power coupling system for
example. Thus, a more detailed study has been performed in order to better understand
this instability.

IV.2.a Beginning of the SGI

The beginning of the instability occurs generally a few seconds after the plasma ignition.
The setting-up of this instability appears as an increase in the oscillation amplitude at the
beginning of the phenomenon (see figure IV.11). The start of the instability exhibits a very
complex scheme with several frequency-branches in the spectrogram as can be seen in figure
IV.12. At the beginning of the instability, five branches can be evidenced. The two lowest
tend to meet in one branch around between 50 and 60 s. This new branch disappears quickly
(between 70 and 80 s). The three highest branches tend to meet in a unique branch, which
persists as long as the plasma is on. This complex scheme does not depend on experimental
parameters. It is the same whatever the conditions and is very reproducible. It can bring to

mind some other complex schemes of instabilities observed in the PKE experiment [57, 83].
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Figure IV.9: Time-evolution of 3H and plasma glow with their corresponding FFT during
the SGI.
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Figure IV.12: Spectrogram of the SGI beginning.
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IV.2.b Behavior of the SGI

When performing a time-resolved FFT of the 3H signal, we obtain a spectrogram as the
one in figure IV.13. This spectrogram shows an alternation of very ordered phases with
low frequencies (between 40 and 60 Hz) and less ordered phases with higher frequencies.
The ordered phases seem to correspond to dust particle formation for each new generation.
During theses phases, the instability frequency linearly decreases on an interval of about 10
Hz. The less ordered phases seem to correspond to dust expelling from the plasma. During
these phases, the frequency is not well-defined, but is globally higher than the one of the
ordered phases. However, this frequency still remains under 100 Hz. Figure IV.14 shows a
transition from a less-ordered phase to a highly-ordered one in the 3H signal. In this figure,
it clearly appears that the oscillations are not well-defined in the left-hand part and that
they have a small amplitude, while they are quasi-sinusoidal on the right-hand part with a
greater amplitude. An estimation of the oscillation frequency on the two parts of this signal
gives a frequency around 61 Hz for the less-ordered part compared to a frequency around
56 Hz for the highly-ordered part.

Using a high-speed video camera to record the plasma glow, we found quite similar
results in the optical measurements. Figure IV.5 shows a typical frame extracted from
the movie. The dark blue part corresponds to the discharge box, while the part inside
the circle (in false colors) corresponds to the plasma glow emission. In this figure, we can
clearly identify an area in red corresponding to a high ionization rate. Figure IV.15(a) and
IV.15(b) give the time evolution of the central column profile and the line 75 profile. The
line 75 profile is much more representative than the central one due to the off-centered void
(the void boundary crosses the line 75 while it seldom crosses the central one). In order to
get a better understanding, the time evolution of the integrated value of the column (line)
is superimposed on the matrix. These two profiles bring to the fore an intensity oscillation
of the area of maximum ionization in the plasma. The obtained signals are very close to the
ones obtained thanks to the electrical diagnostics. The main frequencies are the same. By
exploring the column and line profiles over several movies, we can find back the succession
of highly-ordered and less-ordered phases. Some strong intensity decreases (over one or two

frames) of the central region can even been evidenced.

IV.2.c Sensitivity to parameters

Compared to the aggregation instability, the successive generation instability is globally not
very sensitive to experimental parameters. As a matter of fact, no case of disappearance
of the instability has been observed by modifying the experimental conditions. As soon
as a second dust particle generation starts to grow in the plasma, the instability arises. It
seems to be an intrinsic characteristic of dust successive generations in Ar/SiHy low-pressure

plasmas. Nevertheless, some slight modifications in the instability frequencies have been
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Figure IV.13: (a)Time-evolution of the third harmonic of the discharge current during dust

particle successive generations in an argon-silane plasma (b) Spectrogram of

3H during the successive generation instability.
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(a) Central column profile. (b) Line 75 profile.

Figure IV.15: Column and line profiles of the plasma glow during the SGI, the superim-
posed yellow curve is the time evolution of the integrated value of the column
(line).

observed, depending on the experimental conditions. The frequency of the instability is
quite difficult to determine. Actually, by looking at figure IV.12, we can determine that
the instability is mainly characterized by two very close frequencies (around 62 and 68 Hz
for t = 40 s for example), that become closer and closer. From t = 50 s it is hard to
discern the highest frequency and the lowest one. These two close frequencies could explain
the noticeable modulation of the electrical signal that can be observed on figure IV.16 for
different injected powers. When the injected rf power is increased, the frequencies of the
instability tend to increase as can be seen in figure IV.17(a). We can also notice that the
instability begins earlier for higher injected powers (see figure IV.11) as expected from our
experience. On the contrary, these same frequencies tend to decrease when the silane flow
rate in the discharge is increased (see figure IV.17(b)). The gas temperature effects are
even more difficult to border. It seems to have no effect on the frequency of the highly-
ordered phases while it seems that the frequency of the less-ordered phases increases when
decreasing gas temperature. Furthermore, pressure does not seem to have any outstanding

effect on the instability behavior.

IV.2.d Possible causes of the instability

As we showed in the description of the SGI, this instability is closely linked to dust particle
successive generations. The highly-ordered phases correspond to new dust formation, while
less-ordered ones correspond to the expulsion of bigger dust particles toward the plasma
edge. In the previous section, we evidenced the presence of a void region in the dust cloud,
where new dust generations grow, pushing previously formed and bigger dust particles

toward the plasma edge.

118 Marjorie Cavarroc



IV.2 Successive generation instability

W 6w

82.5

‘y\y‘ 8w

82.5

W 10 W

-0.05

72

0.05
ol
-0.05

3H (a.u.)

W 12 W

68

72

0.05

-0.05

i 14w

62

-0.1

It 20 W

56.5

57

0 ||‘I“

-0.1

il 26 w

45

Figure IV.16:

100 T

951

901

85-

801

751

701

651

(a) Evolution of the

Instability frequencies (Hz)

601

551

501

<«

>

4

<«»

v lowest frequency
A highest frequency|

<>

jected powers.

10

20

25

46.5
Time (s)

100,

475

48

Time evolution of 3H during the SGI for different injected powers.

90

Frequencies (Hz)
~ ®
s 8

3
S

501

v lowest frequency
A highest frequency

40
(]

flow rates.

15
SiH4 flow rate (sccm)

2

SGI frequencies for different in- (b) Evolution of the SGI frequencies for different silane

Figure IV.17: Evolution of the SGI frequencies for different injected powers and silane flow

rates.

Nucleation, growth and behavior of dust particles in reactive low pressure rf plasmas

119



Chapter IV: Other self-excited instabilities in complex plasmas

The formation of a new dust generation highly modifies the ionization rate, and thus
the ion drag force, in the void region. The equilibrium between the ion drag and the electric
force becomes then unbalanced, leading to an oscillation of the void region. A very similar
phenomenon has also been observed in the PKE experiment, where the void region tends
to be instable when new dust generations grow inside.

In the following, two instabilities linked to dust formation and/or void region have been

investigated using the PKE setup.

IV.3 Heartbeat instability

Experiments concerning the heartbeat instability are performed in the PKE-Nefedov cham-
ber. A 3D dust cloud is grown in an Ar plasma by sputtering carbon-based layers deposited
on the electrodes. This cloud tends to fill the whole plasma volume, excepted a void region
in the plasma center. In some specific conditions, the void region can exhibit an unstable
behavior, corresponding to a self-excited oscillation, named. This instability consists in
successive contractions and expansions of the void size. It has been first observed during
microgravity experiments (with injected dust particles around 3-7 pum) [89] and then in lab-
oratory experiments (with grown dust particles around a few hundreds of nm) [57]. Figure
IV.18 shows several frames (separated by 2 ms) during a typical heartbeat instability. The
void expansion, and then its contraction, can be clearly distinguished. The dark central
part of the void region is never filled by dust particles, even during contraction, as can be

seen in figure IV.18.

Figure IV.18: Consecutive frames taken at 20° — 30° with respect to the laser direction
during the heartbeat instability. The black region at the top is the upper
sheath. The black region at the bottom marks the laser sheet limit.
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Figure IV.19: Time-evolution of 1H and SR-OER signals during the heartbeat instability.

IV.3.a Electrical and optical characterization of the heartbeat

The analysis of the heartbeat instability is performed thanks to electrical measurements
(time evolution of the amplitude of the current fundamental harmonic, 1H), spatially re-
solved optical emission recording (SR-OER) and video imaging.

Figure IV.19 shows the typical evolution of the 1H and SR-OER signals during the
heartbeat instability. The general shape of these signals (see fig. IV.19(a)) underlines the
complex plasma changes leading to these contractions and expansions of the void size. From
experience, it seems that the fast signal decrease occurs during the void contraction.

Generally, the heartbeat signature is quite easy to recognize on both 1H and SR-OER
signals. On 1H, we first observe a small increase in the current, looking like a shoulder.
Then a sharp increase followed by a drastic decrease. In most cases, a small peak can be
identified during this last decrease. This peak is not always visible. It appears always on
the right-hand side of the main motif and its correlation with a specific event during the
contraction/expansion sequence is not easy to perform only from 1H signal [57]. Moreover,
we have to keep in mind two important points: first, the current is an integrated signal
while the void motion is local in the discharge, second, the dust cloud cannot respond to a
fast change in the current. That’s why the void motion cannot be precisely correlated to
1H signal, and why a spatially-resolved diagnostic is needed. SR-OER allows us to follow
simultaneously the integrated emission of the plasma light in three different points of the
discharge. The first one is in the center of the discharge, corresponding to the void center,
the second one corresponds to the edge of the plasma and the third one is an intermediate
point between the two previous ones that could correspond more or less to the void edge.

First observation we can make is that the optical signal in the void region is globally in

phase with the electrical signal, as can be seen in figure IV.19(a). However, the minimum

Nucleation, growth and behavior of dust particles in reactive low pressure rf plasmas 121



Chapter IV: Other self-excited instabilities in complex plasmas

of the optical signal exactly corresponds to the sharp peak in the 1H decrease (see fig.
IV.19(b)). The optical signal on the edge of the plasma is globally in phase opposition with
the electrical signal (fig. IV.19(a)). But once more, this observation is contradicted in the
sharp peak region where the two signals are maximum (fig. IV.19(b)). The intermediate
optical signal is fussy to interpret. It quite looks like the opposite of the edge signal with its
minimum in the sharp peak region (fig. IV.19(b)): it globally appears more like the signal
in the plasma center. The optical results raise an important point concerning the electrical
sharp peak. First, this peak is not an artefact, second it seems to be related to a local
phenomenon in the discharge. Unfortunately this last point is not totally elucidated yet.
Some high-speed camera measurements recently analyzed tend to confirm a reversal of the
plasma glow emission (from bright center/dark edge to dark center/bright edge). Moreover,
SR-OER allows us to formulate some assumptions concerning the void motion. The fact
that the emission inside the void and at the plasma edge are in phase opposition lets think
about an ionization wave propagation in the plasma. We still have to determine whether it
comes from the void region or from the plasma edge, and in which direction it spreads over

the plasma and the dust cloud.

IV.3.b Evolution of the heartbeat instability as a function of experimental
conditions

The effect of rf power and pressure on the heartbeat instability was investigated. First, the
rf power was varied at constant pressure (see figure IV.20), and then the pressure was varied
keeping the rf power constant (see figure IV.21). The evolution of the instability can be
quantified on three different points: the shape of the signal, its amplitude and its frequency.

The heartbeat instability is very sensitive to the injected power [57]. Its frequency
increases slowly when decreasing the rf power. Between 2.2 and 3.8 W this evolution is
linear. For rf power lower than 2.2 W, this linear evolution is not well-attested due to the
fact that we are near the instability threshold. The range of frequencies observed is not
very wide: from 5 to 20 Hz at p=1.6 mbar, and from 15 to 35 Hz at p=0.6 mbar. When
the power is decreased, the instability shape is more and more distorted. For power lower
than 2.05 W, the signal looks like successive Dirac functions and the instability occurs in
an erratic way, with sometimes a single contraction/expansion sequence in a stable void
sequence. Concerning the amplitude of the oscillation, we observed that when the power is
decreased, the amplitude of the signal also tends to decrease. An interesting point is that
the most affected part of the oscillation is the variation below the continuous part of the
signal (corresponding to the open stable void). For high power (3.3 W for example), the
variations below and above the continuous part are of the same order of magnitude while for
low power (2.05 W for example), the variation below the continuous part becomes negligible
compared to the variation above. This last observation underlines the complex phenomena

driving the heartbeat instability.
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Pressure variations also have a strong effect on the heartbeat frequency [57]. From 1.6
mbar to 1 mbar, the frequency decreases in a very tight range: 21 to 15 Hz at 3.3 W. Then,
when the pressure is lowered from 1 mbar to 0.3 mbar, the heartbeat frequency increases
faster and faster until reaching more than 100 Hz at 0.3 mbar. This frequency increase
can be related to the lower friction with gas. Concerning the shape of the instability, it
is not well-defined for high pressure (1.6 and 1.4 mbar). An outstanding point concerning
this pressure range is that the amplitude variation below the continuous part of the signal
is more important than the variation above the continuous part. From 1 mbar to lower
pressures, this tendency reverses and the signal looks like the one described before, with a

"below part" being less and less important when the pressure is decreased.
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Figure IV.20: Power dependence of the electrode current during the heartbeat instability.
The x axis is time in seconds and the y axis is the current amplitude in

arbitrary units.(from [57])

IV.3.c Damping and shutdown period of the heartbeat instability

By decreasing the rf power to a sufficiently low value, the heartbeat instability can be
stopped. Electrical and optical signals reveal that the end of the instability is foregone by
a shutdown period corresponding to a damping of the instability through more and more
failed peaks appearing in both signals. Figure IV.22 shows an example of two failed peaks
before the peak of instability. These failed peaks can be clearly identified on the electrical
signal, and on the optical signals from the void and the plasma edge regions. But they
are almost impossible to detect on the intermediate optical signal, maybe due to the low
signal-to-noise ratio of this signal.

The transition from n to (n + 1) failed peaks occurs without any forerunner. Figure

IV.23(a) shows a transition from 1 to 2 failed peaks in the optical signal (horizontal arrow).
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Figure IV.21: Pressure dependence of the electrode current during the heartbeat instability.

The x axis is time in seconds and the y axis is the current amplitude in

arbitrary units. (from [57])

The vertical arrow indicates the expected position of a high peak. This one is delayed
and only a failed peak occurs. The number of observed failed peaks during this shutdown
period can rise over more than 10 failed peaks as can be seen in figure IV.23(b) to (d).
Every failed peak corresponds to a failed closure of the void region, leading to a damping
of the heartbeat instability. The instability loses energy step by step until it stops. As the
void is assumed to be maintained by an equilibrium between an outward ion drag force
and an inward electrostatic force, this shutdown period could confirm the assumption of an
oscillation of the ionization rate in the discharge [51]. Thus a failed peak could correspond
to ionization conditions giving advantage to the outward force maintaining an open void

[72, 90).
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IV.4 Dust particle growth instabilities

Dust particle growth instabilities (DPGI) are observed on the PKE experiment, when a
huge density of dust particles is obtained. They typically appear a few tens of seconds
after plasma ignition. They can be observed both on electrical and optical signals |72, 90].
Due to their low frequency and strong amplitude, the beginning of DPGI can also be well-
detected by the naked eye. DPGI clearly appear on the electrical signal, as an increase of
the fluctuation amplitude becoming a real oscillation. The duration of these instabilities

can reach several minutes (more than 12 in figure IV.24) and different phases are evidenced.
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Figure IV.24: Time evolution of the amplitude of the discharge current fundamental har-

monic during dust particle growth.

In spite of a lack of reproducibility of the experiments, statistics performed on several

experiments allow to determine some general behaviors.

IV.4.a Phase identification on the electrical and optical measurements

As can be seen in figure IV.24, DPGI are characterized by different regimes. These different
phases are evidenced by performing the same measurement in the ac mode in order to
improve the vertical resolution of the oscilloscope. This measurement is shown in figure
IV.25(a). The beginning of DPGI is detected around 40 s and seven clear phases are
observed. These phases are even better evidenced by performing a Fourier analysis of the
signal, as can be seen in figure IV.25(b). The same Fourier analysis performed on the optical

signals gives roughly the same spectrogram.
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Figure IV.25: Time-evolution of 1H and its frequency during the DPGI

From figure IV.25 we can evidence seven different phases:

e Three ordered phases P1, P2 and P3, from ~ 40 s to ~ 80 s.
e A chaotic phase P4, from ~ 80 s to ~ 405 s.
A high frequency phase P5, from ~ 405 s to ~ 435 s.

A second chaotic phase (becoming more and more regular) P6, from ~ 435 s to ~ 600 s.

A regular oscillation phase P7, from ~ 600 s to ~ 680 s.

All theses phases are observed both on electrical and optical measurements. They are
thus obviously linked to an unstable state of the system plasma + dust particles. In the
following, only the first three ordered phases are described. The study of the four other
phases is reported in a publication [83] and in Lénaic Couédel’s PhD thesis (to be defended
in 2008).

IV.4.b First three ordered phases

DPGI begin with three successive ordered phases (P1, P2 and P3), separated by clear
transitions as can be seen in figure IV.26.

The two early phases P1 and P2 are short (a few seconds typically) and are not detected
in all experiments, while the P3 phase is regularly observed and lasts longer (a few tens of
seconds typically). These three phases are clearly separated and their frequency evolves as

a function of time (both on electrical and optical measurements).
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Figure IV.26: First three ordered phases of DPGI and transition to a chaotic regime.

IV.4.b.i Electrical measurements

Figure IV.27(a) represents an electrical measurement of P1, P2 and P3 phases. On this
particular measurement, the P2 phase is very short, allowing to display the three phases
and the transition from one to the following on the same figure. The first phase (P1) is
characterized by wide separated peaks with a mean frequency around 40 Hz. The transition
between P1 and P2 appears as the growth of two small peaks between these high amplitude
patterns. On the Fourier analysis, this transition appears as a frequency decrease from
around 40 Hz to around 30 Hz. This result can be explained by the fact that the two
new peaks have a weak amplitude and don’t appear on the spectrum at first. During the
P2 phase, the two small peaks are still growing while the higher one decreases. Finally,
the P3 phase is reached, characterized by three peaks of the same amplitude. The P3
phase frequency is thus roughly three time the P2 phase frequency, around 94 Hz. The P3
phase is the most robust of the first three ordered phases, and is observed in almost all of
our experiments. It lasts a sufficiently long time to show a time evolution linked to dust
particle growth (see fig. IV.26). The frequency time evolution of P3 is always the same: first
decreasing, reaching a minimum value, and then slightly increasing until DPGI enter the
chaotic phase P4. Furthermore, the frequency range of P3 seems to be linearly dependent on
the phase duration: the higher the frequency, the shorter the time duration. The frequency
time evolution of P1, P2 and P3 is better observed on the frequency harmonics (figure
IV.26) due to the quite sawtooth shape of the electrical signal (see figure IV.27(a)).
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Figure IV.27: Transition between the first three ordered phases of DPGI.

IV.4.b.ii Optical measurements

Optical measurements, recording the plasma light integrated over all the wavelengths and
at different positions, also show three ordered phases at the beginning of DPGI, as can be
seen in figure IV.27(b). However, P1, P2 and P3 phases don’t exhibit the same behavior
as in optical signals. In particular, the transition between P1 and P2 is not as clear as
in the electrical signal. It is here revealed by an increase in the oscillation amplitude (see
fig. IV.27(b)). The P3 phase is here characterized by a clear amplitude modulation, better
evidenced near the plasma edge than in the center. Concerning the oscillation frequency,
some discrepancies with the electrical signal are also observed, especially in the P3 phase
(see figs. 1V.26 and IV.28). Indeed, phases P1 and P2 frequencies are quite similar on
both measurements while P3 phase frequency exhibits a different behavior: on optical
measurement, the frequency remains almost the same as P2 phase one, while it is tripled
on electrical measurements. Furthermore, the behavior of the P3 phase is not exactly the
same depending on the observed plasma region. As can be seen in figure IV.28, the signal
recorded in the plasma center (a and c) is slightly different from the one recorded near the
plasma edge (b and d). In the plasma center, two frequencies are evidenced: the main one
around 26 Hz and a weaker one around 31 Hz. Near the plasma edge, these two frequencies
are evidenced and a third one, around 3 Hz, also appears. This last frequency corresponds
to the strong modulation observed in figure IV.27(b). These observations underline that
some spatial considerations have to be taken into account to interpret the P3 phase.

First, the frequency is three times lower on optical signals compared to electrical signals.
This point could be explained by a phenomenon oscillating around 94 Hz in the plasma,
affecting the electrical measurements, but detected only one time out of three by the optical
fibers. A plasma modification appearing successively in different places or moving in the

plasma could explain this observation. Indeed, in both cases, the optical fiber could see
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this phenomenon only when it is located in front of it, while the electrical measurement
traduces an integrated behavior. Presently, a modification appearing in different points of
the plasma seems to be more probable and investigations using a high-speed camera are
underway in order to confirm (or undermine) this hypothesis.
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Figure IV.28: Spectrogram of optical measurements recorded (a) in the plasma center, (b)

near the plasma edge, (c) zoom of (a), (d) zoom of (b).

IV.5 Conclusion

In this chapter, we presented studies concerning three self-excited instabilities in different
dusty plasmas. In each case, instabilities are closely linked to dust particle growth and/or
the presence of a void region in the dust cloud.

The first study, performed in a silane-based plasma, brought to the fore the presence of
a void region using LLS, OES measurements, video imaging and depositions. This result
is of major interest: the void region was known to occur and was observed in non-confined
discharges, both in sputtering plasmas [50, 55, 56, 57| or using reactive gases [87, 88] or in-
jecting calibrated dust particles [60, 50]. Nevertheless, even if a void is assumed in confined
discharges (produced in a discharge box) [13], it had never been experimentally attested un-
til now. This first result tends to prove that void regions are a general and intrinsic feature
of dense dust cloud in plasmas. Indeed, they are observed in a wide range of dusty plasmas
aside of the chemistry, the dust particle origin, the geometry of the discharge, the gas flux,

the rf excitation and the gravity conditions. Moreover, it appears that it is finally quite
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difficult to avoid the appearance of this dust free region in a dense cloud of dust particles.

The Successive Generation Instability (SGI), observed in a silane-based plasma, has
been shown to be closely linked to dust particle formation in the void region, and especially
to the cycle growth/expelling from the center of the discharge. The SGI exhibits a very
complex scheme at its setting-up, which is not fully understood. This instability is very
few sensitive to experimental conditions and no cases of disappearance have been observed
in the explored parameter range. This self-excited instability lasts as long as dust particles
are formed in the discharge and can be observed in different silane-based plasmas using
various buffer gases (Ar, Ne, He). This instability seems to be quite similar to another one,
observed in the PKE experiment, occurring during dust particle growth in the void region.
Their similarities are currently investigated.

A new diagnostic, consisting in Spatially Resolved Optical Emission Recording (SR-
OER), implemented on the PKE setup, allowed us to improve our observations of the
heartbeat instability. Some local behaviors have been underlined, showing that the glow
emission has a different response in the plasma center and at the plasma edge. Some high
speed camera measurements are currently analyzed in order to better understand the cor-
relation between electrical and optical signals. A special attention will be devoted to the
understanding of the sharp peak appearing in electrical measurements. Thanks to this
study, a very interesting point has been brought to the fore concerning the threshold be-
havior of the heartbeat instability. A damping and a shutdown period have been evidenced.
They are characterized by failed peaks in both electrical and optical signals, showing that
the instability loses energy step by step before finally ceasing.

A complete study of the setting-up of the Dust Particle Growth Instabilities (DPGI) in
the PKE experiment has been realized. A seven-step process has been evidenced thanks to
electrical and optical measurements. The different behaviors of the electrical and optical
signals during the three first ordered phases (especially the factor 3 in frequencies in the
P3 phase) is explained by a local phenomenon "moving" in the plasma. High speed video
measurements have been performed to validate this hypothesis. Their analysis is underway.
However, this instability, closely linked to the dust particle first generation in a sputtering
discharge, reminds in some ways the aggregation instability (see chapter IIT) also linked to
the first generation of dust particles growing in a silane-based plasma.

Finally, instabilities linked to dust particles are found to occur in a wide variety of dusty
plasmas. In this study, we thus evidenced that both void region and instabilities are ob-
served in various types of dusty plasmas as summarized in table IV.5.

By crossing all these data, instabilities, and the void region, appear to be intrinsic
phenomena in dusty plasmas. This study would need to be extended to other types of
discharges (such as dc discharges) in order to get more data concerning the influence of the

excitation on these features.
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Void

Instabilities

Chemistry

Silicon-based
Carbon-based

[87] and this work
[50, 88, 91] and this work

[75, 76]and this work
[55, 56, 50, 83, 91] and this work

Dust origin

Injected
Sputtering
Reactive gas

60, 50]
[50, 55, 56, 57] and this work
[87, 88, 91] and this work

[50]
[50, 55, 56, 57, 83] and this work
[75, 76, 91] and this work

G ; Confined this work [75, 76] and this work
eometr
Y Non-confined [50, 55, 56, 57, 87, 88, 91] and this work [50, 55, 56, 57, 83, 91| and this work
Gas fl With [55, 56, 87, 88, 91| and this work [55, 56, 75, 76, 91| and this work
as flux
Without [50, 57] and this work [50, 57, 83] and this work
. Classic [55, 56, 87, 88, 91] and this work [55, 56, 75, 76, 91] and this work
rf excitation . .
Push-pull [50, 57] and this work [50, 57, 83] and this work
Laboratory [55, 56, 87, 88, 50, 57, 91] and this work | [55, 56, 75, 76, 50, 57, 91, 83| and this work

Gravity

Microgravity [60, 50] [50]

Table IV.1: Overview of the different dusty plasmas exhibiting a void region and/or insta-
bilities

IV.6 French summary / Résumé en francais

La région de void, ainsi que différentes instabilités liées & cette région vide de poudres, sont
a 'heure actuelle bien connues, en particulier dans les décharges de pulvérisation comme
I'expérience PKE [57]. Dans la plupart des cas, ces instabilités sont dues a la présence et/ou
& la croissance de poussiéres dans le plasma.

Dans ce chapitre, nous avons étudié le comportement du nuage de poussiéres lors de la
croissance de générations successives de poussiéres dans un plasma d’argon-silane confiné.
Une région de void a été mise en évidence, ainsi qu’'une forte inhomogénéité des dépots
due a ce void. De plus, nous présentons ’étude de trois instabilités auto-excitées liées a la
formation des poussiéres et/ou a la région de void. Ces expériences ont été réalisées sur les
expérience Silane et PKE. La premiére instabilité rapportée est observée sur 'expérience
Silane, pendant la croissance de générations successives de poudres (SGI). Elle est étroite-
ment liée au cycle croissance/expulsion des poudres du centre du plasma. Cette instabilité
semble finalement étre une instabilité du void, due & la formation des nouvelles générations
de poudres dans cette zone du plasma. Par la suite, nous abordons l'instabilité heartbeat
sur 'expérience PKE. Un nouveau diagnostic (la spectroscopie optique d’émission résolue
spatialement) a été mis en oeuvre sur ce dispositif. Il permet d’avoir une idée des com-
portements locaux du plasma et de la région de woid. De plus, le comportement & seuil
du heartbeat est souligné par son amortissement et sa période d’extinction. Enfin, nous
présentons le schéma complexe de Uinstabilité liée & la croissance des poussiéres (DPGI)
dans l'expérience PKE. Cette instabilité est provoquée par la croissance de la premiére

génération de poudres dans une décharge de pulvérisation. Un schéma de développement
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en sept étapes a été mis en évidence, et les trois premiéres étapes sont développées dans ce

manuscrit.

Générations successives en plasmas Ar/SiHy

La formation de poussiéres en plasmas Ar/SiH, est un phénomeéne continu. Tant que I’'on
fournit du silane dans la décharge, de nouvelles générations de poussiéres se forment [86].
Le phénomeéne que nous étudions ici a lieu quelques centaines de secondes apres 'allumage
du plasma. Ainsi, sur la figure IV.1, on peut distinguer : O (insert) 'accumulation des
nanocristaux, l'instabilité due & leur agrégation (voir chapitre III) puis I'agrégation et la
croissance par dépot de surface, [ la deuxiéme et la troisiéme générations de poussiéres.
La croissance de générations successives de poussiéres apparait clairement sur les carac-
téristiques électriques (Vg./3H) sous la forme d’oscillations des signaux, avec une période
de l'ordre de la minute. Tous les paramétres qui affectent classiquement la formation des
poussiéres ont une influence sur cette période. A titre d’exemple, une augmentation de la
température de gaz peut allonger cette période & plusieurs minutes.

Les générations successives de poudres sont aussi mises en évidence par les diagnostics
optiques. Nous avons notamment utilisé une caméra standard (25 images par seconde)
pour enregistrer 1’émission lumineuse du plasma pendant la formation des poussiéres. La
figure IV.2 présente le profil temporel de la colonne centrale des images de la vidéo ainsi
que I’évolution de 3H associée. Une nette corrélation est observée, avec & gauche 1’allumage
du plasma clairement identifiable, et sur la droite, presque trois générations de poudres
visibles.

Grace a la corrélation entre 3H, le signal de diffusion de la lumiére laser et 1’évolution
de lintensité de la raie d’argon a 750.38 nm (figure IV.3), nous pouvons avancer une ex-
plication quant aux cycles de formation des poussiéres. Pour cela, nous ferons 'hypothése
de la présence d'un void dans la décharge. Nous verrons par la suite que cette hypothése a
été validée. Pour plus de clarté, la figure IV.3 est divisée en plusieurs parties numérotées
de T & IV. La partie associée a la formation de la premiére génération de poudres (entre 0
et 10 s ici) a déja été discutée précédemment. I’analyse commence donc environ 10 s aprés

I’allumage du plasma :

e Partie T (de 10 & 60 s) : 3H augmente pendant que I7509.385 d’abord augmente puis
atteint un maximum avant de commencer & diminuer, et il n’y a aucun signal de
diffusion détectable. L’augmentation de I759 38 correspond a 'ouverture du void, dans
lequel le taux d’ionisation est plus élevé. L’augmentation du taux d’ionisation favorise
la croissance d’une nouvelle génération de poussiéres dans le void. Une fois que cette
nouvelle génération commence & croitre, I759.33 commence a diminuer. Les poussiéres
ne sont ni suffisamment nombreuses ni suffisamment grosses pour diffuser la lumiére,

le signal de diffusion est donc nul. Cependant, les poussiéres nouvellement créées
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poussent les précédentes loin du centre de la décharge. L’expulsion de ces poudres
plus grosses, qui avaient attaché beaucoup d’électrons, provoque une augmentation de
la densité d’électrons libres dans le plasma, qui n’est pas compensée par I’attachement
sur les nouvelles poussiéres, trop petites. Il y a de fait une augmentation nette de la

densité électronique, qui provoque une augmentation de 3H.

Partie IT (de 60 a 80 s) : 3H change de pente et continue & augmenter plus doucement.
I750.38 continue & diminuer comme dans la partie I, et une légére augmentation du
signal de diffusion est détectée. Les poussiéres nouvellement formées grossissent dans
le void, et deviennent détectables par diffusion de la lumiére. Elles attachent aussi de
plus en plus d’électrons libres du fait de leur taille plus importante. Elles continuent &
pousser les poudres plus grosses sur les bords de la décharge, et commencent a remplir
toute la région de void, menant & la décroissance de Iy509.38. Comme les nouvelles
poussiéres grossissent et attachent plus d’électrons, I'équilibre entre le gain et la perte
d’électrons libres par le plasma est modifié. La quantité totale d’électrons libres
persiste & augmenter mais de fagon moins prononcée, ce qui explique le changement
de pente de 3H.

Partie IIT (de 80 & 110 s) : 3H augmente jusqu’a sa valeur maximale avant de com-
mencer a décroitre. 75038 atteint sa valeur minimale, et le signal de diffusion augmente
jusqu’a atteindre un plateau. La nouvelle génération de poudres qui grossit dans le
void est maintenant clairement détectée par diffusion de la lumiére. Elle remplit main-
tenant quasiment toute la région de void, provoquant la chute de I750.38 jusqu’a sa
valeur minimum atteinte lorsque le void est empli de poudres. Le gain d’électrons
libres est de moins en moins important du fait du fort attachement électronique sur
la nouvelle génération de poudres : 3H atteint sa valeur maximum. Le plateau ap-
paraissant sur le signal de diffusion indique que les poussiéres emplissent entiérement
le void. Comme elles continuent & grossir, elles attachent de plus en plus d’électrons,
provoquant la décroissance de 3H.

Partie IV (de 110 & 140 s) : Le signal de diffusion chute subitement & zéro, tandis que
I750.38 commence & augmenter. Un nouveau void est en train de s’ouvrir au centre
de la décharge. 3H décroit avant d’atteindre un plateau : un nouvel équilibre est
atteint entre le gain et la perte d’électrons libres par le plasma. I750.38 continue a
augmenter jusqu’a ce qu’'une nouvelle génération de poussiéres se forme dans le void.
Le phénomeéne est alors cyclique et peut étre décrit par ’enchainement de la partie 1T

puis III etc... tant que 'on fournit du silane dans la décharge.
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Présence d’un void

Afin de valider I’hypothése d’une région de void dans le nuage de poudres de notre décharge,
différentes observations ont été réalisées a l'aide d’une caméra standard et d’une caméra
rapide. Ces expériences sont tres difficiles a réaliser du fait du peu d’accés optiques
disponibles sur le réacteur. Cependant, grace a I'imagerie vidéo (figure IV.5), une zone
centrale de plus forte émission (en rouge), ou le taux d’ionisation est donc plus élevé, a été
mise en évidence. Cette observation tend & confirmer 'hypothése d'une zone de void dans
le nuage. Cette zone apparait clairement décentrée vers le haut de la boite & décharge. Cela
pourrait étre expliqué par la force de thermophorése, due au gradient de température entre
I'électrode rf (60°C) et I’électrode a la masse (RT), qui attire les poudres vers le bas de la
décharge et décentre donc le void vers le haut.

Par la suite, des dépdts spatialement résolus ont été faits pendant les générations suc-
cessives de poudres. Cinqg échantillons ont été placés le long du rayon de la boite a décharge
également espacés les uns des autres. Les dép6ts ainsi obtenus ont ensuite été observés au
MEB. Les images a I’échelle 5 pm (figure IV.7) montrent que plus on s’éloigne du centre
de la décharge, plus les poudres de taille importante sont nombreuses sur les dépots. A
I’échelle 200 nm (figure IV.8), on observe que plus on s’éloigne du centre de la décharge,
moins la sous-couche du dépo6t, composée de nanoparticules, est dense. Finalement, la
structure des couches déposées s’avére extrémement dépendante de la situation du substrat
dans la décharge. Ces résultats sont parfaitement cohérents avec I’hypothése d'un void dans
le nuage de poudres, ou les nouvelles générations de poudres se formeraient. La figure IV.6
propose un modeéle schématique du void en Ar/SiH4. Dans cet exemple, cing générations
coexistent (de la plus récente au centre a la plus ancienne au bord). Les blocs colorés

représentent le volume de dépot associé a chaque substrat.

Instabilités liées aux générations successives (SGI)

Si I'on regarde de plus prés la structure interne de 3H lors des générations succes-
sives de poudres, on observe que le signal est trés instable (figure IV.9(a)). Les SGI sont
des instabilités auto-excitées qui durent tant que le plasma est allumé. La FFT globale du
signal donne un spectre large bande typiquement compris entre 30 et 90 Hz (figure IV.9(b)).
Cette caractérisation électrique est corroborée par la caractérisation optique. Ainsi, grace a
Ienregistrement de I’émission globale du plasma a 1’aide d’une caméra rapide (1789 images
par seconde), nous obtenons des signaux similaires aux signaux électriques, tant au niveau
de I'allure générale que de la FFT. De plus la comparaison de la FFT de 3H et de celle de
I750.38 montre que les deux spectres sont tout a fait comparables. Ces premiers résultats
nous permettent de conclure que les SGI ne sont pas un artefact mais bien une instabilité

lice au plasma et/ou au nuage de poudres.
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Le démarrage des SGI a généralement lieu quelques minutes aprés ’allumage du plasma
et se traduit par une augmentation progressive de I'amplitude d’oscillation du signal. Ce
démarrage affiche un schéma trés complexe avec notamment un spectre présentant plusieurs
branches de fréquences (figure IV.12) qui tendent a fusionner par la suite. Ce schéma s’avere
trés robuste et peu sensible aux conditions expérimentales.

Lorsque l'on réalise une FFT en fonction du temps de 3H, on obtient une alternance
de phases trés ordonnées a basse fréquence (40-60 Hz) et de phases moins ordonnées a plus
haute fréquence. Les phases trés ordonnées semblent correspondre & la formation d’une
nouvelle génération de poussiéres, tandis que les phases moins ordonnées semblent corre-
spondre & ’expulsion massive des plus grosses poussiéres. L’observation de 1’émission du
plasma grace & une caméra rapide donne des résultats trés similaires. De plus, de trés fortes
baisses d’intensité de I’émission apparaissent parfois.

Les SGI sont trés peu sensibles aux conditions expérimentales. A titre d’exemple, aucun
cas de disparition du phénoméne n’a été observé dans la gamme de paramétres explorés. Ces
instabilités semblent intrinséquement liées aux générations successives en plasmas Ar/SiHy.
Cependant, quelques légéres modifications dans les fréquences peuvent étre observées en
fonction des paramétres expérimentaux. Une fois les SGI établies, elles sont principale-
ment caractérisées par deux fréquences qui deviennent de plus en plus proches, au point
qu’il devient difficile de les distinguer. Ces deux fréquences proches expliquent I'importante
modulation des signaux électriques observée (figure IV.16). Lorsque la puissance injectée
est augmentée, ces fréquences augmentent légérement tandis que les SGI démarrent plus
tot. A l'opposé, ces mémes fréquences diminuent lorsque I’on augmente la quantité de silane
dans la décharge. L'effet de la température de gaz est trés difficile & cerner : ce paramétre
ne semble affecter que la fréquence des phases peu ordonnées et étre sans effet sur les phases
ordonnées. Aucun effet lié & la pression n’a été mis en évidence.

Le comportement des SGI, intimement lié¢ a la formation de nouvelles générations de
poussiéres dans le void, laisse penser que ces instabilités pourraient étre des instabilités du

void. Un cas trés similaire est observé sur le dispositif PKE, et est actuellement étudié.
Heartbeat

Le heartbeat est une instabilité observée sur le dispositif PKE, consistant en une série de
contractions et d’expansions du void (figure 1V.18). La figure IV.19, qui donne I’évolution
du signal électrique et de I’émission du plasma en trois points de la décharge, souligne le
comportement complexe du plasma pendant cette instabilité. D’expérience, nous pensons
que la brusque chute du signal électrique a lieu durant a la contraction du void. On notera
par ailleurs la présence d’un pic dans cette chute qui apparait dans la plupart des cas.
Cependant, les mouvements du wvoid sont difficiles & corréler avec le signal électrique qui

n’est pas résolu spatialement. L’utilisation de la spectroscopie d’émission optique résolue
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spatialement (SR-OER) permet de résoudre en partie ce probléme. Il apparait ainsi que
le signal SR-OER au centre de la décharge est en phase avec le signal électrique, tandis
que ces deux signaux sont en opposition de phase si 'on considére le bord du plasma. De
plus, le pic mis en évidence dans le signal électrique correspond bien & une variation du
signal optique, et n’est donc pas un artefact. Il semble par ailleurs 1ié¢ & un phénomeéne local
dans le plasma. Une étude par caméra rapide a été réalisée pour élucider ce phénoméne
et les données sont actuellement en cours de traitement. Les résultats de SR-OER nous
permettent par contre de formuler une hypothése quant aux mouvements du void : ils sem-
blent étre dus & la propagation d’une onde d’ionisation au sein du plasma et du nuage. Des
expériences complémentaires sont nécessaires pour confirmer cette hypothése.

Lorsque I'on diminue suffisamment la puissance injectée, il est possible de stopper le
heartbeat. Les signaux électrique et optiques révélent que l'arrét de 'instabilité est précédé
par une période d’amortissement, qui consiste en l'apparition de pics avortés de plus en
plus nombreux dans le signal (figure IV.23). Les transitions de n & (n+1) pics avortés se
font sans signe précurseur. Le nombre de pics avortés observés peut dépasser la dizaine,
et chacun de ces pics correspond & une contraction avortée du woid. L’instabilité semble

perdre de I'énergie pas & pas avant de cesser.

Instabilité liée a la croissance de poussiéres dans PKE (DPGI)

Les DPGI sont caractérisées par la succession de sept phases différentes dans les signaux
électrique (figure TV.25) et optiques. Ces phases apparaissent trés clairement lorsque que
I'on réalise la FFT des signaux [83]. On peut ainsi mettre en évidence trois phases ordonnées
(P1, P2 et P3), une phase chaotique (P4), une phase a haute fréquence (P5), une seconde
phase chaotique (P6) et finalement une phase d’oscillations régulieres (P7). Seules les trois
premiéres phases ont été étudiées ici.

La phase P1 se présente sous forme de pics bien séparés sur le signal électrique et sous
forme d’oscillations sur le signal optique, avec une fréquence typique autour de 40 Hz. La
transition vers la phase P2 est caractérisée par l'apparition de deux petits pics entre les pics
principaux sur le signal électrique et par une augmentation de I’amplitude d’oscillation sur
les signaux optiques. La fréquence est 1égérement inférieure & celle de la phase P1. Dans
la phase P3, on observe un triplement de la fréquence des signaux électriques, tandis que le
signal optique est modulé. De plus, on assiste a une évolution temporelle de la fréquence
au cours de chaque phase. Les différences de comportement entre les signaux électrique
et optiques sont certainement dues & un phénoméne local dans le plasma qui se répercute
difféeremment selon que le diagnostic est ou non résolu spatialement. Afin de valider cette
hypothése, une étude par caméra rapide a été réalisée et les données sont actuellement

analysées.
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Conclusion

Dans ce chapitre, nous avons démontré la présence d’une région de void au sein du nuage de
poudres dans un plasma d’argon/silane confiné. Ce résultat est particuliérement intéressant
car, jusqu’a présent, le void était bien connu dans les décharges non-confinées tant en pul-
vérisation qu’en gaz réactifs ou en injectant des poudres calibrées [50, 55, 56, 57, 60, 87, 88|.
Cependant, sa présence, bien que supposée [13], n’avait jamais était démontrée dans un
plasma généré dans une boite & décharge. Ce résultat tend & prouver que le void est un
phénomeéne intrinséque aux plasmas poussiéreux.

Les trois instabilités présentées exhibent des schémas de développement complexes liés
a la fois a la formation des poussiéres, au comportement du nuage et/ou a la région de
void. Une étude bibliographique compléte, présentée dans le tableau IV.5, montre que les
phénomeénes d’instabilités et de void se retrouvent dans de trés nombreux plasmas pous-
siéreux, quels que soient la chimie, la géométrie, 1'origine des poussiéres, le flux de gaz,
I’excitation rf et les conditions de gravité. La comparaison de toutes ces données met en
lumiére le caractére intrinséque des instabilités aux plasmas poussiéreux. Cependant, cette
étude nécessiterait d’étre étendue a d’autres types de décharges afin de vérifier 'influence

du type d’excitation sur ces phénoménes.
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Dust particles play an important role both in the interstellar medium or in planets’ at-
mospheres such as Titan. As an example, interstellar dust (ISD) grains are known to
influence the spectra of galaxies [92], while Titan’s atmosphere is known to contain a large
amount of aerosols [2]. Very few data from direct observations are available concerning
those dust grains (radius, composition, optical properties...). Thus the composition of
Titan’s tholins or of ISD grains is still not precisely determined. That’s why different lab-
oratory experiments have been developed in order to produce analogues to Titan’s tholins
and/or ISD grains.

The experimental results presented in this chapter have been obtained on two of these
laboratory experiments. First, experiments concerning Titan’s tholins have been performed
on the PAMPRE set-up, in the "Service d’Aéronomie" in France, thanks to a collaboration
with Pr Cernogora and Dr Szopa. The results presented in the second part, concerning ISD
grains, have been obtained on an experiment at the "Institut fiir Experimentalphysik II" in

Germany during a scientific visit, thanks to the help of Pr Winter and Dr Hong.
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V.1 Titan’s tholins production: Plasma characterization on
the PAMPRE experiment

First documents citing Saturn are attributed to Assyrian around 700 BC. They described
the planet as a twinkling in the sky, and called it "Ninib star". In 1610, Galileo observed
a strange phenomenon in his refracting telescope: the planet seems to stretch on its sides.
The Dutchman Christian Huygens elucidated this enigma in 1659: it has to do with rings
gravitating around the planet. He also discovered the presence of a natural satellite Titan.
A few years later, Jean-Dominique Cassini observed four more moons smaller than Titan:
Japet, Rhéa, Téthys and Dioné.

Titan is the largest moon of Saturn, with a radius of 2575 km (compared to 6400 km
for Earth) and a mass of 1.34 10?3 kg (corresponding to 2.2% of the Earth’s mass). Its
surface temperature is estimated to be 93.65 4+ 0.25 K and its surface pressure to be 1.467
+ 1 hPa [93]. It is located 1.4 billion kilometers away from the Sun, and it collects a solar
flux corresponding to 1.1% of the Earth’s one.

Why such an interest for Titan? In fact, the actual composition of Titan’s atmosphere
seems to be quite similar to the one of the primitive Earth, that’s to say the Earth’s at-
mosphere before the first living beings start to produce oxygen. The presence of complex
organic molecules, identical to those that could be the source of life on Earth, makes of Titan
an interesting case of study for exobiologists. Presently Titan is the only known planetary
body that has characteristics similar to the Earth’s ones in terms of dense atmosphere, solid
surface with liquid areas...

Launched on October 15" 1997, Cassini-Huygens is the first space mission devoted
to Saturn exploration. It is conducted by the NASA, which realized the orbital module
Cassini, and the European Space Agency (ESA) which provided the probe Huygens. The
space craft and its passenger inserted in Saturn’s orbit on July 15 2004 after a seven-year
and 3.5 billion-kilometer trip. Cassini will collect essential data on the structure and the
environment of Saturn and its satellites during 4 years. The Huygens probe was released on
December 25™ 2004 and it reached Titan on January 14™ 2005 after a descent of more than

2 hours in its atmosphere [94]. Figure V.1 gives the synopsis of the Cassini-Huygens mission.
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(a) View of Titan from 8 km. (b) View from Titan’s surface after the Huygens probe
landing.

Figure V.2: Views from Titan [96].

The analysis of Titan’s atmosphere from the Gas Chromatograph Mass Spectrometer
(GCMS) revealed the presence of nitrogen (N2) at 98% and methane (CHy4) at 1.8%. The
only noble gas detected was argon (Ar). Some hydrogen (Hz) and hydrocarbon have also
been detected. The GCMS did not detected any vaporized HoO or Oy [95].

When we observe Titan, the planet seems to be orange-brown, and the soil is not visible.
This is due to the presence of aerosols in its atmosphere. Those aerosols are produced by the
conversion of methane into higher hydrocarbons in Titan’s stratosphere, and fall slowly on
its surface. Images recorded during the Huygens probe descent revealed the moon geology
as can be seen in figure V.2(a). The view of Titan’s surface after the landing of the probe
shows a sort of "sand" and some "stones" of 10-15 c¢m in size (fig. V.2(b)).

Organic aerosols play an important role in Titan’s atmosphere properties and evolution.
Presently, their formation and properties are little-known due to the fact that the only data
are obtained by space probes or observation of Titan from Earth. That’s why laboratory
experiments are needed to simulate the chemistry of Titan’s atmosphere, in order to improve

our understanding concerning these aerosols [2].

V.1l.a Why using a cc-rf low-pressure discharge to simulate Titan’s at-
mosphere?

Titan’s aerosols are produced by an organic chemistry due to solar UV irradiation and en-
ergetic particle bombardment of the atmosphere main compounds Ny and CHy. As photons
are thought to be the main energy source in Titan’s atmosphere [97], several laboratory
experiments based on light sources have been developed. The main drawback of these
experiments is that short UV photons (energy > 6.2 eV for wavelengths < 200 nm) are

not transmitted through the silicate windows of the source, thus eliminating the energetic
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photons responsible for Ny photodissociation (Eg;issociation = 9-76 €V). Moreover, tholins
production by this method is very time-consuming [2].

Different types of electrical discharges have also been used to simulate Titan’s at-
mosphere. We can cite, for instance, spark discharges, rf inductively coupled plasma (rf-icp)
discharges, direct current (dc) discharges or corona discharges. Some experiments based on
laser or ~-ray irradiations have also been used. In all these experiments, aerosols are de-
posited as thin films on the reactor walls or on substrates while they are produced in the
gas phase in Titan’s atmosphere [2].

Cc-rf discharges are widely used in industries to grow silicon thin films. In silane-based
plasmas, dust particles are known to grow from the dissociation of silane (cf chapter IT) and
to be trapped in the plasma. Those phenomena are widely studied for more than a decade
now and start to be better understood. In particular, it has been shown that dust particle
size ranges from a few nanometers to a few micrometers. This last point is of special interest:
dust particles have globally the same size as Titan’s aerosols. Thus using a cc-rf discharge
allows to study dust particle formation and behavior in the gas phase. Nevertheless, it is
important to note that the electrical charge on dust particles in the plasma must be much
higher than the one of Titan’s aerosols [98|, possibly introducing biases in the mechanisms.

In weakly ionized plasmas, chemistry is induced by electron inelastic collisions with neu-
tral gas. Thus, molecular dissociation of Ny and CHy is due to electron impact. In their
paper, Szopa et al [2| show that in some cases the electron energy distribution function
of a plasma can be quite similar to the photon energy distribution function of a measured
solar spectrum. Thus even if electron chemistry and photochemistry are different, some

similarities can be brought to light in terms of energy range.

V.1.b The PAMPRE experiment

The PAMPRE experiment (French acronym for Production d’Aérosols en Microgravité par
Plasma REactif - Aerosol Production by REactive Plasma under Microgravity) is devoted
to the study of tholins produced in a No/CH4 mixture. The experimental setup (see fig.
V.3) is based on a cc-rf discharge, originally used for microelectronics processes (deposition).
The reaction chamber is a stainless-steel cylinder of 30 cm diameter and 40 cm height. The
powered electrode is of 10 cm diameter and the plasma is confined by a grounded metallic
grid cage of the same diameter [2]. It is a parallel plate discharge quite similar to the one
described in Chapter II.

V.l.c 'V, measurements

In order to monitor dust particle formation and growth in Ns-CHy4 plasmas, V4. measure-
ments have been performed on two different time scales. The shorter one aimed to observe

the early stage of dust formation, while the longer one aimed to determine whether or not
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Figure V.3: PAMPRE experimental setup [2].

there were dust particle successive generations and/or a stationary state of the discharge.

A first series of measurements has been performed in typical dust forming conditions
(Qn, = 44 scem, Qp, jop, = 11 scem, p = 0.86 mbar) for different injected powers. Figure
V.4 shows the V. signal over 1000 s for 30 W and 21 W of injected power. In this figure,
some damped oscillations are evidenced, with a period around 150 s. These oscillations are
quite similar to the ones observed in silane-based plasmas during dust particle successive
generations (see chapter IV). Nevertheless, no damping is observed in Ar/SiH, plasmas.
Dust growth is much more difficult to initiate in methane-based plasmas as demonstrated
by Hong and Winter [99]. The appearance of dust successive generations seems to be
very dependent on the surface state and/or the cleanness of the chamber. Dust growth
in carbon-based chemistries is known to need CyHy radicals to be initiated. When pre-
vious depositions have been performed, those radicals can be produced by sputtering the
deposited layer, hence helping to initiate dust particle formation and successive generations.
The sputtering of this layer would also explain why successive generations are more easily
observed in methane-based plasmas when Ar is used as a buffer gas instead of Ny. Indeed
Ar™ ions are more efficient to sputter than N3 ions [100].

These measurements also evidenced a stationary regime of the discharge (at least on
the electrical signal point of view) arising typically a few hundreds seconds after the plasma
ignition. In the following, the evaluation of electron and ion densities have been performed

during this stationary state of the discharge.

V.1.d Correlation between spectroscopy and V,. measurements

Simultaneous measurements of V. and the emission of the nitrogen line at 337.1 nm have

been performed at the ignition of the discharge over a few hundreds seconds (around 250 s).
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The nitrogen line at 337.1 nm is associated to the second positive system of Ny, depending

on both the electron density and temperature. This time scale of 250 s typically corresponds

to the formation of the first dust particle generation in our typical experimental conditions.

As can be seen in figure V.5 both V4. and I337; respond to the dust

particle formation in the

plasma. V. exhibits a well-defined time evolution, revealing dust particle formation in the
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Figure V.5: Time evolution of V4. and Is37; at the plasma ignition.

plasma. On the first part of the curve, we can identify a slightly decreasing part (between

0 and 10 s). It can be explained by the formation and accumulation of very small dust
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particles (around 1-3 nanometers in diameter) that are not big enough to attach electrons,
but modify the electron collision frequency. In a second part, a drastic decrease in the am-
plitude of V4. indicates that dust particles become big enough (around 5-10 nanometers in
diameter, from our experience in silane-based plasmas) to attach electrons and thus modify
the value of the self-bias voltage. This fast decrease can be compared to the aggregation
phenomenon, well-known in silane-based plasmas (see chapter IIT). Moreover, after around
100 s, V4. tends to a stable value. After a transient regime corresponding to very first
particle formation, in this case, the discharge tends to a stationary regime.

By looking at the time evolution of I3371, we can notice that both V4. and I337; respond
to the plasma modifications, but not in the same way. At the plasma ignition, V. increases
while I3371 increases too. This behavior is due to the large amount of free electrons in the
plasma. In a second time, V4. exhibits a slightly decreasing plateau while Is37; reaches a
maximum and then begins to decrease. Then V. decreases faster than Iss7; for a while.
After this, the line evolution seems to anticipate the behavior of V.. The differences we
observe between these two diagnostics can be explained by two phenomena. First, Vg,
reflects the evolution of both the electron density and temperature in the whole plasma
volume, while I3371 is a spatially resolved diagnostics looking at the center of the plasma.
Moreover, the different response times associated to these diagnostics are not the same :

Ve is associated to electrons while I33771 is associated to both Ny molecules and electrons.

V.1l.e Parametric study of the dust production in N,-CH, plasmas

A parametric study of the evolution of V4. has been performed. It has been studied for
different dilutions of CHy in Ny (0, 2, 6, 10%), different pressures (from 0.5 to 1.7 mbar)

and different injected powers. As an example, figure V.6 shows the time evolution of Vg4,

i

for P,y = 30 W and p = 1 mbar for several dilutions. Two main features can be identified.
First, the more amount of methane in the discharge, the slower the dust particle formation.
Indeed, a 2% dilution appears to be the best choice to form dust particles. The presence of
an optimal dilution was expected. Indeed, in Ar/SiH, plasmas an optimal dilution has also
been evidenced (see chapter III). For a 10% dilution, the curve is quite similar to the one of
the 0% dilution (pure nitrogen), where no dust particles are formed. For the 10% case, it
doesn’t mean that no dust particles are formed, and indeed experiments showed that some
are formed. We can only conclude that dust particles are neither big enough nor numerous
enough to affect sufficiently the discharge and thus modify V4.

Figure V.7 shows the time evolution of Vg for a dilution of 2% and P,; = 30 W. The
curves are shifted in the vertical axis in order to get a better overview of their evolution.
The uppest curve corresponds to p = 1.70 mbar, and the lowest one to p = 0.52 mbar.
As the pressure increases, we observe that the formation kinetics becomes faster. How-

ever, the most drastic decrease of V4. are observed for p = 0.75 mbar and p = 0.86 mbar.
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Figure V.6: Time evolution of V. for different dilutions.

These decreases are due to electron attachment on dust particles, and thus indicate that the
amount of synthesized particles is more important in these cases than for the other explored
pressures. This pressure range seems to favor dust particle synthesis in terms of amount
of formed dust particles. This result has been confirmed by collecting the produced dust
particles. Concerning the injected power, figure V.8 presents the time evolution of V. for a
dilution of 2% and p = 0.86 mbar. When the injected power is increased, V4. increases too:
the uppest curve corresponds to P,y = 13 W and the lowest one to P,.; = 32 W. This figure
evidences an optimum in kinetics around 28 W (next to the last curve). For this injected
power, we obtained the fastest kinetics of dust particle formation.

This parametric study allowed us to evidence which experimental conditions are fa-
vorable to dust particle production in our setup. The 2% dilution seems to be the most
favorable to dust particle formation both in terms of kinetics and amount of synthesized
particles. In the same way (by varying pressure and rf power), we showed that dust par-
ticles are better formed (in terms of quantity) for pressures around 1 mbar. These results
are quite interesting because it shows that the conditions in Titan’s atmosphere are really
favorable to obtain tholins. Moreover, an injected power around 30 W leads to an optimal

fast kinetics allowing to produce huge quantities of particles.

V.1.f Electron and ion density measurements

Some electron and ion density measurements have been performed in the PAMPRE experi-

ment. The microwave resonant cavity method is used to determine n. from the shift of the
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Figure V.7: Time evolution of V. for different pressures. The curves are shifted on the
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Figure V.8: Time evolution of V. for different rf powers.

resonance frequency. The plasma box is used as a resonant cavity and the TM 210 mode is
used (because it is the strongest in our case). A plane Langmuir probe, located a few mm
above the grounded electrode (just above its sheath), and in the ionic saturation regime,
is used to evaluate the ion density (see equations I1.2 and I1.3). In order to perform those
measurements, several assumptions are made. First, electron and positive ion densities are

assumed to be equal. Second, we assume that the electron temperature is 2 eV (typical
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value in a nitrogen plasma under our experimental conditions). This value needs to be
validated by numerical plasma modeling in the case of a dust forming plasma. Moreover,
all the results presented in the following part concern the stationary state of the discharge.
Figure V.9 presents an overview of the obtained results. Empty symbols stand for cavity
measurements, while full ones stand for probe measurements.

First measurements have been performed in pure nitrogen plasmas in order to validate
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Figure V.9: Evolution the electron (empty symbols, microwave resonant cavity measure-
ments) and ion (full symbols, Langmuir probe) densities as a function of pres-
sure both in Ny and No/CHy plasmas.

the method. The electron density, blue curve with empty diamonds in figure V.9, increases
for pressures comprised between 0.1 and 0.4 mbar. A maximum is reached for this last value
(0.4 mbar), then the electron density decreases as pressure increases. The second part of the
curve, corresponding to the decay of the electron density, is confirmed by Langmuir probe
measurements (blue full diamonds), assuming that electron and positive ion densities are
equal. The discrepancies between the measured values can be explained by the uncertainty
remaining on the electron temperature used to deduced the ion density (taken constant and
equal to 2 eV). The part of the curve concerning pressures lower than 0.4 mbar, obtained
using Langmuir probe, is not displayed here due to many uncertainties leading to unex-
ploitable results. These uncertainties are principally about the electron temperature, the
thickness of the electrode sheath and the accuracy of very low current measurements.
Then, measurements have been performed the same way for three different methane
amounts in the discharge. Figure V.9 presents the results for 2% (red empty squares), 6%
(black empty triangles) and 10% (green empty circles). The variation of the electron density

as a function of the pressure is quite similar to the one observed in pure nitrogen. However,
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the addition of methane in the plasma considerably lower the electron density (by about a
factor 2). For all the dilutions, a maximum is observed around 0.4 mbar (as in pure nitrogen
plasma) and a minimum is observed around 0.8 mbar (not observed in pure nitrogen). This
minimum is not well-understood yet, but it corresponds to a peak of efficiency in tholins
production. Nevertheless, it is important to note that the electron density measured here
corresponds to the lower density that can be measured by the microwave resonant cavity
method. Thus, the values given in the graph are only indicative values in the particular
case of the minimum. Ion density measurements using a Langmuir probe are very fussy to
perform in Ny /CHy plasmas due to the oganic material that deposits on the probe collecting
surface. This deposition tends to make the probe insulating, leading to large measurement
errors. Globally, in Ny /CH, plasmas, the probe remains conductive only for a few seconds
before being covered by the organic deposition. Thus, very few measurements are available
in mixtures: only two pressures have been investigated for a 2% mixture (red full triangles
in figure V.9). These results are consistent with the ones obtained for the electron density.
For these two points, no real difference can be found between the electron and ion densities.

Electron attachment on tholins cannot be accurately measured using this method.

V.2 Rayleigh-Mie scattering ellipsometry in N,/CsH, plas-

mas

Hydrocarbon-based plasmas can be used to synthesize analogs of ISD grains. In this context,

one of the most important point is the optical index of the dust grains.

V.2.a Ellipsometry

Ellipsometry is an optical characterization technique having applications in various fields
(semi-conductors, thin layers...). This non-destructive method is very sensitive to the in-
terface between two media with which the optical characteristics of a thin film can be
measured.

Ellipsometry is based on the measurement of the polarization state of a light ray, which
polarization has been modified by a reflection on a sample surface. The change of po-
larization between the incident wave and the reflected one allows to deduce information
concerning the physical nature of the sample: thin film thickness and optical index. Data

obtained from the measurement are expressed by two ellipsometric angles ¥ and A.

Figure V.10 gives an overview of the geometry of an ellipsometric measurement. The
measured quantity is light intensity which gives the ratio of the parallel reflection coeffi-
cient (R,) to the perpendicular reflection coefficient (R,). The fundamental equation of

ellipsometry is then given by:
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Normal
to the surface

Incident wave Reflected wave

Refracted wave

Figure V.10: Typical geometry of an ellipsometric measurement. The p-direction is parallel
to the plane of incidence and the s-direction (from Senkrecht in German) is

perpendicular to the p-direction.

R .
R_i = tanWe'® (V.1)

TanW¥ corresponds to the amplitude variation after the reflection on the sample under
study, while A is the phase difference between p-polarized and s-polarized components.

Typically, an ellipsometer consists of a light source, a detector and a variety of optical
components in between. The type of ellipsometer is determined by the arrangement of these
optical components. Usually ellipsometers use at least two polarizers: the first one between
the light source and the sample (called the polarizer) and the last one between the sample
and the detector (called the analyzer). In some cases a retarder (called the compensator)

is inserted between the sample and the analyzer.

V.2.a.i Rotating element ellipsometer

The rotating element method is based on the measurement of the reflected light intensity
as a function of angle of the rotating element. The rotating element can be either the
polarizer, the analyzer or the compensator. The most commonly used setup is the one with
a rotating analyzer as presented in figure V.11. This type of ellipsometer is relatively easy
to implement. Moreover, polarizers are achromatic in a wide spectral range and can have a
nearly ideal behavior. Nevertheless, the alignment of the optical components and the light
source is critical to get a sufficiently high precision during the measurements. Furthermore
uncertainty increases as the A angle approaches to 0° and 180° due to the fact that the
measured light at the detector is almost linearly polarized for those angles. Moreover, as
the angle A is mapped between 0° and 180°, it is impossible to determine handedness of
the light, i.e., if the light is right-handed or left-handed polarized. That is the reason why a
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rotating compensator setup is used instead of a rotating analyzer setup. The angular speed
of the rotating element is typically comprised between 10 and 60 Hz, which can significantly

affect the time resolution of data acquisition.

Source

Detector

Input beam:
Unpolarized light
Rotation:
10-60 Hz

Linearly
polarized light

Polarizer . Analyzer

Elliptically
polarized light

Sample

Figure V.11: Typical geometry of a rotating analyzer ellipsometer.

In the following, an analytical overview of a rotating element ellipsometer is given. For
the sake of simplicity, we consider a rotating analyzer ellipsometer (RAE), with which the
physical pictures and meanings can be easily understood. RAE is made of a light source, a
polarizer, a rotating analyzer and a detector (photo-multiplier). The input beam is linearly
polarized by the polarizer before reaching the sample. After the reflection, the reflected
beam becomes elliptically polarized and reaches the detector through the rotating analyzer.
The resulting signal is a linear combination of dc and sinusoidal signals, that can be written

as:
V(t) = dc + a cos(2wt) + b sin(2wt) (V.2)

In equation V.2, a and b are related to the normalized Fourier coefficients (« and ) of the

signal measured by the detector:

a tan®¥ — tan?P.
de  tan®¥ + tan?P,

a= (V.3)
b 2tanV¥ cosAtanP,

b= de ~ tan?¥ + tan?P,

(V.4)

with P, the input polarizer azimuth with respect to the incidence plane (P, = 0). The

ellipsometric angles ¥ and A can be obtained by the inversion of equations V.3 and V.4:

1+«
-«

tanW =

| tan P, | (V.5)

I} tanP,
V1 —a?| tanP, |

cosA = (V.6)
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V.2.a.ii Jones matrix analysis of the RAE

The light intensity of the reflected beam, measured by the detector is proportional to the
square of the electric field. In order to describe the polarization state of the beam along
the entire path, the Jones matrix analysis is used to describe each optical component. In
the case of the RAE, the electric field at the detector is represented as:

Egetector = (Analyzer)(Sa’mple)(POlarizeT)Eincident (V7)

Considering a p-polarized input light, the beam reaching the sample can be written as:

P. —sinP, 1
Beam on the sample = (Polarizer)Epncident = C?S ¢ Tl (V.8)
sinP, cosP, 0

Assuming that the sample is homogeneous, isotropic and not too rough, its matrix is de-

Sample = <]?)p 0 ) (V.9)

scribed as:
R,

The Jones matrix of the analyzer is written as:
10 A inA
Analyzer = €058e  SMNLAe (V.10)
00 —sinA, cosA.

with A, the angle between the analyzer azimuth and the plane of incidence. Finally, the
electric field at the detector is:

> B 10 cosA, sinA, R, 0 cosP, —sinP, 1
detector 0 0 —sinA, cosA. 0 R sinP, cosP, 0

B R, cosP, cosA. + Rs sinP, sinA. (V.11)
0 .
The light intensity is
Idetector X EdetectorEzetector = | Edetector |2
= | Ry > cos?Pe+ | Ry |? sin®Pe + (| Ry |* cos?Po— | Ry |* sin®P,)cos(2A.)
+2Re(R,.R})sinP.cosP.sin(2A.) (V.12)

To compare the theoretical value from equation V.12 and the value measured by the detector

(V.2), equation V.12 has to be normalized:
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| % |2 —tan?P, 2]%@(%)tcmPe .

Lietector o< 1+ —5° cos(24.) + 7 s sin(2A4.) (V.13)
| 7 |2 +tan?P, | = |2 +tan?P,

Then, using equation V.1, V.3 and V.4, we obtain:
tan?U — tan?P, 2tanWcosAtanP,
I 1 2A in(2A
detector  0¢ L+ tan?W + tan?P. cos(24.) + tan?W + tan?P, sin(24c)
< 14 acos(24.) + Bsin(2A4,) (V.14)

Finally, using equations V.5 and V.6, ¥ and A can be calculated from the voltage

measured by the detector, and the sample properties can be deduced.

V.2.a.iii Rayleigh-Mie ellipsometry

Ellipsometry can be performed on levitating dust particles instead of a thin film on a
sample. In such a case, a linearly polarized light is scattered by dust particles and the
polarization state of the scattered light is measured. The Mie theory for light scattering by
dust particles has been reviewed in section II. As in the previous section concerning a thin
film on a sample, the polarization state of the light scattered by dust particles can also be
described by the two ellipsometric angles ¥ and A.

In order to perform Rayleigh-Mie-ellipsometric measurements, a rotating compensator
ellipsometer (RCE) was used. The RCE has one more retarder (the compensator), inserted
between the sample and the analyzer. In the case of the RCE, the analyzer is fixed, and
the rotating element is the compensator. Using the Miiller matrix analysis for the RCE,

the normalized light intensity at the detector is:
Lictoctor = Ao + Azcos2C, + Bysin2C, + AscosdC, + BysindC, (V.15)

where C, is the angle between the compensator azimuth and the plane of incidence.
The Fourier coefficients Ay, Aa, Ba, A4 and By (with fixed azimuth angles of polarizer (45°)
and analyzer (0°)) are given by [101, 102, 103]:

1
Ay = 1- 5(1 + y.)cos2V¥ (V.16)
Ay = x.(1— cos2¥) (V.17)
By = z.5tn2WcosA + z.5tn2WsinA (V.18)
1
Ay = —5(1 — Ye)cos2W (V.19)
1
By = 5(1 — Y )sin2VcosA (V.20)

The non-ideal optical behavior of the rotating compensator is represented by the terms

Te, Yo and z.:

z. ~ 0
ye ~ 0 (V.21)
ze ~ 1
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Using the terms of V.21, we obtain As ~ 0. Moreover, the use of Ag has to be avoided
because it contains the dc component of the intensity including external light sources.

Finally, the last Fourier coefficients can be written as:

B 2 2
22— 2 1n2WeosA — ——C tan2WsinA (V.22)
Ay 1=y 1=y
B
24— _tan2y¢cosA (V.23)
Ay
The ellipsometric angles are:
. TeBy 1—ycBs
tan2¥sinA = - ==X 24
an2Wsin A, 7 A, 1 (V.24)
By
tan2¥cosA = —— =Xy (V.25)
Ay
and can be written:
tan2¥ = X2+ X2 (V.26)
X
tanA = f; (V.27)

In the case of Rayleigh-Mie-ellipsometry, the sample matrix (V.9) has to be replaced with
a matrix that is a function of the Mie-scattering formulas. The Miiller matrix for a single,

spherical, homogeneous particle is:

| S1 24182 [* [ S 2= |82 0 0
1 IS PSP [ SiPA]Se]? 0 0 (V.28)
2k2r2 0 0 2Re(S1S3) —2Im(S1S3) '
0 0 2Im(S153)  2Re(S515%)

V.2.a.iv Data fitting

The fitting method used in this thesis is based on the method suggested by Hong et al [104].
In order to find out the optical characteristics of the dust particles, the measured ¥ and A
are compared with ¥ and A calculated by Mie-theory. Furthermore, the particle properties
at small radii could be properly described by using the small particle approximation [105].
Nevertheless, a strategy for the fitting has been used since three parameters: complex
refractive index m = n — ¢k and radius, have to be determined from two angles. In order to
determine n and k for nanoparticles uniquely, it is necessary to employ a time-dependent
radius profile in order to reduce the ambiguity in radii [104].

This radius profile is based on the idea that the growth of the particles measured by SEM
ex-situ shows a strong nonlinear behavior during the nucleation and coagulation phases, and

that the growth becomes quasi-linear as a function of time for later phases [34, 106, 103].
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Hong et al [104] have constructed a time dependent radius profile as a combination of a

power function and linear functions as follows:

N
r(t) = % + Rz} + Z(F“ + Fy; - t) (V.29)

where R; and Ry are the lower and the upper limit (both in nm) of the nonlinear growth,
to is the time (in seconds) when the radius reaches the half of the sum of Ry and Ra, i.e.
r(to) = (R1 + Rg)/2, p is a power factor, F}; and F,; are prefactors for linear functions
with the block index i.

V.2.b Experimental setup

The chamber used for these experiments is a standard Gaseous Electronic Conference (GEC)
cell. The electrodes are two parallel plates of 10.2 cm in diameter, separated by a gap of
3.1 cm. A 13.56 MHz rf generator is capacitively coupled, through a matching network,
to one electrode. The other one is grounded. A more precise description can be found in
[41, 106, 99] for example.

For dust particle formation, No-CoHs gases are used with two different mixture ratios:
8:1 and 8:2 sccm, resulting in a pressure around 10! mbar. The injected power is varied
from 10 W up to 60 W.

The following detailed experimental setup for Rayleigh-Mie ellipsometry measurements
is given by Hong and Winter in [41]. An Ar ion laser at 488 nm is placed at a view
port. A \/2 plate right after the laser maximizes the polarized laser intensity passing
through the entrance polarizer. The laser beam scattered by particles is measured under
a well-defined angle, in our case under 90° relatively to the primary laser beam. The
polarization state of the scattered light is defined by its modulation. The modulation of the
signal is carried out via rotation of a A/4 plate (rotating compensator). The signal is then
passed through the analyzer and recorded by a photomultiplier (Hamamatsu R5929). Using
the Fourier analysis, the polarization state of the scattered light is determined from the
modulated light intensity. The angle of the rotating compensator and the light intensity at
the photomultiplier are acquired by a personal computer. The accuracy of the polarization
angle measurement (¥ and A) was determined in a previous publication (£0.5°) [107]. A

simple sketch of the setup is given in figure V.12.

V.2.c Experimental results

In the following, preliminary experimental results of Mie-Rayleigh ellipsometric measure-

ments in No/CoHs plasmas are presented.
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Figure V.12: A simple sketch of the experimental setup (top view). (1) Ar ion laser (488
nm), (2) A\/2 plate, (3) Rayleigh-Mie ellipsometry polarizer, (4) rotating com-
pensator (A/4 plate), (5) Rayleigh-Mie ellipsometry analyzer, (6) photomulti-
plier, (7) pressure gauge, (8) gas inlet, (9), (10) not concerned in this experi-

ment, and (11) nanoparticles. [41]

V.2.c.i Typical spectrum of Rayleigh-Mie ellipsometry in N, /CyHs mixtures

Figure V.13 gives an example of a typical data acquisition (time evolution of A and V)
during a Rayleigh-Mie ellipsometric measurement. The time evolution of A and ¥ shows
typical trends indicating the growth of nanoparticles. In this figure, dust particle formation
and growth in No/CoHy plasmas clearly appears as a periodic phenomenon. Three cycles
of growth can be evidenced in figure V.13 both on A and V¥ evolution, with a typical period
comprised between 3 and 4 minutes. This first result is in good agreement with the obser-
vation of successive dust generations that we performed in Ar/SiH, plasmas (see chapter
IV) and the ones performed by Hong and Winter in [41].

At the early beginning of the data acquisition (encircled in figure V.13), the signal to
noise ratio is very low and no conclusion can be given from these data. In fact, the results
from simulation show that when there are no nanoparticles in the plasma, ¥ is around 45°
and A varies from 0 to 360° as in figure V.13. If there is a small absorption (i.e. in the
usual non-ideal case), results from simulation show that ¥ and A are also scattered around
respectively 45° and 0 to 360°. So, in such a case, we can not distinguish signal from noise
in the measurement, and interpretation is hazardous.

When the particles are detectable, and scatter the laser light, U decreases spontaneously
to a value close to zero (1-3° in our case), and delta becomes close to 360° (330-360° in our
case). This is the point that we can consider as the starting point for particle growth. This

point is located at around 100 s in figure V.13.
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Figure V.13: Typical ellipsometric spectra: time evolution of A and W.

Moreover, the time evolution of A and ¥ over one cycle exhibits several features (in-
creases and decreases in the signal). By correlating the ellipsometric angle time evolution
and the radius profile defined previously, we can get "real time" information concerning
the dust particles. Thus, the optical index as a function of the radius can be extracted.
The internal structure of dust particles can thereby be deduced from the fit of A and V.
Figure V.14 represents a diagram of the deduction process. The produced nanoparticles are
expected to have a radius dependent onion-like structure (core + shell(s)), as it has been

previously observed in Ar/CsHs plasmas in [108, 41].

V.2.c.ii Study as a function of injected power and dilution

The measurements of the time evolution of the ellipsometric angles ¥ and A have been
performed for two different mixture rates: N9:CoHy = 8:1 and N9:CoHs = 8:2. For both
dilutions, the injected power was varied from 10 W up to 60 W. Figure V.15 gives an
overview of the obtained data in both dilutions for a low injected power (10W) and a higher
one (60W). In this figure, each spectrum exhibits 3 growth cycles. From these spectra we
can see that the growth during first cycle is always different from the following ones. This
result is consistent with the ones we obtained in Ar/SiH4 plasmas.

As can be seen in figure V.15, the behavior of A and V¥ is quite different in the No/CoHo
= 8:1 mixture and in the Ny/CoHs = 8:2 one. At low injected power (figures V.15(a)),
in a 8:1 sccm mixture, A and ¥ exhibit several discrete transitions by growth cycle. This
typical trend means that the growth of dust particles (plasma chemistry and thus kinetics)

is modified during the cycle, i.e. not homogeneous. For a 8:2 mixture (figure V.15(c)), A

i
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Figure V.14: Synthesis of the deductive reasoning allowing to deduce the internal structure
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Figure V.15: Time evolution of A and W for different parameters.
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and ¥ exhibit less discrete transitions during the growth cycle. Thus, the particle growth
appears to be more homogeneous for a higher amount of acetylene in the discharge.

By comparing in the same way figures V.15(b) and V.15(d), for higher injected powers,
we can evidence that in a 8:1 mixture, A and ¥ exhibit more discrete transitions by growth
cycle than in a 8:2 mixture. In this last case (figure V.15(d)), the particle growth appears
to be a "relatively" homogeneous process.

The amount of CoHs in the discharge seems to play an important role on the dust par-
ticle inner structure. When more acetylene is added, dust particle structure becomes more
homogeneous, and the growth is more isotropic. Furthermore, for a given injected power,
the growth kinetics is accelerated when the acetylene amount is increased. This result is
relatively intuitive if we consider that in first approximation, the precursor number is pro-
portional to the amount of acetylene in the discharge.

It is interesting to note that the effects of increasing the injected power for a given dilu-
tion are really similar to the effects of increasing the acetylene amount for a given injected
power. Thus, in a 8:1 mixture (figures V.15(a) and V.15(b)), increasing the injected power
from 10 W to 60 W tends to make the growth more homogeneous. The same observation
can be made by comparing figures V.15(c) and V.15(d). Moreover, for low dilution rate
(8:1), increasing the injected power increases the kinetics. Indeed, increasing the coupled
energy leads to a larger quantity of precursors in the plasma. However, this observation is
no more valid for a higher amount of acetylene in the discharge (8:2). In this particular case,
increasing the injected power doesn’t accelerate the kinetics anymore. This phenomenon

could be linked to a kind of saturation in terms of precursor amount in the discharge.

V.2.d A fitting example

Figure V.16 (kindly made available by S.H. Hong) shows an example of fit. As explained in
section V.2.a.iv, from the time evolution of ¥ and A, and a time dependent radius profile,
it is possible to obtain the evolution of the two ellipsometric angles ¥ and A as a function
of the dust particle radius. Then by fitting these data, the evolution of the optical index as
a function of the radius can be deduced.
This figure evidences that the first growth cycle (green diamonds) differs from the following
ones (blue squares and red dots) which are quite similar. The first growth cycle is well-fitted
by the red curve, corresponding to an optical index m = 1.95 - 0.2¢, while two different opti-
cal indexes (m = 1.95 - 0.2¢ in red, m = 1.87 - 0.12¢ in black) are needed to fit the following
growth cycles. It is important to note that the fits of the data are fussy to perform due to
the fact that ¥ and A must be fitted simultaneously. The retained optical index is the one
that fits best both ¥ and A.

The fits of several data series have been performed in Bochum University in Germany.
The first conclusions that can be drawn from those fits are that the smaller the particles,

the higher the optical constants n and k. The dust particles exhibit a hard core (r < 50
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Figure V.16: Fitting example of the ellipsometric angles.

nm) with a high refractive index (n = 1.90 to 2), especially in the first cycle, and a softer
shell (n = 1.75) that can be compared to a polymer-like carbon film [109].

Data acquired during these series of experiments are currently fitted in Bochum. First
results are very promising. They let forebode possible applications to the synthesis of size-

controlled multifunctional dust grains.

V.3 Conclusion

In this chapter, we presented results on dust particle formation in methane-based and
acetylene-based dusty plasmas. Those experimental results have been obtained on two lab-
oratory experiments: PAMPRE in the "Service d’Aéronomie" in France and an ellipsometry
set-up in the "Institut fiir Experimentalphysik II" in Germany. In both cases, the experi-
ments are dedicated to the study and production of dust particles related to astrophysical
concerns: Titan’s tholins and InterStellar Dust (ISD) grains.

In the first part, the efficiency of a cc-rf discharge to synthesize analogues of Titan’s
tholins is demonstrated. It allows to produce dust particles in the plasma volume without
any interactions with the walls. The self-bias voltage is shown to be a good tool to monitor
dust particle formation in No/CHy plasmas. It showed that, as in silane-based plasmas,
the formation of the first dust particle generation is quite different from the following ones.
Moreover, successive generations don’t appear to be a systematic feature in No/CHy plas-
mas, and seem to be very dependent on the previous surface state of the plasma box. In
all cases, the discharge tends to a stationary state after a while (at least on the electrical
point of view). The parametric study underlines that the amount of methane (2%) in Ti-

tan’s atmosphere (mostly composed of nitrogen) is very favorable to aerosol synthesis.. The

Nucleation, growth and behavior of dust particles in reactive low pressure rf plasmas 161



Chapter V: Hydrocarbon-based dusty plasmas

most favorable pressure (around 1 mbar) and injected rf power (around 30 W) have also
been deduced from this study in our set-up. OES measurements have also been performed.
Unfortunatly, they can’t be directly correlated to V4. measurements. Maybe the pooling
reaction, involved in the line emission, can’t be neglected in our case. More investigations
are underway in the "Service d’Aéronomie". Electron and ion density evaluations have been
realized in pure nitrogen plasmas using the microwave resonant cavity method and a Lang-
muir probe in the ionic saturation regime. Those results showed a good adequation thus
validating the method. Electron density was measured for several dilutions and pressures.
The ion density measurements were very fussy to performed and very few data are available
in No/CHy mixtures. However, we can note that the addition of methane in the discharge
lowers the electron density and that a minimum value is reached in all dilutions for the
most favorable pressure for dust formation. This last result is not explained yet. Finally,
we showed that the electron attachment on tholins couldn’t be easily deduced from our
electron and ion density measurements.

In the second part, we performed a parametric study of dust particle formation in
Ny /CoHs plasmas, using a rotating analyzer ellipsometer. This technique allows to obtain
the time evolution of the two ellipsometric angles ¥ and A. Then, using a pre-defined
model of dust particle growth r4 = f(¢), ¥ and A can be expressed as a function of the
dust particle radius. Then, by fitting ¥ and A, we can get information concerning the
internal structure of the synthesized dust particles. The first information we obtained from
the ellipsometric spectra is that, as in silane-based and methane-based plasmas, the forma-
tion of the first dust particle generation is quite different from the following ones. In the
case of acetylene-based plasmas, successive generations of dust particles are a systematic
phenomenon as long as acetylene is provided (as in silane plasmas). This last point can
be explained by the fact that CoHs radicals are much easy to obtain from acetylene than
from methane. Thanks to the fit of the ellipsometric spectra, we could deduce that the
synthesized dust grains have a radius dependent onion-like structure: core + shell(s), as
expected from [108, 41]|. A study as a function of the amount of acetylene in the discharge
and the rf injected power showed that the dust structure is very dependent on both of these
parameters. Thus, even without fitting all the data (this work is underway in Bochum in
Germany), we can surmise that the optical index of the different parts of the grains also
depends on both of these parameters.

Finally, thanks to these two studies, we pointed out that the growth of the first dust
particle generation is always different from the following ones in various chemistries: silane-
based, methane-based and acetylene-based plasmas. We also showed that the successive
generations of dust grains is not a systematic feature in dusty plasmas produced using
reactive gases. Some of them, producing more efficiently the first radicals (as silane and
acetylene) are more favorable to dust successive generations, while some others (as methane)

are less favorable due to the difficulty to obtain radicals. Moreover, the self-bias voltage
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based diagnostic has been shown to be an efficient tool to monitor dust particle formation

and growth in various dusty plasma chemistries as silane-based and methane-based ones.

V.4 French summary / Résumé en francais

Les poussiéres jouent un role important & la fois dans le milieu interstellaire et dans les
atmospheéres de planétes telles que Titan. Ainsi, les poussiéres interstellaires (InterStellar
Dust grain, ISD grains) sont connues pour influencer les spectres des galaxies [92], tandis
que l'atmosphére de Titan est réputée contenir de grandes quantités d’aérosols [2]. Tres
peu de données sont disponibles concernant ces poussiéres (taille, composition, propriétés
optiques...). Ainsi, la composition des tholins de Titan ou celle des poussiéres interstellaires
n’est toujours pas déterminée précisément. C’est pourquoi différentes expériences de lab-
oratoire ont été développées pour produire des poussiéres analogues aux tholins de Titan
et/ou aux poussiéres interstellaires.

Les résultats présentés dans ce chapitre ont été obtenus sur deux de ces expériences
de laboratoire. Tout d’abord, les expériences concernant les tholins ont été menées sur le
dispositif PAMPRE, au Service d’Aéronomie en France, dans le cadre d’une collaboration
avec Pr. Cernogora et Dr. Szopa. Les résultats présentés dans la seconde partie, portant
sur les poussiéres interstellaires, ont été obtenus sur un dispositif expérimental de I’"Institut
fiir Experimentalphysik II" en Allemagne lors d'un séjour de recherche, avec 1’aide de Pr.
Winter et Dr. Hong.

Production d’analogues de tholins de Titan : caractérisation plasma sur PAMPRE

Les premiers documents citant Saturne sont attribués aux Assyriens vers 700 avant JC.
Ils y décrivent la planéte comme un scintillement dans le ciel et 'appellent 1’étoile de Ninib.
En 1610, Galilée observe un étrange phénomeéne grace a son télescope : la planéte semble
avoir une forme étirée. En 1659, Christian Huygens élucide cette énigme : cet étirement est
est en fait un ensemble d’anneaux gravitant autour de Saturne. Il découvre aussi la présence
d’un satellite naturel, Titan. Quelques années plus tard, Jean-Dominique Cassini observe
quatre lunes supplémentaires, plus petites que Titan : Japet, Rhéa, Téthys et Dioné.

Titan est la plus grande lune de Saturne, avec un rayon de 2575 km et une masse de
1.34 10?3 kg. Sa température en surface est estimée a 93.65 + 0.25 K et sa pression a 1.467
+ 1 hPa [93]. Titan est situé a 1.4 milliards de kilomeétres du Soleil, et regoit un flux solaire
correspondant & 1.1 % de celui de la Terre.

Pourquoi un tel intérét pour Titan? En fait, la composition actuelle de ’atmosphére
de Titan semble étre relativement semblable & celle de la Terre primitive, c’est a dire celle
de la Terre avant que les premiers étres vivants ne commencent & produire de 1’oxygéne.

La présence de molécules organiques complexes, identiques & celles qui pourraient étre a

Nucleation, growth and behavior of dust particles in reactive low pressure rf plasmas 163



Chapter V: Hydrocarbon-based dusty plasmas

Iorigine de la vie sur Terre, font de Titan un excellent objet d’étude pour les exobiologistes.
A T’heure actuelle, Titan est la seule planéte que I'on connaisse qui ait des caractéristiques
similaires a celles de la Terre en termes d’atmosphére dense et de surface solide avec de
grandes étendues liquides.

Lancée le 15 octobre 1995, la mission Cassini-Huygens est la premiére mission spatiale
consacrée 3 I’exploration de Saturne. Elle est conduite par la NASA, qui a réalisé le module
orbital Cassini, et 'ESA, qui a fourni la sonde Huygens. L’engin spatial s’est inséré dans
Iorbite de Saturne le 1" juillet 2004. Cassini collectera des données sur la structure et
I’environnement de Saturne et de ses satellites pendant quatre ans. La sonde Huygens a été
libérée le 25 décembre 2004 et a atteint Titan le 14 janvier 2005 aprés une descente de plus
de deux heures dans son atmosphére [94]. La figure V.1 donne le synopsis de la mission
Cassini-Huygens.

L’analyse de atmosphére de Titan a réveélé la présence d’azote & 98 % et de méthane a
1.8 %. Le seul gaz rare détecté est 'argon. De I'hydrogeéne et des hydrocarbures ont aussi
été détectés, ce qui n’est pas le cas pour I'eau ou I'oxygene [95]. Lorsque 'on observe Titan,
la planéte semble brun-orangé et le sol n’est pas visible. Ce phénoméne est di a la présence
d’aérosols dans son atmospheére. Ces aérosols, produits par la conversion du méthane dans
la stratosphére de Titan, tombent lentement & sa surface. Les images acquises pendant
la descente de la sonde Huygens ont révélé la morphologie de la lune comme le montre la
figure V.2(a). Les images de Titan apres l'atterrissage montrent comme du "sable" et des

"pierres" (voir figure V.2(b)).

PAMPRE : Production d’Aérosols en Microgravité par Plasma REactif

L’expérience PAMPRE est consacrée & 1’étude des tholins produits dans un mélange
Ny /CHy. Le dispositif expérimental (figure V.3) est basé sur une décharge cc-rf, utilisée a
Iorigine pour le dépot de couches minces. Ce dispositif est trés similaire & celui décrit dans
le chapitre II (expérience Silane). Afin de suivre la formation et la croissance de poudres
dans les plasmas de Ny /CHy, des mesures de V4. ont été réalisées sur deux échelles de temps
différentes.

La premiére série de mesures a été faite dans des conditions typiques de formation de
poudres, pour différentes puissances injectées. Ces mesures nous ont permis de mettre en
évidence des oscillations dans le signal avec une période d’environ 150 s (figure V.4). Ces
oscillations semblent trés similaires a celles observées en Ar/SiHy lors des générations succes-
sives de poudres. Cependant, ces oscillations tendent a s’amortir pour aboutir a un régime
stationnaire en No/CHy alors que ce n’est pas le cas en Ar/SiHy. Par la suite, les mesures
de densités électronique et ionique présentées ont été réalisées dans ce régime stationnaire.

Des mesures simultanées de V4. et de 'intensité de la raie & 337.1 nm de 'azote ont été

faites a l'allumage de la décharge, pendant quelques centaines de secondes. L’intensité de
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cette raie de 'azote dépend a la fois de la densité et de la température électronique dans
le plasma. V. et 13371 répondent tous les deux & la formation de poudres dans la décharge
comme on peut le voir sur la figure V.5, mais de fagon différente. Cela peut s’expliquer
de deux fagons. Tout d’abord, V. refléete ’évolution de la température et de la densité
électronique dans tout le volume du plasma tandis que I3371 est basée sur une mesure ré-
solue spatialement, au centre du plasma. De plus, les temps de réponse associés aux deux
diagnostics différent: V4. est affectée par les électrons alors que Ig37; est affectée a la fois
par les électrons et les molécules de No.

Nous avons ensuite mené une étude paramétrique sur l'efficacité de la production de
poudres dans les plasmas No/CH4. La puissance injectée, la pression et la dilution du
mélange ont été testées. Cette étude a permis de montrer que la formation de poudres
semblait étre favorisée par des pressions supérieures au mbar en terme de cinétique, et par
des pressions autour du mbar en terme de quantité d’aérosols formés. Un optimum dans la
cinétique de formation a été mis en évidence autour de 28 W de puissance injectée. De plus,
nous avons constaté que les conditions de dilution correspondant & celles de ’atmosphére
de Titan (No/CH4 = 98:2) étaient les plus favorables a la formation d’aérosols dans notre
cas.

Des mesures de densités électronique (par cavité résonante micro-onde) et ionique (par
sonde de Langmuir) ont été réalisées sur PAMPRE. Pour pouvoir interpréter ces mesures,
plusieurs hypothéses ont été faites. Tout d’abord, les densités électronique et d’ions positifs
sont supposées égales. Ensuite, la température électronique est estimée a 2 eV (une valeur
typique dans ce type de plasma). De plus, tous les résultats suivants concernent le régime
stationnaire de la décharge. La figure V.9 présente un apercu des résultats obtenus. Les
mesures faites dans les plasmas d’azote pur ont permis de valider la méthode. En effet,
les valeurs de densités électronique et ionique dans ce cas sont trés proches, et les écarts
s’expliquent du fait de I'incertitude sur la température électronique, impliquée dans le calcul
de la densité ionique. Concernant les basses pressions, nous ne présentons aucun résultat
pour des pressions inférieures a 0.4 mbar, du fait de trop nombreuses incertitudes (tempéra-
ture électronique, épaisseur de gaine, précision de la mesure pour de faibles courants) ren-
dant les résultats inexploitables. Les mémes mesures ont ensuite été faites pour différentes
quantités de méthane dans le plasma (figure V.9). Les variations de la densité électronique
en fonction de la pression sont assez semblables & celles observées en azote pur. Cepen-
dant, I’ajout de méthane dans le décharge diminue considérablement la densité électronique
(d’un facteur 2 environ). Pour toutes les dilutions, un maximum est observé autour de 0.4
mbar et un minimum autour de 0.8 mbar. Ce minimum n’est pas expliqué pour l'instant,
méme si il semble correspondre a un pic d’efficacité dans la production de tholins. Peu de
mesures de densité ionique ont été réalisées. En effet, le dépdt organique dans les plasmas
Ny /CHy tend a rendre la sonde isolante, et génére ainsi de grandes erreurs de mesure. Le

peu de résultats obtenus est consistant avec les valeurs de densité électronique. Cependant,
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il est impossible de déduire I'attachement électronique sur les tholins & partir de ces mesures.

Ellipsométrie de Mie-Rayleigh dans des plasmas Ny/CoHo

L’ellipsométrie est une méthode optique de caractérisation, non-destructrice, trés sensi-
ble pour analyser les interfaces entre deux milieux. Cette méthode est basée sur la mesure de
I’état de polarisation d’un rayon lumineux, qui a été modifié par une réflexion sur la surface
d’un échantillon. Le changement de polarisation entre ’onde incidente et 'onde réfléchie
permet d’accéder & différentes informations concernant la nature physique de 1’échantillon
. épaisseur et indice optique. Les données obtenues par la mesure sont appelées les angles
ellipsométriques, notés ¥ et A. La figure V.10 donne un apergu de la géométrie d’une
mesure ellipsométrique. La quantité mesurée est une intensité lumineuse qui donne p cor-
respondant au rapport entre le coefficient de réflexion paralléle et le coefficient de réflexion
perpendiculaire. L’équation V.1 donne la relation fondamentale de D’ellipsométrie. TanW¥
correspond & la variation d’amplitude aprés la réflexion sur ’échantillon, tandis que A est
la différence de phase due & cette méme réflexion. Schématiquement, un ellipsométre est
constitué d’une source de lumiére, d’'un détecteur et d’un certain nombre de composants
optiques entre les deux (généralement au moins deux polariseurs, voire trois).

L’ellipsométre a élément rotatif (le polariseur, I’analyseur ou la compensatrice) est basé
sur la mesure de l'intensité réfléchie pour différents angles de I’élément rotatif. Le dispositif
le plus utilisé (figure V.11) est celui avec un analyseur rotatif. Ce type d’ellipsométre est
relativement facile a mettre en oeuvre. Cependant, I'alignement des composants optiques
et de la source lumineuse est critique afin d’obtenir une précision suffisante sur la mesure.
De plus, une incertitude persiste toujours pour les valeurs de I’angle A autour de 0 et 180°
car la lumiére est quasiment polarisée linéairement pour ces angles. Comme la mesure de
A se fait entre 0 et 180°, il est impossible de déterminer le sens de polarisation de la lu-
miére. C’est pourquoi on insére parfois une compensatrice (qui devient I’élément rotatif)
entre ’échantillon et ’analyseur. La vitesse de rotation de I’élément rotatif peut aussi étre
un facteur limitant pour la résolution temporelle des données acquises. La section V.2.a.i
donne un apergu de I'analyse d’un ellipsométre a élément rotatif par I'optique matricielle.
Dans un souci de simplicité, nous considérons un ellipsométre a analyseur rotatif, qui s’avére
le plus simple a décrire.

Les mesures ellipsométriques peuvent étre réalisées sur des poudres en lévitation dans un
plasma au lieu d’un substrat. De la méme fagon que précédemment, I'état de polarisation
de la lumiére réfléchie par les poussiéres peut étre décrit par les deux angles ellipsométriques
U et A. Afin de réaliser les mesures d’ellipsométrie de Mie-Rayleigh, nous avons utilisé un
ellipsométre & compensatrice rotative. L’analyse matricielle de cet ellipsométre est dévelop-
pée dans la section V.2.a.iii. L’ajustement des données est basé sur une méthode suggérée

par Hong et al [104]. Pour déterminer l'indice optique des nanoparticules, un profil de
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rayon dépendant du temps est utilisé. Ce profil est basé sur I'idée que la croissance des
poudres, mesurée par MEB ex-situ, montre un comportement fortement non-linéaire pen-
dant les phases de nucléation et de coagulation, puis devient quasi-linéaire par la suite
[34, 106, 103]. Hong et al ont ainsi construit un profil de rayon dépendant du temps a l'aide

de la combinaison d’une fonction puissance et d’une fonction linéaire (équation V.29).

Mesures ellipsométriques

Le réacteur utilisé pour réaliser les expériences est une cellule GEC standard. Elle
est constituée de deux électrodes paralleles de diameétre 10.2 cm, séparées par 3.1 cm. Un
générateur rf (13.56 MHz) est couplé capacitivement & une des électrodes au travers d’une
boite d’accord. La seconde électrode est a la masse [41, 106, 99]. La synthese de pous-
siéres est réalisée dans un mélange No/CoHy (8:1 et 8:2 sccm) & une pression d’environ 1071
mbar. La puissance injectée varie entre 10 et 60 W. Le dispositif expérimental utilisé pour
les mesures est présenté figure V.12 et détaillé section V.2.b.

La figure V.13 donne un exemple typique de l'acquisition de données lors d’une mesure
d’ellipsométrie de Mie-Rayleigh. Sur cette figure, la croissance des poussiéres apparait
clairement comme un phénoméne périodique, et trois cycles sont mis en évidence avec une
période de l'ordre de 3 & 4 minutes. Ce premier résultat est parfaitement cohérent avec
I’observation des générations successives de poudres que nous avons faite dans les plasmas
Ar/SiHy (chapitre IV) et celle faite par Hong et Winter [41]. De plus, I’évolution temporelle
de ¢ et A présente différentes variations au cours d’un cycle de croissance. En corrélant
ces évolutions au profil de rayon dépendant du temps défini précédemment, il est possible
d’obtenir la variation des angles ellipsométriques en fonction du rayon des poussiéres. Ainsi,
la structure interne des poussiéres peut étre déduite grace a l'ajustement de ces données.
Le schéma V.14 montre un diagramme du processus de déduction.

Une étude paramétrique a été menée en faisant varier la dilution du mélange No/CoHo
(8:1 et 8:2 sccm) et la puissance injectée (de 10 & 60 W). Les résultats montrent qu’a basse
puissance injectée, l'augmentation de la quantité d’acétyléne dans le mélange tend a ren-
dre la croissance des poussiéres plus homogéne. De la méme facon, 'augmentation de la
puissance injectée a dilution constante, tend aussi a rendre la croissance plus homogéne.
Un exemple d’ajustement des données (aimablement mis & disposition par S.H. Hong) est
présenté figure V.16. Cette figure met en évidence le fait que la formation de la premiére
génération de poussiéres différe toujours des suivantes, qui sont elles relativement similaires.
Ainsi la courbe de la premiére génération peut étre ajustée grace a la courbe rouge (cor-
respondant a un indice optique m = 1.95 - 0.27), tandis que deux indices optiques (m =
1.95 - 0.2¢ en rouge et m = 1.87 - 0.12¢ en noir) sont nécessaires pour ajuster les cycles de
croissance suivants. Il est important de noter que les ajustements de ¥ et A doivent étre

faits simultanément, et que l'indice optique retenu est celui qui permet d’ajuster au mieux
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les deux angles. La premiére conclusion qui peut étre tirée de cet ajustement est que plus
les poussiéres sont petites, plus leur indice optique est élevé. Ainsi, les poussiéres présentent
un noyau dur (r < 50 nm) avec un indice de réfraction élevé (n = 1.90 & 2) et une enveloppe
plus tendre (n = 1.75) qui peut étre comparée a une couche PLC (Polymer-Like Carbon)
[109]. Les poussiéres présentent ainsi une structure concentrique relativement similaire &
celle observée dans [108, 41].

Les données acquises lors de ces campagnes de mesures sont actuellement en cours de
traitement & I'Université de Bochum. Les résultats sont cependant trés prometteurs et
laissent présager de possibles applications dans le domaine de la production de poudres

multifonctionnelles de taille controlée.
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Chapter VI

Tailoring of silicon nanocrystals at

low gas temperatures

Nanocrystals of semiconductor materials (silicon, germanium ...), also named quantum dots,
have potential applications in a variety of photonic devices. The size-tunable optical and
electrical properties of silicon nanoparticles make silicon nanocrystals interesting candidates
for a wide spectrum of applications [3|. As an example, photo- or electroluminescence of Si
nanocrystals is tunable through the controlled variation of the nanocluster size [110].

Presently, an easy-to-implement way of controlling silicon nanocrystal size is needed.
A way to modify their size can be by modifying the gas temperature in the dust forming
plasma. Indeed, high gas temperatures have been shown to have a significant effect on the
dust formation kinetics, inducing a delay in their growth [35, 13]. Moreover, increasing the
gas temperature tends to lower the nanocrystal size.

We thus investigated the effects of low gas temperatures, expecting to increase the
nanocrystal size, and to accelerate the formation kinetics. In the following, we show that
gas temperature have a significant effect on Si nanocrystal size in a cc-rf Ar/SiHy discharge.
Finally, the obtained results are discussed both from a chemical and a thermodynamical

point of view.
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V1.1 State of the art

The study of the effects of low gas temperature on dust particle formation has been moti-
vated by the already-known effects of high gas temperature on this process. Indeed, these
effects, summarized in the following sections, let us think that decreasing the gas tempera-
ture in the discharge could allow to tailor bigger silicon nanocrystals, using a well-controlled

process in Silane-based plasmas.

VI.1.a High gas temperature effect on kinetics

The effect of high gas temperature on dust particle formation kinetics has been studied for
more than ten years now. In 1994, Boufendi and Bouchoule evidenced that an increase
of the gas temperature made the kinetics longer. They performed Laser Induced Particle
Explosive Evaporation (LIPEE) measurements for gas temperatures ranging from 20°C to
150 °C and obtained the results presented in figure VI.1 [35].

In her PhD thesis, M.C. Jouanny demonstrated that the different steps of dust particle
formation are all delayed by increasing the gas temperature [13]. An overview of this study,
performed using the V,4./3H diagnostics, is presented in figure VI.2. These results confirmed
the ones obtained in [35].

A more detailed analysis of the gas temperature effect on the onset of the aggregation
phase has been performed in chapter III. As an example, figure I11.12 clearly shows the
delay induced by the gas temperature increase on the appearance of the instability, and

thus on the aggregation onset.
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Figure VI.1: LIPEE signal showing a delay of nucleation with increasing gas temperature
[35].
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Figure VI.2: Time evolution of 3H as a function of high gas temperatures [13]. Temps (s)

is time in seconds, Ty, is for room temperature.

VI.1.b Gas temperature effect on dust particle size and structure.

Modifications of the gas temperature also have an effect on the properties of dust parti-
cles synthesized in the plasma. The most outstanding effect is the size variation of the
nanocrystals. Hadjadj et al showed in [111] that the rugosity of thin films deposited at the
end of the nanocrystal accumulation phase tended to decrease when the gas temperature
was increased. This result lets surmise that the nanocrystal size decreases when the gas
temperature increases.

Characterization of depositions performed at different gas temperatures confirmed these
results. Indeed, thanks to TEM analysis, nanocrystals deposited at 100°C were evidenced
to be around 0.9 nm in radius [112]. Using Raman spectroscopy, nanocrystals deposited
at respectively 0°C and 50°C, were shown to be respectively around 2.8 nm and 1.4 nm in
radius [112]. These radii have to be compared to the radius value at room temperature,
which is around 1.5 nm.

Concerning the nanocrystal structure, two important points are underlined by Viera et
al in [39]. First, Si nanocrystals have been shown to be in the fcc phase whatever the gas
temperature used to synthesized them. Second, it has been evidenced that the Si nanocrys-
tals maintain the same atomic arrangement once incorporated in a film. This result thus

confirms the validity of ex-situ analyses to determine dust particle structure in the gas phase.
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V1.2 Experimental conditions

In this section, a brief overview of the method used to cool down the experimental set-up
is given, and a succinct description of the method used to characterize synthesized dust

particles (the Debye-Scherrer method for x-ray diffraction) is presented.

V1.2.a Experimental set-up

In order to decrease the gas temperature in the whole discharge volume, a liquid nitrogen
circulation has been implemented on the set-up described in chapter II (see figure VI.3).
The flow rate of liquid nitrogen is controlled thanks to a servovalve. This valve provides a
closed valve opening loop response to a gas temperature measurement provided by a J-type
thermocouple located in the gas flow, below the plasma box. Temperatures down to -40°C
can be reached depending on external conditions such as the room temperature. The gas

temperature is maintained in a range of a few degrees around the set point.

Figure VI.3: Sketch of the liquid nitrogen circulation on the Silane experiment.

VI.2.b Experimental constraints

Cooling down the whole plasma chamber is a limiting factor to get very low gas temperatures
in the plasma box. The cooling down process is very time-consuming. As an example, figure
V1.4 shows the gas temperature evolution in the chamber as a function of time once the
circulation of liquid nitrogen has begun. As one can observe, more than one hour (70 min
indeed) are needed to get 0°C in the chamber. This time reaches respectively around 100
min and 150 min to get -10°C and -20°C. Moreover, the equipment we had did not allow a
sufficient liquid nitrogen flow rate to get temperatures lower than around -25°C. To reach
a gas temperature of -40°C, we used another equipment, allowing to get a more important
liquid nitrogen flow rate, kindly made available by another team for a few days.

Due to experimental constraints, depositions had to be performed in the discharge box.
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Indeed, several tests were performed in post-discharge, and it appeared that dust particles
tended to deposit on the sides of the plasma box instead of landing on its bottom. This
effect is certainly due to thermophoresis: as we cool down thanks to a lateral circulation of
liquid nitrogen, the sides of the plasma box are expected to be colder than its bottom, thus
attracting dust particles. Thus, depositions must be performed in the discharge box to be
sure to obtain a sufficient density to allow analyses. This aspect is an important limiting
factor: it means that for each sample the plasma chamber has to be opened. For each
deposition, the reactor is opened to set the substrate in the plasma box, then the chamber
is pumped down and cooled down, the deposition (of a few minutes) is performed, then
we have to wait until the chamber warms up to room temperature to open it and get the
sample back. This whole process lasts several hours (depending on the gas temperature
reached) to obtain a single sample. On average, we needed a whole day to obtain a single

sample.
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Figure VI.4: Gas temperature decrease as a function of time, once the liquid nitrogen

circulation has begun.

VI1.2.c Characterizations

To quantify low gas temperature effect on the dust particle formation kinetics, the V4./3H
diagnostics has been used. Synthesized dust particles have been characterized using both
scanning electron microscopy (SEM) and x-ray diffraction. The principle of SEM imaging
has already been detailed in chapter II. In the following, we will give a summary concerning
the Debye-Scherrer method for x-ray diffraction. The so-called Debye-Scherrer method
is the most commonly used method to characterize powders. It consists in irradiating a

sample with a thin monochromatic x-ray beam. Generally, a x-ray diffraction set-up is
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Figure VL.5: Sketch of a Debye-Scherrer chamber for x-ray diffraction (adapted from [114].)
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Figure VI.6: Example of a x-ray diffraction spectrum [114].

mainly composed of a x-ray source, the sample to characterize and a detector [113, 114].
Figure V1.5 shows the sketch of a Debye-Scherrer chamber.

A well-defined Debye-Scherrer spectrum corresponds to each crystalline phase. Figure
V1.6 gives an example of a diffraction spectrum for Quartz. The black curve is the recorded
spectrum, while the colored curves are the fits of each peak. To identify the crystalline
phases of the obtained spectrum, the spectrum has to be compared with the ones referenced
by the American Society for Testing Material (ASTM). From this spectrum, the crystallite
size in the sample can also be determined. For this purpose, Scherrer proposed a simple

equation:
KA
°c Bpcosty

(VL1)

with L. the crystallite size, K a shape factor, A the wavelength of the diffracted beam, 3,
the peak width on the spectrum and 6, the diffraction angle [114].
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VI.3 Preliminary results

In this section, we present the preliminary results on the effect of low gas temperatures on

the dust particle formation kinetics, size and structure.

VI.3.a Kinetics

The evolution of the dust particle formation kinetics has been studied for gas temperatures
from 301 K down to 248 K using the V4./3H diagnostics. Figure VI.7 shows the time
evolution of 3H for different gas temperatures on a time-scale of about 4 s. Curves are
shifted in the vertical axis in order to get a better overview of their evolution. The uppermost
curve corresponds to 301 K, while the lowest one corresponds to 248 K. This figure is quite
comparable to figure II1.14 in chapter III besides the different time-scales. Data of figure
VI.7 have been obtained using a slightly different equipment to cool down the gas. It
allowed us to reach very low gas temperatures faster, and thus to obtain a wider spectrum
of comparable data. In this figure, we can see clearly that all the steps of dust particle
formation become shorter when the gas temperature is decreased. This result is in great
agreement with the one obtained from figure I11.14, which showed that the two first steps
of dust particle growth occurred faster at low gas temperatures.

As we deduced the kinetics evolution for high gas temperatures in figure I111.13(a) from
figure TI1.12, we can deduce this same kinetics evolution for low gas temperatures from
the data of figure VI.7. For this purpose, we noted down the time corresponding to the
onset of the aggregation phase, i.e. to the beginning of the aggregation instability as
demonstrated in chapter III. The obtained curve (not displayed here) is really comparable to
the one presented in figure I11.15(a) in chapter III. By gathering all these data, we obtained
figure VI.8 that displays the kinetics evolution as a function of the gas temperature in
a temperature range comprised between 248 K and 398 K. Red dots are experimental
data. The blue curve is a fit of these data. As can be seen in this figure, the lower the
gas temperature, the faster the formation kinetics. Thanks to the fit, we can evidence
that the kinetics evolves exponentially with the gas temperature, following a law given by
taggregation(8) = AeBTE)=C) where A, B and C are constants used to adjust the fit.

VI.3.b Nanocrystal size

Gas temperature was suspected to have an influence on the size of nanocrystals synthesized
in the plasma. In order to confirm this hypothesis, several depositions have been performed
for different gas temperatures from 100°C (373 K) down to -40°C (233 K). The nanocrys-
tal mean size has then been evaluated using different methods, depending on the sample.
Nanocrystals deposited at 100°C were evidenced to be around 0.9 nm in radius using TEM
[112], nanocrystals deposited at respectively 0°C and 50°C were shown to be respectively

around 2.8 nm and 1.4 nm in radius using Raman spectroscopy [112], and nanocrystals
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Figure VI.7: Time-evolution of 3H for low gas temperatures.
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Figure VI.8: Evolution of the dust particle formation kinetics as a function of low gas

temperatures.
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Figure VI.9: Nanocrystal radius as a function of the gas temperature.

deposited at respectively 25°C and -40°C were shown to be respectively around 1.5 nm and
40 nm using SEM. Figure VI.9 shows the nanocrystal mean size evolution as a function of
the gas temperature in the discharge. Red dots are experimental data. The blue curve is
a fit of these data. It clearly appears that decreasing the gas temperature allows to obtain
bigger nanocrystals. The most outstanding example is the result obtained for a gas tem-
perature of -40°C. In this case, the nanocrystal size reaches 40 nm in radius as can be seen
in the SEM image presented in figure VI.10. Thanks to the fit, we can evidence that the
nanocrystal radius increases as 1/(Ty — Tjimit). In order to obtain more data, and thus a
better statistics, four more samples have been deposited to be analyzed using x-ray diffrac-
tion. The analysis is currently underway. The value of Tj;,;: giving the best fit is 230 K.
Due to experimental constraints, we could not reach this gas temperature on our set-up.
So presently, we can not conclude on dust particle formation for gas temperatures around
the value of Tj;,;:. However, as crystals can not physically grow up endlessly when Tj;m,+
is attained, two hypothesis can be made. First, the nanocrystal size tends to a "limit" size,
which will remains the same whatever the gas temperature below Tjmi:. Second, for gas
temperatures below Tj;ni:, no more dust particles are synthesized in the plasma, and no

dust forming conditions are reached for so low gas temperatures.

V1.3.c Nanocrystal structure

In [39], Viera et al demonstrated that nanocrystals synthesized with a gas temperature rang-
ing from 25°C to 150°C are mainly in the fcc phase. However, the electron diffraction pattern
also shows that fcc and diamond structures coexist in the sample (with a more important

fce structure contribution). The authors thus assumed that the smallest nanoparticles were

Nucleation, growth and behavior of dust particles in reactive low pressure rf plasmas 177



Chapter VI: Tailoring of silicon nanocrystals at low gas temperatures

Figure VI.10: SEM image of nanoparticles synthesized for a gas temperature of -40°C.

in the fcc phase and the larger ones were more likely to have a diamond-like structure.
In order to predict the structure of the nanocrystals, several parameters have to be taken
into account. As an example, Viera et al [39] underlined the role of the Argon dilution on
the particle structure by comparing dust particles synthesized in Ar/SiH4 and pure SiHy
plasmas. Nanoparticles synthesized in pure Silane plasmas appears to be amorphous, while
the ones synthesized in Ar dilution are in the fcc phase. This structure could be the results
of collisions of high energetic plasma species with the dust particles. This point suggests
that dust particles synthesized in Ar/SiH plasmas present a structure mainly due to the
nature of the buffer gas. This result seems to be independent of the gas temperature and
could let us think that nanocrystals synthesized at low gas temperature should have the
same fcc structure.

Nevertheless, the fcc structure is a metastable phase of Silicon. The existence of this
structure for 2 nm nanocrystals may be due to size effects: for such small sizes, the surface
effect is suspected to have a predominant role [115]|. Indeed, the bonding configuration of
atoms on the surface of nanocrystals could be distinct enough from the one of the bulk
to reduce the Gibbs free energy [39]. Thus, as nanocrystals seem to be bigger at low gas
temperatures, their structure may change. In fact, in small clusters, unusual geometries
can sometimes be thermodynamically stable, while in larger nanocrystals, the size effect
is not sufficient to stabilize these particular bonding geometries [115]. Several possibilities
have to be considered for larger nanoparticle structure. First, larger nanoparticles are not
likely to be amorphous: for nanoparticle size lower than 50 nm, a-Si is not predicted to be
thermodynamically stable [115]. Second, larger nanocrystals could adopt the structure of
the bulk, i.e. diamond-like structure (that is already observed for a few nanocrystals in the
nm size range [39]). A last structure could appear: a fcc core embedded in a diamond-like

shell. Indeed, in dynamic processes such as crystal growth, it is possible to trap a metastable
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structure in larger crystallites [115].

Moreover, ns-films containing silicon nanocrystals are known to be highly hydrogenated
[116]. This fact has to be taken into account because the saturation of the nanocrystal
surface could also influence the most stable structure [39]. Indeed, Vach et al [117| demon-
strated, using numerical modeling, that the only way to obtain crystalline clusters in pure
SiH4 plasmas is be in presence of active atomic hydrogen.

Finally, it appears that the structure of nanoparticles synthesized at low gas tempera-
ture is very fussy to predict. However, they are very likely to be crystalline but only an

appropriate analysis could determine their exact structure. This work is currently underway.

V1.4 Discussion

The gas temperature has been shown to have a significant effect on dust particle formation
kinetics. Various explanations for this effect have been proposed by Fridman et al [38],
Perrin et al [80] and Bhandarkar et al [78|.

Fridman et al [38|, proposed that the nucleation may be delayed by increasing the gas
temperature due to the temperature dependence of the de-excitation of vibrationally excited
SiH4. They assumed that the clustering pathway in silane-based plasmas involves chain
reactions between anions and excited neutral SiH4 as explained in chapter I. From Fridman
et al [38], an increase in the gas temperature reduces the density of excited species through
vibrational-rotranslational transitions described by a Landau-Teller expression. Thus the
decrease in the density of vibrationally excited species slows down the clustering chain.

Perrin et al [80] proposed that the electron attachment rate depends on the temperature.
Electron attachment to silicon hydrides leads to the formation of anionic species. In some
cases a third body is needed to stabilize the created anionic complex. Since the reaction
rate for stabilization reactions depends on the number density of the surrounding gas, it
is inversely proportional to gas temperature [80]. Thus the higher the gas temperature,
the lower is the expected attachment rate, leading to slower anion formation, and thus to
a slower nucleation process [80]. However, this hypothesis has been undermined in M.C.
Jouanny’s PhD thesis [13]. Indeed she demonstrated that the gas temperature has no effect
on the formation of negative ions: neither on their quantity nor on their delay of formation
[13, 75].

Bhandarkar et al [78] suggest that the temperature dependence of the Brownian diffusion
coefficient could delay the nucleation. Dust particles of less than 1 nm in size can only
hold one or two negative charges and can be easily neutralized or even positively charged.
The neutral and positive particles can escape from the plasma by diffusion or drift in the
ambipolar field, respectively [78]. Moreover, the Brownian diffusion coefficient depends
on temperature (o T;’/2) at constant pressure. Thus, an increase in the gas temperature

increases the losses and decreases the growth rate of dust particles |78].
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The effects of gas temperature we observed on dust particle formation let think that
this process can be compared to the homogeneous nucleation and growth of crystals in
supersaturated media [118, 119, 120, 121, 122, 123]. In this case, the probability P..; per
particle that a spontaneous fluctuation will result into the formation of a critical nucleus

depends on the free energy (Gibbs energy) required to form such a nucleus [121]:
Perip = eiAGcrit/kBT (VIQ)

The crystal nucleation rate per unit volume J is the product of P..;; by the kinetic factor
Jo [119, 120, 121, 122]:
J = Jy e AGerit/ksT (VL.3)

Specific features of the kinetics of the process are incorporated via the pre-exponential fac-
tor Jp [123]. For one-component system (as ours), Jy is notably proportional to the number
of possible nucleation centers (SiHj ions in our case) [123]. As we demonstrated that the
number of nucleation seeds does not depend on the gas temperature in our experiment (Jy
constant), equation VI.3 clearly shows the gas temperature dependence of the nucleation
rate and thus the kinetics. According to equation VI.3, an increase in the gas temperature
should make the kinetics longer. Results presented in figure VI.8 are in perfect agreement
with this theory.

Assuming an incompressible cluster, with some given concentration ¢, and approxi-
mately of spherical shape with a radius r, the change of the thermodynamic potential G,

due to the formation of an aggregate may be expressed approximately as [123]:
AG = —n,Ap+dA, (VI4)

where A, is the surface area of the cluster, o the surface or interfacial tension of the cluster,
nq the number of particles in the cluster and Ay the difference of chemical potential per
mole or particle.

In order to express AG as a function of the temperature, Ay can be written as follow:
Ap =kgTInS (VL5)

where S is the "monomer supersaturation ratio" [119]. In most cases, S is considered as
independent of the temperature [119, 122]. Finally, from equations VI.4 and VL5, AG can
be written as:

AG = —ngkTInS + oA, (VL.6)
The dependence AG = AG(r) is illustrated in figure VI.11. For clusters with a ra-

dius r < r¢, the thermodynamic evolution criteria predicts that the cluster will dissolve.
Clusters with a radius r > r. will grow spontaneously up to macroscopic dimensions [123].
The critical size r. corresponds to a maximum of AG. This corresponding radius can be
determined approximately via the relation [119, 123]:

20 20
AT} - cakpTInsS

Te =

(VL7)
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AG

s
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Figure VI.11: Evolution of AG as a function of the cluster radius r

From equation VI.7, the critical radius clearly appears to depend on the temperature
as 1/T. Results presented in figure VI.9 perfectly meet the theory, as the evolution of the

nanocrystal radius as a function of gas temperature is well-fitted by a 1/T" law.

V1.5 French summary / Résumé en frangais

Les nanocristaux semiconducteurs (silicium, germanium), aussi appelés ilots quantiques
(quantum dots), présentent des applications potentielles dans divers dispositifs photoniques.
Les propriétés électriques et optiques des cristaux de silicium sont variables en fonction de
leur taille et en font des candidats potentiels pour de nombreuses applications [3]. A titre
d’exemple, la photo- ou électroluminescence des nanocristaux de Si est accordable via leur
taille [110]. A I'heure actuelle, il est nécessaire de mettre au point un systéme de controle de
la taille facile & mettre en oeuvre. Une facon possible de modifier la taille des nanocristaux

peut étre de modifier la température du gaz dans la décharge.
Etat de 'art

Cette étude sur les effets des basses températures de gaz sur les poudres a été mo-
tivée par les connaissances déja acquises sur les effets des hautes températures de gaz. En
effet, les effets connus de la température de gaz laisse penser qu’une diminution de cette
derniére pourrait permettre de faconner des nanocristaux de taille plus importante a partir
du procédé que nous utilisons en argon-silane.

En 1994, Boufendi et Bouchoule [35] ont montré, grace a une étude par LIPEE, que
I'augmentation de la température de gaz allongeait globalement la cinétique de formation
des poussiéres. Dans sa thése, M.C. Jouanny [13] a mis en évidence l'allongement de cha-
cune des phases de formation de poussiéres lorsque la température est augmentée. De plus,
I’étude menée sur le démarrage de la phase d’agrégation dans le chapitre III est venue con-
firmer ces résultats.

Il a aussi été démontré que 'augmentation de la température de gaz diminue la taille
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des nanocristaux synthétisés. Des nanocristaux déposés a 100°C présentent un rayon de
l'ordre de 0.9 nm (analyse TEM) [112], d’autres nanocristaux déposés respectivement a 0°C
et 50°C présentent des rayons respectivement autour de 2.8 nm et 1.4 nm [112].
Concernant la structure des nanocristaux, Viera et al soulignent deux points importants
dans [39]. Tout d’abord, les nanocristaux présentent uns structure cubique face centrée (cfc)
quelle que soit la température de gaz a laquelle ils ont été synthétisés (entre 25 et 150°C).
De plus, le fait de déposer les nanocristaux sur un substrat ne perturbe pas leur structure

cristalline, ce qui permet de confirmer la validité des analyses ex-situ.

Conditions expérimentales

Afin d’abaisser la température des gaz dans le réacteur, une circulation d’azote liquide
a été mise en place. Le flux d’azote liquide est contrdlé grace a une vanne pilotée en tem-
pérature. La température est mesurée a 1’aide d’un thermocouple de type J, placé dans le
flux de gaz sous la boite & décharge. Gréce a ce dispositif, des températures de 'ordre de
-40°C peuvent étre atteintes et maintenues & quelques degrés pres.

Cependant, refroidir la totalité du réacteur s’avére étre un facteur limitant important.
Le temps nécessaire au refroidissement est trés long : typiquement il faut plus d’une heure
pour atteindre 0°C, et aux alentours de 100 min et 150 min pour atteindre -10°C et -20°C. De
plus, du fait de contraintes expérimentales principalement dues a la force de thermophorése
induite, les dépots doivent étre réalisés a l'intérieur de la boite a décharge. C’est le second
facteur limitant dans ce cas. Pour chaque dépdt, il est nécessaire d’ouvrir le réacteur pour
placer le substrat, puis de pomper et de refroidir, ensuite le dépot de quelques minutes est
réalisé. Il faut ensuite attendre que le réacteur soit revenu a la température ambiante pour
pouvoir U'ouvrir et récupérer I’échantillon déposé. Au final, il faut en moyenne une journée

pour obtenir un seul et unique échantillon.

Reésultats préliminaires

L’évolution de la cinétique de formation des poussiéres a été étudiée pour différentes
températures de gaz entre 248 et 301 K, a I’aide du diagnostic électrique V4./3H. La figure
VI.7 donne un apercu des résultats sur une échelle de temps d’environ 4 s. Sur cette figure,
on voit clairement que toutes les étapes de formation des poussiéres deviennent plus cour-
tes lorsque la température des gaz est abaissée. Ce résultat vient corroborer les résultats
précédemment obtenus sur la phase d’accumulation et d’agrégation & basse température,
au chapitre III.

Afin de définir I’évolution de la cinétique pour les basses températures de gaz, nous
avons procédé de la méme fagon que pour définir I’évolution de la cinétique en fonction des

hautes températures de gaz au chapitre III. Nous avons donc relevé l'instant correspondant
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au démarrage de l'instabilité (donc de I'agrégation) sur chaque courbe. Lorsque que l'on
recoupe ces données avec celles obtenues précédemment pour les hautes températures de
gaz, on obtient I’évolution de la cinétique de formation entre 248 et 398 K présentée figure
VI.8. Comme on peut le constater sur cette figure, plus la température de gaz diminue,
plus la cinétique de formation accélére selon une loi du type tqggregation(s) = AeB(T(K)=0)
(o A, B, et C sont des variables d’ajustement).

La température de gaz apparait comme un bon moyen de controle de la taille des
nanocristaux de silicium. Afin de compléter les résultats obtenus par Boufendi [112], nous
avons réaliser de nouveaux dépdts de nanocristaux, en abaissant significativement la tem-
pérature des gaz dans le réacteur. Ces nouveaux résultats nous ont permis d’obtenir la
courbe présentée figure VI.9. On y observe que le rayon des nanocristaux de silicium est
tres sensible & la température du gaz lors de la synthése : plus le gaz est froid, plus les
cristaux obtenus sont gros. On atteint notamment un rayon de 40 nm environ pour une
température de gaz de -40°C. Grace a 'ajustement des données, on peut mettre en évidence
que la taille des cristaux évolue selon une loi du type 1/(Tgas — Tiimit)- La valeur de Tt
est de 'ordre de 203 K d’aprés notre meilleur ajustement. L’existence de cette tempéra-
ture limite souléve la question du comportement des cristaux au-deld de cette température.
Physiquement, ils ne peuvent pas croitre indéfiniment. Nous pouvons donc formuler deux
hypothéses : soit ils atteignent une taille limite qu’ils ne dépasseront plus méme si 1’on
continue a diminuer la température de gaz, soit les conditions de formation de poudres ne
sont plus réunies pour des températures inférieures a 203 K. Des études complémentaires
sont envisagées pour déterminer la valeur de ces hypothéses.

Concernant la structure des nanocristaux, il a été démontré notamment par Viera et al
[39], que pour des températures de gaz comprises entre 25 et 150°C, les cristaux conservaient
la méme structure cfc. Il est cependant difficile de prévoir la structure des nanocristaux
obtenus & basse température. En effet, du fait de leur taille plus importante, ils sont sus-
ceptibles de présenter une phase cristalline différente. Différentes hypothéses peuvent étre
proposées. Tout d’abord, les nanoparticules ont peu de chance d’étre amorphes : pour des
nanoparticules de moins de 50 nm cette phase n’est pas stable thermodynamiquement [115].
Les nanocristaux pourront donc soit adopter la structure du silicium en volume (bulk, struc-
ture diamant), soit adopter une structure du type cfc entourée d’une enveloppe présentant
une structure diamant [115]. Un dernier aspect doit étre pris en compte : la forte teneur
en hydrogéne des nanocristaux peut aussi influer sur leur structure cristalline. Au final, la
structure des nanocristaux synthétisés a basse température s’avére extrémement délicate a

prédire, les analyses sont actuellement en cours.
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Discussion

Différentes explications ont été proposées afin d’expliquer 1’évolution de la cinétique
en fonction de la température de gaz. Fridman et al [38] expliquent cette évolution par la
dépendance en température de la dé-excitation des molécules de SiH4 vibrationnellement
excitées. Perrin et al [80] expliquent par la diminution de la densité d’ions négatifs lorsque
la température augmente. M.C. Jouanny a cependant montré dans sa thése [13]| que cette
hypothése n’était pas valable dans notre cas. Bhandarkar et al [78| proposent quant a eux
que la dépendance en température du coefficient de diffusion brownienne pourrait expliquer
cet effet.

Les effets observés lors de la modification de la température dans notre systéme laissent
penser que la croissance des poussiéres pourrait étre comparée a la nucléation homogeéne
dans les milieux supersaturés [118, 119, 120, 121, 122, 123|. Dans ce contexte, le taux de
nucléation dépend explicitement de la température du gaz, et une augmentation de cette
température provoque une diminution du taux de nucléation. Nos résultats expérimentaux
sont parfaitement en accord avec cette variation. De plus, cette méme théorie prévoit une
augmentation de la taille des cristaux formés lorsque la température de gaz est abaissée,
avec un rayon critique proportionnel a l'inverse de la température. Nos premiers résul-
tats expérimentaux sont en accord parfait avec cette loi, puisque nous avons montré que

I’évolution du rayon en fonction de la température pouvait étre ajusté par une loi en 1/7.
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Faut pas se laisser gagner par l’euphorie
de croire que l’on est un homme important.

Louise Attaque

Les travaux présentés dans cette thése s’inscrivent dans le cadre de 1’é¢tude des plasmas
poussiéreux menée depuis une quinzaine d’années au GREMI au sein de ’équipe "Plas-
mas poudreux". Motivées & l'origine par les contraintes de propreté de l'industrie de la
microélectronique, les études se tournent & I'heure actuelle vers une autre direction : la
synthése de nanoparticules aux propriétés maitrisées.

Afin d’atteindre cet objectif, il a été nécessaire d’acquérir une bonne connaissance des
meécanismes de croissance de poussiéres, ainsi que de développer les outils de diagnostic in-
dispensables a leur détection. Ce travail de longue haleine a débuté lors des théses précédem-
ment réalisées dans I’équipe, et s’est poursuivi au cours de cette thése.

L’objectif de cette thése était de réussir a synthétiser des poussiéres de taille et /ou de
composition maitrisée, en nous basant sur les connaissances précédemment acquises dans

I'équipe. Pour cela, le travail a été envisagé autour de trois principaux axes :

e La localisation et ’étude du démarrage de la phase d’agrégation des nanocristaux
(caractérisée par une instabilité), ainsi que ’étude de U'influence de la croissance de

poussiéres sur la forme et le comportement du nuage de poudres (void et instabilités),

e La synthése d’aérosols analogues aux tholins de Titan et aux grains interstellaires en

chimie carbonée,

e Le controdle de la taille des nanocristaux de silicium via la modification de la tempéra-

ture du gaz dans la décharge.

Un certain nombre de résultats s’est dégagé de ces différentes études. Jusqu’a présent,
les différentes phases de formation des poussiéres en plasma d’argon/silane étaient relative-
ment bien identifiées a I'aide des mesures électriques. Cependant, le démarrage exact de

la phase d’agrégation des nanocristaux n’était pas encore clairement localisé. Or, il s’agit
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d’un point capital pour la synthése de nanoparticules monocristallines non-agglomérées,
puisqu’il est nécessaire de les déposer avant le début de leur agrégation dans le plasma.
Nous avons montré, grace aux mesures électriques et a 'analyse au MEB et & TAFM de
différents dépots, que le début de ’agrégation provoquait une instabilité du plasma. Cette
instabilité, clairement identifiable sur les caractéristiques électriques de la décharge, s’avére
un excellent repére du démarrage de la phase d’agrégation. Grace aux dépots réalisés avant,
pendant et aprés 'instabilité, nous avons démontré que le démarrage de l'instabilité corre-
spondait exactement & l’agrégation des premiers nanocristaux. Cette instabilité s’est avérée
trés comparable a celle observée par Descoeudres et al [74] dans les gaz électronégatifs, et
expliquée par Nighan et Wiegand [73].

Cette étude nous a de plus permis d’affiner la calibration du diagnostic électrique V4./3H
réalisée au cours de la thése de M.C. Jouanny. A I’heure actuelle nous savons qu’avant
I'instabilité, les poudres sont monocristallines (cubique face centrée) de 2-3 nm de diamétre
a température ambiante [39]. Leur forme semble sphérique et leur densité augmente pendant
la phase d’accumulation jusqu’a atteindre la valeur critique (10'* —10'? cm=3) permettant
le début de 'agrégation [9]. Aprés l'instabilité, il ne reste plus de monocristaux dans le
plasma. Les poudres sont constituées de monocristaux agglomérés. Leur taille augmente
de 5 nm au début de I’agrégation jusqu’a environ 45 nm a la fin de cette phase [81]. Les
poudres sont alors polycristallines, en forme de chou-fleur et présentent une grande surface

spécifique.

La croissance de poussiéres dans la décharge est un phénoméne continu et cyclique.
En effet, tant que 'on fournit du silane dans la décharge, le plasma est le siége de réactions
physico-chimiques menant & la formation de poussiéres, et provoquant ainsi I’apparition de
générations successives de poussiéres en continu. De ce fait, le plasma n’atteint jamais un
état stable et permanent, mais oscille en permanence entre un état ou les conditions de
formation sont favorisées et un état ou le plasma contient un nuage dense de poussiéres.
Le phénomeéne de générations successives de poussiéres est bien connu, en gaz réactifs et
en pulvérisation, et dans différentes chimies. Il est le plus souvent lié a la présence d’une
région vide de poudres au sein du nuage (le void), dans laquelle croit la nouvelle génération
de poussiéres. Cependant, la présence d'un void n’avait jamais été mise en évidence dans
le cas d'un plasma poussiéreux confiné spatialement.

Gréace a la corrélation de trois diagnostics (électrique Vg4./3H, diffusion de la lumiére
laser et spectroscopie optique d’émission), et en faisant I'hypothése d’un void dans notre
plasma, nous avons pu fournir une explication détaillée des phénomeénes complexes de crois-
sance de générations successives de poussiéres en argon/silane. Nous avons notamment
montré que la croissance de ces nouvelles générations se base en permanence sur 1’équilibre
entre les poussiéres nouvellement formées et les anciennes expulsées du plasma, qui influe

directement sur la densité d’électrons libres dans la décharge.

186 Marjorie Cavarroc



Conclusion

Nous avons par la suite validé expérimentalement 1’hypothése de la présence d’un void
dans le nuage de poussiéres. L’'imagerie vidéo a mis en évidence une zone d’ionisation plus
intense (caractéristique d’un void). Parallélement, des dépots résolus spatialement ont mis
en évidence la forte inhomogénéité du nuage de poudres, avec notamment la présence de
trés petites poudres au centre et celle de grosses poudres au bord du plasma.

La région de void mise en évidence semble instable au cours de la croissance des généra-
tions successives. Pendant la partie du cycle dominée par ’expulsion des grosses poudres, le
void parait osciller de facon peut ordonnée, tandis que lors de la phase dominée par la crois-
sance de la nouvelle génération, le woid semble osciller de fagon trés ordonnée. L’analyse
spectrale des signaux électrique et optique met en évidence un schéma de développement
extrémement complexe, impliquant plusieurs branches de fréquences évoluant différemment.
Cette instabilité semble intrinséquement liée aux générations successives de poudres.

D’autres phénomeénes d’instabilité liés a la croissance de poussiéres ont été étudiés en
paralléle sur le dispositif PKE. Nous avons notamment mis en évidence que la croissance
de la premiére génération de poussiéres, créées par pulvérisation, engendrait une instabilité
du plasma. Cette instabilité, au spectre trés complexe, se déroule en sept étapes claire-
ment identifiées sur les signaux électrique et optiques. Les différences de comportement
entre le signal électrique (intégré) et les signaux optiques (résolus spatialement) soulignent
I'implication de phénoménes locaux. Afin d’éclaircir ce dernier point, une étude par caméra
rapide a été réalisée et les données sont actuellement en cours de traitement.

Un dernier phénoméne d’instabilité du void a été étudié sur le dispositif PKE : I'instabilité
couramment appelée heartbeat, qui consiste en une série de contractions et d’expansions du
void. La corrélation entre les signaux électrique et optiques tend & prouver que cette in-
stabilité est due a la propagation d’une onde d’ionisation au sein du plasma. Nous avons
de plus mis en évidence la période d’amortissement (sous forme de pics avortés dans les
signaux) qui précéde Uarrét total du heartbeat. Les transitions de n a (n + 1) pics avortés
ont lieu sans aucun signe précurseur. Chaque pic avorté correspond & une contraction in-
compléte du void, qui semble due a une perte d’énergie progressive de l'instabilité.

Les différentes instabilités que nous avons étudiées présentent des schémas de développe-
ment complexes liés a la fois a la formation des poussiéres, au comportement du nuage et/ou
a la région de woid. Une étude bibliographique compléte, couplée a nos résultats expéri-
mentaux, montre que les phénomeénes d’instabilités et de wvoid se retrouvent dans de treés
nombreux plasmas poussiéreux, quels que soient la chimie, la géométrie, I’'origine des pous-
siéres, le flux de gaz, l'excitation rf et les conditions de gravité. La comparaison de toutes
ces données met en lumiére le caractére intrinséque des instabilités et du void aux plasmas
poussiéreux. Cependant, cette étude nécessiterait d’étre étendue a d’autres décharges afin

de vérifier 'influence notamment du type d’excitation sur ces phénoménes.
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La maitrise des procédés de synthése de poussiéres par plasma froid permet d’envisager
de synthétiser des poussiéres comparables & celles issues de I'espace, et difficiles & ramener
sur Terre pour les étudier. Le dispositif expérimental PAMPRE, au Service d’Aéronomie, a
été spécialement congu en vue de synthétiser des poussiéres analogues aux tholins de Titan
en chimie azote-méthane. Ce dispositif est trés similaire & celui utilisé au GREMI en chimie
argon-silane. Une étude compléte, visant & caractériser le plasma, a été menée sur PAMPRE
a 'aide du diagnostic électrique V4./3H. Cette étude paramétrique, en puissance, pression
et dilution, a permis de mettre en évidence un optimum dans la cinétique de formation des
poussiéres. Il est particuliérement intéressant de constater que les conditions optimales de
dilution (2% de méthane dans 98% d’azote) correspondent aux conditions atmosphériques
de Titan.

Des mesures de densités électronique et ionique ont été réalisées sur PAMPRE. Nous
avons ainsi montré que la présence de méthane dans la décharge diminuait la densité élec-
tronique par un facteur 2 environ, par rapport a une décharge dans 1’azote pur. L’évolution
de la densité électronique en fonction de la pression pour différentes dilutions a montré
un maximum autour de 0.4 mbar et un minimum autour de 0.8 mbar dans tous les cas.
Ce minimum semble correspondre & un pic d’efficacité dans la production de tholins. Les
mesures de densité ionique par sonde de Langmuir ne se sont pas avérées concluantes du
fait de la pollution de la surface collectrice par un dépot organique isolant.

Des poussiéres analogues aux grains interstellaires peuvent étre synthétisées en chimie
azote-acétyléne dans des conditions de décharge trés similaires & celles que nous utilisons
en argon-silane. Afin d’étudier la structure des poussiéres ainsi synthétisées en temps réel,
Iellipsométrie in-situ de Mie-Rayleigh constitue un excellent diagnostic. La mise en place
de ce diagnostic a I'Institut fiir Experimentalphysik II s’est avérée trés délicate, notamment
du fait de I'alignement des nombreuses optiques requises dans un ellipsométre & élément
rotatif. Les premiers résultats obtenus ont cependant été trés encourageants. Ils nous ont
permis d’obtenir une premiére idée de ’évolution de la cinétique de formation des poussiéres
en fonction de la dilution et de la puissance injectée. Concernant la structure des poussiéres
synthétisées, les premiers résultats montrent que plus elles sont petites, plus leur indice
optique est élevé. Elles semblent de plus présenter un noyau dur entouré d’une enveloppe
plus tendre. Le travail & ce sujet se poursuit actuellement & I’Université de Bochum ou il

fait I’objet d’une thése en cours.

Les nombreuses applications envisageables pour les nanocristaux de silicium nécessi-
tent de pouvoir controler efficacement leur taille lors de la synthése. Des résultats obtenus
dans le cadre de la thése de S. Huet tendaient & montrer que les hautes températures de gaz
avait une influence importante sur la taille des cristaux. Nous avons donc complété ce tra-
vail en menant une étude sur les effets des basses températures de gaz sur les nanocristaux.

Pour cela, il a été nécessaire de mettre au point un dispositif permettant d’abaisser significa-
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tivement la température du gaz dans le réacteur. Grace & une circulation d’azote liquide,
nous avons pu atteindre des températures de 'ordre de -40°C.

Cette étude nous a permis de mettre en avant l'allongement exponentiel du délai de
formation des poussiéres en fonction de la température du gaz. Ce résultat est en bonne
adéquation avec la théorie de la nucléation homogéne dans les milieux supersaturés, et
semble aussi s’expliquer d’un point de vue chimique. De plus, la théorie de la nucléation
homogeéne prédit une augmentation de la taille des nanocristaux (en 1/T) lorsque la tem-
pérature de gaz est abaissée. Les tous premiers résultats expérimentaux obtenus confirment

cette tendance. Des études complémentaires sont actuellement en cours.

Les résultats de ces différentes études offrent diverses perspectives de recherche pour
I'avenir. En effet, concernant les instabilités, certains phénomeénes locaux au coeur du
plasma semblent entrer en ligne de compte. Des expériences d’imagerie rapide pourraient
permettre d’élucider ces comportement et de mieux appréhender le comportement & la fois
du plasma et du nuage de poudres. De plus, I'utilisation d’autres types de décharges (notam-
ment en terme d’excitation électrique) pourrait permettre de conclure quand & la possible
universalité de la région de wvoid et des instabilités lices & la présence de poudres, dans les
plasmas poussiéreux.

Les premiers résultats obtenus sur la taille des nanocristaux en abaissant la tempéra-
ture de gaz sont extrémement encourageants. Ce parameétre semble particuliérement adapté
pour controler efficacement la taille des nanocristaux lors de leur synthése en phase plasma.
Une étude plus approfondie permettrait de confirmer ces premiers résultats et d’explorer

des gammes de températures plus étendues.
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List of symbols, constants and

abbreviations

Constants

c light velocity (299792458 m.s~!)

h Planck constant (6.6260755.1073* J.s~! = 4.135669.10" %V .s 1)
3.1415926....

€0 permittivity of vacuum (8.85419.1072 F.m~1)

e elementary charge (1.6.1071% C)

kp Boltzmann constant (1.380658.1023 J.K—1)

Chemistry notations

Ar Argon

Ar* Argon excited state
Art Argon ion

CHy4 Methane

CoHo Acetylene

H, Hydrogen

H50 Water

He Helium

No Nitrogen

N Nitrogen ion

Ne Neon

04 Oxygen

Si Silicon

SiHy4 Silane

SiHy Silicon hydrid anion
SiO9 Silicon oxyde

a-Si:H amorphous hydrogenated silicon
a-Si amorphous silicon
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Symbols

@ normalized Fourier coefficient 152
Q; ionization degree 25
i, corrective coefficient for thermophoresis 39
I6) normalized Fourier coefficient 152
Bp peak width on the spectrum 174
A ellipsometric angle 150
Ap difference of chemical potential per particle 180
€r permittivity of the plasma 63
KT gas thermal conductivity 39
A wavelength 58
AD Debye length 26
ADe electron Debye length 26
ADi ion Debye length 26
ADL linearized Debye length 26
I reduced mass 40
Lo dielectric permeability 64
v emitted photon wavelength 66
Ve electron collision frequency 64
w pulsation 64
wo pulsation of the microwave caviti (vacuum) 64
wp plasma pulsation 27
Wpe electron plasma pulsation 27
Wpi ion plasma pulsation 27
Wpd dust plasma pulsation 32
Q complex pulsation of the microwave cavity 63
10) azimutal angle 65
L4 ellipsometric angle 150
p silicon mass density (p = 2330 kg.m~3) 38
0 scattering angle 69
04 diffraction angle 174
o surface or interfacial tension of the cluster 180
Ocoll collection cross section 40
Ceoul momentum cross section 40
a constant 152
an Mie scattering coefficient (n = 1,2,3...) 69
A corrective factor for the electron density in the microwave cavity calculation 64
A, cluster surface area 180
Agriven driven electrode surface area 30
A, analyzer azimuth with respect to the incidence plane 153
Agrounded grounded electrode surface area 30
b constant 152
beol collection parameter 40
bz /2 collection parameter giving a 7/2 deviation 40
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by, Mie scattering coefficient (n = 1,2,3...) 69
b cluster concentration 180
Cp cut-off varying capacitor 53
Ce off setting varying capacitor 53
Ce compensator azimuth with respect to the incidence plane 154
Cr capacitor 53
Cs sheath capacitance 28
d intergrain distance 36
e r direction 68
€y y direction 68
€, z direction 69
EO electric field 38
E electric field in the microwave cavity 63
E energy level 66
E” energy level 66
Egetector electric field at the detector 153
Edissociation  dissociation energy of No 143
Eincident incident electric field 153
E; incident field: component perpendicular to the scattering plane 68
Ei// incident field: component parallel to the scattering plane 68
Esl scattered field: component perpendicular to the scattering plane 68
Es// scattered field: component parallel to the scattering plane 68
E. E component on the x-axis 65
E, E component on the y-axis 65
E. E component on the z-axis 65
£ velocity distribution function for the species j 25
fo resonance frequency of the microwave cavity (vacuum) 63
fpa dust plasma frequency 88
fpe electron plasma frequency 27
fpi ion plasma frequency 27
f. resonance frequency of the microwave cavity (plasma) 63
F.ou collection force 40
Feouw Coulomb force 40
ﬁe electrostatic force 38
ﬁg gravitational force 38
F; ion drag force 41
F, neutral drag force 39
ﬁth thermophoretic force 39
J gravitational field (¢ = 9.8 m.s~2) 38
G thermodynamic potential 180
i current collected by the Langmuir probe 62
ijs ion saturation current of the Langmuir probe 63
Ip incident intensity 70
Iss71 intensity of the Ny line at 337.1 nm 145
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I750 38 intensity of the Ar line at 750.38 nm 107
14 scattered intensity 70
Lyetector light intensity at the detector 153
I. electron current 36
I ion current 36
Tk currents on the grain 36
L, current on the probe 59
Ly radio frequency current 28
J crystal nucleation rate 180
Jo kinetic factor 180
J1 first-order Bessel function 65
J(x) first-order Bessel function 69
k field wave vector 63
k, attachment coefficient 96
k; ionization coefficient 96
ks wave vector of the scatered field 68
K shape factor 174
1 sheath length 37
L coil 53
L. crystallite size 174
m optical index 69
my mass of the dust particle 32
me mass of the electron 27
m; mass of the ion 27
m; mass of the species j 25
m, mass of the neutral 39
m, mass of the particle 27
n refraction index 64
n- negative ion density 25
Ny number of particles in the cluster 180
Ne electron density 21
Neo electron density in the center of the discharge 65
n; ion density 21
n; density of the species j 25
Ny, neutral density 25
n, particle density 27
N number of diffusing dust particles 70
Ny dust particle density 32
p impact parameter 40
P pressure 55
P. input polarizer azimuth with respect to the incidence plane 152
plL n'? Legendre’s polynome 69
P, phases of the DPGI, n =1to 7 127
P,y injected rf power 55
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q— negative ion charge 25
Qe electron charge (-1.6.10719 C) 25
Qi positive ion charge 25
dp particle charge 27
Q quality factor of the microwave cavity (plasma) 64
Qo quality factor of the microwave cavity (vacuum) 64
Qg dust particle charge 32
Qar Argon flow rate 55
Qsim, Silane flow rate 55
r radius / radial coordinate 26
Te critical cluster radius 180
rq dust particle radius 32
R, lower limit of the nonlinear growth 156
Ro upper limit of the nonlinear growth 156
R, parallel reflection coefficient 150
R perpendicular reflection coefficient 150
S surface area of the Langmuir probe 68
S monomer supersaturation ratio 180
S1 first term of the Stokes’matrix 69
So second term of the Stokes’matrix 69
S3 third term of the Stokes’matrix 69
Sa fourth term of the Stokes’matrix 69
T ottente time between two cycles 56
T, electron temperature 21
T, gas temperature 21
T; ion temperature 21
Tinflamation Silane inflamation temperature 52
Tiimit lower temperature of nanocrystal formation 177
T; temperature of the species j 25
T, neutral temperature 25
Toyry time the discharge is off 55
T, time the discharge is on 55
Ug dust particle velocity 39
Uy neutral velocity 39
Vi ion velocity 39
Vihon neutral thermal mean velocity 40
Ve self-bias voltage 29
Variven driven electrode potential 29
Vs plasma floating potential 62
Vgrounded grounded electrode potential 29
V; ion flux measurement, 82
Vout probe output voltage 59
vV, plasma potential 29
Vypolar potential applied to the Langmuir probe 62
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Vs radio frequency voltage 27
W velocity of the species j 25
Y(x) second-order Bessel function 69
z height / axial coordinate 59
Zr probe transfer impedance 59
Abbreviations

1H first harmonic of the discharge current 82
3H third harmonic of the discharge current 49
cc capacitively coupled 29
dc direct current 143
icp inductively coupled plasma 143
fps frame per second 58
rf radio frequency 27
AFM Atomic Force Microscopy 55
CCD Charge Couple Device 58
DPGI Dust Particle Growth Instabilities 103
ESA European Space Agency 140
FCC Face Centered Cubic 87
FFT Fast Fourier Transform 82
GCMS Gas Chromatograph Mass Spectrometer 142
GEC Gaseous Electronic Conference 108
GREMI Groupe de Recherche sur I’'Energetique des Milieux Ionisés 49
ISD InterStellar Dust 139
ISS International Space Station 42
IR Infra Red 50
ITER International Thermonuclear Experimental Reactor 21
LIPEE Laser Induced Particle Explosive Evaporation 34
LLS Laser Light Scattering 70
MF Melamine Formaldehyde 31
NASA National Aeronautics and Space Administration 140
OES Optical Emission Spectroscopy 66
OML Orbital Motion Limited 36
PAMPRE Production d’Aérosols en Microgravité par Plasma REactif 49
PKE Plasma Kristall Experiment 49
RAE Rotating Analyzer Ellipsometer 152
RCE Rotating Compensator Ellipsometer 154
RT Room Temperature 54
SEM Scanning Electron Microscopy 95
SGI Successive Generation Instability 103
SR-OER  Spatialy Resolved Optical Emission Recording 121
TEM Transmission Electron Microscopy 595
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™ Transverse Magnetic 65
Uuv UltraViolet 50
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Self-excited instability occurring during the nanoparticle formation
in an Ar-SiH, low pressure radio frequency plasma

M. Cavarroc,a) M. C. Jouanny, K. Radouane, M. Mikikian, and L. Boufendi
GREMI-Polytech’Orléans, 14 Rue d’Issoudun, BP 6744, 45067 Orléans cedex 2, France

(Received 12 July 2005; accepted 3 February 2006; published online 17 March 2006)

An experimental investigation of an instability occurring during dust nanoparticle formation is
presented in this paper. The present study has been performed in radio frequency low pressure
plasma in an argon-silane mixture. The formation and growth of nanoparticles is followed, thanks
to the analysis of the amplitude of the third harmonics (40.68 MHz) of the discharge current and the
self-bias voltage (Vg4.). In some cases, at the end of the accumulation phase of the nanocrystallites
an instability occurs. It seems to be an attachment induced ionization instability as observed in
electronegative plasmas. A detailed study of the influence of different operating conditions (injected
power, gas temperature, and silane flow rate) on this instability behavior and frequencies is
presented. The paper concludes by examining a very particular case of the instability. © 2006
American Institute of Physics. [DOI: 10.1063/1.2179973]

I. INTRODUCTION

In the past few years, there has been an increasing inter-
est in dusty plasmas generated in radio frequency (rf) dis-
charges, and now represents one of the most rapidly growing
branch of plasma physics. The range of interest spreads over
both industrial plasma processing systems1 and astrophysical
plasma environments. Besides, an active research into par-
ticle formation and behavior has been induced by contami-
nation phenomena in industrial plasma reactors used for
etching, sputtering, and plasma enhanced chemical vapor
deposition (PECVD). In the laboratory, two main ways are
used to grow particles in rf low pressure discharges: reactive
gases such as silane (SiH,) and target sputtering by ion bom-
bardment. In both cases a dense cloud of submicron particles
is formed, tending to fill in the whole interelectrode gap.

Many theoretical™ and experimental4’5 studies have
dealt with the detection and dynamics of particles in silane
mixture discharge. In particular, Boufendi et al.® have clearly
brought to the fore the way particles grow in the discharge
from initial nanocrystallites (smaller than 5 nm). Presently,
many studies are being carried out on nanometer size par-
ticles generated in PECVD processes, especially in the field
of polymorphous silicon (pm-Si:H) deposition recently used
to manufacture solar cells.” This material consists of nanom-
eter size silicon crystallites embedded in a hydrogenated
amorphous silicon matrix®'? and shows improved transport
properties and stability with respect to hydrogenated amor-
phous silicon. Moreover, some instabilities induced by the
presence of dust particles in plasma have been reported for
ten years now."' ' All these instabilities have been observed
in particle clouds due to sputtering or particle injection.
However, the instability we report in this paper, occurring in
the earlier phase of the particle formation, seems to be com-
parable to those already reported. The phenomenon is fol-
lowed through its influence on the discharge characteristics.

“Electronic mail: marjorie.cavarroc @univ-orleans.fr
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The electrical diagnostic used in this work has been devel-
oped in the GREMI laboratory. It allows us to follow the
time evolution of the amplitude of the third harmonics (3H)
of the discharge current and the amplitude of the self-bias
voltage (Vg.). This diagnostic has been shown to be able to
follow the particle formation and growth in different chem-
istries such as silane or methane."

The main objective of this paper is to present our obser-
vations concerning a self-excited instability during the par-
ticle formation and growth in a silane based plasma. The
effects of different parameters on this instability are also re-
ported.

Il. EXPERIMENTAL SETUP

The experimental setup used to carry out the plasma
analysis has already been described in detail in previous
papers.s’"”l7 The rf discharge is produced in a grounded cy-
lindrical plasma box (13 cm inner diameter and 3.3 cm for
interelectrode distance). The discharge structure is sur-
rounded by a cylindrical oven. The whole system is enclosed
in a vacuum chamber. The upper electrode (driven electrode)
is a shower-head one in order to ensure a homogenous gas
distribution at the entrance of the plasma zone. This elec-
trode is connected to a 13.56 MHz radio frequency generator
through a matchbox including a blocking capacitor. The
power can be varied from O up to 20 W. The gas temperature
is controlled from room temperature up to 150 °C and is
measured in the gas flow just below the plasma box by a
thermocouple. The current and voltage probes are inserted
between the matchbox and the powered electrode. The
curves are visualized on a LeCroy scope LT364L (500 MHz
bandwidth and 1 GS/s) and the results are collected via a
computer.

In this work, certain measurement conditions were kept
constant in most cases: the argon flow rate remains
30 SCCM (SCCM denotes cubic centimeter per minute at
STP) and the total pressure is always around 12 Pa. The
reference for injected power was 10 W corresponding to

© 2006 American Institute of Physics
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FIG. 1. (Color online) Time evolution of the third harmonics and the self-
bias voltage (a) in pure argon and (b) in argon-silane plasmas under standard
conditions.

about 400 V peak to peak. The adjustment is fixed at optimal
steady state conditions in argon. The current probe measures
the amplitude of the 3H of the total current and the voltage
probe gives the self-bias voltage (V).

lll. RESULTS AND DISCUSSION

. . . 418,19 .
In previous experimental and theoretical works, it

has been shown that particle formation in Ar—SiH, low pres-
sure plasma is a four step process. These steps are now
clearly identified: growth of the nanocrystallites (2—3 nm)
from molecular species, accumulation phase, fast coagula-
tion, and growth by deposition of the plasma species on the
particle surface. The growth of particles in the discharge
leads to considerable modifications in the plasma character-
istics. Indeed the presence of charged dust grains affects
many of the physical properties of the plasma (electron den-
sity, temperature, electrical field, impedance, etc.). The
modification of the plasma impedance due to particle forma-
tion and growth led us to develop a diagnostic based on the
measurements of the amplitude of V4. and 3H. Thus, in a
pure argon plasma, their amplitude remains constant in time
as shown in Fig. 1(a). When silane is added to the the mix-
ture, i.e., in a dust forming plasma, V. and 3H show a time
evolution due to the formation and growth of dusts in the
discharge [see Fig. 1(b)]. These electrical measurements are
a good diagnostic to control the particle occurrence in the
plasma and hence the reactor contamination. All the follow-
ing observations have been performed using electrical mea-
surements, with different operating conditions.

A. Instability

In most of our experimental conditions, we observed that
an instability appears between the end of the accumulation
phase and the beginning of the coalescence both on 3H and
Vg4 curves (see Fig. 1). The typical behavior of the self-bias
voltage and the third harmonics of the discharge current in
this region is shown on Fig. 2 (for P4y=6 W and Osin,
=0.8 SCCM). The frequency of this signal, given by a fast
Fourier transform (FFT) analysis, is shown on Fig. 3 and
evolves during the instability. We can first observe an in-
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FIG. 2. (Color online) Time evolution of the instability (a) on the self-bias
voltage and (b) on the third harmonics of the discharge current.

crease of the frequency that could correspond to the forma-
tion of the instability. Once the instability is established, the
frequency decreases until the end of the phase where it be-
comes difficult to define the frequency. In the following, we
will present some results about the frequency at the begin-
ning and at the end of the instability. Those two frequencies
are not measured in the same way. The frequency at the
beginning is the average value of the frequency taken on the
six first periods, whereas the frequency at the end is given by
the last value of the FFT, with an uncertainty range due to
the software used to compute the data.

It is known that during the coalescence phase, the par-
ticle density decreases while the particle radius and mass
increase because of the coalescence of the nanocrystallites.
Scanning electron microscopy (SEM) analyses of nanopar-
ticles deposited at three different times: just before, at the
beginning and in the middle of the instability, have been
performed. Just before the instability, only nanocrystallites
are observed (around 2 nm). At the beginning and in the
middle of the instability, there are both nanocrystallites and
small aggregates. These results confirm that the beginning of
the instability corresponds to the beginning of the coales-
cence phase. Therefore, during the instability, there is an in-
crease in the mean mass of dust particles. The increase of the
particle mass could explain the decrease of the instability

1500
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021 0212 0.214 0216 0.218 0.22 0.222 0.224 0.26 0.228
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FIG. 3. (Color online) Time evolution of the frequency of the instability.
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FIG. 4. (Color online) Time evolution of the self-bias voltage vs the injected
power.

frequency since when a plasma is instantaneously disturbed
from its equilibrium, collective motions appear. They are
characterized by a frequency of oscillations called the plasma
frequency w,. This frequency is not the same for electrons,
ions, and dust but depends on the mass, charge, and density
of the plasma particles.20 Dust particles oscillate around their
equilibrium_position with the dust plasma frequency wpg
=\r’Q[2,Np/eomp where Q, and N, are, respectively, the par-
ticle mean charge and the particle density. Assuming N, to be
the critical particle density (10'2 cm™),° 0,~107%, and
I nm<r,<2 nm for silicon particles,2 we get 1 kHz<f,4
<3 kHz (assuming f,q=w,q/2m). These frequencies corre-
spond to the ones we observed for the instability in different
conditions.

The SEM analysis of depositions made at the end of the
instability shows that most of the deposited dust particles are
small aggregates. At the same time, we observe a drastic
decrease in the electron density due to the attachment and to
the increase in the ionization rate (a—7y’ transition).2

B. Parameter effect

As for the different phases of particle formation and
growth, the region of the instability is affected by different
discharge parameters such as injected power, silane flow rate,
or gas temperature.

1. Effect of the injected power

The effect of the injected power has been studied for
different gas mixture rates of Ar/SiH, with silane flow rate
varying from 0.4 up to 1.6 SCCM. The following observa-
tions correspond to a synthesis of all the results obtained.
Figure 4 shows the time evolution of the self-bias voltage for
different injected powers. In this particular case the amount
of silane in the gas mixture was relatively small (QS,-H4
=0.8 SCCM), as when the silane flow rate is too high, the
instability rapidly disappears when injected power is in-
creased, and no pertinent study can be done. In this case, the
instability appears only for low powers between 6 and 14 W.
For higher silane flow rate, the instability tends to disappear
around 10 W. When the power is increased in the discharge,
all the phases of particle formation and growth become

J. Appl. Phys. 99, 064301 (2006)
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FIG. 5. (Color online) Beginning and duration of the instability as a func-
tion of the injected power.

shorter and so does the instability (see Fig. 5). This is due to
the fact that increasing the injected power increases the ion-
ization process, thus increasing the electron density. Conse-
quently the formation of the particles becomes faster. The
instability also starts earlier for high injected power as shown
in Fig. 5. The amplitude of the instability also decreases
when power increases. For high injected power the kinetics
is very fast, leading to the disappearance of the instability.
The frequency of the instability has been shown to evolve in
time, decreasing between the beginning and the end of the
phase. In addition, the frequencies at the beginning and at the
end seem to depend linearly on the injected power (see Fig.
6). Indeed, assuming that at the end of the accumulation
phase r, and N, are constant whatever the injected power is,
then w4 is proportional to the particle charge Q). The insta-
bility frequency evolves linearly with the rf power. Between
6 and 20 W, the electron temperature remains constant
(around 2 eV before the a—' transition). Hence when the
injected power is increased, the particle mean charge also
increases.

2. Effect of the silane flow rate

The effects of the silane flow rate have been studied in
an argon/silane plasma with an injected power of 10 W. The
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FIG. 6. (Color online) Frequency at the beginning and at the end of the
instability as a function of the injected power.
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FIG. 7. (Color online) Time evolution of the self-bias voltage vs the silane
flow rate. The curves are shifted on the self-bias voltage axis in order to
have a better overview.

amount of silane in the discharge was varied from 0.4 up to
1.6 SCCM, keeping all the other parameters constant. The
induced pressure variation is negligible (~3-4 ubars) with
respect to the total pressure (p= 120 ubars). Figure 7 shows
the time evolution of the self-bias voltage as a function of the
silane flow rate in the discharge. The curves are shifted in the
self-bias axis in order to give a better overview. In the case
we present here, the injected power is low since, as it has
been shown before, when the injected power is too high, no
instability can be observed. For 10 W injected power, the
instability appears even for very small flow rates and tends to
disappear for silane flow rates higher than 1.5 SCCM. The
instability duration is maximum for 1 SCCM silane flow rate
as shown in Fig. 8. From 0.4 to 1 SCCM the duration of the
instability increases when silane flow rate is increased (see
Fig. 8). For silane flow rates higher than 1 SCCM, the insta-
bility is increasingly short until it disappears. However, over-
all the amplitude of the instability seems to decrease when
increasing the silane flow rate, until it becomes undetectable
on the curves. For silane flow rates comprised between 0.4
and 1 SCCM, the instability was observed to begin earlier
when increasing the flow rate. From 1 SCCM, this value
seems to increase slightly until the disappearance of the phe-
nomenon (see Fig. 8). When the quantity of silane in the
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FIG. 8. (Color online) Beginning and duration of the instability as a func-
tion of the silane flow rate.
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FIG. 9. (Color online) Frequency at the beginning and at the end of the
instability as a function of the silane flow rate.

discharge is increased, the amount of precursors is increased.
Indeed, the dissociation degree of silane is constant and in-
dependent of the silane flow rate.”! The initial, accumulation,
and coagulation phases are therefore quicker. The silane flow
rate acts on chemical reactions in the discharge. However, it
seems that above a given limit (around 1 SCCM in our case)
an equilibrium is reached, and the reactions no longer speed
up. The frequency of the instability has been shown to have
a time evolution. Figure 9 shows the evolution of the fre-
quency at the beginning and at the end of the instability as a
function of the silane flow rate. These two frequencies seem
to depend linearly on the amount of silane in the discharge.

3. Effect of the temperature

The influence of the gas temperature on particle forma-
tion and growth was the subject of many papers.4’22_25 When
the gas temperature is increased, particle formation is de-
layed. In this work, the influence of the gas temperature has
been studied from room temperature (RT) up to 120 °C
(measured in the gas flow with a thermocouple just below
the plasma box) at constant gas number density. We observed
that the instability region is also affected by the temperature.
Figure 10 shows the time evolution of the self-bias voltage
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FIG. 10. (Color online) Time evolution of the self-bias voltage vs the tem-
perature. The curves are shifted on the self-bias voltage axis in order to have
a better overview.
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FIG. 11. (Color online) Beginning and duration of the instability as a func-
tion of the gas temperature.

versus the gas temperature. The curves are shifted in the
self-bias axis in order to have a better overview. When the
temperature is increased, the appearance of the instability is
delayed (see Fig. 11). The duration of the instability is also
affected by the gas temperature: the higher the temperature,
the longer the instability (Fig. 11). The instability behaves
like the different phases of particle formation and growth: it
is delayed and it lasts longer when the temperature is in-
creased. Figure 12 shows the time evolution of the instability
frequency as a function of the gas temperature. The time
scale has been normalized by the instability duration in order
to give a good overview of the evolution. The frequency at
the beginning decreases as the temperature increases, while
the frequency at the end remains the same at around 0.6 kHz
(except on the curve taken at 30 °C). This last point suggests
that the frequency at the end of the instability could be linked
to the particle density in the plasma. In fact, the end of the
instability could correspond to the beginning of the coales-
cence phase that cannot start unless the critical particle den-
sity value (10''=10'2 cm~?) has been reached.

4. Particular case of the instability

In some very specific conditions a particular case of the
instability was observed. Figure 13 shows the shape of the
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FIG. 12. (Color online) Time evolution of the frequency of instability vs the
temperature. The time scale has been normalized by the instability duration
to have a significant overview.
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FIG. 13. (Color online) Particular case of the instability on the self-bias
voltage (a) on the plasma duration. (b) Zoomed image of the first part of the
curve.

instability in this case. In the first part, it behaves in the same
way as the “common” instability, then it finishes before
briefly restarting. This has been confirmed by a frequency
analysis (FFT analysis) (see Fig. 14). We can observe a time
evolution of the frequency and a range of frequencies similar
to those previously observed (between 2 and 3 kHz). The
second part seems to be a sort of replica of the end of the first
part, with exactly the same frequencies. This phenomenon is
highly sensitive to the operating conditions, appearing only
for very low injected power (around 6 W) and in a very tight
range of silane flow rates (several appearances between 2
and 3 SCCM). Moreover, a temperature variation of only a
few degrees Celsius leads to the disappearance of the phe-
nomenon. This particular case of the instability seems to cor-
respond to dust critical formation conditions, as the slightest
modification of one of the parameters leads to the disappear-
ance of the phenomenon. However, we observed this particu-
lar instability in at least two different sets of parameters. This
observation leads us to surmise that a special pair particle
density/particle radius could favor a special behavior of the
dense particle cloud trapped in the discharge.
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FIG. 14. (Color online) Time evolution of the frequency of the instability in
the particular case.
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FIG. 15. Time evolution of the electron density for different gas tempera-
tures. The insert is a zoom of the early beginning of the curve.

C. Discussion

A wide range of instabilities is observed in dusty and
nondusty plasmas. A possible explanation for the phenom-
enon observed here is the attachment induced ionization in-
stabilities observed in low pressure rf discharges in elec-
tronegative gases.zﬁ’27 The main parameters responsible for
these instabilities are the electron temperature 7, and density
n,. In fact, instabilities need two conditions to appear. First,
the attachment rate coefficient has to increase more rapidly
than the ionization one with the electron temperature. Sec-
ond, the electron and negative ion densities must be of the
same order of magnitude. Thus a small increase in the elec-
tron density can be rapidly amplified through a decrease of
the electron temperature. Nighan and Wiegand gave a crite-
rion for the appearance of the instability,

_ k9T,

= 1, 1
K/, m

where k, and k; are, respectively, the attachment and ioniza-
tion coefficients.”

As dust particles are charged, they behave like large
negative ions. The instabilities we observed may therefore be
related to attachment induced ionization instabilities. During
the accumulation phase, the nanocrystallites have been
shown to grow and accumulate in the gas phase.22 Their
concentration increases until it reaches a critical value from
which the coalescence phase starts. This critical value has
been measured to be around 10''=10'2 ¢cm=3.% However, less
than 0.1% of the dust particles are charged by electron at-
tachment. The concentration of negatively charged nanocrys-
tallites is therefore of the same order of magnitude as the
electron density, just before the instability. Furthermore the
electron temperature has been shown to be constant and
equal to 2 eV during the accumulation phase.4 Figure 15
shows the time evolution of the electron density n, measured
by the microwave resonant cavity method for different gas
temperatures. The first very narrow peak (shown in the in-
sert) corresponds to the SiH3 ion formation. Those ions are
the first nuclei involved in the particle formation. Then, the
electron density remains constant during the accumulation
phase. Just at the onset of the coalescence, a slight decrease

J. Appl. Phys. 99, 064301 (2006)

of the electron density can be observed (see the circle in Fig.
15) while the ion density remains constant. That means that
at the beginning of the instability k, increases while k; re-
mains constant (9k;/dT,— 0). And so R becomes larger than
1.

IV. CONCLUSION

In this paper we have presented experimental results
concerning a self-excited instability in silane based dusty
plasma. These results have been obtained during particle
nucleation and growth. We show that the instability has a
complex form and that its frequency evolves in time. The
effects of different parameters on the instability behavior are
also reported, and a particular case has been evidenced. A
possible explanation is also put forward, thanks to a com-
parison with the instabilities observed in electronegative dis-
charges. In the future, a comparison between the instabilities
observed in Ref. 13 and those we observed will be investi-
gated.
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Single-crystal silicon nanoparticles: An instability to check their synthesis
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(Received 6 March 2006; accepted 2 June 2006; published online 5 July 2006)

An instability occuring in electrical signals of the discharge is used as a mark to detect the end of
the single-crystal silicon nanoparticle formation in Ar/SiH, rf plasmas. Scanning electron
microscopy and atomic force microscopy studies of depositions show that the exact beginning of the
coalescence phase corresponds to the onset of the instability. At the end of the instability, no
single-crystal nanoparticles are remaining in the gas phase. These results based on a nonperturbative
method allow to control depositions of single-crystal silicon nanoparticles of a well-defined size
distribution with the highest density available during dust particle growth. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2219395]

Dusty plasmas generated in radio frequency (rf) dis-
charges have been widely studied in the past few years. The
range of interest spreads over industrial' as well as astro-
physical concerns.” An active research has been induced by
contamination phenomena in industrial plasma reactors.
However, new applications of dust production have emerged.
It can be used to produce analog aerosols of planet atmo-
spheres like Titan.” The single-crystal nanoparticles obtained
by this way can be incorporated in thin film layers in order to
improve their mechanical and/or optoelectronical proz})erties,3
or used for single electron device fabrication.” Many
theoretical”® and experimental7’8 studies have dealt with the
detection and dynamics of particles in silane based plasmas.
Presently, many studies are being carried out on the produc-
tion of silicon nanoparticles generated in plasma processes.9

In previous experimental and theoretical works,”'"!! the
way particles grow has been brougth to the fore. The dust
particle formation in Ar—SiH, low pressure rf plasmas has
been shown to be a four step process occuring in the gas
phase: nanocrystal growth (2—3 nm in diameter) from mo-
lecular species, accumulation phase, coalescence, and growth
by deposition of the plasma species on the particle surface.
Particle growth in the discharge leads to strong modifications
of the plasma characteristics. Indeed dust grains affect many
of the physical properties of the plasma (electron density,
temperature, electric field, impedance, etc.). The modifica-
tion of the plasma impedance due to the particle formation
and growth led us to use a diagnostic based on the time
evolution of the amplitude of the third harmonic (3H) of the
discharge current and the amplitude of the self-bias voltage
(Vy)."" This electrical diagnostic has been developed in the
GREMI laboratory. The current and voltage probes are in-
serted between the matchbox and the powered electrode. The
curves are visualized on a LeCroy scope LT364L (500 MHz
bandwidth and 1 GS/s) and the results are recorded via a
computer. This diagnostic has been shown to be able to fol-
low the particle formation and growth in different chemis-
tries such as silane and methane based ones.'” Thus, in a pure
argon plasma, the amplitude of 3H and V. remains constant
in time. When silane is added to the the mixture, i.e., in a
dust forming plasma, V. and 3H show a time evolution due
to the formation and growth of dusts in the discharge. The
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main formation steps (accumulation phase, coalescence, and
growth by surface deposition) can be clearly identify thanks
to this electrical diagnostic (Fig. 1). Even though, some un-
certainties remain concerning the exact transition from one
step to another. As can be seen in the Fig. 1 insert, an insta-
bility occurs in between accumulation and coalescence
phase.13

Until now it was still quite difficult to exactly define
when the coalescence starts. The end of the accumulation
phase is the most interesting point for nanocrystal deposition.
In a previous study performed in our group in the same ex-
perimental conditions, nanocrystals have been shown to be
single-crystal silicon nanoparticles of 2—3 nm in the fcc
phase]4 and the critical density (i.e., the greater density of
nanocrystals in the discharge) is reached just at the end of
this phase. A precise control of the nanocrystal phase is very
important for all industrial applications in nanotechnologies
in which a well known nanocrystal size and density are
required.15 The aim of the present work is to determine the
point on electrical signals corresponding to the exact end of
the accumulation phase (i.e., to the exact beginning of the
coalescence phase).

The experimental setup has already been described in
detail in a previous paper.8 The rf discharge is produced in a
grounded cylindrical plasma box (13 cm inner diameter and
3.3 cm for interelectrode distance). The whole system is en-
closed in a vacuum chamber. The upper electrode (driven
electrode) is a shower-head one in order to ensure a homo-
geneous gas distribution at the entrance of the plasma zone.
This electrode is connected to a 13.56 MHz rf generator
through a matchbox including a blocking capacitor. The
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FIG. 1. (Color online) Time evolution of the amplitude of the discharge
current third harmonic in a dust forming plasma.
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FIG. 2. SEM images of the samples deposited (a) just before, (b) at the
beginning of, (c) during, and (d) after the instability.

power can be varied from O up to 20 W. The experimental
conditions are the following: 12 Pa total pressure, 20 SCCM
(SCCM denotes cubic centimeter per minute at STP) of ar-
gon flow rate, 1.2 SCCM of silane flow rate, and 10 W of
injected power, at room temperature.

In this work, depositions of dust particles at different
instances have been performed. We used the instability oc-
curing in the electrical signals as a mark. This instability has
been studied in detail in a previous work."® We realized three
different types of samples: a first one just before, a second
one during, and a last one after the instability. Structural
morphology of the formed dust particles is qualitatively ana-
lyzed from topographical observations of the samples by
means of atomic force microscopy (AFM) operating in the
tapping mode and scanning electron microscopy (SEM). The
SEM images obtained are shown in Fig. 2.

Just before the instability [Fig. 2(a)], there are only
single nanocrystals (around 2—3 nm) on the substrate. At the
beginning and in the middle of the instability [Figs. 2(b) and
2(c)], two populations can be distinguished: there are both
nanocrystals and small polycrystalline aggregates. At the end
of the instability [Fig. 2(d)] deposited dust particles are
mainly small polycrystalline aggregates. These results seem
to place the beginning of the coalescence phase at the begin-
ning of the instability. The AFM images obtained from the
same samples are shown in Fig. 3. They are all normalized to
the same height size scale in order to make the comparison
easier. In the nanocrystal case, the AFM tip size is of the
same order as the nanocrystal size. We are confronted to
convolution troubles in the x and y directions. The only di-
mension we can use is the height because this dimension is
less concerned by convolution troubles. The results are quite
similar to the ones obtained by SEM. Before the instability
[Fig. 3(a)], there are only small nanocrystals around 2—3 nm
in height. At the beginning and in the middle of the instabil-
ity [Figs. 3(b) and 3(c)], two populations of dust particles are
present, one around 2-3 nm and another one around
4-5 nm. After the instability [Fig. 3(d)], a single population
is visible, around 10 nm. Those results confirm the ones ob-
tained by SEM.

The radius distribution of dust particles corresponding to
the first sample [Fig. 4(a)] shows a single peak centered at
1.5 nm (corresponding to 3 nm in height). The same analysis
performed on a sample deposited during the instability [Fig.

Appl. Phys. Lett. 89, 013107 (2006)
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FIG. 3. (Color online) AFM images of the samples deposited (a) just before,
(b) at the beginning of, (c) during, and (d) after the instability.

4(b)] shows two peaks located at different heights. The
higher peak around 1.5 nm corresponds to the nanocrystals
and the smaller one around 4 nm corresponds to the first
coalesced polycrystalline nanoparticles. On the last sample
[Fig. 4(c)], a single peak appears around 5 nm, correspond-
ing to bigger coalesced polycrystalline nanoparticles. Those
dust particle radius distributions confirm our qualitative to-
pographical observation.

The third harmonic/self-bias based diagnostic does not
need any optical access to the plasma. Once it is calibrated,
this diagnostic can provide precise information concerning
the dust particle nature in the discharge. We performed the
calibration for the first phases of formation (formation and
accumulation of nanocrystals and beginning of the coales-
cence) in a typical dust forming Ar/SiH, plasma generated
in a rf discharge. Presently, we can conclude that before the
instability, the dust particles are single-crystal silicon nano-
particles of 2—3 nm in diameter in the fcc phase.14 Their
shape appears to be spherical and their density increases dur-
ing the accumulation phase until reaching the critical value
estimated to 10''~10'2 cm™3 at room temperature.'' Thereby,
just before the instability the single-crystal silicon nanopar-
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FIG. 4. (Color online) Radius distribution diagrams corresponding to a
sample deposited (a) before, (b), during, and (c) after the instability.
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ticle density in the plasma is the highest that can be reached.
During the instability, nanocrystals agglomerate together to
form the first polycrystalline dust nanoparticles of 4—5 nm.
All the nanocrystals begin to agglomerate at least two by
two. This is the early beginning of the coalescence phase and
two populations can be distinguished. The first one corre-
sponds to nanocrystals while the second one corresponds to
first coalesced polycrystalline particles. At the end of the
instability, no more single nanocrystals remain in the gas
phase. Thus, the onset of the instability exactly corresponds
to the beginning of the coalescence phase. This instability is
certainly due to a charge effect of the nanoparticles becom-
ing bigger and starting to attach more electrons. It can be
related to attachment induced ionization instabilities ob-
served in electronegative gzzlses.l*z’m’17 After the instability
the dust nanoparticles are made of agglomerated nanocrys-
tals. Their size increases from 5 nm at the beginning of the
coalescence to about 45 nm at the end of the phase.1 The
dust particles are now polycrystalline and present a high spe-
cific surface [up to 115 m? g=! (Ref. 18)] that can be of in-
terest for applications in catalysis.
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In this paper, instabilities appearing in a dusty plasma are experimentally investigated. These low
frequency self-excited instabilities appear during dust particle growth and are characterized by a
frequency spectrum evolving during this process. The onset, the time evolution and the main
characteristics of these instabilities are investigated thanks to electrical and optical measurements.
Both signals show a clear evolution scheme with a well-defined succession of phases. From the
beginning to the end of this scheme, regular oscillations and/or chaotic regimes are observed.
Finally, instabilities stop when the dust particle size reaches a few hundreds of nanometers and a
stable three-dimensional dust cloud is obtained. A dust-free region called void is then usually
observed in the plasma center. © 2006 American Institute of Physics. [DOI: 10.1063/1.2337793]

I. INTRODUCTION

In a plasma, dust particles can be grown using reactive
gases like silane'™ or by ion bombardment on materials.*™
This formation is actively studied due to strong conse-
quences that can arise from the presence of dust in plasma
processing reactors'™'! for microelectronics where cleanli-
ness is a major requirement.12 Furthermore, the interest is
actually increasing due to the fact that nanometer dust par-
ticles can be useful for industrial applications like solar
cells"® or memories."* Laboratory dusty plasmas are also a
very efficient way to produce and study astrophysical dusty
media like planet atmospheres.15 In capacitively coupled
radio-frequency discharges, a dense cloud of submicrometer
dust particles filling the whole space between the electrodes
can be obtained. During their growth, dust particles acquire a
negative charge by attaching more and more electrons.'®™'8
Consequently, the growth can be studied through its influ-
ence on the plasma characteristics and in particular on the
discharge current harmonics. Indeed, the current third har-
monic is a robust tool to accurately follow and identify
growth steps.19 Dust particle growth strongly affects plasma
properties and can induce plasma instabilities. Self-excited
instabilities have been observed in silane plasmas20 (frequen-
cies of few kHz for dust particles of few nanometers) and
also in dusty plasmas produced by sputtering a carbon
target7’8 (frequencies around 100 Hz for dust particles around
hundred nanometers). In this last experiment, the authors de-
scribe two different instability modes called the filamentary
mode and the great void mode. The first one appears ap-
proximately 1 min after the plasma ignition and is character-
ized by a broadband spectrum centered around 100 Hz. It
corresponds to a beamlike striation of dust density and
plasma glow. As dust particles are still growing, this stage is
then followed by the great void mode, which corresponds to
the formation of a dust-free region called void™** 7% and its
rotation in a horizontal plane in between the electrodes. The
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void region is due to the equilibrium between various forces
acting on the negatively charged dust particles. These forces
are principally due to ion drag, electric fields, thermal gradi-
ents, gas flow, and gravity, and they define the cloud shape.
The ion drag force is presently actively studied because it is
suspected to be the main responsible of the void
formation,>**~ pushing the dust particles away from the
discharge center. In this paper, observations and analyses of
instabilities appearing during dust particle growth are per-
formed. These instabilities look like the filamentary and
great void modes in some stage of their evolution. Neverthe-
less, their time evolution is much more complicated and
seven different regimes can be identified. Indeed, well-
defined frequencies are observed and the associated spectrum
strongly evolves during the growth process. The instability
complex shape underlines the coexistence of different phe-
nomena that could interact and give regular or chaotic oscil-
lations. The instability time evolution reveals drastic and
sudden changes in shape and frequency that could not be
easily correlated to dust particle size and density. A detailed
analysis of the instability main characteristics is performed
in order to underline and bring to the fore the complex phe-
nomena that could arise in a plasma containing changing
dust particles.

Il. EXPERIMENTAL BASIS
A. Experimental setup

The work presented here is performed in the PKE-
Nefedov (Plasma Kristall Experiment) chamber designed for
microgravity experiments.34 The experimental setup consists
of a parallel plate rf discharge where an argon plasma
(0.2-2 mbar) is created in a push-pull excitation mode
(0—4 W). The electrodes are separated by 3 cm and their
diameter is 4 cm. The dust cloud is illuminated by a thin
laser sheet perpendicular to the electrodes and the scattered
light is recorded at 90° with two standard charge-coupled
device (CCD) cameras at 25 images per second. In the first

© 2006 American Institute of Physics
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stages of growth, dust particles are very small and the scat-
tered light is maximum in the laser direction. Consequently,
a third camera is watching the cloud with an angle lying
approximately between 20° and 30° with respect to the inci-
dent laser direction. Instabilities are characterized by two
different diagnostics. First, the time evolution of the ampli-
tude of the discharge current fundamental harmonic is re-
corded. This electrical measurement is representative of glo-
bal changes in plasma properties, especially concerning the
electron density. The second diagnostic is based on spatially
resolved optical measurements. Five optical fibers are hori-
zontally aligned (5 mm in between each fiber) and record the
total plasma light with a spatial resolution of about 3 mm.
This diagnostic gives local measurements that are of interest
to detect any plasma motion or localized changes in order to
better understand the integrated electrical measurements.

B. Dust particle growth

Dust particles are grown by sputtering a polymer layer
deposited on the electrodes and coming from previously in-
jected dust particles (3.4 wm, melamine formaldehyde). A
typical working pressure is around 1.6 mbar and rf power is
about 2.8 W. With these parameters dust particles start to be
detected by the cameras approximately 1 min after the
plasma ignition. A more complete description of the experi-
mental setup and some results concerning dust particle
growth are given in Ref. 9. The growth process leads to
various shapes of the dust cloud (few layers, domelike shape,
three-dimensional dense cloud) due to the fact that we do not
control precisely the size and density of grown dust particles.
Indeed, the growth process seems to be highly sensitive to
gas purity. This effect is amplified by the fact that experi-
ments are performed at static pressure (no gas flow). At least
1 h of pumping between each experiment is needed to elimi-
nate species formed during the previous run and/or coming
from the outgassing of the walls and/or from the sputtered
matter. This behavior is well observed on successive runs by
using emission spectroscopy. Impurities like N, and OH are
observed and their effect on dust particle formation is under
investigation. Until now it is not clear if their presence pre-
vents the sputtering or if the sputtering occurs but the growth
cannot takes place. This effect of the gas purity has been
previously reported in similar experiments.8 Possible precur-
sors like carbon molecules C,, CN, and CH appear and the
C, molecule seems to be a good indicator of dust
formation.™

A very high dust density is obtained when base pressure
before an experiment is sufficiently low (few 107® mbar). A
base pressure of few 107> mbar drastically reduces the
amount of grown dust particles. This base pressure depen-
dence is even more drastic on the instability appearance. In-
deed, in our experimental conditions, they are observed only
if the base pressure is lower than 4 X 107® mbar. Conse-
quently, unstable conditions depend on gas purity and/or on
dust particle density.
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FIG. 1. (Color online) Time evolution of the amplitude of the discharge
current fundamental harmonic during dust particle growth. Instabilities ap-
pear around 40 s after plasma ignition.

lll. DUST PARTICLE GROWTH INSTABILITIES

Dust particle growth instabilities (DPGI) typically ap-
pear a few tens of seconds after plasma ignition. Their ap-
pearance is well observed on both electrical and optical
measurements.’®*’ Due to their low frequency and strong
amplitude, the beginning of DPGI is also well detected by
the naked eye looking at the plasma glow.

When dust particles are growing in a plasma, the ampli-
tude of the discharge current fundamental harmonic is de-
creasing due to the electron attachment on the dust particle
surface. This decrease is well observed in Fig. 1 from around
20 s (plasma ignition) to 800 s. The appearance of DPGI is
also clearly evidenced by an increase of the fluctuation am-
plitude becoming a real oscillation. DPGI can last several
minutes (more than 12 min in Fig. 1) and different regimes
are evidenced. Their starting time is slightly changing from
one experiment to another due to differences in dust particle
density, which is strongly dependent on gas purity. Neverthe-
less, statistics performed on several experiments allow to de-
duce some general behavior. For example, the pressure de-
pendence is shown in Fig. 2. A decreasing exponential
variation of DPGI appearance time as a function of pressure
is observed: the higher the pressure, the shorter the appear-
ance time. This variation underlines the relation between the
instability appearance and dust particle density. Indeed,
DPGI are observed only when a huge dust particle density is
obtained. From our previous experiments,35 we define the
threshold pressure permitting dust particle growth at around
1.2 mbar. At higher pressures, a shorter delay before forma-
tion of a dense cloud is measured. This delay is well evi-
denced in Fig. 2. At 1.4 mbar, nearly 2 min are necessary to
initiate DPGI while only 40 s are required at 1.8 mbar. Two
possibilities can explain this delay at low pressures: either a
longer time is required to attain the critical dust density nec-
essary to initiate DPGI or the dust density is lower and for
DPGI to begin it needs bigger dust particles (i.e., longer
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FIG. 2. (Color online) Instability appearance time as a function of argon
pressure.

time). These explanations are consistent with another obser-
vation: the lower the rf power, the longer the appearance
time.

IV. PHASE IDENTIFICATION: ELECTRICAL
AND OPTICAL MEASUREMENTS

As can be seen in Fig. 1, different regimes characterize
DPGI. These different phases are easily brought to light by
performing the same electrical measurements but in ac mode
in order to improve oscilloscope vertical resolution. The re-
sulting curve is presented in Fig. 3. The beginning of DPGI
is detected around 40 s and clear phases, numbered from 1 to
7, are observed. These different phases are better evidenced
by performing Fourier analysis of the electrical signals. A
typical spectrogram is given in Fig. 4. In order to emphasize
small ordered domains, the spectrogram intensity has been
normalized inside each 100 s range (from O to 100 s inten-
sity has been normalized to its maximum value inside this
time domain and so on). The same Fourier analysis per-
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FIG. 3. (Color online) Time evolution of the amplitude of the discharge
current fundamental harmonic during dust particle growth (ac component).
Instabilities appear around 40 s after plasma ignition. Successive phases are
numbered from 1 to 7.

Phys. Plasmas 13, 092103 (2006)

600

'
3

Frequency (Hz)
3] w
S S

‘ A’tal'v'/‘i-é\‘;.f“w" KA CaTtan
0 100 200 300 400 500 600
Time (s)

FIG. 4. (Color online) Spectrogram of electrical measurements correspond-
ing to Fig. 3 and describing the frequency evolution of DPGI as a function
of time.

formed on spatially resolved optical measurements shows
roughly the same spectrogram features and phases. From
Figs. 3 and 4 we can identify seven different regimes (a
precise analysis of these different phases will be presented in
the following sections):

e Three ordered phases P1, P2, P3 (from =40s to
=80 s).

* Chaotic phase P4 (from =80 s to =405 s).

* High frequency phase P5 (from =405 s to =435 s).

* Chaotic phase becoming more and more regular P6
(from =435 s to =600 s).

 Regular oscillation phase P7 (from =600 s to =680 s).

All these phases are observed on both electrical and optical
measurements, confirming their real correlation to an un-
stable state of the plasma-dust particle system. The global
scheme of these instabilities is different from the one de-
scribe in Refs. 7 and 8, where a filamentary mode (that could
be related to our chaotic regime) is followed by a regular
phase (great void mode). In our experiment, instabilities be-
gin with regular oscillations (P1, P2, P3) followed by a long
chaotic regime (P4). This chaotic phase (P4) suddenly ends
with a high-frequency phase (P5) and starts again (P6), be-
coming more and more ordered. Finally, the system reaches a
regular phase (P7) that can be sustained for a long time (in
the example given here the plasma has been switched off at
680 s).

A. First three ordered phases

DPGI begin with a succession of three ordered phases
separated by clear transitions (Fig. 5). The P1 and P2 phases
are short and are not detected in all experiments while the P3
phase lasts longer and is regularly observed. The three
phases are well separated and evolve as a function of time.
To explain the observed transitions between phases, it is nec-
essary to also analyze the corresponding time series. As an
example, Fig. 6 represents an electrical measurement ob-
tained with a very short P2 phase in order to illustrate on the
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FIG. 5. (Color online) First three ordered phases of DPGI and transition to
a chaotic regime.

same figure the P1-P2 and P2-P3 transitions. In Fig. 6, the
P1 phase is characterized by wide separated peaks with a
mean frequency of about 40 Hz. The transition from P1 to P2
corresponds to the growth of two small peaks between these
higher amplitude patterns. The Fourier analysis traduces this
change by a frequency decrease from about 40 Hz in P1
to about 30 Hz in P2. The small peaks continue to grow
(P2 phase) and the higher amplitude ones decrease. Finally,
all peaks reach the same amplitude characterizing the P3
phase. The frequency of the P3 phase is then approximately
three times the P2 frequency (around 94 Hz). The P3 phase
is robust (nearly always observed in our experiments) and
lasts a sufficiently long time to evolve with dust particle
growth (Fig. 5). Its frequency time evolution is always the
same, it decreases, reaches a minimum value, and then
slightly increases until DPGI enter in the chaotic regime.
Furthermore, the frequency range of the P3 phase seems to
be linearly dependent on the phase duration: the higher the
frequency, the shorter the time duration. The time evolution
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FIG. 6. (Color online) Transitions between the first three ordered phases
observed on electrical measurements.
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FIG. 7. (Color online) Transitions between the first three ordered phases
observed on optical measurements performed near the plasma edge.

of these three ordered phases is better observed on the fre-
quency harmonics appearing due to the nearly sawtooth
shape of the electrical signals (Fig. 6).

Optical measurements recording the plasma light (inte-
grated on all wavelengths) at different positions also show
three ordered phases (Fig. 7). Nevertheless, these P1, P2, and
P3 phases have different characteristics than the ones ob-
served on electrical measurements. Concerning the oscilla-
tion shape, the transition between the P1 and P2 phases is
here revealed by an increase of oscillation amplitude (Fig. 7).
The P3 phase is strongly marked by a clear amplitude modu-
lation, which is better evidenced near the plasma edge than
in the plasma center. Concerning the oscillation frequency,
some small discrepancies with electrical measurements are
also observed, especially on the P3 phase (Figs. 5 and 8).
Indeed, the P1 and P2 phases are similar but when DPGI
enter in the P3 phase, the typical frequency is not tripled, like
in electrical measurements, but remains around the same
value than during the P2 phase. Furthermore, optical mea-
surements of this P3 phase are slightly different depending
on the observed plasma region. The signal recorded by the
optical fiber watching the plasma center [Figs. 8(a) and 8(c)]
is not exactly the same as the one recorded near the plasma
edge [Figs. 8(b) and 8(d)]. Indeed, the central fiber gives a
main frequency around 26 Hz and a small amplitude compo-
nent around 31 Hz [Fig. 8(c)]. The near plasma edge fiber
gives the same frequencies but also additional ones: one in
between 26 and 31 Hz and another one around 3 Hz [Fig.
8(d)] that corresponds to the strong modulation observed in
Fig. 7. These observations underline that some spatial con-
siderations must be made to interpret this P3 phase. The first
local indication concerns the frequency that is three times
lower than for electrical measurements. This point seems to
signify that a phenomenon oscillating at around 94 Hz af-
fects the plasma, and consequently the electrical measure-
ment, but is detected only one time out of three by the optical
fibers. One possible explanation is that a plasma modification
either appears successively in different places, or moves and
comes back in front of an optical fiber with a frequency of
about 30 Hz. This plasma modification appears successively
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in distinct locations of the plasma because it is not detected
at 94 Hz by any optical fiber looking at the plasma center or
edge. Investigations concerning this hypothesis are currently
underway using a high speed camera. The second local indi-
cation giving credit to this hypothesis is the difference be-
tween observations given by each optical fiber. Indeed, even
if their Fourier spectrum is nearly similar and shows only
small discrepancies, the recorded time series bring more in-
formation. Optical measurements performed by the near
plasma edge fiber is in phase opposition with the ones in the
center. This behavior, coupled with the fact that a stronger
modulation is observed near the plasma edge, could confirm
a possible motion, or appearance in different places, of a
modified plasma region.

B. Chaotic regime

After three different ordered phases, DPGI enter in a
chaotic regime P4 (Fig. 5 after 80 s) with a strong increase in
DPGI amplitude (Fig. 3). Then, the amplitude slowly de-
creases during the whole phase. P4 is also characterized by
structured oscillations appearing in a transient manner. These
structured regions are identified by some bright spots on
electrical and optical spectrograms. On time series they ap-
pear as bursts of order. In Fig. 9(a), electrical signals reveal a
clear transition between the P3 phase and the chaotic regime.
This regime change is indicated by an arrow and a burst of
order is encircled. A zoom of this burst of order is shown in
Fig. 9(b). During the chaotic regime, structured oscillations
in electrical signals always appear following a three peak
structure [see, for example, between 94 s and 94.04 s in Fig.
9(b)] that could be related to the three peaks observed in the
P2 or P3 phases. Indeed, it could be a reemergence of these
phases during the chaotic regime. To compare our observa-
tions with the filamentary mode,”® a Fourier spectrum of the
whole chaotic regime (from 80 to 405 s) has been performed
in Fig. 10. For electrical signals [Fig. 10(a)], a noisy main
frequency around 28 Hz is observed and is equal to the fre-
quency at the end of the P2 phase, confirming the possible
reemergence of this phase. This frequency corresponds to the
occurrence frequency of the three peak structure regularly

Low frequency instabilities during dust particle growth...
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FIG. 8. (Color online) Spectrogram of optical measure-
ments recorded (a) in the plasma center, (b) near the
plasma edge. (c) Zoom of (a), (d) zoom of (b).

appearing during the chaotic regime [Fig. 9(b)]. Due to these
structures, multiple frequencies (54 Hz, 83 Hz, and 107 Hz
corresponding to the frequency between two successive
peaks of one single three peak structure) are also detected in
Fig. 10(a). For optical measurements [Fig. 10(b)], differ-
ences with electrical ones are the same than in the P3 phase:
one optical oscillation corresponds to a three peak structure
and consequently only the 28 Hz frequency appears [Fig.
10(b)]. These spectra are very similar to the one obtained for
the filamentary mode® even if in our experiments the pres-
ence of more ordered domains is observed. Thus, we can
surmise that the chaotic regime we observe could be similar
to this filamentary mode.

C. High-frequency phase

In some experiments, the chaotic regime is suddenly in-
terrupted by a strong frequency change (at 405 s in Figs. 3
and 4). Indeed, this phase P5 is not always observed but
when it is present, its general characteristics are nearly al-
ways the same. This new phase appears after a continuous
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FIG. 9. (Color online) Electrical measurements: (a) transition between P3
and P4 phases and encircled burst of order, (b) zoom of the encircled part of

(a).
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FIG. 10. (Color online). Fourier spectrum of the first chaotic regime on (a)
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decrease of the P4 phase amplitude and is defined by a radi-
cal change in DPGI amplitude and frequency. Indeed, DPGI
turn into a low-amplitude and high-frequency (around
500 Hz) oscillations as shown in Fig. 11. This change hap-
pens suddenly when no fast modifications in dust particle
size and density are expected. Furthermore, the phase fre-
quency increases with time. In Fig. 4, this increase is nearly
linear but nonlinear behaviors have also been observed in
certain cases. As previously mentioned, this phase is not al-
ways observed, which means relatively precise conditions
must be fulfilled for its existence. This effect is well con-
firmed in the experiment described in Fig. 12, where this
phase is interrupted before starting again. Small modifica-
tions in plasma or dust particle properties can easily turn the
system from the high-frequency phase to the chaotic one.
Furthermore, this P5 phase can also be transformed in regu-
lar oscillations as shown in Fig. 12 at r=294 s. From these
experimental results it can be assumed that this high-
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FIG. 11. (Color online) (a) Appearance of the high-frequency phase in be-
tween two chaotic regimes. (b) Zoom of (a).
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FIG. 12. (Color online) Spectrogram of a particular case of the high-
frequency phase. This phase is interrupted by a chaotic regime and is trans-
formed in regular oscillations just before turning again in a chaotic regime.

frequency phase is a particular case of DPGI, obtained in a
tight set of parameters and that can be easily turned in or-
dered or chaotic regimes.

D. Second chaotic regime

After the high-frequency phase, a second chaotic regime
is usually observed. Two different types of this P6 phase are
observed. The most usual is presented in Fig. 4 between 435
and 600 s. It corresponds to a phase similar to P4 but with
more and more ordered regions. Figure 4 clearly shows that
DPGI tend to stabilize to regular oscillations (=600 s). This
transition appears as a small and continuous increase in
DPGI frequency. Nevertheless, some experiments show a
slightly different behavior as in Fig. 13. Instead of slowly
increasing, the frequency decreases and enters (still decreas-
ing) in a regular oscillation phase. This behavior corresponds
to void rotation in a horizontal plane, which is clearly evi-
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FIG. 13. (Color online) Spectrogram of a particular case of the second
chaotic regime corresponding to void rotation in a horizontal plane.
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FIG. 14. (Color online) Electrical measurements corresponding to the final
regular oscillation phase.

denced thanks to CCD camera images. The corresponding
spectrogram is nearly similar to the one obtained in Ref. 8
and related to the great void mode.

E. Final regular oscillation phase

The final step of DPGI often corresponds to a regular
oscillation phase characterized by a spectrogram with a typi-
cal frequency around 18 Hz (Fig. 4) and its harmonics. The
corresponding electrical signal is shown in Fig. 14. The sig-
nal shape is in particular marked by a sharp peak appearing
at each period. This shape is similar to what is obtained
during the “heartbeat” instability,23’38 which corresponds to
regular contractions and expansions of the void size. At this
stage of DPGI, this regular oscillation phase can last for
minutes and is robust, meaning that once it is set up it does
not turn in another regime. Optical measurements performed
in the plasma center show an evolution similar to the elec-
trical one except near the sharp peak region as observed in
Ref. 36. Furthermore, the near edge optical fiber signal is in
phase opposition with the central one (as in Ref. 36), empha-
sizing the similarity with the heartbeat instability.

V. DISCUSSION AND CONCLUSIONS

In this paper, self-excited instabilities induced by the for-
mation of submicrometer dust particles are investigated.
These instabilities appear when a sufficiently high dust par-
ticle density is reached. Instability frequency and shape
change during the growth process and direct correlation with
dust particle size and density cannot be easily deduced. In-
deed, effects of both parameters on discharge behavior are
difficult to separate: a high density of small particles can
have roughly the same effect than a lower density of bigger
particles, assuming that the total collection surface is identi-
cal and consequently the same amount of electrons can be
captured. The only way to conclude on this point is to mea-
sure dust particle size and density but most commonly used
in situ diagnostics cannot be implemented on our experimen-
tal setup. Furthermore, an easy systematic collection of dust

Phys. Plasmas 13, 092103 (2006)

particles coming from one and only one experiment is not
possible in our reactor. DPGI reproducibility can be obtained
only with very low base pressures not reached in the case of
regular reactor opening. By comparing Fig. 1 with electrical
characteristics obtained in silane based discharges,39 we can
speculate that DPGI occur during the “coalescence phase”
and last during the so-called “surface deposition phase.”
These phases40 are characterized by a significant amount of
negatively charged dust particles strongly impacting on
plasma stability. This comparison with dust particle growth
process in silane based chemistry must be taken carefully
because the analogy has not been strictly proven yet. From
visual observations we know that when DPGI occur, dust
particles are not detected yet by our video system and are
certainly smaller than 100 nm. When instabilities stop, the
dust particle size could be of a few hundreds of nanometers.
The instability development follows a well-defined succes-
sion of phases that can be ordered or chaotic. At least seven
different regimes have been evidenced and their occurrence
is strongly dependent on plasma and dust particle properties.
Complex transitions between different ordered phases or be-
tween ordered and chaotic ones have been evidenced and
underline the nonlinear behavior of these instabilities. Two
observed phases seem to correspond to the ones reported in
previous papers.7’8 These phases, called the filamentary mode
and the great void mode, can be a part of a more general
behavior described in this paper. The new phases described
here underline the complexity of the phenomena behind ob-
servations and their high sensitivity to plasma and dust par-
ticle properties. Indeed, the complete scheme with seven
phases can be observed in very specific experimental condi-
tions usually encountered in this work. Striations (in our
case, enhanced ionization regions appearing as bright spots
or filaments) seem to be responsible for the different ob-
served phases. The various regimes could be related to the
way striations appear. Indeed, we can surmise that the or-
dered regimes could be striations appearing periodically and
nearly at the same places. Following this hypothesis, the of-
ten observed three peak structure can correspond to three
different striations. By analogy, chaotic regimes can be due
to randomly appearing (in time and in space) striations. Op-
tical measurements performed in different plasma positions
bring to the fore that these instabilities need to be analyzed
with spatial considerations. Differences with works reported
in Refs. 7 and 8 can be the consequence of different plasma
and/or dust particle properties, geometrical considerations, or
gas flow. Furthermore, our observations show that void for-
mation is not a consequence of these instabilities as proposed
in Ref. 24. The void can be formed with or without instabili-
ties preceding its appearance. In some conditions, the void is
formed before instability begins. In this case, the instability
evolution scheme does not describe all the phases presented
here. Similarities between the final regular oscillation phase
and the heartbeat instability concerning the void region have
been observed. It could indicate that dust particle growth
instabilities and the heartbeat instability could be different
aspects of the same physical phenomena.
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Abstract.  When a three-dimensional dust cloud is present in a plasma, a dust-
free region, called a void, is usually obtained in the plasma centre. Under certain
conditions, this region exhibits a self-excited unstable behaviour consisting

of successive contractions and expansions of its size. In this paper, this low
frequency instability (few Hz), called a ‘heartbeat’, is characterised by various

diagnostics. Electrical and optical measurements both correlated with high
speed imaging brought to the fore the main features of this instability. Forces

involved in the void existence are an inward electrostatic force and an outward
ion drag one. The force balance ensures an open void but this equilibrium
can be disturbed, leading to the observed instabilities. As these forces are
strongly dependent on local ionisation conditions, correlations between physical
processes in the plasma volume and the dust cloud motion are investigated
through experimental results.
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1. Introduction

Dusty plasmas are relatively complex systems where new phenomena arise from the presence
of solid dust particles trapped inside the plasma. Usually, this trapping is a consequence of the
negative charge acquired by the dust particlds[p] immersed in a medium partly composed

of free electrons. The full dust particle dynamics is then described by charge dependent
forces (mainly electric and ion drag forces) and other ones like gravity, neutral drag and
thermophoresis. Relative amplitudes of these forces are strongly dependent on the dust particle
size. In the micrometre range, dust particles are usually directly injected in the plasma volume.
Their weight is non-negligible and some phenomena are only observed under microgravity
conditions [, 8]. Nevertheless, their big size allows an easy and precise visualisation in
laboratory experiments. In the submicrometre range, dust particles are usually grown in the
plasma using methods based on reactive gases or material sputtering.

Reactive gases are used due to their ability to form dust particles by following a rather
complicated succession of growth phases. One of the most studied and well-known reactive gas
is silane (SiH) [9]-[15]. The interest for silane based chemistry is mainly due to its implication
in microelectronics and/or nanotechnology. Indeed, in the late 1980s, dust particle formation
in the gas phase has been evidenced in reactors used for silicon based device fabrication
[9, 16]. In some processes, cleanliness is a major requirement and a lot of studies began for
understanding dust particle formation and growth in order to avoid their deposition. More
recently, silicon nanocrystal formatioriq]] became of high interest for their incorporation
in thin films in order to improve their properties. Indeed, their use in solar cell technology
enhances optoelectronic properties of deposited filt8s Bingle electron devices (SED) like
transistors 19 or memories 20] can also be built, thanks to these silicon nanocrystals. Dust
particle formation in hydrocarbon based gases like methane)(C1]-[23] or acetylene
(CoHy) [21, 22, 24, 25] has also been studied. Indeed, £&hd GH, are used for deposition
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of diamond-like carbon (DLC) filmsZ6] or nanocrystalline diamond[/] used in industry for
their unique properties like extreme hardness. Hydrocarbon gases are also of great interest for
the astrophysical community dealing with planet atmospheres like Titan, where dust particles
are created from a mixture of methane and nitrodgsh [

Another process for dust particle production is material sputterR@—[32]. This
phenomenon can appear in industrial reactors and also in fusion de@8eske Tore
Supra B4] where graphite walls can be severely eroded by ion bombardment. Produced dust
particles can strongly limit performances of the fusion plasma. This aspect is of great importance
for the future ITER reactor.

Dust particles levitating in the full plasma volume can be obtained under microgravity
(for micrometre dust particles) or in the laboratory (for submicrometre dust particles).
Usually, the three-dimensional dust cloud exhibits a specific feature consisting of a
centred egg-shaped region free of dust particles. This region, called a ‘VQi@1] 32,
[35]-[47], seems to be controlled by an equilibrium between the charge dependent
forces (inward electrostatic and outward ion drag forces). This stable state is sometimes
disturbed and void size oscillation can occur. This self-excited instability is named the
‘heartbeat’ instability 86, 46, 48, 49. It has been previously observed during microgravity
experiments with injected micrometre dust particles and has since also been studied in the
laboratory with grown submicrometre dust particle®]f{52]. In these last experiments,
investigations of the heartbeat instability have been performed using both electrical and
spatially resolved optical diagnostics. These measurements allowed to identify complex
behaviours in recorded signals roughly related to dust particle motion. Furthermore,
the threshold behaviour of this self-excited instability has been brought to the fore
[51, 52]. Nevertheless, the presence of a sharp peak in electrical measurements and its absence
in optical ones was still unclear. Further investigations have been conducted using high speed
imaging to record dust particle cloud motion. These preliminary results gave first insights
concerning dust cloud motion and void size evolution correlated with electrical sidstals [
52]. In the present paper, new results on the heartbeat instability are obtained thanks to a second
high speed imaging experiment. Behaviour of both dust cloud and plasma glow is investigated
and correlations between both types of data are deduced. These results are compared to
electrical measurements and previous spatially resolved optical ones. The void dynamics during
the instability is now better characterised and, for example, the sharp peak presence can be
correlated with plasma glow changes.

2. Experimental set-up

2.1. Reactor

Experiments are performed in the Plasma Kristall Experiment (PKE)-Nefedov cha8nB&}.

The plasma is produced by a capacitively coupled radio frequency (rf) discharge operating
in push—pull mode at 186 MHz. The planar parallel electrodes are 4 cm in diameter and are
separated by 3 cm. In this chamber, argon is introduced to a typical pressunobdr and

the plasma is ignited with a rf power of typically@W. Dust particles are grown by sputtering

a polymer layer deposited on the electrodes and constituted of previously injected melamine
formaldehyde dust particles.
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2.2. Diagnostics

Grown dust particles are observed by laser light scattering using a thin laser sheet produced by
a laser diode at 685 nm and three standard charge coupled device (CCD) cameras (25 frames
per second) equipped with narrow-bandwidth interference filters. Two of these cameras record
the scattered light at 9Qvith different magnifications. The third one looks at the cloud with an
angle lying approximately between2énd 30 with respect to the incident laser direction. This
camera allows the observation of grown dust particles when their size is too small to observe
them at 90.

Plasma and dust particle cloud behaviours are strongly linked and a modification in one of
these media is usually reflected in the other. Therefore, diagnostics able to analyse both systems
are used in order to better characterise the heartbeat instability.

The first one consists of the measurement of the time evolution of the amplitude of the
discharge current fundamental harmonic. Indeed, this diagnostics is representative of global
changes in plasma properties and can be related to electron density variations. It allows to
monitor the total current during the various phases of the instability very easily. Thus, it is
used as our reference diagnostics. It shows that the heartbeat instability has different signatures
depending on the pressure, power and dust particle ded$ity [

The second diagnostics is based on spatially resolved optical measurements performed in
two different ways. The time evolution of either the intensity of an argon line or the total plasma
light is recorded in different plasma regions. For the total plasma light recording, five optical
fibres are horizontally aligned (separated by 5 mm) with a spatial resolution of about 3 mm. This
diagnostic is complementary to the electrical one because it can detect any plasma motion or
local behaviours that cannot be evidenced by a global measurement.

The third diagnostics consists of high speed imaging. The observed instability oscillates
at relatively low frequencies (10—200 Hz) but too high to be finely characterised by standard
CCD cameras at 25 frames per second. Indeed, as previously obségyedome features
of the instability, like the sharp peak, take place during a typical time scale of about 1 ms. A
high speed video camera system with 1789 frames per second (Mikrotron MC 1310) is used
to observe either the plasma glow or the dust cloud. Thus, two successive frames are separated
by around 56Q«s. For the last observation, the high speed camera takes the place of the third
standard CCD camera in order to record more light scattered by the dust cloud.

As already mentioned, the heartbeat instability has different signatures and measurements
show a wide variety of frequencies and shapes. In the following sections, both dust cloud
and plasma glow will be analysed in two different cases considered as sufficiently different
to cover a wide range of experimental observations: a low repetition rate one (contraction—
expansion sequences are well separated and original conditions, i.e. stable void, are nearly
restored between each sequence) and a high repetition rate one (continuous motion of the
void). The high repetition rate occurs when the instability is well established (higher values
of injected rf power) whereas low repetition rate occurs at lower powers when the instability
tends to slow down before stopping. Plasma glow will be mainly discussed through its intensity
(thus ‘glow intensity’ is referred as ‘glow’ in the following), except when spatial concerns are
well specified. Following results will mainly concern the fully developed instability. Another
interesting phenomenon, consisting of failed contractiéisj2] appearing near the instability
existence threshold, will be analysed in a further article.
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Figure 1. Heartbeat instability for a low repetition rate observed on the dust
cloud. (a) Some images of the void region during one contraction—expansion
sequence. The yellow ellipse delineates position of the stable open void. (b) Time
evolution of central column profile (vertical line passing through the void centre)
constructed from the entire video in false colours (from dark red to bright yellow)
(see alsanovie 1, 3.9 MB MPEG).

3. Dust cloud and plasma glow behaviours near the void region

In order to characterise the heartbeat instability, a first approach consists of a direct visualisation
of the void with its surrounding dust cloud. Typical unstable voids have a size of about a few
millimetres. Beyond a certain size, voids are usually stable and no instability has been observed
in the explored parameter range. Indeed, in this case, their stability is not disturbed even by
decreasing the pressure or increasing the power (these changes are known to be able to initiate
the heartbeat instability4p]).

3.1. Sequences with a low repetition rate

A video corresponding to a low repetition rate and showing three successive contraction—
expansion sequences is available in figir&sSome extracted images from the first sequence
are shown in figurd(a). Image aspect ratio is distorted due to the view angle compressing the
horizontal direction. Image numbers appear on the top right part of each image. The drawn
ellipse represents the position of the stable open void determined from image 30. Small but
detectable motion starts at image 40 (not shown) and clearly appears at image 42 where dust
cloud boundaries are clearly inside the drawn ellipse. Contraction lasts up to image 55 where the
void reaches its minimum size. From this instant, the empty inner part slowly increases in size
while a light grey corona region (i.e. lower dust density region) starts to be detected in image
80 and slowly reduces in size. These two regions meet and the stable open void state is nearly
reached anew in image 265.

In order to better depict this contraction—expansion sequence, the time evolution of a
column profile is shown in figur&(b). To construct this false colour image, the vertical line
passing through the void centre is extracted from each video image. Time is represented
by image number in the-axis and column profile is given in thg-axis. Using the video
as a reference, this representation is of interest in that it gives in one single image a clear
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characterisation of the instability in both time and space. Low dust density regions appear
dark while high dust density ones appear bright. Three contractions and two expansions are
clearly evidenced and give a frequency of about 7 Hz. For the first sequence, images 1-40 show
the higher dust density region usually observed in the void boundaries. Then, the contraction
takes place and the void reaches its minimum size approximatellir@es smaller than the
stable void size. At this moment, the two previously described phenomena (size increase of
the dark inner part and size decrease of an intermediate grey corona region) are well resolved
in time. The regular size increase of the inner part can be directly correlated to the void size
increase assuming that the term ‘void’ stands for the null dust density region. From figure
the behaviour of the corona region seems to correspond to the motion of dust particles attracted
to the plasma centre during the contraction and going back to their original stable position.
This motion is characterised by a moving boundary between a region of high dust density and
another one of low dust density. It appears that the speed of this moving boundary decreases as
it approaches the original void position. The dust particles which are the closest to the centre,
react last with the smallest speed. Furthermore, the corona region in its maximum extension is
larger than the size of the stable void indicating that the instability affects the dust cloud over a
long distance and not only in the close vicinity of the void. Collective motions can take place on
long distances due to the strong interaction between dust particles and their strong coupling with
plasma changes. Finally, figuli€b) shows that inner and corona regions meet (around image
280) and the high dust density boundaries are restored just before another contraction occurs.
To complete these observations, the interference filter is removed from the high speed
camera in order to record plasma glow evolution without changing the camera position. The
obtained image series is acquired approximately 2 s after the one presented if,fahaeking
that the instability does not change neither in frequency nor in shape. In order to synchronise
dust cloud images with plasma glow ones, small residual plasma glow signal passing through
interference filter is used (slightly visible in figul€b) in the black inner part of the void but
not allowing analysis). Electrical measurements are used to check that instability characteristics
remain unchanged. Typical images are presented in fig(ae In order to bring out changes,
a reference image is subtracted and false colours are used. Plasma glow images shown in
figure 2(a) correspond to the dust cloud ones shown in figifeg. For comparison, the same
ellipse as in figurel(a) is superimposed on the glow images. By correlating both dust cloud
and glow images, it clearly appears that the void contraction seems to correspond to a glow
enhancement in the plasma centre. Intermediate images of the glow variation are shown in
figure 2(b). It appears that the concerned plasma region is bigger than the original void region
even if maximum glow values are inside the void. This aspect can explain why the light grey
corona region observed in figutdhas a maximum extension bigger than the stable void. In fact,
the first image showing the glow increase is image 10 in fi@{og where the bright region is
already bigger than the drawn ellipse. Due to camera speed limitation, some data are missing
between images 9 and 10. Consequently it cannot be concluded if, at the early beginning, the
enhancement is bounded by the void and then propagates, or if it concerns directly a bigger
size region. After reaching its maximum value (around image 13), plasma glow decreases and
reaches a minimum below the mean glow value (darker image 19 in fajaye Certainly due
to dust particle inertia, the void continues to shrink (figdfe)) but when the central glow
(i.e. ionisation and consequently ion drag force) starts to increase slowly (from image 26 in
figure2(a) corresponding to image 55 in figur@)), the contraction stops and expansion occurs.

New Journal of Physics 9 (2007) 268 (http://www.njp.org/)
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Figure 2. Heartbeat instability for a low repetition rate observed on the plasma
glow. (a) Some images of the void region (in false colours from dark blue to red)
during one contraction—expansion sequence (image 1 corresponds to image 30
of figure 1 and so on). The yellow ellipse delineates position of the stable open
void. (b) Intermediate images of (a) during fast plasma glow modifications.
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Figure 3. Heartbeat instability for a low repetition rate: electrical measurements
superimposed on column profiles from (a) only dust cloud; (b) dust cloud and
plasma glow, (c) only plasma glow. Parts (a), (b) and (c) in false colours (from
dark blue to red).

Column profiles of these different series can be compared. Figygh®mws synchronised
profiles obtained from videos showing (a) the dust cloud (laser and camera with interference
filter), (b) dust cloud and glow (laser and camera without interference filter) and (c) plasma glow
(neither laser nor interference filter). Electrical measurements are superimposed with their mean
value (dotted line) corresponding to the stable open void. In fi§(aeit appears that there is a
good correlation between plasma glow and electrical measurements as the main variations are
related. The fast signal increase corresponds to glow enhancement. It is followed by a decrease
in both sets of data. A small shoulder appearing in electrical measurements (slope change) is
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Figure 4. Heartbeat instability for a high repetition rate observed on the dust
cloud: (a) some images of the void region (in false colours from dark red to
bright yellow) during one contraction—expansion sequence; (b) time evolution
of central column profile constructed from the entire video (see ralsae 2
2.3MB).
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related to a more drastic decrease of the central plasma glow. Then, the following minimum
values of both data are close in time. After this point, the next plasma glow increase towards the
mean state is well observed in electrical measurements slowly tending towards the mean value.
As mentioned, global variations are similar but some discrepancies exist due to the fact that
electrical measurements are integrated on all the plasma volume, and contain information on
plasma variation occurring outside the plasma centre. This aspect will be explored in dgction
where a precise analysis of the entire plasma glow is performed. Concerning the dust cloud,
the void contraction is related to glow and electrical signal increase (figd{egsand (b)),
meaning that it corresponds to ionisation increase in the plasma centre. Nevertheless, it can
be observed that contraction continues even when the electrical signal starts decreasing and
is still not stopped when electrical measurements and plasma glow are below their original
value. It confirms the direct comparison between dust cloud and plasma glow performed through
figuresl and2.

3.2. Sequences with a high repetition rate

Analysis of a high repetition rate sequence is more fussy due to the fast and constant motion of
the dust cloud without any clear stable position giving a fixed reference. A movie is available
in figure4 and in the same way as in the low repetition rate case, extracted images and column
profile are given respectively in figud€a) and (b). In order to increase contrast, false colours
are also used for extracted images. The constant motion clearly appears: no horizontal bright
regions, corresponding to high dust density void boundaries, are observed indfiguréhis

figure gives a frequency instability of about 31 Hz. Furthermore, the inner part of the void
region, which is never filled with dust particles, exhibits only small variations. Indeed, all the
motion takes place in the low dust density region between the dense dust cloud and the void
inner part. From the nearly isolated case (figliyethis region has been identified to consist

of dust particles going back to their original position. In the high repetition rate case, the new
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contraction occurs while dust particles from the previous contraction are still inside the void
and try to reach their original position. Indeed, a new contraction starts around image 69 of
figure 4(a) (complex motions do not allow precise determination) while dust particles are still
inside the void region. At this time the plasma glow is close to its maximum value in the centre
(determined from a plasma glow video correlated to the present one). This complex behaviour
leads to the relatively constant regions (black inner part and grey intermediate part) observed in
figure 4(b). The dust cloud is always moving even so spatial dust density appears more or less
constant.

3.3. Asymmetry in void contraction

Another interesting phenomenon concerning dust cloud motion during the heartbeat instability,
is the observable delay appearing in the response of horizontal and vertical directions. Indeed,
in some conditions (currently not clearly defined) the dust cloud shrinks horizontally before
shrinking vertically p1, 52]. As an example, a record containing both dust cloud and plasma
glow information has been performed for a sequence where a stable open void suddenly starts a
size oscillation. First and second contraction—expansion sequences are shown b figere
a movie can also be found. Image 135 clearly shows the stable open void with the corresponding
drawn ellipse. In image 142 plasma glow starts increasing and reaches its maximum value at
144. In this lastimage, it appears that the plasma glow enhancement affects a region bigger than
the void size and correlation with the corona region well observed in fijoes be suggested
again. This hypothesis is correct assuming that the intensity increase in the surrounding dust
cloud is entirely due to plasma glow changes and not due to any dust density modification.
Thanks to the drawn ellipse, it clearly appears that the void shrinks first in the horizontal
direction (starting from image 143) and then in the vertical one (starting around image 147). As
images are already compressed in the horizontal direction, a detectable motion in this direction
clearly indicates a real dust cloud response and cannot be an optical illusion. The plasma glow
reaches its minimum value in image 148 and, as already observed, the void continues to shrink
to its minimum size in image 155. From this point, the void inner part slowly increases in
size and the grey intermediate region, constituted of dust particles going back to their original
position, becomes gradually visible. The next contraction occurs before the original state has
been completely reached again (image 241).

These various steps are well observed on the column profile shown in B¢ajreFor
better understanding, temporal evolution of plasma glow in the central pixel of the void is
superimposed at the bottom of the image. The stable open void is accurately defined with its
constant size and its high dust density boundaries (between images 100 and 142). When plasma
glow increases, the void shrinks. Its minimum size is reached while plasma glow in the centre
has already reached its minimum value and has started to slowly increase again. Then, the glow
stays relatively constant in the void centre while dust particles are expelled to their original
position. It clearly appears that the void did not reach its original size when the new glow
increase occurs. This effect is traduced, firstly by the dark inner part which does not rejoin
the position of the stable void and secondly by the intermediate corona region which is bigger
than the original void size. This last point means that the ‘wave front’ formed by returning
dust patrticles is still moving towards the original void boundaries. The speed of this wave
front appears to slow down when approaching the original conditions. Furthermore, it is clearly
visible that the instability is in a setting up phase. Indeed, starting from a stable open void,
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Figure 5. Simultaneous record of dust cloud and plasma glow in the void region

during the setting up of the heartbeat instability. From image 135: stable open
void (delineated by a pink ellipse) followed by a first contraction, and new

contraction at image 241 while original conditions are not restored (see also
movie 3 2.6 MB).
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Figure 6. (a) Column profile (in false colours from dark red to bright yellow)
calculated from image series presented in figbr@ith central plasma glow
evolution superimposed (blue curve corresponding to line 95 of fiG(ay,
(b) zoom of (a), (c) corresponding line profile.

the characteristics of first and second contraction—expansion sequences are slightly different in
terms of minimum void size and re-opening time duration. Concerning the time delay appearing
in the vertical direction (as observed in figusg it can also be evidenced by comparing
column and line profiles extracted from the video. These two profiles are shown respectively
in figures 6(b) and (c). Previous results also showed that some correlation can be found
between the different times of collapse and different slopes in electrical measurebi@nts |
Reasons why this effect appears in some cases are unclear due to a lack of statistics and
spatiotemporal limitations of video acquisition. Nevertheless, one possible explanation is related
to reactor geometry where confining conditions are different in the two directions. The electrode
diameter is around 4 cm and glass boundaries are at approximately 3 cm of the electrode edges.
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Figure 7. Heartbeat instability for a low repetition rate observed on the total
plasma glow: (a) some images in true colours during one contraction—expansion
sequence, (b) same images as in (a) with post-processing and false colours (from
dark blue to red).

Consequently, the plasma usually extends beyond the electrodes towards the lateral sides. The
plasma width is then nearly twice as large as the height and it is nearly the same for the trapped
dust cloud and the void. No strong electrostatic barrier exists due to the distance to the glass
boundaries, thus, plasma and void modifications in these directions are relatively free. On the
contrary, the electrodes imposed a strong electrostatic barrier and vertical modifications and
motions are then drastically controlled by the sheaths.

4. Plasma glow behaviour in the whole discharge

Plasma glow in the whole interelectrode volume is recorded during the instability in the two
different cases (low and high repetition rate). This analysis is performed in order to understand
global evolution of the plasma and not only central part behaviour as in the previous section.
It can identify some side effects already suggested (relation between a sharp peak in electrical
measurements and brighter glow regions near plasma horizontal bound&i&3]] and that

are inaccessible through the analysis presented in sektion

4.1. Sequences with a low repetition rate

The total plasma glow recorded by fast imaging during a contraction—expansion sequence is
shown in figure/Z(a). Both bright presheath regions are clearly evidenced on the upper and lower
parts of the images (electrodes are not visible). Before the contraction—expansion sequence
(stable situation with an open void), the central plasma region is relatively uniform and not very
bright (image 691). Then, the glow increases fast and concentrates in the discharge centre before
disappearing and leaving a darker region in the centre as observed in the previous section. This
scheme is better evidenced by representing the same images in false colours and by subtracting
a reference image (stable situation) as shown in fig@og The relatively homogeneous glow
(image 691) changes into a bright (i.e. higher ionisation) central region and dark (i.e. lower
ionisation) edges during the contraction (image 697). A reverse situation (dark centre and bright

New Journal of Physics 9 (2007) 268 (http://www.njp.org/)


http://www.njp.org/

12 10P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

3 300
£ 250
3 200
£ 150
= £ 100
= g >0
= 30
2 620 640 660 680 700 720 740 760 780
: 2
2 2 250
= &
< 200
Z 150
2 100
100 200 300 400 500 600 700 800 E 500

Image number 685 690 695 700 705 710 715
Image number

Figure 8. (@) Line profile (in false colours from dark blue to red) calculated from
the image series presented in figuig(b) and (c) are different magnifications
of (a).

edges) starts just before the re-opening (image 699). Then, the glow becomes slowly uniform
again (image 736).

Time evolution of a line profile is presented in figug@) and magnified in figure&(b)
and (c). To construct this false colour image, the horizontal line passing through the middle
of the discharge is extracted from each video image. This line has been chosen because it
passes through the region of biggest changes. In order to extract changes occurring during the
instability, a temporal average value is subtracted. A smoothing filter is also applied for noise
reduction and better delimitation of changing regions. Column profiling has also been performed
for the plasma glow analysis but no original information has been extracted partly due to the
limiting conditions imposed by electrodes.

Nearly isolated contraction—expansion sequences often have a short time duration8Figure
shows an instability frequency of about 3Hz. In between each sequence, original conditions
have time to be restored. From figur&®) and (c), plasma glow behaviour is well observed
and its complete evolution analysis is more easily performed than from direct images like in
figure7. First, some small oscillations are observed before the real sequence. This phenomenon
has already been observéd [52] and corresponds to failed contractions appearing sometimes
near the instability existence threshold. This behaviour does not change the following analysis
and will be described in a future article. FigBeconfirms that when the void contracts, the
plasma glow suddenly concentrates in the centre leaving dark border regions. The void re-
opening occurs during the reverse situation with two symmetrical bright regions surrounding
the plasma centre. Then, these regions seem to diffuse slowly to the centre until a homogeneous
glow is obtained once again.

In the previous section, only the central part of the plasma was observed when the
interference filter was removed. Indeed, the observed region was too small and due to the
viewing angle, out of focal plane information was lost. The whole plasma recording allows
to identify the dark (during contraction) and bright (during expansion) plasma edge regions.
These observations show that the increase of plasma glow in the centre is really a concentration
of the plasma towards the centre at the expense of the plasma edges. After that, the reverse
situation occurs with plasma edges brighter than in the stable void situation.
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Figure 9. (a) Line profile (in false colours from dark blue to red) calculated
from the image series presented in figdreith electrical measurements super-
imposed; (b) zoom of (a); (c) electrical measurements; (d) central line (line 178)
profile of (a); (e) middle position line (line 105) profile of (a).

Correlation with electrical results is presented in figués and (b) with non smoothed
images in order to get pixel precision. The dotted curve is the current continuous component.
From this superimposition it can be deduced that the contraction corresponds to an increase
in the global ionisation (i.e. electron density). Indeed, increase of central plasma glow
corresponds to an increase of electrical signal amplitude meaning that this central increase is
not compensated by the decrease in the near plasma edge. Then, when the reverse situation
occurs, ionisation appears to be below the stable situation value (as indicated by electrical
measurements). Indeed, the dark central region is not balanced by the larger but slightly
brighter near edge regions. Finally, these regions tend to rejoin in the centre following the slow
increase observed in electrical measurements. These behaviours are also visible by comparing
electrical measurements with line profiles (figuéés)—(e)) extracted from figuré(a) (not to
be confused with temporal evolution of line profile extracted from video images) and physically
corresponding to the time evolution of individual pixels taken in (d) plasma centre and in (e) the
near edge.

4.2. Sequences with a high repetition rate

When the heartbeat instability frequency increases, contraction—expansion sequences are closer
in time, and no exact return to original stable conditions is achieved. Indeed, the next sequence
happens while the void size has not reached its stable state. The case presented here is
quite similar to the one shown in figurésand 6. The corresponding video is presented in
figure 10 showing three successive contraction—expansion sequences. Images extracted from
one sequence appear in figl®&a). FigurelQ(b) is obtained from figur&0(a) in the same way
as figure7(b). As the sequence lasts longer, better time resolution is obtained and variation of
plasma glow is well evidenced. In comparison with the low repetition rate case, the change from
bright centre and dark edges to the reverse is here more strongly marked. The different phases of
the contraction—expansion sequence that have been already described, are highly visible here.
The deduced line profile is very significant and summarises nearly all results concerning
plasma glow evolution during the heartbeat instability (figltg Indeed, starting from a void
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Figure 10. Heartbeat instability for a high repetition rate observed on the total
plasma glow: (a) some images in true colours during one contraction—expansion
sequence; (b) same images as in (a) with post-processing and false colours (from
dark blue to red) (see alsoovie 4 2.7 MB).
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Figure 11. (a) Line profile (in false colours from dark blue to red) calculated from
image series presented in figur@ (b) zoom of (a) with electrical measurements
superimposed.

expansion (dark inner part and bright plasma edges), slow concentration of the glow from the
plasma edge towards the centre takes place. This motion can be correlated to the grey corona
region observed in the dust cloud and presented in se8tibarthermore, it clearly appears that

the two brighter edge regions do not meet completely and no homogeneous plasma is restored
as in figure8. Indeed, the central glow increases at the expense of plasma edges before the
brighter glow regions fully converge towards the plasma centre. This central enhancement is
then followed by a strong and fast reversal. Electrical measurements are superimposed on the
line profile in figurell(b). The bright region moving from the plasma edge towards the plasma
centre corresponds to a continuous increase of the current. Then, it appears that the strong
brightness reversal is related to the presence of a sharp peak in the current. Measurements
without peak certainly correspond to cases where the brightness reversal between plasma centre
and edges exists, but is not strongly marked (fig@)r& his sharp peak is an interesting feature
already observed but not fully explained. Indeed, 48]] preliminary results suggested that

this peak could be correlated to a strong glow decrease in the centre and increase in the
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Figure 12. Extracted data from figur&l: (a) electrical measurements; (b) central
line profile; (c) line profile in the glow reversal region. (d) Plasma glow integrated
on a small central volume from complete image series of figuxePrevious
measurements in similar conditions for (e) electrical measurements; (f) light
recorded by a centred optical fibre; (g) intermediate fibre; (h) edge fibre (same
observed region as (c)).

plasma edge. These measurements were performed thanks to a spatially resolved (four different
positions) analysis of an argon line emission at.450n. Further results with five optical fibres

(also used for characterisation of dust particle growth instabilits®) [and integrating all

plasma wavelengths gave similar result$|out no complete description was available. Present
results greatly enhance spatiotemporal resolution of this phenomenon and clearly correlate the
sharp peak with an enhancement of the plasma glow outside the central region. Variations of
electrical measurements are representative of global changes of the plasma (spatially integrated
measurement). From the present analysis it appears that electrical measurements are not only
dominated by the plasma core.

These effects are also evidenced in figdr@ by direct comparison of (a) electrical
measurements, with data extracted from figife (b) central line profile (i.e. physically
corresponding to central pixel variation), (¢) middle position line profile (i.e. variation of a pixel
in the glow reversal zone) and from the video in figlife (d) integrated central luminosity (i.e.
variation integrated in a small centred volume assumed to represent plasma core). Comparison
of figure 12(a), (b) and (d) shows that the main central plasma changes are observed in
electrical measurements. Nevertheless, it appears that the maximum value of central glow
occurs while electrical measurements have already decreased. In fact, at this time, electrical
measurements are affected by the edge plasma glow decrease as observed ih2f@ure
Finally, the sharp peak region is well understood thanks to figa(e) and figurel2(a)—(d).
Opposite behaviour of electrical measurements and central glow is directly related to the strong
and fast enhancement of plasma edges while the centre becomes the less luminous part.

In order to show consistency of the new results, previous measurements performed
in similar instability conditions (i.e. similar electrical measurements) with the optical fibre
diagnostics, are presented in figur&e)—(h). Here, the edge fibre (figut@(h)) observes the
region corresponding to the middle line profile of figliZc). The intermediate fibre observes
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a region in between the centre and the edge. Its maximum value appearing before the one of
figure 12(f) traduces the plasma concentration towards centre. Main features concerning the
sharp peak region are observed: the peak corresponds to a glow reversal between the centre and
the edge. This comparison is of major interest because it confirms that no artefacts, neither in the
way measurements are performed nor in data retrieval from images, are implied for explanation
of the sharp peak region.

5. Discussion and conclusion

From the different analyses, several features of the heartbeat instability can be brought to
the fore: the void contraction corresponds to an increase of the central plasma glow. These
observations tend to show that a sudden higher ionisation in the plasma centre enhances the
ratio between the inward electrostatic force and the outward ion drag force. Then, the void centre
becomes darker but dust particles continue to move towards the centre due to their inertia. Their
motion seems more or less continuous (at relatively constant speed) and is stopped suddenly
(see for example figurd). The void is not entirely filled by dust particles meaning that a
force prevents further motion towards its centre. This force also exceeds gravity that should
induce void collapse by acting on, among others, dust particles constituting the upper part of
the void. At this time the central glow is not very bright. Furthermore, it appears more or less
homogeneous, a property usually associated with a weak electric field. The force stopping dust
particles is then supposed to be the ion drag.

Dust particles located near the plasma centre are then nearly immobile while a dust particle
‘wave front’ coming from the plasma edge starts to be detected. At this time, a corona region of
higher ionisation is observed in plasma glow images. This region surrounds the plasma centre
and moves slowly towards it. Correlating dust cloud images with plasma glow ones, this moving
region seems to correspond to the dust particle wave front. Darker centre and brighter edge can
create an outward electrostatic force near the corona region. This hypothesis is assumed by
analogy with the contraction phase when an enhanced glow region attracts dust particles. Thus,
central dust particles are immobile (far from this interface) and the wave front corresponds to
dust patrticles close to the corona region and moving towards it. As dust particles move, local
conditions change and the corona region moves towards the centre attracting inner dust particles
one after the other. As the plasma becomes more and more homogeneous, the wave front speed
decreases and the last dust particles to move are finally the closest to the plasma centre.

In the case of low repetition rate sequences, the original stable position of the void is
restored between each sequence that can be considered as isolated and independent. On the
contrary, high repetition rate conditions lead to a continuous motion of the dust particles. Indeed,
while central dust particles return to their original position, a new contraction occurs.

An asymmetry in void contraction has been evidenced in some cases. This behaviour can
find its origin in the discharge geometry, confined by electrodes in the vertical direction and
more free to diffuse in the horizontal one. It is confirmed by the observed corona region in
plasma glow images. Indeed, it is better observed near the horizontal edges than near the vertical
ones where it is merged with the bright presheath regions.

The sharp peak in electrical measurements can be associated with the glow reversal from
bright centre and dark edges to bright edges and dark centre. It appears when this phenomenon
is strongly marked. It is replaced by a change in signal slope in other cases. This reversal is
very fast and our camera system does not allow to resolve this phenomenon in time. The optical
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fibre diagnostics have a high time resolution but noise is relatively important and the data do
not show if there is a wave propagation between centre to edge during the reversal. The reversal
seems to be instantaneous and its physical origin is under investigation.

Acknowledgments

The PKE-Nefedov chamber has been made available by the Max-Planck-Institute for
Extraterrestrial Physics, Germany, under the funding of DLR/BMBF under grants No.
50WM9852. We would like to thank S Dozias for electronic support and J Mathias for optical
support. ESA and Kayser-Threde GmbH are acknowledged for providing the high speed camera
system in the framework of the IMPACT programme. This work was supported by CNES under
contract 02/CNES/4800000059.

References

[1] Walch B, Horanyi M and Robertson S 198BEE Trans. Plasma ci. 22 97
[2] Melzer A, Trottenberg T and Piel A 19%2hys. Lett. A 191301
[3] Arnas C, Mikikian M and Doveil F 199®hys. Rev. E 60 7420
[4] Samarian A A and Vladimirov S V 200Bhys. Rev. E 67 066404
[5] Ratynskaia St al 2004Phys. Rev. Lett. 93085001
[6] Couédel L, Mikikian M, Boufendi L and Samarian A A 206®ys. Rev. E 74026403
[7] Morfill G E, Thomas H M, Konopka U, Rothermel H, Zuzic M, Ivlev A and Goree J 1989s. Rev. Lett.
831598
[8] Nefedov A Pet al 2003New J. Phys. 5 33
[9] Roth R M, Spears K G, Stein G D and Wong G 198%l. Phys. Lett. 46 253
[10] Watanabe Y, Shiratani M, Kubo Y, Ogawa | and Ogi S 12®l. Phys. Lett. 531263
[11] Bouchoule A, Plain A, Boufendi L, Blondeau J P and Laure C 19%ppl. Phys. 701991
[12] Howling A, Hollenstein C and Paris P J 198ppl. Phys. Lett. 59 1409
[13] Bouchoule A, Boufendi L, Hermann J, Plain A, Hbid T, Kroesen G, Stoffels E and Stoffels W W 1996
Pure Appl. Chem. 681121
[14] BoufendiL, Gaudin J, Huet S, Viera G and Dudemaine M 2804l. Phys. Lett. 794301
[15] Cavarroc M, Jouanny M C, Radouane K, Mikikian M and Boufendi L 20.0%ppl. Phys. 99064301
[16] Selwyn G S, Singh J and Bennett R S 198%ac. Sci. Technol. A 7 2758
[17] Cavarroc M, Mikikian M, Perrier G and Boufendi L 20@¢pl. Phys. Lett. 89013107
[18] Rocai Cabarrocas P, Gay P and Hadjadj A 199@c. <ci. Technol. A 14655
[19] Dutta A, Lee S P, Hayafune Y, Hatatani S and Oda S 2@an. J. Appl. Phys. 39 264
[20] Dutta A, Hayafune Y and Oda S 2008pan. J. Appl. Phys. 39 L855
[21] Deschenaux C, Affolter A, Magni D, Hollenstein C and Fayet P 1.2%hys. D: Appl. Phys. 321876
[22] Hong S, Berndt J and Winter J 2008asma Sources ci. Technol. 12 46
[23] Pereira J, Géraud-Grenier |, Massereau-Guilbaud V and Plain A Bi85olid Films 482226
[24] Stefanowvt |, KovaCevic E, Berndt J and Winter J 200&w J. Phys. 5 39
[25] De Bleecker K, Bogaerts A and Goedheer W 260§s. Rev. E 73026405
[26] Robertson J 200RIater. Sci. Eng. R 37129
[27] Zhou D, McCauley T G, Qin L C, Krauss A R and Gruen D M 12B&ppl. Phys. 83540
[28] Szopa C, Cernogora G, Boufendi L, Correia J J and Coll P Z0fiet. Space Sci. 54 394
[29] Selwyn G S, McKillop J S, Haller K L and Wu J J 1990Vac. Sci. Technol. A 8 1726
[30] Ganguly B, Garscadden A, Williams J and Haaland P 1B9&c. <ci. Technol. A 111119
[31] Praburam G and Goree J 19BBys. Plasmas 31212

New Journal of Physics 9 (2007) 268 (http://www.njp.org/)


http://dx.doi.org/10.1109/27.279010
http://dx.doi.org/10.1016/0375-9601(94)90144-9
http://dx.doi.org/10.1103/PhysRevE.60.7420
http://dx.doi.org/10.1103/PhysRevE.67.066404
http://dx.doi.org/10.1103/PhysRevLett.93.085001
http://dx.doi.org/10.1103/PhysRevE.74.026403
http://dx.doi.org/10.1103/PhysRevLett.83.1598
http://dx.doi.org/10.1088/1367-2630/5/1/333
http://dx.doi.org/10.1063/1.95648
http://dx.doi.org/10.1063/1.100445
http://dx.doi.org/10.1063/1.349484
http://dx.doi.org/10.1063/1.105322
http://dx.doi.org/10.1063/1.1425431
http://dx.doi.org/10.1063/1.2179973
http://dx.doi.org/10.1116/1.576175
http://dx.doi.org/10.1063/1.2219395
http://dx.doi.org/10.1116/1.580162
http://dx.doi.org/10.1143/JJAP.39.264
http://dx.doi.org/10.1143/JJAP.39.L855
http://dx.doi.org/10.1088/0022-3727/32/15/316
http://dx.doi.org/10.1088/0963-0252/12/1/306
http://dx.doi.org/10.1016/j.tsf.2004.11.150
http://dx.doi.org/10.1088/1367-2630/5/1/339
http://dx.doi.org/10.1103/PhysRevE.73.026405
http://dx.doi.org/10.1016/S0927-796X(02)00005-0
http://dx.doi.org/10.1063/1.366668
http://dx.doi.org/10.1016/j.pss.2005.12.012
http://dx.doi.org/10.1116/1.576838
http://dx.doi.org/10.1116/1.578451
http://dx.doi.org/10.1063/1.871745
http://www.njp.org/

18 10P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

[32] Mikikian M, Boufendi L, Bouchoule A, Thomas H M, Morfill G E, Nefedov A P, Fortov V E and
PKE-Nefedov Team 2008ew J. Phys. 519

[33] Winter J 1998Plasma Phys. Control. Fusion 401201

[34] Arnas C, Dominique C, Roubin P, Martin C, Brosset C and Pégourié B 2006cl. Mater. 35380

[35] Dorier J L, Hollenstein C and Howling A 1995 Vac. Sci. Technol. A 13918

[36] Goree J, Morfill G E, Tsytovich V N and Vladimirov S V 19%hys. Rev. E 59 7055

[37] Samsonov D and Goree J 19BBys. Rev. E 591047

[38] Akdim M R and Goedheer W J 20@Phys. Rev. E 65015401

[39] Jovanove D and Shukla P K 200Bhys. Lett. A 308369

[40] Gozadinos G, Ivlev AV and Boeuf J P 200&w J. Phys. 5 32

[41] Avinash K, Bhattacharjee A and Hu S 20BBys. Rev. Lett. 90075001

[42] Tsytovich V N, Morfill G, Konopka U and Thomas H 200&w J. Phys. 5 66

[43] Zafiu C, Melzer A and Piel A 200Bhys. Plasmas 101278

[44] Schauer J C, Hong S and Winter J 2@Rl4sma Sources Sci. Technol. 13636

[45] Kretschmer M, Khrapak S A, Zhdanov S K, Thomas H M, Mofrfill G E, Fortov V E, Lipaev A M, Molotkov
V 1, lvanov A | and Turin M V 2005Phys. Rev. E 71 056401

[46] Vladimirov SV, Tsytovich V N and Morfill G E 200Phys. Plasmas 12052117

[47] Land V and Goedheer W J 200&w J. Phys. 8 8

[48] Goree J, Quinn R A, Morfill G E, Thomas H M, Hagl T, Konopka U, Rothermel H and Zuzic M F986&
4th Microgravity Fluid Physics and Transport Phenomena Conf. (Cleveland)

[49] Mikikian M and Boufendi L 2004°hys. Plasmas 11 3733

[50] Mikikian M, Boufendi L and Bouchoule A 200®roc. 30th EPS Conf. on Contr. Fusion and Plasma
Phys. (S Petersburg) (ECA vol 27A) ed R Koch and S Lebedev pp O-3.1B onlinatgp://epsppd.epfl.ch/
StPetersburg/pdf/QB01b.pdf

[51] Mikikian M, Cavarroc M, Chaumeix N and Boufendi L 20@4oc. 31st EPS Conf. on Plasma Phys. (London)
(ECA vol 28G) ed P Norreys and H Hutchinson (Petit-Lancy: European Physical Society) pp 0-2.13.
Online athttp://epsppd.epfl.ch/London/pdf/AAB.pdf

[52] Mikikian M, Cavarroc M and Boufendi L 2008ew Vistasin Dusty Plasmas ed L Boufendi, M Mikikian and
P K ShuklaAlP Conf. Proc. vol 799 p 323

[53] Mikikian M, Cavarroc M, Couédel L and Boufendi L 20@®1ys. Plasmas 13092103

New Journal of Physics 9 (2007) 268 (http://www.njp.org/)


http://dx.doi.org/10.1088/1367-2630/5/1/319
http://dx.doi.org/10.1088/0741-3335/40/6/022
http://dx.doi.org/10.1016/j.jnucmat.2006.02.097
http://dx.doi.org/10.1116/1.579852
http://dx.doi.org/10.1103/PhysRevE.59.7055
http://dx.doi.org/10.1103/PhysRevE.59.1047
http://dx.doi.org/10.1103/PhysRevE.65.015401
http://dx.doi.org/10.1016/S0375-9601(03)00067-7
http://dx.doi.org/10.1088/1367-2630/5/1/332
http://dx.doi.org/10.1103/PhysRevLett.90.075001
http://dx.doi.org/10.1088/1367-2630/5/1/366
http://dx.doi.org/10.1063/1.1569486
http://dx.doi.org/10.1088/0963-0252/13/4/012
http://dx.doi.org/10.1103/PhysRevE.71.056401
http://dx.doi.org/10.1063/1.1909201
http://dx.doi.org/10.1088/1367-2630/8/1/008
http://dx.doi.org/10.1063/1.1761578
http://epsppd.epfl.ch/London/pdf/O2_13.pdf
http://dx.doi.org/10.1063/1.2337793
http://www.njp.org/
http://epsppd.epfl.ch/StPetersburg/pdf/O3_001b.pdf
http://epsppd.epfl.ch/StPetersburg/pdf/O3_001b.pdf




Nucléation, croissance et comportement de poussieres dans les plasmas réactifs radiofréquence
basse pression : Des nanocristaux aux grains submicroniques polycristallins

Les gaz ionisés contenant des particules solides, appelés plasmas poussiéreux, sont principalement
utilisés pour le dépot de couches minces et la synthése de nanoparticules aux propriétés maitrisées.

L'objectif de cette these était de synthétiser des poussieres de taille et/ou composition chimique connues
en vue d'applications en microélectronique, photovoltaique (nanocristaux de silicium) et astrophysique
(tholins, ISD grains).

La localisation et I'étude du démarrage de la phase d'agrégation des nanocristaux, par I'étude
paramétrique d'une instabilité, ont été réalisées dans des plasmas d'Argon/Silane. Puis, une étude de la forme
et du comportement du nuage de poussieres a ét€ menée dans deux décharges différentes. Elles ont mis en
évidence la forte influence de la croissance des poussieres sur le plasma et sur le nuage, et d'optimiser nos
parametres de dépot pour les nanocristaux de silicium non-agglomérés. Une étude paramétrique des
caractéristiques électriques du plasma (courant, tension et densités électronique et ionique) en
Azote/Méthane a permis de cibler les meilleurs parametres pour synthétiser des tholins (aérosols analogues
de Titan). Par ailleurs, l'ellipsométrie in-situ de Mie-Rayleigh en chimie Azote/Acétylene nous a donné
certaines informations sur les analogues de poussieres interstellaires synthétisés (structure, indice optique).
Finalement, 1'effet des basses températures de gaz a été exploré afin d'augmenter la taille des nanocristaux de
silicium. Différentes hypotheses (chimiques et thermodynamiques) sont discutées dans le but d'expliquer les
effets observés : accélération de la cinétique de croissance et augmentation de la taille des nanocristaux.

Mots-Clés : nanocristaux, silicium, PECVD, plasmas poussiéreux, nanoparticules, gaz réactifs, void, instabilités,
décharge rf, couches minces nanostructurées, poussieres

Nucleation, growth and behavior of dust particles in reactive low pressure radiofrequency plasmas:
From nanocrystals to submicron polycrystalline grains.

Ionized gases containing fine solid particles, called dusty plasmas, are used mainly to deposit
nanostructured thin film layers and to synthesize nanoparticles with controlled properties.

The main objective of this PhD thesis was to succeed in synthesizing dust particles of desired size and/or
chemical composition, for applications in microelectronics, photovoltaic conversion (silicon nanocrystals)
and astrophysics (tholins, ISD grains).

The localization and the study of the beginning of the aggregation phase have been performed through a
parametric study of an instability in Argon/Silane plasmas. Then, a study of the dust cloud shape and
behavior has been performed in two different discharges. Those studies brought to the fore the strong
influence of dust particle growth on both the plasma characteristics and the dust cloud. They allowed us to
optimize our deposition parameters to synthesize single-crystal silicon nanoparticles. A parametric study of
the electrical characteristics of the plasma (current, voltage, electron and ion densities) in Nitrogen/Methane
allowed us to target the best parameters to synthesize tholins (Titan's aerosol analogues). Moreover, in-situ
Mie-Rayleigh ellipsometry in Nitrogen/Acetylene plasmas gave us information concerning the synthesized
ISD grains structure, optical index). Finally, low gas temperature effects have been investigated in order to
increase the size of the single-crystal silicon nanoparticles. Different hypothesis (chemical and
thermodynamical) are discussed in order to explain the obtained results: dust formation kinetics accelerated
and increase in the nanocrystal size.

Key-words : single crystal silicon nanoparticles, silicon, PECVD, dusty plasmas, nanoparticles, reactive gases, void,
instabilities, rf discharge, nanostructured thin layers, dust grains

Discipline : Physique des plasmas
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