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IntrodutionCe n'est qu'en essayant ontinuellement que l'on �nit par réussir.Autrement dit : plus ça rate, plus on a de hanes que ça marhe.Les Shadoks
Les gaz ionisés ontenant de �nes partiules solides (présentant des tailles allant dunanomètre au miromètre) sont ommunément appelés les plasmas poussiéreux, poudreux,voire plus réemment "omplexes" (dusty or omplex plasmas). On les renontre aussi bienà l'état naturel que dans l'industrie, sur Terre ou dans l'Espae.En astrophysique, les plasmas poussiéreux sont omniprésents : milieux interplanétaires,queues de omètes, nuages interstellaires, anneaux de planètes, atmosphères planétaires...Dans l'industrie, on les trouve prinipalement dans les proédés de miroéletronique (dép�t,gravure par plasma) et de traitement de surfae.Dans l'industrie de la miroéletronique, éviter l'apparition et surtout le dép�t despoussières lors des nombreuses étapes de proédé est un véritable dé� tehnologique [1℄.A l'opposé, la synthèse de es mêmes poussières est un enjeu à la fois sienti�que et teh-nologique pour la prodution de poussières analogues à elles présentes en astrophysique[2℄, ou pour la prodution de ristaux de taille nanométrique [3℄. C'est autour de e seondaxe qu'ont été artiulées les di�érentes études présentées dans ette thèse.En e�et, les plasmas poussiéreux sont de véritables soures de nanopartiules aux pro-priétés variées et novatries. Ils onstituent notamment des soures très attratives pourla prodution d'îlots quantiques (quantum dots) [4℄ présentant de nombreuses appliationspossibles en nanotehnologie. On peut par exemple iter le transistor à un életron [5℄ oules mémoires siliium non-volatiles [6℄. Les plasmas poussiéreux permettent aussi le dép�tde matériaux nanostruturés : des grains nanométriques sont inlus dans une matrie amor-phe. Ces nouveaux matériaux présentent des propriétés méaniques, optiques, életriquesaméliorées. Ainsi, le siliium polymorphe (pm-Si), onstitué de nanoristaux de siliium in-lus dans une matrie de siliium amorphe, permet de fabriquer des ellules photovoltaïquesà rendement plus élevé et plus stable dans le temps que elles fabriquées en siliium amorphe[7, 8℄. Les plasmas poussiéreux se sont aussi révélés plus réemment être de très bons outils17



Introdutionpour simuler la synthèse d'aérosols dans ertaines atmosphères planétaires, notamment ellede Titan [2℄.Cependant, a�n d'exploiter e�aement la soure de nanopartiules que représententles plasmas poussiéreux, il est indispensable de développer les onnaissanes et les outilsnéessaires au ontr�le des propriétés de es poussières.Il existe en e�et deux prinipaux moyens de synthétiser des poussières dans un plasma :soit par pulvérisation d'une ible ou d'un matériau déposé, soit en utilisant un gaz réatif telque le silane, le méthane ou l'aétylène. A�n de pouvoir ontr�ler au mieux la déharge, etde e fait la synthèse de poussières, un diagnosti életrique qui ne perturbe pas la déhargea été mis au point au laboratoire [9℄. C'est d'ailleurs le prinipal diagnosti qui a été utiliséau ours de ette thèse.L'objetif de ette thèse était de réussir à synthétiser des poussières de taille et/ouomposition himique maîtrisées en vue de di�érentes appliations. Pour ela, nous noussommes basé sur les quatre thèses réalisées préédemment au laboratoire et dédiées à e typede plasmas. Les thèses de J.Ph. Blondeau [10℄ et L. Boufendi [11℄ ont servi de référenessur les méanismes de formation et de roissane des poussières. La thèse de S. Huet [12℄ aapporté les premiers élément onernant les e�ets notamment de la température de gaz surles propriétés des nanoristaux de siliium (taille, struture), et la thèse de M.C. Jouanny[13℄ m'a servi de référene quant au diagnosti életrique développé et alibré pendant sathèse.Cette thèse a été réalisée dans le adre d'une ollaboration nationale et de séjours dereherhe dans les laboratoires suivants :� Le Servie d'Aéronomie de Verrières le Buisson, en Frane, où nous avons partagé notreexpertise en terme de diagnostis életriques dans une déharge en himie méthane-azote.� L'Institut für Experimentalphysik II de Bohum, en Allemagne, où j'ai aquis un er-tain nombre de onnaissanes sur l'ellipsométrie in-situ sur des poussières synthétiséesen himie aétylène-azote.� Le groupe de Físia i Enginyeria de Materials Amorfs i Nanoestrutures (FEMAN)de Barelone, en Espagne, où j'ai pu aquérir une vision plus globale des appliationsdes nanoristaux de siliium tournées notamment vers les nanotehnologies.Le travail présenté s'artiule autour de trois prinipaux axes :� La loalisation et l'étude du démarrage de la phase d'agrégation des nanoristaux ontd'abord été réalisé au travers de l'étude paramétrique d'une instabilité. Ce travaila été suivi par une étude de la forme et du omportement du nuage de poudresau ours de la roissane de poussières dans deux déharges di�érentes. Ces études,présentées dans les hapitres III et IV de la thèse, ont été réalisées dans le but d'a�nernotre ompréhension des phénomènes de roissane de poussières et des perturbations18 Marjorie Cavarro



Introdution(spatiales, temporelles...) qu'ils induisent. Ces résultats nous ont notamment permisd'optimiser nos paramètres de dép�t pour la synthèse de nanopartiules de siliiummonoristallines non-agglomérées.� Une étude sur la synthèse de poussières en himie à base d'hydroarbures, dans le butde produire des poussières analogues aux tholins de Titan ou aux grains interstellaires,a été réalisée. Ce travail a été mené en ollaboration ave Pr. Cernogora et Dr. Szopaau Servie d'Aéronomie et, Pr. Winter and Dr. Hong à l'Institut für Experimental-physik II. Ces études, présentées dans le hapitre V, m'ont permis d'appréhender laformation de poussières en himie arbonée.� Une étude visant à ontr�ler la taille des nanoristaux de siliium via une modi�ationde la température de gaz dans la déharge est �nalement présentée dans le hapitreVI.Le synoptique i-dessous présente la struture de ette thèse, organisée en six hapitres.

Cette thèse a été réalisée dans le adre du label européen. Elle est don rédigée en partieen anglais (tous les hapitres purement sienti�ques), et en partie en français (introdution,onlusion et résumé de haque hapitre sienti�que).This PhD thesis has been realized in the frame of the European label. It is thereforewritten part in English (all the sienti� only hapters) and part in Frenh (introdution,onlusion and summary of eah sienti� hapter).Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 19
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Chapter I
Plasma Physis: Some notions
In physis and hemistry, a plasma is typially a partially or fully ionized gas. It is usu-ally onsidered as the fourth state of matter after solid, liquid and gas (see �gure I.1) andorresponds to the most disordered state of matter. A plasma is an eletrially ondutiveolletion of harged and neutral partiles (eletrons, ions, atoms, moleules, ...), that re-sponds olletively to eletromagneti fores.Plasma is the most ommon phase of matter. It is often said that 99% of the Universeonsists of plasma. Even if it is quite impossible to verify or to disprove, we an be surethat the spae between stars is �lled with a plasma (a very sparse one). Our Solar systemis also permeated with plasma suh as the Sun, solar winds, planet atmospheres (Earth,Titan ...), Saturn's rings ... On Earth, some examples of natural plasmas are �ashes andpolar lights (see table I.1). Figure I.2 illustrates various kinds of plasmas.Arti�ially produed plasmas are also easy to �nd. The most outstanding example islighting (andle �ame, �uoresent lamp, neon signs ...). They also our in the array of in-dustrial proesses: thin �lm deposition, ething or sputtering ... Their range of appliationsis very wide: surfae, gas and liquid treatments, solar ell or miro iruit fabriation are afew examples among lots of others. They are also found in fusion devies suh as Tore Supraor the future reator ITER. A simple disharge shematially onsists of a voltage sourethat drives urrent through a low-pressure gas between two parallel onduting eletrodes.The plasma state is haraterized by a harged partile density ne ≈ ni ≈ n partiles/m3(where e and i stand respetively for eletrons and ions). A plasma is at thermodynamiequilibrium when temperature Te = Ti = Tg (this notion will be developed further in I.2).These two parameters are often used to make some plasma lassi�ations (old or hot plas-mas, high or low density plasmas). Figure I.3 shows di�erent kinds of plasmas on a log
Te versus log n diagram. There is a wide range of densities and temperatures for bothlaboratory and spae plasmas. 21



Chapter I: Plasma Physis: Some notionsI.1 A brief history of plasma physisThe �rst glow disharge vauum tube was made by M. Faraday in 1838 using brass eletrodesand a vauum of approximatively 2 Torr. In 1857 the platinum-to-glass seal was inventedallowing the prodution of sealed-o� glow disharge tubes (Geissler tubes). In 1860, J.H.Hittorf noted that "athode rays" projeted "shadows" in a gas disharge tube. W. Crookemade some studies on these "athode rays" in 1879. The nature of the Crooke tube "athoderays" was identi�ed by Sir J.J. Thompson in 1897. He identi�ed them as negative partilesthat were the same as Stoney's "eletrons". The Nobel prize-winning I. Langmuir was the�rst to use the term plasma to desribed an ionized gas in 1928 [14℄. In Greek, plasma(πλασµα) means "moldable substane" or "jelly". Several explanations for the hoie ofthis term have been put forward. Maybe Langmuir was reminded of the way blood arriesred and white orpusles by the way eletri�ed �uid arries eletrons and ions. Or maybethe merury ar plasma he worked with tended to di�use throughout their glass vauumhambers �lling them like jelly in a mold. Who knows ...After Langmuir, plasma researh gradually spread in other diretions. The developmentof radio broadasting led to the disovery of the Earth's ionosphere leading E.V. Appletonand K.G. Budden to develop a theory of eletromagneti wave propagation through a non-uniform magnetized plasma. Astrophysiists quikly realized that most of the Universeonsists of plasma, requiring a better understanding of plasma physis. H. Alfvén was apioneer in this domain and developed the theory of magnetohydrodynamis around 1940.The reation of the hydrogen bomb in 1952 generated a great deal of interest in ontrolledthermonulear fusion as a possible energy soure. In the 1960's, the development of highpowered lasers opened up the �eld of laser plasma physis. At the same period, the �rst"ion guns" were developed by the NASA for spae propulsion. Presently, plasmas are usedin numerous industrial proesses. As an example, hemially reative plasma disharges arewidely used to modify the surfae properties of materials for appliations in the eletronis,aerospae, automotive, steel, biomedial and environmental industries.
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I.1 A brief history of plasma physis

Figure I.1: The four states of matter (adapted from [15℄).

Figure I.2: Overview of various plasmas: laboratory plasma (GREMI's PKE), neon sign,nebula NGC 604 (Hubble Spae Telesope photo PR96-27B), �ash of lightning,plasma of a Hall e�et thruster, Tyho supernova remnant (x-ray photo), plasmaball (Courtesy L. Viatour), andle �ame, Titan's atmosphere (IR photo takenon January 14th 2006 by Cassini probe).Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 23



Chapter I: Plasma Physis: Some notionsSpae plasmas Natural plasmas on Earth Arti�ially produed plasmasSun and stars Flashes Candle �ameSolar wind Polar lights Fluoresent lampNebulae Aurora borealis Neon signsInterplanetary medium Aurora australis Plasma displaysTitan atmosphere Ionosphere Laboratory plasmasSaturn's rings St Elmo's �re Hall e�et thrustersIo Jupiter �ux tube Sparks Tokamak plasmas... ... ...Table I.1: Some examples of spae plasmas, natural plasmas on Earth and arti�ially pro-dued plasmas.

Figure I.3: Spae and laboratory plasmas on a temperature versus density diagram.
24 Marjorie Cavarro



I.2 Basi parametersI.2 Basi parametersIn this setion, some fundamental parameters in plasma physis are introdued. Moreexplanations and demonstrations an be found in books as well in English as in Frenh (seefor example [16, 17, 18, 19, 20, 21℄).I.2.a Densities and ionization degreeThe plasma is omposed of eletrons, with a density ne and a harge qe, positive or negativeions, with a density ni or n− and a harge qi or q−, and neutral atoms or moleules with adensity nn.The ionization degree is de�ned as follow:
αi =

ne

ne + nn
(I.1)The olletion of free harges is, on the average, eletrially neutral thereby:

neqe + niqi + n−q− = 0 (I.2)The ionization degree permits to distinguish weakly ionized plasmas (10−6 < αi < 0.1)suh as ionosphere, industrial or laboratory plasmas, and strongly ionized plasmas (αi ≈ 1)suh as stellar or thermonulear plasmas.I.2.b Thermodynami stateThe kineti state of the various speies is haraterized by three temperatures Te, Ti, Tn,respetively the eletron, ion and neutral temperature, often given in eV (1 eV = 11605 K).Those temperatures have a rigorous signi�ation only if the veloity distribution funtion
fj(wj) for the speies j, de�ned as follow:

nj =

∫∫∫

fj(wj)d
3wj (I.3)is maxwellian:

fj = nj

( mj

2πkBTj

)3/2
e
−

mjw2
j

2kBTj (I.4)where nj, mj and Tj are respetively speies j density, mass and temperature, and kB theBoltzmann onstant.Thus, Tj is linked to the speies j average kineti energy by:
mj

< w2
j >

2
=

3

2
kTj . (I.5)The thermal veloity is de�ned as follow:

< wj >=

√

8kBTj

πmj
, (I.6)Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 25



Chapter I: Plasma Physis: Some notionsand an be written for the eletrons as:
< we > (cm.s−1) = 6.7.107

√

Te(eV ). (I.7)At omplete thermodynami equilibrium, all temperatures Tj are equal and onstant in themedium. It is seldom the ase in a disharge plasma. In aordane with the disrepanyto the equilibrium state, the plasma an be :� at loal thermodynami equilibrium, suh as temperatures from di�erent speies varyin spae but are loally equal:
Te(r) = Ti(r) = Tn(r) (I.8)� at partial thermodynami equilibrium, for example with two temperatures:
Te(r) > Ti(r) = Tn(r) (I.9)� out of equilibrium:
Te(r) > Ti(r) > Tn(r) (I.10)I.2. Debye lengthNeutrality is only a marosopi property of the plasma. In fat, a harged partile issurrounded by a number of other harged partiles with an opposite sign. The partileharge is sreened over a distane alled Debye length. This is the distane on whih thein�uene of a harged partile an be felt by other harged partiles. λDe and λDi arerespetively eletron and ion Debye length and are de�ned as follow:

λDe,i =
(ǫ0.kB .Te,i

ne,i.e2

)1/2 (I.11)As the eletron mobility is higher than the ion one, sreening is mainly due to eletrons.The Debye length λD gives the harateristi length sale of a plasma and an be writtenas:
λD ≃ λDe =

(ǫ0.kB .Te

ne.e2

)1/2 (I.12)Pratially, it an be given by:
λD(cm) ≃ λDe(cm) = 6.9

√

Te(K)

ne(cm−3)
= 743

√

Te(eV )

ne(cm−3)
(I.13)In our typial experimental onditions where Te = few eV and ne = few 1015 m−3, λD isof a few hundreds mirometers. The plasma an be onsidered as neutral on spae saleslarger than a Debye length.In some partiular ases, the linearized Debye length is used. It is de�ned as follows:

λDL =
λDe.λDi

√

λ2
De + λ2

Di

(I.14)Further explanations will be given in setion I.4.a.ii.26 Marjorie Cavarro



I.3 Introdution to radio frequeny dishargesI.2.d Plasma frequenyWhen a plasma is instantaneously disturbed from its equilibrium, olletive motions appear.They are haraterized by an osillation frequeny alled plasma frequeny ωp. This fre-queny is not the same for eletrons and ions but depends on the mass, harge and densityof the plasma partiles. Partiles (eletrons and ions) osillate around their equilibriumposition with the plasma frequeny:
ωp =

√

q2pnp

ǫ0mp
(I.15)where qp, np and mp are respetively the partile mean harge, density and mass. Theeletron plasma frequeny an also be written as:

fpe(Hz) =
ωpe

2π
= 9000

√

ne(cm−3) (I.16)and the ion plasma frequeny, for ions arrying one harge, an be written as:
ωpi = ωpe

√

me

mi
(I.17)In our typial experimental onditions, fpe is a few GHz while fpi is a few MHz . As fpeand fpi give the order of magnitude of the partile response time to an eletri �eld, onean onlude that in a 13.56 MHz exited rf disharge, eletrons an osillate in the rf �eldwhile ions an only see a time averaged �eld.I.3 Introdution to radio frequeny dishargesRadio frequeny disharges are widely used in plasma proessing tehnologies. Chemialreative plasmas are often used to modify surfae properties of material. Their range ofappliations is very wide: thin layer deposition, ething, surfae funtionalization... Typi-ally, these disharges are performed at low pressure (a few µbar to a few mbar ). They areharaterized by a relatively low eletron/ion density of approximatively 109 to 1010 m−3,an eletron temperature omprised between 1 and 10 eV and an ion temperature equal toneutral temperature around 0.03 eV (room temperature). All the following informationonerning rf disharges an be found in ref.[16℄.I.3.a Rf diodesCapaitively driven rf disharges are often alled rf diodes. An idealized disharge in planegeometry onsists in two planar eletrodes, separated by a distane typially omprisedbetween 2 and 10 m, enlosed in a vauum hamber and driven by a rf power soure. Thetypial rf driving voltage is Vrf = 100-1000 V , and the most ommon used frequeny is13.56 MHz. The operation of apaitively driven disharges is reasonably well understood.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 27



Chapter I: Plasma Physis: Some notionsThe mobile plasma eletrons, responding to the rf �eld, osillate bak and forth within thepositively harged loud of ions. Osillation of the eletron loud reates sheath regionsnear eah eletrode.I.3.b SheathsQuasineutral plasmas are joined to wall surfaes aross thin positively harged layers alledsheaths. Sheath regions ontain net positive harge when averaged over an osillationperiod. In fat, as eletrons have a higher thermal veloity (i.e. are faster) than ions, theyare lost to the wall faster than the ions. The boundary potential is thus negative withrespet to the plasma. The positive harge exeeds the negative one in the system (plasmabulk and sheaths), with the exess appearing within the sheaths. This exess produes astrong time-averaged eletri �eld in eah sheath direted from the plasma to the eletrode.This �eld allows to keep the quasi-neutrality of plasma bulk by limiting eletron losses tothe wall. Typially, low voltage sheaths are a few Debye length wide.Aording to the inhomogeneous model of a symmetri apaitive disharge developedby M.A. Lieberman and A.J. Lihtenberg in [16℄, the relationship between the rf voltage(Vrf ) and rf urrent (Irf ), involving the total sheath apaitane (Cs), is non-linear:
Irf (t) = Cs

d

dt
Vrf (t) (I.18)In a urrent-driven disharge, this leads to the appearane of harmonis in the rf voltage.By simulation, only odd harmonis are produed. No seond harmoni is observed, and thethird harmoni is estimated to be 4.2% of the fundamental.I.3. α and γ regimes of the dishargeCapaitively oupled rf disharges are known to exist in two di�erent forms: α and γregimes, orresponding to two di�erent eletron heating mehanisms. A visual di�erene inthe glow emission distribution an be seen by naked eye. It is due to di�erent proesses atthe eletrodes.The α regime is haraterized by a di�use glow, with dark sheaths and bright presheaths.The primary sustaining mehanism is the ionization due to the eletrons in the plasma bulk,also alled volume ionization. The ionized gas ondutivity is weak. The low dishargeurrent is mostly apaitively oupled, and is displaement urrent. This form is also har-aterized by the dominane of the surf e�et for eletron heating: eletrons gain energyfollowing the sheath wave movement (rf sheath expansion and ontration) [21℄.When the voltage applied to an α disharge is inreased, it suddenly transforms to the γform, that is haraterized by an intensive emission glow, nearly uniform. The sheath lengthdereases. The primary sustaining mehanism is then the seondary eletron emission andthe ionization due to the eletron aelerated in the sheath. The ionized gas ondutivity28 Marjorie Cavarro



I.3 Introdution to radio frequeny dishargesis high, the disharge urrent is onsiderable and seondary emission takes plae at theeletrode (athode mainly) [21℄.A third form an be distinguished: the γ′ form, haraterized by a dominant ohmi heat-ing of eletrons, without any seondary emission. This form is observed in dusty plasmas,when dust partiles are highly harged. In this ase, the free eletron density is drastiallydereased. In order to maintain the disharge, the eletron temperature inreases, leadingto this partiular ase of the γ mode.The denotation α and γ has been adopted from the Townsend's �rst ionization oef-�ient (α) for the avalanhe of harge arriers in the volume, and γ for the ion induedseondary emission [22℄.I.3.d Self-bias voltage and area ratio lawA self-bias voltage is set at the driven eletrode of a -rf disharge if both eletrodesdi�er in size and when a oupling apaitor is inserted between the rf generator and theeletrode (or when the eletrode is non-ondutive). In most ases, apaitive dishargesare asymmetri, with more eletrode surfae grounded than driven. In the following, Vp isthe plasma potential, Vdriven is the average d voltage drop between the plasma and thedriven eletrode and Vgrounded is the one between the plasma and the grounded eletrode(see �gure I.4). The self-bias voltage, set-up at the driven eletrode, is de�ned as:
Vdc = −(Vdriven − Vgrounded) (I.19)and is negative in the usual ase with Vgrounded < Vdriven.Setting-up of the self-bias voltageIf one onsiders a given sinusoidal voltage, applied to the apaitor formed by the ele-trodes, �rst the voltage over the plasma is the same as the applied voltage. During the�rst half-period, when the voltage is positive, eletrons are aelerated toward the driveneletrode. The apaitor is harged up by the eletron urrent, and the voltage over theplasma drops. On the seond part of the yle, the applied voltage hanges polarity, henethe voltage over the plasma as well. The apaitor is now harged up by the ion urrent,and the voltage over the plasma drops as well. Nevertheless, this seond drop is less pro-nouned due to the lower mobility of ions ompared to eletrons. At the next half-yle,the applied voltage (and the voltage over the plasma) hanges polarity one again. Theharging proess ours until the apaitor is su�iently negatively harged so that theeletron and ion �uxes (integrated over a rf yle) are equal. This proess �nally results ina time-averaged d bias at the driven eletrode. We an note that this proess also oursat the grounded eletrode, but with a muh lower e�et [22℄.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 29



Chapter I: Plasma Physis: Some notionsArea ratio lawThe self-bias voltage depends on the area ratio of the eletrodes and an be dedued fromthe so-alled area ratio law. The potential distribution in the inter-eletrode spae is shownin �gure I.4 in the ase of Agrounded > Adriven. Adriven and Agrounded are the areas ofrespetively the driven and the grounded eletrode.

Figure I.4: Potential distribution in the eletrode gap in the ase of Agrounded > Adriven.Aording to the apaitive sheath approximation, the average value of the plasmapotential V̄p depends on the rf voltage amplitude Vrf and the self-bias voltage Vdc as:
V̄p =

1

2
(Vrf + Vdc). (I.20)As Vdriven and Vgrounded are respetively the average potential drops at the driven and atthe grounded eletrode, the area ratio law is given by

Vdriven

Vgrounded
=
(Agrounded

Adriven

)n
1 ≤ n ≤ 4 (I.21)The value of n depends both on the assumptions supporting a given model and on theonsidered plasma onditions. As Vdriven = V̄p − Vdc and Vgrounded = V̄p, equation I.21beomes

(

1 − Vdc/Vrf

1 + Vdc/Vrf

)

=

(

Agrounded

Adriven

)n (I.22)In referene [23℄ M. Mohamed Salem and J.F. Loiseau give an overview of the exponentvalue obtained from four lassial models (see table I.2).30 Marjorie Cavarro



I.4 What about dusty plasmas?Referene Assumptions Exponent valueKoenig and Maissel [24℄ Current density of positive ions equal and uni-form at both eletrodes n = 4Collisionless and purely apaitive sheathsManiv [25℄ Ion urrents equal and uniform at the ele-trodes n = 2Collisionless and purely apaitive sheathsPointu [26℄ "Frozen ions" model n = 4 ollisionless sheaths
ωpi ≪ ω ≪ ωpe n = 3 ollisional sheaths, low �eld

n = 5/2 ollisional sheaths, high �eldTurban [27℄ Ion urrents equal and uniform at the ele-trodes n = 2 ollisionless sheathsPurely apaitive sheaths n = 3/2 ollisional sheaths, no ionizationTable I.2: Summary of four lassial models on the area ratio law (adapted from [23℄).I.4 What about dusty plasmas?A dusty plasma (also referred as "omplex plasma" in the literature), is as its name indiates,a "lassi plasma" that ontains dust grains. This additional harged speies makes thesystem even more omplex than a plasma system. Dust grain size an range from nanometerto millimeter. They an be made of almost any sort of matter (silion, arbon, ie, polymer,...) and be of various shape (spherial, auli�ower, fratal struture...). The dust partilepresene in the disharge implies new phenomena suh as olletive behavior of the dustloud, inhomogeneities (void region), instabilities ...There are di�erent manners to get a dusty plasma in the laboratory. Calibrated dustpartiles an be introdued in the disharge (Melamine Formaldehyde (MF), siliates inthe µm size range). Dust partiles an be grown in the plasma by sputtering a target ora deposited layer (polymer, arbon, silion ...), or using a reative gas (silane, methane,aetylene, ...). The sope of this thesis is the study of dust partile formation and growthin silane/rare gas disharges, and more espeially in silane/argon ones. First studies ofdust partile formation in SiH4 based disharges were performed in the 1980's using laserlight sattering [28℄. Sine then, dust partile formation has been widely studied both inEurope and Japan. Lots of publiations have been produed on this topi (see for example[29, 30, 31, 32, 33℄) and some books are espeially devoted to dusty plasma physis suh as[34℄ or [18℄.I.4.a Dusty plasma basi harateristisThe presene of dust partiles in the plasma leads to the de�nition of some new parameters inorder to desribe phenomena linked to this additional harged speies. Thus, marosopineutrality, Debye shielding and harateristi frequenies have to be re-examined in thispartiular ase.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 31



Chapter I: Plasma Physis: Some notionsI.4.a.i Marosopi neutralityA dusty plasma, as a lassi plasma, is marosopially neutral. Due to their harge, dustpartiles have to be taken into aount in the neutrality ondition. Thus, in presene ofharged dust partiles, equation I.2 beomes:
neqe + niqi + n−q− +NdQd = 0 (I.23)where Nd and Qd are respetively dust partile density and harge. In most laboratorydusty plasmas, dust grain harging proesses lead to a drasti depletion of free eletrons inthe plasma.I.4.a.ii Linearized Debye lengthThe Debye length is a measure of the shielding distane or the thikness of the sheath. Ina dusty plasma, the linearized Debye length de�ned by equation I.14 is often used. Indeed,dust partiles an be onsidered as individually isolated partiles only if the plasma physialdimensions are larger than the Debye length. In a dusty plasma with negatively hargeddust grains, λDL ≃ λDi. The shielding distane (or the sheath length) is mainly determinedby the ion temperature and density. In the ase of positively harged dust partiles (seldom),

λDL ≃ λDe meaning that the shielding distane (or the sheath length) is mainly determinedby the eletron temperature and density.I.4.a.iii Dust plasma frequenyIn the same way as we de�ned an eletron (ion) plasma frequeny, a dust plasma frequenyan be de�ned:
ωpd =

√

Q2
dNd

ǫ0md
(I.24)Thus, when dust partiles are displaed from their equilibrium position, they osillatearound this position with a frequeny ωpd. Depending on the dust partile size, harge anddensity, ωpd an be omprised between a few hundred Hz and a few kHz.I.4.b Dust formation in silane based plasmasPresently dust partile formation is known to our in various reative gases suh as silaneor hydroarbon, but the mehanisms leading to the formation are not totally eluidatedyet. The behavior of "big" dust partiles (rd ≥ a few nm) is quite well understood, whilethe formation and the hemistry of the �rst proto-partiles is still little-known.It has been shown in previous works that dust formation in an Ar/SiH4 rf disharge isa four step proess [12, 11, 35℄. It begins with the formation of proto-partiles leading tothe formation of the �rst primary lusters of atoms during a "nuleation phase" also alled32 Marjorie Cavarro



I.4 What about dusty plasmas?"polymerization phase". Those lusters next aumulate up to a ritial density during an"aumulation phase". Then the "aggregation phase", that onsists in a fast agglomerationof these lusters, takes plae leading to dust partiles around 50 nm. Finally, those dustpartiles grow by aretion of plasma speies during the "surfae deposition phase".In the following, the main harateristis of eah step are summarized, and �gure I.5gives a synopsis of dust partile formation and growth in a typial Ar/SiH4 rf disharge.Nuleation and polymerization phaseAt the ignition of the disharge silane moleules break into lower silion hydrides due toollisions with eletrons. Those hydrides an be neutrals, ations, or anions. In the pres-ene of argon, the prodution of neutral radials is enhaned due to high rate onstant fordissoiation of SiH4 by ollision with Ar∗ or Ar+. Hene, in Ar/SiH4 disharges, the neutralradial density is muh higher than ation and anion densities at the plasma ignition [36℄.Neutral radials, having one or more dangling silion bonds, are highly reative to polymer-ize into neutral lusters (SinHx, 0 ≤ x ≤ 2n + 2) with an average size of 0.5 nm (n = 4)[36℄. Di�usion to the walls of these neutral lusters prevents them to grow into larger size.Diret formation of silion hydride anions suh as SiH−
3 , SiH−

2 and SiH− an be aused bydissoiative attahment of eletrons with silane moleules:
e+ SiH4 −→ SiH−

x + (4 − x)H (I.25)Hollenstein et al. [37℄ demonstrated, thanks to mass spetrosopy measurements of neutral,positive and negative SinHx, that the negative ion path is learly involved in a dishargequite similar to the one we use. Thus, anions suh as SiH−
3 or Si2H−

5 reat with vibrationallyexited SiH∗
4 moleules in polymerization reations:

SiH−
3 + SiH∗

4 −→ Si2H
−
5 +H2

Si2H
−
5 + SiH∗

4 −→ Si3H
−
7 +H2... ... ...

SinH2n+1 + SiH∗
4 −→ Sin+1H

−
2n+3 +H2

(I.26)leading to formation of bigger and bigger lusters [38℄. One the ritial luster size (around2-3 nm in diameter at room temperature) is reahed, polymerization reations slow downand stop. In our experimental onditions, those 2-3 nm lusters have been shown to besingle-rystal silion nanopartiles in the f phase [39℄. They will be referred as "nanorys-tals" in the following. During this polymerization phase, the disharge is in the α regimeexhibiting a apaitive behavior.
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Chapter I: Plasma Physis: Some notionsAumulation phaseAt the end of the polymerization phase, nanorystals aumulate in the plasma until reah-ing a high density, evaluated around 1011 −1012 m−3 (by Laser Indued Partile ExplosiveEvaporation (LIPEE) measurements [35℄) at room temperature. During this phase, the dustpartile size remains onstant and they are not able to attah and maintain one eletroneah. So their mean harge is relatively small (of the order of 0.03 eletron). This valuewas dedued from the eletron and ion densities, assuming that the plasma neutrality mustbe realized at any time [40℄. The disharge is still in the α regime.Aggregation phaseThis fast agglomeration phase starts one the nanorystal ritial density is reahed. Dustpartile size inreases by nanorystal agglomeration while their density drastially dereases.Aggregation phase is a quite paradoxial phenomenon sine dust partiles are generally neg-atively harged, and thus have to overome the Coulomb repulsion to oagulate. However,due to harge �utuation of small lusters, two harged lusters (with radius smaller thana few nanometers) with di�erent signs of eletri harge, an attrat eah other and stiktogether by ollision [41℄. Agglomeration ends when dust partile harge beomes too im-portant preventing them to stik together due to the Coulomb repulsion, that is to say onethe dust partile sizes are around 40-50 nm in diameter. One the oagulation started,already formed partiles are very e�ient traps for radials, bloking the formation of newpolymerization hains leading to nanorystals. We assume that no more nanorystals areformed in the disharge [40℄. During this phase, dust partiles ollet more and more ele-trons on their surfae (tens to hundreds eletrons per dust partile), leading to an importantderease of free eletron density. The ionization proess needs to be inreased to ompensateeletron losses. The α→ γ′ transition takes plae, the mean eletron temperature inreasesfrom 2 to 8 eV [42℄. The disharge behavior beomes resistive.Surfae deposition growthThis phase starts one the disharge is in the γ′ regime. Dust partile growth is ahievedthrough radial deposition on their surfae, leading to an a-Si:H layer of growing thikness.The deposition rate is evaluated to 1.25 nm.s−1. Dust partile density remains the same[40℄. Ionization, dissoiation and exitation rates inrease a lot. When dust partiles be-ome too large (a few hundreds nm), they are expelled from the disharge.
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I.4 What about dusty plasmas?
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Chapter I: Plasma Physis: Some notionsI.4. Isolated dust hargeIn this setion, we onsider a spherial dust grain whih is neither growing nor sputtered bythe surrounding plasma. An isolated dust grain immersed in a plasma behaves like a smallprobe, olleting harges (i.e., eletrons and ions) from the plasma. The dynami harge
Qd of this grain is determined by:

dQd

dt
= ΣIk = 0 (I.27)where Ik are the di�erent urrents to the grain. The main speies ontributing to the neturrent are eletrons and ions. Nevertheless, some other harging mehanisms an arise suhas seondary emission at the grain's surfae, photoeletri or thermoioni e�et. In a lowtemperature laboratory plasma as the one we use, those three last e�ets an be negleted,and dust grain harge is assumed to be due to eletrons and ions. As eletrons are muhmore mobile than ions, an isolated dust grain immersed in a plasma will aquire a negativeharge and thus exhibits a negative potential with respet to the plasma potential.To be onsidered as isolated, a dust grain of radius rd has to satisfy rd ≪ λDL ≪ d,where d is the intergrain distane and λDL is the linearized Debye length. In this ase,equation I.27 an be expressed as:

dQd

dt
= Ie + Ii = 0 (I.28)where the eletron (Ie) and ion (Ii) urrents an be desribed by the orbital motion limited(OML) approah.

Figure I.6: Sheme of various fores experiened by an isolated harged dust partile im-mersed in a plasma.36 Marjorie Cavarro



I.4 What about dusty plasmas?The OML theory implies several hypothesis:� eletrons and ions move toward the dust grain from in�nity on ollisionless path� eletrons and ions are only subjet to eletroni interation with the dust grain� rd ≪ l: harge partile transport in the grain sheath is ollisionless (l is the sheaththikness).The OML harging urrent for ions is given by:
Ii = πr2deni

√

8kBTi

πmi

(

1 − eVd

kBTi

) (I.29)and the OML harging urrent for eletrons by:
Ie = −πr2dene

√

8kBTe

πme
e

(

eVd
kBTe

) (I.30)where Vd is the potential di�erene between the dust grain surfae and the plasma. Usingthose urrent expressions in equation I.28, we obtain:
e

(

eVd
kBTe

)

=
ni

ne

(meTi

miTe

) 1

2

(

1 − eVd

kBTi

) (I.31)In a typial laboratory plasma (i.e. eletropositive plasma), ni/ne = 1 and Te ≫ Ti,equation I.31 beomes:
Vd =

kBTe

2e
ln
(meTe

miTi

) (I.32)In an argon disharge, assuming Te ≈ 100 Ti [43℄:
Vd ≈ −2kBTe

e
(I.33)One the dust grain potential Vd is known, its harge an be dedued:

Qd = 4πǫ0rdVd (I.34)This formula is for an isolated dust partile. However, the dust partile harge is nota stati variable, but must be onsidered as a dynamial variable, espeially when a wholeloud of harged partiles is taken into aount.I.4.d Fores ating on an isolated dust partileDust partiles immersed in a plasma experiene various fores whih on�ne them in theplasma or drag them outside (see �gure I.6). In a apaitively oupled rf disharge, theeletrostati fore tends to on�ne dust partiles whereas other fores (gravity, ion andneutral drag) tend to ejet them from the plasma [34℄. Those di�erent fores and theirexpression are given in the following setions, in the ase of an isolated dust grain.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 37



Chapter I: Plasma Physis: Some notionsI.4.d.i Gravitation foreEarth's gravity fore ating on a dust partile is proportional to the dust partile mass, orto its mass density and its volume:
~Fg = md~g =

4

3
πr3dρ~g (I.35)with ~Fg the gravitational fore, ~g the gravitation �eld, md the dust partile mass, rd itsradius et ρ its mass density (ρ = 2330 kg.m−3 for silion).For submiron dust partiles, this fore is generally weak ompared to the others. How-ever, one the plasma is swithed o�, it an beome the prevailing fore.I.4.d.ii Eletrostati foreThis setion gives a summary of the main results obtained by Daugherty, Porteous andGraves [44℄ and the ones obtained by Hamaguhi and Farouki [45℄.Daugherty et al showed that the eletrostati fore on a small dust partile (omparedto the Debye length) due to an eletri �eld in the plasma bulk an be approximated by theorresponding fore on a harged sphere in vauum Qd

~E0. The main result to retain is thateven if the sheath isolates the dust partile from the plasma, it does not sreen the externalapplied �eld as well. Hamaguhi et al showed that the Debye sheath is not "attahed" tothe dust partile, but it behaves like a disruption of the surrounding plasma. Assumingthat this sheath is not distorted by the external �eld, the resulting fore is in the eletri�eld diretion ~E0 and is given by:
~Fe = Qd

~E0

(

1 +
(rd/λDL)2

3(1 + rd/λDL)

) (I.36)The �rst term of equation I.36 is the fore whih would be felt by the dust partile underthe �eld ~E0 in vauum. The seond term orresponds to the dipolar fore due to polarizationof the surfae harge. That means that the polarized surfae harges indue an eletri �eldwhih in turn exerts an eletri fore. Generally rd ≪ λDL and the eletrostati fore anbe approximated by Qd
~E0. Moreover, Hamaguhi et al pointed out that the �eld due tothe polarization of harges on dust partiles also exerts a fore on the plasma, inreasingthe ion pressure on the dust grain. Assuming a Boltzmann ion density in the dust sheath,they showed that this ion pressure fore exatly ounterbalanes the fore due to surfaeharge polarization.Hamaguhi et al also brought to the fore another ontribution due to the Debye sheathdistortion indued by the spatial dependene of the Debye length. Bouhoule showed thatthis additional fore an be negleted in usual onditions (rd ≪ λDL) [34℄.38 Marjorie Cavarro



I.4 What about dusty plasmas?I.4.d.iii Thermophoreti foreWhen the gas temperature (and so the neutral temperature) is not uniform, a dust partileexperienes a fore indued by the thermal gradient. Considering moleules or atoms ollid-ing with the dust grain, the warmest ones will transfer more momentum to the grain thanthe oldest ones. A fore, alled thermophoresis, results from this phenomenon, oriented inthe heat �ow diretion (from warm to old side).Talbot et al, using the Chapman-Enskog method to solve the Boltzmann equation, gavethe following expression of the thermophoreti fore:
~Fth = −32

15

r2d
vth,n

(

1 +
5π

32
(1 − αth)

)

κT
~gradTg (I.37)with vth,n =

√

8kBTg/πmn the neutral thermal mean veloity, κT the gas thermal on-dutivity, Tg the gas temperature and αth a orretive oe�ient.Talbot et al showed that for gas and dust grain temperatures lower than 500 K, αth o-e�ient is approximatively 1 [46℄.Rothermel et al, using elementary kinetis arguments, gave the following expression ofthe same fore [47℄:
~Fth = −8

3

r2d
vth,n

κT
~gradTg (I.38)We an note that there is a gap of about 20% between these two formulae.I.4.d.iv Neutral drag foreA dust grain immersed in a neutral gas is subjet to a drag fore due to the transferedmomentum during ollisions with atoms or moleules. Typially, in laboratory plasmas, therelative veloity between dust partiles and moleules is smaller than the thermal veloityof gas moleules. In these onditions, the neutral drag fore an be evaluated thanks to theEpstein relation [34℄:

~Fn = −4

3
πr2dmnnnvth,n( ~ud − ~un) (I.39)with mn the gas atom or moleule mass, nn the gas density, ~ud the dust partile veloityand ~un the gas atom or moleule veloity.I.4.d.v Ion drag foreThe ion drag fore is due to momentum exhange between positive ions and the dust grain.This fore may be important in regions where the ion �ow is important. This fore is madeof two omponents: the olletion fore due to positive ion olletion by the dust partile,and the Coulomb fore due to eletrostati interations between the dust partiles and theions.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 39



Chapter I: Plasma Physis: Some notionsThe olletion fore an be expressed as follow:
Fcoll = niµv

2
i σcoll = niµv

2
i (πb

2
coll) (I.40)with ni the ion density, vi the ion veloity, µ = mimd/(mi +md) the redued mass of thesystem, σcoll the olletion ross-setion given by πb2coll with bcoll the olletion parameter.The olletion ross-setion is given by:

σcoll = πb2coll = πr2d

(

1 − 2eVd

miv2
i

) (I.41)As md ≫ mi, equation I.40 an be expressed as [48℄:
Fcoll = niπr

2
dmiv

2
i

(

1 − 2eVd

miv
2
i

) (I.42)The Coulomb fore (also alled orbit fore) an be written as:
Fcoul = niµv

2
i σcoul (I.43)with σcoul the momentum ross-setion. This parameter is obtained by alulating thefollowing integral:

σcoul =

∫ λDL

bcoll

4π
pdp

1 + (p/bπ/2)2
(I.44)with p the impat parameter and bπ/2 is the parameter giving a π/2 deviation:

bπ/2 = rd
−eVd

miv2
i

(I.45)The integral I.44 is alulated between bcoll, in order to not take into aount olletedions, and λDL, distane over whih interations beome negligible.Solving equation I.44 leads to the following expression for the momentum ross-setion:
σcoul = 2πb2π/2ln

(λ2
DL + b2π/2

b2coll + b2π/2

) (I.46)Finally the Coulomb fore an be expressed as:
Fcoul = nimiv

2
i 2πb

2
π/2ln

(λ2
DL + b2π/2

b2coll + b2π/2

) (I.47)Another approah of the ion drag fore an be found in [49℄.I.4.d.vi Order of magnitude of the foresIn this setion, the main fores ating on a dust partile are evaluated for di�erent dustradii under typial onditions of a apaitively oupled () rf Ar/SiH4 disharge. In orderto make the alulations, the following assumptions are made:40 Marjorie Cavarro



I.4 What about dusty plasmas?
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Chapter I: Plasma Physis: Some notionsthe eletri �eld is high enough to on�ne them bak to the bulk. Fi and Fn are not ableto ounterbalane Fe but they are assumed to have an in�uene on dust partile transportin the disharge. Fg, whih evolves as r3d, is negligible for nanopartiles but an beomethe dominant fore for miropartiles even overoming Fe. In some ases, when grad Tgis important enough and dust partiles not too large, Fg an be ounterbalaned by Fthallowing to trap miropartiles in the disharge. Another way to investigate miropartilesis the work under mirogravity onditions during paraboli �ights or during experiments onboard the International Spae Station (ISS) [50℄.I.4.e Dust loud shape and behaviorDepending on the dust partile size and the fores they experiene, the dust loud an exhibitvarious shapes. The most ommon shapes observed are: thin layers near the eletrodes(�gure I.8(a)), dome-like shape (�gure I.8(b)) or dense loud �lling the whole intereletrodevolume (�gure I.8()). In some ases, rystalline regions (�gure I.8(d)) and/or vortex (�gureI.8(e)) an also be observed. The observed dust loud struture is often very omplex asan be seen in �gure I.8(f).When the dust partile density is su�ient, the appearane of a dust-free region insidethe dust loud an be observed (see �gure I.9). These dust voids in omplex plasmas havebeen observed for more than 10 years now. Their main distintive feature is the sharpboundary between dust and dust-free regions. Dust voids are haraterized by a higherionization rate than the surrounding dust loud. The theory of dust voids in omplexplasmas is widely studied [51, 52, 53, 54℄. Presently, the void is assumed to be maintainedby a balane between an outward ion drag fore (due to the high ionization rate) and aninward eletrostati fore, both ating on dust partiles.The void region often exhibits an unstable behavior. This has been �rst brought to thefore by Praburam & Goree [55℄ and Samsonov & Goree [56℄ at the end of the 90's. Theydesribe an instability having at least two distint stages: the "�lamentary mode" and the"great void mode" where they ould observe void rotation. In 2004, Mikikian et al. reportedon the so-alled heartbeat instability onsisting in suessive ontrations/expansions of thevoid region [57℄. Moreover, the void region is often linked to dust partile growth, andespeially to dust partile suessive generations in omplex plasmas. This will be developedfurther in hapter IV.
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I.4 What about dusty plasmas?

(a) Thin layers near the eletrode. (b) Dome-like shape.

() Dense loud. (d) Crystalline struture.

(e) Vortex. (f) Complex shape.Figure I.8: Some examples of the various shapes of a dust loud.
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Figure I.9: Dust loud exhibiting a void region.I.5 Frenh summary/Résumé en françaisEn physique/himie, un plasma est typiquement un gaz partiellement voire totalement ion-isé. On le onsidère habituellement omme le quatrième état de la matière après le solide,le liquide et le gaz omme le montre la �gure I.1. C'est l'état le plus désordonné de lamatière. Un plasma est un ensemble de partiules hargées et neutres (életrons, ions,atomes, moléules, ...), qui répond olletivement aux fores életromagnétiques.Le plasma est l'état de la matière le plus répandu. On dit souvent que l'Univers estonstitué à 99% de plasma. Même si ette a�rmation est impossible à véri�er ou à in-�rmer, nous pouvons être sûrs que l'espae entre les étoiles est un plasma (très peu dense).Notre système solaire est aussi grandement onstitué de plasmas tels que le soleil, les ventssolaires, ertaines atmosphères de planètes (la Terre, Titan), les anneaux de Saturne, et...Les élairs et les aurores boréales sont des exemples de plasmas naturels sur Terre.Il existe aussi de nombreux plasmas produits arti�iellement. L'exemple le plus parlantest ertainement l'élairage (�amme d'une bougie, lampes �uoresentes, enseignes néon ...)On les trouve aussi beauoup dans les proédés industriels tels que le dép�t de ouhesmines ou la gravure pour la miroéletronique. Leur hamp d'appliation est très étendu :le revêtement de surfae, la fabriation de ellules solaires, la fabriation de miro-iruitssont quelques exemples parmi tant d'autres. Le tableau I.1 donne un aperçu des nombreuxplasmas répertoriés. On les retrouve aussi dans les appliations liées à la fusion telles que leréateur Tore Supra ou le futur ITER. Typiquement, une déharge est onstituée de deuxéletrodes parallèles entre lesquelles se trouve un gaz. Une soure de tension permet de faireiruler un ourant dans e gaz, réant ainsi le plasma.Physiquement parlant, l'état plasma est aratérisé par une densité de partiules hargées
ne ≈ ni ≈ n partiules/m3 (où les notations e et i se rapportent respetivement aux éle-44 Marjorie Cavarro



I.5 Frenh summary/Résumé en françaistrons et aux ions). Il est à l'équilibre thermodynamique lorsque Te = Ti = T . Ces deuxparamètres (température et densité) sont souvent utilisés pour lassi�er les plasmas (plasmahaud ou froid, plasma dense ou non). La �gure I.3 donne un aperçu des di�érents types deplasmas sur un graphique log Te/log n. On peut ainsi onstater que les gammes de densitéset de températures sont très vastes tant pour les plasmas spatiaux que pour les plasmas delaboratoire.Petit historique de la physique des plasmasLe premier tube à déharge a été réalisé par Faraday en 1838 à l'aide d'életrodes enlaiton et d'un vide d'environ 2 Torr. En 1857, la soudure platine sur verre est mise au point,permettant la prodution de tubes à déharge sellés (les tubes de Geissler). En 1860, J.H.Hittorf remarque que des "rayons de athode" projettent des "ombres" dans la déharge.W. Crooke mène une étude sur es "rayons de athode" en 1879. Leur nature est identi�éeen 1897 par Sir J.J. Thompson. Il les identi�e omme étant des partiules négatives, lesmêmes que les "életrons" de Stoney. Le lauréat du Prix Nobel, Irving Langmuir, est lepremier à utiliser le terme plasma pour dérire un gaz ionisé en 1928 [14℄. En gre, plasma(πλασµα) signi�e "substane modelable" ou "gelée". Di�érentes expliations pour le hoixde e terme ont été avanées. Pour ertains, la façon dont le plasma transporte les ions etles életrons lui aurait rappelé la façon dont le sang transporte les globules. Pour d'autres,le plasma d'ar de merure sur lequel il travaillait aurait eu tendane à di�user hors de lahambre, omme de la gelée remplissant un pot...Après les reherhes de Langmuir, la reherhe dans le domaine des plasmas s'estdéveloppée dans d'autres diretions. Le développement de la ommuniation par ondesradio a permis la déouverte de l'ionosphère terrestre, amenant E.V. Appleton et K.G.Budden à développer la théorie de la propagation des ondes életromagnétiques dans lesplasmas magnétisés non-uniformes. Les astrophysiiens ont vite réalisé que la majorité del'Univers était onstituée de plasma, requérant de e fait une meilleure ompréhension dela physique des plasmas. H. Alfvén a été un pionnier dans e domaine en développant lathéorie de la magnétohydrodynamique dans les années 1940. La réation de la bombe à hy-drogène en 1952 a généré un grand intérêt pour la fusion thermonuléaire ontr�lée ommepossible soure d'énergie. Dans les années 1960, le développement des lasers de puissanea permis l'essor de la physique des plasmas induits par laser. A la même période, les pre-miers "ion guns" ont été développés par la NASA pour la propulsion spatiale. A l'heureatuelle, les plasmas sont utilisés dans de nombreux proédés industriels. A titre d'exemple,les plasmas réatifs himiquement sont utilisés pour modi�er les propriétés de surfae desmatériaux pour des appliations en életronique, dans l'aérospatiale, l'automobile, l'aier,le biomédial et l'industrie environnementale.Les déharges radio-fréquene (rf) sont très largement utilisées dans le domaine desNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 45



Chapter I: Plasma Physis: Some notionsproédés plasmas. On les utilise notamment en himie réative pour le traitement de sur-fae (dép�t de ouhes mines, gravure, fontionalisation de surfae). En règle générale esdéharges se font à basse pression (quelques µbar à quelques mbar). Elles sont aratériséespar une densité életronique/ionique relativement faible aux alentours de 109 à 1010 m−3,une température életronique omprise entre 1 et 10 eV et une température ionique égale àla température des neutres autour de 0.03 eV (température ambiante) [16℄.Les plasmas poussiéreuxUn plasma poussiéreux (aussi appelé "plasma omplexe"), est, omme son nom l'indique,un plasma qui ontient des grains de poussière. Cette espèe hargée supplémentaire rendle système enore plus ompliqué qu'un plasma lassique. La taille des grains peut aller dunanomètre au millimètre. Ils peuvent être onstitués de divers matériaux (siliium, arbone,glae, polymère...) et être de formes variées (sphérique, hou-�eur, struture fratale ...).La présene des poussières dans la déharge implique de nouveaux phénomènes tels que leomportement olletif du nuage de poudres, des inhomogénéités ("void"), des instabilités...Il y a di�érentes manières d'obtenir un plasma poussiéreux en laboratoire. Des grainsde poussière alibrés peuvent être injetés dans la déharge (Mélamine Formaldéhyde ousiliate de taille mirométrique). Les poussières peuvent roître dans le plasma par pulvéri-sation d'une ible ou d'une ouhe de dép�t (arbone, polymère, siliium...) ou à partird'un gaz réatif (silane, méthane, aétylène...). Dans le adre de ette thèse, 'est la for-mation de poudres en himie silane/gaz rare, et plus partiulièrement silane/argon qui aété étudiée. Les premières études de formation de poudres en himie silane ont été réaliséesdans les années 1980 [28℄. Depuis, e sujet a été largement étudié notamment en Europeet au Japon. Ces études ont donné lieu à de nombreuses publiations (voir par exemple[29, 30, 31, 32, 33℄) et ertains livres sont exlusivement dédiés à la physique des plasmaspoussiéreux omme [34℄ et [18℄.A l'heure atuelle, la formation de poudres est un phénomène avéré dans de nombreuxgaz réatifs omme le silane ou les hydroarbures, mais les méanismes menant à etteformation ne sont pas enore totalement ompris. Le omportement des "grosses poudres"(rayon supérieur à quelques nm) est relativement bien ompris, tandis que la formation etla himie des premières protopartiules sont toujours mal onnues.Shématiquement, la roissane de poudres dans un plasma de gaz réatif débute parla formation de protopartiules qui vont former les premiers lusters d'atomes pendant la"phase de nuléation" aussi appelée "phase de polymérisation". Ces lusters s'aumulentensuite jusqu'à atteindre une onentration ritique durant la "phase d'aumulation".Lorsque ette onentration est atteinte, la "phase d'agglomération" débute. Elle on-siste en une agglomération ou oagulation rapide des lusters, menant à des poudres d'uneinquantaine de nm. Finalement es poudres grossissent par arétion en surfae des rad-46 Marjorie Cavarro



I.5 Frenh summary/Résumé en françaisiaux du plasma pendant la "phase de roissane par dép�t de surfae". Ces di�érentesétapes de formation des poussières sont résumées sur le graphique I.5 dans le as d'unplasma d'argon/silane.Charge et fores sur les poussièresLorsque qu'un grain de poussière est immergé dans le plasma, il se omporte omme unesonde de petite taille, olletant les espèes hargées (életrons et ions) du plasma. Le graintend ainsi à se harger négativement. Ce même grain subit di�érentes fores qui tendent àle maintenir dans le plasma ou à l'en expulser. La fore de gravité Fg est proportionelle àla masse du grain (ou à sa masse volumique et son rayon). Pour les grains submironiques,elle est en général très faible omparée aux autres fores. Par ontre, à l'extintion duplasma, elle devient la fore prépondérante. La fore életrostatique est due à la hargeque porte le grain dans le hamp életrique de la déharge. Elle s'exprime en général dela façon suivante: ~Fe = Qd
~E0 et 'est dans la majorité des as la fore la plus importanteque subit le grain. Lorsque la température du gaz n'est pas uniforme, le grain est soumisà la fore de thermophorèse Fth qui tend à le faire migrer vers les zones les plus froides.Le grain subit aussi une fore de poussée Fn due aux atomes et aux moléules neutres duplasma, ainsi qu'une fore Fi due aux éhanges de quantité de mouvement ave les ions. Sil'on ompare les ordres de grandeur de es di�érentes fores pour di�érentes tailles de grains(voir �gure I.7) on onstate que Fe est prédominante dans la majorité des as, et on�neles poudres dans le plasma. Fi et Fn ne sont pas apables d'équilibrer Fe mais peuventavoir une in�uene sur le transport des poudres dans le plasma. Fg est négligeable pourles nanopartiules mais peut devenir prédominante pour les miropartiules. Dans ertainsas, lorsque les partiules ne sont pas trop grosses, Fth peut équilibrer Fg de façon à piégerles poudres dans la déharge. Il existe aussi deux autres moyens de s'a�ranhir de la forede gravité que subissent les grosses poudres : les expérienes lors de vols paraboliques ou àbord de l'ISS (station spatiale internationale) [50℄.L'équilibre entre les di�érentes fores agissant sur les poussières façonne le nuage depoudres, lui donnant des formes diverses et omplexes. La �gure I.8 donne un aperçudes formes les plus ourantes : ouhes mines prohes des életrodes, nuage en forme ded�me, nuage dense, struture ristalline du nuage... Des strutures �uides telles que desvortex sont parfois observées. La �gure I.8(f) donne un exemple de struture omplexedu nuage de poudres. Lorsque la densité de poussières est su�samment importante, onpeut observer l'apparition d'une zone vide de poudres au sein du nuage, appelée le "void"(f. �gure I.9). Cette struture est largement étudiée à l'heure atuelle, tant sur le planthéorique [51, 52, 53, 54℄ que sur le plan expérimental. Il a notamment été montré quele "void" présentait souvent un aratère instable [55, 56, 57℄. Cet aspet partiulier duomportement du "void" sera développé plus amplement dans le hapitre IV de ette thèse.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 47
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Chapter IIExperimental setups and diagnostisThe main experimental setup desribed in this hapter (loated in the GREMI laboratory)is the one I mainly used to perform the experiments presented in this thesis. Several othersetups (loated in partner laboratories for some of them) have also been used. We anespeially ite the PAMPRE experiment (Frenh aronym for Prodution d'Aérosols en Mi-rogravité par Plasma REatif - Aerosol Prodution in Mirogravity by REative Plasma)and the PKE setup (Plasma Kristall Experiment). The PKE setup is brie�y introdued inthis hapter, while the PAMPRE setup will be introdued in hapter IV.The GREMI setup has been widely desribed in several PhD thesis and publiations [11,12, 13, 30, 58℄. However, several modi�ations have been performed in order to improve thesetup. Thus all the setup vauum omponents, rf equipment, optis installation and gassystem are desribed in details in this hapter.Standard experimental onditions are de�ned in terms of gas �ow, total pressure, in-jeted power, and gas temperature. They will be widely used in this thesis. The substratepreparation is detailed for various types of substrates (silion wafer, stainless steel, Corningglass ...). The experimental protool for depositions is explained both for substrates in thedisharge box or in post disharge.The main diagnostis we used are also introdued. In-situ diagnostis suh as urrentand voltage measurements, Vdc/3H based diagnostis, Langmuir probes, mirowave reso-nant avity method, optial emission spetrosopy or laser light sattering are presented.The video imaging system is also shortly desribed. Several ex-situ diagnostis suh aseletron mirosopy (sanning and transmission) or atomi fore mirosopy are also brie�yexplained.
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Chapter II: Experimental setups and diagnostisII.1 Silane experimentII.1.a Experimental setupThe whole experimental setup (�gure II.1) has already been desribed in several papers andthesis [11, 12, 13, 30, 58℄. As we realized some modi�ations, a detailed desription is givenin the following parts.II.1.a.i Plasma hamberThe plasma hamber onsists in a vauum vessel with a ylindrial disharge box (135 mmin diameter and 37.5 mm in height) made of stainless steel enlosed, where the plasma isgenerated. This plasma box is grounded and behaves like the rf disharge anode (�gureII.2). Its base is losed by a 20% transpareny grid, allowing to get a laminary gas �owin our range of pressure (around 0.1 mbar). The rf eletrode, also in stainless steel, losesthe top of the plasma box. It is a shower-head type eletrode (12.8 m in diameter and1 m in height). Rf polarisation and gas �ow are ensured by a stainless steel tube. Aerami insulator is plaed around the tube to eletrially insulate the rf eletrode from theground. Inside the rf eletrode, there are three parallel grids separated by 1 mm. Theymake a di�user ensuring an uniform gas distribution in the plasma box. Rf and groundedeletrodes are separated by 33 mm (�gure II.3). The whole system (rf eletrode and plasmabox) an be vertially moved thanks to a stepper. Moreover, the lateral side of the plasmabox is piered by four vertial slits (2 mm by 4 m), allowing optial aess to the plasma intwo perpendiular diretions. In front of the slits, the vauum vessel is equipped with threeSuprasil III windows. Those windows are transparent for wavelengths omprised between190 and 3500 nm (UV - near IR). The window sides are not parallel. One of them is tiltedby 1o, in order to avoid troubles linked to interferenes (sattering and/or di�ration) whenlaser beams are used.II.1.a.ii Gas and vauum systemsPumping is ensured by two vauum systems (primary and seondary) having omplementarypurposes. The primary pump (hemial mehanial vauum pump, Alatel 2033 CP, 35m3.h−1) is speially designed to pump reative gases. It an reah a pressure around 10−3mbar in the vauum vessel. This pumping system has two purposes. First it is used toempty the vauum vessel before using the seondary pump. Seond, it pumps gases duringthe experiments and maintains the working pressure. This pump is separated from thereator by an eletropneumati valve and a manual one.When silane is added to the disharge, it is neessary to injet N2 in a ontinuous �ow inthe primary pump (1.5 l.min−1). This gas �ow avoids silane aumulation in the pump andallows to dilute silane at less than 1%. It permits to avoid any risk of in�amation and/or50 Marjorie Cavarro



II.1 Silane experiment

Figure II.1: General overview of the experimental setup in its most ommon on�guration.

Figure II.2: Top-view of the whole reator (inluding the oven).Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 51
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Figure II.3: Gas injetion sheme in the plasma box.explosion of this pyrophori gas [59℄ (that an spontaneously in�ame and burst in ontatwith air, Tinflamation = 21�).The seondary vauum system onsists in a turbomoleular pump (Pfei�er VauumTMH 260, 210 l.s−1) and a rotary pump (Alatel, 20 m3.h−1). This pumping system allowsto reah the base pressure in the vessel, whih is around a few 10−7 mbar. This system isseparated from the reator by two eletropneumati valves and a manual one.Two gas lines, totally independent, ensure the gas supply of the plasma hamber: oneis devoted to silane and the seond is devoted to bu�er gases (Ar, He, Ne, ...). Those linesare made of stainless steel tubes of 4 mm in diameter. The gas mixture is performed at theentrane of the plasma hamber. Two mass �owmeters equipped with ontrollers (one forsilane, one for bu�er gases) measure the gas �ow rate in sm (standard ubi entimeterper minute at 0� and atmospheri pressure). The gas handling system sheme is given in�gure II.4.The reator is equipped with two pressure gauges: a full-range one and a Baratron one.The apaitane Baratron gauge (MKS) is used to measure pressures omprised between10−4 and 1 mbar. Capaitane gauges are made of a deformable membrane serving as aplane apaitane framework. The pressure variation indues a apaitane variation quiteeasy to measure. This gauge is loated at the exit of the vauum vessel and permits tofollow the gas pressure during the experiments. Its membrane is very fragile, brutal pressurevariations an damage it. The seond gauge is a ompat Fullrange gauge (Pfei�er). It isdesigned for pressure measurement in the range of 5.10−9 to 1000 mbar. This gauge onsistsof two separate measurement systems (the Pirani and the old athode system aordingto the inverted magnetron priniple). They are ombined in suh a way that for the user,they behave as one single measurement system. From 1000 mbar down to 10−2 mbar,52 Marjorie Cavarro



II.1 Silane experimentthe pressure is measured by the Pirani iruit. For pressure lower than 10−2 mbar, themeasurement is performed by the old athode iruit. This gauge has to be isolated fromthe plasma hamber when using silane in order to avoid ontamination. Contamination ofthe gauge generally auses a deviation of the measured values.

Figure II.4: Gas handling system sheme.
II.1.a.iii Radio frequeny exitationThe disharge is exited thanks to a radio frequeny wave at 13.56 MHz. The rf power issupplied by a GERAL ARF 101 generator that delivers 100 W at most, orresponding to0.75 W.m−2 in the plasma box. A omputer, equipped with an aquisition board, allowsto ontrol the generator in pulsed way. The rf power oupling in the disharge is performedthrough a L-type mathing network. The mathing box permits to adapt the apaitiveimpedane of the disharge to the resistive impedane of the rf generator (50 Ω), in order tolower the re�eted power. Thus, the oupled power is optimized and eletronis is proteted.The mathing box, shown in �gure II.5, is omposed of two apaitors in parallel CCand CF , a oil L and a apaitor CB in series. CF is a apaitor with a set apaitaneof 500 pF. CC is a o�-setting varying apaitane (7 - 1000 pF), permitting to ompensatefor parasite apaitanes in the iruit. L is an indutane of 3 µH. CB is a ut-o� varyingapaitor (25 - 500 pF). This apaitor allows to get a high voltage to ensure the resonaneondition in the iruit branh supplying the rf eletrode. It also generates the self biasvoltage on the rf eletrode, due to the apaitive link it introdues in the iruit.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 53
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Figure II.5: Mathing box sheme.II.1.a.iv Gas temperature ontrolThe gas temperature in the plasma hamber an be varied from -40� to 200� thanks totwo independent systems. The �rst one, allowing to heat the gas, is an aluminum ylindrialoven in whih a heating resistor ("Thermooax") is loated. This oven is plaed inside thevauum vessel, around the plasma box. It allows to inrease the gas temperature from roomtemperature (RT) up to 200�. The seond system, allowing to ool down the gas, is a liquidnitrogen irulation all around the vauum vessel. It is made of a opper tube winding (6mm in diameter) in whih liquid nitrogen (-196�) is pushed by gaseous nitrogen. Gastemperature is measured using a type J thermoouple (iron/onstantan) plaed in the gas�ow below the plasma box.II.1.b General mode of operationIn this short part, some details are given onerning the experimental proedures. Themost ommon experimental onditions (referred as standard onditions of experiment) weused are given. The sample preparation for deposition is explained for di�erent types ofexperiments. And �nally, we explain how to lean the plasma box.II.1.b.i Standard onditions of experimentStandard onditions of experiment are a tool of ontrol and omparison in ase of doubtonerning some results and/or experiments we performed. In those standard onditions,all parameters and ommon results are well-de�ned. Our standard onditions are de�nedas follow: argon �ow rate of 20 sm (orresponding to 120 µbar), silane �ow rate of 1.2sm, giving a total pressure of 124 µbar. The injeted rf power is of 10 W orresponding toa rf voltage of approximately 400 V peak-to-peak (depending on the mathing onditions).The experiment is performed at RT (RT ≈ 25�). Table II.1 summarizes all these data.In those standard onditions, the harateristi duration of eah dust formation step iswell-known. The time evolution of the amplitude of the third harmoni of the dishargeurrent and of the self-bias voltage is also well-de�ned. Most of the dust partile propertiesgiven in part I.4.b have also been evaluated in those onditions [42, 12, 13, 9℄.54 Marjorie Cavarro



II.1 Silane experiment Parameter Symbol ValueAr �ow rate QAr 20 smSiH4 �ow rate QSiH4
1.2 smTotal pressure P 124 µbarInjeted rf power Prf 10 Wrf voltage Vrf ≈ 400 VGas temperature Tg RT ≃ 25�Table II.1: Summary of the di�erent parameters of the experiment standard onditions.II.1.b.ii Thin layer/dust partile depositionDepositions an be performed in the plasma box (exposed to the plasma) or in post disharge(the substrate is not exposed to ion bombardment). In the �rst ase, substrates are plaedin the plasma box where they are �xed thanks to stainless steel fastener on the groundedeletrode. Both thin �lms and dust partiles an be deposited in suh a way. In the seondase, substrates are loated downstream on a substrate holder. No plasma speies an reahthem and only dust partiles an be deposited that way.Several types of substrates have been used to perform depositions:� monorystalline silion 100 overed with a thin layer of oxide SiO2,� polished stainless steel, whih is a good ondutor,� polished aluminum, both ondutor and amagneti,� Corning glass, having a very low roughness,� opper grids overed with a thin layer of arbon (TEM grids).Monorystalline silion and Corning glass have a very low roughness (0.5 and 0.2 nm respe-tively) that make them suitable for AFM studies. They yet have a signi�ant drawbak:they are not ondutor and they disturb the disharge when they are plaed in the plasmabox (due to the fat that they are not grounded, they thus indue an added apaitane).They an be used without any troubles in post disharge (a few mm under the plasma box).Polished metalli substrates are ondutor, they are suitable for deposition in the plasmabox, and an be analyzed by SEM. They annot be used for AFM analysis due to theirhigh roughness (around 2-3 nm) ompared to the dust partile size. Copper grids overedwith a thin �lm of arbon (∼ 50 nm) are used for TEM analysis. The arbon �lm is verythin and highly transparent to eletrons. However, the deposition on these grids has to beperformed in post disharge (in order to avoid sputtering of the arbon �lm by the plasmaions).Generally, depositions are performed using a pulsed disharge. The time the dishargeis on (Ton) is set funtions of what we want to observe (from a few ms to one minute).Delay between plasmas (Toff ) is of a few seonds. The number of plasmas an also beNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 55
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Figure II.6: Example of a yle for a pulsed disharge used for deposition.�xed. One this yle is de�ned, it an be reprodued identially several times with a delay

Tattente between eah yle (see �gure II.6).II.1.b.iii Plasma box leaningIn order to eliminate silion �lms in the plasma box, it has to be leaned regularly. Theleaning is performed in �ve steps:� the plasma box is immersed in a hot solution of diluted soda for one to two hours,� it is rinsed out with water,� it is rinsed out with ethanol,� it is dried up with ompressed air,� it is plaed in a drying oven at 100� for one hour.II.2 Plasma Kristall Experiment (PKE)The PKE hamber has been desribed in details in several papers (see for example [50, 57℄).Figure II.7 shows an overview of the PKE setup, and a brief desription is given in thefollowing.II.2.a ContextOne of the major onstraint ating on dust partiles in laboratory plasmas is the gravity.In order to study pure plasma e�ets and real interations between dust partiles, a wayto suppress this fore was needed. The best way to do it were mirogravity experiments,onsidered sine the early 1990's. First experiments were performed at the end of the 1990's,by the Max Plank Institute for Experimental Physis (MPE, Germany) using paraboli�ights and sounding rokets [60℄, and by the Institute for High Energy Densities (IHED) ofthe Russian Aademy of Sienes, on board the MIR station. Then, these two laboratoriesjoined to work on the PKE-Nefedov program, on board the International Spae Station(ISS). Experiments on louds of injeted dust partiles started in 2001 on board the ISS.These experiments aimed to study 3D plasma rystals. The GREMI joined the MPE and theIHED in an extended program on dust partile growth. New series of experiments, preparedin the GREMI, were performed on board the ISS in Otober 2001 by the Frenh-Russianrew of the ANDROMEDE mission [50℄.56 Marjorie Cavarro



II.2 Plasma Kristall Experiment (PKE)

Figure II.7: Overview of the PKE setup.II.2.b Experimental setupThe PKE hamber, shown in �gure II.7 is a ube of approximatively 10 X 10 X 5 m.The total volume is less than 1 l. Four sides of the hamber are made of glass, allowinga wide optial aess to two perpendiular diretions. The disharge is generated betweentwo parallel irular eletrodes of 4 m in diameter, separated by a gap of 3 m. They arepower-supplied by a rf exitation (13.56 MHz) in a push-pull mode, through a mathingbox. The rf generator (MP1-SPACE type) an deliver a maximum power of 4 W. Twopumps ensure the pumping down of the hamber. The primary pump is a mehanial pump(Alatel, 8 m3.h−1), while the seondary pump is a turbomoleular one (Pfei�er Vauum,80 L.s−1). This pumping system allows to reah a base pressure around 3.10−6 mbar, andis separated from the hamber by a manual valve. The gas supply onsists in a small bottleof Ar (B1 type bottle) diretly linked to the hamber by a manual valve. The reator isequipped with two pressure gauges: a full range one and a Baratron one. In most ases,experiments on PKE are performed with no gas �ow (stati pressure).
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Chapter II: Experimental setups and diagnostis

Figure II.8: Field of view of the ameras on the PKE setup.II.2. Video imagingThe PKE hamber is equipped with a laser-sheet (λ = 685 nm) and three standard CCDameras (25 frames per seond (fps)) as shown in �gure II.8. The laser-sheet overs all theintereletrode gap and is 0.5 mm wide. Two ameras (1 and 2 in �gure) wath perpendiu-larly to the laser-sheet. Camera 1 has a magni�ation of 1, allowing to observe details nearthe lower eletrode, while amera 2 has a magni�ation of 1/3 allowing to observe the dustloud on the right part of the intereletrode gap. Those two ameras and the laser-sheet are�xed on a traveling platform moved by a stepper. We an thus explore 3D dust struturesin the disharge. The third amera forms a small angle relatively to the laser-sheet diretionin order to observe small dust partiles that don't di�use at 90°. It allows to observe a largepart of the intereletode gap. All ameras are equipped with interferential �lters (λ = 685nm, 10 nm wide).II.3 In situ diagnostisMultiple diagnostis are implemented on the Silane setup in order to monitor and hara-terize both the plasma and the dust partile formation in situ and in real-time as far aspossible.II.3.a Current and voltage measurementsThe rf voltage is measured in real time using a high-frequeny probe Leroy PPE20KV.Thisprobe allows to measure voltage up to 40 kV peak-to-peak, with an attenuation of 1000 ina 100 MHz bandwidth. It is made of a load resistane of 50 MΩ with a apaitane lowerthan 2 pF. Its response time is evaluated at 4 ns, whih is muh lower than a rf period(73.75 ns).To measure the rf urrent, we use an EMCO 94430-1 probe with a load resistane of50 Ω and a bandwidth from 10 to 250 MHz. Generally, urrent probes are transformersproduing a voltage, in a load resistane, whih is proportional to the urrent �owing58 Marjorie Cavarro



II.3 In situ diagnostisthrough the probe. The probe is loated around the ondutor in whih the urrent has tobe measured. The able behaves like the primary of the transformer while the probe makesthe seondary side. The urrent (Ip) �owing through the probe is determined by the outputvoltage (Vout) divided by the transfer impedane (ZT ):
Ip =

Vout

ZT
(II.1)The value of ZT is a funtion of the frequeny of the measured signal. As an example, itis 6 Ω at 13.56 MHz and 6.9 Ω at 40.68 MHz.II.3.b Vdc and 3H probesA Vdc/3H based diagnostis has been built-up in the GREMI laboratory in order to monitordust partile formation and growth in the disharge through the modi�ations they induein the eletri properties of the plasma. In a pure argon (or other rare gas) plasma, the

Vdc/3H signal is stable, while it shows a time evolution linked to dust partile formation insilane-based plasmas [9℄. This phenomenon is due at �rst to small dust partiles interatingwith eletrons, and thus modifying their ollision frequeny, and in a seond time to eletronattahment on bigger dust partiles modifying the plasma parameters.
Vdc probeIf one performs a preise analysis of the rf voltage, it an be shown that it is a puresinusoidal 13.56 MHz signal, inluding a bias voltage (alled self-bias voltage, Vdc), as anbe seen in �gure II.9 (yellow urve). This is due to the bloking apaitor and the ounter-eletrode apaitane, that together at as a �lter suppressing the voltage harmonis andinduing a bias voltage. This self-bias voltage is losely linked to the reator struture andto the partile kinetis in the disharge. As the reator struture remains always the same,modi�ations in Vdc are only due to partile growth kinetis.3H probeIn the same way, if we perform a preise analysis of the disharge urrent, we annotie two main points. First, the signal is not sinusoidal, but ontains numerous harmon-is (up to 20 in some ases). Seond, the total disharge urrent is mainly omposed of aapaitive urrent due to the ounter-eletrode, that tends to hide the real disharge urrentontribution. Low pressure rf disharges ontain two or more di�erent sheaths. Two asesan be distinguished : symmetrial and asymmetrial rf disharges. In the �rst ase, thenon linearity of the system is weakly pronouned. However, in the seond ase, the sheathat the smaller eletrode has a great in�uene on the plasma harateristis. A time vary-ing potential drop aross the sheath auses a displaement urrent that makes the sheathNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 59



Chapter II: Experimental setups and diagnostisapaitive. The relation between the sheath voltage and the displaement urrent is nonlinear beause of the eletron and ion dynamis in the sheath. The generation of harmonisis due to this non linearity of the sheath on the rf eletrode [61℄. A preise analysis of theseharmonis an lead to preious information about the eletri �eld in the sheaths and alsoabout the ion and eletron energy distribution funtions, and thus to a better ontrol ofpartile formation in the disharge.Our diagnostis has been based on the third harmoni beause it is the dominant har-moni in the disharge (as a matter of ourse after the �rst one).SetupThe Vdc/3H diagnostis is based on eletroni �lters. Conerning Vdc, it is based ona low pass �lter to extrat the diret urrent part of the signal. Conerning 3H, the probeis based on a frequeny �lter allowing to isolate the 40.68 MHz omponent of the signal. Inboth ases, the probes deliver the time evolution of the amplitude of the signals. The twoprobes are enlosed in the same box, whih is loated between the mathing box and the rfeletrode.AdvantagesThe main advantage of this diagnostis is to be an industry ompatible diagnostis. Itdoesn't need any optial aess to the reator. Its size is small-sale. It doesn't indueany ontamination of the proess. No speial data proessing is required, and meaningfulresults are obtained quite easily. Moreover, this diagnostis is both robust and stable. Itan be used in various hemistries based on reative gases. We have notably shown thatit an be used in methane-based dust forming plasmas. This diagnostis has a high timeresolution (mainly limited by the �lter response time).DrawbaksThe main drawbak of this diagnostis is that it is very time-onsuming to alibrate interms of dust partile step of formation. The alibration involves the use of various otherdiagnostis suh as laser light sattering or mirosopy to determine dust partile size, den-sity, ristallinity. This alibration is reliable only if the experiments are quite reproduible.II.3. Eletrostati (Langmuir) probeAn eletrostati probe is a small ondutor immersed in the plasma, that an be polar-ized in order to ollet a urrent. This urrent depends on the density and temperature of60 Marjorie Cavarro



II.3 In situ diagnostis

Figure II.9: Time evolution of the rf voltage (yellow), the total disharge urrent (green)and the apaitive urrent (purple).harged speies. This dependene takes into aount the speies dynamis in the eletri�eld indued by the probe. This eletri �eld is loated in the probe sheath whih is a fewDebye lengths wide. Most ommonly used probes are made of metal (W, Ta, Mo, stainlesssteel, Pt, ...) hosen for its high-resistane to sputtering, hemial attaks and heat. Itmust also have a high work funtion in order to avoid seondary emission [20℄.Eletrial probe measurements allow to determine di�erent plasma parameters: eletrondensity and temperature, distribution funtion, ion density, plasma potential and �oatingpotential. The main advantage of the probe method is its simpliity in terms of equipmentand experiment. Its main drawbak is due to the omplexity of the theory used to extratthe plasma harateristis from the probe measurements. In fat, there are few experimen-tal onditions under whih the theory gives quite simple relations. This method is �nallyreliable prinipally in rare�ed gases where the mean free path is greater than the size of theprobe and the sheath length.In this work, we used the Langmuir probe only to determine the ion density. Indeed, thedetermination of the eletron density using a Langmuir probe in a rf disharge is quite om-pliated and needs a ompensation iruit (not available on our probe). For this purpose,we used the mirowave resonant avity method as explained in setion II.3.d. Moreover,using a Langmuir probe in a silane-based disharge has several drawbaks : due to negativeions, the determination of the free eletron density is di�ult to ahieve and the modi�edBöhm riterion has to be used. The pollution of the probe by the deposition has also to betaken into aount: the probe has to be leaned after a few experiments.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 61



Chapter II: Experimental setups and diagnostis

Figure II.10: Idealized urrent-voltage harateristi of a single probe.Current - voltage harateristi of a single probeFigure II.10 shows an idealized probe harateristi: the value of the urrent olletedby the probe (i) is plotted as a funtion of the applied potential (Vpolar). The probe onlyollets harged speies from the plasma, it does not emit any. The urrent sign is de�nedusing the following onvention: i = ie − i+. As eletrons move faster than ions, in theabsene of potential di�erene between the probe and the surrounding plasma (Vpolar = Vp)the urrent olleted by the probe is pratially equal to the eletron urrent (i ≈ ie).When the probe potential is positive with respet to the plasma potential, ions are repelledand eletrons are attrated. The eletron �ux is weakly dependent on the probe potential.The probe urrent oinides with the saturation eletron urrent (whih is more or lessonstant). This orresponds to the plateau I on �gure II.10. When the probe potentialis negative with respet to the plasma potential, the derease of Vpolar auses a drastiderease in i. The eletron temperature an be dedued from the slope of this part of theurve. For a ertain potential Vpolar = Vf , alled �oating potential, i = 0. The eletron �uxis exatly ompensated by the ion �ux. This potential Vf is the potential experiened byan isolated surfae immersed in the plasma. For even more negative potentials, the proberepels eletrons and ollets ions. The probe is surrounded by an ioni sheath and theolleted urrent is purely ioni. This ion �ux is nearly independent of the probe potential,and indues the ioni saturation urrent.
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II.3 In situ diagnostisDetermination of the ion densityAssuming an eletropositive plasma with two maxwellian populations, when the probe po-tential is highly negative, the olleted urrent (ion saturation urrent) an be expressedby:
iis = 0.61 ni qi vi S (II.2)with ni the ion density, qi the ion harge, vi its veloity and S the probe surfae. The ionveloity is given by the Bohm riteria:
vi =

√

kB Te

mi
(II.3)with kB the Boltzmann's onstant, Te the eletron temperature and mi the ion mass.II.3.d Mirowave resonant avity methodEletron density measurement by the mirowave resonant avity method is based on thevariation of the dieletri onstant value of the medium in the plasma box. When there isno plasma in the plasma box, the dieletri onstant is ǫ0 (dieletri onstant for vauum),assoiated to a resonane frequeny f0. One the plasma is swithed on, the dieletri on-stant is modi�ed and beomes ǫ0 ǫr. The assoiated resonane frequeny shifts towards ahigher value fr. The modi�ation of the dieletri onstant of the medium is due to its freeeletron density. Thus, the frequeny deviation ∆f = fr − f0 is diretly linked to thefree eletron 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 drawbakis the lak of spatial resolution: we an only aess to mean value of the eletron densityaveraged over all the plasma volume.TheoryThe eletromagneti �eld assoiated to a standing wave inside a avity an be desribedas a linear ombination of various resonant modes of the avity, exhibiting eah its ownharateristi frequeny. The wavelength of the di�erent modes depends on the avity di-mensions [62, 63, 64, 65℄.In a ylindrial avity, any mode an be expressed as:

~E(~x, t) = ~E0(~x, t) e
(±ikz − iΩt) (II.4)where k and E0(~x, t) are respetively the �eld wave vetor and amplitude, determined bythe avity geometry. Ω is the omplex pulsation. Generally the term iΩt is omplex andexpresses the osillations (imaginary parts) and the damping of the osillations (real part).Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 63



Chapter II: Experimental setups and diagnostisIts dispersion relation is given by:
Ω2 = k2 c

2

n2
= k2 c2

µr ǫr
(II.5)with n the refration index of the medium, µr its dieletri permeability (taken equal to 1)and c the light veloity. The relative dieletri onstant of the avity ontaining the plasmadepends on the frequeny ω of the exiting wave:

ǫr = 1 + i
1

Q0
+ i

ω2
pe

ω (νe − iω)
(II.6)where ωpe is the eletron plasma frequeny, νe is the eletron ollision frequeny and Q0 theempty avity quality fator. The term 1

Q0
aounts for perturbations due to the non-idealityof the avity. The dissipation in the plasma is due to eletron ollisions with a frequeny

νe. The relevane of the avity method beomes obvious one we note that ωpe is diretlylinked to the eletron density ne:
ωpe =

√

ne e2

me ǫ0
(II.7)Assuming that the deviation of ǫr from the ideal ase (ǫ0) is small, the dispersion relationan be linearized:

Ω = ω0 + ∆ω − i
ω0

2Q
(II.8)where ω0 is the osillation frequeny of the resonant mode in the avity without plasma,and Q is the quality fator of the avity when the plasma is ignited. The frequeny shiftdue to the plasma is given by:

∆ω =
1

2
ω0

ω2
p

ω2 + ν2
e

(II.9)and the eletron density an be dedued as:
ne = 2 ω2 ∆ω

ω0

me ǫ0
e2

= 8 π2 f2
r

∆f

f0

me ǫ0
e2

(II.10)Corretive fator AHowever, this alulation does not take into aount the spatial repartition of the ele-tron density in the avity. It is thus neessary to add a orretive fator A aounting forthe spatial repartition of the mirowave �eld. The eletron density beomes:
ne = A 8 π2 f2

r

∆f

f0

me ǫ0
e2

(II.11)64 Marjorie Cavarro



II.3 In situ diagnostisIf we assume that the eletron density pro�le has a ylindrial symmetry and that the rand z dependenes an be separated, ne an be written as:
ne = ne0 f(r) g(z) (II.12)where r and z are the radial and axial oordinates and ne0 the eletron density in the enterof the disharge (r = 0 and z = 0). In this ase, f(0) = g(0) = 1. The fator A an bewritten as:

A =

[∫∫∫

rzφ E2 (r, z, φ) f(r) g(r) 2 π r dr dφ dz
∫∫∫

rzφ E2 (r, z, φ) 2 π r dr dφ dz

]−1 (II.13)Generally several modes an be evidened in the avity. In order to perform our measure-ments, we used the TM110 mode. Its spatial distribution is given by:
~E =

{

Ex = Ey = 0

Ez = J1

(

3.83
rc

r
)

cosφ E0
(II.14)with J1 the �rst-order Bessel funtion and rc the avity radius. For this mode, theorretive fator beomes:

A =

[∫∫∫

rzφ E2
z (r, φ) f(r) g(r) 2 π r dr dφ dz

∫∫∫

rzφ E2
z (r, φ) 2 π r dr dφ dz

]−1 (II.15)Thanks to spetrosopi measurements, Haverlag et al showed that the eletron density anbe onsidered as quasi-onstant in the whole plasma volume in various plasmas [65℄. Theyevaluate the value of A between 1 and 1.8 with a strong dependene on pressure.In dusty plasmas, the spatial repartition of the eletron density evolves as a funtion oftime, the value of A annot be �xed. For the sake of simpliity, we took A = 1 in all thealulations.Experimental setupThe plasma box serves as resonant avity. We thus use a ylindrial avity of 135 mmin diameter and 33 mm height. Two antennas (10 mm in diameter) are inserted in theavity with a distane of 60 mm in between. The mirowave signal is generated thanks toa Rhode & Shwarz signal generator with a 100 kHz - 4320 MHz bandwidth. Its spetralresolution is 1 kHz and the delivered signal is 5 dBm (orresponding to 3 mW). A negativedetetor (Shottky diode, Agilent Tehnologies) is used to onvert the output signal intoa voltage measured with an osillosope. An overview of this setup is presented in �gureII.11.Aording to the alulations [62℄, in the frequeny range from 0 to 4.3 GHz, only threeresonant modes are present: TM010 (1732 Mhz), TM110 (2723 MHz), TM210 (3811 MHz).Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 65



Chapter II: Experimental setups and diagnostis

Figure II.11: Overview of the mirowave resonant avity setup.Due to the non-ideal form of the avity (slits and antennas) and to the signal re�etion inthe ables, one an observe more than 3 peaks in the avity spetrum (see �gure II.12).Some of them never hange in frequeny, whatever the experimental onditions.II.3.e Optial emission spetrosopyOptial emission spetrosopy (OES) is the study of the interation (emission, absorption)between light and matter. OES is often used to identify the di�erent elements present in theplasma. OES examines disrete photon emissions as a spetrum radiated by a given element.This element �rst absorbs energy, that elevates its eletrons to higher energy levels, and thenradiates this energy as a photon (emission light) with a harateristi energy (wavelength),linked to the derease in eletron energy as it drops in orbitals. For an eletron droppingfrom an exited level (of energy E�) to a lower level (of energy E'), we have:
E′′ − E′ = hν (II.16)with h the Plank's onstant and ν the emitted photon frequeny (hν orresponding to theenergy of the emitted photon). An emission spetrum is typially a olletion of lines withwavelengths from the ultraviolet to the mid-infrared.The exitation energy an be due to various phenomena suh as ollisions, hemial re-ations, photon absorption, et... Lots of plasma parameters an be investigated by meansof OES: gas temperature, eletron temperature, eletron distribution funtion, rotationaland/or vibrational temperature, speies densities, emission rate oe�ient, exitation o-e�ient, et... In this work, the use of OES is restrited to the traking of some plasma66 Marjorie Cavarro



II.3 In situ diagnostis

Figure II.12: Cavity spetrum.

Figure II.13: Overview of the optial emission spetrosopy setup.speies during dust partile formation. We will use it to get an idea of the plasma ompo-sition and/or to follow the time evolution of some spei� lines of known wavelength (suhas the Ar∗ line at 750.38 nm).OES experimental setupOES measurements are performed thanks to a SOFIE spetrometer. This spetrom-eter is made of two monohromators: one dediated to the UV range (200 - 600 nm) and aseond one for the visible range (500 - 900 nm). The detetor onsists in a photomultipliertube. Its standard foal length is 20 m, and its resolution is quite low (≤ 1 nm). The globalplasma emission is olleted on an optial �ber using two 100 mm lenses. An overview ofthe setup is given in �gure II.13.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 67



Chapter II: Experimental setups and diagnostisII.3.f Laser light satteringFirst experiments on light sattering were performed at the end of the 19th entury, quasi-simultaneously by Tyndall (1869, light sattering by aerosols) and Rayleigh (1871, moleularsattering). The theory of sattering by arbitrary sized spheres has been developed later byMie (1908) and Debye (1909). This theory is known as Mie sattering theory or Mie-Lorentzsattering theory.TheoryFigure II.14 gives an overview of the sattering onditions we onsider in the theory. Thesattering plane is de�ned by the inident wave diretion ~ey and the sattered wave di-retion ~er. We assume that the material of the dust partile has a linear and isotropibehavior. We also assume that all the polarization state of the monohromati �eld an bedesribed as a superposition of two linearly polarized waves. Two orthogonal diretions areused to desribe the inident eletromagneti �eld: ~Ei⊥ is the omponent perpendiular tothe sattering plane and ~Ei// is the parallel omponent. In the same way, the sattered�eld is desribed using ~Es⊥ and ~Es//.If we onsider an inident wave of wavelength λ and a sphere of radius rd, the sattered

Figure II.14: Laser light sattering by a sphere.�eld an be written as [34℄:
(

Es//

Es⊥

)

=
e−j~ks~r

j~ks~r

(

S2 S3

S4 S1

)

(

Ei//

Ei⊥

) (II.17)where ~r is the distane to the partile (r ≫ rd, λ), ~ks is the wave vetor of the sattered�eld and S is the Stokes' matrix.68 Marjorie Cavarro



II.3 In situ diagnostisIn the partiular ase of spherial partiles, the S3 and S4 terms of the Stokes' matrixvanish. The two terms of the sattered �eld are thus de�ned by the terms S1 and S2, whihdepend on the sattering angle θ, the partile radius rd and its optial index m.In fat, the parameters x = 2πrp/λ and y = m ∗ 2πrp/λ would be used for the equationresolution.
S1 and S2 are dedued from the Maxwell's equations. Thus, the sattered �eld, far awayfrom a partile of radius rd, lighted by a plane wave propagating on ~ey and polarized in the

~ez diretion an be expressed thanks to the two following amplitude funtions [34, 66℄:
S1 =

∞
∑

n=1

2n+ 1

n(n+ 1)

(P 1
n(cos θ)

sin θ
an +

∂

∂θ
P 1

n(cos θ)bn

) (II.18)
S2 =

∞
∑

n=1

2n+ 1

n(n+ 1)

(P 1
n(cos θ)

sin θ
bn +

∂

∂θ
P 1

n(cos θ)an

) (II.19)where P 1
n is the nth Legendre's polynome. The Mie sattering oe�ients an and bn arede�ned by [34, 66℄:

an =
mψ′

n(x)ψn(y) − ψ′
n(y)ψn(x)

mT ′
n(x)ψn(y) − ψ′

n(y)Tn(x)
(II.20)

bn =
ψ′

n(x)ψn(y) −mψ′
n(y)ψn(x)

T ′
n(x)ψn(y) −mψ′

n(y)Tn(x)
(II.21)where the notation "'" indiates the derivative funtion. Moreover:

ψn(x) =

√

πx

2
Jn+1/2(x) (II.22)

Tn(x) = ψn(x) + j

√

πx

2
Yn+1/2(x) (II.23)where J(x) and Y (x) are the Bessel's funtions of 1st and 2nd order.In the ase n = 1 and for small arguments (x≪ 1), the funtions ψ and T an be approxi-mated by [66℄:

ψ1(x) =
sin(x)

x
− cos(x) (II.24)

T1(x) = eix(−ix−1 − 1) (II.25)Thus, for small values of x, sattering oe�ients are approximatively given by [66℄ :
a1 ∼

cos(mx)
(

x(1+2m2

3m ) − x3(1+4m2

30m )
)

+ sin(mx)
(

− (1+2m2

3m2 ) + x2(1+14m2
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)

cos(mx)
(

x−2(−i+imp2
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2m )
)

+ sin(mx)
(

x−3( i−im2

m ) + x−1( i−im2

2m2 )
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Chapter II: Experimental setups and diagnostis
b1 ∼

cos(mx)(x− x3/6) + sin(mx)
(

− 1/m+ x2(1+2m2

6m )
)

cos(mx)(−i+ x) + sin(mx)
(

x−1( i−im2

m ) − 1/m− x( i+im2

2m )
) (II.27)In the ase of small spheres, | m | x≪ 1, the sattering oe�ients are [66℄:

a1 ∼ −2ix3

3

m2 − 1

m2 + 2
(II.28)

b1 ∼ 0 (II.29)
an ∼ bn ∼ 0 ∀n > 1 (II.30)It is thus possible to determine (from II.17) the intensity sattered by a spherial partilein the diretion making an angle θ with the inident one, at a distane r [67℄:

Id(r, θ,m) = I0
λ2

8π2r2
(| S1 |2 + | S2 |2) (II.31)with I0 the inident wave intensity. From equations II.18, II.19, II.28, II.29, and II.30, itgives in our ase:

Id(r, θ,m) = I0
8π4

λ4

Nr6p
r2

∣

∣

∣

m2 − 1

m2 + 2

∣

∣

∣

2
(1 + cos2 θ) (II.32)where N is the number of di�using dust partiles.LLS experimental setupFigure II.15 gives an overview of the experimental setup used for LLS experiments. Thelaser we used is an Ar∗ laser (λ = 488 nm) Spetra-Physis that an deliver 2 W in ontin-uous wave. The fousing system is omposed of two onvergent lenses with a foal distaneof 75 and 50 mm, two mirrors (only one shown in the sketh) and a one-shaped diaphragm(in order to limit di�ration phenomena). The laser beam rosses the plasma box: it entersby the �rst window, goes through the �rst slit, rosses the plasma, goes through the seondslit, get out through the seond window, and �nally meets the light trap (to avoid re�exion).The sattered light is olleted 90° apart from the laser beam diretion. A 100 mm lensallows to ollet the light and an interferential �lter (λ = 488 nm, ∆λ = 10 nm) limitsthe observed range of wavelengths. A photomultiplier (Hamamatsu C659-72, water-ooled)oupled to a photon ounter (Hamamatsu C5410) ollets the output data.In order to isolate the sattered signal, three measurements have to be performed. First,the global emission of the plasma is reorded to suppress the ontribution of the plasmaAr∗ line from the signal. Seond, the bakground light (sattering on the walls) due to thelaser is measured without plasma. Finally, a measurement is performed during dust partileformation. The sattered signal an be extrated from this measurement by subtrating thetwo signals �rst measured.70 Marjorie Cavarro



II.4 Ex-situ diagnostis

Figure II.15: General overview of the LLS experimental setup.II.4 Ex-situ diagnostisIn order to haraterize dust partiles synthesized in the disharge, we used several exsitu diagnostis. They are all based on mirosopy tehniques, and gave us informationonerning the dust partile size, density, struture and shape. We prinipally used eletronmirosopy and atomi fore mirosopy.Eletron mirosopes are used to magnify small details (up to 2.106 times) using abeam of highly energeti eletrons. Ruska and Knoll built the �rst eletron mirosope inthe 1930's, and Ruska reeived the Nobel Prize for this invention in 1986. The prinipleis quite simple: the sample is sanned by a thin beam of aelerated eletrons (see �gureII.16). This examination an bring various information onerning the sample topography,morphology, omposition and/or rystallographi state.II.4.a Sanning Eletron Mirosopy (SEM)The Sanning Eletron Mirosope (SEM) is a type of eletron mirosope that an pro-due high resolution images of a sample. SEM images have a 3D aspet and an be usedto evaluate the surfae struture of the sample. Typially, eletrons are thermoioniallyemitted from a athode and aelerated toward an anode. The produed eletron beamhas an energy ranging from a few tens of eV to a few tens of keV. This beam is foused byseveral ondenser lenses into a beam with a �ne foal spot of a few nm. A pair of sanningoils in the objetive lens allows to de�et the beam. As primary eletrons strike the sam-Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 71
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Figure II.16: Sheme of a typial Eletron Mirosope: (1) Eletron beam (2) Anode (3)Condenser (4) De�etion-sanning system (5) Objetive (6) Sample (7) Ele-tron detetor (8) Baksattered eletron detetor (9) x-ray spetrometer (10)Transmitted eletron detetor (11) Absorbed urrent measurement (12) Ele-tronis and visualization.ple surfae, various signals are emitted (seondary eletrons, baksattered eletrons, Augereletrons, photons, x-rays ...) [68, 69℄.In this study, we speially paid attention to seondary eletrons emitted by the samplesurfae. Those low energy eletrons (50 - 200 eV) are the result of inelasti ollisions ofthe inident eletrons with the surfae. The detetion of seondary eletrons is the mostommon imaging mode of SEM. Due to their low energy, those eletrons have a small meanfree path in the matter and only eletrons emitted lose to the surfae will be deteted.Using this tehnique, it is possible to get resolutions around 1 nm. Figure II.17 shows atypial image obtained thanks to a SEM.II.4.b Transmission Eletron Mirosopy (TEM)An eletron soure at the top of the mirosope emits the eletrons that travel throughvauum in the olumn. Eletromagneti lenses fous eletrons into a very thin beam. Theeletron beam then travels through the sample we want to study. Depending on the densityof the material, some of the eletrons are sattered and disappear from the beam. Atthe bottom of the mirosope the unsattered eletrons hit a �uoresent sreen, whihgives rise to a "shadow image" of the speimen with its di�erent parts displayed in varieddarkness aording to their density. The TEM tehnique allows the diret observationof rystal struture. A rystalline material interats with the eletron beam mostly by72 Marjorie Cavarro
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Figure II.17: SEM image of dust partiles deposited on a silion substrate.
Figure II.18: TEM image of dust partiles deposited on a silion substrate (left: bright �eld,right: dark �eld) [39℄.di�ration. The di�ration intensity depends on the orientation of the atom planes relativeto the eletron beam: at ertain angles the beam is strongly di�rated, while at othersit is mostly transmitted. Two tehniques of imaging are thus available. The Bright Fieldtehnique onsists in the detetion of only transmitted (unsattered) eletrons, and providesinformation on the rystal struture. The Dark Field method produes an image fromeletrons de�eted by a partiular rystal plane. Figure II.18 gives an example of imagesobtained by TEM. The TEM tehnique exhibits a number of drawbaks. Sample preparationis a limiting fator: they have to be thin enough to be eletron transparent. The �eld ofview is relatively small and the sample may be damaged by the eletron beam.II.4. Atomi Fore Mirosopy (AFM)The Atomi Fore Mirosopy (AFM) is a tehnique of sanning probe mirosopy. Itallows to image a surfae in the real diret spae, with a spatial resolution around 1 nm.The priniple, brought to the fore by G. Binnig and H. Rohrer (Nobel Prize in 1986), isquite simple: a small probe (a few nanometers) is approahed to the surfae and interationfores between the tip atoms and the surfae atoms are measured. By sanning the probe,a 3D image of the surfae an be obtained.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 73
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Figure II.19: Sheme of a typial Atomi Fore Mirosope.Figure II.19 illustrates how an AFM works. The probe is made of a tip onneted toan elasti antilever. The antilever deformation is proportional to the fore experienedby the tip. This de�etion is measured thanks to re�etion of a laser beam on the tip,direted towards a photodetetor (2 or 4 photodiodes). Generally, the sample, loated onthe piezoeletri wedge, is moving in the three spae diretions lose to the probe.The tip is not sanned at onstant height to avoid the tip to ollide with the surfae,ausing damage to both. In most ases, the tip-to-sample distane is adjusted by a feedbakmehanism in order to keep a onstant fore between the tip and the sample (around 10−8N). The sample is sanned in the x and y diretions, and the resulting map represents thesample topography (see �gure II.20). In this ase, the fores measured are due to eletronirepulsion (Lennard-Jones potential). Nevertheless, fritions indued by the san an damagethe sample.Another mode an be used to san the sample: the intermittent ontat or tappingmode. A high frequeny osillation (around 300 kHz) is fored on the antilever. In thismode, hanges in the osillation amplitude yield topographi information about the sample[70, 71℄.The AFM has several advantages over eletron mirosopes. AFM provides a true 3Dsurfae pro�le while eletron mirosope provides a 2D projetion. Moreover, AFM an beoperated at atmospheri pressure while eletron mirosopes need a vauum environment.The main drawbak, ompared to eletron mirosope, is the image size. The maximumarea shown by the AFM is around 150 by 150 µm. Moreover, it an take several minutesfor a region to be sanned with the AFM while SEM is able to san faster.74 Marjorie Cavarro
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Figure II.20: AFM image of dust partiles deposited on a silion substrate (ontat mode),white lines are artefats due to damages on the sample.
II.5 Frenh summary/Résumé en françaisLe prinipal dispositif expérimental (situé au GREMI) dérit dans e hapitre, est elui surlequel la majorité des expérienes de ette thèse a été réalisée. Plusieurs autres dispositifsont ependant été utilisés, dont ertains se trouvent dans des laboratoires ave lesquels nousollaborons. On peut notamment iter le dispositif PAMPRE (Prodution d'Aérosols enMirogravité par Plasma REatif) ou le dispositif PKE (Plasma Kristall Experiment). Cedernier dispositif sera présenté brièvement dans e hapitre, tandis que le dispositif PAM-PRE sera introduit dans le hapitre V.Le dispositif utilisé au GREMI a été dérit dans plusieurs thèses et publiations [11,12, 13, 30, 58℄. Cependant, ertaines modi�ations ont été apportées a�n d'améliorer ledispositif. C'est pourquoi une desription omplète, omprenant les systèmes de pompage,l'alimentation életrique, la gestion des gaz et les dispositifs optiques, est reprise dans ehapitre.A�n de failiter la leture du manusrit, des onditions standards d'expériene serontdé�nies en termes de �ux de gaz, pression, puissane injetée et température de gaz. Ellesseront par la suite utilisées largement dans ette thèse. La préparation des substrats pour lesdép�ts sera détaillée pour di�érents types de substrats (siliium, aier inoxydable, verre...).Le protoole expérimental pour réaliser les dép�ts aussi bien dans la déharge qu'en post-déharge sera détaillé.Les prinipaux diagnostis utilisés sont aussi introduits dans e hapitre. Des diagnos-tis in-situ tels que les mesures de ourant et de tension, le diagnosti Vdc/3H, la sonde deLangmuir, la avité résonante miro-onde, la spetrosopie optique d'émission ou la di�u-sion de la lumière laser sont présentés. Le système d'imagerie vidéo est aussi brièvementNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 75



Chapter II: Experimental setups and diagnostisdérit. De plus, quelques diagnostis ex-situ omme la mirosopie életronique (à balayageet en transmission) et la mirosopie à fore atomique sont aussi expliqués.Le dispositif expérimental "Silane"Le réateur est onstitué d'une hambre ylindrique, dans laquelle est insérée la boîte àdéharge en aier inoxydable (d = 135 mm et h = 37.5 mm) où est généré le plasma. Laboîte à déharge est fermée à la base par une grille à 20% de transparene. Elle est de plusreliée à la masse et se omporte omme l'anode de la déharge. L'életrode rf, en forme de"pomme de douhe", ferme le haut de la boîte. Cette életrode sert à la fois à la polarisationrf et à l'introdution de gaz dans le réateur. Le �ux de gaz introduit est laminaire grâeaux trois grilles insérées dans l'életrode rf. Les aès optiques se limitent à quatre fentesvertiales (2 mm par 4 m) plaées perdendiulairement les unes aux autres, en regard deshublots en Suprasil III. Les �gures II.1 et II.2 donnent un aperçu du dispositif "Silane".Le pompage de l'eneinte est assuré par deux groupes distints. La pompe primaire(pompe himique Alatel 2033 CP, 35 m3.h−1) est spéialement adaptée aux gaz réat-ifs. Elle sert à la fois au prévidage de l'eneinte et au maintien de la pression de travaillors des expérienes. Le groupe de pompage seondaire est onstitué d'une pompe turbo-moléulaire (Pfei�er Vauum TMH 260, 210 L.S−1) et d'une pompe primaire (Alatel, 20m3.h−1). Il permet d'atteindre un vide limite dans l'eneinte de l'ordre de quelques 10−7mbar. 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 ontr�le de lapression s'e�etue grâe à une jauge de type "full-range" et une jauge Baratron pour lespression de travail.L'exitation rf est assurée par un générateur de type GERAL ARF 101 permettant dedélivrer au maximum 100 W. Ce générateur peut être ontr�lé via un ordinateur a�n depulser la puissane injetée. Une boîte d'aord de type L est utilisée a�n de d'adapterl'impédane entre le iruit et la déharge de façon à optimiser le ouplage de l'énergie et àprotéger l'életronique de ommande.La température de gaz dans l'eneinte peut être variée de -40°C à 200°C grâe à deuxdispositifs distints : un four et une irulation d'azote liquide. La température est on-tr�lée grâe à un thermoouple de type J (fer/onstantan).Les onditions standards d'expériene dé�nies ii sont un outil de ontr�le et de om-paraison en as de doute sur les résultats obtenus. Dans es onditions standards, tousles paramètres et les résultats habituels sont bien dé�nis. Ces onditions sont donnéesdans le tableau II.1. L'évolution de la troisième harmonique ainsi que elle de la tensiond'autopolarisation sont bien onnues dans e as partiulier, de même que la durée approxi-mative des phases de roissane des poudres. Les prinipales aratéristiques des poussièresdonnées dans la setion I.4.a ont été déterminées dans es onditions.76 Marjorie Cavarro



II.5 Frenh summary/Résumé en françaisA�n de réaliser des dép�ts, di�érents types de substrats ont été utilisés : du siliiummonoristallin 100 reouvert d'une ouhe de SiO2 et de l'aier inoxydable ou de l'aluminiumpoli pour réaliser les analyses au MEB, du verre Corning pour réaliser les analyses AFM etdes grilles de uivre reouvertes d'une ouhe de arbone pour les analyses MET. Générale-ment, les dép�ts sont réalisés en déharge pulsée de façon à pouvoir aumuler les dép�tsà un temps donné. La durée d'exposition au plasma (Ton) peut varier de quelques ms àquelques seondes, tandis que la durée entre deux dép�ts est de l'ordre de quelques seondesen général.La boîte à déharge néessite des nettoyages très fréquents pour éliminer le dép�t desiliium. Le nettoyage se fait en inq étapes : bain de soude onentrée, rinçage à l'eau,rinçage à l'éthanol, séhage à l'air omprimé et séhage à l'étuve.Le dispositif expérimental PKELe dispositif PKE (�gure II.7) a été dérit en détails dans plusieurs publiations (voirpar exemple [50, 57℄). Le réateur PKE a été spéialement onçu a�n de réaliser des ex-périenes en mirogravité à bord de la station spatiale internationale (ISS). Ces expérienessont le fruit d'une ollaboration entre le MPE (en Allemagne) et l'IHED (en Russie) ausein du programme PKE-Nefedov. Les expérienes ont débuté en 2001 à bord de l'ISS, a�nd'étudier la formation de strutures ristallines 3D. Le GREMI a rejoint le MPE et l'IHEDpour une extension du programme à la formation de poussières. De nouvelles expérienes,préparées au GREMI, ont été menées sur l'ISS en otobre 2001 par l'équipe frano-russe dela mission ANDROMEDE [50℄.Le réateur PKE onsiste en une hambre ubique en verre d'environ 10 x 10 x 5 m,d'un volume total inférieur à 1 l. La déharge est produite entre deux életrodes irulairesde 4 m de diamètre, séparées de 3 m. Elles sont alimentées par une exitation rf enmode "push-pull", au travers d'une boîte d'aord. Le pompage est assuré par une pompeprimaire et une pompe turbomoléulaire permettant d'atteindre un vide limite de l'ordrede 3.10−6 mbar. Le réateur est alimenté en Argon par une bouteille B1 diretement reliéeau dispositif. La pression est ontr�lée par deux jauges : une "full range" et une Baratron.En règle générale, les expérienes sont réalisées sans �ux de gaz (pression statique).Le réateur PKE est équipé d'une nappe laser et d'un système de trois améras stan-dards (25 images par seonde). Deux améras �lment perpendiulairement à la nappe laserave des grandissements de 1 et 1/3. La troisième améra �lme selon un plan formant unangle faible ave la nappe laser de façon à observer les petites poussières qui di�usent peude lumière à 90°. Toutes les améras sont équipées d'un �ltre interférentiel entré sur lalongueur d'onde de la diode laser (λ = 685 nm).
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Chapter II: Experimental setups and diagnostisDiagnostis in-situDe nombreux diagnostis sont installés sur les réateurs a�n de pouvoir suivre et on-tr�ler à la fois les aratéristiques 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'exitation (sonde Leroy PPE20KV) et d'une mesure de ourant induit (sondeEMCO 94430-1). Le prinipal diagnosti utilisé dans ette thèse est le ouple de sondesVdc/3H développé au GREMI. Lorsque l'on analyse préisément la tension rf, on montreque 'est une tension purement sinusoïdale inluant une omposante ontinue (appelée ten-sion d'autopolarisation, notée Vdc). Cette dernière est due à la présene d'un ondensateurde bloage dans le boîte d'aord. Vdc est liée à la fois à la struture du réateur et à lainétique de roissane des poussières dans la déharge. Comme la géométrie du réateurest invariante, les évolutions de Vdc sont don prinipalement liées à la présene des pous-sières dans le plasma. De la même façon, lorsque l'on analyse le ourant de déharge, onobtient deux résultats marquants. Le premier est que le signal n'est pas sinusoïdal, maisontient de nombreuses harmoniques (jusqu'à une vingtaine dans ertains as). Ensuite,e ourant de déharge est prinipalement omposé d'une omposante apaitive, due àla ontre-életrode du réateur, qui tend à masquer la ontribution du "vrai" ourant dedéharge. Ainsi, une analyse préise des harmoniques peut mener à de préieuses informa-tions sur le hamp életrique dans les gaines et les fontions de distribution des életrons etdes ions, permettant ainsi de mieux ontr�ler la déharge. Notre diagnosti est basé sur latroisième harmonique ar elle s'avère être l'une des plus prononées dans les di�érents gazrares.Les densités életronique ioniques étant deux fateurs-lés dans une déharge, deux di-agnostis sont mis en oeuvre pour les évaluer. La densité ionique est évaluée grâe à desmesures de sonde de Langmuir dans le régime de saturation ionique, tandis qu'une avitérésonante miro-onde est utilisée pour l'évaluation de la densité életronique.Par ailleurs, la spetrosopie optique d'émission a aussi été utilisée, prinipalement dansle but de suivre l'évolution temporelle de ertaines raies de l'argon pendant la formationdes poudres dans le plasma. Un diagnosti de di�usion de la lumière laser a de même étémis en oeuvre pour suivre la formation et la roissane des poussières dans la déharge.Diagnostis ex-situDans le but de aratériser les poussières formées, plusieurs diagnostis ex-situ ontété utilisés. Ce sont prinipalement des diagnostis basés sur la mirosopie, permettantd'obtenir des informations sur la taille, la densité, la struture et la forme des poudres.Nous pouvons notamment iter la mirosopie életronique à balayage (MEB) qui nous afourni des images d'apparene 3D nous permettant d'appréier la surfae des éhantillons.78 Marjorie Cavarro



II.5 Frenh summary/Résumé en françaisEn utilisant le mode de détetion des életrons seondaires, il est ainsi possible d'obtenirdes images ayant une résolution de l'ordre du nanomètre, e qui permet d'identi�er lesnanopartiules sur les éhantillons. La mirosopie életronique en transmission (MET)donne des informations sur la ristallinité des éhantillons, mais présente l'inonvénientmajeur d'une préparation relativement ontraignante. La mirosopie à fore atomique(AFM), bien qu'elle endommage dans ertains as les éhantillons, permet d'obtenir desrelevés topographiques très préis de la surfae des éhantillons et d'aéder à ertainesmesures de taille de poussières inaessibles par mirosopie életronique.
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Chapter IIIAggregation instability in asilane-based plasmaSome instabilities indued by the presene of dust partiles in plasmas have been reportedfor more than ten years now [55, 56, 57, 72℄. All these instabilities have been observed industy plasmas obtained by sputtering. The instability reported in this hapter is observedin a silane based dust forming plasma, during the earlier phase of dust formation. However,this instability seems to be omparable to those already reported.A detailed study of this self-exited instability ourring during dust nanopartile for-mation is presented in this hapter. The formation and growth of nanopartiles is followedthanks to the analysis of the time evolution of two signal amplitudes: the third harmoni(3H, 40.68 MHz) of the disharge urrent and the self bias voltage (Vdc). In most ases,at the end of the nanorystal aumulation phase an instability ours. It seems to be anattahment indued-ionization instability as observed in eletronegative plasmas [73, 74℄.A detailed study of the in�uene of di�erent operating onditions (injeted power, gas tem-perature, silane �ow rate) on this instability behavior and frequeny is presented. Someexperiments have been performed to determine the exat loalization of the instability withrespet to dust partile formation steps. A very partiular ase of instability is also ex-amined. The main appearane areas of the instability with respet to the experimentalonditions are also determined.We show in this hapter that the instability an be used as a mark of the end of thenanorystal aumulation phase. This last point is of speial interest for appliations innanotehnologies suh as single-eletron devie [5℄ or solar ell [8℄ fabriation.The ontent of this hapter has been published in two papers :� M. Cavarro, M.C. Jouanny, K. Radouane, M. Mikikian, L. BoufendiJ. Appl. Phys. 99, 064301 (2006) [75℄� M. Cavarro, M. Mikikian, G. Perrier, L. BoufendiAppl. Phys. Letter 89, 013107 (2006) [76℄ 81



Chapter III: Aggregation instability in a silane-based plasmaIII.1 Desription of the aggregation instabilityThe main dust formation steps (aumulation phase, aggregation and growth by surfaedeposition) an be learly identify thanks to the Vdc/3H eletrial diagnostis (�g.III.1).Even though, some unertainties are remaining onerning the exat transition from onestep to another. As an be seen in �gure III.1 insert, a self-exited instability ours inbetween aumulation and aggregation phase. Due to this instability, until now it was stillquite di�ult to exatly de�ne when the aggregation starts.The typial behavior of the self bias voltage and the third harmoni of the dishargeurrent during the instability is shown in �gure III.2(a) (QAr = 20 sm, QSiH4
= 0.8sm, p = 124 µbar, Prf = 6W, T = RT ). This instability appears as osillations on thesignals. It is self-exited: it does not need any external exitation to appear. The typialappearane time is between 100 and 200 ms after plasma ignition. The typial duration isof a few to a few tens of ms. The frequeny of this signal, given by a Fast Fourier Transform(FFT) analysis, is shown in �gure III.2(b) and evolves during the instability. The typialfrequenies are omprised between 1 and 3 kHz.It is interesting to note that the instability appears as osillations on all the diagnostisused. It an be observed on eletrial potentials: radiofrequeny voltage (Vrf ), self-biasvoltage (Vdc), �oating potential (Vf ), but also on disharge urrent fundamental and thirdharmoni (1H and 3H), or on the ion �ux measurement (Vi). As an example, �gures III.3(a)and III.3(b) show the time evolution of the fundamental harmoni of the disharge urrent(1H) and its frequeny spetrum during the instability (QAr = 20 sm, QSiH4

= 1.2 sm,p = 124 µbar, Prf = 10 W, T = RT). The shape of the signal and its frequeny spetrumare very similar to the ones observed on 3H and/or Vdc signals. The di�erent diagnostisa�eted by this instability show that many physial properties of the plasma are onernedby the osillations observed on the eletrial diagnostis.

Figure III.1: Time-evolution of the third harmoni of the disharge urrent in an argon-silane plasma under standard onditions.82 Marjorie Cavarro



III.1 Desription of the aggregation instability
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Chapter III: Aggregation instability in a silane-based plasmaIII.2 Loalization of the instabilityIn order to exatly determine the instability loalization with respet to the dust forma-tion steps, we realized di�erent depositions at di�erent instants during the dust formation[76℄. Strutural morphology of the deposited dust partiles is qualitatively analyzed fromtopographial observations of the samples by means of atomi fore mirosopy (AFM) op-erating in the tapping mode and sanning eletron mirosopy (SEM).
III.2.a DepositionsThree di�erent types of depositions have been performed in order to loate the instability: a�rst one just before (sample a), a seond one during (samples b and ), and a last one afterthe instability (sample d). The substrates we used are made of Si overed by a thin �lm ofSiO2. This type of substrate an be used as well for SEM analysis (not too many hargee�ets) as for AFM analysis (the roughness of the sample is around 0.5 nm). However,those SiO2/Si substrates have a signi�ant drawbak: they are not ondutor. Thus eahnew sample modi�es the impedane and thus the energy deposition in the disharge box.Figure III.4 gives an overview of the di�erent instants of deposition. All depositions wereperformed in the standard onditions (QAr = 20 sm, QSiH4

= 1.2 sm, p = 124 µbar,Prf = 10 W, T = RT), with 32 runs (suessive depositions on the same sample). Thedeposition instant is adjusted for eah sample thanks to the eletrial diagnostis in orderto loate the deposition instant with respet to the instability.
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III.2 Loalization of the instabilityIII.2.b SEM analysisThe SEM images obtained from the samples are shown in �gure III.5. Just before theinstability (�gure III.5(a)), there are only single nanorystals (around 2-3 nm) on the sub-strate. At the beginning and in the middle of the instability (�gure III.5(b) and ()), twopopulations an be distinguished: there are both nanorystals and small polyrystallineaggregates. At the end of the instability (�gure III.5 (d)) deposited dust partiles aremainly small polyrystalline aggregates. These results seem to plae the beginning of theaggregation phase at the beginning of the instability.

Figure III.5: SEM images of the samples deposited (a) just before (b) at the beginning of() during (d) after the instability.III.2. AFM analysisThe AFM images obtained from the same samples are shown in �gure III.6. They are allnormalized to the same height size sale in order to make the omparison easier. In thenanorystal ase, the AFM tip size is of the same order as the nanorystal size. We areonfronted to onvolution troubles in the x and y diretions. The only dimension we an useis the height beause this dimension is less onerned by onvolution troubles. To estimatethe net dust partile size, the image baseline has to be subtrated to the measured size.The results are quite similar to the ones obtained by SEM. Before the instability (�gureIII.6(a)), there are only small nanorystals around 2-3 nm in height. At the beginning andin the middle of the instability (�gure III.6(b) and ()), two populations of dust partilesare present, one around 2-3 nm and another one around 4-5 nm. After the instability(�gure III.6(d)), a single population is visible, around 10 nm. Those results on�rm theones obtained by SEM.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 85



Chapter III: Aggregation instability in a silane-based plasma

Figure III.6: AFM images of the samples deposited (a) just before (b) at the beginning of() during (d) after the instability.
III.2.d Radius distributionThe study of the radius distribution has been performed from AFM analyses of the samples.For eah sample, 8 to 10 images have been realized. This statisti allows us to get signi�antdistributions: the average number of dust partiles taken into aount for eah sample is ofa few thousands. The radius distribution of dust partiles orresponding to the �rst sample(�gure III.7(a)) shows a single peak entered at rd = 1.5 nm (orresponding to 3 nm inheight). The same analysis performed on a sample deposited during the instability (�gureIII.7(b)) shows two peaks loated at di�erent heights. The higher peak around rd = 1.5nm orresponds to the nanorystals and the smaller one around rd = 4 nm orrespondsto the �rst oalesed polyrystalline nanopartiles. On the last sample (�gure III.7()), asingle peak appears around rd = 5 nm, orresponding to bigger aggregated polyrystallinenanopartiles. Those dust partile radius distributions on�rm our qualitative topographialobservation.86 Marjorie Cavarro



III.3 Instability frequeny

Figure III.7: Radius distribution diagrams orresponding to a sample deposited (a)before(b) during () after the instability.III.2.e Conlusion onerning the instability loationPresently, we an onlude that before the instability, dust partiles are single-rystal silionnanopartiles of 2-3 nm in diameter in the fae entered ubi (f) phase [39℄. Their shapeappears to be spherial and their density inreases during the aumulation phase untilreahing the ritial value estimated to 1011 to 1012 m−3 at room temperature [9℄. Thereby,just before the instability the single-rystal silion nanopartile density in the plasma is thehighest that an be reahed. During the instability, nanorystals agglomerate together toform the �rst polyrystalline dust nanopartiles of 4-5 nm. All the nanorystals begin toagglomerate at least two by two. This is the early beginning of the aggregation phaseand two populations an be distinguished. The �rst one orresponds to nanorystals whilethe seond one orresponds to �rst aggregated polyrystalline partiles. At the end of theinstability, no more single nanorystals remain in the gas phase. Thus, the onset of theinstability exatly orresponds to the beginning of the aggregation phase.III.3 Instability frequenyAs an be seen in �gure III.2(b), the instability frequeny evolves as a funtion of time.We an �rst observe an inrease of the frequeny that ould orrespond to the instabilitysetting-up. One the instability is established, the frequeny dereases until the end ofNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 87



Chapter III: Aggregation instability in a silane-based plasmathe phase where it beomes di�ult to de�ne the frequeny. During the instability, thereis an inrease in the mean mass of dust partiles due to the beginning of the aggregationphase. This inrease of the partile mean mass ould explain the derease of the instabilityfrequeny. Thus, if we alulate the dust plasma frequeny from equation I.4.a.iii, assuming
Nd to be the ritial partile density (1012cm−3) [9℄, Qd ≈ 10−3e and 1 nm ≤ rd ≤ 2 nmfor silion partiles [42℄, we get 1 kHz≤ fpd ≤ 3 kHz (assuming fpd = ωpd/2π). Thesefrequenies orrespond to the ones we observed for the instability in di�erent onditions.In the following, we will present some parameter e�ets on instability harateristis. Itis important to note that the frequeny at the beginning and at the end of the instability arenot measured in the same way. As the frequeny at the beginning is well de�ned its givenvalue is the average value of the frequeny taken on the six �rst periods. As the frequenyat the end is muh more di�ult to de�ne, its value is given by the last value of the FFT,with an unertainty range due to the software and the method used to ompute the data(Matlab ode).III.4 Parameter e�etAs the di�erent phases of partile formation and growth, the region of the instability isa�eted by di�erent disharge parameters suh as injeted power, silane �ow rate, gastemperature or pressure. In the following setions, the e�ets of injeted power, silane�ow rate and gas temperature on the instability are studied [75℄. The instability is verysensitive to hanges in pressure. An inrease of a few tens of mirobars (10 or 20) leadsto the instability disappearane. That is why in the following the pressure e�et won't bestudied. At the end of this setion, a very partiular ase of instability is reported. Thisphenomenon is very sensitive to the operating onditions and only appears in two very tightsets of parameters.III.4.a Injeted power e�etThe e�et of injeted power has been studied for di�erent gas mixture rates of Ar/SiH4 withsilane �ow rate varying from 0.4 sm up to 1.6 sm. In all ases the following parameterswere kept onstant: QAr = 20 sm, p ≃ 120 µbar, T = RT. The following observationsorrespond to a synthesis of all the results obtained. Figure III.8 shows the time evolutionof the self bias voltage for di�erent injeted powers. In this partiular ase, the amount ofsilane in the gas mixture was relatively small (QSiH4

= 0.8 sm), as when the silane �owrate is too high, the instability rapidly disappears when injeted power is inreased, and nopertinent study an be done. In this ase, the instability appears only for low powers be-tween 6 W and 14 W. For higher silane �ow rate, the instability tends to disappear around10 W.88 Marjorie Cavarro



III.4 Parameter e�etWhen the power is inreased in the disharge, all the phases of partile formation andgrowth beome shorter and so does the instability (see �g.III.9(a)). This is due to thefat that inreasing the injeted power inreases the ionization proess, thus inreasing theeletron density. As the eletron density is inreased, dissoiative attahment proess is a-elerated. Consequently partile formation beomes faster. This aeleration of the kinetisis also tradued by the instability starting earlier for high injeted power as shown in �gureIII.9(a). The amplitude of the instability also dereases when power inreases. For highinjeted power the kinetis is very fast leading to the disappearane of the instability.The frequeny of the instability has been shown to evolve in time, dereasing between
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Figure III.8: Time-evolution of the self-bias voltage versus the injeted power for QSiH4
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Chapter III: Aggregation instability in a silane-based plasmathe beginning and the end of the phase. In addition, the frequeny at the beginning andat the end seem to depend linearly on the injeted power (see �g.III.9(b)). Indeed, as-suming that at the end of the aumulation phase rd and Nd are onstant whatever theinjeted power, then ωpd is proportional to the partile harge Qd. When injeted power isinreased, eletron density is also inreased. Nevertheless, between 6 W and 20 W, eletrontemperature remains onstant (around 2 eV before α − γ' transition). That means thatnewly reated eletrons are attahed by dust partiles. Hene when the injeted power isinreased, the partile mean harge also inreases.III.4.b Silane �ow rate e�etThe e�ets of the silane �ow rate have been studied in an Ar/SiH4 plasma with an injetedpower of 10 W. The amount of silane in the disharge was varied from 0.4 sm up to 1.6sm, keeping all the other parameters onstant (QAr = 20 sm, Prf = 10 W, T = RT).The indued pressure variation is negligible (∼ 3-4 µbar) with respet to the total pressure(p ≈ 120 µbar). Figure III.10 shows the time evolution of the self-bias voltage as a funtionof the silane �ow rate in the disharge. The urves are shifted in the self-bias voltage axisin order to give a better overview. In the ase we present here, the injeted power is low,sine, as it has been shown before, when the injeted power is too high, no instability anbe observed. For 10 W injeted power, the instability appears even for very small �owrates and tends to disappear for silane �ow rates higher than 1.5 sm. The instability
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III.4 Parameter e�et
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Chapter III: Aggregation instability in a silane-based plasmaa thermoouple near the plasma box). All the experiments were performed at onstant gasnumber density. We observed that the instability region is also a�eted by the temperature.From RT to 120�Figure III.12 shows the time evolution of the self-bias voltage versus high gas tempera-ture from RT to 120�. The urves are shifted in the self-bias voltage axis in order to havea better overview. When the gas temperature is inreased, the appearane of the insta-

0 1 2 3 4 5 6
-40

-30

-20

-10

0

10

20

30

Time (s)

S
el
f-
b
ia
s 
v
o
lt
a
g
e 
(a
.u
.)

 

 

 

RT 
30 °C 

40 °C 

50 °C 

60 °C 

70 °C 

80 °C 

90 °C 

100 °C 

110 °C 

120 °C Figure III.12: Time-evolution of the self-bias voltage versus high gas temperature. Theurves are shifted on the self-bias voltage axis in order to have a betteroverview.bility is delayed (see �g III.13(a)). The duration of the instability is also a�eted by thegas temperature: the higher the temperature, the longer the instability (�g.III.13(a)). Theinstability behaves like the di�erent phases of partile formation and growth: it is delayedand it lasts longer when the gas temperature is inreased. Figure III.13(b) shows instabilityfrequenies as a funtion of high gas temperature. The frequeny at the beginning dereaseslinearly as the gas temperature inreases, while the frequeny at the end remains the sameat around 0.6 kHz (exept on the urve taken at 30�).From 16� to -24�Figure III.14 shows the time evolution of the urrent third harmoni amplitude for dif-ferent low gas temperatures ranging from 16� to -24�. The urves are shifted in the 3Haxis in order to have a better overview. When the gas temperature is dereased, the appear-ane of the instability is brought forward as an be seen in �gure III.15(a). The duration92 Marjorie Cavarro



III.4 Parameter e�et

20 30 40 50 60 70 80 90 100 110 120 130
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

B
eg

in
ni

ng
 o

f t
he

 in
st

ab
ili

ty
 (

s)

Beginning

20 30 40 50 60 70 80 90 100 110 120 130
0

10

20

30

40

50

60

70

80

90

100

Temperature (°C)

D
ur

at
io

n 
of

 th
e 

in
st

ab
ili

ty
 (

m
s)

Duration

(a) Beginning and duration of the instability as a fun-tion of high gas temperature. 20 30 40 50 60 70 80 90 100 110 120
0

500

1000

1500

2000

2500

3000

Gas temperature (°C)

F
re

qu
en

cy
 (

H
z)

Frequency at the beginning 

Frequency at the end
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(b) Mean frequeny as a funtion of low gas tempera-tureFigure III.15: E�et of low gas temperatures on the instability harateristisIII.4.d Partiular aseIn some very spei� onditions a partiular ase of the instability was observed. The �gureIII.16(a) shows the shape of the instability in this ase. In a �rst part, it behaves in thesame way as the "ommon" instability, then it �nishes before brie�y restarting. This hasbeen on�rmed by a frequeny analysis (FFT analysis) (see �g.III.16(b)). We an observea time evolution of the frequeny and a range of frequenies similar to those previouslyobserved (between 2 kHz and 3 kHz). The seond part seems to be a sort of replia ofthe end of the �rst part, with exatly the same frequenies. This phenomenon is highlysensitive to the operating onditions, appearing only for very low injeted power (around6 W) and in a very tight range of silane �ow rates (several appearanes between 2 and 3sm). Moreover, a temperature variation of only a few degrees leads to the disappearaneof the phenomenon. This partiular ase of the instability seems to orrespond to dustritial formation onditions, as the slightest modi�ation of one of the parameters leads tothe disappearane of the phenomenon. However, we observed this partiular instability inat least six di�erent sets of parameters. This observation leads us to surmise that a speialpair partile density/partile radius ould favor a speial behavior of the dense partileloud trapped in the disharge.III.4.e Instability appearane onditionsAs we saw in previous setions, the instability develops under spei� onditions. In thewhole temperature range we investigated, the instability systematially appears (exeptedthe partiular ase of instability appearing only at RT). A pressure threshold (around 150
µbar) was observed for its disappearane. However, the instability needs very spei�onditions of injeted power and silane �ow rate to take plae. Figure III.17 represents94 Marjorie Cavarro
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Chapter III: Aggregation instability in a silane-based plasmaIII.5 Comparison with attahment indued-ionization insta-bilities observed in eletronegative gasesA wide range of instabilities is observed in dusty and non-dusty plasmas. In their work,Desoeudres et al desribe some osillations in the kHz range appearing on all their diag-nostis in eletronegative gases [74℄. These osillations seem to be quite similar to the oneswe desribed in this hapter. A possible explanation for this phenomenon is the attahmentindued-ionization instabilities observed in low pressure rf disharges in eletronegative gases[73℄. The main parameters responsible for these instabilities are the eletron temperatureTe and density ne. Nighan and Wiegand [73℄ gave a riterion for the appearane of theinstability. The physial basis of this riterion are the onservation equations of eletroniand ioni densities. The plasma an be unstable if
∂ka/∂Te

∂ki/∂Te
> 1, (III.1)where ka and ki are respetively the attahment and ionization oe�ients [73℄. In pra-tie, the riterion III.1 is ful�lled if the attahment rate oe�ient inreases with eletrontemperature faster than the ionization rate. Nighan and Wiegand also dedue that theeletron and negative ion densities must be of the same order of magnitude, otherwise theperturbation is stabilized.As dust partiles are harged, they behave like large negative ions. The instabilities weobserved may therefore be related to attahment-indued ionization instabilities. Duringthe aumulation phase, the nanorystals have been shown to grow and aumulate in thegas phase [35℄. Their onentration inreases until it reahes a ritial value from whihthe aggregation phase starts. This ritial value has been measured to be around 1011 to

1012 m−3 [9℄. However less than 0.1% of the dust partiles are harged by eletron attah-ment. The onentration of negatively harged nanorystals is therefore of the same orderof magnitude as the eletron density, just before the instability. Furthermore the eletrontemperature has been shown to be onstant and equal to 2 eV during the aumulationphase [38℄. Figure III.18 shows the time evolution of the eletron density ne measured bythe mirowave resonant avity method for di�erent gas temperatures. The �rst very narrowpeak (shown in the insert) orresponds to the SiH−
3 ion formation. Those ions are the�rst nulei involved in the partile formation. Then, the eletron density remains almostonstant during the aumulation phase. Just at the onset of the aggregation, a slightderease of the eletron density an be observed while the ion mean density, measured byLangmuir probe [13℄, remains onstant. That means that at the beginning of the instability

ka inreases while ki remains onstant (∂ki/∂Te −→ 0). And so the ratio beomes largerthan one.96 Marjorie Cavarro
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Figure III.18: Time-evolution of the eletron density for di�erent gas temperatures. Theinsert is a zoom of the early beginning of the urve.III.6 ConlusionIn this hapter we present a wide study of a self-exited instability ourring in the earlierphases of dust partile synthesis. This instability appears as osillations on all the diagnos-tis used: potential measurements (Vrf , Vdc, Vf ), urrent harmoni measurements (1H, 3H)and ion �ux measurement (Vi). It a�ets many properties of the dusty plasma.Typial harateristis of the instability have been determined: frequeny in the kHzrange, duration of a few to a few tens of ms and appearane time between 100 and 200ms after the plasma ignition. Some depositions have been performed at di�erent instantsduring dust formation proess in order to loate the instability in terms of dust formationstep. The samples have been analyzed by SEM and AFM and show that the onset of theinstability exatly orresponds to the beginning of the aggregation phase (or the end ofthe nanorystal aumulation). The instability frequeny has been shown to evolve in timethanks to a FFT analysis. This evolution an be explained by the inrease of the partilemean mass during the instability, leading to modi�ations of the plasma-dust frequeny.The e�ets of operating onditions on the instability have also been investigated. Apressure threshold of disappearane around 150 µbar has been evidened. The rf injetedpower and the silane �ow rate have been shown to have a signi�ant e�et on the instabilityharateristis (appearane, duration, frequenies...). The gas temperature, investigatedfrom -24� to 120� has also a signi�ant e�et on the instability, but does not seem toa�et the appearane of the phenomenon. Finally, a very partiular ase of instability,showing a short replia of its end, has been evidened in six very tight sets of parameters.An experimental riterion for the instability appearane in the most ommon ases has beenNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 97



Chapter III: Aggregation instability in a silane-based plasmadetermined.Thanks to a omparison with the work of Desoeudres et al [74℄, a possible explanationof the instability is given. It seems to be an attahment indued-ionization instability asobserved in eletronegative gases [73, 74℄. Nighan and Wiegand gave a riterion for theappearane of the instability. We showed that in our onditions the riterion is met. Theinstability we observe an thus be linked to the attahment indued-ionization instability.The exat loation of the instability at the end of nanorystal aumulation phase makesit a very good mark for single-rystal silion nanopartile deposition. The Vdc/3H baseddiagnostis does not need any optial aess to the plasma. One it is alibrated, this diag-nostis an provide preise information onerning the dust partile nature in the disharge.We performed the alibration for the �rst phases of formation (formation and aumulationof nanorystals and beginning of the aggregation) in a typial dust forming Ar/SiH4 plasmagenerated in a rf disharge. Presently, we an onlude that before the instability, the dustpartiles are single-rystal silion nanopartiles of 2-3 nm in diameter in the FCC phase[39℄ at room temperature. Their shape appears to be spherial and their density inreasesduring the aumulation phase until reahing the ritial value estimated to 1011 to 1012m−3 [9℄. Thereby, just before the instability the single-rystal silion nanopartile densityin the plasma is the highest that an be reahed. The single-rystal nanopartiles obtainedby this way an be inorporated in thin �lm layers in order to improve their mehanialand/or optoeletronial properties [8℄, or used for single eletron devie fabriation [5℄.During the instability, nanorystals agglomerate together to form the �rst polyrys-talline dust nanopartiles of 4-5 nm. All the nanorystals begin to agglomerate at least twoby two. This is the early beginning of the aggregation phase and two populations an bedistinguished. The �rst one orresponds to nanorystals while the seond one orrespondsto �rst oalesed polyrystalline partiles. At the end of the instability, no more singlenanorystals remain in the gas phase. Thus, the onset of the instability exatly orrespondsto the beginning of the aggregation phase. After the instability the dust nanopartiles aremade of agglomerated nanorystals. Their size inreases from 5 nm at the beginning ofthe aggregation to about 45 nm at the end of the phase [81℄. The dust partiles are nowpolyrystalline with a auli�ower form and exhibit a high spei� surfae (up to 115 m2.g−1[82℄) that an be of interest for appliations in atalysis.
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III.7 Frenh summary / Résumé en françaisIII.7 Frenh summary / Résumé en françaisDi�érents types d'instabilités induites par la présene de poudres dans un plasma ont étérapportés depuis plus de dix ans maintenant [55, 56, 57, 72℄. Toutes es instabilités ont étéobservées dans des plasmas poussiéreux obtenus par pulvérisation. L'instabilité dérite danse hapitre est observée dans un plasma poussiéreux à base de silane, pendant les premièresétapes de formation des poudres. Elle semble tout de même omparable aux instabilitésdérites préédemment.Une étude omplète de ette instabilité auto-exitée, apparaissant pendant la formationdes nanopoudres, est présentée dans e hapitre. La formation et la roissane des pous-sières sont suivies grâe à l'analyse de l'évolution temporelle de l'amplitude de deux signauxéletriques : la troisième harmonique du ourant de déharge (3H, 40.68 MHz) et la tensiond'autopolarisation (Vdc) (�gure III.1). Dans la plupart des as, à la �n de l'aumulation desnanoristaux, une instabilité apparaît. Cette instabilité se présente sous forme d'osillationssur les signaux (�gure III.2(a)), et n'est pas due à une exitation extérieure. Elle apparaîttypiquement 100 à 200 ms après l'allumage du plasma. Sa durée est de l'ordre de quelquesms à quelques dizaines de ms. Sa fréquene, omprise entre 1 et 3 kHz, évolue dans le tempsomme le montre la �gure III.2(b). Il est par ailleurs intéressant de noter que l'instabilitéapparaît sur tous les signaux mesurés : Vrf , Vdc, Vf , 1H, 3H, Vi. Les �gures III.3(a) etIII.3(b) montrent un exemple d'instabilité sur 1H. La variété des diagnostis a�etés parl'instabilité montre que de nombreuses propriétés physiques du plasma sont onernées.A�n de situer exatement l'instabilité par rapport aux étapes de formation des poudres,des dép�ts ont été réalisés à di�érents instants (avant, pendant et après l'instabilité, f.�gure III.4). La morphologie des poudres déposées a été étudiée grâe à la mirosopieéletronique à balayage (SEM /MEB) et à la mirosopie à fore atomique (AFM ) en modeontat intermittent (tapping mode). L'étude des images obtenues (�gures III.5 et III.6)et de la fontion de distribution des rayons (�gure III.7) permet de loaliser l'instabilité.L'éhantillon déposé avant l'instabilité présente une seule population, entrée autour de rd= 1.5 nm. Pendant l'instabilité, on observe deux populations : une autour de rd = 1.5nm (nanoristaux) et la seonde autour de rd = 4 nm (agrégats). A la �n de l'instabilitéune seule population apparaît autour de rd = 5 nm, e qui orrespond à des nanoristauxagglomérés. Le début de l'instabilité orrespond don au début de la phase d'agrégation.Nous avons observé que la fréquene de l'instabilité évolue dans le temps (�gure III.2(b)).L'augmentation de fréquene semble orrespondre à l'établissement de l'instabilité. Ladéroissane observée par la suite peut être expliquée par l'augmentation de la massemoyenne des poudres pendant l'agrégation. Une étude détaillée de l'in�uene des ondi-tions opératoires (puissane injetée, température de gaz, débit de silane et pression) surle omportement et les fréquenes de l'instabilité est présentée ii. L'instabilité est trèssensible aux hangements de pression. Une augmentation de quelques dizaines de µbarNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 99



Chapter III: Aggregation instability in a silane-based plasmaonduit à la disparition du phénomène. Le seuil de disparition a été mis en évidene autourde p = 150 µbar. L'augmentation de la puissane injetée (Prf ) a un e�et sensible surl'instabilité (�gure III.8). Lorsque Prf est augmentée, l'instabilité démarre plus t�t et duremoins longtemps (�gure III.9(a)), omme toutes les phases de formation de poudres. Lesfréquenes de début et de �n augmentent linéairement ave Prf (�gure III.9(b)), e quipeut s'expliquer par l'augmentation de la harge moyenne des poudres lorsque la puissaneinjetée augmente. Dans le adre de l'étude en fontion du débit de silane (�gure III.10), lavariation de pression induite (3 - 4 µbar) est onsidérée omme négligeable par rapport àla pression totale (p = 124 µbar). Le démarrage et la durée de l'instabilité présentent uneévolution en forme de "lohe" lorsque le débit de silane est augmenté (�gure III.11(a)),ave un extremum pour QSiH4
= 1 sm. Paradoxalement, les fréquenes de début et de�n d'instabilité augmentent linéairement ave la quantité de silane dans la déharge (�gureIII.11(b)). Les e�ets de l'élévation de la température de gaz sur la formation des poudres ontété largement étudiés [38, 35, 78, 79, 80℄. Dans le adre de notre étude, nous avons étudiédeux gammes de température : de RT à 120� et de RT à -24� (f. �gures III.12 et III.14).Globalement, le démarrage et la durée de l'instabilité sont proportionnels à la températurede gaz : plus ette dernière est élevée plus l'instabilité démarre tard et dure longtemps(voir �gures III.13(a) et III.15(a)). L'e�et de la température sur les fréquenes semble êtredi�érent selon la gamme onsidérée. A basse température, les fréquenes diminuent linéaire-ment quand la température est augmentée (�gure III.13(b)). A plus haute température,la fréquene de début diminue linéairement quand la température augmente, tandis que lafréquene de �n reste quasiment stable (�gure III.15(b)). Il est intéressant de noter qu'àauun moment les onditions de température ne mènent à la disparition de l'instabilité.Dans quelques onditions expérimentales spéi�ques, on peut observer un as partiulierde l'instabilité. Cette dernière apparaît en deux parties, la deuxième semblant être une ré-plique de la �n de la première (f. �gures III.16(a) et III.16(b)). Cette instabilité apparaîtet est reprodutible dans six jeux de paramètres di�érents, e qui laisse penser que ertainsouples taille/densité de poudres pourraient favoriser son apparition. Finalement, au termede ette étude, des zones de présene de l'instabilité peuvent être dé�nies en fontion desparamètres. Les prinipaux paramètres entrant en jeu sont la puissane injetée et le débitde silane (�gure III.17). La limite entre les di�érentes zones peut être dérite par une ourbedu type Prf ∝ Q

−3/4
SiH4

.Dans la référene [74℄, Desoeudres et al dérivent des instabilités semblables aux n�tres,apparaissant sur tous leurs diagnostis en gaz életronégatifs. Une expliation possible duphénomène que nous observons pourrait être les instabilités dues à l'attahement dissoi-atif [73℄. Nighan et Wiegand donnent un ritère (voir équation III.1) pour l'apparition del'instabilité. Ils y ajoutent aussi une ondition néessaire pour que elle-i se maintienne: il faut que la densité d'ions négatifs et d'életrons soient du même ordre de grandeur[73℄. En onsidérant que les poudres hargées négativement se omportent omme de gros100 Marjorie Cavarro



III.7 Frenh summary / Résumé en françaisions négatifs, on peut montrer, grâe à des études réalisées préédemment dans l'équipe[35, 9, 38℄, que les onditions sont remplies pour que l'instabilité apparaisse dans notre as.Le diagnosti életrique basé sur Vdc et 3H ne néessite auun aès optique au plasma.Une fois alibré, e diagnosti peut fournir des informations préises sur la nature despoudres dans la déharge. Nous avons réalisé la alibration du système pour les premièresphases de formation des poudres dans un plasma Ar/SiH4. Ainsi l'instabilité étudiée danse hapitre peut être utilisée omme un repère de la �n de l'aumulation des nanoristauxdans le plasma. A l'heure atuelle nous savons qu'avant l'instabilité, les poudres sontmonoristallines (ubique fae entrée) de 2-3 nm de diamètre à température ambiante [39℄.Leur forme semble sphérique et leur densité augmente pendant la phase d'aumulationjusqu'à atteindre la valeur ritique (1011 − 1012 m−3) permettant le début de l'agrégation[9℄. Ainsi, juste avant l'instabilité, la densité de nanopoudres monoristallines est la plushaute qui puisse être atteinte dans la déharge. Ce dernier point s'avère partiulièrementintéressant pour les appliations dans le domaine des nanotehnologies telles que la fabri-ation de dispositifs à un életron [5℄ ou de ellules solaires [8℄. Après l'instabilité, il nereste plus de monoristaux dans le plasma. Les poudres sont onstituées de monoristauxagglomérés. Leur taille augmente de 5 nm au début de l'agrégation jusqu'à environ 45 nmà la �n de ette phase [81℄. Les poudres sont alors polyristallines, en forme de hou-�euret présentent une grande surfae spéi�que (jusqu'à 115 m2.g−1 [82℄) partiulièrement in-téressante pour les appliations en atalyse.Le ontenu de e hapitre a fait l'objet de deux publiations référenées [75℄ et [76℄ dansla bibliographie de ette thèse.
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Chapter IVOther self-exited instabilities inomplex plasmasThe void region and various instabilities linked to this dust-free region in dusty plasmas arenow well-attested, espeially in sputtering disharges as the PKE experiment [57℄. In mostases, these instabilities are due to dust partile growth and/or presene in the plasma.In this hapter, the behavior of the dust loud during the growth of dust suessive gen-erations has been explored. A void region has been evidened and a strong inhomogeneityof the depositions has been brought to the fore. Moreover, an overview of three di�erentinstabilities linked to dust partile formation and/or void region is presented. Those ex-periments have been performed both on the Silane experiment and the PKE one. All ofthem are self-exited instabilities. The �rst one, observed on the Silane experiment, oursduring dust partile suessive generations. It is losely linked to the growth/expelling yleof dust partiles from the enter of the disharge. Finally, the Suessive Generation Insta-bility (SGI) seems to be a void instability due to new dust generations formed in this region.In a seond part, we foused on the so-alled heartbeat instability in the PKE experiment.A new diagnosti, spatially resolved optial emission spetrosopy, has been implementedon the setup. It allows to get an insight in loal behaviors of both the plasma and thevoid region. Moreover, the threshold behavior of the heartbeat is underlined by bringingto light its damping and shutdown period. To �nish, the omplex sheme of Dust PartileGrowth Instabilities (DPGI) in the PKE experiment is presented. This instability is dueto the growth of the �rst dust partile generation in a sputtering disharge. A seven-stepdevelopment of the DPGI has been evidened, and the three �rst steps are detailed here.The ontent of this hapter has been published in three papers:� M. Mikikian, M. Cavarro, L. Couëdel, L. BoufendiPhys. Plasmas 13, 092103 (2006) [83℄� M. Mikikian, L. Couëdel, M. Cavarro, Y. Tessier, L. BoufendiNew J. Phys. 9, 268 (2007) [84℄ 103



Chapter IV: Other self-exited instabilities in omplex plasmas� M. Cavarro, M. Mikikian, Y. Tessier, L. BoufendiPhys. Rev. Lett. submitted (2007) [85℄
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IV.1 Suessive generations in Ar/SiH4 plasmasIV.1 Suessive generations in Ar/SiH4 plasmasDust partile formation in an Ar/SiH4 plasma is a ontinuous phenomenon. As long asSilane preursors are provided , new generations of dust partiles are formed in the disharge[86℄. The phenomenon we study in this setion is loated around one hundred seonds afterplasma ignition. From �gure IV.1 we an distinguish: ➀ (insert) nanorystal formationand aumulation, aggregation instability (see setion III.1), nanorystal aggregation andgrowth by surfae deposition, ➁ seond and third dust partile generations.

Figure IV.1: Time-evolution of the third harmoni of the disharge urrent amplitude dur-ing dust partile suessive generations in an argon-silane plasma for di�erenttime-sales. The insert orresponds to �gure III.1.IV.1.a Experimental evidene of dust partile suessive generationsSuessive generations of dust partiles an be monitored thanks to the Vdc/3H diagnosti.They appear as quasi-sinusoidal low-frequeny osillations of the signal, with a period of theorder of typially one minute as an be seen in �gure IV.1. The derease of 3H orrespondsto a derease of the eletron density: this an be explained both by the presene of bigdust partiles attahing lots of eletrons, or by numerous little dust partiles that ouldprodue the same e�et. The inrease of 3H orresponds to an inrease of the eletrondensity, meaning that less eletrons are attahed by dust partiles: big dust partiles ouldbe expelled from the plasma, or the density of smaller dust partiles is small. All lassialparameters a�eting dust partile formation have an in�uene on the time-period of theseosillations. As an example, when gas temperature is inreased, dust partile formation isdelayed and the time-period of these osillations an rise above several minutes.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 105



Chapter IV: Other self-exited instabilities in omplex plasmas
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IV.1 Suessive generations in Ar/SiH4 plasmasThanks to orrelations with Laser Light Sattering (LLS) signal and the time evolutionof the Argon line at 750.38 nm, we an re�ne our hypothesis onerning the behavior of3H (see �gure IV.3). For this purpose, we need to assume the presene of a void region inthe dust loud as in [13℄. We will see further (in the next setion) that this assumption hasbeen validated by several experimental evidene.For the sake of larity, �gure IV.3 has been divided in several parts numbered from Ito IV. The early stages of dust partile formation (between 0 and 10 s on the �gure) havealready been disussed previously (see hapter III). So the analysis starts around 10 s afterplasma ignition:� Part I (from 10 to 60 s): in this �rst part, 3H inreases while I750.38 �rst inreasesbefore reahing a maximum value and then dereases, and there is no detetable LLSsignal. The inrease in I750.38 orresponds to the opening of a void region, where theionization rate is enhaned. The enhanement of the ionization rate favors the growthof a new dust partile generation in the void region. One this new generation startedto grow, I750.38 starts to derease. In this part, new dust partiles are neither bigenough nor numerous enough to be deteted by LLS, so the LLS is zero. However,new synthesized dust partiles push away bigger ones from the disharge enter. Theexpelling of bigger dust partiles, whih had attahed numerous free eletrons, ausesan inrease of the free eletron density in the plasma. Newly reated small dustpartiles attah far less eletrons than the expelled bigger ones. There is thus a netinrease of the free eletron density in the disharge, leading to 3H inrease. Thison�rms the hypothesis of a void opening when 3H starts to inrease [13℄.� Part II (from 60 to 80 s): 3H exhibits a slope modi�ation and keeps on inreasingbut more smoothly. I750.38 is still dereasing as in part I and a small inrease in theLLS signal is deteted. Newly reated dust partiles grow in the void region andbeome detetable by LLS. They also start to attah more and more free eletronsdue to their inreasing size. They keep on pushing bigger dust partiles away, andtend to �ll the whole void region, leading to the derease of I750.38. As new dustpartiles beome bigger, and so more harged, the balane between free eletrons lostby attahment and free eletrons reovered due to dust expelling is modi�ed. Thereis still an inreasing amount of free eletrons in the plasma, but the net inrease islower than in part I, and thus explain the slope modi�ation in 3H.� Part III (from 80 to 110 s): 3H inreases to its maximum value before starting toderease. I750.38 dereases to its minimum value, and the LLS signal inreases untilreahing a plateau. The new generation of dust partiles is growing in the void regionand is now learly deteted thanks to LLS. This new generation now almost �ll thewhole void region, leading to the derease of I750.38 that reahes its minimum value.The net inrease in the free eletron density is less and less important due to theNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 107



Chapter IV: Other self-exited instabilities in omplex plasmasstrong attahment on the growing partiles, leading 3H to reah a maximum value.Then, a plateau appears on the LLS signal and I750.38: the void region is now totally�lled by the new generation of dust partiles. As these grains are still growing, theykeep on attahing more and more eletrons, leading to the beginning of 3H derease.� Part IV (from 110 to 140 s): The LLS signal suddenly falls to zero, while I750.38starts to inrease. A new void is opening in the disharge enter. 3H dereases untilreahing a plateau: an equilibrium is reahed between free eletrons reovered fromdust appellation and free eletrons lost by attahment. I750.38 keeps on inreasing untila new dust partile generation starts to grow in the void region. The phenomenon isthen yli and the following part is a new part II, followed by a part III and so on,as long as Silane is provided in the disharge.IV.1.b Evidene of a void regionDust voids are experimentally observed in various dusty plasmas. They have been observedin sputtering disharges [55, 56, 50, 57℄ or with alibrated injeted dust partiles, both un-der mirogravity onditions or in the laboratory [50℄. They also our in reative plasmasusing Silane [87℄ or Aetylene [88℄ produed in typial GEC ell (i.e. without plasma box).Moreover, some ases of dust partile suessive generations growing inside a void regionhave already been reported both in sputtering plasmas [50℄ and in reative gas plasmas [88℄.In this ase, a void region appears in the dust loud and the new generation starts to growinside this void region as an be seen in �gure IV.4.

Figure IV.4: (a) Suessive generations of grown dust partiles on the PKE experiment (b)high-resolution amera showing the separation between a previously grownloud (bottom) and a new growing one (top) in the void region [50℄.
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IV.1 Suessive generations in Ar/SiH4 plasmasA �rst orrelation between 3H, LLS signal and the intensity of the Ar∗(750.38 nm) line,presented in �gure IV.3 lets think that a void region ould appear in the dust loud. Indeed,as an be seen in �gure IV.3 (part IV for example), when no dust partiles are detetedin the plasma enter (no LLS signal), an inrease of the ionization rate (i.e. in I750.38) isobserved, just before the beginning of a new generation growth on 3H. This inrease of theionization is typial of a void region in dusty plasmas [57℄.In order to determine the validity of this assumption, we performed several observationsof the plasma during the instability using a standard and a high speed amera. Theseexperiments were very fussy to perform due to the lak of optial aesses on our reator.In order to get a larger optial aess to the plasma, we used a disharge box piered by ahole of 12 mm in diameter. Figure IV.5 shows a typial frame extrated from a movie: theenter of the irle hardly orresponds to the enter of the disharge, while the dark bluepart orresponds to the plasma box. Thus, as an be seen in �gure IV.5, a entral area ofhigher glow emission (in red), meaning that the ionization is higher as well, is evidened inthe movies. This result on�rms the one previously obtained by optial spetrosopy, andtends to validate the void region hypothesis.If we refer to �gure IV.5, the assumed void region is o�-enter (the enter of the irle
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250Figure IV.5: Typial frame extrated from a high-speed movie.orresponds approximatively to the enter of the disharge). The "red region" is obviouslyin the upper part of the dust loud. This e�et an be explained by the thermophoretifore on dust partiles: the upper (powered) eletrode is assumed to be 60°C while thelower one (grounded) is at RT. The dust loud is onsequently attrated toward the lowereletrode, thus exhibiting a void region o�-enter toward the upper eletrode.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 109



Chapter IV: Other self-exited instabilities in omplex plasmasTo get evidene of the void region, spatially resolved depositions were performed duringdust partile suessive generations. Five samples were loated on the grounded (lower)eletrode in the disharge box. The �rst one was in the enter, and the others were evenlydissevered on the eletrode radius. They were plaed at r = 0, 17, 32, 47, 62 mm respetively.These samples have then been observed thanks to SEM using di�erent magni�ations. Fi-nally, the two most representative sales for this study were 5 or 10 µm and 200 nm. Onthe images with a sale of 5 µm (see �gures IV.7 (a) to (e)), very few big dust partilesare deteted in the disharge enter, while more and more are present when the radius issanned. On the other hand, the images with a sale of 200 nm (see �gures IV.8) indiatethat lots of small nanopartiles (around 10 nm in diameter) are deposited in the dishargeenter, while the deposition beomes less and less dense when we look toward the edge ofthe plasma, with nanopartiles bigger and less numerous. Finally, the onstitution of thedeposited layer is very dependent on its loation in the disharge. In the disharge enter,the layer is made of very numerous nanopartiles around 10 nm (giving a dense sublayer)and fewer bigger partiles (between few tens of nm to 1 µm). The more we go away of theenter, the less the sublayer is dense and its smaller onstituents tend to inrease in size(up to around 20 nm). Moreover, more and more bigger dust partiles are deteted on thesample near the plasma edge. These results are totally onsistent with a void region, wherenew dust partile generations would grow.Figure IV.6 gives a rough sketh of the proposed void region in the Ar/SiH4 disharge.As proposed in our model, several dust partile generations oexist in the plasma (�vein this example). Eah new generation grown in the void pushes away the previous one,leading to a onentri struture with the newest dust partiles (i.e. smallest ones) in thedisharge enter, and "shells" made eah ones of "older" (i.e. bigger) dust partiles. Infat, eah ellipse stands for a dust partile generation, with the smallest (newest) in thedisharge enter and the biggest (oldest) at the edge. The �ve olored bloks stand for thevolume of deposition on eah sample.

Figure IV.6: Model of the void region in the Ar/SiH4 disharge.
110 Marjorie Cavarro



IV.1 Suessive generations in Ar/SiH4 plasmas
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IV.2 Suessive generation instabilityIV.2 Suessive generation instabilityIf we have a look to the inner struture of the 3H signal during the osillation due to dustpartile growth, we an bring to the light the unstable behavior of the signal (see �gureIV.9(a)). It is important to note that this suessive generation instability (SGI) is self-exited (no external exitation) and lasts as long as the plasma is on. A global FFT ofthe signal exhibits a broadband spetrum typially omprised between 30 and 90 Hz. Asan example, �gure IV.9(b) shows a spetrum ranging from 55 to 85 Hz. The eletrialharaterization of the SGI is orroborated by an optial one. In order to get an insight inthe instability behavior, several movies were reorded during the instability, using a highspeed amera (1789 fps). The global emission (glow) of the plasma was reorded over 4000frames orresponding to 2.25 s approximately.By looking at the integrated glow over eah frame as a funtion of time (�gure IV.9()),we get signals very similar to the ones obtained thanks to the eletrial measurements.Moreover, the FFT spetrum of the optial signals is omparable to the one of eletrialsignals. It generally exhibits a broadband spetrum omprised between 30 and 90 Hz.As an example, �gure IV.9(d) shows a spetrum extrated from one of the movies, withtypial frequenies omprised between 50 and 90 Hz. Due to experimental onstraints,synhronization between the 3H signal and the reorded movies has not been possible.As the SGI is a very reproduible phenomenon, we ompared data that do not proeedfrom the same experiment. This an explain the small disrepanies observed in �guresIV.9(b) and IV.9(d). Moreover a diret omparison between the FFT of the 3H signaland the one of the I750.38 line of ArI (see �gure IV.10) reorded simultaneously duringdust suessive generations, shows that these two spetra are very similar. This �rst resultallows to onlude that the SGI is not an artefat due to the power oupling system forexample. Thus, a more detailed study has been performed in order to better understandthis instability.IV.2.a Beginning of the SGIThe beginning of the instability ours generally a few seonds after the plasma ignition.The setting-up of this instability appears as an inrease in the osillation amplitude at thebeginning of the phenomenon (see �gure IV.11). The start of the instability exhibits a veryomplex sheme with several frequeny-branhes in the spetrogram as an be seen in �gureIV.12. At the beginning of the instability, �ve branhes an be evidened. The two lowesttend to meet in one branh around between 50 and 60 s. This new branh disappears quikly(between 70 and 80 s). The three highest branhes tend to meet in a unique branh, whihpersists as long as the plasma is on. This omplex sheme does not depend on experimentalparameters. It is the same whatever the onditions and is very reproduible. It an bring tomind some other omplex shemes of instabilities observed in the PKE experiment [57, 83℄.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 113
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IV.2 Suessive generation instability
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Chapter IV: Other self-exited instabilities in omplex plasmasIV.2.b Behavior of the SGIWhen performing a time-resolved FFT of the 3H signal, we obtain a spetrogram as theone in �gure IV.13. This spetrogram shows an alternation of very ordered phases withlow frequenies (between 40 and 60 Hz) and less ordered phases with higher frequenies.The ordered phases seem to orrespond to dust partile formation for eah new generation.During theses phases, the instability frequeny linearly dereases on an interval of about 10Hz. The less ordered phases seem to orrespond to dust expelling from the plasma. Duringthese phases, the frequeny is not well-de�ned, but is globally higher than the one of theordered phases. However, this frequeny still remains under 100 Hz. Figure IV.14 shows atransition from a less-ordered phase to a highly-ordered one in the 3H signal. In this �gure,it learly appears that the osillations are not well-de�ned in the left-hand part and thatthey have a small amplitude, while they are quasi-sinusoidal on the right-hand part with agreater amplitude. An estimation of the osillation frequeny on the two parts of this signalgives a frequeny around 61 Hz for the less-ordered part ompared to a frequeny around56 Hz for the highly-ordered part.Using a high-speed video amera to reord the plasma glow, we found quite similarresults in the optial measurements. Figure IV.5 shows a typial frame extrated fromthe movie. The dark blue part orresponds to the disharge box, while the part insidethe irle (in false olors) orresponds to the plasma glow emission. In this �gure, we anlearly identify an area in red orresponding to a high ionization rate. Figure IV.15(a) andIV.15(b) give the time evolution of the entral olumn pro�le and the line 75 pro�le. Theline 75 pro�le is muh more representative than the entral one due to the o�-entered void(the void boundary rosses the line 75 while it seldom rosses the entral one). In order toget a better understanding, the time evolution of the integrated value of the olumn (line)is superimposed on the matrix. These two pro�les bring to the fore an intensity osillationof the area of maximum ionization in the plasma. The obtained signals are very lose to theones obtained thanks to the eletrial diagnostis. The main frequenies are the same. Byexploring the olumn and line pro�les over several movies, we an �nd bak the suessionof highly-ordered and less-ordered phases. Some strong intensity dereases (over one or twoframes) of the entral region an even been evidened.IV.2. Sensitivity to parametersCompared to the aggregation instability, the suessive generation instability is globally notvery sensitive to experimental parameters. As a matter of fat, no ase of disappearaneof the instability has been observed by modifying the experimental onditions. As soonas a seond dust partile generation starts to grow in the plasma, the instability arises. Itseems to be an intrinsi harateristi of dust suessive generations in Ar/SiH4 low-pressureplasmas. Nevertheless, some slight modi�ations in the instability frequenies have been116 Marjorie Cavarro



IV.2 Suessive generation instability
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Chapter IV: Other self-exited instabilities in omplex plasmasThe formation of a new dust generation highly modi�es the ionization rate, and thusthe ion drag fore, in the void region. The equilibrium between the ion drag and the eletrifore beomes then unbalaned, leading to an osillation of the void region. A very similarphenomenon has also been observed in the PKE experiment, where the void region tendsto be instable when new dust generations grow inside.In the following, two instabilities linked to dust formation and/or void region have beeninvestigated using the PKE setup.IV.3 Heartbeat instabilityExperiments onerning the heartbeat instability are performed in the PKE-Nefedov ham-ber. A 3D dust loud is grown in an Ar plasma by sputtering arbon-based layers depositedon the eletrodes. This loud tends to �ll the whole plasma volume, exepted a void regionin the plasma enter. In some spei� onditions, the void region an exhibit an unstablebehavior, orresponding to a self-exited osillation, named. This instability onsists insuessive ontrations and expansions of the void size. It has been �rst observed duringmirogravity experiments (with injeted dust partiles around 3-7 µm) [89℄ and then in lab-oratory experiments (with grown dust partiles around a few hundreds of nm) [57℄. FigureIV.18 shows several frames (separated by 2 ms) during a typial heartbeat instability. Thevoid expansion, and then its ontration, an be learly distinguished. The dark entralpart of the void region is never �lled by dust partiles, even during ontration, as an beseen in �gure IV.18.

Figure IV.18: Conseutive frames taken at 20° � 30° with respet to the laser diretionduring the heartbeat instability. The blak region at the top is the uppersheath. The blak region at the bottom marks the laser sheet limit.120 Marjorie Cavarro



IV.3 Heartbeat instability
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Chapter IV: Other self-exited instabilities in omplex plasmasof the optial signal exatly orresponds to the sharp peak in the 1H derease (see �g.IV.19(b)). The optial signal on the edge of the plasma is globally in phase opposition withthe eletrial signal (�g. IV.19(a)). But one more, this observation is ontradited in thesharp peak region where the two signals are maximum (�g. IV.19(b)). The intermediateoptial signal is fussy to interpret. It quite looks like the opposite of the edge signal with itsminimum in the sharp peak region (�g. IV.19(b)): it globally appears more like the signalin the plasma enter. The optial results raise an important point onerning the eletrialsharp peak. First, this peak is not an artefat, seond it seems to be related to a loalphenomenon in the disharge. Unfortunately this last point is not totally eluidated yet.Some high-speed amera measurements reently analyzed tend to on�rm a reversal of theplasma glow emission (from bright enter/dark edge to dark enter/bright edge). Moreover,SR-OER allows us to formulate some assumptions onerning the void motion. The fatthat the emission inside the void and at the plasma edge are in phase opposition lets thinkabout an ionization wave propagation in the plasma. We still have to determine whether itomes from the void region or from the plasma edge, and in whih diretion it spreads overthe plasma and the dust loud.IV.3.b Evolution of the heartbeat instability as a funtion of experimentalonditionsThe e�et of rf power and pressure on the heartbeat instability was investigated. First, therf power was varied at onstant pressure (see �gure IV.20), and then the pressure was variedkeeping the rf power onstant (see �gure IV.21). The evolution of the instability an bequanti�ed on three di�erent points: the shape of the signal, its amplitude and its frequeny.The heartbeat instability is very sensitive to the injeted power [57℄. Its frequenyinreases slowly when dereasing the rf power. Between 2.2 and 3.8 W this evolution islinear. For rf power lower than 2.2 W, this linear evolution is not well-attested due to thefat that we are near the instability threshold. The range of frequenies observed is notvery wide: from 5 to 20 Hz at p=1.6 mbar, and from 15 to 35 Hz at p=0.6 mbar. Whenthe power is dereased, the instability shape is more and more distorted. For power lowerthan 2.05 W, the signal looks like suessive Dira funtions and the instability ours inan errati way, with sometimes a single ontration/expansion sequene in a stable voidsequene. Conerning the amplitude of the osillation, we observed that when the power isdereased, the amplitude of the signal also tends to derease. An interesting point is thatthe most a�eted part of the osillation is the variation below the ontinuous part of thesignal (orresponding to the open stable void). For high power (3.3 W for example), thevariations below and above the ontinuous part are of the same order of magnitude while forlow power (2.05 W for example), the variation below the ontinuous part beomes negligibleompared to the variation above. This last observation underlines the omplex phenomenadriving the heartbeat instability.122 Marjorie Cavarro



IV.3 Heartbeat instabilityPressure variations also have a strong e�et on the heartbeat frequeny [57℄. From 1.6mbar to 1 mbar, the frequeny dereases 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 frequeny inreasesfaster and faster until reahing more than 100 Hz at 0.3 mbar. This frequeny inreasean be related to the lower frition with gas. Conerning the shape of the instability, itis not well-de�ned for high pressure (1.6 and 1.4 mbar). An outstanding point onerningthis pressure range is that the amplitude variation below the ontinuous part of the signalis more important than the variation above the ontinuous part. From 1 mbar to lowerpressures, this tendeny reverses and the signal looks like the one desribed before, with a"below part" being less and less important when the pressure is dereased.

Figure IV.20: Power dependene of the eletrode urrent during the heartbeat instability.The x axis is time in seonds and the y axis is the urrent amplitude inarbitrary units.(from [57℄)IV.3. Damping and shutdown period of the heartbeat instabilityBy dereasing the rf power to a su�iently low value, the heartbeat instability an bestopped. Eletrial and optial signals reveal that the end of the instability is foregone bya shutdown period orresponding to a damping of the instability through more and morefailed peaks appearing in both signals. Figure IV.22 shows an example of two failed peaksbefore the peak of instability. These failed peaks an be learly identi�ed on the eletrialsignal, and on the optial signals from the void and the plasma edge regions. But theyare almost impossible to detet on the intermediate optial signal, maybe due to the lowsignal-to-noise ratio of this signal.The transition from n to (n + 1) failed peaks ours without any forerunner. FigureIV.23(a) shows a transition from 1 to 2 failed peaks in the optial signal (horizontal arrow).Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 123
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Figure IV.21: Pressure dependene of the eletrode urrent during the heartbeat instability.The x axis is time in seonds and the y axis is the urrent amplitude inarbitrary units. (from [57℄)The vertial arrow indiates the expeted position of a high peak. This one is delayedand only a failed peak ours. The number of observed failed peaks during this shutdownperiod an rise over more than 10 failed peaks as an be seen in �gure IV.23(b) to (d).Every failed peak orresponds to a failed losure of the void region, leading to a dampingof the heartbeat instability. The instability loses energy step by step until it stops. As thevoid is assumed to be maintained by an equilibrium between an outward ion drag foreand an inward eletrostati fore, this shutdown period ould on�rm the assumption of anosillation of the ionization rate in the disharge [51℄. Thus a failed peak ould orrespondto ionization onditions giving advantage to the outward fore maintaining an open void[72, 90℄.
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IV.3 Heartbeat instability
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Figure IV.23: Last beats of the heartbeat instability. More and more failed peaks appearbefore the omplete stop (a) transition from 1 to 2 failed peaks, (b) 3 failedpeaks, () 4, (d) more than 10.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 125



Chapter IV: Other self-exited instabilities in omplex plasmasIV.4 Dust partile growth instabilitiesDust partile growth instabilities (DPGI) are observed on the PKE experiment, when ahuge density of dust partiles is obtained. They typially appear a few tens of seondsafter plasma ignition. They an be observed both on eletrial and optial signals [72, 90℄.Due to their low frequeny and strong amplitude, the beginning of DPGI an also be well-deteted by the naked eye. DPGI learly appear on the eletrial signal, as an inrease ofthe �utuation amplitude beoming a real osillation. The duration of these instabilitiesan reah several minutes (more than 12 in �gure IV.24) and di�erent phases are evidened.

Figure IV.24: Time evolution of the amplitude of the disharge urrent fundamental har-moni during dust partile growth.In spite of a lak of reproduibility of the experiments, statistis performed on severalexperiments allow to determine some general behaviors.IV.4.a Phase identi�ation on the eletrial and optial measurementsAs an be seen in �gure IV.24, DPGI are haraterized by di�erent regimes. These di�erentphases are evidened by performing the same measurement in the a mode in order toimprove the vertial resolution of the osillosope. This measurement is shown in �gureIV.25(a). The beginning of DPGI is deteted around 40 s and seven lear phases areobserved. These phases are even better evidened by performing a Fourier analysis of thesignal, as an be seen in �gure IV.25(b). The same Fourier analysis performed on the optialsignals gives roughly the same spetrogram.
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IV.4 Dust partile growth instabilities

(a) Time evolution of the amplitude of the dishargeurrent fundamental harmoni during dust partilegrowth (a omponent). Instabilities appear around40 s after plasma ignition. Suessive phases are num-bered from 1 to 7. (b) Spetrogram of eletrial measurements orre-sponding to (a) and desribing the frequeny evolutionof DPGI as a funtion of time.Figure IV.25: Time-evolution of 1H and its frequeny during the DPGIFrom �gure IV.25 we an evidene seven di�erent phases:� Three ordered phases P1, P2 and P3, from ≃ 40 s to ≃ 80 s.� A haoti phase P4, from ≃ 80 s to ≃ 405 s.� A high frequeny phase P5, from ≃ 405 s to ≃ 435 s.� A seond haoti phase (beoming more and more regular) P6, from ≃ 435 s to≃ 600 s.� A regular osillation phase P7, from ≃ 600 s to ≃ 680 s.All theses phases are observed both on eletrial and optial measurements. They arethus obviously linked to an unstable state of the system plasma + dust partiles. In thefollowing, only the �rst three ordered phases are desribed. The study of the four otherphases is reported in a publiation [83℄ and in Lénaï Couëdel's PhD thesis (to be defendedin 2008).IV.4.b First three ordered phasesDPGI begin with three suessive ordered phases (P1, P2 and P3), separated by leartransitions as an be seen in �gure IV.26.The two early phases P1 and P2 are short (a few seonds typially) and are not detetedin all experiments, while the P3 phase is regularly observed and lasts longer (a few tens ofseonds typially). These three phases are learly separated and their frequeny evolves asa funtion of time (both on eletrial and optial measurements).Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 127
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Figure IV.26: First three ordered phases of DPGI and transition to a haoti regime.
IV.4.b.i Eletrial measurementsFigure IV.27(a) represents an eletrial measurement of P1, P2 and P3 phases. On thispartiular measurement, the P2 phase is very short, allowing to display the three phasesand the transition from one to the following on the same �gure. The �rst phase (P1) isharaterized by wide separated peaks with a mean frequeny around 40 Hz. The transitionbetween P1 and P2 appears as the growth of two small peaks between these high amplitudepatterns. On the Fourier analysis, this transition appears as a frequeny derease fromaround 40 Hz to around 30 Hz. This result an be explained by the fat that the twonew peaks have a weak amplitude and don't appear on the spetrum at �rst. During theP2 phase, the two small peaks are still growing while the higher one dereases. Finally,the P3 phase is reahed, haraterized by three peaks of the same amplitude. The P3phase frequeny is thus roughly three time the P2 phase frequeny, around 94 Hz. The P3phase is the most robust of the �rst three ordered phases, and is observed in almost all ofour experiments. It lasts a su�iently long time to show a time evolution linked to dustpartile growth (see �g. IV.26). The frequeny time evolution of P3 is always the same: �rstdereasing, reahing a minimum value, and then slightly inreasing until DPGI enter thehaoti phase P4. Furthermore, the frequeny range of P3 seems to be linearly dependent onthe phase duration: the higher the frequeny, the shorter the time duration. The frequenytime evolution of P1, P2 and P3 is better observed on the frequeny harmonis (�gureIV.26) due to the quite sawtooth shape of the eletrial signal (see �gure IV.27(a)).128 Marjorie Cavarro



IV.4 Dust partile growth instabilities

(a) Observation on eletrial measurements. (b) Observation on optial measurements (near theplasma edge).Figure IV.27: Transition between the �rst three ordered phases of DPGI.IV.4.b.ii Optial measurementsOptial measurements, reording the plasma light integrated over all the wavelengths andat di�erent positions, also show three ordered phases at the beginning of DPGI, as an beseen in �gure IV.27(b). However, P1, P2 and P3 phases don't exhibit the same behavioras in optial signals. In partiular, the transition between P1 and P2 is not as lear asin the eletrial signal. It is here revealed by an inrease in the osillation amplitude (see�g. IV.27(b)). The P3 phase is here haraterized by a lear amplitude modulation, betterevidened near the plasma edge than in the enter. Conerning the osillation frequeny,some disrepanies with the eletrial signal are also observed, espeially in the P3 phase(see �gs. IV.26 and IV.28). Indeed, phases P1 and P2 frequenies are quite similar onboth measurements while P3 phase frequeny exhibits a di�erent behavior: on optialmeasurement, the frequeny remains almost the same as P2 phase one, while it is tripledon eletrial measurements. Furthermore, the behavior of the P3 phase is not exatly thesame depending on the observed plasma region. As an be seen in �gure IV.28, the signalreorded in the plasma enter (a and ) is slightly di�erent from the one reorded near theplasma edge (b and d). In the plasma enter, two frequenies are evidened: the main onearound 26 Hz and a weaker one around 31 Hz. Near the plasma edge, these two frequeniesare evidened and a third one, around 3 Hz, also appears. This last frequeny orrespondsto the strong modulation observed in �gure IV.27(b). These observations underline thatsome spatial onsiderations have to be taken into aount to interpret the P3 phase.First, the frequeny is three times lower on optial signals ompared to eletrial signals.This point ould be explained by a phenomenon osillating around 94 Hz in the plasma,a�eting the eletrial measurements, but deteted only one time out of three by the optial�bers. A plasma modi�ation appearing suessively in di�erent plaes or moving in theplasma ould explain this observation. Indeed, in both ases, the optial �ber ould seeNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 129



Chapter IV: Other self-exited instabilities in omplex plasmasthis phenomenon only when it is loated in front of it, while the eletrial measurementtradues an integrated behavior. Presently, a modi�ation appearing in di�erent points ofthe plasma seems to be more probable and investigations using a high-speed amera areunderway in order to on�rm (or undermine) this hypothesis.

Figure IV.28: Spetrogram of optial measurements reorded (a) in the plasma enter, (b)near the plasma edge, () zoom of (a), (d) zoom of (b).
IV.5 ConlusionIn this hapter, we presented studies onerning three self-exited instabilities in di�erentdusty plasmas. In eah ase, instabilities are losely linked to dust partile growth and/orthe presene of a void region in the dust loud.The �rst study, performed in a silane-based plasma, brought to the fore the presene ofa void region using LLS, OES measurements, video imaging and depositions. This resultis of major interest: the void region was known to our and was observed in non-on�neddisharges, both in sputtering plasmas [50, 55, 56, 57℄ or using reative gases [87, 88℄ or in-jeting alibrated dust partiles [60, 50℄. Nevertheless, even if a void is assumed in on�neddisharges (produed in a disharge box) [13℄, it had never been experimentally attested un-til now. This �rst result tends to prove that void regions are a general and intrinsi featureof dense dust loud in plasmas. Indeed, they are observed in a wide range of dusty plasmasaside of the hemistry, the dust partile origin, the geometry of the disharge, the gas �ux,the rf exitation and the gravity onditions. Moreover, it appears that it is �nally quite130 Marjorie Cavarro



IV.5 Conlusiondi�ult to avoid the appearane of this dust free region in a dense loud of dust partiles.The Suessive Generation Instability (SGI), observed in a silane-based plasma, hasbeen shown to be losely linked to dust partile formation in the void region, and espeiallyto the yle growth/expelling from the enter of the disharge. The SGI exhibits a veryomplex sheme at its setting-up, whih is not fully understood. This instability is veryfew sensitive to experimental onditions and no ases of disappearane have been observedin the explored parameter range. This self-exited instability lasts as long as dust partilesare formed in the disharge and an be observed in di�erent silane-based plasmas usingvarious bu�er gases (Ar, Ne, He). This instability seems to be quite similar to another one,observed in the PKE experiment, ourring during dust partile growth in the void region.Their similarities are urrently investigated.A new diagnosti, onsisting in Spatially Resolved Optial Emission Reording (SR-OER), implemented on the PKE setup, allowed us to improve our observations of theheartbeat instability. Some loal behaviors have been underlined, showing that the glowemission has a di�erent response in the plasma enter and at the plasma edge. Some highspeed amera measurements are urrently analyzed in order to better understand the or-relation between eletrial and optial signals. A speial attention will be devoted to theunderstanding of the sharp peak appearing in eletrial measurements. Thanks to thisstudy, a very interesting point has been brought to the fore onerning the threshold be-havior of the heartbeat instability. A damping and a shutdown period have been evidened.They are haraterized by failed peaks in both eletrial and optial signals, showing thatthe instability loses energy step by step before �nally easing.A omplete study of the setting-up of the Dust Partile Growth Instabilities (DPGI) inthe PKE experiment has been realized. A seven-step proess has been evidened thanks toeletrial and optial measurements. The di�erent behaviors of the eletrial and optialsignals during the three �rst ordered phases (espeially the fator 3 in frequenies in theP3 phase) is explained by a loal phenomenon "moving" in the plasma. High speed videomeasurements have been performed to validate this hypothesis. Their analysis is underway.However, this instability, losely linked to the dust partile �rst generation in a sputteringdisharge, reminds in some ways the aggregation instability (see hapter III) also linked tothe �rst generation of dust partiles growing in a silane-based plasma.Finally, instabilities linked to dust partiles are found to our in a wide variety of dustyplasmas. In this study, we thus evidened that both void region and instabilities are ob-served in various types of dusty plasmas as summarized in table IV.5.By rossing all these data, instabilities, and the void region, appear to be intrinsiphenomena in dusty plasmas. This study would need to be extended to other types ofdisharges (suh as d disharges) in order to get more data onerning the in�uene of theexitation on these features.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 131



Chapter IV: Other self-exited instabilities in omplex plasmasVoid InstabilitiesChemistry Silion-based [87℄ and this work [75, 76℄and this workCarbon-based [50, 88, 91℄ and this work [55, 56, 50, 83, 91℄ and this workDust origin Injeted [60, 50℄ [50℄Sputtering [50, 55, 56, 57℄ and this work [50, 55, 56, 57, 83℄ and this workReative gas [87, 88, 91℄ and this work [75, 76, 91℄ and this workGeometry Con�ned this work [75, 76℄ and this workNon-on�ned [50, 55, 56, 57, 87, 88, 91℄ and this work [50, 55, 56, 57, 83, 91℄ and this workGas �ux With [55, 56, 87, 88, 91℄ and this work [55, 56, 75, 76, 91℄ and this workWithout [50, 57℄ and this work [50, 57, 83℄ and this workrf exitation Classi [55, 56, 87, 88, 91℄ and this work [55, 56, 75, 76, 91℄ and this workPush-pull [50, 57℄ and this work [50, 57, 83℄ and this workGravity Laboratory [55, 56, 87, 88, 50, 57, 91℄ and this work [55, 56, 75, 76, 50, 57, 91, 83℄ and this workMirogravity [60, 50℄ [50℄Table IV.1: Overview of the di�erent dusty plasmas exhibiting a void region and/or insta-bilities
IV.6 Frenh summary / Résumé en françaisLa région de void, ainsi que di�érentes instabilités liées à ette région vide de poudres, sontà l'heure atuelle bien onnues, en partiulier dans les déharges de pulvérisation ommel'expériene PKE [57℄. Dans la plupart des as, es instabilités sont dues à la présene et/ouà la roissane de poussières dans le plasma.Dans e hapitre, nous avons étudié le omportement du nuage de poussières lors de laroissane de générations suessives de poussières dans un plasma d'argon-silane on�né.Une région de void a été mise en évidene, ainsi qu'une forte inhomogénéité des dép�tsdue à e void. De plus, nous présentons l'étude de trois instabilités auto-exitées liées à laformation des poussières et/ou à la région de void. Ces expérienes ont été réalisées sur lesexpériene Silane et PKE. La première instabilité rapportée est observée sur l'expérieneSilane, pendant la roissane de générations suessives de poudres (SGI). Elle est étroite-ment liée au yle roissane/expulsion des poudres du entre du plasma. Cette instabilitésemble �nalement être une instabilité du void, due à la formation des nouvelles générationsde poudres dans ette zone du plasma. Par la suite, nous abordons l'instabilité heartbeatsur l'expériene PKE. Un nouveau diagnosti (la spetrosopie optique d'émission résoluespatialement) a été mis en oeuvre sur e dispositif. Il permet d'avoir une idée des om-portements loaux du plasma et de la région de void. De plus, le omportement à seuildu heartbeat est souligné par son amortissement et sa période d'extintion. En�n, nousprésentons le shéma omplexe de l'instabilité liée à la roissane des poussières (DPGI)dans l'expériene PKE. Cette instabilité est provoquée par la roissane de la premièregénération de poudres dans une déharge de pulvérisation. Un shéma de développement132 Marjorie Cavarro



IV.6 Frenh summary / Résumé en françaisen sept étapes a été mis en évidene, et les trois premières étapes sont développées dans emanusrit.Générations suessives en plasmas Ar/SiH4La formation de poussières en plasmas Ar/SiH4 est un phénomène ontinu. Tant que l'onfournit du silane dans la déharge, de nouvelles générations de poussières se forment [86℄.Le phénomène que nous étudions ii a lieu quelques entaines de seondes après l'allumagedu plasma. Ainsi, sur la �gure IV.1, on peut distinguer : ➀ (insert) l'aumulation desnanoristaux, l'instabilité due à leur agrégation (voir hapitre III) puis l'agrégation et laroissane par dép�t de surfae, ➁ la deuxième et la troisième générations de poussières.La roissane de générations suessives de poussières apparaît lairement sur les ara-téristiques életriques (Vdc/3H) sous la forme d'osillations des signaux, ave une périodede l'ordre de la minute. Tous les paramètres qui a�etent lassiquement la formation despoussières ont une in�uene sur ette période. A titre d'exemple, une augmentation de latempérature de gaz peut allonger ette période à plusieurs minutes.Les générations suessives de poudres sont aussi mises en évidene par les diagnostisoptiques. Nous avons notamment utilisé une améra standard (25 images par seonde)pour enregistrer l'émission lumineuse du plasma pendant la formation des poussières. La�gure IV.2 présente le pro�l temporel de la olonne entrale des images de la vidéo ainsique l'évolution de 3H assoiée. Une nette orrélation est observée, ave à gauhe l'allumagedu plasma lairement identi�able, et sur la droite, presque trois générations de poudresvisibles.Grâe à la orrélation entre 3H, le signal de di�usion de la lumière laser et l'évolutionde l'intensité de la raie d'argon à 750.38 nm (�gure IV.3), nous pouvons avaner une ex-pliation quant aux yles de formation des poussières. Pour ela, nous ferons l'hypothèsede la présene d'un void dans la déharge. Nous verrons par la suite que ette hypothèse aété validée. Pour plus de larté, la �gure IV.3 est divisée en plusieurs parties numérotéesde I à IV. La partie assoiée à la formation de la première génération de poudres (entre 0et 10 s ii) a déjà été disutée préédemment. L'analyse ommene don environ 10 s aprèsl'allumage du plasma :� Partie I (de 10 à 60 s) : 3H augmente pendant que I750.38 d'abord augmente puisatteint un maximum avant de ommener à diminuer, et il n'y a auun signal dedi�usion détetable. L'augmentation de I750.38 orrespond à l'ouverture du void, danslequel le taux d'ionisation est plus élevé. L'augmentation du taux d'ionisation favorisela roissane d'une nouvelle génération de poussières dans le void. Une fois que ettenouvelle génération ommene à roître, I750.38 ommene à diminuer. Les poussièresne sont ni su�samment nombreuses ni su�samment grosses pour di�user la lumière,le signal de di�usion est don nul. Cependant, les poussières nouvellement rééesNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 133



Chapter IV: Other self-exited instabilities in omplex plasmaspoussent les préédentes loin du entre de la déharge. L'expulsion de es poudresplus grosses, qui avaient attahé beauoup d'életrons, provoque une augmentation dela densité d'életrons libres dans le plasma, qui n'est pas ompensée par l'attahementsur les nouvelles poussières, trop petites. Il y a de fait une augmentation nette de ladensité életronique, qui provoque une augmentation de 3H.� Partie II (de 60 à 80 s) : 3H hange de pente et ontinue à augmenter plus douement.I750.38 ontinue à diminuer omme dans la partie I, et une légère augmentation dusignal de di�usion est détetée. Les poussières nouvellement formées grossissent dansle void, et deviennent détetables par di�usion de la lumière. Elles attahent aussi deplus en plus d'életrons libres du fait de leur taille plus importante. Elles ontinuent àpousser les poudres plus grosses sur les bords de la déharge, et ommenent à remplirtoute la région de void, menant à la déroissane de I750.38. Comme les nouvellespoussières grossissent et attahent plus d'életrons, l'équilibre entre le gain et la perted'életrons libres par le plasma est modi�é. La quantité totale d'életrons librespersiste à augmenter mais de façon moins prononée, e qui explique le hangementde pente de 3H.� Partie III (de 80 à 110 s) : 3H augmente jusqu'à sa valeur maximale avant de om-mener à déroître. I750.38 atteint sa valeur minimale, et le signal de di�usion augmentejusqu'à atteindre un plateau. La nouvelle génération de poudres qui grossit dans levoid est maintenant lairement détetée par di�usion de la lumière. Elle remplit main-tenant quasiment toute la région de void, provoquant la hute de I750.38 jusqu'à savaleur minimum atteinte lorsque le void est empli de poudres. Le gain d'életronslibres est de moins en moins important du fait du fort attahement életronique surla nouvelle génération de poudres : 3H atteint sa valeur maximum. Le plateau ap-paraissant sur le signal de di�usion indique que les poussières emplissent entièrementle void. Comme elles ontinuent à grossir, elles attahent de plus en plus d'életrons,provoquant la déroissane de 3H.� Partie IV (de 110 à 140 s) : Le signal de di�usion hute subitement à zéro, tandis queI750.38 ommene à augmenter. Un nouveau void est en train de s'ouvrir au entrede la déharge. 3H déroît avant d'atteindre un plateau : un nouvel équilibre estatteint entre le gain et la perte d'életrons libres par le plasma. I750.38 ontinue àaugmenter jusqu'à e qu'une nouvelle génération de poussières se forme dans le void.Le phénomène est alors ylique et peut être dérit par l'enhaînement de la partie IIpuis III et... tant que l'on fournit du silane dans la déharge.
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IV.6 Frenh summary / Résumé en françaisPrésene d'un voidA�n de valider l'hypothèse d'une région de void dans le nuage de poudres de notre déharge,di�érentes observations ont été réalisées à l'aide d'une améra standard et d'une amérarapide. Ces expérienes sont très di�iles à réaliser du fait du peu d'aès optiquesdisponibles sur le réateur. Cependant, grâe à l'imagerie vidéo (�gure IV.5), une zoneentrale de plus forte émission (en rouge), où le taux d'ionisation est don plus élevé, a étémise en évidene. Cette observation tend à on�rmer l'hypothèse d'une zone de void dansle nuage. Cette zone apparaît lairement déentrée vers le haut de la boîte à déharge. Celapourrait être expliqué par la fore de thermophorèse, due au gradient de température entrel'életrode rf (60°C) et l'életrode à la masse (RT), qui attire les poudres vers le bas de ladéharge et déentre don le void vers le haut.Par la suite, des dép�ts spatialement résolus ont été faits pendant les générations su-essives de poudres. Cinq éhantillons ont été plaés le long du rayon de la boîte à déhargeégalement espaés les uns des autres. Les dép�ts ainsi obtenus ont ensuite été observés auMEB. Les images à l'éhelle 5 µm (�gure IV.7) montrent que plus on s'éloigne du entrede la déharge, plus les poudres de taille importante sont nombreuses sur les dép�ts. Al'éhelle 200 nm (�gure IV.8), on observe que plus on s'éloigne du entre de la déharge,moins la sous-ouhe du dép�t, omposée de nanopartiules, est dense. Finalement, lastruture des ouhes déposées s'avère extrêmement dépendante de la situation du substratdans la déharge. Ces résultats sont parfaitement ohérents ave l'hypothèse d'un void dansle nuage de poudres, où les nouvelles générations de poudres se formeraient. La �gure IV.6propose un modèle shématique du void en Ar/SiH4. Dans et exemple, inq générationsoexistent (de la plus réente au entre à la plus anienne au bord). Les blos olorésreprésentent le volume de dép�t assoié à haque substrat.Instabilités liées aux générations suessives (SGI)Si l'on regarde de plus près la struture interne de 3H lors des générations sues-sives de poudres, on observe que le signal est très instable (�gure IV.9(a)). Les SGI sontdes instabilités auto-exitées qui durent tant que le plasma est allumé. La FFT globale dusignal donne un spetre large bande typiquement ompris entre 30 et 90 Hz (�gure IV.9(b)).Cette aratérisation életrique est orroborée par la aratérisation optique. Ainsi, grâe àl'enregistrement de l'émission globale du plasma à l'aide d'une améra rapide (1789 imagespar seonde), nous obtenons des signaux similaires aux signaux életriques, tant au niveaude l'allure générale que de la FFT. De plus la omparaison de la FFT de 3H et de elle deI750.38 montre que les deux spetres sont tout à fait omparables. Ces premiers résultatsnous permettent de onlure que les SGI ne sont pas un artefat mais bien une instabilitéliée au plasma et/ou au nuage de poudres.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 135



Chapter IV: Other self-exited instabilities in omplex plasmasLe démarrage des SGI a généralement lieu quelques minutes après l'allumage du plasmaet se traduit par une augmentation progressive de l'amplitude d'osillation du signal. Cedémarrage a�he un shéma très omplexe ave notamment un spetre présentant plusieursbranhes de fréquenes (�gure IV.12) qui tendent à fusionner par la suite. Ce shéma s'avèretrès robuste et peu sensible aux onditions expérimentales.Lorsque l'on réalise une FFT en fontion du temps de 3H, on obtient une alternanede phases très ordonnées à basse fréquene (40-60 Hz) et de phases moins ordonnées à plushaute fréquene. Les phases très ordonnées semblent orrespondre à la formation d'unenouvelle génération de poussières, tandis que les phases moins ordonnées semblent orre-spondre à l'expulsion massive des plus grosses poussières. L'observation de l'émission duplasma grâe à une améra rapide donne des résultats très similaires. De plus, de très fortesbaisses d'intensité de l'émission apparaissent parfois.Les SGI sont très peu sensibles aux onditions expérimentales. A titre d'exemple, auunas de disparition du phénomène n'a été observé dans la gamme de paramètres explorés. Cesinstabilités semblent intrinsèquement liées aux générations suessives en plasmas Ar/SiH4.Cependant, quelques légères modi�ations dans les fréquenes peuvent être observées enfontion des paramètres expérimentaux. Une fois les SGI établies, elles sont prinipale-ment aratérisées par deux fréquenes qui deviennent de plus en plus prohes, au pointqu'il devient di�ile de les distinguer. Ces deux fréquenes prohes expliquent l'importantemodulation des signaux életriques observée (�gure IV.16). Lorsque la puissane injetéeest augmentée, es fréquenes augmentent légèrement tandis que les SGI démarrent plust�t. A l'opposé, es mêmes fréquenes diminuent lorsque l'on augmente la quantité de silanedans la déharge. L'e�et de la température de gaz est très di�ile à erner : e paramètrene semble a�eter que la fréquene des phases peu ordonnées et être sans e�et sur les phasesordonnées. Auun e�et lié à la pression n'a été mis en évidene.Le omportement des SGI, intimement lié à la formation de nouvelles générations depoussières dans le void, laisse penser que es instabilités pourraient être des instabilités duvoid. Un as très similaire est observé sur le dispositif PKE, et est atuellement étudié.HeartbeatLe heartbeat est une instabilité observée sur le dispositif PKE, onsistant en une série deontrations et d'expansions du void (�gure IV.18). La �gure IV.19, qui donne l'évolutiondu signal életrique et de l'émission du plasma en trois points de la déharge, souligne leomportement omplexe du plasma pendant ette instabilité. D'expériene, nous pensonsque la brusque hute du signal életrique a lieu durant à la ontration du void. On noterapar ailleurs la présene d'un pi dans ette hute qui apparaît dans la plupart des as.Cependant, les mouvements du void sont di�iles à orréler ave le signal életrique quin'est pas résolu spatialement. L'utilisation de la spetrosopie d'émission optique résolue136 Marjorie Cavarro



IV.6 Frenh summary / Résumé en françaisspatialement (SR-OER) permet de résoudre en partie e problème. Il apparaît ainsi quele signal SR-OER au entre de la déharge est en phase ave le signal életrique, tandisque es deux signaux sont en opposition de phase si l'on onsidère le bord du plasma. Deplus, le pi mis en évidene dans le signal életrique orrespond bien à une variation dusignal optique, et n'est don pas un artefat. Il semble par ailleurs lié à un phénomène loaldans le plasma. Une étude par améra rapide à été réalisée pour éluider e phénomèneet les données sont atuellement en ours de traitement. Les résultats de SR-OER nouspermettent par ontre de formuler une hypothèse quant aux mouvements du void : ils sem-blent être dus à la propagation d'une onde d'ionisation au sein du plasma et du nuage. Desexpérienes omplémentaires sont néessaires pour on�rmer ette hypothèse.Lorsque l'on diminue su�samment la puissane injetée, il est possible de stopper leheartbeat. Les signaux életrique et optiques révèlent que l'arrêt de l'instabilité est préédépar une période d'amortissement, qui onsiste en l'apparition de pis avortés de plus enplus nombreux dans le signal (�gure IV.23). Les transitions de n à (n+1) pis avortés sefont sans signe préurseur. Le nombre de pis avortés observés peut dépasser la dizaine,et haun de es pis orrespond à une ontration avortée du void. L'instabilité sembleperdre de l'énergie pas à pas avant de esser.Instabilité liée à la roissane de poussières dans PKE (DPGI)Les DPGI sont aratérisées par la suession de sept phases di�érentes dans les signauxéletrique (�gure IV.25) et optiques. Ces phases apparaissent très lairement lorsque quel'on réalise la FFT des signaux [83℄. On peut ainsi mettre en évidene trois phases ordonnées(P1, P2 et P3), une phase haotique (P4), une phase à haute fréquene (P5), une seondephase haotique (P6) et �nalement une phase d'osillations régulières (P7). Seules les troispremières phases ont été étudiées ii.La phase P1 se présente sous forme de pis bien séparés sur le signal életrique et sousforme d'osillations sur le signal optique, ave une fréquene typique autour de 40 Hz. Latransition vers la phase P2 est aratérisée par l'apparition de deux petits pis entre les pisprinipaux sur le signal életrique et par une augmentation de l'amplitude d'osillation surles signaux optiques. La fréquene est légèrement inférieure à elle de la phase P1. Dansla phase P3, on observe un triplement de la fréquene des signaux életriques, tandis que lesignal optique est modulé. De plus, on assiste à une évolution temporelle de la fréqueneau ours de haque phase. Les di�érenes de omportement entre les signaux életriqueet optiques sont ertainement dues à un phénomène loal dans le plasma qui se réperutedi�éremment selon que le diagnosti est ou non résolu spatialement. A�n de valider ettehypothèse, une étude par améra rapide a été réalisée et les données sont atuellementanalysées.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 137



Chapter IV: Other self-exited instabilities in omplex plasmasConlusionDans e hapitre, nous avons démontré la présene d'une région de void au sein du nuage depoudres dans un plasma d'argon/silane on�né. Ce résultat est partiulièrement intéressantar, jusqu'à présent, le void était bien onnu dans les déharges non-on�nées tant en pul-vérisation qu'en gaz réatifs ou en injetant des poudres alibrées [50, 55, 56, 57, 60, 87, 88℄.Cependant, sa présene, bien que supposée [13℄, n'avait jamais était démontrée dans unplasma généré dans une boîte à déharge. Ce résultat tend à prouver que le void est unphénomène intrinsèque aux plasmas poussiéreux.Les trois instabilités présentées exhibent des shémas de développement omplexes liésà la fois à la formation des poussières, au omportement du nuage et/ou à la région devoid. Une étude bibliographique omplète, présentée dans le tableau IV.5, montre que lesphénomènes d'instabilités et de void se retrouvent dans de très nombreux plasmas pous-siéreux, quels que soient la himie, la géométrie, l'origine des poussières, le �ux de gaz,l'exitation rf et les onditions de gravité. La omparaison de toutes es données met enlumière le aratère intrinsèque des instabilités aux plasmas poussiéreux. Cependant, etteétude néessiterait d'être étendue à d'autres types de déharges a�n de véri�er l'in�uenedu type d'exitation sur es phénomènes.
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Chapter VHydroarbon-based dusty plasmasDust partiles play an important role both in the interstellar medium or in planets' at-mospheres suh as Titan. As an example, interstellar dust (ISD) grains are known toin�uene the spetra of galaxies [92℄, while Titan's atmosphere is known to ontain a largeamount of aerosols [2℄. Very few data from diret observations are available onerningthose dust grains (radius, omposition, optial properties...). Thus the omposition ofTitan's tholins or of ISD grains is still not preisely determined. That's why di�erent lab-oratory experiments have been developed in order to produe analogues to Titan's tholinsand/or ISD grains.The experimental results presented in this hapter have been obtained on two of theselaboratory experiments. First, experiments onerning Titan's tholins have been performedon the PAMPRE set-up, in the "Servie d'Aéronomie" in Frane, thanks to a ollaborationwith Pr Cernogora and Dr Szopa. The results presented in the seond part, onerning ISDgrains, have been obtained on an experiment at the "Institut für Experimentalphysik II" inGermany during a sienti� visit, thanks to the help of Pr Winter and Dr Hong.
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Chapter V: Hydroarbon-based dusty plasmasV.1 Titan's tholins prodution: Plasma haraterization onthe PAMPRE experimentFirst douments iting Saturn are attributed to Assyrian around 700 BC. They desribedthe planet as a twinkling in the sky, and alled it "Ninib star". In 1610, Galileo observeda strange phenomenon in his refrating telesope: the planet seems to streth on its sides.The Duthman Christian Huygens eluidated this enigma in 1659: it has to do with ringsgravitating around the planet. He also disovered the presene 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 (ompared to 6400 kmfor Earth) and a mass of 1.34 1023 kg (orresponding to 2.2% of the Earth's mass). Itssurfae temperature is estimated to be 93.65 ± 0.25 K and its surfae pressure to be 1.467
± 1 hPa [93℄. It is loated 1.4 billion kilometers away from the Sun, and it ollets a solar�ux orresponding to 1.1% of the Earth's one.Why suh an interest for Titan? In fat, the atual omposition of Titan's atmosphereseems to be quite similar to the one of the primitive Earth, that's to say the Earth's at-mosphere before the �rst living beings start to produe oxygen. The presene of omplexorgani moleules, idential to those that ould be the soure of life on Earth, makes of Titanan interesting ase of study for exobiologists. Presently Titan is the only known planetarybody that has harateristis similar to the Earth's ones in terms of dense atmosphere, solidsurfae with liquid areas...Launhed on Otober 15th 1997, Cassini-Huygens is the �rst spae mission devotedto Saturn exploration. It is onduted by the NASA, whih realized the orbital moduleCassini, and the European Spae Ageny (ESA) whih provided the probe Huygens. Thespae raft and its passenger inserted in Saturn's orbit on July 1st 2004 after a seven-yearand 3.5 billion-kilometer trip. Cassini will ollet essential data on the struture and theenvironment of Saturn and its satellites during 4 years. The Huygens probe was released onDeember 25th 2004 and it reahed Titan on January 14th 2005 after a desent of more than2 hours in its atmosphere [94℄. Figure V.1 gives the synopsis of the Cassini-Huygens mission.
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V.1 Titan's tholins prodution: Plasma haraterization on the PAMPRE experiment
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Chapter V: Hydroarbon-based dusty plasmas

(a) View of Titan from 8 km. (b) View from Titan's surfae after the Huygens probelanding.Figure V.2: Views from Titan [96℄.The analysis of Titan's atmosphere from the Gas Chromatograph Mass Spetrometer(GCMS) revealed the presene of nitrogen (N2) at 98% and methane (CH4) at 1.8%. Theonly noble gas deteted was argon (Ar). Some hydrogen (H2) and hydroarbon have alsobeen deteted. The GCMS did not deteted any vaporized H2O or O2 [95℄.When we observe Titan, the planet seems to be orange-brown, and the soil is not visible.This is due to the presene of aerosols in its atmosphere. Those aerosols are produed by theonversion of methane into higher hydroarbons in Titan's stratosphere, and fall slowly onits surfae. Images reorded during the Huygens probe desent revealed the moon geologyas an be seen in �gure V.2(a). The view of Titan's surfae after the landing of the probeshows a sort of "sand" and some "stones" of 10-15 m in size (�g. V.2(b)).Organi aerosols play an important role in Titan's atmosphere properties and evolution.Presently, their formation and properties are little-known due to the fat that the only dataare obtained by spae probes or observation of Titan from Earth. That's why laboratoryexperiments are needed to simulate the hemistry of Titan's atmosphere, in order to improveour understanding onerning these aerosols [2℄.V.1.a Why using a -rf low-pressure disharge to simulate Titan's at-mosphere?Titan's aerosols are produed by an organi hemistry due to solar UV irradiation and en-ergeti partile bombardment of the atmosphere main ompounds N2 and CH4. As photonsare thought to be the main energy soure in Titan's atmosphere [97℄, several laboratoryexperiments based on light soures have been developed. The main drawbak of theseexperiments is that short UV photons (energy > 6.2 eV for wavelengths < 200 nm) arenot transmitted through the siliate windows of the soure, thus eliminating the energeti142 Marjorie Cavarro



V.1 Titan's tholins prodution: Plasma haraterization on the PAMPRE experimentphotons responsible for N2 photodissoiation (Edissociation = 9.76 eV ). Moreover, tholinsprodution by this method is very time-onsuming [2℄.Di�erent types of eletrial disharges have also been used to simulate Titan's at-mosphere. We an ite, for instane, spark disharges, rf indutively oupled plasma (rf-ip)disharges, diret urrent (d) disharges or orona disharges. Some experiments based onlaser or γ-ray irradiations have also been used. In all these experiments, aerosols are de-posited as thin �lms on the reator walls or on substrates while they are produed in thegas phase in Titan's atmosphere [2℄.C-rf disharges are widely used in industries to grow silion thin �lms. In silane-basedplasmas, dust partiles are known to grow from the dissoiation of silane (f hapter II) andto be trapped in the plasma. Those phenomena are widely studied for more than a deadenow and start to be better understood. In partiular, it has been shown that dust partilesize ranges from a few nanometers to a few mirometers. This last point is of speial interest:dust partiles have globally the same size as Titan's aerosols. Thus using a -rf dishargeallows to study dust partile formation and behavior in the gas phase. Nevertheless, it isimportant to note that the eletrial harge on dust partiles in the plasma must be muhhigher than the one of Titan's aerosols [98℄, possibly introduing biases in the mehanisms.In weakly ionized plasmas, hemistry is indued by eletron inelasti ollisions with neu-tral gas. Thus, moleular dissoiation of N2 and CH4 is due to eletron impat. In theirpaper, Szopa et al [2℄ show that in some ases the eletron energy distribution funtionof a plasma an be quite similar to the photon energy distribution funtion of a measuredsolar spetrum. Thus even if eletron hemistry and photohemistry are di�erent, somesimilarities an be brought to light in terms of energy range.V.1.b The PAMPRE experimentThe PAMPRE experiment (Frenh aronym for Prodution d'Aérosols en Mirogravité parPlasma REatif - Aerosol Prodution by REative Plasma under Mirogravity) is devotedto the study of tholins produed in a N2/CH4 mixture. The experimental setup (see �g.V.3) is based on a -rf disharge, originally used for miroeletronis proesses (deposition).The reation hamber is a stainless-steel ylinder of 30 m diameter and 40 m height. Thepowered eletrode is of 10 m diameter and the plasma is on�ned by a grounded metalligrid age of the same diameter [2℄. It is a parallel plate disharge quite similar to the onedesribed in Chapter II.V.1. Vdc measurementsIn order to monitor dust partile formation and growth in N2-CH4 plasmas, Vdc measure-ments have been performed on two di�erent time sales. The shorter one aimed to observethe early stage of dust formation, while the longer one aimed to determine whether or notNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 143



Chapter V: Hydroarbon-based dusty plasmas

Figure V.3: PAMPRE experimental setup [2℄.there were dust partile suessive generations and/or a stationary state of the disharge.A �rst series of measurements has been performed in typial dust forming onditions(QN2
= 44 sm, QN2/CH4

= 11 sm, p = 0.86 mbar) for di�erent injeted powers. FigureV.4 shows the Vdc signal over 1000 s for 30 W and 21 W of injeted power. In this �gure,some damped osillations are evidened, with a period around 150 s. These osillations arequite similar to the ones observed in silane-based plasmas during dust partile suessivegenerations (see hapter IV). Nevertheless, no damping is observed in Ar/SiH4 plasmas.Dust growth is muh more di�ult to initiate in methane-based plasmas as demonstratedby Hong and Winter [99℄. The appearane of dust suessive generations seems to bevery dependent on the surfae state and/or the leanness of the hamber. Dust growthin arbon-based hemistries is known to need C2H2 radials to be initiated. When pre-vious depositions have been performed, those radials an be produed by sputtering thedeposited layer, hene helping to initiate dust partile formation and suessive generations.The sputtering of this layer would also explain why suessive generations are more easilyobserved in methane-based plasmas when Ar is used as a bu�er gas instead of N2. IndeedAr+ ions are more e�ient to sputter than N+
2 ions [100℄.These measurements also evidened a stationary regime of the disharge (at least onthe eletrial signal point of view) arising typially a few hundreds seonds after the plasmaignition. In the following, the evaluation of eletron and ion densities have been performedduring this stationary state of the disharge.V.1.d Correlation between spetrosopy and Vdc measurementsSimultaneous measurements of Vdc and the emission of the nitrogen line at 337.1 nm havebeen performed at the ignition of the disharge over a few hundreds seonds (around 250 s).144 Marjorie Cavarro



V.1 Titan's tholins prodution: Plasma haraterization on the PAMPRE experiment

Figure V.4: Time evolution of Vdc on long time sales.The nitrogen line at 337.1 nm is assoiated to the seond positive system of N2, dependingon both the eletron density and temperature. This time sale of 250 s typially orrespondsto the formation of the �rst dust partile generation in our typial experimental onditions.As an be seen in �gure V.5 both Vdc and I3371 respond to the dust partile formation in theplasma. Vdc exhibits a well-de�ned time evolution, revealing dust partile formation in the
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Figure V.5: Time evolution of Vdc and I3371 at the plasma ignition.plasma. On the �rst part of the urve, we an identify a slightly dereasing part (between0 and 10 s). It an be explained by the formation and aumulation of very small dustNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 145



Chapter V: Hydroarbon-based dusty plasmaspartiles (around 1-3 nanometers in diameter) that are not big enough to attah eletrons,but modify the eletron ollision frequeny. In a seond part, a drasti derease in the am-plitude of Vdc indiates that dust partiles beome big enough (around 5-10 nanometers indiameter, from our experiene in silane-based plasmas) to attah eletrons and thus modifythe value of the self-bias voltage. This fast derease an be ompared to the aggregationphenomenon, well-known in silane-based plasmas (see hapter III). Moreover, after around100 s, Vdc tends to a stable value. After a transient regime orresponding to very �rstpartile formation, in this ase, the disharge tends to a stationary regime.By looking at the time evolution of I3371, we an notie that both Vdc and I3371 respondto the plasma modi�ations, but not in the same way. At the plasma ignition, Vdc inreaseswhile I3371 inreases too. This behavior is due to the large amount of free eletrons in theplasma. In a seond time, Vdc exhibits a slightly dereasing plateau while I3371 reahes amaximum and then begins to derease. Then Vdc dereases faster than I3371 for a while.After this, the line evolution seems to antiipate the behavior of Vdc. The di�erenes weobserve between these two diagnostis an be explained by two phenomena. First, Vdcre�ets the evolution of both the eletron density and temperature in the whole plasmavolume, while I3371 is a spatially resolved diagnostis looking at the enter of the plasma.Moreover, the di�erent response times assoiated to these diagnostis are not the same :Vdc is assoiated to eletrons while I3371 is assoiated to both N2 moleules and eletrons.V.1.e Parametri study of the dust prodution in N2-CH4 plasmasA parametri study of the evolution of Vdc has been performed. It has been studied fordi�erent dilutions of CH4 in N2 (0, 2, 6, 10%), di�erent pressures (from 0.5 to 1.7 mbar),and di�erent injeted powers. As an example, �gure V.6 shows the time evolution of Vdcfor Prf = 30 W and p = 1 mbar for several dilutions. Two main features an be identi�ed.First, the more amount of methane in the disharge, the slower the dust partile formation.Indeed, a 2% dilution appears to be the best hoie to form dust partiles. The presene ofan optimal dilution was expeted. Indeed, in Ar/SiH4 plasmas an optimal dilution has alsobeen evidened (see hapter III). For a 10% dilution, the urve is quite similar to the one ofthe 0% dilution (pure nitrogen), where no dust partiles are formed. For the 10% ase, itdoesn't mean that no dust partiles are formed, and indeed experiments showed that someare formed. We an only onlude that dust partiles are neither big enough nor numerousenough to a�et su�iently the disharge and thus modify Vdc.Figure V.7 shows the time evolution of Vdc for a dilution of 2% and Prf = 30 W. Theurves are shifted in the vertial axis in order to get a better overview of their evolution.The uppest urve orresponds to p = 1.70 mbar, and the lowest one to p = 0.52 mbar.As the pressure inreases, we observe that the formation kinetis beomes faster. How-ever, the most drasti derease of Vdc are observed for p = 0.75 mbar and p = 0.86 mbar.146 Marjorie Cavarro
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Figure V.7: Time evolution of Vdc for di�erent pressures. The urves are shifted on theself-bias axis in order to have a better overview.

0 20 40 60 80
−60

−50

−40

−30

−20

−10

Time (s)

V
dc

 (
V

)

32 W 

28 W 

25 W 

21 W 

18 W 

13 W 

Figure V.8: Time evolution of Vdc for di�erent rf powers.resonane frequeny. The plasma box is used as a resonant avity and the TM 210 mode isused (beause it is the strongest in our ase). A plane Langmuir probe, loated a few mmabove the grounded eletrode (just above its sheath), and in the ioni saturation regime,is used to evaluate the ion density (see equations II.2 and II.3). In order to perform thosemeasurements, several assumptions are made. First, eletron and positive ion densities areassumed to be equal. Seond, we assume that the eletron temperature is 2 eV (typial148 Marjorie Cavarro



V.1 Titan's tholins prodution: Plasma haraterization on the PAMPRE experimentvalue in a nitrogen plasma under our experimental onditions). This value needs to bevalidated by numerial plasma modeling in the ase of a dust forming plasma. Moreover,all the results presented in the following part onern the stationary state of the disharge.Figure V.9 presents an overview of the obtained results. Empty symbols stand for avitymeasurements, while full ones stand for probe measurements.First measurements have been performed in pure nitrogen plasmas in order to validate

Figure V.9: Evolution the eletron (empty symbols, mirowave resonant avity measure-ments) and ion (full symbols, Langmuir probe) densities as a funtion of pres-sure both in N2 and N2/CH4 plasmas.the method. The eletron density, blue urve with empty diamonds in �gure V.9, inreasesfor pressures omprised between 0.1 and 0.4 mbar. A maximum is reahed for this last value(0.4 mbar), then the eletron density dereases as pressure inreases. The seond part of theurve, orresponding to the deay of the eletron density, is on�rmed by Langmuir probemeasurements (blue full diamonds), assuming that eletron and positive ion densities areequal. The disrepanies between the measured values an be explained by the unertaintyremaining on the eletron temperature used to dedued the ion density (taken onstant andequal to 2 eV). The part of the urve onerning pressures lower than 0.4 mbar, obtainedusing Langmuir probe, is not displayed here due to many unertainties leading to unex-ploitable results. These unertainties are prinipally about the eletron temperature, thethikness of the eletrode sheath and the auray of very low urrent measurements.Then, measurements have been performed the same way for three di�erent methaneamounts in the disharge. Figure V.9 presents the results for 2% (red empty squares), 6%(blak empty triangles) and 10% (green empty irles). The variation of the eletron densityas a funtion of the pressure is quite similar to the one observed in pure nitrogen. However,Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 149



Chapter V: Hydroarbon-based dusty plasmasthe addition of methane in the plasma onsiderably lower the eletron density (by about afator 2). For all the dilutions, a maximum is observed around 0.4 mbar (as in pure nitrogenplasma) and a minimum is observed around 0.8 mbar (not observed in pure nitrogen). Thisminimum is not well-understood yet, but it orresponds to a peak of e�ieny in tholinsprodution. Nevertheless, it is important to note that the eletron density measured hereorresponds to the lower density that an be measured by the mirowave resonant avitymethod. Thus, the values given in the graph are only indiative values in the partiularase of the minimum. Ion density measurements using a Langmuir probe are very fussy toperform in N2/CH4 plasmas due to the ogani material that deposits on the probe olletingsurfae. This deposition tends to make the probe insulating, leading to large measurementerrors. Globally, in N2/CH4 plasmas, the probe remains ondutive only for a few seondsbefore being overed by the organi deposition. Thus, very few measurements are availablein mixtures: only two pressures have been investigated for a 2% mixture (red full trianglesin �gure V.9). These results are onsistent with the ones obtained for the eletron density.For these two points, no real di�erene an be found between the eletron and ion densities.Eletron attahment on tholins annot be aurately measured using this method.V.2 Rayleigh-Mie sattering ellipsometry in N2/C2H2 plas-masHydroarbon-based plasmas an be used to synthesize analogs of ISD grains. In this ontext,one of the most important point is the optial index of the dust grains.V.2.a EllipsometryEllipsometry is an optial haraterization tehnique having appliations in various �elds(semi-ondutors, thin layers...). This non-destrutive method is very sensitive to the in-terfae between two media with whih the optial harateristis of a thin �lm an bemeasured.Ellipsometry is based on the measurement of the polarization state of a light ray, whihpolarization has been modi�ed by a re�etion on a sample surfae. The hange of po-larization between the inident wave and the re�eted one allows to dedue informationonerning the physial nature of the sample: thin �lm thikness and optial index. Dataobtained from the measurement are expressed by two ellipsometri angles Ψ and ∆.Figure V.10 gives an overview of the geometry of an ellipsometri measurement. Themeasured quantity is light intensity whih gives the ratio of the parallel re�etion oe�-ient (Rp) to the perpendiular re�etion oe�ient (Rs). The fundamental equation ofellipsometry is then given by:150 Marjorie Cavarro



V.2 Rayleigh-Mie sattering ellipsometry in N2/C2H2 plasmas

Figure V.10: Typial geometry of an ellipsometri measurement. The p-diretion is parallelto the plane of inidene and the s-diretion (from Senkreht in German) isperpendiular to the p-diretion.
Rp

Rs
= tanΨei∆ (V.1)TanΨ orresponds to the amplitude variation after the re�etion on the sample understudy, while ∆ is the phase di�erene between p-polarized and s-polarized omponents.Typially, an ellipsometer onsists of a light soure, a detetor and a variety of optialomponents in between. The type of ellipsometer is determined by the arrangement of theseoptial omponents. Usually ellipsometers use at least two polarizers: the �rst one betweenthe light soure and the sample (alled the polarizer) and the last one between the sampleand the detetor (alled the analyzer). In some ases a retarder (alled the ompensator)is inserted between the sample and the analyzer.V.2.a.i Rotating element ellipsometerThe rotating element method is based on the measurement of the re�eted light intensityas a funtion of angle of the rotating element. The rotating element an be either thepolarizer, the analyzer or the ompensator. The most ommonly used setup is the one witha rotating analyzer as presented in �gure V.11. This type of ellipsometer is relatively easyto implement. Moreover, polarizers are ahromati in a wide spetral range and an have anearly ideal behavior. Nevertheless, the alignment of the optial omponents and the lightsoure is ritial to get a su�iently high preision during the measurements. Furthermoreunertainty inreases as the ∆ angle approahes to 0° and 180° due to the fat that themeasured light at the detetor is almost linearly polarized for those angles. Moreover, asthe angle ∆ is mapped between 0° and 180°, it is impossible to determine handedness ofthe light, i.e., if the light is right-handed or left-handed polarized. That is the reason why aNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 151



Chapter V: Hydroarbon-based dusty plasmasrotating ompensator setup is used instead of a rotating analyzer setup. The angular speedof the rotating element is typially omprised between 10 and 60 Hz, whih an signi�antlya�et the time resolution of data aquisition.

Figure V.11: Typial geometry of a rotating analyzer ellipsometer.In the following, an analytial overview of a rotating element ellipsometer is given. Forthe sake of simpliity, we onsider a rotating analyzer ellipsometer (RAE), with whih thephysial pitures and meanings an be easily understood. RAE is made of a light soure, apolarizer, a rotating analyzer and a detetor (photo-multiplier). The input beam is linearlypolarized by the polarizer before reahing the sample. After the re�etion, the re�etedbeam beomes elliptially polarized and reahes the detetor through the rotating analyzer.The resulting signal is a linear ombination of d and sinusoidal signals, that an be writtenas:
V (t) = dc+ a cos(2ωt) + b sin(2ωt) (V.2)In equation V.2, a and b are related to the normalized Fourier oe�ients (α and β) of thesignal measured by the detetor:

α =
a

dc
=
tan2Ψ − tan2Pe

tan2Ψ + tan2Pe
(V.3)

β =
b

dc
=

2tanΨ cos∆ tanPe

tan2Ψ + tan2Pe
(V.4)with Pe the input polarizer azimuth with respet to the inidene plane (Pe = 0). Theellipsometri angles Ψ and ∆ an be obtained by the inversion of equations V.3 and V.4:

tanΨ =

√

1 + α

1 − α
| tanPe | (V.5)

cos∆ =
β√

1 − α2

tanPe

| tanPe |
(V.6)152 Marjorie Cavarro



V.2 Rayleigh-Mie sattering ellipsometry in N2/C2H2 plasmasV.2.a.ii Jones matrix analysis of the RAEThe light intensity of the re�eted beam, measured by the detetor is proportional to thesquare of the eletri �eld. In order to desribe the polarization state of the beam alongthe entire path, the Jones matrix analysis is used to desribe eah optial omponent. Inthe ase of the RAE, the eletri �eld at the detetor is represented as:
Edetector = (Analyzer)(Sample)(Polarizer)Eincident (V.7)Considering a p-polarized input light, the beam reahing the sample an be written as:

Beam on the sample = (Polarizer)Eincident =

(

cosPe −sinPe

sinPe cosPe

)(

1

0

) (V.8)Assuming that the sample is homogeneous, isotropi and not too rough, its matrix is de-sribed as:
Sample =

(

Rp 0

0 Rs

) (V.9)The Jones matrix of the analyzer is written as:
Analyzer =

(

1 0

0 0

)(

cosAe sinAe

−sinAe cosAe

) (V.10)with Ae the angle between the analyzer azimuth and the plane of inidene. Finally, theeletri �eld at the detetor is:
Edetector =

(

1 0

0 0

)(

cosAe sinAe

−sinAe cosAe

)(

Rp 0

0 Rs

)(

cosPe −sinPe

sinPe cosPe

)(

1

0

)

=

(

Rp cosPe cosAe +Rs sinPe sinAe

0

) (V.11)The light intensity is
Idetector ∝ EdetectorE

∗
detector = | Edetector |2

= | Rp |2 cos2Pe+ | Rs |2 sin2Pe +
(

| Rp |2 cos2Pe− | Rs |2 sin2Pe

)

cos(2Ae)

+2Re(Rp.R
∗
s)sinPecosPesin(2Ae) (V.12)To ompare the theoretial value from equation V.12 and the value measured by the detetor(V.2), equation V.12 has to be normalized:Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 153



Chapter V: Hydroarbon-based dusty plasmas
Idetector ∝ 1 +

| Rp

Rs
|2 −tan2Pe

| Rp

Rs
|2 +tan2Pe

cos(2Ae) +
2Re(

Rp

Rs
)tanPe

| Rp

Rs
|2 +tan2Pe

sin(2Ae) (V.13)Then, using equation V.1, V.3 and V.4, we obtain:
Idetector ∝ 1 +

tan2Ψ − tan2Pe

tan2Ψ + tan2Pe
cos(2Ae) +

2tanΨcos∆tanPe

tan2Ψ + tan2Pe
sin(2Ae)

∝ 1 + αcos(2Ae) + βsin(2Ae) (V.14)Finally, using equations V.5 and V.6, Ψ and ∆ an be alulated from the voltagemeasured by the detetor, and the sample properties an be dedued.V.2.a.iii Rayleigh-Mie ellipsometryEllipsometry an be performed on levitating dust partiles instead of a thin �lm on asample. In suh a ase, a linearly polarized light is sattered by dust partiles and thepolarization state of the sattered light is measured. The Mie theory for light sattering bydust partiles has been reviewed in setion II. As in the previous setion onerning a thin�lm on a sample, the polarization state of the light sattered by dust partiles an also bedesribed by the two ellipsometri angles Ψ and ∆.In order to perform Rayleigh-Mie-ellipsometri measurements, a rotating ompensatorellipsometer (RCE) was used. The RCE has one more retarder (the ompensator), insertedbetween the sample and the analyzer. In the ase of the RCE, the analyzer is �xed, andthe rotating element is the ompensator. Using the Müller matrix analysis for the RCE,the normalized light intensity at the detetor is:
Idetector = A0 +A2cos2Ce +B2sin2Ce +A4cos4Ce +B4sin4Ce (V.15)where Ce is the angle between the ompensator azimuth and the plane of inidene.The Fourier oe�ients A0, A2, B2, A4 and B4 (with �xed azimuth angles of polarizer (45°)and analyzer (0°)) are given by [101, 102, 103℄:

A0 = 1 − 1

2
(1 + yc)cos2Ψ (V.16)

A2 = xc(1 − cos2Ψ) (V.17)
B2 = xcsin2Ψcos∆ + zcsin2Ψsin∆ (V.18)
A4 = −1

2
(1 − yc)cos2Ψ (V.19)

B4 =
1

2
(1 − yc)sin2Ψcos∆ (V.20)The non-ideal optial behavior of the rotating ompensator is represented by the terms

xc, yc and zc:










xc ≈ 0

yc ≈ 0

zc ≈ 1
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V.2 Rayleigh-Mie sattering ellipsometry in N2/C2H2 plasmasUsing the terms of V.21, we obtain A2 ≈ 0. Moreover, the use of A0 has to be avoidedbeause it ontains the d omponent of the intensity inluding external light soures.Finally, the last Fourier oe�ients an be written as:
B2

A4
= − 2xc

1 − yc
tan2Ψcos∆ − 2zc

1 − yc
tan2Ψsin∆ (V.22)

B4

A4
= −tan2ψcos∆ (V.23)The ellipsometri angles are:
tan2Ψsin∆ =

xc

zc

B4

A4
− 1 − yc

2zc

B2

A4
≡ X1 (V.24)

tan2Ψcos∆ = −B4

A4
≡ X2 (V.25)and an be written:

tan2Ψ =
√

X2
1 +X2

2 (V.26)
tan∆ =

X1

X2
(V.27)In the ase of Rayleigh-Mie-ellipsometry, the sample matrix (V.9) has to be replaed witha matrix that is a funtion of the Mie-sattering formulas. The Müller matrix for a single,spherial, homogeneous partile is:

1
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∗
2) 2Re(S1S

∗
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(V.28)V.2.a.iv Data �ttingThe �tting method used in this thesis is based on the method suggested by Hong et al [104℄.In order to �nd out the optial harateristis of the dust partiles, the measured Ψ and ∆are ompared with Ψ and ∆ alulated by Mie-theory. Furthermore, the partile propertiesat small radii ould be properly desribed by using the small partile approximation [105℄.Nevertheless, a strategy for the �tting has been used sine three parameters: omplexrefrative index m = n− ik and radius, have to be determined from two angles. In order todetermine n and k for nanopartiles uniquely, it is neessary to employ a time-dependentradius pro�le in order to redue the ambiguity in radii [104℄.This radius pro�le is based on the idea that the growth of the partiles measured by SEMex-situ shows a strong nonlinear behavior during the nuleation and oagulation phases, andthat the growth beomes quasi-linear as a funtion of time for later phases [34, 106, 103℄.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 155



Chapter V: Hydroarbon-based dusty plasmasHong et al [104℄ have onstruted a time dependent radius pro�le as a ombination of apower funtion and linear funtions as follows:
r(t) =

[

(R1 −R2)

1 + (t/t0)p
+R2

]

+

N
∑

i

(F1,i + F2,i · t) (V.29)where R1 and R2 are the lower and the upper limit (both in nm) of the nonlinear growth,
t0 is the time (in seonds) when the radius reahes the half of the sum of R1 and R2, i.e.
r(t0) = (R1 + R2)/2, p is a power fator, F1,i and F2,i are prefators for linear funtionswith the blok index i.V.2.b Experimental setupThe hamber used for these experiments is a standard Gaseous Eletroni Conferene (GEC)ell. The eletrodes are two parallel plates of 10.2 m in diameter, separated by a gap of3.1 m. A 13.56 MHz rf generator is apaitively oupled, through a mathing network,to one eletrode. The other one is grounded. A more preise desription an be found in[41, 106, 99℄ for example.For dust partile formation, N2-C2H2 gases are used with two di�erent mixture ratios:8:1 and 8:2 sm, resulting in a pressure around 10−1 mbar. The injeted power is variedfrom 10 W up to 60 W.The following detailed experimental setup for Rayleigh-Mie ellipsometry measurementsis given by Hong and Winter in [41℄. An Ar ion laser at 488 nm is plaed at a viewport. A λ/2 plate right after the laser maximizes the polarized laser intensity passingthrough the entrane polarizer. The laser beam sattered by partiles is measured undera well-de�ned angle, in our ase under 90° relatively to the primary laser beam. Thepolarization state of the sattered light is de�ned by its modulation. The modulation of thesignal is arried out via rotation of a λ/4 plate (rotating ompensator). The signal is thenpassed through the analyzer and reorded by a photomultiplier (Hamamatsu R5929). Usingthe Fourier analysis, the polarization state of the sattered light is determined from themodulated light intensity. The angle of the rotating ompensator and the light intensity atthe photomultiplier are aquired by a personal omputer. The auray of the polarizationangle measurement (Ψ and ∆) was determined in a previous publiation (±0.5°) [107℄. Asimple sketh of the setup is given in �gure V.12.V.2. Experimental resultsIn the following, preliminary experimental results of Mie-Rayleigh ellipsometri measure-ments in N2/C2H2 plasmas are presented.156 Marjorie Cavarro



V.2 Rayleigh-Mie sattering ellipsometry in N2/C2H2 plasmas

Figure V.12: A simple sketh of the experimental setup (top view). (1) Ar ion laser (488nm), (2) λ/2 plate, (3) Rayleigh-Mie ellipsometry polarizer, (4) rotating om-pensator (λ/4 plate), (5) Rayleigh-Mie ellipsometry analyzer, (6) photomulti-plier, (7) pressure gauge, (8) gas inlet, (9), (10) not onerned in this experi-ment, and (11) nanopartiles. [41℄V.2..i Typial spetrum of Rayleigh-Mie ellipsometry in N2/C2H2 mixturesFigure V.13 gives an example of a typial data aquisition (time evolution of ∆ and Ψ)during a Rayleigh-Mie ellipsometri measurement. The time evolution of ∆ and Ψ showstypial trends indiating the growth of nanopartiles. In this �gure, dust partile formationand growth in N2/C2H2 plasmas learly appears as a periodi phenomenon. Three ylesof growth an be evidened in �gure V.13 both on ∆ and Ψ evolution, with a typial periodomprised between 3 and 4 minutes. This �rst result is in good agreement with the obser-vation of suessive dust generations that we performed in Ar/SiH4 plasmas (see hapterIV) and the ones performed by Hong and Winter in [41℄.At the early beginning of the data aquisition (enirled in �gure V.13), the signal tonoise ratio is very low and no onlusion an be given from these data. In fat, the resultsfrom simulation show that when there are no nanopartiles in the plasma, Ψ is around 45°and ∆ varies from 0 to 360° as in �gure V.13. If there is a small absorption (i.e. in theusual non-ideal ase), results from simulation show that Ψ and ∆ are also sattered aroundrespetively 45° and 0 to 360°. So, in suh a ase, we an not distinguish signal from noisein the measurement, and interpretation is hazardous.When the partiles are detetable, and satter the laser light, Ψ dereases spontaneouslyto a value lose to zero (1-3° in our ase), and delta beomes lose to 360° (330-360° in ourase). This is the point that we an onsider as the starting point for partile growth. Thispoint is loated at around 100 s in �gure V.13.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 157



Chapter V: Hydroarbon-based dusty plasmas

Figure V.13: Typial ellipsometri spetra: time evolution of ∆ and Ψ.Moreover, the time evolution of ∆ and Ψ over one yle exhibits several features (in-reases and dereases in the signal). By orrelating the ellipsometri angle time evolutionand the radius pro�le de�ned previously, we an get "real time" information onerningthe dust partiles. Thus, the optial index as a funtion of the radius an be extrated.The internal struture of dust partiles an thereby be dedued from the �t of ∆ and Ψ.Figure V.14 represents a diagram of the dedution proess. The produed nanopartiles areexpeted to have a radius dependent onion-like struture (ore + shell(s)), as it has beenpreviously observed in Ar/C2H2 plasmas in [108, 41℄.V.2..ii Study as a funtion of injeted power and dilutionThe measurements of the time evolution of the ellipsometri angles Ψ and ∆ have beenperformed for two di�erent mixture rates: N2:C2H2 = 8:1 and N2:C2H2 = 8:2. For bothdilutions, the injeted power was varied from 10 W up to 60 W. Figure V.15 gives anoverview of the obtained data in both dilutions for a low injeted power (10W) and a higherone (60W). In this �gure, eah spetrum exhibits 3 growth yles. From these spetra wean see that the growth during �rst yle is always di�erent from the following ones. Thisresult is onsistent with the ones we obtained in Ar/SiH4 plasmas.As an be seen in �gure V.15, the behavior of ∆ and Ψ is quite di�erent in the N2/C2H2= 8:1 mixture and in the N2/C2H2 = 8:2 one. At low injeted power (�gures V.15(a)),in a 8:1 sm mixture, ∆ and Ψ exhibit several disrete transitions by growth yle. Thistypial trend means that the growth of dust partiles (plasma hemistry and thus kinetis)is modi�ed during the yle, i.e. not homogeneous. For a 8:2 mixture (�gure V.15()), ∆158 Marjorie Cavarro



V.2 Rayleigh-Mie sattering ellipsometry in N2/C2H2 plasmas

Figure V.14: Synthesis of the dedutive reasoning allowing to dedue the internal strutureof dust partiles from their radius pro�le and the measurement of ∆ and Ψ.
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Chapter V: Hydroarbon-based dusty plasmasand Ψ exhibit less disrete transitions during the growth yle. Thus, the partile growthappears to be more homogeneous for a higher amount of aetylene in the disharge.By omparing in the same way �gures V.15(b) and V.15(d), for higher injeted powers,we an evidene that in a 8:1 mixture, ∆ and Ψ exhibit more disrete transitions by growthyle than in a 8:2 mixture. In this last ase (�gure V.15(d)), the partile growth appearsto be a "relatively" homogeneous proess.The amount of C2H2 in the disharge seems to play an important role on the dust par-tile inner struture. When more aetylene is added, dust partile struture beomes morehomogeneous, and the growth is more isotropi. Furthermore, for a given injeted power,the growth kinetis is aelerated when the aetylene amount is inreased. This result isrelatively intuitive if we onsider that in �rst approximation, the preursor number is pro-portional to the amount of aetylene in the disharge.It is interesting to note that the e�ets of inreasing the injeted power for a given dilu-tion are really similar to the e�ets of inreasing the aetylene amount for a given injetedpower. Thus, in a 8:1 mixture (�gures V.15(a) and V.15(b)), inreasing the injeted powerfrom 10 W to 60 W tends to make the growth more homogeneous. The same observationan be made by omparing �gures V.15() and V.15(d). Moreover, for low dilution rate(8:1), inreasing the injeted power inreases the kinetis. Indeed, inreasing the oupledenergy leads to a larger quantity of preursors in the plasma. However, this observation isno more valid for a higher amount of aetylene in the disharge (8:2). In this partiular ase,inreasing the injeted power doesn't aelerate the kinetis anymore. This phenomenonould be linked to a kind of saturation in terms of preursor amount in the disharge.V.2.d A �tting exampleFigure V.16 (kindly made available by S.H. Hong) shows an example of �t. As explained insetion V.2.a.iv, from the time evolution of Ψ and ∆, and a time dependent radius pro�le,it is possible to obtain the evolution of the two ellipsometri angles Ψ and ∆ as a funtionof the dust partile radius. Then by �tting these data, the evolution of the optial index asa funtion of the radius an be dedued.This �gure evidenes that the �rst growth yle (green diamonds) di�ers from the followingones (blue squares and red dots) whih are quite similar. The �rst growth yle is well-�ttedby the red urve, orresponding to an optial index m = 1.95 - 0.2i, while two di�erent opti-al indexes (m = 1.95 - 0.2i in red, m = 1.87 - 0.12i in blak) are needed to �t the followinggrowth yles. It is important to note that the �ts of the data are fussy to perform due tothe fat that Ψ and ∆ must be �tted simultaneously. The retained optial index is the onethat �ts best both Ψ and ∆.The �ts of several data series have been performed in Bohum University in Germany.The �rst onlusions that an be drawn from those �ts are that the smaller the partiles,the higher the optial onstants n and k. The dust partiles exhibit a hard ore (r < 50160 Marjorie Cavarro



V.3 Conlusion

(a) Fit of Ψ (example) (b) Fit of ∆ (example)Figure V.16: Fitting example of the ellipsometri angles.nm) with a high refrative index (n = 1.90 to 2), espeially in the �rst yle, and a softershell (n = 1.75) that an be ompared to a polymer-like arbon �lm [109℄.Data aquired during these series of experiments are urrently �tted in Bohum. Firstresults are very promising. They let forebode possible appliations to the synthesis of size-ontrolled multifuntional dust grains.V.3 ConlusionIn this hapter, we presented results on dust partile formation in methane-based andaetylene-based dusty plasmas. Those experimental results have been obtained on two lab-oratory experiments: PAMPRE in the "Servie d'Aéronomie" in Frane and an ellipsometryset-up in the "Institut für Experimentalphysik II" in Germany. In both ases, the experi-ments are dediated to the study and prodution of dust partiles related to astrophysialonerns: Titan's tholins and InterStellar Dust (ISD) grains.In the �rst part, the e�ieny of a -rf disharge to synthesize analogues of Titan'stholins is demonstrated. It allows to produe dust partiles in the plasma volume withoutany interations with the walls. The self-bias voltage is shown to be a good tool to monitordust partile formation in N2/CH4 plasmas. It showed that, as in silane-based plasmas,the formation of the �rst dust partile generation is quite di�erent from the following ones.Moreover, suessive generations don't appear to be a systemati feature in N2/CH4 plas-mas, and seem to be very dependent on the previous surfae state of the plasma box. Inall ases, the disharge tends to a stationary state after a while (at least on the eletrialpoint of view). The parametri study underlines that the amount of methane (2%) in Ti-tan's atmosphere (mostly omposed of nitrogen) is very favorable to aerosol synthesis.. TheNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 161



Chapter V: Hydroarbon-based dusty plasmasmost favorable pressure (around 1 mbar) and injeted rf power (around 30 W) have alsobeen dedued from this study in our set-up. OES measurements have also been performed.Unfortunatly, they an't be diretly orrelated to Vdc measurements. Maybe the poolingreation, involved in the line emission, an't be negleted in our ase. More investigationsare underway in the "Servie d'Aéronomie". Eletron and ion density evaluations have beenrealized in pure nitrogen plasmas using the mirowave resonant avity method and a Lang-muir probe in the ioni saturation regime. Those results showed a good adequation thusvalidating the method. Eletron density was measured for several dilutions and pressures.The ion density measurements were very fussy to performed and very few data are availablein N2/CH4 mixtures. However, we an note that the addition of methane in the dishargelowers the eletron density and that a minimum value is reahed in all dilutions for themost favorable pressure for dust formation. This last result is not explained yet. Finally,we showed that the eletron attahment on tholins ouldn't be easily dedued from oureletron and ion density measurements.In the seond part, we performed a parametri study of dust partile formation inN2/C2H2 plasmas, using a rotating analyzer ellipsometer. This tehnique allows to obtainthe time evolution of the two ellipsometri angles Ψ and ∆. Then, using a pre-de�nedmodel of dust partile growth rd = f(t), Ψ and ∆ an be expressed as a funtion of thedust partile radius. Then, by �tting Ψ and ∆, we an get information onerning theinternal struture of the synthesized dust partiles. The �rst information we obtained fromthe ellipsometri spetra is that, as in silane-based and methane-based plasmas, the forma-tion of the �rst dust partile generation is quite di�erent from the following ones. In thease of aetylene-based plasmas, suessive generations of dust partiles are a systematiphenomenon as long as aetylene is provided (as in silane plasmas). This last point anbe explained by the fat that C2H2 radials are muh easy to obtain from aetylene thanfrom methane. Thanks to the �t of the ellipsometri spetra, we ould dedue that thesynthesized dust grains have a radius dependent onion-like struture: ore + shell(s), asexpeted from [108, 41℄. A study as a funtion of the amount of aetylene in the dishargeand the rf injeted power showed that the dust struture is very dependent on both of theseparameters. Thus, even without �tting all the data (this work is underway in Bohum inGermany), we an surmise that the optial index of the di�erent parts of the grains alsodepends on both of these parameters.Finally, thanks to these two studies, we pointed out that the growth of the �rst dustpartile generation is always di�erent from the following ones in various hemistries: silane-based, methane-based and aetylene-based plasmas. We also showed that the suessivegenerations of dust grains is not a systemati feature in dusty plasmas produed usingreative gases. Some of them, produing more e�iently the �rst radials (as silane andaetylene) are more favorable to dust suessive generations, while some others (as methane)are less favorable due to the di�ulty to obtain radials. Moreover, the self-bias voltage162 Marjorie Cavarro



V.4 Frenh summary / Résumé en françaisbased diagnosti has been shown to be an e�ient tool to monitor dust partile formationand growth in various dusty plasma hemistries as silane-based and methane-based ones.V.4 Frenh summary / Résumé en françaisLes poussières jouent un r�le important à la fois dans le milieu interstellaire et dans lesatmosphères de planètes telles que Titan. Ainsi, les poussières interstellaires (InterStellarDust grain, ISD grains) sont onnues pour in�uener les spetres des galaxies [92℄, tandisque l'atmosphère de Titan est réputée ontenir de grandes quantités d'aérosols [2℄. Trèspeu de données sont disponibles onernant es poussières (taille, omposition, propriétésoptiques...). Ainsi, la omposition des tholins de Titan ou elle des poussières interstellairesn'est toujours pas déterminée préisément. C'est pourquoi di�érentes expérienes de lab-oratoire ont été développées pour produire des poussières analogues aux tholins de Titanet/ou aux poussières interstellaires.Les résultats présentés dans e hapitre ont été obtenus sur deux de es expérienesde laboratoire. Tout d'abord, les expérienes onernant les tholins ont été menées sur ledispositif PAMPRE, au Servie d'Aéronomie en Frane, dans le adre d'une ollaborationave Pr. Cernogora et Dr. Szopa. Les résultats présentés dans la seonde partie, portantsur les poussières interstellaires, ont été obtenus sur un dispositif expérimental de l'"Institutfür Experimentalphysik II" en Allemagne lors d'un séjour de reherhe, ave l'aide de Pr.Winter et Dr. Hong.Prodution d'analogues de tholins de Titan : aratérisation plasma sur PAMPRELes premiers douments itant Saturne sont attribués aux Assyriens vers 700 avant JC.Ils y dérivent la planète omme un sintillement dans le iel et l'appellent l'étoile de Ninib.En 1610, Galilée observe un étrange phénomène grâe à son télesope : la planète sembleavoir une forme étirée. En 1659, Christian Huygens éluide ette énigme : et étirement estest en fait un ensemble d'anneaux gravitant autour de Saturne. Il déouvre aussi la présened'un satellite naturel, Titan. Quelques années plus tard, Jean-Dominique Cassini observequatre lunes supplémentaires, plus petites que Titan : Japet, Rhéa, Téthys et Dioné.Titan est la plus grande lune de Saturne, ave un rayon de 2575 km et une masse de1.34 1023 kg. Sa température en surfae est estimée à 93.65 ± 0.25 K et sa pression à 1.467
± 1 hPa [93℄. Titan est situé à 1.4 milliards de kilomètres du Soleil, et reçoit un �ux solaireorrespondant à 1.1 % de elui de la Terre.Pourquoi un tel intérêt pour Titan? En fait, la omposition atuelle de l'atmosphèrede Titan semble être relativement semblable à elle de la Terre primitive, 'est à dire ellede la Terre avant que les premiers êtres vivants ne ommenent à produire de l'oxygène.La présene de moléules organiques omplexes, identiques à elles qui pourraient être àNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 163



Chapter V: Hydroarbon-based dusty plasmasl'origine de la vie sur Terre, font de Titan un exellent objet d'étude pour les exobiologistes.A l'heure atuelle, Titan est la seule planète que l'on onnaisse qui ait des aratéristiquessimilaires à elles de la Terre en termes d'atmosphère dense et de surfae solide ave degrandes étendues liquides.Lanée le 15 otobre 1995, la mission Cassini-Huygens est la première mission spatialeonsarée à l'exploration de Saturne. Elle est onduite par la NASA, qui a réalisé le moduleorbital Cassini, et l'ESA, qui a fourni la sonde Huygens. L'engin spatial s'est inséré dansl'orbite de Saturne le 1er juillet 2004. Cassini olletera des données sur la struture etl'environnement de Saturne et de ses satellites pendant quatre ans. La sonde Huygens a étélibérée le 25 déembre 2004 et a atteint Titan le 14 janvier 2005 après une desente de plusde deux heures dans son atmosphère [94℄. La �gure V.1 donne le synopsis de la missionCassini-Huygens.L'analyse de l'atmosphère de Titan a révélé la présene d'azote à 98 % et de méthane à1.8 %. Le seul gaz rare déteté est l'argon. De l'hydrogène et des hydroarbures ont aussiété détetés, e qui n'est pas le as pour l'eau ou l'oxygène [95℄. Lorsque l'on observe Titan,la planète semble brun-orangé et le sol n'est pas visible. Ce phénomène est dû à la présened'aérosols dans son atmosphère. Ces aérosols, produits par la onversion du méthane dansla stratosphère de Titan, tombent lentement à sa surfae. Les images aquises pendantla desente de la sonde Huygens ont révélé la morphologie de la lune omme le montre la�gure V.2(a). Les images de Titan après l'atterrissage montrent omme du "sable" et des"pierres" (voir �gure V.2(b)).PAMPRE : Prodution d'Aérosols en Mirogravité par Plasma REatifL'expériene PAMPRE est onsarée à l'étude des tholins produits dans un mélangeN2/CH4. Le dispositif expérimental (�gure V.3) est basé sur une déharge -rf, utilisée àl'origine pour le dép�t de ouhes mines. Ce dispositif est très similaire à elui dérit dansle hapitre II (expériene Silane). A�n de suivre la formation et la roissane de poudresdans les plasmas de N2/CH4, des mesures de Vdc ont été réalisées sur deux éhelles de tempsdi�érentes.La première série de mesures a été faite dans des onditions typiques de formation depoudres, pour di�érentes puissanes injetées. Ces mesures nous ont permis de mettre enévidene des osillations dans le signal ave une période d'environ 150 s (�gure V.4). Cesosillations semblent très similaires à elles observées en Ar/SiH4 lors des générations sues-sives de poudres. Cependant, es osillations tendent à s'amortir pour aboutir à un régimestationnaire en N2/CH4 alors que e n'est pas le as en Ar/SiH4. Par la suite, les mesuresde densités életronique et ionique présentées ont été réalisées dans e régime stationnaire.Des mesures simultanées de Vdc et de l'intensité de la raie à 337.1 nm de l'azote ont étéfaites à l'allumage de la déharge, pendant quelques entaines de seondes. L'intensité de164 Marjorie Cavarro



V.4 Frenh summary / Résumé en françaisette raie de l'azote dépend à la fois de la densité et de la température életronique dansle plasma. Vdc et I3371 répondent tous les deux à la formation de poudres dans la déhargeomme on peut le voir sur la �gure V.5, mais de façon di�érente. Cela peut s'expliquerde deux façons. Tout d'abord, Vdc re�ète l'évolution de la température et de la densitééletronique dans tout le volume du plasma tandis que I3371 est basée sur une mesure ré-solue spatialement, au entre du plasma. De plus, les temps de réponse assoiés aux deuxdiagnostis di�èrent: Vdc est a�etée par les életrons alors que I3371 est a�etée à la foispar les életrons et les moléules de N2.Nous avons ensuite mené une étude paramétrique sur l'e�aité de la prodution depoudres dans les plasmas N2/CH4. La puissane injetée, la pression et la dilution dumélange ont été testées. Cette étude a permis de montrer que la formation de poudressemblait être favorisée par des pressions supérieures au mbar en terme de inétique, et pardes pressions autour du mbar en terme de quantité d'aérosols formés. Un optimum dans lainétique de formation a été mis en évidene autour de 28 W de puissane injetée. De plus,nous avons onstaté que les onditions de dilution orrespondant à elles de l'atmosphèrede Titan (N2/CH4 = 98:2) étaient les plus favorables à la formation d'aérosols dans notreas.Des mesures de densités életronique (par avité résonante miro-onde) et ionique (parsonde de Langmuir) ont été réalisées sur PAMPRE. Pour pouvoir interpréter es mesures,plusieurs hypothèses ont été faites. Tout d'abord, les densités életronique et d'ions positifssont supposées égales. Ensuite, la température életronique est estimée à 2 eV (une valeurtypique dans e type de plasma). De plus, tous les résultats suivants onernent le régimestationnaire de la déharge. La �gure V.9 présente un aperçu des résultats obtenus. Lesmesures faites dans les plasmas d'azote pur ont permis de valider la méthode. En e�et,les valeurs de densités életronique et ionique dans e as sont très prohes, et les éartss'expliquent du fait de l'inertitude sur la température életronique, impliquée dans le alulde la densité ionique. Conernant les basses pressions, nous ne présentons auun résultatpour des pressions inférieures à 0.4 mbar, du fait de trop nombreuses inertitudes (tempéra-ture életronique, épaisseur de gaine, préision de la mesure pour de faibles ourants) ren-dant les résultats inexploitables. Les mêmes mesures ont ensuite été faites pour di�érentesquantités de méthane dans le plasma (�gure V.9). Les variations de la densité életroniqueen fontion de la pression sont assez semblables à elles observées en azote pur. Cepen-dant, l'ajout de méthane dans le déharge diminue onsidérablement la densité életronique(d'un fateur 2 environ). Pour toutes les dilutions, un maximum est observé autour de 0.4mbar et un minimum autour de 0.8 mbar. Ce minimum n'est pas expliqué pour l'instant,même si il semble orrespondre à un pi d'e�aité dans la prodution de tholins. Peu demesures de densité ionique ont été réalisées. En e�et, le dép�t organique dans les plasmasN2/CH4 tend à rendre la sonde isolante, et génère ainsi de grandes erreurs de mesure. Lepeu de résultats obtenus est onsistant ave les valeurs de densité életronique. Cependant,Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 165



Chapter V: Hydroarbon-based dusty plasmasil est impossible de déduire l'attahement életronique sur les tholins à partir de es mesures.Ellipsométrie de Mie-Rayleigh dans des plasmas N2/C2H2L'ellipsométrie est une méthode optique de aratérisation, non-destrutrie, très sensi-ble pour analyser les interfaes entre deux milieux. Cette méthode est basée sur la mesure del'état de polarisation d'un rayon lumineux, qui a été modi�é par une ré�exion sur la surfaed'un éhantillon. Le hangement de polarisation entre l'onde inidente et l'onde ré�éhiepermet d'aéder à di�érentes informations onernant la nature physique de l'éhantillon: épaisseur et indie optique. Les données obtenues par la mesure sont appelées les anglesellipsométriques, notés Ψ et ∆. La �gure V.10 donne un aperçu de la géométrie d'unemesure ellipsométrique. La quantité mesurée est une intensité lumineuse qui donne ρ or-respondant au rapport entre le oe�ient de ré�exion parallèle et le oe�ient de ré�exionperpendiulaire. L'équation V.1 donne la relation fondamentale de l'ellipsométrie. TanΨorrespond à la variation d'amplitude après la ré�exion sur l'éhantillon, tandis que ∆ estla di�érene de phase due à ette même ré�exion. Shématiquement, un ellipsomètre estonstitué d'une soure de lumière, d'un déteteur et d'un ertain nombre de omposantsoptiques entre les deux (généralement au moins deux polariseurs, voire trois).L'ellipsomètre à élément rotatif (le polariseur, l'analyseur ou la ompensatrie) est basésur la mesure de l'intensité ré�éhie pour di�érents angles de l'élément rotatif. Le dispositifle plus utilisé (�gure V.11) est elui ave un analyseur rotatif. Ce type d'ellipsomètre estrelativement faile à mettre en oeuvre. Cependant, l'alignement des omposants optiqueset de la soure lumineuse est ritique a�n d'obtenir une préision su�sante sur la mesure.De plus, une inertitude persiste toujours pour les valeurs de l'angle ∆ autour de 0 et 180°ar la lumière est quasiment polarisée linéairement pour es angles. Comme la mesure de
∆ se fait entre 0 et 180°, il est impossible de déterminer le sens de polarisation de la lu-mière. C'est pourquoi on insère parfois une ompensatrie (qui devient l'élément rotatif)entre l'éhantillon et l'analyseur. La vitesse de rotation de l'élément rotatif peut aussi êtreun fateur limitant pour la résolution temporelle des données aquises. La setion V.2.a.idonne un aperçu de l'analyse d'un ellipsomètre à élément rotatif par l'optique matriielle.Dans un soui de simpliité, nous onsidérons un ellipsomètre à analyseur rotatif, qui s'avèrele plus simple à dérire.Les mesures ellipsométriques peuvent être réalisées sur des poudres en lévitation dans unplasma au lieu d'un substrat. De la même façon que préédemment, l'état de polarisationde la lumière ré�éhie par les poussières peut être dérit par les deux angles ellipsométriques
Ψ et ∆. A�n de réaliser les mesures d'ellipsométrie de Mie-Rayleigh, nous avons utilisé unellipsomètre à ompensatrie rotative. L'analyse matriielle de et ellipsomètre est dévelop-pée dans la setion V.2.a.iii. L'ajustement des données est basé sur une méthode suggéréepar Hong et al [104℄. Pour déterminer l'indie optique des nanopartiules, un pro�l de166 Marjorie Cavarro



V.4 Frenh summary / Résumé en françaisrayon dépendant du temps est utilisé. Ce pro�l est basé sur l'idée que la roissane despoudres, mesurée par MEB ex-situ, montre un omportement fortement non-linéaire pen-dant les phases de nuléation et de oagulation, puis devient quasi-linéaire par la suite[34, 106, 103℄. Hong et al ont ainsi onstruit un pro�l de rayon dépendant du temps à l'aidede la ombinaison d'une fontion puissane et d'une fontion linéaire (équation V.29).Mesures ellipsométriquesLe réateur utilisé pour réaliser les expérienes est une ellule GEC standard. Elleest onstituée de deux életrodes parallèles de diamètre 10.2 m, séparées par 3.1 m. Ungénérateur rf (13.56 MHz) est ouplé apaitivement à une des életrodes au travers d'uneboîte d'aord. La seonde életrode est à la masse [41, 106, 99℄. La synthèse de pous-sières est réalisée dans un mélange N2/C2H2 (8:1 et 8:2 sm) à une pression d'environ 10−1mbar. La puissane injetée varie entre 10 et 60 W. Le dispositif expérimental utilisé pourles mesures est présenté �gure V.12 et détaillé setion V.2.b.La �gure V.13 donne un exemple typique de l'aquisition de données lors d'une mesured'ellipsométrie de Mie-Rayleigh. Sur ette �gure, la roissane des poussières apparaîtlairement omme un phénomène périodique, et trois yles sont mis en évidene ave unepériode de l'ordre de 3 à 4 minutes. Ce premier résultat est parfaitement ohérent avel'observation des générations suessives de poudres que nous avons faite dans les plasmasAr/SiH4 (hapitre IV) et elle faite par Hong et Winter [41℄. De plus, l'évolution temporellede ψ et ∆ présente di�érentes variations au ours d'un yle de roissane. En orrélantes évolutions au pro�l de rayon dépendant du temps dé�ni préédemment, il est possibled'obtenir la variation des angles ellipsométriques en fontion du rayon des poussières. Ainsi,la struture interne des poussières peut être déduite grâe à l'ajustement de es données.Le shéma V.14 montre un diagramme du proessus de dédution.Une étude paramétrique a été menée en faisant varier la dilution du mélange N2/C2H2(8:1 et 8:2 sm) et la puissane injetée (de 10 à 60 W). Les résultats montrent qu'à bassepuissane injetée, l'augmentation de la quantité d'aétylène dans le mélange tend à ren-dre la roissane des poussières plus homogène. De la même façon, l'augmentation de lapuissane injetée à dilution onstante, tend aussi à rendre la roissane plus homogène.Un exemple d'ajustement des données (aimablement mis à disposition par S.H. Hong) estprésenté �gure V.16. Cette �gure met en évidene le fait que la formation de la premièregénération de poussières di�ère toujours des suivantes, qui sont elles relativement similaires.Ainsi la ourbe de la première génération peut être ajustée grâe à la ourbe rouge (or-respondant à un indie optique m = 1.95 - 0.2i), tandis que deux indies optiques (m =1.95 - 0.2i en rouge et m = 1.87 - 0.12i en noir) sont néessaires pour ajuster les yles deroissane suivants. Il est important de noter que les ajustements de Ψ et ∆ doivent êtrefaits simultanément, et que l'indie optique retenu est elui qui permet d'ajuster au mieuxNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 167



Chapter V: Hydroarbon-based dusty plasmasles deux angles. La première onlusion qui peut être tirée de et ajustement est que plusles poussières sont petites, plus leur indie optique est élevé. Ainsi, les poussières présententun noyau dur (r < 50 nm) ave un indie de réfration élevé (n = 1.90 à 2) et une enveloppeplus tendre (n = 1.75) qui peut être omparée à une ouhe PLC (Polymer-Like Carbon)[109℄. Les poussières présentent ainsi une struture onentrique relativement similaire àelle observée dans [108, 41℄.Les données aquises lors de es ampagnes de mesures sont atuellement en ours detraitement à l'Université de Bohum. Les résultats sont ependant très prometteurs etlaissent présager de possibles appliations dans le domaine de la prodution de poudresmultifontionnelles de taille ontr�lée.
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Chapter VITailoring of silion nanorystals atlow gas temperaturesNanorystals of semiondutor materials (silion, germanium ...), also named quantum dots,have potential appliations in a variety of photoni devies. The size-tunable optial andeletrial properties of silion nanopartiles make silion nanorystals interesting andidatesfor a wide spetrum of appliations [3℄. As an example, photo- or eletroluminesene of Sinanorystals is tunable through the ontrolled variation of the nanoluster size [110℄.Presently, an easy-to-implement way of ontrolling silion nanorystal size is needed.A way to modify their size an be by modifying the gas temperature in the dust formingplasma. Indeed, high gas temperatures have been shown to have a signi�ant e�et on thedust formation kinetis, induing a delay in their growth [35, 13℄. Moreover, inreasing thegas temperature tends to lower the nanorystal size.We thus investigated the e�ets of low gas temperatures, expeting to inrease thenanorystal size, and to aelerate the formation kinetis. In the following, we show thatgas temperature have a signi�ant e�et on Si nanorystal size in a -rf Ar/SiH4 disharge.Finally, the obtained results are disussed both from a hemial and a thermodynamialpoint of view.
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Chapter VI: Tailoring of silion nanorystals at low gas temperaturesVI.1 State of the artThe study of the e�ets of low gas temperature on dust partile formation has been moti-vated by the already-known e�ets of high gas temperature on this proess. Indeed, thesee�ets, summarized in the following setions, let us think that dereasing the gas tempera-ture in the disharge ould allow to tailor bigger silion nanorystals, using a well-ontrolledproess in Silane-based plasmas.VI.1.a High gas temperature e�et on kinetisThe e�et of high gas temperature on dust partile formation kinetis has been studied formore than ten years now. In 1994, Boufendi and Bouhoule evidened that an inreaseof the gas temperature made the kinetis longer. They performed Laser Indued PartileExplosive Evaporation (LIPEE) measurements for gas temperatures ranging from 20� to150 � and obtained the results presented in �gure VI.1 [35℄.In her PhD thesis, M.C. Jouanny demonstrated that the di�erent steps of dust partileformation are all delayed by inreasing the gas temperature [13℄. An overview of this study,performed using the Vdc/3H diagnostis, is presented in �gure VI.2. These results on�rmedthe ones obtained in [35℄.A more detailed analysis of the gas temperature e�et on the onset of the aggregationphase has been performed in hapter III. As an example, �gure III.12 learly shows thedelay indued by the gas temperature inrease on the appearane of the instability, andthus on the aggregation onset.

Figure VI.1: LIPEE signal showing a delay of nuleation with inreasing gas temperature[35℄.
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VI.1 State of the art

Figure VI.2: Time evolution of 3H as a funtion of high gas temperatures [13℄. Temps (s)is time in seonds, Tamb is for room temperature.VI.1.b Gas temperature e�et on dust partile size and struture.Modi�ations of the gas temperature also have an e�et on the properties of dust parti-les synthesized in the plasma. The most outstanding e�et is the size variation of thenanorystals. Hadjadj et al showed in [111℄ that the rugosity of thin �lms deposited at theend of the nanorystal aumulation phase tended to derease when the gas temperaturewas inreased. This result lets surmise that the nanorystal size dereases when the gastemperature inreases.Charaterization of depositions performed at di�erent gas temperatures on�rmed theseresults. Indeed, thanks to TEM analysis, nanorystals deposited at 100� were evidenedto be around 0.9 nm in radius [112℄. Using Raman spetrosopy, nanorystals depositedat respetively 0� and 50�, were shown to be respetively around 2.8 nm and 1.4 nm inradius [112℄. These radii have to be ompared to the radius value at room temperature,whih is around 1.5 nm.Conerning the nanorystal struture, two important points are underlined by Viera etal in [39℄. First, Si nanorystals have been shown to be in the f phase whatever the gastemperature used to synthesized them. Seond, it has been evidened that the Si nanorys-tals maintain the same atomi arrangement one inorporated in a �lm. This result thuson�rms the validity of ex-situ analyses to determine dust partile struture in the gas phase.
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Chapter VI: Tailoring of silion nanorystals at low gas temperaturesVI.2 Experimental onditionsIn this setion, a brief overview of the method used to ool down the experimental set-upis given, and a suint desription of the method used to haraterize synthesized dustpartiles (the Debye-Sherrer method for x-ray di�ration) is presented.VI.2.a Experimental set-upIn order to derease the gas temperature in the whole disharge volume, a liquid nitrogenirulation has been implemented on the set-up desribed in hapter II (see �gure VI.3).The �ow rate of liquid nitrogen is ontrolled thanks to a servovalve. This valve provides alosed valve opening loop response to a gas temperature measurement provided by a J-typethermoouple loated in the gas �ow, below the plasma box. Temperatures down to -40�an be reahed depending on external onditions suh as the room temperature. The gastemperature is maintained in a range of a few degrees around the set point.

Figure VI.3: Sketh of the liquid nitrogen irulation on the Silane experiment.
VI.2.b Experimental onstraintsCooling down the whole plasma hamber is a limiting fator to get very low gas temperaturesin the plasma box. The ooling down proess is very time-onsuming. As an example, �gureVI.4 shows the gas temperature evolution in the hamber as a funtion of time one theirulation of liquid nitrogen has begun. As one an observe, more than one hour (70 minindeed) are needed to get 0� in the hamber. This time reahes respetively around 100min and 150 min to get -10� and -20�. Moreover, the equipment we had did not allow asu�ient liquid nitrogen �ow rate to get temperatures lower than around -25�. To reaha gas temperature of -40�, we used another equipment, allowing to get a more importantliquid nitrogen �ow rate, kindly made available by another team for a few days.Due to experimental onstraints, depositions had to be performed in the disharge box.172 Marjorie Cavarro



VI.2 Experimental onditionsIndeed, several tests were performed in post-disharge, and it appeared that dust partilestended to deposit on the sides of the plasma box instead of landing on its bottom. Thise�et is ertainly due to thermophoresis: as we ool down thanks to a lateral irulation ofliquid nitrogen, the sides of the plasma box are expeted to be older than its bottom, thusattrating dust partiles. Thus, depositions must be performed in the disharge box to besure to obtain a su�ient density to allow analyses. This aspet is an important limitingfator: it means that for eah sample the plasma hamber has to be opened. For eahdeposition, the reator is opened to set the substrate in the plasma box, then the hamberis pumped down and ooled down, the deposition (of a few minutes) is performed, thenwe have to wait until the hamber warms up to room temperature to open it and get thesample bak. This whole proess lasts several hours (depending on the gas temperaturereahed) to obtain a single sample. On average, we needed a whole day to obtain a singlesample.
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Figure VI.4: Gas temperature derease as a funtion of time, one the liquid nitrogenirulation has begun.VI.2. CharaterizationsTo quantify low gas temperature e�et on the dust partile formation kinetis, the Vdc/3Hdiagnostis has been used. Synthesized dust partiles have been haraterized using bothsanning eletron mirosopy (SEM) and x-ray di�ration. The priniple of SEM imaginghas already been detailed in hapter II. In the following, we will give a summary onerningthe Debye-Sherrer method for x-ray di�ration. The so-alled Debye-Sherrer methodis the most ommonly used method to haraterize powders. It onsists in irradiating asample with a thin monohromati x-ray beam. Generally, a x-ray di�ration set-up isNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 173



Chapter VI: Tailoring of silion nanorystals at low gas temperatures

Figure VI.5: Sketh of a Debye-Sherrer hamber for x-ray di�ration (adapted from [114℄.)

Figure VI.6: Example of a x-ray di�ration spetrum [114℄.mainly omposed of a x-ray soure, the sample to haraterize and a detetor [113, 114℄.Figure VI.5 shows the sketh of a Debye-Sherrer hamber.A well-de�ned Debye-Sherrer spetrum orresponds to eah rystalline phase. FigureVI.6 gives an example of a di�ration spetrum for Quartz. The blak urve is the reordedspetrum, while the olored urves are the �ts of eah peak. To identify the rystallinephases of the obtained spetrum, the spetrum has to be ompared with the ones referenedby the Amerian Soiety for Testing Material (ASTM). From this spetrum, the rystallitesize in the sample an also be determined. For this purpose, Sherrer proposed a simpleequation:
Lc =

Kλ

βpcosθd
(VI.1)with Lc the rystallite size, K a shape fator, λ the wavelength of the di�rated beam, βpthe peak width on the spetrum and θd the di�ration angle [114℄.174 Marjorie Cavarro



VI.3 Preliminary resultsVI.3 Preliminary resultsIn this setion, we present the preliminary results on the e�et of low gas temperatures onthe dust partile formation kinetis, size and struture.VI.3.a KinetisThe evolution of the dust partile formation kinetis has been studied for gas temperaturesfrom 301 K down to 248 K using the Vdc/3H diagnostis. Figure VI.7 shows the timeevolution of 3H for di�erent gas temperatures on a time-sale of about 4 s. Curves areshifted in the vertial axis in order to get a better overview of their evolution. The uppermosturve orresponds to 301 K, while the lowest one orresponds to 248 K. This �gure is quiteomparable to �gure III.14 in hapter III besides the di�erent time-sales. Data of �gureVI.7 have been obtained using a slightly di�erent equipment to ool down the gas. Itallowed us to reah very low gas temperatures faster, and thus to obtain a wider spetrumof omparable data. In this �gure, we an see learly that all the steps of dust partileformation beome shorter when the gas temperature is dereased. This result is in greatagreement with the one obtained from �gure III.14, whih showed that the two �rst stepsof dust partile growth ourred faster at low gas temperatures.As we dedued the kinetis evolution for high gas temperatures in �gure III.13(a) from�gure III.12, we an dedue this same kinetis evolution for low gas temperatures fromthe data of �gure VI.7. For this purpose, we noted down the time orresponding to theonset of the aggregation phase, i.e. to the beginning of the aggregation instability asdemonstrated in hapter III. The obtained urve (not displayed here) is really omparable tothe one presented in �gure III.15(a) in hapter III. By gathering all these data, we obtained�gure VI.8 that displays the kinetis evolution as a funtion of the gas temperature ina temperature range omprised between 248 K and 398 K. Red dots are experimentaldata. The blue urve is a �t of these data. As an be seen in this �gure, the lower thegas temperature, the faster the formation kinetis. Thanks to the �t, we an evidenethat the kinetis evolves exponentially with the gas temperature, following a law given by
taggregation(s) = AeB(T (K)−C), where A, B and C are onstants used to adjust the �t.VI.3.b Nanorystal sizeGas temperature was suspeted to have an in�uene on the size of nanorystals synthesizedin the plasma. In order to on�rm this hypothesis, several depositions have been performedfor di�erent gas temperatures from 100� (373 K) down to -40� (233 K). The nanorys-tal mean size has then been evaluated using di�erent methods, depending on the sample.Nanorystals deposited at 100� were evidened to be around 0.9 nm in radius using TEM[112℄, nanorystals deposited at respetively 0� and 50� were shown to be respetivelyaround 2.8 nm and 1.4 nm in radius using Raman spetrosopy [112℄, and nanorystalsNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 175
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Figure VI.9: Nanorystal radius as a funtion of the gas temperature.deposited at respetively 25� and -40� were shown to be respetively around 1.5 nm and40 nm using SEM. Figure VI.9 shows the nanorystal mean size evolution as a funtion ofthe gas temperature in the disharge. Red dots are experimental data. The blue urve isa �t of these data. It learly appears that dereasing the gas temperature allows to obtainbigger nanorystals. The most outstanding example is the result obtained for a gas tem-perature of -40�. In this ase, the nanorystal size reahes 40 nm in radius as an be seenin the SEM image presented in �gure VI.10. Thanks to the �t, we an evidene that thenanorystal radius inreases as 1/(Tg − Tlimit). In order to obtain more data, and thus abetter statistis, four more samples have been deposited to be analyzed using x-ray di�ra-tion. The analysis is urrently underway. The value of Tlimit giving the best �t is 230 K.Due to experimental onstraints, we ould not reah this gas temperature on our set-up.So presently, we an not onlude on dust partile formation for gas temperatures aroundthe value of Tlimit. However, as rystals an not physially grow up endlessly when Tlimitis attained, two hypothesis an be made. First, the nanorystal size tends to a "limit" size,whih will remains the same whatever the gas temperature below Tlimit. Seond, for gastemperatures below Tlimit, no more dust partiles are synthesized in the plasma, and nodust forming onditions are reahed for so low gas temperatures.VI.3. Nanorystal strutureIn [39℄, Viera et al demonstrated that nanorystals synthesized with a gas temperature rang-ing from 25� to 150� are mainly in the f phase. However, the eletron di�ration patternalso shows that f and diamond strutures oexist in the sample (with a more importantf struture ontribution). The authors thus assumed that the smallest nanopartiles wereNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 177
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Figure VI.10: SEM image of nanopartiles synthesized for a gas temperature of -40�.in the f phase and the larger ones were more likely to have a diamond-like struture.In order to predit the struture of the nanorystals, several parameters have to be takeninto aount. As an example, Viera et al [39℄ underlined the role of the Argon dilution onthe partile struture by omparing dust partiles synthesized in Ar/SiH4 and pure SiH4plasmas. Nanopartiles synthesized in pure Silane plasmas appears to be amorphous, whilethe ones synthesized in Ar dilution are in the f phase. This struture ould be the resultsof ollisions of high energeti plasma speies with the dust partiles. This point suggeststhat dust partiles synthesized in Ar/SiH4 plasmas present a struture mainly due to thenature of the bu�er gas. This result seems to be independent of the gas temperature andould let us think that nanorystals synthesized at low gas temperature should have thesame f struture.Nevertheless, the f struture is a metastable phase of Silion. The existene of thisstruture for 2 nm nanorystals may be due to size e�ets: for suh small sizes, the surfaee�et is suspeted to have a predominant role [115℄. Indeed, the bonding on�guration ofatoms on the surfae of nanorystals ould be distint enough from the one of the bulkto redue the Gibbs free energy [39℄. Thus, as nanorystals seem to be bigger at low gastemperatures, their struture may hange. In fat, in small lusters, unusual geometriesan sometimes be thermodynamially stable, while in larger nanorystals, the size e�etis not su�ient to stabilize these partiular bonding geometries [115℄. Several possibilitieshave to be onsidered for larger nanopartile struture. First, larger nanopartiles are notlikely to be amorphous: for nanopartile size lower than 50 nm, a-Si is not predited to bethermodynamially stable [115℄. Seond, larger nanorystals ould adopt the struture ofthe bulk, i.e. diamond-like struture (that is already observed for a few nanorystals in thenm size range [39℄). A last struture ould appear: a f ore embedded in a diamond-likeshell. Indeed, in dynami proesses suh as rystal growth, it is possible to trap a metastable178 Marjorie Cavarro



VI.4 Disussionstruture in larger rystallites [115℄.Moreover, ns-�lms ontaining silion nanorystals are known to be highly hydrogenated[116℄. This fat has to be taken into aount beause the saturation of the nanorystalsurfae ould also in�uene the most stable struture [39℄. Indeed, Vah et al [117℄ demon-strated, using numerial modeling, that the only way to obtain rystalline lusters in pureSiH4 plasmas is be in presene of ative atomi hydrogen.Finally, it appears that the struture of nanopartiles synthesized at low gas tempera-ture is very fussy to predit. However, they are very likely to be rystalline but only anappropriate analysis ould determine their exat struture. This work is urrently underway.VI.4 DisussionThe gas temperature has been shown to have a signi�ant e�et on dust partile formationkinetis. Various explanations for this e�et have been proposed by Fridman et al [38℄,Perrin et al [80℄ and Bhandarkar et al [78℄.Fridman et al [38℄, proposed that the nuleation may be delayed by inreasing the gastemperature due to the temperature dependene of the de-exitation of vibrationally exitedSiH4. They assumed that the lustering pathway in silane-based plasmas involves hainreations between anions and exited neutral SiH4 as explained in hapter I. From Fridmanet al [38℄, an inrease in the gas temperature redues the density of exited speies throughvibrational-rotranslational transitions desribed by a Landau-Teller expression. Thus thederease in the density of vibrationally exited speies slows down the lustering hain.Perrin et al [80℄ proposed that the eletron attahment rate depends on the temperature.Eletron attahment to silion hydrides leads to the formation of anioni speies. In someases a third body is needed to stabilize the reated anioni omplex. Sine the reationrate for stabilization reations depends on the number density of the surrounding gas, itis inversely proportional to gas temperature [80℄. Thus the higher the gas temperature,the lower is the expeted attahment rate, leading to slower anion formation, and thus toa slower nuleation proess [80℄. However, this hypothesis has been undermined in M.C.Jouanny's PhD thesis [13℄. Indeed she demonstrated that the gas temperature has no e�eton 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 dependene of the Brownian di�usionoe�ient ould delay the nuleation. Dust partiles of less than 1 nm in size an onlyhold one or two negative harges and an be easily neutralized or even positively harged.The neutral and positive partiles an esape from the plasma by di�usion or drift in theambipolar �eld, respetively [78℄. Moreover, the Brownian di�usion oe�ient dependson temperature (∝ T
3/2
g ) at onstant pressure. Thus, an inrease in the gas temperatureinreases the losses and dereases the growth rate of dust partiles [78℄.Nuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 179



Chapter VI: Tailoring of silion nanorystals at low gas temperaturesThe e�ets of gas temperature we observed on dust partile formation let think thatthis proess an be ompared to the homogeneous nuleation and growth of rystals insupersaturated media [118, 119, 120, 121, 122, 123℄. In this ase, the probability Pcrit perpartile that a spontaneous �utuation will result into the formation of a ritial nuleusdepends on the free energy (Gibbs energy) required to form suh a nuleus [121℄:
Pcrit = e−∆Gcrit/kBT (VI.2)The rystal nuleation rate per unit volume J is the produt of Pcrit by the kineti fator

J0 [119, 120, 121, 122℄:
J = J0 e

−∆Gcrit/kBT (VI.3)Spei� features of the kinetis of the proess are inorporated via the pre-exponential fa-tor J0 [123℄. For one-omponent system (as ours), J0 is notably proportional to the numberof possible nuleation enters (SiH−
3 ions in our ase) [123℄. As we demonstrated that thenumber of nuleation seeds does not depend on the gas temperature in our experiment (J0onstant), equation VI.3 learly shows the gas temperature dependene of the nuleationrate and thus the kinetis. Aording to equation VI.3, an inrease in the gas temperatureshould make the kinetis longer. Results presented in �gure VI.8 are in perfet agreementwith this theory.Assuming an inompressible luster, with some given onentration cα and approxi-mately of spherial shape with a radius r, the hange of the thermodynami potential G,due to the formation of an aggregate may be expressed approximately as [123℄:
∆G = −nα∆µ+ σAc (VI.4)where Ac is the surfae area of the luster, σ the surfae or interfaial tension of the luster,

nα the number of partiles in the luster and ∆µ the di�erene of hemial potential permole or partile.In order to express ∆G as a funtion of the temperature, ∆µ an be written as follow:
∆µ = kBT lnS (VI.5)where S is the "monomer supersaturation ratio" [119℄. In most ases, S is onsidered asindependent of the temperature [119, 122℄. Finally, from equations VI.4 and VI.5, ∆G anbe written as:

∆G = −nαkBT lnS + σAc (VI.6)The dependene ∆G = ∆G(r) is illustrated in �gure VI.11. For lusters with a ra-dius r < rc, the thermodynami evolution riteria predits that the luster will dissolve.Clusters with a radius r > rc will grow spontaneously up to marosopi dimensions [123℄.The ritial size rc orresponds to a maximum of ∆G. This orresponding radius an bedetermined approximately via the relation [119, 123℄:
rc =

2σ

cα∆µ
=

2σ

cαkBT lnS
(VI.7)180 Marjorie Cavarro



VI.5 Frenh summary / Résumé en français

Figure VI.11: Evolution of ∆G as a funtion of the luster radius rFrom equation VI.7, the ritial radius learly appears to depend on the temperatureas 1/T . Results presented in �gure VI.9 perfetly meet the theory, as the evolution of thenanorystal radius as a funtion of gas temperature is well-�tted by a 1/T law.VI.5 Frenh summary / Résumé en françaisLes nanoristaux semionduteurs (siliium, germanium), aussi appelés îlots quantiques(quantum dots), présentent des appliations potentielles dans divers dispositifs photoniques.Les propriétés életriques et optiques des ristaux de siliium sont variables en fontion deleur taille et en font des andidats potentiels pour de nombreuses appliations [3℄. A titred'exemple, la photo- ou életroluminesene des nanoristaux de Si est aordable via leurtaille [110℄. A l'heure atuelle, il est néessaire de mettre au point un système de ontr�le dela taille faile à mettre en oeuvre. Une façon possible de modi�er la taille des nanoristauxpeut être de modi�er la température du gaz dans la déharge.Etat de l'artCette étude sur les e�ets des basses températures de gaz sur les poudres a été mo-tivée par les onnaissanes déjà aquises sur les e�ets des hautes températures de gaz. Ene�et, les e�ets onnus de la température de gaz laisse penser qu'une diminution de ettedernière pourrait permettre de façonner des nanoristaux de taille plus importante à partirdu proédé que nous utilisons en argon-silane.En 1994, Boufendi et Bouhoule [35℄ ont montré, grâe à une étude par LIPEE, quel'augmentation de la température de gaz allongeait globalement la inétique de formationdes poussières. Dans sa thèse, M.C. Jouanny [13℄ a mis en évidene l'allongement de ha-une des phases de formation de poussières lorsque la température est augmentée. De plus,l'étude menée sur le démarrage de la phase d'agrégation dans le hapitre III est venue on-�rmer es résultats.Il a aussi été démontré que l'augmentation de la température de gaz diminue la tailleNuleation, growth and behavior of dust partiles in reative low pressure rf plasmas 181



Chapter VI: Tailoring of silion nanorystals at low gas temperaturesdes nanoristaux synthétisés. Des nanoristaux déposés à 100� présentent un rayon del'ordre de 0.9 nm (analyse TEM) [112℄, d'autres nanoristaux déposés respetivement à 0�et 50� présentent des rayons respetivement autour de 2.8 nm et 1.4 nm [112℄.Conernant la struture des nanoristaux, Viera et al soulignent deux points importantsdans [39℄. Tout d'abord, les nanoristaux présentent uns struture ubique fae entrée (f)quelle que soit la température de gaz à laquelle ils ont été synthétisés (entre 25 et 150�).De plus, le fait de déposer les nanoristaux sur un substrat ne perturbe pas leur strutureristalline, e qui permet de on�rmer la validité des analyses ex-situ.Conditions expérimentalesA�n d'abaisser la température des gaz dans le réateur, une irulation d'azote liquidea été mise en plae. Le �ux d'azote liquide est ontr�lé grâe à une vanne pilotée en tem-pérature. La température est mesurée à l'aide d'un thermoouple de type J, plaé dans le�ux de gaz sous la boîte à déharge. Grâe à e dispositif, des températures de l'ordre de-40� peuvent être atteintes et maintenues à quelques degrés près.Cependant, refroidir la totalité du réateur s'avère être un fateur limitant important.Le temps néessaire au refroidissement est très long : typiquement il faut plus d'une heurepour atteindre 0�, et aux alentours de 100 min et 150 min pour atteindre -10� et -20�. Deplus, du fait de ontraintes expérimentales prinipalement dues à la fore de thermophorèseinduite, les dép�ts doivent être réalisés à l'intérieur de la boîte à déharge. C'est le seondfateur limitant dans e as. Pour haque dép�t, il est néessaire d'ouvrir le réateur pourplaer le substrat, puis de pomper et de refroidir, ensuite le dép�t de quelques minutes estréalisé. Il faut ensuite attendre que le réateur soit revenu à la température ambiante pourpouvoir l'ouvrir et réupérer l'éhantillon déposé. Au �nal, il faut en moyenne une journéepour obtenir un seul et unique éhantillon.Résultats préliminairesL'évolution de la inétique de formation des poussières a été étudiée pour di�érentestempératures de gaz entre 248 et 301 K, à l'aide du diagnosti életrique Vdc/3H. La �gureVI.7 donne un aperçu des résultats sur une éhelle de temps d'environ 4 s. Sur ette �gure,on voit lairement que toutes les étapes de formation des poussières deviennent plus our-tes lorsque la température des gaz est abaissée. Ce résultat vient orroborer les résultatspréédemment obtenus sur la phase d'aumulation et d'agrégation à basse température,au hapitre III.A�n de dé�nir l'évolution de la inétique pour les basses températures de gaz, nousavons proédé de la même façon que pour dé�nir l'évolution de la inétique en fontion deshautes températures de gaz au hapitre III. Nous avons don relevé l'instant orrespondant182 Marjorie Cavarro



VI.5 Frenh summary / Résumé en françaisau démarrage de l'instabilité (don de l'agrégation) sur haque ourbe. Lorsque que l'onreoupe es données ave elles obtenues préédemment pour les hautes températures degaz, on obtient l'évolution de la inétique de formation entre 248 et 398 K présentée �gureVI.8. Comme on peut le onstater sur ette �gure, plus la température de gaz diminue,plus la inétique de formation aélère selon une loi du type taggregation(s) = AeB(T (K)−C)(où A, B, et C sont des variables d'ajustement).La température de gaz apparaît omme un bon moyen de ontr�le de la taille desnanoristaux de siliium. A�n de ompléter les résultats obtenus par Boufendi [112℄, nousavons réaliser de nouveaux dép�ts de nanoristaux, en abaissant signi�ativement la tem-pérature des gaz dans le réateur. Ces nouveaux résultats nous ont permis d'obtenir laourbe présentée �gure VI.9. On y observe que le rayon des nanoristaux de siliium esttrès sensible à la température du gaz lors de la synthèse : plus le gaz est froid, plus lesristaux obtenus sont gros. On atteint notamment un rayon de 40 nm environ pour unetempérature de gaz de -40�. Grâe à l'ajustement des données, on peut mettre en évideneque la taille des ristaux évolue selon une loi du type 1/(Tgas − Tlimit). La valeur de Tlimitest de l'ordre de 203 K d'après notre meilleur ajustement. L'existene de ette tempéra-ture limite soulève la question du omportement des ristaux au-delà de ette température.Physiquement, ils ne peuvent pas roître indé�niment. Nous pouvons don formuler deuxhypothèses : soit ils atteignent une taille limite qu'ils ne dépasseront plus même si l'onontinue à diminuer la température de gaz, soit les onditions de formation de poudres nesont plus réunies pour des températures inférieures à 203 K. Des études omplémentairessont envisagées pour déterminer la valeur de es hypothèses.Conernant la struture des nanoristaux, il a été démontré notamment par Viera et al[39℄, que pour des températures de gaz omprises entre 25 et 150�, les ristaux onservaientla même struture f. Il est ependant di�ile de prévoir la struture des nanoristauxobtenus à basse température. En e�et, du fait de leur taille plus importante, ils sont sus-eptibles de présenter une phase ristalline di�érente. Di�érentes hypothèses peuvent êtreproposées. Tout d'abord, les nanopartiules ont peu de hane d'être amorphes : pour desnanopartiules de moins de 50 nm ette phase n'est pas stable thermodynamiquement [115℄.Les nanoristaux pourront don soit adopter la struture du siliium en volume (bulk, stru-ture diamant), soit adopter une struture du type f entourée d'une enveloppe présentantune struture diamant [115℄. Un dernier aspet doit être pris en ompte : la forte teneuren hydrogène des nanoristaux peut aussi in�uer sur leur struture ristalline. Au �nal, lastruture des nanoristaux synthétisés à basse température s'avère extrêmement déliate àprédire, les analyses sont atuellement en ours.
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Chapter VI: Tailoring of silion nanorystals at low gas temperaturesDisussionDi�érentes expliations ont été proposées a�n d'expliquer l'évolution de la inétiqueen fontion de la température de gaz. Fridman et al [38℄ expliquent ette évolution par ladépendane en température de la dé-exitation des moléules de SiH4 vibrationnellementexitées. Perrin et al [80℄ l'expliquent par la diminution de la densité d'ions négatifs lorsquela température augmente. M.C. Jouanny a ependant montré dans sa thèse [13℄ que ettehypothèse n'était pas valable dans notre as. Bhandarkar et al [78℄ proposent quant à euxque la dépendane en température du oe�ient de di�usion brownienne pourrait expliqueret e�et.Les e�ets observés lors de la modi�ation de la température dans notre système laissentpenser que la roissane des poussières pourrait être omparée à la nuléation homogènedans les milieux supersaturés [118, 119, 120, 121, 122, 123℄. Dans e ontexte, le taux denuléation dépend expliitement de la température du gaz, et une augmentation de ettetempérature provoque une diminution du taux de nuléation. Nos résultats expérimentauxsont parfaitement en aord ave ette variation. De plus, ette même théorie prévoit uneaugmentation de la taille des ristaux formés lorsque la température de gaz est abaissée,ave un rayon ritique proportionnel à l'inverse de la température. Nos premiers résul-tats expérimentaux sont en aord parfait ave ette loi, puisque nous avons montré quel'évolution du rayon en fontion de la température pouvait être ajusté par une loi en 1/T .
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Conlusion Faut pas se laisser gagner par l'euphoriede roire que l'on est un homme important.Louise AttaqueLes travaux présentés dans ette thèse s'insrivent dans le adre de l'étude des plasmaspoussiéreux menée depuis une quinzaine d'années au GREMI au sein de l'équipe "Plas-mas poudreux". Motivées à l'origine par les ontraintes de propreté de l'industrie de lamiroéletronique, les études se tournent à l'heure atuelle vers une autre diretion : lasynthèse de nanopartiules aux propriétés maîtrisées.A�n d'atteindre et objetif, il a été néessaire d'aquérir une bonne onnaissane desméanismes de roissane de poussières, ainsi que de développer les outils de diagnosti in-dispensables à leur détetion. Ce travail de longue haleine a débuté lors des thèses préédem-ment réalisées dans l'équipe, et s'est poursuivi au ours de ette thèse.L'objetif de ette thèse était de réussir à synthétiser des poussières de taille et/ou deomposition maîtrisée, en nous basant sur les onnaissanes préédemment aquises dansl'équipe. Pour ela, le travail a été envisagé autour de trois prinipaux axes :� La loalisation et l'étude du démarrage de la phase d'agrégation des nanoristaux(aratérisée par une instabilité), ainsi que l'étude de l'in�uene de la roissane depoussières sur la forme et le omportement du nuage de poudres (void et instabilités),� La synthèse d'aérosols analogues aux tholins de Titan et aux grains interstellaires enhimie arbonée,� Le ontr�le de la taille des nanoristaux de siliium via la modi�ation de la tempéra-ture du gaz dans la déharge.Un ertain nombre de résultats s'est dégagé de es di�érentes études. Jusqu'à présent,les di�érentes phases de formation des poussières en plasma d'argon/silane étaient relative-ment bien identi�ées à l'aide des mesures életriques. Cependant, le démarrage exat dela phase d'agrégation des nanoristaux n'était pas enore lairement loalisé. Or, il s'agit185



Conlusiond'un point apital pour la synthèse de nanopartiules monoristallines non-agglomérées,puisqu'il est néessaire de les déposer avant le début de leur agrégation dans le plasma.Nous avons montré, grâe aux mesures életriques et à l'analyse au MEB et à l'AFM dedi�érents dép�ts, que le début de l'agrégation provoquait une instabilité du plasma. Cetteinstabilité, lairement identi�able sur les aratéristiques életriques de la déharge, s'avèreun exellent repère du démarrage de la phase d'agrégation. Grâe aux dép�ts réalisés avant,pendant et après l'instabilité, nous avons démontré que le démarrage de l'instabilité orre-spondait exatement à l'agrégation des premiers nanoristaux. Cette instabilité s'est avéréetrès omparable à elle observée par Desoeudres et al [74℄ dans les gaz életronégatifs, etexpliquée par Nighan et Wiegand [73℄.Cette étude nous a de plus permis d'a�ner la alibration du diagnosti életrique Vdc/3Hréalisée au ours de la thèse de M.C. Jouanny. A l'heure atuelle nous savons qu'avantl'instabilité, les poudres sont monoristallines (ubique fae entrée) de 2-3 nm de diamètreà température ambiante [39℄. Leur forme semble sphérique et leur densité augmente pendantla phase d'aumulation jusqu'à atteindre la valeur ritique (1011 − 1012 m−3) permettantle début de l'agrégation [9℄. Après l'instabilité, il ne reste plus de monoristaux dans leplasma. Les poudres sont onstituées de monoristaux agglomérés. Leur taille augmentede 5 nm au début de l'agrégation jusqu'à environ 45 nm à la �n de ette phase [81℄. Lespoudres sont alors polyristallines, en forme de hou-�eur et présentent une grande surfaespéi�que.La roissane de poussières dans la déharge est un phénomène ontinu et ylique.En e�et, tant que l'on fournit du silane dans la déharge, le plasma est le siège de réationsphysio-himiques menant à la formation de poussières, et provoquant ainsi l'apparition degénérations suessives de poussières en ontinu. De e fait, le plasma n'atteint jamais unétat stable et permanent, mais osille en permanene entre un état où les onditions deformation sont favorisées et un état où le plasma ontient un nuage dense de poussières.Le phénomène de générations suessives de poussières est bien onnu, en gaz réatifs eten pulvérisation, et dans di�érentes himies. Il est le plus souvent lié à la présene d'unerégion vide de poudres au sein du nuage (le void), dans laquelle roît la nouvelle générationde poussières. Cependant, la présene d'un void n'avait jamais été mise en évidene dansle as d'un plasma poussiéreux on�né spatialement.Grâe à la orrélation de trois diagnostis (életrique Vdc/3H, di�usion de la lumièrelaser et spetrosopie optique d'émission), et en faisant l'hypothèse d'un void dans notreplasma, nous avons pu fournir une expliation détaillée des phénomènes omplexes de rois-sane de générations suessives de poussières en argon/silane. Nous avons notammentmontré que la roissane de es nouvelles générations se base en permanene sur l'équilibreentre les poussières nouvellement formées et les aniennes expulsées du plasma, qui in�uediretement sur la densité d'életrons libres dans la déharge.186 Marjorie Cavarro



ConlusionNous avons par la suite validé expérimentalement l'hypothèse de la présene d'un voiddans le nuage de poussières. L'imagerie vidéo a mis en évidene une zone d'ionisation plusintense (aratéristique d'un void). Parallèlement, des dép�ts résolus spatialement ont misen évidene la forte inhomogénéité du nuage de poudres, ave notamment la présene detrès petites poudres au entre et elle de grosses poudres au bord du plasma.La région de void mise en évidene semble instable au ours de la roissane des généra-tions suessives. Pendant la partie du yle dominée par l'expulsion des grosses poudres, levoid paraît osiller de façon peut ordonnée, tandis que lors de la phase dominée par la rois-sane de la nouvelle génération, le void semble osiller de façon très ordonnée. L'analysespetrale des signaux életrique et optique met en évidene un shéma de développementextrêmement omplexe, impliquant plusieurs branhes de fréquenes évoluant di�éremment.Cette instabilité semble intrinsèquement liée aux générations suessives de poudres.D'autres phénomènes d'instabilité liés à la roissane de poussières ont été étudiés enparallèle sur le dispositif PKE. Nous avons notamment mis en évidene que la roissanede la première génération de poussières, réées par pulvérisation, engendrait une instabilitédu plasma. Cette instabilité, au spetre très omplexe, se déroule en sept étapes laire-ment identi�ées sur les signaux életrique et optiques. Les di�érenes de omportemententre le signal életrique (intégré) et les signaux optiques (résolus spatialement) soulignentl'impliation de phénomènes loaux. A�n d'élairir e dernier point, une étude par amérarapide a été réalisée et les données sont atuellement en ours de traitement.Un dernier phénomène d'instabilité du void a été étudié sur le dispositif PKE : l'instabilitéouramment appelée heartbeat, qui onsiste en une série de ontrations et d'expansions duvoid. La orrélation entre les signaux életrique et optiques tend à prouver que ette in-stabilité est due à la propagation d'une onde d'ionisation au sein du plasma. Nous avonsde plus mis en évidene la période d'amortissement (sous forme de pis avortés dans lessignaux) qui préède l'arrêt total du heartbeat. Les transitions de n à (n + 1) pis avortésont lieu sans auun signe préurseur. Chaque pi avorté orrespond à une ontration in-omplète du void, qui semble due à une perte d'énergie progressive de l'instabilité.Les di�érentes instabilités que nous avons étudiées présentent des shémas de développe-ment omplexes liés à la fois à la formation des poussières, au omportement du nuage et/ouà la région de void. Une étude bibliographique omplète, ouplée à nos résultats expéri-mentaux, montre que les phénomènes d'instabilités et de void se retrouvent dans de trèsnombreux plasmas poussiéreux, quels que soient la himie, la géométrie, l'origine des pous-sières, le �ux de gaz, l'exitation rf et les onditions de gravité. La omparaison de touteses données met en lumière le aratère intrinsèque des instabilités et du void aux plasmaspoussiéreux. Cependant, ette étude néessiterait d'être étendue à d'autres déharges a�nde véri�er l'in�uene notamment du type d'exitation sur es phénomènes.
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ConlusionLa maîtrise des proédés de synthèse de poussières par plasma froid permet d'envisagerde synthétiser des poussières omparables à elles issues de l'espae, et di�iles à ramenersur Terre pour les étudier. Le dispositif expérimental PAMPRE, au Servie d'Aéronomie, aété spéialement onçu en vue de synthétiser des poussières analogues aux tholins de Titanen himie azote-méthane. Ce dispositif est très similaire à elui utilisé au GREMI en himieargon-silane. Une étude omplète, visant à aratériser le plasma, a été menée sur PAMPREà l'aide du diagnosti életrique Vdc/3H. Cette étude paramétrique, en puissane, pressionet dilution, a permis de mettre en évidene un optimum dans la inétique de formation despoussières. Il est partiulièrement intéressant de onstater que les onditions optimales dedilution (2% de méthane dans 98% d'azote) orrespondent aux onditions atmosphériquesde Titan.Des mesures de densités életronique et ionique ont été réalisées sur PAMPRE. Nousavons ainsi montré que la présene de méthane dans la déharge diminuait la densité éle-tronique par un fateur 2 environ, par rapport à une déharge dans l'azote pur. L'évolutionde la densité életronique en fontion de la pression pour di�érentes dilutions a montréun maximum autour de 0.4 mbar et un minimum autour de 0.8 mbar dans tous les as.Ce minimum semble orrespondre à un pi d'e�aité dans la prodution de tholins. Lesmesures de densité ionique par sonde de Langmuir ne se sont pas avérées onluantes dufait de la pollution de la surfae olletrie par un dép�t organique isolant.Des poussières analogues aux grains interstellaires peuvent être synthétisées en himieazote-aétylène dans des onditions de déharge très similaires à elles que nous utilisonsen argon-silane. A�n d'étudier la struture des poussières ainsi synthétisées en temps réel,l'ellipsométrie in-situ de Mie-Rayleigh onstitue un exellent diagnosti. La mise en plaede e diagnosti à l'Institut für Experimentalphysik II s'est avérée très déliate, notammentdu fait de l'alignement des nombreuses optiques requises dans un ellipsomètre à élémentrotatif. Les premiers résultats obtenus ont ependant été très enourageants. Ils nous ontpermis d'obtenir une première idée de l'évolution de la inétique de formation des poussièresen fontion de la dilution et de la puissane injetée. Conernant la struture des poussièressynthétisées, les premiers résultats montrent que plus elles sont petites, plus leur indieoptique est élevé. Elles semblent de plus présenter un noyau dur entouré d'une enveloppeplus tendre. Le travail à e sujet se poursuit atuellement à l'Université de Bohum où ilfait l'objet d'une thèse en ours.Les nombreuses appliations envisageables pour les nanoristaux de siliium néessi-tent de pouvoir ontr�ler e�aement leur taille lors de la synthèse. Des résultats obtenusdans le adre de la thèse de S. Huet tendaient à montrer que les hautes températures de gazavait une in�uene importante sur la taille des ristaux. Nous avons don omplété e tra-vail en menant une étude sur les e�ets des basses températures de gaz sur les nanoristaux.Pour ela, il a été néessaire de mettre au point un dispositif permettant d'abaisser signi�a-188 Marjorie Cavarro



Conlusiontivement la température du gaz dans le réateur. Grâe à une irulation d'azote liquide,nous avons pu atteindre des températures de l'ordre de -40�.Cette étude nous a permis de mettre en avant l'allongement exponentiel du délai deformation des poussières en fontion de la température du gaz. Ce résultat est en bonneadéquation ave la théorie de la nuléation homogène dans les milieux supersaturés, etsemble aussi s'expliquer d'un point de vue himique. De plus, la théorie de la nuléationhomogène prédit une augmentation de la taille des nanoristaux (en 1/T) lorsque la tem-pérature de gaz est abaissée. Les tous premiers résultats expérimentaux obtenus on�rmentette tendane. Des études omplémentaires sont atuellement en ours.Les résultats de es di�érentes études o�rent diverses perspetives de reherhe pourl'avenir. En e�et, onernant les instabilités, ertains phénomènes loaux au oeur duplasma semblent entrer en ligne de ompte. Des expérienes d'imagerie rapide pourraientpermettre d'éluider es omportement et de mieux appréhender le omportement à la foisdu plasma et du nuage de poudres. De plus, l'utilisation d'autres types de déharges (notam-ment en terme d'exitation életrique) pourrait permettre de onlure quand à la possibleuniversalité de la région de void et des instabilités liées à la présene de poudres, dans lesplasmas poussiéreux.Les premiers résultats obtenus sur la taille des nanoristaux en abaissant la tempéra-ture de gaz sont extrêmement enourageants. Ce paramètre semble partiulièrement adaptépour ontr�ler e�aement la taille des nanoristaux lors de leur synthèse en phase plasma.Une étude plus approfondie permettrait de on�rmer es premiers résultats et d'explorerdes gammes de températures plus étendues.
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Self-excited instability occurring during the nanoparticle formation
in an Ar–SiH4 low pressure radio frequency plasma
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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 �Vdc�. 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 systems
1

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 �SiH4� 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
2,3

and experimental
4,5

studies have

dealt with the detection and dynamics of particles in silane

mixture discharge. In particular, Boufendi et al.
6

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.
7

This material consists of nanom-

eter size silicon crystallites embedded in a hydrogenated

amorphous silicon matrix
8–10

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.
11–14

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.

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 �Vdc�. This diagnostic has been shown to be able to

follow the particle formation and growth in different chem-

istries such as silane or methane.
15

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.

II. EXPERIMENTAL SETUP

The experimental setup used to carry out the plasma

analysis has already been described in detail in previous

papers.
5,16,17

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 0 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 toa�
Electronic mail: marjorie.cavarroc@univ-orleans.fr
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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 �Vdc�.

III. RESULTS AND DISCUSSION

In previous experimental and theoretical works,
4,18,19

it

has been shown that particle formation in Ar–SiH4 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 Vdc 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, Vdc 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

Vdc 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 Prf=6 W and QSiH4

=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-

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

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.

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.

FIG. 3. �Color online� Time evolution of the frequency of the instability.
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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 �p. 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 �pd

=�Qp
2Np /�0mp where Qp and Np are, respectively, the par-

ticle mean charge and the particle density. Assuming Np to be

the critical particle density �1012 cm−3�,6 Qp�10−3e, and

1 nm�rp�2 nm for silicon particles,
2

we get 1 kHz� fpd

�3 kHz �assuming fpd=�pd /2��. 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 ��−�� 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/SiH4 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 �QSiH4

=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

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 rp and Np are constant whatever the injected power is,

then �pd is proportional to the particle charge Qp. 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 �−�� 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

FIG. 4. �Color online� Time evolution of the self-bias voltage vs the injected

power.

FIG. 5. �Color online� Beginning and duration of the instability as a func-

tion of the injected power.

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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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 �bars� with

respect to the total pressure �p�120 �bars�. 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

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.
21

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

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.

FIG. 8. �Color online� Beginning and duration of the instability as a func-

tion of the silane flow rate.

FIG. 9. �Color online� Frequency at the beginning and at the end of the

instability as a function of the silane flow rate.

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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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 �1011–1012 cm−3� 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

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.

FIG. 11. �Color online� Beginning and duration of the instability as a func-

tion of the gas temperature.

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.

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.

FIG. 14. �Color online� Time evolution of the frequency of the instability in

the particular case.
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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.
26,27

The main parameters responsible for

these instabilities are the electron temperature Te and density

ne. 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,

R =
�ka/�Te

�ki/�Te

� 1, �1�

where ka and ki are, respectively, the attachment and ioniza-

tion coefficients.
26

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 1011–1012 cm−3.
6

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 ne 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

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 ka increases while ki re-

mains constant ��ki /�Te→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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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/SiH4 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
1

as well as astro-

physical concerns.
2

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.
2

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,
3

or used for single electron device fabrication.
4

Many

theoretical
5,6

and experimental
7,8

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,
7,10,11

the

way particles grow has been brougth to the fore. The dust

particle formation in Ar–SiH4 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

�Vdc�.
11

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.
12

Thus, in a pure

argon plasma, the amplitude of 3H and Vdc remains constant

in time. When silane is added to the the mixture, i.e., in a

dust forming plasma, Vdc and 3H show a time evolution due

to the formation and growth of dusts in the discharge. The

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
14

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

a�
Electronic mail: marjorie.cavarroc@univ-orleans.fr

FIG. 1. �Color online� Time evolution of the amplitude of the discharge

current third harmonic in a dust forming plasma.
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power can be varied from 0 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.
13

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.

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/SiH4 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 1011–1012 cm−3 at room temperature.
11

Thereby,

just before the instability the single-crystal silicon nanopar-

FIG. 2. SEM images of the samples deposited �a� just before, �b� at the

beginning of, �c� during, and �d� after the instability.
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.

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 gases.
13,16,17

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 m2 g−1 �Ref. 18�� that can be of in-

terest for applications in catalysis.

The authors would like to thank M. Dudemaine, S. Do-

zias, M. Vayer, T. Baron, and K. Aissou for technical support.
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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
1–3

or by ion bombardment on materials.
4–9

This formation is actively studied due to strong conse-

quences that can arise from the presence of dust in plasma

processing reactors
10,11

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
13

or memories.
14

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.
16–18

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 plasmas
20

�frequen-

cies of few kHz for dust particles of few nanometers� and

also in dusty plasmas produced by sputtering a carbon

target
7,8

�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
7,9,21–23

and its

rotation in a horizontal plane in between the electrodes. The

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,
8,24–33

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.

II. 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 firsta�
Electronic mail: maxime.mikikian@univ-orleans.fr
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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 �m, 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 N2 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 C2, CN, and CH appear and the

C2 molecule seems to be a good indicator of dust

formation.
35

A very high dust density is obtained when base pressure

before an experiment is sufficiently low �few 10−6 mbar�. A

base pressure of few 10−5 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�10−6 mbar. Conse-

quently, unstable conditions depend on gas purity and/or on

dust particle density.

III. 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.
36,37

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

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.
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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 0 to 100 s inten-

sity has been normalized to its maximum value inside this

time domain and so on�. The same Fourier analysis per-

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�:

• Three ordered phases P1, P2, P3 �from �40 s 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

FIG. 2. �Color online� Instability appearance time as a function of argon

pressure.

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.

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.
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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

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

FIG. 5. �Color online� First three ordered phases of DPGI and transition to

a chaotic regime.

FIG. 6. �Color online� Transitions between the first three ordered phases

observed on electrical measurements.

FIG. 7. �Color online� Transitions between the first three ordered phases

observed on optical measurements performed near the plasma edge.
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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,
7,8

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

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
8

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

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�.

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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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 t=294 s. From these

experimental results it can be assumed that this high-

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-

FIG. 10. �Color online�. Fourier spectrum of the first chaotic regime on �a�

electrical measurements, �b� central optical fiber measurements

FIG. 11. �Color online� �a� Appearance of the high-frequency phase in be-

tween two chaotic regimes. �b� Zoom of �a�.

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.

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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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

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 phases
40

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.

FIG. 14. �Color online� Electrical measurements corresponding to the final

regular oscillation phase.
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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 particles [1]–[6] 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 [7, 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 (SiH4) [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 formation [17] 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 films [18]. Single 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 (CH4) [21]–[23] or acetylene
(C2H2) [21, 22, 24, 25] has also been studied. Indeed, CH4 and C2H2 are used for deposition
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of diamond-like carbon (DLC) films [26] or nanocrystalline diamond [27] 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 nitrogen [28].

Another process for dust particle production is material sputtering [29]–[32]. This
phenomenon can appear in industrial reactors and also in fusion devices [33] like Tore
Supra [34] 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 ‘void’ [7, 31, 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 [36, 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 particles [49]–[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 signals [51,
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 chamber [8, 32].
The plasma is produced by a capacitively coupled radio frequency (rf ) discharge operating
in push–pull mode at 13.56 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 pressure of 1.6 mbar and
the plasma is ignited with a rf power of typically 2.8 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 90◦ with different magnifications. The third one looks at the cloud with an
angle lying approximately between 20◦ and 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 density [49].

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 observed [49], some 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 560µs. 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 contractions [51, 52] 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 alsomovie 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 instability [49]).

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 figure1. Some extracted images from the first sequence
are shown in figure1(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 figure1(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 thex-axis and column profile is given in they-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 approximately 2.5 times 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 figure1,
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, figure1(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 in figure1, checking
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 figure1(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 figure2(a). 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 figure1(a). For comparison, the same
ellipse as in figure1(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
figure2(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 figure1 has a maximum extension bigger than the stable void. In fact,
the first image showing the glow increase is image 10 in figure2(b), 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 figure2(a)). Certainly due
to dust particle inertia, the void continues to shrink (figure1(a)) 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 figure1(a)), the contraction stops and expansion occurs.
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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 figure1 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. Figure3 shows 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 figure3(c) it 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 alsomovie 2,
2.3 MB).

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 section4,
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 (figures3(a) and (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
figures1 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 figure4(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 in figure4(b). This
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 (figure1), this region has been identified to consist
of dust particles going back to their original position. In the high repetition rate case, the new

New Journal of Physics 9 (2007) 268 (http://www.njp.org/)

http://www.iop.org/EJ/mmedia/1367-2630/9/8/268/video2.mpg
http://www.njp.org/


9

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
figure4(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
figure4(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 [51, 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 in figure5 where
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 last image, it appears that the plasma glow enhancement affects a region bigger than
the void size and correlation with the corona region well observed in figure1 can 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 figure6(a). For
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 particles 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 figure5 with central plasma glow
evolution superimposed (blue curve corresponding to line 95 of figure6(a)),
(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 figure5) 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 measurements [52].
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 boundaries [49, 51]) and that
are inaccessible through the analysis presented in section3.

4.1. Sequences with a low repetition rate

The total plasma glow recorded by fast imaging during a contraction–expansion sequence is
shown in figure7(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 figure7(b). 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
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Figure 8. (a) Line profile (in false colours from dark blue to red) calculated from
the image series presented in figure7; (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 figure8(a) and magnified in figures8(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 duration. Figure8
shows an instability frequency of about 3 Hz. In between each sequence, original conditions
have time to be restored. From figures8(b) 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 observed [51, 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. Figure8 confirms 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 figure7 with 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 figures9(a) 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 (figures9(c)–(e)) extracted from figure9(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 figures5 and 6. The corresponding video is presented in
figure 10 showing three successive contraction–expansion sequences. Images extracted from
one sequence appear in figure10(a). Figure10(b) is obtained from figure10(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 (figure11). 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 alsomovie 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 figure10; (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 section3. Furthermore, 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 figure11(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 (figure9). This sharp peak is an interesting feature
already observed but not fully explained. Indeed, in [49], 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 figure11: (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 figure10. Previous
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 750.4 nm. Further results with five optical fibres
(also used for characterisation of dust particle growth instabilities [53]) and integrating all
plasma wavelengths gave similar results [51] but 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 figure12 by direct comparison of (a) electrical
measurements, with data extracted from figure11: (b) central line profile (i.e. physically
corresponding to central pixel variation), (c) middle position line profile (i.e. variation of a pixel
in the glow reversal zone) and from the video in figure10: (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 in figure12(c).
Finally, the sharp peak region is well understood thanks to figure11(b) and figure12(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 figure12(e)–(h). Here, the edge fibre (figure12(h)) observes the
region corresponding to the middle line profile of figure12(c). 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 figure1). 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 particles 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.
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Nucléation, croissance et comportement de poussières 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 dépôt de couches minces et la synthèse de nanoparticules aux propriétés maîtrisées. 

L'objectif de cette thèse était de synthétiser des poussières de taille et/ou composition chimique connues 

en vue d'applications en microélectronique, photovoltaïque (nanocristaux de silicium) et astrophysique 

(tholins, ISD grains). 

La localisation et l'étude du démarrage de la phase d'agrégation des nanocristaux, par l'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 poussières a été menée dans deux décharges différentes. Elles ont mis en 

évidence la forte influence de la croissance des poussières sur le plasma et sur le nuage, et d'optimiser nos 

paramètres de dépôt 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 paramètres pour synthétiser des tholins (aérosols analogues 

de Titan). Par ailleurs, l'ellipsométrie in-situ de Mie-Rayleigh en chimie Azote/Acétylène nous a donné 

certaines informations sur les analogues de poussières interstellaires synthétisés (structure, indice optique). 

Finalement, l'effet des basses températures de gaz a été exploré afin d'augmenter la taille des nanocristaux de 

silicium. Différentes hypothèses (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, poussières 

 

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 
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