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Abstract

The research effort in the area of dusty plasmas initially aimed at avoiding particle formation and controlling the contamine
tion level in industrial reactors. Nowadays, dusty plasmas have grown into a vast field and new applications of plasma-proces:
dust particles are emerging. There is demand for particles with special properties, and for particle-seeded composite materi
Low-pressure plasmas offer a unique possibility of confinement, control and fine tailoring of particle properties.

The interaction between plasma and injected micro-disperse powder particles can also be used as a diagnostic tool
the study of plasma surface processes. Examples for determining the electric field in front of electrodes and for determinil
the particle charge are given as well as for obtaining information on the energy fluxes in the plasma. (Int J Mass Spectrc
223-224 (2003) 313-325)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Nowadays, dust particles are not anymore consid-
ered as unwanted pollutants. Some positive aspects
The interest in the field of plasma—patrticle interac- of dusty plasmas have emerged and they have even
tion in respect to dusty plasmas has grown enormously turned into production goods. Powders produced using
during the last decade. At present, the interest is due plasma technology have very interesting and poten-
to applied research related to material science andtially useful properties, e.g., very small sizes (hanome-
surface processing technolod$—7] and, recently, ter to micrometer range), uniform size distribution, and
also in respect to plasma diagnosti&-10]. But chemical activity. Size, structure and composition can
powder formation has also been a critical concern for be tailored to the specific requirements, dependent on
the micro-electronics industry, because dust contami- the desired applicatiof8,5,13,14]
nation can severely reduce the yield and performance There are several links between dusty plasma
of fabricated devices. Sub-micron particles deposited physics and material science. In the light of the ap-
on the surface of process wafers can obscure deviceplications, two major trends can be distinguished in
regions, cause voids and dislocations, and reduce theapplied dusty plasma research. The first one is similar

adhesion of thin filmg$11,12] to the well-established surface modification technol-

ogy, except that now the surface of dust particles is
* Corresponding author. the subject of treatment. The aim is to tailor particle
E-mail: kersten@physik.uni-greifswald.de properties for specific purposes. Here one can think
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of coating, surface activation, etching, modification, trapping is due to the balance of the forces acting on
or separating of clustered grains in the plasma. In the particles. However, trapping capacity of a plasma
this type of processing, particles are either grown in is quite limited. Good confinement is obtained only
the plasma or they are externally injecfdd—17] A in a rather narrow range of external plasma parame-
second important trend in applied dusty plasma re- ters (e.g., pressure, power input, gas flow) which does
search is the incorporation of dust particles in plasma not necessarily match the optimal conditions for the
enhanced chemical vapour deposition (PECVD) en- technological treatment of dust particles.

vironment. By this way, new materials are obtained  The equilibrium net charg® of a powder parti-

by seeding of thin films with dust particles. Espe- cle, which is already reached after a very short time
cially nanostructured materials, like thin films with (~107s), is a consequence of the charge carrier
an inclusion of nanometer size particles, are a hot fluxes and their surface interaction at the particle sur-
topic in material sciencfl8,19] Naturally, advanced face. InSection 5a simple model for particle charging
treatment of particle surface as well as handling of on the basis of plasma-surface interaction is provided.
powders in PECVD reactors requires a good control ~ Under typical experimental conditions, where
of particle properties. the diameter 2, of the particles £10°%m) is al-

It is obvious that fundamental knowledge of plasma ways small in comparison to the Debye length
interaction with particle surfaces must be available to (~104m) and the mean free pattnmp(~10~ 2m),
optimise the various applications and to support the in- the orbital motion limited (OML) theory for a spheri-
dustrial developments. These interaction mechanismscal particle hold$30]. The electron flux densitye for
have been studied in a more basic research field ofa Maxwellian electron energy distribution function
dusty plasmas in relation to astrophysics and Coulomb (EEDF) can be calculated by:
crystallisation[20—24] The astrophysical questions
are related, for example, to the formation of stars in e = 76 KTe ex <—€0Vbia8) 1)
interstellar cloud$25] or processes in cometary tails 2mme KTe
and planetary magnetosphef2s,27]

The interaction between plasma and injected
micro-disperse powder particles might also be used . KT; ¢oVbias
as a tool for the study of plasma—wall processes in Ji = ni N~ <1+ KT, >
technological applications of low-pressure plasmas,
such as thin film deposition or etching. The idea to wheren, is the electron density,; the ion density7e
employ powder particles as a kind of micro-probes the electron temperaturd; the ion temperaturene
has been triggered, for example, by the basic researchthe electron massy; the ion massk the Boltzmann
on the particles of plasma crystdi23,29]. constant andg the elementary charge.

In the present paper, some issues related to applica- Since dust grains are small isolated substrates in
tions of particle processing in plasma will be reviewed, a plasma environment, they rest always at floating
and the potential of dust particles in a plasma for the potential Vi and it is Vpias = Vpi — Vi (Vpi: plasma
use in plasma diagnostics will be summarised. potential). As electrons are much more mobile than

ions, the grain surface collects a negative charge, re-

pelling electrons and attracting positive ions until a
2. Plasma—particle interaction stationary state is reached. In this equilibrium state the

electron and ion flux densities towards the particles

If dust particles are injected into a plasma, they be- are equalje = ji. As aresult, the net charge = Zey
come negatively charged by the currents towards the of a micron-sized particle can be in the order of a few
particles and can be confined in the discharge. The thousands of elementary charggs In principle, the

while the ion flux densityj; may be obtained by:

@)
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chargeQ on a micro-particle can be obtained by equat- interactions, and particle behaviour is determined by
ing the fluxes of electrons and positive ions towards the gas flows, turbulence, thermal gradients and gravita-

particle surface and their recombination, Segtion 5 tion. Basic knowledge of fluid dynamics and aerosol
However, in reality for non-Maxwellian EEDF the physics is to some extent applicable to low-pressure
current balance becomes more difficf8il]. Several laboratory plasmas, too. In a study of dust particles

authors have studied both theoretical and experimen-in plasmas, some of the above mentioned interac-
tal aspects of charging the dust grains in capacitively tions are taken into account, others are neglected or
coupled rf discharges, see for exam[#18,32—37] modified, and few specific plasma-related forces are
However, the above approach holds only for rel- introduced[3].
atively large objects, which are able to absorb the These forces, which have been discussed exten-
incoming fluxes of charged species. For nanometer sively by several authors, are the gravitation, the
size particles, which are merely macromolecules, one neutral and ion drag, thermophoresis and photophore-
has to consider specific cross-sections for electron/ion sis [39—-41] But only some of these forces will play
capture. Therefore, one cannot a priori predict the a role in laboratory plasmas. Commonly, the electro-
charge of an arbitrary nanometer particle, and charge static field and the gravitational force are important.
fluctuations for these objects are comnia8]. The superposition of both effects results in a parabolic
The charged particles interact with the electric field potential trap[42]. It should be mentioned that the
in front of the electrodes or walls, respectively, and contributions to the force balance of the particles can
they are often observed as levitated dust clouds form- be additionally influenced by external effects like
ing rings or domes in the high-potential boundary strong laser radiatiof43,44] temperature gradients
regions of a plasma. The electrostatic force has to be by heating of the surrounding wall45], or magnetic
balanced by various other forces in order to confine fields[46].
the particles. In laboratory plasmas, Coulomb interactions of
Understanding particle behaviour in plasmas is the charged particles with electric fields in the plasma
base of both fundamental and applied dusty plasma provide the uniqgue mechanism of dust trapping. The
research. Detailed knowledge of forces acting on Coulomb force:
particles and particle motion is necessary to pro-
ceed in astrophysical studies, and/or in analysis of
wave phenomena. This knowledge is also applied in where Ej is the local electric field, is therefore the
surface-processing reactors to determine the responsesnost interesting force acting on the particles. In
of particles to varying external plasma parameters, plasma regions with uniform free charge density, the
and the position of the particles with respect to the Coulomb force can be simply expressed as ‘vacuum’
processed surface. All these problems have to beforce. Although a charged particle in the plasma de-
considered while aiming at reducing surface contam- velops its own sheath (so-called ‘dressed particle’),
ination, or while attempting to produce or to process this sheath does not screen an external electric field.
particles in plasmas. When the ‘dressed particle’ is present in a region with
Neutral gases containing a suspension of particles charge density gradients (plasma sheath), additional

are well known and thoroughly described objects. polarisation forcer, emerges, due to deformation of
The most common systems are atmospheric aerosolsthe sheath around the particle:

for example combustion/disposal gases, nebulae and 2
volcano clouds. Such aerosols typically contain large Fp= (Zi)v_”e
particles, ranging in size from a few to a few hun- 16meoip ne
dreds of micrometers. At atmospheric pressures fluid where Ap is the Debye lengthip > rp) and g
models are often applied to describe the gas—particle marks the dielectric constant. Generally,/Fc is

Fc =ZeyEp 3

(4)
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in the order ofry/Ap. Therefore, polarisation effects The balance of the different forces acting on the
may be neglected3] and a vacuum force can be particles is doubtless the essential issue for their trap-
taken also for particles in the vicinity of the plasma ping in the plasma boundary regions as well as for
sheath. This problem was treated in detail by Ham- the removal out of sensitive plasma regions. Vice
aguchi and FarouKé7] and by Daugherty et aJ40]. versa, by observing the position and movement of
Typical electric fields in the plasma sheath are in the the particles in dependence on the discharge parame-
order of 1@ V/m. Under the simplified assumption ters, information can be obtained on the electric field
of a spherical capacitd3], the particle charg&ep in front of electrodes and substrate surfaces—which
is proportional to the radiusy (Z ~ 10°’rp, where gives the opportunity of a rather new diagnostic tool
rp is in micrometers) and the Coulomb force is about [8,9,29] as it will be illustrated inSection 5
10‘13;6p (in Newton). This makes Coulomb repulsion In addition to charging and trapping, the powder
the most important interaction, which prevents the particles also undergo a thermal power balance which
particle from falling onto the surface. During dis- takes into account the several energy fluxes arriving
charge operation particles seek regions with lower at and leaving from the particle surface. The different
electric fields, and typically they remain suspended at contributions may include kinetic energy of electrons
the edge of plasma glow and sheath. and ions, ion recombination energy, heat of chemi-
The ion drag forceF;j, acting on particles in a  cal reactions at the surface, thermal conduction, and
pre-sheath of a low-pressure radio-frequency plasmaradiation. Measurement of the particle temperature
is in the order of 101 to 10732 (in Newton) ¢p T, yields valuable information about these different
is in micrometers), dependent on the ion dengsfly fluxes. Thus, the particles can also be used as micro-
lon drag pushes the particles towards the surface, scopic thermal probed.0,48]
contrary to the Coulomb force. Sindg scales aﬁg
and Fc asryp, particles present in the pre-sheath may
fall onto the surface during plasma operation when 3. Disturbing side effects of dust particles in
their size exceeds a few micrometers. It has been ob-process plasmas
served that trapping of micrometer-sized particles is
possible only at low plasma power levels, when the  “Almost all surface processing technologies are
ion density is below 18 m~3. Failure of confinement  concerned with particle-induced failures, which has
at higher powers might be due to the action of the ion been well known for ages in micro-electronics indus-
drag force. try. The fact that plasma processes, heavily implied in
Concluding, electrostatic interactions due to the par- semiconductor device processing, could be involved
ticle charge lead to a unique situation. The behaviour in inducing dust problems in manufacturing tools has
of charged dust in a low-pressure medium under the been one of the major inputs for the development of
influence of the electrostatic and ion dynamic forces many basic and technological studies devoted to dusty
is different than in other systems containing particles. plasmas”[3,12]. Especially in plasma-enhanced dry
Particles levitate in the plasma glow, repelled from the etching of semiconductors, the industry has always
surface by the Coulomb force. However, forces that to fight against problems of surface contamination
remove the particles from the glow have a stronger de- by dust. It is obvious that small particles, which fall
pendence on the particle size than the Coulomb force onto the wafer surface during plasma treatment and
(Fc ~ rp). Thus, when the size exceeds a certain limit, stick in the wafer trenches, can cause defects and,
particles can deposit on the surface because of ion draghence, make the integrated circuit chips useless. The
(rg), gravitation (rg’) and thermophoresisﬁ) (but the fact that the size of plasma-etched structures has de-
direction depends on the temperature gradient), or be creased down to the sub-micrometer range and will
evacuated from the reactor by the gas floﬁb (3] be reduced to below 100 nm in the near future implies
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the importance for avoiding ‘killer particles’ down [56] photo detachmenf53,57] IR absorption[58],
to the nanometer region. The problems become evenmicrowave cavity measuremerjts3], Mie scattering
more important by using modern processes as induc-[59], and self excited electron resonance spectroscopy
tively coupled plasma (ICP) where the electric field (SEERS)[9,60]. The generated particles can be anal-
in front of the substrates is rather weak and the parti- ysed by transmission electron microscopy (TEM).
cles can easily reach the surfaces. It is not surprising Examples for generation of particulates from the
that the main goal of early dusty plasma investiga- surrounding surfaces are reactive ion etching (RIE)
tions was to obtain a good control of contamination [61,62] surface sputtering of targef63,83], vacuum
in plasma-processing reactors, either by eliminating arc deposition64-66] and in hollow cathode pro-
dust particles from the gas phase or by preventing cesse$67].
them from getting into contact with the surface. As a In order to minimise the influence of dust particles
result of numerous elaborated studj@gto-51] dust in thin film deposition and etching, it is important to
contamination by relatively large (>100 nm) particles develop either new processes avoiding dust generation
is at present under control. or to develop process cycles in dusty plasmas without
The sources of particle contamination during the contamination at the relevant substrate regions, which
plasma surface processes are: are sensitive against dust fallout. This means an active
influence on the collection of particles as well as their
trapping behaviour and their movement, respectively.
There exist several chances of such active influences,
for instance:

o formation of large molecules, mesoscopic clusters
and particles in the plasma by chemically reactive
gases, and

o formation of macroscopic particles at surfaces by

means of plasma—wall interaction. . :
P e intelligent arrangement of electrodes and substrates

The plasma process itself promotes the particle for-  [68],

mation by excitation, dissociation and reaction of the e construction of special electrode shapes (‘grooved’
involved species in the gas phase. Typical examples electrodes]49,50,69]

are plasma polymerisatiofp2] and thin film depo- e square wave plasma modulatipfD,71]

sition in silane-containing PECVD processes. The e fast transport regimes of the reactive spe¢i,
formation of particles proceeds via three steps as it e additional electrostatic forces by an external poten-
has been described j62,53,55] The different stages tial supply[73,74]

of the particle growth in the plasma can be observed e additional other forces based on neutral drag (gas
by mass spectrometfit5], laser-induced evaporation flow) or thermophoresis (temperature gradient) by

Fig. 1. A compact cloud of Si@powders ¢1um) confined in an argon rf-plasma & 10Pa, P = 5W) (left) has been separated and
stored in rings in different grooves of an aluminum plate which has been placed onto the rf-electrodgG@ight)
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external heating45,75], or photophoresis (laser ir-
radiation)[43].

For example, the basic idea for the introduction of
square wave plasma modulation with ‘on-off’ cycles
is that the small and negatively charged dust precur-
sors are not allowed to grow in size and concentration
during the ‘on’ sequence and leave the plasma volume
during the ‘off sequence. By taking into consider-
ation the characteristic times for both sequences the
optimal modulation frequency should be in the order
of a few kilohertz[3,84].

Another approach in order to avoid dust formation
is to develop a fast transport regime of the species, so
that particles would not have the possibility of growing
during their flow through the reactr2].

The introduction of special electrode shapes and ad-
ditional forces will result in changes of the equilibrium
planes where the dust particles are trappeid.(2).

By means of these peculiarities the particles can be
actively pushed towards regions in the reactor where
their presence is not dangerdus].

4. Formation and modification of powder
particles in a plasma for different industrial
applications

In contrast to the disadvantages of dust particles
in plasma, as mentioned in the last section, particles
which are produced and/or modified in plasma can
also have valuable properties for specific applications.
In particular, the increased knowledge and ability to
control particles in a plasma environment has recently
led to new lines of technological research, namely the
tailoring of particles with desired surface properties.

Present and potential applications of plasma-treated
particles are numerous as it will be given in the fol-
lowing points:

e treatment of soot and aerosols for environmental
protection[76],

e powder particle synthesis in higlfif7,92—94]and
low-pressurg54] plasmas,

e illumination technology, cluster lam78],

H. Kersten et al./International Journal of Mass Spectrometry 223-224 (2003) 313-325

e enhancement of adhesive, mechanical and protec-
tive properties of powder particles for sintering pro-
cesses in metallurgy’9,89],

o fragmentation of powder mixtures in order to sort
them[73],

e improvement of thin film properties by incorpora-

tion of nanocrystallites for amorphous solar cells

[18] and hard coatingE0,81],

coating of lubricant particleg8],

e application of tailored powder particles for chemical
catalysis,

o functionalisation of micro-particles for pharmaceu-

tics and medical application,

production of colour pigments for paints,

e improvement of surface protection against corrosion
of fluorescent particlef82,90,91]

e tailoring of optical surface properties of toner par-
ticles[14], etc.

The different methods for particle production, modi-
fication and application as well as their various possi-
bilities of employment are schematically summarised
in Fig. 2

Particle production can start in the plasma using
a reactive gas mixture. Alternatively, particle forma-
tion can be initiated by external sources. Armand
et al. [85] reported formation of fullerene clusters

(high pressure) /'
e — process

process gas

micro-disperse

— plasma injection particles
(low pressure)
-
o o~
o g
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Fig. 2. Different ways of particle treatment in process plasmas
[68].
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by irradiation of various hydrocarbon gases at atmo-
spheric pressure with a GQaser ¢ = 10.6 um). In
case of an infrared laser, particle formation occurs

by non-resonant heating and pyrolysis of the gas.

High-purity ultra-fine SiC powders can be synthe-
sised in a laser-driven discharge in I8,H, mix-
tures at atmospheric pressuf@§]. In low-pressure
plasmas the third harmonics of the Nd:YAG laser
(A = 355nm) was used to initiate particle nucleation

319

Fig. 4, small lubricating Mo$ particles are included

in a hard titanium-nitride matrif88]. The resulting
layer will have the hardness and chemical stability of
a TiN layer. However, as the layer wears off during its
lifetime, the embedded MaJarticles will emerge at
the surface and form a lubricating layer. This is the
principle of a self-lubricating hard coating. It is ex-
pected that introduction of such nanostructured layers
for coating of heavy-duty mechanical tools on the in-

in a low-pressure radio-frequency methane discharge dustrial scale will bring huge economical benefits, for
[87]. In the studied conditions (low-power plasma existing as well as novel process technologies and ma-
at 70 Pa), spontaneous gas-phase nucleation in CH terials. In addition, there will be large environmental
plasma was not observed. The high-power UV laser implications, as mechanical processing will become
beam was focused in the plasma and operated at amuch cleaner, safer and more energy efficient.
repetition frequency of 10 Hz, and particles were de-  Since all these materials are prepared under
tected after seconds of such treatment. The clusterslow-pressure PECVD conditions, the new develop-
obtained this way are in the nanometer-size range ment uses the knowledge gained in the studies of
and continued to grow by agglomeration and plasma dusty plasmas. Nanometer size particles are extremely
polymerisation to (exceptionally large) chain-like difficult to handle outside the processing reactor.

structures of some millimeters in sizEig. 3).

Therefore, integrated process of dust particle fabrica-

The plasma-produced particles can be used for tion in the plasma and co-deposition in the layer is

further applications. For example, it is possible to

the most promising technology for the production of

produce composite coatings, where the properties of composite material.

various materials are combined. An example is the

deposition of a wear-resistant self-lubricating coat-
ing. In this process, which is schematically shown in

Examples for the modification (coating, etching) of
externally injected grains have been discussed else-
where[68].

5 mm

Fig. 3. Chain-like structures of polymers grown in a £plasma by UV radiation, afte87].
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embedded particle lubricating
MoS, particle the surface
l lubricating MoS, film }
P ......-..........................................
o ® =
@  TiN layer & @ ® D

‘ substrate (metal)

Fig. 4. The idea of a self-lubricating coating: small grains of lubricant are included in the hard matrix. When the surface is exposed to
friction and wear, small amounts of lubricant are released to form a thin protective film over the surface. Such hybrid coatings are both
effectively lubricated and environmentally clean.

5. Possibilities for using dust particles as
micro-probes for plasma diagnostics

tion of the grain charge) different procedures have
been suggested by several authors, as for example:

e driven particle oscillation about equilibrium by su-
perposition of an external low-frequency voltage
[95],

laser-induced photodetachment of charge and sub-
sequent detection by microwave interference meth-
ods[53] or probeg57],

formation of Mach cones by moving dust particles
[96],

measurement of electron density drop of the sur-
rounding plasma by patrticle injectidf],

The interaction between plasma and injected micro-
disperse powder particles can also be used as diagnos-

tic tools for the characterisation of:
[ ]

e electric fields in the plasma sheath (particles as elec-
trostatic micro-probedp,29],

e energy fluxes in the plasma and towards surfaces®
(particles as micro-calorimeterf)0,48],

e plasma—wall interaction (particles as micro-sub- ®
strates)9,59].

[ ]
By observing the position and movement of the par-
ticles dependent on the discharge parameters, infor-
mation can be obtained on the electric field and the
potential distribution in front of electrodes and sub-

strate surfaces where other plasma diagnostic methods

fail. Hence, powder particles can be used as a kind
of electrostatic micro-probes for the determination of
plasma parameters.

Under typical low-pressure plasma process con-
ditions, on a confined micro-particle mainly act the
gravitational forceFy and the electric field. To trap
such a particle the responding electric field forcg
must have the same value:

Fg=mg = Fe| = QE(z0) (5)

This simple balance equation implies the determina-
tion of the field strength at trapping positiag of the
particles with masg:. But for using this method the
particle chargg) must be known. For the determina-

estimations by model assumptions based on the

particles spherical capacif8] or on the currents
of charge carriers towards the dust graj@§ re-
spectively.

As arather new method for the determination of par-
ticle charge, the decrease of electron densitguring
particle injection should be mentioned shortly. Since
the injection of powder particles into a plasma disturbs
the discharge for a short time until the equilibrium
conditions are reached, the related transient changes
have been observed by SEERS. While the bias volt-
age shows only a slight variation when micro-disperse
powder particles are injected the response of the elec-
tron density is remarkable. As an exampleFig. 5a
typical behaviour ofie during powder injection is pre-
sented. In the undisturbed argon rf-plasma the electron
density shows a rather constant value. If the powder
particles are injected the plasma density drops imme-
diately for a short time. After charging: relaxes again

to the original value. However, the depth and width of
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P=3W I

— T
p=3Pa

1,2x10°

1,0x10°

electron density [cm™]

8,0x10°

time [min]

Fig. 5. Mean electron density during powder injection as measured by SEERS[%(ftd@he units ‘U’ indicate the amount of injected
dust particles. The dashed line marks the density of the pristine plasma.

the electron density drop depends on the amount of in- temporal derivative of the particle enthalﬁy and the
jected dust particles which is indicated as relative units thermal outfluxQoyt:
‘u’in Fig. 5. By knowing the powder densiiy, which . -
can be obtained by light scattering, the acquired charge Qin = Hp + Qout ©
per single dust grain can be determined. The results areln the stationary situation of the particle being sus-
comparable with values obtained by other methods. pended in the plasma';'lp = me(dTp/dt) = 0. The

In respect to the mentioned field measurements, it fluxes Qin and Qo are the surface integrals of the
is even possible to measure not only the static field related energy flux densitie&, andJout, respectively,
strengthE (zp), but also the field gradientididz via over the particles surfacelp: Qin = pr Jin dA,
a driven oscillation method as recently suggested by ¢, = pr JoutdA. In general, for an inert gas plasma
Allen and co-workerg97] by using powder particles  the total energy influx/i is the sum of the influxes
which are confined in the plasma sheath. due to the kinetic energy of electrong) and ions

In addition to charging and trapping the powder (), and the energy which is released when a positive

particles also undergo a thermal power balance which jon recombines at the surface of the floating particle
takes into account the several energy fluxes arriving at (J;e,):

and leaving from the particle surface as kinetic energy

of electrons and ions, ion recombination energy, ther- 7 = Je T Jion + Jrec (7)

mal conduction, and radiation. Measurement of the The kinetic energetic contributiongg J;) of the elec-

particle temperaturd, yields valuable information  trons and ions, respectively, are products of the par-

about these different fluxd40]. ticle fluxes (je, ji, seeEgs. (1) and (2)and the mean
The thermal balance of the particles can be written kinetic energy of the species which is determined

as an equality between the thermal infl@,, the by the EEDF for the electrons and the particles bias
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potential for the ions. In the stationary case, where the wherese ando; are the electron and ion number densi-
particles are heated to their equilibrium temperature ties on the particle. For many conditions the fluxes can
Tp, the energy fluxes are equdly = Jout. Hence, by be approximated b¥gs. (1) and (2)Here je and j;
knowledge of the outgoing flu¥,yt which consists are the current densities towards the particksand

of the thermal conductiody, and the radiation/;ag S; the sticking probabilitiesze and 7; the residence
the total energy flux towards a powder particle can be times of adsorbed particle®). and ®; the fractions
obtained and compared with model calculations for of coverage andgr is the recombination coefficient.

Jin [98]. Of course, in chemically reactive plasmas The temperature dependence of the residence times
also heating terms by exothermic reactions have to be are given as:
taken into consideration. (

The latter issues open new ways for an access to 7 = 7j0 €Xp
study plasma—surface interaction in respect to mea-
surements of the involved mechanisms. In comparison where 7,, denotes the particle temperatufejs the
to conventional plasma diagnostics one has the chanceBoltzmann constantgo andzj are the vibrational pe-
to get additional information by the observation of riods of the adsorbed electrons and i0fgese and
the particles force balance which is immediately in- Egesi the corresponding desorption energies. The neg-
fluenced by the plasma parameters. ative particle charge, finally, is given by the net charge:
Since the charge of the particles confined in a
plasma plays a key role, at the end of this part a sim- Ade = de — 0 =
ple model for its determination based on elementary
mechanisms of plasma-wall interaction will be pre- whereA, is the surface area of the powder particle.
sented. The model for the explanation for charging of ~ The present model was applied to the description for
‘insulated’ dust particles based on studies for insulat- the experimentally obtained charging of MF particles
ing surfaceq99] includes the following elementary in a helium plasm#§28] and to Fe particles in an argon
processes at the surface: adsorption of incoming plasma. The values for the surface data listed in the
charges carriers, deposition of charge carriers, and following table were taken from the literatuj@9] and
surface recombination of the incoming charge carri- in some cases slightly modified.
ers, including the concept of their surface diffusion.

Edesl .
T ) , l=ei (10)

Ao (11)

Modelling of the plasma—particle interaction is per- 1.8x 10%s
formed in the framework of a ‘two-dimensional sur- 1x 10 11s
face plasma’ as first proposed by Emeleus and Coulter S, 0.95
[100]. This means that the ions at the particle surface §; 1.00
are considered to be fixed and the electrons are mov- Egege 0.185eV
ing along the surface by diffusion. In the stationary Egeg; 0.10eV
case, we have an equilibrium between the adsorbed7;, 380---470K
charge carriers and those that desorbed again or re-7y 300K
combine, respectively. Hence, the balance equations To 5 4
of the desorbed particles may be written as follows: R 0.3 Ty cm=s
% — (1— Oo)Sejo— Oe ROe] (®) Fig. 6 shows the results for the calculations of the

dr Te charging of MF patrticles in a helium plasma com-
pared with measurements given[8] dependent on

do; o input power. The model, combined with the appro-

o 1= O)Siji - 5 RO ©) priate coefficients for the recombination, sticking and
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Fig. 6. Measured particle charges of MF particles in a helium plasma (f2&) are compared with calculations based on the suggested
model and the related plasma data (see text).

desorption, describes the ‘shape’ of the measurementsin dependence on the discharge parameters informa-
satisfactorily. In a similar manner, we determined the tions are obtained on the electric field in front of
charge of the iron particles used in our experiments the electrode and on sheath structures. Moreover, the
in the same way to be in the order ¢f = 700, measured heat balance of confined particles provides
which is a reliable value. information on the energy fluxes in the plasma and
towards the surfaces.
All these applications make complex plasmas a
6. Conclusion rapidly expanding field of research in the frontier
between plasma physics, material processing, and
Powder formation, modification and trapping in diagnostics. In the coming decade a large amount
laboratory discharges have received growing interest of novel and exciting developments in fundamental
in the past decade. The unique possibility of dust par- research as well as in technology of powder particles
ticle confinement and control in the gas phase makesin plasmas can be expected.
plasmas to excellent media for particle handling and
treatment. Applications of dust particles are numer-
ous, most of them emerging in modern material sci- Acknowledgements
ence. Established and new technological applications
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