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Plasma–powder interaction: trends in applications and diagnostics
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Abstract

The research effort in the area of dusty plasmas initially aimed at avoiding particle formation and controlling the contamina-
tion level in industrial reactors. Nowadays, dusty plasmas have grown into a vast field and new applications of plasma-processed
dust particles are emerging. There is demand for particles with special properties, and for particle-seeded composite materials.
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 for
the study of plasma surface processes. Examples for determining the electric field in front of electrodes and for determining
the particle charge are given as well as for obtaining information on the energy fluxes in the plasma. (Int J Mass Spectrom
223–224 (2003) 313–325)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The interest in the field of plasma–particle interac-
tion in respect to dusty plasmas has grown enormously
during the last decade. At present, the interest is due
to applied research related to material science and
surface processing technology[1–7] and, recently,
also in respect to plasma diagnostics[8–10]. But
powder formation has also been a critical concern for
the micro-electronics industry, because dust contami-
nation can severely reduce the yield and performance
of fabricated devices. Sub-micron particles deposited
on the surface of process wafers can obscure device
regions, cause voids and dislocations, and reduce the
adhesion of thin films[11,12].
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Nowadays, dust particles are not anymore consid-
ered as unwanted pollutants. Some positive aspects
of dusty plasmas have emerged and they have even
turned into production goods. Powders produced using
plasma technology have very interesting and poten-
tially useful properties, e.g., very small sizes (nanome-
ter to micrometer range), uniform size distribution, and
chemical activity. Size, structure and composition can
be tailored to the specific requirements, dependent on
the desired application[3,5,13,14].

There are several links between dusty plasma
physics and material science. In the light of the ap-
plications, two major trends can be distinguished in
applied dusty plasma research. The first one is similar
to the well-established surface modification technol-
ogy, except that now the surface of dust particles is
the subject of treatment. The aim is to tailor particle
properties for specific purposes. Here one can think
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of coating, surface activation, etching, modification,
or separating of clustered grains in the plasma. In
this type of processing, particles are either grown in
the plasma or they are externally injected[14–17]. A
second important trend in applied dusty plasma re-
search is the incorporation of dust particles in plasma
enhanced chemical vapour deposition (PECVD) en-
vironment. By this way, new materials are obtained
by seeding of thin films with dust particles. Espe-
cially nanostructured materials, like thin films with
an inclusion of nanometer size particles, are a hot
topic in material science[18,19]. Naturally, advanced
treatment of particle surface as well as handling of
powders in PECVD reactors requires a good control
of particle properties.

It is obvious that fundamental knowledge of plasma
interaction with particle surfaces must be available to
optimise the various applications and to support the in-
dustrial developments. These interaction mechanisms
have been studied in a more basic research field of
dusty plasmas in relation to astrophysics and Coulomb
crystallisation[20–24]. The astrophysical questions
are related, for example, to the formation of stars in
interstellar clouds[25] or processes in cometary tails
and planetary magnetospheres[26,27].

The interaction between plasma and injected
micro-disperse powder particles might also be used
as a tool for the study of plasma–wall processes in
technological applications of low-pressure plasmas,
such as thin film deposition or etching. The idea to
employ powder particles as a kind of micro-probes
has been triggered, for example, by the basic research
on the particles of plasma crystals[28,29].

In the present paper, some issues related to applica-
tions of particle processing in plasma will be reviewed,
and the potential of dust particles in a plasma for the
use in plasma diagnostics will be summarised.

2. Plasma–particle interaction

If dust particles are injected into a plasma, they be-
come negatively charged by the currents towards the
particles and can be confined in the discharge. The

trapping is due to the balance of the forces acting on
the particles. However, trapping capacity of a plasma
is quite limited. Good confinement is obtained only
in a rather narrow range of external plasma parame-
ters (e.g., pressure, power input, gas flow) which does
not necessarily match the optimal conditions for the
technological treatment of dust particles.

The equilibrium net chargeQ of a powder parti-
cle, which is already reached after a very short time
(∼10−6 s), is a consequence of the charge carrier
fluxes and their surface interaction at the particle sur-
face. InSection 5a simple model for particle charging
on the basis of plasma–surface interaction is provided.

Under typical experimental conditions, where
the diameter 2rp of the particles (∼10−6 m) is al-
ways small in comparison to the Debye lengthλD

(∼10−4 m) and the mean free pathλmfp(∼10−2 m),
the orbital motion limited (OML) theory for a spheri-
cal particle holds[30]. The electron flux densityje for
a Maxwellian electron energy distribution function
(EEDF) can be calculated by:

je = ne

√
kTe

2πme
exp

(−e0Vbias

kTe

)
(1)

while the ion flux densityji may be obtained by:

ji = ni

√
kTi

2πmi

(
1 + e0Vbias

kTi

)
(2)

wherene is the electron density,ni the ion density,Te

the electron temperature,Ti the ion temperature,me

the electron mass,mi the ion mass,k the Boltzmann
constant ande0 the elementary charge.

Since dust grains are small isolated substrates in
a plasma environment, they rest always at floating
potentialVfl and it isVbias = Vpl − Vfl (Vpl: plasma
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
stationary state is reached. In this equilibrium state the
electron and ion flux densities towards the particles
are equal:je = ji . As a result, the net chargeQ = Ze0

of a micron-sized particle can be in the order of a few
thousands of elementary chargese0. In principle, the
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chargeQ on a micro-particle can be obtained by equat-
ing the fluxes of electrons and positive ions towards the
particle surface and their recombination, seeSection 5.
However, in reality for non-Maxwellian EEDF the
current balance becomes more difficult[31]. Several
authors have studied both theoretical and experimen-
tal aspects of charging the dust grains in capacitively
coupled rf discharges, see for example[28,32–37].

However, the above approach holds only for rel-
atively large objects, which are able to absorb the
incoming fluxes of charged species. For nanometer
size particles, which are merely macromolecules, one
has to consider specific cross-sections for electron/ion
capture. Therefore, one cannot a priori predict the
charge of an arbitrary nanometer particle, and charge
fluctuations for these objects are common[38].

The charged particles interact with the electric field
in front of the electrodes or walls, respectively, and
they are often observed as levitated dust clouds form-
ing rings or domes in the high-potential boundary
regions of a plasma. The electrostatic force has to be
balanced by various other forces in order to confine
the particles.

Understanding particle behaviour in plasmas is the
base of both fundamental and applied dusty plasma
research. Detailed knowledge of forces acting on
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
surface-processing reactors to determine the responses
of particles to varying external plasma parameters,
and the position of the particles with respect to the
processed surface. All these problems have to be
considered while aiming at reducing surface contam-
ination, or while attempting to produce or to process
particles in plasmas.

Neutral gases containing a suspension of particles
are well known and thoroughly described objects.
The most common systems are atmospheric aerosols,
for example combustion/disposal gases, nebulae and
volcano clouds. Such aerosols typically contain large
particles, ranging in size from a few to a few hun-
dreds of micrometers. At atmospheric pressures fluid
models are often applied to describe the gas–particle

interactions, and particle behaviour is determined by
gas flows, turbulence, thermal gradients and gravita-
tion. Basic knowledge of fluid dynamics and aerosol
physics is to some extent applicable to low-pressure
laboratory plasmas, too. In a study of dust particles
in plasmas, some of the above mentioned interac-
tions are taken into account, others are neglected or
modified, and few specific plasma-related forces are
introduced[3].

These forces, which have been discussed exten-
sively by several authors, are the gravitation, the
neutral and ion drag, thermophoresis and photophore-
sis [39–41]. But only some of these forces will play
a role in laboratory plasmas. Commonly, the electro-
static field and the gravitational force are important.
The superposition of both effects results in a parabolic
potential trap[42]. It should be mentioned that the
contributions to the force balance of the particles can
be additionally influenced by external effects like
strong laser radiation[43,44], temperature gradients
by heating of the surrounding walls[45], or magnetic
fields [46].

In laboratory plasmas, Coulomb interactions of
charged particles with electric fields in the plasma
provide the unique mechanism of dust trapping. The
Coulomb force:

FC = Ze0E0 (3)

whereE0 is the local electric field, is therefore the
most interesting force acting on the particles. In
plasma regions with uniform free charge density, the
Coulomb force can be simply expressed as ‘vacuum’
force. Although a charged particle in the plasma de-
velops its own sheath (so-called ‘dressed particle’),
this sheath does not screen an external electric field.
When the ‘dressed particle’ is present in a region with
charge density gradients (plasma sheath), additional
polarisation forceFp emerges, due to deformation of
the sheath around the particle:

Fp = (Ze0)
2

16πε0λD

∇ne

ne
(4)

where λD is the Debye length (λD � rp) and ε0

marks the dielectric constant. Generally,Fp/FC is
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in the order ofrp/λD. Therefore, polarisation effects
may be neglected[3] and a vacuum force can be
taken also for particles in the vicinity of the plasma
sheath. This problem was treated in detail by Ham-
aguchi and Farouki[47] and by Daugherty et al.[40].
Typical electric fields in the plasma sheath are in the
order of 104 V/m. Under the simplified assumption
of a spherical capacitor[3], the particle chargeZe0

is proportional to the radiusrp (Z ≈ 103rp, where
rp is in micrometers) and the Coulomb force is about
10−13rp (in Newton). This makes Coulomb repulsion
the most important interaction, which prevents the
particle from falling onto the surface. During dis-
charge operation particles seek regions with lower
electric fields, and typically they remain suspended at
the edge of plasma glow and sheath.

The ion drag forceFi , acting on particles in a
pre-sheath of a low-pressure radio-frequency plasma
is in the order of 10−14 to 10−13r2

p (in Newton) (rp
is in micrometers), dependent on the ion density[3].
Ion drag pushes the particles towards the surface,
contrary to the Coulomb force. SinceFi scales asr2

p
andFC asrp, particles present in the pre-sheath may
fall onto the surface during plasma operation when
their size exceeds a few micrometers. It has been ob-
served that trapping of micrometer-sized particles is
possible only at low plasma power levels, when the
ion density is below 1016 m−3. Failure of confinement
at higher powers might be due to the action of the ion
drag force.

Concluding, electrostatic interactions due to the par-
ticle charge lead to a unique situation. The behaviour
of charged dust in a low-pressure medium under the
influence of the electrostatic and ion dynamic forces
is different than in other systems containing particles.
Particles levitate in the plasma glow, repelled from the
surface by the Coulomb force. However, forces that
remove the particles from the glow have a stronger de-
pendence on the particle size than the Coulomb force
(FC ∼ rp). Thus, when the size exceeds a certain limit,
particles can deposit on the surface because of ion drag
(r2

p), gravitation (r3
p) and thermophoresis (r2

p) (but the
direction depends on the temperature gradient), or be
evacuated from the reactor by the gas flow (r2

p) [3].

The balance of the different forces acting on the
particles is doubtless the essential issue for their trap-
ping in the plasma boundary regions as well as for
the removal out of sensitive plasma regions. Vice
versa, by observing the position and movement of
the particles in dependence on the discharge parame-
ters, information can be obtained on the electric field
in front of electrodes and substrate surfaces—which
gives the opportunity of a rather new diagnostic tool
[8,9,29], as it will be illustrated inSection 5.

In addition to charging and trapping, the powder
particles also undergo a thermal power balance which
takes into account the several energy fluxes arriving
at and leaving from the particle surface. The different
contributions may include kinetic energy of electrons
and ions, ion recombination energy, heat of chemi-
cal reactions at the surface, thermal conduction, and
radiation. Measurement of the particle temperature
Tp yields valuable information about these different
fluxes. Thus, the particles can also be used as micro-
scopic thermal probes[10,48].

3. Disturbing side effects of dust particles in
process plasmas

“Almost all surface processing technologies are
concerned with particle-induced failures, which has
been well known for ages in micro-electronics indus-
try. The fact that plasma processes, heavily implied in
semiconductor device processing, could be involved
in inducing dust problems in manufacturing tools has
been one of the major inputs for the development of
many basic and technological studies devoted to dusty
plasmas”[3,12]. Especially in plasma-enhanced dry
etching of semiconductors, the industry has always
to fight against problems of surface contamination
by dust. It is obvious that small particles, which fall
onto the wafer surface during plasma treatment and
stick in the wafer trenches, can cause defects and,
hence, make the integrated circuit chips useless. The
fact that the size of plasma-etched structures has de-
creased down to the sub-micrometer range and will
be reduced to below 100 nm in the near future implies
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the importance for avoiding ‘killer particles’ down
to the nanometer region. The problems become even
more important by using modern processes as induc-
tively coupled plasma (ICP) where the electric field
in front of the substrates is rather weak and the parti-
cles can easily reach the surfaces. It is not surprising
that the main goal of early dusty plasma investiga-
tions was to obtain a good control of contamination
in plasma-processing reactors, either by eliminating
dust particles from the gas phase or by preventing
them from getting into contact with the surface. As a
result of numerous elaborated studies[3,49–51], dust
contamination by relatively large (>100 nm) particles
is at present under control.

The sources of particle contamination during the
plasma surface processes are:

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

• formation of macroscopic particles at surfaces by
means of plasma–wall interaction.

The plasma process itself promotes the particle for-
mation by excitation, dissociation and reaction of the
involved species in the gas phase. Typical examples
are plasma polymerisation[52] and thin film depo-
sition in silane-containing PECVD processes. The
formation of particles proceeds via three steps as it
has been described in[52,53,55]. The different stages
of the particle growth in the plasma can be observed
by mass spectrometry[15], laser-induced evaporation

Fig. 1. A compact cloud of SiO2 powders (∼1�m) confined in an argon rf-plasma (p = 10 Pa,P = 5 W) (left) has been separated and
stored in rings in different grooves of an aluminum plate which has been placed onto the rf-electrode (right)[68].

[56] photo detachment[53,57], IR absorption[58],
microwave cavity measurements[53], Mie scattering
[59], and self excited electron resonance spectroscopy
(SEERS)[9,60]. The generated particles can be anal-
ysed by transmission electron microscopy (TEM).

Examples for generation of particulates from the
surrounding surfaces are reactive ion etching (RIE)
[61,62] surface sputtering of targets[63,83], vacuum
arc deposition[64–66], and in hollow cathode pro-
cesses[67].

In order to minimise the influence of dust particles
in thin film deposition and etching, it is important to
develop either new processes avoiding dust generation
or to develop process cycles in dusty plasmas without
contamination at the relevant substrate regions, which
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:

• intelligent arrangement of electrodes and substrates
[68],

• construction of special electrode shapes (‘grooved’
electrodes)[49,50,69],

• square wave plasma modulation[70,71],
• fast transport regimes of the reactive species[72],
• additional electrostatic forces by an external poten-

tial supply[73,74],
• additional other forces based on neutral drag (gas

flow) or thermophoresis (temperature gradient) by
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external heating[45,75], 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 reactor[72].

The introduction of special electrode shapes and ad-
ditional forces will result in changes of the equilibrium
planes where the dust particles are trapped (Fig. 1).
By means of these peculiarities the particles can be
actively pushed towards regions in the reactor where
their presence is not dangerous[73].

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:

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

• powder particle synthesis in high-[77,92–94]and
low-pressure[54] plasmas,

• illumination technology, cluster lamp[78],

• enhancement of adhesive, mechanical and protec-
tive properties of powder particles for sintering pro-
cesses in metallurgy[79,89],

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

• improvement of thin film properties by incorpora-
tion of nanocrystallites for amorphous solar cells
[18] and hard coatings[80,81],

• coating of lubricant particles[88],
• application of tailored powder particles for chemical

catalysis,
• functionalisation of micro-particles for pharmaceu-

tics and medical application,
• production of colour pigments for paints,
• improvement of surface protection against corrosion

of fluorescent particles[82,90,91],
• 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

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 CO2 laser (λ = 10.6�m). 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 SiH4/C2H4 mix-
tures at atmospheric pressures[86]. In low-pressure
plasmas the third harmonics of the Nd:YAG laser
(λ = 355 nm) was used to initiate particle nucleation
in a low-pressure radio-frequency methane discharge
[87]. In the studied conditions (low-power plasma
at 70 Pa), spontaneous gas-phase nucleation in CH4

plasma was not observed. The high-power UV laser
beam was focused in the plasma and operated at a
repetition frequency of 10 Hz, and particles were de-
tected after seconds of such treatment. The clusters
obtained this way are in the nanometer-size range
and continued to grow by agglomeration and plasma
polymerisation to (exceptionally large) chain-like
structures of some millimeters in size (Fig. 3).

The plasma-produced particles can be used for
further applications. For example, it is possible to
produce composite coatings, where the properties of
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

Fig. 3. Chain-like structures of polymers grown in a CH4 plasma by UV radiation, after[87].

Fig. 4, small lubricating MoS2 particles are included
in a hard titanium–nitride matrix[88]. 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 MoS2 particles 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-
dustrial scale will bring huge economical benefits, for
existing as well as novel process technologies and ma-
terials. In addition, there will be large environmental
implications, as mechanical processing will become
much cleaner, safer and more energy efficient.

Since all these materials are prepared under
low-pressure PECVD conditions, the new develop-
ment uses the knowledge gained in the studies of
dusty plasmas. Nanometer size particles are extremely
difficult to handle outside the processing reactor.
Therefore, integrated process of dust particle fabrica-
tion in the plasma and co-deposition in the layer is
the most promising technology for the production of
composite material.

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

The interaction between plasma and injected micro-
disperse powder particles can also be used as diagnos-
tic tools for the characterisation of:

• electric fields in the plasma sheath (particles as elec-
trostatic micro-probes)[9,29],

• energy fluxes in the plasma and towards surfaces
(particles as micro-calorimeters)[10,48],

• 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 forceFg and the electric fieldE. To trap
such a particle the responding electric field forceFel

must have the same value:

Fg = mg = Fel = QE(z0) (5)

This simple balance equation implies the determina-
tion of the field strength at trapping positionz0 of the
particles with massm. But for using this method the
particle chargeQ must be known. For the determina-

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

• 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 probes[57],

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

• measurement of electron density drop of the sur-
rounding plasma by particle injection[9],

• estimations by model assumptions based on the
particles spherical capacity[3] or on the currents
of charge carriers towards the dust grains[9], re-
spectively.

As a rather new method for the determination of par-
ticle charge, the decrease of electron densityne during
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 example, inFig. 5a
typical behaviour ofne 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 chargingne relaxes again
to the original value. However, the depth and width of
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Fig. 5. Mean electron density during powder injection as measured by SEERS, after[9]. The 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-
jected dust particles which is indicated as relative units
‘u’ in Fig. 5. By knowing the powder densitynd, which
can be obtained by light scattering, the acquired charge
per single dust grain can be determined. The results are
comparable with values obtained by other methods.

In respect to the mentioned field measurements, it
is even possible to measure not only the static field
strengthE(z0), but also the field gradient dE/dz via
a driven oscillation method as recently suggested by
Allen and co-workers[97] by using powder particles
which are confined in the plasma sheath.

In addition to charging and trapping the powder
particles also undergo a thermal power balance which
takes into account the several energy fluxes arriving at
and leaving from the particle surface as kinetic energy
of electrons and ions, ion recombination energy, ther-
mal conduction, and radiation. Measurement of the
particle temperatureTp yields valuable information
about these different fluxes[10].

The thermal balance of the particles can be written
as an equality between the thermal influxQin, the

temporal derivative of the particle enthalpẏHp and the
thermal outfluxQout:

Qin = Ḣp +Qout (6)

In the stationary situation of the particle being sus-
pended in the plasma,̇Hp = mc(dTp/dt) = 0. The
fluxesQin andQout are the surface integrals of the
related energy flux densitiesJin andJout, respectively,
over the particles surfaceAp: Qin = ∫

Ap
Jin dA,

Qout =
∫
Ap
Jout dA. In general, for an inert gas plasma

the total energy influxJin is the sum of the influxes
due to the kinetic energy of electrons (Je) and ions
(Ji ), and the energy which is released when a positive
ion recombines at the surface of the floating particle
(Jrec):

Jin = Je + Jion + Jrec (7)

The kinetic energetic contributions (Je, Ji ) of the elec-
trons and ions, respectively, are products of the par-
ticle fluxes (je, ji , seeEqs. (1) and (2)) and the mean
kinetic energy of the species which is determined
by the EEDF for the electrons and the particles bias
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potential for the ions. In the stationary case, where the
particles are heated to their equilibrium temperature
Tp, the energy fluxes are equal:Jin = Jout. Hence, by
knowledge of the outgoing fluxJout which consists
of the thermal conductionJth and the radiationJrad

the total energy flux towards a powder particle can be
obtained and compared with model calculations for
Jin [98]. Of course, in chemically reactive plasmas
also heating terms by exothermic reactions have to be
taken into consideration.

The latter issues open new ways for an access to
study plasma–surface interaction in respect to mea-
surements of the involved mechanisms. In comparison
to conventional plasma diagnostics one has the chance
to get additional information by the observation of
the particles force balance which is immediately in-
fluenced by the plasma parameters.

Since the charge of the particles confined in a
plasma plays a key role, at the end of this part a sim-
ple model for its determination based on elementary
mechanisms of plasma–wall interaction will be pre-
sented. The model for the explanation for charging of
‘insulated’ dust particles based on studies for insulat-
ing surfaces[99] includes the following elementary
processes at the surface: adsorption of incoming
charges carriers, deposition of charge carriers, and
surface recombination of the incoming charge carri-
ers, including the concept of their surface diffusion.

Modelling of the plasma–particle interaction is per-
formed in the framework of a ‘two-dimensional sur-
face plasma’ as first proposed by Emeleus and Coulter
[100]. This means that the ions at the particle surface
are considered to be fixed and the electrons are mov-
ing along the surface by diffusion. In the stationary
case, we have an equilibrium between the adsorbed
charge carriers and those that desorbed again or re-
combine, respectively. Hence, the balance equations
of the desorbed particles may be written as follows:

dσe

dt
= (1 −Θe)Seje − σe

τe
− αRσeσi (8)

dσi

dt
= (1 −Θi)Siji − σi

τi
− αRσeσi (9)

whereσe andσi are the electron and ion number densi-
ties on the particle. For many conditions the fluxes can
be approximated byEqs. (1) and (2). Hereje andji

are the current densities towards the particles,Se and
Si the sticking probabilities,τe and τi the residence
times of adsorbed particles,Θe andΘi the fractions
of coverage andαR is the recombination coefficient.
The temperature dependence of the residence times
are given as:

τl = τlo exp

(
Edes,l

kTp

)
, l = e, i (10)

whereTp denotes the particle temperature,k is the
Boltzmann constant,τeo andτio are the vibrational pe-
riods of the adsorbed electrons and ions,Edes,e and
Edes,i the corresponding desorption energies. The neg-
ative particle charge, finally, is given by the net charge:

"σe = σe − σi = Q

Ap
(11)

whereAp is the surface area of the powder particle.
The present model was applied to the description for

the experimentally obtained charging of MF particles
in a helium plasma[28] and to Fe particles in an argon
plasma. The values for the surface data listed in the
following table were taken from the literature[99] and
in some cases slightly modified.

τeo 1.8 × 10−9 s
τio 1 × 10−11 s
Se 0.95
Si 1.00
Edes,e 0.185 eV
Edes,i 0.10 eV
Tp 380· · · 470 K
Tg 300 K

αR 0.3

√
Tp

Tg
cm2 s−1

Fig. 6 shows the results for the calculations of the
charging of MF particles in a helium plasma com-
pared with measurements given in[28] dependent on
input power. The model, combined with the appro-
priate coefficients for the recombination, sticking and
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Fig. 6. Measured particle charges of MF particles in a helium plasma (from[28]) are compared with calculations based on the suggested
model and the related plasma data (see text).

desorption, describes the ‘shape’ of the measurements
satisfactorily. In a similar manner, we determined the
charge of the iron particles used in our experiments
in the same way to be in the order ofQ = 7000e,
which is a reliable value.

6. Conclusion

Powder formation, modification and trapping in
laboratory discharges have received growing interest
in the past decade. The unique possibility of dust par-
ticle confinement and control in the gas phase makes
plasmas to excellent media for particle handling and
treatment. Applications of dust particles are numer-
ous, most of them emerging in modern material sci-
ence. Established and new technological applications
on particle processing have been reviewed.

Vice versa, the interaction between plasma and
injected micro-disperse powder particles can be used
as a diagnostic tool for the study of plasma surface
processes in low-pressure plasmas. For instance, by
observing the position and movement of the particles

in dependence on the discharge parameters informa-
tions are obtained on the electric field in front of
the electrode and on sheath structures. Moreover, the
measured heat balance of confined particles provides
information on the energy fluxes in the plasma and
towards the surfaces.

All these applications make complex plasmas a
rapidly expanding field of research in the frontier
between plasma physics, material processing, and
diagnostics. In the coming decade a large amount
of novel and exciting developments in fundamental
research as well as in technology of powder particles
in plasmas can be expected.

Acknowledgements

This study was supported by the Deutsche
Forschungsgemeinschaft under SFB 198. The authors
would like to thank H. Boldt, G. Thieme, M.Hähnel,
and A. Knuth for their support. The research of E.
Stoffels and W.W. Stoffels has been supported by
fellowships of the Dutch Royal Society (KNAW).



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

References

[1] G.M.W. Kroesen, Phys. World 9 (1996) 25.
[2] G.S. Selwyn, J.S. McKillop, K.L. Haller, J.J. Wu, J. Vac.

Sci. Technol. A8 (1990) 1726.
[3] A. Bouchoule (Ed.), Dusty Plasmas: Physics, Chemistry and

Technological Impacts in Plasma Processing, Wiley, New
York, 1999.

[4] E. Stoffels, W.W. Stoffels, H. Kersten, G.H.P.M. Swinkels,
G.M.W. Kroesen, Phys. Scripta T89 (2001) 168.

[5] E. Stoffels, W.W. Stoffels, G.M.W. Kroesen, F.J. deHoog,
Electron Technol. 31 (1998) 255.

[6] C. Hollenstein, Plasma Phys. Contrib. Fusion 42 (2000) R93.
[7] P.K. Shukla, Phys. Plasmas 8 (2001) 1791.
[8] D.A. Law, E.B. Tomme, W.H. Steel, B.M. Anaratonne, J.E.

Allen, in: Proceedings of the XXIV ICPIG, Warsaw, Poland,
1999, proc. IV/109.

[9] H. Kersten, H. Deutsch, M. Otte, G.H.P.M. Swinkels,
G.M.W. Kroesen, Thin Solid Films 377–378 (2000) 530.

[10] G.H.P.M. Swinkels, H. Kersten, H. Deutsch, G.M.W.
Kroesen, J. Appl. Phys. 88 (2000) 1747.

[11] G.S. Selwyn, J. Singh, R.S. Benett, J. Vac. Sci. Technol. A7
(1988) 2758.

[12] A. Bouchoule, Phys. World 6 (1993) 47.
[13] H. Hofmeister, J. Duta, H. Hofmann, Phys. Rev. B 54 (1996)

2856.
[14] H. Kersten, P. Schmetz, G.M.W. Kroesen, Surf. Coat.

Technol. 108/109 (1998) 507.
[15] C. Hollenstein, J.L. Dorier, J. Duta, L. Sansonnens, A.A.

Howling, Plasma Sources Sci. Technol. 3 (1994) 278.
[16] K. Tachibana, Y. Hayashi, Pure Appl. Chem. 68 (1996) 1107.
[17] F. Vivet, A. Bouchoule, L. Boufendi, in: Proceedings of the

XXIII ICPIG, Toulouse, France, 1997, proc. I/200.
[18] P. Roca i Cabarocas, P. Gay, A. Hadjadj, J. Vac. Sci. Technol.

A14 (1996) 655.
[19] S. Veprek, S. Reiprich, L. Shizi, Appl. Phys. Lett. 66 (1995)

2640.
[20] H. Thomas, G.E. Morfill, V. Demmel, J. Goree, B.

Feuerbacher, D. Möhlmann, Phys. Rev. Lett. 73 (1994) 652.
[21] A. Melzer, A. Homann, A. Piel, Phys. Rev. E 53 (1996)

2757.
[22] R.A. Quinn, C. Cui, J. Goree, J.B. Pieper, H. Thomas, G.E.

Morfill, Phys. Rev. E 53 (1996) R2049.
[23] G.E. Morfill, H.M. Thomas, U. Konopka, M. Zuzick, Phys.

Plasmas 6 (1999) 1769.
[24] V.E. Fortov, V.I. Molotkov, A.P. Nefedov, O.F. Petrov, Phys.

Plasmas 6 (1999) 1759.
[25] L. Spitzer, Physical Processes in the Interstellar Medium,

Wiley, New York, 1982.
[26] C.K. Goertz, Rev. Geophys. 27 (1989) 271.
[27] G.E. Morfill, E. Grun, T.V. Johnson, Planet Space Sci. 28

(1980) 1087.
[28] A. Melzer, Ph.D. Thesis, University of Kiel, 1997.
[29] E.B. Tomme, D.A. Law, B.M. Annaratone, J.E. Allen, Phys.

Rev. Lett. 85 (2000) 2518.
[30] J.E. Allen, Phys. Scripta 45 (1992) 497.

[31] H. Kersten, H. Steffen, H. Deutsch, R. Hippler, in:
Proceedings of the GD-12, Greifswald, 1997, proc. 653.

[32] S.J. Choi, M.J. Kushner, J. Appl. Phys. 75 (1994) 3351.
[33] A. Bouchoule, L. Boufendi, Plasma Sources Sci. Technol.

3 (1994) 293.
[34] C.M.C. Nairn, B.M. Annaratone, J.E. Allen, Plasma Sources

Sci. Technol. 7 (1998) 478.
[35] R.J. Seeböck, W. Böhme, W.E. Köhler, M. Römheld, S.

Veprek, Plasma Sources Sci. Technol. 3 (1994) 359.
[36] D.D. Tskhakaya, N.L. Tsintsadze, P.K. Shukla, L. Stenflo,

Phys. Scripta 64 (2001) 366.
[37] P.K. Shukla, L. Stenflo, Plasma Phys. Rep. 27 (2001) 904.
[38] C. Chunshi, J. Goree, IEEE Trans. Plasma Sci. 22 (1994)

151.
[39] E. Stoffels, W.W. Stoffels, Ph.D. Thesis, Technical

University of Eindhoven, The Netherlands, 1994.
[40] J.E. Daugherty, R.K. Porteous, D.B. Graves, J. Appl. Phys.

73 (1993) 1617.
[41] S. Raoux, D. Cheung, M. Fodor, W.N. Taylor, K. Fairbairn,

Plasma Sources Sci. Technol. 6 (1997) 405.
[42] A. Homann, A. Melzer, A. Piel, Physikalische Blaetter 52

(1996) 1227.
[43] M. Klindworth, A. Melzer, A. Piel, Phys. Rev. B 61 (2000)

8404.
[44] M. Rosenberg, D.A. Mendis, IEEE Trans. Plasma Sci. 24

(1996) 1133.
[45] A. Brattli, O. Havnes, J. Vac. Sci. Technol. A14 (1996) 646.
[46] N. Sato, G. Uchida, T. Kaneko, S. Shimizu, S. Iizuka, Phys.

Plasmas 8 (2001) 1786.
[47] S. Hamaguchi, R.T. Farouki, Phys. Rev. E 49 (1994) 4430.
[48] J.E. Daugherty, D.B. Graves, J. Vac. Sci. Technol. A11

(1993) 1126.
[49] G.S. Selwyn, Plasma Sources Sci. Technol. 3 (1994) 340.
[50] G. Lapenta, J.U. Brackbill, Plasma Sources Sci. Technol. 6

(1997) 61.
[51] W. Böhme, W.E. Köhler, M. Römheld, S. Veprek, R.J.

Seeböck, IEEE Trans. Plasma Sci. 22 (1994) 110.
[52] C. Hollenstein, W. Schwarzenbach, A.A. Howling, C.

Courteille, J. Vac. Sci. Technol. A14 (1996) 535.
[53] E. Stoffels, W.W. Stoffels, G.M.W. Kroesen, F.J. deHoog,

J. Vac. Sci. Technol. A14 (1996) 556.
[54] A.A. Howling, L. Sansonnens, J.L. Dorier, C. Hollenstein,

J. Appl. Phys. 75 (1994) 1340.
[55] P.D. Haaland, A. Garscadden, B.N. Ganguly, Appl. Phys.

Lett. 69 (1996) 904.
[56] L. Boufendi, J. Hermann, A. Bouchoule, B. Dubreuil, E.

Stoffels, W.W. Stoffels, M.L. de Giorgi, J. Appl. Phys. 76
(1994) 148.

[57] T. Fukuzawa, K. Obata, H. Kawasaki, M. Shiratani, Y.
Watanabe, J. Appl. Phys. 80 (1996) 3202.

[58] A. Bouchoule, L. Boufendi, J. Hermann, A. Plain, T. Hbid,
G.M.W. Kroesen, E. Stoffels, W.W. Stoffels, Pure Appl.
Chem. 68 (1996) 1121–1126.

[59] W.W. Stoffels, E. Stoffels, G.H.P.M. Swinkels, M.
Boufnichel, G.M.W. Kroesen, Phys. Rev. E 59 (1999) 2302.

[60] M. Klick, J. Appl. Phys. 79 (1996) 3445.
[61] H.H. Anderson, Plasma Sources Sci. Technol. 3 (1994) 302.



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

[62] W.W. Stoffels, E. Stoffels, G.M.W. Kroesen, M. Haverlag,
J.H.W.G. De Boer, F.J. deHoog, Plasma Sources Sci.
Technol. 3 (1994) 324.

[63] A. Garscadden, B.N. Ganguly, P.D. Haaland, J. Williams,
Plasma Sources Sci. Technol. 3 (1994) 239.

[64] M. Keidar, I.I. Beilis, R.L. Boxman, IEEE Trans. Plasma
Sci. 23 (1995) 902.

[65] I.I. Beilis, M. Keidar, R.L. Boxman, S. Goldsmith, J. Appl.
Phys. 85 (1999) 1358.

[66] B. Schultrich, Contrib. Plasma Phys. 39 (1999) 463.
[67] A.C. Xenoulis, G. Doukellis, P. Tsouris, A. Karydas, C.

Potiriadis, A.A. Katsanos, Th. Tsakalakos, Vacuum 51
(1998) 357.

[68] H. Kersten, H. Deutsch, E. Stoffels, W.W. Stoffels, G.M.W.
Kroesen, R. Hippler, Contrib. Plasma Phys. 41 (2001) 508.

[69] M. Dalvie, G.S. Selwyn, M. Surendra, C.R. Guarnieri, J.J.
McGill, Appl. Phys. Lett. 63 (1993) 3279.

[70] C.K. Yeon, K.W. Whang, J. Vac. Sci. Technol. A15 (1997)
66.

[71] Y. Watanabe, M. Shiranti, H. Makino, Appl. Phys. Lett. 57
(1990) 1616.

[72] G.J. Meeusen, R.P. Dahiya, M.C.M. vandeSanden, D.C.
Schram, Pure Appl. Chem. 68 (1996) 1155.

[73] G. Uchida, S. Iizuka, N. Sato, IEEE Trans. Plasma Sci. 29
(2001) 274.

[74] M. Onozuka, Y. Ueda, K. Takahashi, Y. Seki, S. Ueda, I.
Aoki, Vacuum 47 (1996) 541.

[75] J. Perrin, P. Molinas-Mata, P.H. Belenguer, J. Phys. D: Appl.
Phys. 27 (1994) 2499.

[76] U. Kogelschatz, B. Eliasson, W. Egli, Pure Appl. Chem. 71
(1999) 1819.

[77] N. Rao, S. Girshick, J. Heberlein, P. McMurry, S. Jones, D.
Hansen, B. Micheel, Plasma Chem. Plasma Proc. 15 (1995)
581.

[78] R. Scholl, G. Natour, in: Proceedings of the XXII ICPIG,
Hoboken, 1995, proc. 363.

[79] T. Ishigaki, T. Sato, Y. Moriyoshi, M.I. Boulos, J. Mater.
Sci. Lett. 14 (1995) 1694.

[80] S. Veprek, Pure Appl. Chem. 68 (1996) 1023.
[81] B. Schultrich, H.J. Scheibe, H. Mai, Adv. Eng. Mater. 2

(2000) 419.

[82] S. Yan, H. Maeda, J.I. Kusakabe, K. Morooka, T. Okubo,
J. Mater. Sci. 28 (1993) 1829.

[83] G. Praburan, J. Goree, J. Vac. Sci. Technol. A12 (1994)
3137.

[84] T. Yamaguchi, M. Shimozuma, H. Date, N. Sakamoto, H.
Mastuura, H. Tagashira, in: Proceedings of the XII ISPC,
Minneapolis, MN, 1995, proc. 2161.

[85] X. Armand, N. Herlin, I. Voicu, M. Cauchetier, J. Phys.
Chem. Solids 58 (1997) 1853.

[86] J. Foerster, M.V. Hoesslin, J.H. Schaefer, J. Uhlenbusch, W.
Vioel, in: Proceedings of the X ISPC, Bochum, Germany,
1991, proc. 1.4–23.

[87] W.W. Stoffels, E. Stoffels, G. Ceccone, F. Rossi, J. Vac. Sci.
Technol. A 17 (1999) 3385.

[88] E. Stoffels, W.W. Stoffels, G. Ceccone, R. Hasnaoui,
H. Keune, G. Wahl, F. Rossi, J. Appl. Phys. 86(1999)
3442.

[89] K. Kitamura, S. Akutsu, S. Ito, K. Akashi, in: Proceedings
of the ICRP-3, Nara, 1997, proc. 357.

[90] G. Thieme, M. Quaas, H. Kersten, H. Wulff, R. Hippler, in:
Proceedings of the BFPT-10, Greifswald, 2001, proc. 68.

[91] H. Kersten, G.M.W. Kroesen, R. Hippler, Thin Solid Films
332 (1998) 282.

[92] H.S. Shin, D.G. Goodwin, Mater. Lett. 19 (1994) 119.
[93] S.H. Park, S.D. Kim, Colloids and Surf. 133 (1998) 33.
[94] M. Karches, C. Bayer, P.R. von Rohr, Surf. Coat. Technol.

119 (1999) 879.
[95] A. Homann, A. Melzer, A. Piel, Phys. Rev. E 59 (1999)

R3835.
[96] A. Melzer, S. Nunomura, D. Samsonov, Z.W. Ma, J. Goree,

Phys. Rev. E 62 (2000) 4162.
[97] E.B. Tomme, B.M. Annaratone, J.E. Allen, Plasma Sources

Sci. Technol. 9 (2000) 87.
[98] H. Kersten, H. Deutsch, H. Steffen, G.M.W. Kroesen, R.

Hippler, Vacuum 63 (2001) 385.
[99] H. Deutsch, M. Schmidt, Beitr. Plasmaphys. 21 (1982) 279;

H. Deutsch, H. Kersten, A. Rutscher, Contrib. Plasma Phys.
29 (1989) 263;
J.F. Behnke, T. Bindemann, H. Deutsch, K. Becker, Contrib.
Plasma Phys. 37 (1997) 345.

[100] K.G. Emeleus, J.R.M. Coulter, IEEE Proc. 135 (1988) 76.


	Plasma-powder interaction: trends in applications and diagnostics
	Introduction
	Plasma-particle interaction
	Disturbing side effects of dust particles in process plasmas
	Formation and modification of powder particles in a plasma for different industrial applications
	Possibilities for using dust particles as micro-probes for plasma diagnostics
	Conclusion
	Acknowledgements
	References


