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Abstract

Precise systematic measurements of particle temperatures in a dusty low-pressure plasma

have been performed in argon and molecular gas mixtures. At low pressures, the underly-

ing energy balance could be consistently described. Measured particle temperatures and

modeled energy fluxes between particles and plasma are presented.

Today, plasma based powder synthesis and modification of specific powder properties offer a

variety of new applications, e.g. the modification of flowability or wettability, the improvement

of thin films and coatings for different applications or of polymorphous solar cells [1]. Com-

monly, the energetic conditions at the processed surfaces play a key role for the improvement of

process rates and the morphology and stoichiometry of deposited layers [2, 3]. Hence, monitor-

ing and controlling the substrate temperature is crucial for the design of the process conditions.

A quantification of the energy fluxes can furthermore give access to a general improvement in

the understanding of plasma-particle interaction.

Experimental results

Figure 1: Particle temperatureTµ and temperature of

the Adaptive ElectrodeTAE as a function of gas pres-

surepgas at different discharge powersPr f in argon.

Details on the experimental setup,

used for the determination of the par-

ticle temperaturesTµ , have been pub-

lished elsewhere [4]. The results of

the systematic measurements ofTµ

in argon are shown in fig. 1, along

with the surface temperature of the

segmented “Adaptive Electrode” (AE)

which was used for electrostatic parti-

cle confinement.Tµ increases with dis-

charge powerPr f and decreases when

the neutral gas pressurepgas is in-

creased. AbovepAr = 40 Pa, an increase inTµ is observed, which can be explained by an

increasing collisionality of the ion kinetics [5, 6]. A compilation of the measurements at a gas
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Figure 2: Particle temperatureTµ and

temperature of the Adaptive Electrode

TAE in 10 Pa argon.
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Figure 3: Particle temperatureTµ and

temperature of the Adaptive Electrode

TAE in 9 Pa Ar mixed with 1 Pa H2.

pressure ofpAr = 10 Pa is shown in fig. 2.

For these results, the relevant energy fluxes can be

quantified by the application of a simple energy bal-

ance model, which is based on collisionless orbital

motion limited (OML) probe theory [7]. In fig. 3,

similar measurements are shown, performed in 9

Pa argon under admixture of 1 Pa hydrogen. The

corrensponding energy fluxes, now accounting for

additional mechanisms contributing to the heating

of the microparticles, are compared to those with-

out addition of molecular gas. Atpgas= 10 Pa,Tµ

andTAE as well as the measured plasma parameters

Te andne were used to calculate the relevant energy

fluxes between the microparticles and the surround-

ing plasma by a simple energy balance [8, 9].

Description of the model

An object, immersed in a plasma, is bombarded

by electrons and ions which carry kinetic energy,

and which can recombine at the particle surface.

The total energy influx densityJin towards a par-

ticle is described as

Jin = Je+Ji +Jrec+Jass , (1)

whereJassaccounts for additional energy fluxes under admixture of molecular gas due to asso-

ciation processes of dissociated atoms (molecule formation) at the particle surface. In thermal

equilibrium, incoming energy has to be balanced by energy loss

Jin = Jout , (2)

which can occur due to thermal radiation and conduction to the neutral gas background

Jout = Jrad+Jcond . (3)

The kinetic energy influx density of electrons and ions can becalculated via

Je = α
1
4

ne,0exp

{
Vf

Ve

}√
8e0Ve

πme
·2e0Ve (4)

Ji =−1
4

ne,0exp{−0.5}
√

e0Ve

mi
·
(

1−2
Vf

Ve

)
·e0Vf , (5)
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with the bulk electron densityne,0, the particle’s floating potentialVf , the electron temperature

Ve in Volts, the elementary chargee0 and the electron (ion) massme (mi). The electron duty cycle

α accounts for a time-averaged electron density in the rf-sheath, which is expected to be around

α ≈ 0.1 [10]. The recombination of electrons and ions at the particle surface is determined by

the ionization energyEion

Jrec = α
1
4

ne,0exp

{
Vf

Ve

}√
8e0Ve

πme
·Eion . (6)

Energy loss of the particle is described by the Stefan Boltzmann law, and the loss due to gas

conduction in the molecular regime by the Knudsen formula [12]. The floating particleVf is

calculated self-consistently. A more detailed description of the model is found in [9].

Results and discussion

Fig. 4 left shows the total energy influx and loss densities inAr, as calculated by eqns. (1–6).

The electron duty cycle ofα = 0.12 is the reasonable result of matching the balance equation

eqn. (2). The right side of fig. 4 shows the different contributions to the total energy balance of

the particles. The emissivity of the particles is estimatedto be close toεµ ≈ 0.5 [11], and the

accomodation coefficientαµ = 0.86 [12]. As one would expect, the recombination of electrons

and ions at the particle surface is dominant for particle heating, while heat conduction and radi-

ation are of equal magnitude at the present conditions. Analogous results for the gas mixture are

shown in fig. 5. Now, an additional contribution of association energy due to the recombination

of atomic hydrogen at the particle surface occurs. The density of H atoms is assumed to be∝ ne,

andJasswas treated as a fit parameter. The estimated degree of dissociation is in the order of

10−3, which is of reasonable magnitude at a position close to a passive metallic electrode [13].
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Figure 4: Left: Resulting total energy influxJin and energy lossJout density of the micro-

particles in 10 Pa argon, calculated from the measured temperatures and plasma parameters

as described in the text. Right: The different relevant contributions to the energy balance of the

particles.
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Figure 5: Left: Calculated totalJin andJout in 9 Pa argon mixed with 1 Pa hydrogen. Right: Due

to the presence of dissociated species, the energy balance of the micro-particles has now also to

account for contributionsJassdue to association processes at the particle surface.
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