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Abstract. Low-pressure plasmas offer a unique possibility of confinement,
control and fine tailoring of particle properties. Hence, 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. For example, the stability of luminophore particles
could be improved by coating with protective Al2O3 films which are deposited
by a PECVD process using a metal-organic precursor gas.

Alternatively, 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. Two examples will be provided: the interaction of micro-
sized (SiO2) grains confined in a radiofrequency plasma with an external ion
beam as well as the effect of a dc-magnetron discharge on confined particles
during deposition have been investigated.
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1. Introduction

Interest in the field of plasma–particle interaction with respect to dusty plasmas has grown
enormously over the past decade. At present, this interest is due to applied research related
to material science and surface-processing technology [1]–[3] and recently has also been with
respect to plasma diagnostics [4]–[6].

There are several links between dusty plasma physics and material science. The trend is sim-
ilar to the well-established plasma surface modification technology, except that now the surface
of dust particles is the subject of treatment. The aim is to tailor particle properties for specific pur-
poses. Here one can think of deposition, etching, surface activation, modification or separation
of clustered grains in the plasma. In these types of processing, particles are either grown in the
plasma or they are externally injected for subsequent treatment. The size, structure and compo-
sition of the grains can be tailored to specific requirements, dependent on the desired application.
For example, one approach for coating externally injected toner particles has been demonstrated
in [7]. An argon radiofrequency (rf) plasma was employed to charge and confine particles, while
a metal coating was performed by means of a separate dc-magneteron sputter source.

The various plasma–powder technologies include:

• the treatment of soot and aerosols for environmental protection;

• particle synthesis in high- and low-pressure plasmas;

• the enhancement of adhesive, mechanical and protective properties of powder particles for
sintering processes in metallurgy;

• fragmentation of powder mixtures to sort them;

• improvement of thin film properties by the incorporation of nanocrystallites for amorphous
solar cells and hard coatings;

• coating of lubricant particles;

• functionalization of micro-particles for pharmaceutical and medical applications;

• the production of colour pigments for paints;

• surface protection of phosphor particles for fluorescent lamps or electroluminescent panels;

• the tailoring of optical surface properties of toner particles;

• application of processed powder particles for chemical catalysis; and

• the use of particles for diagnostics.
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In this paper, we present new examples of the technological application of plasma powder
treatment and of the use of dust grains as diagnostic tools in process plasmas. Firstly, phosphor
particles have been coated by a protective alumina layer in a gas discharge containing a metal-
organic precursor. The deposited layer shall protect the individual phosphor particles against
degradation and ageing during plasma and UV irradiation in fluorescent lamps.

Secondly, examples of plasma process technology related to the interaction of micro-sized
(SiO2) grains confined in an rf plasma with an external ion beam as well as the effect of a
dc-magnetron discharge on confined particles will be described in the paper. The interaction
between plasma and injected micro-disperse powder particles can also be used as a diagnostic
tool for the characterization of:

• electric fields in the plasma sheath (particles as electrostatic micro-probes) [8];

• energy fluxes in the plasma and towards surfaces (particles as micro-calorimeters) [5, 9];
and

• plasma–wall interaction (particles as micro-substrates) [10].

By observing the position and movement of the particles dependent on the discharge
parameters, information can be obtained on the electric field and the electric potential distribution
in front of electrodes and substrate surfaces where other plasma diagnostic methods fail. For
instance, powder particles can be used as a kind of electrostatic micro-probe for the determination
of plasma parameters.

2. Experimental details

Owing to the fact that rf technology is widely used in industry, and because it has been extensively
shown that powder particles injected into such a plasma can be efficiently charged and trapped, an
asymmetric, capacitively coupled rf discharge was used. The experiments have been performed
in the reactor PULVA1, which is schematically drawn in figure 1. The plasma glow is located
in the region between the planar aluminium rf electrode (D = 130 mm) and the upper part of
the spherically shaped reactor vessel (D = 400 mm) which serves as a grounded electrode. The
13.56 MHz rf power is supplied by a generator (Dressler CESAR1310) in combination with an
automatic matching network (Dressler VM700). The rf voltage was varied between 200 and
900 V, resulting in a discharge power of 5–100 W. The turbopump Pfeiffer TMU260C which
allows for a base pressure of 10−4 Pa is connected to the vessel by a butterfly valve, the gas
pressure was varied between 0.5 and 20 Pa by the valve and by using a flow controller (MKS).
Argon, air and aluminium-tri-isopropyloxide (ATI), respectively, were used as the process gases.

The plasmas of the rf discharge as well as the ion beam and magnetron discharge have
been studied by several diagnostics. Langmuir-probe measurements and self-excited electron
resonance spectroscopy (SEERS, ASI Hercules) [11] provided information on the electron
component, whereas a thermal probe was used for the determination of the energy influx towards
the particles [12, 13]. Analytical CCD photometry (SBIG ST-6) and video recording (TELI
CF8320BC) were employed to obtain information on the powder particles distributed in the
plasma and illuminated by a laser fan at 532 nm (Spectra Physics Millenia V).

In the (first) coating experiment, the metal-organic precursor ATI has been dissociated in
the rf discharge containing an ATI/Ar or ATI/air mixture, respectively. The rf power has been
varied between 10 and 100 W and the gas flow rate between 0.5 and 10 sccm. Changes in

New Journal of Physics 5 (2003) 93.1–93.15 (http://www.njp.org/)

brand4.eps
http://www.njp.org/


93.4

dc

rf

rf

Figure 1. Schematic of the experimental set-up. The ion beam source on top of
the reactor could be replaced by a magnetron sputter source.

the electron density during the process have been measured by SEERS. After decomposition
of the ATI (Al(i -OC3H7)3) precursor thin alumina films have been deposited surrounding the
injected phosphor particles proved by x-ray photoelectron spectroscopy (XPS). The particles are
high-brightness, high-maintenance phosphors often used as the blue component in a tricolour
fluorescent lamp which consists of BaMg2Al16O27:Eu2+.

In the second experiment, where the interaction of an external ion beam with confined
powder particles was studied, the ion source was mounted on top of the vacuum chamber, see
figure 1. The ion beam source (IOM EC/A 125 [14]) was supplied with power of about 130 W
by a generator (Aalter SM 445) via a microwave antenna. At 87.5 mT and 2.4 GHz the electrons
are strongly accelerated by the electron cyclotron resonance and ionize the argon atoms. The
generated ions are extracted by a graphite grid system (diameter: 125 mm) and accelerated by
the beam voltage which was varied between 200 and 700 V. An additional turbopump (Leybold)
allows for gas pressures between 10−2 and 10−1 Pa even at high flow rates (3, 10 sccm) which
are necessary for the operation of the ion gun.

Whereas the mean plasma density in the confining rf plasma is of the order of 2×108 cm−3,
the external ion beam supplies an additional energetic ion flux of about 300 µA cm−2 which
interacts with the particle cloud. The beam profile could be visualized by the interaction of the
ion beam with the micro-disperse particles, which have been charged and confined in the weak rf
plasma (5–20 W) in front of the electrode within a region of a circular potential trap formed by a
ring. The distance of the particles to the ion source was about 210 mm. The spatial distribution
of the injected SiO2 (∼1 µm) particles in the rf-plasma sheath during ion beam operation was
also compared with the beam profile obtained by thermal probe measurements across the beam.

Finally, in the third experiment the ion source was removed and replaced by a dc-magnetron
source (von Ardenne PPS 50) opposite the rf electrode. Typical experimental conditions were:
pressure 3–20 Pa, rf power 1–10 W, magnetron power 10–200 W supplied by a generator
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Figure 2. Electron density as measured by SEERS with respect to dependence
on discharge power.

(Advanced Energy MDX 500). For these experiments silicon oxide particles with a diameter
of 18 µm were used. The particles were again trapped in the sheath above the rf electrode. In
order to confine the particles in the centre a copper ring was again placed on the rf electrode.
The planar dc-magnetron sputter source mounted on top of the reactor was used to deposit thin
metallic films on the particles which served as micro-substrates. As targets Al-, Cu- or Ti-
cathodes, respectively, were taken. The distance between the target and the trapped particles
was about 70 mm.

3. Results and discussion

3.1. Deposition of protective coatings on individual phosphor particles

An example of technological powder treatment in process plasma is the deposition of alumina
coatings on individual phosphor particles by a PECVD process. The deposited layers protect
the particles against degradation and ageing during plasma and UV irradiation in fluorescent
lamps. Thin films of alumina (Al2O3) are chemically stable and allow a substantially full light
transmission at the excitation wavelength of mercury (254 nm) and in the visible range.

As original material the aluminium-organic precursor ATI was used. The ATI molecules
are dissociated in the rf-plasma volume and the radicals contribute to the formation of Al-oxide
on the small phosphor particle substrates. Fragmentation and deposition essentially depend on
the plasma parameters and the process cycle.

Owing to the fact that the ATI fragments tend to form negative ions the electron density
shows only a weak variation with the power, whereas in a pure argon plasma a strong increase
could be observed (figure 2). This observation is due to the electron attachment by the radicals
which contribute to the film growth at the luminophore particles. In a pure argon plasma the
electron density increases with increasing power (30–100 W) from 2×108 to 12×108 cm−3, while
the density in an Ar/ATI plasma is about 108 cm−3. In the argon plasma the degree of ionization
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Figure 3. Spectral light intensity of non-treated luminophores after plasma
irradiation.

increases with the discharge power and, hence, the density of the Ar+ ions and electrons also
increases. In ATI or O2 plasma, respectively, the ionization also increases as a function of the
discharge power. However, to a certain extent the electrons are attached at the radicals to form
negative ions. As a result, the density of the free electrons almost does not change, see figure 2.
The different order of magnitude and the tendency in the electron densities for different process
conditions allow us to make conclusions about the dissociation and ionization mechanisms and
reveals information about the thin film deposition on the fluorescent grains.

The original phosphor particles, which are not coated by a protective alumina layer, show
a remarkable decrease in their light intensity after argon plasma treatment, which simulates the
process conditions in a lamp (figure 3). Irradiating the plasma for 1 h at 50 W causes an ageing
effect and a decrease in the light intensity of the luminophores by a factor of 10. Therefore, the
particles have been coated by the protective alumina layer. The success of particle deposition was
proved by XPS. It could be demonstrated that the luminophore grains show CH-groups from the
glue before deposition, whereas almost no CH-groups could be detected by XPS on the particles
after deposition of the protective layer. In comparison to the non-treated particles, PECVD
decomposition of ATI in the rf plasma giving transparent Al2O3 films onto phosphor particles
results in a much higher stability against plasma irradiation, e.g. against UV radiation and particle
bombardment at low energies. Whereas the light intensity of non-treated luminophores decreases
with high-power plasma irradiation, the light intensity of coated luminophores remains stable
even for high power, see figure 4.

As the fluorescent properties of the grains should be preserved, it is important that there is no
change in the emission spectra of the particles with respect to the Al2O3 protective layers. It can
be shown that the emission spectra of alumina-coated BaMg2Al16O27:Eu2+ does not differ from
that of the uncoated materials. An additional advantage of plasma treatment under optimized
conditions (e.g. 30 W, 5 sccm air/ATI, 30 min treatment time) is the decomposition of the glue
material, which makes any additional annealing processes unnecessary.
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Figure 4. Comparison of light intensities of non-coated and coated luminophore
particles after plasma irradiation.

3.2. Interaction of an external ion beam with confined dust grains

Ion beam technology has come of age over the past decade. For example, ion beam sources are
widely used in sputtering, etching and smoothing of surfaces. Recently, the employment of ion
beam sources as thrusters in space technology and as powerful tools in processing highly accurate
optical lenses has received much attention. An important issue in this field is the development
of broad ion beam sources which are used, for example, in the processing of large substrate
surfaces [15, 16].

An essential requirement for new applications of ion beam technology is the desired tailoring
of the beam profile. For optimization and adjustment,knowledge of the physical beam parameters
and plasma processes in the ion source is necessary. Thus, the determination of the beam profile
and the energy flux from the ion source towards the substrate surface during operation is of
special interest [17].

The deposited power, which has been measured by a simple thermal probe [13], mainly
depends on the beam voltage supplied, Vbeam, assuming that the mean free path length of the
ions in the residual gas is larger than the distance between the ion source and substrate. In this
case, the energy influx Jin is the product of the ion current density ji times the kinetic energy of
the ions (Eion) which is given by the difference in the beam voltage and the constant substrate
voltage of the thermal probe. In addition, the ion current ji was kept nearly constant, since the
operation of the ion source was in the saturation regime where ji is only affected by the discharge
power of the source and not by the extracting beam voltage.

In the range considered here (Vbeam = 100–700 V), the deposited power Jin increases nearly
linearly (Jin = 0.05–0.45 J cm−2 s−1) with applied beam voltage due to the increasing kinetic
energy of the ions [18]. The influence of the beam voltage on the profile of the ion beam has also
been studied. As an example, the profiles obtained at two different beam voltages (300, 700 V)
are shown in figure 5. On comparing the two profiles at an argon gas flow of 3 sccm (10−2 Pa)
it is obvious that at the edge of the ion beam at higher voltages the energy flux is almost double
due to the higher divergence of the beam. However, at a higher gas flow of 10 sccm this effect
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Figure 5. Influence of beam voltage and gas flow on the profile of the energy
influx (deposited power).

(a) (b)

Figure 6. Confined dust particles in the rf plasma without (a) and with (b) beam
operation.

is compensated by an increasing number of ion collisions at higher gas pressure (10−1 Pa). The
‘amplification’ of the edge regions under certain conditions can be regarded as an improvement
in the homogeneity across the broad beam.

Additionally, the ion beam profile was visualized by small dust particles which are levitated
in front of the rf electrode (figure 6(a)). If the beam is switched on, the shape of the particle
cloud is changed in a characteristic manner (figure 6(b)) reflecting the beam operation.

Charging, confinement and movement of the dust particles are essentially influenced by the
presence of additional electric fields and forces onto the particles which are provided in our ex-
periments by the external ion beam in order to simulate the influence of ions in a complex plasma.

The dependence of the measured height of the dust particle cloud above the rf electrode on
the ion beam voltage is plotted in figure 7. For small beam voltages (Vbeam < 200 V) there is
almost no influence. Due to a variation in the sheath width, which is influenced by gas pressure
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Figure 7. Particle cloud in front of the rf electrode at different ion beam voltages,
and the measured height of the particles.

and rf power, the trapped particles only follow the variations in the rf plasma. The beam voltage
is not sufficiently high enough to extract a remarkable number of ions into the dust region which
is about 210 mm away from the grid system of the ion source. When the beam voltage increases,
the height of the dust particles decreases. That means the originally planar dust cloud forms a
parabolic shape and moves into the direction of the rf electrode. For higher powers of the rf
plasma and, hence, for higher bias voltage of the electrode the particle cloud is levitated in a
higher position than for smaller rf powers. This observation is due to the electric field (potential)
in front of the powered rf electrode. At higher bias voltages, the field can compensate for the
influence of the external ion beam more efficiently (figure 7).

As the additional ion supply by the external ion beam interacts with the rf plasma, the plasma
density in the trapping region is changed. This effect causes a variation in the sheath (width and
shape) and, thus, a variation in the force balance of the particles. Another effect of the additional
ion flux is an enhanced charge carrier recombination at the surface of the negatively floating dust
grains. It can be expected that the net charge is decreased by recombination. Ion bombardment
also leads to additional heating of the particles. Certainly, the ion drag force created by the ions
of the beam also influences the force balance of the confined grains. The importance of this
effect has often been discussed with respect to the void formation in plasma crystals [19, 20].

By varying the experimental conditions, one of the three effects mentioned above may be
dominant, e.g. varying the discharge power, beam voltage, pressure or particle size. Assuming
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that there would only be a weak change in the electric field shape in front of the rf electrode and
almost no influence on the particle charge during beam operation, the change in the position of
the particles could only be caused by the ion drag.

Under these conditions, the electrostatic force has to compensate for the sum of gravitation
and ion drag. The electrostatic force Fel is given by the product of the particle charge Q times the
electric field strength E(z0) at the trapping position z0. The field was in the order of 3×103 V m−1

and the charge was about 2 × 103 e0. The gravitational force FG depends on the mass m of the
particles which was 2 × 10−15 kg. This simplified model assumption finally results in an ion
beam drag force of about 10−12 N (at Vbeam = 500 V) which is larger than the gravitational force
and which has to be balanced by the electrostatic force due to the electric field in the rf sheath.

To summarize, it can be seen that by visualization of the shape of confined dust particles
in combination with other diagnostic methods (e.g. energy flux measurements) the profile of an
ion beam can be suitably characterized.

3.3. Coating of powder particles in a magnetron discharge

Thin metallic films (Al, Ti, Cu) were deposited by means of dc-magnetron sputtering on silicon
oxide particles (18 µm in diameter) suspended in the argon rf discharge (5 Pa, 5 W). The coated
particles were examined by electron microscopy (SEM). Some pictures of the particles are shown
in figure 8.

The structure of the metallic films was different depending on the target material. While
the Al- and Cu-films were deposited smoothly, the Ti-films showed a distinct island formation.
This can be explained by the lower sputter yield of the titanium target and also by the different
surface adhesion between the particles and the deposited material [21]. The surface energy of
titanium (1.39 J m−2) is higher than that of aluminium (0.91 J m−2) and copper and, therefore,
the wetting of the particle surface is worse for titanium.

The deposition rates have been determined as a function of the magnetron power. To obtain
the film thickness the metals were sputtered pre-experimentally onto glass substrates. During the
deposition process the transmission of the sample was determined and, by taking into account the
optical relationships, the thickness and, thus, the growth rate could be estimated. In conclusion,
from the parameter study of the deposition rate at the relevant experimental conditions (magnetron
power between 30 and 100 W) one can expect growth rates of 0.5–2.5 nm s−1 for aluminium
and titanium layers and growth rates of 2.5–15 nm s−1 for copper on the powder grains. This
expectation is also supported by observation of the surrounding films on the powder particles,
see for example figure 8(d). These are rather reliable values which satisfy the requirements of the
applications well. For an optically thick aluminium coating of about 60 nm the particles have to
be confined for 1 minute, which is not a problem because the particles can be trapped for hours.

The difference between the original and powder-coated particles is obvious. The particles
are completely covered with close and quite thick metal layers. The coated particles show a rough
and cauliflower-like shape which makes them attractive, especially for catalytic applications. The
modified particles also differ from the originals in their contrast. If the deposited films were
thinner, the layer surrounding the particles could also be smoother. In such cases the surface
structure of the coated particles (which was still completely closed) looked more golfball-like
which might be interesting for optical applications.

In the experimental set-up used it was only possible to trap about 105 particles per cubic
centimetre. This corresponded to a mass of about 0.5 mg. The particles were treated in the
magnetron discharge for about 5 minutes. The metallic layers were deposited evenly on all the
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Figure 8. SEM photographs of silicon oxide particles coated by magnetron
sputtering.

particles. This would give a yield of coated particles of about 50 mg h−1 if it were possible to
extract the particles directly from the reactor through some kind of load–lock system. This is
not very much but can probably be enhanced using a scaled set-up.

During the magnetron experiments, an interesting observation was made: when the
magnetron was turned on the entire particle cloud began to rotate, see figure 9. After the
magnetron was turned off the rotation ceased due to the neutral drag. Similar observations of
particle motion under the influence of a permanent magnetic field were made by Konopka et al
[22]. They explain the rotation with the azimuthal component of the ion drag force as being due
to E × B-drift of the ions in the perpendicular radial electric and vertical magnetic fields.

However, we observed particle cloud rotation only under the influence of magnetron
discharge. This means that for this effect the interaction of the rf plasma and the magnetron
discharge is of significance.
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Figure 9. Particle cloud before and after the magnetron was turned on.

The magnetic field of the permanent magnets in the magnetron is already very weak for
this particle distance (Bz,Mag ≈ 10−4 T). It alone has no impact on the particles. Thus, we
believe that the electrons (which exist under high density due to the magnetron effect in front
of the target cathode) must be responsible for the ion drift. With these circulating electrons
an additional magnetic field is formed and an additional electron current in the direction of the
opposite rf electrode is supplied. This current was observed in earlier experiments.

We ascribe the rotation of the particle cloud to an E × B-drift of the argon ions which
interact through impulse transfer with the particles. The perpendicular fields responsible for the
ion drift are the vertical component of the permanent magnetic field, Bz,Mag, of the magnetron and
the radial components of the electric field above the rf electrode which is changed significantly
by the influence of the magnetron plasma particularly through the flow of electrons from the
magnetron plasma (figure 10). Finally, the momentum transfer of the ions (ion drag) due
to the tangential Lorentz force causes the grains to rotate. Even if the ion drag is only just
sufficient in a small circular region, the other dust particles are coupled to each other by Coulomb
interaction [23]. This also explains why the entire particle cloud rotates like a rigid solid with
the same frequency.

The motion of the particle cloud was studied using different parameters. Figure 11 shows the
rotation frequency as a function of the magnetron power. It increases linearly with increasing
magnetron power accounting for the increase in the charge carrier density in the magnetron
discharge. This observation supports our supposition on the influence of the interaction with
the electron ring current, since the density of the charge carriers increases with the magnetron
discharge power. The dependence on the gas pressure was also studied (figure 12). The rotation
frequency frot decreases with as the pressure p increases which can be explained by the neutral
friction force FN increasing (neutral drag).
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dc

Figure 10. Principle sketch of the fields which cause (by the tangential ion drag)
the rotation of the grains with magnetron operation.

Figure 11. Rotation frequency of the particle cloud as a function of the magnetron
power at different gas pressures.

For the rotation frequency the force balance between the ion drag Fion and the neutral drag
FN is important [24]

FN = ξpvS = Fion

where p is the gas pressure, vS = 2πrS frot is the rotation velocity of the particle cloud, rS is the
mean radius of the rotating particle ring and ξ is a constant.
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Figure 12. Pressure dependence on the particle cloud rotation frequency at
different powers.

With this we can derive the following expression for the rotation frequency [25, 26]:

frot =
(σcoll + σcoul)ni(p, Pmag)mArvdi

√
v2

di + v2
th,i

2πrSξ

1

p

where σcoll is the collision cross section for ion momentum transfer, σcoul is the cross section for
Coulomb interaction, ni is the ion density, mAr is the ion mass, vdi is the drift velocity of the ions
and vth,i is the thermal velocity of the ions.

Figure 12 shows a comparison of the experimental data points and the model. The curve
yields a friction force of about 5 × 10−13 N which is of the same order as the confining forces.

4. Conclusion

Powder trapping, modification and coating in laboratory discharges have been subjects of growing
interest over the past decade. There are possibilities for coating powder particles for technological
applications as has been demonstrated.

In the initial experiment, luminophore grains were coated by a protective alumina layer
in a metal-organic PECVD process. The treated particles showed better stability in their light
intensity, meaning that the surface properties with respect to degradation by plasma irradiation
could be remarkably improved. Furthermore, small SiO2 grains were coated by thin metallic films
with a combined plasma configuration of an rf plasma for particle charging and trapping, and a
dc-magnetron sputter source for deposition. However, the number of the confined particles and,
thus, the yield of the modified powder is still rather small and must be increased for reasonable
industrial application.

The interaction between process plasma and injected micro-disperse powder particles can
also be used as a diagnostic tool for the study of plasma surface mechanisms in low-pressure
plasmas. For example, with magnetron sputtering of thin films onto dust grains the observation
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and interpretation of the particle cloud rotation under the influence of a magnetron discharge
reveals information on the electron flux pattern as well as on the neutral and ion drag. The
effect of the ion drag was also studied during the interaction of an external ion beam source with
confined dust particles in another experiment. In combination with other diagnostic methods
(e.g. energy flux measurements), by visualizing the shape of the confined dust particles the profile
of the ion beam can be suitably characterized to optimize the beam performance.

The examples presented emphasize that the technological application of complex plasmas
is a promising field of research in the frontier between plasma physics, material processing and
diagnostics.
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