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Summary 

Powder particles are injected in an RF-plasma. In the RF-plasma the particles will be 
charged negatively and they will be trapped near the plasma glow-sheath boundary of the 
RF-plasma. The trapping is due to the equilibrium of the gravitational force and the 
electrical force on the powder particles. While the particles are trapped it is possible to 
coat the iron powder particles with a thin layer of aluminum using a DG-magnetron sputter 
sou ree. The main object of this study is to combine the magnetical behaviour of iron with 
the optical properties of aluminum. 

To get a better understanding of the processes of trapping and coating, studies on plasma 
diagnostics (Langmuir-probes, high-voltage probes, SIGLO-simulations, Self Excited 
Electron Resonance Spectrosopy (SEERS), energy resolved mass-spectrometry) and thin 
film deposition (SEM, Optical Emission Spectroscopy, RBS, AFM) have been carried out. 
The plasma characterization includes the RF-plasma for charging and trapping the 
particles as well as the magnetron discharge as deposition sou ree. 

One of the main tasks was the description and rnadeling of the partiele and energy fluxes 
of the coating material towards the powder particles. The energy fluxes calculated by a 
model are in good agreement with the energy fluxes obtained by measurements done with 
energy resolved mass-spectrometry. In addition, the deposition rate of the magnetron, 
measured using Optical Emission Spectroscopy is compared with a simple model. The 
agreement betweenthem is again very good. Furthermore, the estimated film thickness is 
compared with RBS-measurements. This shows that the estimation by Optical Emission 
Spectroscopy is reliable. 

With Scanning Electron Microscopy it has clearly been shown that it is possible to coat 
iron powders with a close and compact layer of aluminum by DG-magnetron sputtering 
during their confinement in an RF-plasma. 

The overall goal of the project was to come to a first technological step towards an 
industrial production of coated powder particles. Therefore, a new setup was constructed 
for better trapping by means of a cup-like electrode and better collecting of the particles by 
means of a laad-loek. However, there are still some problems to deal with: the density of 
particles trapped in the plasma volume is toa low to get reasanabie amounts within a few 
runs and the colleetien methad has to be improved in order to separate the coated from 
the uncoated particles. Another problem was the continuous contamination of the 
aluminum target; this has to be solved by using a shutter. 
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1. Introduetion 

1.1. Objectives 

In the industrial sector plasmas are extensively applied in manufacturing, etching, 
cleaning, oxidation and deposition of surface structures and thin films. Capacitively 
coupled Radio Frequent (RF) plasmas and magnetically enhanced sputter sourees are the 
most camman of the different discharge types and reactor designs. 

In the last decade powder formation in process plasmas has become important and an 
object of extended investigation [1 ,2]. However, the treatment (trapping and coating or 
etching, respectively) of powder particles in plasmas is nat studied in such an extent. So 
far, trial-and-error procedures are mostly applied because no models exist which could be 
the basis for further industrial research to tailor powder modification by plasma processes 
for different applications. 

This project should give a support in the development of models for the interaction of 
plasmas with powder partiele surfaces. The overall industrial objective of the research is 
the modification of surfaces of metallic powder particles injected into process plasmas. 
The specific industrial objectives are: 
• obtain thin aluminum coatings on carbonyl-iron powder (toner), 
• increase the demsity of trapped particles in the process plasma, 
• give guidelines for reactor up-sealing towards industrial dimensions, 
• suggest discharge geometries and reactor settings which lead to optimum partiele 

coatings with desired functionality. 

1.2. Plasma and Powder 

Whereas in farmer times dust and powder formation in plasmas have been regarded as 
'dirty' and disturbing side effects, it recently has become a subject of intensive basic and 
applied research. Nowadays dusty plasmas are investigated for various processes in 
plasma deposition and etching (SiHx, CFx) as well as in astrophysics (interstellar molecular 
clouds). 
Four essential reasans exist for the growing interest in this field : 
1. Astrophysical questions as formation of stars in large clouds of gas and dust [3,4] or 

slices of dust in the galaxies. 
2. Basic research of phase transitions using plasma crystals as model systems [5,6]. 

Dust is trapped in an RF-plasma just above the 
electrode. Changing the discharge conditions 
influences the charge on the particles and the 
kinetic energy. For some discharge conditions 
the ratio of charge to kinetic energy is » 1 which 
means that due to repulsive farces the particles 
are standing still. The dust particles farm a solid 
then. However if particles with a very narrow size 
distribution are used, it is possible to farm a 
crystal (see figure 1.1 ). So, phase transitions can 
be simulated by changing the discharge 

Figure 1.1. Crysta/ of dust in an RF- parameters. 
plasma (photo by ir. G. Swinkels) 
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3. Research about how to avoid darnaging effects by dusty particles in semiconductor 

Figure 1.2. Surface of silicon after 
plasma etching. 

processing [7,8] . Dust can be formed in 
etching plasmas (like SF6) and deposition 
plasmas (like silane SiH4 or methane CH4) 

The dust clouds will float in the plasma 
above, tor example, an IC-structure. When 
the plasma is switched off the particles can 
easily drop on the IC-structure. This can lead 
to a disturbance or even a break-down of the 
IC-structure. The formation of particles 
strongly depends on the process parameters 
and conditions. 

4. Formation and modification of mono-disperse powders in the nm- and ,um-scale with 
tailored properties. Especially this point has a large importance concerning the present 
project. In this project powder particles are trapped in an RF-plasma and while they 
stay trapped, the particles are coated with a thin metallic layer by a DG-magnetron 
sputter source. 

The first two reasens are of importance tor a more fundamental research, whereas the 
latter two are of immediate interest tor industrial application. For plasma-modified powder 
particles there are several perspectives: 
• layer deposition by plasma spraying where the powder is injected as deposition 

material [9, 1 0], 
• treatment of aerosols and gas flues (flames, exhausters) [11], 
• chemica! catalysis (large specific surfaces), 
• enhancement of optical properties of small particles (pigments, toners). 

Tailoring of the partiele functionality may include the geometrical shape as well as 
chemica!, electrical and optical properties. The scope of the possibilities tor technology 
and knowledge transfer will be broad. 

However, there is a remarkable lack of research in regard to these perspectives. Only a 
tew papers address the modeling of powder modification and use an integrated approach, 
using theoretica! and experimental methods, tor describing the plasma-particle-interaction 
as an industrial process tor powder coatings [13]. 
The application of reliable descriptions requires a different balance between neutral, ion 
and electron fluxes as well as their energy fluxes towards the powder partiele surface. For 
instance, good adhesive coatings need an intense and energetic partiele bombardment 
[14]. A theoretica! model allows direct tailoring of discharge conditions to desired results 
compared to trial-and-error methods. Furthermore, also the two main parts of the study 
(plasma and partiele surface) represent very valuable technological intermation in itself. 

1.3. Overview on the Project 

The overall goal of the present project is to come to a description of low-pressure plasmas 
interacting with injected powder particles to modify them (etching, coating). This 
description expands trom the external plasma parameters (powers, pressure, discharge 
contiguration etc.) to the surface to be processed. In order to predict, through this 
description, the consequences of a change in plasma set points on the results of the 
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surface modification, an experimental and theoretica! characterization of the plasma
powder-interaction is essential. 
The project includes three main aspects: plasma diagnostics, surface diagnostics and 
rnadeling of the interaction between the plasma and the powder particles. 

Plasma Diagnostics: 
Experiments with the plasma reveal intermation on the composition and the energy 
distribution of the several partiele species in the process plasma. Langmuir-probes and 
Self Excited Electron Resonance Spectroscopy (SEERS) can provide an insight in 
variations of the electron density and the potential distribution within the reactor eh amber. 
With energy-resolved mass speetrometry the ion energy distribution tunetion (IEDF) can 
be determined. The spectrometer can also detect neutrals. 
Measurements of the macroscopie parameters (discharge voltage, sheath width etc.) 
provide an impression on the behaviour of the discharge and its change by powder 
injection. 
Analytica! GGD-photometry is installed to obtain intermation on the powder distributed in 
the plasma. The diagnostics include the powder treatment region (RF-glow) as well as the 
souree region of the coating material (DG-magnetron). 

Surface Diagnostics: 
The characterization of the powder particles and deposited films is done by several 
techniques: Scanning Electron Microscopy (SEM), Rutherford Backscattering (RBS) and 
Atomie Force Microscopy (AFM). The particles are collected and transported mechanically 
trom the reactor by a load-lock system. 

Modeling of Plasma-Particle-lnteraction 
A model needs to be developed which subsequently describes the processes of: 
• powder charging and trapping in an RF-plasma, 
• DG-magnetron sputtering, 
• the interaction of the plasma and the sputtered species with the powder surface, 
• the modification of the surface and the output of coated powder particles. 
The activity of the surface and its deposition by a thin metallic film will be evaluated by 
inputs as energy influx, surface chemistry, neutral partiele flux and electron/ion 
bombardment parameters. Outputs are etch and deposition rates on the particles and their 
optical properties. 

-3-
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2. Theory 

2.1. Introduetion 

RF-plasmas are very suitable for industrial applications. They have some degrees of 
freedom (geometry, frequencies etc.) and a lot of experience exists. lt has been 
extensively shown that powder particles injected into an RF-plasma volume can be 
charged and confined [15, 16]. During their trapping the particles can be treated by an 
external source. As such an external plasma souree for the deposition material a planar 
DG-magnetron, which supplies a continuous flux of coating material by sputtering, is 
chosen. 

2.2. The RF-Plasma 

A DC glow discharge is the easiest discharge to make (figure 2.1 ). Th is glow discharge is 
produced by an electric discharge between two electredes and confined in a vacuum 
vessel. In low-pressure plasmas (i.e. a few Pascal) ionization is due to electron-neutral 
collisions and requires only electron energies of tens of eV. In fact only a small fraction of 
the free electrens need such a high energy to maintain a weakly ionized plasma ( degree 
of ionization a= nefns z 10-6

, with ne and ns the electron and neutral density, respectively) 
and the mean energy is generally a few eV. Due to the efficient kinetic energy transfer in 
collisions between ions and neutrals (which are of comparable mass), both species remain 
in thermal equilibrium with each ether and 
with the walls of the vessel confining the 
plasma. The stationary nature of the plasma 
implies that the net ionization rate in the 
discharge volume is equal to the rate of loss 
of charge from the plasma to the walls. For 
the plasma to remain neutral, the flux of 
electrens and positive ions escaping the 
plasma must also be the same, in spite of 
the electron velocity being 1 03-1 04 times 
higher. This means there must be an energy 
barrier to prevent too many electrens 
reaching the walls or electrodes. This barrier 

anode 

cathode 

electrastatic 
sheaths 

must be at least a few times the mean Figure 2.1. Scheme of a oe glow 
electron ene.rgy. These ~nergy barriers are discharge withits sheaths. 
formed by th1n electrostatle sheaths between 
the plasma and the walls or electrodes. The sheath thickness dsh is given by [17]: 

dsh = .J2 Àv{2Vo ) '
4 

3 \Te } (2.1) 

This is the formula for the Child sheath law. Here Ào is the Debye length (Ào = 
( c0 T efe2ne/12

), V0 is the potential at the electrode or wall and Te is the electron temperature. 

However, such a DC glow discharge has a few disadvantages: 
• Most of the input power is used to accelerate the ions through the sheath and appears 

as heat when the ions strike the cathode. 
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• A conducting net current is necessary to sustain the discharge. This requirement 
generally precludes the use of insulating materials in sputter targets, substrates or 
deposited films, because the insuiators would prevent DC current conduction. 

The use of an AC power souree can alleviate both these shortcomings. lf we now have an 
insulating electrode, we see that current flows until the insuiator is charged up and the 
discharge terminates. On the next half cycle the insuiator would discharge and current 
would flow in the opposite direction until the insuiator is charged up again. The insuiator 
behaves like a capacitor that is charged in alternate directions by the plasma. lf the AC 
frequency is increased to the point that the charging time is longer than the AC period, 
current will flow in the plasma for the entire AC cycle. A frequency of 100kHz is enough to 
achieve this condition. Commercial RF-plasmas, however, work at a frequency of 13.56 
MHz; at this frequency a new phenomenon occurs. The massive ions have too much 
inertia to respond to the instantaneous electric field in the sheath regions, but the lighter 
electrens have no problems with that. Forsome configurations (asymmetrie discharges) a 
time-average bias will arise [18]. 

The bias voltage (Vb) is the voltage that arises on the smaller electrode to ensure that the 
fluxes of electrens and positive ions are the same. When the driven and the grounded 
electrode are of the same size no bias voltage will occur; we then speak of a symmetrie 
discharge. 

sheath sheath 

I 

© 
a) b) 

Figure 2.2. Scheme of an asymmetrie (a) and a symmetrie (b) discharge. The 
RF power supply is capacitively coupled to the electrodes. Only for the 
asymmetrie case a self-bias occurs 

In RF-discharges several potentials are important: 
• The plasma potential ( Up1) is the potential of the glow region of the plasma in which the 

potential is uniform and constant. lt is the most positive potential in the chamber. The 
plasma potential is always positive with respect to any surface in contact with the 
plasma. This is because the mobility of the free electrens is much greater than that of 
the ions. Therefore, surfaces in contact with the plasma become negatively charged 
and a positive space charge layer develops in front of these surfaces. 

• The floating potential (U") is the potential at which equal flux es of negative and positive 
charged species arrive at an electrically floating surface in contact with the plasma. 
The floating potential is approximately given by ([19]): 
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Up!- Ufl =-In --kTe ( mi ) 
2e 2.3me 

(2.2) 

where Te is the electron temperature, e is the unit electron charge and m; and me are 
the ion and electron mass, respectively. 

• The sheath potential ( Ush) is the difference between the potential of the wall or 
electrode and the potential at the sheath edge. 

2.3 Interaction of the RF-Plasma with lnjected Powders 

In sectien 2.2 only the pure RF-plasma has been described. However, what happens if 
powder particles are injected and interact with the plasma? 

A powder partiele in a plasma gains an electric charge and responds to electric forces. 
Electrastatic equilibrium in the system is achieved when the net fluxes of electrens and 
positive ions falling on the partiele surface are the same. This requires that the partiele 
surface potential is negative compared with the plasma potential. The partiele achieves 
this potential by the attachment of electrens onto its surface. The energy barrier is a few 
times the mean electron energy. Particles must carry a large number of electrens to reach 
this potential. The net charge Q of a powder partiele with a mean diameter of 2 pm is: 

Q = C ·U= 4;rsoR · (Ufl- Up1) ~ 7500e . (2.3) 

Here Un = 3V and Up1 = 14V is chosen, these are va lues typ i cal for our RF-discharge. 
In addition, each negatively charged partiele is surrounded by a cloud of positive ions 
which electrostatically sereens the partiele from the plasma. This is known as Debye 
shielding. 
Due to the charging of the particles in the RF-plasma, clusters of particles that are injected 
into the plasma will fall apart in individual particles. Then the particles can be separately 
modified by, for instance, a DG-magnetron coating source. 

The equilibrium charge of a powder partiele is already reached after a very short time. The 
carrier flux strongly depends on plasma parameters like electron temperature Te , electron 
density ne, plasma potential Up1 and floating potential Un. The flux densities of electrens to 
a substrate can be calculated for two different well-known electron energy distribution 
functions (EEDF; p = 1: Maxwellian distribution; p = 2: Druyvesteyn distribution, [48]): 

(2.4) 

[ { 
2u 2 } { } { }] 

e bias e u 0 e u 0 

}. = n exp - c - c ____É!!!!_ er+c c ____É!!!!_ for p = 2. 
e • 1 eT2 2 kT J ' 3 kT 

e e e 

(2.5) 

The flux density of the ions to a substrate can be calculated using a mono-energetic 
tunetion (p = 0: Bohm, [48]) : 

j
1 
~ const ·(I+ eU,~, ) ar j, ~ n, ~kT, exp{- 0.5} lor p = 0. 

kT. mi 
(2.6) 
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Here U bias = Up,- U sub, with U sub the potential of the substrate. me, m; are the masses of the 
electrans and ions, respectively. 
The graph of tigure 2.3 shows a constructed example where the influence of the substrate 
potential Usub is simulated. The substrate is at floating potential if the electron and ion 
currents to it are equal. For isolated powder particles serving as substrates this is the 
case. For the calculations made in tigure 2.3 it is to be seen that the floating potential is 
about 4 V. 

-•- je p=1 

....... j"p=2 
ne=4 108cm-3 , kT

8
=2.5eV , 

up
1
=14V 

usub [V] 

15 

Figure 2.3. Ca/culated flux densities of electrans Ue) and ions lj;) to a 
substrate tor different energy distribution parameters p. 
(p = 0: mono-energetic; p = 1: Maxwell; p = 2: Druyvesteyn) 

-: 

20 

Related to the electron and ion fluxes towards the floating particles, there is also an 
energy intlux due to kinetic (Je and J;) and recombination energy (Jrec) of the charge 
carriers hitting the particles. The total energy intlux is given by: 

.];n = J e + J; + Jrec . (2.7) 

The energy flux to the substrate are given by the product of the flux densities to the 
substrate (equations (2.4) and (2.6)) and the mean partiele energies. Electrans have an 
energy distribution function . Only electrans with an energy greater than eUbias will reach 
the substrate. The energy of the electrons, who reach the substrate is then 2kTe. Then, the 
electron energy contribution can be obtained by [20]: 

J ~ n ~ kT, {- e U bias } • 2kT 
e " 2 exp kT ", 

:Trme e 

(2.8) 
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The ions are accelerated in the electrical field in front of the substrate and get, in addition 
to their mean thermal energy, 312kT;on, a kinetic energy eUbias· The thermal energy is in our 
case negligible to the kinetic energy. Then, the ion energy contribution is given by [20]: 

(2.9) 

Also the ionization energy E; in case of possible recombination at the substrate has to be 
taken into account. When a substrate is isolating and floating the electron and ion currents 
are equal Ue = j;) and the released recombination energy flux Jrec is: 

(2.1 0) 

where E; is the ionization energy, which is for argon 15.7 eV. 

The distribution of dust particles in the plasma reactor itself is determined by a variety of 
forces acting on the powder particles. The most important forces are gravitational , 
electrastatic (Coulomb), neutral fluid drag, viseaus ion drag and thermophoretic [15], see 
appendix A. lt can be easily observed by a laser scan, that the particles in the plasma are 
confined radially and axially. The radial confinement is due to the electrical forces, while 
the axial confinement is a result of the sum of electrical, collisional and gravitational 
forces. The particles are suspended in a plane where the net force acting on them is zero. 
The various forces scale with powder partiele radius R, electric field E, and partiele drift 
velocity v as described in the following figure 2.4. The forces on a partiele are calculated 
by taking into consideration the typical values of our experiments. For the calculation the 
particles are assumed to be spherical with a diameter of 2 Jlm. 
Under our experimental conditions, in principle, only the balance between electrastatic and 
gravitational forces appears important. The spatial distribution of injected powder depends 
on the spatial dependenee of the sheath and plasma potential in bulk plasma, which in 
turn depend u pon the electrical topography of the involved electrode wall surfaces. 

c-______ ~ 
z 

L r 
---=-___.....--_.,.....__---....." t z = ZiJ 

"""---= ,__-/ -} z = 0 
----:-~---

RF 

I F g ~ pR3 ~ 3.5·1 o-13NI ! gravitational 

F n ~ ll err(Ygas- v)R ~ R2vgas ~ 3· 10-' sN t neutral drag 

Fi ~ jiR2vi ~ 7· I0-14N ! ion drag 

I Fel-ER- 3.5·10-13~ t electrostatic 

F1h- KdT/dz - R2dT/dz - 3· I0-1 4N 

t 
therrnophoretic 

F ph- (Qabs+Qstreu)l R2- Ü photophoretic 

Figure 2.4. Farces acting on powder particles immersed in an RF-plasma. 
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Let us now consider the force balance in more detail. Because in our case gravitation and 
Coulomb force are more than one order larger compared to the other forces (see figure 
2.4), we only take into account those two forces. On an iron partiele (diameter 2 flm, mass 
3.5·10-14 kg) acts a gravitational force of F9 = 3.5·10-13 N. In ordertotrap such a partiele the 
corresponding electric field force must have the same value: 

(2.11) 

Assuming a partiele charge of 7500e (from equation (2.3)) one obtains an electrical field 
strength E at trapping position zo of about 300 Vim, which is a rather small value 
compared to the field at the electrode. Such fields are typical for the pre-sheath. Figure 2.5 
illustrates the situation in front of the electrode. 

Solving the Poisson equation (2.12) in the sheath for ne-0 (electron depletion) one obtains 
again an expression for the electric field, equation (2.13), and for the potential energy of a 
charged powder partiele in this field, equation (2.14). 

2 dE p e 
V V=--=-=-(n -n) 

dz GQ GQ e I ' 

e 
E(z) = -n;(z- z0 ), 

&a 

el ze2n; 2 
Epot (z) = --(z- z0 ) (with Ze= Q). 

2&o 

z 

Ucat E 

(2.12) 

(2.13) 

(2.14) 

z z 

noo 

0 n 0.6noo 0 

RF potential electric field carrier density 

Figure 2.5. Potential, electric field and carrier density in an RF plasma, 
schematic. 
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In addition, a potential energy of the gravitational field exists, which is 

E;;~· (z) = mg(z- z0 ). A powder partiele is trapped in an effective potential Epor' such as 

(2.15) 

The effective parabalie potential for the relevant experimental conditions is plotled in figure 
2.6. One can recognize that small variations have a much larger effect in the electric field 
than in the gravitational field. 

In principle, a powder partiele with a given mass m and a given charge Q =Ze can at a 
certain electric field strength only be stabie at the position z =Zo. But in reality, a partiele 
distribution along the z-axis exists. This distribution is due to a non-uniformity of the 
electric field, partiele size distribution, gas temperature gradients, etc. Hence, in reality 
there is a certain partiele separation. The particles are distributed within the pre-sheath 
near the sheath edge in a plane where the net force acting on them is zero. Here the 
partiele concentratien reaches its maximum. Such a relatively sharp distribution is notably 
illustrated by a dust cl oud equilibrium profile in figure 2. 7 (taken from [22]). 

The non-uniformity of the plasma conditions in the reactor volume is shown in figure 2.8 
(taken from [23]). lt describes the spatial distribution of the plasma potential in the 
neighbourhood of the RF-electrode. lt is clearly to be seen that such a non-ideal potential 
distribution influences doubtless the electrical field contiguration as well as the powder 
partiele distribution and density as observed. 
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Figure 2.6. Effective potenfiat energy of a powder partiele in gravitatienat and 
electric field. 
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Figure 2.7. Density profile (nd) of dust particles immersed in a plasma (from [22]) . 
(tot al number of particles: 5·1 07 m-2

, mean diameter: 12 Jlm) 

Figure 2.8. Plasma parameters for a capacitively coupled RF-discharge in 
0. 1 mbar Ar (from[23]). 

The trapped particles can be observed by laser light scattering . Figure 2.9 gives an 
impression of such a visual observation. In the equilibrium they remain trapped fora long 
time (till hours) near the sheath edge. During their confinement a treatment of the powder 
by magnetron sputtering is possible. 
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Figure 2.9. Laser light scattering at powder particles confined in a plane near 
the sheath edge ofthe RF-plasma. 

2.4 The CC-Magnetron 

Magnetron sputtering devices have become very widely used and accepted in the past 
decade. Magnetrons are routinely used to rapidly deposit thin metal films [24]. Magnetrons 
are a class of cold cathode discharge devices used in generally a diode mode. The 
plasma is initiated between the cathode and the anode at pressures in the Pa range. The 
plasma is sustained by the ionization caused by secondary electrens emitted from the 
cathode due to ion bombardment which are accelerated into the plasma across the 
cathode sheath. What differences the magnetron from a conventional diode cathode is the 
presence of a magnetic field. In the case of a magnetron, a magnetic field is imposed in 
such a way that electrens are trapped in a region near the target surface (figure 2.1 0). 
These electrens are held much closer together than in the case of diode sputtering and 
are forced to move in a path within the magnetic field [25]. Because the magnetic field 
lines are closed the electrens circulate freely around the enclosed magnetic field and they 
are heated by the electric field . Since the electrens are concentrated within this region, a 
gas atom entering this electron cloud has a greater probability becoming ionized than in 
the diode case. This increased efficiency means that a lower gas pressure can be 
maintained to keep the sputtering process going. This so-called magnetron effect only 
occurs where the magnetic field and the electric field are normal to each ether. In a planar 
magnetron this is fulfilled a long a circle where the component of the magnetic field parallel 
to the target surface (811) has a maximum. The magnetic field perpendicular to the target 
surface (Bz) is zero there, see figure 2.11 and appendix C. 
Thus, the majority of the ionization takes place in the center of the electron cloud near the 
target. The created Ar+-ions are instantly accelerated to the negatively biased aluminum 
target (cathode) where they collide with its surface and, if their energy is higher than the 
binding energy, causing atoms of the target material to be sputtered mainly in a circular 
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'race-track'. As a result, a continuous flux of deposition material (aluminum atoms and 
ions, which are ionized in the plasma just in front of the target) is ejected towards the 
trapped powder and is deposited there as a thin , surrounding film. The principle of the 
process at the target as described above is illustrated in figure 2.1 0. The sputter yield 
depends on the kinetic energy of the ions, the surface binding energy, the masses of the 
colliding partners and the angle of incidence. 

CROSS SECTION 
OFAPLANAR 
MAGNETRON 

•E• FIELD 

"B"FIELD+ 
TARGET (CATHODE) 

NEGATIVE HIGH VOLTAGE 

IONS @ 

TARGET 
ATOMS • 

ARGON ATOMS • 

• 

• 
• • 4f • • • • • • • • • • GROWING • e • • e • e CAPTURED ELECTRONS 

FILM~ • • • • • • e 
• • • • • • MATERIAL REMOVED • • • 

• • • • BY ION BOMBARDMENT 

Figure 2.1 0. Principle of planar magnetron sputtering. 

anode 

Figure 2.11. Field patterns of the planar magnetron as used in our 
experiments (from [56]). The maximum sputter effect is where a maximum of 
the magnetic field parallel to the target occurs. 

-14-

• 



Each electrical gas discharge shows a typical current-voltage (/-V) characteristic, which 
can be expressed by the empirica! equation [17,26]: 

(2.16) 

where k is a constant and n is an exponent in the range remarkable larger than unity for 
magnetrons. These constants are dependent on the discharge conditions, the feed gas, 
the target material and the magnetron geometry. 

There are two types of planar magnetron shielded 
configurations: an open and a shielded target 
cathode, see figure 2.12. The shield serves as 
an anode and is on ground potential. The target 
material is the cathode and is on a potential of 
about -400 V in respect with ground potential. 
The shielded magnetron is similar to the so
called unbalanced magnetron [31]. In figure 
2.13 the glows of the two configurations are 
compared. The glow and its shape give 
information on the efficiency of the magnetron 
and the currents. lt can be clearly seen that the 
shielded (unbalanced) contiguration has a 
larger interaction range. In this system the 

without shield 

cathode 

magne~ 

t ' ~~~~:ded shield j 
Al-target ------

anode (shield) plays a crucial role in Figure 2.12. Scheme of shie/ded and 
determining the behaviour of the magnetron 
plasma. The shielded type of magnetron unshie/ded magnetron 
souree provides besides the normal deposition 
flux also a rather intense beam of ions, because the atoms, which are coming from the 
target, will be ionized in the plasma in front of the magnetron. In the deposition area 
effects of ion bombardment during deposition include making the film denser and 
preferentially crienting the crystallites in the deposit [32]. Besides the continuous and 
rather simple technology, this was the main reasen for choosing the magnetron as 
deposition souree for powder coating. 

without shield with shield (unbalanced) 

Figure 2.13. Glow of the magnetron discharge (Ar, 0. 02 mbar). 
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In the next part we will discuss the energy intlux to a substrate that will be covered with 
material sputtered trom the target material in front of the magnetron. The ion flux density }; 
fellows Child's Law [27]: 

with dsh the sheath thickness and V the voltage of the magnetron. 
The total energy intlux J;n is given by: 

Jin= Jc+Je+Ji+Jrec +J,,, 

(2.17) 

(2.18) 

with Je the energy intlux due to condensation, equation (2.19), Je, J; the energy intlux of 
the electrons, equation (2.8) and ions, equation (2.9), respectively, Jree the energy intlux 
due to recombination at the surface, equation (2.1 0) and Jn the energy intlux due to the 
kinetic energy of the aluminum atoms, equation (2.20). 
As is the case tor all vapeur deposition processes, the heat of condensation must be 
considered, which is tor aluminum in the order of qe = 100 kJ/kg (Ee = 3.3 eV!atom). The 
contri bution Je to the energy intlux due to film condensation is: 

(2.19) 

with Rdep the deposition rate and p the density. Besides this, the energetic contributions of 
the electrens and the ions (equations (2.8) and (2.9)) play a rele. In addition, the 
recombination energy flux, equation (2.1 0), should be taken into account. Due to lew 
eperating pressure of the magnetron, a significant fraction of the kinetic energy En of the 
sputtered Al atoms may still be present tor the depositing atoms in the substrate region. 
This contribution Jn to the total energy balance is then: 

Jn =jA/ · En= Rdep NA p ·En. 
M 

(2.20) 

The reflection of ions as neutrals trom the cathode may also contribute to the energy 
deposited at the film. However, this is more significant tor low-mass gas species in 
combination with high-mass cathode species, where the reflection coefficients can be 
rather large and the sputter yield rather lew. Here this is net the case (Ar, Al). 

This energy intlux can also be calculated by another method. Assume that all energy of 
the sputtering process is converted into heating of the substrate and into heat transfer to 
the substrate helder, then the law of conservation of energy prediets [28-30] : 

dTs À!( ) Jin= pscp,ds-+- Ts-TH . 
dt ds 

(2.21) 

Here is Ps the density, Cps the heat capacity, d5 the thickness, T5 the temperature and Às 
the heat conductivity of the substrate. TH is the temperature of the substrate helder. 
Solving equation (2.21) gives the time dependenee of the substrate temperature: 

J ind, ( { À.d }J T,(t)=TH+-.- 1-exp-
2 

. . 
À. ds P ICps 

(2.22) 

This formula can be simplified by replacing some parameters. One gets: 
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(2.23) 

. .];nds 2 Wlth Ai = -- and fi = d s psCp, . 
À.!· 

The energy influx can now be directly calculated either with the fitparameter A 1 or with the 
first derivative of equation (2.23) in the point t = 0. Both methods have camparabie results. 

2.5. Plasma Diagnostics 

Langmuir-probes 

,.1.,. 
J in= Ai-, 

d,. 

dTsl .];n = dt 1=0 p i'Cp .• ds . 

(2.24) 

(2.25) 

Among the plasma diagnostic techniques Langmuir-probes are probably the most widely 
used [33]. They are rather easy to use and can be very informative. Important plasma 
parameters such as local electron density ne, electron temperature kTe, electron energy 
distri bution tunetion (EEDF), plasma and floating potential ( Up1, Un) can be derived from the 
probe's current-voltage (I-V) characteristics (figure 2.14) . 
A probe inserted into a plasma will be bombarded by electrens and ions. lnitially the flux of 
electrens is larger than the ion flux. Therefore the probe will charge negatively. lf the probe 
is insulated and only in contact with the plasma, the probe will reach floating potential 
finally. At Langmuir probe measurements a voltage is acquired to the probe and the 
current is measured. Then there can be three regions distinguished (figure 2.14): 
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Figure 2.14. Current-voltage characteristic of a Langmuir-probe. 
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A. Ion saturation region. 
The voltage of the probe is negative with respect to the plasma potential. The current 
increases slowly with increasing negative potential. In this region the ditterenee 
between plasma potential and probe potential is so large that only electrens in the tail 
of the Maxwell distribution can reach the probe and all the ions that reach the sheath 
of the probe will be accelerated to the probe. For lower voltages the ion current 
increases only because the sheath thickness becomes larger. 

8. Electron retarding region. 
This is the region in which the current passes through zero and then increases rapidly 
with increasing positive potentials. Here both ions and electrens are collected. lons 
can reach the probe until the probe has plasma potential plus several times the ion 
temperature (in eV). So practically no ion can reach the probe when its potential is 
higher than plasma potential. Electrens on the ether hand have a higher energy. They 
are retarded as the probe potential is lower than plasma potential. As the electron 
energy is several e V the electrens can re ach the probe until the probe potential is 
several volt lower than plasma potential. 

C. Electron saturation region . 
This is a region of electron current only. The current increases slowly with increasing 
voltages. Here no ions are collected. All electrons, which reach the sheath boundary, 
will be accelerated to the probe. The current only increases because the sheath 
thickness increases and the sheath area becomes larger. In an argon plasma the 
saturation current of the electrens is much higher than the saturation current of the 
ions due to the much lower mass of the electrons. 

The electron density is derived from the ion saturation region with [34]: 

e 
!ion = -eneA -(Up! - Uprohe) , 

8m; 
(2.26) 

with A the area of the probe. The electron temperature is derived from the electron 
retarding region using [34]: 

I. AHfTe [e(Uprobe-Upi)] 
e = enen --exp . 

2mne kTe 
(2.27) 

Unfortunately, to obtain reliable results one needs both sophisticated theories and arttul 
experimental techniques. Using such an electrastatic probe in RF glow discharges or in 
the presence of magnetic fields adds complexity, since the time and spatially varying fields 
introduce non-linear changes in the probe characteristics. This influence has been 
damped by a filter netwerk [34]. The Langmuir-probe measurements yield local values of 
the electron density of the plasma region where the probe is placed. A disadvantage of 
Langmuir-probes is that it influences the plasma. 

SE ERS 
The electron density of an asymmetrical RF-plasma can be measured by Self-Excited 
Electron Resonance Spectroscopy (SEERS). SEERS is a rather nevel method, which 
analyses the non-linearity of a low-pressure asymmetrical RF-discharge and derives a 
relation between sheath voltage (bias), displacement current and sheath width. This 
convenient method yields electron densities, which are averaged over the whole plasma 
bulk volume. 
SE ERS measures the discharge current in the sheath using a sensor in the wall as well as 
the RF-voltage using a high-voltage probe. An asymmetrie RF-discharge contains two or 
more different sheaths. Due to electron and ion dynamics in the sheaths the relation 
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between the potential drop across the sheath and the displacement current is non-linear. 
This non-linearity is of fundamental interest because it induces harmonies in the electric 
fields and currents in the discharge. By taking into account the harmonies of the 
displacement current and the measured RF-voltage the electron density, the cellision rate 
and the sheath thickness are calculated using a model [35] . 

Energy-resolved mass speetrometry 
Energy-resolved mass speetro
metry can be used to identify both 
neutrats and ions and to 
determine their energy distribution 
tunetion (IEDF) [36]. The plasma 
monitor (Ba/zers PPM 421) is a 
differentially pumped mass 
spectrometer with an energy filter 
(Cylindrical Mirror Analyzer) 
between the ion souree and the 
mass filter. The ions and neutral 
particles to be analyzed are 
extracted trom the plasma by 
means of an entry orifice. 
Direct colleetien of ions trom the 
plasma is a rather simpte process: 
by applying a voltage between the 
plasma and the extraction hood 
the ions are accelerated towards 
the hood. The extraction hood can 
be put to several voltages 
(floating, ground). Some of the 
ions pass through the small entry 
orifice (about 100 JLm) and are 
focussed by the entrance lens on 
the input of the energy analyzer. 
Figure 2.15 shows a cross sectien 
of the mass spectrometer. 
The ions that pass through the 
entry orifice are initially 
accelerated or decelerated by the 
potential of the entrance lens. 
Due to the higher negative 
voltage of the ion opties (ITRO) 
the ions are deflected towards the 
axis, and with the aid of the 
FOCUS 1 lens they are focused 
on the entry orifice of the energy 
analyzer. As an energy analyzer 
the popular Cylindrical Mirror 
Analyzer (CMA) is used. Figure 
2.16 gives a cross-sectien of the 
CM A. 
In point F1 an ion bundie enters 
through an opening in the inner 
cylinder into the chamber 
between the inner and the outer 
cylinder. There the beam is bend 
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Figure 2.15. Cross-section of the Balzers PPM 
421 plasma monitor. 

-19-



back towards the axis and leaves the chamber through an additional opening in the inner 
cylinder in point F2. The entry energy E;on is given by: 

eUpK 
E ion = , 

ln(b I a) 
(2.28) 

with Up the voltage between the cylinders, a and b the diameter of the inner and outer 
cylinder, respectively and Ka value depending on the entry direction. 

b 

~-J 
Figure 2.16. Cross-section of the CMA energy analyzer. 

Finally the beam hits a detector, after passing a standard quadrupele mass spectrometer, 
which selects the ions by its mass. By giving a certain voltage to the two cylinders an ion 
beam with a specified energy can be selected. 
For measuring neutral particles, a part of the entry opties is designed as an ion souree 
(ionization chamber, see tigure 2.15). Neutral particles enter through the extraction orifice 
into the analyzer and reach the formation chamber were they are partially ionized by 
electron impact. The technica! ion souree design is based on the premise that neutral 
particles emerging as a direct beam from the plasma are ionized in such way that their 
energy does not change by the ionization process. 

SIGL0-20 
SIGL0-20 is a software package written by J.P.Boeuf [45,46]. The program is a two 
dimensional fluid model, which means that physical quantities are regarded on a 
macroscopie level and particles are treated as a fluid. 
SIGL0-20 is based on a two-moment description of the ions (continuity and momenturn 
transfer equations) and a two-moment description of the electrens (continuity and 
momenturn transfer) coupled to Poisson's equation for the electric field. 
The cold gas approximation is considered for the model, i.e. interactions between charged 
particles and neutral atoms in excited states are neglected. The effects of superelastic 
collisions or stepwise excitation are therefore neglected, and ionization proceeds only from 
ground state of the neutral background gas. Electron-electron and electron-ion collisions 
are also not taken into account in the model (this is valid for the low degrees of ionization 
we are dealing with) . 

The ion transport is described by a continuity equation: 

am - + Y'(n;v;) = neNk;, at (2.29) 
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and a drift-ditfusion momenturn transport equation: 

(2.30) 

with n; the ion density, V; the ion mean velocity, N the neutral density, k; the electron impact 
ionization rate, JL; the ion mobility, E the electric field (E = - W) and 0; the ion ditfusion 
coetficient. 
The electron transport is described by the continuity equation: 

8ne 
- + V'(neve) = neNki, (2.31) at 

and the drift-ditfusion momenturn transport equation: 

neVe = -nej.LeE- De'Vne. (2.32) 

The electric potential V is obtained from Poisson's equation: 

V(soVV) = -e(ni- ne) . (2.33) 

The computational time for an RF-discharge used by us is in the order of one RF-cycle per 
5-10 minutes on a Pentium Pro 200 MHz. Harmonie steady state is reached afterabout 
100 cycles, this means about 8-16 hours. In steady state, the production-loss balance for 
each type of partiele is checked: the number of electrens (ions) created in the volume per 
cycle must be equal to the number of electrens (ions) lost in the volume by recombination 
and attachment and through the walls and electrodes. 
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3. Experimental 

3.1. Setup 

A photograph of the basic reactor contiguration is shown in tigure 3.1. The measurements 
have been performed in a test reactor consisting of two or three aluminum cubes 
(cylindrical diameter: 155 mm, height: 180 mm) with several flanges (ISO and KF) tor 
windows, substrate handling, powder injection, etc. The windows which are necessary tor 
visual observation, CCD-photometry and ellipsometry are equipped with sliding valves 
which can be closed during longer sputtering runs to avoid a too thick coating on the 
windows. 

Figure 3.1. Océ Iabaratory reactor. Side view and back view, respectively. 

In the first stage of the project, a homogeneaus gas flow could be realized by a gas ring 
right above the bottorn of the lower cube containing a lot of tiny nozzles. Using a needie 
valve the gas flow has been controlled. A Pirani (TPR 250) or a Penning (/KR 250) gauge 
measures the gas pressure. 
The pumps, which allow a base pressure of 10-4mbar, are connected tothereactor vessel 
and to the load-lock chamber by sliding valves. The pumping unit consists of a turbo
molecular pump (Leybold TPU 200) with a pumping speed of 190 /Is and a rotational 
roughing pump (EDM12). Sometimes the turbo-pump has been replaced by a roots blower 
(VDF 9012-100). The use of a roots pump has the advantage of a taster process because 

-23-



it is not necessary to wait until running down the turbo-pump if the reactor or the lead-loek, 
respectively, shall be opened. The lead-loek was mounted by an IS0-1 00 flange to the 
lower cube. lt can be pumped separately via a bypass by the same blowers as the reactor 
chamber. 

In the first period of the experiments an asymmetrie RF-discharge was used, whereas in 
the secend period also a symmetrie electrode contiguration has been chosen. However, 
most of the scientific research in regard to the basic mechanisms of plasma-powder
interaction was performed in the asymmetrie setup. 
In the asymmetrie case the reactor consisted of two cubes and the powered RF-electrode 
was placed at the bottorn of the lower cube. A scheme of this experimental setup is plotted 
in the tigures 3.2 and 3.3. 
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Figure 3.2. Scheme of the experimental setup. In the very first period of the 
investigations the magnetron was installed at the side of the lower reactor 
cube. 

The main ditterenee between the two setups is the position of the magnetron sputter 
source. At the equipment shown in tigure 3.2, which has been used in the very tirst period 
of the investigations, the magnetron was installed at the side of the lower reactor cube. 
However, in order to achieve a more homogeneaus plasma contiguration in a later stage 
the magnetron was mounted at the top of the upper cube (figure 3.3). In this contiguration 
the powder injection unit could not be fixed directly at the top, but it was installed near the 
top flange. In tigure 3.3 also the location of the plasma diagnostic units as PPM421 
(energy resolved mass spectrometer) and Hercules (SEERS) are drawn. 
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Figure 3.3. Scheme of the asymmetrie experimental setup. In a later period 
the magnetron was mounted at the top of the up per cube and plasma 
diagnostics are installed 

Later, a symmetrie discharge contiguration was used in order to achieve a better powder 
partiele confinement, to increase the number of trapped particles, and to improve the 
extraction of the modified particles. Now, the reactor consists of three cubes (see figure 
3.4). The powered RF-electrode was formed as a cup, which was placed in the center of 
the vessel. A grid serves as bottem of the cup-electrode. Thus, the powder particles can 
fall through the grid onto the lead-loek plate if the plasma is switched off. The eppesite 
electrode is constructed as an identical cup compared to the RF-electrode with a grid at 
the top, allowing the partiele injection and a hole to insert the magnetron. A perspex ring 
(or a glass ring in a later stage) separates the two cups. At the lower cup a hammerwas 
mounted to shake the grid of the electrode. Finally, in some experiments, the eppesite 
electrode was removed and the reactor chamber served as grounded electrode. In that 
case the geometry was again a more asymmetrie one, see sectien 3.2. 
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Figure 3.4. Scheme of the symmetrie experimenta/ setup. The RF electrode 
as wel/ as the grounded electrode is formed as cup 

RF-Aetivated Region (Giow), Asymmetrie Case 
In the bulk of the RF-discharge excitation and ionization of the process gas argon is 
induced. The RF-plasma which is essential for charging and trapping the powder particles 
is located in the region between the plane aluminum RF-electrode (diameter: 120 mm) 
and the cylindrically shaped walls of the lower cube. The whole reactor vessel serves as 
grounded electrode. The 13.56 MHz RF-power is supplied by an RF-generator (Thandar 
TG 2001) and an amplifier (Ka/mus 150C). The input and reflected power, respectively, 
are measured by power-meters (Bird 4410A), an optimization of the power input is 
realized by an RF matching netwerk. Simultaneously, the RF-voltage has been 
determined by means of a high voltage probe and an oscilloscope. 
A schematic description of the asymmetrie RF-plasma is already given in tigure 2.2a. The 
powder particles to be processed are charged in the glow region and trapped near the 
sheath edge. 

RF-Aetivated Region (Giow), Symmetrie Case 
The electrical power supply was the same as in the asymmetrie case. However, the 
symmetrie geometry implies a more homogeneous glow region between the electrode 
cups (diameter: 100 mm, height: 80 mm) resulting in a larger volume where the powder 
particles can be confined in a more stabie manner. The principle of this discharge type is 
already plotled in tigure 2.2b. 
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DC-Magnetron Souree Region 
During their trapping near the sheath edge the iron particles were treated by a planar DG
magnetron sputtering deposition souree (Mini-MAK, AP& n. lts distance to the particles 
could be varied between 4 and 15 cm. The magnetron discharge voltage was 250 to 500 
V and the current was 20 to 250 mA. 

The aluminum target (99.999%, AP&D has a diameter of 33 mm (1 .3 inch) and a 
thickness of 3 mm. Because after a certain process time the bonded target was braken 
due to bad fabrication, we fixed the aluminum by screws to the target helder. In some 
experiments a palladium target was used. The holder is magnetically clamped to the 
magnetron source, which is water-caoled and connected with a DC power supply (HN 
1200) . An additional resistance protects the magnetron circuit. 

In some experiments several shapes of potential grids have been tested in order to 
separate the RF-plasma from the DG-magnetron discharge. Especially the effect of a 
cylindrical cage (height: 165 mm, diameter: 140 mm) surrounding the RF-region and a 
planar grid (diameter: 39 mm) in front of the magnetron cathode, respectively, have been 
studied. The grids and cylinder could be at ground, floating, or external potential in respect 
to the plasma. Hence, the influence of the ions leaving the magnetron glow could be 
determined. 

Particles 
The particles, which are used for surface 
modification, were (ferromagnetic, mono-dispers) 
iron powders. The iron particles (BASF ca-Fe HF) 
with a mean diameter of 2 11m and a density of 7. 7 
g/cm3 are injected into the plasma chamber through 
a sieve by a hammer. See figure 3.5 for more detail 
about the injection method. 

Plasma Diagnostic Methods 

Figure 3.5. Partiele injection 
by a hammer, schematic. 

The plasmas of the RF-discharge as well as of the magnetron discharge have been 
studied by several diagnostics. Langmuir-probe measurements and Self-Excited Electron 
Resonance Spectroscopy (SEERS, AS/ Hercules) provided information on the electrans 
whereas the ion and neutral component was monitored by energy resolved mass 
speetrometry (Ba/zers PPM421). A description of these techniques is already given in 
sectien 2.5. Obtained results for the electron density and the potential distribution are 
compared with calculations done by SIGL0-20. 
In order to abserve the confined powder particles a laser beam (Me/les Griot 05-LHP-151, 
He-Ne, 633 nm) can be scanned through the plasma and the light scattering at the 
particles is monitored either visually or by a CCD-camera. 

Surface Diagnostic Methods 
The substrates (powder surfaces, thin film wafers) are, under influence of the incoming 
partiele fluxes from the plasma, modified and deposition takes place. The coated iron 
particles of the process are collected by a magnet or a plate, respectively, and extracted 
from the plasma region by means of laad-loek. Finally, the substrates are investigated by 
analytica! techniques as Scanning Electron Microscopy (SEM, Jeo/ JSM840), Rutherford 
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Backscattering (RBS) and Atomie Force Microscopy (AFM, Topometrix AFM Explorer). All 
surface analyses of processed substrates are carried out ex-situ. 
Electron microscopy has been employed for the investigation of the geometrie structure 
(morphology, texture) of the original and treated powder particles [37,38]. For this 
purpose, the powder particles were collected onto carbon plates, which are glued on glass 
samples. In special cases, with the SEM equipment also micro-probing (Energy
Dispersive X-ray diffraction, EDX) could be realized [39]. 
With RBS the thickness and density of a deposited film can be measured [40,41]. The 
samples are irradiated with light ions of some MeV kinetic energy. The measurement of 
the energy loss during elastic scattering in the deposited layer yields the desired 
parameters. 
AFM provides intermation on the nano-scale surface morphology, especially, in regard to 
the roughness of the deposited films [42,43]. 
In ene case, the chemica! composition of the surface layers has also been studied by 
Fourier Transferm Intrared Speetrometry (FTIR) carried out with a Bruker IFS66 
spectrometer. By the FTIR method several molecule bands of contaminatien's or 
incorporated compounds can be detected [44]. 

3.2 Powder Production Technology 

In addition to the investigation of plasma-powder-interaction in partiele modification and 
the characterization of the process as well as the plasma and surface properties, an 
essential goal of the project was the achievement of a first step towards a potentially 
industrial technology for powder modification. For the 'production' the experimental setup 
of figure 3.4 has been modified in some details. For a better powder injection the upper 
electrode (grounded cup) of the symmetrie discharge contiguration was removed and the 
whole chamber served as anode again (cup configuration). But the lower RF-cup and the 
lead-loek principle of the symmetrie setup were conserved. The setup as it was used in the 
last period of the research is drawn in figure 3.6. 

The procedure for the powder modification (' production line') was as fellows: 

• evacuation of the reactor chamber and lead-loek to background pressure of -1CJ3mbar 
• argon gas in let by flow controller and needie valve till the gas pressure is at 1 (J2 mbar 
• tunetion generator ( 13.56 MHz) at -8 V and RF power amplifier on 
• switch on RF-plasma (if not possible, a short increase of the pressure) 
• matching of the RF-plasma, reflected power should be at minimum 
• powder in jeetien by means of a hammer on top of the KF40 flange 
• scanning of the plasma volume by He-Ne-laser in order to examine a sufficient powder 

confinement 
• water-cocled magnetron on ( - 400 V, 65 W) fora certain time (Al: 5 min, Pd: 2 min) 
• magnetron off 
• move lead-loek with collector into eh amber beneath the bottorn grid of the RF-powered 

cup electrode 
• RF-plasma off (particles should fall through the grid electrode into the collector) 
• move lead-loek back (out of the chamber) 
• switch on RF-plasma again and start the same procedure 
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Figure 3.6. Scheme of the experimental setup as it was used for 'production' 
(cup configuration). 

3.3 Experimental Conditions 

As process gas only argon gas has been used. lts physical parameters are well 
documented in the scientific literature, which facilitates modeling. As already mentioned 
above, the particles to be treated are of carbonyl-iron (mean diameter about 2 Jlm) and the 
magnetron target was of aluminum (99.999%) . 

The typical operatien conditions during the plasma studies and during the partiele 
treatment and thin film deposition, respectively, were as fellows: 

RF Activaled Region (Giow) 
• frequency: 
• RF-voltage (amplitude): 
• RF-power: 
• power density: 
• background pressure: 
• gas flow: 
• Ar pressure: 

CC-Magnetron Souree Region 
• voltage: 
• current: 
• power: 
• power density: 
• Ar pressure: 
• distance to treatment reg ion: 

-29-

13.56 MHz 
BOto 350 V 
5to 30 W 

0. 05 to 0. 25 Wlcm2 

10-3 mbar 
50 seem 

5·1CJ3 to 10-1 mbar 

250to 550 V 
0.02 to 0.25 A 

5to 100 W 
1 to 20 W/cm2 

8·1 (J
3 to 1 0"1 mbar 

1 to 15 cm 



For our experimental conditions the internal plasma parameters, which have been 
measured ar assumed and calculated [17,18], respectively, are in the following ranges: 

Plasma Parameters 
• electron temperature Te: 

measured with Langmuir-probes and calculated using 
equation (2.2). 

• electron density ne: 
measured with Langmuir-probes and SEERS. 

• Debye-length Ào: 

. ~&oT, calculated usmg Ào = -
2 

- • 
e ne 

• neutral density N: 
calculated using N =pikT. 

• rate of i anization a: 

calculated using a = ne 
N +ne 

1 to 3 eV 

10-4 to 1CJ3 m 

10-5 to 1CJ6 

• mean free path between neutra Is Ànn: 1 o-2 
m 

calculated using Ànn = 1/Nawith a= na2 the cross sectien of 
a hard sphere with radius a. 

• floating potential of the powder particles Ufl: 3 to 8 V 
measured using mass speetrometry and probe measurements. 

• plasma potential Up1: 12 to 15 V 
measured using mass spectrometry. 

• net charge of a powder partiele Q: 5·1 d to 10
4 e 

calculated using equation (2.3). 
• charging time r: 1(J

4 s 
0 dQ dQ 

calculated us1ng r = dt = - = 2 • 
I 4.nr j ee 
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4. Results 

4.1. Objectives of Plasma Diagnostics 

The main objective of the employed plasma diagnostics is the measurement of the 
composition of the plasma species in each of the plasma regions. Apart from the relative 
proportions of the populations of the involved species, it is important to quantify, i.e. to 
measure, their energy distribution. The methods, as summarized in table 4.1 below, may 
provide inputs for the description and the evaluation of the models. 

Partiele species Density Energy distribution 
Electrens Langmuir-probes, SEERS probes, potentials 
I ons energy resolved mass plasma monitoring, 

speetrometry (plasma monitoring) potentials 
Photons emission spectroscopy (OES) 

CCD-photometry 
Neutra Is mass speetrometry plasma monitoring 
Powder particles CCD-photometry 

Table 4.1. The use of the different kinds of plasma diagnostics. 

The development of the plasma description provides the relevant inputs for the fine-tuning 
of the plasma diagnostic techniques and the optimization of the extraction of coated 
powders. For a complete characterization of a single parameter of the plasma, a sequence 
of several experimentsis necessary. The analysis and interpretation of the measurements 
differ widely depending on the technique used. 

4.2. The RF-Plasma 

At first, dependencies of some macroscopie electrical parameters of the asymmetrie RF
plasma as RF-voltage VRF. power PRF. and sheath width dsh have been determined. The 
supplied discharge power is plotted versus the RF-voltage amplitude in figure 4.1 . The 
voltage was measured by means of a high-voltage probe near the powered RF bottorn 
electrode or by means of SEERS. One can recognize that there is no dependenee on the 
pressure within the range investigated. The adjustment of the RF-voltage only depends on 
the electrode geometry, which was kept constant. A certain threshold of the RF-voltage 
(about 120 V) exists, above which an efficient power coupling and, hence, a stabie 
discharge is possible. 
Combining the voltage with the sheath width of the RF-plasma one can estimate the 
electrical field strength in the sheath (electrical field E = Ustldsh) . The electrical field is an 
essential parameter for trapping the particles, which are mainly concentrated near the 
edge, where equilibrium between electrical and gravitational forces exists (see sectien 
2.3). The sheath width was obtained by visual observation with a telescape (measurement 
of the dark space) or by calculation from theSEERS measurements. lt shows only a weak 
dependenee on RF-voltage and power, but it depends on the gas pressure. With 
increasing pressure the sheath thickness decreases (figure 4.2). For an argon pressure of 
0.01 mbar, which was mostly used in the experiments, the sheath thickness is in the order 
of about 1 cm. However, it should be mentioned that the sheath thickness is only constant 
near the center of the RF-electrode (sèe also figure 2.2a) . At the edges it decreases 
because of a change in the electric field situation. This effect influences the trapping 
behaviour of the powder in the asymmetrie case. 
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Figure 4.1. Discharge power vs. RF-voltage amplitude. 
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In addition to the external electrical characteristics, the internal properties such as floating 
potential Uff, plasma potential Up,. electron temperature kTe and, consequently, electron 
density ne and electric field structure E(z) are important parameters for the 
characterization of the discharge. 
The spatial variatien of the floating potential (U") has been measured by a probe, which 
could be moved along the direction of the load-lock (y-axis). By rotatien of the probe arm, 
also the x-distance and the height (z) of the probe above the RF-electrode could be 
changed. By this procedure, the floating potential at several positions of the reactor has 
been determined resulting in the distribution shown in figure 4.3. 
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X A . 2 4 
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4 
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-4 , 1"-

-6 ~.J 
-8 "?'" 

~ 

Figure 4.3. Spatial variation of the f/oating potential at z = 5 cm above the RF
electrode. The RF-electrode (diameter 12 cm) is in the x-y-plane. 

Near the reactor walls the floating potential becomes more negative with respect to the 
plasma potential. Here it is in the order of about 3 V. 
Plasma and floating potential (Up,, U") have also been obtained as 'side results' of 
monitoring the ion energy distribution with the PPM421 plasma monitor, see figure 4.4. 
The extraction head of the plasma monitor was mounted in the plane of the grounded 
reactor wall (y-z-plane) . 
In comparison to lEDF's in front of the powered electrode [24] the structure of the IEDF at 
the anode sheath is rather simple. Here, we cbserve a single peak at the high-energy end 
of the distribution and a low energetic tail. Most of the ions collide in the plasma bulk, 
reach the anode sheath edge and are accelerated towards the anode (grounded wall) 
without collisions in the sheath. At the anode they impinge with a kinetic energy, which is 
given by the difference between sheath potential Ush (peak) and wall potential. However, 
very few ions do not undergo collisions and reach the extraction head with maximum 
energy given by the plasma potential of about 14 V, see figure 4.4. The low-energy tail is 
due to ion collisions and charge transfer within the sheath. lf the extraction head is 
connected with the reactor wall, that means it is at the same ground potential (0 V) , all 
ions can reach the detector. However, if the detector floats only those ions can reach it 
which have a kinetic energy higher than this potential (Uf!). Under these experimental 
conditions, the IEDF starts at about 3 V. Therefore, this threshold value yields the floating 
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potential near the wall . The result is in good agreement with the probe measurements 
(figure 4.3). 

Flxed M: 40.00 amu Ar 

PPM 

Operation: Halt 

jov jun 

IEDF 
coll ision-free 

in sheath 

collision-free 
in bulk and sheath 

10 11 12 13 14 15 16 17 18 
Energy [eV) 

jush jupi 

Figure 4.4. Ion energy distribution tunetion (IEDF) at the anode sheath. The 
extraction head was at ground and at floating potential, respective/y. 

In case of an isolated probe (disconnected extraction head), one can estimate the electron 
temperature, kTe, from equation (2.2). With U"- Up1 = -11 V and mime = 40 ·1836 (argon) 
one obtains an electron temperature of Te= 2.3 eV, which is again in good agreement with 
Langmuir-probe measurements and theory. 

Since the electron density of a plasma is a fundamental quantity, it has been measured by 
SEERS, too. The electron density is plotled versus the applied RF-voltage amplitude in 
tigure 4.5. The results obtained by SEERS are also compared with theoretica! calculations 
computed by SIGL0-20 [45,46]. The agreement between the two methods is excellent. 
Also the values obtained by Langmuir-probe measurements are included in the figure. The 
relatively large ditterences between SEERS and SIGLO on the one hand and probe 
measurements on the ether hand are due to the methods. SEERS as well as the SIGLO 
model yield electron densities, which are averaged over the plasma bulk volume. The 
Langmuir-probe measurements provide local values of the electron density of the plasma 
region where the probeis placed. 
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In all experiments the electron density in the RF-plasma bulk has been determined to be in 
the order of 108 to 109 cm·3 which increases nearly linear with increasing RF-power in the 
range under investigation. 
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Figure 4.5. Electron density in the RF-plasma (Ar, 0.01 mbar). 
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In some experiments, the electron density and the ion signa! of the PPM have been 
recorded simultaneously. In tigure 4.6 the electron density ne and the relative ion intensity 
for different ion species are plotted versus the process time. During the process the RF
voltage (power) was varied. As expected, the electron and ion densities agree very well. 

As a further example of the influence of macroscopie discharge parameters on the energy 
distribution of charge carriers arriving the substrate, the variatien of the ion energy 
distribution with the argon gas pressure is given in tigure 4.7. At a higher pressure the 
energy distribution is less mono-energetic (or beam-like). At high pressure the contribution 
of the lew-energetic tail of the IEDF becomes more important due to an increased 
probability of collisions within the sheath. One can conclude, that under the experimental 
conditions used in powder processing (p = 0. 01 mbar) a fairly mono-energetic ion beam 
with mean kinetic energy of the sheath potential ( Ush-Up1) can still be assumed. 

Knowledge of the electric field and potential configurations, electron density and energy 
distributions in the RF-plasma is a fundamental requirement for a characterization of the 
several fluxes of charge carriers towards the substrates (powder particles) and, 
consequently, for an optimization of their trapping and treatment. 
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Figure 4.6. Electron and ion density, as measured by SEERS and PPM, 
respectively, for an RF-plasma (0.01 mbar Ar) at various RF-voltages. 
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Figure 4.7. IEDF of Ar+ for two gas pressures (VRF = 170 V). 

Although most of the measurements (for practical reasons) have been performed in an 
asymmetrie RF-discharge, a symmetrie RF-discharge provides better trapping of the 
powder particles. This geometry implies a more homogeneaus glow region between the 
electredes resulting in a larger volume where the powder particles can be trapped. The 
ditterences between both geometries can clearly be seen in the shape of the potential 
distribution which has been calculated by SIGLO (see tigure 4.8). The electron density for 
the symmetrie case is higher than in the asymmetrie case, see tigure 4.9. See Appendix B 
for more results of the simulations done by SIGLO. 
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4.3 Interaction of the RF-Plasma with lnjected Powders 

In this sectien the influence of the powders particles on the behavier of the RF-plasma is 
described. The particles are trapped near the sheath edge, due to the balance between 
electrical and gravitational force as described in sectien 2.3. The trapped particles can be 
observed by laser light scattering. Figure 4.10 gives an impression of the trapping of the 
powder particles in the symmetrie RF-discharge. 

Figure 4.1 0. Laser light scattering at powder particles confined in a plane near the 
sheath edge of a symmetrie RF-plasma. 

The mean distance between the powder particles is in the order of 100 to 200 f.Jm. A rough 
estimation of the powder partiele density based on counting the particles in a laser beam 
volume results in density values of about 105 to 106 cm-3

. Unfortunately, the trapped 
powder particles are only concentrated within a rather narrow zone near the sheath edge. 
Assuming a maximum distribution in a height of 1 cm and an effective electrode area of 
80 cm2 one has a volume of 80 cm3

, in which the particles are suspended. That means 
that about 107 particles are confined, which may be treated. With a mass of 3.5·10-14 

kgfpartiele one obtains a yield of 3.5·1CT7 kg(= 0.35 mg) per process run. 

The electron and ion currents towards a powder partiele can be calculated. Therefore the 
plasma and floating potentials for several RF-voltages are measured, see table 4.2. 

VRFM PRF [W] ne [cm-3] Up1M 
105 1.1 1.9·1 0° 13.5 
123 1.2 2.4·1 0" 13.7 
145 1.8 3.0·10" 13.8 
158 3.0 2.9·10" 13.2 
168 2.3 3.5·10" 14.0 
190 2.6 3.8·10" 13.4 
201 3.0 3.0·10" 13.0 

Table 4.2. Power, electron density, plasma potential and floating potential 
measured as tunetion of the RF-voltage 

Ut~M 
2.5 
2.7 
3.0 
3.1 
3.2 
3.2 
3.3 

Assuming a Maxwellian EEDF for the electrans (equation (2.4)) and a nearly mono
energetic IEDF for the ions (equation (2.6)) the electron and ion currents towards a 
floating powder partiele are calculated (figure 4.11 ). 
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Figure 4.11. Electron and ion currents towards a powder partiele at floating 
potenfiat tor the discharge conditions as given in table 4. 2. 
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Figure 4.12. Energy influx to the powder particles confined in the RF-plasma. 

Related to the electron and ion fluxes towards the floating particles (figure 4.11 ), there is 
also an energy intlux due to kinetic energy and recombination energy of the charge 
carriers hitting the particles. Assuming that only singly charged argon ions are present and 
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the EEDF is Maxwellian again, the energy influx J;n of the different contributions has been 
calculated by use of the equations (2.8), (2.9) and (2.1 0). The result is shown in tigure 
4.12. The total energy intlux in the order of 2·10-4 Jlcm2s is very low. The temperature of 
the powder particles can now be calculated using: 

(4.1) 

Here a is Stefan-Boltzmann constant, & is the emission coefficient and Ts is the 
temperature of the substrate or powder. Even if one assumes a very small emission 
coefficient (&- 0.05) for the heat radiation loss of the powder particles, the temperature 
difference is not larger than 10 K compared to the environment. This result emphasizes 
the 'gentle' eh araeter of the used RF-plasma. 

Powder injection has only a weak influence on the plasma parameters and the behaviour 
of the RF-discharge. The adjustment of the RF-voltage shows only a very slight change, 
see tigure 4.13. 
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Figure 4.13. RF-voltage of the plasma vs. supplied power; with and without powder. 

Electron density and ion energy distribution tunetion are also not significantly changed at 
powder injection. Figure 4.14 shows the IEDF for the two cases. 

Figure 4.14. IE OF for the RF-plasma with and without powder injection. 

-41-



,-------

4.4 The DG-Magnetron 

After the description of the RF-plasma and its interaction with injected powders and befere 
the results of the deposition experiments are described, hence, it is now necessary to 
characterize the DC-magnetron coating source. 

The first measurement in order to describe the magnetron sputter process is recording the 
current-voltage relation, which is described by equation (2.16). This has been done for 
various experimental conditions. In figures 4.15 and 4.16 one can see the exponential 
slopes of the /- V-characteristics for an Ar gas pressure of 0. 01 mbar. 
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Figure 4.15. Logarithmic plot of 1-V-relation of the magnetron discharge. 

In fermer investigations [47] under cernparabie experimental conditions, measurements of 
the electron temperature and density have been made with small Langmuir-probes 
inserted into the plasma near the target cathode. The probes were oriented perpendicular 
to the cathode surface, and scanned up to the sheath edge. The results at the target 
showed electron temperatures in the 4 to 10 eV range, and electron densities in the order 
of 1010 to 1011 cm-3

. Calculations of the discharge current, using the measured electron 
temperature, density and the pre-sheath Bohm criteria (see also equation (2.6)), were 
consistent to the experimental results. The ion current has been estimated by Child's law 
(see equation (2.17)), too [17]. Exact knowledge of the ion current to the target cathode, 
which is in the range of 1cY0 m-2s-1

, is essential for the determination of the sputtered 
partiele flux of deposition material, see sectien 4.5. 
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Figure 4.16. /-V-, P-V- and 1-P-re/ations for magnetron discharge during Al-sputtering. 

The internal plasma parameters Up1, Uff, ne, kTe, IEDF have been measured in the 
substrate region. lt is well known [47,49], that in the substrate region (about 3 to 15 cm 
from the target) the electron density is only a bout 10% of the value at the target region and 
also the electron temperature decreases in comparison with the target region. 
The measurements have been carried out for only-magnetron eperation as well as for the 
combined operatien of RF-plasma and DG-magnetron as it was used in powder treatment. 
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Similar to the measurements in the RF-plasma (figure 4.3), the spatial variatien of the 
floating potential is also determined in the case of both plasmas. The potential distribution 
at a height of z = 5 cm above the powered RF-electrode is shown in tigure 4.16. 
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Figure 4.17. Spatial variation ofthe floating potentia/at z = 5 cm above the RF
electrode during RF and magnetron operation. 

Camparing the potential distribution of tigure 4.17 with the distribution in the only RF
plasma (figure 4.3) one can recognize two essential differences. At first, the floating 
potential in case of magnetron eperation is much smaller (negative) than tor the RF
plasma. Th is results in a smaller voltage across the sheath, which means that some of the 
particles will not be trapped anymore. Secondly, the spatial distribution is now more flat. 
That means that the additional magnetron discharge influences the plasma conditions in 
the substrate (treatment) region substantially! This influence can also be observed in a 
higher electron density (see tigure 4.19) and a decreased sheath width in front of the RF 
electrode and grounded walls (see tigure 4.31 ). 

Of course, the ion energy distribution also reflects the remarkable differences between 
both discharge regimes. At the left-hand side of tigure 4.18 a small scheme of the set-up 
and the electric circuit of the combined discharge is drawn whereas at the right-hand side 
the lEDF's are plotted. lf only the RF-plasma is on, the IEDF has the shape similar to the 
one of tigure 4.4. However, if in addition the DC-magnetron discharge is switched on, the 
energy distribution changes drastically. Now the peak of the IEDF occurs at lower 
energies. The plasma potential (1 to 2 V) , which is now mainly determined by the 
magnetron, is lower than in the case of only RF plasma (-15 V) . This observation is in 
agreement withother studies [47]. 
Since the ion energy distribution functions shown in tigure 4.18 were recorded during the 
beginning of magnetron sputtering, one can still cbserve a nother effect: the increase of the 
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peak height with increasing time. This effect is due to the target conditioning. Because the 
reactor was vented at the beginning of the sputtering run, the Al-target initially is oxidized. 
This effect is well known in magnetron sputtering and implies a conditioning cycle befere 
thin film deposition can be started [18]. 

magnetron 

PPM 

·• ·3 ·2 
Operatlon: Hah 

Flxed t..t: .40.00 amu 

RF + magnetron 
(320V, IOOmA) 

\ 
process time 

target conditioning 

only RF 

\ 

·1 0 1 2 3 • 5 6 7 8 9 

Figure 4.18. IEDF for RF and magnetron plasma operatien and a scheme 
of the set-up and a simple e/ectric circuit. 

Energy lcVJ 

The plasma in the magnetron discharge zone consists of the basic gas (Ar) as well as 
particles from the target (Al , Al-oxide, oxygen). These species contribute in different ways 
to the formation of charge carriers due to ionizing electron collisions in the plasma ring in 
front of the magnetron. In the beginning a lot of oxygen and oxidized Al-particles are 
sputtered from the target. Electrens are eliminated by attachment to e.g. 0-radicals. With 
increasing sputtering time the target becomes cleaner which leads to a decreasing oxygen 
concentratien and, hence to an increasing electron and ion density. 

Thus the electron density does not immediately reach its maximum value, but it increases 
during magnetron sputtering due to target conditioning, see tigure 4.19. As expected, the 
magnetron discharge is an efficient supplier of additional electrens into the discharge 
volume. A remarkable increase of the electron density can be observed if the magnetron is 
switched on. 
The contamination or poisoning of the target cathode can be a serieus problem, see also 
sectien 4.7. lf the gas reacts with the cathode to ferm a stable, or low sputtering yield 
compound (such as Al oxide), the sputtering and electrical characteristics of the discharge 
will be changed dramatically. Sametimes the conditioning takes more than 30 minutes. lf 
palladium was used as target material, such problems did not occur. 
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Figure 4.19. Variation of the electron density in the bulk plasma for RF-plasma 
and during magnetron sputtering. The measurement is done with SEERS. 

Summarizing the discussion of target conditioning, in tigure 4.20 the temporal evolution of 
several ion mass signal intensities during the first phase of aluminum sputtering is given. 
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Figure 4.20. Temporal evafution of ion species during sputtering. 
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4.5 Deposition Experiments 

The overall goal of the project is the modification of injected iron powder by a thin 
aluminum film coating The results of the deposition experiments will be presented in this 
section. 

Deposition Rate 
The aluminum growth rate (deposition rate) has been determined in dependenee on 
several process parameters as voltage (power), pressure and distance between substrate 
and magnetron. In order to obtain the aluminum film thickness, the metal was deposited 
onto glass substrates. Assuming similar sticking coefficients and growth mechanisms of 
aluminum on glass as on iron particles, the same conclusions in regard to film deposition 
on the powders can be drawn. 
After thin film deposition the transmission T = lila of the glass sample with the aluminum 
layer was measured and by taking into account the optical relations [50] the thickness d of 
the thin film could be estimated: 

(4.2) 

An optically thick aluminum layer (that means almest no transmission) corresponds at À = 
633 nm toa film thickness of about 60 nm. Comparison with RBS measurements on film 
thickness (see sectien 4.6) showed the same results. The time to achieve a certain film 
thickness is then measured in order to calculate the growth rate. 

The Al-growth rate increases with increasing magnetron voltage (figure 4.21). lf the 
voltage increases from 300 to 460 V the deposition rate increases from 0. 5 to 4 nmls at a 
distance of 1 cm trom the sputter souree and at a pressure of 0.01 mbar The relation 
between film growth rate and supplied power in the range studied is linear, see tigure 
4.21 . 
lf voltage and distance are kept constant, the deposition rate increases with the gas 
pressure (figure 4.22). This result has been found only in the low-pressure range. A higher 
pressure means a higher Ar supply and subsequently a higher ion concentratien of Ar ions 
which induces an enhanced sputtering effect. However, if the pressure becomes too high, 
the mean tree path reduces remarkably. This results in more ion-neutral collisions and, 
hence, the ion density as well astheflux of sputtered particles drops. This behaviour has 
also been confirmed for the RF-plasma, as it can beseen in the IEDF of tigure 4.7. 
As expected, the growth rate decreases with increasing distance between the substrate 
and the magnetron souree (figure 4.23). By increasing the distance r between sputtering 
souree and substrate the deposition rateis expected to decrease with 11~. 

From the parameter study of the deposition rate one can expect a growth rate of aluminum 
layers on iron powder of the order of 1 nmls. This is a rather reliable value which satisfies 
the requirements of applications well. For an optically thick aluminum coating of about 60 
nm the iron particles only have to be confined for duration of a few minutes. 
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Figure 4.21. Al growth rate in dependenee on magnetron voltage and power. 
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A simple model calculation based on the qualitative picture of thin film deposition as 
presented in tigure 4.24 supports the experimentally obtained film growth. 

magnetron souree 

gas I plasma (T gas) 

I • j(Al, O,A,) 

• l 
Rdes 

t Rads 

I diff 

Figure 4.24. The processes of thin film growth, schematic. 

Starting trom the estimated electron density in the plasma ring in front of the magnetron 
(figure 4.25a), the ion current towards the target-cathode has been calculated according to 
equations (2.6) and (2.17). The effective cathode surface is reduced because the 'race
tracks' give the most important contribution to the current. The estimated electron density 
in the target region and the resulting ion current are plotted in the figures 4.25a and b. 
From the number of arriving ions (i) and their mean energy the yield and, hence, the flux 
of sputtered Al particles (jA,) has been estimated using the software package TRIM [51]. 
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Figure 4.25. Results of simple model calculation tor Al growth on powder. 
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The flux can be seen in tigure 4.25b. Assuming that all sputtered Al atoms which strike the 
substrate (here: powder particles) also stick on it, ene can simply calculate the growth rate 
Rdep by: 

. R NAp 
}Al= dep--

M 
(4.3) 

with NA the number of Avogadro, p the density and M the mass number of the sputtered 
material (Al). The result is plotted in 4.25c. The calculated deposition rate is in quite goed 
agreement with the measured ene for a small distance to the magnetron. 

As mentioned in sectien 2.4, the shielded, unbalanced type of magnetron souree provides 
in addition an intense beam of ions. This has also been observed by changing the grid 
potential in front of the magnetron. lf a grid is placed in front of the magnetron the growth 
rate is dramatically smaller than in the case without grid (normal operation), see tigure 
4.26. Various potentials have been applied to the grid: ground (anode) potential, +20V and 
-70V. The result was almest identical in all cases. The aluminum is sputtered as atoms 
from the target and will be ionized in the plasma cloud just in front of the target. That 
means that due to the external potential applied to the grid the ion component is 
suppressed and the aluminum will net pass the grid. 
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Figure 4.26. Comparison of deposition rates for magnetron sputtering with 
(circles) and without (squares) an additiona/ potential grid in front of the target. 
(open circle: 0.02 mbar) 

Energy lnflux to the Substrate 
lt has been observed that the physical characteristics of the deposited films strongly 
depend on the gas pressure, the deposition rate and the substrate temperature [52]. 
Especially the latter is closely related to the energy influx to the substrate and will be 
discussed now in more detail. Substrate heating during sputter deposition with a 
magnetron souree is a combination of many factors [20]: condensation of deposited 
material, kinetic energy of electrens and ions, recombination energy in case of isolated 
substrates, kinetic energy of sputtered neutrals, plasma radiation, etc (see sectien 2.4). 
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The energy of the sputtered neutrals has been obtained by energy resolved mass 
speetrometry measurements of the IEDF. The principle of the measurement is depicted in 
tigure 4.27. Between magnetron and mass spectrometer a shutter was placed. When the 
shutter is opened an additional peak in the Al+ IEDF (at 2.5 eV) appears. This peak 
appears not in the Ar+ IEDF. The peak in the Al+ IEDF is due to the sputtered Al particles. 
The additional energetic peak is at 2.5 eV. This is the kinetic energy En tor sputtered 
neutrals (see equation (2.20)). 

1 shutter 

PPM 
magnetron 

Fbced ~: 40.00 amu 

Ar+ 

"" shutter open 

Operatlon:Halt 

Figure 4.27. Mean energy of sputtered neutra/sas derived trom the IEDF. 

The different contributions to the energy intlux as described in sectien 2.4 (by the 
equations (2.8), (2.9), (2.1 0), (2.19) and (2.20)) are calculated for typical experimental 
conditions as used in magnetron sputtering and plotted versus the electron density in the 
substrate region in tigure 4.28. 

The energy intlux to the substrates and, thus, to the powder particles during magnetron 
eperation is much higher than in the case of only RF-plasma (figure 4.12) and camparabie 
to values reported in the literature [53]. lf the substrates are at floating potential, the 
energetic contributions of the charge carriers in camparisen to the kinetic energy of the 
sputtered neutrals and the condensation energy of the film are rather low. Both the 
deposition rate (Rdep - jA,) of condensing atoms and the arrival rate of the energetic 
species (J;n) have a large influence on the properties of the growing film [32]. Energetic 
partiele bombardment and its ratio to the deposition rate influences grain size, stress and 
impurity incorporation levels [54]. 
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Figure 4.28. Different contributions to the energy flux towards the substrate at 
magnetron sputtering under typica/ discharge conditions (U sub = Ufl) . 

However, the energy influx Jin has nat only been calculated using the typical discharge 
conditions, it has also been measured with micro-calcrimetry using thermocouples. From 
the temporal change of the substrate temperature, which has been measured during 
sputter deposition, the integral deposited energy has been obtained using the equations 
(2.24) and (2.25). Figure 4.29 shows two examples for the evolution of Ts at magnetron 
sputtering for different discharge power and target-substrate distances. 
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Figure 4.29. Two examples for the evaluation of the temperafure of a substrate 
heated by magnetron operation. 
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The integral energy influx Jin can now be determined taking the time derivative of the 
graphs in figure 4.29 at t = 0. The experimental results for Jin at various deposition 
conditions are plotted in figure 4.30 
Gomparisen of measured (figure 4.30) and calculated values of Jin (figure 4.28) shows 
excellent agreement. For instance, magnetron eperation at 65 W and a target-substrate 
distance of 14 cm corresponds to an electron density in the substrate region of 3·109 cm-3 

and an aluminum growth rate of 1.1 nmls. The corresponding energy fluxes yield are in 
each case 0.017 Jlcm2s. 
In contrast to the neglig i bie heating of the powder particles by the RF plasma, they may be 
considerably heated during magnetron operation. Assuming an energy influx of 0.2 J/cm2s 
(which should be the upper limit), the equilibrium temperature of a powder partiele may 
reach values between 460 and 770K. The first value is valid if one assumes a heat 
radiation emission coefficient of & = 0. 9, whereas the latter has been obtained for & = 0. 1. 
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Figure 4.30. Measured integral energy influxes at magnetron sputtering. The 
substrates were at f/oating potential. 

Trapping and Coating of the Particles 
In the very first period of the experimental investigations, with the magnetron mounted at 
the side of the reactor eh amber (figure 3.2}, it was impossible to keep the powder particles 
trapped in the RF-glow during magnetron operation. In this contiguration most of the 
particles disappeared when the DG-magnetron souree was switched on. They mainly 
moved in the direction of the magnetron and gathered behind the shield of the magnetron. 
Of course, in this position the particles could not be treated. The problems originated from 
an inhomogeneous potential distribution in the discharge, which could not be managed 
sufficiently. Even the use of an additional potential grid had no success. 
Therefore, the magnetron was mounted at the top of the reactor (figure 3.3) in order to 
obtain better defined potential and discharge conditions, respectively, if both plasma 
sourees are in function. Now the confined particles stay at their position even it the 
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magnetron is in eperation - and a modification of them is possible. The photographs in 
figure 4.31 show the confined particles in the case of only RF-plasma and in the case of 
RF- and DG-magnetron discharge. Because of the potential change in the latter case the 
sheath voltage and the sheath width, toe, is changed to a certain extend, the particles are 
pushed a little bit more towards the RF-electrode. But this is net a problem for the 
treatment because they are still there. 

Figure 4.31. Particles confined near the sheath edge of the RF-plasma (left 
photograph) and particles during magnetron eperation (right photograph). 
The magnetron souree is mounted at top position. 

Figure 4.32. Particles confined in the pre-sheath in front of the RF-electrode. 
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4.6. Surface Diagnostics 

Since the final goal of the present project is the proef of possibility and functionality, 
respectively, of high-rate surface modifications of injected powder particles, it is necessary 
to analyze the modified particles and cernpare their properties with uncoated particles. 
Several experimental methods for surface analysis are available. These methods are used 
in industrial settings or fundamental research settings. 

The following properties of the partiele surface will be obtained: the rate of modification 
(deposition, etching), the chemica! composition of the surface, and its optical properties. 
Table 4.2 lists the properties and the techniques available todetermine these properties. 

Surface property Method of analysis 
film thickness optical transmission, RBS 
morphology SEM,AFM 

surface chemistry, RBS, miero-probe (EDX) 
film composition 
optical properties SEM 

Table 4.2 Different methods of surface properties and analysis'. 

Befere the iron powder particles are coated, SEM (Scanning Electron Microscope) 
micrographs of the original (uncoated) powders were taken. Due to their streng adhesion 
the spherically shaped iron particles stick to each ether. The micrograph on the left-hand 
side in figure 4.33 illustrates this behaviour very well. The particles ferm chains, rings and 
clusters. On the SEM micrographs ene can also recognize that the particles are ideal 
spheres with a quite smooth surface. 

Figure 4.33. SEM micrographs of used iron particles befare modification. 
(sealing /ength of the graphs: left: 25 Jlm, right: 4 Jlm) 

For the investigation of Al coatings on Fe powder particles they were distributed onto 
carbon plates. These carbon plates were fixed again onto a glass substrate placed in the 
lead-loek chamber. After waiting till the magnetron discharge was stable, the samples 
were moved into the reactor chamber. During the sputtering process the transmission of 

-56-



the glass has been determined by means of a He-Ne laser. Hence, the thickness of the 
deposited Al layer could be estimated: when there is no transmission of the layer, the 
estimated thickness is about 60 nm (see sectien 4.5). The samples were sputtered at the 
following magnetron parameters: p = 10-2 mbar, V = 400 V, I = 0. 13 A. The deposition time 
was varied to obtain several film thickness' . 
The sample examined in the SEM and presented in the following micrograph (figure 4.34) 
has been sputtered for three times langer than the time necessary in order to achieve an 
optically thick Al film (zero-transmission T = 0). That means a thickness of the deposited 
film of about 150 to 200 nm can be expected. 

Figure 4.34. SEM micrographs of Alsputtered iron particles. 
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The pictures show different layers of iron particles. The upper particles have a rough 
surface (cauliflower-like), whereas the lower particles seem to be smoother. This 
roughness is due to the growth of the Al layers surrounding the iron spheres. However, the 
sputtered aluminum could net reach the lower particles because these particles were 
shaded by the upper iron particles. The difference between coated and uncoated powder 
particles can clearly be seen. This is also the case in the SEM micrograph presented in 
tigure 4.35. The left partiele has been coated . The sputtering process time was shorter in 
order to obtain a thin aluminum layer, which is here in the order of about 60 to 80 nm. The 
partiele looks like a golf ball. The right partiele is an uncoated ene. The particles can 
clearly be distinguished by their surface morphology (roughness) and by the contrast. 

Figure 4.35. SEM mierograph of an iron partiele surrounded by a -60 nm Al 
film (left) and a pure iron partiele (right) . 

The mixture of treated and non-treated iron particles was a serieus problem during the 
experiments. Since net all injected powder particles are confined in the RF-plasma (due to 
over-loading or because they do net fit the right conditions), at the bottorn electrode where 
the particles are collected there always was a considerable amount of pure iron particles 
(see sectien 4.7). 
The micrographs show the chance of coating iron particles by a close and compact 
deposited Al-layer as desired. Mieroprobe investigations where the chemica! properties of 
the treated powder particles have been investigated also support this conclusion. 

Combining with electron microscopy studies there was also a possibility of miero-probe 
analysis of the powder particles. This methad is based on energy-dispersive X-ray (EDX) 
micro-analysis and allows the identification of chemica I elements of the object in the focus 
of the microscope. The EDX system analyses the X-rays emitted from the sample after it 
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has been bombarded by an electron beam trom the Scanning Electron Microscope. 
Characteristic speetral peaks are observed, which allow the indentification of elements 
within the sample. The penetratien depth is in the order of 500-1000 nm. 
Figure 4.36 shows a spectrum of a treated iron partiele on which an Al film has been 
deposited by magnetron sputtering. In camparisen to the non-treated particles where only 
the Fe peak is visible, in case of a sputtered partiele in addition to the Fe peak also the Al 
peak is obvious. This result is again an evidence for the success of coating powder 
particles by magnetron sputtering. 
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Figure 4.36. Miero-probe analysis spectra of an Al coated Fe particle. 

For an exact determination of the deposited layer density and thickness (and chemica! 
composition , toe) Rutherford-Backscattering (RBS) has been employed. RBS is a high
energetic version of ion scattering spectroscopy. The sample under investigation is 
irradiated with light ions (H , He) in the 0.1 to 5 Me V range. Depending on the experimental 
parameters, theelastic scattering of the primary ions occurs in a certain depth. By varying 
the energy of the primary ions, monitoring of the energy spectra of the back-scatlered ions 
results in a depth profile of the atom concentration. Large advantages of RBS are the high 
sensitivity (1(]3%) and the possibility to get absolute values. 
In order to obtain absolute film thickness and layer density, four aluminum films have been 
sputtered under different discharge conditions (see table 4.3) onto carbon substrates. 
During the sputtering process the thickness was estimated by optical transmission and 
afterwards the samples were investigated by RBS. 
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sample U mag I mag target-substrate Sputter time estimated film Rdep 
[V] [mA] distance [cm] [s] thickness [nm] [nmls] 

#1 340 193 3 75 60 0.8 
#2 338 198 1 160 400 2.5 
#3 353 180 2 180 180 1.0 
#4 340 194 2 55 60 1.1 

Table 4.3. Experimenta/ conditions of sputtered samples. 

The RBS spectra for these four sputtered layers are plotted in figure 4.37. The sharp 
increase of the peaks at 1.1 MeV marks the back-scatlered ions immediately at the 
aluminum surface. Depending on the thickness of the aluminum film there are also ions, 
which are scattered in a certain depth and lost an amount of energy by scattering. Simply 
expressed, the width of the scatter energy peak is a measure for the film thickness. Fitting 
procedures, which simulate the measured spectra [40], provide the element composition 
and the exact layer density and thickness as given in table 4.4. 
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Figure 4.37. RBS spectra for toursputtered aJuminurn films. (for deposition conditions 
see table 4.3). 
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sample Al density 0 density Equivalent film thickness 
[cm-2] [cm-2

} [nm] 
#1 4.8-10 1

' 3.2-1011 80 
#2 2.5·10Hl 9.3-1011 410 
#3 1.4-101

ö 6.0-1011 234 
#4 3.4-1011 4.4-101( 57 

Table 4.4. Densities of Al and 0 and the film thickness for the several samples 
measured by RBS. 

The roughly estimated film thickness' by optical transmission measurements are in 
reasonable agreement with these, determined by RBS (see table 4.4). The RBS 
simuiatien suggests a rather large amount of incorporated oxygen due to the native oxide 
of the aluminum films. 

In addition to Scanning Electron Microscopy (SEM) investigation, the surface morphology 
was also examined by Atomie Force Microscopy (AFM). At AFM a very small tip moves 
over the surface. In contrast to Scanning Tunnel Microscopy (STM), which senses the 
tunneling current between surface and tip, AFM senses torces between them. Forces in 
order of 1(J13 to 1CJ4N (here 10-9 N) can be measured by this technique and a lateral 
resolution of the order of 0. 1 nm can be achieved. The torces acting on the probing tip 
deflect a cantilever and the obtained electric signals are a measure for the surface 
topography. 
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Figure 4.38. AFM scans oversputtered Al film on Si substrate. 
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Figure 4.39. Reconstructed 30 plot of a sputtered surface examined by AFM. 

The AFM investigations have been performed for aluminum layers of 60 and 180 nm 
thickness sputtered on smooth silicon substrates. In figure 4.38 two scans at different 
sample positions are plotted . lt is obvious that the sputtered surface is very smooth. The 
roughness is smaller than 5 nm. A reconstructed 30-plot of the surface as it can be seen 
in figure 4.39 supports this conclusion. 
Surprisingly, the sputtered films onto iron powder particles are nat that smooth as 
sputtered onto a flat silicon wafer. The difference is obvious if one compares the figures 
4.34/4.35 with figure 4.39. The reasens for the differences in surface roughness might be 
the following: 
• The surfaces of the iron powder particles have already a certain (small) roughness, 

which is reproduced in a larger scale during the film growth. 
• The evolution of morphology during thin film growth on very small spherical particles 

can not be compared directly with the film growth on large flat substrates. 
• Although under camparabie deposition conditions the energy influx towards a powder 

partiele is the same as towards a flat substrate, the resulting temperature may be quite 
different. Because of much higher heat capacity and heat conduction along the 
substrate holder the silicon substrates do nat reach such high equilibrium 
temperatures as microscopie powder particles, which are only caoled by radiation. 
Hence, the heating of a partiele is higher than of a flat wafer. 

Especially the latter effect, in combination with a small original roughness may qualitatively 
explain the fractal cauliflower structure of the compact surrounding films. However, even 
these properties could be very interesting for potential applications. 
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4. 7 Powder Production Technology 

In addition to the investigation of plasma-powder-interaction in partiele modification and 
the characterization of the process as well as the plasma and surface properties, an 
essential goal of the project was the achievement of a first technological step of powder 
modification. As pointed out, the principle and success of the method has been 
demonstrated. But, some problems remain. 

The powder confinement was rather efficient. Figure 4.40 shows the simulated potential 
lines as calculated by SIGLO. In contrast to the pure asymmetrie discharge (figure 4.8) 
where the geometry of the trapping volume is a flat pancake, one can recognize a cup-like 
volume where the powder particles are confined. 
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Figure 4.40. Potential distribution of the RF-discharge in the cup configuration. 

Problems: 
• A single process run of 0.35 mg as shortly described in sectien 3.2 needs about 10 

min. Th at means that in a day of 100 runs there is a maximum yield of a bout 35 mg 
and, finally, 1 g might be obtained aftera month of continuos production. However, this 
is already an optimistic estimation. That means the estimated amount of modified 
powder (see sectien 4.3.) can really be achieved and no problems with the reactor or 
the equipment occur during operation. 
In addition, a lot of iron particles are not falling through the (iron) grid, but stick on it to 
their ferromagnetic behaviour. 

• Another serieus problem was the contamination of the aluminum target by oxidation 
after venting the reactor or in the case of a leakage. Also the use of perspex and PVC 
pieces as isolating parts or powder injection tube was a large problem. In that case the 
perspex and the PVC, which were at floating potential, have been sputtered. Because 
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this sputter yield was higher than the yield of oxidized aluminum it resulted in an 
additional contamination of the target and the walls with hydracarbon compounds. The 
contamination could be observed as blackening of the surfaces. Such a blackened 
hydracarbon contamination layer has been examined by FTIR. The obtained 
transmission spectrum is plotled in figure 4.41 . The absorption bands due to molecular 
vibration of CHx-bonds are clearly visible. This CHx-contamination which has their 
crigin in the used plastic parts has to be avoided in order to sustain a proper 
magnetron operatien and film deposition of high quality. Consequently, these parts 
were removed or replaced by parts of glass. 
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Figure 4.41. FTIR transmission spectra of a substrate surface contaminated 
with CH compounds by perspex and PVC sputtering. 

In order to test the 'production procedure' in a reliable way (that means without the 
oxidation problems of the aluminum target) a palladium target has been sputtered and 
used for thin film deposition onto the injected powder particles. 

• Then another problem occurred. Not all the particles that are collected are coated. 
Only a part (approximately 30 to 40%) of these particles are coated. An explanation for 
this is that the diameter of the Al beam coming from the magnetron is smaller than the 
diameter of the trapped particles, see figure 4.42. 
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Figure 4.42. The diameter of the Al beam is smaller than the diameter of 
the trapped particles. Thus, the particles trapped at the outer sides are nat 
or nat completely coated. 
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5. Conclusions and Recommendations 

Considering the practical and theoretica! investigations described in chapter 4 the 
following conclusions and recommendations, divided by subject can be made. Finally a 
complete new setup will be discussed. 

Interaction ofthe RF-plasma with lnjected Powders 
• The injected powder particles are indeed trapped in the pre-sheath of the RF-plasma 

due to the equilibrium between the Coulomb and the gravitational force . 
• The confinement of particles in an RF-plasma is goed. The density of trapped particles 

is 105 to 106 cm-3
. The powder particles can be trapped in the RF-plasma for hours. 

• The volume of trapped particles in the symmetrie setup is much bigger than for the 
asymmetrie setup, due to the more homogeneaus potential distribution. Also in the cup 
configuration, used for 'production' , the volume is bigger than for the asymmetrie RF
setup. 

• The powder particles that are injected into the RF-plasma do net influence the plasma. 
• Measurements of the electron density with SEERS are in agreement with the 

calculated densities by SIGL0-20. The values obtained by Langmuir-probes differ 
somewhat because SEERS/SIGLO give average values for the electron density and 
the Langmuir-probe measures alocal density. 

• Measurements of floating and plasma potential by energy resolved mass-spectrometry 
agree with ether measurements and theory. 

The DC-magnetron 
• The magnetron severely influences the RF-discharge. In order to get a more 

homogeneaus discharge the magnetron has to be placed on top of the reactor. 
Otherwise the particles will net stay trapped during magnetron operation. 

• The magnetron discharge has an influence on the electron density (higher), the 
plasma and floating potential (lower) compared with the only RF case. The potential 
distribution is more flat than at the RF-plasma. And the particles will be pushed a bit 
towards the bottorn electrode. 

• The measured energy influx to a substrate is in the range of 0. 02 to 0. 18 Jcm-2s-1
. Th is 

corresponds to values obtained by a model. The energy influx is much higher than for 
the case of only RF-plasma. Due to the energy influx the particles will heat up to 450 to 
750 K. In the only RF-plasma the temperature of the particles is a bout 300 K. 

Deposition Experiments and Surface Diagnostics 
• There is a goed prospect for coating iron powder with a close and compact aluminum 

layer by DG-magnetron sputtering during their confinement in an RF-plasma. 
• The growth rate of aluminum layers on iron powder is in the order of 1 nmls. This is a 

reliable value which satisfies the requirement of the application well. To get an optical 
thick layer of about 60 nm the particles has to be confined fora few minutes only. 

• The experimentally obtained growth rate of about 1 nmls is in goed agreement with 
calculations by a simple model. 

• The thickness of a layer estimated with the technique of optical transmission is in goed 
agreement with the thickness obtained by RBS. 

• The magnetron has to be conditioned in order to clean the aluminum target of 
poisoning oxides. lf palladium is used as sputter material this is net the case. 

• When an aluminum layer is sputtered on an iron partiele a cauliflower structure 
develops. However, if an aluminum layer of the same conditions is deposited on a 
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silicon substrate, such a structure does not develop. The surface is very smooth then. 
There are three possible reasons: 
- The surfaces of the iron particles already have a certain roughness, which is 

enlarged by the depositing, 
- the film growth on a flat substrate is not directly camparabie with the film growth on 

a powder particle, 
- the heat capacity and heat conduction along the substrate holder is so goed that a 

substrate does not reach such high equilibrium temperatures as a powder particle. 
Further investigations on this subject will be necessary. 

Powder Production Technology 
• For a production line of aluminum coated iron powders there are still some problems: 

- The present volume of confined particles is too small; therefore the yield of 
modified powder is too small. Totrap more particles in the RF-plasma the cup size 
has to be increased. In addition, the slits for laser access must be made smaller. 
An additional hollew cathode for charging the particles while they are falling will 
increase the density of trapped particles. 

- The separation of coated and uncoated particles has to be improved. To imprave 
this a new grid, with holes which secures a goed trapping and allow the iron 
particles to fall through very easily has to be constructed. This grid must not be 
made of iron, because the iron particles can easily stick on it, due to their 
ferromagnetic behaviour. 

- lncreasing the Al beam, by increasing the diameter of the magnetron or by using 
more magnetrons, so that all trapped particles will be coated. 

- The conditioning of the aluminum target is a serieus problem. This has to be 
solved by use of a shutter. Then it is not necessary anymore to switch off the 
magnetron discharge. When no sputtering is desired only the shutter has to be 
placed in front of the magnetron. 

• The injection of powder particles has to be improved to get a more homogeneaus flow 
and a more reproducible amount of particles falling into the plasma. 

• Perspex and ether CH-containing materials have to be avoided of use in the reactor. 
This because of blackening of the target, due to sputtering of the perspex or CH
containing pieces. 

NewSetup 
A suggestion for a new setup will here be presented. One salution is to make a large 
column where the particles are injected in the top (see figure 5.1 ). In the upper part an RF
discharge will be formed, where the particles are charged and consequently the clusters of 
particles are falling apart. In the column some sputter devices will be placed, which coat 
the particles while they are falling down. The sputter devices must be placed in a 
symmetrie way, for maintaining a homogeneaus plasma. At the bottam a collector which 
collect the coated particles will be mounted. The height of the column must be high 
enough to guarantee that the time the particles are falling in the reactor is long enough to 
coat them. 
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Figure 5.1. Drawing tor a complete new setup. Particles wil/ be charged in 
the RF-plasma. Coating is done by the magnetrons. The height of the reactor 
must be sa that a good coating during falling is guaranteed. 
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Appendix A 
Force Balance of a Partiele in an RF-Plasma 

On a powder partiele in a plasma several torces are acting as described in sectien 2.3 and 
tigure A.1. In this appendix an overview on the farces, their dependences on plasma 
parameters and their typical values tor our experiments are given [15, 16]. 
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Figure A.1. Farces acting on powder particles immersed in an RF-plasma. 

The gravitational force 
The simplest force is the gravitational force, given by [16]: 

4 3 Fg = -1rR pg, 
3 

(A.1) 

with R the radius of the powder particle, p the density of the powder partiele and g the 
gravitational constant. In our case the gravitational force is in the order of Fg = 3.5·10-13 N 
(tor R = 1CJ6 mand p = 7. 7-103 kglm3

). The gravitational force acts (of course) downwards. 

The neutral drag force 
The neutral drag force is based on the momenturn transfer of the neutral particles of the 
plasma to the powder particles. The total momenturn transfer of a species to a powder 
partiele is given by the product of its cross sectien (a= trR2

), the species flux (nv) and their 
momenturn (mv). The net force is the result of the ditterenee in the total transferred 
momenturn on eppesite sides of the powder particle. The neutral drag is caused by a 
velocity ditterenee between the powder particles and the neutral gas in which they are 
immersed. The neutral gas flux is higher on the upstream side of the powder particle, 
therefore the force acts upwards. The neutral drag force is given by [16]: 

(A.2) 
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with R the radius of the powder partiele (R = 10-6 m), N the neutral density (N=2.4·1cY0m-3) , 

Vn the velocity of the neutrals (vn = 0.2 m/s), Vp the velocity of the powder particles (vp = 0), 
m the mass of the neutrals (m = 6. 7·10-26 kg )and Vth the thermal velocity of the neutrals 

(vth = ~2:T = 360m / s , with m the mass and Tthe temperature of the neutrals). The last 

term in equation (A.2) corresponds with the Stokes farm u la with 17 the viscosity of the gas, 
here given by: 

2.fi Rp 
'l7e.ff = ---- , 

9 Vth 
(A.3) 

with R the radius of the powder particle, p the pressure (p = 1 Pa) and Vth the thermal 
velocity of the neutrals. With the numbers given above one gets a neutral drag force of 
Fn = 3·10-15 N. 

The ion drag force 
To obtain an upper limit for the ion drag force a simple model is used. A directed ion beam 
with current density ji. as present in the sheath, is hitting the partiele while no ions are 
reflected by the particle. The momenturn change per incident ion is then equal to the 
momenturn mivi of the ion. The ion drag force is thus given by [16] : 

(A.4) 

with R the radius of the powder particle, jithe current density (i= 1cY1 m·2s·1 
) , mi the mass 

of the ions (mi = 6. 7·1CJ27 kg) and vi the velocity of the ions (vi = 360 mis) . With the 
numbers given above one gets a ion drag force of Fi = 7·10-14 N. The ion gas flux is higher 
on the downstream side of the powder particle, therefore the force acts downwards. 

The electrical force 
In the plasma glow the negatively charged powder partiele is surrounded by a positive 
sheath (see sectien 2.3) resulting in an electrically neutral system. Such a system of a 
negative point charge and a positively charged cloud, with a radius Rs in the order of one 
Debye length Ào experiences a net force only if placed in an inhamogeneaus electric field . 
Such a streng variatien of the electric field is present at the plasma glow-sheath boundary. 

In order to show that the electric force can trap powder particles at the glow-sheath 
boundary it is assumed that the positive space charge is nat affected by the electric field. 
Also is assumed that the electric field strength in the plasma glow is zero and that it is 
constant in the sheath. However, it can be expected that the powder partiele loses most of 
its surrounding positive space charge when it is farces into the plasma sheath. Then the 
electric force can be given by: 

Fet = QE(z = zo), (A.5) 

with Q the charge of the powder partiele (Q = 7500 e, see equation (2.3)) and E(z=z0) the 
electric field at trapping position z0 (E = 300 Vim) . The electric force is then Fe1 = 3.5·1CJ13 

N. The electric force acts upwards. 
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The thermophoretic force 
The temperature gradient in the plasma induces the thermophoretic force. Neutrals from 
the hotter area, having a higher velocity, will push the powder particles to the colder parts 
in the plasma, i.e. the plasma glow (we do nat use a caoled electrode). The 
thermophoretic force is given by [15]: 

32R 2 .t 
Fth = KVT, /( = (A.6) 

15Vth ' 

with i the translational part of the heat conductivity of the gas, R the radius of the powder 
partiele and Vth the thermal velocity of the neutrals. In a hard sphere model with molecular 
radius of the gas rn, Kis given by [15] : 

/( = sJi k(!i)2 , (A 7) 
32 r" 

with k the constant of Boltzmann. Calculating yields K = 3 ·10-16 JK1
. With a typical 

temperature gradient of 100 Kim one gets a thermophoretic force of Fth = 3 ·10'14 N. 

The photophoretic force 
The photophoretic force is nat important under normal plasma conditions. lt can only 
become important in a streng photon field, e.g. in a laser beam. The photophoretic force in 
a laser beam is caused by the momenturn transfer from the photons [16] : 

Fph = 1rR 2 (Qabs + Qsca )!_, (A.8) 
c 

where Oabs and Osca are the efficiency factors of absarptien and scattering , respectively, I 
denotes the laser fluence and c the velocity of light. In our case the photophoretic force is 
zero. 

Conclusion 
The trapping of the particles in the axial direction is only due to the gravitational and the 
electrical force. The particles will be trapped in a plane at the plasma glow-sheath 
boundary, see figure A.2. Trapping in the radial direction is due to the electrical force . The 
powder particles are repelling each ether, but are kept to their position by the electric field 
at the sheath , see also figure A.2. 

particles ~ 

E~ ~:~:~ : ~: ~:~ ~:~: : ; · : F.' : : : -: . ·ll . . .. 
• 0 0 •• 

RF 

E 

Figure A.2. Position of trapped powder particles in an RF-plasma. For axial 
confinement gravitational and electrical torces are important. For radial trapping 
the electrical force is the main force. 
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Appendix B 
SIGL0-20 simulations 

For several setups SIGL0-20 [45,46] simulations are done. With SIGLO one can get 
several plasma-parameters and the potential distribution for RF-plasmas. The program 
needs to run at least 1 00 cycles to get stabie results. 

Asymmetrie Case 
First of all SIGLO-simulations for different RF-voltages and pressures are done for the 
asymmetrie case of figure 3.3. The results are given in table 8.1. 

Geometry: 

File Simulation PAr 

16 011 

~ 
13.56 MHz 

URF ne 

l.J=O 

n1 

x:-l. 
y :~ 

U oe Pdiss je ji 
till (Torr) (V) (cm-3) (cm-3) (V) (W) (mA) (mA) 

t6t2D #110 0.0075 100 1.9•10° 1.9•10° -22.0 0.27 -1.6 
8100 ns 

t7t2D #125 0.0075 150 3.0•1 all 3.0•10ll -32.7 0.48 -2.4 
9230 ns 

tst2D #163 0.0075 200 4.2•10° 4.2•10° -47.5 0.75 -3.1 
11980 ns 

t3t2D #107 0.0075 250 4.7•10tl 4.7•10tl -42.0 1.02 -3.6 
7900 ns 

t1t2D #113 0.0075 300 5.9•10ll 5.9•10ll -48.2 1.37 -4.3 
8300 ns 

t4t2D #118 0.0075 350 7.0•10tl 7.0•10° -54.8 1.72 -5.9 
8700 ns 

tst2D #127 0.0150 200 6.8•10ll 6.8•10ll -43.0 1.22 -4.5 
9400 ns 

t5t2D #253 0.0150 300 1.3•1 0" 1.3•10" -114 2.49 -7.4 
18650 ns 

Table 8.1 . Geometry with dimensions and results of the simu/ations did for the 
asymmetrie RF-discharge. 
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Symmetrie Case 
In the same way simulations are done for the symmetrie case of figure 3.4. For the results 
see table 8.2. 

Geometry: IE 10 011 )I x :-1-

File 

Sim6 

Sim5 

Sim1 

Sim2 

Sim3 

Sim4 

Sim? 

Sim8 

l 
y :~ 

l>r 
6 
f'o. 

U=O 

6 6 
~ ~ 

6 
" 

.)i'_ 

I 
RF 

13.56 MHz 

Simulation PAr URF ne n1 U oe Pdiss je jl 
till (Torr} (V} (cm-3} (cm-3} (V} (W} (mA} (mA} 

#118 a.aa75 1aa a.8•1a~ a.8•1a~ -1.a a.6 -1 .8 1.9 
865a ns 

#126 a.aa75 15a 1.3·1 a~ 1.3•1a~ -1.1 1.1 -2.9 3.a 
93aa ns 

#128 a.aa75 2aa 1.7•1a~ 1.7•1a" 4.3 1.7 -3.2 3.7 
94aa ns 

#98 a.aa75 25a 2.2•1al;j 2.2•1 al;j -a.3 2.6 -4.9 5.1 
72aa ns 

#1a3 a.aa?5 3aa 2.4·1 a~ 2.4·1 a~ -4.6 3.3 -5.2 5.5 
76aa ns 

#1a5 a.aa75 35a 2.9•1a~ 2.9•1 a" -4.1 4.4 -6.3 6.6 
775a ns 

#121 a.a15a 2aa 3.a•1 al;j 3.a·1 al;j -1 .1 5.5 -1a 11 
895a ns 

#1a3 a.a15a 3aa 4.8•1 a" 4.8•1a~ -3.a 5.3 -8.a 8.5 
76aa ns 

Table 8.2. Geometry with dimensions and results of the simulations did for the 
symmetrie RF-discharge. 

Jmax 
(mA} 

89 

126 

146 

199 

225 

246 

22a 

313 

As expected only in the asymmetrie RF-discharge there is a bias voltage (see sectien 2.2) . 
In figure 8 .3 it is clearly to beseen that the electron density, the dissipated power and the 
maximum current is higher for the symmetrie discharge. This is expected because the 
more homogeneaus discharge in the symmetrie case. The distribution of the potential is 
already discussed in sectien 4.2. 
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Figure 8.3. Electron density, bias voltage, power dissipated, electron/ion current 
and maximum current for different RF-voltages in the asymmetrie and the 
symmetrie RF-discharge, respectively (p = 1(J2 mbar). 
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Powder Production Technology 
Finally, one simuiatien is done for the setup used for 'powder production' (cup 
configuration). The results are given in table 8.3. Remind that the densities obtained by 
SIGLO are average densities. Therefore, they do notteil us anything about the electron 
density in the cup, because there is also a plasma under and above the cup. For the 
potential distribution see sectien 4.7. 

Geometry: i<' 

6 
<0 
~ 

6 -
N 

6 
N 

6 
<0 

6 
~ 

File Simulation 
till 

Asym150 #130 
9600 ns 

14an 

10 an 

RF 
13,56 MHz 

PAr URF 

(Torr) (V) 
0.0075 150 

x:..!-
y :~ 

ne ni U oe Pdlss je 
(cm"3

) (cm"3
) (V) (W) (mA) 

2.3·10\j 2.3·10\j -75.6 1.9 -5.7 

Table 8.3. Geometry with dimensions and results of the simu/ations did for the 
asymmetrie RF-discharge used for 'powder production '. 
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Appendix C 
Measurement of Magnetic Field of the DG-Magnetron 

The magnetron effect (see sectien 2.4) occurs where the magnetic field and the electric 
field are normalto each ether. In a planar magnetron this is tultilled along a circle marked 
by the maximum of the magnetic field parallel to the target surface (811) and a field 
perpendicular to the target (Bz) that is zero. 
The magnetic field of the planar magnetron, which behaves like tigure 2.11, is measured 
using the Hall effect [55,56]. The measurements are done with the Al target in front of the 
mag net. 

Measurement of 8 11 

A Hall-plate is placed just above the surface of the 
target, see tigure C.1 . Due to the geometry of the 
holder of the Hall-plate, it is impossible to place the 
plate lower th~n 13 mm above the surface of the 
target. The magnetic field is measured for several 
distances to the target, see tigure C.2. The diameter 
of the Al target is 33 mm. 
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Figure C.1. Position of Hall
plate for measurement of B;;. 

I. 

10 20 30 

Figure C.2. Magnetic field (parallel to the surface) of the magnetron at several 
disfances from the target. 
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Measurement of Bz 
The Hall-plate is now rotated and again placed 
just above the surface of the target, see tigure 
C.3. Now it is possible to place the plate very 
close to the surface of the target ( 1 mm). Ag a in 
the magnetic field is measured for several 
distances to the target, see tigure C.4. From the 
figures C.2 and C.4 one can see that the 
maximum of the sputtering effect is along a ring 
with a radius of about 8 mm. 
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Figure C.3. Position of Hall
plate for measurement of Bz. 
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Figure C.4. Magnetic field (perpendicular to the surface) of the magnetron at 
several disfances trom the target. 
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Technology Assessment 

Modification of mono-disperse powders in the nm- and ,um-scale with tailored properties is 
of immediate interest for industrial application. For such modified powder particles there 
are several perspectives: 
• layer deposition by plasma spraying, 
• treatment of aerosols and gas flues, 
• chemica! catalysis, 
• enhancement of optica! properties of smal! particles. 

Tailoring of the partiele functionality may include the geometrical shape as well as 
chemica!, electrical and optica! properties. In the case of the present project the 
magnetical properties of iron are combined with the optica! properties of aluminum. The 
scope of the possibilities for technology and knowledge transfer is broad. 

Modification of powder particles in plasma surroundings is a new opportunity. The RF
plasma can explode the particles from clusters into separate particles, and will charge and 
trap the particles. The DG-magnetron can coat the particles while they are trapped with a 
desirabie layer of metal. 
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