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1. INTRODUCTION AND ABSTRACT

Based on more than 25 years of cxperiencesl, gained with
RF-ion thrusters and RF-neutral particle injectors, the work
of RF-ion sources for surface treatment started in 1978.

In contrary to DC-ion sources, no filaments are needed in
RF-discharges. By that, RF-ion sources are excellently suited
to be operated with reactive (and non-reactive) gases.

The well developed RF-ion sources RIM (with ionize:
chamber diameters between 4 ¢cm and 35 c¢m) are similar ir
design to the RIT-systems. They consist mainly of a
discgarge chamber made of quartz surrounded from the
outside by the RF-induction coupling coil.

In some cases of applications quartz can not be used for
manufacturing the discharge chambers (e. g. fragility of
quartz, operation with condensible metal vapors). Therefore,
we replaced in the PRIS sources the quartz ionizer vessel by
a metallic discharge chamber and put the RF-antenna in-
side the discharge plasma.

The performance data and discharge characteristics of RIM
and PRIS are registered and compared for ion energies
between 25 eV and 8 keV. Furthermore, the loss powers (b,
dissociation, eddy currents, radiation, drain currents, etc.g
had been determined.

Beam profile measurements show the influence of the ion
energy on the divergence of the ion beam. Other effects on
the aam (like selgneutralization,’charge exchange, beam
neutralization by admission of electrons at ion energies less
than 500 eV) were investigated.

Low ion energies are of special interest in icn assisted vapor
deposition. By means of a recently developed "plasma
decelerator”, positioned near the substrate, the beam ions
are decelerated immediately in front of the substrate to low
energies (e. 5g from an initial ion energy of 200 eV to a final
energy of 25 eV or less) without changing the ion current
density.

Some results and analyses of ion beam produced thin films
and of ion beam modified surfaces are presented.

2. THE ’RIM’ ION SOURCES

2.1. GENERAL REMARKS

A family of RF-ion sources for material processing RIM
with ionizer diameters of 4, 6,8, 10, and 15 cm had been
developed and tested. A 35 cm version called RIM 35 is
under igvestigation. In total 15 different gases had been
studied.” We restrict ourselves to the working gases Ar, O,
and N, and to the RF-sources RIM 4, RIM 6, and RIM 10.

2.2. EXPERIMENTAL SET-UP AND WORKING MODE

The advantage of the RF-ion sources over DC-ion sources
are the simple and solid mechanical design, the modest
electronic requirements, and the long lifeti%(due to the
absence of filaments in the discharge plasma).~

The cross section of RIM 10 is shown in Fig. 1. The RIMs
need only 4 supply units: the gas flow control system, the
RF-generator, and two power supplies of positive and ne-
gative potential. The working gas is fed by the flow con-
troller via the distributor D into the discharge chamber Q
made of quartz, which is surrounded by the RF-induction
coil C (5 pH) of the RF-generator (2104 MHz, < 500 W).
The inductively coupled eddy electromagnetic RF-ﬂelg
enerates a selfsustaining, electrodeless ring discharge.

e RF-power transfer to the discharge plasma is very ef-
fective (98 %). The ion extraction out of the plasma is ac-
complished by a multi-hole ltlrfe grid extraction system
using the accel-decel technique.

2.3. PERFORMANCE OF RIM

The ion beam currents of the RIMs depend on one hand on
the RF-discharge power (i. e. plasma yield) and on the gas
flow rate (i. e. discharge pressure); on the other hand the
extraction voltage must be well adjusted to overcome the
space charge restrictions of the Langmuir-Child-law.

2.3.1. Characteristics

F‘ﬁi 2, 3, and 4 show the nominal performance curves of
RIM 4 (7 extraction holes, maximum ion current 24 mA),
RIM 6 (31 holes, 70 mA), and RIM 19 (241 holes, 400 mA)
for the working gases Ar, O,, and Nj. Operating at the
quoted maximum beam current is only possible for a short
period of time; an active cooling system is not provided.

Fluctuations in the gas flow rate do not react upon the
discharge, because in a wide range (in the higher region of
the flow rate) the ion beam current is nearly independent on
the gas flow rate.

The specific source data, RF-discharge power per ion beam
current, are listed in Table 1. They are computed from

Figs. 2 to 4. The data increase for all RIM-sources in the
sequence Ar, O, N%.u'l”he reason of the higher discharge
ower for the molecilar gases is found when considering the
osses cau_sed. by molecular excitation, dissociation, and
additional ionization of the dissociated particles.

Within the extraction system charge exchange processes will
occur which are proportional to the discharge pressure (or
the gas flow rate). In Table 2 the experimentally determined
portion of charge exchange particles are given (measured in
per cent of the 1on beam).
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2.3.2. Beam Profile and Divergence TABLE 1:

The user of the RIMs is interested especially in the shape of RF-discharge power per ion beam current [W/mAl

the ion beam profile at the location of the sample to be !

treated.

Generally, at high beam energies secondary electrons from RIM 4 RIM6 | RIM 10

the target provide sufficient neutralizing electrons to the ‘

beam to compensate its J.'ositive space charge; then there Argon 28 24 0.9

exist electrons and ions side by side without recombining.

i _ U Oxygen 2.7 29 1.0

For example, Fig. S represents ion beam profiles of RIM 10 .

measured by means of Faraday cups. The beam profiles are Nitrogen 3.1 37 13

Gaussian.

From beam profiles like these, beam divergence angles were

computed (Fig. 6, broken line).

With electrically insulating targets or/and with low ion TABLE 2:

energies, neutralizing electrons must be added e.g. by

thermionic filaments to keep the beam and the target Charge exchange losses 9 :

electrically neutral. By admittance neutralizing electrons, the ’ . per gas flow rate [%/sccm)

beam broadening is reduced considerably at low ion

energies (Fig. 6, solid line). The minimum beam energy

amounts to 25 eV. RIM 4 RIM6 |RIM10
Argon 53 13 02
Oxygen 24 0.5 0.1
Nitrogen 4.6 4 | 0.2

L IEE CONTROLSYSTEM | = 7 ===

i
'
'
i
H

E /—\\ H

1 G — ’— l ,

f @ ) [:LOW CONTROL |— | POS.VOLTAGE SUPPLY
1 = TS SR T '

L | NEG.VOLTAGE SuppLY ’

N

FIG 1:

Cross section of RIM 10 and block dia ramme of th

Spit; (C: Rﬁ-inductign lgoil. D: gas dist%ibutor, (()): queaxs':]zpply
Ischarge chamber; S: RF-screen, G, s

e gridg)‘ en, Gy, Gy, Gj: Ist, 2nd, and

ro



200
Ar
S0
100 \ 15
i 10
50 :
= 200
- 02
5150- \\
i i )
& 100F ° o
< 10
= o
(-
wv
a 50 1 L 3
w200
150+ 20
=15
\\_%)
100+
Paramefer:
Beam current, mA
50 : : :
0 1 2 3

FIG. 2:

Discharge characteristics of the ion source RIM 4 for Ar,
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Beam divergence angle as function of the beam voltage
without (broken curve) and with (solid curve) additionally
added neutralizing electrons (working gas Ar, beam current
100 mA).

3. THE °PRIS’ ION SOURCES

3.1. GENERAL REMARKS

The family of 10 cm diameter plasma reactor ion sources
PRIS are built also for ion beam processing. It comprises
two groups: The high energy version PRIS 10 HE and the
low energy version PRIS 10 LE. -

The conventional RF-ion sources RIM 10 (Fig. 7) consist
mainly of a quartz discharge chamber sur?gnded from the
outside by the RF-induction coupling coil.% In some cases
qQuartz can not be used for manufacturing the discharge
chamber (é. g. fragility of guartz, operating with condensible
metal vapor). In the PRIS sources we replaced, therefore,
the quartz ionizer vessel by a metallic discharge chamber
and put the RF-antenna inside the discharge plasma (Fig. 8);
then we investigated the performance data and the beam
characteristics of the moditied RF-ion source.

3.2. MECHANICAL AND ELECTRICAL SET-UP OF PRIS

Fig. 8 shows the modified RF-ion source, called PRIS 10.
The number 10 denotes the diameter of the discharge
chamber of 10 cm. We investigated two versions: The low
energy version PRIS 10 LE (ion energies between 50 eV and
15 keV) and the high energy system PRIS 10 HE (ion
energies in the range from 1.5 to 8 keV). Our aim was also
to operate PRIS 10 with the power supplies of RIM 10,

3.2.1. Design of the RF-Source PRIS

The RF-induction coil of PRIS 10 is placed into the plasma
area inside the cylindrical metallic discharge chamber (Fig.
8). It is coated with a thin layer of glas-ceramic to avoid
direct contact with the discharge plasma, because oth;:rwgse
we get short-circuits between the windings of the coil with
the effect of extinguishing the discharge. The inductivity of
the RF-coil is 3.5 uH. Besides the RF-coil all the other
components of the ion source remained unchanged.

By means of the dished fid extraction system, the ions are
extracted out of the discharge plasma, accelerated, and fo-
cused into the beam.

In combination with PRIS 10 LE, the plasma decelerator®
recently develoi)ed in the Moscow Aviation Institute was
tested successfully. By the plasma decelerator, the beam ions
are decelerated immediately in front of the substrate to very
low energies §e. g. from a initial ion energy of 200 eV to a
final energy of 25 eV or less).

.2.2. Matching of the RF-Discharge

The matching circuit of the discharge with the RF-generator

(Fig. 9, upper) had been changed by adding two isolating ca-

pacitors. This became necessary because in the high energy

source PRIS 10 HE the RF-generator (at ground potential)

must be electrically separated from the plasma embedded

gﬁ«i%ll (maximum 8 k&, corresponding to the ion energy of
eV).

A very elegant matching method is shown in Fig. 9 (lower
wiring diagram). The coaxial cable takes over the fu‘{xction of
an isolating ca?acitor and of an RF-transformer.* Length
and diameter of the cable are uncritical. We used coaxial 50-
0-cables (for isolation up to 25 kV) with the following data:

diameter 6 mm, length between 60 cm and 1 m.

3.3. PERFORMANCE OF PRIS

The performance curves are ma ped for the low and high

energy version of PRIS 10. PRIg 10 HE has been worked

with arion (between 1.5 and 8 keV ion ener ) and PRIS 10

LE with oxygen (at 50 eV ion energy). Table 3 compares

;orrl:e technical data of both the filamentless RF-ion sources
RIS.

3.3.1. Discharge Characteristics

The discharge characteristics of PRIS 10 HE and PRIS 10
LE show a similar behaviour (Figs. 10 and 11). At high gas
flow rates, fluctuations will not influence the beam current;
but at low flow rates the RF-discharge power increases
drastically.

The performance curves are equidistant. From the equidist-
ancy we calculated a specific discharge power for producin
the ion beam current of 1.3 mA/W ( and 0.57 mA/
(LE). These values are better than the RIM-data which is
understood by considering the position of the induction coil:
In the ion source RIM (see Fig. 7) only the electromagnetic
field inside the RF-coil is av. able for sustaining the
discharge; in the case of PRIS (see Fig. 8), ionization is due
to the inner and outer RF-field of the coil.

3.3.2. Beam Profiles

The beam profile in Fig. 12 has been measured for high
ener}? ions of 5 keV at a distance of 30 cm from the PRIS
10 HE by a movable Faraday-cup. In the investigated
configuration, the beam Qameter is 2 cm, the peak current
density about 20 mA/cm?, and the total beam current 100
mA (see also Table 3). The focal distance of the beam can
be chata&;d by the curvature of the dished grids from 5 cm to
50 cm. The focal distance is equal to the radius of curvature.

Fig. 13 shows the beam profiles of PRIS 10 LE for low
energy oxygen ions of S0 eV at different total jon currents
(distance 25 cm). Compared with Fig. 12, the beam diameter
1s much larger due to the space charge broadening of the
insufficient neutralized ion beam.

3.4. COMPARISON OF PRIS AND RIM

The PRIS is an RF-ion source with a metallic discharge
chamber and an RF-induction coil placed inside the
discharge. Its performance data are in some respect superior
to the conventional RF-ion source RIM.



TABLE 3:

Technical data of the filamentless ion source PRIS
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PRIS I0LE PRIS 10 HE
ion source diameter, cm 10 10
ion current, mA 50-300 50 - 500
ion energy, eV S0 - 1500 1500 - 8000
ion energy with plasma
decelerator, eV 20 inapplicable
gas flow rate, scem 15-5 4-10
grid shape dished dished
exit beam diameter, cm 60 56
number of holes 127 91
beam focussing diverging beam adjustable
focussing distance, cm 5-50
spacing, cm 25 adjustable
ion current density, mA/cm2 03 20"
diameter of the
irradiated areas, cm 2-30
*at 100 mA ion current
1 gas 1 water cooled
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Rf-ion source RIM 10. The RF-induction coil is wound
around the discharge chamber (made of quartz).

Rf-ion source PRIS. The discharge chamber is made of me-
tal. The RF-induction coil is placed inside thg discharge
area. The recently tested plasma decelerator® decelerates
the ions to very low energies (< 30 eV).
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Beam profile of PRIS 10 HE for high energy argon ions in
the beam focus 30 cm downstream the extraction system
(beam diameter 2 cm, gas flow rate 7.5 sccm). The focal
di§(tiance corresponds to the radius of curvature of the dished
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4. SURFACE MODIFICATION BY ION BOMBARDMENT

4.1. GENERAL REMARKS

In recent years the production of thin high quality films has
become more and more important. The presented results
show some of our analyses of RIM produced thin films and
RIM modified surfaces.

By means of an oscillating quartz crystal the distribution of
sputtered atoms and the properties of the growing thin film
were measured. Furthermore, the formation of seed textures
on the sputtered surfaces were analysed.

When an ion beam strikes a surface several processes will
start. The ions might be partly reflected, they might iniciate
the emission of photons and secondary electrons, or they
might be slowed down and captured by the surface. When
the energy of the ions exceeds the so called threshold
energy, the surface emittes uncharged surface atoms. This
process is called sputtering. The kinetic energy of the
sputtered particles is about 10 eV and thus much higher than
the energy of evaporated particles (0.1eV). When the
sputtered particles hit a substrate their sticking coefficient is
much higher because of their higher energy. The use of a
second ion beam for direct bombardment of the substrate
might even improve the quality of the film. These properties
are caused by special processes in the growing layer which
usually start at higher temperatures.

4.2. SPUTTERING PRAXIS

With the radiofrequency ion source RIM 10 it is possible to
generate ion beams in the range of 0.5 to 4.5 keV with a
current density of 1.5 mA/cm~. This ion beam is used to
sputter a target and to produce a layer of condensed
material. At the target we measured the sputter rate in
dependency on the target material and the angle between
normal of the target surface and trajectory of the incoming
ion beam. The quality of a layer producing process is
determined by the purity, the homogeneity and the growth
velocity of the film. By means of an oscillating quartz crystal
we made an analysis of the growth velocity. By using a
calibration curve of the sputtering yield in dependence on
E\rowth velocity, we measured the sputtering yield in situ.

igs. 14 and 15 show the relations between the atoms,
adhering on the oscillating quartz, and the time, respectively
the sputtering yield.

4.3. CONDUCTIVITY OF A GROWING FILM

Very thin metal films show a dependency of the specific
conductivity relating to the film thickness. This happens
when the film thickness is of the same magnitude as the
mean free path length of the conducting electrons. In this
case more electrons are scattered at the film surfage than at
normal defects inside the material. Sondheimer® showed

that the conductivity o of the film is a function of the
conductivity of the bulk material o, the mean free path
length ), the thickness d, and scattering parameter p. 0 can
be described approximately by

M(l + Zp,nlng + 0.423)

2
o 15 »/d 1

for

= &
6 = 6

Fig. 16 shows how to determine the mean free path length by
extrapolation to zero conductivity. Fig. 17 compares the
measured and calculated conductivity.

~J
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4.4. ION BEAM SEED TEXTURING

Seed texturing is a procedure to produce different types of
structures by ion bombardment in dependence on the icn

energy, the ion dose (Fig. 18), and the target
(Fig 1) (Fig. 18) e target temperature

When exposing the target and the seed material
simultaneously to the same ion beam, you will observe
textures by seed material on the target. In general, seed
texturing takes Klacc when the sputtering yield of seed
material is less then that of the target material. The cones
(or other structures) of seed material protect the target
material from incident ions. Figs. 20 and 21 show two typical
hotographs of copper textured by quartz and stainless steel.
ese pictures are taken by a scanning electron microscope
(magnification factor 2,000).

Kaufman et al? developed a model based on surface
diffusion to describe the rate of growth of these textures.
Their model predicts, in good a%lreemcnt with experiments, a
variation of cone spacing with the surface temperature.
There exists a critical temperature below which cones will
not be formed. This statement can be supported by the trend
seen at the beginning of the curve in Fig. 19.

Furthermore, it is not easy to determine the volume of these
textures. Fig. 18 depicts the ex nent'?l dependence of the
volume of the cones (base of 2,?(())0 m<) as a function of the
time of exposure (proportional to the ion dose). Dividing the
volume by the base radius of the textured cones, you get a
linear dependence on the ion dose (Fig. 18). This justifies
the assumption, that seed material only will built the surface
of the cones.
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FIG. 19:

Growth of quartz textures on copper as function of
temperature.

FIG. 20:
Textures of quartz on copper.
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Textures of stainless steel on copper.





