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ABSTRACT 

A new magnetic macroparticle filter design 
consisting of two 90" filters forming an S-shape is 
described. The transport properties of this S-filter are 
investigated using Langmuir and deposition probes. It 
is shown that the filter efficiency is the product of the 
efficiencies of two 90" filters and the deposition rate is 
still acceptably high to perform thin film deposition. 
Films of amorphous hard carbon have been deposited 
using a 90" filter and the S-filter, and the macroparticle 
content of the films are compared. 

1. INTRODUCTION 

Magnetic filtering is a common technique for 
removing macroparticles from cathodic arc plasma in 
order to drastically reduce the macroparticle 
contamination of the films deposited [I-71. Various 
filter designs have been described in the literature; the 
most common is a 90" bent filter [l-41, but straight 
filters [5] ,  20" [6], and 45' filters [7] have also been 
tested. Filtering is in particular a problem when 
graphite cathodes are used because the macroparticles 
are solid and therefore multiply reflected from the filter 
wall leading to incomplete filtering. 

We have designed a new filter consisting of two 
90" filters forming an S-shape. The S-filter has a 
potential application in the field of hard carbon 
overcoats of magnetic storage devices where an 
extremely high quality and extremely low 
macroparticle contamination is required but film 
thicknesses are usually small. 

2. EXPERIMENTAL 
2.1 Filter and source design 

The filter body consisted of a metal bellows 
bent into an S-shape. The major radius of the bend 
was 15 cm, the minor radius (inner bellows radius) 
4 cm. The guiding solenoid was made from 60 turns 
of water-cooled copper pipe which was insulated from 
the bellows. The filter was connected to one of our 
standard plasma sources [8] which are normally used 
with 90" filters. They consist of a 6 mm diameter 
cathode surrounded by a cylindrical anode and are 
triggered by a high voltage spark over an isolating 
surface around the cathode. The source is equipped 
with a focusing solenoid of 10 turns around the anode 
over a length of 3 cm which can optionally be used to 

focus the plasma from the source. The source is 
described in detail elsewhere [8]. Fig. 1 shows a 
schematic of source, filter, and substrate location. 
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Fig. 1: Schematic of plasma source, S-filter, and 
substrate location. 

As typically for the 90' filter together with the 
source, the solenoid of the source and the S-filter were 
operated in series with the arc current [9]. This mode 
of filter operation does not allow an independent 
variation of arc current (plasma density) and magnetic 
field in the source and filter, but it results in high 
magnetic field strength, low heat load, and only one 
power supply is required. On the other hand, it needs a 
careful design of source and filter so as to have 
optimum magnetic field configuration at the normal 
operating arc current. 

In an earlier investigation [4] we had found that 
a magnetic guiding field of about 40 mT represents an 
optimum for plasma transport. Therefore, we have 
chosen the number of turns for the guiding field such 
that at the typical operation current of our source of 
250-300 A the magnetic field is between 40-48 mT. 
The plasma source itself was designed for maximum 
output, and this is achieved at focusing fields greater 
than about 100 mT [4]. This is not necessarily the 
optimum field strength for operation with a magnetic 
filter. As shown in [lo], the optimum focusing field 
is rather in the range of 20-50 mT when the source is 
used together with a magnetic filter. 



2.2 Filter operation 

In order to investigate and optimize filter 
operation, a large, can-shaped Langmuir probe was 
used which was located at the filter exit and collected 
all ions emitted from the filter. The probe was biased 
at - 200 V, and a probe characteristic was taken to 
verify ion saturation at this voltage. 

For all the investigations the anode of the 
plasma source was at ground potential and the arc 
power supply was floating. A titanium cathode was 
used, and the vacuum base pressure was Torr. 
We studied various configurations. In three cases the 
focusing solenoid of the plasma source was connected 
in series with the guiding solenoid of the filter, and the 
wall of the filter was either connected to ground, was 
floating, or was connected to the positive potential of 
the power supply. Figs. 2 shows the total ion current 
Iion emitted from the filter normalized to the arc 
current Iarc as a function of the arc current for all these 
configurations. 
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Fig. 2: 
focusing coil and various filter wall potentials. 

Iion/Iarc VS. Iarc for plasma source with 

In three other cases the focusing solenoid was 
not connected, the plasma source was slightly inserted 
into the filter so that the magnetic field of the filter 
extended up to the cathode surface, and the wall of the 
filter was either connected to ground, was floating, or 
was connected to the positive potential of the power 
supply. Figs. 3 shows the total ion current Iion 
emitted from the filter normalized to the arc current 
Iarc as a function of the arc current for all these 
configurations. 

The figures show that the maximum output 
is 0.6% of the arc current, and this is 6% of the total 
number of ions produced in the arc since the ion 
current is about 10% of the arc current [ 1 I]. This is 
the product of the maximum output of two 90" filters 

we could achieve so far which is 25% of the total ion 
current. [4] This shows that we have obtained the 
same transport conditions as for our best 90' filter. 
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Fig. 3: Iion/Iarc VS. Iarc for plasma source without 
focusing coil and various filter wall potentials. 

2.3 Instabilities and filter wall 
potentials 

At low arc currents the output with focusing 
coil is slightly higher than without focusing solenoid. 
This agrees well with the observation that small 
focusing fields up to 20-50 mT increase transport 
properties when the source is used with a 90" filter [4]. 
At higher current and correspondingly high fields the 
transport is worse with the focusing solenoid 
connected and even decreases at very high currents. 
This is due to instabilities in the transport we have 
observed in the present investigation which are 
comparable to instabilities we have found earlier using 
a 90' filter [4J. Similar instabilities have been 
observed also in [I21 with a solenoid in the cathode- 
anode region and were explained as instabilities caused 
by spot movement toward the cathode edge. Fig. 4 
shows the duct output as a function of time during a 
5 ms arc discharge for three different arc currents. Fig. 
4a at 150 A shows a stable output with the usual 
fluctuation which are caused by the typical noise in 
vacuum arc plasma production. Fig. 4b shows the 
output at the threshold of the onset of instabilities at 
250 A, and Fig. 4c shows strong instabilities in the 
output at 300 A. This occurs when the focusing 
solenoid is connected and the plasma is magnetically 
shielded from the anode. We did not observe 

'instabilities without focusing solenoid when the 
plasma can reach the anode. This is in agreement with 
results found with 90" filter. 
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Fig. 4: Ion saturation current at the Langmuir probe 
at various arc currents, with focusing solenoid 
connected. Horizontal - lmsldiv, vertical 0.2 A/div, 
4(a) - Iarc = 150 A, 4(b) - 250 A, 4 ( ~ )  - 300 A. 

at moderate arc currents. This is due to the high 
plasma density at the filter walls (our filter is much 
smaller in diameter than most other filters described in 
the literature). By grounding the anode and connecting 
the filter wall to the positive potential of the power 
supply we were able to establish a positive wall 
potential very close to the optimum potential of +20 
V found in [ 131 which leads to efficient transport 
without additional power supply. 
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The difference in the output at various fiiter 
wall potential has also been observed before [ 13, 141. 
The wall potential was measured when the filter was 
floating and when i t  was connected to the power 
supply. Fig. 5 and 6 show the potential of the filter 
Wall Uduct for the various configurations. In 
accordance with earlier measurements [ 141 for the 90" 
filter a maximum filter transport at the highest 
positive potential of 15V was found, and the lowest 
transport at the most negative potential of -2OV. 

When we tried to bias the duct wall externally, 
we observed a breakdown of the applied voltage already 

Fig. 6: Wall potential Uduct for plasma source 
without focusing coil and various configurations of the 
filter wall connection. 
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2.4. Plasma distribution 

It has been observed by a number of authors 
that the plasma column in a 90" filter is not centered at 
the filter exit although the plasma source is on axis [3, 
41. To investigate the shift of the plasma distribution 
we deposited a thin, semitransparent titanium films on 
a transparency with a polar coordinate system which 
was located at the filter exit and centered to the filter 
axis. The deposition was performed at optimum 
deposition conditions as determined in section 2.2.. 
(Iarc = 300 A, focusing solenoid not connected, filter 
wall connected to power supply). Fig. 7 shows such a 
deposition profile. 

The plane was horizontal, 90" was on top, 270" 
on bottom, 0" directed toward the inner side of the 
second bent (top in Fig. I), 180" toward the outer side 
(bottom in Fig. 1). The figure shows a shift of the 
plasma to the outer side of the second bend of the filter 
and a downward shift. The direction of the magnetic 
field in the filter was opposite to the direction of the 
plasma stream. 
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Fig. 8: Shift of the plasma column with respect to 
the plasma source position. The starting point of the 
arrows marks the source center, the tip the plasma 
column center. 90 

3. DEPOSITION OF AMORPHOUS 
HARD CARBON FILMS USING THE 
S-FILTER 

240 
270 

Fig. 7: Plasma distribution at filter exit with source 
in center of filter entry, titanium plasma, I,, = 300 A. 

We have moved the position of the plasma 
source with respect to the duct axis and measured the 
position of the maximum at the filter exit. Fig. 8 
shows the position of the maximum plasma density at 
filter exit as a function of source position at filter 
entry. 

The staring point of the arrow marks the source 
position, the tip of the arrow the maximum of the 
plasma density. Generally, we observe a shift down 
and to the outer side of the second bent. 

One of the interesting applications of filtered 
cathodic arc deposition is the formation of amorphous 
hard carbon films of high quality [2, 5, 6, 15-17]. 
These films exhibit excellent qualities such as high 
sp3 fraction up to 85% and high hardness up to 80 
GPa. Cathodic arc deposited amorphous hard carbon 
films are of great interest for a number of applications, 
e.g. as protective coatings for computer hard disks. So 
far for this specific application macroparticle have been 
a tremendous problem. Commercially available 
filtered vacuum arc deposition facilities produce films 
which still contain a considerable number of 
macroparticles . 

To compare the macroparticle content of films 
deposited using a 90" filter and the S-filter, we have 
prepared two amorphous hard carbon films. One film 
was deposited using a 90' filter described in detail in 
[9], the other using the S-filter. The films were about 
200 nm thick and formed on Si substrates. The 
deposition rate for the 90" filter was about 8 nm/min, 
for the S-filter about 2 nm/min; the sources were 
operated in a pulsed mode using 5 ms pulses with a 
repetition rate of 1.5 Hz and an arc current of 300 A. 
The deposition rate can be increased by using a higher 
duty cycle of plasma production up to dc operation. 
This would require cooling of the cathode, anode, duct, 
and maybe also of the sample, but this presents no 
particular problem. If the S-filter is used with a dc 
plasma source the deposition rate can be 25 nm/min. 
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Both films were investigated using Scanning 
Electron Microscopy. On the film deposited using the 
90' filter some carbon macroparticles could be detected. 
It is difficult to measure a particle density because 
there are very few in one image when a magnification 
of 5000 or higher is used, and at lower magnification 
one is not able to see small macroparticles. As a very 
rough estimate, we determined the density per 
deposited area and per deposited film thickness as 100 
particledcm2 nm. On the sample deposited using the 
S-filter we could hardly detect any carbon 
macroparticles. In a very few cases it was not 
completely clear whether the particles found on the 
surface were carbon or dust, but we can say for sure the 
particle density has been reduced by at least 3 orders of 
magnitude in comparison to the 90' filter. 

Depositions of amorphous hard carbon films 
have been performed on computer hard disks also, and 
they are currently being tested for their applicability. 
Previously performed deposition of amorphous hard 
carbon films on magnetic recording heads showed a 
great improvement in the tribological performance and 
sufficient quality of the coatings for this application 
1161. 

4. CONCLUSIONS 

A new magnetic macroparticle filter consisting 
of two 90' filters connected to form an S-shape has 
been developed. At optimum magnetic field 
configuration and filter wall potential the total output 
of the filter is 6% of the input ion current which is the 
product of the throughputs of two 90" filters with 
efficiency of 25% of the ion current for each 90" filter. 
This corresponds to a deposition rate of 2 nmls over an 
area of about 5 cm when a dc plasma source is applied. 

Amorphous hard carbon films deposited using 
this filter showed a remarkable reduction in the 
macroparticle content in comparison to films deposited 
with a 90' filter. The new filter is a promising step of 
development for the application of cathodic arc 
deposition for magnetic storage devices, in particular 
for hard carbon overcoats of hard disks, which so far 
has not been applied due to the relatively high 
macroparticle contamination of amorphous hard carbon 
films deposited using 90" filters. 
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