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Abstract—The performance and characteristics of a cathodic
arc deposition apparatus consisting of a titanium cathode, an
anode with and without a tungsten mesh, and a coil producing
a focusing magnetic field between the anode and cathode are
investigated. The arc voltageVaVaVa is measured with a fixed arc
current for an anode diameter of 40 mm. The relationship
betweenVaVaVa and the magnetic fieldBBB with and without a mesh is
obtained. In addition, the relationship between the arc currentIaIaIa
and VcVcVc, the voltage to which the artificial transmission line was
charged, is measured with and without the mesh to determine
the minimum ignition voltage for the arc when the anode hole
diameter is 40 mm. The arc resistance increases with the focusing
magnetic strengthB and decreases when using the mesh. Our
results indicate that the high transparency and large area of
the mesh allows a high plasma flux to penetrate the anode from
the cathodic arc. The mesh also stabilizes the cathodic arc and
gives better performance when used in concert with a focusing
magnetic field.

Index Terms—Anode, cathodic arc, plasma.

I. INTRODUCTION

CATHODIC arc plasma sources have been shown to give
excellent results in surface modification of materials and

industrial components [1]–[4]. However, for both coating de-
position and metal plasma immersion ion implantation (PIII),
cathodic arc sources are prone to release “macro-particles”
(particulates of the cathode material of size on the order of
a micrometer) that are detrimental to the treated materials.
Hence, a filtering system is sometimes employed to eliminate
these macro-particles from reaching the treated materials. Cur-
rently, the most common configuration providing an acceptable
plasma transportation efficiency is the curved magnetic filter
duct developed by Aksenovet al. [5], [6].

In order to increase the output plasma flux, a magnetic field
is imposed between the cathode and anode in a cathodic arc to
better focus the plasma in the axial direction. For a long-pulse
or DC current arc source, the focusing magnetic field tends to
make the arc unstable. Two interrelated factors are believed
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to be the cause: 1) the movement of the cathode spots to the
side of the cathode and 2) an increase in the plasma resistance
due to the flow of electrical current across the magnetic field
lines [7], [8]. An arc-stabilizing magnetic field can prevent
the cathode spot from wandering off the working surface of
the cathode. In the pulsed mode, confinement of the arc spot
to the working surface of the cathode is less of a problem,
as the duration of the cathodic arc is short enough that there
is insufficient time for the cathodic arc spot to move away
from the front surface of the cathode. Hence, an arc-stabilizing
magnetic field is less important in this case, but a focusing
magnetic field can still be beneficial. However, owing to the
second factor aforementioned, the magnetic field exacerbates
the arc instability and decreases the arc current, especially
when a hollow or annular anode is used (a hollow anode can
increase the plasma flux). In this unstable condition, a higher
arc voltage is needed to keep the arc on. The higher arc voltage
is caused by the larger plasma voltage drop due to an increase
in the electrical resistance of the plasma for conduction across
the magnetic field lines. In this paper, we describe the use of
a mesh anode to stabilize and increase the efficiency of the
cathodic arc. The characteristics of the mesh anode are also
discussed.

II. EXPERIMENTAL METHOD AND APPARATUS

The arc source was composed of a negatively biased tita-
nium electrode 1 cm in diameter and a zero-potential anode
with a hole in the center. The anode was 16 mm from the
cathode and consisted of a hole in the center 15 or 40 mm
in diameter. A tungsten mesh (4 mm mesh size and 0.2 mm
diameter tungsten wire) was mounted on the anode hole and
the distance from the mesh to the cathode was 15.8 mm. The
optical transparency of the mesh was about 90%.

The cathodic arc source was operated in a pulsed mode
with a triggering frequency of 60 Hz. The duration of the arc
current pulse was 0.24 ms and the trigger voltage was 3 kV.
The focusing magnetic field was produced by an external
coil positioned just in front of the anode. The magnetic field
strength was measured at the axis of the system and very
close to the cathode surface. The vacuum chamber pressure
was typically about 5 10 Pa.

The cathode arc was powered by a charged artificial trans-
mission line [Fig. 2(c)] with F and mH. The
arc current was characterized by the peak current, measured
30 s after the beginning of the arc pulse (Fig. 1). The arc
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Fig. 1. Waveform of the arc current.

voltage was measured at an arc current of 100 A and
with an anode hole 40 mm. The relationship betweenand
the focusing magnetic field with and without the tungsten
mesh was determined. The relationship between the arc current

and , the voltage to which the artificial transmission line
was charged, was measured with and without the mesh to
obtain the minimum ignition voltage for the arc when the
anode hole diameter was 40 mm. During ignition, the voltage
of the cathode changed rapidly from to . Both and

were the initial values of the current and voltage of the
cathode arc.

In our experiments, a 100-mm silicon wafer was put in
the vacuum chamber at a distance of 100 mm from the
anode facing the exit of the arc source. A smaller distance
between the silicon and arc source increased the deposi-
tion–implantation efficiency but made high voltage implan-
tation more difficult due to arcing between the wafer and arc
source. The distance of 100 mm was selected for convenience.
The silicon wafer was partially covered in several places so
that the thickness of the deposited film could be measured
on the steps formed using a stylus profilometer. The film
thickness was measured at four positions on the Si wafer
(center, 17 mm from center, 33 mm from center, and close
to the edge) as shown in Fig. 2(b); the deposition rate was
calculated on the basis of the mean value of these four
measurements. The experiment was repeated for different
anode configurations while using the same arc current and
trigger frequency settings to assess the deposition efficacy.
A simplified schematic of the experimental configuration is
exhibited in Fig. 2(a).

III. RESULTS

Using a 40-mm anode, the mean deposition rate was 18Å/s
and almost the same with and without the tungsten mesh when
the focusing magnetic field was off. Hence, the mesh had very
little effect on the plasma flux. For a 15-mm anode, the mean
deposition rate was 4̊A/s when the focusing magnetic field
was off. This implies that the bigger the anode aperture, the
higher is the plasma flux through the anode.

The arc voltage value with or without the mesh was
22 V when (Fig. 3). increased with both with

(a)

(b)

(c)

Fig. 2. (a) Schematic of the experimental apparatus with the anode center
hole diameter being 40 mm, (b) thickness of the deposited film on the 100-mm
silicon measured at four different places: center, 17 mm from center, 33 mm
from center, and close to the edge, and (c) artificial transmission line.

and without the mesh. With the mesh, increased with
slowly and reached a steady value whenexceeded 400
G. On the other hand, for the case without the mesh,
increased quickly as the focusing magnetic fieldwent up.
The mesh acted to slow down the increase inwith higher

. The arc current increased with but decreased with
the focusing magnetic field both with and without the mesh
for the 40-mm anode (Fig. 4). The curves for G
and G showed a similar trend and were thus not
plotted in Fig. 4. The value with the mesh was higher than
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Fig. 3. Arc voltageVa versus the focusing magnetic fieldB with the mesh
and without the mesh at an arc currentIa of 100 A and with an anode hole
diameter of 40 mm.

Fig. 4. Vc, the voltage to which the artificial transmission line was charged,
versus arc currentIa at different focusing magnetic field settings for an anode
hole diameter of 40 mm.

that without the mesh at the same and focusing magnetic
field .

The relationship between and the minimum ignition
voltage of the arc is exhibited in Fig. 5. When the focusing
magnetic field was off, the minimum ignition voltage with
the mesh was the same as that without the mesh. When
the focusing magnetic field was increased, the minimum
ignition voltage without the mesh increased much faster than
that with the mesh. Hence, our results indicate that the mesh
makes arc ignition easier at high.

IV. DISCUSSION

Without the focusing magnetic field, the plasma extends
in all directions from the cathode [Fig. 6(a)]. The plasma
can touch the rim of the anode as easily as the mesh.
Therefore, the mesh does not play a significant role in altering
the minimum igniting arc voltage and when .
When the focusing magnetic field is on, the plasma from

Fig. 5. Minimum arc-ignition voltage between the anode and the cathode
versus the focusing magnetic fieldB with the mesh and without the mesh for
an anode hole diameter of 40 mm.

(a) (b) (c)

Fig. 6. Dispersion of the plasma flux in the anode-cathode gap: (a) without
magnetic field but with mesh, (b) with magnetic field but without mesh, and
(c) with magnetic field and with mesh.

the cathode arc is confined [Fig. 6(b)]. without the mesh
includes a component that overcomes the resistance of the
plasma to penetrate across the magnetic field lines. Thus,
the combination of an axial focusing magnetic field and a
big anode hole increases the minimum ignition voltage, and
when the arc current is constant, increases. We have also
observed that the cathodic arc without the mesh becomes very
unstable when is larger than 300 G. A focusing magnetic
field and large anode aperture increase the plasma flux through
the anode hole, but these two factors also affect the ignition of
the cathodic arc adversely. The situation can be improved by
adding a mesh on the anode. As shown in Fig. 6(c), the mesh
is a part of the anode, and the confined plasma flux from
the cathodic arc can easily reach the mesh. The mesh thus
reduces substantially the deleterious effects on the ignition
of the cathodic arc caused by the magnetic field and large
anode hole size. It can also be observed that the cathodic arc
discharge was quite steady for the entire range ofused in
this experiment.

consists of the voltage drop at the electrodes (mainly
cathodic drop) and across the bulk of the interelectrode plasma.
The focusing magnetic field raises the part of related to
the plasma voltage drop due to an increase in the electrical
resistance of the plasma for conduction across the magnetic
field lines. The increase in the plasma resistivity with the
introduction of a transverse magnetic fieldcan be described
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by [8]

(1)

where is the electrical resistivity perpendicular to the
magnetic field lines, , is
the electron cyclotron frequency, and are the electron
charge and mass, respectively,is the mean free time between
collision, and is a constant that depends on the mean ion
charge . increases with the focusing magnetic fieldas

(2)

where and is a constant. In this
work, the relationship between and without the mesh
displayed in Fig. 3 deviates slightly from that predicted by
(2). The focusing magnetic field here becomes concentrated
between the cathode and the anode in the axial direction. In
the interelectrode space, both the value and the direction of
the focusing magnetic field vary from point to point. We have
characterized the magnetic field with a one-point measurement
near the cathode for simplicity. However, the magnetic field
measured in this way is not exactly suitable for (2), even
though the trend of versus is correctly disclosed.

The axial magnetic field increases the plasma resistance for
conduction across the magnetic field lines, or equivalently,
increases the distance between the cathode and anode [9],
and so the voltage drop across the plasma is increased. When
the mesh is added onto the anode hole, the anode-to-cathode
distance for the axial plasma confinement is almost unchanged
when the focusing magnetic field increases. Hence, with the
mesh, only changes slightly when the focusing magnetic
field is varied (Fig. 3).

Several kinds of metal mesh are used in our experiments. It
is found that a brass mesh is ruined due to overheating when
the time average arc current is over 2 A, and a stainless mesh
suffers damage at a time average arc current over 5 A after a
one-hour experiment. The damage manifests in the form of a
hole 0.5–2 cm in diameter in the center of the mesh. On the
other hand, when a tungsten mesh is used, no damage can be
observed even for a time average arc current of 8 A after one
hour of operation. We have also noticed that the center of the
W mesh is clean but the area close to the rim is clogged up with
the cathode materials. This decreases the optical transparency
of the mesh. However, by selecting the mesh size in the center
and the rim areas properly, the seriousness of the problem can
be minimized.

V. CONCLUSIONS

A focusing magnetic field together with a large anode
aperture is an effective way to increase the plasma flux of
a cathodic arc source. Unfortunately, it makes the ignition of
the cathodic arc more difficult, and the magnetic field can
result in a lower arc current if the artificial transmission line
power is unchanged. Moreover, the cathodic arc tends to be
unstable in a strong magnetic field. Placing a metal mesh
onto the anode hole stabilizes the cathodic arc and reduces
the minimum igniting arc voltage, thereby enabling the use
of a larger magnetic field and anode diameter. As an integral

part of the anode component, the mesh has the same voltage
as the anode, and the plasma from the cathodic arc can reach
the mesh easily. The mesh minimizes the electrical resistance
of the plasma. We also found that a tungsten mesh has the best
durability, perhaps due to its high melting point.
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