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Vacuum arc discharges provide a copious supply of dense metal plasma, and this kind of plasma source has gained wide
acceptance as a standard laboratory tool. Plasmas can be formed from virtually all of the solid metals of the Periodic
Table as well as carbon, and by admitting a controlled flow of gas into the arc region hybrid gas/metal plasmas can be
formed also. This plasma formation mechanism has been incorporated within an ion source configuration to provide a
means for generating energetic high current beams of metal ions — the metal vapor vacuum arc ion source. Here we de-
scribe four specific embodiments of the vacuum arc plasma source for the surface modification of materials — plasma
deposition of thin films; metal ion implantation; plasma immersion ion implantation and deposition; and implantation

using the «inverted ion source» concept.
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The vacuum arc is a discharge between metallic
electrodes in vacuum in which plasma is formed from
the substance of the cathode material [1-4]. Dense
metal plasma streams away from the cathode at an ion
energy in the range of about 10 to 200 eV (ion velocity
of about 1-3 cm/ps), depending on the cathode material
used, in a direction mostly normal to the cathode surface
[5]. In developments that have taken place at a number
of laboratories around the world, this kind of plasma
source has been utilized in a variety of ways for the
surface modification of materials, encompassing the
synthesis of thin films and multilayer structures via
plasma deposition, and the formation of surface and
near-surface buried layers of otherwise unattainable
alloys of synthesized composition via energetic ion
implantation [6] as well as hybrid kinds of surface
modification that interleave or mix both of these
deposition and implantation techniques [7, 8].

Because the metal plasma from a vacuum arc is
created as a jet that streams away from the cathode [5,
9, 10], this plasma source itself, unadorned by any fur-
ther elaboration, provides a «metal plasma gun» — a
device for generating energetically streaming metal
plasma. This affords an excellent, and quite simply
made, means for the energetic deposition of thin film
structures. Considerable effort world-wide has been
given to the utilization and exploration of this plasma
deposition technique.

High energy beams of metal ions can be formed by
embodying the vacuum arc plasma source within an ion
source (i.e., an ion beam generator) configuration [11—
17]. Then the metal plasma provides the «feedstock» for
the ion beam. The ion beam current can be very high,
and currents of up to 20 A have been reported [18]. At
the same time, the extraction voltage employed in these
kinds of ion sources can be up to around 100 kV, and
since the vacuum arc ions are multiply stripped with
charge states typically in the range 1+ to 5+ [16, 19, 20]
the ion energy of the extracted ion beam is greater than
the extraction voltage by the same factor. Ion beam en-
ergy can be up to several hundred keV. As a tool for
surface modification, the vacuum arc ion source has

been used widely for high energy, high dose, metal ion
implantation.

Plasma Immersion Ion Implantation (Piii or Pi’) is
an alternative method of implantation in which the en-
ergetic ions are provided by acceleration across the high
voltage sheath established around the biased target
which is immersed within the plasma [21-24]. The tar-
get is repetitively pulse-biased to high negative voltage;
during the pulse-on period energetic implantation oc-
curs, and during the pulse-off period the plasma recov-
ers. This technique can be used with a metal plasma
provided from a vacuum arc [25, 26]. In this case, dur-
ing the pulse-off period there is some deposition of neu-
tral metal plasma on the target, and so the process is a
hybrid of metal ion implantation and metal plasma dep-
osition. The method has been called «Plasma Immersion
Ion Implantation and Deposition», or «Mepiiid», and
has been used for a range of surface modification appli-
cations.

In conventional ion implantation, the ions are ex-
tracted from a plasma that is held at high positive poten-
tial, and the ion energy is determined by the potential
drop through which the ions fall in the beam formation
electrode system. An alternative approach has been
demonstrated in which the plasma and its electronics are
held at ground potential and the ion beam is formed and
injected energetically into a space maintained at high
negative potential [27]. This configuration has been
called an «inverted ion source», and precisely because
the plasma source and electronics are at ground poten-
tial, it allows substantial savings both technologically
and economically, rendering feasible some ion beam
implantation applications that might otherwise not be
possible for researchers and laboratories of more limited
means [28].

Here we describe these four specific ways of utiliz-
ing the vacuum arc plasma for the surface modification
of materials — plasma deposition of thin films, metal ion
implantation using a vacuum arc ion source, metal
plasma immersion ion implantation and deposition, and
implantation using the «inverted ion source» approach.
The methods and their hardware are outlined, and ex-
amples of their applications presented.
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Vacuum ar c plasma deposition

The plasma from a vacuum arc is formed as a
plasma jet with directed ion energy in the range 10—
200 eV [5, 9, 10]. Metal plasma guns driven by a vac-
uum arc have been made in various configurations, all
of them quite simple and straightforward. Two embodi-
ments are shown in Fig. 1 [9] — an uncooled version,
and a version in which the additional features of water
cooling (not always necessary) and a small magnetic
field at the arc region have been included.
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Fig. 1. Vacuum arc plasma guns. Upper: Disassembled simple
uncooled version. Lower: This version includes water cooling
and a small magnetic field to guide the ejected plasma stream

For the plasma deposition of thin film structures,
the gun can be used «as is», but it is common practice to
add a bent solenoidal magnetic field as a means of filter-
ing out «macroparticles» from the plasma stream [29,
30]. (The vacuum arc plasma always contains some
small component of «cathode debris» — small solid par-
ticle of cathode material, of dimension in the broad
range about 1-100 pm [31]). A typical set-up for carry-
ing out plasma deposition, including a macroparticle
filter, is shown in Fig. 2.

Film structures formed using this approach are in
general of very high quality, since the deposition is an
«energetic deposition» by virtue of the intrinsic ion en-
ergy of the vacuum arc plasma. The ion deposition en-
ergy can be further controlled by biasing the substrate.
By adding the appropriate gas to the deposition set-up,
metal oxides and nitrides (for example) can also be
formed.
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Fig. 2. Upper: Set-up for plasma deposition using a vacuum
arc plasma gun with associated macroparticle filter. Lower:
Photograph of plasma stream guided by a 90°-bent filter

This approach has found particularly nice applica-
tion for forming DLC (diamond-like carbon) thin films,
using a carbon cathode in the plasma gun [32, 33]. Ad-
vantages of the approach compared to other DLC depo-
sition methods include that the vacuum arc deposited
films are inherently hydrogen-free, and the ion energy
can be precisely controlled so as to form films that have
a very high (in fact, optimized maximally high) sp® con-
tent (the fraction of diamond-bonded carbon as opposed
to graphite-bonded carbon within the film). Fig. 3 (up-
per) shows the measured sp’ content as a function of
carbon ion deposition energy, which is varied by biasing
the substrate. It can be seen that the diamond-bonding
content is as high as 85% at the optimum bias voltage of
100 V. A further advantage of the approach is that the
carbon ion energy can be controlled as a function of
time throughout the deposition process. Thus the energy
can be quite high in the early phase of the deposition so
as to implant (bury) the carbon into the substrate and so
form a broadened film-substrate interface, and then
lowered to the optimum (~100 eV) during the film
growth for maximum sp’. In this way the broad inter-
face layer provides enhanced bonding of the film to the
substrate, and consequently thicker DLC films can be
grown without delamination from the substrate [34]; see
Fig. 3 (lower). (The interface broadening approach is
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discussed further below, in the section dealing with
metal plasma immersion ion implantation and deposi-
tion (Mepiiid)).
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Fig. 3. Upper: sp° content of DLC film as a function of sub-
strate bias voltage. Lower: Cross-section scanning electron
micrograph of DLC film with broadened interface with the Si
substrate. The film thickness is 670 nm

Vacuum arcion implantation

A vacuum arc ion source (ion beam generator) can
be made by incorporating a vacuum arc plasma source
within an ion source geometry [11-17]. The metal
plasma stream is guided toward the ion beam formation
electrodes («extractor grids») where metal ions are ac-
celerated through the extractor voltage drop. It is usual
that the extractor design is a large diameter (say, several
cm up to as much as 50 cm), three-grid («accel-decel»),
multi-aperture (many small «beamlet» apertures) con-
figuration. The equivalent ion current in the vacuum arc
plasma jet is about 5-10% of the arc current, and since
arc currents are commonly several hundred amperes or
more, the current of the ion beam extracted from the ion
source can be very high indeed (depending on the ex-
traction efficiency), and ion beam currents of up to 20 A
have been reported [18]. The ion beam energy can be
from a few keV up to as much as several hundred keV,
corresponding to an extraction voltage up to around 100
kV together with the fact that the vacuum arc ions are in
general multiply stripped with a mean charge state typi-
cally 2+ to 3+ [16, 19, 20]. These energies are quite
sufficient for ion implantation application. Thus a vac-
uum arc ion source-based implanter requires no post-

acceleration, and the geometry is broad-beam (not a
small-diameter scanned beam as in most commercial
implanters used for wafer fabrication) line-of-sight from
ion source to target. Vacuum arc ion sources are typi-
cally operated in a repetitively pulsed mode, with pulse
width usually several hundred microseconds and repeti-
tion rate up to several tens of pulses per second. In this
way the mean power requirements and associated ther-
mal loads are kept at manageable levels. Many different
vacuum arc ion sources have been made at quite a num-
ber of laboratories around the world, and two embodi-
ments are shown in Fig. 4 — a very small version
(«thumb-sized») and an embodiment forming a 50-cm
diameter ion beam [35]. The latter has demonstrated Ti
ion beams of 100 keV energy and beam current 20 Am-
peres.

Fig. 4. Vacuum arc ion sources at two size extremes. Upper:
Micro-version with beam diameter about 1 mm. Lower: 50-cm
diameter extractor and thus beam diameter also

Vacuum arc ion source-based implanters have been
used for a very wide range of implantation applications.
One interesting application was to Pt-implant the inte-
rior surface of an accelerator column (the ceramic insu-
lating section that allows the accelerator's particle
source, ions or electrons, to be biased to very high volt-
age, typically several hundred to about 500 keV), so as
to tailor the surface electrical conductivity of the col-
umn and thus significantly increase its maximum hold-
off voltage [36]. A photograph of the ceramic column
positioned in a rotating cradle attached to the implanter
is shown in Fig. 5 (upper). Fig. 5 (lower) shows the
measured electrical resistivity of the Pt-implanted ce-
ramic as a function of implantation dose; thus the sur-
face resistivity can in this way be quite accurately tai-
lored for the specific application [37].
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Fig. 5. Upper: Ceramic accelerator column in the rotating
holder attached to the vacuum arc implanter. Lower: Measured
surface resistivity of ceramic as a function of Pt ion implanta-
tion dose.

Surface modification of materials by metal ion im-
plantation using a vacuum arc ion source has become a
widely used technology at many different laboratories
around the world. Much of this work has been reported
at ongoing international conferences such as the IBMM
(Ion Beam Modification of Materials) and the SMMIB
(Surface Modification of Materials by lon Beams),
whose proceedings have been published in the journals
NIM-B (Nuclear Instruments and Methods, Part B:
Beam Interactions with Materials and Atoms) and SCT
(Surface and Coatings Technology).

Metal plasmaimmersion ion implantation and
deposition (Mepiiid)

Plasma immersion ion implantation, or pi3 , 1s a
technique for carrying out ion implantation of objects
that circumvents the use of an energetic ion source as
used in the more traditional approach [21-24]. The ob-
ject to be implanted is fully immersed in a plasma and
pulse-biased to high negative voltage. During the pulse-
on time, ions are accelerated through the high voltage
sheath that surrounds the object and implanted into it,
and during the pulse-off time the plasma recovers from
the ion depletion thus caused. The approach has been
used extensively for both research and commercial ap-

plications. This technique can be adapted for use with
the metal plasma generated by a vacuum arc plasma gun
[25, 26]. However, during the pulse-off period the metal
plasma will condense on the target surface, and the very
thin surface layer so formed (typically sub-monolayer in
thickness) is subsequently bombarded by the energetic
ions of the next pulse-on period and implanted by
knock-on collisions. The overall depth profile of the
directly-implanted and knock-on implanted species is
different from the implantation depth profile formed in
conventional beam-line implantation, and in general
there remains some surface layer. The approach has
been used in a two-gun set-up, for example to form
metal-doped DLC with a graded interface to the sub-
strate (high adhesion) [38]; see Fig. 6. The calculated
depth profile (using the TRIDYN simulation program
[39, 40]) showing the graded interface between surface
film and underlying substrate that can be formed by the
Mepiid process is shown in Fig. 7 [34]; the broad inter-
face that is the source of high adhesion is very clear.

Inverted ion source implantation

In conventional, or «beam line», ion implantation,
an energetic ion beam is generated by an appropriate ion
source and directed toward the target to be implanted.
Energetic ion beams are produced by extracting ions
from a plasma that is held at high potential, and the ion
beam energy is determined by the potential drop
through which the ions fall in the beam formation elec-
trode system (called the «extractor» or sometimes the
«accelerator») and by the ion charge state; E; = eQV s,
where E; is the final ion energy, e the electronic charge,
Q the ion charge state, and V. the extractor voltage
drop. It is thus an inherent part of the approach that the
ion source and its associated plasma-formation electrical
system, often complex, be maintained at high potential.
This necessity contributes vastly to the complication
and expense involved in setting up an ion implantation

facility.
Master
Pulse
Generator

Arc Supply 1

Arc Supply 2

Bias Voltage
Fig. 6. Mepiiid set-up with two plasma guns
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Fig. 7. Carbon atomic fraction as a function of depth below the

surface, showing the graded interface formed by the Mepiiid
process. This provides very strong adhesion of the surface film
to the substrate [34]

An ion implantation system in which the plasma
and its electrical system (the ion source) can be main-
tained at ground potential would provide technological
and economic advantage. This can be done by maintain-
ing the final grid and the space into which the beam is
injected at high negative potential. In this case the ex-
tractor voltage drop remains high and so also the ion
energy, but with the overall potential profile falling from
ground to high negative voltage rather than from high
positive voltage to ground. Such an arrangement, in
which the implantation target must be held at high volt-
age, may not always be feasible, but for much labora-
tory-scale ion implantation work, the savings in hard-
ware simplicity and low cost may well more than com-
pensate for this inconvenience. Since the overall device
potential profile is in a sense the inverse of that conven-
tionally employed, this set-up has been referred to as an
«inverted ion implanter.

A simplified schematic of the setup is shown in
Figure 8, and an outline of an implantation chamber as
devised by Salvadori and coworkers in Figs. 9, 10 and
11 [27, 41]. An outer cylindrical container is held at
ground potential, in the front face of which is mounted
the first grid. An inner cylindrical structure, well insu-
lated from the outer grounded structure, is held at high
negative voltage and the second extractor grid forms its
entrance. The extractor is a multi-aperture configuration
comprised of two grids, each having a large number of
individual holes; good beam optics calls for appropriate
extractor design, as discussed by many authors [42, 43].
A magnetically suppressed Faraday cup to monitor the
implantation current density is located behind the target
holder, with the holder geometry such that a known
beam area is allowed to enter the cup.

An «inverted ion implanter» of this kind has been
used to carry out implantation of gold into alumina, with
Au ion energy 40 keV and dose up to almost
1x10"7 cm 2. Resistivity of the metal-implanted ceramic
was measured in situ as a function of dose and com-
pared with predictions of a model based on percolation
theory, in which electron transport in the composite is
explained by conduction through a random resistor net-

work formed by Au nanoparticles. Excellent agreement
was found between the experimental results and a per-
colation theory [44]; see Fig. 12. In related work, Spirin
and coworkers have used the «inverted implanter» ap-
proach to explore the formation of Ti/alumina nano-
composites by Ti implantation into alumina at energy of
52 keV and dose up to 3.3x10'® cm™ [45].
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Fig. 8. Schematics showing the evolution of the conventional
configuration (upper, a), in which the ion source is biased to
high voltage, into the inverted ion implantation configuration
(lower, b), in which the ion source is at ground potential,

a much simpler and lower cost configuration

The inverted ion source, and its embodiment as an
inverted ion implanter, provides an excellent tool for ion
implantation via a low cost, small laboratory scale,
means.

High voltage
insulators

[t

Extractor
grids =

Outer cup
(ground)

Fig. 9. Simplified schematic of an inverted ion
implanter device
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Fig. 10. Simplified schematic of the inverted ion implanter
with filtered vacuum arc plasma gun, showing also the
(on-axis) potential profile below ground

Fig. 11. Photograph of the inverted implanter with filtered
vacuum arc plasma source; in operation this setup is housed
within a larger vacuum chamber

Nanocomposite conductivity (S/m)

Gold implantation dose (10"° cm)

Fig. 12. Measured electrical conductivity of Au-implanted
alumina as a function of implantation dose (black dots; two
separate experiments), and the fit to a theory based
on percolation (solid line)

Conclusion

The vacuum arc plasma source is unique among
plasma formation systems in its prolific generation of
metal (and carbon) plasma. This means of metal plasma
generation has been used most effectively in a number

of different ways for material surface modification, in
systems employing both the «raw plasma» as well as
ion source systems in which energetic ion beams are
formed from the vacuum arc metal plasma. Here we
have described four such approaches — energetic deposi-
tion of thin film structures using the filtered metal plas-
ma from a vacuum arc plasma gun, metal ion implanta-
tion using the vacuum arc ion source, metal plasma im-
mersion ion implantation and deposition (Mepiiid), and
a simplified and low-cost approach to laboratory-scale
metal ion implantation using the «inverted ion source»
configuration with a vacuum arc plasma gun. Some ex-
amples have been provided of applications to which
these tools have been put. The wider literature of a great
array of applications, both research and commercial, is
vast. It is probable that yet further novel plasma and ion
source procedures employing vacuum arc plasmas re-
main to be invented and explored.
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