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Abstract

Intense energetic beams of metal ions can be produced by using a metal vapor vacuum arc as
the plasma discharge from which the ion beam is formed. We have developed a number of ion
sources of this kind and have built a metal ion implantation facility which can produce repetitively
pulsed ion beams with mean ion energy up to several hundred keV, pulsed beam current of more
than an ampere, and time averaged current of several tens of milliamperes delivered onto a

" downstream target. We've also done some preliminaD/work on scaling up this technology to very
large size. For example, a 50-cm diameter (2000 cm2) set of beam formation electrodes was used
to produce a pulsed titanium beam with ion current over 7 amperes at a mean ion energy of 100

• keV. Separately, a dc embodiment has been used to produce a dc manium ion beam with current
over 600 mA, power supply limited in this work, and up to 6 amperes of dc plasma ion current
was maintained for over an hour. In a related program we've developed a plasma immersion
method for applying thin metallic and compound films in which the added species is atomically
mixed to the substrate. By adding a gas flow to the process, well-bonded compound films can
also be formed; metallic films and multilayers as well as oxides and nitrides with mixed transition
zones some hundreds of angstroms thick have been synthesized. Here we outline these parallel
metal-plasma-based research programs and describe the hardwarethat we've developed and some
of the surface modification research that we've done with it.

I. INTRODUCTION

The vacuum arc is a plasma discharge that takes piace between metallic electrodes in vacuum,
in the process producing a copious flux of dense metal plasma. The plasma is generated at a small
number of tiny points on the surface of the cathode, called cathode spots and of dimension a few
microns, at which the arc current is concentrated to an extremely high current density, of order 10s
- 1012amperes cm -2. The metal plasma energetically plumes away from the cathode in a manner
reminiscent of a laser-produced plasma plume. The cathode remains cool in bulk (le, except locally
at the cathode spots during plasma formation), and a background gas is not required - the plasma
generation process is neither an evaporative nor a sputtering process. It is a very efficient process,
as plasma preparation schemes go. This means of metal plasma production can be harnessed
advantageously to forge some interesting plasma and ion beam surface modification tools.

One way in which the vacuum arc plasma can be used is within an ion source. Intense,
energetic beams of metal ions can be produced, which in turn can be used to carryout high current
metal ion implantation for material surface modification. The laboratory-scale, vacuum-arc-based,
metal ion implanter that we've developed operates in a repetitively pulsed mode and can produce
metal ion beams with mean ion energy up to several hundred keV, pulsed beam current of more
than an ampere, and time-averaged current of several tens of milliamperes delivered onto a
downstream target. Virtually ali of the solid metals of the periodic table can be used. We have
explored the application of this implantation technique to several different areas of materials
modification.

Recently we've further developed the vacuum arc ion source technology and carried out some
preliminary tests of a dc source embodiment and very large area beam formation electrodes. A

, 600 mA dc titanium ion beam was formed at 18 keV using an 18-cm diameter extractor. Plasma
measurements indicated that a dc plasma ion current of up to 6 amperes was available for beam
formation (extractable at high voltage than we had available). Separately, we've formed beam
from a 50-cm diameter (2000 cm 2) set of extractor grids using a pulsed plasma gun, producing a
100 keV titanium ion beam with a current of 7 amperes. Thus the research base of our metal ion
source program has arrived at the stage where we've demonstrated the production of multi-ampere
beams, dc operation, and beams of very large cross-sectional area. It is possible to combine these
features into an integrated, industrially-relevant, metal ion implanter of very substantial scale. The
facility we envision would produce a dc ion beam of current variable from 100 mA up to several



amperes, with mean ion energy in the broad range 30 - 300 keV, of species any of several dozen
different elements as well as multi-ion species, and of cross-sectional area one to several square
meters. An ion implantation facility of this scale would advance the state of the art, measured by
the crucial parameter of beam current, by around two orders of magnitude, and would be able to
implant very large area workpieces to high dose. Most importantly, the unit cost of metallurgical
surface modification by ion implantation would be vastly reduced.

Another way in which the vacuum-arc-produced metal plasma can be harnessed is for the
formation of metallic thin films and multilayers. By repetitively pulse biasing the substrate while it
is immersed in the metal plasma, one can form thin fdrns of metals, compounds and composites on
material surfaces with atomic mixing of the film to the underlying substrate. The added species can
be implanted below the surface or built up as a film with an atornieaUy mixed interface with the
substrate, and more than one kind of metal species can be applied_ either simultaneously or
sequentially. Surface structures can be fabricated including coatings and thin films of single
metals, tailored alloys or metallic multilayers, and they can be implanted or added onto the surface
and ion beam mixed. By adding a gas flow to the plasma implantation and deposition processes,
well-bonded ceramic films can also be formed. The process parameters can be varied to fabricate a
wide range of surface structures at the atomic level. We've demonstrated the method by
synthesizing a number of metallic films as well as oxide and nitride films with mixed transition
zones up to about 1000A thick.

Here we review our recent work in materials synthesis and surface modification based on
these applications of the metal vapor vacuum arc plasma.

II. METAL PLASMA PRODUCTION WITH VACUUM ARCS

The metal vapor vacuum arc [1] is a kind of plasma discharge that lakes place between metallic
electrodes in a high vacuum environment and it is a prolific producer of dense metal plasma.
These kinds of plasma sources have been used widely for Physical Vapor Deposition (PVD) of
various metal coatings [2,3] and for the formation of TiN protective coatings [4,5], and industrial
arc source deposition equipment is readily available on the market. The vacuum arc is commonly
also called a 'cathodic arc'. Cathodic arc PVD facilities are large pico,es of equipm_._t and are
designed to apply metallic coatings to large substrate areas; the titanium nitriding of cutting tools
and other components in a large batch processing mode is a typical application. Most of our
applications have been at the other extreme - small sources with fine control over the plasma flux,
and operated in a repetitively pulsed mode.

The fundamental phenomenon that drives the vacuum arc is that of cathode spot formation -
minute regions of intense current concentration which reside on the surface of the cathode and at
which the solid cathode material is vaporized, ionized, and injected into the interelectrode arc
region. A typical vacuum arc discharge might consist of from one to many dozens of such spots.
A very complete review of the entire field of metal vapor arc discharges has been given by Lafferty
[1] and a review of cathode spot behavior has been given by Lyubimov and Rakhovskii [6].

For the work described here the arc discharge was driven by a simple L-C pulse line of
impedance 1 t2 and pulse length 250 _tscharged to a voltage of up to several hundred volts with a o
dc power supply. A high voltage pulse applied to a trigger electrode initiates a surface spark
discharge between a coaxial trigger electrode and the central cathode, which in turn causes the main
anode-cathode circuit to close due to the spark plasma, and the vacuum arc proceeds. Typically the
source is operated at a repetition rate of up to several tens of pulses per second, limited by power
supply and thermal considerations. The properties of the metal plasma, as reflected in the extracted
ion beam, have been extensively studied as part of our Mevva ion source R&D program [7-10];
(we use the acronym Mevva for metal vapor vacuum arc). The source works well with
virtually ali the solid metals of the periodic table; we have operated with 50 different metallic
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elements [11,12] - Li, C, Mg, Al, Si, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ge,Sr, Y, Zr,
Nb, Mo, Pd, Ag, Cd, In, Sn, Sb, Ba, La, Ce, Pr, Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb, Hf, Ta, W,
Ir, Pr, Au, Pb, Bi, Th, U - and a range of alloys and compounds [13].

III.MEVVA ION IMPLANTATION

• A. RepetitivelypulsedMevva implanter

The Mevva ionsourceprogramwasbeguninitiallyfortheproductionofhighcurrenturanium

• ion beams for fundamental heavy ion nuclearphysics research. For this application the source was
used in a pulsed mode of operation and at low duty cycle so as to match the injection requirements
of the LBL heavy ion synchrotron, the Bevatron. As it became clear that the source could offer
some advantages not only for accelerator injection but also for ion implantation, the need for
changing the parameters in several different ways became apparent. For example whereas for
accelerator injection a small area, low emittance beam is required to be delivered at a pulse length
and duty cycle to match that of the accelerator, for ion implantation for (non-semiconductor)
materials surface modification it is usual thata large area beam of high duty cycle is required and
beam emittance is not very important. The Mevva V source [14] was the first to be made
specifically for ion implantation application; it is shown in Figure 1. It has a 10 cm diameter
extractor and is well cooled so as to allow operation at the highest duty cycle that our electrical
system can support. It incorporates a multi-cathode design and one can switch rapidly between
any of 18 separate cathode species.

Repetitively pulsed operation of the Mevva ion source typically entails parameters in the
following range: arc current 100 A pulsed, arc voltage (burning voltage, during the arc-on time)
20 V, beam current 0.1 - 2 A pulsed, beam voltage 20 - 100 kV, beam energy 20 - 300 kev (the
ion mean charge state can be from 1 to 3 depending on the metal ion species chosen [11,12]).
Duty cycle might typically be up to about 1% or so, and the time-averaged arc power dissipation
within the source 20 W, the time-averaged beam power 500 W, and the time-averaged beam
currenta few tens of milliamperes.

The ion source development test stand has slowly evolved into an ion implantation facility
using the Mewa V source to produce themetal ion beams; a schematic is shown in Figure 2. The
facility has been used for exploratory research for a variety of different ion implantation
applications related to the surface modification of metals, ceramics, glass, polymers, high-Tc
superconductors, and semiconductors [15-17]. Research projects that we've carried out include,
for example: a fundamental study of the range of metal ions in carbon [18], high temperature
oxidation inhibition of Cr203-forming alloys by Y ion implantation [19]; improving the pitting
corrosion resistance of AI by "Ii ion implantation [20]; modification of the optical transmission
characteristics of glass [21]; synthesis of buried single crystal Sil.xGe x alloy layers in Si
[22];.photoluminescence of GaAs and lnP by U and Th implantation doping [23]; synthesis of
buried conducting IrSi3 layers in Si [24]; Cu and W implantation into Si for seeding for plating

• [25]; very high dose implantation of Ti into Si for study of the "anomalously high penetration
effect"; Cu and Y into YBa2Cu307 high temperature superconducting thin films for tailoring the
stoichiometry [26]; Pt into steel for hydrogen embrittlement studies [27]; Hf into steel for hardness

, improvement [28]; and many more.

B. Anatomy of a rc vacuum arc ion implantation facility

It is possible to form dc beams of metal ions with beam current two or three orders of
magnitude greater than the mean currents obtained with the repetitively pulsed Mevva source
versions. For dc operation the source parameters are increased by the inverse duty cycle, ie, by a
factor of approximately 100. Then the arc power dissipation can be around 2 kW and the beam
power 50 kW. lt is not possible to reduce the arc current to arbitrarily low levels; for example one
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might wish to reduce the arc current to 1% of its previous (pulse operation) value so as to maintain
the same mean power values. But the arc will not operate at a current level of 1 ampere - it
extinguishes well before this value is obtained, lt is a well-established property of vacuum arcs
that there is a minimum current level at which they will stay alive and below which the cathode
spots are not maintained [1]. For an acceptably low probability of plasma extinction over long
periods of dc operation, this minimum arc current can be taken as approximately 100 A; for some
cathode materials a higher current will be required and for others a lower current may be possible.
Thus power dissipation and cooling are primary concerns that determine the choice of parameters •
such as cathode configuration and extractor size. Heat is generated at the front face of the cathode,
so a fiat cylindrical geometry is used with efficient water cooling at the rear surface. The rate of
removal of cathode mass by arc erosion has been studied by a number of authors [29-31], and for
most metals with not too low melting points the erosion rate is in the range 20 to 60 micrograms
per Coulomb of arc current. The necessary cathode mass can then be estimated to be of order 1 kG
per day of steady operation. The dc beam power is high. We want to design for a large beam area
both so as not to melt the implantation target (if implantation is the application), and also for not-
too-high beam power density dissipation in the beam formation electrodes themselves. Thus part
of our design approach for a dc source is to use a very large area beam, and to obtain this large
cross-sectional area by expanding the metal plasma prior to extraction by using very large area
beam formation electrodes (extractor grids).

C. Basic experiments with very large source

We have made an elemental dc Mevva ion source and carried out some preliminary tests with
it. Separately but as part of the same program objectives, we have also made and tested a set of
very large area beam formation electrodes. These are the two critical ingredients needed for a very
large dc implantation facility.

The dc plasma generator performed weil, and we were able to operate it continuously for
periods of up to several hours. To measure the ion current available for extraction from the plasma
source, a biased collector plate was positioned so as to intercept most of the plasma stream; a
photograph of the gun within a magnetic guide field structure used to duct the plasma to a
terminating current collector plate is shown in Figure 3. A dc titanium plasma ion current of up to
6 amperes was measured. To demonstrate actual production of extracted dc titanium ion beam, the
collector plate was replaced by an 18 cm diameter set of multi-aperture beam formation grids and
the extracted beam current measured. In these experiments we were extremely limited by available
electronics and by heating of components. We measured a current of 600 ma at an extraction
voltage of just 9 kV, corresponding to about 20 keV titanium mean ion energy. Then we made a
very large area extractor that was fed with the plasma from a pulsed titanium plasma gun. These
experiments have been described in more detail in [32]. A photograph of the disassembled 50 cm
extractor is shown in Figure 4, together with a smaller Mevva ion source embodiment and two
subminiature versions. This configuration appears to be very efficient in terms of plasma
utilization, and we have formed titanium beams with diameter 33 cm (FWHM) and ion current up
to 7 amperes at 100 keV mean ion energy (and up to 20 amperes peak at the current overshoot part
of the beam pulse), lt is interesting to note that the ratio of beam current to arc current reached
nearly 5%, and since the total metal plasma ion current generated by the vacuum arc is about 10%
of the arc current fairly universally [1,33], and the grid transparency is 40%, the plasma expansion
chamber and large area extractor configuration used here are very efficient in terms of plasma ,
utilization. These results confirm the viability of dc and very large area extractor Mevva ion source
embodiments, and demonstrate that metal ion beams with beam current of order an ampere to tens
of amperes and with beam diameter of order a meter or more can be efficiently produced.

D. Description of a conceptual very large implanter

We propose a facility that would incorporate a large dc metal ion source of the kind described
above. The precise parameters, characteristics, size, cost and other features of the implanter could
be designed over a wide range, to suit a wide range of applications. For example, the beam current
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could be as "low" as about 100 ma or so, just a factor of several greater than the largest of the
conventionally available ion implanters on the market today, or it could be of order 10 amperes or
more, about two orders of magnitude greater than the present state-of-the-art. By stacking units it
would be possible to produce beam clusters having total ion current up to around 100 amperes or
more, but the concern of what to do with such a beam battery is daunting if it is also of high ion
energy. The beam need not be axisymmetric but could be of rectangular or slit cross-section as
required. The powers involved would be large by laboratory standards but not at ali by industrial

• standards: a high current version of the implanter might use a 100 keV, 10 ampere beam,

corresponding to a beam power of about 1 MW (depending on the ion mean charge state) and a
total device power of perhaps several MW including pumping and cooling. Target cooling would

• be important, and it is probable that the maximum tolerable target temperature would determine the
design of the facility, via the beam current and beam size at the target. The beam current density
profile could be tailored, if uniformity is important for a particular application, via the plasma
density profile prior to extraction, or via the detailed extractor design, or via the clustering of
individual and separately controlled ion sources, or simply by beam-limiting apertures given that a
surfeit of beam is likely. The ion source being vacuum-arc-driven and presenting no gas load to
the system, the vacuum pumping requirements will probably not be overwhelming; the system
pressure should be somewhere near the 10-5 Torr region. Given this rather modest base pressure
requirement, a quick mm-around load-lock system could be used for the rapid implantation of large
area components or materials in a batch processing mode, or a differentially pumped system might
be feasible for the implantation of continuously fed sheet material. The general features of the
facility are outlined in Table I.

IV. METAL PLASMA IMMERSION SURFACE PROCESSING

A. Background and concept

Ion implantation is used to energetically inject ions to depths of hundreds or thousands of
Angstroms below the material surface, while a surface film can be deposited onto the substrate by a
low energy flux of plasma or neutrals. Many variants and hybrids of these extremes have been
investigated, such as ion beam mixing [34] and ion beam assisted deposition (IBAD) [35]. For
example a condensible (eg, metal) species deposited at low energy can be driven into the substrate
by knock-on collisions with energetic ions. Much progress has been made in a number of means
of implementation of this recoil implantation technique. A unique means of carrying out ion
implantation has been developed, principally by Conradand co-workers [36,37] and also by others
[38-41], in which the object to be implanted is immersed in a plasma and repetitively pulse-biased
to high negative voltage, thereby accelerating ions across the plasma sheath into the substrate. This
technique has been called plasma source (or plasma immersion) ion implantation (psii or piii). PIII
has been shown to be an effective tool for both metallurgical [36-38] and semiconductor [39-41 ]
ion implantation.

When the plasma in which the object is immersed is a metal plasma, the plasma condenses and
• remains on the substrate as a film, andqualitatively new and different consequences follow. Other

features can be added to the basic plasma immersion pulse biasing technique such as: multiple
metal plasma guns, perhaps of different metal species; variationof pulse length of the metal plasma

• pulse; phasing of the ion acceleration pulse (piii phase) with respect to the plasma pulse (low
energy plasma deposition phase); and finally ali of these parameters can be tailored throughout the
duration of the surface processing operation to fabricate a wide range of surface structures at the
atomic level. By adding a gas flow to the deposition and implantation processes, the variety of
films that can be formed is greatly expanded, and not only metallic films but also films of
compounds including ceramic oxides, for example, can be formed.

The process can be used to form surface metal film structures that are of importance to a
number of different areas, such as for the fabrication of metallic multilayers with novel mechanical

5

I



properties that have super-strong adhesion to the substrate metal. Ceramic films can be.formed on
metal surfaces with an atomically mixed transition zone and very good adhesion properties; these
applications of the process could be important for the formation of well bonded hard coatings and
for the development of ceramic engines. The bonding transition zone between substrate and film
can in principle be tailored to provide a good match between substrate and film properties, for
example thermal expansion or lattice constant.

We have demonstrated this processing technique in a number of different experiments. As a
confirmation of the concept, yttrium was deposited onto and recoil mixed into silicon with an
atomically mixed transition zone extending into the substrate for about 500 ,_. A quarter-micron
film of Pt was formed on and mixed into Al. We formed a 6-layer multilayer structure of Y and Ti "
in which the first and last layers were ion stitched to the material below. And we've formed oxide
and nitride films with mixed transition zones of order 1000 ,_ thick thereby producing ceramic thin
films atomically mixed to the underlying steel substrate.

B. Experimental set-up

These demonstration experiments were carried out in a vacuum vessel pumped cryogenically
to a pressure of about 1 x 10.6 Torr, using our pulsed vacuum arc plasma guns [42] with various
cathode materials. Previous work [11-12] has shown that the vacuum arc metal plasma is multiply
ionized with a mean charge state between 1 and 3 depending on the metal species used; thus, when
implanted, the mean ion energy is greater than the applied pulse voltage by this factor. Prior to
implantation (repetitive application of the high voltage pulse), the plasma ion current collected by
the substrate during each pulse was measured by biasing the substrate to about -200 V and
measuring the ion saturation current in the usual way [43]. For synthesizing compound and
ceramic films, a gas jet was used to inject a suitable gas (oxygen or nitrogen) into the vicinity of the
metal plasma and the depositing film. The gas then participates in the implantation and/or
deposition phases of the processing.

The processing consisted of two component parts: In the first phase the plasma guns were
operated in a short-pulse mode (a few microseconds) and the substrate repetitively biased to high
negative voltage so as to implant the ionized material (metal, and gas if any) well below the surface;
this is the piii phase of the process. In the second phase the plasma guns were operated in a long-
pulse mode (250 microseconds) and the substrate was kept at or near ground potential; this is the
film deposition phase of the process. The combination of these two pans results in a film which is
atomically mixed to the substrate.

C. Experimental results

Confirmation of the basicidea: Y on Si
The plasma gun was operated with yttrium and the silicon substrate was repetitively pulse

biased with -30 kV, li.ts pulses timed for the maximum of the plasma pulse. The equivalent time-
averaged ion implantation current was several tens of microamperes onto the substrate of area
several square centimeters. The mean charge state of ions produced by the vacuum arc plasma is
know to be 2.3 for yttrium [11,12], and thus the 30 kV voltage pulse yields a mean ion energy of
70 keV. Another sample was prepared under identical conditions except that the high voltage
implantation pulse was not applied, thus providing a non-implanted sample for comparison. The
samples were analyzed by 2.0 MeV He+ Rutherford Backscattering Spectrometry (RBS). The
results are shown in Figure 5. The RBS resolution is indicated by the Gaussian-shaped profile
obtained from the film that is deposited on the surface of the silicon when the pulse biasing is not
applied. With the pulse biasing, the depth profile extends below the surface and has a shape that is
qualitatively as expected for a combination of conventional ion implantation, recoil implantation,
and surface deposition. A nominal depth of the implanted region {half width of the profile, with an
ad-hoc correction for the RBS resolution) is approximately 500 A, which compares well w;_ththe
TRIM-calculated [44] range for 70 kev Y into Si of 470 A. The RBS-measured dose is 1.0 x 1016
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atoms/cre 2, in agreement with the dose expected from the accumulated number of pulses. This
simple application of the method thus confirms that the technique works fundamentally as
expected.

Bonded thin metal alms: Pt on AI

The plasma gun was fitted with a Pt cathode and the substrate was Al. The pulse biasing (piii)
phase was followed by a long-pulse deposition phase so as to build up a film of thickness about
0.25 Itm. Thus in this case we produced a simple platinum film that is ion stitched into the

" aluminum substrate. The RBS data are shown in Figure 6.

Bonded metallic multilavers: TilY on Si

_. Two plasma guns were used, one containing an yttrium cathode and the other titanium. The
sequence of operations was: yttrium was implanted into the substrate at an energy of 70 kev and a
dose of 1 x 1016 atoms/cm 2, followed by a low energy (about 50 eV; no high voltage pulse
applied) deposition of yttrium to build up a layer of thickness several hundred Angstroms (the
pulse length of the yttrium plasma pulse was increased from 2 Its up to 250 Its for this phase); then
successive layers of Ti-Y-Ti-Y-Ti were added, each of several hundred Angstroms thickness; the
final Ti layer was started out by. implanting Ti into the underlying Y layer at an energy of about 50
kev and a dose of about 1 x 1015atorns/cm 2, then followed by the low energy, longer pulse length
part of the final Ti phase. The RBS data are shown in Figure 7. The multilayer structure is
evident; the layers have a thickness of approximately 400 A, corresponding toa deposited particle
density of approximately 1.4 x 1017atoms/cm z for Y and 2.5 x 1017atoms/cmZ for Ti.

Bonded ceramic films: AI2Q4.on steel
The plasma gun was operated with an aluminum cathode and the substrate was polished

stainless steel. An appropriately designed gas jet arrangement was used to inject oxygen into the
plasma/substrate interaction region. The metal plasma immersion processing technique was
applied so as to form an atomically mixed interface region followed by a film of thickness about
0.2 _tm. With some judicious selection of the various operational parameters, we were able to
synthesize a stoichiometfic film of alumina with mixing into the stainless steel substrate of both the
aluminum and oxygen down to a substrate depth of order 1000 1_. "3-dimensionar' Auger data of
depth profiles are shown in Figure 8, where one can see the Al and O profiles of the alumina tail
into the substrate, as viewed both from the substrate side looking toward the interface, and from
the surface side looking into the bulk. Note that the close-to-stoichiometric AI:O ratio is maintained
throughout most of the film (although not in the intermixed zone). Further confirmation of the
presence of an atomically mixed transition zone as indicated by the Auger data was provided by an
independent analysis of the same sample by Rutherford backscattering spectrometry. The point of
these data is the presence of the slow mixing of the Al and 0 into the substrate material.

V. CONCLUSIONS

The metal vapor vacuum arc ion source provides a unique tool for carrying out metal ion
implantation. The versatility of the technique for laboratory ion implantation has been well
established in a variety of materials modification experiments. The implanter operates in a broad-

" beam, non-mass-analyzed mode, and the beam current is repetitively pulsed with a maximum beam
current of about 1 amp or more and a time-averaged beam current of ten to several tens of mA; ion
energy can be varied up to several hundred keV. The ion source technology needed to develop a

• very large metal ion implanter has been demonstrated in the laboratory. Critical parameters of such
a very large scale facility, such as beam current and size, could be greater than the present state of
the art by more than two orders of magnitude, and the cost of implantation could be less than with
present technology by two orders of magnitude. Applications could include direct ion implantation
as well as IBAD and other hybrid techniques for the modification of the surface properties of
metals, ceramics, glass, polymers, etc., on an industrial scale, high throughput, low unit cost
basis.
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The metal plasma immersion surface modification, or "mpi processing", technique that we've
described is new and can be extended beyond the limitations of the experiments described here in
many ways. The method can be scaled up to produce atomically-bonded macroscopically-thick
coatings; the method is not limited to thin films. Similarly the scale-up could be to large substrate
area and high throughput. One can envision a computer controlled processing system, perhaps
with feedback from monitors of various kinds, whereby it could be possible to build up highly
complex structures of metals, ceramics, and other composites and compounds, having films and
multilayers with sharp or tailored interfaces between layers and to the substmte.
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Table I. Large Area DC Implanter Characteristics

Approximate parameter ranges for a large implanter facility. Actual values could be designed over
a wide range.

Size of lmnlanter

• Ion beam extractor area ~ up to several square meters
• Substrate surface area ~ up to several square meters or more by

mechanically scanning source or substrate
• I/P power requirements ~ 100kW for 100 keV, 1 Amp beam
• Batch mode; possibly continuous mode (Pressure < 10-5Torr)

Beam and lmolantation Pq!'ameter_

• Ion energy ~ 20- 390 kev
• Beam current ~ 100 mA - 10 Amperes
• Extractor size ~ 0.5 - 2 meters diameter;, (or rectangular ok)

° Implantation size ~ 1 ro'Z-/seefor dose ~ 3 x 1016cm -2,for Ibean_~ 10 A,
limited by allowable substrate temperature nse

• Beam power ~ 1 kW- 1 MW
° Species (eg) C, Mg, Al, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu,

Zn, Sr, Y, Zr, Nb, Mo, Pd, Ag,Cd, La, Ce, Pr,
Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb, Hf, Ta, W,
lr, Pt, Au, Th, U.

° Capital cost ~ $1 - 5 million
° Operating costs

lbea,n: O.1 1 10 amperes
Cost: 1 O.1 0.01 ¢/cm 2

100 10 1 $/m2
for a dose ~ 1 x 1017cm -2
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Fieure Cantions

Fig.I Mevva V ionsource.(CBB892-I120).

Fig.2 SchematicofthelaboratoryionimplanterbasedontheMevva V ionsource.
(XBL896-7641B).

Fig.3 DC plasmagun withinamagnelicguidefieldwithcre'rentcollectorplateattheend.
(CBBg01-300).

Fig. 4 50-an dian_tea beam formationelecux)dcs,disassembled, together with a smaller
embodiment of Mcwa ion ,sourceand two sub-miniature versions. (CBB926-5122).

Fig. 5 RutherfordBackscatte_g spectra (RBS) for Y into Si. The dashed curve is from the
os_rniple without pulse biasing and the splid curve from that with pulse biasing. 'lhc depth

mplantation is approximately 500A and the dose is I x 1016cm"2. (XBLg010-3416).

Fig. 6 RBS spectrmnforPtinto/onto Alwithintorfacomixing. (XBLgI4-871).

Fig. 7 Ruthe=ford_ackscatt_ng _ for a Ti-Y multilay_ structureon Si with ion beam
7)mixing at the f'_t Si-Y and tl_ final Ti-Y interfaces. (XBLg010-341 .

_, 8 "3-I)" Auger depth profile_of AI20a film on stainless ste_l with atomic mixing at the
interface, showing ~I000A thick-in_rmixed zone. (XBL928-1833).
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