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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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ABSTRA

A metal ion implantation facility has been developed with which high current beams of practically
all the solid metals of the periodic table can be produced. A multi-cathode, broad beam, metal
vapor vacuum arc ion source is used to produce repetitively pulsed metal ion beams at an extraction
voltage of up to 100 kV, corresponding to an ion energy of up to several hundred keV because of

the ion-charge state multiplicity, and with a beam current of up to several amperes peak pulsed and

-several tens of mA time averaged delivered onto a downstream target. Implantation is done in a

broad-beam mode, with a direct line-of-sight from ion source to target. Here we summarize some

of the features of the ion source and the implantation facility that has been built up around it.



1. INTRODUCTI

A program to develop the Mevva (metal vapor vacuum arc) high current metal ion source
was undertaken at LBL commencing in 1982, initially for the production of high current uranium
ion beams for fundamental heavy ion nuclear physics research [1,2] and more recently for
metallurgical and special purpose ion implantation applications. Several different versions of
source have been generated and used for these purposes at LBL [3-8] and similar sources have also
been made elsewhere around the world [9-12]. The most recent LBL version, Mevva V [8], is a
multi-cathode, broad beam, source embodiment. It has been incorporated into a test-stand which
has been adapted for flexibility and convenience in carrying out a wide range of experimental
implantations.

The source is operated in a repetitively pulsed mode with pulse width 0.25 ms and
repetition rate several tens of pulses per second. Ion beam current actually delivered onto target
can be over 1 ampere peak or several tens of mA time-averaged. Beam extraction voltage can be
up to 100 kV, and since the ions generated by the vacuum arc are in general multiply ionized with a
charge state distribution with a mean between 1 and 3 and with components up to 5 or 6, the mean
ion beam energy can be up to about 300 keV and with components over 500 keV. We have
operated with a very wide range of metallic elements, including Li, C, Mg, Al, Si, Ca, Sc, Ti, V,
Cu, Mn, Fe, Co, Ni, Cu, Zn, Ge, Sr, Y, Zr, Nb, Mo, Pd, Ag, Cd, In, Sn, Ba, La, Cc, Pr, Nd,
Sm, Gd, Dy, Ho, Er, Tm, Yb, Hf, Ta, W, Ir, Pt, Au, Pb, Bi, Th and U. The multi-cathode
assembly can hold 18 separate cathodes at one time, and the beam species can be changed simply
and quickly. |

The implanter is uncomplicated and operates reliably. We have used it for carrying out a
wide range of research implantations into metals, semiconductors, ceramics and high-Tc
superconductors. Doses of up to 1 x 1018 cm-2 have been produced in targets of area up to 100
cm2. The target can be kept at low temperature or can be heated to incandescence by the beam
itself, according to the experimental requirements. Overlapping implantations of several metallic
species can readily be done. '

II. DESCRIPTION OF THE IMPLANTER

The heart of the implanter is a Mevva ion source. In this kind of source a metal vapor
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vacuum arc is used as the means for generating the plasma medium from which an energetic ion
beam is formed, and the distinguishing feature of the source is the very high beam current of metal
ions that can be produced. We have constructed several different Mevva sources for different
applications, and the design and performance characteristics have been described [3-8]. The
source is operated in a pulsed mode with a pulse length typically in the range 0.1 - 5 msec and a
repetition rate of up to about 100 pps depending on the mean power dissipation.

The implantation facility uses a Mevva V source [8]. This source version is a multi-cathode
design in which a circular cathode assembly houses an array of 18 separate cathodes which can be
rotated so as to position any one of them into the firing position rapidly and while under high'
vacuum. The operational lifetime (time for which the source can operate continuously before it is
necessary to replace the cathodes) is thus increased by a factor of 18, or alternatively, different
cathode materials can be installed and the beam species switched simply and swiftly. The ability to
switch between different metal species provides a valuable operational feature and makes possible a
range of experiments that would otherwise be difficult or impossible. The extractor diameter is 10
cm. A photograph of the partially-disassembled source showing the multicathode feature and the
large area extractor is shown in Figure 1. |

Implantation is done in a broad-beam mode, without magnetic analysis of the beam
components, and the ion trajectories are line-of-sight from ion source to target. The high ion
charge density demands a very high degree of space charge neutralization of the beam, and any
attempt at magnetic analysis would cause a major perturbation to the neutralizing electrons and
consequent space charge blow-up and loss of beam. However, the Mevva ion beam is particularly
pure, containing a high fraction of just the wanted metal ion species; this is because the plasma is
formed solely from the cathode material where the cathode spots of the vacuum arc are active, and
there is no carrier gas. Thus implantation in a non-mass-analyzed mode is satisfactory for many
purposes (but not all).

The ion beam charge state distribution can be measured using a time-of-flight diagnostic
that forms an appendage to the main chamber. A Faraday cup detector measures the current in the
different Q/A states and provides a good measurement of the composition of the extracted ion
. beam. The time-of-flight system has been described in more detail elsewhere [13].

The vacuum chamber is cryogenically pumped and the pressure during implantation is
typically in the low-to-mid 106 Torr range. The target is introduced into the vessel through an air
=3~



lock and the time required for target changes can be as short as a matter of minutes. The target is
mounted on a water-cooled holder suspended from a vertically moving shaft; the source-to-target
distance is 65 cm. A magnetically-suppressed Faraday cup with a 5 cm diameter entrance aperture
can be inserted into the beam immediately in front of the target and the beam current can thus be
adjusted to accumulate the required implantation dose. The overall set-up is shown in Figure 2.

III. PERFORMANCE CHARACTERISTICS

An example of the implanter beam current performance for the case of a titanium beam is
shown in Figure 3. Here the pulse current density delivered to the magnetically-suppressed
Faraday cup immediately in front of the target is plotted as a function of extraction voltage for a
range of different arc currents. For this particular case the peak ion beam current density was up to
20 mA/cm? and the time-averaged current density approximately 1% of this.

In typical operation beam is formed at 50 - 75 kV ion source extraction voltage, and the
maximum voltage at which we have operated is 110 kV. Depending on the charge state spectrum
of the ion species used, the mean energy of the ions can be 200 - 300 keV with components as
high as 500 keV. Beam can be formed from practically any electrically conducting cathode
material. We have tested and used nearly 50 of the solid metals of the periodic table, listed above.
Compound and alloy cathode materials have also been investigated and mixcd-cdmposition beams
can be produced. The ion charge state spectra have been studied in detail [14-16]). An oscillogram
of the charge state spectrum for an Ir ion beam is shown in Figure 4.

Cathode lifetime is limited by cathode erosion and is typically in the range 103 - 106 pulses
depending on the arc current and pulse length; thereafter triggering becomes erratic and difficult.
Since there are 18 cathodes in a single Mevva V cathode assembly, the source can be operated
steadily for many days before it is necessary to vent the source to atmospheric to replace the
cathodes. Soft materials like Li, Sn and Pb tend to have a shorter lifetime due to plating over of the
cathode/trigger insulator, but this depends on the arc current.

The maximum duty cycle at which the source can be operated is determined by several
factors, principally the limitation set by the electronics, including the trigger generator, arc supply
and extractor supply; heat removal from the arc region is also a concern. Our electronics limits us
at present to about 1%.
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IV. APPLICATIONS

The high dose that can be accumulated in a short time over a relatively large substrate area
makes the Mevva ion implantation technology well suited to metallurgical surface modification
applications, where it is usual that the abundance of inexpensive ions in very large quantities is a
primary concern. Also, although the Mevva ion beam characteristics make the source not ideal as a
simple retrofit to traditional semiconductor implanters, the implanter can be a valuable tool for
specialized or unusual implants into semiconductors, especially in a research mode. We have used
the facility for exploratory research in a variety of different ion implantation applications, including
semiconductor, superconductor, ceramics and metallurgical applications. These research projects
include: high temperature oxidation inhibition of metal surfaces by implantation of reactive
elements [17]; inhibition of aqueous corrosion of iron and steel by metal ion implantation [18];
hardening of ceramic and steel surfaces by high dose implantation; Ir implantation into Si for
buried conducting IrSiz layer synthesis [19]; high dose U implantation into Si [20]; formation of
buried strained Sij.xGex layers in Si; implantation of U into GaAs and InP for fluorescence studies
[21]; implantation of Ti, Pd, and W into Si for selective CVD seeding [22]; Y and Cu ion
implantation into YBCO for high-T; superconducting thin film compositional 'fine tuning' [23];
and a fundamental study of ion ranges in carbon [24].

V. FUTURE DEVELOPMENT

As a laboratory research tool the Mevva technology works well in its present state of
development for a wide range of applications, as illustrated by the scope of the implantations
mentioned above. The range of metal ion species, the high beam current that can be delivered onto
target, the large cross-sectional area of the beam, and source features such as simplicity and the
multi-cathode design, all add together to provide an adaptable and practical research tool.

The intense plume of metal plasma that is generated at the micron-sized cathode spots on
the cathode surface is accompanied by a component of micron-size solid droplets
("macroparticles") [25,26], and for some applications this could be a disadvantage. Macroparticle
generation is less for higher melting point cathode materials, and there is a serendipitous natural
separation mechanism in that the unwanted macroparticle flux is mostly in a direction close to
parallel to the cathode surface. It should be possible to completely remove the macroparticle
fraction from the plasma stream by incorporating a magnetic filter [27,28] within the plasma region

-5



of the ion source. We have carried out some studies of plasma ducting and macroparticle filtering

[28], and more work remains to be done.

The low duty cycle pulsed operation of the source described here is not an inherent limiting
characteristic, but is simply a legacy from its synchrotron-based lineage. We are presently
developing a dc version capable of delivering amperes of metal ion beam current. Because of the
high dc beam power densities that then occur, both at the beam formation electrodes and at the
target, it becomes natural to consider very large size beam dimensions, and for these as well as
other reasons our dc source development incorporates the dual features of dc vacuum arc plasma
generator and very large area extractor grids. Our first dc tests were limited in voltage by the
power supplies that were conveniently available to us. At a low extraction voltage of just 9 kV
(about 18 keV mean ion energy, by virtue of the ion charge state distribution) and using an 18-cm
diameter set of multi-aperture extraction grids, a dc titanium ion beam current of approximately 0.6
amperes was measured. Separately, we have tested and formed beam from a 50 cm diameter
(2000 cm?) set of extractor grids using a pulsed plasma gun. This configuration appears to be
particularly efficient in terms of ’plasma utilization, and we have formed beams with ion current up
to 7 amperes at an extraction voltage of 50 kV (about 100 keV) and up to 20 amperes peak (at the
current overshoot part of the beam pulse). A photograph of the 50 cm extractor is shown in Figure
5. The dc implantation facility will combine a dc plasma gun and a very-large-area extractor of this
kind.

VI. CONCLUSION

The implantation facility described here, based on the metal vapor vacuum arc ion source, provides
a unique tool for carrying out metal ion implantation experiments. Energetic, high current, large
area beams of a wide range of metallic ion species can be produced and delivered onto target. Both
the ion source and the rudimentary implanter are simple, inexpensive, and flexible. Present
embodiments operate in a repetitively pulsed mode and provide a time-averaged ion beam current
of up to some tens of milliamperes onto a downstream target, and a very broad beam, dc facility
capable of producing ampere beams is under development.
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Fig. 1

The Mevva V ion source, partially disassembled to show the multiple cathode feature
(holds 18 separate cathodes) and the large beam formation electrodes. (CBB 8§92-1124).
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Fig. 3 Measured ion current density as a function of extraction voltage for several arc currents.
Titanium beam. (XBL 904-6340).
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Fig. 4 Time-of-flight charge state spectrum for an iridium beam. The peaks correspond to Q =
1+ (far right), 2+, 3+ (maximum), 4+ and 5+, right to left. (XBB 907-5206).
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Fig. 5 Testion source with 50-cm extractor. (CBB 913-1344).
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