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Pure high dose metal ion implantation using the plasma
immersion technique
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High energy implantation of metal ions can be carried out using conventional ion implantation with
a mass-selected ion beam in scanned-spot mode by employing a broad-beam approach such as with
a vacuum arc ion source, or by utilizing plasma immersion ion implantation with a metal plasma.
For many high dose applications, the use of plasma immersion techniques offers a high-rate process,
but the formation of a surface film along with the subsurface implanted layer is sometimes a severe
or even fatal detriment. We describe here an operating mode of the metal plasma immersion
approach by which pure implantation can be obtained. We have demonstrated the technique by
carrying out Ti and Ta implantations at energies of about 80 and 120 keV for Ti and Ta,
respectively, and doses on the order of 131017 ions/cm2. Our experiments show that virtually pure
implantation without simultaneous surface deposition can be accomplished. Using proper
synchronization of the metal arc and sample voltage pulse, the applied dose that deposits as a film
versus the part that is energetically implanted~the deposition-to-implantation ratio! can be precisely
controlled. © 1999 American Institute of Physics.@S0034-6748~99!03911-8#
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I. INTRODUCTION

Ion implantation is an established technique for the s
face modification of materials1–3 and it provides a means fo
adding a wide range of dopant species to the near-sur
region of the implanted material. Metal ion beams of hi
intensity have traditionally been somewhat more difficult
produce than beams of gaseous ions, and research and d
opment of ion implantation applications using metal ion s
cies has been hampered. Metal vacuum arc ion source
metal vacuum vapor arc~MEVVA ! sources4–6 have filled
this need in recent years and have provided a tool for h
dose ion implantation of virtually all of the metal species
the periodic table in broad-beam, repetitively pulsed ope
tional mode.

Plasma immersion ion implantation~PIII!7–9 is an alter-
native to conventional beamline ion implantation in whi
the object to be implanted is immersed in a plasma of
desired ion species and repetitively pulse biased to h
negative voltage. A high voltage sheath forms at the s
strate boundary and plasma ions are accelerated throug
sheath drop and into the substrate. If the pressure is
enough, collisionless conditions are satisfied, thereby acc
plishing implantation of the plasma ions at an energy de
mined by the bias voltage. The voltage is repetitively puls
until the desired implantation dose is accumulated. Beca
of the surface retention of the condensed metal plasma
PIII process in a metal plasma is different from that in
gaseous plasma, and qualitatively new and different con
quences result.10–12 In the ‘‘voltage-off’’ part of the applied
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substrate bias pulse, the metal plasma ions can deposit o
surface as a film, while during the ‘‘voltage-on’’ part of th
pulse, the plasma ions are accelerated into the substrate
dergoing both direct ion implantation as well as recoil im
plantation with previously deposited neutral metal atom
Thus, the implantation depth profile of the metal plasma i
mersion process is different from the usual shifted Gauss
like shape and extends approximately uniformly from t
surface down to the maximum range, including a surfa
film. This kind of surface modification, called metal plasm
immersion ion implantation and deposition~MePIIID!, can
be attractive for some applications. It provides a surface fi
that is atomically mixed into the substrate.10–15 However, if
pure implantation with no surface film is required, the co
ventional metal plasma immersion process may not be
ceptable.

The deposition of low energy metal ions on the surfa
can be avoided if, for that period of time during which th
substrate is exposed to the metal plasma, the substrate b
always at high~negative! voltage. Since it is usual tha
vacuum arc metal plasma sources are operated in a re
tively pulsed mode, the high voltage bias may be maintain
without adverse effects such as breakdown between the
strate and the grounded vacuum vessel. This is the appr
adopted in the work described here. Furthermore, by
control of both the lengths and the phases of the two crit
timing pulses involved in the operation, namely, the plas
pulse and the high voltage bias pulse, one can fine-tune
process to achieve either pure implantation or a controlla
hybrid process containing a fraction of deposited surfa
film.

In this article, we describe the plasma and high volta
9 © 1999 American Institute of Physics
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experimental configuration used as a demonstration of
approach, and summarize the results obtained for two
cesses employing Ti and Ta plasmas. We show that e
getic, high-dose, metal ion implantation can be done i
short processing time.

II. EXPERIMENT

The metal plasma was generated by a filtered vacu
arc plasma gun of the kind that has been discussed in
literature16,17 and our particular setup has been described
detail previously.18 The plasma source used a 1 cmdiam
cathode of either Ti or Ta and a stainless-steel 2 mm m
anode positioned about 16 mm in front of the cathode. T
plasma gun was located at the entrance to a 45° magn
duct consisting of a vacuum elbow 8 cm in diameter and
cm long, around which a solenoid was wrapped to estab
the duct magnetic field. For the experiments reported h
the arc current pulse was 150 A and the duration was ab
200 ms with a repetition rate of 33 pulse/s. The duct ma
netic field was 320 G. An aluminum electrode~Bilek bias
plate! was positioned at the duct wall and biased at ab
115 V to increase plasma transport through the duct.19–22

A plane collector plate to which silicon samples we
affixed was positioned about 15 cm from the duct exit in
vacuum chamber. Hence, the samples were positioned w
the stream of filtered metal plasma transported through
duct and into the main vacuum chamber. The plate with
silicon samples was connected to a high voltage, high cur
pulser whose pulse amplitude could be varied from 0 to240
kV and had a pulse width of 0–160ms. The bias pulse wa
adjusted to be in phase with the timing of the plasma puls
its arrival at the substrate location~Fig. 1!. The Ti and Ta
implantation times were about 10 min. Because of the re
tively slow rise and fall times of the plasma pulse, the 160ms
bias pulse was able to envelope most of the plasma pu
The substrate pulse voltage and current were monito
There was no suppression of secondary electrons prod
by impact of the ions with the collector plate, and thus t
current monitored was a sum of the bombarding ion curr
and the secondary electron current. We took the monito
current signal as only a semi-quantitative current indica
The vacuum chamber pressure was typically about

FIG. 1. Synchronization of the sample and metal arc voltage pulses:~a! ion
current of one cathode arc pulse collected on the plane collector plate~b!
Negative high voltage pulse on the plate. The phase and duration o
pulse shown in~a! can be adjusted to cover almost the entire ion flux pu
shown in~a!.
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31023 Pa (431025 Torr!. A simplified schematic of the
experimental configuration is exhibited in Fig. 2.

III. RESULTS AND DISCUSSION

The implanted samples were characterized using
MeV He ion Rutherford backscattering spectrometry~RBS!,
and the data were deconvoluted using theRUMP code. The
depth profile obtained for the case of Ta implanted into S
40 kV is displayed in Fig. 3~a!. For this sample, the ion
implantation dose was 4.131016 ion/cm2, and the measured
range~depth below the Si surface of the peak of the conc
tration distribution! was about 240 Å . Similar data obtained
for the case of Ti are depicted in Fig. 3~b!. There, the dose
was 7.931016 ions/cm2 and the range was about 450 Å.

The metal plasmas formed in a vacuum arc discha
typically have ion charge states greater than unity. T
charge state distribution of the ions in vacuum arc plasm
have been well investigated,5,12 and it is known that under a
wide range of conditions the distributions remain basica
constant. For our experiments, we can thus state that
charge state distribution for Ti is, within the uncertainty

he

FIG. 2. Schematic of the metal plasma immersion ion implantation se

FIG. 3. Depth profiles derived from RBS data:~a! Ta ion implantation into
Si, ~b! Ti ion implantation into Si.
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the experiment, 11:75:14 for charge states 11:21:31, with
a mean charge state of 2.1, and that for Ta is 2:33:38:24:3
charge states 11:21:31:41:51, with a mean charge stat
of 2.9. Here the fractional composition of the distribution
given in terms of particle current fractions, which is need
for consideration of implantation. Note that the particle c
rent, i p , is not the same as the electrical current,i e , as
measured by the Faraday cup, for example, andi p5 i e/Q.
The elevated ion charge states for Ti and Ta vacuum
produced plasmas are significant in that the ion implanta
energy is given byEi5QVbias. For a 40 kV bias voltage
used here, the mean implantation energies are thus app
mately 84 keV for Ti and 116 keV for Ta.

We have performed a profile simulation by aTRIM

Monte Carlo calculation23 employing the actual ion energie
involved and the dynamicTRIM ~T-DYN!24,25 which includes
the effects of sputter erosion of the surface by the incid
ions themselves. TheTRIM-predicted ranges are 520 Å for T
and 675 Å for Ti, and theT-DYN results are similar. While
bothTRIM andT-DYN in the present application provide goo
estimates of the Ti and Ta ranges expected, these va
;650 and 500 Å, respectively, are greater than the R
measured depths. The discrepancy in the range is prob
due to sagging of the substrate bias voltage due to loadin
the pulse generator drawn by the high ion current and sur
sputtering by the heavy metal ions. In fact, the measu
profiles, especially for the Ti implanted sample, have a sh
that would be expected for implantation over a wider ene
spread. This points out the necessity of a pulse gener
possessing a high slew rate and high deliverable curren
this application.

The PIII configuration presented in this article can p
form multiple functions: pure implantation of a metal io
pure metal film deposition, a hybrid of dynamic surface fi
deposition and metal ion implantation, as well as gaseous
PIII. The important advantages are the high-rate and la
area implantation capability, making the process suitable
not only nonsemiconductor processes, but also semicon
tor applications such as the synthesis of buried conduc
layers~CoSix , IrSix , etc!. Moreover, the process can synth
size surface and/or buried films containing different spec
This is a valuable method to make advanced materials.
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