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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 110! ions/cnf. 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 implantdt deposition-to-implantation rajican be precisely
controlled. © 1999 American Institute of Physid$S0034-67489)03911-§

I. INTRODUCTION substrate bias pulse, the metal plasma ions can deposit on the
surface as a film, while during the “voltage-on” part of the
lon implantation is an established technique for the surpulse, the plasma ions are accelerated into the substrate, un-
face modification of materials® and it provides a means for dergoing both direct ion implantation as well as recoil im-
adding a wide range of dopant species to the near-surfagsiantation with previously deposited neutral metal atoms.
region of the implanted material. Metal ion beams of highThus, the implantation depth profile of the metal plasma im-
intensity have traditionally been somewhat more difficult tomersion process is different from the usual shifted Gaussian-
produce than beams of gaseous ions, and research and devfde shape and extends approximately uniformly from the
opment of ion implantation applications using metal ion spesurface down to the maximum range, including a surface
cies has been hampered. Metal vacuum arc ion sources @m. This kind of surface modification, called metal plasma
metal vacuum vapor ar@EVVA) source$™® have filled  immersion ion implantation and depositiéhlePIID), can
this need in recent years and have provided a tool for higipe attractive for some applications. It provides a surface film
dose ion implantation of virtually all of the metal species inthat is atomically mixed into the substrafe® However, if
the periodic table in broad-beam, repetitively pulsed operapyre implantation with no surface film is required, the con-
tional mode. ventional metal plasma immersion process may not be ac-
Plasma immersion ion implantatia®!ll)’~%is an alter- ceptable.
native to conventional beamline ion implantation in which The deposition of low energy metal ions on the surface
the object to be implanted is immersed in a plasma of thean pe avoided if, for that period of time during which the
desired ion species and repetitively pulse biased to higlypstrate is exposed to the metal plasma, the substrate bias is
negative voltage. A high voltage sheath forms at the SUbaIways at high(negativé voltage. Since it is usual that
strate boundary and plasma ions are accelerated through thgc,um arc metal plasma sources are operated in a repeti-
sheath drop and into the substrate. If the pressure is Iov,y\,e|y pulsed mode, the high voltage bias may be maintained
enough, collisionless conditions are satisfied, thereby acconyitnout adverse effects such as breakdown between the sub-
plishing implantation of the plasma ions at an energy detersirate and the grounded vacuum vessel. This is the approach
mined by the bias voltage. The voltage is repetitively pulsedigopted in the work described here. Furthermore, by fine
until the desired implantation dose is accumulated. Becausgyntrol of both the lengths and the phases of the two critical
of the surfacg retention of the co_nde_nsed metal plasmg, tr\‘r“ming pulses involved in the operation, namely, the plasma
PIIl process in a metal plasma is different from that in ap;ise and the high voltage bias pulse, one can fine-tune the
gaseous plasm?l,zand qualitatively new and different consey,cess to achieve either pure implantation or a controllable
quences resuff:~*?In the “voltage-off” part of the applied hybrid process containing a fraction of deposited surface
film.
dCorresponding author; electronic mail: paul.chu@cityu.edu.hk In this article, we describe the plasma and high voltage
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FIG. 1. Synchronization of the sample and metal arc voltage pulaeisin FIG. 2. Schematic of the metal plasma immersion ion implantation setup.

current of one cathode arc pulse collected on the plane collector fiate.
Negative high voltage pulse on the plate. The phase and duration of the . _c . o .
pulse shown ir(@) can be adjusted to cover almost the entire ion flux pulse X10™° Pa (4<10 > Torr). A simplified schematic of the

shown in(a). experimental configuration is exhibited in Fig. 2.

experimental Conflgurat_lon used as a dem_onstra’uon of thﬁl. RESULTS AND DISCUSSION

approach, and summarize the results obtained for two pro-

cesses employing Ti and Ta plasmas. We show that ener- The implanted samples were characterized using 1.8
getic, high-dose, metal ion implantation can be done in @MeV He ion Rutherford backscattering spectrome®RBS),

short processing time. and the data were deconvoluted using khevp code. The
depth profile obtained for the case of Ta implanted into Si at
Il. EXPERIMENT 40 kV is displayed in Fig. &@). For this sample, the ion

implantation dose was 4<110'® ion/cn?, and the measured

Tre metal pla?rpha Vl\flsd gtﬁn?r:tedbby adf!ltered \éa?ugmange(depth below the Si surface of the peak of the concen-
grc pasrg]%gun ot the !n at has been |scusse. in .'}?ation distribution was about 2@ A . Similar data obtained
literaturd®1” and our particular setup has been described i

detail previousiy® The plasma source e 1 cmdiam Yor the case of Ti are depicted in Fig(3. There, the dose

) . X as 7.9<10' ions/cnf and the range was about 450 A.
cathode of either Ti or Ta and a stainless-steel 2 mm mesw : ge w u

- . The metal plasmas formed in a vacuum arc discharge
anode positioned about 16 mm in front of the cathode. Th? pically have ion charge states greater than unity. The

plasma gun was located at the entrance 1o a 45° magnet ¥1arge state distribution of the ions in vacuum arc plasmas

S#]C:ocnonsfrgz%;fvvii\:: ?]C;ugl;ﬁ?gvvsa‘;mw'rgd'zrg?;egggili ave been well investigatéd? and it is known that under a
9 bp ide range of conditions the distributions remain basically

the duct magnetic field. For the experiments reported hereCOnstant. For our experiments, we can thus state that the

the arc current pulsg_was 150 A and the duration was abOL<J:tharge state distribution for Ti is, within the uncertainty of
200 us with a repetition rate of 33 pulse/s. The duct mag-

netic field was 320 G. An aluminum electro@Bilek bias
plate was positioned at the duct wall and biased at about 031 Ta
+15 V to increase plasma transport through the dtict

c
A plane collector plate to which silicon samples were % 0.2 oo
affixed was positioned about 15 cm from the duct exit in the & R g .0.
vacuum chamber. Hence, the samples were positioned within £ 014 F °
the stream of filtered metal plasma transported through the 2 p.o. )

duct and into the main vacuum chamber. The plate with the "0..
silicon samples was connected to a high voltage, high current tesosse !

pulser whose pulse amplitude could be varied from 6-#® 0 200 400 600 800 1000 1200
kV and had a pulse width of 0-16@s. The bias pulse was (@ Depth (Angstrom)

adjusted to be in phase with the timing of the plasma pulse at (3

its arrival at the substrate locatigffig. 1). The Ti and Ta ®RBS Ti

implantation times were about 10 min. Because of the rela- .
tively slow rise and fall times of the plasma pulse, the 1460
bias pulse was able to envelope most of the plasma pulse. -

0.2 1
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‘.
[ ]
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The substrate pulse voltage and current were monitored. Q\
There was no suppression of secondary electrons produced o
by impact of the ions with the collector plate, and thus the 560 10'00 e6es 15'00

current monitored was a sum of the bombarding ion current
and the secondary electron current. We took the monitored (b)

current signal as only a semi-quantitative cu_rrent indicatorgg, 3. pepth profiles derived from RBS data) Ta ion implantation into
The vacuum chamber pressure was typically about 55i, (b) Tiion implantation into Si.

Depth (Angstrom)
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of 2.9. Here the fractional composition of the distribution is
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