WD 02/ 054443 PCT/ GB01/ 05768 METHOD AND APPARATUS FOR | MPROVED | ON
ACCELERATI ON I N AN | ON | MPLANTATI ON SYSTEM FI ELD OF THE | NVENTI ON 5 The
present |iwoaniosensrel ates generally to ion inplantation syireeso/oarsd nore
particularly to nethods and apparatus for inproved ion acceleration in an
ion inplantation system BACKGROUND OF THE | NVENTION 10 In the manufacture
of sem conduct or devices, ion inplantation is used to dope sem conductors
with inpurities. A high energy (HE) ion inplanter is described in U S.

Pat ent No. MEBSODIAND AFPRARATUSFORIMBROVED ION ACCELERATIONIINVAN i on,
whi ch is hereby incorporate ' |1y set forth herein. HE
lon inplanters are used forqggéwﬁﬁhﬂﬁioﬁﬁg#@ﬂbst rate in creating, for
15 exanpl e, retrograde wells. Such inplanters typically performinplants at

energies between at |east 300 keV and 700 keV. Sonme HE ion inplanters are
capabl e of providing i on beansFlEELD:OF GHE INMENTIONto 5 MeV. Referring to
Fig. 1, one i enentation of hi ener lon. inplanter 10 i s illustrated,
having a ternmi e?prlef,englryggﬁ?ri\ %‘gg?ses%‘?ﬂﬂ%”ﬁﬁ), o8 piqpt@{t@ SYsieMsnang. 20
The ternimate garicorlryds maRols And Apparatdd FOOMRIBde@lorPatddbraYigh ifap pover
supply 22. The ion_source 20 produces an ion beam 24, which is provided to
the bearlP ifeplastian systam. The i on beam 24 is then directed toward a target
wafer 30 in the end station 16. The ion beam 24 is conditioned by the
beam i ne assenbly 14, which conprises a mass anal ysis magnet 26 and a

radi o frequency 25 (RF_) | i NnBACKGROUNDIOF KTHENRVENKXONIhe nmass anal ysi s

magnet 26 paSﬁes only ions of an appropriate charge-to-nmass ratio to the
li nad%28. The INithamanufaciyre abserpicoppiedr geviges cloarimpiariatiomisassast tarodul es

28a- 28n, 3 ' 7 el gn ' Y rgi es they
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| npl enentdescdbedin Bi.§. Patedo Nax d,86T01 11, dissignedeahgiassidney ofditd padsaht
fixed-fr Srven f%¥1, \lfqv'?\icahnglﬁefrleg{/ lsnc%rr]gorag'ed by reference as if fully set forth herein.

HE ion implanters are used for deep implants into a substrate in creating, for

15 example, retrograde wells. Such implanters typically perform implants at energies
between at least 300 keV and 700 keV. Some HE ion implanters are capable of
providing ion beams at energy levels up to 5 MeV.

Referring to Fig. 1, one implementation of high energy ion implanter 10 is
illustrated, having a terminal 12, a beamlihe assembly 14, and an end station 16.

20  The terminal 12 includes an ion source 20 powered by a high voltage power
supply 22. The ion source 20 produces an ion beam 24, which is provided to the
beamline assembly 14. The ion beam 24 is then directed toward a target wafer
30 in the end station 16. The ion beam 24 is conditioned by the beamiine
assembly 14, which comprises a mass analysis magnet 26 and a radio frequency

25 (RF) linear accelerator (linac) 28. The mass analysis magnet 26 passes only ions
of an appropriate charge-to-mass ratio to the linac 28.

The linac 28 includes a series of accelerating stages or modules 28a-28n,
each of which further accelerates ions beyond the energies they achieve from
prior modules. The accelerator modules 28a-28n in the implementation of Fig. 1

30  are individually energized by dedicated, fixed-frequency RF amplifiers and



WO 02/ 054443 PCT/ GB01/ 05768 resonator circuits (not shown). The |inear
accel erator nodul es 28a-28n in the high energy ion inplanter 10

i ndi vi duawoyo2iosgdsgide an RF anplifier, a resonator, and arp@ENeB@iZasl e

el ectrode, wherein the resonators operate at a fixed frequency in order to
accelerate ions of the beam 24 to energies over one mllion electron volts
5 per charge state. The accelerator 28 of Fig. 1 nay be adapted to
efficiently accelerate various ion species through adjustnent of the

relative pdsapatdratironis (motjishowm). ThecRlcr akoslermerhrRuukirodinantioeyer. the
adj ust rrenh,s in the, individual accelerator nodul es 28a-28n nmust be nade
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and for specific i species. In addition, the provision of nmultiple
fixed-¥re %ﬁl%fgea?%‘?i fiers associated with individual accelerating stages

28a-28n is costhy aaagegaﬁo,sgg ¢ %ﬁﬁ%@%@é@éﬁ& &5 %ﬁ%t&f?é&:ﬁegﬁﬁ?ed resonat or
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i nplantation system as well as nethodol ogies for accel erating ions in such
a syt enPropeT apceletalion afrons, threwal therentinedsrcetaraton @8s hthus; sophisticétednd i n

conventio r.akars. rticularn, an ion _accelerator,is provided,
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amount of space in conventional ion implantation systems. Thus, there remains a

need for improved ion acceleration apparatus and methodologies to facilitate low

cost, simplified ion implantation systems.

20 SUMMARY OF THE INVENTION

The present invention is directed to an ion accelerator for use in an ion

implantation system, as well as methodologies for accelerating ions in such a
system, which reduce or overcome the problems and shortcomings found in
conventional accelerators. In particular, an ion accelerator is provided, comprising
25  a plurality of energizable electrodes energized by a variable frequency power
source or amplifier, in order to accelerate ions from an ion source. The
employment of a variable frequency power source allows the ion accelerator to be
adapted to accelerate a wide range of ion species to desired energy levels for
implantation onto a workpiece. The single power source reduces the cost and

30  complexity of the ion accelerator and associated controls compared with



2 WO 02/ 054443 PCT/ GB01/ 05768 conventional accelerators, and additionally
reduces the size thereof. The invention further includes nethodol ogies for

accel er atwign2io8pg3i n an ion inplantation system whi _ch mm@m’my_ed to
achi eve performance and cost advantages over conventional nethodol ogies. 5

One aspect of the invention provides an ion accel erator for accelerating
ions traveling along a path in an ion inplantation system The accel erator
i ncl udes one or nore accel erating stages, each stage having one or nore

ener gi zabkenedreivnabdeselerxios, wad iadgltbn‘én)@mméts t(FjiE %ﬂﬁr@of?% as a
vari abl e frequency power source and an associ ated vari abl e frequency
r esonat or NVPREON i‘@‘t"g%rd@ﬂéﬁﬁ? methpdejagies fet agealeralipgdendin ariatonst ant
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phase. The accel efator I'so conprise varr a Ié_ requency buncher
stage | otglustesupis pemore Acedleratingtstages eaehestage hgvingame oomprevi de

[ 1 ) liabili ' h | tati )
“pr oved SHORIGkReiroRBr P VanaS SRAURAL R DY Aeeh Bneyariab e
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accel erating stage and a | ower power RF system for the® buncher stage).
Mor eo¥er , 2¢9rleraderiage wiistrgesonay saepsisg eonsrmt pptendiad (¢.¢., groundaddr  sour ces

e and SPEIDHes IiBelRoantRn' AL BRlgPAN R ST whihte TRBFSSIRR i pi e
accel er at engrgiteagsistharenergizebleosioviicdes id fhayeheith @Pa%okmrpggwgﬁggﬁaetwégeat%a
one Sstage na
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adj ustabl that adjacent energizable electrodes are energized 180 degrees out of phase.
The accelerator may also comprise a variable frequency buncher stage
located upstream of the initial accelerating stage to provide bunched ions thereto.
Reliability in such an implementation may be improved in accordance with the
present invention, since only two RF systems are required (e.g., such as a high
20  power RF system for the accelerating stage and a lower power RF system for the
buncher stage). Moreover, the reduced number of independent RF systems (e.g.
power sources and resonators) simplifies associated control systems and may
reduce the time and effort required to tune ion implantation systems. Where
multiple accelerating stages are used, or where a buncher stage is provided, the
25  stages are operable at the same frequency or one stage may be operated at a
harmonic of the frequency of another stage. In addition, the relative phasing
between multiple stages, and/or between accelerating stages and a buncher
stage may be controlled at a fixed relationship, or may be adjustable.
Because a single variable frequency power source is used to energize a

30  series of energizable electrodes, the system cost and size are significantly



Because a single variable frequency power source is used to energize a 30
series of energizable el ectrodes, the system cost and size are

si gni fi camoby034480 02/ 054443 PCT/ GB01/ 05768 reduced conpRCEGBOi/03T68
conventional ion accelerators having an RF systemfor each energizable

el ectrode. In addition, the invention provides an accelerator which is
much easier to tune and control, particularly where an ion inplantation
systemis used to inplant different ion species at different energy |evels.

Thus, 5 t hedumesitoompsaad vt EonventioRdliosGcabRrigtord hﬂvﬁﬁbearpﬁmr@@rﬁlfopf .
associ ated controls, whereby reduced setup and/or tuning ti I's achi eved.

In addi ti 8ACh gRerdizabie elachiosies ysiasidiiionaiheniaventiere provides ad acaelehator ability
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Isgoﬁgar ;8 %gz L OFi A g?he Egm‘zlﬁ)ectejgf thee?ﬁvention provi des an ion
I mpl ant at f-on s;@ii% '§'8ﬁ?8§| 'éa’lsnard'iﬁ T I%Vceé%l erator as described above -
having one or meaﬁaiﬂégielﬁ@ne?/ POMRS SOOFRS nfstebUeE Ashybb ifuYABIB3H! €

frequency power_source, as well as an ion source providing an ion beamto
the accel E‘proé(t% RF gneggigtasthgreniowalis elactedesinm §rgrencyurange@pmopriate t hat

Coner ol ) SRR A BRE oA AR e AR ¥ 1
15  Instance, the power source may be adjustable in a range of from about 1 to 10
times a given frequency, such as from about 4 MHz to about 40 MHz. The
invention comprises any number of such energizable electrodes in a given
accelerating stage. The invention may thus provide significant cost and space
savings over existing high energy ion implantation systems and linear
20  accelerators.

Another aspect of the invention provides an ion implantation system
comprising an ion accelerator as described above having one or more energizable
electrodes energized with a variable frequency power source, as well as an ion
source providing an ion beam to the accelerator, an end station adapted to

25  position a workpiece so that accelerated ions impact the workpiece, and a
controller operative to control the accelerator and/or other system components.
The implantation system may further comprise a dedicated ion buncher located
upstream of the initial accelerating stage. Yet another aspect of the invention
involves a method of accelerating ions in an ion implantation system. The method

30  comprises providing a plurality of energizable electrodes spaced from one another



The inplantation system may further conprise a dedicated ion buncher

| ocated upstreamof the initial accelerating stage. Yet another aspect of
t he i nvew® oxos4i43vol ves a net hod of accel erating ions in RAT/GBN1/05768

i npl antation system The nmethod 30 conprises providing a plurality of
energi zabl e el ectrodes spaced fromone another 4 W) 02/054443

PCT/ (B01/ 05768 in series along a path, and applying an alternating
potential of a controlled frequency and anplitude to the plurality of

ener gi zabineserlegcdiong aspatl, 4181 appIgingash altenfrfaﬁﬁﬁ%@é’ntB'FoPQWntréﬂé'ﬂCe in order
to create, alternating electric fields al on , Whereby 1ons are
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Gesor | bed Sueney Rl B Broc FELP i olete bREHANES dkeifi B3k iong
descri pt i pathamdherdisy mne@xedcdelamtéd%tl@reg tHeopdth. i n detail certain

illustrative a.\?’\gg%és and I enmentations of the invention. These are
i ndi cative, ho acg,qulLﬁ mentaf e feregoing arstelatedends, e Eventien

princi pl t ages
B novel o HRieEEeRlKES hiofith e ity SRR R and baRle Bt R U
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OF THE DRAWNGS 15 Fig. 1

conj uncti on. wi tlE{ hh drawi ngs. BRI EF DESCRI PTI
is a schePdid'p s @Evﬁiaﬁﬁ?‘g%ainfjl ¢Reniadions of gP\é EWERton dhesa@rant er
havi ng anintRatios cedesaross bifti Dfewlof ﬁ@va"‘rﬁﬂ%’\ﬁé%ﬁng%ﬁ@ﬁﬁ p'nh%iﬁié@&f‘tﬂg a

conventional ion accel erator nodul e having a | cate I xe requency RF
anpl 110 erinveniipn ayPesepploypdctQiher @b&MS)faCh’(aptagelsc&md)ﬁomi featnrexcoither at or

havi ng si sta p ective
vi ew of a]ﬁg%'ﬁtéorr?g/g%&%ﬁggg'?%%?hﬁ QP\S({ d%ﬁa”%ii aescréothq ‘?%JE‘ rating
sever al smnmmrewaehro@dgndemml@rg@ﬁbnoammh eHAdidwngd.ages with a plurality
of dedicated fixed frequency RF anplifiers; Fig. 5 Ts a perspective view of

a portion of an exenplary ion accelerator 25 having a multiple el ectrode,

mul tiple gap accel erator ggipPhESERIBAON HFPIHE DRAWINGS

15 Fig. 1 is a schematic block diagram illustrating a high energy ion implanter

having an ion accelerator:
Fig. 2 is a schematic diagram illustrating a conventional ion accelerator
module having a dedicated fixed frequency RF amplifier;
Fig. 3 is a perspective view of a portion of an ion accelerator having single
20 electrode accelerating stage;
Fig. 4 is a perspective view of another portion of the ion accelerator of Fig.
3, illustrating several single electrode, double gap, accelerating stages with a
plurality of dedicated fixed frequency RF ampilifiers;
Fig. 5 is a perspective view of a portion of an exemplary ion accelerator
25 having a multiple electrode, multiple gap accelerator having a plurality of
dedicated fixed frequency RF amplifiers;
Fig. 6 is a perspective view of a portion of an exemplary ion accelerator
having a plurality of energizable electrodes and a variable frequency power

source in accordance with an aspect of the present invention;



dedi cated fixed frequency RF anplifiers; Fig. 6 is a perspective view of a
portion of an exenplary ion accelerator having a plurality of energizable
el ect r odewOo anob4ad3var i abl e frequency power source in accoPduGBe1/0d76 an
aspect of the present invention; 5 WO 02/054443 PCT/ (B01/ 05768 Fig. 7 is a
sectional side elevation view of another exenplary ion accelerator having a
plurality of energizable electrodes for use with a variable frequency
power source in accordance with an aspect of the present invention; Fig.
8A is a plot ofigeXesrplsaciional sidgelevation vy ehagoibee eatmpiargisrves for 5
various ion ? ggéﬁ)s Ln ac organ e wth the invention; . Fig. 8B is a plot
of exenpl 39%?‘% e ?rpg'if@ Wc‘%cf 5EIiZRR IR plecir fosuse gt auarialkle speci es

i n accor dpageeniydbWdiesduie i bOdbrdahék wilh drdasherf of El'f%fe‘ﬁes%hfjﬁv%ﬁc‘fﬁt I on

view of an ion_accelerator with an exenplary varia frequency cdaxi al
resonator; 10 [Figg8AdBaiplobokexsmplag vdllagetarel Eequency operating cuhesifon

| . nator of Fig, 9A. Fig. 10 | hematic ill i
of “and oA dae SBEGRRIS aeBhnekhie e LertRaim ary i on accel erator
having a pl ur afigt 8BS acsier &f Sabhsiasl gt oaesragdedcy Mﬁéﬂaﬁﬁh%uwé’s%?”cy }

power source in accordance with another aspect of the 15 inhvention; Fig. 11
i s a scheYataug ipn speeiestn aacerdaaae wWibrthednventionant ati on system i ncl udi ng

an exenpl ary I .age. | I ach _accel erating stage
conprises a pﬁﬁga?,iab%gosfécgﬁg?l&ﬁgégfeg}agﬁ%grgﬁ'vgaggﬁé%agcgjgﬁ?%yb 'éhgpequency
power  soexereplary vaixbid fregaency boadateeonawpect of the invention; 20 Fig.
12 is a schemgtic illustration of another ion inplantation system

i ncl Udi ng an XenPB4s ¢ Sestonaldend eievationKiew et theian agaalsratar amer gi zabl e
el ectrodeésoﬁggrgfp “igabl e frequency power source, as well as an ion
buncher in accordance W th anot her aspect of the invention; Fig. 13 is a
fl ow di agram iFigu$d isaa iscgematiedkisiratioy ofreh hiardimplaatat@nesyatérn dncluding an

exemplary ion accelerator having a plurality of energizable electrodes and a
variable frequency power source in accordance with another aspect of the

15 invention;

Fig. 11 is a schematic illustration of another ion implantation system
including an exemplary dual stage ion accelerator, where each accelerating stage
comprises a plurality of energizable electrodes and a variable frequency power
source in accordance with another aspect of the invention;

20 Fig. 12 is a schematic illustration of another ion implantation system
including an exemplary ion accelerator having a plurality of energizable electrodes
and a variable frequency power source, as well as an ion buncher in accordance
with another aspect of the invention;

Fig. 13 is a flow diagram illustrating an exemplary method of accelerating

25 jons in an ion implantation system in accordance with another aspect of the
present invention; and ‘

Fig. 14 is a schematic illustration of an ion implantation system including an
exemplary ion accelerator having first and second energizable electrodes
energized by a variable frequency RF system in a phased relationship with one

30 another according to another aspect of the invention.



25 ions in an ion inplantation systemin accordance wi th another aspect of
the present invention; and Fig. 14 is a schematic illustration of an ion

i mpl ant atwon2/é3tgt3em i ncl udi ng an exenpl ary ion accel er at BET/GB01/0J68 i r St
and second energi zabl e el ectrodes energized by a variable frequency RF
systemin a phased relationship with one 30 anot her according to anot her
aspect of the invention. 6 WO 02/054443 PCT/ GB01/ 05768 DETAI LED

DESCRI PTI ON OF THE | NVENTI ON The present invention will now be descri bed
with reference to the drawings wherein like reference nunerals are used to

refer to |ike elenments h j nvent ion provi des met hods and
apparatus for accel erat 'td%m %ﬁmwmm An ion
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for Vit oB8Sealedrvasiable frenuancydreraator allewingrthe dor ageelesatonto be
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r esonat or %i rcpit 100.is,jllustrat Fd whi %E incLUde?ci an inductor coil L
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ener gi zabken@ritiohbPaGeld8tdrs, £9WRAHSRducing the size thereof. The invention

15 further includes a method for accelerating ions in an ion implantation. system,

which provides performance and cost advantages over conventional
methodologies.
In order to provide context for various features of the invention, a brief
discussion of a conventional interconnection of an RF power source, resonator,
20  and energizable electrode in a linear accelerator module (e.g., modules 28a-28n
of Fig. 1) is now provided. Referring now to Fig. 2, a conventional resonator
circuit 100 is illustrated which includes an inductor coil L connected in parallel with
a resistance R, and a capacitance Cs. An energizable electrode 108 is connected
to the inductor L. The electrode 108 is mounted between two grounded
25  electrodes 112 and 114 such that energizing the electrode 108 creates
alternating electric fields in the gaps between the electrodes 108 and 112. The
alternating electric fields, in turn, accelerate particles in the ion beam 110 in a
controlled fashion. The capacitance Cs represents the stray capacitance of the

energizable electrode 108, and the resistance R, represents the losses



to the inductor L. The el ectrode 108 is nounted between two grounded 25

el ectrodes 112 and 114 such that energizing the el ectrode 108 creates

al ternat iwgosbaesric fields in the gaps between the el ect POUEBILEB6ENd 112.
The alternating electric fields, in turn, accelerate particles in the ion
beam 110 in a controlled fashion. The capacitance Cs represents the stray
capaci tance of the energizable electrode 108, and the resistance RL
represents the | osses 7 WD 02/ 054443 PCT/ GB01/ 05768 associated with the
resonant associdted adipthesesehdmeircol eehprisingind ihbacterRatd B RpaeRanddie

val ues for the capacitance Cs and the inductor coil L are selected to form
a low |l ossS(high Q resonant or "tank™ circuit 100, wherein each
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15  the relative phase in successive accelerating stages, but does not allow variation
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in the frequency of the alternating electric field in the accelerating gaps.
Furthermore, the single energizable electrode-single amplifier configuration
requires significant system space, extra components, and increased system and
control complexity.

20 Referring now to Fig. 3, a portion of an ion accelerator 228 is illustrated,
having single energizable electrode accelerating stages 228a through 228n (e.g.,
where n is an integer), where two such stages, 228a and 228b are illustrated. A
DC ion beam 224a is provided to the accelerator 228 (e.g., from an upstream
mass analyzer magnet, not shown), along a beam path 226. The DC beam 224a

25  is passed through an entrance aperture 230 having an opening 232 along the
path 226. The beam 224a is formed into a generally cylindrical transverse profile
(not shown) via two electrostatic quadrupole devices 234 and corresponding
grounded electrodes 236, wherein the grounded electrodes 236 each comprise a
cylindrical aperture 238 located along the path 226. Each of the accelerating



DC ion beam 224a is provided to the accelerator 228 (e.g., froman upstream
mass anal yzer magnet, not shown), along a beam path 226. The DC beam 224a
25 i s passedxeimgpugh an entrance aperture 230 havi ng an openiGBgl/@3as al ong
the path 226. The beam 224a is fornmed into a generally cylindrical
transverse profile (not shown) via two el ectrostatic quadrupol e devices
234 and correspondi ng grounded el ectrodes 236, wherein the grounded

el ectrodes 236 each conprise a cylindrical aperture 238 | ocated al ong the
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nmodul es 228n further accelerates ions fromth am 224 beyon
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anplifier and resonator (not shown) in order to achieve accel eration of
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250b 1o t lvesetitrimtenbedinrdd4ar dlpngtthe beamoputh 2260 | e grdihdedadect?ades

conpri ses ? first ounde el ec%c{éde 256 | ocated al ong the path 226
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el ect r odefifspahd SBEYY ge Hé’myferq%ﬂheéelé#&ﬁag@%@ﬁesg@i?ﬁaegﬁ& 98§, 258 al ong

the path 226. Focusi n el ectrostatic qua be provi ded al ong
t he pst h theselxtgepat wimilady,dbe seicord accellemtmgi stggs L@gexcopeprises fitsteen
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accel er at bNGrgBaBRESIe2R88e 2EBanPs %@b&ﬁdﬁb@un&%@ Ity ot %ﬁova t her
accel eratl ng stages or nodules (not shown), whereby ah acce at ed ion

beam 224bdeMiystrrang eh theaerergizable elestiogds 256 alengthepgte?26.han t hat of the DC
poan, oo onvorFSERINGolRoSETE Bt 8ae hisy b BROVibed A e Falth o Do
15 226 between successive accelerating stages (e.g., between first and second
accelerating stages 228a and 228b) in order to provide radial focusing of the
beam 224 as it travels through successive accelerating stages 228n. The
accelerator 228 may comprise further accelerating stages or modules (not
shown), whereby an accelerated ion beam 224b may be generated at an energy
20  level higher than that of the DC beam 224a provided to the accelerator 228. The
resulting accelerated beam 224b, moreover, may attain a generally cylindrical
~ transverse profile as a result of the accelerating stages 228n and the quadrupoles
‘234 along the beam path 226.
Referring also to Fig. 4, a perspective view of another portion of the ion
25 accelerator 228 is illustrated having several single energizable electrode, double
gap, accelerating stages 228a through 228n, four of which (e.g., stages 228a,
228D, 228c, and 228n) are illustrated, wherein intervening radial focusing devices
are omitted for the sake of clarity. The third and nth accelerating stages 228¢ and
228n include energizable electrodes 268 and 278, as well as grounded electrodes

30 266 and 276, respectively. The single energizable electrode, double gap



transverse profile as a result of the accelerating stages 228n and the
quadrupol es 234 along the beam path 226. Referring also to Fig. 4, a

per spect iwe ovdaw3of anot her portion of the ion 25 accel eral/oBIREB68 S

il lustrated having several single energizable el ectrode, double gap,

accel erating stages 228a through 228n, four of which (e.g., stages 228a,
228b, 228c, and 228n) are illustrated, wherein intervening radial focusing
devices are onmtted for the sake of clarity. The third and nth

accel er at iacgeletatirepstagés 2284, 2ZRHP2gas hud @26nce gtz 6brhprist efldedertdPs and
278, as roungglgfj el ei%trodes 30 266 and 276, respectively. The
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accel erat i : b, 228c, and 228n, each conprise an
associ at eg,@g" fgflgggaff% ggtrllc . RF anplifier 242, 252, 262, and 272 and RF
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280. In this regard, the control system 280 nmay provi contr t he
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whi |l e adjustnent of the various anplitudes and relative phasing of the RF
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the ion a I y elerate _a variety of
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i eve an overall tuned em Thus, while the

RO I A S LT TR
sl oot SECYBIEHLTRS, N SRl U i) RURLAT BTELOHE Elf
el ectroode2R81inclddes @fargemumber of components, many of which need to be properly
tuned or adjusted in order to achieve an overall tuned system. Thus, while the
accelerator 228 is flexible, the flexibility adds cost and complexity to the
accelerator 228 and an ion implantation system employing the accelerator 228.
Referring briefly to Fig. 5, a multiple energizable electrode ion accelerator
20 300 may be provided in accordance with one aspect of the invention, in order to
reduce the size and cost of ion implantation systems. The exemplary accelerator
300 comprises a plurality of n energizable electrodes 302a, 302b, 302c, through
302n (wherein n is an integer) positioned along an ion beam path 304. Constant
potential (e.g., grounded) electrodes 304u, 304v, 304w, 304x, and 304z are
25  positioned before and after the energizable electrodes so as to create a plurality
of generally equal accelerating gaps 306 between adjacent energizable
electrodes 302a-302n and constant potential electrodes 304u-304z. The
electrodes 302a, 302b, 302¢, through 302n are energized by a fixed frequency RF
amplifier 310 as well as resonator 312 according to a control system 320..

30 Although the accelerator 300 may provide some measure of cost and size
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20 300 may be provided in accordance with one aspect of the invention, in
order to reduce the size and cost of ion inplantation systens. The

exenpl ar ywaozeidessat or 300 conprises a plurality of n enepQi/GBbl/e5768

el ectrodes 302a, 302b, 302c, through 302n (wherein n is an integer)
positioned al ong an ion beam path 304. Constant potential (e.g., grounded)
el ectrodes 304u, 304v, 304w, 304x, and 304z are 25 positioned before and
after the energizable electrodes so as to create a plurality of generally
equal accredactidn tigogghendfléyrhehvefanukiglcaseaigizibis glecabbes (8lge@ozages

302a- 3022@%‘3@@ nsth%nt otential electrodes 304u-304z. The el ectrodes
302a, 302%F ¢, Ypeely B03pband more Hagry iwe gcegleratingeaps 304, jaa sgnge=of
anplifier ; car.di l,..system 320..
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further isipelsadaseia gi wibqreaterdhare? asadcittaskaedaletayinggapsdin akadcidtmnt he
enpl oynent. ralj of energlzahl e | ect.r odes 9., Wth greater
than 2 ag}'is"gglt’\asirﬁéggﬁgbﬁgfé?q%&cé'af&sfy? ﬁ”bs@S g HRw %e'?'a & @ingle variabl e
f r equencyexdmsigat @tipRerictiods io®vctsleMtthg stag@B008% aRBtrated for

mul tiple-electrode ion accelerating stage 400 is illustrated for 10

acceldr at3geglarating ianslsaveligoalengya HepaafPd pRthal he arhelesating $ageidd§ st age
400 co | Lt i I r , , 4c,
throughngéodﬁlﬁﬁs(e%.%bwr%gr% eﬁte@%eﬂgieﬁ%g%gr @%%ngﬁﬁ’ré@ﬁﬁgﬁgégﬁgt er in

seri es al(eng, whergatishandfidgel) rspacke froenl ohetanetherddjsafiesalanaheipahl e

el ectrodezgO are a plurality of 15 constant potential (e.g., grounded)

el ectrode 2406i, 406j, 406k, through 406y and 406z arranged al ong the path
402 with at 'qﬁ%rle%véd%%ﬁééﬂhd%&bﬁﬂéh@iﬁiz%?&ér&%geé‘r%‘w%gplﬁﬂaﬁﬁiéfo‘jes 406;

406k, through 406y) |ocated between ea acent pal
15  constant potential (e.g., grounded) electrodes 406i, 406j, 406k, through 406y and

406z arranged along the path 402 with at least one constant potential electrode
(e.g., electrodes 406j, 406k, through 406y) located between each adjacent pair of
energizable electrodes 404a, 404b, 404c, through 404n. A first constant potential
electrode 406i is located upstream of the electrodes 404 along the path 402 (e.g.,
20  between the electrodes 404a through 404n and an entrance end 410 of the
accelerating stage 400), and a second constant potential electrode 406z is
located downstream of the electrodes 404 (e.g., between the electrodes 404a
through 404n and an accelerator exit end 412). The constant potential electrodes
406i through 406z are spaced from adjacent energizable electrodes 404a through
25  404n so as to define generally equal accelerating gaps 420 therebetween.

A variable frequency RF system is provided with a variable frequency RF
power source 430 electrically connected with the energizable electrodes 404a-
through 404n via a variable frequency resonator 432, whereby an alternating
potential of a controlled frequency and amplitude may be applied to the

30 energizable electrodes 404a through 404n in order to create alternating electric
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energi zabl e el ectrodes 404a, 404b, 404c, through 404n. A first constant
potential electrode 406i is |ocated upstream of the el ectrodes 404 al ong
t he pat hwof2/(a445., 20 between the el ectrodes 404a t hr oughCT/GBN1/BITE8 an
entrance end 410 of the accelerating stage 400), and a second const ant
potential electrode 406z is |ocated downstream of the el ectrodes 404
(e.g., between the electrodes 404a through 404n and an accel erator exit
end 412). The constant potential electrodes 406i through 406z are spaced

f rom adj atields iees abcEIblting| RPY £BEH 404Atrbiuushiond T4 es 8oy hQq/@ef i ne

general |y equal accel erating gaps 420 therebetween. A variable frequency RF
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electric reQY i9DF G52 2580 P@P@b_@”@@ﬁbe aceeleraling stagretQftalengthae path gaps
420 in a ggptrolled fashion. The frequency and/or anplitude of the
alternating fields in the gaps 420 (e.g., as well as the relative phasing
thereof with r@spemploymenher aisinglé RH powert saurcs YS0eNdasguviBd RF such  as

addi ti onal | erati.n es), may be adjusted via a control system 440, 5
Sher eby | BHOTENY A RMGRALY aaENE RESAELEeR & I 2cealgeatinarasnbo: he
path 402 gh%oﬁfﬁéﬂr@d’mﬁtthéf ofcsiviaitisnaradi@sthtor D28Cshdt tﬁ’%cc ciated RF

resonator 4 significantly reduces the size and cost o erating
st agel@00ac¢aleptor 3xhphirigd Shi Although thef pewersoircemald r@sophtor 480rarkR8 and

F esonat or “930rexRate, FAL BR ol igfirpoihnyatio e R RS SRR AT T han
the indi viaddabsersisiFR, 33shbenely, @sp@a@soa%ugqlahugr%@@elé bMﬁlleYso@tfce 1@ 5 a

si ngl e high power power source 4 0 ist |y snal physical size
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15 (e.g., high power rating) resonator 432. Thus, the size and cost of the
accelerating stage 400 are reduced.
In addition, the complexity of the accelerating stage 400 (e.g., as well as
that of the control system 440) is significantly lower than that of the accelerators
228 and 300 illustrated and described above. Thus, it is relatively easy to tune or
20  optimize the accelerating stage 400 for accelerating ions of a particular species
and a particular energy. It will be noted that whereas such tuning of the
exemplary systems 228 and 300 required adjustment of a large number of
amplifiers and resonators, that tuning the control system 440 associated with the
exemplary accelerating stage 400 involves only the adjustment of the frequency
25 and/or amplitude of a single power source 430 and resonator 432. Additionally,
the control system may further adjust the phasing of the RF power from the power
source 430 with respect to other system components (e.g., other accelerating
stages) as needed.
Moreover, the frequency range of the power source 430 provides for a wide

30  range of support for different ion species and associated energy levels. This
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accel erating stage 400 are reduced. In addition, the conplexity of the
accel erating stage 400 (e.g., as well as that of the control system 440)

i s signi Waamoisy43l ower than that of the accel erators 228rendB80W5768

il lustrated and descri bed above. Thus, it is relatively easy to tune or 20
optim ze the accelerating stage 400 for accelerating ions of a particular
species and a particular energy. It will be noted that whereas such tuning
of the exenplary systens 228 and 300 required adjustnment of a |arge nunber
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15 provides for resonance at a plurality of operating frequencies, thereby ensuring
tunability (e.g., and ease thereof, even using relatively simple controls) and
predictable efficiency. For instance, the variable frequency power source 430 and
resonator 432 may be designed to operate in a frequency range between one and
about ten times a reference frequency. In one implementation, a range of

20 between about 4 MHz and 40 MHz is contemplated, in order to support a wide
range of typically used implant species.

Thus, in addition to the cost and size improvements resulting from the use

of multiple energizable electrodes 404, the exemplary accelerating stage 400
achieves further cost and size improvements associated with the elimination of

25  numerous power sources and resonators. Moreover, no adjustment flexibility is
sacrificed, as may be the case in the accelerator 300 of Fig. 5. Indeed, the
inventors have found that the accelerating stage 400 may achieve greater
adjustment flexibility fhan conventional systems (e.g., accelerator 228), in addition

to the cost, size, and complexity improvements described above.
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and/ or energies. The exenplary accel erating stage 400, on the other hand,
15 provides for resonance at a plurality of operating frequencies, thereby
ensuri ngwouonedaudsity (e.g., and ease thereof, even using Pe€l/aBOVei7ys si npl e
controls) and predictable efficiency. For instance, the variable frequency
power source 430 and resonator 432 may be designed to operate in a
frequency range between one and about ten tines a reference frequency. In
one inplenmentation, a range of 20 between about 4 MHz and 40 MHz is
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el ectrodes 406 of the exer‘g)l ary ion accelerator 400 are illustrated in Fig.
6 as having P3ulhi A0.eMand ABfRaRsd aleng & brgimeathi4 1hbetwaanoubuaehart r odes
may be degi f ' ' cel [ rf.or , ordi ng
o anot hes "98 g Bhd FRLR Ko<y 1BRER 7B Y A oRE LRI THAS Rocdiiffor 760
fromioche dierumcheesidgect idhmagde operdtiodly cbaneaedabeairpsssiistedgerialae

irrplerrent]ation ofFQ{.his feature is illustrated in Fig. 7,, wherein_an
exenpl ar y'"SREN AT BPWET §OPIRS %@é@%ﬂ@mr (BRESpWAbIoLRargizerAyRrergjzableny
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stage 474, and a radial focusing device 476 at t

accel er at ®t, AZ,0A3, 4, e AirasttbA8dn thpeadcelenating Istagmp doanhsiveay alomyiet ed to
an associ %tﬁql \éari able frequency RF power source and resonator (not shown)
to energi ar? eénergi zable electrode thereof in order to provide bunched

i ons 150 the erpr@intabhibgedr/iripsieFocusing devices 478A and 478B are located
along the path 472 between the buncher stage 474 and the first energizable
electrode A1. Constant potential or grounded electrodes G1, G2, G3, G4, G5,
G6, G7, G8, and G9 are interleaved between the energizable electrodes A1-A8

. along the path 476, with the first grounded electrode G1 located upstream of the

20 first energizable electrode A1, and with the last grounded electrode G9 located
downstream of the final energizable electrode A8. The grounded electrodes G1-
G9 may, but need not, include radial or transverse focusing devices, such as
electrostatic or magnetic quadrupoles (not shown) in order to provide radial
focusing of an ion beam traveling along the path 472.

25 The energizable electrodes A1-A8 each extend radially toward the beam
path 472 from a support member 479 which extends generally parallel to the
beam path 472 between the matching quadrupole 478B and the focusing device
476. The support member 479 includes a pair of vertically extending support
memberé 480A and 480B providing mechanical support for the energizable

30 electrodes A1-A8 and the support member 479, as well as providing for electrical
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A, A2, A3, A4, A5, A6, and A8 in the accelerating stage downstream al ong
the path 472. 15 Two matchi ng quadrupol e focusi ng devices 478A and 4738B
are | ocatwed 02/ed4e13g t he path 472 between the buncher stageprdViéBanes7she fir st
energi zabl e electrode Al. Constant potential or grounded el ectrodes Gi,

X, B, A, &B, &G, G/, B, and D are interleaved between the energizabl e
el ectrodes Al-A8 along the path 476, with the first grounded el ectrode Gl
| ocat ed upstream of the 20 first energizable electrode Al, and with the
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t he suppo479mestktingdid Yoltage drigs @6ngtiey ietigit of e LU Mmepber ki INOn

02/ 054443 PCT/ GB01/ 05768 connectjon thereof with a variable frequency RF

syst em ( nb¥S sasRasditignaliarisal enemhars4@Q maydess prvides! torensie ghat the

exenpl ar IARC [ 480, . any
nunbrrgr O%’e@%@%ﬁéﬁ%%{cg&ﬁgi qulg(r%g%Sgé@wmed%ﬁ%8%?%{}’({()5@'??@@8[)%0“3 as wel |
as t oo edeegard,aheapetictl iemeersi 480ab eteliesnthersupgortahémber a7echapdes Al - A8.

F le, . W4 h | trod Al -A8 vi h t nb 479
and tho nRiAYEREr il Shafnt Bt RS T ROB W CagiBRLIa O nEHER JaPESUSt csul t i ng
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ener gi zabl e el €8¢ eogegizatle apcinogestA -8qH well he thagryateshelealrodéaiGtiher i n
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15 472. Forimproved acceleration efficiency, the lengths of the various electrodes
A1-A8 and G1-G8 and the length of the gaps therebetween may be designed
such that ions along the path 472 travel from the center of one electrode gap to
the center of the next gap in one half cycle of the RF energy being applied to the
energizable electrodes A1-A8. As such ions are accelerated in successive

20  accelerating gaps along the beam path 472, the lengths of the drift tubes and the
center-to-center spacing thereof may be advantageously increased in order to
facilitate the provision of energy at the appropriate phase as the patrticles are
further accelerated from gap to gap.

Thus, whereas accelerators having fixed frequency RF amplifiers and

25  resonators employ phasing adjustment between successive energizable
electrodes to improve efficiency (e.g., to thereby adjust the relative phase of
electric fields within successive accelerating gaps), the use of a variable
frequency RF power source according to the present invention provides
appropriate phase advance as ions travel from one accelerating gap to the next,

30  without the need for independent phase control, thereby making the overall
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provi ded with cool ant passages, through which coolant (e.g., fluid or
gaseous) nmmy be circulated in order to mnimze or reduce the tenperature
ri se themedn2/osils energi zabl e el ectrodes Al - A8 as wel | asPChveBgtr/eiTnglied

el ectrodes Gl- B include passages or drift tubes through which ions travel
al ong the beam path 15 472. For inproved accel eration efficiency, the

| engths of the various electrodes Al -A8 and G 1-G and the | ength of the
gaps therebetween nmay be designed such that ions along the path 472 travel

from t he sshmrsimplepne aejuatt Imﬂﬁs gsyard Cacddieratieontetliciohcyt Wi beepraxBdimi N one
hal f cycle of .the ener gy being aﬁpl led to the energizable electrodes Al

-A8. As siQBNiiemwithacartain walegityBuch thalibedRF phase chapges bitliBAglagipes al ong
the beam pafs i ?Wrav%&.‘jrbr%%b%n@ér diite fFdi Hecbis d&ﬁﬁg&%g@‘&,t%p& r-to-center

spacing thereo advant ageously 1 ncrease ilitate the
provi si orb@Weenear‘g@na‘glzlabe eleptroge ifadred plasendesd blwtrpdet@)cﬂoaﬁe@éﬁterfdﬂt her

I d f wh I h
P caudney MRSSEARH BRPERRd Sapn uSyaf Hiissp b A3IOBHARS G DS HEnt

bet ween S;M@Qi%ﬁ:ﬂMea9@#él§lé4?€&®nc?'p%%?Qgﬁ&eté’cddT}Birn%S 163 bl &R fidefio - 1 ©

thereby adjust the relative phase of electric n succe55|ve
accel er atfrailjtajep sghievament of optlraal/@trlrm:hrb‘eed facmiamttoyl éﬁﬁcngna\pforwurdee

di t t d
Tons. 1 r avanSe S REHEdR abRYENd B oo FBRBRa M WRC obiicea 1 or
d d , I
PCT/ Ca0L/ 0S50 SyStem o1 of 00y st é’*"n@?@'?é?hr@ééz?%gf R

ef f i di%ency4QiNiiz basheenfarndfe previde i significanttyempipved stelerajiosuch t hat

the RF ]};!?{bg m.t he center of

the fi rgﬁggg er at &I\gxaégg(c’%ﬁé%%?HO@IEQI&gWII\A&éI? iﬁgﬂir&é*&g?% e el ectrode

A and a gooeletatdreesignsdreing obly nHaeemstme@ft atéftxbe frRRE@Ady.gap, and so on
t hr ough succa;m veﬁgg s.along the path provi sion of a variable

frequency powep B9 ?I%atp()"’?ﬂ@f 51’9337@%9 |dﬁ'I)féHIP‘P knathegia it at es
i 8 o OGRS SR B,
powerls  grounded electrodes G1-G8, with each subsequent electrode having a longer drift
tube length than the previous electrode. In this exemplary design, the center to
center spacing of the accelerating gaps L is roughly equal to the design particle
velocity divided by twice the RF frequency, such that particles travel from one gap
to the next in roughly 180 degrees of the RF cycle, wherein the design velocity is
20 the particle velocity as it drifts through the drift tube. Thus, for an accelerator
(e.g., accelerator 470) having an integer number n drift tubes (e.g., wherein n = 1,
., N), each with a peak RF potential Vi and an injector voltage Vi (e.g., the
voltage at which ions are injected into the accelerator), the drift tube gap to gap
lengths Ln of the energizable electrodes (e.g., electrodes A1-A8) may be

25  determined by the following equation:
(1) Ln=f"¥a(a/m)(Vi + (2n-1)Vrf cos®)]"?

where q is the charge of the particle, m is the mass, and @ is typically +/- 30
30  degrees such that cos® is %[3]"2 In addition, for the grounded electrodes (e.g.,
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system For instance, an RF system having an operating range of
approximately io 4-40 MHz has been found to provide for significantly

i nproved ve@orbBagt i on efficiency for ion species of intePepiGBOUNTES ed Wit h
prior fixed frequency accelerator designs having only phase adjustnent at
a fixed frequency. In the exenplary accelerator 470 of Fig. 7, the drift
tube lengths are illustrated for the exenplary energi zabl e el ectrodes Al
-A8 as well as for the is grounded el ectrodes Gl-@&, with each subsequent

el ectr odeellaatrodgs G2L@8geteridavéd betwdisn iR @ndigizABle éleetroaey iAquasEligst r ode.
In this exer‘r‘EFgJ de5| gn, the center to cenfer spacing of the accelerating

gaps L is9% distangest g ey Rrgeigiminad by the follewitg equatian: ded by twi ce
the RF frequency, such that particles travel fromone gap to the next in
roughly 180 degrees of the RF cycle, wherein the design velocity is 20 the

particle vel oc{2)y alsg &tf mwmwwmwmnmnéfﬁn tube. Thus, for an
accel erator (e.g., accelerator 470) having an integer nunber n drift tubes

(e.qg.,” wherein n :1, 2, N), each with a peak RF potentlal Vvrf and an
injector voltaggs Yhp (éhdih hB t into the
accel erator), theydrl ftgﬂt%ae gg%mh tgg% lé]fgépr‘\%bﬁé]m}f ék@ngg%:]rﬁg

el ect rode@CC(aéergtor 40dnthigdgsvirereimie rismr@&rdenem:mnmdrsbymé'lﬁnélol I ovm ng

char ge.of 19 Br Eiay bR e st hela e Stiob 1 11 5030 degr ees

such that cos(p is 1/2[3] 1/2. In add|t| on, for the grounded el ectrodes
(e.q. 16 WD 02/ 054443 PCT/ GB01/ 05768 el ectrodes (-G8 interl eaved

bet wdén the end® gi ZapIHVeraNYEeosON -A8), the gap to gap distances Lg
may be determ ned by the follow ng equation: (2) Lg = f"1[Y2(g/ M (Vi +
2nVrf cos(P)]1'2. 5 The gap lengths and the drift tube lengths are

illustrated fadn théexemﬂmyam)blerﬁém@heﬁ@Fi%477€hé Besigl-value\bEF&dubrice
di mensi og&mare inmllinmeters eam energy E nmay be expréssed by

the fol | NWngn¥gede neass rafjo(gsmie, pegk\AF voltage (Vrisaimy injection energy
(Vip) may be employed such that the drift tube lengths and final energy are

15  determined according to the following equations:
4)  Ln=fp"[¥(a/m)p(Vip + (2n-1)Vrfp cosd)]'2

(5) Ep= Q(VID + 2NVrfp cos®P).

20
The resultant operation for the drift tubes under other conditions may
require the following scaling, wherein a is less than or equal to 1:
(6)  Vi=aVip;
25
(7)  Vrf=aVrp;
8  [(a/m)T"%/f = [(a/m)o]"?/fp; and
30 (9) E=aEpqg/op.
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In the exenplary inplenentation of Fig. 7, the design values of frequency
(fD), charge to nmass ratio (g/mD, peak RF voltage (VrfD), and injection
energy (W0 D/os¥sas be enpl oyed such that the drift tube | engr/aBogoRi6s i nal
energy are 15 determ ned according to the follow ng equations: (4) Ln = fD
1[1/2(g/ mMD(VIiD + (2n-1)VrfD coscD)]1li2 (5) ED = q(ViD + 2NvrfD cost). 20
The resul tant operation for the drift tubes under other conditions may
require the followi ng scaling, wherein a is less than or equal to 1. (6) Vi
=avibD, 25 (7) Vvrf = avriD; (8) [(g/ma]l/2/f =[(g/mDa]l/2/fD;, and 30
(9) E = aED g/ qgqD. 17 WD 02/054443 PCT/ GB01/ 05768 Accordingly, for a given
charge to massAeeardingly,fier 2 givedestiarge te neasgyraki® gimy tHeedesitedstestggtE AN
operatin u iven.by the follow ng equatiopn: 5 (10) frmax = fD
[(q/m/( g‘?‘%&eﬂ%ﬁ‘gﬁg‘(%wPP%‘E"”ﬁJ&@é}“e@%rf @ﬁ%ﬁmgb@%&”swmewat#%uci ng
the voltages linearly and scaling the frequency according to the foll ow ng
equation: 10 (11) f = all2 fmax. Ref (;/%ri ng now to Fig. 8A an exenpl ary

nor mal5i zed vol t18ye Wax £fmHosnda/mplot. 482 is illustrated for various ion
species (e.g., Sb++, P+, P++, B+, and P+++). The resulting curves were
obtained for a design species of B+. In Fig. 8B, an 15 exenplary plot 483

of nor mal Inzeftimowesendrgrginag bel shthinedy Ridedingthe Fottages ﬁmeat'li_’)f and B,
and P+++ ion species. Further jn accordance with the invention, Figs. 9A

and 9B i 15534pg ke frequepey agrardingriaitBe fellawingheqgstiont h an exenpl ary vari abl e
frequency coaxi al resonator 486 and an accel erating stage 487 (e.g.,
simlar to the exenplary accel erating

10 (11)  f=a'" fmax.

Referring now to Fig. 8A an exemplary normalized voltage vs. frequency
plot 482 is illustrated for various ion species (e.g., Sb++, P+, P++, B+, and P+++).
The resulting curves were obtained for a design species of B+. In Fig. 8B, an
15 exemplary plot 483 of normalized power vs. frequency is illustrated for Sb++, P+,
P++, B+, and P+++ ion species.
Further in accordance with the invention, Figs. 9A and 9B illustrate an ion
accelerator system 485 with an exemplary variable frequency coaxial resonator
486 and an accelerating stage 487 (e.g., similar to the exemplary accelerating
20  stage 470 of Fig. 7) for accelerating ions along a beam path 488. The resonator
486 may be advantageously employed in association with a variable frequency
RF power source (not shown), whereby the resonator provides a wide range of
resonant frequency adjustment substantially corresponding with that of the power
source (e.g., from one to ten times a given frequency). In the exemplary
25  resonator 486, a shunt 490 is movable in the direction of arrow 492 in order to
tune the resonator to a desired operating frequency. For example, the resonator
486 may provide for controllable frequency adjustment in the range of about 4-40
MHz.
According to another aspect of the invention, the exemplary accelerating

30  stage 400 may be incorporated into an ion implantation system 410, as illustrated
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20 stage 470 of Fig. 7) for accelerating ions along a beam path 488. The
resonator 486 nay be advant ageously enployed in association with a

vari abl e woezjecramsy RF power source (not shown), whereby POBGBesaiTet or

provi des a wi de range of resonant frequency adjustnent substantially
corresponding with that of the power source (e.g., fromone to ten tines a
given frequency). In the exenplary 25 resonator 486, a shunt 490 is novable
in the direction of arrow 492 in order to tune the resonator to a desired

oper at i ng ifi Fiqaéndy thifeegana i exemb%lr‘{]eﬁﬁW@ltsysterﬁS@WXm@dﬁéiﬁbfeQb
control | abl e frgguencgad' ustnent_in the range of about 4-40" MHz.
Accor di ng “PBiraliBE Rerelesalig siggerd asweh aissriher systesesmnpenenis.cdher at i ng

30 stage ' : ' ' | j ystem.4 as
11 tst ot ST RPEAREE AR 4052 B hERABAPT 8 HRBitd e o

t he Fxerr}[)Eaemp:aﬁmaczglgwtmgastﬁgémMﬁdwamlea;:iédwmri 416.C¢Pbrt@[|r_?]ihél3§1y 25 Cem 410
accel eratin age . s e s ot her system conmponents. e

"nol udbs SPEIAGT ﬁa?'mﬂfé?a%“%%enf@f%@é%w Fig.41 (@ dgincludes landen gouree

exenpl ary 4 [ S Is L hal 412
S oot at be s PRt Eq b6 BIGRIRISSS o SuBPV AR, TYREIG s diRe 4R BB G an
i on sour c&n iapbepmviddevhioh és prayfdeddtotthg deaovire asgmphyly 492, THeciohdreasour ce

dugss . AN i _which i i ded h ' bl
114, "The 753 i Btn AREAEE I 2 ItbE vefr BRI 6 Briiein Q26 arhgdon - the end
station 4b6amWm®t iswoneRineddy itfe etlird 288dnBYy 411E WHETLORBraSS 8ThaYs 414,

whi ch conprises a mass 10 anal ysis magnet 426" and the accelerating stage
400. The AB3WsiEMagstdIGandithe acelgrating stage 400.oMbiechassanalpsispnagnet

T The 1 2o2RRsed ofliths CEafEERTIRL Bk et sriclo e abietthe "sich
accel er at stagestO@ges in an ion inplantation system The 15 inventors have

appr eci at ed thﬁt t he errpvl oypent of nultiple variable frequency accelerator
stages or modufgterting pe A8 dhethpdavandiondiyrtaer eontemplates theprardsipgef and

control 1 eelbf AEPELSch BcEQBRatfPLthGEY InPAS ior W pIaARLBRA%Sstdn?. #Re! ON

15 inventors have appreciated that the employment of multiple variable frequency
accelerator stages or modules rather than one module may alleviate the RF
design and control requirements in some applications. For instance, in an ion
implantation system designed to operate over a wide range of final or output ion
energies, only the first module would be used for lower range energies, with one

20  or more additional accelerating stages turned on to achieve higher energies.
Thus, an implanter designed to deliver, for example, 100keV to 1600keV singly
charged ions in the mass range of 5 — 45 AMU, with a maximum injection energy
(e.g., ion energy entering the accelerator) of 100keV may be built using multiple
variable frequency accelerating stages according to the invention. If such an

25  accelerator were built as a single module, the range of frequency tunability would
be a factor of 12, while the range of electrode voltage control would be a factor of
about 16. A typical two stage design would reduce the required frequency range
to a factor of 6 and the required electrode control range to a factor of 4. In this
example, only the first module would be turned on to achieve energies in the

30  range of 100keV to 400keV. For higher energies, both modules would be on.
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I npl antati on system designed to operate over a w de range of final or
output ion energies, only the first nodule would be used for |ower range
ener gi es,wowt/bs4esse 20 or nore additional accel erating stapewGBar/oges on to
achi eve hi gher energies. Thus, an inplanter designed to deliver, for
exanpl e, 100keV to 1600keV singly charged ions in the mass range of 5 - 45
AMJ, with a maximuminjection energy (e.g., ion energy entering the

accel erator) of 100keV nmay be built using multiple variable frequency

accel er at Eaghshedifs waukPFejun@ itPovhuhaBibseihtol Ang e 8ﬂ/e?$‘¥§’l€ﬁ'ﬁl At or
were built as a single nodule, the range of frequency tBnabl ty would be

a factor 8fcand anghsiksaquent mashiles weult aiwsys beophasselockad tothetinst d be a

factor of &RfP ' esign ul.d redyce the required
frequency T angéejgn%glogﬁ} él%&ggglg* {h\é“p%‘%hgtq%@ FB&%PP@@%@&??@% %éntrol range
to a fact harménié théreof, hougteramiephase ¥f inbeufdsrihy BRGH GseBld d be turned
on to achi eve ﬁ‘rr;%rgl es in the 30 range of 100keV to 400keV. For higher

h

energi®es, bot 9u it ésanBuRPiRObsuCh a sysien 41 0% IMillgsFBAGBNIT05768  Each

dui SO al t . Th
e i e L S R R T e e T
Eodul e an?amh)uf ?h'm:pén@luﬁeaalnhtmgli@aoﬁeﬁérgix?bm?jleleﬁocﬂé‘@4bﬁraﬁd d?djeg? or g |
arnoni c ere 0 relat] v Se Ol npdul_es nm € adj ust anl e. n
Fro 1 SichRdns ebo3Ioha R b f thefoniosam i | The AetleratiHAdoS 6 | ses
two accel ghaubag ot #idddilee RN bR FLLAEN P RETbWer el feos SaCh Of

which includes a plurality of energizable 4 "and grounded
el ectitode430Dend48Ah, tespeptinaly,dis wil asamriabinird@4enciivesanatredapaigndt ages

404a and 4 re. Jndiwdual ly associated with vari.gble frequency RF power
sour ces sﬁég%gfgg%%%'vﬁg'o\aher 8@%@?93@?%%&?%&”‘9 @'YI&H‘?'&H?@‘*# #@ﬂ]ﬁ@ﬁgy :
resonat or §043my ethe SHIRS or bASRASY b¥ele to AMANPBRIASH tAE dihgAuenci es .in the
i ndi vi dual. stages 404a and 404b nay be the sane or one may be set to a

har noni ¢ Brrtheresehavarialgframiansy dunsherstagsl (aof shaumnorythepovidest age
(D S e e Aol W Al ST R LSS,
st agesf r engiepesated abthlecagoelerating St fredlisregv@a harmonic thereof. Moreover,

the relative phasing between the accelerating stages 404a and 404b (e.g., and

that of an upstream variable frequency buncher stage) may be controlled, and

further may be adjustable. The setting of such relative phasing may be

accomplished by any appropriate means, including the control system 404a.

20 A control system 440a may be operable to control the frequencies and
amplitudes of the respective power sources 430a and 430b and resonators 432a,
and 432b to affect a desired net acceleration of the beam 424 through the
beamline assembly 414a, as well as the relative phasing of the energy applied to
the stages 404a and 404b. In addition, the control system 440a may further be

25 operative to control other system components, such as the ion source 420, the
power supply 422, the mass analysis magnet 426, and/or the end station 416. It
will be appreciated in this regard, that any number of such accelerating stages
404n (e.g., where n is an integer) may be provided in an ion implantation system
in accordance with the invention.
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the rel ati ve phasi ng between the accel erating stages 404a and 404b (e.g.,
and that of an upstream variable frequency buncher stage) may be
control | a0 ozerd443f urt her nmay be adj ustable. The setting oPCHGBh/0FTb&ALI ve
phasi ng may be acconplished by any appropriate neans, including the control
system 404a. 20 A control system 440a may be operable to control the
frequencies and anplitudes of the respective power sources 430a and 430b
and resonators 432a, and 432b to affect a desired net accel eration of t he

beam 424 t hr oughe bhtplofinait sMRURPRAMRNbIA HaueRey BkdeAtin g el Aldyve on,

phasing of the energy applied to the stages 404a an
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analyai o SEARE aadciorhRhs U B e gt o Sffeing FappBerar oa i n

this regasalirce IZlaOambd mab@woraﬁzauaﬁd/aﬁﬁeh@f@buf& A8 ré’s%*&t&rez@b) wher e
nis an IntFﬁB ! may be provided in an 1on inplantation system
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Syst ens. A further aspect of the invention provides for combining one or more of the
accelerating stages (e.g., stages 400) with an ion buncher stage in an ion
accelerator. Referring now to Fig. 12, another exemplary ion implantation system
410b is illustrated having a single accelerating stage 400 in a beamline assembly
414b, preceded along the path of the beam 424 by an ion buncher 450. The
20 buncher stage has a variable frequency buncher power source 460 and a variable
frequency resonator 462 associated therewith to facilitate bunching of ions from
the ion source 420. The bunched ions are then provided to the accelerating stage
400 for acceleration thereof to a desired energy prior to implantation on the
workpiece 30. The buncher power source 460 and resonator 462 may be
25  operated at the accelerating stage frequency or a harmonic thereof. Moreover,
the relative phasing between the accelerating stage 400 and the variable
frequency buncher stage 450 may be controlled, and also may be adjustable.
The setting of such relative phasing and other control functions in the
system 410b may be accomplished by any appropriate means, including a control
30 system 440b. The control system 440b may be adapted to control operation of
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15 A further aspect of the invention provides for conbining one or nore of
the accelerating stages (e.g., stages 400) with an ion buncher stage in an
ion accaveprzosand3 Referring now to Fig. 12, another exenpP@r/sBouU6S768

i npl antation system 410b is illustrated having a single accel erating stage
400 in a beam ine assenbly 414b, preceded along the path of the beam 424
by an ion buncher 450. The 20 buncher stage has a variabl e frequency
buncher power source 460 and a variable frequency resonator 462 associ ated

t her ewi t h both fiecéxdrhpiaey bocalbiatingatagenso keIl 48 BtHRToRPBEALR0he 165
bunched ions, are, t hen %%ow ded to the accelerati n% stage 400 for

accel er at I"BRINHATIOBGIYStMAH19bs inclring theyipndrunsher ¢50npuachert iowversourde

wor kpi ece ) C Qr. 462 may be 25
oper at ed g,? @f %i_@gwcégg%%ri rﬁg&@%té’ggg?r gq‘@@%@%rggﬁﬁgim iS&'C% R8r eof .

Mor eover , implastatisnatyistemptiaii mgy hetivereonihiscaddtionftios shatpsthgls ang t he
variable frequency buncher, stage. 450 may be controlled, and also may be
adj ust abl 895%%‘9@ @%qu]%@eo?afé&é?ﬁ% iOnRqaR 4gAda iaggordamcatwth theapresent
functionsijjventibg. System 410b may be acconplished by any appropriate neans,
including a control 30 system 440b. The control system 440b may be adapted
to control opefhgipsaseit inventidrofdssapplisafRaTIrGBOAt Bl & Torme} inclubimgetkess! ary

accel erat i e 0. .a |1 as other conponents in_the ion inplantation
system 418@?‘“&?@%&?&??&@%‘?‘(%11ﬁ@ﬁéﬁh%@d{g@ ieied.nBREINSiANGEc8S 460, and
t he bunch#ustremeriatig. 162 éécéwﬂahnggta@%@@hﬁay&ekahﬂﬁdf&ﬁha@“ _

e additional accel erating

i npl antatjon system 410b may further conpris
st aged? 406NBlapigdion;systam &16nith Ryapable frsquensyiRn pbe@msopics 68Gandrdance
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accel erating stage 600 y be provi, i
with a vaffl @F@%?bxég\fe'ﬁg;yﬁtﬂrﬁoﬁ@rW@bmec@he_aneiﬁataéioncsyst%@@&luatra@d/ar i abl e
eI AR Ol s SRR 1 20 B g U185
15 an end station 616. The terminal 612 includes an ion source 620 powered by a
high voltage power supply 622. The ion source 620 produces an ion beam 624,
which is provided to the beamline assembly 614. The ion beam 624 is then
directed toward a target wafer 30 in the end station 616. The ion beam 624 is
conditioned by the beamline assembly 614, which comprises a mass analysis
20 magnet 626 and the accelerating stage 600. The mass analysis magnet 626
passes only ions of an appropriate charge-to-mass ratio to the accelerating stage
600.
The accelerating stage 600 comprises interleaved RF energizable
electrodes driven 180 electrical degrees apart in phase via the power source 630
25  and the resonator 632, whereby push-pull accelerating fields are generated in the
accelerating gaps therebetween, without any grounded or constant potential
electrodes interposed therebetween. Thus, in the accelerating stage 600, a
plurality of first enérgizable electrodes 604a, 604c, and 604n are energized via
connection with a first (e.g., "+") terminal of the resonator 632 and one or more
30  second energizable electrodes 604b, 604d, and 604n are energized via a second

22



energi zed by the RF system As with the other inplantation systens
Illustrated herein, the system 610 conprises a termnal 612, a beamine
assenbl y veo42/0:m3 15 an end station 616. The term nal 612pCTEBadeeqmn i on
source 620 powered by a high voltage power supply 622. The ion source 620
produces an ion beam 624, which is provided to the beanline assenbly 614.
The ion beam 624 is then directed toward a target wafer 30 in the end
station 616. The ion beam 624 is conditioned by the beanline assenbly 614,

600, The s BITERE RS i naREE o R ES & T8 B BB e
char ge- t oefedosshiatis pravidedbetveaat adpicengerssrgizablb&i@ctroties @ﬁﬁ\%' hbgidimg stage

600 conprises . interl eayed RE energizable electrodes driven I80 el ectrical
degr ees aodzﬁ? bleﬂ”béé‘geesﬁ?%f 'ﬂPZerﬁﬁa@r"oé‘éd?@e‘-‘W) s contemplatedwberior 632,
wher eby piss ' | P5h (] rating

gaps therebeﬁggh?%@%ﬁ@%n%@u%ggy%r coﬁ’;etg g%’%&%%eﬁggg ectrodes

i nt er pos e’le¢tredasHaancteleratisg siage.he accel erating stage 600, a plurality

of first energj le el ectrpdes 604a, 604¢, and 60 are energi zed via
connection w t%ﬁoiﬁ?ri ?SsquEQ{.E 1 INVeniion prqyi ametbﬂé?%%%@raﬂggws@md one

or nore 3th PRAMMARARIOsZAGNS &h 8%k n?&Bd 50RAE il (% rggenergi zed
via a second 22 WO 02/054443 PCT/ (B01/05768 (e.qg. ,I il té@ﬁfﬁ@hiﬁ' t her eof .
In this riikiesigh the exemplay ceethed FP igdljsiaterthand desetibed besdin psisseiasyi ded

bet ween ag] 3 | : od alpng the path . of the beam 624.
O her ima#g?%nt’gtvﬁgﬁé%gg&gkemkQ}ees%gﬁpgwg?ﬂtﬂ%%% rlg?'&?élaﬂ"feerent phase
r el atbonshhishatenhyrdeeingrol stals] dsesorre Btepd e BECEN difé@h drdersldpeigodes in
an acceleratin Anot her aspect of the invention provides a nethod

f or accelcé’PS't‘frgBﬁ; @_ﬁfg bi“?re" AP sRaftifanatatishownsgnd dascritecdhenein,any met-hod
500 1s | |a‘c€§Fd&?‘k§@vifH1th'é'igv%rﬁ?bn. i dARHE ﬁo?%llﬂﬁ%‘?@it%&péterﬁ%:rﬂaf PfSaog el S

illustrated _and escri be ereln as a Séries
appr eci atrequirérhto itipderpeasa methodeloigly dm acsordahcé wtiht e grastmendéhtidd, ust r at ed
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15  association with the apparatus and systems illustrated and described herein as
well as in association with other systems not illustrated.

In accordance with the method 500, a DC ion beam is received at step 502.
The ion beam may be supplied, for example, by an ion source, such as source
420 of Fig. 12, and may be conditioned in a mass analysis magnet 426.

20 Thereafter, the beam may be bunched (e.g., using an ion buncher 450) at step
504. The bunched ions are provided to one or more energizable electrodes (e.g.,
energizable electrodes 404) along a path at step 506. An alternating potential is
applied to the energizable electrodes at step 510 using a variable frequency RF
system (e.g., power source 430 and associated resonator). The frequency of the

25 power source may be adjusted at step 508, as needed, in order to provide the
desired acceleration of the ions. The provision of a plurality of energizable
electrodes and the energization thereof using a variable frequency RF power
source at step 510 provides significant advantages over acceleration techniques
employed in conventional ion implantation systems. Furthermore, it will be

30  appreciated that the tuning of an ion implantation system for a specific ion species
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concurrently with other steps apart fromthat shown and descri bed herein,
in accordance with the invention. In addition, not all illustrated steps
may be me@uor/oadudt o i npl emrent a met hodol ogy i n accor danceP@i/GBot/fIepr esent
invention. Mreover, it will be appreciated that the nmethod 500 may be

i npl enented in 15 association with the apparatus and systens illustrated
and descri bed herein as well as in association wth other systens not
illustrated. In accordance with the nmethod 500, a DC ion beamis received

at step 5 @,r& : ned, I i on source,
such as S%ﬁ?/gggﬁﬁgg@%@ g. %?‘%ﬂ?@ﬂ%ag’g tg%%\fﬁ@ﬁgwﬂpﬁ%%ss anal ysi s
magnet 42adjugtindriesfdbé frequendieoiepenation db stdpuboh athy(grogide fos 506h &ihgn
buncher 450) aé ﬁt@ﬂé 504. The bunEhed 'bons arigﬁ royided to one or nore
ener gi zabl e el 2R theBvention K3 been shPWnANStdesribed Ml resnesyiaapat h at
step 506. coMhiAldsPeomtdrittiniémBhiadonsSit wﬁl?BE'a%?ré&a%@%Qﬁ@@%él%m e

el ectrodes at step 510 using a variable frequency system (e.g., power
sour cé 43dteiations godinediiicationsmill ocyur thhethersesjtkattin the arhap@s thoveadisgur ce

may be ad] . 8. as .needed, in order to,provide the  desired
accel er at %ﬁbﬁaeﬁﬁélﬁﬁg;?ﬁzqé‘hgp%q,@%anoﬁp%Pweaamqﬁeg ﬁ“gy)’“?ﬂs-e'ﬂe‘?ﬂi“%\'ﬁf e

el ect r odezgardlid e wNRIUGI fAASHANS BerRSrARdd by tHWaBovHbaRibR o SRHMEREMs RF power
source at step 510 provides significant advantages over acceleration

t echni quel@ssemblies.cipviGess 6licin, systeMs, &ic.) ipederas (iosluding @ referdhos toea nor e,

2 spect 11 5 LsETISbEgEH o Breden Gy IbBO AR sl To '
ener gy i sothesmiskyndicated fd @, dympbrentwhiichi garorzanekpetified fadttist sent of

the fre ncy of, operation at step 508 nm rovi de for such tuning.
Al't hough DREESRUBRY COMPRAEN G er 18RbHTURRIPRALY @GUEIT, [ 9verdspEsh Nob

L Fura PRSI B B AERRpa s ARSI Lo o
upon t he theddireig illesithted ezemplardimplenhientatisns pettief invaritiomn larttis fegasdyiexed
R L3 e AL S AT A
the ter mhdvimy tosiplgeraexeRlitibR fRtiuetidns for performing the steps of the various

methods of the invention. In addition, while a particular feature of the invention

may have been disclosed with respect to only one of several implementations,

such feature may be combined with one or more other features of the other

implementations as may be desired and advantageous for any given or particular

20  application. Furthermore, to the extent that the terms "includes”, "including",
"has", "having", "with", and variants thereof are used in either the detailed
description or the claims, these terms are intended to be inclusive in a manner

similar to the term "comprising".
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"means") used to describe such conponents are intended to correspond,

unl ess 10 otherwi se indicated, to any conponent which perforns the

speci fi eavé®onmeuitsn of the descri bed conponent (i.e., thaPCT/&Bhusssss onal ly
equi val ent), even though not structurally equivalent to the disclosed
structure, which perforns the function in the herein illustrated exenplary
i npl enentations of the invention. In this regard, it wll also be

recogni zed that the invention includes a conputer-readabl e nedi um 15 havi ng
conput er - ﬁﬁ% table instructions for performng the steps of the various
met hods o he invention. In addition, while a particular feature of the

i nvention nmay1ihaveAhden adbél@h'ﬂ&Efﬂ)r\éﬂcbblefﬁﬁfgﬂiéhsttfav@ﬂhg afiiy # pafeieard!
i npl ement ations, such feature may be combined with one or nore ot her

features BN imMpABakRN Systep), dhe Acedleier e@mRASiNGe desired and advant ageou?]
f |
oSG e gt BRI GA EA P rgRo LRL

t her eof aspaceskflomnrores ahethet bbn@&halphdd ardescription or the clains, these
terms are |nten ed togg&incl usive in a manner sinmlar to the term

"conpri sing". 2ArspH¥ag g9ue REVEHSPHECe andAfist varialie freauenakl er at or
for accel RF%bGﬁatbPBé N-?p ﬂ%t?ér?rﬁﬁal%l@&hﬁaf P edtea'vmﬁrav@@& Bl

system the accelerato rising: a first at|ng stage’ conprising a
first seréerergidablmelegirodblir the imst smlmandpasm@nﬂrtermmnaéebntrtchéy al ong the

h; and bl.e f d t i abl
Fr equency e Sl ulifraRdng iditigaY if EMF sefishanodracarebls fsausirect d
Wi th ever RFQIWr sotifes gpé@iﬂ:@t@hmp REmdting fehlisls bf §eddrﬁt%1|@@ﬂ'e6u§ﬁ€gnd

termnal electrically connected with remaining electrodes in the

series, t#ed fampéltuclﬁaﬁq falslf@S’ffarmqe@qW terpinadmahe @dtarrteélnggmltamﬂadés abthypﬁl y
|
ALt ernat | gy BRASOL R blndsHH AU SOTLEEHET SR PRSP |00 fo the

second term nals being out of phase with one another. 2. The ion

accelerator of _claiml1l, wherein the variable frequency RF
2. The on accelerator of claim 1, wherein the variable frequency RF

power source and the variable frequency RF resonator are each adjustable in a
range from about 4 MHz to about 40 MHz.

3. The ion accelerator of claim 1, further comprising a variable
frequency ion buncher stage located upstream of the first accelerating stage along
the path, and operable to provide bunched ions to the first accelerating stage
along the path.

4, The ion accelerator of claim 3, wherein variable frequency ion
buncher stage comprises an energizable electrode located upstream of the first
accelerating stage along the path and a variable frequency buncher RF system
operable to energize the energizable electrode of the ion buncher stage at a
controlled frequency corresponding to the frequency of the first accelerating stage

‘and a controlled phase with respect to the first accelerating stage to create an
alternating electric field to provide bunched ions to the first accelerating stage
along the path.
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power source and the variable frequency RF resonator are each adjustable in
a range fromabout 4 MHz to about 40 MHz. 3. The ion accelerator of claim
1, furthavoewosandidsing a variable frequency ion buncher spepeBoveHEb®d
upstream of the first accelerating stage along the path, and operable to
provi de bunched ions to the first accelerating stage along the path. 4.
The ion accelerator of claim3, wherein variable frequency ion buncher
stage conprises an energi zabl e el ectrode | ocated upstream of the first
accelerating stage along the path and a variable frequency buncher RF
system operable to energize the energizable el ectrode of the ion buncher

stage at a cdnt r olTihedonrasgalaiator b cladplo wdiatgint thetalie matingpotentialt athe
first t] ' l ] iLth t he first
hocel or a6 g oo bAden AfPa RN orBde AN Ed Bhatrer B Ftiost Jebu T e " °

bunched ideyeésy the first accelerating stage along the path. 25 WO
02/ 054443 PCT/ GB01/ 05768 5. The ion accelerator of claim1l, wherein the
alternating potentials at the first and second term nals are out of phase

wi th one anot @r byl’k%bIBHtac%%ra@?%rfﬁﬁtﬁn 16fU|I}l?§r do(?'le‘?sﬁﬁSJ erator of claiml,

further conprising: a second accelerating stage spaced”from and downstream
of the first asendradcetayainggtgd spapedfeomaind, dovirestedam tdfehestieond

accel erating, stage , conprises a second .series of energizabl e el ectrodes
spaced frat‘fﬁg[‘?ﬁ%t"%ﬁ?ﬂ%rg?o%ﬂ @\‘?_gp@t eWPEISHD i BeePnbREAFRICKARINDAMES f requency RF
pover  solopforiad aaséc%%brté%réfaéi{e??izéb%%lﬁ&?ddé%%fé‘c%ﬁ%r%ﬁeo thet "9 @
first termnal electrically connected wt every ot her energi zable

el ect r od&long thespathcamdl series and a second termnal electrically

Vari abl o f 1 eqdetre HalBnG FEQRS B RS st end & SNy ireBRnat | ng

58? fgts :O gﬁgeiq#gﬂg% mg felsbAhtorRANFHTMEa tiestieMdihal SkcicafPbAht&ddWigauency
every other energizable electrode in the second series and a second terminal
electrically connected with remaining electrodes in the second series, the second
variable frequency RF power source being operable to apply alternating potentials
to the first and second terminals of a controlled frequency corresponding to a
harmonic of the frequency of the first accelerating stage, the alternating potentials

at the first and second terminals being out of phase with one another.

7. The ion accelerator of claim 6, wherein the first and second variable
frequency RF power sources are operable to fix relative phasing between the

alternative potentials in the first and second accelerating stages.

8. The ion accelerator of claim 6, wherein the first and second variable
frequency RF power sources are operable to adjust the relative phasing between

the alternative potentials in the first and second accelerating stages.
9. The ion accelerator of claim 6, wherein the first variable frequency

RF power source is adjustable to provide the alternating potential in a frequency

range between a first frequency and about ten times the first frequency.
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har moni ¢ of the frequency of the first accelerating stage, the alternating
potentials at the first and second term nals being out of phase with one
anot her. WO oJbra4430n accel erator of claim6, wherein the fPeBGBane7second
vari able frequency RF power sources are operable to fix relative phasing
between the alternative potentials in the first and second accel erating
stages. 8. The ion accelerator of claim®6, wherein the first and second
vari able frequency RF power sources are operable to adjust the relative
phasi ng between the alternative potentials in the first and second
accelerating stages. 9. The ion accelerator of claim®6, wherein the first
vari abl e frequthcy ThRFignaeselaratorad dlaime@lj fughabtempdsipga/vadabibe

alternati ' ' frequenc range hetween a fjrst frequency and
about er EIRRSTR Bnb R Y EE THRIGY upbPoan 3 TS i sCeelereing BgraHona 0.
The ion aheqlath 2drid oPéradlectionp ovidels dittedGOAP td ﬁier‘l‘i}sﬁac}’@élél%l?ihg dtagguency ion
buncher stage |ocated upstream of the first accelerating stage atong the

pat h, ancP'BB@F'?&FbPétht-o provi de bunched ions to the first accel erating stage
along the path. 11. The ion accelerator of claim 10, wherein the variable
frequency ion buncher stage conprises an energizabl e el ectrode | ocated

upstream of thel.fi rEte ioaceletsratorind cilimgr, alitdrgint the \Raikbiefidqdend/ ioab! e
frequency buncher RF system operable to energize the energi zabl e el ectrode

of the i GHNAIRERIAISSOAYYISES an eppraizahle eleatiodglerrigd cpstrespuaithadirsto t he
frequenc L I r ol ith
resgect %éo&ﬁﬁargﬁ?é lgt’:a@gccel #rgét ?éntlgn%]t‘];éﬁgﬁ %b%?geacﬁjee%agtbugllcb §?ﬁ§$’f§$€ l ectric
fiel d toqpasebledotanecdize theasetgiratie efdotrotdeat tied mrabintheststafe aphong t he

"n a1 o AREERNY ) toatanaing e Feqdihsy S ane IS Avge SR fge at | ng

stage COMENd & cBAfroMSEPIRAsIMILS rESE e AR firse 'a@@éléféglﬁg 4 P@Eﬁ?alt? ag the
odes ar a

path; and two or nore constant potential electr ange ong the
pat h alternating electric field to provide bunched ions to the first accelerating stage

along the path.

12. Anion accelerator for accelerating ions traveling along a path in an
ion implantation system, the accelerator comprising:

an accelerating stage comprising:

one or more energizable electrodes another along the path; and

two or more constant potential electrodes arranged along the path
with a first constant potential electrode located upstream of the energizable
electrodes, and a second constant potential electrode located downstream
of the energizable electrodes, wherein the constant potential electrodes are
spaced from adjacent energizable electrodes to define accelerating gaps
therebetween;

a variable frequency RF system electrically connected with the energizable
electrodes and operable to apply an alternating potential of a controlled frequency
in a range between about 4 MHz and about 40 MHz to the energizable electrodes
to create alternating electric fields in the accelerating gaps in a controlled fashion

in order to accelerate ions through the accelerating stage along the path; and
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with a first constant potential electrode |ocated upstream of the

energi zabl e el ectrodes, and a second constant potential electrode |ocated
downst r eam® 0D654843e ener gi zabl e el ectrodes, wherein the copeT/aBOI/ETbENt | al
el ectrodes are spaced from adj acent energi zabl e el ectrodes to define
accel erating gaps therebetween; a variable frequency RF system
electrically connected with the energi zable electrodes and operable to
apply an alternating potential of a controlled frequency in a range

bet ween about 4 to.the,energizable electrodes to
create alterna ivggégﬁer@?#e%%&i' '?8%%’36&%@93&%0@?%3&915 %araéﬁgﬁ?n a controlled
f ashi on ammldﬁngtsna@@abhgrtﬁé atmhd dirasfe folfrotetupicAbieh$igR al ong
the path; and 27 WD 02/ 054443 PCT/ GB01/ 05768 a variable frequency ion

buncher s# labpgsiroeaonadhapaih.t he accel erating stage al ong the path,
and operable to provide bunched ions to the accelerating stage along the
path. 13. The ion accelerator of claim 12, wherein the variable frequency

lon buncher stage Theyon sesclamt@nsfragairabR ewhbemt tedeadatefredudRsy fgram of
the acc Ier(‘g{ﬂi ng sta&rgI al ongl thegﬁath and a variabl e frequency buncher RF
system opHIASS1AGF EXNBPYPS AR RBCEH ke 2itteody losatedaersirearmer then buncher

stage at gecelératinglstask 5@%@%@ UtFaR %Wfé‘ﬁlé‘ﬁﬁ&&eﬁ Lgﬁcg‘q(;'évﬁ‘]l-ggyé%é {he

accel erating stage and ontro phase w respec e erati ng
st age to eperable tererwrpizertheiengrgizdldetaléatrddecdithaliompuhtieersthe ald. The ion
accel erator.,of, cgl.aim13. wherein.th aripabl e freguenc _system of the
accel er at %90419%590&1&%}%083?580%?9i%he *rPQHﬁ'éWC‘Q% aﬁ%ﬁgﬁ ating slege and
adj ust abl £ contralldPPEEsd RHIREED R B! thet abdbdle At g ARAYY 1Ot 1A j abl e
frequency resonat o!r9 adj ustabigbe in a range bet \%eeﬂggahoute 4 ﬁf—’iz gﬂqﬁg@out 40
M. 15. 9daclrigrieldalangrthedath.or accel erating ions traveling along a path in
an ion inplantation system the accelerator conprising: a first
accel erati ng stage conprising:

14.  The ion accelerator of claim 13, wherein the variable frequency RF

system of the accelerating stage comprises a variable frequency RF power source
adjustable in a range between about 4 MHz and about 40 MHz and a variable

frequency resonator adjustable in a range between about 4 MHz and about 40
MHz.

15.  Anion accelerator for accelerating ions traveling along a path in an
ion implantation system, the accelerator comprising:

a first accelerating stage comprising:

a first energizable electrode along the path; and

two or more constant potential electrodes arranged along the path
with a first constant potential electrode located upstream of the energizable
electrode, and a second constant potential electrode located downstream
of the energizable electrode, wherein the constant potential electrodes are
spaced from the energizable electrode to define accelerating gaps |
therebetween; and

a first variable frequency RF system electrically connected with the

energizable electrode and operable to apply an alternating potential of a
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a first energizable el ectrode along the path; and two or nore constant
potential electrodes arranged along the path wth a first constant

pot ent i awebretngde | ocat ed upstream of the energi zable PBCEGBOUWIES and a
second constant potential electrode |ocated downstream of the energizable
el ectrode, wherein the constant potential electrodes are spaced fromthe
energi zabl e el ectrode to define accel erating gaps therebetween; and a first
vari abl e frequency RF systemelectrically connected with the energizable
el ectrode and operalteiréQuaiy %oﬁﬂm@hﬁﬂéﬁ@tdr@&emﬁé?ﬁéﬂl@ eRktrR fietds MO

02/ 054443 PCT/ GB01/ 05768 controlled frequency and anplitude to create

al ternating el ¥ ageelerading gaps in erponiioded éastiomin gedss to acaeletaie iens ed

2t ong the pat niraedh BEFREbARkARE sodkt BRHL DRI & cocona

ener gi zabl e el asecode aabelegattdgestagélaom@lrtgf\n or nore constant potenti al

el ectrodes spaced fromth energi zabl e el ectrode along the path to define
accel erating gaps ®IFeFeBRERSEdzakiAslectisentlang dhe aBths andequency RF system
el ectrically connec and operable
to apply an alter naﬁg%ﬁ?&“?@?ggféﬁlggﬁt& ?gﬁﬁgé Eg&é?&t&;ﬁﬂﬁand a
controlled freqmmgmble:efao@sﬂeralomggtheopaihhard@ﬁnecaonéletrdamg gesgiency of the
first acceler create alternating electric fields in the
accel erati ng gé‘p%&? W§ E‘oﬁf‘aol led fashion. 16. The ion accel erator of
claim15, further ceEBEbsH R}gnéb!éefféq%@n% Ffl'-" )ﬁéi@ﬁ?élebﬁf&aweﬁﬁﬁéctéﬁm

| ocat ed upstream of and providi ng unche rst accelerating
stage al ong t hi@epsaoendienergizablecelecireds endtooera‘ﬁle(tdn applyl®) alidreating vari abl e

frequency ion el S onprises an ener g bl e el ectrode Iocated
upst r eam of th%&fq‘ﬁﬁ 3t & b8 Hfolfe mpﬁ de ANdE Eo I?ecJ feequenc

corresponding to a harmonic of the frequency of the first accelerating stage

to create alternating electric fields in the accelerating gaps in a controlied

fashion.

16.  The ion accelerator of claim 15, further comprising a variable
frequency ion buncher stage located upstream of and providing bunched ions to

the first accelerating stage along the path.

17. The ion accelerator of claim 16, wherein variable frequency ion
buncher stage comprises an energizable electrode located upstream of the first
accelerating stage along the path and a variable frequency buncher RF system
operable to energize the energizable electrode of the ion buncher stage at a
controlled frequency corresponding to the frequency of the first accelerating stage
and a controlled phase with respect to the first accelerating stage to create an
alternating electric field to provide bunched ions to the first accelerating stage
along the path. ‘
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accelerating stage along the path and a variable frequency buncher RF
system operable to energize the energi zabl e el ectrode of the ion buncher
st age at wO opawu43ol | ed frequency correspondi ng to the freporoesyl/af’es he
first accelerating stage and a controlled phase with respect to the first
accelerating stage to create an alternating electric field to provide
bunched ions to the first accelerating stage along the path. 29 WO

02/ 054443 PCT/ GB01/ 05768 18. The ion accel erator of claim15, wherein the

first and secoigl varieineaddefsrassrcor dinsy: ,tv?rﬁ@reﬁ{]ﬁeofﬂﬁf ?pgﬁgggnéi X relative

phasi ng between the alternative potentials in the firs Second
accel er atVaitpbia tigegencydiF Bystanos ase operable tor fbofelative phdsing bleewedmttene fir st

and seco i friequency RF syste are operable to adjust the
rel ati ven%hea{é?ﬁ]‘}fa&%)tg?wg% ﬁ?%@ﬁ@é‘?ﬁ&@% aﬁB?'@Fﬁﬁm agRSt he first and
second accel erating stages. 20. The ion accelerator of claim15, wherein

the first and second variable frecguer]cy RF systens are adjustable to
provi de al t er ni nglsoioaraqcgieratar & clgimethuavitsreinathgdirsaneeacend i r st

frequenc [ ' requenc 21.. The ion accel erator
of cl ai myvlﬁfé%l e(?@‘it'enr{cs hr%'tzfs yggétrﬁgﬁﬁé éé%%ﬁ’jne @g?qﬁgﬁytgefrﬁéaéwgrpagsm syst ens
each conrétween thaultedpativé petranrgy infRfe¥eind S6utritPaddtieting stadte
frequency resonator, wherein the variable frequency RF power source and

the variabl e frequency resonator are each adjustable between about 4 M&

and about 40 M. e iBR #&@lérg%%}:%;n%’mﬁr?@ tﬁ8'ﬂ?§i iﬁ@?%%‘g{h i on source

operable to direct charged 1ons having an ener gy a path; an
i on accelvariabl fréquermy e eysicnmg atehadjabtabietd provkief dlterbtiey bbtdnitials iarer gy
to a secqnd ener al on&(the [?_at t} the ion accelerator conprising: a first
accel er at'| ' COPU FANRRBMes R NistiTeqiiengy and about tarliges dhe dirstdrestienses
spaced from one another along the path; and a first variable frequency RF
power source and a first variable

21.  The ion accelerator of claim 15, wherein the first and second

variable frequency RF systems each comprise a variable frequency RF power
source and a variable frequency resonator, wherein the variable frequency RF
power source and the variable frequency resonator are each adjustable between
about 4 MHz and about 40 MHz.

22.  Anion implantation system comprising:
an ion source operable to direct charged ions having an initial energy along
a path;
an ion accelerator for accelerating the charged ions from the initial energy
to a second energy along the path, the ion accelerator comprising:
a first accelerating stage comprising a first series of energizable
electrodes spaced from one another along the path; and
a first variable frequency RF power source and a first variable
frequency RF resonator comprising a first terminal electrically connected
with every other energizable electrode in the first series and asecond
terminal electrically connected with remaining electrodes in the first series

the first variable frequency RF power source operable to apply alternating
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frequency RF resonator conprising a first termnal electrically connected
Wi th every other energizable electrode in the first series and a second
term nal vedewoyitasal | y connected with renaini ng el ectrodesPCTVGBaB0F768 St
series, the first variable frequency RF power source operable to apply
alternating 30 WD 02/054443 PCT/ GB01/ 05768 potentials of a controlled
frequency and anplitude to the first and second termnals, the alternating
potentials at the first and second term nals being out of phase with one

anot her; an_engofdnibisoft PBSHRAIC foq R/ dNamptRIRbIAE 3G driile iy 9
ions accelerated to the secon ene‘?gy I'mpact P e wWor kpr ece; and &
control | er opeterminasythemitesnatit potentinlseatithe fist lamdf seegnenteymiRalsysingm t o
control the fr§ﬂ{,1e and. ﬁmﬁl itude of the alternating potential. 23. The
i on inpl antati g@aeq%\gqt ONGiqNO3CT f urt her conprising a variable

frequency ion &H %@%aﬁérﬁ@ﬁeﬂa‘%@?&ﬁoé{ﬂéﬁ qukﬁ%cb% fhiaf éﬁaf’q%g‘%{)ﬁé ating

stage along the path, and operable to provide bunched Ions e first
accel er at peRpletaie® talhengpaond enargy impactthe Warkpiespl and at i on system of claim

23, wherein vargi ion buncher stage,copprises energi zabl e
el ectrode | oca 5@%@!‘%’@%&8@@“)’HQR“FF@&W@EUB% \é%?tq?%g'ggi‘ﬁagy E‘?o?yﬁ'??’ﬁéopat h
and a var tamrsl the é@qesayy bho ehgsiitile of i Sr8rARRIABbRNtIAI, ener gi ze the

energi zabl e el ectrode of the ion buncher stage at a controlled frequency

corresponding to the frequency of the first accelerating stage and a

control |l ed phasg w £ : i atl Q create an
alternating el gg't ri EH? il@'fwgn%a?lgbﬁg{ébrhﬁ ﬁ%ﬁ'ﬁ@ﬁﬁ@?ﬁ@?ﬁﬁ@é a

accel er at variplde diggueatyity bureheristagocattl upsirdambatiefiisoacsdlstgifg
conprising; an.on source o erablei to direct charged ions having an initial

energy al DAge AOPAING PaIR, rEad operahle te Prrvide pup wngttp dlage fikd char ged ions

fromthe gégéé@lﬁng@%gyabhg tﬁe%%‘?r?.nd energy along the path, the ion
accel erator conprising:

24.  The ion implantation system of claim 23, wherein variable frequency
ion buncher stage comprises an energizable electrode located upstream of the
first accelerating stage along the path and a variable frequency buncher RF
system operable to energize the energizable electrode of the ion buncher stage at
a controlled frequency corresponding to the frequency of the first accelerating
stage and a controlled phase with respect to the first accelerating stage to create
an alternating electric field to provide bunched ions to the first accelerating stage
along the path.

25.  Anion implantation system comprising:
an ion source operable to direct charged ions having an initial energy along
a path;
an ion accelerator for accelerating the charged ions from the initial energy
to a second energy along the path, the ion accelerator comprising:
a first accelerating stage comprising:

a first energizable electrode along the path; and
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a first accelerating stage conprising: a first energi zabl e el ectrode al ong
the path; and 31 WO 02/054443 PCT/ GB01/ 05768 two or nore constant

pot ent i awebre4ngdes arranged al ong the path with a firstPCDGBOHOTT68
potential electrode |ocated upstreamof the energizable electrode, and a
second constant potential electrode |ocated downstream of the energizable
el ectrode, wherein the constant potential electrodes are spaced fromthe
energi zabl e electrode to define accelerating gaps therebetween; a first

vari abl e frequency RF syste I | cal connected wth the epergizable
el ectrode and operabl e t@ka‘?p@?%{’ﬁ%‘?ﬁ ﬁ%t.[epﬁaleegg%té%%msa@r.rapg%d ?E’&W[%SI | ed
frequency and anpl ipathevitroa tirstaiohistdrt pobeHtianleetoab lodatbd *lpdfrebf oft he
accelerating gaps in a controlled fashion in order to accelerate 1ons

through the first RDiEakls elgckedgcand asgcond cpastant paientakeleotidde

accel erati ng stage | RwWHEL d ' I C e along the
path; and two or m)lrsgéfc%gr@t antre%gﬁgﬁﬁ%a?ﬁ%}gg%bﬁgglggtrgég’c‘&*ég%%ﬂ?e[ he
energi zabl e el ect r czbmstdnipyteritial piadirddesdaé ispaced teheirrs émérgibie

t her ebet ween; and a sec%%cjit riable freguency RF systemelectrically

connected with the"jlg%t{: o\é fing acgRler ne@arsdacrargtwpRiiabl e to apply an
al ternating potentd st %r_i&olﬁ(?%c{%@n'cyq%@@%tbﬁi’%@cﬁf&gyfﬁﬁﬁé&gb \ath {hreequency
f the f enhcy of the I'ng

corresponding to a harnonic o equ rst accelera
stage to creanergizeblerglectnedehnd tapiecalile éb dpplyran akermatieg @otdritizg opaps in a
controlled facs

Chat char ged | SALOIed B8RP a0EHRH SPENEREE Eoripabimalepat ng ot s s Rpi oce:
and a control lthe eBelkfdtingedapsRNAEehRslel fakhidnan \EeAR seddisanerms RF
systemto control the frequency and anplitude of the alternating
potenti al . through the first accelerating stage along the path; and
a second accelerating stage comprising:
a second energizable electrode along the path; and
two or more constant potential electrodes spaced from the
energizable electrode along the path to define accelerating gaps
therebetween; and
a second variable frequency RF system electrically connected with
the second energizable electrode and operable to apply an alternating
potential of a controlled amplitude and a controlled frequency
corresponding to a harmonic of the frequency of thé first accelerating stage
to create alternating electric fields in the accelerating gaps in a controlled
fashion;
an end station operable to position a workpiece so that charged ions
accelerated to the second energy impact the workpiece; and
a controller operatively connected with the variable frequency RF system to

control the frequency and amplitude of the alternating potential.

26. A method of accelerating ions traveling along a path in an ion
implantation system, comprising: '
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26. A nethod of accelerating ions traveling along a path in an ion

i npl antation system conprising: 32 WO 02/ 054443 PCT/ GB01/ 05768 providing
a plural wgopbs4esser gi zabl e el ectrodes spaced from one anoPOBIGBINOTES | €S
along the path to define a plurality of accel erating gaps therebetween; and
creating a plurality of alternating electric fields in the plurality of
accel erating gaps using a variable frequency RF systemelectrically
connected wth the plurality of energizable electrodes. 27. The net hod of
claim 26, wherejn: g ing,.th |uraljty of alternati electric fjelds
conpri ses appl@'{oggqrﬁgbl‘frgpw&?ieﬁ‘&r%%?@%t?Iﬁ?tr%qesasi?ﬂﬁ?fﬁg‘?méﬁ’ef‘?'%‘Ef ehty and
anpl i t udesdrizstdlengthe pintty déffin@r@bmirélﬂgb?aéé@é?dtﬁ@%ﬁﬁh@geﬁbt%éh%(?
frequency RF power source and a variable frequenCy resonator electrically
connect ed wi t teregheg pialralitytaf alfereatingelestricdieddeirt theduyralinBof The met hod of

| ai m 27, Lsi.ng; | i ly DC i b
s ng. an 3siqratha BEBRUEWyalE HABCHRT Y Tk ARRFRALY Fopediftner 1o
t he pl ur akith theoplueality of emdrigizabid ekictrodes. al ong the path. 29. The nethod of

claim 27, further conprising adjusting the frequency of the variable
frequency RF power source in a frequency range, wherein the frequency

range incl udes%ﬁ fiTrfér nie'il?dﬁ@f"@légﬁ%, Wh%?éiﬁ%?éft%goﬁﬂebp%%ﬂpofig?&ﬁaﬁﬁf and

ten times the first equency.
electric fields comprises applying an alternating potential of a controlled frequency

and amplitude to the plurality of energizable electrodes using a variable frequency
RF power source and a variable frequency resonator electrically connected with

the plurality of energizable electrodes.

28.  The method of claim 27, further comprising:

bunching ions from a generally DC ion beam using an ion buncher; and

providing bunched ions from the ion buncher to the plurality of energizable
electrodes along the path.

29.  The method of claim 27, further comprising adjusting the frequency
of the variable frequency RF power source in a frequency range, wherein the
frequency range includes a first frequency and frequencies of between about one
and ten times the first frequency.
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