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are disclosed for accelerating ions in an ion inplantation system An ion
accelerator is provided which conprises a plurality of energizable

el ectrodes energi zed by a variable frequency power source, in order to
accelerate ions froman ion source. The variable frequency power source
allows the ion accelerator to be adapted to accelerate a wi de range of ion
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generally to ion inplantation systems, and nore particularly to methods
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more particularly to methods and apparatus for improved ion acceleration in an

ion implantation system.

BACKGROUND OF THE INVENTION
In the manufacture of semiconductor devices, ion implantation is used to
dope semiconductors with impurities. A high energy (HE) ion implanter is
described In U.S. Patent No. 4,667,111, assigned to the assignee of the present

invention, which is hereby incorporated by reference as if fully set forth herein.
HE lon implanters are used for deep implants into a substrate in creating, for
‘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 MeaV.
Referring to Fig. 1, one lmplement_gtlon of high energy ion implanter 10 is

-illustrated, having a terminal 12, a beamliﬁe éssembly 14, and an end station 16.
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

80 in the end station 16. The ion beam 24 is conditioned by the beamline
_assembly 14, which comprises a mass analysis magnet 26 and a radio frequency
(RF) linear accelerator (linac) 28. The mass analysxs magnet 26 passes only ions
of an appropriate charge-to-mass ratio to the linac 28.

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




dope sem conductors with inpurities. A high energy (HE) ion inplanter is
described In U S. Patent No. 4,667,111, assigned to the asskgmeedt the
present invention, which is hereby incorporated by reference as if fully
set .forth herein. HE ion inplanters are used for deep inplants into a
substrate In creating, for exanple, retrograde wells. Such inplanters
typically performinplants at energies between at |east 300 keV and 700
keV. Some HE ion inplanters are capable of providing ion beans at energy
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amount of space in conventional ion implantation systems. Thus, there remains a

need for improved ion acceleration apparatus and methodolog:es to facilitate low

cost, simplified ion lmplantation systems,

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 sudh a
- system, which reduce or overcome the problems and shortcomings found in
- conventional accelerators. In particular, an ion accelerator is provided, comprising
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 accelerats a wide range of ioh species to desired energy levels for
implantation onto a workpiece. The single power source reduces the cost and
' Qomp!e)dty of the ion accelerator and associated controls compared with




proper acceleration of ions through the entire accel erator 28. Thus,

sophi sticated controls and/or trial and error nethodol ogi eg gs&ogmgnmonly
enpl oyed in order to tune such nulti-variable accelerator systens 28 for
specific acceleration energies, and for specific ion species. In addition,
the provision of nultiple fixed-frequency anplifiers associated with

I ndi vi dual accel erating stages 28a-28n is costly and such dedi cated
anplifiers and associ ated resonator circuits occupy a significant anpunt
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' 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 systemé are required (e.g., such as a high
| 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 o tune ion implantation systems. Where
-multiple accelerating stages are used, or where a buncher stage is provided, the
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 energizea .
- series of energizable electrodes, the system cost and size are significantly




accel erator stage or stages may conprise constant potential (e.g.,

grounded) electrodes interleaved between the energi zabl e elzggidngdss, where
"the RF system energizes-all the energizable el ectrodes in phase wth one
another. Alternatively, alternating energizable electrodes can be
connected to a first RF systemtermnal, wth the remaining el ectrodes
connected to a second termnal, for Instance, such that adjacent

energi zabl e el ectrodes are energi zed 180 degrees out of phase. The
accelerato?eggédalso coympti se a variable frequency buncher stage | ocated
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w: th the é%%@%ﬁi@&h‘f@!iﬁdﬁﬁﬁ@@c'%ﬁﬁg aeaeleratigneenatgy levelsc Forset up and/ or

t uni ng st i instarcepthbipewerlsourse A e éaﬁjstm-fnea ra?:%@‘ﬂffl’dﬁ%ﬁ 78 15BY have- been

limted ig their a iIitX to support "a w de range o on specCi es and ener gy

level s (edMeSQAVENJTGIHENY SpPleRS fromiahout 4 Mtz to about 4@ MM 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 implaniation systems and linear
'y 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
position a workpiece so that accelerated ions impact the workplece, 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 initlal accelerating stage. Yet another aspect of the invention -
involves a method of accelerating ions in an ion implantation system. The method
comprises providing a plurality of energizable electrodes spaced from one another.
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I ndi vidual resonators and fixed frequency anplifiers), the present .
invention o provides an accelerator with fewer systemvariables, which is
adaptable to support a w de range of ion species and energy |levels. The .
vari abl e frequency power source, noreover, nay be adjustabl e 28Qun@2@s de RF
energy to the energizable electrodes in a frequency range appropriate to
~support conmonly used ion species and accel eration energy levels. For s
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I mplantatio L&l an,i accel erator as descri bed. above
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e
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accel erated 1 ons Brsd t the workpiece, and a controller operative to

control t ha fistaetdemtiog Sﬁgd/mmpﬁgihgbfﬁgt%bﬁ@géwléeiecﬂ%@eé Lagtation
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met hod co L ses eri din lurality of energi zabl e el ectrodes spaced
from one a%g{skg?"aﬁg W%ﬁmrﬁ(’h‘%ﬂ%@ﬁﬁt varighle frequencyRF appl yi ng an
al t er megdnatpr poinprising b fifdt e bleltics aLen ' t he
pl ur al 'it f. ene l"1€abl e el ectﬂ)des E}’sﬁrﬁ a vmﬁgﬁﬁgﬂ%ﬁ@%% power
sour c& %cﬁo@q @gﬁe 5& siesanda second terminale Hy ¢anmiedtedatitrrgmziningoat h,
wher eblectrodss intite firsCsgies! m&é}ﬁ : i a, first
aspect, of theI i, nye tion?’tﬁg%%s pr ov (?@ EEW@@@%@&@&tB%PW
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one another.

In accordance with a second aspect of the invention, there is provided an ion
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, each energizable
electrodes being spaced from an adjacent energizable electrode in a direction
paralle! with the path; and

two or more constant potential electrodes arranged along the path with a first
cconstant 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 altemating potential of a controlled frequency in a range

" between about 4 MHz and about 40 MHz to the energizable electrodes to create altemating
 electic fields in the accelerating gaps in a controlled fashion in order to accelerate ions
5




a first accelerating stage conprising a first series of energizable

el ectrodes spaced fromone another along the path, each energizable .
‘el ectrode being spaced from an adj acent energizable electrode in a
direction parallel with the path; and a first variabl e frequesdunddbopowner :
source and a first variable frequency RF resonator conprising a first

termnal electrically connected with every other energizable electrode in
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in an p%er@]t%? U AcsElemting iansdravelingalong agagh iarasvion implantetionsystematbeel er at i ng

st age aceai@ratar cogiprising. or nore energi zabl e el ectrodes another along the
pat h, each ner | zabl e el ectrodes being spaced from an adj acent
ener gi zabl% gstage@pmmngan parallel with the path; and two or

const Sﬁ[‘séﬁ?tenﬂ'?’”@'}@%t e ecBoge B G BN, e chergi zabl e
el ectr odes, andWQ Ofﬁmmnﬁ@mmlabdeﬁmdealanahged alodg theopathevthdofsist r eam
are spaced fAtbliaRlerEiebi S Iontod Bl B F B ReRMhE PRAI R, 2BV Er ot  ng
gaps t her &seonvkeonstant patentitlieledinoda dtmatad Whmﬂﬂh@@rﬁélgﬁalblé)etewﬁd@ﬁ ed
potent 1 a1 "B §RsPLBORH I BERG oL e sPrgutos Bk ederdizeBaciorine " and
about 40 Nodefire adeelerating gaps therelsdtwedn; Q‘ﬂlﬂs t 0 create alter nat ing electric
rcoel orate | ond BB FoaGHEY RATsGie asicabiarepaen nghdbage al ong ¢ he
g?fzgi e?QS ieae%agwmal o ;atﬂé td) 092 ragélﬁlgﬂrt] ob&?@?ﬁﬁ&fa%én |O](c)nts hfo
t he accel %gfi ﬁ.pc{gﬂa rﬁatlng electric fields in the accelerating gaps

ina oontnolled fashion in order to aooeierate tons 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
~ asecond variable frequency RF system electrically connected with the

second energizable electrode and operable to apply an altemating potential of a

controlled amplitude and a controlled frequency comresponding to a harmonic of the

frequency of the first accelerating stage to create alternating electric fields in the

aooelerating gaps in a controlled fashion.

In accordance with a fourth aspect of the invention, there is provided an ion
- implantation system comprising:

an ion source operable fo dlrect charged ions having an initial energy along a
path;

an jon 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
- ba |




In accordance with a third aspect of the invention, there is provided an
ion accelerator for accelerating ions traveling along a path in an ion
inplantation system the accelerator conprising: a first accelerating _
stage conprising: a first energi zabl e el ectrode al ong the patdgJusg@hboswo or
nore constant potential electrodes arranged along the path with a first
~constant potential electrode |ocated upstream of the energi zabl e el ectrode,

and & second celaats seno ofd siiadrstie s, daneiatame’ the

energi zabl e el ectrode, wherein the constan - es are
spaced from t he®BHENR being spaged o aa adjasentenergizable elesirade ing dirsption

t her ebet ween,; a’ﬁﬂaﬁeﬁrﬁﬂﬁﬁ ' e frequency RF systemelectrically
connected with the energ??gﬁgmel ectrode and operable to apply an.
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energi zable e iR Emh ?OQL% [ r nst. potentia

el ectrodes spacedh roma‘{nﬁe ene(rIan ' za nggp’eth%ﬁ§g§e@§%0ﬁ]§ﬁ?§l¥§"%@?h to define
“accel erating gdfesueney BE@ower aouree dperabledo agply altémbtireg potenfisisohia RF syst em
electrically c &pfredéd ' l,ect rode and operabl e
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control | ed freditemaling poicatipls atithedirstand sesondtermirefls béiag ofit sfphasswitef t he

first accel eratj,a e to create alternating electric fields in the
accel erating gaps 1n a’controlled fashion. In accordance with a fourth

aspect of the- i nvaentendstatibheperdbie forpositided workpiese so thiat @‘mgéd iofis system
conprising: an_.of ? rabl e to direct charged ions having an initial
energy al ong a pa?%é{%tﬁ%% SNEFY IgPagishe %?Fag the charged ions
fromthe initial amcenyyllerbpertively ontheeaivith the WasabIO Refiindy feph
e A O bl fahy) et S0 oftFe Shéaurg pteniat ® @ S
In accordance with a fifth aspect of the invention, there is provided an ion
implantation syster comprising:
~ an ion source operable to direct charged fons 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 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: a first variable frequency
RF system electrically connected with the energizable electrode and operable to apply an
alternating potential of a controlled frequency and amplitude to create alternating electric
. .'ﬁelds in the accelerating gaps in a controlled fashion in order to accelerate ions 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 altemating potential of a controlled
5b -




28 June 2005 el ectrodes spaced fromone another along the path, each
ener gi zabl e el ectrode bei ng spaced from an adj acent energi zabl e el ectrode
in a direction parallel with the path; and a first variable frequency RF
power source and a first variable frequency RF resonator CoOZpUimizngs a
first termnal electrically connected wwth every other energizable
electrode in the first series and a second termnal electrically connected

with aephiude apd el cptroRdEFequantf& hdiﬁng §ﬁ?nﬁ$}ﬁc {Jf.tﬁéfrecgl?éric?ﬁk

freqU@%{: Wr source operable to ap l)p/i alternating potentials of a
contr SRAP rieateplitemating eleciria delds intheasgelemtibg gapsimanal s, t he
al t ergoritioligd fezhiont | al s at the first and second termnals being out of phase
with one another _an end statiqQn operable to position a workpiece so that
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contrtdﬂqersem@ﬁérgﬁmp&pﬂu@%rﬁﬁe@é; the variable frequency RF system to
control the fre(ﬂuency and anplitude of the alternating potential. In
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I ons having an initial energy a?ong' a path; an ion accelerator for

accel er al iR BoddartdANE Mo\ MIFadscRbt 8 ihBhicrR Inda R KBy GRS ener oy

along the path, the ion accelerator conprising. ting stage
conpr9fachglerating janstravglingrlong)a path is anrenlimplindatipn systepra icompeisidgt wo or  ror e

const ant hal Loct [ n he path with a first
const ant gfﬁ%’ﬁﬁﬁ‘?%lp'%'?'g@?f G606 bR i iR Aholflerih Sse”
el e_ct@'@’d@, eqath i@ dafioe adlurelity obadcelentingtgaps theretsdtwede, dndcat ed downstream  of
t he enerqgi . ei,n_t.h onst an teptial electrodes are
spaced from E hg aﬁﬁ%ﬁ@%ggg?;ﬁ@@f%@%a ﬁe'ﬁﬁ "Hé'?iﬂtlf{gﬁt Bgf"é?eéﬁfﬁw qpRSs
t her aisingmeeariable fréquency RFisyblem électrcip esnnddtedswit #18 ARy of 6Rérgisasignnect ed
wth ‘%I&gll,oﬁggrgl zabl e el ectrode and operable to apply an "alterhating

n

pot e “a controlled frequency and anplitude to create alternating
electric fields in the accelerating gaps in a controlled fashion in order

and . secdn e BRETRIBhMAG ot foreasig o] fptodoads dreinuarioni 2ab! e ol bot rode.
al ongotripfisgeatht fetafbsthPeiRAREFRIIF deRBABc Bnd particulary pointed out in the claims.
- The following description and the annexed drawings set forth in detail certain illustrative
aspects and implementations of the invention. These are indicative, however, of but a few
of the various ways in which the principles of the invention may be employed. Other objects,
advantages and novel features of the invention will become apparent from the following
detailed description of the invention when considered in conjunction with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
. Fig. 1is 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 accelelatbr having sirigle 20

electrode accelerating stage;

Fig. 4 is a perspective view of another portion of the ion accelerator of Fig. 3,
iliustrating several single electrode, double gap, accelerating stages with a plurality of
dedicated fixed frequency RF amplifiers; |

Fig. 5 is a perspective view of a portion of an exemplary ion accelerator having a
' 5C




potential el ectrodes spaced fromthe energi zabl e el ectrode al ong the path
to define accelerating gaps therebetween; and a second vari abl e frequency
"RF systemelectrically connected with the second energizable el ectrode and
- operable to apply an alternating potential of a controll ed 52828Bnd2008 2005
~anplitude and a controlled frequency corresponding to a harnmonic of the
frequency of the first accelerating stage to create alternating electric
- fi el dewliiple electrode;Imultiple gap geqsleratorhavirgyy E@Hll@bfﬂéélbbt@ﬂ fixed fridfeyidyat i on
opera% @ p$| tion a workpiece so that charged ions accel erate to the
second” energy T'npact the workpiece; and a controller operatively connected

with the vari e6 s t
abiget Isepprepaiivéiies\of bBriich GFaRl@mpldnnt EcBad @&%a@[hgh aspect

anpl i tude alternati otentlal .ln accordance
of the |n9}§{ﬁhw] ‘ﬁ W&aﬁ? *‘ée@%’@ﬁ vargbledtequencyrayer sorterg i ons
travel i ngacuosdance witiidh aspedtoftigdp lb%éhﬁﬂiréﬁﬂoﬁ” system conprising:.

providing a plurality of energlzable el ectrodes spaced from one anot her in
series along the path to define a plurality of accel erating gaps

t her ebetween; and creating a plurality of alternating electric fields in

t he pIurallty of accelerating gaps wusing a variable frequency RF system
electrically connected with the plurality of energizable electrodes. To
-the acconplishnent of the foregoing and rel ated ends, the invention
conprises the features hereinafter fully described and particularly pointed
out in the claims. The follow ng description and the annexed draw ngs set
forth in detail certain illustrative aspects and inplenentations of the

i nvention. These are indicative, however, of but a few of the various ways
in which the principles of the invention may be enpl oyed. O her objects,
~advant ages and novel features of the invention will becone apparent from
the following detailed description of the invention when considered in
conjunction with the drawi ngs. BRI EF DESCRI PTION OF THE DRAWNGS Fig. | is
a schematic block diagramillustrating a high energy ion inplanter having
an ion accelerator, Fig. 2 is a schematic dlagran1lllustrat|ng a
conventional ion accelerator nodul e
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havi ng a dedicated fixed frequency RF anplifier, F|g 3 is a perspective
view of a portion of an ion accelerator having single 20 ehkgglSR68
accel-erating stage; Fig. 4 is a perspective view of ‘another portion of ‘the
i-on accelerator of Fig. 3, illustrating several single electrode, double
gap, accelerating stages with a plurality of dedicated fixed frequency RF
anplifiers; Fig. 5 is a perspective view of a portion of an exenplary ion
accel erator having a 5c 28 June 2005 nultiple electrode, multiple gap

accel erator havg it di cat ed ed fre ncy RF anplifiers;

Fig. 6is.a persg |é3ée&\rt/'|8é%v%qeé! gﬁﬁ"{‘."éﬁwe“raﬂ?ﬁ‘%ﬁé E’W'Oﬂon accel erat or

~having a pmﬂi@ratoriaauﬁgarphn'gityaﬁém@mkrm?daﬁﬁrgsgm%aweequencgd 28
t t t t t

Bune. 2005 TEAchey BE8L SERGT nihchpreBiing %ﬁ%m%psqq?mrfégé‘m%ﬁé‘m‘e%nm ary

i on accel eratorFign.aﬁA is@ plotaif eieiplayy vditagdeindifreabifoy ) ar@dﬁpeﬁ‘ct' %\? ;Jﬁg with a

vari abl C r _source in cordance with an
presentgl nven?’#iﬂ\é’peﬁew %%qweﬂy'g}lﬁﬁﬂ"‘@ﬂml ary vol tage and frequ_ency

oper at i ng. cur \ g, famsaSplot&ifem B pERaS WW
i nvention; FE g 8B is. a, rgl ot %g. exerrpl ary povver requency operatl ng
~curves for'ag P {0 fpepig | faance with e fivanian; wi t h the i nvent i on Fig. 9A

i's a sectional F. @A:@h%%aidrﬁnsuuéémvﬁﬁorﬁﬁe#v%agg&\% .t- P f e?e”p' ary
IS a sectl ona ron .

variable frequ ?nc¥ ?x resonator, s

el evation %eﬂwad!r "["f?&q{ﬁ?ﬂ%%f’% csescmtpn resonator of Fig. 9A; Fig. 10

is a sghemati c cl udi ng an
Fid. bs%é%wanamoxﬁ%lé\@m g}a@h@ *og %gc?éfg?r%:ﬁdg‘aga g

exenplary ion accelerator having a p el ectrodes and
a vari ablrﬁsqrﬁa&ﬁ ﬁ@y /ﬁmwer source in accordance wi th anot her aspect of the

s invention; Fig, 10is a schematic illustration of an ion implantation system including an
exernplary ion accelerator having a plurality of energizable electrodes and a
~variable frequency power source in accordance with another aspect of the
invention; : ]

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

) 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
lons in an ion implantation system in accordance with another aspect of the
present invention; and |

L)

Fig. 14 is a schematic iflustration of an jon implantation system mcludmg an
; exemplary ion accelerator having first and second energizable electrodes
energized by a variable frequency RF system in a phased relationshlp with one
| another according to another aspect of the invention.




Fig. 11 is a schematic illustration of another ion inplantation system

- including an exenplary dual stage ion accelerator, where e%ﬁnrﬁﬁﬁﬁ eratlng
stage conprises a plurality of energizable el ectrodes and“a“Varia

frequency power source in accordance with another aspect of the |nvent|on;
Fig. 12 is a schematic illustration of another ion inplantation system

I ncl udi ng an exenplary ion accelerator having a plurality of energi zable

el ectrodes and a variable frequency power source, as well as an ion
buncher in accordance w th another aspect of the invention; Fig. 13 is a
flow diagramillustrating an exenplary method of accelerating lons in an

on i mpl antation syst em DETAIGED GESTRIPTION BIOTHEINGERIIONOT e present
i npl antation -

t d
Cystom i nel udi ndPRrESERURFARES W Row beclespiest wilh alergnon ke aviogs ond

ener gi zabl avierein likordderened AiBbERS aRYusBd Y& Fdf eﬁ%{ﬁﬁ stemin-a
phased %el aﬁhgonshhgrhvmth one . anot her acc‘c:)érﬂqhgik?gi anot her l‘ﬁlpg%:/t of the
i nvent i IBeEnYoR Brovides metady andnnnastns foriacrelertingionsNVBENTIrON The

present i nimplahtationsydterio\Wnti6n d6sdérafep tb JWO%,B?% ggﬁﬁ&ﬁ‘e\q ég’“éﬁ?@ n%r aw ngs

wher ei n I|ke refg{e ce nunerals are use nts
throughout * % RnpruiRerdy salediively variable frequencyshRF systempel erating

ons 1'nani erder foHbataiaty io P4 n HirdeOTHATHE %ﬁ%’qéuﬂ? eg,ded

conpri sing, a gmura ity of _energizable ectr
sel ectivel M R’ P@B"@sfqogmﬁﬁéﬁlW&FablyglleqmncylﬁFpodersdwcaamh@rate ions from

an i on $ouasRcialdtbrang @C@ | ons conpri ses
a variable requenc b@f %é@gﬁgﬁgb%égtéwggg%&%ﬁ%ﬁwﬁq abl e frequency
r esonat or Wg’opﬂ'éf&“l@)a wide eingeaf ion apacileeto ddsipddoshdrgy Rogigf@T ate a wi de
range of ij d for Iant tion onto a
wor kpi ece. ﬁ"Im')he sl ng 5 a?ﬁﬂ@t&%l'e po%’@e §§H?et8§lermé Eq?é’e‘? theyng
conpl exi t yeost a@ﬁ@mwm@w@h@mtmhmﬂommwﬁﬁd%mrb@c%nfpapgaﬁm-ﬁ with
‘conventi o a s.reducing the size thereof. The
inventi onr]'%J Yo EE %ﬁﬂ@saﬁmﬁhﬁﬁﬁwt %é&?é‘ﬂ%ﬂﬁ’fﬂgﬁq}ﬁ!eﬂ“ﬁnan i on
i mpl.antsat |f@rﬂ‘l$ymlmmsa method for accelerating ions in an ion.implantation.system, -

which prowdes performance and cost advantages over conventional

methodologles

‘ln‘ order to provide context for various features of the Invention, a brief
discussion of a conventional interconnection-of an RF power source, rescnator,

1 and energizable electrode in a linear accelerator module (e.g., modules 28a-28n
of Fig. 1) is now provided. Referring now td Fig. 2, a conventional resonator
cireuit 100 is illustrated which includes an inductor coil L. connected in parallel with
a resistance Ry and a capacitance Cs. An energizable electrode 108 is connected
to the inductor L. The electrode 108 is mounted between two grounded

| electrodes 112 and 114 such that energizing the electrode 108 creates
alternating electric fields in the gaps between the electrodes 108 and 112. The
altemating electric ﬁelds,_ in tum, accelerate particles in the ion beam 110in a
controlled fashion. The capacitance Cs represents the stray capacﬂanoé of the
energizable electrode 108, and the resistance Ry represents the losses




whi ch provi des performance and cost advantages over conventi onal _
met hodol ogi es. In. order to provide context for various fe%%%hﬁ§zﬁ% t he
| nvention, a brief discussion of a conventional interconnection of an RF
power source, resonator, and energizable electrode in a |linear accel erator
- nmodul e (e.g., nodules 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 RL and a
capacitance Cs, An egnergi zable el ectrode 108 is connected to the inductor

L. The el eB3506ted Wih s mmsanant girstitcomptisingdhe insluothed. anel the bamsbitandel 2 and
114 such tbﬁt energi zing the electrode 108 creates alternating electric
fields int gla ps between the el ectrodes 108 and 112. The alternating
electric fiel dsthe valyes far theapadiience Ce antitos insuttor thibL amsseheaed &l0 in a

-controlle " ts t St ci tance of
t he energlog.g%:]gwg?e (Pr od P‘%ﬁgﬁ&gﬁg t%l!?e cﬁ@@?i@gr@@&ﬂ%{‘)ﬁé@i‘?@ Tt he | osses
7 38 :[Juhe moditle i3 Yaearacselontorsysien c_:l_fﬁhelt;q;lretsmm?mulﬁig qqgmnases{\g th@ecs |
i nduct or  Lga8{u, e,val yes e capacj.tance an
“the inductor Cg%wegfgﬁgtg?égﬁgﬁgslsquﬁﬁb (@ﬂgﬁﬁoéym@’esonant or
"tank' ci rigning of the resprater to resonhtecatdisd ﬁxat @équemcyraﬂu b@wbﬂso%réé e
: I t 1 t th
??EéuiLiﬁ%’ﬁéﬁ%ﬁ?@%&*&éﬁéﬁ%@“mﬁf e Gk PRAIEIDO, TH9GR00 al | ow
tuni ng of fiekuen powet soures ttalksea meéauﬁétj wer
sourcg 118BB CG a‘f"’}t?% e fg?ct rrperaturfadiggg?tggagg]e@hgot ank
circuit 1 OQ?H‘ ?% cﬁqr E‘iﬁré‘hﬁ'}‘erﬂ he tespnator eirep WOBFt i vel y
coupl ed tonergma@acenamafccedemuafcw Stk a TRl leqUbAoyartRRF gl O 10 o7 der

" to energi esonator circuif RF = energy at a certal n fixed
f requencyégﬁﬁ:&aﬁ wﬁﬁ)‘?@&’" W@&ﬁ’@ﬁ@fpu§ﬂﬁpl'ﬂ ﬂ@rtor:z@ectalgra ﬁ'ﬁ{@f@ﬂmf@vﬁ th each

r esonat or Asideseribed dbdvie/thblamg !ﬁhﬁ%l@éﬁ%dé-iﬁ@gmrﬁﬁllﬁa 9. 1. As

described_a the single energizable electro sin mplifier
confi gur af’?‘%@“f*’ﬁ' Pl'f'éﬂ’%/%’gﬁw et Fig: yprovides arivetability Iﬁdeﬁmd WIﬂMeB}ﬁeciétSI red with
respect o\t/V the rolafivé Bhadd M uebERRe bBosbIARAT S1aYls, Bik W8S Ab ABw kRdfsH DUt does
in the frequency of the altemating eleciric field in the accelerating gaps.
Furthermore, the single energizable electrode-single amplifier configuration
requires significant system spacs, extra components, and increased system and
control complexity. -
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 226b are illustratéd. 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
Is passed through an entrance aperture 230 having an opening 232 along the
- path 226. The beam 224a is formed into a generally cyl‘ndncal transverse. profile
(not shown) via two electrostatic quadrupole devices 234 and corresponding
grounded electrodes 236, wherein the grounded electrodes 236 sach comprise a

cylindrical aperture 238 located along the path 226. Each of the accelerating




in the frequency of the alternating electric field in the accel erating
~gaps. Furthernore, the single energizable el ectrode-singl egapn ighier
configuration requires significant system space, extra conponents, and
increased systemand control conplexity. Referring nowto Fig. 3, a

portion of an ion accelerator 228 is illustrated, having single -

- energi zabl e el ectrode accel erati ng stages 228a through 228n (e.g., where n
is an integer), where two such stages, 228a and 228b are illustrated. A DC
i on beam 224a i's provided to the accelerator 228 (e.g., froman upstream

mass- anal yZ#desppimedulen 228s further acedlemtpsdorsfaom e beﬂﬁ@24'5b90rmhbeam 224a
I's passed eaﬁ’t?ﬁ 230 having an opening 232 along the
path 226. ?Egﬁﬁg?ﬁgﬁm‘{s Pﬁgﬁﬁﬁﬁ?lgsa generally cylindrical transverse.
~profile ((jnot Sﬁwgbéwmawga%%@%aWWﬁw@eﬁZﬁ% an(cji 236
cor  espondiiiedSERHBLRY ALPE EALR, SRS Adie, L oupdsd, elect rodes
each conprise a rlca B Rga ff€26. Each
of the accmeeﬂn&tgmﬁ@l@eleetrddﬁm&ﬁ beshagredby arpasdotiatetPAR ohevgiyher

pr i or - modlarestes Bt 35 REBGT (ot St Ol pedevesatsiare i ofr ounded
el ect rodesloﬂamhlhdlmbminmﬂalabr@rtﬁe Béémbam%%@bhée@éléﬁwd&e 248 al ong
nssooi at ec RSB sl SBRosH e nciiignblesieiode 24 PN I n of dor
associ ate i n order
to achi eveﬁrstcandlseoatdgmerélly&@lﬂaﬁeﬂéhﬁhg‘d’@ 166 GRS 2862 2Rk 256b t he beam path
226. The égféﬁéyd el iﬁgpe@" 246 eneraII equal |y spaced fromthe
ener gi zabl EP IR, W@Qw S&erinprisesiedisly equal

accel erati rgiled eleefiotld 258 Ritat arly, the
second accger?‘('arqahl?n% sta 228bﬁ;§%§€€l§ %?@@%‘f@un gl ectrode 256

| ocat ed alt§ Qé@ﬂ“éfgfwfﬂ@dﬁﬁﬁfodﬁmajlsbamb el ectrode 258
and a seccdwmgmmdﬂﬂ @ng kg@ m of the energizabl e
n Fqlh 22% ocusi ng eqectros?fé‘

el ectrode 258 al on the i ¢ quadrupol es 234
may be provi dePws ﬁ@M@Sﬁﬂilpmuadwmbse%wrb%pmmwlakmgam:pathr ating

stages 5( €226 beHRihRABcddshvelacBBbrating YMles (e.g., betwesn first and second
| accelerating stages 228a and 228b) in order to provide radial focusing of the
beam 224 as it travels through successive accelerating siages 228n. The
accelerator 228 may comptise further accelerating stages or modules (not
shown), whereby an accelerated ion beam 224b may be generated at an energy
»  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
. ‘ransverse 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
i accelerator 228 is illustrated having several single energizable electrods, double
gap, accelerating stages 228a through 228n, four of which (e.g., stages 228a,
228b 228¢, and 228n) are illustrated, whersin intervening radial focusing devices
are omitted for the sake of clarity. The third and nth accelerating stages 228c and
228n include energizable electrodes 268 and 278, as well as grounded electrodes
. '266 and 276, respectively. The single energizable electrode, double gap




accel erating stages 228a and 228b) In order to provide radial focusing of
“the beam 224 as it travels through successive accel erati nggStagens228n

The -accelerator 228 may conprise further. accel erating stages or nodul es
(not. shown), whereby an accel erated i on beam 224b may be generated at an
energy |evel higher than that of the DC beam 224a provided to the '
accel erator 228. The resulting accel erated beam 224b, noreover, nmay attain
a generally cylindrical transverse profile as a result of the accelerating

51 20%5 o 2 ol sBYREOHRS L5, 255, Sl B hespmmoneenn aaicten, |

accel er at offixed-fequency,) BB bmplifist da2v e oV S ' ' I | ectrode,
doubl.e ga rati ncg:.hg ages 223% th'roﬁ%?%%ﬁhpfrgﬁcg{a%%rgﬂf(e. g.,
stages 228a,  BIRECivelYy 228n) are illustrated, wherein intervening

radi al focusi ngTheanhplifie 281 b ‘fﬁ?ﬁﬁﬁ C jty. The third and
-nth accgl er t'g ?54%51 m%?s% gﬁldﬁézg%gg@?ﬁ%e engﬁé“ﬁ?&ﬁ{’%ﬁ%‘i"%ré? es 268
and 278; a‘é%‘fés gﬁ%ﬁ: Econd 278 Vigdee respagtors 1142264, 26485 pad 274l y. The

si ngl e enecgitatibd tashloAClor 824 i S accel erating

st ages 228 gh, 228¢, and %‘ggér‘\@@@@fbc%n@{% %@8&%8?@("28!(8‘9"1 _
fixed-f req%%%?:'ﬁ, iRFeganch the centrop spstems280 mayp proide faridntmotiofthe relstaat or 244,
254, 264, pleasthgZatd, anfifisRR Gy T, i) i.f 5 62,..and 272
provi de fiez%(z-frequaency poCd\I/Ig)r{& %W?rhéﬁpgé%*oe%%gé%gééé@éeé@g%s , and 278
via the r ab%d 248, foperample by adjustitigahe amplitudesvindhé asplifesi on, f or

Fogar . t i oo Rt TR AL inS o v b Ba el it P55 288 of at v
phasi ng_arfd4alptill beastedrat thie pelatihat whitphdjestmient 6fftke eaRssE Afphgde ect r odes
e o B3 o o s Bl Sl oo
254, 264, 28A268And 2T allaws thb domadaetbrator RbE fo tiPluRbd bPaliapitke adj ust ment of
e woer oREotll YR oD NS 5L RBEb Sheseinhamacaiicin. .
accel ePat 88 ieBides alfarge numtbepof colipireets, fhan of Rhith AeBd 3o 48 'bi’c?&e\‘ly of ion
speci es ah,Rq\G? hlifkbd % ordae ogglchlieev\éealnsévetrglie tuned seylrsﬁerrﬁ.t %us, while the
- accelerator 228 is flexible, the fiexibility adds cost and complexity to the
accelerator 228 and an ion implantation systém employing the accelerator 228,
Referring briefly to Fig. 5, a multiple energizable elecirode ion accelerator
» 300 may be provided in accordance with one aspect of the invention, in orderto
| reduce the size and cost of ion implantation systems. The exemplary accelerator
-300 comprises a plurality of n energizable electrodes 302a, 302b, 302¢, 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
i positioned before and after the energizable electrodes s0 as to create a plurality
of generally equal accelerating gaps 306 betwesn adjacent energizable
electrodes 302a-302n and constant potential electrodes 304u-304z. The .
-electrodes 302a, 302b, 302c, through 302n are energized by a fixed frequéncy RF:
amplifier 310 as well as resonator 312 according to a control system 320..
Although the accelerator 300 may provide some measure of cost and size
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5. .228 includes a | arge nunber of conponents, many of which need to be
properly tuned or adjusted in order to achieve an overall;&ggﬁgﬁﬁgstem
Thus, while the accelerator 228 is flexible, the flexibility adds cost and
conplexity to the accelerator 228 and an ion Inplantation system enpl oyi ng
"the accelerator 228. Referring briefly to Fig. 5 a nultiple energizable

el ectrode ion accelerator 300 nay be provided in accordance wth one
aspect of the invention, in order to reduce the size and cost of ion

i mpl ant ati . ,The exenpl gry accel erator 300 conprises a plurality
O][rp n ener.g|P‘:'gja"lg;ﬁ§ltl g‘%‘@@%@@y@g&é& "éﬁtm!? energizable pleditpdes gg)QmS{J%er gi n n isy
an i nt eger 02302 ohesiigh| 302 ' 5‘%&? i al
(e.qg., grog@ggﬁi ?,lpth trggdesﬁ)S%?u'?g%Ot?gﬁwgg%l%ﬁ% n @ngze %ﬁégl&
positioned g0 Hﬁﬁ reghest ovaHowhiop gipeeies @nd epergydemsis maybs to create a

plurality sighificeityneds thas hembr MeeRbabARIbgIaPS 306 between adj acent
energi zabl e elfct E@des 302a-302n and constant potential el ectrodes

304u- 303z. The A9 iapnothay agpeci gbthe invention: furtbenjmpe®@ment i eostr gi zed by

a fixed frg Wle%‘lﬁ}?mﬂr& 2 : | r tor 312 cording to a
contr ol s@%m ézo. . ! Al t hoﬁ%ﬁ?%g%a%@%%aepﬁéf%@%@ﬁﬁ?ﬁgﬁgﬁsom measur e
of cost a {893 avith greateviban 2rasgociatedractbletatioh gepy) inwssoiatioh mul ti pl e

ener gi zablwitieh efblic0ffBble AR b, ouwgh 302n) and nore than
two accel erati ngbgapg BOE%qtuﬁe' rang%ﬁg%' %"3}%@9#@%"#@@ #bspect to various
i on speci EXCHINAN Multiple-pletsede inapctalerating stage @0t Hlusteied fopan t hat of the
accel ergt Qeegldthting idhGRvai . e ct. of the jnventiqgn, further

i nprovement in ot g@‘éﬁbg%{h@f; ?%&&b‘{qﬁ#ﬁl ih‘bﬁsﬁﬁ'%mﬁag? ﬁ@a enpl oynent
of a pl ur &Mpyises a piuslgy otdrergizatilecloctrodess {1ag404b)idbic, ar@aERYokRaAN 2

associ ate :d 0g, LN sociation wth ,a sing|é variable
f_reqUencyq%gﬁgygﬁaﬁéégpg@ms aﬁ%‘iﬁ?'& qnepnoFer iy senes hg path

mul ti pl _e-épactrode i on accel erating stage 400 is illustrated for o

accel erating i a beam 402 path. The accel erating stage

400 conpri sesﬁgﬁlﬁ%&g‘iﬁgwgﬁgh@n isneatizableplectodesate apiualityofib, 404c,
t hrougl 4canstaritqotentishey. SgrourndedpBlebRbaaLA06] 0B, 206k RuGR Godpahder i n
series al 28&5#&9%%%:1948% path 402 with at least one constanit potential electrode
(e.g., electrode_g 406j, 406k, through 406y) located between each adjacent pair of
energizable electrodes 404a, 404b, 404c, through 404n. A first constant potential
electrode 4061 is located upstream of the electrodes 404 along the path 402 (e.g.,
) - 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 4042
- through 404n and an accelerator exit end 41 2). The constant potential electrodes
406i through 406z are spaced from adjacent energizable electrodes 404a through
i~ 404n so as to define generally equal accelerating gaps 420 therebetween,
: o 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 43é, whereby an altemating
. potential of a controlled frequency and amplitude may be applied to the
+ energizable electrodes 404a through 404n in order to create alterating electric
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I nterl eaved between adj acent energi zabl e el ectrodes are a plurality of s
constant potential (e.g., grounded) electrodes 4061, 406j, 440Gk odpohrough
406y .and 406z. arranged al ong the path 402 with at | east one constant

- potential electrode (e.g., electrodes 406j, 406k, through 406y) | ocated

bet ween,, each adjacent pair of energizable electrodes 404a, 404b, 404c,
‘through 404n. A first constant potential electrode 4061 is |ocated
upstream of the el ectrodes 404 along the path 402 (e.g., between the

el ectrodes 404a through 404n and an entrance end 410 of the accelerating

st age 400) ﬁewwn&@mmm@pamomhmmeﬁhaﬁm O¥Re ftEQderlcy andRfrat ed

downstr eam the el ectrodes 404a
t hr ough 40 plﬁzﬁ ﬂ?@@?@%@\pﬁ’%f@pﬁﬁ%g %2%9 &’Q‘nh%g valhas ﬁlﬁfel%'lv@nt i al
el ect r odes phaeiag thereafivgth réSfstt to m@pmqﬁlpfarniﬁﬁoﬁ ﬁ\'l’fo bisZ 88
gene equal acceleratlng

| ectrod 404 ef
Sagg Lgoefhergc@g{oaéle%g&ﬁm\yﬁgﬁ %g) ‘?‘SI"% M&%?@P@Wl%ﬂb@%@ed with a

vari abl & f whguebydigndite aeosieratsdPthraRiRe sRbaisid r;,qﬁqt h the
ener gi zabl gggl ectrodes 404a thr oﬁ%k 404n vi a |g§§iaa 3 etgg \rei@i/

resonat or whereby an alternating potential of a control | ed. frequency

and ampl i ude. Mive brplpRbhRst o Snglb B RARGGTRY Y RGIEOgER 194 L hr ough

404n in order iégte alternating -electric fields in the
accel erati FF§°33195 jonificantly seducssitae siza and east of the aecetanating)stage! 400

| ude (8l bompdrb@WARMAANG borilehond] dobBe R 2o e Bram@Bnf! | 25 1

relative g ?ln thereof with respect to ot on i nsystem

conponéht s° ﬁ@o effdg-5)o Mhom@emfmarngum agdxt)sam;orldeocmhjdust ed via a
sfzgg%syﬁ%zg el Rt o i P PROR M 8 i Bupeles T Soir co”
430" and ag&q@p@@om‘!& @gwm\feh{. aﬁﬂgs&gmihgle arghl gowretqbuwessddree 54!3@ e and

Comvent oSS SRR 8. Srbigns AP Gon bbb 500 o o

5). Al t holgs quﬁ@:l {rgudowerpovear rating) eemphifiets@1 04Eﬁe&§d16 i4&de of gRNGARGIEVEl Y, My -

312, r dopas T boldrudt klRglor g, Thife ghe’ ﬁ@étaﬁﬂg St co 430

acceleratmg 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
) optimize the accelerating stage 400 for accslerating 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 adjustmerit of a large number of
amplifiers and resonators, that tuning the control system 440 associated with the
exempla_ry accelerating stage 400 involves only the adjustment of the frequency
o 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
range of support for different ion species and assoclated energy levels. This
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is typically smaller in physical size (e.g., and less costly) than a .
plurality of dedicated (e.g., |ower power rating) anplifieggs,zlfes The sane
is true of the single s (e.g., high power rating) resonator 23557 us, the
size and cbst of the accelerating stage 400 are reduced. In addition, the
conplexity of the accelerating stage 400 (e.g., as well as that of the
control system 440) is significantly |ower than that of the accelerators
228 and 300 illustrated and descri bed above. Thus, it is relatively easy to
tune or optim ze the accel erating stage 400 for accel erating ions of a
“parti cul ar 2dipgiabiity or fieyibilityof the seteleratingstgge 400 has béetbfi)mdbydhé hat wher eas’
such tunin 300 L r adj ustnent of a
| ar ge numg‘y&iﬁowﬁff&?ﬁ%@%nyﬁit@g%%@ﬁg%? Eﬁﬁ?qﬂ &r%' control system

430 associ aeslerajor f Q)hforexgnpbaﬂ'lpmmhenmélet@tmm&é@ﬁnbﬁmmes only the
adj ust nent ude o ower source 430
aan resonagtzl%bfrel 5%59d&@’gt@onaWg%ﬁg‘?'ﬁ@%ﬁhﬁ'ﬁ?yo?°‘%%r§9%9;}r§\9aﬂﬁﬁw %dj ust the
- phasi ngs of%%omeamnémomwmelemwﬁﬁclé&@f‘dtﬁéhdugpgﬂﬁﬂe to ot her
system co GC ng . sta as needed. Moreover,
.tKe frequ cy r Eﬁ'ﬁmfﬂﬁmegg@éo E‘g’hﬂ"@ ﬁsﬁf"lﬁ'/q%@ésﬁﬁmﬁ &Jde range of

support f caced fatema) altbnugtpﬂe:ame raaginetise able te Hcifiors Slichl HfitidrioiesThi s 12 28

June 2005 | bil.ity of t el erating stage 400 has
been found® gElef'ﬁérﬁpérdr?'\?%t £ Gue é%'g@ﬁ‘%ﬁhﬁdlmﬁ h?l onal ion
a?:celt er at ?mqrm;gvanabwsdwbmysteﬁ&)d Iluﬁm':{oﬁéwme%o lzi%gc&'ﬁgh lé?}] ment of N

el ectric requ accel era aps via the variable
f requen’cy %\é %E‘F’i h'bangpﬁn%‘?!bﬁn diyi tgemordle ofdhrer al |y

consi ste ntﬁx@d‘rﬁ'eqwfabcﬁéifalt&l&my né&ss '3? loptirRizea d?'lllfonécﬂl.%‘?dr? s typically.

I-nmpl anted in.ion iﬁ | ant atj on, systens. | Or systens accel erator

228), al t KBERIFS APLEISO a'ﬁ’éyhHcﬁthﬁépagpéandeaemmam@mwfdedm enci es
acr oss Mamherowils; tiRSadcaRAaticH SHiGERYIS Rs tﬁél‘?oétﬁnrﬁﬂ tdrithGid dted e{bne%fysum ment  of

t he nurreroals vari ables In such ystens and tatirons I n
“sophi sti c&f Bﬁe%m'eﬁvahﬁﬂe@P@&@Wle@mﬁm 400, ondbe othenhardyy i ndi vi dual

accel egat gfovmg%ﬁeggngrﬁgm grﬁmﬁaﬁ} bEGHLE NG ﬁéﬁﬁ%hgiegt‘tﬁéregaéns@n necessarily

opti mzed for _only one
tunability (eg., and ease thereof, even using relatively simple controls) and

predictable efficiency. For instance, the variable frequency power source 430 and
resonator 432 may be desigﬁed fo operate in a frequency range between one and
-about ten times a reference frequency. In one implerentation, a range of
1 between about 4 MHz and 40 MHz is contemplated, in order to support a wide
range of typically used implant species.
Thus, in addition fo the cost and size improvements resutting from the use
of multiple energizable electrodes 404, the exemplary accelerating stage 400
achiev_es further cost and size improvements associated with the elimination of
+ numerous power sources and resonators. Moreover, no adjustment flexibility is
sacﬁfwed, as may be the case in the accelerator 300 of Fig. 5. Indeed, the
~ inventors have founq tha_t the accelerating stage 400 may achieve greater
- adjustment flexibifity than conventional systems (e.g., accelerator 228), in addition
to the cost, size, and complexity improvements described above.
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- species and energy, and while other species and energi es may be provided
~therewith, the acceleration-efficiency is |ess than optimalygfigr. Jopgse ot her
speci es and/or energies.. The exenplary accel erating stage 400, on the

ot her hand, provides for resonarice at a plurality of operating

- frequencies, thereby ensuring tunability (e.g., and ease thereof, even

using relatively sinple controls) and predictable efficiency. For

i nstance, the variable frequency power source 430 and resonator 432 may be
designed to opteélate in a frequency range between one and about ten tines a
ref erence frequatoygh tie snerdizebleciieatiodes 404 and groureledfeledaeiiosss gibout 4 Mz

and 40 MHz 69913 ' . ofr. w de. ran of typically
~used i npl atr%eses)%gﬁl es. %ﬁ%ierlé%rgglglﬁ{el '@%tr?'gé%ﬁﬂfi%‘g%?s gﬁﬂ“%@?&“%ﬁﬁ'ﬂ%’venent s
resul ting P‘%ﬂ&ﬂ?ﬁt the lengths ef thevitioys eleairoeles nzibedesignsd fofRspréfd.ion he '
exenplary asdefd fd ,.eves further cosi apd sjze
Irrp?gverrgnts as@gﬁﬁ{ﬁ?@ﬁ%ﬁ?ﬁ ?ﬁ%’é‘%‘ﬁ%ﬁ?%&hﬁaﬁﬁ?ﬁ?@%ww, theur ces and
r esonat br selegidedergths may-ugreaserrom thié entidricoicnd tothe Edicénd ofaipsl, as may be
Found & hat S eraBESade "o08 imlnBhual? ot e ferute & Msditedin g7 usemont
- fl exi bi 1 i t Yherplamnexemplay acetlomiert 408ndRles. of lﬂ%@iﬁﬂ&éle&%smg addi tion
to the cos | 49, xity inprovenents described above. 13 28 June
2005 Al't h%%gﬁ?’ %ﬁb@n%%?‘%fﬁp#ﬂéﬁsmaﬂwa@ﬁ%ﬁ%@bm@er rodes 406
of the exestagect?, anthaaadial focasing déAes Featiths Usit bAY %?'F{erhcﬁélgrato@ 478, Ba‘” ng

roughly, egs e | engt hs of the various el ectrodes may be

desi gne)d 1; gﬁé ?lf#)cﬁg(g/‘g‘ga? 3?2 "&%Yi%?gwtwsw Seapedieddn es assogiated varisbledi ng to
~anot her adrequencyRR pewersmméé and rdsbRatsr Rb e RBiR S Bherdiskpisase from
the entr a;é?q%gﬁﬁ’d to the &Q{t end, of the(ﬁ 'gﬂéi‘{e@(ﬁgtelﬁﬁ%; st age. %@lee'

i npl emrent Sihefsqf in piKler tp @rovide bunehediensste tha arergizable electrodes wher ei n an
exenpl ary AdcAg) A3, M4pA5LAB, Akt AH o AccHlt i Al A2, AS,
A4, AS, AS?;1 and A8 spaced along a g?am pgﬁﬁ@ﬁ%ém%ﬁﬁ%[?ﬁa?ﬁeer st age
474, and - & V‘a fFal focusing device 476 .at the exit end of the accel erator

Vari able. {1 et R R B A B AEBE BRI o oner g1 ze
an ener gi #1989 ﬁm_ path 472 between the buncher stage 474 and the first energizable
-electrode A1. Constant potential or grounded electrodes G1 , G2, G3, G4, G5,
- @6, G7, G8, and G9 are intereaved between the energizable electrodes A1-A8
.along the path 478, with the first grounded electrode G1 located upstream of the
v first energizable electrode A1, and with the last grounded electrode G9 located
downstream of the final energizable electrode A8. The grounded electrodes G1-
G8 may, but need not, include radial or transverse focusing devices, such as
- electrostatic or mggnet_ic quadrupoles (not shown) in order to provids radial
focusing of an ion beam traveling along the path 472,
The energizable electrodes A1-A8 each extend radially toward the beam
* path 472 from a support member 479 which extends generally paralle] to the
beam path 472 between __the matching quadrupole 478B and the focusing device
-476. Thfé support member 479 includes a pair of vertically extending support
members 480A and 480B providing mechanical support for the energizable
elsctrodes A1-A8 and the suppoit member 479, as well as providing for electrical
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el ectrode thereof in order to provide bunched ions to the energizable

el ectrodes Al, A2, A3, A4, AS, A6, and A8 in the accel eratibpg, stage
downstream al ong the path 472. i Two mat chi ng quadrupol e focu5|ng devi ces
478A and 4788 are | ocated along the path 472 between the buncher stage 474
and the first energizable electrode Al. Constant potential or grounded ,
el ectrodes Gl, &R, &3, A, &HB, G, G/, B, and D are interl eaved between

t he energi zable el ectrodes Al-A8 along the path 476, with the first
grounded el ectrode EIl |ocated upstreamof the first energizable el ectrode

A, and w epnnasdon thereafvithraeatiabledfedquerey RE systent (@dt s méﬁa@z@f the

final ener t fod nded el ectr but

‘need not, m@%e raacla{&é) m%h&&?g%"ﬁﬁwm \f%g)e@d %Woa:gxc%

el gct Ir ost averticalmeraagre 4B0, arlyad.lmumb loesuéﬂﬁémbbl%\m% hbé‘ ir@!tﬁﬂg %ﬁz Qr@i_I;]th' de

r adi.al ravelin e pa e

“ener gi zabl Ehﬂ %tuﬁé?fggskﬁ“ﬂg?%%%k’?%ﬂ?gq%ﬁ@% %&ﬁﬁ&“?ﬁ@aﬁlﬁdm pat h 472

from a SupsglectrodesA1eA8 4 For i w@}d&, L I beam
path 472 p@é }%&. nmm;%a Ie 478B ands?ﬁeﬁég%tﬂéﬁgﬂggw ce
.476. The ﬁg’gﬁi g?'% d@%’%“ﬁﬁl heating efdhe supparmesbendi ng
suppor t mmumg%v e@&%ﬂéﬁyﬂﬁ'l&ﬁmﬁﬁﬁ%@uﬁg n%lgﬁ?w? 9] the

ener gi zablts el ect rlﬁ Qﬂj | - AB and the support ne as we

~ provi di ng Hi5c3sP addiienal ve members480maybepmy|dedtoensurethatihegg June 2005

connectlomﬁe@i@ﬁerébﬁdiue%ﬁﬁmamarbﬁ A TFR iR )

energi ze ectrodes t he exerrp'ﬁti ary accel erator 470

i ncl udds tﬁgﬁrgu'bﬁ Veﬂmm%peﬁé%éséﬂﬁi@ asypparhinembef 48 otaybenber s nay be
| ncl uded - igfovidetwit & ?H’E!?'I (o] age

di f ferent |p§?s bet mer?lﬂg!gﬁgg’@my el ectrodes ifb gﬁ‘ag)!%g%é@tj

ener gi zi ndnake drctlatechinesdento renitiize erredlwgbetemperatWQnselmreimd the menber s

drops 31 ong. o ot QR eHBERT AT TG gs 0ol dH et et i U ona

vertical rr&n‘ﬁ@lﬂde passagey obdrifpiubes theouighowkictsione tmhdtalcbr@themen‘malam e
el ectrQdeqzal FAPinfprévetiactSdfilioN e}fﬂ?ency, Rl e varous Mctrodes M S
A1-A8 and G1-G8 and the length of the gaps therebetween may be designed
- such that jons along the path 472 travel from the center of one electrode gapto
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
» . -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
- facllrtate the provision of energy at the appropriate phase as the parhcles are
" further accelerated from gap to gap. ‘ |
Thus, whereas accelerators having fixed frequency RF amplifiers and
resonators employ phasing adjuétment between successive energizable
‘electrodes to improve efficiency (e.g., to thereby adjust the relative phase of
.electiic fields within successive accelerating gaps), the use of a vanable
. -frequency RF power source according to the present invention provides
appropriate phase advance as ions travel from one accelerating gap to the next,
without the need for independent phase control, thereby making the overall
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o regard, the vertical nenbers 480 as well as the support nenber 479 may be
provi ded with coolant passages, through which coolant (eg. ogfjlitieor
gaseous)  may be circulated in order to mnimze or reduce the tenperature
rise therein. The energi zable el ectrodes Al -A8 as well as the grounded

el ectrodes Gl- &8 Include passages or drift tubes through which ions travel
along the beampath 5 472. For inproved accel eration efficiency, the

| engt hs of the varl ous el ectrodes Al -A8 and Gl- &3 and the length of the

gaps there S ch t aI on he path 472 travel

fromthe cé%rtl Oﬁgl&gu 1"%5% %H rattﬁag “&'L H'@?‘H@JW gap in

olne Pal Ij cgocaemrmthnomamwerog&ymhrmatan@wgblech | t

el ectrodes ons_.ar ed.ln successive accelerating
gaps al ong %ep%%%%bsﬁn contReo @%B’FL @W%ﬂéﬁ%ﬂ@@and t he

;:ent](car tlo beiwemampmglnglefdé(ﬁ?‘dem&@ ?ﬂ?ﬁ@& aRersdd G)ttd\ﬁé%éﬁt%ﬂof ntgrder
o facili rovi si on of energy a e approprra e _phase as the -
particl es %?M@ﬁe@%ﬁ%@f‘é’?'m‘%s%%@ﬁ?% 5?\/(1 Eheas

accel er at qurevisien bfwvémaméifréqmip@mf%lﬂ\@ﬁédrﬁﬁ&t&ﬂ@ gé@eﬁ?iﬁ%ﬁ’ﬁo’ﬁ enpl oy

phasing a nt, bet ween successi ve energi zabl e ctrodes to | nprove

ef fici encjhf@aigg e’(‘ﬂ@?‘éttﬂf 0995""6@‘?" impeoved Pﬁqlﬂ@t%&g’@le@ﬁy fospavide i c fiel ds
Wit hin sucrawgmf\im Fdire 193R6 bpe rhi?&‘na!l’ﬁ@% c? ﬁsgf,l o‘;,é,equency RF
power sour():,?e‘ ‘i-['%r in to the pr esent 1 nvent pr opri ate phase
advance a$¥yi8Ws RoF o8y YhiibiRysteathavingan eperating ltaogenéapmmmatalyt hout the

need faor IMHaﬁa@bemfb‘éﬁd%PH\ﬁHefo#]élgﬁ lyg-hbr%%&ﬁ igfigl | 15 28 June

2005 systgg] | er to adjus I'nt acce era ron efficiency
will be n¥ &“Wﬁﬁfmt@mWWthwdixegifmqumdyhat the RF phase

Chanies uodHiaRPasagts hiing Oty bled ddiinenl SUBEAGAERRG) O Lhe flr !

accel erating qap (eg”, n an energi trode A and a
grounded el ectﬁ(ﬂ&e@}'"m@ﬂmele{aiore#mdfﬁg 7hthegdriftdabe agthsainel so on t hr ough

pover —sounuarde B HRbIR cetizulnelprrBks AFAS fa Bt 36 8 2chi cuanent of
opti nal oerounmdnlemtmles@basr wrﬂmeaéh‘ suuseamnt blctrodevhaiing & dor@er @fift | on
speci es aggaidi-Ronbe tl%ehﬁre%% YocBBR. 'S exermplar a(?gsel’\gn?fthé Qeent o
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, whersin the design velocity is
+  the particle velocity as it drifts through the drift-tube. . Thus, for an accelerator
_(e.g., accelerator 470) having an integer number n drift tubés (e.g., whereinn =1,
2, .., N), each with a peak RF potential Vif 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
determined by the following equation:

(1 Ln=f"[!é(q(m)(Vi+(2n-1)Vrfcos¢)]""'.

where qiis the charge of the particle, m is the mass, and @ is typically +/- 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

approxi mately = 4-40 Miz has been found to provide for signifijganishy

- inmproved acceleration efficiency for ion species of interest conpared with
prior fixed frequency accelerator designs having only phase adjustnent at
a fixed frequency. I'n the exenplary accelerator 470 of Fig. 7, the drift
~tube lengths are illustrated for the exenplary energi zabl e el ectrodes A
-A8 as well as for the grounded el ectrodes GL-@&, with each subsequent

el ectrode Wale] rif tube |l ength than the previous el ectrode.
In this ex%ﬁ%?@%%%%ﬁer@ﬁg baiweenthe e'g%ﬂ'@'e%ﬁgs bi-ABhdhaccel eratinyg
gaps L i s gepdtsp distantes by hiny btaddtemmined by FeSollomh@eidatiofli vi ded by-twi ce

the RF frequency, such that particles travel fromohe'gap to the next in .
roughly 180 degrees of the RF cycle, wherein the design velocity Is the

particle velocifey atgi=fe{dimyvieoavaieotdgvarift-tube. Thus, for an .
accelerator (e.g., accelerator 470) having an integer nunber n drift tubes
(e.qg., ereinn =1, 2, N), each with a peak RF potential Vrf and an

~injector -vol t agfhe\Gap(len ggﬁ&memwgg ' '?’5159’@ L.oj %ﬁpl into the
accel er at Qr%dgltt}e 'ftg?ube gap to a%@g%ﬂs n §ff81{tﬁ%eg%r§§ zabl e.

‘el ect r odes?EIRIOLF 4in Figi /s whereinthe diaengiens aetin millimetersy Theéindlol | owi ng

. equat i-on: bdah) ehdray Efmdydbé Bkpibéabd B EBEQMA‘?%&‘ Jj1'2 where g is the
charge of the pa?tgrcl e,&sm iéﬁtbhe rmxsés‘gmgn S ?g'/'pi cally +/--30 degrees
such that coso is 3g3j'n. In addition, for the grounded el ectrodes (e g.,

16 28 June 200{s) elpelqredesntd hnterleaved between the energizable -
el ectrodes Al -@), thtec{ gap toog%%)'di stances Lg may be deternmi ned by the

foll owi ng equation: (2) Lg ="'Cd=(Mn i + 2nWrf cos4))]1n. = 5 The gap

o h dth [ - . L] | df |

- acdel or apr 4000 spmbHRAERARIGH df g7 B Fosin valed A TrRGieR L o1 s, The
final bedin).chatgio masayatie({ghm)e; pealeaswuag@e(vﬁg),!aamwgcm%w: 3(3) E =
UM+ 2N 60980 ompibyehSu B it (B Rl Tl b | 0051 07

val ues of L _ .
3 determined according.to the following equations: '

4 In= fp'1[}&(qlm)D(ViD +(2n-1)Vrfp cos)]®
(6)  Ep=q(Vio + 2NVrip cos®).

The resultant operation for the drift tubes under other conditions may
- require the following scaling, wherein a is less than or equalto 1:

{6) Vi=aViy
7)) Vif=aVii;
©)  Hom)T = (/o hho; and.

(9) E=aEp ¢/qp.

Vs
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(fD), charge to mass ratio (g/mD, peak RF voltage (WrfD), and injection
energy (VID) may be enployed such that the drift tube Iengkhg gdsf i nal
energy are determned ac cording.to the foll ow ng equations: rte%b En =
fOI/(g(mD(\riD+ (2n-1)VrfD 0084))111 (5) ED = q(Vi0O +2NvrfD cos4Q . The
resultant operation for the drift tubes under other conditions may require

the follow ng scaling, whereina is |less than or equal to 1: (6) Vi = aVlD,
(7) Wrf =avrfD;, (8) [(Nm Jit2ff = I(NmD 1'~ffD, and (9) E = aED gD 17 u
28 June 2005 Accordingly, for a given charge to nass ratio g/m the
desired energy ED may be achi eved at an operating frequency fnmax given by

the foll ow ng epuesrHnblv. foba b A p ddi tion,

| ower energjes na beglg'bt g?%'ggﬁ@%Jﬁc'ﬁ%é‘%ﬁé%ﬁ@a‘g%sg@%%@ﬁ%" and

scal i ng th&'afyr d 2t e peerating Bequrndydmasgiveg by thesfollawing ettipfidra” 2f max.
Referring-now to Fig. 8A an exenplary normalized voltage vs. -frequency
plot 482 is il Ltjstrat ed for various_on species (e.g., Sb++, P+, P+fi, B+,
‘and P++%).  ThellPbsdmex mdo Ha/mée/mial'8. obt ai ned for a design species of B+.

~In Fig. 86, an . exenplary plot 483 of nornalized power.vs. frequency is
illustrated for Sb++, P+, P++, B+, and P+F+ ion species. Further in

accor dancdhvaddifion, lower ersrgies mayHiegshtainaddydo@iirid the soltaes linearoand

accel erat adeafiy | 3 . variabl e frequency coaxi al
resonat or 486§an{] aﬁ gc?#cée er aillqtnégﬂgﬁg%w@% O, similar to the
exenpl ary accelerating stage 470 of Fig. 7) for accelerating ions along a

‘beam pgt h 488. (ﬁ)e fgam]ﬂfa%r 486 may be advant ageously enpl oyed in
associ ation wi tth'a variabl'e" frequency RF power source (not shown), whereby
the resonator provides a wide range of resonant frequency adjustnent

substantially eRELBSPRMd¥g YA n te:rtlgrtnpgly honaoay \Foltage vs. frequency
.plot 482 is illus.trated for various ion species (e.g., Sb++, P+, P++, B+, and Pa4+-+).
___ The resulting curves were obtained for a design species of B+. In Fig. 8B, an
- exemplary plot 483 of normalized power vs frequency is fllustrated for Sb4-+, P+,
P4+, B+, and P+++ ion species. E
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
stage 470 of Fig. 7) for accelerating ions along a beam path 488. The resonator
486 may be advantageously employed in associéﬂon with & variable freq.uency
. 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
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
stage 400 may be incorporated into an fpn implantation system 410, as illustrated
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. source (e.g., fromone to ten tines a given frequency). In the exenplary
resonator 486, a shunt 490 is novable in the direction of ggrnaw #4382 in
order to tune the resonator to a desired operating frequency. For exanple,
the resonator 486 may provide for controllable frequency adjustnent in the
range of about 4-40 MHz. According to another aspect of the Invention, the
exenpl ary accel erating stage 400 may be incorporated into an Ion '

i npl antation system 410, as illustrated 18 f. 28 June 2005 in Ag.10. In

this regardg N0EREHR . | stem 440 ma operable to control
t he accel ergtFiid]nqostage %@Mg{g\,\%ﬁmpjgwgpﬁhpl W‘gg‘ﬁ%’@ﬁﬁéﬁé’ﬁ?@b’%ﬁ’e system
410 i ncl udeoniolitee aeseleratingstage 460 ak well aassRsflysteforSoridnis, iTHe udi ng the
exenpl ary ays8 | and an.end station 416. The term nal 412
5 operates in }sf‘{m iggg?gés%ﬁ%ﬁ'ﬁ%gh?%ea WW@%&“% {§.g.dncludiag thec| udes an
ng S OUgce‘ °’<ﬂm9'ammmﬁw4s;a¢e gm%myﬁw a6/enaeion a?'apme t’(::t?gu%inre#r Bggion s our ce
proguc . ch,i rovided to the beanline assenbly
414. The i?ﬁe ea%hgﬁ'ﬂ%ﬁéghméﬂ“&?teé‘Z‘lr@E1£8§\5'gd1aaﬂddﬂ@]@¢eﬂ/ml§ﬂSQGlﬁen the end
station 41820 paweiediby sighvéiayd ot adppiy aned Thé i&rﬁ@onﬁ’é‘@ﬁgdﬁdaggsenbl y 414,
whi ch COW%W@% nawg\g#mgget 426 and the acceleratl ng stage
400. The mass analy %h'@ t94le beanling asssmblynd 14a Thedpn beamat e
char ge- t o- #&bls that ditscte! loharc8 SaberAfoPS0 irfth8Uhd dillon BI6S TR Tgh N0V Lo Fi 0.
11, the 'n“&}éhg .furt%er c?&qterrpl ates the provision o tWo or nore such
accel erating st E?SWPH 9hed By theknamiing @ssembly k1dnwhich eoipiisesemtnasss  have
appr eciat eahalysis mbdreet 400 lafy R ' r C cel erator
stages or ul es 'drjmther t han %%dgi?nrﬁ{ﬂtééaﬁﬁﬁ% T@\?{’"gfégﬁ%wgﬂg i gn and
control r e%aéﬁ%%?ﬂy [9Rsf AR appPratechargs-tornass ratib fothe, accelemtingon .

| mpl ant at i siegesd0g, em designed to operate over a wide range of final or
output ion energies, only the first nodul e woul d be used for |ower range

energies, with nehRows Bigatitiithe iwentioncfurher antengpiates GRSprowisivAhf - On t 0
a5, LK TORES gD e oA S VS
5 Inventors have appreciated that the employment of multiple variable frequency
' accelerator stages or modules rather than one module may alleviate the RF
. deslgn and control requirements in some applications. Forinstance, 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
) or more additional accelerating stages tumed 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 muiltipie
v_aﬁable frequency accelerating stages according to the invention. if such an
i accelerator were built as a single module, the range of frequency tunability would
. beafactor of 12, while the range of electrode voltage control would be a factor of
- . about 16. A typical two slage 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 tumed on to achieve energies in the
range of 100keV to 400keV. For higher energles, both modules would be 6n.
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-charged ions in the mass range of 5 - 45 AMJ, with a maxi mum | njection

energy (e.g., ion energy entering the accelerator) of 100@§glgﬁ%0§e built
using multiple variable frequency accel erating stages according to the
invention. If such an accelerator were built as a single nodule, the range
of frequency tunability would be a factor of 12, while the range of
el ectrode voltage control would be a factor of about 16. A typical two
st age desi gn woul d reduce the required frequency range to a factor of 6

e to a factor of 4. In this

and t he re de control ra ‘ _
exanpl e, ﬁﬁﬁgﬁk 2[ ef%oﬁé@féndﬁb:mﬁr@@eméﬂgi es in

t he rangeserﬁorﬁ%id@db%equ%%\@uuleﬁ(?foum &8Ys KO &P{o dyl es woul d be
on. 19 28 2‘9{@5 ”Eﬂ Ie woul d req U|re Its own I'e resonator .
and RE powd! s!? o alocalthe §WBe Yenensyas thefstmesenried al vays be

phase | ockbamiomid therebf, uﬁughrra;éub@ ﬁé&&%@;&nﬁ%@h&a sa{gﬁ, same frequency
reo

.astheglrst nqg_l Sr a harm)nlcthe tho 1 vée phase of

m)du: Ies may be '3§]9 31 /) exampie of syich a_s.nsterameamatrawam a syztem Ad% Ca
lﬁphseﬂ’(w hoceldrat aaﬁﬁe 41 I

ésb:aamuls;;ei S %%6414a eéa?:tﬁéoéfwl ch 1 ncl ug%ﬁgm% 4 "

‘energi zabl%a‘%'cg dacludgs.a plytality of enataizable efectrasive 10406 raulrgieﬂhe path of

T ot e o 0 4,y g

associ at ed ‘{02 vari abl e frequency power s
respect i v&'{& 8 afing Wwa%ﬁmaéedwwqmabiefrmay RFpotdtsowessl  432b,

10ab oy b a0 el YA g et teSobebr e |

404b may be the sanme or one
Fur t her norS82bdespactivaly.cThe gge:anngfrbqumbes irsthe dedi(idaal a&ngﬂozxaehdbe provi ded

Lo Bdb by ena B BE BRtlehariale Wiy o1 a ot ron o
T ety e A A
:L 2%62 . lrr:&%i ;&gt%mg% a‘:ﬁl%fm’?%ﬁﬂ%a&ﬁ%? the agegleratospwhich mey %@t t | ng of
e BRI A0 b i 0 o (Ol
' 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,
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 fo affect a desired net accaleration 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
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 numbser of such aooelexaﬁng stages

- 404n (e.g., where n is an integer) may be provided in an ion mplantation system
in accordance w:th the invention,
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anplitudes of the respective power sources 430a and 430b and resonators
432a, and 432b to affect a desired net acceleration of theghgamdsp24
through the bow ine assenbly 41.4a, as well as the relative phasing of the
energy applied to the stages 404a and 404b. In addition, the control
system 440a nmay further be operative to control other system conponents, ,
such as the ion source 420, the power supply 422, the nass anal ysis nmagnet
426, and/or the end station 416. It wll be appreciated in this regard,

“that any nunber | enating.st.ages 404n (e.qg., where n is an
i nteger) may peﬂ%%vpgg@gﬁﬁ&ﬁdﬁﬁ%l%ﬁ?ﬁﬁw@?%gﬂ@gﬁﬁmﬁmance with
]E he i nvent poNidezpves omraﬁamadvaﬁm_;esrqvgamhﬁ@ial o iﬁ'ip!&_n&twlﬂr i Sbl et
requenc es.may .provide several operational advantages
ove;q c'onze |on§?ﬁ‘? gﬁ%‘%ﬁ%ﬁt%?ri‘%ﬁg"%gfee‘ﬁaﬁ‘gﬁiﬁfé%%%t@%POWGF ins%J ance,
thg/_lndi-viWM&m%ﬁgenéter@eaa,aﬁmt fp?l\g%o@ﬁ;e% F_@-jzﬂ»e' 151&,'%‘@«3%;%) 432&,bI .
“and/ or powen r apd .resonat gr s In Fig. may be operabl e
in a soﬁe%&i&m%% PP%'EE%HE?SP at smallqrfeequency rapge trendbatiafm
(anpl i f i erthé BF system iep430'and regbndt i lGhi e
capability_of o Ieg'?liﬂ &ge sa?re ?ggggs%)%ff%@gg@i’é;ghgﬁ@géﬁérgy | evel s.
In this rcgggpﬁ&fﬁgcq?rpgﬁg ' é@@mmaeeg@n@pg@eamwwmmdam ating a
first (e. gogaitipiherist siae 404 icBMIcTY Wiplofid f dcbe Slofif CLCHC AL
gc p

de-energi zed. Wthin t‘gjﬂs first > rage, the uengy an royi-ded
by the anp? PREPY A9 willg the Senend stage ig derepergizedy Wihin thisfiestii ng t o

t : | gelo the
o he S L et AR o Wl P
stages ( e®feroizinglpth themrrelerativg stages40da ant 404k witieappropaté on  accel erat or .
e 11 uot P IRemeRiCtono kgl il VoGRS dtile eOBerpoRgRa I Sl ne asserbly
414b, precededA firtheyaspast pttha inventidreproeiles fo?4oMmbiriiy bee olHBR EIthé!50. The
Dne e o bBRTerliy Al (o) Sadds AT WA <R 15 BinonBPage s ion 0 2" @
accelerator, Referring now to Fig. 12, another exemplary jon implantation system
-410b Is illustrated having a sfngle accelerating stage 400 in a beamline assembly
414D, preceded along the path of the beam 424 by an ion buncher 450, The
| buncher stage has a variable frequency buncher power sotree 460 and a variable
- frequency resonator 462 assaciated 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
workplece 30. The buncher power source 460 and resonator 462 may be
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, incltiding a control
system 440b. The control system 440b may be adapted to control operation of
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frequency resonator 462 associated therewth to facilitate bunching of ions
from the ion -source 420. The bunched lons are then provideg 0. dg
accel erating stage 400 for acceleration thereof to a_desired energy prior
to inplantation on the workplece 30. The buncher power source. 460 and
resonator 462. may be operated at the accel erat.ing stage frequency or a
harnoni ¢ thereof. Myreover, the relative phasing between the accelerating
" stage 400 and the variable frequency buncher stage 450 nay be controlled,

‘and al so ety theaseklad a8eeldk | rel ative phasing.and ot her
control functjons, I n taﬁrga sy’?tﬁré%a%%%g?m% v%"g%g’lco %F&°f'm§‘qﬁ' VA &'%J""
Zzggopr i a';)e' mﬁgiﬁﬁmms inctidingrod io@gbbm?ﬂ)bun&iué pgxgat%dv{mr?s%/ﬁt em
may beg Sbs a Jun 0 e
exenpl ary accel eratin cgta%gﬂgﬁ as'méﬁpb§§m§%ﬁ¥$@iﬁﬁﬁﬁﬂ 5 in the ion
i npl ant at-i dMPEPlatiaRsystemyA10bmeay fuither conprise mdditiondteiccélefating eiigBs yopaver -
SUoh an s e aroned Ang RN o ARIOHDGID 49F ncootiage dindibpisen)
acceleratiﬂbmﬁﬁﬁges_400 s positioned along-the path of the lon beam 424 in
accordance wt lan... The present i nventjon finds
application i n@%%@?%ﬁ?é ﬁer@s?éqpﬁﬁtl?&i I} g vapsyef forms, beludingdhesed
descri bed Hustated andhdesaribed hereirt, antlotrirs Adtalustiaesd. | Fotindiafe, a8 il ustrated
in Fig. 14; raf i 600 be provided . in an o inplantation
system 616’”%@%@%@? i aSﬁ%ﬁ@%ﬁ%ﬁ?g%mﬁbwv@edm and a |
corres p@ndim@pmabnaymmemmmayaﬁm@m@n&# rsouf® &RCHIes at i ng stage
600 - - cq&yg'éﬁﬁiéﬁyﬁégb | e el ectrodes _spaced al ong a beam path, which
are energize yc{ nEESoRRtar 63rwhenedho pagnlenating stege 608t ens
i || ustr at ezdmiseeénerglzableledtotb®bhcea A ﬂm.,fp.gj 2, a beanline
assenbly 6 4! .an@ t§ ?:g: end. stati (é,)‘ﬂEl 616. H%E?%Phsnél ff@%ncl udes an ion
sour ce 6209]'1‘)e § W%‘"yﬁ?%@%@%f'@%ﬁ%@emﬁmb&ource 620
e Ton beam aan Lo enano cotlpitsss b rkli 6923 boluhhe ABBblysta, 853270 Y O
statiorr 678 FA0HPIRe Ahedeaning 612dncludasandan byurch 620 pawbieddyessenbl y 614,
whi ch CO”MQMaQe pawer sUpply622S The ion source 620 produces an ion beam 624,
. which is provided to the beamﬁne 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
) 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 elactrical degrees apart in phase via the power source 630
; and the resonator 632, whereby push-pull accelerating fields are generated in the
accelerating gaps therebetween, without any grounded or constant potential
. electrodes intemoged therebetween. Thus, in the accelerating stage 600, a
- plurality of first energizable electrodes 604a, 604c, and.604n are energizéd via
connection with a first (e.g., *+") terminal of the resonator 632 and one or more-
- second energizable electrodes 604b, 604d, and 604n are energized via a second.
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magnet 626 and the accel erating stage 600. The mass anal ysis nmagnet 626
passes only ions of an appropriate charge-to-nmass ratio tozggﬁEggsglerating
stage 600. The accel erating stage 600 conprises interleave ener gi zabl e
el ectrodes driven 180 el ectrical degrees apart In phase via the power
source 630 and the resonator 632, whereby push-pull accelerating fields
are generated In the accelerating gaps therebetween, w thout any grounded
or constant potential electrodes interposed therebetween. Thus, In the

accel erating stage 600, a lurality of first enanrgi zabl e .electrodes 604a,
e, a6 8ot aminataaraet 1o 1 manbe ferddidios, A o gt g °L 00 o)

t erm nal SN KHjAURAt SriergiRélile cleetotds elory thezulit e .
el ectrodegél%%dj%?ibgs(%@g,ﬁhgggg%g%n ar’ée&gnergl zedevi a_a seclop?a dn28 June .
2005 (e. §f the bepmi6@4niGther impleraentations (pelh showph A COVYIPPRIREMIFIE 2 1180
degree ph | bisHi biRslidaet venpsendiijasaritienertaablezabl e - :
el ect rodegﬁ@r%ggﬁ%%gg%g?%w% ﬁ?ggbbean%4. a herJ I npl enment ati ons (not
shown) iar electrodasrip haaecelenating stagedi f f er ent phase rel ati onshi ps may be

provi ded bet \ABEWJ L AR Rovide S ineRibRol Acctioratirgdbieriat i ng st age.
Anot her aspect ﬁgﬁgﬁ%mﬁe@g‘é@@ﬁ%&éﬁm hod f or &f'ﬁ%ﬁpir'lsti ng ions in
SISt

an i on i mh ot iaplaotation system. Ahn exemplanamethed Ao isslustiad ated in Fig.
12 o S e L B ot M cruat st st 1
not |im t etstops, ttivdll be appreciateddttialthd prasapt inyerﬁipa;igpotalgmwrpg 8 eps may occur
Shown andlRIEEFY BEGMHLPLAEps: o8 sodie s ta bicer B WRErer BRBrARRIGr F OO ¥ on.
not all i bércuientyasitisstherstopy apart fromduatrshawn antlideseriast heseifelfihodol ogy i n
That tho_ ARHRARoBNEh N A ary) BAHoay fobel AHEked steptirhay 7, FEP o s
and syst epgyulrbd ifbRhRsht anfethedsiogyiacicberdence wils theseriesentdnventias soci at i on
o bonm Moroces Rodlbeeprebis et the method S0 1A Be'inpleniahfed ' Nod 500, .2 B
a _assoclation 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 suppliéd. for example, by an fon source, such as source
420 of Fig. 12, and may be conditioned in 2 mass analysls magnet 426.
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 508.” An altemating 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

power source may be adjusted at step 508, as needed, in order to provide the

desired acceleration of the fons. The provision of a plurality of energizable

- .. . electrodes and the energization thereof using a variable frequency RF power
~ source at step 510 p_rovidés significant advantages over acceleration techniques
employed in onventional ion implantation systenis. Furthermore, it will be
appreciated that the tuning of an ion imblantation system for a specific ion species
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The ion beam maybe supplied, for exanple, by anion source, such as source
420 of Fig. 12, and may be conditioned in a nmass anal ysis Qi ¢dg6.
Thereafter, the beam may be bunched (e.g., using an |lon buncher 450) at
step - 504. The bunched ions are provided to one or nore energizable

el ectrodes (e.g., energiizable 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
associ at ed rdelsonat or). The freguency of the power source may be adjusted
at -step 5080 &qergyris g smhﬁed)byﬂwmmuoa.emerewma eration of

the ions. and the
e 1 ono. . BAscRt o8 ooy e Pl 854 ibiign 208 G, 270, (1
510 provi des s|@ﬁpﬂﬂftﬁmiﬂ‘éﬂmanhagbselmslmtuwmandadm‘bed)mtheeépmqmea; enpl oyed
i n convent 9 M& kéﬁ"%# .
appreciated t at the tun| e%n ﬁ'ﬁﬁr}pﬁ Sﬂﬁ'ﬁifﬂ a speC| fic
| on speti e%ltez@oz!aaudmdh‘maﬂonamﬂmcmpemm skilisakin ghe 4t upore ditd seadingpl i f i ed
by the inv, uenc of .operation at
step 508 nﬁ?%@%w%i %%ﬁe@ﬁ#{ﬁb%ﬁ %‘iﬁfﬁdt‘#ﬁ?%e s been.
;hownl iand TGM@M@%EM%MeﬁWm bye!né aboveafeseritieti comp : omafntsarrent at i onlsl,
it wi al ent er at an difications w
occur to ers si'ach "ﬁse'éggt?"ﬁpﬁtﬁj tﬁgtt o(l'\’“fg'd'% FRI%Adi ng of
this spe]g:i fmeans") mmmwfiumﬁmmmma@mtémmmmdtm@ﬁd tﬁb It he
variou r e e escri co nent s asse i es,
devi ceé Lb eiﬂ%?i‘d?@ %‘%/'E "?H’B"’F‘ %Pﬁggg"}‘%’PBPénce to a
nmeans") tﬂmedbﬁcdbeﬁaem 5 th‘alfi@ﬁmeﬁts t spond,
unl ess i (#_u& se mc]'l)dg?tn e o conr%gggﬁlt‘%?;%gr%f@sﬁ?he specified
functi on F'\#@' ?’Héﬁﬁleoﬁ%@ styuctuse, %Peff@'n'ﬁdh@fqﬂﬂﬁ
equi val ente h@vﬁnluemfbx&ﬂﬁlarﬁﬁm&héﬁ@héﬁs GG bR, IR i e gd osed

e function In the eln i Iustr exenpl ary

?LLFZ%EL? &‘!"M%%ﬁ%ﬁﬁmﬂwmﬁn inslugdes aqpomputartreadable nmhusn be
ot ot - HAAE botRet SR no RS or boROIRHA Bie ASA(S0NE VARG, 1701
met hods ofmethedisioftheriavastion.! in acdglition, while aipaiticular featiire of ther inventionr e of t he
i nventio "may have been disclosed with respect to only one of several implementations,
such feature may be cor_nbined with one or more other features of the other
'-implementations as may be desired and advéntageous for any given or particular
~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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may have been disclosed with respect to only one of several

i nplementations, such feature nay be conbined with one or nore other
features of the other inplenentations as maybe desired and advant ageous
for any given or particular application. Furthernore, to2§h@ed@%ent that
the terns 'includes", 'including", 'has', "having", 'with', and variants
thereof are used in either the detailed description or the clains, these
terns are Intended to be Inclusive in a manner simlar to the term
"conprising”. 24 28 June 2005 Cains: 1. An ion accelerator for

accel erat} l.ons traveling along a path in an ion inplantation system
the accel erator conprising: a first accelerating stage conprising a first
series of enerlgi zaAhmrEdceehara!dd’eraeweraﬁhglonsmwehngakmgapaihmthe pat h,

each ener, |za ect E bEIP?% aced from an adjacent energizable

el ectrod anBaHP 18 '39?3 Fralfl M B'ath and a first variable
frequency RF f@ﬁmawererahaglstmgea:oimpﬁstqg\eaﬂl rseéfdnesbfamrgzabid eela‘etmdemnat or
conprising a first termna trigca connect.e ver

ener gi zabg%a%p&?m angiher ﬁbb'\gi é& %Wéb%gl?&ﬁ?&? ﬁ%al’

]gz! ectri caf_nbrgalancau’atent@sérgimme élé&ﬁbdn NG (ﬁbee:ﬁcbﬁmfallidmti’@péth;ra?d series, the
irst varia r source opera al ternating

‘potentials of @?%EGU?WCS’S{%%RQVGFWEW P%ﬁé{a?ﬁﬁgﬁﬁ@?%& and second
L er m nal fRF ftétsianatotr@bﬂﬁnpﬁswig;a it @mmﬂl éle%tn_(l;ﬁhﬁ‘,onheﬂ&d u@thtéve@ccﬂh?- t Ier i nfill s
eing out o se er e i.on acce r of claim
wher ei n t&{e r}ﬁ%ﬁ‘eg"?&e'a%@@? ggnes S%WM Jﬁﬁé‘cﬁl riable frequency
RF - 1 esonajophedted with témamingdiediodies Th the ﬁrsi@aﬁesf {Hefirst@Hablé fidgaehgy about 40
MHz 3. The_ion accelerator of claim1, further conpris a variable

f r equencyR BAWBTIRME ORsralle i %X@E%Wrﬂ%ﬁﬁ igle ﬁ@omw@a frRQUeNSY at i ng
stage al o arhfifudAblthe RFbRPRIBR torrinalS, A6 ShutihetbritaRsatitve L he 111t

accel erating stage along the path . The 1on accelerator of claim3,
wher ei n Visstiang secondigmaing §h%190tﬁ@ﬁ9h%$e%'h@fé9@mﬁ ses an energi zabl e

el ect rode | ocated upstream of the first

2. The ion accelerator of clalm 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 acceleratlng 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 stége along the path and a variable frequency buncher RF system
operable to energize the energizable electrode of the ion buncher stage at a
controlied 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 fo the first accelerating stage

~ along the path.
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accel erating stage along the path and a variable frequency buncher RF
.system operable to energize the energi zabl e el ectrode of the ion buncher
stage at a controlled frequency corresponding to the frequegg*mg%(%he
~first accelerating stage and a controlled phase with respec 0 %e first
accelerating stage to create an alternating electric field to. provide
bunched ions to the first accelerating stage along the path. 25 28 June
2005 5. The ion accelerator of claiml, wherein the alternating potentials
at the first abdd secdhe iorepefelestor af elabutl, stherdimthe altarhatingepentialseat by

about 180 degrees. 6. The ion,accelerator of claim1l, .funther rising:
a second aggee 55?5?' fi nsgcos dggegn%scgr& ?‘ﬁo‘% Bﬁﬁemgfl?e%f htyhgbql\gﬁgﬁ

accel er ati dgegrsésage al ong the path, wherein the second accel erating stage
conprises a second series of energizable el ectrodes spaced from one

anot her along the path; and a second vari abl e frequency RF power source and
a second variaple fr ' r | Si first term nal
electrically %nnectw%ﬂ%c%%Fﬁ%ggﬁ@bq’ %ﬁt@%@ﬁ%@%@l ectrode in the

- second seri es asword aeclerudingatage spiced fivai didavingtreamnofigetfizst W t h renmai ni ng
el ectrodes in, the secogjgmgg%if es, the second variable frequency RF power

sour ce bei AelsFingstage Batly wherein fhesgeonst aske BAige FEEE ARMPHTER  and

second t er gcBad Serfal oferfef Eé&élel%&rédeg @&ﬁoﬁ%ﬂe‘%ﬁﬁﬂﬁf‘ BHg i Al apgoni ¢ of
. the frequency of the fiTst accelerating stage, the a tegnatlng potentials
~at the first anstcomibauatictferquenyl RF pewearsoorce aod apbamd vaiiable fieguencpt her . 7.

The ion acgelerator of claim.6, wherein the first apd,second variabl e
frequency r?)sgwpr_ Rfole il ucl 2 fgﬁ’ét EH@F’&EP]SCWB&M ‘BPHP%‘?“&‘{]}‘VE eﬁm{é’iﬂﬁﬁ bet ween t he
al t er nat i véneRAZAN diddidde n IRSeédndSeriéd UhdS ALY RaRRhEIakiAMySt ages. 8. The

i on accel erator of' cl ai m 6, wher ei n the first and second vari abl e
f requency ®mnesedwith sumainingslastrofdesrin thesetondasdyies; the seeondevaiablee phasi ng

otages, o feEnndtF Bbl et dP g rererabieogpoliteibe RESRES B R o
frequency andfse@MAREmERAE 6£a bontRMlcd FeaRiRy LOrEpBNAILS td HBarddnid Gahé NY

potential in a frequency .
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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range between a first frequency and about ten tines the first frequency. 26
28 June 2005 10. The ion accelerator of claim®6, further conprising a

vari abl e frequency ion buncher stage |ocated upstreamof the first

accel erating stage along the path, and operable to provide bunched ions to
the first accelerating stage along the path. 11. The ion)ggpebegst or of
claim 10, wherein the variable frequency ion buncher stage conprises an
energi zabl e el'ectrode | ocated upstream of the first accelerating stage

al ong the path and a variable frequency buncher RF system operable to

energi ze the ergizabl e el ectrode, of the, i on buncher stage at a

Cont ot Led 1 r SNcalGS RaaceBrarat ol 6 fithef CobRous BVatas ( 7 <

acce: er atffaqiendytioR buackbrataelbcaed prmeh%@fméﬁi%t BesdIea }ir_ng lstag@aloh'gr st .
acceleratjn tage to create a alternating el ectri je to provide
banchod. thgatoand absablets pivifkpiehed RBk 16 fhe TpadeRrtingstage”1 5 “an 1 on
.accel er atglungfthe paticel erating ions traveling along a path in an ion

i npl antation system the accel erator conprising: an accel erating stage
conprising: one or nore energizabl e el ectrodes another along the path, each

_energij_zabl te elect rnﬁ'@fﬂm tﬁmth @réiﬁrm]ﬂomvnérd teﬁ%é%ﬁébl@h@qmrt@%m elt eci_ro?e
N a Il rectl on ar a el . W e. ;. an WO Or nore cCco n potenti a
el ect rodzé'"%!?%f&%?@oc%ﬂm&*‘@ﬂ@nsw% ?lﬁ%)qq*?%qte‘éaﬁ%t{%ﬁw 0{;@?3 i al

el ect r odgctdisatifg stage iy The bath hdavarBbrafdRieRby BUREHER RF $8fkng Second

constant potential electrode | ocated downstream of the energizable
el ect rod@E‘? (ﬁ"ﬁ@?ﬁeﬁ‘@(ﬁﬁ‘ﬁ%&%ﬁ)@?m@fﬂé@ oadhungher stege ashced from

adj acent _csﬁmmaaa@ah@ng mg&ﬂﬁnq @ tHe frefBeRy TR fist AtclPdtngishRyecbet ween;
a variabl e frequenc F systemelectrically’ connected with the "energi zabl e
el ect r odagd Qr@"tfﬁllﬁcéﬂiaéet"ﬁthd'ﬁw terthe first pperlenting stega e gleaterany control | ed

freque ncxé}teeﬂquﬁg E1BBEE IBRYPPAVId RiHchad Mk 185k rdPhécelitafridrsthge t he

ener gi zab ectrodes to create alternating electric fieldS in the
accel er aglopg thpathi n a controlled fashion in order to accelerate ions
through the accelerating stage along the path; and

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, each
energizable electrodes being spaced from an adjacent energizable
electrode in a direction paralle! with 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 appily an alterating potential of a controlled frequency
in a range between about 4 MHz and about 40 MHz to the energizable electrodes
to create altemnating 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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27 28 June 2005 a variable frequency ion buncher stage |ocated upstream of
the accelerating stage along the path, and operable to provide bunchéd ions
to the accelerating stage along the path, 13. The ion accelerator of claim
12, wherein the variable frequency ion buncher stage conprises an

energi zabl e el ectrode | ocated upstream of the acceleratiBpg;s.3965al ong the
path and a variable frequency buncher RF system operable to energize the
energi zabl e el ectrode of the ion buncher stage at a controlled frequency
corresponding to the frequency of the accelerating stage and a controlled
- phase with respect ,to the accel.erating stage to create_an alternating
electric fiel P YATGRY Feruengy |on Wﬁ'.c}“ﬁéag%ﬁgﬁ@géﬁpé 'BPf@P clai m 13, wherein
the vari ahdceldratirigstagy alchg treysdtienarefl opshable esprlovidatbunghed isas teihepr i ses a

variabl e frequency .RF power, soyrce adjustable in a range between about 4
Mt and am%rﬁt@gy,\ﬁtag%ﬁlgng{hpaqq bl e frequency resonator adjustable in a

range between about 4 MHz and about 40 Mz 15. An ion accelerator for
accel erating igQns ayel i ng, al.on . h in an, ion jmplantati,on system
The- accel erat db cofss I agaefater ot s A2e heii s \erab TeBHERTiPRg: o f11 st
ener gi zatjunchéeftadOeemplistRtn dierdizdble cReflodéocledpsRegRFtiRNt  potenti al
el ectrodes alrgr anged al cin heaﬁﬁth wth @ %;eéSt const ant _potenti al

el ect r odB ﬁ“_@ stage g Pafhhanda ¥piable fFeguency F%,Raﬁﬁt‘%msecond
const ant dpeifk trdnedbies tHeosifergieaié efectiedd of theddh BinchBestageapazabl e

el ectrode, wherein the constanajngot ntial electrodes are s&gced fromthe

ener gi zatoBtrellesdteaveacy eonrspending te Bedrequeney ofdne acerlerating Hegeandnd a first
vari abl e f s Hfiefas phade Witls FRFREH 6 e AccRldritiPRAGS tedteieldh étté@natmger gi zabl e

el ectrode and operable to apply an alternating potential of a 28 28 June
2005 corflecyia fieid aloag theneathand anpl i tude to create alternating el ectric
fields in
| 14.  Theion 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 Mz and about 40

MHz.

15.  An ion 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 altemnating potential of a
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the accelerating gaps in a controlled fashion in order to accelerate ions
through .the.first accelerating stage along the path; and a second

accel erating stage conprising: a second energi zabl e el ectrode al ong the
path; and two or nore constant potential electrodes spaced fromthe

energi zable electrode along the path to define accel eratjgng,g

t herebet ween; and a second vari able frequency RF systemelectrically
connected with the second energi zabl e el ectrode and operable to apply an
alternating potential of a controlled anplitude and a controlled frequency
corresponding to a harnonic of the.frequency of the first accelerating

stage to cre&P@irelied fequencyand applitude 10 ceals alitarmatiag glestsicdipldsihiy gaps in a
controlled f ﬁﬁi’é&@leré{ﬁ\fg gHR ih AoAFGRHFASHIO inQrdéf 1Biadbdieratd iohk her

conprising a variabl e requency ion buncher stage |ocated upstream of and
provi di ng bunfiedgh hedirstaccelsrating stagealerg biepath @nstasrconong the path. 17.

The ion accel gradi@atity steh@icBinpfisingher ei n vari abl e frequency ion buncher
stage conprises an energizable el ectrode | ocated upstream of the first

accel erati ng 3egeendersigizahle glegtrpdeaong the pals radtwe gLBES buncher RF
system opera ' | e of the ion buncher
y p Ebﬁstérﬁlpgﬁﬁﬁl &8ctidiRes %Eﬁé&i f?&ﬁgﬁghfrgk?ﬁg

stage at a control requency correspond frequency of the
first accel er gerifaalapathepath o dafine perele@tiphears wit h respect to the first
accel erati ng #efstether'sp@t € an alternating electric field to provide
bunched ions to the first acceleratin stagie al ong the path. 29 28 June
2005 18. The ion @@%@ndr\@ﬁabledﬁquemvgﬁﬁsysemee!@c;tnpallmommeoﬁdwﬂm second

vari abl e freqmg%golﬁfeﬁg@fzggqéﬁ(ﬁgagﬁha%b@dg% | H@%@é&%ﬁgartg@asi ng bet ween

the alternative potenti _ rst”and séec acce I ng stages.
19. The ion akdentsl af a coafroliedanpliigie auda epnirallad fiequencyand second  vari abl e

frequency RF syRisBORdiAY fo & RaMIHICotRe fEhiEHcy bR the iR tHcbdBratng Stagd
to create alternating electric fields in the accelerating gaps in a controlled
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
'acoelerating stage along the path and a variable frequency buncher RF system

| operable to energize the energizable electrode of the ion buncher stage ata
controlled frequency corresponding to the frequency of the first accelerating stage
and a controlled phase with respect to the first accelerating stage fo create an
alternating electric field to provide bunched ions to the first accelerating stage
along the path.
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between the alternative potentials in the first and second accel erating
st-ages. 20. .The ion accelerator of claim15, wherein the first and second
vari abl e frequency RF systens are adjustable to provide alternating
potentials in a frequency range between a first frequency and about ten
times the first frequency. 21. The ion accelerator of clabgdaqchberein the
first and second variable frequency RF systens each conprise a variable

. frequency RF power source and a variable frequency resonator, wherein the
“vari abl e frequency RF power source and the variabl e frequency resonator

are each adjustable between about 4 M& and about 40 MHz. 22. An ion
i npl ant ati on 39st et Rsccelerior elamrl & wilerein Hisdiratand $66084 r ect  char ged

i ons haviyagiaBR fledubhdy RE 8pstes akOfseraBleRGHik reldtve pRAsiAG BEMRIGARE f Or
"~ accel erating the char%ed lons fromthe initial energy” to a second energy
g

al ong t healtgtiative patentiglp inthedirst agd secenshancelaraling #4296 st accel erating st age
conprising a first series of energizable electrodes spaced from one

anot her along the path, each energizabl e electrode being spaced from an
adj acent ener JPzablke Bnaccelgeator of claimdib; wheraimthedirst angl seapoth t he path; and
a first TR 4] REHR RPAE ot -abl e frequency
RF resoné’?g?agg%pgpiém n pgy?tlarﬁgt t eé%éﬁ%{tegldgj%?tpi@g%h@%%%F}dqut ed with every
ot her endefjvearpthe a&emﬁv%@retemal& indhe fistandsegoopd agerleratingseges. t er i nal

el ectrically connected with remaining electrodes in the first series, the
first variable frequency RF power source operable to apply alternating 30
28 June 2005 2@ot ehhe ian aceglertarsiclain 16dwhersiuthediystand seopid t ude to the

first an ' : ' ' fjrst and
second t SPRSEaR R RISdert O SI0NRIS BvEg BT odenidiing (o,

oper abl e frequernyi rangesbelween iafirst frequenayrand aldout tpadimesitbe fisstedquenayed to t he
second energy inpact the workpiece; and a controller operatively connected

wi th the variable frequency RF systemto
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, each energizable
electrode being spaced from an adjacent energizable electrode ina
direction parallel with 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 a second
terminal electrically connected with remaining electrodes in the first series,
the first variable frequency RF power source operable to apply altemating
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control the frequency and anplitude of the alternating potential. 23. The
ion inplantation systemof claim22, further conprising a variable
frequency ion buncher stage |ocated upstreamof the first accelerating

- stage along the path, and operable to provide bunched ions to the first
accel erating stage along the path. 24. The ion inplantatigg,sesgsn of claim
23, wherein variable frequency ion buncher stage conprises an energizable
el ectrode | ocated upstreamof the first accelerating stage along the path
and a vari abl e frequency buncher RF system operable to energize the

ener gi zabl e el ectrode of the i buncher stage at, .a controlled frequency
correspondi ng R etgt.@g ?&Wﬁgﬁgﬁ?q‘ﬂwyﬁﬂdﬁmfg%@ﬂ@& ﬁ'ﬁ@angﬁﬁ?ﬂé‘dand a
control | ed phagsminbktheeferrting potdhiakiat fe MSERIde_bhd rifiRebéiAgCr eate  an
al ternating elstﬁgtggc field to provide bunched ions to the first

accel erating pPhase i Qnecanoshel: 25. An ion inplantation system

conpri sing: anar i SEEHICEHEPANE RPPSsition Hvbkplece B8t ehagea idigvi ng an initi al
energy al oﬁgﬁgeJ ategat ; an ion accelerator for_accelerating the charged ions
fromthe PeFRGraeddo od gnerg¥ ippactdrwgikpigcendnd he path, the ion

accel erator cogdritlidtdperativél | : E S{diGhn first
energi zabl e el ect rode al ortlI é?ﬁ’g"gﬁ‘?% ﬁgﬁgié\%faglg%%ﬁﬁe 001;?;&:?% tgr nor e
const ant’ ¢RstEhthediequency: plivderpithe alierwating priepfidlh with a first constant

potential electrode |ocated upstreamof the energizable electrode, and a
second constant potential electrode |ocated downstream of the energizable
el ectrode, whéBei nTheiendvplentation system ofalaimal2e éurthedeemprisingpaced fromt he

energi za ; ' ' tehar, a first
var i gbl eh)farﬁ g@é?‘%@ﬁ&%ﬁ%@%ﬁbpgﬁg@ﬁ% %S’f%ﬂg%'ﬂ?}’zc eeiig&vﬁ%?%lbﬁggener gi zabl e
el ect r odstagepleneihetpath, aod opprable trpravide bichiedgonstodhe fiest of a control | ed
_ frequenc%ﬁgrﬁﬂggbhg%%r@qpegﬁﬁﬁt e alternating electric fields in the

psS 1 a contr e

accel erating ga d

24.  The ion implantation system of claim 23, wherein variable frequency
fon 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
apath; |
an ion accelerator for accelerating the charged ions from the iﬁitial energy toa
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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fashion in order to accelerate ions through the first accel erating stage
along the path; and a second accel erating stage conprising: a second
energi zabl e el ectrode along the path; and two or nore constant potenti al
el ectrodes spaced fromthe energizable el ectrode along the path to define
accel erating gaps therebetween; and a second variable fr 98¥0%F system
electrically connected with the second energi zabl e el ectrode and operable
to apply an alternating potential of a controlled anplitude and a
controlled frequency corresponding to a harnonic of the frequency of the

first acceleratin ta t o creat lternatjng electrjc fields in the
accel erati ng gaps 1 Qiqﬁgrﬁtqogftpgﬁloﬁ?ri@iﬁgﬁpdgﬁ%gﬁ@ggé Q{oﬂﬂﬂ‘ﬁﬁéabl eto
pact the Wor Kl ohes B ot oL Lo Rt e ed i th the
vari abl e freq&ggwaag @9& ?%éaégﬁ?m&dp"?%gip?t@&ﬁ@r?g%ﬁ"ﬁéﬂ%&ﬁ{ﬂq tude of the
~ al Eﬁr nating pdbw_nsfrelaam ?ﬂ’?ue eher@zq[meleétrduy;wh_@feﬁﬁ 'tﬂézbdzngfb?t bété\;géggng al ong. a
path in an ion antation,system co si ng: une provi di ng
a plurality o?!egkg%;ﬁ IgiPacey ﬁéﬂtgﬁ@e@%@k‘:‘cﬁl?&ﬁ?ﬁ%&%’eﬂ%t her in series
creating a pi ﬁéﬁ@‘:‘?‘? ’f‘ﬁ*‘%%’@a’[‘;{;g*fﬁéfgé?‘?é aﬁ@'ﬁ’%““&%‘“ﬁ"wn PRty of
accelerating § icglty; qRpngcled withdpe ?@éﬁi’b egt Loparallede i cal |y
connected Wi hpply e altbrmathd bdteﬂﬁal%ﬁ@fc_ﬁhﬂf@@dﬁ‘ré%{l@ﬁbﬁ 8A& ampht(de I6€ method of
clai m 26, wherei ﬁegaﬁ{gea“ n%Ithe | ural i tg of alternatijng "electric fields

conpri ses appf$P matngglectis iglds s pecglerating gepsminagonielied equency  and

anpl i tude to faBRioflinioier t/acele? ARG ARIGhThE first aaﬁbﬂﬁﬁgga vari abl e
frequency RF gow&\rg s?ur ce, and a  variabl e frequency reschator electrically
aong the path

connect ed wi t#°Ng hrahdia $ecend aperlefating stage cedpAigiags. 28. The nethod of
clai m 27, further soeiEBh Bhagizapw \GBktstd A8y HeQTats MR niorPC i on beam
usi ng an ion buncher, an ovi di ng :
constant potential electrodes spaced from the energizable electrode
along the path to define aoceierating 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 controlied amplitude and a controlled frequency
corresponding to a harmonic of the frequency of the 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 altemating potential.

26. A method of accelerating ions traveling along a path in an ion
implantation system, comprising:
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‘bunched ions fromthe ion buncher to the plurality of energizable o
- el ectrodes along the path. 29. The nethod of claim 27, further conprising

adj usting the frequency of the variable frequency RF power source in a
frequency range, wherein the frequency range includes a first frequency
and frequenci es of between about one and ten tines the figsinelo8luency. 33

providing a plurality of energizable electrodes spaced from one another in
series along the path to define a plurality of accelerating gaps therebetween; and

creating a plurality of alternating electric fields in the plurality of
accelerating gaps using a variable frequency RF system electrically connected
with the plurality of energizable electrodes.

27.  The method of claim 26, wherein creating the plurality of alternating
electric fields comprises applying an alternating potential of a controlled frequency
and amplitude to the plurality of energizab!é 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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