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o {57) Abstract: A method and apparatus are disclosed for accelerating ions in an ion implantation system. An jon accelerator is
provided which comprises a plurality of energizable electrodes energized by a variable frequency power source, in order to accelerate
ions from an ion source. The variable frequency power source allows the ion accelerator to be adapted to accelerate a wide range
a of jon species to desired energy levels for implantation onto a workpiece, while reducing the cost and size of an ion implantation
accelerator.




The termnal 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 beanline assenbly 14. The ion beam 24 is then directed toward a target
wafer 30 in the end station 16. The ion beam 24 is conditioned by the
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magnet 26 passes only ions of an appropriate charge-to-mass ratio to the
| i nac 28ubifa@ | i nac 28 i ncludes a seri eBr@§-l@CoR] ol obitriigvidgitnagese s capdul es
28a-28n,— t#et Moo sestsh TRy prd eorbe mrvblgied r aptedigesionfirdes dréApbipridtionyiepeavre s ¢ kegi- t hey
achi eve fr &% B0 H8ul es. The accel ePEESF " HBUUPES 8L TS in t he

i npl enentation of Fig. 1 are individually energi zed by dedi cat ed,
fixed-frequency RF anplifiers and 1 resonator circuits (not shown). The

| i near accel erator nodul es 28a-28n in the high energy ion inplanter 10
individually include an RF anplifier, a resonator, and an energi zable

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

rel ati ve phase between adjacent accel erator nodul es 28a-28n. However, the
adjustnents in the individual accelerator nodul es 28a-28n nust be nade
carefully in order to provide for proper acceleration of ions through the
entire accel erator 28. Thus, sophisticated controls and/or trial and error
nmet hodol ogi es are commonly enployed in order to tune such nulti-variable
accel erator systens 28 for specific acceleration energies, and for
specific ion species. In addition, the provision of nultiple

fi xed-frequency anplifiers associated with individual accel erating stages
28a-28n is costly and such dedicated anplifiers and associ ated resonat or
circuits occupy a significant anount of space in conventional ion

i npl ant ation systens. Thus, there remains a need for inproved ion

accel erati on apparatus and net hodol ogies to facilitate | ow




cost, sinplified ion inplantation systenms. SUVMARY OF THE | NVENTI ON The
present invention is directed to an ion accelerator for use in an ion

i npl ant ation system as well as nethodol ogies for accelerating ions in such
a system which reduce or overcone the problens and shortcom ngs found in
conventional accelerators. In particular, an ion accelerator is provided,
conprising a plurality of energizable el ectrodes energi zed by a variable
frequency power source or anplifier, in order to accelerate ions froman

i on source. Q |l ows the
i on accel eraF q %I[? ada F%‘S@?E@Mﬁ%ﬁyﬁmcﬁ ngeT@f#mg\@peci es to
desired energy levels for [IONIMPLANTATION SYSTEM kpi ece. The single power
source reduces the cost and conplexity of the ion accelerator and

associ ated controls conpared with 2 conventional accel erators, and

additionally reduces the size FIEIROF THEINVENTRON on further includes
nmet hodol ogi es %Rr accel er at antation syst em which

may be enpl oyed"? BTeOR @\‘/@"tl ngrﬁlﬁ‘??rggﬁli%f%nffyd%%tmma@ﬁﬁ?ﬂ siptemanand
convent i Offjre pRitORR el‘erShféﬁhoo@ 4AapPRPRGS f&flmbﬁﬁ/ebgd(rg%de@tﬁaﬁﬁrphﬁ'ﬁ‘?s an ion

accelerator for accelerating ions traveling alon ath 1n an 1on

i npl ant at F%’H“"ﬂ@? N sygieMccel erator includes one or nore accel erating
stages, each stage having one or nore energizable electrodes and a

vari abl e frequency RF system such as a variable frequency power source
and an associ ated vari abl eMﬁﬁwﬂmCCM erator stage or

st ages nay conggy: des
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second t emnemtwn, \nﬂmh i hetabydscornserated W\@fer@dd:@ﬁ@ [Ffullyret rthddreine! ect r odes
accel erator may al so conprise a

Sgrel ngégﬁﬁgg" ﬁntﬁ %%quggifoarﬁge% |mpFants m%o 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 MeV.

Referring to Fig. 1, one implementation 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

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

The linac 28 includes a series of accelerating stages or modules 28a-28n,
each of which further accelerates ions beyond the energies they achieve from
prior moduies. The accelerator modules 28a-28n in the implementation of Fig. 1
are individually energized by dedicated, fixed-frequency RF amplifiers and




| ocat ed upstream of the initial accelerating stage to provide bunched ions
thereto. Reliability in such an inplenentation may be inproved in
accordance with the present invention, since only two RF systens are
required (e.g., such as a high power RF systemfor the accel erating stage
and a |l ower power RF systemfor the buncher stage). Mreover, the reduced
nunber of i1 ndependent RF systens (e.g. power sources and resonators)
sinplifies associated control systenms and may reduce the tine and effort
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Because, a single varjable frequency power source is used to energize a

series of Rl Brgzea%?t@' el ectrodes, the system cost and size are
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amount of space in conventional ion implantation systems. Thus, there remalns a

need for improved ion accelaration apparatus and methodologies to facilitate low

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




S instance, the power source may be adjustable in a range of from about 1
to 10 tinmes a given frequency, such as fromabout 4 WMHz to about 40 MHz.
The invention conprises any nunber of such energizable electrodes in a
given accelerating stage. The invention may thus provide significant cost
and space savings over existing high energy ion inplantation systens and
| inear 1 accel erators. Another aspect of the invention provides an ion
i npl antation system conprising an ion accel erator as described above

havi ng one ' le . electrgdes energized wth a variable
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t he accel elngention farheridclated methcadgicddot Sccaldibiind RPAs 1 ¥PlokPi ece so that
accel erat eﬂ"ﬂ%ﬁgé @agqtmt h@ wor kpi ece, and a controller operative to
control t hEPIHENA System, W Flafnacytl?‘?e‘?mE?ﬁ%Fﬁémﬁﬁwanqmendimtant ation
syst em mayadvantdyes overnesrivetiend et ib®n buncher |ocated  upstream of

the initial ac;:@%)eerati n&el?]t age. Yet anot her aspect of the invention
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met hod  coions tra@stingaPrigth P&ihan Bh | : i zahl e el.ectrodes spaced
from one a.ncit her 4928 ﬁ%\g ZOBS_ﬁrﬁims’g%{?tgéorg%%héﬁggteﬂ?&! lr%mfappl yi ng an
al t er nat i MgCPERLINS @1 Mere accelpiating staged, eaqlystagp ravihg aepdrintarde t o t he
plurality sHerqipa@EicdRb 4 | L e_frequency RF power
source in or cri%r to cr ea§%§gﬁ?%r‘lﬁa |%Ej‘§gp%1c($’r¢(cs$’%§ dgu%h%%@v?ﬁ%b'ﬁath,
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aspect ,of | | ' rovided . an ion . accelerataqr for
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series of : I rodes spaced ,fromone another along the path,
eaclh “ener 5?9?6%5@?‘&%9&8@%’5’& %8“5‘%%5@& Phagevih opgeReter. Aleraativelnbl 2
el ectr ode aitemating erergizablepalecttddel cohbld doRest o adinst HF %)‘szeﬁ:'ﬁ t¥ihdP! e

frequency  E ower .source.and a first variable frequenc
q y \\Rﬁ RS remaining e(fectrorgles connected to a second temiﬂal, forinstance, such

i thatadjacent energizable electrodes are energized 180 degrees out of phase.
The accelerator may also comprise a vatiable frequency buncher stage
located upstream of the initial accelerating stage to provide bunched ions thereto.
Reliability in such an implementation may be improved in accordanée 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 to tune ion implantation systems. Where
-muitiple accelerating stages are used, or where a buncher stage is provided, the
_stages are operable at the same frei:]uency or one stage may be operated ata
harmonic of the frequency of another stage. In addition, the relative phasing
“between multiple stages, and/or between accelerating stages and a buncher |
stage may be controlled at a fixed relationship, or may be adjustable.
‘ Because a single variable frequency power source is used to energize a
series of energizable electrodes, the system cost and size are significantly




resonator conprising a first termnal electrically connected with every

ot her energizable electrode in the first series and a second term nal
electrically connected with remaining electrodes in the first series, the
first variable frequency RF power source operable to apply alternating
potentials of a controlled frequency and anplitude to the first and second
termnals, the alternating potentials at the first and second term nals
being out of phase with one another. In accordance with a second aspect of
the invention, there is provided an ion accelerator for accelerating ions
travel i ng @ dlegd goppared mtl‘amnventlonqblonramEIemOmmm@ad RE systefdber at or

conpri sin t Li sing:.one aqr. more energi zabl e
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MHz and abndwucmaz matastdm fﬁ(@&ﬁt@h@éﬂﬂyehnﬁlliﬁélt@ QHE rés‘ép?fn@?ﬁtﬁﬁal ternating
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electrlcflel.g f ?‘ratln asmacon shion in order
to acce] erP¥ ?%ﬁg agce e_ar_a_qr_wlt fewen:sysemyauabjes, which is adaptable-to suppor8 June

2005 thr oalgm:leti’aﬁg@ﬁﬂeh%b@éléélﬁn&bﬁ&g yfveRg. the path; and a variable
frequency ion %nch r.sta oca upstream of the accelerating stage

al ong the pat h,/"gyanahje F"&gP%“QY(P%%\’iP'éféebﬂﬁ(ﬂwer , maydea adjustgbladeel er ati ng
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to support commonly used ion species and acceleration energy levels. For
5 -Instance, the power source may be adjustable in a range of from about 1 to 10
times a given frequency, such as from about 4 MHz to about 40 MHz. The
invention comprises any number of such energizable electrodes in a given
accelerating stage. The invention may thus provide significant cost and space
savings over existing high energy ion impianfation systems and linear
) . 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 lons impact the workpiece, and a
controller operative to control the accelerator and/or other system components.
- The implantation system may further comprise a dedicated ion buncher focated
upstream of the initial accelerating stage. Yet another aspect of the invention
involves a method of accelerating ions in an ien implantation system. The method
comprises providing a plurality of energizable electrodes spaced from one ancther




accel erator for accelerating ions traveling along a path in an ion

I npl antati on system the accelerator conprising: a first accelerating
stage conprising: a first energi zable el ectrode along the path; and two or
nore constant potential electrodes arranged al ong the path wg kna2bdg st
constant potential electrode |ocated upstream of the energizabl e el ectrode,
and a second constant potential electrode | ocated downstream of the

: ‘ o ) .
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al t eravgelerajed pispgithepathel ds in the accelerating gaps in a controlled

fashion in order to accelerate ions through the first accelerating stage
al ong t he patascoriancea wira ficst aspetieafdhe inyentiagethesers proividgd an isecond

[ : . tenti al
ol cct rEaert BEASAEa0Rs FRIRg Hong Uhreth 1P aTlon TR B Y380 B, et e
-accel acaeleraforegusprisingr ebet ween; and a second vari abl e frequency RF syst glm
| ectrical ] o ner gi . I ro and_ operabl e
o apply oSt oo it Shac ol Py AP s SR F of BRianfe GBHIRES e
cont r biveehef aredharaiongdbe pathpeach enpryizalzde kkectods being spanedfffcnragu adjaxcenﬁtf t he
first ' . .1 Q. 11er I.ng.electric fields in the
al:(r:ZI gﬁg | ngbgéé%@'gﬁdﬁt@g?EF%@P@[H%E%&@@WS%% r?%gccor dance with a fourth
aspect of a fist VaﬁebluﬁreuuenthRFq)dviaer;sbume(mdia_ afirst mﬁab!]?ﬁf_lzécﬂm'lﬁy Ren system o
L.Si.ng. ' oper a £ i rect .charged i.ons havi an initia
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altemating potentials of a controlled frequency and amplitude to the first and second
terminals, the altemating potentials at the first and second terminals being out of phase with

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
parallel 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 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
electric fields in the accelerating gaps in a controlled fashion in order to accelerate ions

5




5a 28 June 2005 el ectrodes spaced from one 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 cog@linsbbss a
first termnal electrically connected wwth every other energizable

el ectrode in the first series and a second termnal electrically connected
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cont r atceldrator forqoeeienatiag ibna tralélingcsornd a phih inbhdomiatplardatiort systemalthe | n

accordance with a.fifth aspect of the invention, there is provided an ion
i npl aAtET O SYTPEHonpri sing: an ion source operable to direct charged

i ons havi rgfirsiadcalerating stiey @mprisingg a path; an ion accelerator for
al energy to a second energy

accel erating the,charged ,ion romthe. initj

al ong the pat h,"’_‘@'ﬁ q%ﬂ%‘é@ﬁa@{“&&)ﬁ'o@%mﬁ?@’@d a first accelerating stage
conprising: a ftwbor m@bgma«litlp@t@it@péléaﬁﬁeela@@ﬁ%é@sloﬁgtﬁs pa&tA ithPfirey - mor e
constant potentjal, el ectrogels arran the path wwth a first

d al
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t he energi zabl e el ectrode, wherein the constant potent el ectrodes are

spaced fr dYhereia the_e%\sgang apteatial plestrpdrrare spaeed emdbe enepizableslerioge
W th the Saoe e des or bR o o apply an al tornating o
potential of a a&fielvesablefrenuennydiit sysien elgricativemnnestedvdtirtbeal t er nat i ng
el ectric gnergizable electrode and operable to apply an altemating potential of a controlled
- frequency and amplitude to create altemnating electric fields in the accelerating gaps
in a controlled fashion in order fo 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 amplitude and a controlled frequency comresponding to a harmonic of the
frequency of the first accelerating stage to create altemating electric fields in the
accelerating 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 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
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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 accel erating stage conprising: a second energi zabl e el ectrode al ong
the path; and two or nore constant potential el ectrodes spagefntposy t he
energi zabl e el ectrode along the path to define accelerating gaps

t herebet ween; and a second vari able frequency RF systemelectrically
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aspect of the invention. there.is provided a.nethod ,of. accelerating ions
traveling al Oné:ogn%%{?cﬁw,ﬂa reHePEH %I%Pé‘?ﬁ QSP%%EW@&PG@% riwﬁ%g:
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electrically connected with the plurality of energizable electrodes. To
t he acconpl i shiBfiP"8¥"®F'he foregoing and rel ated ends, the invention

corrp_risef] thle feaburehﬁstnfmla:dpefetbm_ tgfpdsitrgném p‘>iéwlsd camﬂh tﬂmrgécgbl&@rly poi nted
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In accordance with a fifth aspect of the invention, there is provided an ion
implantation system comptising:

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

a first energizable electrode along the path; and 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
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advant ages and novel features of the invention wll become 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. 1 is
a schematic block diagramillustrating a high energy ion inpt@ninerooshavi ng
an ion accelerator; Fig. 2 is a schematic diagramillustrating a
conventional ion accelerator nodule having a dedicated fixed frequency RF

~anpl i ftd | ' ' b VM ' ' | er at or
i ig gt Sha J bR HEHRERY Aeshaiit o Mioptbr e ARl BERE T Ve
~ vi ew Tost ageeleraling plageito aragfe altamating electds tslds wrthe moeelgratiog gaps insst r at i ng

sever@ntolidPfagnighect rode, doubl e gap, accelerating stages with a plurality
of edi cat e(? f1xed freauency RF anplifiers; Fig. 5 is a perspective view

of a portiaenststaip le ko positioncwerkpieae 8o thaicharged ions@ccelerated -

----- "the Sacord ﬁﬁ%@t ' . ctrode, multiple gap accel erator

havi nfé)tgeg?ural | t@d% ( edtlhca %dé&%%ighaf requency RF anplifiers; Fig. 6is a
per spect i viecantelierspesativelyicooneaied with theavaipblefrequencydile systemde contiding a

pl ur aji | I .yariabl e frequency power source
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I n accordanc an aspec resent invention; 5d Fig. 7 is a

‘secti onal sLAeyEhaxAliPe Ghiiadlect AOMDRIVERISTRIAL Y BlidcASGRLREA! OF havi ng
a plurality of energizable electrodes for useé wth a variable requency
power ofsapgeletating icnsdavelingalong alpatminanper impléntation systesse,doniprigiagt i on; Fig. 8A

s a plot of . | nd, f enc ratin rves for 5
vari ous |o‘g“’g'g@@:@Q&Iﬁﬁtyﬁé’é?@%ﬂﬁs%\ﬁcﬁﬁgﬁ%@ﬁ%ﬁm g’ﬁ%@er !%%erfeé a plot of
exenpélanyg theqvath toodefing ragpiuetity wf ageeiarbiimogapstverebétacenyvarid ous i on species in
accordance _w th thle .V nt]i on.. . . . .
creating a p urallﬂz of alternating electric fields in the plurality of accelerating gaps
using a variable frequency RF system electrically connected with the plurality of energizable

electrodes.

To the accomplishment of the foregoing and related ends, the invention
comprises the features hereinafter fully described and particularly 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. 1 is a schematic block diagram illustrating a high energy ion implanter

having an ion accelerator;

Fig. 2 is a schematic diagram illustrating a conventional ion accelerator module
having a dedicated fixed frequency RF amplifier;

Fig. 3 is a perspective view of a portion of an ion accelerator having single 20

electrode accelerating stage;

Fig. 4 is a perspective view of another portion of the ion accelerator of Fig. 3,
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




Fig. 9A is a sectional side elevation view of an ion accelerator with an
exenpl ary vari able frequency coaxial resonator; o Fig. 9B is a sectional
front elevation view of the ion accelerator and resonator of Fig. 9A, Fig.
10 is a schematic illustration of an ion inplantation systenesnsk2ddsrg an
exenplary ion accelerator having a plurality of energizable el ectrodes and
a variable frequency power source in accordance wth another aspect of the
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; enc
i mpl antation system i ncluding an exenp age 1 on acchlerat or
wher eREaBWliiRsel erating stage conprises a plurality of energizable

el ectrodes ang; i : i 1

not her aspect Bt RO hoghierRAFBE pbftElof o Bl lof GERlctBr Fafhdd

anot her iRdralityof anergizable elscirodes andalvadablg frequenaymueiveer gouroa iraccel er at or

havi ng aé?:'oUrrd%j:é%itﬁf n%ﬁé&icﬁﬂ% egérﬁ?r]i\feﬂﬂ&'f‘ and a vari abl e frequency
power source, as we P as"an 1on ‘buncher T n dccordance wth another aspect
of the invention; Fig. 13 is a flowdiagramillustrating an exenpl ary

met hod of accelerating ions in an ion inplantation systemin accordance

wi th anot her aspect of the present invention; and Fig. 14 is a schematic
illustration of an ion inplantation systemincluding an exenplary ion
accel erator having first and second energi zabl e el ectrodes energized by a
vari abl e frequency RF systemin a phased relationship with one another
according to another aspect of the invention. 6 DETAILED DESCRI PTI ON OF THE
| NVENTI ON The present invention will now be described with reference to the
drawi ngs wherein like reference nunerals are used to refer to |ike

el enments throughout. 5 The invention provides nethods and apparatus for
accelerating ions in an ion inplantation system An ion accelerator is
provi ded,. conprising a plurality of
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energi zabl e el ectrodes energized by a selectively variable frequency RF
system in order to accelerate ions froman ion source. The RF systemin
the illustrated inplenentations conprises a variable frequency RF power
source and an o associ ated variable frequency resonator allow ng the ion
accelerator to be adapted to accelerate a wi de range of ion species to
desired energy levels for inplantation onto a workplace. The single
adj ust abl e power source reduces the cost and conplexity of the ion

accel erator and-associated controls conmpared with conventi onal

accel erators, agﬁmZ%agg&P%ﬁ%ﬁsehéeYﬂ@“ |%°€ﬁ‘é9té%’f‘?xem%awm%ntion 5 further
i ncl udes a anelératbrhavingaogilalintof B8ergRaBlel dle@fbdelRor LSRN AbdmbisYSt em

whi ch prov:\, vtgnt ages over conventiona

rggg r{)erformance and cost ad _ ;

met hodol ogi &3- 1o PEVEEFOYTE® B BRPPERANES MitB an Fspectefithe preseatinverdionpf t he

i nvention, a brFigJ‘SAd;i§ﬁ!d§6i@d@n@ﬁarﬁv&lﬁﬁ'@%ﬂiﬁdﬁé&tlenbﬁ%ﬁénﬁﬁﬁﬁ‘f‘uﬁ%@fbro‘c an RF
a [ near

power source, resonator,. | enerqi zabl e el ectrode I n

accel erdto ar]%@dcpré.sgeé:]%si in aﬁ%& pRe wilhthedaverdipnFi g. 1) i's now provi ded.
Ref erri ng. now ,tm%,l-‘gggis @p{oﬁoﬁg@w P&%r éﬁ@é@}é}{% g@%’%‘ﬁ”? Emr{rQqurS

illustrated which includes an inductor coil L con nparallel with a
resi st anceY3CUS I SPECIGSIB AEeRIdRNaewithihe dmangpriabl e el ectrode 108 is
connected " to tHg JAEUCERtiohal stRISH6 iol i en two
grounded el ectF?g(;des 112 and 1114 s_ugﬁ @ﬁfaé?@%ﬂ%flgh%cﬁggﬁog‘%ﬁg&cﬁode 108 .
creates aPXedniaryivafjakle deguencyqoaxigresanatns gaps between the el ectrodes 108
and 112; The &4 @pad &8t ] 1iBh Yhow L e particles in
the ion beam 110 in a cor%ﬁaglﬁﬁgfdéi?@gﬁbon. #ﬂggﬁﬂ%%cﬁeﬁ‘c’gg‘a represents
the stray ‘eapratencifi® Y% the energizable electrode 108, and the resistance
RL represents 2 4 LAt | t, nant, circuif conprising
t he i nductor Lﬁgbﬁqb?ig%ég%ggﬁ@%g@ﬁ%g%ﬁf&g ‘5‘%’%‘3%%{‘05# gEeme'm(“fléfﬁ55'@ia["ance Cs
and the i rRXeERIRTY i accelester bavingoa plirality off enamgiaable eidctroded dridia Q) r esonant
or "tank" \gisbgudi i el erat.or modul e .i,n a |inear
accel eratof ns;t/.lgtﬁtgr%a%?c% e '%8@”%?1‘3&%‘@". ﬁaq—cl% _'h?'?‘gﬁ%{&ﬁ’gg‘ afthe e |
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Fig. 11 is a schematic illustration of another ion implantation system
including an exemplary dual stage ion accelerator, where each acceierating stage
comprises a plurality of energizable 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 ilfustrating an exemplary method of accelerating
ions in an ion implantation system in accordance Witﬁ another aspect of the
present invention; and |

Fig. 14 is a schematic illustration of an ion implantation system including an
exemplary ion accelerator having first and second energizable electrodes

~energized by a variable frequency RF system in a phased relationship with one
another according to another aspect of the invention.




sane frequency. The capacitance Cs is adjustable in a limted range to
allow tuning of the resonator to resonate at the fixed frequency of a
power source 116, such as to conpensate for tenperature effects on the
tank circuit 100. The radio frequency (RF) power source 116 is
capacitively coupled to a high voltage end of the coil L via a capacitor
Cc in order to energize the resonator circuit 100 with RF energy at a
certain fixed frequency. Such a fixed-frequency anplifier 116 is

associ ated with each resonator circuit 100 in the ion accel erator system of
Fig. 1. As described above, the single energizable el ectrode-single

amplifier configurati ODETARED BESCHIPPION OF THE RIGENTRINY Ustabi L1 Ly i
desired with rei_ﬁect to. € reratrve : - accel erating
stages, but doe: % Btesgny igyenfign iv‘&l! Pew beideseriediwithytelerencefo thadrawings nat i ng
electric [iwmlefbih lkd RRordREAERSEIS KRB to reidtth IR BRI fored REoSIHRBLS
energi zabl ¢, el ectrode-sj ngle anaol Ifier confrguration requires significant
syst Iem §padbe iveniien provides emtkodsand apparalus il acoalertingiahs inan]timml

conpl exi tyimhah@atisd W, | : i .ion_ac ator 228 is
Il lustrat e:jr?ﬁ i?\agiﬁn%é%?ﬁ'gﬁgq%rﬁg%%l%gﬁé%gg%@b%bpi@gﬁo %P@fﬁ@g&;t ages 228a
t hrough 228Rergizalle cledijedes energizedibyi nsalentivply vetiable flequesaichF systgms, 228a

accel orat off 35 PECEabE ift ok AR rl AR A P9 AT IR shown).
along a beﬁ'ﬂﬁ'%?ﬁam. Commisa:abmiablzzwuem@/ Ripowdr sdurodghdan entrance
Formed § ni o weptod Var@PleIRERnt e3enBor Bitiay be"5h Brfdiaqiiobchown) via tuo
el ectrost a_ﬂd&pteﬂlmcxapbrae davide eanga3el iamspetiusito sipsinst! 8gergyleverded el ectrodes
aperture PRI AERTORIGE. [0S Sg8 adiRRICoRrreorsedleRs 1Y o st ages
or modul esca?and tomplegity efthe iotr sdceeratonand s3atialdl ERAwILedhmpaEeWint he
compri ses. SnSeHEFAGeld ARl ob Pl ARG HU e bS H45uaerE o ePeUoRIRN af tor an
ener gi zabl fartbérintiudetea Aréthoal fongodeistaiiey iBng #ban AN Blantation.system, |
which provides performance and cost advantages over conventional
methodolbgies.
In order to provide cohtext for various features of the invention, a brief
discussion of a conventional interconnection of an RF power source, resonator,
) and energizable electrode in a linear accelerator module (e.g., modules 28a-28n
of Fig. 1) is now provided. Referring now to Fig. 2, a conventional resonator
circuit 100 is illustrated which includes an inductor coil L. connected in parallel with
a resistance R and a capacitance Cs. An energizable electrode 108 is connected
to the inductor L. The electrode 108 is mounted bstween two grounded
electrodes 112 and 114 such that energizing the electrode 108 creates
altemnating electric fields in the gaps between the electrodes 108 and 112. The
- altemating electric ﬁelds,_ in turn, accelerate particles in the ion beam 110in a
controlled fashion, The capacitance Cs represents the stray capacitancé of the
energizable electrode 108, and the resistance R, represents the losses




s the energi zabl e el ectrode 248 may be energi zed by an associ ated RF energy
source or anplifier and resonator (not shown) in order to achieve
acceleration of 1ions within the beam 224a al ong t he beam path 226. The
grounded el'ectrodes 246 are generally equally spaced fromthe energizable
el ectrode 248 to provide first and second generally equal accel erating gap
| engt hs 250a and 250b o therebetween. Simlarly, the second accel erating
stage 228b conprises a first grounded el ectrode 256 | ocated al ong the path
226 upstream of a second energizable electrode 258 and a second grounded
el ect r ode RFFOCILWH) theasprant siseriicromprisingribe iidustslr & ariddthe ceplitah@ al ong
the path 2@p. Focusing el ectrostatic quadrupoles 234 may be provided al ong
the path 5 226_between successive accel erating stages (e.g., between first
and second acciesfeliiasior besgpacizpea Carmtd2R8 ductor ooitle rd selpeted tale r adi al

f ocusi ng | r uccessi ve accel erating
stages 2 ngr?rﬁ-' %ﬁgw%&@ﬁﬁ ?b%@ °ﬁ)§§'l"§§t‘ rr%ir:"? igélf@}etrﬁg reagg @8??3?@?9%9 st ages
or nodul esmpdde in g lineanaccelactetsystem attbe tgreathedvn iniFid clarssdibs BRiebe

ener at ed r SN r.than . that of. the DC beam 224a provi ded

tg o the acce eﬁ?%&%ﬁ#ﬁéﬁéﬁgégﬁﬁ fi? %ﬁ%@@%ﬂ%ﬁ&ﬁ'"ﬁ@&?ﬂ%ﬁ@%%reoeer; nay

attai n a dunipgaf the regonatartocesonate althy éksd frpquasnicl of a power ssurté 196, t he

accel erati adr les, 234, al on beam path 226.

Ref erri ng {%@2%&?@8@6%@%@&‘?6%@%%@{? 9&8‘%}? gl %Qh&rﬁ‘éf?"éfgr '%WM the ion

accel er at dreqeesey (RF) ipowst sared 116158 cxpasitively abupied @ & hRjhevolthgaBhg of! ect r ode,

double | g e ' ages ,228a through 228n, four, of which (e.qg.,

st ages '223@? cgigg gigd' %@ ?Oé%ﬂﬂ'gﬂ')ztogpgr 949 ‘895?%9’@3)9" iRt EOWIth REy veni ng

radi al f ocnsigypetdesriairsiixearfequahdyt eSuchat fitddefralefcPamplifdritigis The third and

nt h accel & [ pges 228c and. 228n jncl ude energi zabl e el ectrodes 268

and 278, %5 %%@di@t %ﬂaﬂﬁ%sé’d‘a&'%?%ﬁ&m e pnacgeleraior sysigieef Figely. The

si ngl e enedtsgiesatibed ﬂimtm@agla@wgeaarbl&n@as%hr@i@ahpﬁﬁe?t ages 228a, 228b,
eacgh co ' n associ ated, fiXed-frequency, RF anmplifier

228c, d 2 ] C )
2 42? 222-, cgéiig?irgm iBhe g%{gelra%f gsé,paqv&esggmst@gmy if desired with respect to

the relative phase in successive accelerating stages, but does not ailow variation

in the frequency of the alterating electric field in the accelerating gaps.
Furthermore, the single energizable electrode-singie amplifier configuration
requires significant system'space, extra components, and increased system and
control complexity.
Referring now to Fig. 3, a portion of an ion accelsrator 228 is illustrated,
having single energizable electrode accelerating stages 228a through 228n (e.g.,
where n is an integer), where two such stages, 228a and 228b are illustrated. A
- DCion 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
s passed through an entrance aperture 230 having an opening 232 along the
path 226. The beam 224a is formed into a generally cylindrical transverse profile
- (not shown) via two electrostatic quadrupole devices 234 and corresponding
grounded electrodes 236, wherein the grounded electrodes 236 each corhprise a
cylindrical aperture 238 located along the path 226. Each of the accelerating




264, and 274, respectively. The anmplifiers 242, 252, 262, and 272 provide
fi xed-frequency power to the s electrodes 248, 258, 268, and 278 via the
resonat ors 244, 254, 264, and 274 in a controlled fashion, for exanple,
according to control signals froma control system 280. In this regard,
the control system 280 may provide for control of the relative phasing and
anplitude of the power supplied to the energi zabl e el ectrodes 248, 258,
268, and 278, for exanple, by adjusting the anplitudes via the anplifiers o
242, 252, 262, and 272 and the phases via the resonators 244, 254, 264, and
274. 1t W |stagbeonmndd|ea1223hrfmmnaoeeieuhws iovs fremanip bearemly béﬁ(orﬁdﬂmeVa“ ous

anpl i tudes aS| n he RF energy applied to the

ener gi zabl gngﬁgeg ﬁ%fd% mgggl ‘and 278 allows the ion accel erator
228 to bé tunedr Iwacuétqma'mb dtage azsaab@misésaa e cbfﬁgruumzfed élébtﬁia%mé at a
vari ety of t he acce ato 228 incl udes a | arge nunber of

|
conponent s IO%%&H%&rg\\/ﬁﬁps(ﬁ#eh ag 8"?@‘35‘5 eﬁ'%’@dﬁ)ﬂsﬂm hgpadly2ef miere n or der

to achi evetmenevgizablé clestrode Ewhﬁv\be'ﬁﬁé@lzd&!bﬁénbgﬁacm’%é@ﬂkeern%?@ 228 is
flexible, the flexi b*f ta\éga ds cost and conplexity to the accelerator 228

and an i onS?YHF 8HeAP desanalarinahaynk 'ﬁ@f‘a%rdelaéhﬁveﬁcmat!ﬂéﬂfer ring
briefly toidisith,the betnt 20aleHEhE ibeaRl fatls bes frﬁégrddﬁaea%fé%{rsaé’é or 300

may be pro¥%éjed in a cordaFce with one aspect of e Invention, 1n order to

reduce t he<%7 %€ GERAN B?HUB Y $ReGed ﬁ@ﬂ‘a‘ﬁ?&ﬂﬁ&'ﬁ%@'@ﬁ@dﬂ% ionsavider v

accel er at ofirst FR0sc20A gbﬁ@@n@e&hél ra@béiéaéuﬁé g{ bt r odes 302a,
302b, 302c through wherein n is a 05|t|oned al ong an ion

beam pa® h Sgkebetysen; aﬁim!'a'ihbﬂ'@]wqgnd(aéc@erangg é@@@@@ﬁb@pwsemegrmm 304v,
304w, 304xg roambd@é&tro%re%dqeéét&a%ﬁgt #&65{@% rsgr{a{nﬁfoffa*b rgizabl e

el ectrodes so as to create a plura y equa acceleratlng
gaps 306 betsigizable glestede 265 éﬂ@ RAEEP greueded eleetocm)(mt sig®vn)and const ant

Dopont 2l Sshoati<n 1i0dherdRdRe oot bBRLIH e MifRec] 020, 3026, L hrough

302n are energized by a equenc 10 as wel |l as
resonator 312 5@@'@1@@ ﬁlgctrgstatlmwadrmom&a@mg b@ provided alongthetedhaccel er at or

300 may; prosg ews S EudBeasvet Gclierafit] stagsk Pé.ﬁ.?bét&een first and second

accelerating stages 228a and 228b) in order to provide radial focusing of the
beam 224 as it travels through successive accelerating stages 228n. The
accelerator 228 may comprise further accelerating stages or modules (not
shown), whereby an accelerated ion beam 224b may be generated at an energy
) - level higher than that of the DC beam 224a provided to the accelerator 228. The
resulting accelerated beam 224b, moreover, may attain a generally cylindrical
_ transverse profile as a result of the accelerating stages 228n and the quadrupoles
.234 along the beam path 226.
Referring also to Fig. 4, a perspective view of another portion of the ion
i accelerator 228 is illustrated having several single energizable electrode, double
gap, accelerating stages 228a through 228n, four of which (e.g., stages 228a,
22§3b, 228c, and 228n) are illustrated, wherein intervening radial focusing devices
“are omitted for the sake of clarity. The third and nth accelerating stages 228¢c and
228n include energizable electrodes 268 and 278, as well as grounded electrodes
266 and 276, respectively. The single energizable electrode, double gap




reducti on through enpl oynent of multiple energizable el ectrodes (e.g.,

302a, 302b, 302c, through 302n) and nore than two accel erating gaps 306,
the range of adjustnent with respect to various ion species and energy

| evel s may be significantly |less than that of the accelerator 228. s
According to another aspect of the invention, further inprovenent in cost,
size, and flexibility is provided via the enploynent of a plurality of
energi zable electrodes (e.g., with greater than 2 associ ated accel erati ng
gaps) in assocjatjon wth a single variable frequency RF system Referring
now t o Fi g.2cEelemting stagep P383: 328b: 298% antl @28n.msehicomprse ah esatdialgdst age 400

hocel er at irﬁztfgf'faque'?ggmmﬁﬂ%‘% 280 2, B B IS e BB o ies |

404a, 404b, &Oﬁféﬁgzzﬁﬁ‘éﬁi@ﬁﬁ\@d}ﬁn (e.g., where n is an integer) spaced from
th [ ' : t , t ' t

oner g1 2abl e el eare SAPIRIE I 243 B8 knd %72 niblE iy dRYEa ey BoaRr fhg”°"

glroundteﬁ) elastiofdeyads, 268, 2i684661'i 27a®fiiktheveimagjnst gt@g%&gﬁe‘gz&l eaﬁlzzt ‘;gxggan?gd

al on e : i 9.,

el ectg r odesB%%‘ﬁagj%%wmgﬁr%é@%%é‘%ﬁdﬁggétcg%r%gf%@ﬁm&@ﬁoﬁﬁ?';iyém pai ? of

ener gi zabl 8884 éxthisyagardathezonttolilystet280 ndyrmordde 10 4ontrdh of iesfoltiogst ant

Phe pat h 4B85A0 A8 EmgRfle bPmbRENEF SubhEH 1S BR erbifiius shokbdte 2 an O

oAty dig agtprir it s Syt aadi i s AR

E)e. g., @et %%’(r?gtzﬁgé\zéféﬁgéz %%@g t%ﬁgasqsm%\ﬂhﬁﬁewrﬁﬁ@eﬁ%gﬁéd #htor exit

end 412). 2T teilbhamitedat thist pakit thhteslileQRsstmdMitr tHd Wl «fifudse spaced

from adj acgnt (SARK hzabl e el rodes 404a t hrough 404n so as to define

general |y gqual g’@%bﬁgipgf’fﬁ&q:aéaﬁ%erﬂiﬁpf’mt@%ﬁ Rlergizable\sleqtipgrs 2fBequency RF

system i s 2% Z68eshddsaliowsahsé Rbl focblcpResny/ o 1RAYEF adPE S 430

el ectri cal I%Ci geonnect ed vvifth t he, energi zabl e el ectrodes 404a - t hrough 404n
via a vari AR RES\ALRMPT iLsheias at savariehtehanpigyevels, tae acadlergtorpot ent i al

of a caont r2es kdutieealege Hurhber GFEdpgoAShtsMnP 8f WRIBh heed tPbd Bfoperly
| tuned or adjusted in order to achieve an overall tuned systern. Thus, while the
accelerator 228 is flexible, the flexibility adds cost and complexity to the
acceleraior 228 and an ion implantation system employing the accelerator 228.
| Referring briefly to Fig. 5, a multiple e'nergizable electrode ion accelerator
) 300 may be provided in accordance with one aspect of the invention, in order to
reduce the size and cost of ion implantation systems. The exemplary accelerator
300Q 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 so as to create a plurality
of generally equal accelerating gaps 306 between adjacent energizable
electrodes 302a-302n and constant potential electrodes 304u-304z. The )
electrodes 302a, 302b, 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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ener gi zabl e el ectrodes 404a through 404n in order to create alternating
electric 11 fields in the accelerating gaps 420 in a controlled fashion.
The frequency and/or anplitude of the alternating fields in the gaps 420
(e.g., as well as the relative phasing thereof with respect to other ion

I npl antati on system conponents, such as additional accelerating stages)
may be adjusted via a control system 440, s whereby ions are accel erated
through the accel erating stage 400 along the path 402. The enpl oynent of a

single RF power source 43Q and a soc| ted RF resonator 432 significantly
reduces thEe)EdgFéoé"tﬁ gg‘c?é‘f‘ plgymeo %’&E%P'&?rgﬁﬁ blgielapdrodes (e.g£3824, conpar ed
with that amzb;czosz@nhm RI3086)CdahaleQhar 8Fo a8skId S eo,ag er at or
300 of Fig. gh theé{g"wer soﬁrce and rrg?ogﬁator 0}%1 an 58?

D u
respect i ve??}“gtﬁ’%? yih BQC]SpﬁPfg‘H oo spaeips gnd pasroY levelsiary baual suppl i es

310 and rgigmﬁ@etrmyspesgltﬁanﬂﬁggﬁﬁglaggélgmw.fzég g. 5 a single high power power
pically snal ysical size (e.g., and less costly)

source 430 is }

‘than a dlurali ﬁﬁéer '“ijé’cﬂr@ﬁ'teéésl?@tgf ﬁ“9I iBvRitiop ciwether improngmentin ¢dster s 310.
The sane ig&zd,ana f ator 432.
Thus, the S|zze an%kl?ﬂi}fisg)'r&}tiﬁéﬁ ﬁ%f:}?e ?'°P"“%g‘ @%ﬁﬁﬁmﬂ@& f%ﬁérgﬁ egﬁé;ed In
addition, IRRrQUEANE-Gxiith %ﬁatﬁh@aa@@ﬁemteid@cslewgnganapsx;e agsocigtionvel | as

that of trwmpeam R vaiéblearagidfly P s3I ‘B holJHRio (3Rt hat of the

accel erators and 300 [ustr at wve.” Thus, it is
rel ativel f’@aﬂmmlﬂme@pﬂo@ﬁnmmcz@eratﬂegatagel@ﬂas lingtrated drr 400 for

e not 64 thapefing XnerhiRling Slhds LRRRFHGTpalfl B BESeR Hea 0T 500"
requi red ®RAMPEiseeapiwalityof enaygizableistactroties ddd, nmarcg}%ntﬂlrd@mwnor s, that
L b o 3 R S M S R B i o
of a singl42power source 430 and resonator 432. Additi onal ly, the control
oo T ISl 0N Ao FnR e S RS,
accel ersat icegstant potential (e.g., grounded) electrodes 406i, 406j, 406k, through 406y and
406z arranged along the path 402 with at least one constant potential electrode
| (e.g., electrodeg 406j, 406k, through 406y) located between each adjacent pair of
energizable electrodes 404a, 404b, 404c, through 404n. A first constant potential
electrode 406i is located upstream of the electrodes 404 along the path 402 (e.g.,
y  between the electrodes 404a through 404n and an entrance end 410 of the
accelerating stage 400), and a second constant potential electrode 406z is
located downstream of the electrodes 404 (e.g., between the electrodes 404a
through 404n and an accelerator exit end 412). The constant potential electrodes
4064 through 406z are spaced from adjacent energizable electrodes 404a. through
i 404n so as fo define generally equal accelerating gaps 420 therebetween.
A variable frequency RF system is provided with a variable frequency RF
- power source 430 electrically connected with the energizable electrodes 404a-
- through 404n via a variable frequency resonator 43é, whereby an alternating
potential of a controlled frequency and amplitude may be applied to the
energizable electrodes 404a through 404n in order to create alternating electric

i1




stages) as needed. Mreover, the frequency range of the power source 430
provides for a wide range of support for different ion species and

associ ated energy levels. This 12 adjustability or flexibility of the
accel erating stage 400 has been found by the inventors to match or exceed
that of ,conventional ion accelerators (e.g., accelerator 228). For
exanpl e, the adjustnent of electric field frequency in the accelerating
gaps 420 via the variable frequency power source 430 and resonator s 432
provides for generally consistent accelerator efficiency for various
particle diglsiethetagpeletdting gappld@ttired contralled fashidranTiad froqueticgtapior Pri or

systens (e. e . alt hough, f] exi bl e not bhe able to
a%:/hi eve guc pe@%?%??ﬁc#‘%ﬁ*ﬁ@%%@ss 'ﬁé’?ﬁ/g edéoé'%yﬁjse@egg§ti}§rr@‘a§?’%s, due to
Fl@ ffi cul t y phasiagifheseaieith respechéo oilhe?bndmpl_arlmgfmbyﬁéni dﬁnﬁpﬂh@n&yﬁﬁcﬂfs and
imtationg,i . i stication of  avaj control systens. In

addi ti on, %ﬁya HF{HQ'%/I%%%?'%Q@(?%@PQX TRy H’Bd‘@lu@%&‘ﬁq ﬁé’°”¥"?‘xsé’3€ém ency

accel er at owheBbyiiensnre esseletdtyd theoigh the dcbalsrating ¥tapaei0Befdithe pRAET S and

ener gy, anq ¥\/ni | e other species and energies may be provided therewth,
t he accel erg Ton efficiency is less than optimal for those other:species

and/ or ener gi esThélérapleynenl oiia/siagle HrepeVidrBufiead 4R assBialdamet her hand,
provi des for reqson c.e%i?t 61‘1 plaraliég of operating frequencies, thereby
ensuring  [PA0BRT #95 Suicantyiraducasded sike Bl coskardie aseeeraiing siage 40y si mpl e
control s) ¢mngl, compated Withltieatelf tbaveieal doosleiidr BB Ed &B%x&ﬁgiaﬁb! e frequency

Frequenty FERRIAIERIRelGra). Aioudh A Pavs spyednd reeensteité andsquency. | n
cont enpl at aar | T oot o MRS O uohét PN ARD tharl RGN HED | ot ane
speci gr; . Tﬂ"d%fespﬂatﬁﬁcﬁ"?i @?Pﬁgtﬁ)‘{el% of bigk 5@1@?“3'93@9*1 hwé\pl)mnmmsgumes@[)t irrﬁg from
Stage 400 S e PeleR et ooy R SRR 20 h the
el i mi nat i ofPdigates(gerlgwer power ratingirareniifigrss 10e Sessamms is thisr afdhve singleo
adj ust rent(d 4 eigh bbivddratiify) resonator 432, Thus, the size and cost of the
accelerating stage 400 are reduced., '
In addition, the complexity of the accelerating stage 400 (e.g., as well as
that of the control system 440} is significantly lower than that of the accelerators
228 and 300 illustrated and described above. Thus, it Is relatively easy to tune or
> optimize the accelerating stage 400 for accelerating ions of a particular species
and a particular energy. It will be noted that whereas such tuning of the
‘exemplary systems 228 and 300 required adjustment of a farge number of
amplifiers and resonators, that tuning the control system 440 associated with the
exemplary accelerating stage 400 involves only the adjustment of the frequency
i and/or ampliitude 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.
Moreaver, the frequency range of the power source 430 provides for a wide

range of support for different jon species and associated energy levals, This
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sacrificed, as may be the case in the accelerator 300 of Fig. 5. Indeed,
the inventors have found that the accelerating stage 400 may achi eve
greater adjustnment flexibility than conventional systens (e.g.,
accelerator 228), in addition to the cost, size, and conplexity

I nprovenents descri bed above. 13 Although the energi zabl e el ectrodes 404
and grounded el ectrodes 406 of the exenplary ion accelerator 400 are
illustrated in Fig. 6 as having roughly equal Ilengths, the |lengths of the
various el ectrodes may be designed for inproved ion acceleration

per f or mancadiustabibly o flewibiline theacastarating siege 400 bias bben foumé byitbe, the s

el ectrode ' rance end to fhe exit end of the
accel erati hg&g?%a%%'é%f%ﬁ%ﬁéﬁt%ﬁ %‘ﬂﬁe&ﬁ%ﬂi@r_‘ pcécﬂ%?tgrq : 44 | ust rated in
F: 9. 7, | V\me&rﬁtoaa.?@xe?mleaarynplacthelai]maémigmmmgd ﬁelclﬁeﬂeqmigy iRy glh ziglze
betveen o el abg aobius 1 yaliBoie e Ao B ol cbiota 7 SBORROR he o
end of % hed3tprevideatfargehdtally catmistbntreeleratoagificidrdy fopvartisus pReticd | vel y
connect ed Iy variabl e freqguen RF_power. source and
resonat or %p%g%@gﬂ%ﬁ& '&b%gf‘?éﬁa i'%é"ﬁ’llﬁr%tﬁb'?yf % P'Eqr é&fﬁtﬁﬁﬁget%er eof in
2\2 de 'rA\ St oAgnmleamXbﬁ.!B)hfﬁ'ldugh ﬂe:;dblet ?@yﬁhﬁ?g iab%hb%cﬁf;a@éélﬁélﬂlﬁﬁcieﬁ%iﬁs A2, f\ﬁ

, , in accel eratin age..downstream al on e pa
170 o A SRR VB S PR Oy U Ib AT OB & | bant ed
al ong t he mmtdrodd ZartzhilewiaButhsysrine BAd limktaehs4r dhassphisieation’ &t egr gi zabl e

el ectrode Al. nstant potential or grounded el ectrodes Gl, & , A, G5,
%, G7,’ Gé‘!"a%\# egﬂaﬁﬂéﬁtﬁm@r b%%%‘é% pidndividyal agerlprgtor appdbiiectdber odes Al - AS

al ong the_f&éﬂ-lh'eﬁiiénqw&doble?éwr22§i§hegéé§éﬁﬂﬁgatﬁi£€d%9&ﬂ}r@he'd@gighed upst ream
of the first, eneagl zabl gmﬂvg' trode Al an ast grounded

wth the
el ect r ode SBECIFBELF #H°Ho FheF sRegtesianegnesaies giay &1ei poddiedt r ode AS. The

grounded ehaewhRAAS atlele@@onBiicichdy is“gﬁjlhﬁﬁ%ﬁggﬁ%wﬁsé BiePbplliod T ansver se

focusi ng devices, such_as electrostatic or net1 ¢ quadrupoles (not
shown) i n B¥H9E ENetsligs: olherxemplans pecalerating stroerd08non the dsherhandavel i ng al ong

the path 4fdides for resonance at a plurality of operating frequencies, thereby ensuring
tunability (e.g., and ease thereof, even using relatively simple controls) and
predictable efficiency. For instance, the variable frequency power source 430 and

- resonator 432 may be designed fo operate in a frequency range between one and
-about ten times a reference frequency. In one implementation, 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 to the cost and size improvements resulting from the use

of multiple energizable electrodes 404, the exemplary accelerating stage 400
achieves further cost and size improvements associated with the elimination of
numerous power sources and resonators. Mareover, no adjustment flexibility is
sacrificed, as may be the case in the accelerator 300 of Fig. 5. Indeed, the
inventors have found that the accelerating stage 400 may achieve greater
adjustment flexibility than conventional systems (e.g., accelerator 228), in addition
to the cost, size, and complexity improvements described above.
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The energi zabl e el ectrodes Al -A8 each extend radially toward the beam path
472 from a support nenber 479 which extends generally parallel to the beam
path 472 between the matchi ng quadrupol e 478B and the focusing device 476.
The support nmenber 479 includes a pair of vertically extendi ng support
menbers 480A and 480B providi ng nmechani cal support for the energizable

el ectrodes Al -A8 and the support nenber 479, as well as providing for

el ectrical 14 connection thereof with a variable frequency RF system (not
shown) to energize the electrodes Al -A8. Al though the exenplary

accel erat or 47Qiheugiuthesenargizabie lelecirodés 404 amakgizended 8Rctredus 4ngdfer of such

menber s | ' provid ort. as well as to reduce
vol t age g??hte 2:% gh.{Blge'{*l %%gaeétc\e\,ggéntggﬁ)eq %ﬁi@g&g{eﬁg%ﬁ%%&w% roughly eghaley anpl e,
ener gi zi nglengibs gthe dangthtesf the vadous aledifvdes wpydid desigigagsr ipPowiadot he nenber s
480 nmay ca at i he .support er 479, resulting in voltage

dr ops gl Ongﬁ%ﬁﬁ-%é%?%ﬁﬁ?%efg%gﬁ%ﬂr&ﬁg%grgotﬁg@sqeﬁt °ftt£\‘? E‘%@H%‘r ey '? i onal
ver ti casd neiaﬁm/g@ Idr&ﬁihmyhecrﬁ'asa/irﬁﬁmé mmreﬁd_ttbleme %ﬂpenrfcsfelﬁai Zﬁ_bl e

el ectrodes A8 are at rou t he sa otential, Further_in this o
regard, t'h%&}l\?!ff?g‘lngaﬁ?a%n@é? E“E%'@ea@t%gﬁh oalvee s jilsdatedig g, 479 may be
provi ded vihéreinco exein matyagcgerataﬁnmu?énudéy é;i@ﬁ@fé'r@fébl% SIthr?dhécsl!:H,d or t
set ner i ASTRd hE A Eriad St elanaduboam R Aiatess atHBshRroLnded
el ect r odesstégle 418 ahd el iRl fRESIAG BEVIEs 476 bi theleXR RdloR I Staelbitsiui@ns travel
al ong the l?.ﬁa th 5 4;2 For i nproved accel eration efficiency, the

| engt hs’ of * %E]USC}P( Bage di'é o3l epatptively eorinecteddg anrpssetiaterivatatife of t he
gaps t her qhsafusRGRIPPYWBEs6REE GRE FosoRdBR (Hdi 8how? ee}'egi&t %ﬁ;&@g&%@? travel

fromthe c«?nter of one electrode gap to the cent ) t gap in one
hal f cycl éeatrods thareofdn erday i prayidedpchediions ta the enangiraple alertroddsect r odes

Al -A8. As BL@D, AQNK4, HE ARS : | | ' ' gaps al ong
t he beam path 472, tﬁ?ﬁgﬁgtﬁ%?ﬁ ﬁ%héedag%Wﬁﬁﬁﬁ{d%%'gﬁ%ﬁ}en%@&@gr-to-cent er

spaci ng tr%‘iﬂb‘ﬂ)?z-rray be advantageously increased in order to facilitate the

provisi;on of  efgbat@ing QGadBPEIRRGALRING SMRRE 47BAING £3BMrS IR ©
along the path 472 between the buncher stage 474 and the first energizable
electrode A1. Constant potential or grounded electrodes G1, G2, G3, G4, G5,
- G6, G7, G8, and G9 are interleaved between the energizable electrodes A1-A8
. along the path 476, with the first grounded electrode G1 located upstream of the
. first energizable electrode A1, and with the iast grounded electrode G9 located
downstream of the final energizable electrode A8. The grounded electrodes G1-
G9 may, but need not, include radial or transverse focusing devices, such as
electrostatic or magnetic quadrupoles {not shown) in order to provide radial
focusing of an ion beam traveling along the path 472.
The energizable electrodes A1-A8 each extend radially toward the beam
~ path 472 from a support member 479 which extends generally parallel to the
beam path 472 between the matching quadrupole 478B and the focusing device
476. Thfé support member 479 includes a pair of vertically extending support
members 480A and 480B providing mechanical support for the energizable
electrodes A1-A8 and the support member 479, as well as providing for electrical
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further accelerated fromgap to gap. Thus, whereas accel erators having
fixed frequency RF anplifiers and resonators enploy phasing adjustnent

bet ween successive energizable electrodes to.inprove efficiency (e.g., to
“thereby adjust the relative phase of electric fields within successive
~accelerating gaps), the use of a variable frequency RF power source
according to the present invention provides appropriate phase advance as
ions travel fromone accelerating gap to the next, wthout the need for

i ndependent phase control, thereby meking the overall 15 - ------------ -
R - connection thereof Mthﬂ-vaﬂabgesfrmuescyrﬁFsystem (adt shnwn)ltn ehhngzzer egard,

I t I t
Stoh that e pgtidebE AT Anden e bRMTbsh oMl igifes B fh: {om 't ne”
center of v%wlum@nbmdéo,@mnm@gmsam gaembemnwbe inofudsddn oeder ener gi zabl e

| ectrod t f t, d ,
and so_on Lot shpBbPHINe o8 1€ iRl olrlod At Baudi heleeRianSrdi T ST on of A
¥ar i iabl B f ebth?&sy'-\‘béﬂe Forsexarmﬂe,a&rmglﬁng the ded&tl‘tﬂeﬁ EGFISAB wid the %P?pcﬁﬂ f

acilitate i npr eratl n efficiency for
a wide raﬁ‘gg&%k ﬁ?{%%}?&; %@Bé@r%f)cﬂ]%"? 3}‘?@ EFP‘:HHB‘P MedhfEncy r)a/mge
- of the pow#r9, resudfingrin vﬂmgeldrepsaaioagtMe@thai!me%up awn?m-ngérwpﬁtl ngI range
. f t d I cant

 Viproved sRRe¥ acfiiferYpiod BrBESR 4 Hay bo eRileads enuethdithe onmar e wi ¢ h
prior f.xeeherrgmmeatemrom-aaar@at reghlynBe Savé PeteAtidly MIMRBLINARIUSt ment  at
aflxedofr L épr h:celerator 470 of Fig. 7, the drift
t ube |engtr§§3@r@1\évemca n%) ’%/W@ u&PWWQﬁrﬂgl@akb‘éct rodes

At --A8 as vmbhde&wftl@boéfm pag ﬂﬁo@étﬁﬁhfbﬁd@@ar@(e@ flufd bgarels)subsequent
el ectrode havb%g a, longe tube | ength than t'he previ ous eI ect rode.

r dri
In this eXBf#% Yried g‘rf”d?rl‘f@ reipimige of E?duﬁ%ﬂleéﬁmﬁﬁ@&"ﬁg"%ﬁh@ﬂ?@ accel erati ng
gaps L is rougn‘hu eREkgHableIsdRJES F19A8 aélWenﬁE&e %r?hﬁ&éd ¥leéﬂré(&é$ by twice

_ ?25 RFH%%]@'&E% sgchthaa ?rtlciles travel e next 1n
“roughly 1 B P8STAYCE 19E LW@I @Ouﬁh&h@mnﬁ@mbgipgg tlwebaam 1p9th S
5 472. For improved acceleration efficiency, the lengths of the various electrodes
A1-A8 and G1-G8 and the length of the gaps therebetween may be designed
such that ions along the path 472 travel from the center of one electrode gap to
the center of the next gap in one half cycle of the RF energy being applied to the
energizable electrodes A1-A8. As such ions are accelerated in successive
) 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
facliitate the provision of energy at the appropriate phase as the particles are
further accelerated from gap to gap.
_ Thus, whereas accelerators having fixed frequency RF amplifiers and
resonators empioy phasing adjustment between successive energizable
electrodes to improve efficiency (e.g., to thereby adjust the relative phase of
electric fields within successive accelerating gaps), the use of a variable
- frequency RF power source according to the present invention provides
appropriate phase advance as ions travel from one accelerating gap to the next,
without the need for independent phase control, thereby making the overall
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the particle velocity as it drifts through the drift tube.. Thus, for an
accelerator (e.g., accelerator 470) having an integer nunber n drift tubes
(e.g., whereinn =1, 2, ..., N, each with a peak RF potential Vrf and an

“injector voltage Vi (e.g., “the vol tage at which ions are injected into the

accelerator), the drift tube gap to gap Ilengths In of the energizable
el ectrodes (e.g., eI ectrodes Al -A8) maybe determ ned by the follow ng
equation: (1) Ln f [ (g(MM+ (2n-1)Vrf coso)j'n where q is the charge of

the partic he d <h is typically +/ 30  degrees such that

cos<p | cFlea] HRPIar S st B reghrd codPrTRE Afcne LB B 16

el ect r odesfof2n 08 witht L edredy leobiﬂ} SRANh4tiRe ﬁFemﬁ'sé @hbﬁﬁle%l IRE1g008ifedy - A8) . the

gap to gap sta ces’?b? e deter ned e follow'ng equation: (2) Lg
fy[ Y2( 5y AR tave ‘?"H?%%B §tey of th S‘r?f@eé&ﬂ'ﬂge@ﬁﬁ(%gaﬁagﬁﬁe drift tube

Iengt hs arigstwbéniai éﬁér@ﬁaﬁl@relééiﬁad@ﬂﬁéﬁﬂ é‘bbbunéé&éie%fr@&é’ %Wﬂe'c@n@rgf 7,

\Aherelntrlﬁ?,dlrre S|ons are in mllineters. final eam ener gy Erray be

expr essed BGSeFDEIP) BIF ﬁ%%dlﬂfaflglbﬁ‘cc?%ﬁwﬁapsq{llwg thepath #72.086®) . I n the
exenpl ary promsieend bsidble frtaq&érvcy Bwngngrgé;gé%}é@lt?’ﬁ% %sérft peRRsY (TD),

i nj ection energy

charge to ma,$s ratio (q eak
(Vio) may fBelitg PBW@HE@@Qmegma{ erdmpraved aceeleration gffisiensvifpraiwide energy are

det er m nedal@é?—ﬁ@f"&l’l é}ﬂec’lé% éd&%r&u% 1076 B ﬁeﬁ%@ﬁﬁem%ﬁy#@o{?ﬁ Bowkr'2(a/ m o(Vi o

+ (2n-1)Vrfo cosQ]112 resul t ant
oper at i on SYgipm (fer d\SF&"toet ﬁ%@f SYﬁtP@i hayingean cperating merm{ylppmqmte!e t he

‘E (73|) ! S/‘r"‘f)ng 434\;?#&(})-19%3 B@F? ?db.ﬁﬁat? ff?\h&’eg(? &lﬁﬁlﬁyqﬁgﬁvehgméele{a%n avi o;
efficiency for ion species of interest compared with prior fixed frequency
accelerator designs having only phase adjustment at a fixed frequency.
In the exemplary accelerator 470 of Fig. 7, the drift tube lengths are
iilus;rated for the exemplary energizable electrodes A1-A8 as well as for the
i grounded electrodes Gi1-G8, with each subsequent electrode having a longer drift
tube length than the previous electrode. In this exemplary design, the center to
center spacing of the accelerating gaps L is roughly equal to the design particle
- velocity divided by twice the RF frequency, such that particles travel from one gap
to the next in roughly 180 degrees of the RF cycie, wherein 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 tubes (e.g., whereinn =1,
2, ..., N), each with a peak RF potential Vrf 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{le(a/m)(Vi + @n-1)Vif cosd)]2

where q is the charge of the particle, m is the mass, and @ is typically +/- 30
degrees such that cos® is %4[3]"2. In addition, for the grounded electrodes (e.g.,
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(9) E=aEo gq/go. 17 ------ - ------- - e------ Accordingly, for a given
charge to nmass ratio g/m the desired energy ED may be achi eved at an
operating frequency fmax given by the follow ng equation: (10)
fTmax=fD((g/mM/(gJmo]"m In addition, |ower energies may be obtained by
reduci ng the voltages linearly and scaling the frequency according to the
follow ng equation: (11) f = al"~ fnmax. Referring nowto Fig. 8A an
exenplary normalized voltage vs. frequency plot 482 is illustrated for

vari ous ion, specie e.9., Sb++ P+ P++ B+, and P+++). The resulting

curves wer 8'%&?@‘?%‘@%’%%%3&[36&‘1 beiwege theenasgizable elestrpdes AsB8)dhe exenpl ary’
| ot 483 i s i for Sb++, P+

pl o Ofgap & Gy HigQAcAPVEMmay be cfertﬁﬁ'li'ﬁelﬂzﬁwafg% g?l@méﬁ%ﬁn or

P++, B+, and P+++ ion species. Further the invention,
Figs. 9A and' 9B illustrate an ion accelerator system 485 with an exenplary

vari able frequ Y ¢aaxftiaknaRona #nd an accel erating stage 487
(e.g., siml arq'tgg thg exgrzr(&?ajr?(ypatgggrg;&g@]ng stage 470 of Fig. 7) for

accel erating ions along a beam path 488. The resonator 486 may be

advant ageousl y -ﬁ.m:ﬁ { i 2 4 j L.ahl n RF power
source (not shown) ,%Qggﬁ?ﬁ%ﬁ#@ségﬁgt@ygi Hp%r%s;flgléslsrg{%d&moéti@%g%@@ﬁ&

resonant fREgiaEAel4ZiNIEe.nb whesein thexditrieasions ey ingsifioreiérsg Thietfinak hat of t he
power soug, i . i frequency). In the
exenpl ary gﬁ?%@%ﬁgf oééﬁ%%@eéﬁiﬁﬂﬁéég?%@?ﬁ)gﬁ%ﬁ%@“n n the direction of
arrow 492 in order to tune the resonator to a desired operating frequency.

For exayple, t re o.r@_ P N%IB E}\f provide for controll abl e frequency
éng o%zabou(f 4

adjustnment in tHe ra 0O MHz. According to another aspect of
the invention, the exenplary accelerating stage 400 nmay be i ncorparated

into an ion iy AAtaLloR S ¥adiSTeAtlon &F Fi'g.I %,L{ﬁcta E:Séi&ﬁ' valios of frequency
(fo), charge to mass ratio (¢/m)p, peak RF voltage (Vifp), and injection energy
- (Vip) may be employed such that the drift tube lengths and final energy are
3 determined according to the following equations: ‘
@  Ln=f"[%(¢/m)p(Vip + (2n-1)Vrp cosd)]'2
(5) Ep=q(Vip +2NVif; cosd).

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

(6) Vi=aVip;

(7) Vif=aVrip;

(é) [{a/m)°T"24 = [(ofm)o /to; and
(9 E=akpq/qo.
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in Fig. 10. In this regard, the exenplary control system 440 may be
operable to control the accelerating stage 400 as well as other system
conponents. The system 410 includes a termnal 412, a beanline assenbly
‘414 (e.g., including the exenplary accelerating stage 400), and an end
station 416. The termnal 412 s operates in simlar fashion to the term nal
12 of Fig. 1, and includes an ion source 420 powered by a high vol tage
power supply 422. The ion source 420 produces an ion beam 424, which is
provided to the beamine assenbly 414. The ion beam 424 is then directed
toward a target wafer 30 in the end station 416. The ion beam 424 is

condi ti oned by A&®n ' i i | o anal ysi s
ragnet 426, and { TRy, o gRe SRS 18 K M et MRIIRI AR 0, a2t
passes onl Payaieachievas abapergsaiing fequency dmax givas by thet foblowing tdaeatiarcel er at i ng
stage 400: Referring nowto Fig. 11, the invention further contenplates the
provision of - two or nore such accelerating stages in an ion inplantation
system3 The s i{0knfwrs=feliemiieho)at ed that the enpl oynent of nultiple
vari abl e frequency accelerator stages or nodul es rather than one nodul e
may al l eviate the RF design and control requirenents in sone applications.
For i nst anBe&dditignaleweseneryiep maythe obaineddyeedubirg the editagesdipeady andver a

wi de rang i} o I, nly the first nodule would be
used for F%%g?é wﬁgeecﬁ%ﬂ%q%g@ﬁ%ﬁttnggﬁ@'ﬁé%@x‘addi tional accelerating
~stages turned on to achieve higher energies. Thus, an inplanter designed
to deliver, for.ax ;) OkeV to 1600keV singly charged ions in the mass
range o'f 5 -45 (Kp/ua\‘%\nht hf"ég(haxi mum i njection energy (e.g., ion energy
entering the accelerator) of 100keV nmay be built using nmultiple variable

frequency accel . es,according to the invention. |If such an
accel erator we @ ?%h?éjﬁovgio ' ags%ﬁ gn @xﬁﬂ'@g‘-}% POF’P@Z?%H%{@QBWSF frequRnsYy
t unabi | i t plateigi2ds illbstrated mil@lfom&fiodgpe%lbé kﬁ?& Qw,fxtgpmt t;3¢,I &c% poge, vol t age
ypi cal two stage design wou

CL ! hoth e b8 e Bhad o deton B oo 8.0 0 e 1o
el ect r ode exemiply phﬁmoﬁdbnﬂalfz%@?ﬁwé?fvsﬂffeddénéﬁfsﬁ'll%%é@mbPSb%,l pythe first
nodul e V\DIH.F(_ZI!_, Eg_' gu& BEEI_ |%P1 stpgcigg.hl eve energies in the
Furtherin accordance with the invention, Figs. 9A and 9B illustrate an ion
accelerator system 485 with an exemplary variabie 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 association with a variable frequency
RF power source (not shown), whereby the resonator provides a wide range of
resonant frequency adjustment substantially corresponding with that of the power
source (e.g., from one to fen 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 ion implantation system 410, as illustrated
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range of 100keV to 400keV. For higher energies, both nodul es woul d be on.
19 Each nodule would require its own tunable resonator and RF power system
The 'second and subsequent nodul es woul d al ways be phase | ocked to the
‘first nodule and woul d operate at the sane frequency as the first nodul e
or a harnonic thereof, though relative phase of nodul es may be adj ustabl e.
51In Fig. 11, an exanple of such a system410a is illustrated, which
conprises two accel erating stages 410a and 41 Cb in a beam ine assenbly

414a, each E m E&h jnclu a plurality of energizable el ectrodes 404 and
grounded el 88t # GatniEdge %QWE‘PE?AY ﬁ°@f°lﬁweﬂbgﬂ%Mﬁ2ﬂeraEMO
accel erati mcnﬁdlmﬁcc@f&ﬁtm@éﬂgé’fﬁd@a@% Q%‘tﬁ’é %ggt]gtry o?@%ﬁ‘é e th

spectiv

vari abl e fre uenc ower sources e y, as well

as vari abl &% ?'@cfdérlﬁ?}u essplpaminal 4 @&bemme assemblw@éde@.nmq«ngmee
oper at i ng bk@ﬁﬂﬁﬂﬁé&élérﬂurb@agé‘%dg %@éntéﬁ@gﬁﬁﬂﬁ%éﬁﬁgﬁe ?41@’ be the

sane or one may he set to a harno a vari abl e
frequendy BBEIRSN similge fashian te Khﬁ\ﬁeﬂnmywef PigoV, atelincluges areiamsofirashe

Initial aceg ‘,gﬁgq% e also be

oper at ed atg?ﬁgﬁglizegg)l Zérlg | ng S B@@%@? @525%%%%%5%‘5%8!‘8%% .

Mor eover, 8R 0 heamy hivhisipievi Méhelbeamllmassemmgam Hiecigabedta and
404b h t

e contr o f%ﬁ@q%‘*n"%"‘éﬁﬁﬁ"&f*‘ BABEATRLTS0 B8 crizlBidten (GRS, .ch el af rve
phasi nlg release 2‘émiﬂ§ﬁi09ﬁébyﬂ}e lasa]nlmp;asspmblyt@mm cog}mhe@lamasbhel )
controlys Ao oper a to control the
frequen%l g@%f'ﬂ égr?ﬁt%tzg gmgt %a%eiér?‘@%éga?@é‘pgﬁs agﬁ@pe megnd 430b
and r esonaf#passeganly ienscbf4B2ipprapriatd chargetairmiss esioto thasaelepamig on of the

beam 424 t§ ﬁ¥ the beam i ne assenbly 414a, as well as the relative
phasi ng of the energy applied to the stages 404a and 404b. In addition,

the control syd&efenidgtewiaFid. UﬂIthelin\bﬁtlomm&fbdtﬂemﬁlamhé9]’0\&&6}?& system
wer supply_422, the mass

| g(r)]glp 32 ?2 t ?rtn!vg }gﬁ%ﬁ%m&hﬁ%‘:}e@aﬁ usrtggﬁf%t%&t'?t"b H"Eig%ta“‘?'i SYS\F&'N The appreciated in
‘this regaridventdrahave yppreciatsd thét the empisftint bRuRRISIARBR frequency
: accelerator stages or modules rather than one module may alleviate the RF
design and control requirements in some applications. For instance, in an ion
"implantation system designed to operate over a wide range of final or output ion
energies, only the first module would be used for lower range energies, with one
) or more additional accelerating stages turned on to achieve higher energies.
Thus, an implanter designed to deliver, for example, 100keV to 1600keV singly
- charged ions in the mass range of 5 — 45 AMU, with 2 maximum injection energy
(e.g., ion energy entering the accelerator) of 100keV may be built using multiple
variable frequency accelerating stages according to the invention. If such an
i accelerator were built as a single module, the range of frequency tunability would
: be a factor of 12, while the range of electrode voltage control would be a factor of
- about 16. A typical two stage design would reduce the required frequency range
to a factor of 6 and the required electrode control range to a factor of 4. I this
example, only the first module would be tured on to achieve energies in the
range of 100keV to 400keV. For higher energies, both modules would be on.
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404n (e.g., where n is an integer) may be provided in an ion inplantation
system in accordance with the invention. 20 The enpl oyment of nultiple
vari abl e frequency accelerating stages may provide several operational
"advant ages over conventional ion inplantation systens and accel erators.
For instance, the individual RF systens (e.g., power source 430a and
resonat or 432a, and/or power source 430b and resonator 432b) s in Fig. 11
may be operable in a sonmewhat snaller frequency range than that of the RF
system (amE&iFF‘i er, 430 and resgnator 432) of Fig. 10, while providing the
capabi | i t y “5FN Modulevould rrauirg dts owndunalle sossnatos and RFcpawersystemefigy | evel s.
In this reeedrd addsuibbe 4 i elerating a
first (e.g., | vg}rq) io%ﬁgﬁgiroggﬁrsange \QAI%IH*/%b?ﬁgﬁ%@é@%&%ﬁjt&tﬁ%ﬁ%iwfb S

de- ener gi zEl?d‘_JlQR/ wouldhpperpte afithe same frequendyrascthe ficst motilesaria age pr ovi ded
by the anmphaim el 4§fg.ﬂu | ccording to
desired final ﬁﬁ#%é%g;@?es V\P{'%Slen t eﬁg%n'ggy%gﬁ%g%ﬁ% (e.g., higher)
particl® energynFigdd, anexamplesd such asystemotiandslillostratedewiietei ng bot h t he

accel erati : Qe ' oQnr. . adj ust nen to the
frequenci egﬁgﬁrﬁjs%gﬁ?gges %p ﬂq %ﬁg%ﬁmig%ﬁgﬁ*gﬂﬁg@qng s.se‘ﬂgg'u%'t er aspect
of the i nveaah dwhishoineludes & pluraltyrol eriengizable electrodes4®f andgroundse| er at i ng
stages (e. | | C tage ih an ion ccel erator.
Ret or i g ooy o8 AP ndbith dine B8 KA. Fid Hielated dite diem 41 o
i's il ust rand04barn infinddusily gbsociated With atiisige foqgencyIRF power otwddsi ne

assenbl e g h.of the beam 424 b I on buncher
450. Th% ﬂ%%(bﬁ?er sg h%ggﬁgiggg' %%@?%g?%@%é%{[@?ﬁp%ﬁ?ﬁﬂ{@{o%ﬂ%.6§l urce 460
and a var i 4ifberespediyalyn Theropsating dreqdéaticsinalie Ridaiduanetagus itd and aci litate
bunchi n A he ion source 420. The bunched ions are then

provi deg ?{)MPﬁﬁ@a%%gﬁ@ésP ‘%?{90?‘3%5\@59%}30%}&"886@& ?HR"t hereof "to a
desired erfarirprpotepa varabierfrequsray banct? stdy (nHsHEWNNS ffaydR prdligeduncher
power sour,.ﬁ.J

St age 1r e HEiEsn St He FERERF BrathE AP 4B e Bichcooiesier. i e alsRaci ng-
bet ween. t lie aperated atthe Rgcslbrtifg 4RGedrRAubMS otaf haiidRic thereof, Moreover,

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

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

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

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

A control system 440a may.be operabie to control the frequencies and
amplitudes of the respective power sources 430a and 430b and resonators 432a,
and 432b to affect a desired net acceleration of the beam 424 through the
beamline assembly 414a, as well as the relative phasing of the energy applied to
the stages 404a and 404b. In addition, the control system 440a may further be
operative to control other system components, such as the ion source 420, the
power supply 422, the mass analysis magnet 426, and/or the end station 416. It
will be appreciated in this regard, that any number of such accelerating stages
404n (e.g., where n is an integer) may be provided in an ion implantation system
in accordance with the invention. '
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frequency buncher stage 450 nmay be controlled, and al so may be adj ustabl e.
The setting of such relative phasing and other control functions in the
system 41 CGb may be acconplished by any appropriate neans, including a
control system 440b. The control system 440b nay be adapted to control
operation of 21 both the exenplary accel erating stage 400 as well as other
conponents in the ion inplantation system 410b, including the ion buncher
450, buncher power source 460, and the buncher resonator 462. It will be
appreciated th such an inplantation system 410b may further conprise
addi tional accell® ehploymentefaaultinle vadahle eauentysoaslerging stageamayof the i on

beam 424 | progigle@edait 8pdati EOMRIAELR) jonli nt invention
finds appl ?’(?at ion in ap%%ﬁl?h&]éi&a?ﬁf‘g&%%’er}:npl ugzl)ﬁélgic{%g@éﬂalﬁﬁ)ﬁust rated and
descri bed PEI¥NHandagcierniars Fetinstanass theindividuebRFisysteasde.g., aower| | ust r at ed

~1n Fig. 1dsoipde 280544 AdsoRBoPABRE AR eP&!ﬂE@Xé&e%%s%éQr 4dgyantation
I and a

system 610, wiith a variabl e frequency power source

cor r espondidg-idrmay be oppeiedn @ysomendiad soalledfrequencirange thendbhtofat i ng st age
Cnorof seh BEFT SRR G el SRR ISR, AP ety " °
i | I ust r at eR¢Pahifiyeafeccelatating thesangs Gnge b idrsgmcinstandrenasdy 164sls. In thisani | ne
Cauree. oy faEle a0 e BBo i Lalaile Aol iR ce b0
produces den poergycangesatile thaseodnd stage 40didisdic-endrbiged éMithinnkisdisstenbl y 614
it on TR TR bR B BRSO B) P b PR e 10
whi ch conyfS2a een herefiisstechadopading tondegired fifdiganivle bhergias wathir thkiraggest-age 600.
e e o ARl B o BB WSk R b Ko RRBBIAS o st age
600 conpr iepergiing bothethy edcaRératimpestggesdisa ard 4641, WtAapPFrdprigle 180 el ectri cal
degr ees a%%fu_tstrrlmnntg ng ﬁ-ree f\r/éq%el%]lees r?%&ta%gg ro?glch%?responding RF systems.
; A further aspect of the invention provides for combining one or more of the
accelerating stages (e.g., stages 400) with an ion buncher stage in an ion
accelerator. Referring now to Fig. 12, another exemplary ion implantation system
410b is illustrated having a single accelerating stage 400 in a2 beamline assembly
414b, preceded along the path of the beam 424 by an ion buncher 450. The
buncher stage has a variable frequency buncher power source 460 and a variable
frequency resonator 462 assaciated therewith to facilitate bunching of ions from
the fon source 420. The bunched ions are then provided to the accelerating stage
400 for acceleration thereof to a desired energy prior to implantation on the -
workpiece 30. The buncher power source 460 and resonator 462 may be
operated at the accelerating stage frequency or a hamonic 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, inclﬁding a control
system 440b. The control system 440b may be adapted to control operation of
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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 accelerating

"stage 600, a plurality of first energizable el ectrodes 604a, 604c, and

604n are energized via connection with a first (e.g., "+) termnal of the
resonator 632 and one or nore second energi zabl e el ectrodes 604b, 604d,
and 604n are energized via a second 22 ------------ S term na

t her eof . Ig{k’gbs ranner for instance, a 1 80 degree phase relationship is
provi ded bBPREER CXefRiaBRCcsIpRNg AiageAQq ey welbae sther sagPorentpiaxthe i t he
beam 624. _&nﬂﬂeﬂitatidiﬂf)éﬁmﬁMﬂbb,%&u&iﬁ%iheﬁbﬁﬁﬂﬁc r @56 OBl fivid siliRke! N

e.p

di fferent se rel ationshi ps may rovided between adj acent energizabl e
el ectr odesﬁgﬁ a&'ﬂ‘ﬁ%@%’l‘&e&t‘?ﬁ?@a@!&@% it rilbleen apprasistast thef suchani nvent i on

provi des ainwantatbr syst i ki 2 ' ' tem. An
exenpl ary rr“ghod 50 If‘*?ﬁ?ﬁgﬁy g?gbérggﬁlgr%b. a@?lbﬂz\la?ﬁ%%%ﬂﬁf#gagig%%l'ary
met hod B00oPPsitigned diqnatha patihef the inarhassud2feingicnoniance withitiespresénist eps, |t
w 1l be appgesiont ed that the present invention is not limted by the
illustrated ordering of steps, as sonme steps may occur in different orders
and/ or concur r@?tﬂ@s%tﬂﬂveﬁ{?%ﬁﬂ@tmpﬁcaﬂparin a fvadety tofi farmeshinclodingdhates cr i bed

~herein, i njudaatsy cﬁgé@hé{égjﬁ%ﬁggg{eﬁw 3'&}%]‘"3%- F[%,O?;;%Sé %}%%a%%l iIlustrated

steps nmay be require I mp ogy i e wth the
present i rilstiateshin Figydde an @ccelenating $tage 600 praydis mrovidet iraan t he et hod 500

may be 4 hﬁ% ' ﬁﬁ‘% ' ' us_an St gns

i1l ust r%{rreid an tfggssgﬁegfg% er@%rk{ggasﬁ% ?@glﬁéﬁ?gﬁhﬁ&é@ér&ﬁu&qqd@wa% ot her

syst ens notoriespangingariable frequency thsnnaior/\ﬁamvt\)rhm theiaboeieﬁ?ﬁ)g sagBGoP on Beam
is receivegd.at: | eam _na su i ed,. for exanple, an
i on sour C:é?)n?gg% g'gerg%ggee-[&%?gggfgﬁegmofé’,a W%'B&'Mﬁi ti ogd in g
mass -anal yesesgizestpysthe Afbsystéfne Asavithahe othbriniantatiay sytehsasteded e. 9. . usi ng
an |on bunghg fie g}sé%ﬁ-n r%@gégonzngggg-@nenir_?aq gqg,eéi bclegnq tnea:;sese rb?yvé1d4e,%nglo Qne 'or

~nore energi zable

5 anend station 616. The terminal 612 includes an ion source 620 powered bya
high voltage power supply 622, The ion source 620 produces an ion beam 624,
which is provided to the beamline assembly 614. The ion beam 624 is then
directed toward a target wafer 30 in the end station 616. The ion beam 624 is
conditioned by the beamline assembly 614, which comprises a mass analysis

>  magnet 626 and the accelerating stage 600. The mass analysis magnet 626

passes only ions of an appropriate charge-to-mass ratio to the accelerating stage

600. ’

The accelerating stage 600 comprises interleaved RF energizable
electrodes driven 180 electrical degrees apart in phase via the power source 630

; gnd the resonator 632, whereby push-pull accelerating fields are generated in the

accelerating gaps therebetween, without any grounded or constant potential

. electrodes interposed therebetween. Thus, in the accelerating stage 600, a

- plurality of first enérgizable electrodes 604a, 604c, and 604n are energized via
connaection 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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energi zabl e el ectrodes 404) along a path at step 506. An alternating
potential is applied to the energi zable el ectrodes at step 510 using a
vari abl e frequency RF system (e.g., power source 430 and associ ated
‘resonator). The frequency of the power source nmay be adjusted at step 508,
as needed, in order to provide the desired acceleration of the ions. The
provision of a plurality of energizable electrodes and the energization
t hereof using a variable frequency RF power source at step 510 provides
signifi canér advant ages over accel eration techniques enployed in
convent i on&9-i on tarminakiheseafoin tys manner, faninstancepa d BOidegvéd phdse  appr eci at ed
that the tnj : I ' ' . ecifig ion species 23
FRTIBASHR 1s PRovidsl bATReBA LR c8h: sherdisitid g{?aﬁgéé)%ﬂgl&q ﬁ]e(p ergy is
great |y si%fihe beasa624. Otherimpiemedntationsiret shywh)are cadfesspla@dtvheteit he

frequency | . provide for such tuning. Although
the i nvent%%@ﬁ%@%%%@hgvkg%%pg%g%dgggeweﬁ? q,dé% P"?'E’Zﬁglgcertai n
aspect si arklegiroge inam ancetenating stage. | be appreci ated that equivalent s
alterations an | fd ' W |l occur, to others skilled in the art upon
t he reading ag‘ggﬁglb%érp ??fa%’ﬁﬁﬁgf“’&"h?w’?"?ﬁﬁéﬁ? 9 ?Qf@céﬁ[?’att'ﬁﬂ s xed

dr awi ngs. aniopimplandationrsysteryaid exeniplaty MetHod 500l is istratrs iPPigt @s.med by the
fheter ms {nagsh 8 BEHBRL mel RRESRE s itBrad Ao fRnethod iprbia e oot Lch
conponent 9t sleps,iitwit: he agpteciated thes fastesant ke atiorPisit inked by tliecat ed, to any
conponent Hw@g §ﬁc{8}ior rrg tt he specified function of the described conponent
(i.e., tha f P ALFPYS Qe 8iep§ may\pesurIn skffpseniardersandior ur al | y

equi val entconaurtently witls 6ihes 8iéps e ftohtthab§tiown £ d¥ciBel Reref/iFti on. in  the
I npl epentations of the invention. In this

herein ill ustrated. lary i

regard, i tag&mi?qcegf\@;iﬁ% Vﬁeﬁ%n nAqiitioRaRotef| dlusiratedisters maxbades a

conput er - repdiab keinpiiheina mathods P48 | iaons for
perform ng, t he stle“%lf of the, vgr i :ggg met ngg@g@hmsﬁﬁéﬁpﬁbﬁ n addition,

“while a XNy E%EBP’@C@IIGQ Rt thevaethed RO0 may bedmplersentedinscl osed with
Combi ned 1 g B DD o Rar S s AR endEribaetbf 57/ °°
well as in association with other systems not illustrated. ‘
In accordance with the method 500, a DC jon beam is received at step 502.
The ion beam may be supplied, for example, by an ion source, such as source
420 of Fig. 12, and may be conditioned in a mass analysis magnet 426.
Thereatter, the beam may be bunched (e.g., using an ion buncher 450) at step
£04. The bunched ions are provided to one or more energizable electrodes (e.g.,
energizable electrodes 404) along a path at step 506. An alternating potential is
applied to the energizable electrodes at step 510 using a variable frequency RF
system (e.g., power source 430 and associated resonator). The frequency of the
power source may be adjusted at step 508, as needed, in order to provide the
_ desired acceleration of the ions. The provision of a plurality of energizable
- electrodes g_nd the energization thereof using a variable frequency RF power
source at step 510 provides significant advantages over acceleration techniques
employed in conventional ion implantation systems. Furthermore, it will be
appreciated that the tuning of an ion imblantation system for a specific ion species
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I npl ement ati ons as nmay be desired and advant ageous for any given or
particular application. Furthernmore, to the extent that the terns
"includes"”, '"including"”, "has', "having", "with and variants thereof are
"used in either the detailed description or the clains, these terns are

i ntended to be inclusive in a manner simlar to the term"conprising". 24
28 June 2005 dains: 1. 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 series of energizable

el ect r odesandipisnegifit eoaigyriegreatly sieplified by theiavertioh, wieereby #eer gi zabl e

i roct i on TAPAMeRPAGRR reniali P pBORRGT B! +EPED8 S hefinde Y SHER RV pover

source ?nd a fiﬁlﬂnblngiaﬂiedMemtibm hqu_baﬁtyshﬁﬁn amﬁmiribed Mﬁpééﬁefdng):fi fi FSEI _
termnal e with every other, .energiza el ectrode in
the first és%ﬁié%ﬁ@%@@‘@%ﬁ#%&r°ﬁ?nsn'él""'€tf%%l?ﬂ'?%ﬁeﬁ@"fﬁé%HP{é d with

r emai ning aﬂeﬂaﬂﬁansdgld nilddiﬂohﬁorlis' wiﬁfoceerrtbeﬁhem kitiéd ih_&ﬁc—lz Hanhipoh ltife fe'a@qgiengy RF
power sour r to,.apply .alternat otentjals of .a controlle
frequency é&ﬁ@ﬁzﬂ?cﬁ?ﬂﬁ“ﬁ% spﬁgﬁ?qtp&argﬁﬁgggg WiRgRalnPaifan,| ¢ er nat i ng
pot ent i al sregardtththe variont ftittoreeparfahmicd by thé kBoeddigribed cethpohstie W th one

another. 2. The Jon,accel erator of claj , Wherein the variabl e frequency
R pover ERONCS HARS Garla BrEter e Gran iy (RS (ARG FaPEERda

adj ust abl enieans’) usededdseaise SlMonipdidats dte #@dedtd cWéspohd, TRRss ON

accel erator,_of . cl.al.m 1, further conprising a variable_  frequency ion
“buncher' stong%wfsﬁd%‘#‘%egrﬁgFF%&WB?“?WW@WBQ”%&@PWWW& fypetiph ofl ong t he

pat h, and tepdestibed tOmpoRHt ke, RHACE fshctionallyequivaRnl) &9dn MEGEH RHAL I 1Y st age
along the path. 4. The ion accelerator of ¢laim3, "wherein Vari able
fr equency StHFUally sgHivplest iadhe dispipped stiudiureswhich ipgHermes tedupetisndn | ocat ed

- upstream gfie hbrirfillistlated exemplary implementations of the invention. In this regard, it

will also be recognized that the invention includes a computer-readable medium
having computer-executable instructions for performing the steps' of the various
methods of the invention. In addition, while a particular feature of the invention
-may have been disclosed with respect to only one of several implementations,
such feature may be combined with one or more other features of the other
implementations as may be desired and advantageous for any given or particular
application, Furthermors, 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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accelerating stage along the path and a variable frequency buncher RF
system operable to energize the energi zabl e el ectrode of the ion buncher
stage at a controlled frequency corresponding to the frequency of the
first accelerating stage and a controlled phase with respeginettood he 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 10. The ion accelerator of claim®6, further conprising a variable
frequency ion buncher stage |ocated upstreamof the first accelerating

st age alog the path, and operable to provide bunched ions to the first
accel er at Eﬁn tage along the path. 11. The ion accel erator of claim 10,

wherein the vari abhg idr ssteRmtyr fof BcodmiBRMEbNS rad8ing ABMg S8 @nagner gi zabl e
el ectrode | oc ted%ﬁ)stream of the first accelerating stage along the path

and a variPRinanpta ohR @reslenator $pBIE/INTbper abl e to energi ze t he
ener gi zabl e e'eﬂ%ﬂéﬁé@le?étmb%de%bn%ﬂéﬁﬁeé first SiRs &F eﬁergrzaﬁlbréi&dn%eeé requency

correspondi ng to the frequency o first accel era st age
controll eépqmaé@mm%amféa%@,@nqtbem@ ea@fsen%re@e!pl@remrﬁ@e b@lagép%edcr eate an

al t er nat i figmeirafdjddeft éﬁeﬁ‘bﬁ?ﬁlg el%ﬁwéim doamé‘chaﬁi ﬁa@r@ Wit théBath! &rid

accel erating stage al on An ioh accel erator for accelerating
ions travelin@ f&ﬁ‘d‘f@@a@erﬁ@%eﬂw Bﬁ pomnswme&nd@tﬂr@rvagszbleér@guen@ accel erat or

corrprISIrﬂFr@ébn@&ﬁ%bﬁfgﬁ&rhggfﬁétwﬁuﬁér%wa%Qg i %Leﬁrmfﬁ)éectro pRi zabl e

el ect rodes anot her each es being
spaced f r@?ﬁr@ﬁa@ﬂﬁlﬁ%ﬂ‘ﬂe @HB@QFS’ZWQ@ ang| aseqonddentingl elfcriselly on parallel with

the Path: cocietiitirefRifnd ABSIRIS in PRIFRSeAbs Shefist PRI RRARY al ong the

pat h with a first constant potenti al ctrod of the
ener gi zab‘RE pewetsqurer-epcrable taaprly. sitrmaltingrpatentialsydvaontralleddresitieneyie | ocat ed

downst r ePAmpiltEdSIRhE fiktBh& second terminals, the alterating potentials at the
first and second terminals being out of phase with one another.

2, The ion accelerator of claim 1, wherein the variable frequency RF
power source and the variable frequency RF resonator are each adjustable in a
range from about 4 Mz to about 40 MHz.

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

4. The ion accelerator of claim 3, wherein variable frequency ion
buncher stage comprises an energizable electrode located upstream of the first
accelerating stage along the path and a variable frequency buncher RF system
operable to energize the energizable electrode of the ion buncher stage at a
controlled frequency corresponding to the frequency of the first accelerating stage
and a controlled phase with respect to the first accelerating stage to create an
alternating electric field to provide bunched ions to the first accelerating stage
along the path.
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el ectrodes, wherein the constant potential electrodes are spaced from

adj acent energi zabl e el ectrodes to define accel erating gaps therebetween;
a variable frequency RF systemelectrically connected with the energizabl e
el ectrodes and operable to apply an alternating potenti al 2a0fun@2amnt rol | ed
frequency in a range between about 4 Mz and about 40 MHz to the

energi zabl e el ectrodes to create alternating electric fields in the
accelerating gaps in a controlled fashion in order to accelerate ions

through the aggel eﬁ,_?éibﬂg,cééf%%?or%lfg}%gn%hﬁlﬂﬁg}d&@p@#ﬂlgg%v%%bﬁne 2005 a

variabl e frequency ion bunc stage |'dbca e accel erating
st age al dreguengy ipabunchen dtage docatecbupatrepnosfitbie fitstacietatatingsiagealoheg

accel er aty t t : ' claim 12,
wherein {tt?}é;ﬁ%tg?z?rgﬁ?;gér%gaigﬁg@@ingHcﬂgdulr(])g%gorfh%{ﬁ %é@%%?b@%?a%n ener gi zabl e
el ect r od@ldngdbe pathupst ream of the accelerating stage along the path and a
vari abl e frequency buncher RF system operable to energize the energi zable

el ectrode of the ion buncher stage at a controlled frequency correspondi ng
to the frequedty ofhaine ageledatoraf clagn 40 agkeraindhe saabie freduiardyidrase wit h

t ' ' tric field
i ong. t hetnER: SPERTRIALS tn ShERR b GEARKE A LSRRG Bine BC L7, LPe
f r equencpcE¥ierating stage alonptiiee patbelndraavariablesfrenyencybyndhee RFassyetan abl e
f J ' t 4 MHz d
about - 40 CRRPOB el 6F epBy bl Oetiddd B HERABAISIRAY', 2 Mg’
bet ween abuimiled fisbaenaydtonespondity toNthiz fréGuenty of the fastcasceleating stage

accel era | r e ' . | | on system
The accornl & sM3iskf S Wi SRR B pbdBind 8B PLAR 7T ™Y 31 P oo
ener gi zabltematirgreledde fiald dm pravide martidhed dors to Wee first aopekeratingsstage pot ent i al
el ect rOdgﬁ)nSrtlrl@BQtﬁfj along the path with a first constant potenti al

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 parallel 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 {0 apply an aliemating potential of a controlied frequency
in a range between about 4 MHz and about 40 MHz to the energizable electrodes
to create altemating electric fields in the accelerating gaps in a controlled fashion in
order to accelerate ions through the accelerating stage along the path; and

26




el ectrode | ocated upstream of the energi zabl e el ectrode, and a second
constant potential electrode |ocated downstream of the energi zabl e

el ectrode, wherein the constant potential electrodes are spaced fromthe
energi zabl e el ectrode to define accel erating gaps therebetgwaszomnd a first
vari abl e frequency RF systemelectrically connected with the energizable

. electrode and operable to apply an alternating potential of a 27 28 June
2005 controlled frequency and anplitude to create alternating electric

fields in th : ' ' ' in order to
accel erate io%s@aﬁ% ﬁlkgte%%'bﬁ%eﬁﬁ @?g?ﬁbégéag%(g{?%@%gﬂgt{é?gﬁ;bgﬂgng the path; and a
second aanselesmtingistagealongtheqath. isoi wyerablsioquaddde hungieddpnstodhect r ode al ong

t he path; ant potential electrodes spaced fromthe
FEReeR Bioc R R

ener gi zabl e path to define accel erating gaps
t her ebet ween; and a second variable frequency RF systemelectrically

connected wt t ' ] . apply an
alternating E%‘t em%ﬁﬁ%? g%lls'%gér{tg)lrf é%%gzé%nﬁ%[nﬁgg V%'%ﬂgél?ﬁmﬁ gl’cfrgd frequency
cor r esporhtinohenstage domnprises anehetdizable elgcterds/iocdted bpstieams bf thecel er ati ng
stage t . 8 ' e | | L0t | 0g gaps in a
controll gagﬁélggatstlﬁg g{r?bgfgﬂ dltﬁg pgg]n&@(’:%g?@b% @%q%q?l% pgpﬁfeigﬁéﬁﬁ er
conpr ij_si ropetableptoi axiergize theeanergizablé electedectldhe dndgmchercstagalatepst r eam 01;1 a2(7j
provi din : | . pat h. :
The' on SoRtPEATol 8 heshBfiuhd (e BERER AR BuR SRR b e
st agfa co {qwdmeﬂechphmemig'i reshbet t?Lr@caogetéeatlrg@%@igﬂjto;meatemmlmgnaﬁhﬁ fi rR IS: t
accel er atj, ng. e path and a vari abl e frequency buncher
system 3&%@6?58%%93@#@@ t he energi zabl e el ectrode of the ion buncher
stage at a
14.  The ion accelerator of claim 13, wherein the variable frequency RF

system of the accelerating stage comprises a variable frequency RF power source

adjustable in a range between about 4 MHz and about 40 MHz and a variable

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

MHz

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

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

a first variable frequency RF system electrically connected with the
energizable electrode and operable to apply an altemating potential of a
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controll ed 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 pmtJane 28528 June
2005 18. The ion accelerator of claim15, wherein the first and second
vari abl e frequency RF systens are operable to fix relative phasing between
the alternative potentials in the first and second accel erati ng stages.

19. The ion a ' erein the f.ir n nd variable
frequency RF g‘@’@t@@%@hﬁ&@%@@% {fg?t%t%tgﬁpgpggf%@lcgﬁ@gﬁ'ﬁg bet ween
t he al t er nati \tke pctaterttig gapsin alenfroliest fastidn seerdectoaccelemtaionsg staggls. 20.
The ion accel of ' erei,n_the fiyrst and secgond vari able
frequency RF g@bgﬁéheaqg %&?Eiqﬁglg}’ggaqeoélgp% eo%at { qrgf‘q]3§qoﬁl potentials in a
;requency rggm_?_uetaﬁagst@efdom?hgeq?enfy_ and5about ten Eihrrefs_th;a fi(rjst
requency. : bon accel erator. of claim 15, erein the first an
second vari aa%e%pgéﬂgw%iﬁﬁlggﬁdgﬂo @ﬁp@é}?rﬁ%oé’rm?abl e frequency RF
]E)ovver sou&ecandaatpcﬁemtuﬂbébcﬁm@s;wpat C@dﬁ‘em(tl h;ebnerg:zabler re:a gotn thO\r/a; |r 2b|egch
requency over, urce a var | reqguency
adj ust abl e beﬁ?%ﬁﬁdeég’gggh%p{tﬁéo a%-ﬁ"ezﬂ%%gmiﬁgﬁﬁﬁs 22. An ion inplantation
system conpr i shergbetaveenpandsour ce operable to direct charged ions having an
initial energy al on a path.. an ion elerator for accelerating the
charged ions from g%gc?qﬂo\{a}ngpleg‘%uspcﬂﬁg SXS@&%ﬁﬁ"ﬁ@Fﬁynﬁcﬁﬁiﬂ"tﬁ_he_ pat h,
]'E_he j{on apcel-&:asenond@nmlgizﬁbmxile(a[d‘de(rjafd @mﬁl@tc?épbmgaﬁb@@ﬁaﬁr@mt ; ri iSI ng ?h
irst series of, energizable ectrodes. spac rom one another al ong the
path, each engp‘ﬁnﬁ%&ﬁ@ m@k@'&‘f%@“ﬂ%? fd @@Eﬁ%lqdrfgﬁﬂuﬁﬁc%dj acent energizabl e
el ectrode in somedpordingdo aparmadhie bf tiveflequeecystitthe firsisbcelerating stage

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

fashion.

16.  Theion accelerator of claim 15, further comprising a variable
frequency ion buncher stage located upstream of and providing bunched ions to
the first accelerating stage along the path.

17.  The ion accelerator of claim 16, wherein variable frequency ion
buncher stage comprises an energizable electrode located upstream of the first
accelerating stage along the path and a variable frequency buncher RF system
operable to energize the energizable electrode of the ion buncher stage at a
controlled frequency corresponding to the frequency of the first accelerating stage
and a controlled phase with respect to the first accelerating stage to create an
alternating electric field to provide bunched ions to the first accelerating stage
along the path.
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a first variable frequency RF power source and a first variable frequency
RF resonator conprising a first termnal electrically connected wth every
ot her energi zable electrode in the first series and a second term nal
electrically connected with remaining electrodes in the figmhe @5 es, the
first variable frequency RF power source operable to apply alternating 29
28 June 2005 potentials of a controlled frequency and anplitude to the
first and second termnals, the alternating potentials at the first and

second term nghs ' it , d station
operable to pgés'i tP@ﬁqgn\?o%%'i%{eogg?g%ﬁ?ﬁétQ@%‘%ﬁb@g%}%%@d sgg%'gcrerat ed to the
second erveariable frepaericyiRfesysterhpareamerabie tofiorelative phasingipstwaen ttel y connect ed
with the i freque RE_systemito ontral the frequency and
ol |t uadtaranrs oo b ed Sedi Seo bbb RiadeRn antat i on aystem of
claim?22, further conprising a variable frequency ion buncher stage
| ocat ed upstrgam t.he first.aceceleragtin St o] t he, path, and
operable to p&%vi Slté’edﬁlﬂ@ﬁ%%eriazﬂ{??fﬂ@'mﬂg’ ‘fvﬁ?rﬂ" tﬁg?&%@@ﬁ%ﬁ%‘ stage al ong the
pat h. 24 vaiifisle frequenuy| Rinsysterns asysperablofto adjastthe &elatieephaisimgvar i abl e
frequenc | on Jbuncher .stage c | ses, an energi zabl e.el ectrode | ocated
upst r eam 8*‘”‘?%% Pﬁ?@?t'v dﬁ%tp&ﬁﬁﬂ& fﬁ?taad@ 5Bk a?"??gerﬁtéﬂ%%ﬁgﬁf' a variabl e
frequency buncher RF system operable to energize the energi zabl e el ectrode
of the ion bugpcher.stage at controlled frequency corresponding to the
frequency of E‘ﬁle fhinede QE‘E,%?"@EEP?E'@"’“éléa\@j@ergﬁﬁHﬁ%B%ﬁpaéﬁngpphase with
respect waristiefredqucHcy RFCg)stingd e toproviee bikematinggidiantiaiiinag el ectric
field toﬁ%rovi de bunc%g{d iog.s é_o the first accel erati nﬂ'séf%%&% al ong the
pat h. 25 TeaHeTQyERgRmbeiresh Adit 99&'%?93’@(’3'1‘%'&&’6’ frg fimes they 8C%perabl e to
direct charged ions having an initial energy along a path;
21.  Theion 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 chafged 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 onhe another along the path, each energizable
electrode being spaced from an adjacent energizable elecirode in a
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 alterating
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an ion accelerator for accelerating the charged ions fromthe initial
energy to a second energy along the path, the ion accel erator conpri sing:
a first accelerating stage conprising: a first energizabl e el ectrode al ong
the path; and 30 28 June 2005 two or nore constant potenuale @bsctrodes
arranged along the path wwth a first constant potential electrode |ocated
upstream of the energizable electrode, and a second constant potenti al

el ectrode | ocated downstream of the energi zabl e el ectrode, wherein the
constant potenti.al i ectrode to
define accel er%?t?htéalgg%g%'ﬁ%ﬁ%%%ﬁg%%%f%ﬁ@@ é/é;@itggﬁésq £ rﬁggégc?@]y RF system
el ectrical |y clemmietsethediltemating petantigisai thedfirel arct sevdad denhinale belbge t o

apply an alter ' anf | controll ed frequency and anplitude to
create alter na@ﬁtﬁgﬂg?%%ﬁ%ﬁﬁl%%ﬁ@%@i n the accelerating gaps in a controlled
f ashi on i n or dan endstatieredparable to positiorha wodipiecksofthatchamedddrer at i ng st age

aner oi zabPeotaefE o SREAY CrBRNAPRE bR HORGRYE: SRIT . “constant potenti al

el ectrodes spazeahtfallenpenaivelyaoghectbd eith ttectariabiie freajuengy RRsystehitot o defi ne

ol act 1 caPeR HRTsLERB P08 Br B aRERBIY BAGMIPE) cocrode and opor abl o

to apply an alternating potential of a controlled anplitude and a

|l ed f . di t h ' f the f f th
Tirst accel er dot no be IR AR of ol 22 Ul ot e 1 1 che

accel garat\iralrigbba‘mk : ubm}eionbﬂno:hﬁrlsta@e Icgcméd_ W¥stream (iﬁlﬂﬁb ﬁl’sgédo@zlbrf]tmgr abl edt o]
pOSItlon_ WO T | ece t t C rge I ON ccel er at t he secon ener gy
P et 1t g PR BeSodtf, AnBnciide 87 brovdB b onS B BR B, ot tn U he

vari abl e docelpratingystage alyisd then gath.

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

25.  Anionimplantation system comprising:
an ion source operable to direct charged ions having an initial energy along
a path;
an ion accelerator for accelerating the charged ions from the initial energy to a
second energy along the path, the ion accelerator comprising: a first accelerating
stage comprising:
a first energizable electrode along the path; and
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control the frequency and anplitude of the alternating potential. 26. A
nmet hod of accelerating ions traveling along a path in an ion inplantation
system conprising: 31 28 June 2005 providing a plurality of energizable
el ectrodes spaced fromone another in series along the paBbuiepodefi ne a
plurality of accelerating gaps therebetween; and creating a plurality of
alternating electric fields in the plurality of accelerating gaps using a
vari abl e frequency RF systemelectrically connected wth the plurality of

ener gi zabl e el ect rtwsﬁmo%ac?f{éim%{é@ﬂg&éa@héémrgﬁ%edfmgﬁghe fipating the
plurality of alternating electric fields conprises appl¥ying an alternating
potential of Witikadirsteonslant paigiiishekectregrilogatediupstieamefthee plural ity of

energi zabl e e ' ' : rce and a
vari gbl e fr eq%en ggggs%(’)%%?gg %ﬁ%?@gﬁbg%ﬂm@“&aé%cﬁm? ﬁée@gl urality of

ener gi zabl e efl@wnsteassof the engigizalieteledtrage, whatein the constantratentiatpr i si ng:
providing buichianes JE88atd forthe SRrRale SiedtidRlo Wt Ty o -
ener gi zabl e efeaslaralingsgapisdhegrebetweepaa first vaiabihrequansy Riosysterai m 27, furt her
s L e e T L e
ge, ereln e frequency range 1ncludes a first
frequency andapplegoeieinaingpotgsialeba capllleddrasuencydancamplivds ta he fir st
frequency. 32qeate altemating 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 amplitude and a controlled frequency
corresponding to a hammonic of the frequency of the first accelerating stage
to create altemating electric fields in the accelerating gaps in a controlled
fashion;
an end station operable to position a workpiece so that charged ions
accelerated fo 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 anion
implantation system, comprising:
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providing a plurality of energizable electrodes spaced from one ancther in
series along the path to define a plurality of accelerating gaps therebetween; and

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

the plurality of energizable electrodes.

28.  The method of claim 27, further comprising:
bunching ions from a generally DC ion beam using an ion buncher; and providing

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

the path.

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

and ten times the first frequency.
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