WD 03/012821 PCT/ US02/ 23092 METHOD AND APPARATUS FOR PRODUCI NG UNI FORM
PROCESS RATES Background of the Invention 5 The present invention rel ates
t o appar avov3ams2net hods for processing substrates such ®sTasor/zazuct or
substrates for use in IC fabrication or glass panels for use in flat panel
di splay applications. Mre particularly, the present invention relates to
i mproved pl aMETHOD: AANBIAPPARAT USaFOR PRODUCANG UNIFEQRM g
substrates with a high degree of processing uniformty across the
substrate surface. 10 Pl asnma pr PROECESS RATES have been around for sone
time. Over the years, plasma processing systens utilizing inductively
coupl ed plasma sources, electron cyclotron resonance (ECR) sources,
capacitive sources, and the like, have been introduced and enpl oyed to
vari ous degrees to process sem conductor substrates and gl ass panels. 15
During processing, nmultiple dBpdzreumhofthelwventibshi ng steps are typically
enpl oyed. During deposition, materials are deposited onto a substrate

surface (such t he surface of | ass,__pangl or waf er). For exanple,
doposi i ed | ayerdeaimatverit st dpREF A e B rol Piotinabsiie,
silicon nig i deenfi&indhGoPRstd& bl K@ iARY (SichRIn TR GIRY phde® fof HEidGRL Of t he
substrate. nversely, etching nay be enployed to selectively renpove 20
mat er i al s phndmisptaydpplicationar Mage partidubeslys b praseriténentiba cdateForimpraipl e,

etched features such as vias, contacts, or trenches may_ be .forned in the
| ayers of Plasgmadieressing &Ste@?éh%éﬁ‘iaé’%ﬂ%f PROEGTSIYE SRbsHPigS P?éthﬁre}%}ég%r??gopuses an

i nductive _source r FIG 1 illustrates a prior art
i nduct i vep[r) ceelgssrl’r% %rg%oglgls F%gsrtgg%?}(g?kl?gﬁﬁ%at is wused for plasm
processing. A typical inductive plasma processing reactor includes a 25
chanbgy 102 wi Phsaa pacdessifgsyBtenisue béevarant forlsdmedinsp dS et thdbysass, a
dielectric window 106. Typically, antenna 104 is operati Vfl coupled to a
first RF plasee presessiee SOBMS utilizing drdustieely goupled plesma spyeses €1e6H8Yi ded wit hin
e

i
hanber 102 that | d o] : terials, e.g.,
he ot chafrc/eg0 reolk EReh b Bk Sieed RO RO R RY 01 0501

PCT/ US02/ 2¥dced and employed to various degrees to process semiconductor substrates and

glass panels.

15 During processing, multiple deposition and/or etching steps are typically
employed. During deposition, materials are deposited onto a substrate surface (such as
the surface of a glass panel or a wafer). For example, deposited layers such as various
forms of silicon, silicon dioxide, silicon nitride, metals and the like may be formed on the
surface of the substrate. Conversely, etching may be employed to selectively remove

20  materials from predefined areas on the substrate surface. For example, etched features

such as vias, contacts, or trenches may be formed in the layers of the substrate.

One particular method of plasma processing uses an inductive source to generate
the plasma. FIG. 1 illustrates a prior art inductive plasma processing reactor 100 that is
used for plasma processing. A typical inductive plasma processing reactor includes a
25 chamber 102 with an antenna or inductive coil 104 disposed above a dielectric window
106. Typically, antenna 104 is operatively coupled to a first RF power source 108.
Furthermore, a gas port 110 is provided within chamber 102 that is arranged for releasing

gaseous source materials, e.g., the etchant source gases, into the RF-induced plasma
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regi on between dielectric wndow 106 and a substrate 112. Substrate 112 is
introduced into chanber 102 and di sposed on a chuck 114, which generally
acts as awoaBacisenode and is operatively coupled to a secead/URb2/psmwer
source 116. In order to create a plasm, a process gas is input into
chanmber 102 t hrough g rt 110. Power is then supplied to inductive
coil 104 u<SERG bﬁ\%se[n d?éeﬁﬁ%@rn%’ulroéemiegubmr ellgu§‘ﬁ?SFé’G 1Re 1simgedycedoupl es
through t hgydlialdet 10Lant BRI G0 BNk 3 14,3018 SRR Ets of bf bilct: uced

i nsi de chanber 102. More s%gE| IC%?FQ, in resp%%se ?S‘fﬁe elgﬁtéqiéggield,
a circul atisngerativelg coupled foreckecad RIvpakarsberce 102. The el ectric field

accelerates the small nunber of electrons present inside the chanber
causing themto collide with the gas 10 nol ecules of the process gas. These
collisions r esﬁllntor?k’ﬁ 0 GIPE R Waagﬂrqci’ﬁstg?%{s 1Wt6?toégm8€e§dﬁérﬂ§8u%rgﬁ§l asna

118. Ag i spye]do. ko id Med Qﬁrgﬁé&to m?cuo@aslr 04 lgs%ggsfgaiﬁﬁ bﬁgcmmée%s process

gas when subjected to these Strong electric fi ose’'e trons, and
| eave behi Htt supplééd RF ehergy bauphadthrarngh theAdiclactrie swhdow petsarid alatge ebdeaiged
ions, negatively charged _electrons and neutral gas nol ecul es (and/or

atons) ar eid®mtiBiveed llﬂsr*éﬁ Qi’@mtbﬁfelqgl Mers specdically, msresponpe Wthe plecteie @ﬁid on r ate
of free el erg}cqlpat ﬁé%ﬁn%ﬁqsg mdp in cHan?b %f Th% %Fecglcatiee taﬁr%rl]%%t%g S{lle d

pl asma has’ oI eCul 6s I nsi to be
directed tiinieesf élB&rchd picaei@ 1ﬁ)§°1detﬂh@ chdifitet Ealsh ? thyn @Yol Rde @AWY Qs one of

the mechanismcontributing to the presence of the neutrals gas nol ecul es
at t hé0 subseleailes ofrth@/pll@eesa ighs. uBhese ccqlhsxens remfemrl@mmmd emwationsff anpl ecul es

i nsi de the chanber er neut s ci es eutral gas
mol ecul es) i rr@rrgwr}’ A Th oS Kb & et bt ol uf 86155

Cor r esponqirfi@kygasWikih Hofet R EIhesd shofeeitdific fitlde (PCYE refe@troﬁéj B8d lehRIGEHIR

accel erate towards the substrate where they, in conbination wth neutral

speci es, msitivelxtchartghe icatsc Wis ragesudiapdsutm&ly dbamep iofs] mapativedy chrgedeen
encountere? w th inductjve

| asma sy, such as i oned
above, hase qsiaps angdrneyiralgns n?q%ecrllré (erdzqr DSy mﬁeeeéer%i%ﬁrﬁ Smgﬁﬁét rate,

e.g., gets

o ohell iy on P R % Bf 2l Bhetlos QRREIARAE| b Erc i bl

di fficul t to control the paraneters associated with the integrated
circuit, i.e., QucetheqshsntH hmrbsémfmnecamtrhl gaafrﬂa@a:,ulesalﬁsﬁﬁdtheplablhe tend

Addi ti onal | a non-uniformetch rate lead to devrcefallurelnthe 30
seni condud® Elr diggqted fopvardgihe surfage,pithe thbsertangvaraé@ﬂeﬁ%plﬁr Y5 theosts for the

manuf act Uhfdchanism contributing to the presence of the neutrals gas molecules at the substrate
may be diffusion (i.e., the random movement of molecules inside the chamber). Thus, a

20 layer of neutral species (e.g., neutral gas molecules) may typically be found along the
surface of substrate 112. Correspondingly, when bottom electrode 114 is powered, ions
tend to accelerate towards the substrate where they, in combination with neutral species,

activate the etching reaction.

One problem that has been encountered with inductive plasma systems, such as
25 the one mentioned above, has been variations in the etch performance across the
substrate, e.g., a non-uniform etch rate. That is, one area of the substrate gets etched
differently than another area. As a result, it is extremely difficult to control the
parameters associated with the integrated circuit, i.e., critical dimensions, aspect ratios,
and the like. Additionally, a non-uniform etch rate may lead to device failure in the

30  semiconductor circuit, which typically translates into higher costs for the manufacturer.
2.



-2 WD 03/012821 PCT/ US02/ 23092 Moreover, there al so exist other issues of
concern such as the overall etch rate, etch profile, mcro-I|oading,

sel ectiviwg,03anms$2t he |ike. In recent years, it has been f®amdiSotraz09t hese
non-uni formetch rates may be the result of variations in the plasma
density across the surface of the substrate, j.e., a plasma 5 that has
regi ons wiMeregverathere also pxasfotlier asprasal sorery Y5k a5 the oyprallieish rats, gch
positively r i , i nQt, aM st nhg to be bound by theory, it is
bel i eved t%gﬁ%t ﬁ‘ggﬁ’/é‘?ﬁ‘%ﬁ’%%%&ivﬁx’ %\dads{\érrg@densi ty are created by asynmetries
that are found in the power transm ssion characteristics of the power
coupling, e.g.,Inaedednyears, ithhas dedl foaid that thessdowunifosh etch patasimay be the t he
power coupling is asymmetric, it stands to reason that the circul ating
current ofresyeofnariptiensde theailesmardeasify adreps e urfpee efdherubsirate, I.earfcblesmed ef or e
the iopizatiqgn. and injitiatlon Qf i S ric. As a
resul t,El vgt?l?tg} O lhhé' e%)t %%rﬁﬁssﬁégrﬁ?@kf%\ﬁ%ﬁ%%ép egl‘r%?:geu%'t orSEat%i‘fe?yFor exanpl e,
SoNe ant endhargat iGYEWRIE ol WIHEG t8 b€ bourdity thébay, it & beliévadghdt fthe tanatiemnt er of
the coil, and weak at the outer dianeter of the coil. Correspondingly, the
pl asma t endplasmaconsitycyea created by psignmetdesbat ase fomdimthepoveebansotissier ( as
showmn in FILG  15.1 | asma 118). The st andar.d,.techni que for oyercom ng
2 noy et PRECISTRSS o€ SR SR et S B ap ST Winahh s AR he
asymetri gg the':;f%vef’&\i'l\ﬂkﬂllng is 45k, RAkdnd®To hRAMat 1RIGRINAR, bOrédier BRSE t he
current density at ak curirent areas, joining radial nmenbers to a spiral
ant enna t dnfedeleotrie fxld will be asyonpdria tandlthefefore e ionidation andanyiangn ohe

t hi ckness of 20 the dielectric window to decrease the c rr,entgﬂggnsi ty at

strong curth@plasmg walbe aryppnetrc. Asgeesulturiagiensy thealpymadrosity %ot to
provi de a I Y, i I i LS kAt i1 tend
Po have anERublrFoatpRelin dub ottt e Ak R nde iR

whi ch nakahke édntedtiof fHecsll} arldoveditatthe otited iaretdr of thetopil. Kotrespoadingiypste ant enna
arrangenents used today form sonme type of capacitive 25 coupling between

t he ant enrPesandendsdo poraseaate oxprdsithq ceater ofihe Prrsesschamber @yshyvmuingdit age

dr op t n the anteenna and the plasma. The voltage drop typically forns a
sheat Ega \\I/\el ya%}%mé ﬁo"S' near the coupling wi ndow. For the nost part, the
sheath voltage tends to act |I|ike the bottomelectrode (powered). That is,
the ions in thghpkasd@dientique fdi®vercoming an asymmetric power coupling has been

to compensate or balance out the asymmetries. For example, using a pair of planar
antennas to increase the current density at weak current areas, joining radial members to
a spiral antenna to form more circular loops at different radii , varying the thickness of
20  the dielectric window to decrease the current density at strong current areas. However,
these balancing techniques tend not to provide an azimuthally symmetric power
coupling. That is, they still tend to have azithmuthal variations that lead to variations in

the plasma, which makes it difficult to obtain etch uniformity.

Moreover, most antenna arrangements used today form some type of capacitive
25 coupling between the antenna and the plasma. Capacitive coupling is created by a voltage
drop between the antenna and the plasma. The voltage drop typically forms a sheath
voltage at or near the coupling window. For the most part, the sheath voltage tends to act
like the bottom electrode (powered). That is, the ions in the plasma tend to be

accelerated across the sheath, and therefore accelerate towards the negatively charged



accel erated across the sheath, and therefore accelerate towards the
negatively charged -3 WO 03/012821 PCT/ US02/23092 coupling wi ndow. As a
result, twemwemkerating ions tend to bonbard the surface pafi/usoz230epupl i ng
wi ndow. These bonbarding ions will have substantially the same effect on

t he coupling .w ndow as, the o.on the substrate, (i.e., they wll either
ot o or " dePOBHEE RAREPT oS bt iidS BoceBtisihp g it o bt S of ey
produce unggsiihaRlifiand/ or unpredictable results. For exanple, deposited
mat eri al may accunul ate on the coupling wi ndow and becone the source of

harnful particul ate, especially when material flakes off onto the substrate
surface. Renovi Tesehvmbaming ioohwilhsve sulstantigllynhe dave eff¢dt oh slveecoapBigyi | ar

effect. Eventually, the increase or decrease in thickness wi]J| cause

bt 0cess vabTEPPa Ao S RURERE: L6-npre o Sk ShOSL Rt oL | es of
the power gpy Hh%wndo%v Srfac@ MRy %rogb@el #EdidableUn B0 MhprebigS R )resultS.
nmenti oned, pfocéss variation may ad to non-uni form ‘processing, which

| ead to dekorezafplel deposited mhterislenaycavodglateronche cavipling windaveanditfecoine
foregoing, there are desired jnproved nethods and_ apparatuses for

produci ng HRsPWEHPIhasmEd garisulste, espscially phepmatenallakey pifionty the subsiate are
al so desir ) if i he
capac 1 veous MBS RHE el RE5 BEFuBRREL AR Rk SRS, 012621
PCT/ US02/ 28Q9%alipUhBRicyeadé off dbrdafd/i@nhicloitssWal ¢aiyeprotes vagdtiinefor i n one
enbodi nent to an antenna arrangenent for enerating an electric field
i nsi dd0a pixemels irctha POwer traasmasszon| pyoperting of r ceupling fegemterignpri ses a

first |oop,di sposed, around an,antepna .axis. The first .lo 5 conprises a

First tor icleeRe STpe pptes oS RhaRe Hofsss Lunh o B eRpSfmln o7 s "on
a first sif&saheWMISCH chdto dd¥ide faiRRe e 3emREMNLtRRAc@E the first turn is
on a second side of the first turn gap; a second turn with a second turn

gap where a first end of the second turnis on a first side of the second

turn gap and a lsedomndf thadorogoingidhese susrigsiradrimproyed meghosie ethappsrateses 61 t he

ts ﬁgop ?r ts,tj rprllo & ngaIPn(;fovrwrﬁ%rr()ecetssqgg e gucrifaE:éJ Of the SubsRaEe %(rerle%rea .':H(sjo geosﬂleg nar with
15 improved methods and apparatuses for reducing the capacitive coupling between the

antenna and the plasma.



10 turn and spaced apart fromthe first turn, and where the antenna axis
passes through the center of the first turn and second turn; and a first
t urn- secowo oBras2connect or el ectrically connected to thePCirrasp2/2wen and

t he second turn conprising a spanning section between and coplanar with
the first turn and the second turn and which spans the first turn gap and
the second turn gap. 15 The i ngaiinmfy of thel@entiod anot her enbodi nent to a
pl asma processi ng apparatus for processing a substrate. Generally, a
process chanber_is provided in which a_plasma is both ignited and

sust ai ned for thee igventioadelalss, Imopgembadimgriita gn apfeuarangeBRiPlgur ed to
produce an_electric fiel | a_RE_ener insi de.sai d process chanber, where
t he ant enn%eneeaglg gt F{e?tgth%e\l(;dolﬁlslgeﬁa péocgggcgﬁﬁg?rogiﬁp eli/a\l/ﬂ?"cthe 3‘%8 dbst anti al | y
simlar t%%@eﬁ&ﬁ%hﬂ?;is@%r@ﬂo%ﬂﬁﬁos@ﬂ BroSM B htbsal dxis. AthedRdode! ative to
an antenna axis. The first loop conprises a first turn with a first turn
gap whére confprises a &rstl tugh withe firstrtym gaprwheresa first end ¢frthe firsk then of ont anferst i r st

turn gap an econd end of, the fjrst turn ijs on a second. si 0, he
et °Fbr e RERRE S Rep S 4 0oipnd R oS Bt o aeimerises e el end of
the Secon%da'édtﬁ;h%cféﬁdﬁuﬁ'vﬁﬁlta bR tulf gadpWhePEL RREeddEMhO R AN BirRisTIRCGONd end
of the secon urn is on a second side of the 25 second turn gap, where the
second t urfirsi sdecafithe sacond tuam gapcapl aaseaondyint lof these¢andsurntision a seqad edleapar t

fromthe first turp, and ere the antenna axi s passes through the. center
of 't he. fi9ake seonl LIERRERHer iR SeoRI TR S Qoo PP%%WEBﬁﬁéErﬁbr is

el ectrj cal . £ d the
Firat Snd o SR 3BEEHE Ry BErEE Tt Min SR e bk i RS S 60
conpri ses cenpafthe figst hef ahd Bedond Weemnd adireamnassesnduinconhect@kldctricatlyt ur n

and the second turn and which spans the first turn gap and the second turn
gap. -5 \sonuestagitte ghefinsityrn mgithe swond tump pRmprising3, appingisefdiew besveeBnf i gur ed

chanber . (48 AR REDs BB ot pEREG! il bl s GERR: i b o 050

| ayer bei Rge scba@@slgd® suppress capacitive coupling, which may occur
between the plasma and the antenna. 5 The invention relates, in another
enbodi ment to an antenna arrangenent for generating an electric field

i nsi d& a pr ocediednventien relates, iy aijother embedimenidn aPlasmernEpreers EPRAEARYY | ses a

first tur r}or\’\f)r%gess?iné hrs,ﬁlgstrta{'ér Q}e%grpallwqae Igrgceasls gl'larmsoter ?snp(zriox%lec} Qlewﬁihlg 3 tplatsrlrjlgl n

is both ignited and sustained for the processing. A multi-layered antenna is configured to

produce an electric field via RF energy inside said process chamber, where the antenna
has a first loop and a second loop, which are substantially similar to one another, and

20  which are symmetrically aligned relative to an antenna axis. The first loop comprises a
first turn with a first turn gap where a first end of the first turn is on a first side of the first
turn gap and a second end of the first turn is on a second side of the first turn gap; a
second turn with a second turn gap where a first end of the second turn is on a first side
of the second turn gap and a second end of the second turn is on a second side of the

25  second turn gap, where the second turn is concentric and coplanar with the first turn
spaced apart from the first turn, and where the antenna axis passes through the center of
the first turn and second turn. A first turn-second turn connector is electrically connected
between the second end of the first turn and the first end of the second turn. The first
turn-second turn connector comprises a spanning section between and coplanar with the

30 first turn and the second turn and which spans the first turn gap and the second turn gap.
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is on a first side of the first turn gap and a second end of the first turn
is on a second side of the first turn gap and where the first turn gap
forms a rwoicaloimagl e of less than 5; a 10 second turn wt IrCa/isezesod2 t urn
gap wherein a first end of the second turnis on a first side of the
second turn gap and a second end of the second turn is on a second side of

the second tuyrn gap, wherein the cond turn is coaxial with the first
turn and s‘gé‘b‘ﬁﬂ'lﬁ%é&twm?Wﬁ‘f gﬁeﬁg? al?‘m‘ h’,e PEFREAETHE! BhENIRY BRI Gxi s
passes t hraugh, t e GRMCE! chafnbbi) fhehWihdbw bR SRF A $edbili WDE! et he
second tur n%%% ore‘ri')rs&tae r%djlnal ’ar?glle o\;‘v F\gs%at anacyg and wher eWQS’tﬁe first
turn gap hsasoml lhgsdemgandngadan lsegysessichpucitive cogdmgodwhich mayapcimybebetenceen 50%
and -50%of the first turn gap, and a first current path connector

el ect ri calthgPlagnaaed B aBhe first turn and the second turn conprising a
spanni ng section which spans the first turn gap and the second turn gap.
-6 VO 03/ 012821n3GH 4Bk A A00 2n afithé erdBBd e Dol M hnRhnd Aarddeithies The
present invention Is Illustrated by way of exanple, and not by way of

| i m tati orgenenatihgnen élegur éisldahsitde pacespanysrn Gederally, iysamderchai n whi ch i ke

reference nunerals refer to simlar elenents apd i r} whi ¢h; SHFI %ngll
i |lustrat égaagﬁ??rﬁtcf”élpflsqsﬁcﬁﬁtt%w £ “'}S?S%E’E?rﬁﬁ V%&E‘g(?f_ﬂie 4t used
for plas ok hFEEWReW thd kit tufn %alpl 44815l eg? BE 8% MRstREAGE S b BboRY Sdem

i ncl udi ng 'an antenna arrangenen a coupling w ndow arrangenent, in

accor dancefthd firsofien gapfoadi wisné theffirsthernpup $anis a radivlemglecsf lest Ghanl G a 3
illustrates the nulti-turn_antenna_arrangenent, in accordance wth, one
enbodilfrentseedndthm Witk 8 serond e gep wherem adirsyendof thesegand Wais 08 341TStSi®Fe vi ew
of the multi-turn antenna arran t el j ; odi nent
of the pr eogé}het SCCRRAERET B Iaé%“%ﬁlr%gadg{regg%ﬁgec ggﬁggségoggs,@?gf,v&g}) t he

mul ti-| aY%E@dildctQHPééEn@h%IhQHH\/secbm tuiPisaeeaildaicte firdt huranad epreedipent of the
present invention. FIG 6 is a schematic illustration of a E‘%rtial ant enna

turn with feoryde first tGrn, and wheretke ayienaayie pessesthedugh thaganter ofithg fafttedna
provi ded ba%d%gco%gbngrgl wnl%?é the second turn gap forms a radial angle of less than 5° and where

15 the first turn gap has a length and overlaps with the second turn gap by between 50% and
-50% of the first turn gap, and a first current path connector electrically connected to the
first turn and the second turn comprising a spanning section which spans the first turn

gap and the second turn gap.



of the invention. FIG 8 is an enlarged schematic top view of a section of
a third turn, a fourth turn, 20 and an output bus. FIG 9 is a top view of
t he thirdwOwsn1282F1 G 10 is a top view of the fourth turnPCFIUSN2/43091 s an
enl arged schematic top view of s a section of a first turn, a second turn,
and an input bus. -7 WO 03/012821 PCT/US02/23092 FIG 12 is a top view of
the first turn. FIG 13 is aBrikpD¥iceiptioh of e PRAAREs turn. FIG 14 is a
schemati c perspective view of parts of the first turn, the second turn,

the third turn, ?nd the fourth turn. 5 FIG 15 is a top view of the third
turn, the fourt HDeBresentdmyenton ﬁlllrl‘éﬁtrta[‘?ﬁiﬁ’yf"tﬁmfﬁxwlﬁa and@eh B #@¥ ofrount ed on a

central in 6 0 w of the fi.r t he second
turn, and 31 I@Erlg{l ip 546% léeésodngh ach? nb 3@1 ng\glrng ’tne%m%hhé%@ CHEr al

i nsul at or . ntin€zalslréfer %o similaPel¥ments add ia vagéd:om i nsul ator. 10 FIG 18 is a
cross-sectional view of the bottominsulator, the first turn,, the second

turn,, the third turn, the fourth turn, and the central insulator. FIG 19
is a cdt away pEIGpeidlustatesd pigreft industiveplasmaprocessiag renstonthasis ussdifor FI G
20 is a sc w of anot her enbodi nent of the invention. FIG 21 is a
schemati c Eﬁ%\?{vagfocégﬁgqgher enbodi nrent of the invention. 15 FIG 22 is a top
view of a faraday shield. -8 WD 03/012821 PCT/ US02/ 23092 Detail ed

De i pti f Pref d Enbo ts Th t t [ b
descr | bed 1 detdfl 2 HERetPoT BPuRE Bopr e B pRELE Q) ABRBRFRBPS K er cof
and as il gefd &@lng Widdesy ﬁ%@éﬁ?ﬁﬁ}’lh@gcﬂ&ﬁ% Wﬂtﬁ onl: @ Qﬁmeilpé)ii 0¥ 2ent

description, nunmerous specificC detalls are set ort order to provide a
invention.
10 FIG. 3 illustrates the multi-turn antenna arrangement, in accordance with one

embodiment of the present invention.

FIG. 4 is a cross sectional side view of the multi-turn antenna arrangement, in

accordance with one embodiment of the present invention.

FIG. 5 is a cross sectional side view of the multi-layered coupling window, in

1s  accordance with one embodiment of the present invention.
FIG. 6 is a schematic illustration of a partial antenna turn with a gap.

FIG. 7 is a perspective view of a multi-turn antenna provided by an embodiment

of the invention.

FIG. 8 is an enlarged schematic top view of a section of a third turn, a fourth turn,

20 and an output bus.
FIG. 9 is a top view of the third turn.
FIG. 10 is a top view of the fourth turn.

FIG. 11 is an enlarged schematic top view of s a section of a first turn, a second

turn, and an input bus.



5 thorough understandi ng of the present invention. It wll be obvious,
however, to one skilled in the art, that the present invention may be
practi cedweiosiomsti sone or all of these specific details. pcm/usvhesns2

i nstances, well known process steps have not been described in detail in
order not to un essarily obscure.the present invention. |In processing
substrates, one ¢-ﬁ%§aﬁ8é¥wﬁ’ %%ﬁpmﬂgraneters t hat process 10 engi neers
strive to inprove is process uniformty. As the termis enployed herein,
etch uniformt FIGefEiks thpvieeofulid debdnd thyn, of the entire etch process across
the substrate surface including etch rate, mcrol oading, mask selectivity,
under | ayer selectivity, critical dinmension control, and profile

char act eri st i cs FlI@kk4 isjagehgmatic pargpectian diemonfgiarte ethe fifsttire, thesedond surhj ghl y
uniform f le, i ES ected that the etch rates at different

poi nts on 1ﬁﬁ§g§ﬁﬁgpf§%%mF§E§nto be substantially equal. In this case, it
is less likely that one area of the substrate will be unduly over-etched
whi | e ot her ar eBEG.rEngafop isweddattbiry teh, chefburth The, MdeSBRE nirfMeRtH @

provi des a plasnma processing systemfor processing substrates that is
capabl e of CYMEEQE meynigd gpiafcentrl éastlatorThe pl asna processi ng system incl udes
an RF power source and a process chanber. The plasma processing system 20

f her incl ud jall ' ivel | ed
Lhe R poner  Soned Cana A Qleaofih Bit B G G20R% RREGRR ) M buBReRfe e

t he subst r ak€corfetiof RPEREd oWkt Hehtrdl Rsuligicess chanber for processing. The
substantially circular antenna is configured to induce an electric field

inside the process chanber with RF energ generated by the RF power
source. The subBkartiiap fap diew el bettamminsplaterhas at | east a first 25 pair of
concentric loops in a first plane and a second pair of concentric |loops in

a secqpd pl anegThe . .flrst. palr of.co tric lo d.t secgcond pair of
conceﬂpric |006?c5?§1£éﬁ°§'§ﬁbﬁé V?“ﬂ§§ﬁ$P%éP1%ﬁ@g§93ﬂ%ﬁPP ’t@waligned
Wi th one astebdhetfurm) 16 ¢hid WA HRTod tirn, BRE tHel R&HH iRuREaSSi ng system further
i ncludes a coupling w ndow di sposed between the antenna and the process
chanber. The coupling window is configured to -9 WO 03/012821

PCT/ US02/ 23092 FI&H 118w 2 et apay pergpective REWeH dhegippitrbysandthegutnanhus. t o t he
interior of the process chanber. Further, the coupling wi ndow has a first

2yer and & Seuatab el O SRR PRI T ocue e

vol tage drop for ow an

FIG. 21 is a schematic view of another embodiment of the invention.

15 FIG. 22 is a top view of a faraday shield.



absorbing at |east a portion of the voltage that passes through the
coupling window. The 5 substantially circular antenna and said coupling

wi ndow arwoastmsged to work together to form an azi nut halPCy/Gsyneedz i c

pl asma i nside the process chanber that produces a substantially uniform
process rate across the surface of the substrate. In accordance with one
aspect of the present iDvgiled DRscrijtivasd PrefeifedBhmbydisien®SS the substrate
surface is achi eved by providing an i nproved antenna arrangenent 10
configured for Er oducing a uni form pl asma., As mentioned, power is supplied
to an antenna fBe PiesRIE &vaRtien will pqvbe despribediip detal) wathgaterncs to afedy r cul ati ng

electric c i QS| S. .G . rrespondi ngly,. th ectric
field accepéerr'feg{&eise %gﬂgﬁné%?%ﬁg&?nasg lﬂ%@tg? (I)I%:égsa ‘¢ %lﬁlgg]ﬁ%@fl%sgelflﬁrié‘?n to
col | i de Wi fdloiwigy Gbripiing futhedudépetifie dotails R Setdafth in YALLHD ASvide § €S Ul t

ionizes and initiates the plasma. 15 Followi ng the creation of the plasng,
pover iSs sthoptughdnderstandisgief thepeasentarnentien] It wild b obwowss; bowevas] teoae ed
towards theg.supstrate.. The accel erated ions and. neutral reactant at the
surface of SEIE B BENT bl e AERRL R R PR PR PP B MRl bRk A kB e rat o
surface aggcifeletfier t MhAGRSEde SvelUdBIvhPhoesd e HAGE Abt b8 LG densi ty
of the plasma is greater at one area of the substrate, a non-uniform
process r adeaihin drdgrenop taoenneesssaridy obscuierthe prese@dinviartiomapr oved ant enna
arrangenment is configured to reduce these plasma variations by inducing an
azimuthally sy tr(i:c .el e t#i@tc finelgfh and. t herrtef ore rtodlﬂ%g a nore uniform
process rate. | RREBRBOGTHERE OER .FWP'@)Wc? AP REFCETS bRFAGHr ed to
produag a &igietsafrivedo i&lﬁfd’v@ i prb&3§ whiforadty A DAL kefmSY BRBIdyEE herkidl kfep NOt

wi shing to be bound by theory, it is 25 believed that transm ssion |line
char act er i wtiformityfrefetsdo grewarfoonifpof the entire atch peciesnrachsb thevsabsteatd mmficeé n t he

circulating cyrrent in response to fhe induce lectric field, These
transm s_si‘gﬁluﬁﬁ“ﬁé’t Hétrea’ﬁ'fcé&f’ IF%énqséﬁge%"%f res selerdivity: el that form
fluctuati r’(ﬂmeﬂsriﬁ?&%rﬁxfol,%? ?rﬁ]gcﬂﬁﬂtéfgliésai% %ﬂﬁﬁlgﬁ éh? P(gfgjﬂm%fs ffife @nt enna,

whi ch as a resu orm uctuating areas o i g owcurrent densities
i n the i ndiced highty tifarnt, ferledamplegit is enperediBatitheeteb kdtasge differ&it@bintd bre
current is |low and when the voltage is low, the current is high. - 10 WO

03/ 013821 thwbsksals terddo be substangalieequal o his easer ihisdessdikely) thet ane arsaedfar ¢ ,
power  depqgl L ipRfadk Wifl v l&gdlm' %%&%t&%@ %}?ﬁ% oflidr areas remain inadequately etched.

The present invention provides a plasma processing system for processing
substrates that is capable of producing a uniform etch. The plasma processing system
includes an RF power source and a process chamber. The plasma processing system

20 further includes a substantially circular antenna operatively coupled to the RF power
source and disposed above a plane defined by a substrate when the substrate is disposed
within the process chamber for processing. The substantially circular antenna is
configured to induce an electric field inside the process chamber with RF energy
generated by the RF power source. The substantially circular antenna has at least a first

25 pair of concentric loops in a first plane and a second pair of concentric loops in a second
plane. The first pair of concentric loops and the second pair of concentric loops are

substantially identical and symmetrically aligned with one another along a common axis.

The plasma processing system further includes a coupling window disposed
between the antenna and the process chamber. The coupling window is configured to

-9.



the current density. For exanple, where the current density is high the
pl asma density tends to be high and where the current density is |owthe
pl asma deweiosyisends to be | ow. Accordingly, an azi nmut halPlCy/ussymeet ri c
plasma is typically produced when the current 5 density has fluctuating

areas of high and low current. To be nore specifig, en the wavel engt h of
the RF eneﬁflg’y’ the passagq AR engseyt fiem thl?e%’é@cnﬁaﬁf? FRICTARf ﬁlﬂfapfﬁﬁﬁsé\gﬁ?é‘gt&é- will

appear in i I i e
Gover ned il AP YRR AL 8ot ERPAIAY Sobond BRETEHORM BRL”
where n = doafigivedieredaie the deltage Mbsy foanédetwedar thangeloendms the plashoby 1 10 1/ 2

to about 2'/2 wavelengths in length, and as a result produce about 3 to 5
nodes. Theabeorbinga deasicr pastipopicthe yoltage thappssen theyeh theesouplingewindswy dheThe

i nproved antenna.overcones this.di.sadvant Ln nt behave
as a I?mpgastﬂ‘%gt?%]‘w?'tm&%@ﬁ_@ﬁ?nqaﬁ“? ﬁ%g 6%%2% %ﬁﬂ’%%?fg%é‘?‘g%e@%’ P é’gﬁ{é)ggtp%ar? a
transni ssi@fin bh A8mulltdly sySmetiEplhdid BYiaelthabredeRbchambeOfbd iodeds b0 have an
apparent length 15 that is smaller than the wavel ength of the RF energy at

t he oper atsubgjaritialiywaifoym prsess rate @engbs the syréaca pbthssubfiraifodes i s reduced and
therefore, the azinmuthal variations of the induced current are

substantially elimnated dthe tr m ssion i . .

hol ds. In one Z[Prﬁ&ﬂr%@ﬁf wigpae !aﬁi?f;to %fﬁ%egﬁﬁlggrg@%aﬁlgg%g%f{;@m?#gﬁsi -turn
antenna  2Qe bLRtra@ ShiFadelik Sctievell BY pRVIdIANaiM ROV anfdi@a Bithrigentetit N antenna i s
a substantially single conductive elenment that includes a plurality of

| oops 10 whichfigured firgsedugingzumifosm glassiaa s eatntiongst, hewer iByunpplied & 30 wi ndi ng
and stacking the | qops together, the overall si.ze, (e.g.,.outer, .di.apeter)
of the antaél%‘}ﬁa FPa‘?glﬁ%a tré‘nfg?m é?J]\ﬁP’E‘SI%‘EFPﬂVrﬁ)‘&E qq&gle&:gtgtcygﬁ& lﬂmg%f t he

I nduced ci ' r 1 RYirideRlBRSE 8GR GidRnoin thbe antenna
the 25 ove%rgp+£% !éﬁr:ag%t%y'ogj&?%sgogﬁ%g’ﬁ%egan be made snall er, Wninch as a result
reduces t Hgocebs etaaities sdusing|thene tocdvdlideovidr ths igacmoletulehef thepreenss.gakur t her
still, because the | oops are ., disposed proxi mate to each other, the radial
vari ati on WKigh e reyulf tonivgs prd iREREFSERF &S MAy  al so be reduced.

Correspondi ngly, the inproved antenna arrangenent advantageously induces a

cir C”'xﬁt i ng C”%ﬁ?%vi&glﬂ& cﬁeﬁﬁi&?&ﬂﬂf& alhy 5%@1‘@%&;5;9}&4‘&5 Rt BEciodd 44 30
azinmuthal ly synmretriC circulating current tends 'to forman azinuthally
symmet ri c the ibas are accelerated towards the substrate. The accelerated ions and neutral reactants
at the surface of the substrate react with the materials disposed on the substrate surface
and therefore process the substrate. In general, when the density of the plasma is greater
at one area of the substrate, a non-uniform process rate will be produced. Accordingly,
20  the improved antenna arrangement is configured to reduce these plasma variations by

inducing an azimuthally symmetric electric field, and therefore produce a more uniform

process rate.

In one embodiment, the improved antenna is configured to produce a circulating
current that is azimuthally symmetric. While not wishing to be bound by theory, it is
25  believed that transmission line characteristics of the power coupling create azimuthal
variations in the circulating current in response to the induced electric field. These
transmission line characteristics tend to produce standing waves that form fluctuating
areas of high and low voltage along the length of the antenna, which as a result form
fluctuating areas of high and low current densities in the induced electric field, i.e., when

30 the voltage is high, the current is low and when the voltage is low, the current is high.
- 10 -



WO 03/ 012821 PCT/ US02/ 23092 plasma, which as a result, tends to produce
uni form pl asma processing at the surface of the substrate. Another aspect
of the mnwoiostoursal st acked ant enna arrangenent is the sel f PetiEsoeizivg2
characteristics, i.e. the plasma is shielded fromthe antenna term nal

vol t age by, the rns 5 adjacent.to the wi ndow...Thi.s leads to,a significant
Feduct on Aneoitlumma ik Sy et e et ARE G iR W SR LHEPBI of
which, Wi lhe PGl Q61T € Bot Ekadphdtidbredfd AlrtenP @MY I hife AR ARRG Ik anot her

aspect of the present”invention, an inproved coupling wndow is configured
to reduce teinds tobphightandevhecutbt cugent dertsity cclowshd plaswee dertsity tends énbealowand t he

pl asma. Most power coupl i arrangenents (e.g..,, .antenna ouplin i ndow,
10 and pl a%%&ﬁl@@ée&n@z%\ﬁ@%&yaﬁa@&ﬁ%&emv itﬁﬁc%gt% e phen fiesHiEMand t he
plasimas  (RAGH hds\tRcfatnd kAl 41Tl SRANEH ded, VOl tage drop that occurs

bet ween t he arntenna an e plasma. This voltage drop typically creates a
sheath voltage proximate to the coupling w ndow. As is well known to those
skill ed in the Burie molespsadifiatwhenahd weeelangth dfalaRE energyl i smadlenthanshe at i ons

in the plasma, for exanple, the sheath voltage my push the as 15 away
from t he vFratbaf theasicprs moreaindes WHhanpgar i the; ﬁ??d‘GH’cgi Ve PgHpm ngeegé ¥i ci ent .

Addi ti onal 1 t e &icsl 9 i=cant particle
cont am nats‘lk%qum(?umga‘%?gr%tér%sé’&g%&nggr&g%gﬁ%tﬁ)\éf g}gﬁ{é‘g?gﬁb&s Caga‘lq%tgt /?he coupl i ng

wi ndow. MyivaoselgthanywRava = tHe admbetof Ayddso Mdsoaitamtmenhgafertdae abauddw i s
typically unavail able for plasnma generation, which cor resgondi ngi,l y causes

a | owd? plld2 troabwehd mavelsngths i lorgth.padies 2 resplt prpdyeeiahout 3 19 e Bpdss. tlhese

capacitive gouplin t n_the anten the plasma, the inproved

coupl i ng vﬂoﬁﬁso%rfe?abé@ﬁ?}{%ﬁf"évd'oﬁggﬁs%ﬁnﬁg%e%%%aygl ectric layer and a shiel ding
| ayer that are di sposed together. The shielding |ayer, which is the |ayer

di sposed i nsi derhelidBrave® GRSVt ies thiSdipidhetagdbybaanéddignrd tbo act as a
el ectrostatic shield that directs the voltage away fromthe surface of the
coupl i ng Wichaiswas aThmpethéistuitictamdnsinethe powersishivery aystigm stbgrtbases t he
capacitive coupling to fhe plasma. FEurthernor th hi el din IS
confi gur edra%mgf"lf’ fipgt Ehat i hedFpEoyer ¢aterd 158?’?%% %‘f‘i"?‘,ﬁv‘a P%@?pgﬁetnlt (f)%ggl

pot eng§ al 1 6} thahigd Wavelbiohfof (RANE REerk 8 th Op&hiinterréfuendy. Bas grad F = 0
type)tdel e)c&tlart?cﬁﬁ ee}—g1 subs%‘éent |ggl 'y unchar%gd. Thggt% IS, tﬁlg cyoupl i ng wi ndow

i s confi guesait, the atoontkofthodexit rednegabaridtthereforsy thel azimguth#lrvacigtionsiod tieoupl i ng

wi ndow, while allowing the antenpa.to C
induced current arge su stantlahy eﬂmmated and the transmission line analogy no longer

holds.

In one embodiment, the improved antenna arrangement is a multi-turn antenna

20  that acts like a single turn antenna. The multi-turn antenna is a substantially single
conductive element that includes a plurality of loops, which are closely wound and
stacked together. By closely winding and stacking the loops together, the overall size
(e.g., outer diameter) of the antenna may be made smaller without impacting the strength
of the induced circulating current. Further, by decreasing the size of the antenna the

25 overall length of the antenna can be made smaller, which as a result reduces the
transmission line characteristics of the antenna. Further still, because the loops are
disposed proximate to each other, the radial variation typically found between turns may
also be reduced. Correspondingly, the improved antenna arrangement advantageously
induces a circulating current that is azimuthally symmetric. Accordingly, the

30  azimuthally symmetric circulating current tends to form an azimuthally symmetric
-11-



30 inductively formthe plasma (w thout substantial |osses to the shielding
| ayer). -12 WD 03/012821 PCT/ US02/ 23092 More specifically, the shielding

| ayer i s wbhaswiisenl |y i solated and formed froma conduct iPa@/usn2/23092

sem -conducting material. Therefore, the voltage drop that would normally
occur betwegen the aﬁntenna @n{d 3e {)I asrra.@ow pecur s bet.weeqht he antgnna and
Che.shi ol dPRGTFayEEh esg Rop i thtegS pRBCTUGRR ST aierSat e E6PF abe of

t he coupli i3 pWdidow i s substantially reduced, which as a result increases
the inductive coupling coefficient and reduces the power |oss due to the
unproductive ion bonbardment of the coupling window Furthernore, an

ungr ounded el ecAmotienaspectsifiithel ruliittuin ghacked adennaamangamant i the salbgielding

field, shielding.only the yariatio the electrostatic fields over the
area of 1grmetifPela: i plane St rapt e (Rl wirse iy et
striking ohdih&gt R @8 WndoA ainls 10R!td ¥ sighfeaMEddchsn SphAliRIc PUEE and
exposed to the interior of the process chanber, it is preferably forned
from a nmat sutisequenhaindowreroseai, bothtdfeviidhe withbe distussidcialgraatat dptayldieloadt  ef f ect s
of plasma processing. The features and advantages of the present invention

nmay be better derstood 15 with reference to, the figures and, di scussions
Chat fol low.  Fi 8 Scordpnas yignotier aspegtol theprrseat (i I en ERBOHOHBIEE ¢ he

present i NY&HoWOR coffigubd PRTBIRE AtEDANebRPEIR B cclil BetifbieN ShePnin@g €SS
chanmber 202 wthin which a plasma 204 is both ignited and sustained for

processi ngaral thepkismat MBOpowBwbsplirgt agrafffnents(ege setensa, tcheplmgrkingowce t o be
processed, i.ch may represent, for efangl e, a_ 20 sem conductor substrate
to be 8t ch¥f PlaPRSTREFEOmS CARIREY (LR IRS Bwewtide gptegn cBafB: to be
processed } .a f : TENo] Lt , 02 is
pr ef er abl ytglga‘re}tgﬁ gf gggl%@qggéegﬁggg;ﬁz%s}t%%%f’dy%%ty@pﬁdg P%gcbaepp%%qgigggﬁqgﬁg tlﬁeave
subst ant i aplaym¥.eThis @aktagehiaofypicalbptieste 2 theathomdtugs proximatecaitid coeplingf ed t hat
the present invention is not limted to the above and that various

confi gur at VBeWeofAs ipavel kaewa do thesgaledyaheyat, theeheath yoltagednay bsadioessi ng
system 200 further 1nclu n..antenn r j.ng
 ndow ar raiitpdRberRshs e AL ELAARB: B4 SBERIkaiGhd -Rilhuth pERRLETY 104
Ant enna ar #a0Rem ke wikdowat@nPh fduétiondn Hid isludive BOVRIng SUEBkien? 14 that is

configured to o _ o
Additionally, the sheath voltage may even produce significant particle contamination due
to the bombardment of the ions against the coupling window. Moreover, any power used
up by ion bombardment of the window is typically unavailable for plasma generation,

which correspondingly causes a lower plasma density for a given power.

20 In order to reduce the capacitive coupling between the antenna and the plasma,
the improved coupling window is configured to include a dielectric layer and a shielding
layer that are disposed together. The shielding layer, which is the layer disposed inside
the process chamber, is preferably configured to act as a electrostatic shield that directs
the voltage away from the surface of the coupling window. The shielding layer

25  essentially suppresses the capacitive coupling to the plasma. Furthermore, the shielding
layer is configured to eliminate the capacitive (electrostatic, gradient of a potential)
electric field, while leaving the inductive (curl B, grad F = 0 type) electric field
substantially unchanged. That is, the coupling window is configured to block direct
capacitive coupling through the coupling window, while allowing the antenna to

30  inductively form the plasma (without substantial losses to the shielding layer).
-12-



supply antenna arrangenment 210 with RF energy having a frequency in the
range of about 0.4 MHz to about 50 MHz. Coupling wi ndow 212 is configured
to al |l ow wba3/012831 WO 03/ 012821 PCT/ US02/ 23092 passage of pcraishz/e®bv2 RF
energy from antenna arrangenent 210 to the interior of said process

chanmber. Prefergbl caupl i i ndow 212 is di sposed hetween bstrate 206
and antenna ar r@ﬁﬁ%ﬁpﬁﬂﬁcgb@ﬂggﬁ‘ﬁﬂ%ﬁaygﬁ 812?1 c%B’rl ﬁ@@ﬁ@ﬂ&%g Bt d be

suf fici entdoydGdiRgr kant-SRdaQHRY hiterial> THERERY thovdiRgt iidpahs Wdigd f or mati on of
pl asma 204. That is, the closer the antenna arrangenment 1s to the coupling
wi ndow, t hengednber beteveemthensicnya ofd théplasma newocprobieiween thaiantenna arde

chanber. Further. still, antenn rrangement 210 js preferably arranged to
be co- axitaf SRFmedBYH Aeern wely, Fhershenth solsnee 2y e mitareothosauliog shoul d be

under s§ Oo%iﬂaﬁf?&v is éhb%ééﬂ%?ﬁ tefud2l ATRER AL a Ryt Ih%re%égs%ﬁdé&{\?% t my
enhance the plasma unitformty 10 across tlﬁe substrate surtface, Iowever, it
may not becoeffipidnt @l feducealthe puvae &S dse toAhé ampraducare Bmdeebatdn2en® ofithe
coupling window 212 will be described in nore detail below A gas injector
215 is typosalingwidevt ded within chamber 202. Gas injector 215 is
preferably di sposed around the inner periphery of chanber 202 and is
arranged for r ] -Lal chant source
gases, into the%%%%c%ﬁ%@?%ﬁ%@ggﬁé%ﬁggt@ggﬁoc%%%%I‘lﬁﬁ%ﬁm ndow 212 and

substr at e e?dderostNi¢ féldadhialdihy onlyliRe vgRSie oS thOtlectfostibit €icldlosenthy arh 96 be
rel eased fromports built into the walls of the chanber itself .or through
a shower hebeishieldadgisdast featyse may de ased odacifitagsiviking okthe plagmpeAddiignallyt ood

that a sy trig distribution of enha s B miformty
across the egﬂﬁgﬁ}eﬁgﬁéag Fag%rel,s eéﬁ’cisg%f?gtﬁ? }lnlt?r %Egg&%cg’%&%%so‘lfheqw r g{i‘gf or all
processes.préfaraBfy BXASPHEm A mAe@atha cad febibiihé BRnBYSERMitd ahd Physidag used in
the exanplary plasma processing systemis described in greater detail in a

co- pendi ngfisats efiplaspppiosessingn  entitled, "PLASMA PROCESSI NG SYSTEM W TH
DYNAM C GAS DI STRI BUTI ON CONTROL"; U.S. Patent Application No. 09/470, 236,

filed on Novenmber. 15, 1999 and in¢qrporated herein ref erence. .25 For
the nost part, rﬁ’ﬁlﬁ?{f\’fﬁ %“dgﬁ%'aﬁggqsr?? ﬁ?ﬁﬁ%sgﬁtlf“ﬁ?n IOEW%%rbeg%zun gl%%%&dsposed on
ghugﬂyfziiG%&g)yreMé&Qté the T2 fds GHA 8lcdsQionotndt follgwsubst rat e during processing.

FIG. 2 illustrates, in accordance with one embodiment of the present invention, a

plasma processing system 200, including a process chamber 202 within which a plasma
204 is both ignited and sustained for processing a substrate 206. Substrate 206
represents the work-piece to be processed, which may represent, for example, a

20  semiconductor substrate to be etched, deposited, or otherwise processed or a glass panel
to be processed into a flat panel display. Additionally, process chamber 202 is preferably
arranged to be substantially cylindrical in shape, and have substantially vertical chamber
walls 208. However, it should be noted that the present invention is not limited to the

above and that various configurations of the process chamber may be used.

25 Plasma processing system 200 further includes an antenna arrangement 210 and a
coupling window arrangement 212, which are configured to couple power to plasma 204.
Antenna arrangement 210 is coupled to a first RF power supply 214 that is configured to
supply antenna arrangement 210 with RF energy having a frequency in the range of

about 0.4 MHz to about 50 MHz. Coupling window 212 is configured to allow the

- 13-



represent, for exanple, an ESC (el ectrostatic) chuck, which secures
substrate 206 to the chuck's surface by electrostatic force. Typically,
chuck 2leweaB®1m31 a bottom el ectrode and is preferably bipazatolyy3oaz second
RF power source 218. Additi onaIIy, chuck 216 is 30 pref erably arranged to

be substanti al | i e and axi al | d w t-h 14 WO
03/ 012821 Wﬂﬁégg%f‘g%gg enﬁf%’ %ﬂmgﬁﬁelg&g?rﬁf 4&19 PR 05 P88ess chanber
and the Cgﬂ&&s@érf‘anmé} | prdr 0, lcsuprﬁrgmaéwgrz uiglos@ilierwesh sbsieatdB06
configured to nove between a first position (not shown) for |oading and

unl oadi ng andhstenad ardh@émeam@18. second position (not shown) for processing
the substrate. 5 Still referring FIG 2, an exhaust port 220 is disposed

bet hanmb | s 202 d ch t of
B b i, SuEois oS e PG T BBER o1 s
processi ng,sy ?macilﬂa@?rﬁ:%m\m%%f Blain@Ro4leieR, B clodét thohdtkdna IS critical,

however, a cylindrically symetric exhaust port can be quite beneficial.

Pr ef er abl varraegdmers ts toahd ca@pling wirclomf tlgtgrwrﬂhﬂlnmmaueﬁthﬁgumﬁ}ﬁp rodueRsk gases
10 formed dur| ng pr oces rther, exhaust cou d to a

t ur borol ectjttyp th fﬁurtgxﬁrcﬁxﬁl)mtﬁwaggpg%mqnégqu@r%oﬁab tﬁgﬁ‘oer 202.
As is well ke[;(?%{hooong%%ess%ﬁédlﬁ&qw rhnhgﬁbsﬁra{e 206N ¢t %Hﬁl@%@‘ﬂn@@r's‘do@rﬂ tHawnp

mai nt ai ns ThE appropriate pressure Insi nber 202. Furthernore, in the
case of sergygensdte pReenémotisiangnnsacinganedindy ghaweskeslasma utirmifrber of

parameters w thin the processing chanber need to be t htl% copntrolled to
mai nt 0 n  Hictyiss thel subsirpéesuriasg however s may paeherequiesddpr #hBrogrSte saP 8™ hamber

is one such Sin Ler FERtit ey,
sem condud@8f eﬁﬁ?ggtl@@{‘/q %Oelpﬁ%%%diroﬁ}afn@e‘%ﬁcbgr@ l%eé 3(;esenslr tive to
tenperature fluctuations of conponents in the system accurate control

therefore is r%ghdlﬁfécto@llmytyﬂﬁal@xﬁﬁﬁﬂ&i withinehpebat202e Gae injentergd et
system that nay be used in the exanplary plasma processr ng sg/qséqemfor

achi evi ng ptrdmebadlwoeed:mmd)ﬂhe irneg perintenef chambere? 8pd et

(I;EAE(I\aAr&dI g%?%%%eﬁnt %Elflﬁlﬁ%eart I nt g gge?%cﬁﬂﬁo%%?ﬁgwl 35 uedé gEMOL:?c?ber

16, 2901 p"fl&%a' BEi8h BeARER E'mﬁﬁih@ 'vrﬂndb%v D Ef £1d840B&rate 206. Alternatively, the
gaseous source materials may also be released from ports built into the walls of the
chamber itself or through a showerhead arranged in the djelectric window. It should be
understood that a symmetric distribution of gas may enhance the plarsma uniformity
across the substrate surface, although, it may not be required for all processes. An

20  example of a gas distribution system that may be used in the examplary plasma

processing system is described in greater detail in a co-pending patent application
entitled, “PLASMA PROCESSING SYSTEM WITH DYNAMIC GAS
DISTRIBUTION CONTROL?”; U.S. Patent Application No. 09/470,236, filed on

November 15, 1999 and incorporated herein by reference.

25 For the most part, substrate 206 is introduced into chamber 202 and disposed on a
chuck 216, which is configured to hold the substrate during processing. Chuck 216 may
represent, for example, an ESC (electrostatic) chuck, which secures substrate 206 to the
chuck's surface by electrostatic force. Typically, chuck 216 acts as a bottom electrode
and is preferably biased by a second RF power source 218. Additionally, chuck 216 is

30  preferably arranged to be substantially cylindrical in shape and axially aligned with
- 14 -



25 Additionally, another inportant consideration in achieving tight control
over the plasma process is the material utilized for the plasnma processing
chanber, wog@3/01282e interior surfaces such as the chanber paaluso2/x3p2 anot her
i nportant consideration are the gas chem stries used to process the

substrates. B f aml oth materials d s chem stries that may
be used i nprtoﬁésfﬂﬁ%ﬂ%rgﬁg S}%ﬁﬁéﬁ%ﬁ’r&?& §F%t.’e§ %‘?ﬁ’ﬁ\cggﬁ( k1) Cglggiilrc?lbed in
greater def@hetin, acmquqr@ehawlse%%aﬁﬁéﬁm foGRSVedeteRthiatfirihositi¥h Rl ALS - 15
WO 03/ 012821 PCT/ US02/ 23092 ~AND GAS CHEM STRI ES FOR PLASNVA P SSI NG

SYSTEMS', $hoS8m) Ratleading dysipinleaainigonbstste 208/ and @ sgeand positied (mt shovefoer 15,
1999 and incorporated herein by reference. In order to create a plasm, a
process gaRoFesSIgMRg SUbRYYC-chanber 202 through gas 5 injector 215. Power is
then supplied to antenna arrangenent 210 using first RF power source 214,

and a karge el egf)f jefertihgFEGI B ah BAUESDOID0GIGHARD 8EtwREY cHAMHRY GRS 28! | NG
w ndow 212. The electric fiel'd accel erates the small nunber of el ectrons

present i naiddéuck DES. c Hamseer, thaustualgpladement of theodxhadw poittimytvaey geeerdmg ecul es
of the process gas. These in_ionization and.initiation

collisions result
of a di schigrt %SR‘}Flﬁﬁldé?Sﬁo%%ﬁ pi@“??”i’ﬁ@?slmgl%gi?ﬁ’ovm cp35s Phgkee R feette o ¢ he

art, the i %,ﬁ?ﬁ S4RibeGhed to these
strong el 2%#%“@??%?‘3@4%@3% ’eghlz)r{r@,cagﬁ egggé)ggﬁgﬁ)g posi tiave?y char ged
ions. As abdnefitibl ,Prpfesibly, edhaystqioatr2P0ds canfignred dgadxhuedting bpaprarhait gdsect r ons
and neutral gas nol ecul es are contained inside plasm 204.@}9@1&@& he pl asma

has bé@n fiormedidurnenrpenssigast wiieachast porkeefbis cagpl o RHrio to be
dir ecﬁrgg h;p% n&)%t gl{})%\lrrﬁ,h%&{n%%l%{ @E%&‘&nﬁﬁ? 5t &dhBer f{%zé")@s\’is Q\tell%amlt@ thol€ of

t he contr e presence o neutral's gas nol ecul es

at the subgilfedtif thedy thautiohiol@u@plmp taintiinethe apptopriare peswie idfdenol ecul es
i nside the chanber). Thus, a |ayer of neutral species (e.g., neutral gas

mol ecul es)champer3fFi cal |y be found along the surface of substrate 2086.
Correspondi ngly, when bottomelectrode 216 is powered, ions 20 tend to

acoel erate ngh 5 blite SHIRL 3L B SRl G Yprol By FRTBLDA LA LBecnE

species, act substrate processing, e . i oh and/ or
the |ike. fuebet BEpdMRSbteRdWithin HePsitrssiffchah@erided as bé Mglalyadoatroed toe upper

regi on of the

maintain high tolerance results. The temperature of the processing chamber is one such
parameter. Since the etch tolerance (and resulting semiconductor-based device
performance) can be highly sensitive to tefnperature fluctuations of components in the
system, accurate control therefore is required. By way of example, a temperature

20  management system that may be used in the examplary plasma processing system for
achieving temperature control is described in greater detail in a co-pending patent
application entitled, “TEMPERATURE CONTROL SYSTEM FOR PLASMA
PROCESSING APPARATUS”; U.S. Patent No. 6,302,966, issued on October 16, 2001

and incorporated herein by reference.

25 Additionally, another important consideration in achieving tight control over the
plasma process is the material utilized for the plasma processing chamber, e.g., the
interior surfaces such as the chamber wall. Yet another important consideration are the
gas chemistries used to process the substrates. By way of example, both materials and
gas chemistries that may be used in the examplary plasma processing system are

30  described in greater detail in a co-pending patent application entitled, “MATERIALS
-15-



chanber (e.g., active region), however, portions of the plasma may tend to
fill the entire chanber. The plasma generally goes where it can be

sust ai nedwowhiotds2i s al nost 25 everywhere in the chanber. BgTsy2/2f09Exanpl e,
t he pl asna nay fill the areas below the substrate such as the bell ows of

aﬁésg“?ﬁ;% A lmﬁw oo RSan FrOFESSHo sisTENE: U S e oo e
I ch may Afpggce&fanﬁ@d fobﬁmﬁ gﬁ@rﬁle&fwgebétﬂbem' fRotNg i ROAFR V%tag*tglzgzl

by et ching area or f ing o posi t ed naterla -16
PCT/ US02/ 22f@ncd-ur t hermore, an unconfined plasma tends to forma non
uni form pl asma, which may |ead to variations in the process perfornmance,

i.e. etch uniformty, overall etch rate, etch profile, mcro-I|oading,
sel ectivity, and ewer 10qgeeate 3 Blagpy@PreEss g it wppHeto chemberidiithionehises f ect s,

a pl asna C?n?éétg TRRL PRAGER g(ﬁépsrﬁhplng@'to Qﬁtetﬁ?aeﬂfatngﬁrﬁ%ﬂfflG%%eg(ﬁr&é&! POwar By way

of exarpl e, Ia ma con i'nene arrangenen use

exanpl ary @dtasémmorameta&g@@eaﬁsﬁelmlé @duednfididd ﬂgmelrﬂmmugs cogsiogi bed in
greater detail 1in a co- pendlng patent application entitled, "METHOD AND

APPARATUS FarlovCZNT Fehe dleqGicTiietd weyelgratesahe pmalsppmberof slecweztsemser\blpﬁlﬁe ation

. 09/43 9, .filed nber 1 9and|n ate el
ref er ence. a’fd:iﬂ@}?fﬁrrc&flﬂ@g nhtofc'opgg ’“gé‘p@ ol ?‘I"g ‘ﬁ‘ﬁé P gens ﬂlePasm&t
processi NgARPBhHLNSt irSionRatH H@Gnivhiidh @farﬂitcharg% OF Pladfih 204 aAmsrvaétgerrent

such that an azinuthally symetric electric field is induced inside the
proces® chhmien toothosetskiljzidas the apt; dmelsstrai@aampwcalteﬂsf the pragsss &8s &hanj | | ustrat e

a multi-turn, antenna arrangenent ccor 0, .one odi nent of
t he presenf! %‘?ﬁ@ntf’lt@??e S‘T‘Pl‘é‘; t‘t‘?ﬁéaﬂ?s%%f"gmﬁ aé‘%ﬁ g%ﬁgp%gg‘%ﬁcl udes 15 a
mul ti-turn 4 04 whi ch,
For  exanpl LB A R e A R e Pover

sour ce 214neuttal gssiholeedled are BbrEainéd mAslephnﬂnaaﬁed, if the antenna length is
small with respect to the wavel ength then the transmission |ine

d f th | d th
pover boupli ng Dag S PS8 RG beemdamied: GRE Bet T lFPLICRITEIE e IR R o,
mul ti - turng, &&p&a‘%&%ﬁa&&%ﬂk&&%% duBstPRY B Rwhf BB Bl ond §f @RI | er than

the wavel en
rnechamsm contributing to the presence of the neutrals gas molecules at the substrate

may be diffusion (i.e., the random movement of molecules inside the chamber). Thus, a

layer of neutral species (e.g., neutral gas molecules) may typically be found along the

surface of substrate 206. Correspondingly, when bottom electrode 216 is powered, ions
20 tend to accelerate towards the substrate where they, in combination with neutral species,

activate substrate processing, i.e., etching, deposition and/or the like.

For the most part, plasma 204 predominantly stays in the upper region of the
chamber (e.g., active region), however, portions of the plasma may tend to fill the entire
chamber. The plasma generally goes where it can be sustained, which is almost

25 everywhere in the chamber. By way of example, the plasma may fill the areas below the
substrate such as the bellows of the pumping arrangement (e.g., non-active region). If
the plasma reaches these areas, etch, deposition and/or corrosion of the areas may ensue,
which may lead to particle contamination inside the process chamber, i.e., by etching the

area or flaking of deposited material.
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transmtted energy. By decreasing the length of the antenna, fewer nodes
are created in the standing wave pattern, and as a result the high voltage
and | ow webtoagesareas in the azinuthal direction of the arasnz2mee
substantially reduced. 25 The multi-turn antenna is preferably configured

to have nul ti pl urns that ar l.osel i.sposed together .so the.

el ect romagnet i cﬁf‘i 5 ndt “‘?@“ﬁ?"z&ﬁﬂj&%‘bf‘%ﬁ‘%&%&% Ebmb‘b'%f’ oS P& WHiCR t ur n
antenna. Ma@ SRS VarAidhd Mmthbproeés@%ﬂ&rﬁahse,wa& GhiRERtyl QIBUNGER TS
current producing capacity of the antenna is increased. For exanple, if

t he ant ennetch grofiide, msdrogtbadifigyselectivitys atdrthe like. elnmrderitoreddutothene anot her t hen

the current_through t | asyra tends to 30 be about four tines ag strong as
in the ant %ﬁ?ﬁg?eneg?%de%%eﬁd? RgPga B EP  iRY beRpedis Gaen B8 1
PCT/ USQ2/ 25Q98, B&'lrvsfa%%ﬁ 5 ;gél;,a IQUE cohfindind® M S RhEflafthASOBudH 3 tHeS NOT €

uniform As a result; ter of the antenna, wth respect to the
di anmet er oéxanipdarp phsme prackssidpesysteaafior bunfinimeckeplanmd is@escribbd ohgreatert detal

decreases the length of the antenna., The actual size of e tenna Wl |l
bo. doscr i b SorpeRiRBIobBPARTII ARG SVHAHODANR @&%@ﬁc@ s
substanti Iﬁlﬁ#&{; i g“@l t st 1L St 1 L Ofng, concentric
| oops 406a¢tn)ﬁz’iﬁ<‘(|5rs ng[%gv%]?] a ggc%r‘f‘c#hggi ’rU'gfﬁJgéﬁéqe‘ﬂ)?lrc{l%o I\(%%'ps 410 in a
second pl apg43%73 GlcdNovenibael 5,i1099 afbintorpbrated heeit by fdrages 406 and t he
second pair of concentric |oops 410 are substantially identical and

symmetrically aligned wwth one another along an antenna, axis 414, It
shoul dObe not edAtdesding tosa et aspestof (e ipygnEon.dhe plostamPRRFEING aPPARNS fuce a

subst anti . oCh L eul lect | ' ' esk ' ce a
substanti :ﬂ”%&@ ?Vgtﬁlagéulglﬂg%r%{te%ﬂ;c%%n Blﬁ’g ysgl g’?&%“s%‘g{‘ﬁ%w&& %?’ggléggghanber and
the substéladtec A6ld i€indGeddansidd the hritds chemb&aF et flisita processiup appnitual | y
circular plasnma tends to create nore uniformprocessing at the surface of

t he subst riigs 3 &Wiillestratess mukisim antenpe arprgenteat 4k nacsprsiapcedad@ieglescri bed as
being substantially..is circular, it shoyld be understood .alternate
shapes f orerxg\tﬁ)ﬂfrf‘%‘ﬁtoif %?r?séﬁﬂf‘ﬁnﬁlan'dh? @Pﬁh}q’m %85’(3@?3%??@;? glgmghlgﬁs as for
di spl ays of mhRLwEPIRERRA0D 8PerafivatP BRpRIMTTRE powed sobalRPwhRBSIo8N May be
used. By way of exanple, oval shapes, or rectangular shapes wth circular

corners f cixamplengespdutivelgwerrpspond ioghe antereta 16 and thelRiV powenysoatcs 314vwor k wel | .

Furthernore, the first pair of concentric |oops 406 are preferably stacked
agove iﬁustrated 1nIFI($x. 2.p ! : P p y

As mentioned, if the antenna length is small with respect to the wavelength then
the transmission line description of the power coupling is no longer appropriate, and the
20  power coupling begins to behave as a lumped circuit element. Therefore, multi-turn
antenna 402 is configured to have a length that is smaller than the wavelength of the
transmitted energy. By decreasing the length of the antenna, fewer nodes are created in
the standing wave pattern, and as a result the high voltage and low voltage areas in the

azimuthal direction of the antenna are substantially reduced.

25 The multi-turn antenna is preferably configured to have multiple turns that are
closely disposed together so the electromagnetic field that is produced appears to be from
a single turn antenna. More specifically, by placing the turns closer together the current
producing capacity of the antenna is increased. For example, if the antenna is formed of
four turns that are proximal to one another then the current through the plasma tends to

30 be about four times as strong as in the antenna. Correspondingly, this concentrated
-17-



20 the second pair of concentric | oops 408. Single-plane antennas typically
produce an increased anount of capacitive coupling because the term nal

vol t age awo maloli2sef t he voltage nodes are in direct proxi PCmyusee/ivee he

wi ndow. However, because of the stacked antenna and the symetric alignnment

bet the first f t d th d
convent 11 GUTBRRI RSP giF DG AP OB LA e MV AeBUSh) Bl ol ded by

25 the secietRAlfthOintERRACH kdspedt QPIME diaREe® of BRGrddesA¢Hathbet, ien ¥O! t age drop
(e.g., capacitive coupli ng) that would typically occur between the first

concent r i anddecmatiag whind ipihasdecreases thebengtinefithe antennad Jhe detvelciassd thehe second
pair of concentric | Qops. provides a nductlve path for the voltage drop
and t her efagteang wal b@fl@saggeddp(gﬁea\t,ﬁqdptaﬁ O"nteract with the plasma. -18 WO
03/ 012821 PCT/ US02/23092 Additionally, first pair of concentric |oops 406
preferably inclygg @ ﬁ#éﬂnahyﬁ i hibGadiad @u&ﬂ&i‘r nld ﬁ&ﬁ&sﬂ@-ﬁast%rfgst%ﬁﬁmd pair
of concentric Ioops preferably 1ncl ﬁ second turn 420 and a third
turn 422. cbiédn®y loopd 408tintadfirst pldk and asedznaﬂ galr pftdngentde idops 410 o  and

di sposed above second turn 420, and fourth furn 418 i§ substanti aIIy
i denti cal seepngdrpdpnes W@%@@%%V@QWCPHCWHMOQWJO%I@PaQe eeen RS,

operati vel l.ed t sec 4 apsteAat i veI y
coupl ed th\é P‘fﬁn?rgc %g#ltfﬂgr éégﬁ?ﬁﬁggggfieﬂg%gé veg V\(lzlou@rf ed to
fourth t%Gthéﬂﬁong\aﬁmn@aﬁmx@fmhﬁshuameheuemgmasmmanpcum the current
flowis in the sane direction around antenna axi s 414.

i npl ement anfeona wilhprodude 4 substaptiadiytciiewlar ¢lectnofieldy yhuchy Bdeﬁ%Ué% %&dﬁ?@ce a

conducti ve er ul.d ot a
limtati orfugsﬁ t'?ﬂ?éf"r"f_{ﬁ%r I}jr?ﬁnﬁ /%CL?P#ID g%%ﬁ%@%%&é& ocrhtarrg{gg% éngln%H Separ at e
parts thatg Qlifite a'%é EXGIIAN iBthids 38 ebagdEbt the albstantalydirdlat psbhhemnds to
Additionally, nmulti-turn antenna 402 includes an input |ead 424 and an

out put Iea;dea@ﬁore‘ﬁinﬂormpmce$sawtlllﬂ‘zlsurfgcmféh%ﬁqb§@4t9 coupled to first turn
416, and the output lead 426 is operatively coupled to fourth turn 15 418.
Accordingly, REF current is f.l ow .t hr ou A02 by
appl yi ng an RF ?%Qr%‘é‘it%‘éer???lhgasl%ﬁwhol %2}55811 %a‘%ﬁéﬂ%%ﬁgp ad 426.

Stillgef eihing ifPofid®R underStotdd ﬂfa@&lfén'fbté $Ha) Se%SaMat%ﬂs%@ﬁﬁngﬂlﬁmher t han

first turn 416, and third turn 422 has a larger dianmeter than second turn
420. At h&h@mdtsbmtmwseuch asdon@sp(leysg)r,fondwmpdn@ﬁdn pbwmenasymmedy inhave | ar ger

di t
ameters ctlgrgger%reglgg rn%i];r re%gclec{ glysvx%y 0? example, oval shapes, or rectangular shapes

with circular corners following the same principles set forth above may also work well.

Furthermore, the first pair of concentric loops 406 are preferably stacked above
20 the second pair of concentric loops 408. Single-plane antennas typically produce an
increased amount of capacitive coupling because the terminal voltage and all of the
voltage nodes are in direct proximity with the window. However, because of the stacked
antenna and the symmetric alignment between the first pair of concentric loops and the
second pair of concentric loops, the high terminal voltage is advantageously shielded by
25  the second pair of concentric loops. More specifically, the voltage drop (e.g., capacitive
coupling) that would typically occur between the first concentric loop and the plasma is
substantially reduced because the second pair of concentric loops provides a conductive

path for the voltage drop and therefore the voltage drop will not interact with the plasma.
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20 proximate to the inner turns (e.g.,, first and second turns). That is,
the fourth turn 418 is preferably arranged to be proximate to the first
turn 416, warndottseithird turn 418 is preferably arranged treTh&sopes2 mate to
the second turn 420. As a result of their close proximty, the nulti-turn
antenna | ooks and acts

space between t l‘f’rdﬁg)o.nal,&lb I(ﬁl;?etdﬁgﬁ Z’Ifgglllcgﬁ%‘% rﬁ‘?"é’ﬁ %g BTQ%‘WS@& ?’?%‘?ﬂesa;‘?%;@‘{ %laé[ lhg gg
radial dir %L?&h@rtﬁm%ﬂ@%kald eyaéﬁcﬁ%u&&ﬁmc%oﬂs% 108)dfels BRWRCILG: 4 hose

skilled in e art, a snall spac etween two conductors'w il typically
creat e arcis@@nb@irnae0 ahd e thirdausoiduFuahe, fithewed bf B8, subdntaipodentited taveen t he
outer and inner turns is limted by a distance that elimnates arcing.

ol iands

However, i Bn@disposep pbowerseeanddwmdt20; and fopidhs Wi 41815 sHbstasiially pents

filled Wt ! ?é algiveel Cﬁruiu%4 terial to allow the inner and outer turns to
be di sposed™REEI1BLE RLUSEeSTHle to - 19 WD 03/012821 PCT/ US02/ 23092 one
another, while substantially elimnating arcing between the inner and outer
turns. By way @irstyallods ogeitively auplednasscondrained2®@lsscondwima2ispace

bet ween about 0.2 to about =~ 1 cm work well. Furthernore, th [tji-turn
ant enna i s operaldyedy Feuplesipilaird unt e prrbihird tem dd 1s epergiiye éﬁ’éﬂ?‘gfoi%ﬁd‘t he
mul ti-turn_ant L A i i . , It
Shoul d be ASPETE R ErchOF [Rtpint BEbf SRR S0 MaEthebhtuion flip i BT

copper coagfgetitntaionidlaMREn@Rds & At InRY irspleinafthGor; Grduclii-tven aiémb isray be
used. In one enbodinent, the cross section of the antenna |loop is

r ect angul aformed fiam 4 singlesonductipeelembnte Haveeyen itshowfl be aeted |thad ghihistiet Aespect

to the w v and h ot her . . Ho it houl.d be .noted that th
this s nolmianpEdRghe - PRE R aRRaRs s orhed oR SRRt Bt "ol seo
may be Useguudt%g%ﬁ Eﬁﬂfél&%lié’allytcﬁg;t)@mo%@m@n | Q@BroRNy bRufiofufeshtédmamoa hol | ow

conductor to Itate tenperature control (i.e., flowing a fluid
t her et hr ougft]ude¥\iit Impuelspe424 dnd antvmtpow Bad|426sTireinpét ledtied Huib pperatively ant enna,

i.e., the outer_ dianeter, it |sS gener .preferabl e t not .gbhsolutely
necessary) cowpled t?é'lfftméma{‘ﬂ?eﬁ}ﬁiéi‘? B&B%ﬁ%%a‘h%ég Opef%t“feg'a‘f?“gjf?g RY ?%ggl tion of
t he prqces h . t ! ik, t he region
above the sb%s‘%g%?&em%lﬂﬁﬁltsgﬁ%?rg\?selﬁ?&&r?ﬁgv%@@%ﬁ?ﬁs&i{%ﬁhfﬁ%%e chanber

val I's, whi gplging af R&Nokggobeawyer the ipueladmleadaheoutbot leb426 e t he pl asma
processi ng

Still referring to Figs. 3 & 4, fourth turn 418 has a larger diameter than first turn

416, and third turn 422 has a larger diameter than second turn 420. Although the outer
turns (e.g., third and fourth turns), have larger diameters they are preferably disposed

20  proximate to the inner turns (e.g.,, first and second turns). That is, the fourth turn 418 is
preferably arranged to be proximate to the first turn 416, and the third turn 418 is
preferably arranged to be proximate to the second turn 420. As a result of their close
proximity, the multi-turn antenna looks and acts like a single turn antenna (e.g.,
substantially no space between turns). Accordingly, the high or low current areas in the

25  radial direction are substantially reduced.

As is well known to those skilled in the art, a small space between two
conductors will typically create arcing between the two conductors. Therefore, the space
between the outer and inner turns is limited by a distance that eliminates arcing.
However, in one implementation of the present invention, the space is filled with a

30  dielectric material to allow the inner and outer turns to be disposed as close as possible to
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system and i ncreases wall erosion. Furthernore, the size of the plasma to
be generated generally corresponds to the size of the antenna used, and

t her ef or evotoh@iasei ti -t urn 20 antenna shoul d have an out er pdirarse?/23091 hat i s
substantially simlar to the dianeter of the substrate in order to produce

a uniformetch rate,. B . le, t.h i .
i can l y ope ekt Shbt ot SRk GRE LA bEs, B ihutf pnPUE: Ak By 2 €

enbodi Ment,, t 4ex sHbiki TdihR: 3BLANORateASs Biviah epace batwete abdie D\leabaltout 6 to
about 12 ||¥ches. 5 To el aborate further, because of the increased current

capacity, licre.workmwelli -turn antenna that acts like a single turn, the
multi-turn antenna may be configured to be snaller than the substrate.

That is, the higher concentration of current . tends .t pl asma
that is large égﬁﬁgﬁrﬂlof% ﬂb"r%&@‘é@“ﬁ ‘Fl’ger‘éjﬂbﬁepgfagy??r%‘e&%’tﬁé&_ gﬁﬁlrrll &r st ood
howevey mgtenie%ﬁuléﬁh@ﬁm&naﬁﬁ RhitcARlS ARSI FoMh doPpertDated il stided Or al |
processes, t.e., an antenna 30 nay be configured to be |arger than the

subst r at e Hdvasven érshoilfl ba nhiegttha ¢y reeltietirn anpehngyd R liguted by cpERRr 0502/ 23092
uniformty is critical, . the hj e of sr.mlléll er%(fnﬁenna%lcan blele uiltnene :
benef i ci alcoPmy coigd with silyesapf that apesuatlEconguetiye Rtal May By Hsehe !t BS
configured to b Wop id PectAeiRS 1o ML Scpealbly

bet ween aSB}JbIOd'fg?ng’e[fé%%ﬁ% é%?@ﬁ%fﬁgés%t?ﬁﬁoro elr tco %r oceoss a 12 ei(pnch

subst r at e Jodatios BOedcH 1o with adpech avehe evindotwhand eath ethesloppt Hawevesi it at i on and

that the 5 actual size of the antenna may r ccordi ng.to, the specific
size of tishowldbsmptgdghat gheghis is pof@ l%‘i‘aélﬁﬁén‘iﬁfgo B sg%gnglcshggesnaglgded when

smal | er or.larger substrates. areql t BRsh hihelskesi gn of each
pl asma pr 8l?§§§1%ﬁé’e¥§/%d?é@?erﬁlt‘/§fyfteﬂggle{%wa[e%%?ﬁgﬂ%%f{‘sﬁ%uency enpl oyed, as a
general  gubd@lddio fRillt@eREmpratute’ REHEINEY., lewing 2 flusd thetdlamougl. MHz) tends to

decrease the effects of the transmssion line 10 characteristics of the
power coupling by reducing standing wave effects. That is | ower.

frequency tendsWithresagcs tathy overmbl sizaof theimmltifam aienas, ifre e 061?%61&6?‘?‘%
characteristic of . an.antenna | ess pr Rthe S wer RF
f r equency !t BT a@FfeF%}’ie &é’gﬁ 53 ﬁodgtﬁggi \%gé(}%ﬁg)ntg S%ttgé;na and° '? %Zﬁ%l:légsna i's

al so | gss éH&PrtﬁeUfbg&gectiaﬂéffh@%f&fey@ain@& inloedEp & kbepnlic glhsrhdieoncenipitédig wi ndow
. ere h

is reduce ore, the frequency of the RF 15 ,Eovyer source is generally

conf i gur edhé reglom dbesstht lsabstrate and taprevent abéugplasm sion to the chamber
walls, which disadvantageously requires more power to operate the plasma processing
system and increases wall erosion. Furthermore, the size of the plasma to be generated
generally corresponds to the size of the antenna used, and therefore, the multi-turn
20  antenna should have an outer diameter that is substantially similar to the diameter of the
substrate in order to produce a uniform etch rate. By way of example, the size of the
substrates are typically between about 6 to about 12 inches, and therefore in one

embodiment, the multi-turn antenna has an outer diameter between about 6 to about 12

inches.

25 To elaborate further, because of the increased current capacity, i.e., multi-turn
antenna that acts like a single turn, the multi-turn antenna may be configured to be
smaller than the substrate. That is, the higher concentration of current tends to produce a
plasma that is large enough to process the substrate. It should be understood however
that the use of smaller antennas may not be required for all processes, i.€., an antenna

30  may be configured to be larger than the substrate. However, if a high degree of
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preferably between about 0.4 MHz and about 13 MHz, and nore preferably, at
about 4 MHz. It should be understood that the use of |ower frequencies my
not be rewoisestor all processes. However, if a high degcearsot2aspt formty
is critical, the use of |ow frequenci es can be quite benefi cial. 20 As can

be seen fromthe for % aqvanta es of the firs ect of t he
i nvent i on Uy rfﬁﬁﬁé‘r%ﬁ’g %f“?%?fgﬂ'ﬁ‘ Frsbe (}mﬁerPﬁP I t Vi Cfmy have
one or @L ép{éedlsxﬂét&oamwaﬁa?s %@Qﬁ%onﬁgﬁem%me%&n%oamo ABy@ntion is

that an a2| nu symmetric plasma is produced inside the process
chamber. A 1&c}[eesaﬂdtpreﬁembfyd&5\e£énmbomé7$® abourti Ifl anches,yin iogleathprevessla 1&hi ch
i ncreases substrate throughput, reduces device failure, and 25 increases

the over aIIPCfp$®Q'E§%¢F| Vi %h)@u betqﬁ’&edsb%‘g?vﬁét% ﬂBélsﬁtj’tﬁthE@g@’éan thatdbeer
d t t.h t
aGvan 5t 1y Lo BUSOKLRI Bl KNS SR s agangerens Lo

and the plipeamehr gi&dﬂ@e@b schled aefqdadivhgl ymaltefor iabger bm&ared aRrihvaifed) he
coupling wi ndow is reduced, and therefore the Iife of the coupling w ndow

i s i ncr easwd thespdcifiadesign of eashplasma arqcevsingsysiemat ed with 30 ion
bombardnent is reduced. -21 WO 03/012821 PCT/ US02/ 23092 According to a

second aspect -1 he LD i agqa {0 £ at ovi ded
with amulti-la étbé%fpcou ﬁ%r% 81% arraﬁgé%%gé@glgagglg%h#?owﬁﬁﬁ educe
capaci ti verdaely (8g., ket WRan 3 IMEzpeh&no de@bdbe e ffdcaithe tfashassionilinat e

di scussion of this aspect of the Bresent invention, FIG 5 |Ilustrat es a

mul t i 10 ay ehedciegstpisiofithogomto e pliag m@l@mgtstaa@mg wave gHfecss- (Bt &: dileWeTone

O e 03 ke BB i S A PR 52

I I1ustrat %ﬂea'}l&ggé %ronMHcEc‘l tlﬂ&f@hﬁ&e%%bwamfﬁ@@@ﬂq%%et tiydes at |east

a first |ay a second | ayer 506. Preferably, first layer 504 is
bonded to coapimg*hi:t\kraapﬁhe &fiénnaland theeplasop ie plsn dess promounded, anddher Pegionar e

thermal 'y bonded together. 10 However b ted th his is
not a |i mhoﬁthaﬁlm%ﬂfeé‘ﬁéf’“ﬂ%‘tnﬁ&m mrﬁﬁlce%rﬁ%%%tgéesw qB%“céstZ%h R
Al terpati \b%kv\ér SdL{TCBSlQ s oﬂﬂ £8d Echﬁct le?s &poxf%)llalqg abb§tNoagHz, between the
Iayers Je., a vacu m ga gap t ow gas fl ow between the | ayers,
whi | e stl |prefotabBi buW@ntafbeutHBmm{i aldckbeutrlBtMHz #adrihdre praserablysg@baet 4 ayer 506
f bl .
pretera >i\/IHz. It should be understood that the use of lower frequencies may not be required for
all processes. However, if a high degree of uniformity is critical, the use of low

frequencies can be quite beneficial.

20 As can be seen from the foregoing, the advantages of the first aspect of the
invention are numerous. Different embodiments or implementations may have one or
more of the following advantages. One advantage of the invention is that an azimuthally
symmetric plasma is produced inside the process chamber. As a result, increased process
uniformity is achieved, which increases substrate throughput, reduces device failure, and

25 increases the overall productivity of the substrates being processed. Another advantage
of the invention is that the inventive antenna arrangement is self shielding, and therefore
the capacitive coupling between the antenna and the plasma is reduced.

Correspondingly, the ion bombardment of the coupling window is reduced, and therefore
the life of the coupling window is increased, and particle contamination associated with

30 ion bombardment is reduced.
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forms part of the inner peripheral surface of the process chanber. 15
Referring first to the second | ayer, the second |layer is configured to act
as an elwotmwosisati c shield that reduces the potential difPCaresoresoon its
surface. Further, the second layer is arranged to be electrically isolated
and preferably forned froma 459n u%kilen ortiosem'l-conducting materjal that
can facilitate tREPHEELHCGRd ARgHrA ROl Liplasmg PIGRSSPRE 2BPYAHRYE t o t he
pl asma. Adgliolidedaliths mBPRCIApSE EAPlISE AW Ap@Eerhént 20sud¥RAGAL fe@udehe pl asma

i nside the process chanber, the Second |ayer 1s gref erably formed froma

mat eri al td¢npacitive suipding betwgbn theraptensa anst the plasmp| fe ireilitate discpysicneqfitleig

enbodi nent, the _second | ayer i r. rom Sj.l.icon Carbide. (,SiC). For the
nost part ,aSQF@_OéétFF gLy r_ﬁ’é’n’ fﬁ‘éSﬁg?S%aEﬁéﬂ‘gﬁ1laY§W§ Cﬁﬁ?’g‘?&:‘ﬁfn 8Pf ect s of

pl asmaspr ogessiign: 900, AdLkdifRe wihne SnBedgicat bHthe bassitihatas The
dielectric, yet yrelds sone resistance to the flow of current. The 25

resi stive mpuhlpkyengd csupiingtwipdov acagenkst K0indydiespgcifelyecarrespordl tbile

dielectric prgperty is__what allows inductjve coupling. .The resjstivity of
the secondcqualag viadoxn? i2vHBytiaiac inpdE on hl‘l‘a%Fregﬁg‘iﬂhingd"lf’gféY SSQ?QCI“Idﬁi/er act

as an el ecétrlé)a%é Qﬁ%sg %a@%{éﬂ@dﬂ{i\#éje%&dqger Fg@aﬁre-fe?zg)l*, I}ﬂstil&qﬁj Ghi Yseoo?xggﬂor I c

field. For articu resisti'vity range to be used in

t he i nventdegsndiRparsds. dnokdienpdinaxaivi, te 7R fyonsrotheindlyanndedwgetheh whi ch
the coupling window is being used, the -22 WO 03/012821 PCT/ US02/23092
oper atiPng Heweyrasnitshoyid beaeoteshihata hisipnetirgimitetionsad thit ethgebendife t he second

| ayer. By wa of exanpl e, resi sti.vi.ty, fira t : about 1
Okohm cm VBPEESSSM?Y. %g'véﬁ?mla ‘V“é’ﬁétu hSXItc)leb i rr(}} ?r%g 3(%8 &a&%cﬁ@g&% red, the
resistivityeradh e 1450R] L AW aluba glaF or §E@aloellotas fdAbheahdenaie lgerspke t he

second layer (e.g., "SIC) act nore like a dielectric 5 Iager. VWi | e not
wi shi ng t owhide $idletdaibingttheeleangfitsidesdribed e urthgedore hageondayes| 586 praferably

resi stance. of the cond layer presents.an equi potential surface to the
process ga‘ré’r‘B§E%}19€t%efrH}eﬁ?‘?r e‘ﬁfﬁ‘é‘%ﬁ? Oéwpé%gﬁp‘{ﬂgfng%{fter ignition of the
pl asma, the potential on the second |ayer is substantially reduced due to

the proxi mty OfethfsHradS5helsBedidqayp AROSECHRY RBier id Borififutddab @B &,ana
capacitive voltage divider is generally forned, for exarrgl e, an upper part,
c

which is faedmdtahy shibld thitedduces the ptiential diffeyence oavts serfacec dughernthe

capaci t ancs%’cor%nlgyear i; acl)rrV\ae}lrged to be electrically isolated and preferably formed from a
conducting or semi-conducting material that can facilitate the passage of inductive RF
energy from the antenna to the plasma. Additionally, because the second layer is

20  exposed to the plasma inside the process chamber, the second layer is preferably formed

from a material that is substantially resistant to a plasma. In a preferred embodiment, the
second layer is formed from Silicon Carbide (SiC). For the most part, SiC can resist the
thermal, chemical and physical effects of plasma processing. In addition, SiC is
generally classified as a dielectric, yet yields some resistance to the flow of current. The

25  resistive property is what produces the shielding effect, and the dielectric property is

what allows inductive coupling.

The resistivity of the second layer is an important parameter for ensuring that the
layer act as an electrostatic shield, while not impacting the inductive electric field. For
the most part, the particular resistivity range to be used in the invention depends on the

30 exact dimensions of the antenna with which the coupling window is being used, the
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part, which is fornmed by the conductive second | ayer and the chanber walls
before ignition and the conductive second | ayer and the plasnma after
ignitionwBaBoim2i gnition the |ower part has a snall capaciTiiaowe3ooand
therefore there is a large voltage aiding 15 ignition (e.g., in order to

initiate the di h iti | i fiel j t ypj |1
necesear y)IPRHEE TEAUIY oD HeFREe SR b HEcker b i FPe B "ach ¢ ha
the vol ta@lﬁekémgl%}*?&%ﬁﬂ%‘tﬁhb% H6USE Shmeis td e T WoBin-&m S5 wal. 1 ead to

significant capacitive power coupling. Referring nowto the first |ayer,
the first Hayever,iisshouklfterakdegtobd thne if desicadh the r@istvitg lcarcbe canfigatedrto ¢ t hat
can facilitate the passage of jnducti vg RF éner§é from tgﬁ gnifgnna to the
pl asma. FuEregierthan HE ohm-am to mpks the secopd laygiieds 316) #d mare Bkg2 8KGSHI t o
struct ralllgl;%/e hol d vacuum and robust enough to be easily handl ed during
periodfic Lani ng of the chanber. Additionally, the first layer is
generally formed froma dielectric material that has superior thernal
properties to enNaid gottweisiiag & by uadby tleoryo it i2 belidved thahthowlecBicalvay of

exanple, dielectric materials forned fromSilicon Nitride (SIN) or
Al urm num Nesistae of Arenjecqnsk IRy sR@rgsents gheqrEpotential SIKEGE B 198 PISERSESE B¥d 1P hat

this is n | i,m t atdion_and t . r terial :Hs,ﬁ

exanpl e, Ca%lf’ﬂ?nﬁ}fapl%tsﬁ%? ' qﬂl?ére{(?zm@%’ym% gggﬁ%; @v@'ﬁnﬁl %gﬁ ge\?ggla ?Fﬁcg %ess of
the mul ti -hRyes subsitidRdedicad aue HARe proxiainf ofabe pldshototbe s@dnd hiyar. enough to
effectively transmt the antenna RF energy to the plasma, while being -23

WO 031012 8arthp@Treisompadiepvoliage dividenistgenerally faimed far exanl a8 $DPLPWHNd heat

that are ner at ed ri ocessing. .Pr.ef erabl -t hiC t he
it 1 ay T GG 1 ORI C r aiss g o i Cib RS (PP
pr ef er abl ﬁ)a.rtt Qﬁicﬁ@%}ﬁw‘ﬁ'ﬂ_@@ﬁ ffe coRGuciivé bdcoh@9ér AR ¢Hathbel wallvbdfsreabout 0.8
i nches. Fdrther, the fi st |l ayer 504 shoul d have a thickness greater than
t he secondgftibayet thb@6nduetied secarsl layertand thetiledmpenafisr tgnitiave Beforedgnitigrer i s
bet ween about 0.5 anpd aboyt 1 .inches, Mre refera}bl v ‘?\he t(pi ckness of
the first thalpster part hasa ymall @ppcitaAess and-Herefp fsFeis a ?rﬁé PHICRNEYs of the

second. | ayer...i e ey s : At £8d X tybie . More
pr ef e(ril%lbl é?ﬁlphlz(e%ﬁ %%gegéé{gpﬁttﬁgﬁs@é%gﬁgala%;é?&t?% about 10. 2 ﬁygcﬁl?g.. It
shoul d be netérgay st Afet ighicitn tHedoweatpast hat hiargnespaciticd suebtist teeyvoltage/is

according the specific materi al ) . "
substantially reduced, and therefore it does not lead to significant capacitive power

coupling.

Referring now to the first layer, the first layer is preferably formed from a

20  dielectric material that can facilitate the passage of inductive RF energy from the
antenna to the plasma. Further, the first layer is configured to be strong enough to
structurally hold vacuum and robust enough to be easily handled during periodic
cleaning of the chamber. Additionally, the first layer is generally formed from a
dielectric material that has superior thermal properties to enable temperature control of

25  the window. By way of example, dielectric materials formed from Silicon Nitride (SiN)
or Aluminum Nitride (AIN) work well. However, it should be understood that this is not
a limitation and that other materials may be used. For example, alumina and quartz may

also work well.

The overall thickness of the multi-layer coupling window 500 is configured to be

30 thin enough to effectively transmit the antenna RF energy to the plasma, while being
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10 chosen for each layer. In one enbodi ment, the second layer is configured
to cover the entire first layer to protect the first layer fromplasm
exposur e,wand/o1s2ensure that pure nmaterials (e.g., SiC) fPrartasohzsopt asma
region that is in contact with the substrate. However, it should be noted

that this i t a lintat] d th h fi i b d.
For 15 exaftiEEent faviBiancs HpBpenagh Pt CanTe Gaiate SoCIaroBurs  hose
portions obdeligllyi the thickRYEst thﬁaamtf.ﬁg& doliftirt RBEBW REBtwhdiabdt @9RAd Not e

that there is no'requirenment that the size of the coupling w ndow be equal
to the siasouf itdhe Mbmrgmefepblye theshinkneshefithe multi-layeresouphing windagieabow snal |

28l C o U5y Bty in De o eh BN SRS TR e OF SHOM coupl | ng
i's confs gufa?ﬁr 3. Cﬁfﬁ%ﬁdg%ﬁ@&hﬂkﬁ&?ofﬁgﬁﬁl@fe isheriidh 8BoR 0 4RNGeRENt . and

t her ef ore, e coup ndow 1 s conflguredrto be substantially circular.
| n anot her inehés0 dMorirefeiably, thettkickmbissrefithe irss laybr is abowt Oupinclmy. Fuithetowreyay be

configured to extend a small distance peyond the outer dinensions of the
ant enna, i fedhiglkpess of the gerord Jaygr BHsieR %Fﬁ”eépéh?‘}ti%claﬂdfb%tr@%&c T

el enents V\‘Mo?p P%Zer%%ﬁ,ptﬁ?ﬁ{é&\%e% t(gvlf:l/’?e s%%rﬁﬂ% d o6 2 SABD ! I@Eh&llh"&b@lﬂ er

. ) i )
di nensi ons 0 I's arranged to extend about 1 inch past

the outer ghdedsodinsat thé aétha thiokiRRNGE layets May vagraotdiding elndxpeéifie miatertahe
coupling wi ndow may have a shape that is substantially the sane as the
ant ennld@, ichosen frisspelslapged. Wth respect to the dielectric properties
(e.g., dielectric constant) enployed, as a 30 general guideline, a |ower

dielectric consiant, 8. t _ 24 O
057 012891 peT) e saligHnst AR sd-BRMOUM bort Rl S1E Bl D A ROR ey
char act er i &t jr6ctahe FiRe [4ye¥R6mGMiflaicRPosUE, ERIlibCnRge tigh pudinngeridy@.gf f ect s.

More specifically, a lower dielectric constant tends to nake the
wavel engt hSiéd fadsehe plasmategicadhatisingpntaghyish thegabstgtondiavecvendt hauldha | ook

hort d f ol f nod L. i
oatt ern. - apeses HRREES Raf TGk SRR RhEpR EEddnt Ny LB RO PEVE
i nher 9t aglmid1ald scard Iy inidybeC@HRLiBdto Vel ay BlobSpdrtionf ofahe it enna | ess

pronounced. In one enbodinent,” the overall dielectric constant of the
coupl i ng wiapetahatifasce the plasma near the antenna.

Note that there is no requirement that the size of the coupling window be equal to
the size of the plasma processing chamber. In general, however, a small coupling
window may reduce cost, particular when expensive materials such as SiC are employed.

20  In one embodiment, the shape of the window coupling is configured to coincide with the
shape of the antenna arrangement, and therefore, the coupling window is configured to
be substantially circular. In another embodiment, the outer dimensions of the coupling
window may be configured to extend a small distance beyond the outer dimensions of
the antenna, in order to reduce any coupling to electrically conductive elements which

25 may encircle the antenna. In one example, the outer dimensions of the coupling window
is arranged to extend about 1 inch past the outer dimensions of the antenna. In yet
another embodiment, the coupling window may have a shape that is substantially the

same as the antenna, i.e., hoop shaped.

With respect to the dielectric properties (e.g., dielectric constant) employed, as a

30  general guideline, a lower dielectric constant, e.g., less than about 10 tends to decrease
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preferably configured to be less than or equal to about 10. It should be

understood that the use of |lower dielectric constants may not be required
for all pwomemssst In fact, a 10 conprom se between the desirrusot/zaoohi ghly
azi mut hal symmetry and the sinplicity of structural and thermal design is

typically peeded. wever, 1 f a high degree.of wuniformty is critical, the
use of | oiPRFREFeELRL %“%Hgismlyeéé%aﬁ%ﬂgﬁﬁ nglﬁé’ﬂg’ﬁ %‘1“8[}}}% %?éreéigﬂn%e seen
from the fs%@ﬂl%!@e cHe6s ANHADLREZR I, al\Per A SsiRAGE teflls tohiakeitRyent i on

e

are numerous. rent enbodinments or inplenentations nmay have one or 15
nmore of t heavielehpthwif tige techsmintted pasrgy Fangers xduighl reakes e dntenoalcodrshprtenandes a
coupling wi ndow t hat substantially reduces the cargaéi tic\{.e coupl i ng between
the ant enrtheraioss ferier nosles arpereated ig thedanding Waye PPN S RdinglY, RIS are
substapti aj.l,y..redu F : J: i i efficient is
ypi cal |y el EEAERR: R o TATRNE iSRG B K5 iR, LORIERT L T

gener al | y gheduesstic ¢md anehfa Reyvwondumcediai | abl e for plasma 20 generation,
i.e., a higher plasma density for a given power. Furthernore, because ion

bonmbardnent is reduced, particle contam nation associ at ﬁg%m“ i.on

borbar dent i s In ganembedipente theowerall dirdeciiic cprsigriiibe (uBtBE WIRFEM 15t i ons
associ at ed Wg}agléygcro\égé%ré& %A%egﬁiegﬂﬁ r eﬁ‘,ﬁ’lﬂ[{ﬁ QW 10 © 10 shIRARE uhderSbood PVed

mat eri al ) PAY 1onall e present 1nvention utilizes pure

mat eri al s,thé u®-of 6w dikitEO cérRndtstiay A Ue feqpired 5 all peocesses. oimsfact 25
Furthernore, it is contenplated that additional el enents may. he enpl oyed,
al ong10 wi tdompheniaé beteiremthedasits forhighlytaginanthal spmmgtry sad s sipPliay e ed

coupl i ng wi ndow, t further enhan t he unifor i a substrate
in a pl asﬁ&“&?‘@&@%‘&hﬁﬁngﬂﬁf%ﬁs cg&’dﬁ?egﬁd‘ QJ)I(Oa‘INrFﬁ' é?fagﬁgrgg%%%gfarrangenent
can be ar rﬁ?ﬂﬂﬂitﬂstcﬁtﬁ:ﬂ?th@‘ﬁké o IbW dielGoti SEUBLahR caf BOYHiG benbficialadi al

variation of the static magnetic field within the process chanber in the 30

region proximate the coupling w ndow and the nulti-turn antenna. An exanple
of such -25 WAsG3hbt26alfr@CTHefsoRg0be advantagexefehe secand aspget e may be

found in co-pendi ng patent _applicatiaqgn entit.le Y LIVP
PROCESS| NG SRETERIS RIS VET RO gerpedpent Oftﬁmg.ijdnﬁé’faé‘%f%g??‘%;ﬁ%g@ No.
09//439, 661, LLkad iRy %g@ﬁ'za 19, F&%%gn@_@,%e RReRISH @b @ides Hesipling by
referénhce. B AS Criticar di rrer$5| ons continue to decrease the tol erances for
a pl asma tyialiow Shabeibstantially reduces the capacitive coupling between the antenna and the
plasma. As a result, variations in the plasma are substantially reduced. For example, the
inductive coupling coefficient is typically maintained, the ion bombardment of the
coupling window is generally reduced, and more power is available for plasma
20  generation, i.e., a higher plasma density for a given power. Furthermore, because ion
bombardment is reduced, particle contamination associated with ion bombardment is
generally reduced, and as a result, process variations associated with a varying thickness

window (i.e., deposits or removed material) are decreased. Additionally, the present

invention utilizes pure materials, i.e., SiC, which tend to reduce process variations.

25 Furthermore, it is contemplated that additional elements may be employed, along
with the aforementioned multi-turn antenna and multi-layered coupling window, to
further enhance the uniform processing of a substrate in a plasma processing system. By
way of example, a magnetic arrangement can be arranged with the multi-turn antenna to
control the radial variation of the static magnetic field within the process chamber in the

30 region proximate the coupling window and the multi-turn antenna. An example of such
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azinmuthally symmetric al so decrease. The antenna turns are inconplete and
gaps are provided between the ends of the antenna | oops to prevent

shorti ng.wBushim2gap may prevent the plasma from bei ng azcmiatsozabkiog2
symmetric. FIG 6 is a schematic illustration of a partial antenna turn
604 with a gap 608. A first azinmuthal sector 612 defined by a 10 first

angl e 616 eomagistis armaagayegnt 608 be founddn perpending paient application eftbledef i ned by a

povor i -t AROLEEARELA EROLESSv S 3 A oyl W (R8RS Ser in

the secondyazipghhAabp@abR Nob8S) 439,561, iRidonQUevetiber CHNDYY Ael BLeBAtd have
been used to bridge ?he gap. The nonsymmetry of such bridging el enents may

make such b¢remdytrsferamabl e to provide a desired 15 uniformty. FIG 7 is a
perspective view of a nmulti-turn antenna 700 provided by an enbodi nent of

the invention. The .{}ullti-turn antennﬁ)agoo cotﬁ)?]ilses a.fi rﬁt turn .70413 a
second >t urn 7082 §riti¢al dpngrgions gqminug fodegreass (e foleranaes fore plagma gk is 0BY,s 720
i s connect ﬁ‘z‘imuﬂﬁllg@%nfrﬂefrﬁztalwe@rew-Th@'&n@ﬂﬁd)wns%inz&ﬂplie&_ a&i@%@?&ér@d to the

fourth turn 712. 8 is an 20 enlarged schematic top view of cut out
secti on 72frosfdedb&ween thetendhoftheastesnadeartsito preyént shominghSnch a gapman 2, t he

fourth turn 716, and the ouytput bus 4. The.first turn, seco turn, and
i nput bus PEHCH R ﬂﬁmasﬁ cing a?’l“@}th%%fséf?mlﬁtré“ril{l - 6§ gschgmatic ﬂﬂ’f%?}l% ew of
the third : khe F ANFhr! t i turn

712 has a ?if#é@léﬁt%%ﬁﬁgggs?\gﬁgg%%g@%né%%%z mhedrfg%t%%lg |dr%§{1 MQ?\%IQBM and

t he seqondfignghgd®81®fontdies thBighpl6@H A second ddmathal sefva6a0 defiey by adetordl t ur n
gap 812. The third turn 712 is centered on the antenna axis 904, The
radi us 906ange §3fedach npicontaintie Bap 698.c Hegeapradfcayses Bisdenpryerin dedst (o a

point on the third tur 2. The chr et C ZIS | rn 712 is
the di recﬁl?}ﬁ{?‘g{%ﬁ% rfS E%Z({lt?ﬁ lreséfqﬁalljnrtlrl]legr# (%g{eﬁg"ﬁ? r?egtg n(gn 8’31 g%cf)oggh?"he third
turn 712 t 9t cafeftdryRigticdikhtsHavt Beentuled b Bridgs tiacdaps Tht hengapndid2 back
to the first end 804 of the third turn 30 712. Preferably, the gap 812 is

only a smadfsupabridging elementsimay makersuctiglements geabe tofprevidsadesired WO 03/ 012821
PCT/ US02/ 23092 .views, elenents such as the gap 812 may not be drawn to
scal e 120 tWHI"®%Ytain el enents rmmy be nore clearly illustrated. The gap
812 forms an angle 912 with the antenna axis, as shown. Preferably, the

angl e 912 for meei Y i§ HBerdpdetidd diehofla@@ati tiarnténndMIEprovided by an

embodiment of the invention. The multi-turn antenna 700 comprises a first turn 704, a
second turn 708, a third turn 712, and a fourth turn 716. An input bus 720 is connected
to the first turn 704. An output bus 724 is connected to the fourth turn 712. FIG. 8 is an

20  enlarged schematic top view of cut out section 728 of FIG. 7, which shows a section of
the third turn 712, the fourth turn 716, and the output bus 724. The first turn, second
turn, and input bus 720 are not shown in FIG. 8 for clarity. FIG. 9 is a top view of the
third turn 712 alone. As shown in FIG. 8 and FIG. 9, the third turn 712 has a first end
804 and a second end 808, where the first end 804 and the second end 808 of the third

25  turn 712 are separated by a third turn gap 812. The third turn 712 is centered on the
antenna axis 904. The radius 906 of the third turn 712 extends from the antenna axis 904
to a point on the third turn 712. The circumference 908 of the third turn 712 is the
direction along the third turn from the first end 804 along the third turn 712 to the second
end 808 of the third turn across the gap 812 back to the first end 804 of the third turn

30 712. Preferably, the gap 812 is only a small part of the third turn 712. In some of these
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preferably, the angle 912 forned by the gap is less than 5. Mre

preferably, the angle 5 forned by the gap is |less than 3. The | ength of
the thirdwousnigap 812 is substantially parallel to the @craset/esence of
the third turn 712. The di stance between at |east part of the first end

804 of the third turn apd the a nna axi s.904 is u t o t.he di stance
bet ween at V¥¥&st® s S"SF ag %Bgiﬁl}‘aéﬁaz(%“o‘ga‘é{? g %cgﬁe%ﬁﬂ;%} A egﬁgntshe
antenna axjsy $0thore JiBArdy fMagRsted "Ale ApBagidtishA aAgle 9l P iviliehy\RREakkis| Nner
part of the Tirst end of the third turn 10 and the outer part of the first

end i s equad shbona Prefetably, the anglp §il & fortned e dhre gapd 12 nwless tham ¥°. d¥loret he second
end of the third turn and the outer part .of the second end 803 of the third
turn. Tur hsfeaply, q‘%ﬁ“}&?‘bglrzt g&?ﬁﬁ%% 3P 15 tRAN bt i’f‘ﬁ? Pr%?rgtﬂ?'ntﬁf Apgle
definition [ ot il fol : second
ends st TIETEE R Phaty MRt 3 REUGR i ip 10 o BURAT “Nbre
pr ef er abl yparhiie t6 8diciisuraferdnde of the shiirdtach B4 The dixarek betevebhet leastipars off5 of

the second end 808, as shown in FIG 9. Preferably, the third turn 712 is
subst ant i atheyfirstend 804 af the thirdstup addheptgnnaganis S0 evel forthedistanee ¢ v cul ar

as shown. FIG 10,is, a Vi f feQur . hown in
FIG 8 andgﬂvffn giﬁ‘,ﬂ Ifaﬁ{ao }6% et%ﬁln‘?ﬂ’r‘#lﬂgfgﬂ%a@)%% rgg(?algr?g{e&g%axéﬁgolg second
end 820, WnhishheahethaePalRE esla ByinBbetivedst thb irlnef pargefthSBdst eddef thithied tunr n 712
is separated fromthe fourth turn 716 by a third 20 turn-fourth turn gap

828. The | mmightoutr pareofithe fickt end is-cfjeal te hradinsiio gaping betwieen thgdpngr pat of he

third turn 712 and fourth .turn 7 ich i ubst ant | r icular to
the tangenti€ Sf)‘fongleﬂ‘io#thf’?lﬂ]gtﬁﬂj ?ﬁﬁﬁﬁaﬁtsosfﬁ ,ec%‘?nd%glg%ff @%rtpﬁgﬂfiri n 716
i s centereg, 00 PerAY8YFA spirhiSwoud@flot I ithih thid defthifiod lsncedrts Ovgrtah turn

716 are concentric and coplanar, so that they are centered around the sane
poi nt on t{uen e grivabthafirs eB@slandBeeondaddumudidaee ofchardeffrentradii sethatthp 716

That the | WSEPROL BN Mes RESCTh g BRI SRS e el Dy
about 1;5 he & tﬁg se%{)ﬂcl %\ﬁdr éndy7 é%showri.ﬁ FEYW.! li’}efewbﬁl, Y BE & TE iCdubabE A ence

1008 of the Tourt I's the direction " along the fourth turn from

the first @ptl81l8oat pre@ritlg thethiidhunuta iydifcutan, 4slshowecond end 820 of the
fourth turn across the gap 824 back to the first end 816 of the fourth turn

T e S22 o0 i A b s
Pref er abl 1 0,%%&@1%& Jipé'gasfaoﬁfgpgld%6taﬁ§a séc%zdm %, QARG ake Eé;ﬂalt@@/ 23092
fourth turn gap 824. The third turn 712 is separated from the fourth turn 716 by a third
20  turn-fourth turn gap 828. The length of the third turn-fourth turn gap 828 is radial to the
third turn 712 and fourth turn 716, which is substantially perpendicular to the tangents of
the third and fourth turns 712, 716. The fourth turn 716 is centered on the antenna axis
904. The third turn 712 and fourth turn 716 are concentric and coplanar, so that they are
centered around the same point on the antenna axis 904. The radius 1006 of the fourth
25 turn 716 extends from the antenna axis 904 to a point on the fourth turn 716, so that the
fourth turn 716 has a larger radius than the third turn 712 by about the size of the third
turn-fourth turn gap 828. The circumference 1008 of the fourth turn 716 is the direction
along the fourth turn from the first end 816 along the fourth turn 716 to the second end
820 of the fourth turn across the gap 824 back to the first end 816 of the fourth turn 716.
30  Preferably, the gap 824 is only a small part of the fourth turn 716. The gap 824 forms an
angle 1012 with the antenna axis, as shown. Preferably, the angle 1012 formed by the
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gap 824 is less than 7. Mire preferably, the angle 1012 fornmed by the gap
is less than 5. Mirre preferably, the angle fornmed by the gap is |less than
3. The | ewgtod/oofs2t he fourth turn gap 824 is substantial | ycparsat/tmb2to the
circunference of the fourth turn 716. In this exanple, the first end 816

and second end 820 have a cut out corner sections 1016. The 5 distance
bet ween at 23pefdtis Jsay thap 7°.t Mere preisrabl thegngled012 frmed by the gaprip less thapne

ot o 262 3 3L S RS SRR g R Bl

second end 8 urn a antenna axl s nmeans

that a radiuupgdps2a ipQibitanbisityeealld fethe Bit@mpante of the fhgthftumst16endtiod t he
fourth turn and the outer part of the first end is equal to a radius to a
poi nt bet wexampld ghei firsiegndfd brand secohé erb&HHve A guiotut cormer sgtiens 0dpnThed t he

outer part.of the 10 second end 820 of .t urt h,.turn ere the inner
part of th‘é‘StIaP‘Peg{et‘?é‘??E a'i?gea%é?ﬁ?gal"et%“ ?nﬁﬁgﬂiﬁieﬁlg%mmﬂg%ﬂt@msaéﬁi on
1016 of thepdfik bglal & lhe Asstdnke bBSebi 5tSbasBPat Make BRbnE&d S0k of tRObuA@EAI N t he
outer part of the second end is defined to include the cut out corner

sect i on of ardhbe sweroncixerP4adhis medne thab e cmdiisdnd pains betwieer the inrar pagiohce such
cut outs are_ onl that a connector ma e unted therein  so. that
during us ethe fgst EE‘%IO%E‘F §°‘H§het‘%”§ct§%%‘ftizﬂﬁaﬁ?/ qf!%?fot%igﬁ‘?rfd‘l*ﬁ?ﬂ?ﬂonaa’iadfuﬁ f¥fpart of
a spiral heRtentid ﬂnnwrﬁé:?t' the¥eSorEdd Ve tHeXBurth RG] BRLLRT BYELS fet Ur N Of
a spiral the first ends a seconé: ends nust have such a different radili
so that thecendsd@a0ndthenfoath tuvyrveheps it dmabpart of the firsadndis definede first end

816 is equal to the radius of the second _end 82Q, as sho in FIG 10.
Pr ef er abl yinclufiethe caigutisomgr sectians 1916 of thesfirshendasifthe figg gndvas pefrcut out

f bl t fourth t 6 J i ret 0 i} d
Furn 1 our et tiesbi b ol s Rl hEH, Mnrd e BRPUEMI QB BT ot e

the secondsegtivh éifthd fRokdéddhstifthe s€&dBd andiwhdisoticut Git, it sath élt@ufsaué t h turn
816. In the preferred enbodinment the third turn-fourth turn connector 832

conpri ses el pathai mepnnsetor inan bgawuntgd thereinise iphdusigiee thscut @gs 80, and a
fourth turn,cqgnnector le 44, 25 Prefer.abl h anpi ng. 836 is
subst dnt i aﬁcwﬂﬁgﬁﬁ‘ﬁ f’bl+‘ﬂrgs ﬁ“ﬁ%fogflrpéﬁr?f gfgﬁgg%g*é?ﬁgﬁp‘%l r 391 ¢ ?rgﬁ&% and the
ci rcunf er efyee fafts S8 aftGirdrh shithinhe fifit aslis a@ Bdcoh@eddiemssp B sigh asect i on 836.
The third turn connector leg 840 is substantlallé radial to the third turn

712. The diffemntrgdio$o thattht kidsda nat meebriverstpoefetably, teiradjusefibe drtiead | y
radial to the third turn. ns bein stanti al | | el h di
of the pardioat b radivs i et 25 o R0 i 305 BreferabtriBEt or 1 eg.
The fourt b Rir® PTHRSHOadtBly Sfé1deS MR PIAGLBIH! Y 6 Bin 71 it BBcular,

20 as shown.

A third turn-fourth turn connector 832 provides an electrical connection between
the second end of the third turn 808 and the first end of the fourth turn 816. In the
preferred embodiment the third turn-fourth turn connector 832 comprises a spanning
section 836, a third turn connector leg 840, and a fourth turn connector leg 844.

25  Preferably, the spanning section 836 is substantially parallel to the circumference of the
third turn 712 and the circumference of the fourth turn 716 adjacent to the spanning
section 836. The third turn connector leg 840 is substantially radial to the third turn 712.
The meaning of the third turn connector leg being substantially radial to the third turn
means being substantially parallel to the radius of the part of the third turn adjacent to the

30 third turn connector leg. The fourth turn connector leg 844 is substantially radial to the

fourth turn 716. The spanning section 836 is approximately midway between the third
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fourth turn 716. The spanning section 836 is approxi mately m dway between
the third -28 WO 03/012821 PCT/US02/ 23092 turn 712 and the fourth turn
716, as sWwown/01ZBhe third turn connector |eg 840 is adjacemrCT/uso2/2m9end of
the third turn gap 812. The fourth turn connector |leg 844 is adjacent to an

end of the faurth tur 824, In the pr I : ird turn
gap 812 aﬁﬂmoﬂﬁémflglﬁf{gﬁgﬁm%bgfﬁsga%w%r@w%?%é%%f 8@%8@%([}%’%;9 ﬁée?ﬁaéseg{that an
end of th ' £ hifPRrSded $121 Thakai tarmfoddhetsordsy $4xdis @dfaceht lyarbr oken
l'ine 850,q&hta?(%%&g€)t?lncildes w th the beginni ng of trﬁigfourthjaturn gap 824.

This al | ovadbofichedaysh tuon bap 324. do dt proferrpdemberdimentafhsithisd tusm ganslAdhd ot her
i ati N . 812, l.ap b di
bot veen_ 0 (bR umden 83t SR Aisny i pagang 3 eal o nd WEHPRF el M0 7Y

the ”?gati% Xl?né gké{iﬁ%%”%?g&cét@&%y bIRES1ASS IO WA CbARIdeY WithitRSbepachiidef gaps

are separate nmeasur ed al ong t he third turn the radius that ends
t he third tgefouathdurinfpapidadi ThistaHats thegiapsto beladjatent mithoytgvedlapping@ar at ed by

| ess than 0.0625 i nches., NMbre preferabl t over|ap of,. the third and
fourth gaﬁhpwnb@tth%éfﬁnm@emﬁwﬁﬁ‘é@hi @%Pié%z’rﬁ%ﬁ t%ﬂ&efiaé%éfésdlftﬁ%ﬁ%é’éer}%‘-a Y127

mm. In terns of LGent age 1 _,'gnggdw&gmdﬁturn gaps

is bet meﬁ’ehﬁﬁ%oacgégs-@g’&/?glfsﬁﬁgﬁ?g%g r(}ﬁ%??éxﬁg)&f(mi rbgft urn’ ggp, where the

negative VRLu VAR thal retdie e overlappbwnisstéadphe gaps arnsparatbdshéagaps are

separated so that nmeasured along the third turn the %cﬁii u t‘gat ends the
N

t hi rdigap racedutel elongdiehird tem teavadius that engds tha:third sap Ny

| ess than p0%of the third turn I r RAapyerl ap of
the third tgﬁé’“f’%r&aﬂ AR tﬁgg)yil%sgggatnv(\)e%e%%g %&%n@ogﬁg}?ga?%%%% hi ?Ig turn gap
length. Mgt miRrah 5@ yap it Baweueo bepimehest(Da27 kinxhndnd.00d irches ¢ 27 gaps i's
bet ween 5% and -5% The 20 connector 832 is coplanar with t?s third turn

712 and t hemf.olirtehng of perceb@ge Rhapvettap p§thg thighingdr fgudh BEmgars ESWEH" vi ew of
cut out section 728 of F|G ,7,. whicC shows .a_s i i turn
704, the s¥CHAYM T5Q(F/%°tj7tb%l,enétrli‘c?ftﬂheet rﬁﬁ‘ﬁf‘gﬁ%s"v h‘fﬁeot%g\%k%?i é’gb'fl]}q{gﬁ}e&ﬁ%&% urn,
fourth tur miq t SieQUhrated § Eat thdashied atdngrthé thirdFl G 12
i's aqg op t\@?rgw 0 %&@H’fﬁl}r{?g&te’%?}]ﬂr@gz al g\h(ra. As shown in FIG 11 and FIG

12, the fitustthé tidiusahat#0ds thashisd gaprant] theerddivg Ovat endly the Hagh MM EARaTE108, wher e
the first end 1104 and the second., end 11

. 8 qf the fi t 4
separ at ed sgparated by dass thapr Oy the 89rd Tesap ?ﬁfnﬁ% tl\éf”fe‘? pf%{i%itb?’ H%r:egorYtZ“ g?peg{ gn t he
ant enna axhe th?r%%ndl:gr?h {11?‘19 kéb% 148988 2990 6nd 12584 oft ME thiriQfireoepaeish.f Mesn t he

preferably, the overlap of the third and fourth turn gaps is between 5% and -5%. The
20  connector 832 is coplanar with the third turn 712 and the fourth turn 716.

FIG. 11 is an enlarged schematic top view of cut out section 728 of FIG. 7, which
shows a section of the first turn 704, the second turn 708, and the input bus 720, where
the third turn, fourth turn, and output bus are not shown in F 1G. 11 for clarity. FIG. 12is
a top view of the first turn 704 alone. As shown in FIG. 11 and FIG. 12, the first turn

25 704 has a first end 1104 and a second end 1108, where the first end 1104 and the second
end 1108 of the first turn 704 are separated by a first turn gap 1112. The first turn 704 is
centered on the antenna axis 904. The radius 1206 of the first turn 704 extends from the
antenna axis 904 to a point on the first turn 704. The circumference 1208 of the first turn
704 is the direction along the first turn from the first end 1104 along the first turn 704 to

30 the second end 1108 of the first turn across the gap 1112 back to the first end 1104 of the
first turn 704. Preferably, the gap 1112 is only a small part of the first turn 704. The gap
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antenna axis 904 to a point on the first turn 704. The circunference 1208
of the first turn 704 is the direction along the first turn fromthe first
end 1104 wbon@i2she first turn 704 to 30 the second end 11@8TafSor/s®9sfir st
turn across the gap 1112 back to the first end 1104 of the first turn 704.

Pr ef er abl 1112, |l ftheef] t 704. Th
gap 29 Wb HapetaBer Btth bsGeBR vib ¥ i SIS AR 1A | o
antenna axf&me@%x/gﬁ%-llﬁﬁg 1BERAY 7°. tMite PRGBS 2the andle N DEXIfobed Betigap 1112

is less than 7. re preferably, the angle 1212 formed by the ap is less
than 5. Mogap priekdaaf’y Marbprefarghle, the opmed hethgaiep islessdban $hame3. The

| th of the first _t 12 i t i al | |lel t h
ci 1 ount or eS8 s 1o Betbl VainsupSianiepogntlel abe CRemHERReSt PelS par
of thefir ﬁ%n 9p4 ’glgreoé]isﬁrlcet%?wéénra? ?)eagtlﬂaﬂ fo?t firfndanbe BN e BétTuAid ke equal

to the di stance between at |east part o e second end 1108 of the first
turn and t h@teditSiy04ax eguad @ithe Mistancpbefvesnads laast paneofitbelsassndénd HO8foff r st end

1104 is equal to the radius of the second_e q 1%08,.as ?hhotwn ila Fé 12.
Pr ef er abl ythetfiat thinrand the aptenma@uisi %4 Msge Bivfral Yoiheradig of fhe st dd it er abl y,
the first turn 7 i Lr el I 314 i f the
second ¢ ur if Y B st iRafib 0P the SbconfiEnd 108 howhl fip 412, ittt St 10

708 has a firh 904 endbstddbillgritcdas edorprefadbly 120 firsttemne 08 heciraderoasd turn 708
has a first end 1116 and a second end 1120, which are separated by a
second!ot ur shayap 1124. The first turn 704 is separated fromthe second turn
708 by a first 15 turn-second turn gap 1128. The length of the first

turn-second tur o gan (1128 15, (3 AL L0 cbBsbldns! A3 SEEANG LukRs 704,

708. The second entere he antenna axis 904. The first

turn 704 apf; SieCRAeddniturlOB8Haea Gt e Ili6tand 2Geddndiend N €30, avierecthat er ed
around the sane point on the antenna axis 904. The radius 1306 of the

second t ur secef@tureX0%hatsa firsbend: Hd 6 and 2 pesandignds1 Bawhishargwparated Hyhe second

turn 708, so that the di_ys of 20 e first ,twrn,.,704 i r-Gak t he

radi us 1308°%6R iR ESL LAY TG oHER 7@5 to iSRS %‘ﬁg%“r?“aéﬁl“ﬁt@g by ita??%}

turn- 31%C0”ﬂnﬁ-‘ééq%ngﬁﬁ?#&3@12@“&&%@1&18{&5 iR Gurd30&nafurhep se2Rdadisltn 708 i s
ong

the direction a e second turn fromthe first end 1116 al ong the
second t ur the7@& dnd sedoind taras 30w 768.d Thd @00t tuth E0&ie coniered gn thesaniedsa X ke gap

1124 back to the first end 1116 of t second . turn .708. Preferably, the
gap 1124 igOKbnTty: farsttygn 70 se n%ttﬁ%‘ @28&&?“??}?%0’?6&&9%33' are cen{er&f

around the same point on the antenna axis 904. The radius 1306 of the second turn 708
extends from the antenna axis 904 to a point on the second turn 708, so that the radius of

20 the first turn 704 is larger than the radius 1306 of the second turn 708 by about the length
of the first turn-second turn gap 1128. The circumference 1308 of the second turn 708 is
the direction along the second turn from the first end 1116 along the second turn 708 to
the second end 1120 of the second turn across the gap 1124 back to the first end 1116 of
the second turn 708. Preferably, the gap 1124 is only a small part of the second turn 708.

25 The gap 1124 forms an angle 1312 with the antenna axis, as shown. Preferably, the
angle 1312 formed by the gap 1124 is less than 7°. More preferably, the angle 1312
formed by the gap is less than 5°. More preferably, the angle formed by the gap is less
than 3°. The length of the second turn gap 1124 is substantially parallel to the
circumference of the second turn 708. In this example, the first end 1116 and second end

30 1120 have a cut out corner sections. The distance between at least part of the first end
1116 of the second turn and the antenna axis 904 is equal to the distance between at least
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25 The gap 1124 forms an angle 1312 wth the antenna axis, as shown.
Preferably, the angle 1312 fornmed by the gap 1124 is less than 7. Mre

pr ef er ablwo whesangl e 1312 forned by the gap is | ess tharCF/uhem®92
preferably, the angle forned by the gap is less than 3. The length of the

second turn gap 1124 is substanti all arallel to the circunference of the

second t uPartphthe seppndring 144G ahihe ,Sectoﬁét"ﬁ? ?"é‘{ théﬁatemaﬂl%l%@- ME¥nd end 30 1120

have a cut 0 . i i it Rboof the
%}fgﬁfo{h@?%dlﬁf&tthg gﬁ‘t edd P11% d§ %Cﬁgf@) tHELMRRf e g&lﬁi end@1%0

first end® e second turn an antenna axi s 3 4is equal to the
di st ance hetN®ENInAIG. €3 SPreferafly Wik &260d R8P 10FCTAIBAPARB COAlarpMdareof t he
second end 1120 of the second turn and the antenna axis 904. Mre

pr ef er abl yrefetablyy thgiseeond fumny88s ¢itqulag, A3 ShAWE s equal to the radius of the
second end 1120, as shown in FIG 13. Preferably, the second turn 708 is

substantial 'y ga;urﬁgsyh?ﬁ.seéXH& ﬁmg&ﬁfe‘s{o@?m rmaeéﬁé?ézz%éawe&mz%d Setwbdocul ar

as showmn. 5 A urn-second turn connector 32 provides an el ectrical
connect i ofhd&cWREEhd 1108 of trediist taimchnd 10Hfiref eridHd 16 bf 81 seaond tamd In the first end
1116 of the second turn. In_the preferred errbodLIrE%nt the first turn-second

turn conneetforedamodinagthesbest Brsseeand hgn caweetPbh! 2 09BPrISes g SRAENIPE

connector |e , Aand a second tu Q t r rably, the
spanni ng §§%&ﬂéﬁ%g,1%@fsfj%“%mg?‘gﬂ’ilf’%ﬁ Pﬁ/&ﬁlgc{rlg%cgf'd quglgf(#ééétﬂ lggr%g Iétf'ence of the
10 first pyEmrapRAnRRg SchiG 1116 BeRtagfiallyhRrdRL e tueunfZBcad] theent to
t he spanning séction 1136. The first turn connector leg 1140 is

subst ant i drbtytumaiditahd the ditcemférense of thersecond4urn 98 adiaewh & thasPAEghect or | eg
1144 is substanti al adial to the, s d turn.708. ,.The ing section
1136 is appitoRi lr}é?-e{rge S&%C%méﬁgﬁﬁg&ﬁs Es[tan[tlﬁﬁ% ra,i&;[ t%wgqﬁﬂg{l& second
turn 708, 78 % 0¥ ond Rn Eél{{r%%t& Hen 189 RNEBdMtial 1P eadldl 4D tHe Secdidagamost o an end

of the 15 first turn gap 1 e second turn connector leg 1144 is
adj acent tTheapargig w@ttidchEl 369 eammokimately midway bevveen thet first frief 4 anddhe

mbodi t, the first t 1112 and th dt 11

ad) acent  sbecadowndORer shant Rt HeshongorgecloreE T AL b §5Bn T B S o) ong
di Cndi cat , . o . h

beor nh no ot riBaTly nthe R hunl Qpacriotles LR g Bt AT A o i acent

Wit hout 0W4g¢dnaRinpp 1334. 20 thhproferre@ehdodivteni, diel firsistumegapal Ll 2wnd e gaps 1112,
1124 to overlap by a distance preferably between 0.0tEZ? i nches {111 5875 mm)
and - 0. 0638canddtregap 11249re adjapenf to each other, so that an end of the first turn gap 1712

is along a radius as indicated by broken line 1150, which coincides with the beginning of
the second turn gap 1124. This allows the gaps to be adjacent without overlapping, as

20 shown. Other variations may allow the gaps 1112, 1124 to overlap by a distance
preferably between 0.0625 inches (1.5875 mm) and -0.0625 inches (-1 .57875 mm),
where the negative value means that there is no overlap, but instead the gaps are
separated so that measured along the first turn the radius that ends the first turn gap and
the radius that begins the second turn gap are separated by less than 0.0625 inches. More

25  preferably, the overlap of the first and second gaps is between 0.005 inches (0.127 mm)
and -0.005 inches (-0.127 mm). In terms of percentage, the overlap of the first and
second turn gaps is between 50% and -50% of the length of the first turn gap, where the
negative value means that there is no overlap, but instead the gaps are separated so that
measured along the first turn the radius that ends the first gap and the radius that ends the

30  second gap are separated by less than 50% of the first gap length. More preferably, the

overlap of the first and second turn gaps is between 25% and -25% of the first turn gap
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where the negative value neans that there is no overlap, but instead the
gaps are separated so that neasured along the first turn the radius that
ends t he woresiizsarn gap and the radius that begins the s@canor/eson2 gap are
separated by less than 0.0625 inches. Mire 25 preferably, the overlap of

the first and second i S betwee . Q05 inche 0.127. -0, 005
i nches (- 0?"1‘@‘3}1- ﬁﬂ??t gr%grgﬁlrynﬁ*xe&w e‘m%’r(géﬁet grdga}ndtsﬁ‘éon \;é?'lgo%Bs of°° %e%;si% ad ond
second t ur NsegaRfe LSndRElVEED SAYeRREme PR%E & tht Mest heA Ol ard thieRecontmeh turn

gap, where the negative value neans that there is no overlap, but instead
the gaps arres sepprehirsidy bas thesdme eghs as 8 fusténg 10A@nd iressecangrtirm 18- r adi us
that ends the first gap and the radius that ends the 30 second gap are

ted by | t 50% of. the first. I t bl h
ovor| ap of & he FIG st Badchsii aorarav g s oo g BB auiERt SR it  ne
First 1" 0 ganoq- 4 h PRERIBE . RETALSO?E 3R0RA: keRTl b, b Bisehoer abl v,

the overlap of the first and second turn gaps is between 5% and -5% The
connect or {He3utpist bus 724) ehesfnsetup-seeendisit dnmnédtost1 3R uthe thightuempurthdusecond

turn 708 and preferably has the sape height as the first turn 704 and the
second t ur gomsgtor §325and 2 speong t‘é@ﬁ@ﬁ%ﬁ"iﬂ& c%’g‘f’%tﬁ%@&m

I've view of section 728,
showi ng parts of the first 5 turn 704, the second turn 708, the third turn

712, the fourt h%ﬁ g]gé?atyoll%e m%giza?ﬂ@wmﬁb%uzg@m plasif (RU¢eRsthg Biuanbe2200.t Ae fi rst

turn-second tur nnector 1 the third tur n-foqrth turn connector 832,
and a secorgréir ' fibivs thomitha 2 boRE@ower sabd@4hrobgh thednptt bah72te thtfishna 700

b d i I ' hanb 200. T f h
214 Retopowend Sk oeht fIsbhgh 0o hgpirenbdas ez ths AL 10 Of g5 BRIH 01 of
the first 04. T ISt ] first
Lurn 704 ¢ 60% R P8 Geoh Caf bl Gins Y ot PP Cap o B2 T

1112 is pr ﬁlfévéﬁtda {QrtidRr WG the SROEd dTehdisv@enardithe sdcosd erehaf thé fitshe fir st
turn and the second end of the first turn. The current then travels from
t he second hend Toé cuinent thendtavels fiom the sesgnd enbofithe Hest fugp giro gHIdMMeg 1140

Spanni ng. SERRTGIvT ER i adre Roc e Db e e R pRFAIGREERG 1 he 15
he. spinn R S g b B et hr ough he. sbeond t urn
connect or  Ifieg tirh 444 iand thedeeondttim 708 atjscenhta thk sganning;sastiont Id 3pndhe 8¥EH t urn
to the fir %ﬁen%%%vslﬁ]ir]bgglg {hetsggon%%gr?l%gnﬁe%{orr] le,?g0 '44-[1?2 diredton %Bbgtg.n%ﬁ'ﬁy tdoan
to the second turn to the first end 1116 of the second turn 708. The current flows from
the first end 1116 of the second turn 708 to the second end 1120 of the second turn 708,
20  and then through the second turn-third turn connector 1404 to the first end 804 of the
third turn 712. The current flows from the first end 804 of the third turn to the second
end 808 of the third turn 712. The third turn gap 812 is provided to prevent a shorting
between the first end of the third turn 804 and the second end of the third turn 808. The
current then travels from the second end of the third turn 808 through the third turn
25 connector leg 840 in a direction substantially radial to the third turn and then along the
spanning section 836 in a direction substantially parallel to the circamferences of the
third turn 712 and the fourth turn 716 adjacent to the spanning section 836. The current
then flows through the fourth turn connector leg 844 in a direction substantially radial to
the fourth turn to the first end 816 of the fourth turn 716. The current then flows from

30 the first end of the fourth turn 816 to the second end of the fourth turn 820 and through
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the first end 1116 of the second turn 708 to the second end 1120 of the
second turn 708, 20 and then through the second turn-third turn connector
1404 to twe oBiorzsel1 end 804 of the third turn 712. The cur PeEmtUSHL/230%2 f r om
the first end 804 of the third turn to the second end 808 of the third

the tirst BRauset bl TR hoalsh Rl LREUebl RS EBhe® RGN Ty Corn

808. The <current then travels fromthe second end of the third turn 808

t hrough the thiTgk$ n2 SectioNN €38 e tht fgst B séddnd hith kewiebdA 1 $3hsbaides al |y
radial to the third turn and then along the spanning section 836 in a
di recti on eutest paih ithat isysubsantially paredelitp dredirptcturif asiasartde thetfish@rm gap r d turn

712 and the, fourth turn 716 .adi acent-1,0.t he,.spanni ng. secti on The
current t i ‘?F‘&Mﬁ?ﬂ%’ﬁ@ﬂ@%&%?‘% P dl@%hﬁg g‘?“‘?%ﬁecgﬁﬁ??% %ftﬁe

di rectson gubgtRMLAd litn taiettor | B2 prb@idésaidurRnt phimtHaPissiBstdrtiafly peiafei816 of
the fourth turn 716. The current then flows from 30 the first end of the

fourth turto tBdcond tune7¢kabjmdniendhafecondcuinogaptl 24 anindRe samgiplaty asuher - 32
WO 03/012821 PCT/ USQ2/ 23092 t he. out put 724, The RF gene or uses
Ve our T ariesona tuiry U3 155 placioe o Tust i TR gkl o0g. et EREA s e he
first tur . dolif i I h S
substanti a &gggglkiﬂ{etlrﬂo tg%ﬂ{b ﬁgerrp |ﬁtrst tgfﬁgg(ﬂggg%tﬁ?’?%f{rﬁg&fn%f Settcgl?&n gap
1112 in t herb?208e afd gaaniag sédtenflil 36 provide nwd Odrrerit pathsl dhi 4 campleteleops panni ng

section 1136 of the 5 first turn-second turn connector 1132 provides a
currenf pavithqusaigap er uevsriap causingythiss curend paths af 4 lgeatioac Shwingur n 708

adj acent t.o the cond turn ga i . ..second
Crn 705, SRl X e 27 By bR e b R e RO Bl orbllfy 001900
so that tdgiaté & Hd)ide enhzih@RAG indbMERF bxéitation AOEenerey 4 afif@mgilaspidier, the
first turn 704, second turn 708, and spanning section 1136 provide two

current pathessphmning sestiph &1 36 is befpveen theifirsiqod secogd piray 704dn 768 &9 thatthe ausi ng
three current paths at | gcation. Dur.in i.ml e aki a |} gap or
overl ap na‘i"rrF‘é'gR?itdf Proﬁlﬁi?grtﬁ' %ferﬁp?i“ﬂﬁg f%éoﬁggddgg%§eem§ﬁ§%h{sgg“%g§%%I e to

Provi e aneazdinhAlsl YratBiabB e Bparfy dedtidroN 369 AABRARIES midwal befwsen! asma.
The spanning section 1136 i$ between the first and second turns 704, 708 so

that the thefirsehirn 364 hndoseosndisch T8 tb ipeovideeanmpregzmahillyrunifos® RIS ¢l ose to

the first turn 704 and 15 second turn 708. Preferably, the. spapping section
1136 is si¥sitationiaaf ygt MUBRE2 B ?Fntb%fgmfm%&{ Gerpond, Zg%nd turn

708 to provide a nore azinuthally uniformRF
The spanning section 836 of the third turn-fourth turn connector 832 provides a

current path that is substantially parallel to the third turn adjacent to the third turn gap
20 812 in the same plane as the third turn 712. In addition, the spanning section 836 of the
third turn-fourth turn connector 832 provides a current path that is substantially parallel
to the fourth turn 716 adjacent to the fourth turn gap 824 and in the same plane as the
fourth turn 716. By placing the third turn gap 812 and the fourth turn gap 824 so that
they are adjacent to each other but do not overlap each other, the third turn 712, fourth
25  turn 716, and spanning section 836 provide two current paths in a complete loop without
a gap or an overlap causing three current paths at a location. During implementation a
small gap or overlap may result, but minimizing the gap or overlap is desirable to
provide an azimuthally uniform RF excitation to generate a uniform plasma. The
spanning section 836 is between the third and fourth turns 712, 716 so that the current
30  path provided by the spanning section 836 is close to the third turn 712 and fourth turn
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excitation and yet maintain a gap between the first turn 704 and the second
turn 708. The spanning section 836 of the third turn-fourth turn connector
832 proviwexsaizseurrent path that is substantially parall elcTiesor/k®ot hird
turn adjacent to the third turn gap 20 812 in the sane plane as the third

turn 712. In addition, the spannjn ction 8 of . th hird, turn-fourth
turn connebPorresembly, isa@gurgg @ﬁ??’gﬁﬁﬁé‘fw@ﬂé@ mudvgy) ‘%’FP:{B‘T ?’ifgﬁlérrngl | el

LD o o O oMol 5t/ ey Y G380Viad PmbRElORY dnifofmaaPeRRduiiahd o L he Same

pl ane as the ourth turn placing the third turn gap 812 and the
fourth turmaigam 8g4 sawedathe tHildeyrnat]@ aad fledfomtth tion 8¢ h ot her but do not
overlap each other, the third turn 712, fourth 25 turn 716, and spanni ng

section 836 provide two current paths in C lete | o j t hout, .a gap or
an overlap causPvnplaging & fé‘é"r?‘%’rﬂ"“ﬁ%ft“ﬁée%{&é) q?%qa@w Ogﬁ‘lﬁ;ﬁﬁ@t 1% nent at i on

a9 ié?g}egagﬁ{&' AR St the BidhuplTba! BRIZR P Gxifafio 0BRISE cfiehf | ap 1S

desirabl e I de an ‘azi nut y uniformRF excitation to generate a
uni f or m plsehg thfbeh theanntung caeettonleg 8340 issninetizediThine mitly d and fourth

turns 712, 716 so that the current 30 path pro i'dﬁqd b tpﬁ\}% S ?‘%%l ng section
836 15 ol cseomplise by hnvide thertistAum caReeciaslea HALR e sats PlRpe s M5 1582 1

PCT/ US02/ 2309 716, Prefe , i { : I4S tially
m dway beﬁbﬁ@bﬁoﬁﬁ?ég?tﬁﬁef %n%th%?h%fféﬁgrﬁ%% ouﬁ}ﬁe%slﬁﬁlbg Elsrﬁlt?hgz elg'r él?/?%}gﬁ%ﬂnore

azi mut hal | ya i O irst Ritn %6iet @t i@ 120 Beiligtadiales thie dirst tandap nirytalwen the third
turn 712 and the fourth turn 716. By placing the first turn connector |eg
1140 abongminimizeiREsdisfuptiors ffam g firstitarmronneckrdegl 549 FRethspescasoss Wene i r st

turn 704 the djsruption fro FE excitatyon,.c i ng through
Lhe 1 rst soeori WO HEcge Pe Gis Sy RefLl G pfedhd B 70@gRe! N0 1 hroug
acconpl i SPSS,tqstQ%(tagm\ﬂ?g%ng%ﬁlt jo'tRd spathing SEUHOR QY 96, thex@ird kA8 comndchve 1epe84O pl ane

as the fi at the length of the first turn connector |eg
may be ni nisRusemtiallyraitdid ihethird the/T gndisebstintistly perpendiaadethsr | eg 1140

bei dial to the first t 704 I 0.m, nim RE_d] ' f
Uhe i 1ot Spansing srmien 85, M dheruui b orPRICLIoE 44k br v ey SeBNIB TS T
t 144, ] Quet adi i 708 d

Cubst ahti ciongn an guhan SRS e n Bl bR 0l (niva turn

connector leg 840 is substantially radial to the third turn 712 and
substantial | y peighemsivit apap maktehe singfranop with saep iseniradg endhef thaleoPour t h
turn connector leg 844 is substantially radial .to the T

This conﬁg%ration is different than other m%ennas which uSe a spiral where individual

loops with small gaps are not used and where then ends of each loop are at different radii.

In the preferred embodiment, an insulator is provided to prevent arcing. FIG. 15
20  isa top view of the third turn 712, the fourth turn 716, and the third turn-fourth turn
connector 832 mounted on a central insulator 1504 that may be used in a preferred
embodiment of the invention. The central insulator 1504 comprises a base ring 1508 and
a top ridge ring 1512. A third turn gap insulator 1516 and a fourth turn gap insulator
1520 also form top ridges, which are connected to the top ridge ring 1512. A gap 1524
25 in the base ring 1508 provides a passage for the second turn-third turn connector.

FIG. 16 is a bottom view of the first turn 704, the second turn 708, and the first
turn-second turn connector 1132 mounted on the central insulator 1504. The central
insulator 1504 further comprises a bottom ridge ring 1604. A first turn gap insulator

1608 and a second turn gap insulator 1612 also form bottom ridges, which are connected
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15 fourth turn 716 and substantially perpendi cular to the spanning section
836. Each turn with a gap nakes a single loop with a gap separating ends of
t he | oop.woThios2seonfi guration is different than other ant@cmasomioeh use a

spiral where individual |oops with small gaps are not used and where then
ends of each |loop are at different radii. In the J)ref erred enbodi nent, an
i nsul at or t ghehogomaideetringp684eAn ozfes nidge 146as plased aroundsthg figy furp78¢y of t he

connect or Bt el B Aet ARl Tor @ P RE bR b kOB R e,

preferred hepRedhprndg.of the invention. The central insulator 1504
conprises a base ring 1508 and a top ridge ring 1512. A third turn gap
insul ator 1516 and a fourth turn gap insulator 1520 also form_top ridges,
whi ch are conndé@elf isa topaiewoyf artiofigm ipsulgior1 5/04. The fajtom Fpulatord 70413 1He base

ring 1508 prqvides a passage for the on -t hi u tor. FIG
1675 2 boht SHPPErBh TR Frrar bt o DhrLgbdul i A BRI e
first turgss@aons dnlifser GABE ETIW0ndkhIateieidpé €T240n the central insul ator
1504. The central " insulator 1504 further conprises a bottomridge ring

1604. A first turn gap insulator 1608 and a second turn ggg i nsul ator 1612
al so form bot t &#6r 1 #igesrosarseetional vew ohheboteom inmlapgy 794 of bE3417 along

PCT/ US02/ 23092 th t i [ : . ' i
pl aced ar &Hh]d“etsﬂgplfgr Wi‘%‘qﬁ%ﬁ%%?&fﬁ*{?'e%é‘é%iﬁ {kﬁgk‘hﬁtgﬁ ggét%q%%de for
the SecOnQuIInulrl@'ahﬁ'}tﬁe%e%ﬁ'ﬁlrinéi@di&eﬁmrmciuﬁteﬁ'ﬂl%fﬂn.i The bbGork @idge fih@Y6oMB. FI G

17 is a top view of a bottominsulator 1704. The bottominsulator 1704 is
in 516 he tshepeaabihsdator hi)4 inirtontd o theaienigal goevaye Y 08, bodom ipgylatdlir n gr oove

1724, F1 G170 The B R8s 304 Barv Bl B o HOGok gl RS S 1085 of
s L 220 GediHtnd T (hfir dBovert 118, (Rt A rind 18 17 Bfihe obirak aartbrt ur n

708, the t turn ourth turn 71 the central insulator
1504 nountisds filleteigap btveech dietthind nirnl &2 andnigurdis 04n 31 6, vith the gepheingp

insulator 1504 is mounted into the central gro of t.he botiom insul at or
1704, The sifficisnt leagth t7 preves! Fiehing oEhs P Finge ARG gﬁt%?%%?‘&%éﬁi%ﬂ WL
second turn,708.i s, .M ed i vie . L : ridge
Frrg 1510 107 Aog g RLTES af glfifod QaAERe i B ARG AlEGnd 1512 S0ty | 10
turn 712 gponfr@wich710 46 the fd6ith ttrd 116 i6 eregep thag itigmaimum surface distance

required to prevent arcing. The bottom insulator 1704 may be placed on a faraday shield

1804.

FIG. 22 is a top view of the faraday shield 1804. The faraday shield 1804 may be

20  provided to further minimize azimuthal variations in coupling and to control the extent of
capacitive coupling. This may be implemented by either grounding the faraday shield
1804, applying a specified voltage to the faraday shield or allowing the faraday shield to
float. Since the antenna footprint is in the shape of a ring, the faraday shield 1804 may
be in a ring shape that matches the footprint of the antenna. In the preferred

25  embodiment, the faraday shield 1804 is a ring shape conductive material that is slightly
larger than the footprint of the antenna and with at least one radial slot 2204 across part
of the ring. FIG. 18 shows that the width of the faraday shield 1804 is slightly larger
than the width of the antenna. In other preferred embodiments more than one slot is

provided.
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sufficient length to prevent arching. The top ridge ring 1512 extends above
the third turn 15 712 and fourth turn 716 so that distance along the
surface oWotoh®izsep ridge ring 1512 from the third turn 7P2Tiusot/k®9f ourt h
turn 716 is greater than the m ninmum surface distance required to prevent

arcing. The bottgominsulator 1704 pay.be placed on fargday shield 1804.
FIG 22 is a t&hOvIBRAGH! BWey ReasPsefiyy Ry 8?’_&“’* %blﬁ.gusrﬂ?eq ﬁ*’&?gﬁé‘&?@thuél d 1804
may be 20,pr Qinfledhddihit:! HE gl s toplitRahou BbiRkioPNs04 N coupl i ng

and to contro e extent o (?apam tive coupling. This may be inpl enented
by either cgfienrditag tipeeedfiapadaydustingbat 19080The apphtyhius §24 cempprides prd vol t age

to the faraday shield or allowng the faraday shield t | gat . Since the
ant enna f outppt sonmnegter 1 Y 2tqeanestasja adapered quippt conpuicting %39 1é'h?€? @r864 my be

i i ng.sh hat qat ' : , f d
25 antoas FaE Congi e PR 908 e APyt Biid Bhaing b GO Bkl abd S P B o
that is sliigbd bibse loRét8EN astshewn.t Aelidlesipietd 1924 ih e shpe ivplaceddenideh at

| east one radial slot 2204 across part of the ring. FIG 18 shows that the
wi dth of tleetaperedthpyt einide¢tingt@019G8xand|tapskad gptmalcg@%ct%hﬁ IR 1QPEYEtof t he

antenna. |In_other preferred.enbodi hents h I i | ded.
BB WO, D3RTIRR B s ed 4605 cordueine et 1008, biffe bR dilouk SondBbAg BE0
the i nput .bQP@l%?%%ﬁF&H&u%a Blébe @u&de%ﬂofthetatpbfea iFioostdeniig barn@08 nput  bus

720 conprises an input connector 1904 connected to a tapered input
condugt i ngndéte t39H&1 oupnet condysting barsl 976 helps tpminimize K asymmptesdbyiBdt or 1912

connected to a tapered output conductin r 16. The taper . nput
conduct i ngelsawsed oy @%HEFI?%’&@P@(PHE'&&“B& tba‘?:b(jri)glft?g{ i%?fgta%%f’&llgg@ cé)rggucg]ln?g ned and
pl aced cl 958141208t her as shown. A dielectric piece 1924 in an | shape is

pl aced between "the tapered i nput conducting bar 1908 and tapered out put
conducting bar 1916 to prevent arcing between the tapered input conducting
bar 1908 and t hgaf apbsdithentidfhd insaniductitavoltage ofl@bet 60theolts|thgierdiemand

cl ose placenent of the tapered input conducti r.190 and the tapered
out put comgep8i? ey the fourtntgringap 4 ges %WHW# m%?esgg}}ﬂ%gpg)r é%et%g‘tle V  be
caused by the  tapered |nput 1 ht 8RBLE EndPRGFP UL
condubtin afongéﬁe %5% §of AP Ysufe 9464 bR ebfthe EIQEnRBO Ll

of the third turn 712 is about 0.25 inches (6.35 mm). The path length along the surface

of the insulator 1504 is increased by extending the insulator beyond the ends of the turns

as shown in FIG. 18.

FIG. 20 is a schematic illustration of another embodiment of an antenna

20  arrangement 2000 connected to an RF power source 2004. In this embodiment, the
antenna arrangement comprises a first loop 2006 and a second loop 2010. The first loop
2006 comprises a first turn 2016 and a second turn 2018. The second loop 2010
comprises a third turn 2020 and a fourth turn 2022. An input feed 2026 is provided from
RF power source 2004 to a first end of the first turn 2016. An output feed 2028 is

25 connected from the fourth turn 2022 to the RF power source 2004. A first spanning
section 2032 is connected between the third turn 2020 and the fourth turn 2022 and is
coplanar to the first turn 2016 and the second turn 2018 and spans the gap in the first turn
2016 and the gap in the second turn 2018. A third turn leg connector 2034 connects a
first end of the first spanning section 2032 to the third turn 2020. A fourth turn leg

30  connector 2036 connects a second end of the first spanning section 2032 to the fourth
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In an enbodi ment of the invention with a voltage of about 600 volts the
third turn gap 812 and the fourth turn gap 824 are about 0.125 inches
(3.175 nmwvo oBloe2spat h | ength 15 along the surface of the iPaTuisat/e3091504
between the first end 804 and the second end 808 of the third turn 712 is

bout 0.25 inches (6.35 mm). The path |ength th f f th
shout 0,25 | nches (8,35 TS B enaLh ol png I8 sucfscsoplodhe
the turns r%eg%cémo%dl sRh{Fis c"oﬁ)lan‘i' tgth@ﬁhra%nﬁ 2050\ SiPhk GouirtH st s@bian Of

anot her e Iment an antenna 20 arrangenent 2000 connected to an RF
POWer SOUFkEHhs Adap ih thef third nent 020 amhthe gaphia thafouethman2022ngdiretturndegpri ses a
first loop 2006 and a second |OO‘£ 2010. The first | oop %Oogl nprises a
first tureoREtEr 345 eonveetdadiryt gpdobihe second gpagping sectiog 944 & tre IWHAWD ses a

third tur 20 and .a fourth [ BorddSspRERN4s ded from
RF pov@er ?8%&08 sﬁwgéwgqggéqnpé‘%{ggzr@%c@nﬁ%g ﬁé%%d{nﬁ?ﬁd%%%eso AR out%ut f eed

2028 i s 23:4RA7064 80tht c&dhl Aen DO t A stdohd tiRfi2drd wrt bennREop2Mi@rcosmentce 2004,
A first spanning section 2032 is connected between the third turn 2020 and

the fourt the sgeondtoar28do ihs thisd pirm A820. 1A dipissedrs thepipyiouserabodimettfe second

turn 2018 and spans. the gap,in t L1 st ; hidshe

second t utlf &Pigre %nfrﬂ'iZF‘g &f?r?s Fggu%%%%gg%’#&?gg%g%%ﬁgé%ggcgqg%ﬂrﬂ?% end of
the first a%&ﬁming& oTe&k iR 20Rforé Pretdibly, hd ghpb il eucRORA makefacudithangler n | eg
30 connector 2036 connects a second end of the first sBannin section 2032

to the f owftdss thaB6°. dosrefeablyl tr@rpsBGatPRODmakes A adizbazle of lewdbam

spanni ng section. 2044 is connected between .t firsg tu « t he
second tuPn PofditioRdhg %aPC‘BrSII‘eaﬁré‘Pt“Fbant%ﬁﬁgg?‘ﬁlp %?ff%néztﬁgbg‘%ﬁlég t% ﬁg ourth turn
2022 and S5 ' M Wiiin20d theddd it B tBA@irA afidigel our t h
turn 2022.562?6‘& ?é?%%@ﬁgt}l%m% ghrllhﬁegftggfrr 2046 cor??\%gtls a first end of the
second spaapid@e SaEth tom ARAdp by betheed 50% to £50Pnths la@iitet the gaiorbe thindn | eg

connector 2048 connects a second end of the second sganni 8&1 se tibon 2044
to the sedondMareprefaalgly, the gabrifie g RUp ARd e €ap H e ATFRRE B S8EFP Bnnect s

the peond. {1 0o2aLe $8 LIAChL Ay r; 2R R i 04588 U1 RSuBR 1 OuS

enbodien ps are m scussed above, preferably

the gaps i;Ad aaGaptinite foRketm vdriagibglbetvegh 25%fto F2594 titeHemgtl of fioigep in
preferably, the gaps in each turn make a radial angle 10 of Iegs t han 5.

Most pr ef heathirg furphdaye peeférablpabh gaminhafirstiumandif gap Brle 62°9pd R ¢ han
overlap by between 5% to -5% the length of the gap in the first turn and the gap in the

third turn and the gap in the fourth turn overlap by between 5% to -5% the length of the
20 gap in the third turn. In addition, the first spanning section spans the gap in the first turn
and the gap in the second turn. The second spanning section spans the gap in the third
turn and the gap in the fourth turn. The first and second spanning sections provide a
current path to compensate for the gaps. The spanning sections are coplanar and kept

close to the gaps.

25 In operation, the current path is from the RF power source 2004 through the input
feed 2026 to a first end of the first turn 2016. The current goes around the first turn 2016
to a second end of the first turn connected to the first turn leg connector 2046. The
current passes from the first turn leg connector 2046 through the second spanning section
2044 to the second turn leg connector 2048. The current passes from the second leg

30  connector 2048 through the first end of the second turn 2018 to the second end of the
second turn 2018 and then to the second turn-third turn connector 2050. From the
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3. In addition the gap in the first turn and the gap in the second turn
overlap by between 50%to -50%the length of the gap in the first turn and
the gap iwotoheiaski rd turn and the gap in the fourth turnpararshapsoby

bet ween 50% to -50%the length of the gap in the third turn. Mre

preferably, t ih the firs n_an i .
overlap b ecPSQE‘Egs@é‘i’]&%%WSC@’?%%%C%%{’%&OS% H%ﬂatggﬁ ieﬁ‘??ﬁ@gfl:h#{s? turn
and the ggRnh026 AguhditedhitdHubn 260000 aecdadRnd Bf theehifdturd BOZ0UITheugehtap by
bet ween 25%to -25%the length of the gap in the third turn. Mre

pr ef Ier ablbpatgtﬂtaeseg ﬁpréi /the sévond prdsof theithirddwa 208 thyaweh sthird durgdeserinegipr

overl ap etween 5% to -5%the | h i i

the gap | HOTH S bt ¢ o ishepanniae gapon 0T GEP TobiR eI ap by
bet wegn S%U L Q. o 7 id1erieingteht p;gafth ﬁigges%#bngae Foukilt fn feBichahdctor 2034 thragdli ti on,

the first 'spanning section spans the gap in the first turn and the gap in
t he second firstrend offthe fowdomeh 2022tniansgecandend ofiths feunth turre2Q@dp Fromihee t hird

turn and the gap in the fourth turn. The first d j i
provi de asec@aﬁp@mﬁftaafwwgmwwasﬁaéo e R R B Sect  one.
are coplanar_a t whn i .

Cs f r0ﬁ1 i ﬁ%ur?g:ﬁ' 4<Ge Rfcio?l?c%z’%)gjtc?%gogxg%m "o AREMEdRetidde current path

erd of the fir O\I\ﬁr Sgg;ge ey : the 1nput feed 2026 to a first

rn . _The rent, go t i
a second end oferlP éStFPW”&SS?W"C@H?Ié’&cfvé‘zfgtag:%fr%%%gﬁﬂgtcgﬁgyﬁsra tef8¥ s 23 gr He
2046. H)Thei&weffﬁattumﬁ@ané Bab Hetmt sécdhd hith D01 ©OTIRORREL With BR4GIet byough t he

e
second spanning section 204 o the second turn |l eg connector 2048. The
current passfst fpantng setior263isceplatt andnioectoche 2auid thafizstigmn 2OkS udr st end

of the second turn 2018 to th econd end of the., second.tygLn 18 and t hen

tP o } Bgog /ezglgﬂoﬁggtlaﬂw-squ&u%wgcg‘hﬁg’&m G%?“‘@P%P{%é&g-bé#ﬁ?@%gs/ 012821
sec LRl 72.' RhmBea et sses

t hr ough a “PPLe sgﬁtéo%g%b 3?#@%‘]% r QH# gérﬁngg%ﬁg ound t heeb?ﬁlie(r}ggtttﬁ?r% 02%20 to a

second eng@fhetsb&ndRinnd0l Br Dik202R, th¥ second spamning spetidn 3944 peavidesem t he second

end of the third turn 2020 through a third turn_le onnector . 2034 to a
fi r st 15end cotrentipethftp cempesaigapPnige e iy tbﬁthzrdé‘zma%rbao Pﬁ‘éﬁ’etg&l’ ¥ &’85‘?‘?&‘ turn |leg

connoct or B a2E gt PP el PP 3R ERld A SRR SO HDPRE o ene
o 1 odd Bkok047 s s popant, e Fhetourihzi i 2022 he
addition, the current path, provided by the second spanning section 2044, is substantially
parallel to the circumference of the third turn 2020 and the fourth turn 2022. The
20 connector legs 2026, 2028, 2046,2048, 2050, 2034, and 2036 carry non-azimuthal
currents which can cause azimuthal asymmetry. This asymmetry can be minimized by
locating connector legs with opposing currents as close together as possible. Following
that concept, the third turn leg connector 2034 is placed near the first turn leg connector
2046, so that the current in the third turn leg connector 2034 is always opposite the
25 current direction in the first turn leg connector 2046. Likewise, the second turn leg
connector 2048 is partially cancelled by the fourth turn leg connector 2036. The feed
2028 is partially cancelled by the input feed 2026 and the second turn-third turn
connector 2050.
This embodiment is created with a design preference to place connector legs with

30 opposing currents close together so they at least partially cancel each other which

minimizes the area enclosed by the resulting magnetic dipoles to provide improved
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source 2004. The RF source 2004 causes the current "I" to alternate
directions. The first spanning section 2032 provides a current path to
conpensatwofoat1she gap 10 in the first turn 2016 and t hePgapSo2iohe second
turn 2018. The current path provided by the first spanning section 2032 is
coplanar and close to the gap in the first turn 2016 and the gap in the
second t ur AZippdkal SYRMSWRi t i on, the current path, provided by the first
spanni ng section 2032, is subst anti al | y parallel to the circunference of
the first turn 2dtheughathes anthedieens icschematicatiy dlusiratedpireferablyirack duw i

spanni ng sectign 2044 provi des, a 15 curren th,to co sate .for the gap
P he T RedAn 33080 SR HabgavioR® phEsdBR e fagnBE98 Srb Eur ront
pat h provi g(?g, &Qﬂe d close to
the gap in ep?sﬁfdﬁgeﬁﬁsrcn 20ﬁ ?gﬁa@?’ﬁz‘gg‘%‘é@ PS nﬁgﬁg 23??%@8?%“2%%2 In

addi ti on, tiseussed ingh¢ preaiohs epbadiindatd Ao;hetehmcmemm shisenssed is the tpravioti@ 044,
i's substantiglly arallel t the i rcunference the thjrd turn 2020 and

the fourt h*Pipgimsps mayfeplas £ 87Ps|ang) Setigopt ezelzlsanfé 28 BREW 050,
2034, and @ﬁ@tl&ﬁﬁf)én%e&g azi nmut haI currents which can cause azi nut hal

asynmetry. I's as try can be mnimzed by |ocating connector legs wth
opposi ng currents as cl ose together as possible. Follow ng that concept,
the third turn FEg Adnaedienmatie IBdtratonpifacetiensabodithentfoff astnttaan | eg
connector 2046, so that the current in the third turn Ie conn ctor 2034

i s al ways @W%H‘F@%@QCQE“%W@F@H‘@R&W&@HWQM f‘h@#‘l ?Pi § connector

by he® oot IR AR RS RnbER 1 B ot RS a&%ﬁ&@.@qgér ffg et 0

cancel | ed Hyd dognprizeys fifseein Zﬂﬂﬁmﬂmdhﬁ@auﬁ@cmdvtﬁdw@xﬂsmeme ﬁt!;t frn zprmect or
2050. This enbodinent is created with a design preference to place

connect or Thtgsecomd leop 301 Genyeprisega seroned irs 2 £ (band a foyah Hen 2832, tHlegh igt | east

tiall h oth th d b th
Peeul 11 ny FRUAERT TRGHkoBaEh 2090 7Ry bt I 20k PR G SR RS 58 Sorkd®
PCT/ US02/ 2§Rﬁ2to ad7 b0k R the THETTREIM 16 AhhRHA fded '2$2831§Q@Hﬁé35€t'atfrdrﬁ the
schematically illustrated, preferably each turnis forned as a ring as

shown 15n tfmartbrtm%zl%t@tﬂrbwpmm sodftﬁe21r0|4n@sﬁns'a§pabmng S¢0¢10hé|132)18 square, but
the ends O(Ion%gcetec{ {)et\g’een the (r:s? %th?lg and tgg Eescogé] L glﬂ)a that it extexqgs adl h,oas
an upper outer turn to a lower inner turn. A second spanning section 2144 is connected
between the third turn 2118 and the fourth turn 2122, so that it extends from an upper
inner turn to a lower outer turn. A second turn-third turn connector 2150 connects the
20 second turn 2120 to the third turn 2118.As discussed in the previous embodiments, the
gaps are minimized. Also as discussed above, preferably the gaps in each turn makes a
radial angle of less than 7°. More preferably, the gaps in each turn make a radial angle of
less than 5°. Most preferably, the gaps in each turn makes a radial angle of less than 3°.
In addition, the gap in the first turn and the gap in the second turn overlap by between
25  50% to -50% the length of the gap in the first turn, and the gap in the third turn and the
gap in the fourth turn overlap by between 50% to -50% the length of the gap in the third
turn. More preferably, the gap in the first turn and the gap in the second turn overlap by
between 25% to -25% the length of the gap in the first tur,n and the gap in the third turn
and the gap in the fourth turn overlap by between 25% to -25% the length of the gap in
30 the third turn. More preferably, the gap in the first turn and the gap in the second turn

overlap by between 5% to -5% the length of the gap in the first turn, and the gap in the
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5 discussed in the previous enbodinent. A dielectric material, as discussed
in the previous enbodinment, may be placed within the gaps and between the
turns andwioasps2s2dp al l ow a reduction in gap size. FIG 2Pdrasazsibemti c
illustration of another enbodi nent of an antenna arrangenent 2100
connected to an RF power source 2104. In this enbodinment, the 10_.antenna

ar r angenerthird §5pepd B 23p i1 %tfoqtgﬁt}“m‘(ﬁ‘éa%f%l’g@%‘bgﬂdo F%[ﬁhezlfﬁ@"% Of‘ﬁig first

| oop 2106 conpri.se fi bi fodb Qs gk k8eonttgh 1S

i nsi de th&apilggletﬁlﬁ(?n 1%&56@]3#%@%%%?){%%%{}%8%t%l%%ﬁjecon%r|Sses a second turn

2120 and ané Satbhd ik isadke to Wi firtt ths, sothtsthe gamfin bijacant oondovedap 2120. An
input feed 2126 is provided from RF power source 2104 to a Ilfié’rst end of
the first within tilabeve dgscobaddimity. ehighough the third SHR &R &n the SAPE IROPAS heour t h

turn 2122 to the ower sour.ce A fir st ' Gib Qi A2 1S

connect ed fIB&?MEﬁF%@“%‘S (lii?cr?ng%)cl}ée fo ﬂgfg” Ssoztggtﬁgé ?%)I’S?Iﬁ:gf%O so that it
extends froma@By HRRBbvOMsEibddUinfitst On addifuE thd fisespahning sectios @t &hsbaspanni ng
section 2144 i's connected between the third turn 2118 and the fourth turn

2122, so tthagap in thxfisshtign £ fnandrtheigarsin the seaend gy H 200 The serpBd SBAREIE turn. A

second turn-third turn connector 2150 ec t he. t 2120 to
the third EHoR Affgpans t %m&é%%@ﬁ'ﬂ?ﬂ%ﬁ%ﬁ%a%’r‘r‘bztg%?‘ﬁ@ﬁ?g‘?‘#Eg gaps are

m ni m zed. di SaUSSEEAReNs R6REEs abtent bAIR t@edspdntate &ehhd gups. nakes
a radial gﬁg et;(ﬁgﬂasl éecils ?han%ﬁ%é I\/brepgpref er abl yf,) the gaps in each turn nmake

a radial angle of Iless than 5. Mst preferably, the ga s in each turn
makes 1@ radi al langtmrtiof, thegsrenhpath & from theRI) pewes Fouzcp 1@5@‘?‘1@@]‘%‘@% st

| engt - of erboporrtirad ot Rttt Affa PRemEb ey Filad et b 2000 D
gap int hetp&%%&ﬁ eﬁqﬁbgth%‘fﬁétlt?ngréaﬂn&%d"t@% 904phnin® Gibh 2132 Gietvuatnt he gap

in the thi urn. re pre ably, the gap in the first turn and_the gap
in the secsgsksiftonnthe fiestlspanning sebiiin/@isa tR6egh the 28 ond péthe spepnd twn 24B& gap in

the first tur,n and the gap in the thjrd turn d the gap in t fourth
turn over |taphdsecerd sudes thesmrensd tupsands "éltPélFFg%"ﬁOﬁ]th@“&%b‘%icﬁ%p‘?he third
turn. Mre, ppeferabl o4 108 14048 ciiéht bRSedMPough alfiter second
turn lé)veﬁlgg}‘ E§°%@?e&%%%n%§wgﬁq@r§%?§%ﬂe:cgngt%1 o?ct he rgzjap in tr%e first turn,
and the gagdidrtdird 138 adon8 3HeQhird Aikn PO 10S02¢ B0 of theithidd twm.nThnd t he gap
in the fourth turn overlap by between 5% to -5%+1the_ | ength (?f t he

current path passes from the second end of the third turn through the Second spanning

section 2144 and through a first end of the fourth turn 2122 to a second end of the fourth

turn. From the second end of the fourth turn 2122 the current passes to a output feed

20 2128 to the RF source 2104.. The RF source 2104 causes the current "I" to alternate

directions.

The first spanning section 2132 provides a current path to compensate for the gap
in the first turn 2116 and the gap in the second turn 2120. The current path provided by
the first spanning section 2132 is not coplanar to the first turn 2116 or the second turn

25 2120. The current path provided by the first spanning section 2132 has a component that
is substantially parallel to the circumference of the first turn 2116 and the second turn
2120 but also has a vertical and radial component. Likewise, the second spanning section
2144 provides a current path to compensate for the gap in the third turn 2118 and the gap
in the fourth turn 2122. The current path provided by the second spanning section 2144

30 is not coplanar to the third turn 2118 or the fourth turn 2122. The current path provided
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gap in the third turn. Although the first turnis not in the sane |oop as
the second turn, the second turn is adjacent to the first turn, so that
t he gaps wooadjzmeent turns overlap wthin the above desciPCivamol/23on: s.

Al 't hough the third turnis not in the same |oop as the 5 fourth turn, the

third turn is adjacent to the fourth turn, so that the gaps in adjacent
turns ovéylthpsdsynd spannivgsectivadf4 hask omponent thay issistantiily naalle} o the

spanni ng section 2132 span t ap..n fir r t gap in
t he secondFH™ r?ﬁ@.%thﬁﬁgiri%ﬁgwgaﬂ@&h? %&Hﬁ%@@?%%ﬁ%ﬂsfl@a%grﬁﬂ @ﬁleihgap in
the third LueioddbBenNeht st Sadhning sétfon2192 bfid thersecoad 3ganningwectién B144and
second spanning sections provide a current path to conpensate for the gaps.
10 I'n operasé placed didee tcund bettveqatht sécond romhitdeturFecopoesser H60raé trruaputhr ough
the input feed 2126 to a first end of. the first turn 2116%1 he sr;l_yrrent
goes af ourfeed He8rsp it the yertionl qempangnts frogLBe frst Spropng E1qn 7192 apg e

connect ed l 14 511 nddR4-by TREc1fhi Bk thdd%eRStuEs-OM t he
first spar?%?oﬁ%d% %%{"ls%s)gnecg% m{ %% ’S’E t)ﬁe first yendC of the second turn 2120

to the seapidtgndomieciohel Seadribe output fegt IR end sothehie salidedmporent fiely d turn
connector 15 2150. From the second, tur n-tgiéﬂ turn,.connector !%15 t he
current pdbefist spansingiseeion;2idy 1s neripliyreangelied by g rediah FORPSRTH S¥E hi rd turn
2118 to a secand end of .. hi rn. SUhER N alRPERatPRGHES from the

second encfe%cf“%ts%nr??ﬁ ér)eﬁu{nggln&f hfrngdﬁitgs'wa?htéﬁs}s}g%%n spénani ngr asecti on 2144 and

through a dekibsoreerendtotphie tontettor leys Witk bpgosing ausstehue epsthef sa they four t h
turn. Fromtﬁe second end of the fourth turn 2122 the currentaga ses to a
out put f edeaspparfialhBcangelieach Fibierswhiel mimimdzes themsea qaelosed Py hesr 1B fises t he
current "I1" to alternate directi . first spanning section 2132

provi des éilfé‘l}?srt@r?{o‘ﬁg?ﬁnRIS"eéloaf?B%‘htgagtSSEm}%ﬁyt he gap in the first turn 2116

and the gap in the second turn 2120. The current path provided by the

first spanning section 2132 i.s nat copl anar .to_ t firs or the

second turn 25 @Mghﬁﬂée@éﬁ‘ Bt Ibﬁfg’ﬁg’ﬁ?%ﬁ?’d@‘&ﬁﬁ St?{sfefafb}}}s%gcgﬁlgré%?ng

section 2132 GO - id t i 'pild ¥ gR @ Yeircilar bihe

ci rcunfer n%r(’a&%fss atarhxgg %ﬁ?g‘?ﬂﬁmﬁgﬁ}zefidéégﬁlgtg?%gﬂseconrd gtguraz’ e21r2c,(,) but al so has

a ver 4§ calsqgamnd, hadiednds ofpem@ps adjddeketvitisegaps Neowdboiedhs paraadiy aSect i on

2144 provi 895 a current path to conpensate. for t.g]re %g in the third turn

2118 and tdissueseg in the preweoysEmMbORInaRt-nA lelectrierpatep F*% C“S%etdﬁngl?ed?f?‘88 by the

second spanni sectio 14 | | & By 4118 or
%Bﬁnﬁﬁgy thélace% \%9‘11% ﬁlﬁ%&hs zﬁfﬁ%eﬁ@%@ tﬁé_’tﬁ%&eanh bdpA t

the fourt ™ curren provid
reduction in gap size.

Although in previous embodiments, the antenna is formed from a first loop and a

20 second loop, where the first loop and second loops are of the same geometry and are co-
axial and where one loop is placed over the other loop, other types of antenna
arrangements may be used. Such arrangements may use a single loop or may provide
that the second loop is of a different geometric shape than the first loop. The loops may
have more than two turns. Preferably, the gaps in the loops are minimized so that the

25 gaps make a radial angle of less than 3° and so that radii of the ends of the turns adjacent
to a gap are the same. In addition, preferably, gaps in two adjacent turns overlap by
between 5% and -5%. In addition, a current path is provided to span the gaps.
Preferably, dipole components are used to partially cancel each other. In addition, the
input and output feeds may be coaxial for part of their lengths as another way of reducing

30  their dipole effect.
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WO 03/012821 PCT/ US02/ 23092 by the second spanning section 2144 has a
conponent that is substantially parallel to the <circunference of the third
turn 2118wand/ottser fourth turn 2122 but al so has a verti calpcanboz/ezdz al
conponent. The first spanning section 2132 and the second spanni ng section
2144 are placed close to and between the second turn-third turn connector
2150 and t he oulhile thisfimegtion bas bsen desarbadia termstof seerat prefsrednt s from t he
first spanni section 2132. and {he cond. spanni saGti 2444 are

par tial Ly ERRRaTEal RS A Pat b SE e SRR A5 R gt R
connect or  gdel offifis inkentit RUbodl€8do Bd A@ted it theretd@inahy Sltdradivalwagooponent
from the first spanning section 2132 is partially cancel]led by the radial
conponent fmpemehiEng the owHwds pedapparptusecel toppresent inveptiqm|lsiskhgreforai s

nbodi nent .i s al d with desi ference,to pl t
PR b R R P
cancel eachiQhftits, MdinthitiBhd) b EfRSvaldies ARRwaRR 106 Gde Birit HRISRoPPERBE | C

S
di poles to provide inproved azimuthal symretry Although this enbodinent is
schemat i capteyentliivgstiorat ed, preferably each turn is forned as a ring as
shown in the previous enbodinent. The rings may be circular or 15 square,
but the ends of the rings adjacent to the gaps should have the sane radii,
as discussed in the previous enbodinment. A dielectric material, as
di scussed in the previous enbodinment, may be placed within the gaps and
between the turns and loops to allow a reduction in gap size. Although in
previ ous enbodi nents, the antenna is forned froma first loop and a 20
second | oop, where the first | oop and second | oops are of the sanme geonetry
and are co- axial and where one |loop is placed over the other |oop, other
types of antenna arrangenents nmay be used. Such arrangenents nmay use a
single loop or may provide that the second loop is of a different
geonetric shape than the first | oop. The |oops nay have nore than two
turns. Preferably, the gaps in the |loops are mnimzed so that the 25 gaps
make a radial angle of less than 3 and so that radii of the ends of the
turns adjacent to a gap are the sane. In addition, preferably, gaps in two
adj acent turns overlap by between 5% and -5% In addition, a current path
is provided to span the gaps. Preferably, dipole conponents are used to
partially cancel each other. In addition, the input and output feeds may
be coaxial for part of their |engths as another way of reducing
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30 their dipole effect. -41 WO 03/012821 PCT/ US02/23092 While this

i nvention has been described in terns of several preferred enbodi nents,

t here arewalw3@imbi ons, pernutations, and equi val ents whi checfraiso2/esobhi n t he
scope of this invention. It should also be noted that there are many
alternative ways of inplenenting the nmethods and apparatuses of the
present invention. It is therefore 5CLAIMBded that the foll ow ng appended
clainms be interpreted as including all such alterations, pernutations, and
equi valents as fall within the true spirit and scope of the present
invention. -42 WD 03/012821 PCT/ US02/ 23092 CLAIMS What is clainmed is: 1
An ant enna arrangenent for generating an electric field inside a process
chanber, sal d_ant.epna arrangenment conprising: a first |oop disposed

ar ound aﬂ‘ghyﬁﬁﬁg} ?ﬁg, conprising: a first turn with a first turn gap
wherein a first end of the first turnis on a first side of the first turn
gap and a iseconsh gnehmfartahgenidnk ftr gensratingsaneectricsfel d irdidsi aderocess chambef,i r st
turn gap; 10 a second turn with a second turn gap wherein a first end of

t he setondatdantenng grrghgerent SOMPI§INge of the second turn gap and a second end
of the second turn is on a second side of the second turn gap, wherein the
second turn is j b tch idhd:-St turn and spaced
apart fromthe a%ﬁf@@?&%gfrsﬁ?s%g%ﬁm\i}ﬁg}rl%ﬂ%ng%gshgirﬁﬁasﬁﬂé%d s passes through the
center of the first turn and second turn; and 15 a first current path
connect or el ect ri cald firsttarmneith e first curh gap Whersin a finshensimd the figst BiEris®a & ur n
conprising a spanni ng section between and copl apar. with .the first .turn and
the second tur rﬁf&ﬁéﬂWit]é%ﬁ@b‘é‘ﬁkg"cpr?é‘%fai SF%‘i“dte&B ﬁ?glﬁpﬁrgmlﬁ 802 SESRG 198 n

gap. 20 2. The ?rﬁ%{fgrgﬁuﬁ{éa%?gerrent as recited in claim1l, wherein part of

the first end &

10 a second turn with a second turn gap wherein a first end of the second turn
is on a first side of the second turn gap and a second end of the second turn is on
a second side of the second turn gap, wherein the second turn is concentric and
coplanar with the first turn and spaced apart from the first turn, and where the

antenna axis passes through the center of the first turn and second turn; and

15 a first current path connector electrically connected to the first turn and
the second turn comprising a spanning section between and coplanar with the first

turn and the second turn and which spans the first turn gap and the second turn

gap.

20 2. The antenna arrangement as recited in claim 1, wherein part of the first end of the
first turn is a distance from the antenna axis that is equal to the distance between part of
the second end of the first turn and the antenna axis, and wherein part of the first end of
the second turn is a distance from the antenna axis that is equal to the distance between

part of the second end of the second turn and the antenna axis.
25
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first turn is a distance fromthe antenna axis that is equal to the

di stance between part of the second end of the first turn and the antenna
axi s, andwetwBneisar part of the first end of the second tumPeTiEs0z 2305t ance
fromthe antenna axis that is equal to the distance between part of the
second end of the second turn and the antenn I S. é; -43 WD 03/012821
PCT/ US02/ 28092 Tt Wﬂ&ﬁ%ﬁ&%&%@%j@%ﬁ‘@éi Vherrip4F first Rrmsgan make3dor o n
the first tur a1 ol adi I jrst turn
and mherefﬁg?ﬂggéeggggﬁﬁﬁ}H)ﬁggkggﬁg@géﬁd?gﬁ%ﬁiﬁgﬁgﬁgdégn%%g?Q?ﬁ%% 10 of

t he secondafil fhgldofless thiie1 (of ernecadtangenent as recited in claim3,
wherein the first turn gap has a- length and overlaps with the second turn
gap by a distance between 50% and -50% of the I|ength of the first turn
gap. 5. The antenna arrangenent as recited in claim4, wherein the first
current path 10 connector is connected between the first turn and the
second, tur andTl?eOe{EPJnhﬁgﬁén%n%ﬂ%@kaﬁdqﬁaﬁinﬁ)@, WhérBindhd fifsBrunPpsdh BRA a second
end, wherei'n t he spanni ng ection Is substantially parallel to a

ci rcunfer eleﬁ%ih ahd bilapk wath thegeaondatufr gaptbytadistanerbeteden 50V eapde60had it
between the Tirst end of the spanning section and the second end of the
first turnengthef thedirstiibrfgapst turn connector leg is substantially 15
radial to the first turn; and a second turn connector |eg connected between
t he second end of the spanning section and the first end of the second
turn, wherein the second turn connector leg is substantially radial to the
second turn. 20 6. The antenna arrangenent as recited in claimb5, wherein
the first 4.urn Tig antdnds hamigealehyasaeditedliaclamnd, wheeisdoofict curent path
substantially circular. 7. The antenna arrangenent as recited in claimb®,
furthep corapnedomig cw@déeww&therﬁﬁi%@@m SSpPHYMANAGOBIRISEe first turn
and second turn to elimnate arcing 25 therebetween. -44 WO 03/012821

PCT/ US02/ 23092 a spanning section with a first end and a second end, wherein the spanning

section is substantially parallel to a circumference of the first turn;

a first turn connector leg connected between the first end of the spanning section
and the second end of the first turn, wherein the first turn connector leg is substantially

15 radial to the first turn; and

a second turn connector leg connected between the second end of the spanning
section and the first end of the second turn, wherein the second turn connector leg is

substantially radial to the second turn.

20 6. The antenna arrangement as recited in claim 5, wherein the first turn is

substantially circular and the second turn is substantially circular.

7. The antenna arrangement as recited in claim 6, further comprising a dielectric
medium is disposed between the first turn and second turn to eliminate arcing

25 therebetween.
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8. The antenna arrangenent as recited in claim1l, further conprising a
second | oop coupled to the first |oop, wherein the second | oop, said second
| oop havwog3saizgeonetry that is substantially simlar to @cgamoebsog2 of the
first loop, the second 5 |loop being vertically displaced fromthe first

| oop and pl ace around the antenna axis so that the first | oop and second

| oop are symmetrically aligned relative to the antenna axis and wherein
the first |oop and second |oop are arranged to carry a current there
through ig th Lr | t. e IS, wherein the second
| oop conpr@ses?rlgeaat%h?ﬁn% aﬁ%éé?mv}hn%sc}g&%ﬁil?gla%?hﬁg%& a éls 0 a fourth turn
with a fourth turn gap. 9. The antenna arrangenent as recited in claimS8,
further conpri si@gohloBh copied to thOfifse Bopowniipdreid thosettral fobp,shid seemddoap t he
second | oop. 15 10. The antenna arrangenent as recited in claim?9 erein

the first kavingsegesmstiydhaids subsigatiallycomiianied eenenhok thafirst oopathesesonthan t he

wavel ength, of ,enerqgy. transmtt t [r SRR QEE%P «nll. The
antenna ar 8RBE%H%I§§IEW§8$?%SG$O$Cegil%%q&%}%?e@%en sal gﬁgs%{gon %58 20
ef fecti vel ashi Btdfoop dndsedonalloopalré agemeticaBi dightd tlativeapthebtenihaxiant enna
arrangenment as recited in claim9, wherein said first and second | oops

cooper at e 4nd Wherein ghe fasi loop Ard segord lenp aieiagrapgaside camy icuirentithess HEoUghyr ocess

chanber wth a first .RF ene nerated.by.a.fi - .Spurce,
wher ei n sa‘indg‘éﬁnfﬁf{“f?ép?%/ar%mg%?a%’?acaxéﬁ’ ¢ %’l’%t iséﬁ%%dflﬁgorpo rrc%\otg;ns?u%st antially
azimuthally symetric plasma, which -45 WO 03/012821 PCT/ US02/ 23092

produces a substantiphly teiviigr MMhRdee&agep;aade across the surface of a
substrate di sposed inside of said process chanber. 13. The antenna

arrangenment as recited in claim9, further conprising a dielectric 5 nmedium
i s di gposed between « foerth tura withua feurth BBn gaond turn, the third turn, and
fourth turn to elimnate arcing there between. 14. The antenna arrangenent
as recited in claiml, wherein the first end of the first turnis a

di stance fromthe antenna axis that is equal to the distance between the
second 10 end of the first turn and the antenna axis, and wherein part of

the first @nd ofnheld@nSigaRikement as recited in claim 8, further comprising an RF power

source coupled to the first loop and the second loop.

15 10.  The antenna arrangement as recited in claim 9 wherein the first and second loops

have a combined length that is smaller than the wavelength of energy transmitted through

the antenna arrangement.

11. The antenna arrangement as recited in claim 10 wherein said second loop

20  effectively shields a terminal voltage of said first loop.

12.  The antenna arrangement as recited in claim 9, wherein said first and second
loops cooperate to form an azimuthally symmetric electric field inside a process chamber
with a first RF energy generated by a first RF power source, wherein said azimuthally

25  symmetric electric field forms a substantially azimuthally symmetric plasma, which
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turn is a distance fromthe antenna axis that is equal to the distance

bet ween part of the second end of the second turn and the antenna axis.
15. A pl awoespimseessi ng apparatus for processing a substr @Ce/Usomeo? Si ng:
15 a process chanber in which a plasma is both ignited and sustained for

said processing; a multi-layered antenna configured to produce an .electric
field via.M@d@WEdeb“@ﬁ§pﬂém§§WhmBPﬁﬁHggmgﬁﬁﬁ%%g?éﬁﬁpéﬁﬂﬁ?@%ﬁ 99%FAng a
first |oop. a I which are substantially simlar to one

anot her, éﬁ%ﬂ%ﬁ?%ﬁggggg?fﬁﬁg ?fcally aligned relative to 20 an antenna
axis, the first loop conprising: a first turn with a first turn gap wherein
a first end of the first turnis on a first side of the first turn gap and
a second end of the first turn is on a second side of the first turn gap;

a second turn with a second turn gagfgher in aﬁ%&rst end. of %h@ second turn
25 is on al}irsThesnienngrrapgemeat aygeiedrn clap 2 § QIYBRY Y EF T he second

concentr | crada S Bl befterh S5 SRCEM U ST, MU Bk e T et

turn and spagigdnapafcing thembetveeehi rst turn, and where the antenna axis
passes through the center of the first turn and second turn; and a first
turn-second turn connector electrically connected between the second end

of the first turn and the first end of the second turn conprising a 5
spanni ng section between and coplanar with the first turn and the second
turn and ic eﬁ-,%gh t GREfrst Biidlof8p firsand a

mul ti-| ayeir,ygd vﬁﬁ%@%%ﬁﬁﬁre t%%regﬁag?vctﬁﬁglb{gggg%e of said RF energy from
sai d ant enfagn 1s@ digthiteffoae €RanthAarinds thasmiequalitothe Wistenee hegtweer thesecandyer and

a second |ayer, said second | ayer bein rranged .to r.e capacjtive
coupl i1, v Qtiharaspt bee ard thi@nts_%%@é%a% P efﬁl!nég*f?é’fé‘}Fdf_%gg‘%d‘ AR 16, an
ant enna ar@%{] erﬁ%}t 1(%%0& %%&%Q%&i?ﬁlaﬂs%gﬁeﬂ b tHe | Rt £hck BEtwEn BarP bOGES S

chanber, A nfia ar rangenent conprising: a first turn with a first
turn gap wWees&d éhdtofithé Sdcominind theadtemstaxisurn is on a

15. A plasma processing apparatus for processing a substrate, comprising:
15 a process chamber in which a plasma is both ignited and sustained for said
processing;

a multi-layered antenna configured to produce an electric field via RF energy
inside said process chamber, said antenna having a first loop and a second loop, which
are substantially similar to one another, and which are symmetrically aligned relative to

20 an antenna axis, the first loop comprising:

a first turn with a first turn gap wherein a first end of the first turn is on a
first side of the first turn gap and a second end of the first turn is on a second side

of the first turn gap;

a second turn with a second turn gap wherein a first end of the second turn
25 is on a first side of the second turn gap and a second end of the second turn is on

a second side of the second turn gap, wherein the second turn is concentric and
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15 first side of the first turn gap and a second end of the first turnis
on a second side of the first turn gap, and wherein the first turn gap
forns a rwdiloimegl e of less than 5 ; a second turn w thpaTasopmbot urn gap
wherein a first end of the second turn is on a first side of the second

turn gap and a second. e second a seco | de of the
second turn gap’® %@Fgnﬁq{‘%érsgE’f‘bﬁ#%ﬂ?#@#@@%&ﬁlﬁréﬁw "Fﬁ l?ei?&e turn and
spaced apart fr gieddaexdd ﬂa‘éiesftl%f)ﬂ%h B detlt ehe fidshRrPdHdREGhdAN IS aBSSES

t hrough the center of the first turn and second turn, wherein the second

turn gap forns a radial angle of |ess than 5 and V\/nereln the first turn
gap has a length andaﬁm&@rrnap@nwtmncph@c@éébn@cawwr@a@ecbbetwe@m@en 50% and

-50% of the f tt d t t t
o oct v cal'ty cormeatd & 3B FET ri Gadns it and Of BE ecoBR bitn SORPRSES Ao 1 si ng a
spanni By sect i oghhigReRAMENIRA aBdl ESladabith SRPARNErE LRI the SSRRE ndrk b 9ap-

which spans the first turn gap and the second turn gap; and

a multi-layered window configured to allow the passage of said RF energy from
said antenna to said process chamber, said window having a first layer and a second
layer, said second layer being arranged to suppress capacitive coupling, which may occur

10  between said plasma and said antenna.

16.  An antenna arrangement for generating an electric field inside a process chamber,

said antenna arrangement comprising:

a first turn with a first turn gap wherein a first end of the first turn is on a
15 first side of the first turn gap and a second end of the first turn is on a second side
of the first turn gap, and wherein the first turn gap forms a radial angle of less
than 5°;

a second turn with a second turn gap wherein a first end of the second turn
is on a first side of the second turn gap and a second end of the second turn is on
20 a second side of the second turn gap, wherein the second turn is coaxial with the
first turn and spaced apart from the first turn, and wherein the antenna axis passes
through the center of the first turn and second turn, wherein the second turn gap
forms a radial angle of less than 5° and wherein the first turn gap has a length and
overlaps with the second turn gap by between 50% and -50% of the first turn gap;
25 and a first current path connector electrically connected to the first turn and the
second turn comprising a spanning section which spans the first turn gap and the

second turn gap.
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