5 The present invention relates to apparatus and nethods for proc; 23
“substrates_ such as sem conductor substrates for use in IC fabridatQ 806
gl ass panelOP¥M2BPe in flat panel display applications. MoTES02/23092
particularly, the present invention relates to inproved plasma processing
systens that are_ capable of processing substrates with a high degree of
processi ng uni AET] AM%TETSAFQRLBR%U(HN@MMRM

PCT/ US02/ 23092 METHOD AND APPARATUS FOR PRODUCI NG UNI RATES
Background of the Invention 10 PIERCESSRATES systens have been around
for sone tinme. Over the years, plasma processing systens utilizing
“inductively coupled plasma sources, electron cyclotron resonance (ECR)
sources, capacitive sources, and the |ike, have been introduced and

.enpl oyed to various degrees to_process seniconductor substrates and gl ass
"panel's. 15 During processing, Batksrousd okthe¥utentionand/ or etching steps are
typically enpl oyed During deposition, materl al s are deposi ted onto a

substrate surfa 0128 e of a anel or
a waf er§ For examﬁi&g dﬂg%“s%‘f’?’?\%) t?i(?éapgar ‘Qg%afgbﬂ@cesﬁ%‘ B S@P e8i | i con,
silicon di csabklgs seitdr@astoniubktrA&s fol@iedh §C %ﬁc&ﬂ%ﬁdrgﬁgeﬁ%?ﬂs%dﬁsgmgt on the

- surface of the substrate. Conversely, etching ma

sel ect i vel ypapeldisplay applieations. sMorepre—tiuladly the présent émsntion felutes 10 D proadd
contacts, or trenches

. surface. | e .et ched features uch as vi as,

: rray be for %é‘if%ﬁ’?‘ﬁé@%%&?séﬁa gffeeapehile phprecessiog anbstzates with a highdlervse obf
pHASITR. P OGRS Mﬁﬁﬁnﬁ? ak ULERet O generate the plasma. FIG 1
;ljustrat es a pérﬁfgor art u%ﬁ%tﬁ%/gﬁbg asma processing reactor 100 that is
used for plasma processing. A typical inductive plasma processing reactor
includés a 25 chl IPrac@ging sybtems havet e aroand fon doiaé tine. Ovef théQdargli Sposed

above a dielectric wndow 106 Typicall antenna 104 is operatlvel y
ks?‘ﬁpgqceﬁ#‘gpiﬁ@w é‘B{WE%me@’VE};’F‘E’PPlﬁéPm sowcegaelegont 110 i s

provi ded WeydthtorRadHaREe (HOR) ShiRbes Saplifit8tkel Ynd 121825109 been

introduced and employed to various degrees to process semiconductor substrates and

glass_ panels.

Ny 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 Iike may be formed on the
: Q . surface of the substrate. Conversely, etching may be employed to selectively remove
20 _T-jriaterials 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, €.g., the etchant source gases, into the RF-induced plasma




gaseous source materials, e.g., the etchant source gases, into the

RF-i nduced plasma -1 WO 03/012821 27/01/2006 PCT/ US02/ 23092 redild® 1oe2086én
di el ectri cw(yvbjzﬁgghl% and a substrate 112. Substrate 112 imcroso2edesced

i nto chanmber 102 and di sposed on a chuck 114, which generally acts as an

el ectrode and is operatively coupled to a second RF power source 116. In
order to cregitmbetwobmdictectriv windowd86 apde substraigp L12. Subgrat bidds intdpcadhr ough

gas 5 port, 110. .Po i s .then.suppli o, 4 ctive cojil 10 ' i rst

RF power sdﬁtPﬁga@g%'%’tl‘lﬁﬂg disppyeron %h“%g]é?gvh%gtépe?%%ﬁ %c%()%sg% e??‘%%gél]g? ectric
wi ndow 106 jand-aively GRipfligs bsédond RFYotvet SowrdeduGed i nsi de chanber 102. More
specifically, I1nr spoﬁse to the electric field, a circulating current is

i nduced in chanmber 102. The electric field accelerates the small nunber of
el ectrons pr esefn ordes tadweattia plaismataproesssigisig inputinia ehagber | athygugh gahe gas

10 nol ecul es qf . the process . Jhese.col Li.s,ons I, I.n_1oni } on and
i ni tiat?on MOR140. gF’?’gﬁ‘é sgﬁﬁlquég ﬁ@%q@.mgéﬁﬁgs%ﬁﬁw&wqrﬁgﬁﬁé?gﬁ.t , the
neutral ga %,h@o qﬁﬁ,ﬁgh it windb Erong

el ectric f%@%@gﬁe ee(g rorlllgf,agan eglggl behi nd pg(slfolf.ﬁiq{/lgl%érgﬁglrecteﬁd i ons.

As a resul tfieldie shducy®ingidekhargba 1020 Moregpgeifically, yin céspongedo thel elertnioheldand
neutral gas nol ecul es (and/or atons) are _cont ali ned i@gi de the pl as 118.
i s As soon apircelping ewresanf isrinduced ipshamberl (2; The ¢lgFiEc Sgideacpeleratesthe f188E [ at e,

t he plasma j gnit ce th . Pﬁﬁldm r | ecul es

I nside the %ﬂ@ﬁ?%&ém?%sﬁéﬂ%@%%gﬁﬁbgﬁpﬂég e suc'ra acé]a g}ﬂ?%{m

substr g e. fu%ledm oF theSpraems gas. TMeseXollishsis rézRk Mefvniatiooaid iniationofao the
the neutrals gaS nolecules at the substrate nay_be diffusion f)

e

presence o L
(i.e., the disshoperonplasmaehts. ds iswel knovesinithearg dhe peutreheasimaslpculesafdhe 5 20

I f tral ' (e.g., I I | es), tMDI v b
found al ongrecs® 828 qiea sabited saebe sroreei3 e Lo AR O midffk Behib or,
el ectrode %?A‘%*%i%?r‘g‘.ﬂﬁ%t | ns.| Rglﬁﬁes;hlg’ rsa‘l%l?%ﬁb@dmde wegscﬁaf@dsubst rate

wher e t hey, on Wt Specres, activate the etching
reaction. Quetrgrsehderutrdlaias heiechies (andior stomispare gontainkd insitiedhe plasipa biva
systens, such as 25 the one ngntioned above, has been yarjations in the
et ch p¥ f orARsnoRaTibe GEcstiemeatepf fzqerclgelonsexgeeds Qleﬁéﬂﬁsd'ﬁﬁ I\)"Fﬁl\aépéﬁg‘?l%'e. That

is, one area of the substrate gets etched differently than another area.

As aresult, itgyg, ﬁl)étprl:a%'r’ﬂ’aaI hhs géJJ fofthidd nefrAQ8L ABlech®inside the plasma tend
‘to be directed towards the surface of the substrate. By way of example, one of the
mechanism 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) :ﬁay typicaily 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 aresult, itis ektremely 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 typicaily translates into higher costs for the manufacturer.
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par’a{rreters associated wth the integrated circuit, i.e., critical

= di mensi ons, aspect ratios, and the like. Additionally, a non-udi¥&If 2086

rate may Ium:bsmzsdew ce failure in the 30 seniconduct or mp@m@azmsyﬁh
typically translates into higher costs for the manufacturer. -2

03/ 012821 27/ 01/ 2006 PCT/US02/ 23092 Moreover, there al so exist ot her
i ssues of cMnseqver, Shersralspsexist othey issudsiof conshrnrsactess the overalpeioh rdte, etch

m cro- | oadi sel. ec L Vi t d.the |J In recent years, it has been
f ound t hat P‘%&emﬁ%ﬂ %Fﬂ?%vgﬁ@ggl@@%y be the result of variations in

the plasnma density across the surface of the substrate, i. e., a plasm 5
that has regi Onsln%éeﬁtﬁﬁhfbait%s aeenlts&ﬁmmaﬁeaaﬁ&f«uﬂror It (€. 9.
positively charged ions). |l e not wishing t aound by theory, it is

bel i eved t hegsult bfefamatuomtmﬂms:lam @mwmmslsmfamméﬂmrwhﬁmﬂe bhy., aplasmmt r i es
har acteri stjcs of the power

t hat f th 1
coupl § ng, l"*flafjhas” i A0 st G e ity O R eRENI B (e A ASREVEIY| 1 b
power coup éﬁ%ﬁ%ﬁfymﬂéhbﬁmshﬁgﬁ?{%a M&%@@gmwaievw&aﬂh& gﬁﬁggggf ore

current of the 10 induced electr asynmetric
the i oni zat inglasmadensiiytaretreated by asyninetritstbararefotind hﬁhﬁpmf&idhsmlsm&ﬁ a

result, variations. in_the plasma_density will be encountered. For exanple,

sone antenn‘é‘%ﬁ”&ﬁ&éﬁgﬂ%"@"“ﬁm@’@%g:&ﬁsrwmdlﬂmﬁmﬂ@wsﬁndfp ageht er of

bl s t enc ey hphaF bAoAl TRbRA @reap O e iR AR | oo™

shown i Flifiduced bledtrib Yield wislrte abjBmetrit, ﬁm&hﬁ%&ﬁbﬁﬁﬁbﬁhﬁﬂlﬁuﬁﬁmwercom ng
@asymtrl c power coupling has been to conpensate or bal ance out the

asSymmetri eshe mﬂewdh!rﬂ asymgnaitrin &Sépmsult,dfmqsioammthe ahsmaldasltymnlllbcr ease the

current den ak cur,rent ar ni n me a spl ral
ot enna to PRI FOR Spig s 3pBR% aiPestucil ldfeeh 9me9€'§P§1ﬁ songln

thi ckness ahe &dter BEthE b@il Qb Mcak W ﬂﬂ&lemef BaflQcF SARECSiN CCoEspSiiingenRd Ly at
strong current areas. However, these bal anci ng techni que tend not to

provi de an pasimaienidakd gombﬂowudpwntenﬁmw progess dleatber ¢as shivey iskIG. | t end
to hav a2|th thalugﬁrlatlons that lead to variations in the plasm,
whi ch keél? It to obtain etch uniformty. Moreover, nost antenna

arrangenents used today form sonme type of capacitive
The standard technique for overcoming 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




25 coupling between the antenna and the plasnma. Capacitive coupling is -.
created by a voltage drop between the antenna and the plasma. TR/ B £3086 <«
drop typi C@bl Iﬁ%&{m a sheath voltage at.or near .the coupfipfigoz/sospdow.
For the no %3 , the sheath voltage tends to act |ike the bottom

el ectrode (powered). That is, the ions in the plasma tend to be

accel er at edc«ﬁ@ﬁﬁﬁ%ﬁd&ﬁvﬁh@ﬁtﬁu&&hﬂa&hﬂaﬁhgi%&@d@éombardttbw\aw&se ofthe
negatively charged -3 27/01/2006 WO 03/012821 PCT/ US02/23092 coupling

wi ndow. As eouplisgmindovhe accel erating ions tend to bonbard the surface of
the coupling window. These bonbarding ions will have substantially the

same effect on t c ' %mmiﬁé &an,ﬁ AR sih& et oh s linge. , they
will either et ch?ﬁ?ﬁeggg%?ila&% erira orslat e %E(COUSI i ng wi ndow ?3% agge. Thi s
may producewiiesistad) @ aitheaibsiary elj thtytrilbeithesetch or depbsit masexiaborethe

deposited material nay accumulate on the cqupl | | ndow and, beco t he &
source of hwuﬂhgmma&@-@%gﬂbﬂioépwbwpf HPPIFﬁ%ﬁ?QE 'onto the
substrate

ur f ace enoyi ter] t i = \WA ] have a
S e ot ¢ Bt xaiple, o] SR ses kbRl diiE BRI Satidiias Bebme N
cause proce SISE&L 6?13&&:@2@&&&&@@&1@ when idateriabflaites bffumsoribe Silstrate
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properties o e power c ling (e.g., antenna, _dielectric w ndow,
pl asma) . AssurBiet] Remdying meterizb frony the couplingamjadoawilt have 8 similaresiesh

processi ng, _which lead to device fajilure in the sem con jrcuit. In

vi ew of t heEverealb; Wﬁ,ln‘ifﬁ?éPéré"rcée"a%QtH’égnﬁsﬁW %ﬁeﬂgﬁ%gg'gﬁé@%]’géﬁpar at uses
for praduci Is g&m’i ! @ﬁ@,@ﬂ: " ebshhrh®s, There

are al so de %&éﬁ{eﬁ)o%\gg m%@“’gﬁgeﬁdﬁ%r at useg l?%rgqr gduci ng the )
capacitive g@mﬁ-jcnﬁnb@w,\gﬂﬁmd)hm nientionsdapmnchs vinatisinagayslead @ opAgOED06 WO

03/ 012821 PCT/ US02/ 23092 Summary of the Inveption The invention relates, in

one enbodi nerecessingawhishdead te devipafsijurean thesgricogdurtor et on el ectric fiel d
i nside a process chanber. Generally, the antenna arrangenent conprises a

first | oop disposed ar t ' di'E}ﬁo‘l}édrrﬁéthéMda fanisdsIes a
first turn with E‘?F‘rgé)?u%%ﬁf”?\e@a% ’%ﬁé@sﬁrst end of the fi ?st turn is on
a first producing uniform processing at the surface of the substrate. There are also desired

15 improved methods and apparatuses for reducing the capacitive coupling between the

antenna and the plasma,




side of the first turn gap and a second end of the first turnis on a
second side of the first turn gap; a second turn with a second2fyirl 42006

“where a first end of the second turnis on a first side g&ﬁdg@,ﬁ@&ond turn

gap and aVREBMBZ g of the second turn is on a second si t he second
turn gap and where the second turn is concentric and coplanar with the
first 10 turn and spaced apart fromthei-‘ gi ESt E!urn, and where the antenna
axi s passes through the cent erSugm ve and second turn; and a
first turn-second turn connector electrically connected to the first turn
and the second . L $.4: 007 'H henmeirmesmerFok Ccopl anar
with the first ﬁ%#@%%@tﬁﬁrﬁ@g?ﬁﬁﬁg%% spansgt he first turn gap
and the sqerasatidgn el fidld idsid 4 pruess chamber | Genemallyi the aniortier enbodi nent

to a plasma processing apparatus for processing a substrate. Cenerally, a
process chansagenent grmaprisgda iyt logmdigposedsronsggn agtenpas. i'%}?itfr@tdc’%?nd

e, o A e O gy 1

produce y 1 nside sald process chanber, where
t he ant enngjdeRdtheNirkt tifit gapQPE a3B¢bnd endofahelfitsotupn iswinl cércondesidadfdhenfust al | y

simlar to one another, and 20 which are sggrr;retricall aligngd relative to
an ant enna tewnigap; dldeeord tugy with 8 second bicn gepswhere g first end of the §fcopd B §s,a82 ¢ 1y

wh first d of the fi t ' f] ' 40 r st
TP gan anitade o ikrotind B gnand p bRy i St ckbPluntls 4 aecpiSide) [0
first turn o?ﬂi%e@ond?ﬁ‘ﬁ%ﬁ?aﬁ&'meﬁé‘tﬁébﬁonmﬁ%@cédééﬁkiﬂaﬁd%}ﬂaﬁﬁrWithithﬂSﬁISEﬂd of

the second turni1s on irst side of the second turn gap and a second end
oft he 1p ec amgl ahd spacedapart froms dledfirst taingandovherthe 26tenna avisipassas thigugh thgher e t he
seegond turn is concentric anpd co | anar, with the fﬁﬁgturnmsﬁgﬁiﬁ&l@pa”
fromthe ficeaier efithefirshingn o AR m-secfy SHrFeh e center
of the firgt tuLD LT e 4 FibrCkeheat or 1S

el ectrical Icén%%%ﬁé%ﬁggirﬁgﬁmn%gw go@etéfgr?ghg%ﬂﬂ%??@ |§rést turn and the
first end qhdthfarkeaabehe Sisnturdiel the seednd tury andselicmspansithe fustwn@ap and
conprises a spanni ng section between and coplanar with the 30 first turn
and 't he sedmatcondrtumga®. whi ch spans the first turn gap and the second turn
gap. -5 WD 03/012821 27/01/ 2006 PCT/US02/23092 A multi-layered wi ndow is
configyred to ald ow | incdPbeMas to the -
procesigchanber%?%&ﬁorﬁg%iﬁg&aﬁgﬂlg W@ﬁ%@%égf%ﬁlgﬁdﬂ?ayer, t he
second | ay s f6eBing hiaREaE. Genauldpagictesahanbtriy providedlin whichwiplasmanay

occur between .
' 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 tum is on a second side of the first furn gap; a
second turn with a second turn gap where alﬁrst 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 tum-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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the plasma and the antenna. 5 The invention relates, in another enbodi ment
to an antenna arrangenent for generating an electric field insRd¢0 /2006
process chghg! nerally, the antenna arrangenment conpripi§$y st turn
with a first tﬁ}rlznsggap where a first end of the first turn is os%ygjo??rst
side of the first turn gap and a second end of the first turnis on a
second side of the first turn gap and where the first turn gap forns a

" radi al angl A mltitlayeged window is aortf(gussddo alow therpassagh obsaxb s b rdergy trongtap

wherein a first end of the second, turn is aon a first side of_fhe second
Ty anthteAna 0 heprests g1Ariiv L Woaw AT HE A artisver Sl bsrsond l5cto he; e
second turn ?d.%‘arfam i ﬁﬁ“f%' i 'ﬁ]%nﬁ | urn and
spaced apargf #rlgﬁ%lﬁ?e HSE“%’%%%%%‘&?@%S e h?’gnncﬁa X1 gﬁplé%&eeég

t hr ough t hethe phismi and thehamtdnngest tam and second turn where the second turn

gap fornms a radial angle of less than 5 and where 15 the first turn gap has

a length and overlaps wth the secopd tyrn, gap by between 50% an -50% of
the first turn gty inyeniog relatesin agothensm dirHob i AR Gana aERECIeR of y

connect ed tgkhfing bh bR ol ABtle s BocS8 LA BHGARY I (RL MltedhaSPANN! g

section whi spans t irst turn® gap and the seco turn gap. -6
27/ 01/ 2006 arxéfpéinént tatpiisds@HrsiSne wRith 8 ArdBrure bafpwhere iafirstand of thefarsthomn ngs

The present, invention is illustrated by way of anpl e, and not by way of
limitati on,lsnonatﬁﬁ%tSfdegtfﬁ&ﬁmmmaapa@é@rﬁs@wpﬁ@og@aﬁﬂwaﬁanﬁﬁeqm?{élﬁ% i ke

T ust rat e B oyt e i n AR ks B0M B bnlll fess i . o

for  phaseseps eSSkl a stdof tlmighp WhbreR! firsFendl TSI PscporiORatis 0E aFiSsRIE ¢ )

including an antenna arrangenent =~ and a coupling wi ndow arrangenment, in
accor dance ofitherseornsi mbgati andrit seodndiend of the seqond tumyieen & seeond gidgpfihe3

illustrates the nulti-turn, gptenna, arrangenent... in ordance with one
enbodi ment %0 SE'H € %Fﬁ@%%&'&FGgmﬂnﬁi‘?ﬂh{hﬁﬁgégu?@E&P%\éﬁa%aing_e Vi ew
of the ml {torh e Tird W) 0 BhERTGEHHRHn okl 2RECOIFRA R dntdd 01 MRéhad! ment
of the present 1 nventidn. F 5 1s a cross sectional side view of the
mul ti -1 ayerand secn tinngvhwirertie secand 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. -
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15 -accordance with one enbodi ment of the pr esent |nvent|on FI G I S
«»schématic illustration of a partial antenna turn with a gap. FI @7/1)1/52306
perspecti vav@oxmes2i a nulti-turn antenna provi ded by an emnpotipsgitsoenf the
invention. FIG 8 is an enlarged schematic top view of a section of a third
turn, a fourth tum 20 and an output bus. FIG 9 is a top view of the

third turn. FIG 10 is a topBﬁeqzwemnﬂﬂ@Jf@bgppa%g?. FIG 11 is an-

enl arged schematic top view of s a section of a turn, a second turn,
and an input bus._-7 27/01/2006, WO 03/012821 PCT/US02/23092 FIG 12 is a
top view of the fhheqwesepyigventipn i illusirated by waypfexamplesantimot bewaydf t am FI G,
14 is a schempi p. ctiv lew of parts of the, first turn, the second
turn, the f.i dg%PuPﬁﬁgﬁ %ﬁ?w{“ﬁu&q&& awings aind ingvlich ]Eikecféf?fﬂﬂpéw of the
t hi rd turn, duRrdlOférito biiilr eRMEntd ahdinwhid!r n-fourth turn connector
nounted on a central insulator. FIG 16 1s a bottomview of the first turn,
the second turn, and a first turn-second turn connector nounted on the
central ?nsul at oFIGF] @dlustrgtes g prioriagindictive plhsma protéssing rastor Haols usddforl G 18
IS a cross- iﬁeﬁ%ﬂﬁonal view of the bottominsulator, the first turn,, the
second turn &P turn, the fourth turn, andthe central insulator.
FIG 19 is a cut .away perspective vi ew of the input bus and the output bus.

FIG 20 is a sch tgcuw ew of anot her enbodi nent of the invention. FIG 21
is a schematic vi fllusfrates  plagma Biocensing syvternacipding an petanna a@n@nEt 22 i s

t / 1012821, PCT/ US02/ 23092
Dot ar | od Decs P PARESYnEH Frpaniél Ao bitd ol eibdiment of e presea

Q invention.

J

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

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

_ 3 _ 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 tum,
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, 2 second

turn, and an input bus.
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The present. invention will now be described in detail with reference to a
few preferred embodi ments thereof and as illustrated in the acéddfhf2R§6 -
drawi ngs. wo oses2f ol | owi ng descri ption, nunerous specifi CPOBPUMYEIR e set
forth in order to provide a 5 thorough understandi ng of the present

invention.. It w.l. . obvi ous, .however. to one skilled in the art, that

t he present invgﬁ%ﬁﬁ&&%‘é‘%ﬂﬂgﬂ}‘ﬁ%ﬁuﬁthout some or all of these

specific details. In other instances, well known process steps have not

been descri bed i piGdefBhliop ieR'ofeie sBndi@munnecessarily obscure the present
invention. In processing substrates, one of the nost inportant paraneters

that process 10 engineers strive to inprove is process uniformty. As the .
termis enpl oyedFHerlkt is a schematic peispestivg vigwrafperts of the fikst turn,i the second/tust, t he
entire etch _process acr,oss.t substrate surface including etch rate,

m cr ol oadi n&,féﬂ’ﬂé‘ga”g’e?“éléﬁ‘ffﬁ“gsf“"ﬁhderl ayer selectivity, critical dimension °
control, and profile characteristics |ike sidewall angle and roughness. If

the etgh is highiq, 1 bWPRiel O (RAIRPhen, thd foufth BrRSGdh#rd Airm Fhgthatheh

rates at different points on 15 the substrate tend to be substantially

equal | n t hcennectoemounted onlaesntrdl insulatort hat one area of the substrate will
be unduly over-etched while other areas remain inadequately etched. The

present inventio rqvi des_ a plas ocessi sysiem for processin
Slbstrat et hat TS5 i PatER VisPeRhat FEC ioh e Pt andp Bisg ik fecdad
processi ng m&m&pﬁwﬂ@goﬁm&&mmﬁﬁyr ce and a process chanber. The
pl asma processing system 2 urther includes a substantially circular
antenna operatively coupled to the RF power source and di sposed above a 1
pl ane defined byFK7. d7lisa toptvaewhEnbottom mstlatorate i s di sposed wthin the
process chanber for processing. The substantially circular antenna is
configured to i an electri,c field jnside the proces anber with RF
ener gy %gener at 2@‘&)3 8153 CQps- Wﬂ’r‘tfjé&%’%%@g@ﬁttﬁeaﬁ‘@gﬁr '@ﬁ | ar

ant enna hasif@&nd@ﬂg%mgéggt%%ig% ' tuﬁ{,aﬁ&’ﬂa%%@ﬁﬁdd%ufh@&s ina first plane

and a second pal o0psS I'n a secon pl ane. The first pair of
concentric | oops and the second pair of concentric |loops are substantially
identical and s\fietlPisatityaway pepspattive viewaféheinputhes and thegutput bes non axi s.
The pl asma processing system further includes a coupling wi ndow di sposed

ot gured o THCEdin tSBHC G Aol enbedhissts) Bagpgeion " ' ©

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

15 FIG.22isa fop view of a faraday shield.
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aIIo‘vv the passage mot RF energy fromthe antenna to the interior of the

..process chanber. Further, the coupling w ndow has a first | ayeR 7adl 42006
second | ay econd Iayer is configured to reduce th dr op
f ormed bet \%F/eoe%smtlgsﬁw ndow and the plasma by absorbing at ?gi%aggg drtion
of the voltage that passes through t he coupl i ng wi ndow. The 5 substantially
circular antenna and sai d-caupld ng.wi nd e -grr.anged to work together to
forman azinmuthally sy - S et He o+ : JRBOdmMEntS, o nher t hat
produces a substantially unrform process-rate across the surface of the
substrate. I n acqpegees ildntioP Rl SPBEdestifibddnf dPtaf e ihirefcfiied aPt%w process
.uniformty across the substrate surface i's achi eved by providing an
i mproved antpeeferedembodiaents thexeof awdsiiljustrottd iwthe peamtyrhying drawingso gl asna.
As mentione awer, i s plredto antennatornduce an electric field
.and, conseq&g dﬁ“’c’??ﬁ‘%‘ﬁ UIELys greg%p,dp@ﬂg@ﬁe,sgq{prth Hsorder toproyidaas s
chanber . .5 Corﬂri& tlifvenliGh I ons in
the process chanber causr% ﬂﬁgr?n&&(% col |Hcej[t\;i\\n&§%§%‘%‘%sh&g§'feg’ct§§é% of the

IF; r Io?: ess gas r;‘;klllrtsrth incthe as, th];atrthﬁ pttekeint imventish maaychel pradticad tlir&hgth%oﬁb %;5 Albof these
ol l owi ng the creation_of the plasm, power is supplied to a | ower
el ect r ode aﬁaecﬂqu@%nén giher instanaes wAlldnowe\DEeCEss steps havemaat baeredestuihed in

accel er at ed gb@i1$h &2 ") e .of the substrate
react with the nmat e?rrﬂ?s |§fo%s§%§}§% %IIE%F t‘l’é‘]}@u face and therefore
process the substrate. In general, when the density of the plasma is
greater at one hrmacashnghdas&atbsbnabﬁhemc@nmpoﬂaﬁtquﬂﬂbt&§ﬂﬁs foddse Wi || be

duced Accqrdin %}G‘PZO t he i nproved_antenna arrangenent is configured to
uce thes Eﬂ%’rﬁs&ﬁgﬂ iLAPFQYR & Bsgcess wrifoemity. s the tqmtlﬁanplpygdyhmemt

r f .
Snﬁﬁéfhént'ﬁtl%afmﬁﬂ%r 51334 BleoroRB Y e BuiB B HL s R STl e 1"
current thaincheingztdhhfeainiotols g nidsk seIéMi'vit?, uhdbrla¥es Qiladivitp, deicound by

theory, it is 25 believed that transm ssion |ine characterrstrcs of the

power coupl thﬁgneraeaqrﬁro&zqndmcm Ghamtemtmdﬂ@ sidewal engle roditaughmegs.clfitheent i n

response to ctri c Th sm ssr .line
characteri st %ﬂggbfélﬁﬂ go (Hl%%n ’are c\“/ﬁ@ﬂ%%%? T RO ar eas
of hi ghsan%taytss&@:bt@aqmemtahbant [ s E3E, 1@i§tk%9ﬂﬂcl %p aragfresult
form fluctuating areas of high and ow current’ densiti e ?te I nduced

el ectric fithe wbstatemllhhendlﬂf)ovdnetohedl waieothsr d:tezghemmhdnadeqﬁaﬁély etched.OoOw and
when the voltage is low, the current is high. -10 27/01/2006

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 prot:essing 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 commonraxis.

The plasma processing system further includes a coupling window ctisposed
between the antenna and the process chamber. The coupling window is configured to
-9.




WO 03/ 012821 PCT/ US02/ 23092 As is well known to those skilled in the art, -
power deposition into the plasma depends on the current densit%7/@dr/2006 .
exanpl e, 63?01%#? current density is high the plasm densidiyosobeswds to be |
hi gh and ere e current density is low the plasma density tends to be

| ow. Accordingly, an azinuthally asymmetric plasma is typically produced

when the Cylié@ e pasade0f RFyenbigy foithe aaieinago dhedateriof of thehrosess chawbesur r ent .

To be nore specific, when the vvaveJ_enPth 01‘1 t he Rllz ene[ﬁg)é S zanall_iser t han

the | engt Fusher; the canplingyandow basw et &y and 2, 5p0ne lavsr- eqond PG wave

patt er . Genetatidio refls8 Ml e NER cRaSPIRERT higbene i plasam byant enna

el ectrical % ., where n = the nunber of nodes. Mbst

antenna ar LgogG ’ W tHe volfgd that pesses iaonghihe coupling evindave The
| engt h, ang' S ggra{e%ﬁ%?%gggﬁguce a‘lloo%% 3 t% 5 nodes. Thg@g%&gdes coErespond

to the § owswkstdntighty civeuirianteatia atishsaed conpling YAV e HFDE AOEHHEE N hi s :
di sadvant age by bein onfiqured,.to .be ' ' | ement in
the pover _ dem YesgmutheliL APAEHE s At 1f pitded ottt phdteds o, ST
i mproved a%ﬁgﬁ%ﬁdﬁuﬁiﬁ'&&ﬂfﬁ&é@f&@ﬁ@é&%@dﬁﬁ@@@ﬂ@ﬂhﬂsﬁgﬂ IS that is

an the vel en

smaller th h of the RF energy at the operating frequency. As
a result, the amount of nodes is reduced and therefore, the azinuthal
vari ations of t eacdonthncewith one sspectf thequesenidRYSNEPTPreSSHUH Af18%% he

transm ssion |ine anal ogy ng, | opnger | ds.. I n emod] t he i nproved
ant enna ar thasybsieate syrfacg 1 i‘@‘{] PFC'%WPW%?%%. acts %}%eema si ngl e
turn antenna..The ' “?,&[, | feRBbRA] powver ¥s stippligdtoaanduct i ve
el enent? t hgf’n{?m&?}dg‘j&#g?a | t@ﬁlg?ﬁn%o%g, whi ch %.I’_e c|?§g| y wound, and gj)
st acked t OQElh@S to iBluce!ad Thiciticviiehdlanty cansequenty, i dirgulatieg ¢loetps cupeb {nside. t he -
overall size (e.g., outer dianeter) of the t enna rra%(_ﬁe%gecg_ggsem 'l er

wi t hout i npammdesgcha@%tﬁwwd%ly’tth’edmﬁ aESIGTRES, current.
Furher . by dect castin L. SdeiodluldlS e BPnbRIGH e pobiss 901 0 of (he

ant enna ca®Pr#Es as a res reduces the transmi ssion
line char aglipi atd esulPlonizBear¥ihRiats thefplisnider still, because the loops are

di sposed. proximte to each other, the radial variation typically found

between turns nmay also be reduced. Correspondingly,, the inprove t enna
arrangesrent adv Follawingthe reationufdkeplasns, pPEWFLIE Fﬁ‘ig’h%ﬁfc’raeﬁtwefnﬁlgfung ald

azinmuthally symetric écg rdin t 3 | JHAE 1R foMs S ABakral reactants
ci rcul at i ndheigns af@ceal ?%"af‘é)ﬂlfl#ﬁ‘ﬁbs Z 'rru?.!]ﬁg y synlmestri c -1l
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, itis
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 voitage 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 Jow and when the voltage is low, the cu;rent is high.
-10- : '




27/-01/2006 WD 03/012821 PCT/ US02/ 23092 plasma, which as a result,, tends to
=:produce uni form plasna processing at the surface of the subst r 87¢.01ah30REr

aspect of Wdhgsemsdi -t urn stacked antenna arrangenent is tperagbired el di ng

characteristics, 1.e. the plasma is shielded fromthe antenna term nal

voltage by the turns 5 adjacent to the window. This |eads to a significant
reducti on iAs icwplhknovivie thosgskilled imthe artspevees denositioniinte die plasow dspend§ 9Bh of

which, will, be discussed.in greater detail | ow Ln.acsor .4 h anot her

aspect of lﬁf‘l"ecuﬂ'fe’é's% s 5ﬁ¥$‘6ﬁ?’ vgl??ﬁf F%%’gﬁ%nfﬁvﬁllﬁqﬂgh %pﬂ%ﬁl&%ﬁé&%onf i gur ed

to reduce tdgs EARAGEL AMPWRAH Rlel difrehtBRhsiQGE10MSthE Blas@S Helshte tetids &yelowand t he
. plasma. Most power coupling arrangenents (e.g., antenna, coupling w ndow,

10 and pl agwedrdingly teaziowthallp psioametvie plasopisitypjcalin medused whemthesaRettand t he

pl asna. acitive coupling is created b vol tage drop that occurs
» bet weer? t@QW%ﬁumﬁﬁsﬁfméﬁm#ﬁatage drop typically creates a
sheath voltage proximate to the coupling w ndow. As is well known to those

skilled in the ?‘éibegidglﬁ%ﬁ“b@%tﬁhé’ﬂ)ﬁ%%l bBE RF@nerd i dmhailepthan @t at i ons
X

in the plasm, e, the sheath voltage may push the plasma 15 away
from t he wiengtvefdhermitermaaaredodesival appeat indhe standing wavequtipini nGeegall.i ci ent

Addi tionally, the sheath vol tage may even produce.sjgnificant particle
“cont ami nat SERIBRWAVESH E‘é"eﬂt‘r’ﬁ&’gr QS ?’Et?@aieg??g‘%%f’ﬁétﬁghe coupl i ng
w ndow Moigaks WS = 1R ShmbdPofRbatO MER URRH M Rithoherkdiro Wbl oW | S

typi cal |y tinavai Fabl or 'pl asma generation, which correspondingly causes

a | owefp pl agn® aB@R IV wavelingths Gih kapthpaaess a rédilt iproducelabout 3 to Bdodss. These
capacitive coupling between the antenna and the plasma, the inproved

cupl i ng waedksworrespenthto the lovyvaltagesyaeniigaedabdve| ectric | ayer and a shi el ding
| ayer that are disposed together. The shielding |layer, which is the |ayer

di sposed i nsidethe proce S 10 | 0 act as a
el ectrostatic SW%WI'E e.%fange! egﬁgpﬁ%yggﬁé%e_agpmggb@%%t e Sl}{r?face of the
coupl i ng WhagQWas d fignpelicRbi dlembis thepovestutintiyaybiymsatharthases t he

capacitive coupling to the plasma. Furthernore, the shielding | %gé S
conf i gur ed tramsnebsion livet dhatis, the praproved antenas isconBzured fochavg ap apRagAOt

potential)  electric field, i ay| t he. j.nduct | ) rad F = 0
type) B ecthattssm ?f&hﬁ%@ﬁé‘[agﬁ\%ﬁ‘%ﬁ Pb%%ﬂﬁ&?%ﬁg?élgﬁé@é&%?ﬁ?ng wi ndow
is configu ' re@fRaghd { QYR dZdluthBlr @uighiorsiug theoupl i ng

wi ndow, V\h%ﬁggh’gﬁ? %%/lm&ﬁgo?tée&g%st ennaa%&%g&fdri]duct i vellly formthe plasm

(Wi t hout sitidategintuirant arosubstantialiyt dimisdtedandithgtransydgsion line analogy no longer

holds.

In one embodiment, the improved antenna arrangement is a multi-turn antenna
%i) 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 furns may
also be reduced. Correspondingly, the improved antenna arrangement advantageously
induces a circulating current that is azimuthﬁlly symmetric. Accordingly, the

30  azimuthally symmetric circulating current tends to form an azimuthally symmetric
-1I- '




-12 27/01/2006 PCT/US02/ 23092 Mre, specifically the shielding_|layer &8
electrically isolated and fornmed froma conducting or sem - condd tq]r/g 06 -

mat eri al .T%r,)g@%zl the voltage drop that would. normal | ypotssezd3edneen
the antenna and the plasma now occurs :between the; antenna and the
shielding | ayer. Accordingly, the sheath voltage near the surface of . the
coupling 5 \n{anmwnh@hgsmsqs ttends|to producecuifo w@p@smﬁe sr“ﬁ%‘ee%es t he
i nductive cgéjqpqln' ng,. coefficient and reduces the power |oss due to the

unpr oducti v > ardnment of the fornmed froma material that can resist
the thermal, chem cal and physical -. Furthernore; an ungrounded

el ectrostatic shisglothephipectifesbiaaltRuttigeduttbeatamajeaidncisitheleli-shisldiag di ng
only the variations of the electrostatic fields over the area of 10, thl

shiel d Thi shirasteriftieativr theplasmiads siielded forh the ankenna terminal voltage &Y thertems| asna.
Addi tionally,, becayse.the 'shielding |layer is,exposed [g.1he | | or of
t he: pr ocess 2HIASHRIL? {:ﬁeim&g’fh 1%55 lgﬁg_tog.s‘guﬁiecgt ‘ﬁ‘i“l?)‘(‘,gn P %ut_vaq/ceo&b Qﬁgﬁ £dnd). .6
coupl i NG W RBisNeuen Watdod Gbsiph, S{HPofRUIRGE W B disdiReed esket decmilbeRi ant ages

of the prese I'nventi on nay better. understood wth reference: toli the
figures and discussions that follvw. FIG 2 illustrates, in accordance wth
one enbodi nent ofin atverdaneswith akatheraspeshiof the plesand invpmtinge 8 impro¥sdaoapliog) o,

i ncluding a process chanb 202 w t hin .which ma 204, i th.igpited
and sust ai n@ﬂn&m‘ lsﬁPBgﬁ'gg‘ﬂ?g'e‘g“? S E4PAT! V%?@Pﬁ’gﬁ%gaf?cgé%f%%n epe{rﬁéégg%t s the
wor k- pi ece 1sR6GE ' arkRPERG RN, g. faRfenRX RBBbIME Windeo,
sem conducttgir?dgﬁtfgt rat yﬁ%@e@?ﬁ@ degosi tedfg’or gtﬁﬁerw seg processed or -
a gl assjppanehd pRsthbpdreatdisonetapa@ifive soypliag betwietiy the otehna ndabeplssma.i nt o )

di splay. Additionally, process / arranged to be substantjally cylindrical |
in shape, af@p#ative eupiRgiscregied\py Aeyaltagedrop fghaesurs hetveen %‘!‘g%@@ it

shoul'd be n %ia%r%a:[ Riils VollEed diG Bipicati) Yfedtes 8 hdath Yiiage 'pRiftkekd tHetBupling
window. As is well known to those skilled in the art, the sheath voltage may lead to
additional variations in the plasma, for example, the sheath voltage may push the plasma
15  away from the window causing a reduction in the inductive coupling coefficient.
" 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-




ngysystem 200 further |ncI udes an antenna arra
e,dow ar rangement 212, whi ch are: conflgur $ﬂ e
, mH 204, -~ Antenna’ ar rangement - 210 i's ‘coupl ed" to a TSt .
.power suppl y 214 that rs configured. to -supply antenna. arrangerrent 210 with
©'RF ener gy haidighiord gp W thieshichiing perds dbctriediydsolftéd and forhel fmat 50
2 #NHz. Coupl ing wi ndow 212 i's. confl ur. edﬁi I.l ow the.-13 WD 03/012821

" 27/ 01/ 2006 Cquidyirtngoar/somtdondyeingy %eesl t greft srétﬂ'mha%%rpatharwaﬁtdamenna

- .'arrangerrent m Lee I
—.coupling wi né%%lg%ﬁ&g%e{c}%%gé%e QL g 8een® B%@%g@aﬁt?gﬁ%ta an %ﬁ%@%ﬁaﬁaﬁd

[ arrangenent thajsﬁteldﬁhg'la?ﬁ*  ACRBHARIZI? ¥ shaith 961iEk nddkhedmfabdiofthe Setfplingi ent | y

. close to the:eaupki Rgs.5 Wendbw: o faci 4ilate-1he. bormt bap.of  pl asma 204.
= That is3 thymﬂowesuhsmﬁal&rt@dmdawhlshgemul Wﬁﬁf@n@m;! mgndow t he
‘greater the inge of -t Hg "eaer urt her
ST an e ot e o0t U5 ARG P Bap el e gﬁﬁt Geme e
“=both proces§o Raitat,202, and Substrate’ ?"b% T shourd be understood t hat
“a symmet ri-Coplasesentsof. tJne ant.enna-ar angenent..nay enhanee:the plasnma
~uniformty 10 acr oss, the substrate surface, however, it may not be required

for all preéees"- thigy “mmmmmsmesmﬁdm&nmmmm 212 will be

" 'descri bed in_ nore ?;E%??{%F% Ca" O%ﬁaggﬁ ded

Wi i thin cha it 5?“"2@?"

2

$sachish 6- ernat i veI y,
fr'om Yor't's, - bui 't into -
ovg A 4@? in the
idshaHi I Bod that a syr‘ntétrlt: d| stribution
“of gas may en ncg‘ nepl s > uni formty .across -the substrate surface,

- although, it may "not be requi red for all processes An 20 exarrpl e of a gas
- di stri buti enxsysTHefeatasds anhadvantapesef thepredent ioventioh aray belbeieraundersioodssi ng
“systemis described in greater det ail i n.a co- pend| ng patent appl | cat i on
“entitléd, M‘h&ﬂ&ie" s fonsthatAqhs AS RIS

e

arranged to bc substannally cylmdncal :n shape and have substanhally vertlcal chamber
‘walls 208. However it should be noted that the present mventlon 1s not Inmted to the
above and that various configurations of the process chamber may be used.

25 . Plasma processmg systern 200 ﬁthher mcludes an antenna arrangement 210and a
7. coupling wmdow arrangement 212 whlch are conﬁgu:ed to couple power fo plasma 204.
‘Antenna arrangement 210 is coupled to a first RF power supply 214 that is Eonfigured to
supply antenna arrang_ement 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-




DI STRI BUTI ON CONTROL' ; U.S. Patent Application No. 09/470,236, filed on 1
Novenber 15, 1999 and incorporated herein by reference. 25 For 2R0M052006 « -
part, subsiéadfiaglb is introduced into chanber 202 and di srase2amez chuck
216, which s configured to hold the substrate during processing. Chuck 216

may represent, for exanple, an ESC (el ectrostatic) chuck,, V\:htjC secures
substrate pdSagenfithefirst REcrergy Sons anieanp prangementyd e the 1pisnero s’P{fipi cal ly,

R power s BURED BamboiA AT ER BN ping RiRR e 1P ASFEE Beaketh Agtapos SaC00C

be subst antj ' L&ebig.n shape and axially aligned with -14 r5
27/ 01/ ZOOG%é%#%%D%??agﬁéghr%er 20Z sgch that rile pro= s;chanber and the

chuck"are cylindricaily achieving renperaforecontrol isdescribed in greater
detail in a co- Penbérngitanhamtngement? icshovld he swfficiendy) closerionperouplinge  CONTROL

SYSTEM FOR PLASMA = PROCESSI NG APP, TUS ., . . Pat ent . 2, 966, o
i ssued Son @indayeto fagli g_’c f‘&ﬂ’&t‘?‘f‘légﬁ\ﬁ%?aa?toédﬁfg&ﬁ% c@é}eF g@é‘? g‘%. 25 |
pddl 1 onal botanARRLPS o IRBEHARWRAO HEpRkORe ifladlf o Henpribighéducad L | o |

over the process 1 e material utilized for the plasnma processing
chanber, e sygthin thB €harhbére Fusther stillf antepna suaigementt210 isprafesably epmanged 8¢ anot her

i nportant consideration are the gas chemstri d roce
subst r at es co-Byialwith bpthcpracess et ¥392r!rﬁ?‘§$‘r’i‘b§?a§e g&ﬁj%w‘gﬁ%ﬁﬁ(ﬁeﬁ@& hat may
be used in _the exangl ar I ' effiaftEths lAps enithedty n
gr eat er defléwﬂ}W“gﬁé%%é’ﬁ%ﬁﬁgﬁ‘&g@n@ a%é;g%ngé??on entitled, "MATERIALS -t5
70, 03] &128%&&%?%&55&&%@&523&”@% ifthayondt be eapuiredjfor all pracessos.c AséanReen” : a
first-"position;(not shown) for |oadi ng and unl Qagi_n?qozugsgjistle 206 and a-gf,)
second pos iatramgemend2 Gsindoppling windew 242 wilthbe desen ¢ detall PEPWeq-iii the” .
art, the turbonol ecul ar punp maintains, the appropriate pressure inside
punp (not shown), typical Jocat ed ouksi l%%@? i iBeclob2¥®isl known
to ,those benef i%gaéllgeg%#érlﬁwaﬁgfﬁoa%%fﬂ@%hﬁc |§620(2)§%1ﬁ§8red for
exhausting p@ﬁﬁﬁl?%%s@a?&iﬁd the inner periphery of chamber 202 and is arranged for

releasing gaseous source materials, e.g., the etchant source gases, into the RF-induced

15 plasma region between coupling window 212 and substrate 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 dielectric window. It should be
.understood that a symmetric distribution of gas may enhance the plgsma uniformity
across the substrate surface, although, it ﬁlay not be required for all processes. An

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

. processing system is described in greater detail in a co-pending patent application
a éntitled, «p1 ASMA PROCESSING SYSTEM WITH DYNAMIC GAS
DISTRIBUTION CONTROL”; U.S. Patent Application No. 09/470,236, filed on

VNovember 15, 1999 and incorporated herein by reference.

‘25 For the most part, substrate 206 is introduced into chamber 202 and disposed on &
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

: chuek'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-
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system accmate control therefore is reguired, By way-of examp}e, a temperature
. 20 ma.nagement system; that may be used in the examplary. plasma processing system for
. ) achieving tempcrramr@;;gomxgl is deseribed in greater ,dsaza_;;l;,—.m=.a co-pending patent - ;
application entitled, “TEMPERATURE CONTROL SYSTEM FOR PLASMA
PROCESSING APPARATUS” U.S. Patent No. 6, 302 966 1ssued on October 16, 2001

“and mcorporatcd herein by reference :

5 Additionally, anoth__cr 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
- ]5-




| ayer of neutral species (e.g., neutral gas nol ecul es) may typi gallkdgl PﬁpOG
found along the surface of substrate 206. Correspondi ngly, whe ]to
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uni form pl asna, Lch |.e to yariations_in {he process performnce,
i .e. etch uwﬂ?%@, The dbetris gg‘ﬂ@ﬁ@!%@ﬁ, ﬁwé@éﬂ ngmgey qu!ecﬁ%sfmb@ﬁﬁg,
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of exanpl e, calljsions result dmfoniretimivinddnitiatiereai disdhagie ofPlasiie 204.64s iswdlhe
. exanpl ar% pl asma processing systemfor confining a plasma is described in

e

gr eat er et &ppwn fg\these thearty theaigutralgs molechign okthe pracess gas WERIHOD AND

APPARATUS FCR.. I THE .V OF \PLASMA" ..U S, Patent.. Iication'f__)

No. 07 230 T Yt it e Beli st elatbid i by e A RIS b,

reference. iRarfeionsli A9 akdduR, HosHivbly @AReEd ionk, fePRiveRM@Biged Rleckbif Alias ™

processing apparatus is provided wth a multi-turi ant'enna arrangenent

such that aneuiral ges nalecylesarenentained ingide plasina 204.el1 d i s i nduced inside the

process chanber of the plasnma processing apparatus. Figs. 3 & 4 illustrate
e

lti-t t t 400, .i d to. o di t of
Che" present i nveREROE PHIGA A bfen dopieds e BiAl G mPLAEHBREE RSPRHEA Ribs 15 a
Cti-t : 04 whi ch,
mul ti-tyrn maﬁfeateaqawﬁa@fhefshffﬁewgg%tai&ﬁ%éé q%,ﬁuﬁ’fopa%ﬁ.@m;ggét é | ¢

for exanple, respectively correspo tenna 21 e RF power
- source 214 mechanism contributing to the presence of the neutrals gas molecules at the substrate

may be diffusion (i.., 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, eich, deposition and/or corrosion of the areas may ensue,

‘which may lead to particle contamination inside the process chamber, i.¢., by etching the
area or flaking of deposited material. | |
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illustrated in FIG 2. As nentioned, if the antenna length is small with
«-respect to the wavel ength then the transnmission line descripti2d/&lA2@06

power coupixges/diss270 | onger appropriate, and the 20 power f,@ﬂ%&z?goﬁegi ns.
to behave as a lunped circuit elenment. Therefore, nulti-turn "antenna 402

I's configured to_have a length that is smaller than the wavel ength of the
transmtted ener rthesnom; en vagonfined plasmadprgsito &frmt dronamiform plasieywhicmodes

are created |n.the standi ng,wave pattern; and a.rfesult the high vol tage
2nd | ow vol Fadesd 18 AR R BeeR Brirbae S 16, b GiforRit- el b v

subst ant i al leythipesiiie aficr2Badiig, sekbtivityl bifméﬂkérlﬂ%rde?t@feﬁ&&rtﬁpl y configured
.to have nultiple turns that are cldsely disposed together so the

el ect r omagnefareméritiened effeats, & plagma denfineheaigrengemén niag bk ueed tozonfimghe t urn
antenna._ More spegifically, l.acin he turns cl oser together_ the
Lot rentS pr BIRRRNGY S RE R ARG roekprRns s eF DR ket g bedeihipitse |
t he ant ennaeksg f ; E%?Bﬁ{g is . t hen
t he current t?%ﬁ%?%ﬁ%pﬁ%ﬁé%g%ﬁﬁéfoﬁo gdrgé)outl osﬁIr‘lgﬁl n%&gegtdgﬁlong as
i n the ant emmaco-fRavdingsyatont appdicytiont datided; SNBITHORAND APPARATUSFOR2821 .

27/ 01/ 2006 QP l&)ﬁﬁ%S 92 current carries over to .a concentrated plasna
that is nor ] YesUME OF FE-ASMA - 8rPatant Applieatioa®lea, wi t h

respect to @”r?ﬁ ﬁgp I, . e de smaller, which
in turn dec?gfgss%“é the Ig% O*f@%ﬁ%ﬁl@%@%&@%&b&gﬁfe&%ﬁ% of the
antenna will be described in greater detail below 5 Milti-turn antenna 402
i's subsmwanti al | yAcgordivk & a firstlaspet lof the Snvehtidrg @84 plisnid prédessiag ipfafatusgencent ric
: Igig})ps 406 in a first plane and a second pair of concentric lI'oops 410 in a
c

S on(cji pl anﬁr.owﬂp%v@h&wﬂﬁ-w?@m%m@aﬁmc@sg@dh@@nmﬁmmgw@mls@n(cji t he
. ‘ S F 2 ! g
Syt 11 eal figes AT i Re tiPed oEardict o R bleima broceSie Sopami,

shoul d be nPiged & Ralludraf OGLKENiPdntdhng brirfigkMbntYD0 3R 8EIdanAE td ord! OdUcCe a
substantially circular electric field, which as result wll produce a

subst ant i al $mpbodiment|of theqpresentanveation r Therghlgi-tuinemtense ardnzepentci®®snatdesber and
the sybstrate,are ci.rcul it stands reason that the sybstantially

- circul gg p|%?H'§'€?Eh%e%4B%P%%¥%VB§b@@P%§F% Wﬁ’b@é‘gqeﬁg“éﬁfli“éhgmsurface of

~ the substr aéxsmpréﬁé;&cﬁbay BEASHONd foMeeadnflR 2P indIBE RFHIV sipsh Agscr i bed as

bei ng substantia
“ illustrated in FIG. 2.

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
3 20 power coupling begins to behave as a lumped circuit element. Therefore, multi-turn
_ | O _ antenna 402 is configured to have a length that is smaller than the wavelength of the
o 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-




Is circular, it should be understood that alternate shapes for agpl i cati ons
requiring different shaped substrates such as for displays or fé8f/01/2006

conpensat i W 0@b1Bee asymetry in chanber design may be upenus®y2susy of
exanpl e, oval shapes, or rectangul ar shapes wth circular coners foll ow ng

the same principles set forth above may al so work well. Furthernore, the
first pair comenieamiss orerdo peopesnireied plagmy ‘f‘é%?yﬂ‘gfg’clé%a%@bé&ozo t he

second pair,of .co ntric | 4 ' c RZsbdY&inda! | Y
produce an di'ar?éﬁil%ra()rs} mﬁt“%@?&g%%gt& +§5gﬁl§tgg%ﬁgﬁa Ee%auseb%rze term nal
vol t age angngielsmafied MichiR birf decremeisie Ringthiof tith antetina. pThe aotuidl yizeiof thet he
w ndow. However, because of the stacked antenna and the symetric

al i gnment  laateneewill beddscrbed ip greatepfletaibhelewt ri ¢ | oops and the second pair
of concentric |oops, the high term nal voltage is advantageously shi el ded

by 25 the secon air of con tric | oops.. r |1 voltage
07 op (63, cap ety usgaR Aty brerRanp it gpd Byt ket e pref kBt 20
first conc e ' ﬁdjpgfamdnaéﬂtﬁ loogeeEinkecause t he
.second pai fda% %ﬂl@%ﬂ%ﬁn}a(’%ﬁ %?(%(ilggesma conducti ve cpath for the voltage

drop and t hecoatiplane! Rrefersblys the fitstqminaif conoantricilonpsi486 andvbelseqond ppir@na. - 18
27/ 01/ 2006 WO 03/012821 PCT/US02/ 23092 Additionall filrs i . of
concent ri ¢ coapEicdoepsHores sabstantially idgntical and FWM‘MW%H@&GPDFOUH h turn

T10. o0 SO0 kPG5S A LSRRI AReIR! bt o Seconc

turn 420 afl | ur n iTst turn 416 is substantially

i denti gl tagtenAdWillpropeeetsubiiantially eirarar dectric 8610, whith af cesnlt wil produeel® is
substantially identical to and 5 disposed above thi rg ttlrn é 2. First turn)
416 i s opersubstantinlly cisenaredesmg. Sceodinelyy beraussthe PRICERS 2RO s

operatively coupled to.third | I BR&yBt i ve
coupl ed to*F € piggular é%and&ﬁ%asé%lé%ﬂﬁgpﬁg&é%}lkgﬁgg g arranged so that
the currentgdateGibreSunifBrrh PRIcERIN at ie'stideaf tiRrsubstehtant enna axi s 414. In one
i mpl ementation, the nmulti-turn antenna is 10 formed froma single

conductive elenment. However, it should be noted that fhis.is not a

lintation and tWhile mprmmtmenmmrbp@ﬁhawmyd%mg%ﬁb%&ﬂgﬁw& e

parts that ar st rugt,ural and.el ectric =te di t

Addi £ Bhal el Rishowid e Skl it Aol anct fg‘ﬁéﬁ?id% onPRELIEE different

output lea ' tacl s;ﬂ%é  forRBmpérishNet of sofeusymhetrpif i rst turn
416, and t%%épégf%%{aﬁ egdcitl%ﬁg&?g operoat irvelfJ coupled to fourth turn 15 418.

~Accor di ngl harier desigeniay be usesid eBy way bexaniple; oyal shapes, orretzngiier shapss 402 by

- with circular comers 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
vdltage nodes are in direct proximity with the window. However, because of the stacked
ﬁntenna 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 becanse 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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applying an RF voltage between the input |ead 424 and the output |ead 426.
~Stil'l referring to Figs. 3 & 4, fourth turn 418 has a larger di 3afetlk/ 2086
first turn wdbsorend third turn 422 has a | arger dianeter tﬂl?"fh 25429 turn
420. Al though the outer turns (e.g., third and fourth turns), have Targer
dianmeters they are preferably disposed 20 proximate to the inner turns
(e.g.,, first andAddifonally: firshpair of Hoateniris loopsel0b prefembly indhudblfivstturn 416
preferably arrange 0 proxi mate ,to.the first turn 416, and the third
turn 418 is a‘fo‘f"e@&&ﬁiﬂ‘?%ﬁﬁﬁ&é@&“ Bainef Gonesnttiploaps 4 Omreferablydneiudesn 420. As
a result of ' SREandR R & Bk ' . . acts
i ke a singl iéats{ljdrtr']ﬂantenﬁg e.fyﬁ.}%xzzs'ubst%{ﬁ%wa%&s%%g%ﬁ%g%ﬁ% ns).
Accor di ngl y, artddisposgiabove sepundturr 420, awd foaeth biin 41®is sbstaaEiipldediiéabei dr@n are
substantially, reduyced. As is well known to those skilled in the art, a

-smal | spdce abovghird it or s wi l | typically create arcing between
the two conductors. Therefore, the space between the outer and inner turns

is limted by a dij E”gb ' ' '
i mpl enent ati on o?ﬁgﬂggleésig% [ n%ﬁ%ﬁt?%%@%%%ﬁp#ﬁ@% a 30
di el ectric negesativelly coupled tocthird tuen #20)end tid temi4RD is aeRBive o oFo@ged as

cl ose as possi b‘lslﬁ to -19 WO 03/012821 27/ 01/ 2006 PCT/ US02/ 23092 one
anot her, whi & Ydp¥ith gachaf e tarms being arrarged se thatythe cturers flophie in thagameind out er

turns. By . Eamn teri.als Vi ng, a_space
bet ween abon@%&&?%ﬁ‘%%ﬁ%““@‘%%ﬁ%r@gﬁwmﬁ%ﬁ%ﬁg: A _turn
antennaios domsddatdn a bRERAnddcEve SRRBA HowtvaR shéuld BRhOWRE Habihisqh notd1e
muliti -turn antenna is formed from copper coated with silver. However, it

shoul d be ndimithtioh and thatthergiulti-tury avtennatreayrbe fosneddtorh separatelpdts thapreer  or
‘copper coate ith.silver .a t hat , any, Sui le gcondyctive netal may be
usgg. I'n onég—u‘\g\l’?@gﬁ F?‘FL?\IFMT‘%& %P@gg%gé@?‘? d%‘f’adgq"“ﬁ'ﬁ% %‘ﬂ?@wﬁe&%“% g
rectangul ar ikduded &h kiplilesid 224 £A%A0AREIead 29811 st%&aqgg;gsg&%{ﬁﬁg%gt respect

to the wi ndow and each ot her .| oop. However, it oul hat the
this is not cauplédiotfirstitam 4d Goandibe owpltdeadel?6 $sopeativilyratipledapfeartandn si zes
may be used. lﬁdaéern tively, the,antennﬁpl oop nmay be forned froma hol |l ow
conduct Bt t §1$-a0Pqardingly, KE pyzsnd is fpadedp Howdhropgh mmlti-furm gtenpa 02 by d ‘

ther et r ougkyplyiff bl RESRRSES behedh e Y6184 473'a68 ot ouif 14 Iabb -t ur N antenna,

i.e., the ou i anmet er,

Still referring to Figs. 3 & 4, fourth turn 418 has a farger diameter than first tum
416, and third turn 422 has 2 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 tums (e.g.,, first and second turns), That is, the fourth turn 418 is
_ @ - preferably arranged to be proximate to the first tum 416, and the third tum 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 possiblé to
-19- |




it is generally preferable (but not absolutely necessary) to si |
antenna to be smaller 15 than the cross-section of the processﬁgﬁtﬁé?oiqﬁ :

order to k@spségp! asma concentrated in the region above ROTAUNBHRat e and
to prevent undue plasnma diffusion to the chanber walls, which

di sadvant ageously requires npre poywer, to operate e AESS BvNg
syst em andosenmnotieescahilgubstantigy shmmafipg e &1&{1?}% l??érgﬁg?uﬁle pl ?gga to

be generated general lyocor drfatd iR ine Zpadd betesnaibbernZitambedt  and
t her ef or e,WPﬁBP?PEﬂWH?‘?’T%m}gB{gn e%ﬂraﬁatsrﬁa(!)ul d hav% an outer dianmeter that is
substantialllﬁhajogju\@n_ to the dianeter of the substrate in order to produce

. C :
a uniformetch rate. By way of exanple, the size of the substrates are

typically between about 6 to about 12 ipches, apd theref i

enbodi ment , thannh¢mwrmmh¢raﬂtléhmnFPa§a§rg°B%f?%¥P“&ﬁ“ﬁ&r@‘f’g‘r‘%gg?’w%’eﬁﬁfbout 6 to
about 12 inches. 25 To el aborate fue ebattd@ith silveeased current
capaci tsy, Fmﬂemeﬁﬁpf’?’-ﬂl‘eu‘inﬂﬁ{z%ﬂgﬁ%nggﬁ#g’?ﬁ?ﬁﬁgﬁl%ﬁ?a single turn, the

mul - urn (a0G0n% siBiid e n6@A taditictblicuinantennaisinot timitech by eRPPST®st r at e.
at is, '

er concentration of current tends t grgdu%g gnogéasmi
that is | aw&&e@axedhwitb sﬁvmanéﬁlatmsﬁﬁﬁd‘éﬁ%ﬁd&m‘fetmgtﬁlg‘ﬁ XPHE*tinder st ood
however that the use of smaller. antenna 8r foSailitatech fepaatatild
processes, embgdxm%%@g?ﬁﬁ?%?fé@“d’ge”@%n?ﬁﬁf%%h 0 be Iarlger t]han t he

substrate. Howeveg, |f ' Afe Qindowdhd2z¢Ddthed66p. Rewest:.af 2321
PCT/ US02/ Zé?f?g%ﬁﬁf?ac?brlﬁ y\bi:ﬂgﬁg itgjifocal, the use of smaller, ant enn $p§an be

qui te benefdGhialbe noRd thi heathis ienat mplimstation endithah@ther CroRs SeHion & haybe .
configured to be between about 6 to about, 15 ir%g@&rmed%pf,@ﬁﬁabl y ‘_}
bet ween abaises faydbeaisesit Alternativelyethe antgnnz gap may Og HEREE o 4 2" i nch
substrate. It shoul e te i iaSluié therdthraugh)mi t at i on and
that the S%E@Wrtg%%gltﬁgq?naéa%n \ﬁﬁgélég%%ﬁgaccordi ng to the specific
size of the substrate (e.g., the antenna size may be_scrahleed as. he qed when
smal | er or | ar geyifylebdids &e overallisize of theadultidwa anigand pEe i"é‘“‘dia?lnbeﬁe’of

each plasma processing system Wth respect to,fhe ! proyed,
as a gener dt isqeherally preferable MPOWSOIF‘PE’JL?@?%Wl {-9 s&e!?ﬁ%él{st&%ﬁgﬁﬁ%%ﬁ MHz) "t ends

to decrease the effects, of .the tr LSS ' Qheplasmctoticertatedinof t he
bower _ Goup ke rosaeRion gt ETReR TaDer Stpddr keoplhe

hat is, a |ower
frequency tends.to g &e%gys&awﬁ&%prewdtﬁmﬂﬁﬂhlhgnmﬁmuqtbe@hﬂﬁqrng
char act eri stF &8 an, antenna | ess pronounced. Furthtﬁrn})rea %%es%ld ower RF
frequency, Qg GARKGidalvantageously requires more power to operate the piasma p g

and increases wall erosion. Furthermore, the size of the plasma to be generated
the multi-turn

system
generally corresponds to the size of the antenna used, and therefore,

antenna should have an outer diameter that is substantialty similar to the diameter of the

substrate in order to produce a uniform etch rate. By way of example, the size of the Q
re in one

20

substrates are typically between about 6 to about 12 inches, and therefo

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 2

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.e., an antenna

30  may be configured to be larger than the substrate. However, if a high degree of
-20-




_art.ang

" coupl i ng between the antenna and the plasma is al so | ess pronounced, and
.,therefore ion borbardment of the coupling window is reduced. Th2F¢f0dr£200i6e

~ frequency vg(f)g%gj%ﬁF 15 power source is generally confi gurggnt d@ggwh gss than

-or equal preferably between about 0.4 M1z an t 13
MHz, and nore preferably, at about 4 WMHz: It should be understood that the

use of | ovemitbfisigRRsItiCH; thaﬁsmmﬂeﬂmasaﬂnb&qmtebdnbﬁcpab wasof However ,
if a high degree of uniformty is critjcal, the ugg of e encres can
. be quite bmpm&bmmtwf@aﬁnmeeﬁ rmﬁﬁﬂwé g"% Uht ages

of the first. .agpect ,of di ment s
or inpl eme?hs igﬁ’?“ ?f&h@ﬁ" %%?rg?% O?}P?ﬁﬁﬁy P(I)%\fm&%gaggvan?gges One
" advant age Qe Hd;.ka% thawemaeﬁrdbénmath@evezmb hot a Iimatohiahd tiat dene i s
produced insi t process chamber. As a result, i ncreased process

uni for njty dctiabsivs efithelantevnia oy vacy acsendingsoithet spegi Csiﬁ@*@ﬂéh tPé%iEees
device failure, and_ 25 | s th veral | uct i.vj of t strates
bei ng procé@%@ﬂeﬂnﬂﬁgﬁmyr{&dﬁajﬁf e‘?‘?ﬁl? %e‘“}aﬂ ecﬁlci?ré?f PSR arg 1O |%®ent ive
antenna arr ﬁbﬁeﬁ Sf eSti kpesef ore  the capacitive
coupling be ween t e ant®nna and the Iasna I's reduced. Correspondi ngly;

the ion | borbar.dhi ent-of t1e:ecoupling w ndow is reduced; and therefore the
life of the coupNitihgespéonttothe RE fraqcmasamp;oyadwasp@emrehau@m@rlpwar%

e S U e A
© proces i bﬂr; g{ga%dg% 3?1 ?m é,f}f,,&/éogigg%%ﬁ} Rd&lﬁ%’hﬁﬁdlﬁﬁ@iﬁ%ﬂeﬁﬁu Thatig a/lbWéDW

10 capacttive:-coupling hetween: the

" amtenna ancﬁéqhalo?|tmmm&@qnhmémmm&mﬂyss;mem coypiling ch@pet@mmw t he
present invention, -FFG*"5il{ustrates a nmul'ti er ed “Ci pI | n wr ndow 5

arrangenentm&ﬁtcpnahsaam@mm@“ﬁhmﬂ%étgh% U | ft

“invention. Th I ti- W !Eﬁ%}émn
respectivel¥? %/%t?%%%gﬂcou Ir%mg\ng%\i 1 ust rated in FIG 2.

Mul ti - | ayert%b%f&ﬁ&nwﬂm arimgmmhwﬁeed Thiereferathe frequensy of thg BF 504 and
a second | ayer 506. Preferably, first |ayer 504 |sm]§'ndeii @ﬂﬁesecond | ayer
op; 13,

506. | ns onepowepsemeris geiealy cpnﬁgmtqwgasmeﬂ d toget her .

10 However I d be. n at K4t hat
ot her bondrﬂﬁgmgg’ ﬂﬁ@%ﬁs@g%% 2 fna |veFR’,ré# %tl%l d be not ed

that a gap Ny Et%tha BOSRAbrstood that the use of lower frequencies may not be required for
| "ail processes. However, if 2 high degree of uniformity is critical, the use of low

frcquencles can be quite beneficial. -

20 J. Vl As can be seen from the foregomg, thc advantages of the ﬁrst asPect of the

invention are RUMETOUS. Different embodu'ncnts or nnplementatmns may have one or
more of the followmg advantages One advantage of the mvennon is that an azimuthally
symmetric plasma is produced inside the process chamber. As a result, increased process
unifomiity is achicved, which increases substrate throughput, reduces device failure, and
25  increases the overall productivity of the substrates being prbcessed. 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 ioi ombarditient of the coupling window is reduced; and therefore
the life of the coupling window is increased, and particle contamination associated with

30 - jon bombardment is reduced.
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between the |l ayers, i.e., a vacuumgap or a gap to allow gas flow bet ween
the layers, while still obtaining the benefits described. FurtB@/@d£2006

second | anwgp o3febrski eferably forms part of the inner perippgrsofisspsace of
the process chanber. 15 Referring first to the second | ayer, the second

| ayer is configured to act as an electrostatic shield that reduces, the
potenti al differéseosding tq a seoand aspecs of therinveation,taplasmacseneasing gpparatys ir r anged

ser - conaudrerRer AR TR PR Atpk b itiol b Banf b i Ve e
energy fro ”&épﬁ@lﬁ@é‘é&?gﬁ% b@wediPthe laa@ s anddRd plaginal Ty faciiieae ditudsioa ofagond

| ayer is 20 éxposed he pl asnma inside the process chanber, the second

| ayer is praspectaifithe presentidventionyFI6. frollustiates a phwdii-layered ehupling window r esi st ant
to a plasma. In a preferred enbodipent, th second | ayer is,.forjged from
S| | cons Car BTEBERER O, ingpcorines sl ot PpbOGmeNt ol i biesedt iyeation el

chem cal a ) YAS! : %-aq ar?eln?élﬂ@n &ﬁ,ﬁ,gg Pctively @AifsidMAto thel C 1S
generally c g@@?ﬁ?{e@%%@%&di eogitrl , yett%gl el ds son‘)g&r esl s]%%ﬂrallce to the

fl ow.of CUF(E@EIing WhilowZH 2rilasteated\is FIG.@ eviulfi-lagered edupling siirdoaw $00cinshided di ng
effect, and the dielectric property is _what allows inductive coup]ing. The

resi sti vi t yatdgast afrstlayermiP4iang eseqond Jayer s Rraterablya fisstiaver 594is hepdsiteng t hat

the layer act a | ect raostati 2l L. | |

nduct tve. cRandRdpol BroiedoRdelhih md Be slhec Bl Boh AR bpher
range 4§ begusertr)ifsHollRl Behofidithah tHRRCAS S itdios andthaxéethier KbndRipsi ons of the
antenna with which the coupling wi ndow is being used, the -22 WD 03/012821

27/ 01/ 2006 procesidssad/e3sel Alenativelyy itfsheuld ba ogted that & gapmar be disppsedng and ‘)
t he thickness of fhe second | ayer. By wa of, example, a resistivity from™
about 100 g?ﬁ?f’m‘fl%ﬁé{ﬁfé Sl VGR%‘WEMW%&’ ey .sas%mwn RIS be
under st ood &Hgéséillf%b‘?ﬁ&ihg %ﬂrbeﬁiﬁs aﬁs%ﬁﬁéd. \Hukthertitite, 36:008 Mye 506 Prefedaily

06 ohmc e the

&
greater than to nma second |l ayer (e.g., SiC) act nore |like

a di el ect r iformhs payefithe ithed periph¢ralsusiaceof thopiocessobambdoy t heory, it is
believed that the electrical resistance of the second | ayer presents an

exanpl 85 af Cer TG0 B GEX0Pd BHED Ao B i FSAoDR e L) Bah |
exanpl & after i > . ayer
s subst antal Ly fe4HaR tha el thd orbHiifielohobn hGurfibeSPRrR, thbe second

| ayer .

“second layer is arranged to be electrically isolated and preferably formed from a
condﬁcting 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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| 0 Furthernore, a capacitive voltage divider is generally fornmed, for
.-exahpl e, an upper part, which is formed by the dielectric firs27/&4f2006
havi ng a cwossmezs2icapaci tance, and a | ower part, which | edruswedsdoy t he
conductive second | ayer and the chanmber walls before ignition and the

conductive secqgnd_| ayer a the plaspa after jgnitigon. Before ignition the
lower part ORSEHES GegHency EP?%&eﬁW#h&t@cgws of% second layen, Byavayo) tage . .
aiding 15 ignitig O Ll IS capacitive
el ectric fiog d ‘S‘Q’tag/rg?lg%‘ilﬁyyﬂ%ngé%gg %%dr)?/ . Aft?tgﬁoﬁgﬁ%{%%%p'ﬁtgﬁf g\%}e’r part has
a | arge capisidven itashonldibe uhddrstbdiethudf devired,ithe resisfivityesahibakonfiguesiitodd, and

- therefore it does not | ead to significant capacitive power coupling.

Ref erring remeaterdhanhid’ phmem togpake the sveond layer (¢.8y 8iC)iast perstlike aligleatids med fr om
a 20 dielectric material that can facilitate the passage of inductive RF
ener gy 1ro™fe antenna to the pl asma. Further, the first |layer is
configured to be strong enough to structurally hold vacuum and robust
enough to be easihile knReiiesh bk ibBandsy thesty Gt istieievedliat e didvtrichanber .
Additionally, the first layer is generally formed froma dielectrijic :
mat eri al t hesistinee of theseiond layerpmesentsaneguipeieatalsurfane 4o the preseprgasmugsdtocont r ol

f 25 th i ndow. , B f | .di el i i.al.s, f
21 oon N bR pigea Flr et FerSupifior oSt plafpl The hordish S fReeas O
shoul d be %ﬁgﬁhﬁ&&ﬁaﬂg&e&&dﬁdﬂe% HRiproxdmity OF the plddfha 36 the lsbcdind QiyRer

materi al s e used. For exanple, alumna andquartz may al so work
wel | : " 10The Favtheralore, alvapdcitbeyobidgetdinddenis génetadly dormedfor exagnple. FIARPETRY s

copnfigured to be 30 _thin ough_to effectively transnmt the tenna RF
Shor gyt o aMiacts fasmed ke GRGEn ISt Iy ce R B RS BB sy B Tower

PCT/ US02/ 2 LeCl et | ESEME SRty wiBebetbRtat are
gener at ed g‘%?ﬁn@%%o@%‘@%%@&%@@e‘?%@@?ﬁé thickness of the nulti-Iayer
coupl i ng Wigitio drd thetosdactiveecsnd Caysr anithe planms afferiignition. NBeforeiguition abl v,
the thickness of the nulti-Ilayer coupling w ndow.,is aboujﬁﬁk O.EiHi nches.
Further, t e lowerpar hasasmst sappsisance. aagdfhereforetherg ictlarsg vVolgsa¢R8n t he

second_ 5 | ayer 506. .Preferabl. | Of - f : I s between
about & 5 ot &,%orc{eh us“?'/ml\%ér.'cgs%h:a}eq‘% lé?%ﬁ’?‘if‘m’? %IE&F %F@Eﬁ%@ﬁwt he first
layer is ahedtssady)d Affes i@Stionfthé loef PaYt Bas a ladge ciabitdaee suchahatthevolegeisd | ayer
is preferably between about 0.1 and about 0.5 inches. Mire preferably, the
t hi ckness eiibstantialbyeredectd] anddherpforedibdens not lead tecsignificant capaeitiyepoyrer

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

o,

‘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 geperally 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 weli. 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
-23.




understood that the actual thickness of |ayers may vary accordi gﬁé/t(lglg/
specific material 10 chosen for each layer. In one enbodi nent, C%HQG
|l ayer is cWEF®391382H to cover the entire first layer to pr®CETHIS0/2M9% | r st

| ayer from plasma exposure, and to ensure that pure materials (e.g., SiQC

face the pl @&@?@i |9it&]ﬁr!f{ﬁ | Sl ' Elegaé . ver, it
shoul d be no egﬁf%at t |gtﬂ|1ésﬁrﬁéospxe§gﬁéﬁﬁtgﬁ%%ggn tﬁgﬁﬁﬂgﬁg?wgﬂy

confi gur at | Prderably, the thisktbss dfthe Amltblagemdoapliigwindewds betivasicabo®g.s and
configured to cover only those portions of the first Ilayer that face the

pl asma near 3bows 1dnehe Mare meferablys the thigkness pithe multi-layer ecovpling windowinabat ze of
th [ i nd b |~ t t ' t | B, ' hanber .
| general | OiaES, Fagng MR ack Sayst A HoffR e h Ho-A0HRR BEFRE sipd (00"
when expensixgr ST, SFrkfekablys Wid thitknesk 6f B First 1P 1Y tweeH abSut @RI Hbead ITENt

t he shape of the wi ndow coupling is confl%.trjred to coincide with the shape
of the ant einchesarMaregueferably, Ghedgs kmmse phthe first tayeris apoutip inchasoFuithermore,

fi dt b b tiall ' ol h ' h t
i mons! ons. B HRERGE AL Aot AR abl beBIeRR SRaa. | BeRPR s ek |
di stance beX&H?gpfeF’&aﬂy,tﬁEFﬁél&%ﬁsdfiﬁ@se%ndlﬁﬁ?i%ﬁ .Qi:hdhl%s.%gl%uldﬂe reduce
ect uct I C

any coupling to e I cally con Ive el'enents 25 may encircle the
ant enna. | nundessteodhtirat the acthsl thickmess off lapersinay varyfactdrding thespecific matmtialy | S
arranged to extend ahout | inch past the outer dinensions of the antenna.
In yet Ganothrsen fxgaeh BTt | the coupling window nmay have a shape that is
substantially the sanme as the antenna, i.e., hoop-shaped. Wth respect to

[
the dielectric properties; ' f1d %ﬂ?&l & ndﬁma% 30 )
general quideli %&%%%iﬁt’%%%%ﬁﬁg%%ﬁﬁg eiggve?g?s t han a %ﬁt 10
tends to degprmotaét the Hfst WePBom phistik eXpdside, 260D enfird tHABpare 28& a4 (eg..ef f ect s
of the transmission line characteristics of the é)ower coupling. by reducing

st andi ng wa$i&)&cedhe plasmwregionshatits incentapt with thesebstigtes |Howeves, itshadd b6t t ends

to nmake the h.Of 1: LT ) 2 i makes t he
antenna | 00%0%%%&%%8&%@o@g%&ggp%o%}aﬁ?%% 'é%’mai %‘Q{ he standi ng
~wave paist er dkample; eHebe daye mhay MR cohfitired RGoveronhPthdtepirtibyufihd frstrake any

i nherent azinuthally asynmmetric coupling characteristic of an antenna | ess
‘pr onounced. layer that face 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 Inone 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 I 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., hoopshaped. -

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
-24- '




I n one enbodi nent, the overall dielectric constant of the coupling w ndow
.-1s spreferably configured to be I ess than or equal to about 10.2f%¥o3horbde

be under st gasledifisday t he use of lower dielectric constants not be
required for all processes. In fact, a 10 conpronise bet\/\egﬁﬁlﬁ%ﬂ%}@%ﬁ re for

hi ghly azi muthal symetry and the sinplicity of structural and thermnal

design is tthpietfedts of the tremsthisdiinlineaharackristics bfthe peweLOUling byMelabifig t Y i S
diel ectrjc constants can be quite beneficial. As

critical, the use of | ow i !
can be seen® ‘E’?n‘@efﬁgf’tég 9ie;speciicallyy pdowvergualectric canstantiendsdo makedte of t he

i nvention oL ERS ' ; Lhpl ement.ati pns nay have
Lone or 15 nSvelblE @ st Gl ST WRhndes WIRSRIRR bk SERE AR o1
provides a thetsforé fegver nbded awe dritaéd inuhs itadidgoWave paRSHCREcotdiRgly 2PRWel | VE

coupl i ng bet ween the antenna and the plasma. aresult, " varirations in
. the pl a8nma delectsc ponstant tends tp make a0y inhereot azimuthpllyeasytimetri¢ cobpling ve coupl i ng

coefficient_is ; i.-*c&l Ly jaintai ned, .the ion bonbardnment of.the coupling
wi ndow is gcehnaleaf%ﬁfg%f deed’ lt&?re‘cpr%‘?"élc wer is available for plasma 20
generally reduced, and as a result, process variations associated with a

varyi ng t hi cknegs on¥éfbilinkat, fhe ovelaN AfldcfricUonstBRY B IBHISY Winllo®ie
decreased. Additionally, the present invention utilizes pure materials,

i.e., SiC ppferahlytconfigured fockiless thaneregual vaabout 1G K shapidibe aidecsioodithat. , a
hi gher plasya density for a given power . Furthernore, because.ion

bonbar dne nt%f{'gfa Eserf’z ZQY&%&,‘C??S’HH ‘%E'Ftémé g‘h”ﬂ' aa Wﬂ@@ﬁﬂﬁ?@?@éﬁs‘vﬁ? frch @n

bonbar Ntz VBRG] ireifbr Highls SBhR ggﬁg Leddes el enent s
m be(ﬂgtrarplcgl;@d, g ong vt\hﬂtpﬁgstnﬁg&a]?%?lgnentlmﬂl d rrﬂ]h{]iﬂldttggn‘ -nt? nlr)lg and

f ti-| gyteme;icmbpidm?mddeﬁgnist)@iqaﬂymm? Hohrgvur,e:fhhfgh;ﬂegfeeroﬁ} processi ng
of a substrate i.n a pla processing system By way_of exanple, a
magnet i ¢ a%ﬂ@%ﬁfnﬂﬁiﬁﬁu%ﬂ%i?ﬁéﬁ?wwwtﬁﬂnﬂim Rengiicighna t o
control the radial variation of the static nagnetic field within the
process chanber ,i j i : i i t he
Ul ot ur - ant cAges E sl HoRfhe focbldthy, B dayhileek By s BLARE o )
PCT/ US02/ 2 ad2ati@rarengineious. Biffersig enbodimianhty obiinplaaations aerylianebmgsipat ent

application entitled . "IMPROVED PLASMA PROCESSI NG SYSTEMS AND METHODS
THEREFGR' . moarg pighe falfowing adyantagest Fenexaapley thejuention providesd cowplingyember 15,

1999 and | WJM%S@IQS&H@EI? rhuBe tﬁgé&&ﬂ&? coupling between the antenna and the

- plasma, As aresult, 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 plasme-i density for a given power. Furthermore, because ion
O * 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
way of example, 2 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-furn antenna. An example of such - -
| | -25-




5 As critical dinmensions continue to decrease the tol erances for _a
that is not azimuthally symetric al so decrease. The antenna taﬂr’{soqa?ég%s
i nconpl et wepesigszpes are provi ded between the ends of the PEIEIRNZPdops to
prevent shorting, Such a gap may prevent the plasma from being azinuthally
symmetric, FIG 6 is a schematic illustratign. of a partial aptenna turn
604 with aagsmegees: arrangement maay beifowed ingapens 5@%8%#@?1’1#@&0593%‘?@0 first
angle 616 ¢ '

Sedona an e RBN R BT A A N R A B R e R

power in t keslphiah ApphtsBsa, 09485 ©61,Gled GrONbecnhles $5,11990 ahdinchipopatader i n
t he second azi nut hal’ sector 620. Various current carrying el enments have
been used therdim bylgeferee, gap.- ' The nonsymetry - of such bridging el ements may
make such el enents unable to provide a desired 15 uniformty. FIG 7 is a

Pre Prvent on. - el tmeniot iR st i pideled 5y BlomE BT, OF
second t“re'héﬁghal‘ h %h%'@&i&WSng&&se.a?&ﬁth&&Bﬁﬁboﬁlﬁfeteﬁﬂghp&‘lhrebus 720

I's connect Irst turn 704. An output bus 724°is connected to the
fourth tur providsd Beteenthe endsrof ik antrnaa tpeps topreveat shortingy Sick#zap malit out
section 728 of FIG _7, which shows ection .of .. 1 third t.urmn t he
fourth tur rprevest the plasmg drosy, peing %&@ﬁ%ﬁmﬁ ' Fg't(rhelﬁ F‘ﬁ?hegéa%‘(? H@Ps%?nn and

i nput bus 720 are;n NOWeda il £ ONy filsPhAidakthaldeltor 812 Sefed BPavi ew of
the thi rd%ﬂwﬁa&?’%r e%ﬂgq‘é@o%apﬁﬁr?fsl: §7and Fl G 9, the thiejrad turn
712 hagg a ffirkiSieRW 6 cBRdin2 s gap 080 Ackceond a3hifythalisester 620alefinedby @sagosd4 and
the second end 808 of the third 25 tam 712 are sepaJat ed ‘% 'aé%gﬂsg turn ¢ }
gap 812. Thegleltl4 doesmat comizinithe gap 08 dde gap bPfccausasites Ry PARFSISA ST he

radi us 906 of the third.turn 712 extend t L, ~to a
poi nt on t HETHA §e tﬁ?%%ﬁ?ﬂ%ﬁﬁ“&??%@ér%e gfa%E He t’é{ac:tod turn 712 is
the directy WGt EReyihd blefhehty hive BeiTudddgo biidgd the pab. STHe minsymymetre ¢ hi r d
turn 712 t(y ggéecorﬁd*}?yen% 80§ of- the thir d"tur% across the gap 812 back

to the firsfseshibrRlingdlerhéns may make sich cmentsamable 89 proxide\p desiffd gap 812 is
only a small’ part of the third turn 712. In sone of these -26 WO 03/012821
27/ 01/ ¥006 “ﬂng!'Fi‘-‘GS_OZ/.ZSOQZ views, elenents such as the gap 812 may not be
drawn to scale so that certain elements nmay be nore clearly illustrated.

The gap 812 f or RGN Hr§ediive Vibv B & RAIERLEARBNIAX00 provided 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 tum 704. An output bus 724 is connected to the fourth turn 712. FIG. 8is 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 tarn 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 isatop 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 tum aémss 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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as shown. Preferably, the angle 912 forned by the gap 812 is less than 7.
.-More preferably, the angle 912 forned by the gap is | ess than 97 /\0k £2006

preferably,whhgopesl € 5 formed by the gap is less than 3. BgdRneded, of the
third turn gap %12 Is substantially parallel to the circunference of the

third turn 712. The di stance between at |east part of the first end 804 of
the third tuviewselements such arthega8 B maundt be degva to seale secthal csrtainslemeptit ween

t |east t th 808 of third t he_ant i
504, Thi & i TR IGY ARy 1he B A Tpt dapelt 2 b B haGRT O °
first end of,tHgwh Nplefbriity, he fhple10h 2 o A Hythe g@l[slzqéletsbmaﬁm.awoﬁnd i s equal

to aradius to a polint between the inner part o the second end of the
third turn apmdfetdbby, thetanplertie fommiedttydhsgapdsesethan 50 More préferablyi the anglen.

Turns that formpart of a spiral_, ld not fal], wwthin i.s definition,
.since pafts fS’FE?‘P‘éY the gap,1sdess thag, }A&H"* gﬁstﬁpfﬂ& H@&?&é@ééﬂﬂﬂ&gﬁﬂg" must
have such a dj £adl 4 S ; erably,
t he radius oﬂ'{] I?giqfeﬁﬂ%‘é‘?&g'#ﬁ‘e@&wgété’%ﬁg‘fm? (ﬁj‘ﬂt e cglgﬁ# cl?rsHé %eeg%@ {eﬁset@ggfgond end
808, as showhe ififst EhdB040f th Siird harplayd tHelaatehhd Hds 904 18 eqidal to the dishmtant i al | 'y

circular. More preferably, the third turn 712 is circul ar, as s,hgks\g. FI G
10 is a top hatwesnat leastepatiod therseeandrend 868 of the third Aumnamd the antenpp &is 80%nd kI G

10, the fourth turn 6 _has firLst : £h are
separ at ed by TEHHY %atrﬁ‘?iHs%@é@feﬁﬁ]ﬁ%mgﬁﬁ&%%&ie@lgg%ﬁ%{e from
the fourxgh t Ao dhRerPhrtef ik firsk e id stjual h@Uadils fold fhigtdRWERR theliiger pangf h of
the third turn-fourth turn gap 828 is radial to the third turn 712 and

f.‘fﬁgrt h turn the econdemstofithe thirt surnrand teloptep parpefiic seroad ench88af thethiyd fra- of

the third ang foyrth turns,.712, ,716., The faurtph.t urd.716 .is ¢ d on the
antenna axi s “r%'g‘?‘t gﬂﬁpﬁi"fﬁsﬁ‘{ﬁl W"‘flflémgﬁt‘} W‘Eﬂ?ﬁ’ﬂ?#ﬁ%%‘nﬁ%ﬁg%ﬁ%@nt ric
and copl anar { WRHRe 56 Sdferchfiabii s@that the
antenna axi s“lggﬁ.aéﬁﬁgtpgﬁysag{%gggg%%ﬁ%ﬁgs%urth8t255 turn 716 extsend$ from

t he ant enna @i do 86¢ndet Rlopopreferably, thearadiosiof the first and78B1 is squal kathe raddus f ourt h

turn 716 has a larger radius than the third turn 712 b ut the size of
the thirld thﬁhﬁ#eéQndthtsﬁﬁfﬁséh?)WBQBHGTﬁePE&?%@H@Péﬁﬁr@é{‘f'ggg s tf"']’étlefucz;’urt h
turn 716 is the, di f : #Hg\a;ﬁhe first end 816

al ong the fo% 'Fﬁgt@?ﬁcﬂf%rﬁbgj’gﬁghégggﬁlg%{ﬁgﬁﬁog% the fourth turn across
the gap 824 back to the first end 816 of the fourth turn 716. 30
Preferably, the ¢d@. BP# aitop visivyofahesioatth typa?16 alénd. s showntin FIGu&ardBG. The

Pho angl o 100zedriupy7es & S cpd BLAsms GG -one 09 Sa0 s e HIBE i)
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 fo the
Q 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 tum 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. Mdrre preferably, the angle 1012 forned
Is less than 5. More preferably, the angle fornmed by the ga |?)9I}e(2§/gﬂ§)r§

3. The | empbs/akstihe fourth turn gap 824 is substantial | PCTHWPREP2t o t he
circunference of the fourth turn 716. In this exanple, the first end 816

d d end 820 h t t t] 1016. Jhe s. di
o a0, il e ) A R A
t [ 04_j ' t h
S Ao il i 05 It e paonnt sl

second end “g20°8% P antenna axis 904. Thi s neans

that a radigp gdap 824 ROuBitampily@anlEhte thevirumpaerceof thetfontt fums 71 rla this t he
fourth turn and the outer {)art of the first end is equal to aé}%ﬁi s to a
poi nt  bet weesamplecthe finzseng 814 ansk sepond end 830 havearu putogEner seetiops | d the

outer part of the 10 second end.32Q of Ntk YRR StdnlS akisner

part of5thémft?’}°§§:’e%’f‘?ﬂn?§ Pﬁgﬁﬁf%m?ieﬂégﬁd‘;eﬂy#é cut%rlci:t”j’“{l con@glF sect ?on 1016
of the fir ithe B3@ndd Bebivedd e 14BN @F tiRUecaddtend 8D0lofithe fwirth thire out er
part of th?oggéc-:l%wgﬂgr}gel s defined to include the cut out comer section of

the second st theamtdnia bkis 994.cBhid meass thata mdius 6.4 PejBkbetwgendhe igerpagi At out s
are only so that a connector may _be mounted.therein.s gy use the
cut outs arthe fiest end ofthe {p W%&n&me%ﬁfﬂfé’%ﬂ%?‘?%ﬁ?ﬁaeﬁk‘hgﬁgéasp Eraa woul d

not fall with i DL ' rturh dndithe Qfterspastiftad  t he
H’iﬁ %SM&& gﬂ:g%%&g p%rlltu g?ﬂ:ﬁ setdRd@nd? 8f the fUHE furk anl erdp

first ends B8 econ ave such a different radii so that the

ends dgy NotsesiRlend 8RO 6f the Ehethatatry whetedhe mdén partaff thetfirst dndds defingd 1816 i s
equal to the radius of the second end 820, as,sh Ln FI.G 10, Preferably
fiheish R

the fourt lindudeths e dus cermersestinn H16pf the firsfiend as endayasgiol © four )
turn 716 is ¢irculay, 0 _as_shown, j I ~ Wit &frhgtect or 832
provi des ar?nél“@ﬁ%ﬁ’ﬁlwﬁﬁ?fggf&]ﬁ\é\%g@ﬁ/ﬁe@ﬁ e tgéé:c%&gengﬂg the third turn
808 and t heefiidnr i \@estd dndes e bdbohdiEmt Wasthot but cut) sincp sechaut edts erebodi ment
the third turn-fourth turn connector 832 conprises a spannin section 836,

a third turonlycsnthatce mnnéaer iBay0be moanted thergin 5o thatdyriag £ 6%t q 44. 25
Preferably, th ' tion 836 | f] . : 0.4 h
ci r cunfar Lisctatly S, CHherefbn PR pisokf apieh BoA ppf il Bh Bic el 8 |

tam 716 adj hindl theSBist 4B aBéecodd énds husthavesachoonnect or | eg
840 is subs@%ﬁ?&ﬁ%&?gﬁﬁgﬁt@% the third turn 712. The meani ng of the

third turn Gffaeecidii sd that theemds douios meet; iMore praferably) the sadivscotithy fugt endr n
means bei ng substantially parallel to -radi us of 1.h rt _af third
turn adj acdf igequakte tb@radmspﬁﬂte@rswné&ﬁﬁgﬁ?»&? wmﬂg F%ﬁfrf"?r?cj’%ttgegnnect or
| eg 844 is suhstantiall ' : h y s$PERRlang
section 835@%%%%‘?5@9@%&bgf%gﬁfﬁe&t ﬁog&ﬁ %%6 =

.20 as shown.

A third turn-fourth turn connector 832 provides an e!ectrica[ connection between {)
the second end of the third turn 808 and the first end of the fourth tum 816. Inthe
preferred embodiment the third turn-fourth turn connector 832 comprises a spanning

section 836, a third turn connector leg 840, and a fourth tum 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 fumn
‘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
-28-




27/ 01/ 2006 WO 03/012821 PCT/ US02/ 23092 turn 712 and the fourth turn 716, as
_.shown. The third turn connector leg 840 is adjacent to an end 2% /tHe/ 2006d

turn gap 8igya ourth turn connector |eg 844 is adjacen end of
the fourth u?‘"’zﬂg%fé 824. In the preferred enbodi nent, the E’ﬁ%’%&g){){?fl% gap

812, and the fourth turn gap 824 are adjacent to each other, so that an
end of the tuon 712 dndthe Gapthddd 76] & showngThe third turs carmettorlleg 848 ds dijacknioken
| i ne 850, which coincides with. the beginning of the fourth turn gap 824.
Thi s al | owstoranend g6 thethirg i gandla Thgifowt i spapscigrleadfd 15 adiaesmbif ™ ot her

bet ween_ 0. ob ottt Rlich i dBE 24 el ey B SR the Tl BERERIDELT ROV
the negatiyg ﬁsl@iﬂl@nf@?@ﬂaﬁdjid&ﬁﬁﬁ ehch diierQoahdtan end of the Gdidtach gapeB1Baps

are separated so that 10 neasured along the third turn the radius that ends

the thisd gisplenga radies asindicsted bybraken fine 850, wicheaincidegwith shebegmpingafed by
| ess than 0.0625.i nches. . pr.ef er.abl t.he ,overl ap of the.third and
oot anp. In8 w5 e ThidABeS b gl to R Rk VBB oBtovelilibidd o § 507
). In tergg, , , 2080 bidrlaf beadidiiee pReférbly gaps
i s between E@S& %&%&?ﬁ%ﬁo@%ﬁ%@fﬁ%ﬁ%ﬁtm réa?t??n gap, '?fnere ?he

negati ve vabeteeere®0625 inehes (558Tfamm)and 063§ énchesy(-1.58i15 rnmd,t whege thee gaps are
separated so that neasureglpﬁgl ong. t he thi rg i.itxlstgr he radi us tth t gs t he
third gap amegativevalugmeans tiasthessisaoonetan, bt ?33 BiRp ALy SEpard 8@5‘?@’? d by

| ess than 50%.0f .t t.hi . }ﬁ%ﬁd st | ap of
t he thihlgd a%\é%%%(r)ep t %@%&%&g&%@%&%ﬁﬁg%% an %‘gé}fd(’)‘fﬁgmusttﬁ?rbggﬁr n gap
L engt h. Nosthe fouirt gipakd separated by \less e 000625 hcheshi Morequeferablyy the ovenlap ofaps i's
bet ween 5% and ~-5% _ The 20 connector 832 is _copl anar %é&%xhﬁ t ! turn
712 and t hetheghird andifovrth gapds between 4.005 gwh%@d?i@gg&néc e e"t@p i ew of
cut out sectiqn.728 of.Fl | : AGh RN | turn
704, the se@Bﬁ.d g [’%@etgﬁﬁhtﬁ@#ﬁ%lgp%gg%%@%ere %@gﬁ%tg%nurn

fourth turnsosanRgd Sebeet the Whgh ¢f thothird B@ngap, WhteGhe Adgatios valuameans.thaEl G 12
Is atop viewof the first turn 704 alone. As shown in FIG ﬁ"&lft%]g FI G
8

12, thasfi réeretisnmorslapobnt instead the gaps awrseparaterkisathet measwed along . where
the first end 1104.and th ecan end 1108 o h ir are
separated bimiheradiys tﬂﬁfr‘ﬁsb‘i’ﬁ(i@i‘ﬁ&ap &Fﬂéh?‘ﬁ‘%gfﬁ’?tﬁpﬁs%ﬁ@%ﬁ%pgr éd on the

antenna axi 5,40 p¥les 1505, JPROUR b nghh, 68 piékabty| @8 doatapar t he

antenna axis” to a point on the first turn 704. The circunference 1208
of the fir sthe thitdund 76eh tusn pdpe isibeteedn 26% atd2§% dfdhe third turn gap lenghmMest £ r st

1104 al | the fi 704 . .
end 1104 al 000 by the overlap 6f the thurd and fourth tum gaps is between 5% and -5%. The

20  connector 832 is coplanar with the third turn 712 and the fourth tumn 716.

O 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 FIG. 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 6f 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 fhe second end 1108 of the first turn actoss 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
-~20.




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 111227¢0dnf3086

smal | paré,?q{,/tl%? first turn 704. The gap -29 WO 03/ 01282¢TAKNNH6€22006
PCT/ US02/ 035 52 forms an angle 1212 with the antenna axis, as shown.

Preferably, the angle 1212 forned by the gap 1112 i sg, tha Mor e

pr ef er abl y 111 hformagh engle 1217 with e W%@“S:Qﬁ&qvgl- &é@ﬁa#@%ﬁaz

preferably, the angle far by, th I p peiHe of the

i rst tur o tompebyite g 15 lory Pap 1y 0 aRoeifoy by Rl o Lo B00R O e

first 5 tur pzsqgsstﬁ&gsogwr@gﬁeﬁﬁymg_@nggfdmgsbyﬂn_rgapdn‘lesﬁ’thallB"ﬂ Stheend 1104
an e

of the fir urn ntenna axis 904 is equal_ to the diﬁilaﬁ%?
bet ween at 14@:as6f the fitst afrn gl bikis substmtiallyleeallst to theeirqumistened,pgHE: t he

antenna axis 904. More preferably, th i f .t fi ) i

cqual (o txitin[]?@ei=_abe@ista?iﬁ@be§wem% lwﬁqﬁ%gﬁe%;?ﬂﬁﬁ“ Pﬁ*"%@“ﬁ%ﬁﬁ 'Zl

refera , the first, .t , S SRS : _ Verdel era ,
o 90 6 i oy gl ko but abeler 20

the first 3 ul"ar, a wn. FlI 13 is a top view of the

second t Ur R ARt flnd AR thoantehayexis $04F More picfarably, the @diusdf therrssendddt ur n
708 has a first end 1116 and a second end 1120,. ﬁﬁér@tsgtg soﬁgg&gﬁltgprn 708
has a fi r stis equl tolthérasing of thecseeend add'198, 28 Shaym 184 & 5Eraly y a

second turn g 1124., The, fi.rst t B, BRREaheCyd4rie Biréidlar, &cond turn
708 by a fiw%f‘ssf‘fl?ﬁﬁl‘gaj%% aﬁr%”f‘%ﬁa%’%ié?@’f The | engtdﬁlm the first

tum seggnd s%n%ﬂ gap 1128 is radial to -the first and second turns 704, 708.
The second Turn 708 is centered on the antenna axis 904. The first turn

704 and second turn 708 are-concentric, so_that they. are.cegtered, around:
t he sanme point @IGt l&isatbpmimr@&h%sf%ﬂﬂU%B}srﬁ%eugsf@%’“ﬁﬁmélsa@gond tur n‘)
708 extends fromthe apten Xi s. 904 | o 2065RGetHeam 708, so
that the rddGud3.dhe segom W?@%@Sﬁﬁrﬁt%h?}é arégy(:aor tﬁggqt he radi us 1306 of

the second tuy L e1 1 Eatahsecdall ehdt @130, which are sepmeatatlyy 2 ur n gap
1128. The cﬁef’%@r#%%eo?éhgg?%%eo@ t he second turn 708.i's ¢the . irect%gp al ong
O;Bd:g t

the second Je%ﬂatﬁfdig‘iﬁtlhm,f Thesfirsetun TQ41i6 sepacatest from theeesond he
second end 1120 of the second_turn across.the ga CH280s falfal fol I St
end 1116 ofturn-speorfirmenp 112 ﬂeiﬁﬂﬁgéif A ﬁ?gméﬁi‘éﬁ’l 4f<1|2t§q%n| y a snall

part of the,second, turn . d 24n 708 Bcenered g the Adtédhamxish t he
ant enna axi's; ag%ﬁﬁﬂpd ref7gra§‘é®y?nfﬁ%gwaangl e 1312 fornmed by thgdgap 1124

i's | ess thagps? THYBRS ti¥ae08 had becond hen A0Ryre cdrBe@iric, so that they are center
' 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 firstend 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°. Mote 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 th;ser;oﬁd turn 708 In this exarﬁple, the first end 1116 and seconfi 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

-30-




formed by the gap is less than 5. Mrre preferably, the angle forned by the
~‘gap'is less than 3. The length of the second turn gap 1124 is 27/01/2006
subst anti aMW@ 03281l el to the circunference of the secondpbwﬂgﬂz}%&z I'n
this exanple, the first end 1116 and second end 30 1120 have a cut out
conmer sections._ The di stance between at |east part of the first end 1116

of the secoPltefthesesard enddl120ofthesecond turgend the antgural axisP04h dMatiest ance

bet ween at P -7 Ok : .0128 CT/,US02/,.23092 part. of the
second end iﬁ%gébg%, %%&&gﬁé‘g%?%%&ﬂ@‘f ﬁ%’ag'r%?ttgﬁ?‘i‘gmé? gle%‘iﬂnd%‘i $120,
pref er abl y, astshown alFiG: 10f Prdfierablyy! thé sfd fudo F0d is sstatiatlyPeibdif ! Bdkys of the

~second end 1120 as shown in FIG 13. Preferably, the ‘second turn 708 is

subst ant i al Prfeablys thesseconddwa 708 ris¢izoukdn) ag shavie second turn 708 is circul ar,
as shown. 5 A first turn-second turn connector 1132 provides an electrical

“connect on bet wegn. . 3 nd 1108..af the first turn and. the first end
1116 ofkthe secojﬁgnttbir}ﬁ.s%%ﬁg?‘ﬁ%%g%eg%éﬁ%@rgﬂgﬁﬁﬁ%W DReGHop BEWERR second
turn connecdhesechAdehd I8 I0F R Sirst tEMHAA HRLirstR 1 1 Aotk facofd furf. Sih the!" N
connector |eg 1140, and a second turn connector |eg 1144. Preferably, the

spanni ng sdeeiened emrlimentdhehrstimn-sdcbyd fuar enhesitort1d 32 bemprises apanningce of t he
to first turrh7glj ggﬁﬁrt{l]e ci rcunf elrepc of the second tam 708 adj acent to
the spanni rgeHBdPP:niir i coppertos leg {140, and assronddvmconasgior feg)! 144

bstanti al | i . I
st oot P g b bAoAy JSngss Wi S aRRORGED | o

1144 is substantially radiral to the seco
1136 i %0 appurshtinmd0éapd thedireymipednee efithe bexofd tush 708.ddjacéito @tkphfiing second

E}Jy‘n 708, as sh(iv\?ﬁ‘ he_first turn connector |leg 1140 is adjacent to an end
of the 15 f959ep I3k stityerpcomperiordeg: bi4§ 1s snbstantialiy gedial to theyfustiym | s

adj acent t ”Tﬁ‘r?sq -y e preferr

enbodi nent ?oﬁhe | ?ﬁd @%ﬁ%@%@%&%ﬁ%gﬁﬁ%&&@éﬁ% t%’E‘FerFOW 8are

adj acent t Thesgdnnidgestiond036 Bapprrirtaely afidwiebdtivédmithd AfsbneRPo4ldnidhe i s al ong
a radius as indicated by broken |ine 1150, which coincides with the

begi nni ng 8¢cond un 2@% gp showi nThgfpstrumsonmpgtos leg 11 40vs adjasentdpon end ¢fitherdj acent

ith i 0 sh . Oh ar i ' . || 1112,
o s ovBbe BRR 89130 ThE <204 irn ooy R 1 P44 8 R3ia0 sin e alie 970575 o
and - 0. 0628ecodheSgdp 11237 &Y fhe Praferred diHoRinddE tREGRL ke ég?llgg : @gs that

there s no overlap, but instead the gaps are separa at neasured
“al ong the $dcomd tuengap klaé armdjasnsnttthaach@r&ms, sb ltieat fu ersd oftthe firsyayn gapd]1112

is along a radjus 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
_ prcferably 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 tumn 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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0. 0625 inches. More 25 preferably, the overlap of the first and
is betvveeqmgog‘ﬁ? Jinches (0.127 mm) and -0.005 inches (-0.BCATUSWRI0In terms
of percentage, %e overlap of the first and second turn gaps is between

50% and -50% of the length of the first turn gap .where t peoak byg val ue
means t hat IeaghBMdstpmfﬁmtﬂy,lth@?Vﬂmh? of the fisst and g?gﬁda'ﬁgnggpétlgg%‘gr ated so that

nmeasured along the first tugn t ' t.DAle BaCierd 704 dniirlsd segapl tarnd t he
radi us that- mdghqmn%°%ggéﬁﬁm3§%£ﬂ§?ééﬂ%g£r§ed by | ess than SO(V%of t he

first gap |ggpoth. ];F}Sa‘?, Sheighbas thefiest tap 704 and-he s¢cend W d0% econd
turn gaps |26%@r3\/95%|\%{@ % a&%é;ﬁgiS%:) the first turn gap -31 WD 03/012821

27/ 01/ 2006 PCT/US02/ 23092 | ength. Mst preferabl t he over e
first and secondpiGiria igapehematibpemm@hv%%‘é{ﬁﬁse@g%%%ﬁgmﬂﬁﬁedgg gfrtﬁ%%% isin

the sanme plane as the first 704 . an & the/faButdbng 720, o
preferally Ilm's7041&%@?@“41%%‘%&?tﬁﬁ%%‘??g{?ﬁ%ﬁ@gﬁggﬁﬁgnd th%gsecond turn \

708. FIG 14 is a sc | ﬁ(]ﬁﬁ&@&ﬂd@mmrﬁéﬁithomkﬂM'@m}% parts
of the firs e@m‘ﬁ?’ﬁ%?ﬁ% e second turn 708, the third turn 712, the

fourth turn ghfctok BS2, A isedvnd tiaahird wiecapaeqson 149s 724, the first
turn-second turn connector 1132, the third turn-fourth turn connector 832,

and a second turn-third turn con tor ,1404, . | ' therben2@nma 700
may be used in pﬂmepmatpﬁrﬂdb%%%%ﬁé?ﬂé’ebr""%b’“& c‘jj;rﬁéedrsl?ﬁg’ln"olél ows fromthe
214 RF power sourge .t hrau ' PasarcédRrough thednghit bus thefarst 104 of
the first tlﬂlﬁe‘#o&. ﬂ?Wé%c?g{]"rbég 4?’?%\5?% romthe ?ilrst er&_c:ldé&Of Oﬁir%ttﬂ&nfi rst .
turn 70‘11?)t0 Q%@@(‘}Pﬂ@ﬁ?ﬁﬂnﬁm& Thhe ¢urent fioves from the frshen PSRRI gap ©o
1112 is'provided to prevent a shorting en.t | I St Sidédwe first
turn and t hejoaes thiedeeond end 1ﬂ0|3305th?W%Pﬁ‘%@l&k@f&%{ﬁ#%ﬂrr avgrl sf from

t he second end of the first turn.thr it 8dd the sévond embefthofirst eg 1140
in a di rectimwﬁgbbﬂlmgléquﬁe‘h&ﬁpﬁﬁ?e&é%éeﬁﬁ% turn and tq}e“gl glﬁ}gag‘nt he 15
spanni ng S e o bt i héh GiveRGidn® thesedonti and dfhk firss swraithrayelt e

ci r cunf er encdig™ the first turn 704 and the se&gr}gﬁﬁ,ur Z naa?d GRAL to

t he spanni ng.ssR6dérse 1146 2 Bection substentially, galigl to, 1 {'J'gbﬁ‘t e second turn

connector leg 1144 in a _djrectjon,subst ' |p!aiégiéﬁ€itﬁécirdxﬁ1férbﬁt€39f?ﬂlﬂd turn
to the fisr stspamdng&%o@fll:i%%‘b%ﬂ‘ﬁﬁ%g e current flows_from the

first end 1116 of &l@ﬁ, Gﬁatﬁ&eﬁth@ﬂwmﬂngmﬁqqt@%fwwgrgcond
turn 708, 20&%@%%@“@?@%&%& e Zecond turn-third turn C%&E&fatl@rracﬁﬂ()‘l to
the first engeSA4wethrblih the second turn connector leg 1144 in a direction su

turn to the first end 1116 of the second turn 708. The current flows from |
8,

the radius that begins the second turn gap are separated by |lesg_t
3348Eh2096s

U

to the second ”
the first end 1116 of the second tum 708 to the second end 1120 of the second turn

20  and then through the second turn-third turn connector 1404 to the first end 804 of the .
the second @

third turn 712. The current flows from the first end 804 of the third turn to

end 808 of the third turn 712. The third fum gap 812 is provided to prevent a shorting

between the first end of the ihird tum 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 tun

connector leg 840 in a direction substantially radial to the third tum and then along the
lel to the circumferences of the

25
spanning section 836 in a direction substantially paral
third turn 712 and the fourth turn 716 adjacent to the spanning section 836. The current
then fiows through the fourth turn connector leg 844 in a direction substanﬁally radial to
the fourth turn to the first end 816 of the fourth tom 716. The current then flows from

30  the first end of the fourth turn 816 to the second end of the fourth turn SZQ and through
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.turn connect@fedt

[

third turn 712. The current flows fromthe first end 804 of the third turn

..to the second end 808 of the third turn 712. The third turn gap7812 /2006

provi ded tw{pﬁc?%e‘%%&o? shorting between the first end of tEET’FJE%ﬂgJ urn 804

and the secon the third turn 808. The current the rom
the second end of the third turn 808 through the third turn 25 connector
| eg 840 in shetutmy bins A24% (Bt Rif génstator causds the cuentfE tb lalterdate directionsl t hen

al ong the spanning section 836 in a direction substantially parallel to

the circunferenc of the third,iu 12 and the fourth tu 716 _adj acent
to the spanning ﬁ%ﬁ%ﬁ%?“%ﬂi%&ﬁ‘ﬂ%ﬁ{g%'éwﬁm °?Wﬁabﬁ¥%°‘f1§%#% h
Sth@H4t i SubBtaBidll§ P aRstReNhHAd; il firktQurnt fourth
turn to the fi rs? end 516 of thg(ﬂ#ggﬂtﬁ turn 716.5#ﬁfgqggf;érent tlgéﬁ fl ows
from 30 t he 1112 intthe smineplanewes theofinst tort 704n I8 addition, theespagdanstcing] 136 df e

fourth turn_ 820 and through -32 01/2Q006 WO 03/012821 PCT/ US02/ 23092 the
out put bus F5% gmhﬁ%"‘ﬁg t@@r%@?%"w %&E@E‘SW"E@P?MWW is sphstanfialfy pareliel

di rections. ¢ | i1, e i Eﬁf@

connect or 1&03'%%?%9?@1&29?5@%?98}&%% dtthlg&ga%glgigéﬁﬁa Q)q?o&ae%él %I to
the first tsscondithirageft By plating tHel firstituinlpap 1 YEPanklthe sécond fuen 2nlsampptas the
first tam704. In addition, the spanning section 1136 of the 5 first

t ur n- secondthey e adiasaride srchothey bt dpmoy everiap caeh ether, tha first tura 704,second

bst anti al Lhel ¢ e nd t,urn 708 adj.acent to.th econd turn
3:1;1124I an%ﬁ@'%‘g‘k g%%”gﬁ%%@“i?@?f@“%@%ﬁ%ﬁ”ﬁ?%%.cog?leﬁ‘la' f‘ng t he -
first tigrn Gafouthkdpapsn bielap eARMY thids BurfAPpait?4t a30cdiBAt Dulihgy are adj acent

to.each other but 'do not overlap €ach other, the first turn 704, second
fufn 708, aimplepentationg swadk gapor 0ve3Rp pray vestilt, buteninimiziag theggap los overlap isonpl et e
| oop 10 without,.a gap Qor an _.overlap .causi t.hree current hs at a

| ocati on. (SFRTAE B aR A B Sl R S Bob e raipLpEs et

m i zing Thisolifin® Seol¥R 15 bitwellPthl i hitd Lol Akl TOsIp Al |V
uniform RF excitation to generate a unitorm pl asna. he spanni ng section
1136 i s betcurent patlepfovided byttt spanminysettivnnk 38 Avicloses tiedfirsttatn 70d@ndcur r ent

path provided b th%s%a%ni Bg ';ection 1136 is_cl.ose to the first turn 704
and 15 ldecoift® g Preferaplyy the spanntog secliondddbis sybsimtigHy midway ketween
subst anti al ) [ r.n. 704 .an n 708 to
provi de a n%ér/gf%%?ﬁgri y urﬁ%ﬁ%ﬁ%ﬁ%é@gl {}%rlgéﬂmaﬁ géﬁﬁ%&;n ain a gap

bet ween t hextitatioh ahd et pd&lftainggablbetvies dedirkttam 704%ad 3e séRdRaPOBNg section
836 of the third turn-fourth turn connector 832 provides a

The spanning section 836 of the third turn-fourth turn connector 832 provides a
current path that is substantially paralle] to the third turn adjacent to the third tun 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 tum gap 812 and the fourth tum gap 824 so that
they are adjacent to each other but do not overlap each other, the third turn 712, fourth

25 tumn 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 excitationto generate a uniform plasma: " The*
spanning section 836 is between the third and foﬁrth 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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current path that is substantially parallel to the third turn adjacent to
the third turn gap 812 in the same plane as the third turn 71227/®1/2006
addi ti on, y@@mﬁwni ng section 836 of the third turn-foumrdr/ussemeednnect or
832 provides a current path that is substantially parallel to the fourth
turn 716-adjacent to the fourth tamgap 824 and in_the sane plang as the
fourth tur M@ 1Fefersbiplthe spagning sectipn 83 ﬁwbﬁwﬂandwobqtﬂ@nrtg%&#ﬁ% gap
824 so that they are adjacent .to each other pYole ich ot her,
the third ¥ig %P@yfﬂﬁ{‘lt%?’hﬁt‘hgmi" G FipEe azimhal nni N Igg%]f‘?téﬁ&%%ém%?ovi de two

current patpﬁznt%iﬁaiaﬁ%g%ﬁﬂﬁae'tﬁﬁpumvfnaHm@fcmﬁﬁnmm overlap causing three

current pat , f.ocation. During inplenentation a  small:gap or overlap
may result, but mnimzing the gap or overlap is desirable_to p;ovi de, an
azi nuthal Iy uni ngphdﬁl‘gﬁxﬁmmmogbgéi‘b@ along aradiug;ofths Grstiym 704T o

3

spanni ng section 836 is _between third. and four Jr NS mrdk 0 SO that
the curs enmémtbgphngpgthﬁééﬁ'ﬂﬁp‘7b‘ﬂ§’e ' Oﬁcg@ég?ie%ﬁq%é%z%’ﬁ%ge&to t he

third turn 712 and fourté turn - 23, W0 04628 2imeAl0 ThidOfartly PCT/ US02/ 23092
716. Pref ePﬁﬁHﬁatg{Qr‘il S%r?aiﬁl}ﬁlltt%nrbgection 36 is substantially mdway between

the third bdgplithal By Eaving the first tormcatibectonlegil b40-idhesams laneAs i Wt | y

uni form RF excitation and yet nmintain a a,E) bet ween Q%wtzh'lﬁgd&ii% 712

and the fommﬁ%0‘&B¥fﬂ6.ler$fh9ﬁ%ﬁ%“¥’l‘1@°mp%€ leg may b SHRRLFSY T'&G al ong

a radius of the first, turn 704 : ' - 1Bt Breftfurd 704 thay dlko t am 704 t he
mﬂmﬁ%&‘m%ﬁﬂ?‘% i 1sl'e@ cu rﬂujmiltg Y

di srupt i onbaY3 ent passing through the first

turn Cﬁd‘”e%iaim&@ﬁfﬂdléﬁpﬁois W the Bifstturd bormedtor logrid 4§ Bordhesegeagensthe | s h e
dby a v ngthet 1 r st turn connector | e ]atl '03 t&e-sama pl ar!‘e)
as the fi r%mnammmmrﬂml%mwmymmmw&ﬂ'tlﬁﬂf?- Sfhector leg

maybe mnimzed. |n additl.ion, .having the.fir. LR Bdtor 188 840.40
bei ng r adi &ubwU@HEPFHPP%‘ic 'ﬂrtﬁm?@aqu%gﬁ%%gékm{hgm{ ze @gi ST up%i ons from
the first turn connectar.l 34 % 9P abd@fstahtdBgrepentieulastedtbed turn
connect or [&FPHRY ﬁﬁg&g%ﬁ%#gl 'y radial to the second ,gﬁlr nd{Yag%r nd-
subst anti alsgxmm%ma@ﬁ 838, and the faurth tsmenonieetordes: 8445 substaghialiy,ra turn
connector leg 8 I's substantially radial to the.t k@ﬂ@g—g@ 712 and
subst an$ i aIﬁWBmét@Mﬁ“b?M@lYﬁéfpegﬁ%ﬂitﬂgh@M . "and the fourth
tam connector -leg 844 is substantially radial to the 15 four-ththtgulrn 716 and
substantially P ndi cul,ar =S gl]ﬁdi},gwﬂes asp&atng &misiof therloomi th a
gap makes a si ngagﬁi“‘ 1[3“% g?bgn%(g%a%g%ar ati ng .e%dp; gf _the 1 oop,  dual

This configuration is different than other antennas which use a spiral where mdivi

s are not used and where then ends of each loop are at different radii.

loops with small gap

In the preferred embodiment, an insulator is provided to prevent arcing. FIG. 15
20 is a 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 tumn 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, aqd the first
urn-second turn connector 1132 mounted on'the central insulator 1504. The central
insulator 1504 further comprises 2 bottom ridge ring 1604. A first furn gap insulator
1608 and a second tum gap insulator 1612 also form bottom ridges, which are_connected |
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This configuration is different than other antennas which use a _spjral
“where individual |oops with snall gaps are not used and where tzﬂg/rpbﬁagocﬁ
each | oop AY@oxei28fifferent radii. In the preferred enbodi npgatarsdhsegdsul at or
is provided to prevent arcing. FIG 15 20 is a top view of the third turn
712, the fourth turn 716, and the third tamfourth turn connector 832
nount ed on 0 thehetam ridgeming 1604, Amcoutarmidge help ibplaogsiodound the firse fuen 74

enmbodi nent he d.nvention, The central insulataqr. 1504 conpri.ses abase
g 1808 ante 28538 U5 hioSites A BSspSetor e PR iy irBRD comReOriBMoTa8 and
fourth turnt@apse ripls@gor 1520 also formtop 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 bottomview
of the first turliGz02]s atep visscafracbottonringidor i0d. Thebéttons insulator A76Eisdmd t ur n

*connectQr 1132 mounted on.the central jnsul ator 1504. The central :
i nsul atgr 1%'5?@8??%‘?%%???& %%‘&V@Fnar' afﬂavellédi.as&mf@fnturn gap
insul ator  d&EW PN, h iRRGHIZe t PIT a3 ouRkP A Pi241612 al so form bott om
ri dges, which are connected -34 WO 03/012821 27/01/ 2006 PCT/ US02/ 23092 to

the bottomridge ri ng_ 1604. An outer ridge 1616 is placed around the first
turn 704. The J3F. 1834 aossiseqionsl dew ofithp botiem énshlatortl iéd eBGhd7 long- t hi r d

turn connectorl. i wn,inh .the base.rin 508 |G .17 is t view of a
bott om i nsu‘f"g!’ﬂqsslg%m‘?ﬁ%e%{]Wquﬁg’ﬁlsﬁ‘%aauﬂaggit@e 'ihHth'?}'nt"ﬁ%’ ‘gg f a
ring, wth @ CAgt %%]7? , ' g 7 turn
gr.,ogve 1716, an%iaﬁgg}%&rﬁ?@%e %IQ%HQ%%E%?Q%?%%%I@aﬁ@?g a
Cross- sect itheedntral imswlatbr 1504 ibmbusted Intsthe aémiral grodde of thébéltond fnsalatodg  cut

lines 18-18, ‘\(ivith the first turn 704, the second tam 708, the third turn
712, the foifP#nThe frshtumm §04is moupted inthe fisst tyrp grroxe d712 Sthe seennditurm 208ds i n.

The bottomgi L f t tral. r 04 15 dinto
t he cent ralﬁ%"%%dékﬁ(}%eﬁg%g@%eiiﬁg%l a otf)8 hfé%ljﬁjé ?ﬁt%g (}fi:hr?es m?@r’#@%ﬁpi S
mount ed i n 1504£ifls tdrtgap betwes 0o Yigrdliain’712Ha8 feRthaieh 116] With @ dap beitigant ed in

the second turn groove 1716. The top ridge ri ng 1512 of the central
“insul ator suffigient length te prevent pr f tapHredgering d 512 exterids abevecthe Buwdithmy ur n

{dge 14 ng 71588 BePB RS 7E8 a0l Gt elareitth sirede 115 BRnBR RIS HR 10 s o
that di st aggahgd A 710% tBelfdurtf furR 7716 Rt Adt thad88 mfidiRfimlsrtAcd diShce

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
f) 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
. . ofthering. FIG.18 shows that the width of the faraday shicld 1804 is slightly larger
than the width of the antenna. In other preferred embodiments more than one slot is
 provided. | |
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the third turn 712 to the fourth turn 716 is greater than the mni

surface distance required to prevent arcing. The bottom i nsul aQ(?r/Ol]?OZOIQ}ﬁy
be pl aced wo oanoimerday shield 1804. FIG 22 is a top vi eweoT/ustesbesr aday
shield 1804. The faraday shield 1804 may be 20 provided to further

m nimze azinuthal variations in couplln d to copfrol t he extent of

capacitive coupﬂfﬁgl‘f’ iymicyt aveay nsespReHyE € fRputbys aﬁi’&ﬁﬂﬂ
f d h ' d h | d
| ot g ¢ A2 T ik gpecRing BinBpfE 720 Eg‘ggfé&%%ﬁ u} EorBl IR S e n

t he shape %n@cfeaﬂﬂaﬁphﬁdfhﬂfmdmduaﬂmge&ad 1980 4T leeroutput dus T2dcompriesirape t hat
mat ches the footprint "of the antenna. In the preferred 25 enbodi nmen t he

faraday shioetpit dBhdctos] H2conaecteddp @ tapsredwatnub eondueting bar 19Har Theda htly

D504 e oo dumvh pendughn b 190 aidteedted AP Rcnthchk Ba ok S HERBE RIS L o1 holny
shi el d 180§ r%éd él'ob&!agé ther R A*amectuli@ et g4 9 ad Pﬁzaﬁélis?ﬁb@d bktweeh her

preferred odi'ment 8 nore than one sl ot is provid 03/ 012821

27/ 01/ 5006 thd%ﬁﬂ'érglﬁﬁ%ﬁﬂﬁﬁﬁﬁctﬁggar 1908i and dapeted @wmﬂap@:bmdelﬁlt@mﬁmt he
I nput bus 720 and the_ output bus 724, t e |n ut  bus
720 conpri gingbetyvagn the M&mcq@eahn%ﬁg‘ﬁ@tﬁ%gaﬂﬁg H'ipB

connoct ed_Pe 9155 A8 alleaRt Ry %a&?“%nfﬁm“*aéaﬁd?@“ﬁﬁggﬁ“ed “?%%8{ o

conducig ng mﬂm%@mpdta@ﬁuedng)wums helpsitoahinimize RF ak@rhfetries thatimpyed and

pl aced cl ose together as shown. A dielectric piece 1924 in an hape is .
pl aced bet heemscdbgtheamwwnpﬁmﬂd@@ﬁﬂbéﬂ %FheM‘F&ﬁ%‘{"éﬁn Butput | )

conducti ng b{ 916 to prevent arcing between the tapered input conducti ng
bar 1908 aRer 131&- *tapered output conducting bar 1916. The alignnent and
cl ose pl acenent of the tapered input conducting bar 1908 to and the tapered

out put conducti pg bécﬂﬂa@nmmgn&@uahm;mg@tagemﬂummimmaﬂﬂrm be
caused by the tapere I nput conducting bar and t he tapered 3

‘conduct i ng gaP8r2 adilthe fdunthaurnezab 824 merabouif0. 135dnehes £h17ommyi The path e of
about 600 volts the th| fur.n 2 a ar e
about U, 128longdhesurface g m%)ﬂam#ﬁg‘?“p%fmjfw ﬂgﬁﬁtﬁﬁ’?“ 4 dha'thE ecBitPerit 08

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 tht; 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 fum 2020 and a fourth turn 2022. An input feed 2026 s 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
S_ection 2032 is connected between the third turn 2020 and the fourth turn 2022 and is

| coplanar to the first turn 2016 and the second tum 2018 and spans the gap in the first turn

2016 and the gap in the second turn 2018. A third turn leg connector 2034 connectsa
first end of the first spanning section 2032 to the third turn 2020. A fourth tum leg

30 - connector 2036 connects a second end of the first spanning section 2032 to the fourth
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is al ong the surface of the insulator 1504 between the first end 804 and
<the*second end 808 of the third turn 712 is about 0.25 inches R8/36lA2PO6
The pat h | spe3mizd2ong the surface of the insulator 1504 ipcT/asexsssd by
extending the insulator beyond the ends of the turns as shown in FIG 18.
FIG 20 is a schematic illustration of another enbodi nent of an antenna 20
ar r angementti¥ia2 c driseandspanningsectign H4tds cappegtectbopwenn the Frst fra 2816798 nent |

2010. “Tho 1P %%cEt?%%tn”f@é@eWr' .ses‘%%ﬁ&“tfﬂ? R LA

2018. The sg ﬁgamgduﬁﬁanmaﬁsmagaﬂm&ﬁhfommmzm:nndfmmt@ turn
. 2022. An |nput feed 2026 is provided from RF power source 2004 to a first

end of the donnectort2G4mcameds a finst cod pf the sesond sppaing sectign 204thiecthe first RS t he
fourth tur 22 to the squ.ce 2004. A fi anm tion
2082 115 comiae: Aderutihuaien Rt A4 Fhmiess ssednd bl be B IRRE a8 5 o
is copl anasrecﬁdhzdastéth5§ecohat.ﬂn§@i@ BR6kohf furs- BT Wi donfect@ D56 RoniRERNS t he
gap in the first turn 2016 and the gap in the second turn 2018. A third

turn | eg coheseond @O82018t0 detthird fim 2020 nkk discusded in the prevignsiembediments | on
2032 to the,third turn 2020, A f urth nnect or ects a
second end BF 4Ry &re mingpi aﬁ]rff’ﬁ@ ?‘iﬁz"%ﬁ(}?fgﬁ?ﬁ@ 338&11?‘?0&%%9%%?
03/ 012821 271 2 ' t

/e AR IGS Tha WQ’?‘% it B0 ps 1 B R BRAA RidT afggt | On

2044 i s connect tween t he the second turn 2018 and

i s coph@narofies tHaa 58.hMost prefbraBly? thegags mteecltmmaicesarmdxﬂcaﬁglemfdbss thaans t he
gaplnthethlrdturn 2020 and_the gap in the fourt turn A first
tunn leg cBnheaidigion Ao/ gapdB thecdistiugn gud the gapin therses 2%%1 PeiVRER

Connects. a D%Ba0R e Rk Eedag infe g AFR AR ub thf %bﬁ@%é‘“ﬁgﬁﬁnd

turn 2018. An$ehe 'Mrﬁtuﬁﬁ'ddéﬂ%;ﬁbiHétﬁe%ﬂ%t‘d-@ﬁ%&ﬁé&ngmmfﬁiﬂ@pmﬂxethnd:ond
turn 2018 to the third turn 2020. As discussed in the preV| ous enbgdl ment s,

t he gaps artemmMmmpméﬂabthb@gasmdh% wrangtihe gap ipitler sepensd WW@% % in
each tam [ Ss i gaps in
each t&tn Rvgeea aﬁ%ﬂtﬁq ﬁ‘eﬁ&?qﬁﬁﬁtﬁ%‘mﬁ“?ég&’e rag?ry e gaps
in each tur HE% tuft Weflap by b&&%eﬂMmQS%tﬁewﬁgtﬂdeﬁbgdpangap in
the first ta?frn @"?ﬂ’éq%gg{.n t he lgecond turn overlap by between 50%to
-50% t he | ehgthlrd admt hmrgp];efmmy,nbegaprmthaﬁmmmmmpntheaemdttnmrd turn
dth

an © 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 tum
and the gap in the second turn. The second spanning section spans the gap in the third

£

: "x) 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 - Inoperation, 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 ttle
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gap in the fourth turn overlap by between 50%to -50%the |ength of the gap
inthe third turn. Mre preferably, the gap in the first turn aﬁdQJHéZQgﬁ
in the seowodsmizsm overl ap by 15 between 25%to -25% t he | POBURO2M3I092he gap
in the first tamand the gap in the third turn and the gap in the fourth:

overlap by b 25% t g -28%the | e | irghi rd
Lam Nore preRbRaE Erecepaor 2B e ireft i ot RS gt on
turn  over hﬁ'ﬂz@)’q}%@ﬁ%&ﬁﬁr@ gﬁ%’éﬁ:ﬁl 202Ub RSedoBelidlofthe M 8302020 Thecirenst turn

and the gap In t urn and the gap in the fourth turn overlap by
bet ween 5%pith passts from thesegoid exfd afitee thixd garp 2020 threughisi thisd twrn leg GoRDEERTI ti on,

the first spanning section spans the L0 .th i rst turn a the gap in
t he second2 mw.afgrn@w&ﬁw%seﬁ&?@? @Eiﬂ?@ﬁé&é‘gbmﬂ&ghe third
turn and the b A f L fsilrit A0 168 e cHP20%Y thebugkCt | ons
provi dé a W@%&%{'ﬁmﬁ%ﬂé@&p&%@%ﬁéﬁb&&ﬂe gaps.léghe sgtgnni n sggﬁi ons
are copl angir@RAd kemk fosthoam 202240 e sexond enddf the fathriomi 2022. Fram 8¢rrent path

is fromthe RF power source 2004 through the input fee 6t first
end of thesecionéendcﬁthem.mmﬁ@%@mwn@@é@sww#a“ﬁﬁ%ﬁ‘f?%P %Q‘?Jﬁ 2016 to

gﬁig?o?ﬂe?%ﬁ?é%@?-eﬁeﬁsswt 1 %"@‘ﬁg“%ﬁ‘?“ﬁ’ﬁ‘rﬂ%Téé%?‘%??@?d@gngo? hr ough
i i 204 48.
The corrent - hasThetst srnmiG Seion 2057 BEpvelss & Crat Pk o sABPRRASIOHBE 8P
end of, the. secand tur 13?@&% %&%é@é‘c%ﬂ&'uﬁi‘ﬁom THa®urreRGRprovided BP18 and
@86’6‘ Fllgpn T %fl

t hen t’(9 t h& fn connector 2050. Fromthe " -37 WO

03/ 012821 2/ PRSP 6EASSRI 723 0oplaee andicoseutpithd geprial thafinst tuon2Méand 2050 ¢ )
the current passés through a first end of the thiﬁlg tjﬁrn 2020.around t he
third turntieQap in theseennd s 2048 braddition; e current pathopreyided by aﬁﬁ'?'ent pat h

passes fromthe seconchosg’?lsof} %hgalg)ﬂ!%r 14l B e 224 nfRnet afhe it 2016 N | eg

connect or SEATSISSECUON I'TSt spanni ng section 2032 and then

to a fourt Qg.meﬁik@ﬁds@,qgésecﬁtﬁ?ﬁﬂﬁmgﬁémm%mﬁrom the
fourth tur%m%g%@%égﬁgg??or 2036 through a first end of the fourth turn 2022

to a SEConguent path tb bempensatt fortthe garpinzhe third orm 2020 andbtbe gap irlie furbne £ our t h
turn 2022 the current passes to tput feed 2028 taq..t foﬁ“ e 2004.
The RF soum29%4w§tnaﬂbpfeu%€§ﬁ¥&ﬁm@§ SPROUNE SePROt AR F f%%%a?The
first spanping SQ6tlofhpdl i hir@¥irfl 952Fakithe £4 iR fouktf n&AOLRSEL € for the
gap

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 asymmeiry can be minimized by

Jocating 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 tura
- connector 2050.
“This embodiment is created with a design preference to place connector legs with
30  opposing currents close together so they at least partiatlly cancel each other which

minimizes the area enclosed by the resulting magnetic dipoles to provide improved
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10 in the fast turn 2016 and the gap in the second turn 2018. The current
.path provided by the first spanning section 2032 is copl anar aRd/db4a00$H
the gap i ngbhspidgist turn 2016 and the gap in the second per/Usi2Ri®d2 | n
addition, the current path, provided by the first spanning section 2032,
I's substantially parallel to the circunference of the first turn 2016 and
t he second tmnuti §fnmerkewi se, the second spanning section 2044 provides a
15 current path to conpensate for the gap in the third turn 2020 and the
gap in the fourt ArhbusHth&Qabodibluat ixschendticaldy ilugtrated, grederihly ehh temdsnd
spanni ng section 2044 is coplanar and close to the gap in the third turn
2020 and thé’orgmda'snrmB@SﬁhnmmthwrﬂVlgmquﬁnﬂﬁd@%Pﬁgﬁmﬁh\iﬁ@U&“L’éﬂf pat h,

Phe. i r cund Sie Db e cnls i ks arireon ot des SR aaTs Aeufs ki 471 31 L0t
connectof | e Q00 8 PAiond B SodeR. 288Rerid ideriatd dRORRe R i provious

non-azi mut hal currentsS which can cause azi muthal asymmetry. This asymetry
can be ni ni rinbedintent, mayd=triaced withingbe gapsiang betwieemthe Bpos andjoeps tpalew aas

cl ose together ags possible. Follow ng that concept, the third turn |eg
connect or 2&HWCHAN I 8P SHenear the first turn | eg connector 2046, so that
the current in the third-turn |l eg connector 2034 is al ways opposite the 25
current directi opyinogtidg stilehtic iilisBatibfaRAAGCInod R4S of dd ktwimae, the
second turn leg connector 2048 is partially cancelled by the fourth turn

| eg connect afra@@afent 7108 domssdted 20 ABRF poper sauriel Al 0¢.alnabislesbodimentdhé nput f eed

2026 and the second turn-third tur con tor 2050,, Thi dinent _is
qgﬁat ed10y t ANtGNRARITARECIRETE COPRITES at%“ﬂ‘l’%bﬁ%géﬂ 2 &gcgpd }ogag?\],\frjﬁﬁe é‘ﬁ&e@’%osi ng
cufrents cl t oget he I ' 18261t whDer i ch
m nimzes tﬁzﬁ%?‘é’gp sgijfiggsgﬁfngg}/]t%draesu{lﬁgﬂgg}#y&h?gﬁﬁﬁ%ol es to prc}\?\i!\ge

i mproved - 3§hg §¢ddhd RHpR11Y\6orRpHRd 2 8etbndP i DISIInA 3GV Etinwirm A1 223 whichrisret 1y .

Al though this enbodinment is schematically illust raté((f , pr?&erabl each turn
is formed eutsideof fhy seeondriww 120, Andnnwt &pd SLA0 18 PEY m RYROWE] 3RSy be

i reul but .the. ends Af, ' i houl d
have the saRbofti i o o iRuR g ARIPI-EEFE R Tt HouRS P10
mat eri ajs, agoxg{h%ﬁaﬁsﬁqdt&&emepdwe?gwe@z1oant:pﬁﬂsf@mmmﬁbﬁzmmised wi t hin

t he gaps an etween the turns and | oops to allow a reduction in gap size.
connected between the first turn 2116 and the second turn 2120, so that it extends fErom

" 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 tum-third tumn connector 2150 connects the

20  second turn 2120 to the third tum 2118.As discuése‘d 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°.

. 49,

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 tum and the
gap in the fourth tarn 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
. between25% ta-~25%. the-length of the gap in the first tur,n and-the-gapin-the-third-turn -
and the gapin 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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FI G 21 s a scherratlc |Ilustrat|on of anot her enbodi nent of an_ant enna
arrangenent 2100 connected to an RF power source 2104. In this St M AOo
the 10 antpglagnkipngement conprises a first |oop 2106 andpaTASes3do2 oop
2110. The first loop 2106 conprises a first turn 2116 and a thlrd tam
2118, which is inside the first turn 2116. The sec 04(;)?@ rrprlses
a second t ykiad Gt ndithe gap incthe fourtfum overiap W\hﬁt&?ﬁe’!% der €second

turn 2120. Anlnput fee ded f 4 to a
first end cﬂaptﬂhﬂle uﬁﬁg‘%ﬂ!}éhgé‘ﬁy‘i’ﬂ’&?f’ Feed %ﬁﬁ@g%ﬁ%&ie romthe
15 fourth tyurn 21 sAn bdjasint ey micrlap sect i on
2132 is 20 ‘ﬁ%ﬁeﬁg“‘féé't‘gs &een the" g 21%? and the 'second’ Turn 2120,
so thgt it ‘%’ﬁmbf’wmgﬁi anity Mcmghthﬁthlrfﬁlralﬂmmﬁ?@? SPBJaﬁth o g
second spanni ng section I's ‘conne e e thi P18 an

t he fowthﬁmmmeﬂwwaﬁﬂc%k%ﬁagﬂwg?ﬁ%ﬁetﬁﬁ ggggrl\#\er’ fuen to a

| ower outer t an@ﬂ;@@wﬁaﬁaﬂﬁqaahhe
second tur. rP‘?&E@b’t’ﬁ’ %QV%%S%%U%H ?'T%H&‘ngl scussed int e pr EVi0us

embodi ment Stheg%ﬁm (88 BSst &irS 21 rd the gap Blthoseaandiner2ide Thaserend SPAOBING abl y
the gaps in e turn makes a radial an

preferably, set:ﬂixm 2jaidspaus theigap indhathirdibans F%ﬁ’?‘{aﬁhleggéwetgﬁg ‘F@st'g{%tﬁan 5. Most
pr ef er abl y, é@ﬁan se{:qr@ea% ”{GEP%%ZP 1?%5 @&Jré’ﬁtpﬁﬁ% Sofipenkf6 fortthegaps. | n

addi tion, n the second turn overl ap
by between 25 50% to. -50%the length of the gapin the first turn, and the

gap in,the thi rd;[nt cihm@mggﬁhummmefmpowenmmeammab fb’é'PWeen
50% t o "- 50% the gth ef ‘the gap- in-t'he third “turn. ﬁ%[ % the)
gap in the. fehdﬂl2&tbra|ﬁm1rmhdtdﬁdw§er§fmllﬂé g@%ﬁ%”l?ﬁ???”é?}’é’fi ‘g 6T Weew. 2-

o-toa: ZSfatIaIen e ga : pmg&ﬁleﬁ(urn
and t he gapmlarﬁeﬁ é} tHr m""“ﬁ?etg)yﬁébﬁ@ en.: %g/‘?@ = 25%t he | ength of

the gap in 30 t ont,merﬁs dgﬂmmg\mﬁmpmmgmctﬂm@apﬁmmdmlzourn

and the gappa}shest € second*turn -overl-ap by between 5%t0, -5% the_ | ength of
the gap in bhﬁeédcbﬁdeﬁmMemdndmmemtotthesm whtuprp thied HRRONDESIY3/ 012821

PCT/ US02/ 23092 third turn and the i n h PirsPet ween
5% to -15% t BESQ, éingmrthesec@,.. gn &E{PH}% GEHﬁ %ﬁﬁ{%@f irst-turn
is not in the s as_t t géagn@metmﬁam dheacent .
to the fi rs?mi‘?fa{ge %ﬂoﬁ%%%gqﬁﬁzgg??c%m turns overlap ‘wi thin the
above descr é,ﬂ.ﬁéﬁtﬁitﬂ\phéesﬁbﬁh@l%ﬁm&dflthﬂhirdmumﬂﬂnnghﬁhﬁsqqqé Mlqgoop as
t he
secuon 2144 and through a first end of the fourth turn 2122 to asecond end of the fourth
~ turn. From the second end of the fourth turn 2122 the current passesto 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 proﬁded by the first spanning section 2132 has a component that
' is substantially paraflel to the circumference of the first turn 2116 and the second furn
2120 but also has a vertical and radial component. Likewise, the second spanning section
e 2144 provides a current paih 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 furn 2118 or the fourth turn 2122. The current path provided
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5 fourth turn, the thud turn is adjacent to the fourth turn, so that the
.'gaps in adjacent turns overlap by the above described linits. BA/dddi 206,
the fast s@@@iofgapection 2132 spans the gap in the firstpitpikabifsand the
gap in the second turn 2120. The second spanning section 2144 spans the
gap in the third turn 2118 and the gap in the fourth tam 2122. The first

and second 5B Bédofld SRARINGRECtDNPT #4/Bash cdrfpoet thad istubsiamiatip pamileldo ther  t he
gaps. 10-1 I'n operation, the current path is fromthe RF _power squrce 2104

t hrough t heciicopdierendesd ghethizd turn 2 bl & andghe ©oprh g 2he2 byt alsp hagp yerigal gnc e
t dt I St t 2116 the: fi t
connect ed tadehrmoneR” Ipa e eiesoibn i3 ot e Snd Bbpfing o 2 10
first SpanniDRardh@iio e ethBlHE Becohl ick-ffid taiboRhectdt156 T thelotplt 21.20
end of the secona t

to the secon urn and then to thg secpnd turn-third turn
. connect or i fee@2BI3 sofhainhe veeticab compbrens firomtthe first spanningsecsiond] 32 agbthehe

current passes through a_firf‘#“4i end %‘S t he Eir turn ound the tHli_nr_d turn
2118 to a s¥EemtSPaRHnpTeclipRt4l FePATHAYY SAneele &y ‘im'rﬁﬁﬁﬁmﬂ SEEHTOM t he
second end @lrawif chilic:y S dad ot i85 98 Aid'sRANRE Rilial e6Epoft BaA1 and

t hrough a first e fourt rn 2122 to a second end of the fourth
turn. From B6irs es@nthgesetioni2180 & faetiallylvancetied Byl te radial comporsnt fipastbes to a

output feed 20 2128, to the RF source 2104.. The RF.source 2104, causes the
current "I "sep@n@pmwﬁmaﬂ%tiﬂd{%@.wa?h qm@?*%m#%&%%%&ﬁ‘hazmz
provides a current. pat i[%%ﬂhtﬁt? fobEtokbihef solthéyrt2116
and théagap qs%pﬁg’e@g%egﬂéﬁcgwgfeﬁﬁ-ﬁgﬁg remt pgt hcpl’OVOI%ded Sby )ﬁ]e
fi'nst spannpag pseisly Sfhceledeh dthernwliiclc pixtinbes tHeardaleaclbsedsty thesermahetic or t he
seéond turn 25°2120. The current path provided by the first spanning
section 213dipoiastogpreddpimprevediazamuthdl symme8y antial |y parallel to the
circunference of the first tam 2116 and the second turn 2120 but al so has
a vertical and radial conponent. Likew se, the second spanning section
2144 provi des a Aldicughthipatbodimentdsnmhematically diustrated, pagleiahlyraseh R 5d t ur n
2118 and the gap in the fourth turp 2122. The c¢urrent path prqyjded by the
‘second sparfiermed asacings shawn i previpys € ?ﬁ’ﬁ’r‘?ﬁ?%@ﬁ%"ﬁﬁ#ﬁ&‘ﬁ&n@lw or

the foycth turn 2 . . . ' 34 27/ 01/ 2006
PCT/ Usgél ZSﬁgyebv%ﬁﬁeemggg%%ghégg%dﬁ%ngg{ct ﬁm%ﬁdjf&ﬁg\@ a co%gsnt that is

subst ant i al dj¥cuBatah tHelpréviodsimbodintenti A dielsvtric méitetidl st discusted im theprevdousnd t he
fourth turn 2122 but also has a vertical and )
' embodiment, may be placed within the gaps and between the turns and loops to allow a

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 laops are of the same geometry and are co-
- axial and where one loop is placed over the other loop, other types of antenna
| érrangements may be used. Such arrangements may use a single loop or may provide
tﬁat 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 tumns 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.

-41-




radi al conponent. The first spanning section 2132 and the second spanni ng
section 2144 are placed close to and between the second turn-tBi7/PLLRA06
‘connect or WA 98orsd the output 5 feed 2128 so that the vertPCHUSR2EPENeNt S
fromthe first spanning section 2132 and the second spanning section 2144

are partially cancelled by the current fromthe second turn- third turn
connect or 2150. aWaile this ipuertion hae bepnxiesaibad in oo of sevaralerefsardl conponent
from the first..spanning section 2132 is. partiall.y.cancel : r adi al
conponent f?"é‘i’ﬂdﬂrﬁg“%’?&égm “E‘Bf&ﬁﬂ‘ﬁnaﬂé"é‘é"f“i"gﬁa& 3%’.1%11?1“?‘? ﬁ'lﬁ*sclh\%gl)l/w %ﬁis?e

embodi Ment 5,2 5iRisGhRatSH [YHollldhls bR tddaRatiheé BreGRa® altermati®e wagsstnect or

|l egs with oppgm ng currents close together so they at |east partially
cancel eachimyi¢ieentingithemethodsvind@apparhiusesiof theqmesentsoventipn.: Hds therafeget i ¢

di pol es to provi i ppr.oved azi nug hal .s try Although.thi.s embodi nent is
schenat ? cal W@#@ﬂ@f@ﬂ%%ﬁ%%ﬁﬁ@d@ Wg?dr%ali?“g‘ ring as
shown in th gnlé 15 wfaRedi : fak BYSwRIRY tRanfel I BPilequare, -
but the end%teg%h%% T ngs ah%ﬁg(%rﬂvqégtst e gaps shoul gb%—ia{\?gatsﬁjepesane radii,
as di scussgesenhinvastioar evi ous enbodi ment.. A dielectric nmaterial, as

di scussed in the previous enbodinent, may be placed within the gaps and
between the turns and | oops to allow a reduction in gap size. Al though 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 same geonetry
and are co- axial and where one |oop is placed over the other |oop, other
types of antenna arrangenents may be used. Such arrangenents nmay use a _
single | oop or may provide that the second |loop is of a different i)
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 tam
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 nmay
be coaxial for part of their |engths as another way of reducing 30 their

di pole effect. -41 27/01/2006 WD 03/012821 PCT/ US02/ 23092 Wile. this

i nvention has been described in terns of several preferred '
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enbodi nents, there are alterations, pernutations, and equival ents which
fall within the scope of this invention It should also be noted that there
are many alternative ways of inplenenting the nethods and apparat uses of
the present invention. It is therefore 5 intended that the. follow ng
appended clains be interpreted as including all such alterations,
permutations, and equivalents as fall, within the true spi2f.i.v6 and scope of
the present invention. -42 27.1.06 CLAIMS What is claimed is: 1. An
antenna arrangenment for generating anqelggdric field inside a process
chanber, 5 said antenna arrangenent -tonprrsing: a first |oop di sposed
around an antenna axis, conprising: 10 15 a first turn with a first turn
gap wherein a first end of the first turnis ona first side of the first
turn gap and a second end of the first turn is on a second side of the
first turn“&ﬁfg ?.se ond turn with a second turn gap wherein a first end of
t he second 1 CAUBCH 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 turp i s £RBHEMA drfanB8HentGOPEABAlnY A Blebthi feld Rbidk Y phoRBCIaRBELd
apart fromthe first turn, "and where the antenna axis pagges t hrough the
cent er 5of gaikarftérms rrangemeandommpesimg! turn; and a first current path
connector electrically connected to the first turn and the second turn

conpri sing a spapnj ectign between and coplanar. wth the first turn and
t he second turﬁﬁ@ﬁﬁgaﬁﬁﬁn°§%éﬁgm€ﬁ@BPF?E%a@&ﬁﬁﬁ@&ﬁm§nd the second turn

gap. 20 2. The antenna arrangenent as recited in claim1, wherein part of

the first end of the firki tufid withaFirktSuf b WIRRGE a Hr@hd BEIRH QARG id¥ha t hat
is equal to the distance between part © the second end of the first turn

and t he ant enndirsiide ofgheifihbregap patka seobnd érsl dfithe firse huin o on 2 $esombgidnid turn
is a distance fr%%hemantenna axis that is equal to the distance between
part of the sed AG™Bt 24Me second turn and the antenna axis.

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 clectrically 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

£ap.

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 furn and the antenna axis.

25
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25 43 27.1.06 3. The antenna arrangenent as recited in any of clains 1-2,
wherein the first turn gap makes a radial angle of |less than 10 of the
first turn and wherein the second turn gap makes a radial angle of |ess
than 10 of the second turn. 5 4. The antenna arrangenent as recited in any
of clainms 1-3, wherein the first turn gap has a length and overlaps with
the second turn gap by a distance between 50% and - 50% of27tkhe | ength of
the first turn gap. 5. The antenna arrangenent as recited in any of clains
1-4, whereBn th@hémnaﬁmammmgmnaniﬂnpﬁmhMmeméchhnsLé vhewmche firdatrmeen t he
flrst turn and the s nd tu d ¢ rises: a spanning section with a
1ot end SHOMEkSacang Bl o Bt Rt HRPHPRISRGSIB i SoNJUREW; al | y
parall el t a first turn connector |eg
connect ed ﬁm?ﬁﬁgﬁgﬁﬂgﬁ$?€§§“ﬁﬁﬁ{Qf‘%ﬁ%ﬁ%ggﬁﬁPﬁb 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 tam connector |eg connected

bet ween the second end of the spanning section and the first end of t he

econd _tur rein the second. turn. connect bsi a rad a
o hassacind "t Thsamatagrinsenan s OR R bt fL b " n SRR Rt B Y of °
clai ms 1- Sgapheh @it BRI éx}eﬁﬁfas Witk 'Ehe' sScorRlPS! Bpibyal didtatdefelv&h s@%iaﬁdhe

second turn |s substantially circular. 7. The antenna arrangenent as
recited i nS&apf thc leighlh afthe fidst thrargaper conprising a dielectric nmediumis
di sposed between the first turn and second turn to elimnate arcing 25
t herebetween. 44 27.1.06 8. The antenna arrangenent as recited in any of
claims 1-7, further conprising a second | oop coupled to the first |oop,
wherein the second | oop, said second |oop having a geonetry that is

substanti ad.| y STH dn@nnh Qrrén hd décigdd th faﬁ;( b &latmd pﬂPwhérE‘iﬁ tBEHRANEurRent 00P
being vertically displaced Tromthe first 1oop and pl ace around the antenna

axis 30 tpath canmectpt m@pnmm hetwieendbofist fuoo prdithe ssgomdwanni and Ichsprsdsyned
relative to the antenna axis and wherein the first |oop and second | oop

are arranged t % s%%lrﬂgﬁég SedHoh rWelﬁlt a ﬁr@? {nd &n raos%%]nd 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 any of claims 1-5, wherein the first turn is

substantially circular and the second turn is substantially circular.

7. The antenna arrangement as recited in any of claims 1-6, further comprising a
dielectric medium is disposed between the first tumn and second turn to eliminate arcing

25 therebetween.
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in the sane direction around the antenna axis, wherein the second | oop
conprises: athird turn with a third turn gap; and 10 a fourth turn with a
fourth turn gap. 9. The antenna arrangenent as recited in any of clains
1-8, further conprising an RF power source coupled to the first |oop and
the second | oop. 15 10. The antenna arrangenent as recited in any of clains
1-9 wherein the first and second | oops have a conbined | engbh that is
smal l er than the wavel ength of energy transmtted through the antenna
arrangenment. 11. The antenna arrangenent as recited in any of clains 1-10
wherein said second 20 |oop effectively shields a term nal voltage of said
first loop, 12. The antenna arrangenent as recited in_any of clains 1-11,
wherei n safd fi T8¢ anigena aggaesracnt abissitedimsay of elapas 1-Jr FArthiar COMBASNG | v
symretric electric field inside a process chanber with a first RF energy
generated by a fi LI Sal I al |y
symetric eIect%%%ﬁk?gﬁgQggﬁﬁgﬁgﬁéu %gﬁﬁfﬁgkﬂv§g%gﬁ%§ﬁ§%ﬁéS%@ﬁ%%%?y%ﬁ

pl asma, whividp pgatssha is nistaatidliyadimylatiol ff geomepy of dedirstdbep, dlos @ssnd he
surface of a substrate_  disposed inside of said process chanber. 5 13. A

pl asma’ pr o8B 5eiRg varstsallndisnlascs frosp dhedatst logp and pigss rapRd the GR{sANZ XY S0 4
process chaphgr ﬁ;réh £ s &fh'd%é 3 Hidaﬁggﬁ@d%l v R ARGhdaQkisSal d
processing; a nmulti-lrayered antenna confi gur 0 produce an electric field
vi a RF enesmgywhdréinititefistlodp pndseead topnibeirrangad ¢ antyeundrehiotheregh@ufh r st

| oop and a second | .oop, which 10 are substantially simlar to_one another,
and whi ch Brtke smairetien propnd fhegnteang axig: wheaeip ghe sggonthlogp SEMBNSES: the fir st

| oop conprising: 15 20 a first turn with a first turn gap wherein a first

end of the first t“rz{‘thhﬁtﬁ’rﬁxﬁihﬂlﬁﬁttuﬁfgg'@dthe first turn gap and a
h

second end of the first turnis on a s side of the first turn gap; a
second turn with a second turn gap wherein a first end of the second turn
is onla first side offoutth twecxtica fourth tygagapnd a second end of the second
turn is on a

9. The antenna arrangement as recited in any of claims 1-8, further comprising an

RF power source coupled to the first loop and the second loop.

15 10.  The antenna arrangement as recited in any of claims 1-9 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 any of claims 1-10 wherein said second

20  loop effectively shields a terminal voltage of said first loop.

12.  The antenna arrangement as recited in any of claims 1-11, 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
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second side of the second turn gap, wherein the second turn is concentric
and coplanar wwth the first 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 turn-second turn connector electrically connected
between the second end of the first turn and the first end of the second
turn conprising a spanning section between and copl anar W.4.h6the first
turn and the second turn and which spans the first turn gap and the second
turn gap; eamiuthaliy Byﬁmbmip@iwdiwﬁeidlcﬁwmmcm‘ubgmtmﬂytazinaithaﬂy symenghas plagrea,of
said RF ene m 25 sai d antenna to said roc sai.d w ndow
having a {VPED Pr%fﬁlé?s S A B ROP A PERCCS RIS B fg%‘?fe LMt r anged
to suppregﬁqﬁ%g@ﬁhkk%QSﬁg¥gkk§gmaﬁ@bph may occur 46 27 1. 06 between said

pl asma and sai d antenna . An antenna arrangenent for generating an
electric field inside a process chanber, said antenna arrangenent
conprising: 5 10 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 flrf§ tu iS on a secon % of the fi st turn ~and wherein
the fiTst t é’ SF’&rpﬁ%"eﬁm’?%%RP&P FB“’&?SS}H&%S“ fth"a‘i?x °8mpg ‘E‘Scond turn with

a second turn gap wherein a first end of the second turn is on a first
side of the se cdst CRarfi iR Alich aSR8Rnis 806 ighitdd@dsaseindd FHsaid S on a
second side of the second turn gap, wherein the second turn is coaxial wth
the firstpreeassingnd spaced apart fromthe first turn, and wherein the

- antenna axi s passes through the center of the first turn and second turn,

wherein the sec for dlal 5 and
hereim the 1 i e Bend: YR efbeh 1A 40 Fedtic hERY4 RE Bngef L0 o
turn gap bysibeiaeofoced%hamnber; W@ﬁ&nﬁaﬁﬁv’fﬂgr Bfirst MbP aB@ R secofd tbop, whicht
current path connector electrically connected to the first turn and the

second0 t urate adhsisniiglixnymiastoamaianetheic end whichtireyynypetrisalbadighed elativgter gap

and t he $869 d tur.n gap ? .
afi antenna axis, the nist loop comprising:

a first turn with a first turn gap wherein a first end of the first turn ison 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;

15 ' 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

20 a first turn-second turn connector electrically connected between the
second end of the first turn and the first end of 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; and

a multi-layered window configured to allow the passage of said RF energy from
25  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
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between said plasma and said antenna.

14.  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
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 turmn
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 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 tum 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 tum comprising a spanning section which spans the first turn gap and the

second turn gap.
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