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{0004] However, in recent vears, the tvpes of electronic devices that may be

processed have become more sophisticated and may required more process controt. T an
example, electronic devices being processed may be smalier and may require more precise
conirol of plasma parameters, such as plasma density and unilosmily across the substrate, for
betier vield. Thus, the existing design of TCP™ induction coil for the plasma sy stem may
fall short of delivering a plasma processiug solution with desired uaform plasma density
across the substrate 1o process next-generation substrates.

§0005] Consider the situation wherein, for example, a substrate is being processed in
the inductivelv-coupled plasma processing svstem. The sabstrate may be disposed above a
lower electrode. The lower electrode mav be grounded or may be powered with a first RF
generator. RF power to {ower electrode may be delivered through an RF match. Inan
example, RF match may be emploved to masimize power delivery to the plasma system,
{0006] DPuring plasma processing, a second RF generator may supply RF power to the

mductor cotl. The typical inductor coil being emploved in a TCP system may be a spiral coil



WO 2011/ 133562PCT/ US2011/ 033067 2 with an air core being di sposed above a
dielectric window. The power fromthe second RF generator to the inductor
coi |l nay weneriatssean oscillating nmagnetic field around the/uses/o33eehi ch
penetrates into plasnma and produces al azinuthal electric field penetrating
through the dielectric window The inductively coupled azinmuthal electric
field may generate electriclal current that nay interact with gas to ignite
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coi|l assenbly. The inner and ouUter coil assenblies design may be enpl oyed
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non- unlformty in the radial direction, [0011]13y enploying the doubl e

spiral coid ld.assenblies, the Gal axyT" COI| arrangenment may be dipol e
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rotationin he azl nmut di recti1on.” However ["asma den3| ty may not be
quadr upoltemni fmsamdamlponau@ of Fréreorgadif arpio logy rb@rrdﬁtPs *pralyctheccllsymret ric to a
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assemblies.
OO The two sets of double spiral coil assemblies may comprise of an inner double
spiral coil assambly and an owter double spirval coil assembly. The inner and outer coil
assemblies design may be emploved to address the plasma radial non-aniformity. Each set of
coil assembly may be independently powered andfor controtied to nuninize plasma density
non-uniformity in the radial direction,
J0011] By emploving the double spiral coil assemblies, the Galaxy ™ coil
arvangement may be dipole invanant, Le., the dipole moments may be symmetric to a 180
degree rotation in the azimuthal direction. However, the plasma density niay not be
guadrapole invaniant, i.e, the quadrupole moments may be asvmmelric o a 9 degree
rotation in the azimuthal direction. The amplitude of the quadrapole momaents may be as
high as about one percentage.
10012} In general, a spiral coill may be configured with at feast two ends, e.g., an inper
end and an outer end. The spiral coll may require RF feed to be supplied 1o aterminal point

at the inner end of the spiral coil and to a ternunal point at the outer end of the spiral cotl. To



[ end and an outer end. The spiral coil may require RE feed to be supplied
to a termnal point at the inner end of the spiral coil and to a term nal
poi nt at wbeonuisssszend of the spiral coil. To WO PCT/US2011/033067

2011/ 133562PCT/ US2011/ 033067 3 make the el ectrical connection, a bridge in
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BRIEF DESCRIPTION OF THE DRAWINGS
JO014] The present invention is Hlustrated by way of example, and not by way of
hnutation, w the figures of the accompanying drawings and in which like reference numerals
refer lo similar elements and in which:
001 5] Fig. 1 shows, in accordance with an embodiment of the invention, a simplified
schematic of an isometric view from the bottom of the coil side of an arrangement of antenna
assemiblias.
{0016} Fig. 2 shows, in accordance with an emboedinient of the invention, a simplified
schematic of an isometric view from the lop of the lerminal side of an arrangement of antenma
assemblies,
0171 Fig. 3A shows, in accordance with an embodiment of the invention, a
stmphified schematic of the bottom view of the coil side of an outer set of coils.
[0018] Fig. 3B showy, in accordance with an embodiment of the invention, a
simphified schematic of the top view of the ternunal side of an outer set of cotls.
{0015} Fig. 4A shows, i accordance with an embodiment of the invention, a
stplified schematic of the bottom view of the coil side of an iner set of coils.
{0020 Fig. 4B shows, i gccordance with an embodiment of the invention, a
simplified schematic of the top view of the termunal side of an inner set of coils.
§0021] Fig. 5 shows, 1n accordance with an embodiment of the invention, a simphiied
schentatic of a set of four non-civeular coils circularly intetlaced.
j0022 Fig. 6 shows, in accordance with an emboedinient of the invention, a simplified

schematic of the bottom view of a coil side of an arrangenient of antenna assemblies.



[ 0016] Fig. 2 shows, in accordance with an enbodi Ment of the invention, a
sinplified schematic of an isonetric view fromthe top of the termnal side
of an ar rapgenerssedf ant enna assenblies, 10017] Fig. 3A PhOMs201i103WETOr dance
wi th an enbodi nent of the invention, & sinplified schematic of the bottom
view of the coil side of an outer set of coils. [0018]Fig. 3B shows, in
accordance with an enbodi nent of the invention, a sinplified schematic of

the top viwew, of thﬁgtie{l\rﬂx[ﬁh a&ﬁ;gﬁz&fm@ﬂ&p&“ﬁ}ﬂuﬁﬁt of8he FQdiSn, 4 @9;119{1&1' g, 4A
shows, in accordance wth an enbodi nent of the invention, a sinplified

schemat | ¢clomapipel Botopoawlewepnng ke b aspamst oD repmess. of COI | s.
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SIer|Ierd sthematic o View o termnal side o i nner set
of coil s diff0@R 11:Fs 062 Howms], bld)qii- accordance with an enbodi ment of the

invention, a sinplifiegg: %%@?%*Wmﬂk ﬂ!ﬁb‘?ﬂ&gﬂ% circular coils

circularly interlaced.” 0 hows, i n accordance wth an enbodi Ment
of the |if¥eX i on, Begiregphihveatipn wiiclhenstdessribod ut degilbotht ehrancew okwa coi |

Zbcﬁ / ‘ig 2P BRERANISIERY 653@5%%%%‘ B ARREMRL i8S araw B, In the following
description, numerous specific details are set forth in order to provide a thorough
understanding of the present wvention.  Hwill be apparent. however, to one skilled i the an.
that the present invention mav be practiced without some or all of these specific details. In
other mstances, well known process steps and/or structures have not been described m detal
i order to not annecessantly obscure the present invention,

§0026] In accordance with embodiments of the invention, there are provided methods
and arrangements for configuring a plasma processing system with a circular antenna
assembly 1o enhance plasma aniformity across a sebstrate. Embodiments of the mvention
include a plurality of non-~circular coils being circularly interlaced by emploving PCB
fabrication technologies to implement the circular antenna assembly. Embodiments of the
invention enable circular antenna assembiy to be implemented with enhanced azinmwthal
svinmeiry, radial uniformity, capacitive coupling, multiple line teeds synunetry, andfor
manulacturability,

jO027] In an embodimeant, an arrangement with a plurality of circular antenna
assemblies may be contigured to improve radial uniformity of plasma. For example, at least
two completely separate crrcalar antenna assemblies, e.g., an nner circular anterma assembly
and/or an outer circular antenna assembly, mav be implemeated. In an embodiment, each
antennga assembiy may be independently driven o optimize plasma density in the radial
direction. Thus, plasma uniformity in the radial direction across a substrate mav be enhanced
through localized control.

{00281 In an embodiment, the circular antenna assembly may be configured with a
plurality of non-~circalar coils being ciradarly inleraced. In an example, the circular antenna
assembly mav be configured with a set of four non-~circudar coils. In an embodiment, the four
non~circutar cotls may be identical. In an embodiment, each non-civeular coil may be offset
from the other non-circular coif by a pre-determined angle in the arimuthal direction. In an
example, the pre-determined offset angle mayv be 9¢ degrees for a set of four non-circular

coils. In an embodiment, the circular antenna assembly may be guadrupole invariant



4 [00231Fig. 7 shows, in accordance with an enbodi nent of the invention, a
siinpli lied schematic of the top vi CNN of a term nal side of an

ar r angenew0 20f1/@sgeenna assenblies. [00241Fi g. 8A- C showpcCirnsaciamsmance Wt h
enbodi ments of the invention, three dbfferent views of a term nal bl ock.
DETAI LED DESCRI PTI ON OF EMBODI MENTS 100251The present invention \yin now be
described in detail with reference io a few enbodi nents thereof as
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i npl ementy @@u{ I n - angeshad] B Blou AFGMAM: %nﬂﬁhﬁﬁx%\emio}{ JBMat8ilt pgepgndent |y
driven to optim ze plasna density in the radial direction. Thus, plasm
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assenbly ma. econ igured with a plura ‘non-circular coils being
circul ar Izwhemtsm@ adedrevbn temossxcamyghegoils hem&ﬂrl@ghbws!@momnuoam@ﬁbl y may be
confi gur o S 1 IeC S e , the four
non- ci rcﬁc%s‘m a%& ?ttnth%[)nngzggﬁe @Bmlﬁd Idr!]lug% Cgﬁ%%%’?*ﬁg‘ﬁ £33 ﬂi?ﬁ%%%&ﬁﬂ%l ccul ar
coil may bbwfmﬁbsenumzrlcbm theliog herchronthe ibﬁiwioapﬂc}"gikdrirbiy.uarmmén’utétpéf m ned
angle in & he i muthal direction. In an exanple, the pre-determ ned offset
lilb‘-« u)S% . .
angl e may degrees for a set of four non-circular coils. In an
enbodi nend3it he mmmuleammmeﬁtnmasammhw e yedoengud dreupdd & thavarl éigént WO

2011/ 1335?%}'2%178%%%0 z,lr{}?\:?:%?feg to accentuate capacitive coupling wath plasma. By mcreasing

surface area of the segments on the coil side of the PCB to enhance capacilive coupling,
circular antenna assembly may be employed to reliably ignite andfor sustain plasima in
conditions unfavorable o inductive coupling, & g.. low power and/or electro-negative gases,
0032] In an embodiment, RF feed mav be implemented along any pomnt on the non-
circular coil through the terminals on the circular antenna assembly. The RF feed to the coils
may be separated and externally synchronized. in an embodiment. In another embodiment,
the RF feed to the coils may be operated in a balanced fashion, 1.e., push pull arrangement so
that the net capacitive current 1s zero. In an embodiment, the RF feed to the coils may be
operated in an unbalanced fashion to increase control at low power by emploving capacitive

coupling.



resulting in enhanced azi nuthal symetry. Thus, plasma uniformty in the
azi nut hal direction across a substrate may be enhanced t hrough i nproved
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and/ or elowter Fgius @Ryl paeasseptiin 397, | ulernisptvousbevnt el RECHIB 4R sy be
i mpl emented, %{taﬂg d%@%bRQ'oQ‘mQ'Bd&l%;ralquganﬁ';ia%lé]l @Em@&l on&!?ﬁéalﬂ&& {1}]& Wil & m nal s

on the circular antenna assemb feed he coi | e separated
and ext effpatldspaslpmetironpzag,in ﬂw:@;ha gérrbodinent . In anot her errbodl ment, the

RF feed mi nt;t(ze coi ]L1§ bebhtg,g IQE&Q;qu ean 1%11%93%‘31;15&?\? Qi' 19@1’1‘1\ ‘lfn'il%n a &Iﬁ@ﬁ' cfQUI |

arrange o that the net cap fVE clr T ent
t he RE f edomatioof haseoitlisvinwyr abethc)@ertﬁﬁedmnmaamdmnﬁmn ‘mlm@meha@hm@nmx 0
i ncrease .con

ol,.at .| aw power ng..c Y
2011/ 1304eame 011 08 Cabs SR P R RRG A B SR BLls of ¢ he
present mnm&nidsmmtﬁmmﬂﬁgurbetmﬁnermnﬁensbmdiemmta\ reed eribacelst Bigt he figures
and discussions (W th prior art. mechan and embodi nents of the invention
contrastg’bsf""“tgﬁi‘f‘(“\tﬁ‘@m“c}gl?’% é&g@}ﬂéﬁ& ur “E‘B £ in accordance with an

enbodi mentoof the inrameﬁibb@ﬁmlamm@a{wrﬁ beghiashepdi:bicesaho any bs amBtadéLC Vi ew
fromthe bo}tom of . the.cail L r\_harran epent of antenna assenblies

100. As CABPBIEH ReledshPyl g ‘é’ﬁ@i} AS FHRVER L & R PhY BBPEOm si de of
t he ant enRRBR&ED 88 1dpachNEr thHRrIMASIR of arrangement of antenna assemblies 100

of Fig. 1.

j0038] Arvangement of antenna assemblies 200 may clude, but not hnnted 1o, an
outer antenna assembly 202 andfor an inner antenna assembly 204, 1o gn embodiment. Outer
set of colls/antenna assembly 202 of Fig. 2, showing the lermunal side, is the top view of
outer set of coils 102 of Fig. 1. Analogously, inner set of coils 204 of Fig. 2, showing the
terminal side, is the top view of inner set of corls 104 of Fag. £ Quter set of coils 202 andfor
mner set of coils 204 may be independently powered andior controlied o be optimized for
plasma density nmformity in the radial direction, in an embodiment. Thus, radial plasma

uniformity may be enhanced through localized control to improve vield.



100351i n an enbodi nent, arrangenent of antenna assenblies 100 mal,, be
thbricated enploying a printed circuit board (PCB). The arrangenent nay be
i npl enentwd 20iti33mw2pl urality of antenna assenblies. |n trhe/tseqliesmat ati on
of Fig. 1, arrangenent of antenna assénblies 100 may include, but not
limted to, an outer antenna assenbly 102, i.e., set of coils, and/or an

i nner antenna assenbly 104, in an enbodinent. In an enbodi nent, an inner
radi us Of {;@ner anﬁlﬁ'@l@ﬁ’mﬁ@&‘lmlﬂxE}@Qﬁislﬁ‘@%\{d&g%ﬂ%!%f thﬁ@ﬁm&raﬁ?ﬁbﬁpy!zﬁ\ner radi us
of outer antenna asse . An outer radius of Inner antenna assenbly
104 nay By diefmalempipt ‘nﬂbﬁﬂﬁﬁm@uﬂ@mnhdi%ubﬂlmwv@r begvesridal didisenbl y 102.
Quter ant t i ly 104
e B e b L e
densi ty uwnisflgrmitgifppnitshletingaiakedinte ot encgw,dm[*:@m]embgdm@mg lebhs, in
accordangg Wit h an embodi ment of the. invention, a sinplified schematic of
an i sonetri c view fromthe top of the termnal side of an arrangenent of
ant enna agsienbl i esAQﬂﬁnnAsi«tghEmtdahgﬂ Qzeémﬂ my\eﬁs mr‘xexinad \\ilhB\d& gdar naI si de
Ip?oJ\[/lhget g%,eﬁzed‘ﬁoﬁqgie m& ¥%gér§% Pﬂ?ga 150%- r & enm%gsem | A rcgfx a%lil%l “%o Fig. |
to facil |ﬂmat~,ers unme;nsumdmlg thﬂimﬁﬁﬂﬁl‘ﬂcﬂmﬁﬁ Thdaddrmertya Bianangenento bf ant enna

assenbl i es e fabricated, e nt ed cireuit board (PCB).
PN TR Rt R TR R WA TR N v T
f the terfitaaly Sicdecief foar fangeoR oo caild €N @eseabinidesiiddn rods. Fag. | .

[ O0381Arr n§§ne{1t ﬁf ‘ant enna assenbl i es 200 may include, but not limted
to, an o FAaHt-Siha assenbly 202 and/or an inner antenna assenbly 204, in
an enbodijgent. Quter Sethek, BAbdodd B8 @Na SRR 0282iRkntthGa 2, showi ng
the termnal side, is the top view of outer set of coils 102 of Fig, .1.
Anal ogousitiplifie pdemaes oighe basioimsvivpal Be el ude of angnshichg’ e Tigril nal si de,

is the tQRew %c@&rdénﬁ@%ﬁth%ﬁ%m%dzﬁx@x‘n'o?th%%\ eBficah glmdjme@n@m@% tl%ft_o&o' I's 202
and/ or inner set of coil 04 may be in ependen y powered d/ o

control | g e tbéltwﬂiﬂnidz@él af ooy valld dng i3Byehams he tada gl by b*@@@“iﬁadl al

di recti oQyky @&QQ% tm sanR i {ﬁqhg,} plasma uniformty may be enhanced
t hrough | oca é contro rove yield. WO 2011/ 133562PCT/ US2011/ 033067
7 100391¢m?@her nor g %hé@essencmdaom Vish peghlidgnait 6f e inveption. & he | nner and
outer ra egliue turns,

_may be gmpi%%sg}%mbﬁ?+ qH@lgbtttsD r\tégh g% %IL géfa@ée &lqgi?ﬁ{eﬁbe?fm (g)fll% Oﬁ% er ent

degr ees, shmed. oarﬂcnmhube \\(yben amenth mnms;érheew eamﬂ @Bmmh ipdischbinaic wihthd"ioml fferent
igl)lélf)g_lﬁgg a\r(rj %rrrrﬁgésbh& o ﬁ‘? %(éorrsgxaf %gslw IHD 'm éﬂé&m%k g\ I§wngn s{ hOPWO

si des, e.\\guzolxﬁdﬁeoémehelﬁlsﬂﬂiamdlphhentmmmmal S|de The outer antenna
assenbly nmay. be co our sets r ils, circularly
hrerlavdP¥re merd ‘Mﬁacg‘éiewnwm%wa? B S Bt iRt bt our
sets of nRORr&it&EH haEmBRIWiE b@uncmamww aEesHiACEds, AN 3B AR .emmi atch@an of
circul arlg/ interlaci g f our ? n-circul ar c0|L‘ wll be di scussed in
det ai | ed HifFigeiigst seigh (oG pg-cifpilargl S‘?fh peginey Lerbl R BRTERSWEY afdytB

accor danQﬁy\VMg-th[f‘@ﬂwgrib‘@dhﬂ@ﬂﬂm@lfﬂ the invention, a sinplified schematic of
the bottom view of the coil side of an outer set of coils. Fig, 313 shows,
in accor ddieE wi t hign’ BReBddP Asridapse Wi srhofpeahol e v ediopsa %‘Hl’-’%’@ﬂ‘?enatl c

of the tQpeWlaBWoOf st BEolietldliasdfle aful AR iUl RED SBle Qfw 60Ik Soilski 9. 313
shows the traces of the segnents without any of the terminals to sinplify
i 11 ust r atifagnthe cotl side of the antenna assembly,

{0045] As shown in Fig. 5, the set of four non-circular coils may be dertved at by

flipping and placing the termunal side of the outer set of coils of Fig. 3B on top of the coit

side of the outer set of corls of Fig 3A. A support material 302, e g PCB, mav be dissolved

away 1o leave behind copper traces 304 to form the set of four non-circular coils of Fig. 5.

§0046] I anr embodiment, a non-circnlar coif may be configured as a plurality of

segments, 1.e. copper traces 304 of Figs. 3A and 3B, Refernng to Fig. 5, a first non-circular



[ 00421Fi g. 4A shows, in accordance with an enbodi nent of the invention, a
sinplified schematic of the bottomview of the coil side of an inner set of
coi |l s. Fiwo 2413i13330Ws, i n accordance with an enbodi nent pofi/usb@tiossnent i on, a
sinmplified schematic of the top view 8f the term nal side of an inner set
of coils. Fig. 413 shows the traces of the segnents w thout any of the
termnals to siniplif, illustration, 100431An exanple of circularly
i nterlacipg w@? &l b@xﬁn;ﬁ&%}uﬂ%ﬂﬁdt (e%éi'f&(: EOhdrds wiaf“?r\nﬁt@&u@ey%&f w(ﬁ?ﬂtz‘%%ﬁa
assenbly w || Dbe di scussed bel ow enpl oying Figs. 3A, 313 and 5.
circul ar sMhp@picaicitiogh gesett R iﬁo@ﬁflwwairtmlwlﬁwi\‘r% af wh tANb@f “ther ant enna
assenbl y .of 1 |
[0044] FY g B AT e R L T 2 S B AP e o,
sinplifi @611®mh9n@t\nz® SaF sl et endfand/our sepand-sel rtollraiy ebvisS idiat g sdcard vy
interl ace ol.l.Sp.J . Q Qi 4. .Sl nna
assenbl y, gid%%g Iﬁsogwhgém%ﬁbn“% iégl!.“ %’,&?‘fﬁé%gke# &%P Fchi oih'lg't lng? ?th{}gggﬂég | s may
be deri vadefamdbryd il 4 ppidgeanshi.pl aci ng t he term' naI Si de of the outer set of
c0|Isof 313,0 of the 0|I Si S8l of,.cai | s of
faan TNl ppor cA vl AP a8l Slstire et SR U R ELuF T MnE) 16 Teave
beh| nd c@pepenndumﬁﬁs:c.a@é tanfeor, pw b iest side olof P(ﬂ@urbmnnmdd@m @fﬁ.mﬁxm | s of Fig.
5. [004 an enbodi nent, . a non-gi.rcul ar be configyred as a
plural i t)?mb"}““é‘é‘g‘ff’éhf’%d“f{“o 4 sl B {r'éf ’B§“§@{ifmb‘i“ P QREmegiR 1 g “3B. Referring
to Fig. Sabraakd &edonﬂmh@hﬁ@umarm%&a@aalﬁ 1RIFO2RGRHUSEOE L D83064A8 coil 502
may be |rrg%je nted with at |east four segnents 502a, 50n. 502c, and 502d,
in an enf nt. Each segnment may be configured with a plurality of vias

at each emgizpf thecSREVEAL sitdaoRRHEEROGE BRMple. ik Ath-8%ANPLES scxagRERt 502a
may be configured with a first set of plurality of as 512 at a flrst end

and/ or a ‘HedghunEEpcedy grgleametipursreagisiispogyd ¢ tya diivnepdes nigean’

enbodi mente pdfI&n Y éﬁbdmﬁe&e&?cmz&)’:%ﬁledt B Pk Bodhbik ﬁiguﬁﬁl% afe a first
segnent to a second end of a second segment 100471As the termis enployed

herei n, vilggagnet gotuy! \dﬁlbtlﬁfewcsl phignr geg-cicplaggopipgmplofing seetediict | ve
trace, I . LomenR8OPBRE nolBr@idh u;l?t ﬂsa!n@%uﬂfzs, Qir»!?%n&eﬁ; 2%3‘8‘ @&%ﬁk@%&? a second

conductive trace on a second I ment t he segnent S
may be f&bR¢ wat @@dzam@b:rmhthrsmda ré‘ac ése c@@zmdgmf ffcei BEY %k@snﬂomxe‘lhé SPEB as

shown i n Fa ﬁﬁpﬁ s%%ﬁeﬁi s RN dfkf %ggﬁnéeg@%ghgﬁ . d GRS hHAL QR WhgLei n. for

exanpl e, ciTcular col
PCB.

§0049) In an embodiment, [irst segent 502a disposed on the coil side of the PCB
may be coupled to second segment 502b disposed on the ternunal side of the PCB. Second
segment 3120 may be coupled to third segment 302¢ disposed on the coil side of the PCRH.
Third segment 302¢ may be coupled to fourth segment 5024 disposed on the ternunal side of
the PCB.

{0030 The coupling of the four segments 502a - 302d, disposed on two differant
planes of the PCB, may be accomplished through aligning and overfapping the plurality of
vias on the ends of each segment to circularly aterlace the four segments between the two
planes of the PUB to form non-cireular cont 5302, in an embodiment. For example, the
coupling in the z-divection may be implemented by aligning and overlapping the plurality of
vias on a second end of first segment 502a with the plurality of vias on a first end of second
segment S02b. By emploving the vias to couple the segments in the z-direction between the
two planes of the PCB, the segments disposed and arranged on two different planes of the
PCB may be coupled in the z-direction and interlaced between the two planes o form the

non-cireuwdar conl,



circularly interlaced by enploying four segnents di sposed on two different
sides/planes of the PCB, in an enbodi nent. Aforenentioned, the PCB is not

shown t o worepli/f3gsekhe il lustration of circularly interl acrng2@i1msioenf four
non-circul ar cods enpl oying a set of $our segnents for each non-circular
coil. In an exanple, first segnent 502a and third segnment 502c may be

di sposed on the first side, e.g," the coil side, of the PCB. Second segnent
ermi nal e b of E B Ry PN e S |
Si di Irst seg
di sposed Vo fpieegnrts KidaeS b, Phe W’%ﬁiﬁv e sewlph edcvislsvtonedsegirent 502b
coupl ed- taPptEy’ SehiFon ghEfu .‘“‘éh@ﬁ‘éﬁcﬁ%ﬁ%ﬁ%’*ﬁiﬂﬁﬁé"’?ﬁéﬂ R "Bee. “Thi r
segment %Qunlmasb t‘b‘-émtbglplhé‘d npycfrolprtchil $& et eooRdnat sposshoorcirder t er mi nal
510 O ol s PRRRRI N RRNELIMOhd B SH SROVRRLS 828, - 020,
al i gni ng candarhviateriaggi mgnkefmbocphlumtaliiztrynmf cmnuh:s cmhwflc’heaxelwdﬁselfalea@h segnent
tg 1(‘:'0; (r:nu :,]g%le%%mrggullle}rlheat&xenn%lp fﬁéf&"ﬂ@n%m WE%}% d}?ﬁ? ¢ 1":‘?\; ar |§8zl Qi}i m mf)en?bq%ﬁne%gobglel ESB
i In thfa Z-Idtum}&i t\?gmmymtxenmﬂmhananmem cdiy s doghigred amdicﬂvernh&mpl\mgi t he
plurality l 0
D1 U al 1708 S0ae bRy e A0 PR B s BB S ) SURBIOF ng ¢ he
vnh as to @@E@Lzﬁa Dih&&&ﬁéglﬂﬁlﬂﬁrﬂhtg/:bhgm]zﬁl@tﬁ@ﬁlﬁ@rﬁﬂr@ﬁ&ﬂ@%kﬁB@ tmoimhanesfof ]
the PCB, the, se osed and. arran erent, pl anes of the
PCB. ray BEOCHTBed M (e Lo AT EE BT FiEer o Su BLCALER e o pl anes
'I[ ?I f 0{ hm teheu !lilﬂnilnfé'tr Ei%’d'k?l‘ol ﬁ%'dwfm &Mﬁ&Q%Mséﬁ@SG&P?&LM%%Q?BOG7 9| p50205
n elrrp eliteDtatioll of Fi a second non-circul ar coi
confi gur 68PN t h t oliic GiayHtansowambls oy be spdlemenpHbsoUMleRRNEECEER | ar |y
C:c f Cult ar ltpymmm 8f LRACERulal Ebzl@%e:%{%@?ﬁb Rﬁ%l?nﬁ%%ﬁ@ﬂ@ P@%{‘nﬁnre%%@ﬂh%eﬁf)'ih 1R04 may be
offset at a deuce angle in the azinmuthal direction fromfirst
non- ci r cuinalemegiyonsg Xig preignleeradr prsambly AP Ry de porissicd outharsecdithi506 al so
R e B e g e T T T N
of f set atec @slwaléfe’grméleeté}ﬁ gegedsritomhiic agitmon-hiadulaice ot thonribrbal deelomdo
282 g: Ir,gﬁ%n%{ﬂ 1%91[&1 eig bgcul%rqqt@ﬂﬁaﬁe "ﬁ@ tllj’{jiﬂ gﬁﬁgn {etqsgg&%' @ggch\'esgof our ;2 q
508d may aaxhsmetbenwrchisIoémhtyz_namsem‘lhlac@dmaF(bamtthptﬁ@n circul ar COI| 508 may be
(rjll;];l-sgitrg NS 20|OIIeu ?e)(()‘% ﬁl)glﬁmgt‘“rggﬁam g"“mdhg% mﬁfe}ﬁé},&{}qﬁ]{ %;3{ ‘hon-ci rcul ar
coi | s 502mplaBdntedah qpﬁﬂdx:ﬁ&&m&ydﬂa e 1S ecwbzanbg}hmntmgeuamﬁﬂsetm aform a
Gssenbly MR BR PABRGHB edd By PP EpEar o PROGH ST B gt B for o o
ngn cir fmbﬂlz&0i1|<,§;l last\beama Lrh@u@(mnlflpé @ilﬂﬁ&l\fostthﬁ,nRQ&;wkd@ aan gwbedioment . I n
the i npl epentati on of Fi . clrcu tenna asse 500, may
conf i gur 4% tW"&"%’é‘{m“ngfW“ﬁd%hﬁ“é Rped r’r“tpi?l YO “"c"‘ﬁ%l &% &‘Lﬂ“g‘rl y
'9 gt grl aceds %)f&@h:eﬂﬁﬂnﬁs {qﬁwe@aﬁ G ¢ «inﬁw@e?;aﬁé @a{&%ﬁ@ eﬁ@egi}%ﬁar-ﬁ?kllawlfzo of I set
egrees fromthe next non-circular coil in the azinmuthal direction to
form a r V8 PVRIPEERE EENERL At VA HDASREPYMRPERYuadr upol e. symetry.
Thus, thepdsayest aﬁgmm%r {oGridPRR RS af; mﬁeﬂﬁ?ﬁ&%@ﬁ SQMPIY roeP BN e
oct apol e. 100531As can be appreci ated fromthe foregoing, antenna assenbly
500 may Iseils gyshiarte nrakcod miy e prdiuadlp iy agant.Agn the quadperle pokws sgedatrical |y
an onbodi nanBleR ek B e B B D A e o P PR BN of "l ement ed
with a plausrt‘armlt\yuf@ms@g n@nt»si\dTésp@slédwbwi dheplctpale mtoymmf\ Ay dwelsoutThne
Z:g?g%g@?ﬁ bﬁﬁ Ghé Gk @J'M;o[‘ﬁg%l%?&%ﬁ%ﬁﬁgh@%@g? AL #Uf} %golggu%: ?ﬁgag
first segumurmusmﬁ aaom’t mm;tex@han’ﬁluwmemzams{bmiqnhdmdgﬁﬁmmlMM\ sgosrige pl ane, in

gg Oevr??g' Osltjllt,ue 1] aoqyg swmq” o lgﬂtlm oV esﬁ . amiz'm%ro ifth mpx%\ 3 Y grb\ aénm or\] Q‘lau ﬁasserrbl y



coils circularly interlaced may be quadrupole invariant, i.e., the

quadr upol e nonents nay be symmetric to a 90 degree rotation in the

azi mut halwoizoeei3dss2a Wi th t he | owest order of asynune. .t pPgTafS2aaaet e
nonents. The anplitude of the octa.poloe nonents nmay be about one half (1/2)
to one quarter (1/4) of a percent in contrast to the anplitude of the
quadrupol e moments of about one percent. Thus, the azinuthal plasma density
Un'for”‘hﬁmﬁg&@ &s&hﬁtﬁ@@%ﬁ&ﬁ&Qnﬂ%&uﬁﬁh%1Q&hﬁﬁﬁﬁﬁihym4ﬁBKQ%ﬁﬂT pransl ating
into inproved yield, by enployini2 W 2011/ 133562PC‘Il/ US2011/ 033067 10
quadrupoﬂ@h¥ﬁwaﬂ¥ﬁﬁﬂm¢cﬁlﬁﬁﬁa%tor coil assenbly in Contrast to the dipole.

I nvari ant,kGP i ndugt of, 1£QbhreaSS@HPlINseiRl LPlhe 3 Lihe EAORZLAST BBRCE

appr eci at edggy thosge&@kb:él Pl 158 §§Fﬁe art . B m% |tn? Zat ?ganl]oof t% [_Tcp

i nduct or obiclor exbepiiyy enphoys aglum! lprl«vjr:@h1ctlyu!®‘fkori@mhaimcamému@oilﬂlsssnt 0

bal ance dj N Qe i AZL a e - radi al
il Sk,cIu u%hﬂ@ S8 f\v{g&g@g%‘hﬁ&%%ﬁ il Lgﬁxigﬂ%ugééfq{}[:& i ém@ﬁ%ﬂﬁ’ﬁ&w “nd) or
manuf act Ui’c‘dbmb:‘i asx mlmy*» bmdar nmmmammvblhi\ mmﬁhmmmmmlabmm ttoashyiokOR861Fi g. 6
ggﬁ\gsrratl Eﬂf?ﬁﬁ\'? Lgagg %nc»\xs Z}{}V q%cprf;%n%e min agle bogx(%mp ?i Pehm ?l‘ﬁlgg qngﬁ{hed} ed
ant enna a&&ﬁﬂhtU%&gb&%@piﬂvsﬁ@mﬁiHﬁmﬁﬁnﬁaﬁdﬁﬂ@ﬁnﬁﬁbhmﬁﬂwﬁﬂb@ﬂbhﬁﬂt of the

i nventi o? Flgénpl i fi ed scheinat I]ﬁﬁ f th E Vvi.ew of ?rm nal side 700

of an ar émg’e St VHTCAHTERNA 48 S8 “é’é‘ I‘d eBUdhd Y BE M Ussed

t oget her gioh aidid dita@dr &m‘uﬁﬂﬂ@é wioanci Ei@ax%tmbh@i @ﬂ&rﬁnl&&cﬂ;ﬁﬁ@m}h dseamd 7

100571Afore t| oned, ?Q%\ Q; rise fog two sides coil side

600 of Fi“@f“ &ﬁﬁ?sfde'ﬁﬂﬁ o Qpijiat ‘@’@e’é ngapg ot ea’?‘ﬁ‘“&ﬁ““@%iﬁ?ﬁ ment. Referring

to Fig. 6Gooszhe arrﬁﬂﬂﬁﬂﬁﬂbmﬂfmé@t%ﬂﬁﬁtﬁ§§ﬁ0$Wh@§sﬂayebec@Dﬂﬂ gurgd with at

| east two_set of inductor cail an outer set of circular inductor

coi | s/ antéhRang Lsaimsl sl Oéhtéﬁ orin amembarnen eRelgringity Bigl &4rhg nduct or

cods/ ant %na%,ea}%@e«n‘*ahm@%sm{we@ﬂmeﬁm&ﬂl;n@@a witihiEasb&lo &f o{QMn@&B\ iisant enna

assenbly 680 and/or inner set of ‘circular antenna assenbly 690 may be

i ndependeént Py ogeser ddirada iplicks aeiGInleags sseeralpy PHT ond/or gk innadich! arfiiror mi ty

of plas m?nd%@ﬂf L&%amkﬁnﬁﬂs&ﬂﬁ’@ﬁimﬁmﬁ grzﬁv%@%%?’tﬁ@lﬁqgnhqx'LR’QLQM}M gi’iyer S PCB

and/or inter-layer vias, tiple turn coi , spiral

fabrlcat@dwnﬁ&a%phaﬁawmﬁ@ﬁﬁaﬁcmh@nba@hwushaﬁé‘@ﬁhéacmﬂcﬁmhuhmﬁdlng nay be
. singl i | h | emrent ed

errpl oyi ng) é%rﬁgqu rc%% %8?1‘” ﬁkﬁn oglldglsgm lﬂ%ﬁhgiﬂ%ﬁ%n&%{%e gn enna assenbly

may be sehbodupporting without the need for an expensive ceranic support

structur contgast o ghe iral ,gn of pri ich may

require i@ RT of a}ésém 'mm |mu 1! \»gﬁ}gﬁof%an r%omrﬁg «.Ir uag\tmulto 1Y b? SL%{m / or

pl astic s-lgprspm wmaynm@esnm fohied endt plafapFor mmpmneuom@s Hapeofandangemadihy of

ant enna ass 59_,1| n. the inplenen ’atﬁ‘i, ) of Ei, 5 @ and 7, the

Segrent s TRy OSBRIV R & TGP Ca i "G Sp AP EpSsEl i th o

prot ect i e@ptRnfe@mhbecpoh oRiol@aa! FRgh@RodoPe el GLRASE RiaRkdoWN

vol tages, in an enbodjnment. The traces may be designed to vmthstand up to
about 10 “WFI“BU%I“L‘HJDM‘”‘I‘H ‘&n“‘éﬁ%‘é&“h’e‘r{t‘mxr‘—‘&w@é‘x!ﬂ-}‘g P, DERRIEHIBEE sheet for

t he condugtfkolt HAGRDIPRY: HE whidhilaCiretd ) 1k ekenblt hanabestindnfri |, The
traces may be manufactured enpl oyi ng conventional PCB fabricati on
t echni quégnpie stand ofI3 andfor plastic suppott may be sufficient for supporting the arrangement of
antenma assembhie
10059] In the implementation of Figs. 6 and 7, the segments may be fabricated from
silver-plated, copper traces with a protective conformable polymer coating on top to increase
breakdown voltages, in an embodiment. The traces may be designed to withstand up to about
10 Kilovolt (KV), in an embodiment. For example, the copper sheet for the conductor traces

may be sufficiently thicker than about 3 mil. The traces mayv be manuflactured emploving

convendional PCB fabrication techhiques.



WO 2011/ 133562PCT/ US2011/ 033067 11 100601The PCB fabrication technol ogi es,
e.g." photolithography/ maski ng, etching/plating, and or conputer nuneri cal
control meohloni/mIgse2mMmay enable nultiple |ayers, interlay@cTuisas,1/083apl ex
shapes in design of segnents. and/or MMultiple arc segnments coils to be
enpl oyed in the design of the antenna assenbly. By enpl oyi ng PCB
fabrication technol ogies, the antenna assenblies may he nmanufactured

I nexpensiiyely “‘th?ﬁﬂﬁﬁaﬁﬁﬂ§hﬁﬁﬁﬁ&ﬁﬂ@ﬂ& ACCHLACN b IR GhANgal and
electrlcal terns in contrast to the doubl@ spiral air core coils of prior
art. 1006Khag ntdine bed appravianegenspl ¢argsbmadbiting oy gnadiemgipiple 1@% desi gn of
8y G HioRRLPNACAR Bl SO LRI Lok R on Al HE LML ERLLS TBY, D
probl ematic I rst non-ci roul af  col | touch each ot her
because &kkuplong inlke droigh of thgalt“@umhﬂmwhcdi}s%ﬂmﬂ\smi’&BQ@“@@N@H the set of
non-circ L il s.. | t G f circular TCP
i nduct or Lfccgllru?lqus ﬁﬂﬁ%mﬂx %%n]ihﬁ’mscﬁt Bl‘?a lglrlrll"lm “th W oemLxsa 9‘%&\&9\ \\ﬁq_ﬂ?o?e the set of
non - ci r@uﬂzmaemomkcmcmymtm nicoberabargreldemicklernz-id comtaeitte: ttenlotide slpmni mze

non- unlf%IY &%HQFQN%%h%tplasﬂa st andpoi nt. 100621Af or enenti oned, each

ci rcul ar 4rductor Ve assenbly may be inplenented with at |east four
C|rcularummunterlaﬁedmnﬂmp@h@muiafﬁ@@nksudhf&ehnahcabﬁﬁ{ﬂ@gmﬁemangle to
reduce azi nmut hal enb

on ot e AT AR g TG e R U AT A g Bh o Se e SASR  cul ar 1y
i nt er | acednhptueenild fg tweorh aneSief bideseRTB v inEaehoBe@B®Rh: il )tatRpri se of

a plurali of v ach end of the segnent he s e coupl ed
o each Ghiteroasy b ra B A RBH T Gt o DI GRS By/o0t b G o
first end¢ofimductdrcst 2G8ONEAihThERRS &4 ANMENRVhESE. PhiAN&Qk: JrRex-PCB Wi th the
plurality of vias at the second end of a second segnent di spose on the
second pICHREATRIE ey PosterTeien pblie 2GRS PHR B E YRR I8t Y€ coupl ed i n
the z-di reehheR.fRtNeen the two pianes of the PCB, i.e., circularly
|nterlaced to ibrma non-circular coil. [00631lin the inplenentation of
Figs. 6 a2l 7, oubbreminiensdasach prenm indysiopeml qseagty way bhimbawiagur ed wi t h
at | east VRS dﬂe‘ﬁftoxjt(@ﬂ{l K}anﬁi& d&_"dlt‘l@ﬁ Lﬁ&!lii%m £r1b@ﬂu%ﬂ994rﬁﬁ% bll:(?&u@xanpl e a
first non-circu coi | may i npl ement ecfa I'east  four segnents. On
the cod siwetlebDeyofinely gn a@ emb@rtxemmc iy pudxamplentash nen-sissbmiobiy meBde may be
conflgur 0, C|rcular
ol a0 Z%Qm‘muﬁéhxﬁh 4@%& o‘ﬁ?@?&ﬁ%ﬂkgz}% ﬁ‘g@f@&g (5)@9\%3%@@& h?ﬁ&eb;&f?ﬂou Cer

ci rcul ar Palt é«?mlaqm@emdt\ymmmsmw ;baah@rmﬁ n@uﬂleeddwmih} dte skoast. Ti\m segnent S
602b and Q’O%%ioxfm\f Ierts¥ n(?[]}c%lhr CtHz 3 rih 1%9211‘;1 mmnwgp ﬁimrrel\ Qf\n the
four segnEntLtoPatfeCHRRS ¢ PULIEF PE SF T apRy S A YisB L 4 ah e Ofi f?érent

si des of atthe eE’&B‘,amm s@gn:arrtdm@MermnMf;rs%ﬁ@lﬁielﬁ%ﬁﬂ%@hmmw@;&3@67 12

[ 006411As, sho eac may.. be nfigured with at
east t wahentd epflo SEomdCalRtn it S IRl SEBREEE IIEL F o 6 ey
be confi guneahiwwhilbeofietatveBalon@bd W R -atedibe béilveat ihend, BhRs angtor a second

set of vias at the secon d 652. To circularly interlace the consecutive
segment s %é&mbeﬁ“PH@‘Fﬁﬁg§Wg§§O&Paﬁﬁﬁbﬁﬁﬂw‘P e set of vias at each ends of

adj acent jsegpent s @nhd figidhdianent risi dasd ofntd1eirRER amRYaDROMeY kapped and
alined to allow for coupling of the segnent through the allgned set of
Vi as. may be configuwred with at least a set of four nof-cireular coils, m an embodiment For

example, a frst non-circudar coil 602 may implemented with at least four segments. On the

cotl side 600 of Fig. 6, outer circular antenna assembly 680 may be configured with at least

two segments 602a and 602¢ of first non-circular coif 602, in an embodiment. On the

terminal side 700 of Fig. 7, outer circular antenna assembly 780 may be configured with at

feast two segments 602b and 602d of first non-circular coit 602, in an embodiment. Thus, the

four segments of the non-circular conl may be disposed on two different sides of the PCB, in

an enibodiment.



100651For exanple, non-circular cod 602 may be circularly interlaced by
consecutively coupling in the z-direction a first end of segnent 602a on
coil sidewb@011(BBs2 6) of the PCB with a second end of ®efrgrseoti/068880 on cod
side 700 (yig. 7) of the! PCB. Next, B first end of segnent 602b may be
coupled with a second end of segnent 602c on coil side 600 (Fig. 6) of the
PCB. Then, a first end of segnent 602c nay be coupled with a second end of
segment @Q%Qbon t er\m}n@xln iskge o708 7/ E.g 5\307)ulprlwt Ekeufﬁa:rmﬂ\ NRL] ¥ast Ry 1 T ST end
of segnent 602d may be coupl’ed with a second end of segment 602a to forma
non- ci r cngk ewigmboflimegh 1a ph SuiHEh SR8 BT PhFiehe mayrpt exnbigriat Mo 2of Fig. 6
and 7, apecond AOR-l fSHLRs69 DS rG 1ok GUh ALt d @b aged in a
simlar nﬁ?hgg & 9?% %ﬁgp%@d? sg%ﬁgﬁ?gﬁMs X ’bggiétk m% gna 604d on the
PCB with Ct:h%émhmtesm@ebemwcstn arepneiis bavean th@ﬁ\ﬂm@@@@ﬁ!ﬁy%@ ihdesivi cal to
second n . e i I r D& i rcul ar
coi | 604Q?EQI‘£H %%éﬁ%jb&ﬁ$§(mug5§gwbé gﬁggsogfgggﬁﬁ§ﬁgg %%Q? %g in the
azi nut halan.djnln@edi toaﬂiohriommplmgnfnimﬂealmm({hrbu@(}ﬁs alignedhset einbodi nent . For
exanpl e, (segnent 604a nma arra eccentrica PCB board to be
of f set b§&3b degre%ge?%“ﬁﬁrgnf“ﬂﬂ?gﬁl(glgg% ?8HH%“N§8§rmﬁ§ht 602a.
LikemﬁSet@ﬁﬁ@ﬁﬁﬂﬁ&ﬂ@ﬁ&bUiﬁ@4@M&ﬁﬁddﬁﬁQ@nmaMmQﬁm&mnan@eﬂmaﬁﬁeﬂﬂ[mqah|y on

(ne P Baghchond. SRy DI, 20, SPRREES 0. 05 9. il ShgeRiion Lo

non- - ?:i I qudtand 6@&@%@@%@5 t&é&%{éﬁ@?mgg;&%nﬁie@f &R8ehiE@ AR frnﬁui aigky 4 f
interlace c ar coi : n e nt the remmi nder o

t he non- 5’5? &I"d%* ar @ LB‘F :Tlggma&‘eﬁea ’é‘is}ﬁjﬁdé’?lg‘ii?“lff"f@gt “E‘hnge EPPEI S 45eFMer | aced to
form a Cieh@Uf REmantenna: assamtide. ma@ﬂ&ﬂ)esmwxmb@na;npr@mam@i fdopimt he
foregoing, the antenna assenbly enploying a plurality of non-circul as-

coi | s mayUBemay basryelsd “uﬂhemwﬁ s ofby"fawbﬁ%a@@éwm HEH-GdiRiecolad 99 not be M
physi cal @R&iach t0 prevent shorting the circwt of each coil. The
prevention of physical contact between each coil may be acconplished by
segnent i nig’eéhch noki-les wplamegntagen PSFiE tdd . pragoad !Pftnyumﬁ&sgglnééﬁtw beach
segnent %,&ilﬂ% xﬂfbﬂ &)'dﬁlw i3 aCRkthodBYIBE {di&:PQé:ﬁ{émQR ? vﬁvfbn@c‘uhvﬁms' des of
the PCB and coupl e é e z-direction b Vi as e next

non- ci r culaéd Oittbﬁlf‘(‘ﬁaylﬁbée biaeddsaFivst npmtemlra@e@l ﬁmwn‘la\ b wlﬁma:ml tmetdeodl but may
be arran I P 7 13 offset
be 2 pre%sggg%ﬁﬁg wﬁ i3 B0 AR LI 20ERIIGLRE0 444 RRIB07 1

non- ci r cek@nutall a,nmgenan benﬁmﬂbw’éﬂhﬁegr%e& Ll'sp:wcméwsl dmymbeiwmpeatiwiaﬁ‘or al |

the coils_i S n=circul.ar _coi rmthe.circ ant enna
| 2y o 2 )
asserbl y,w:il {ati m it ngbn%l%nmn mfﬁ gnp}élarqu né?{r%] B ﬁmxoti,t Czulm}a%,cd c&mp&m?}é e

circul ar iy ?(r‘ﬂ; Edifh acda diRéke e dt-:aiﬁee\tlmmesmthhad)ﬁuédnen PGB svgmém)ﬂ:b"aany physi cal

tact het t 100691As th ' | oyed
haroin, DA eoHarEnnT R b SET A Grs SEatweencRaR LD an I TN ST Rt ha

di recti ome®y:tbe Qca{g}m,e;dmbymdmm zﬂdhﬂs@udhhi@arﬁ s&Mnﬁdﬂ%m{JQ{E ¢00d, lhad sopdt he circul ar
ant enna assenblg % 360 eei Hg preC|a ed by t he, foregoing,
the shapd®BFWrE B B¢ R AR %a‘é RV THET S PR Satibe og P EH8EER mi ned

shape, egiom aRuRNOderilapaon-tidcuidReoieeeent ri cal Iy arranged by a
predeterm ned offset angle in the azinmuthal direction to formthe circul ar

ant enna aS¥Ehbl y wittaH SRPAITERL Beirsatr obby Rerstirulapyols Iy dyisHy 2 our

non- Ci r C ks 16PLikS itk tifle@acd®icdBEk 8 6irQfid 38k ANYmpRet ween each coil, for
exampl e, the circul afi antenna assenbly as shown in Figs. 6 and 7 may be
quadr upoli@§hvar i aft MRK PharprstaResiEors the Aupsmes Fieanivapretantyf e@lé?‘aib‘é)ﬁe Thus,
the azi my hali BERHUNLQF [k a0 be b 80t SIRARSH 11,0
100701Fg& Ee#hgrgmq'Leﬁfﬁ%%‘ng Eacg%%g gpé §ﬁ§n? %é%gﬁ¥d§§é?iabe on t he
same footbpmi plysarigantatier prenay ﬂibvemwh@wdelrla)ﬁle@ ol uam b uxtioopbingt and
hence i ”%H;%R REE L&?‘%d‘?%mmln%@k&gﬂ ﬁ?i %xe%%g%hﬁw ehdIEn RS ?;kﬁ aﬂ‘a&{k d{?c?a driven
in paraIIeI roma e excessive reduction
in |oad |mpﬁd'anh‘@gmhlas Eacglseontmi eb«becmedgculanmphau\t i!«)bs;@se{de"mcﬁlammexer eduction
of less th po er
Cndu. ot anta’ %‘?‘Rayérr%ﬁ(‘)f/c‘?q‘g%ﬂﬁ? ‘rﬁ‘%’c%?f“"“%‘ ‘bas "3 ‘.agve‘ge “e‘¥hgf‘ ‘*“‘i“{fﬁ' é?‘?ty of
si ngl e- tuwwlﬂ@nhﬂmﬁhm&d@ﬁthhm&Maﬁhuxmtmumhgmgm;hﬁﬁaémﬁwmcﬂﬂvabéage of
circularly interlacing a plurality of non-circular c.o.d.s between



the two planes of the PCB may be the averagim effect of interweaving the
coils in the z-direction between the two planes of the PCB, .in an

enbodi mrenwo 2RefB83s2ng to Fie,. 5, the four coils 502, 50¢T/150@ 18306508 nay
be shown to interweave in the z-direcBBion to forma circular antenna
assenbly wherein the coils nmay be average from.top .to bottomfor all
coils, in an enbodi nent. Aforenentioned. TCP antenna assenbly may typically

be di sposgd.apn atp%&.@cmﬁl BeaRlas IR PLARES 8iflG ok REANES firsFl R LS Rljagma
per spective: asnma I n the processi ng chanber nay see an average

vol (age, B8 © @t“? et The procere tigstbr stveitpd [og all thageils i tlorpet Haorwipdaropilt he
ant enna. f‘&x?ﬁml klé{ycgkp%éiné% <BOHG Ny Jgﬂzﬁo&&%ﬁ” R8ua3§ g{é%x cﬁtﬁi%ﬁ R8

i nductively cou asma throu uartz wn e COUpTI ng
bet ween tukpe b?@mdm‘elnwdmapﬁéﬂewmymam‘do pﬁastf e By wiotst e phvpusieodtpdu. cti ve

node. e TCP antenna assenbly and plasma. WO
2011/ 133@%5‘%8#?1\3&%&% g%e%ptn 4 may have between about 10 to about 30
percent d¢apatiti vef\mﬁxapdrnzngenzﬁb‘&aldmmat itttel wﬁie@uumle& nigsebatgiveismvteh @adhiCP _
cases such 4t areral AR R B PaPal Ry AR MR e e "
situati omﬁAhenﬂts,mm is@&fnﬁﬁjx&ﬂ"rﬁdﬂefiwe:lcecai mﬂ@@ﬁiﬂmﬁﬁm@ﬂﬂﬁﬁh@mﬁ:@w&@ {&F( andl or
NF: 3 may R I,’oyed; fﬁr p! asne, process g -5 dvﬂ??‘ romt he, i nductive
| oop may WA OHPSPLE TSP Bt b ‘H“é‘r“w it ‘e‘f‘&ﬁ? Ik The‘“e‘l“é‘édt ronegative
gas to rehipabbieiegRhiialR! R80% b@&nﬁ&kt&mﬁn@@iﬁl@l iuﬂgtll i e direfiibici ent  at
pl asnma i mon under the aforg néhd Si tug l % 07@% |der anot her
situatio g Areulopanienpg Asspbly gyl P’F‘B?ﬂ%@ﬁmu 3l rEgt 6333 B®EE | and/ or
NF: 3 mayoleospboxedif Qih PhagiBe: cﬁfu&cﬁsl@b@@sa@ﬂ dcBla, 'fMeJ\Xm{)lQVYh@OV\BF The
transition from a capacitive coupli to_an i nductl ve coup % may i nduce

i}

i nst abi | CtHIUEINE HEGRPIRADTALY 6F Figou SRy bemwlwm‘fsmb@wb“ %fn from

plasma. Gonkr gl hﬁ@tr&%&ﬁéjﬁé MRcGRMB! TRG. &0 aHhﬁﬁﬁﬁao@ﬂh‘ni@ﬁmgaﬁhﬁﬁﬁhélﬁq mai nt ai n
stabl e operation. 10075]In general capacitive coupling may be accentuated

by i ncr easienghthe Buphaviecdar ea. As shown in Fig. 6, coil side 600 of the
PCB is thg-Rlasma {aglnghsiden nhﬂﬂﬂzlnuﬁ@z%qtﬁﬁﬁglmﬂx SR ax%ﬁ%ﬁ%{&tsﬁmm the coils

facing plasma on the ant enna asse y my esl not c
ext ensi orisomlandfeeﬁhe@mmelse ct@@\ldmblmnzxenéﬂltr\f@mehw:e htf@*ecrabvat@mtenmelly coupl e

to plas n%anf%%dﬂ%p@%, lﬂ? c%h' Be{ %Wm Qu%lﬂ‘?h&%'a';oﬁ; rﬁ»ﬁ ngg)q)\ Q ih«#uhfthB

may be nonexi stent
segnent s tiof exth e bivk-golf a@iuagmph mwa‘num;deMDmm beraipeef:cﬁ ekﬂtprzmnuﬂ mductive

coupling whi m z aci tive coupling. t I 10076, 11n
contr ast r%acc) d{lh gt? "“f“ ill 11% bgr)i 50 }emﬁ% Ropsipge ?hl ﬁrehaum Plflaﬁ}éu area of

t he segnemtusiands of henﬂmﬂé&:maﬂaﬁzﬂﬂ mabhmledenm(h(;ﬂmmni besiPgEBueh clkiisg. 7 may be

.mnim Ze| t acitive coupling to reduce stray capacitance.
100771Al t é‘f’i‘?&t‘?‘\/‘é?@ﬁ“é‘“‘fﬁ’?ﬁwd PCB i aver may be enployed to inplement an

10071 An advantage of arcularly interlacing a plurality of non-circular coils between
the two planes of the PCB may be the averaging effect of interweaving the coils in the #-
diraction between the two planes of the PUB, in an embodiment. Referring to Fig. 3, the fowr
coils 302, 304, 506 and 308 may be shown W interweave m the z-direction to form a civeular
anterma assermbly wherein the coils may be average from top to bottom for all coils, inan
embodiment. Aforementioned. TCP antenna assembly may typically be disposed on top of
the plasma processing chamber. From the plasma perspective, plasma in the processing
chamber may see an average vollage, 1.e., no hol spot or luctuation in voltage, from the coils
of the antenna assembly.

10072} Although TCP antenna assenibly mav be inductively coupled to plasma
through a quartz window, the coupling between the TCP antenna assembly and plasma may

not be g pure inductive mode. The coupling between the TCP antenna assembly and plasma



el ectrostatic shield at the bottomof the PCB to deal wth capacitive
coupling, in an enbodi nent For exanple, the shield |ayer may be slotted to
prevent ewoessinsseeddy currents andl or either grounded ecTaseg@os®E7to its
own RF power source at a predeterm ned frequency. The predeterm ned
frequency may be either the same as and/or different fromthe frequency of
operation. Thus, capacitive coupling problemmmy be mnimzed by enpl oyi ng
a third BB H.aY6h.as SbRGbIOLAL *(%&&h@mﬁau&%Q?@@;llAi Ofrﬁ@&{?}&&m&,@mphﬂe basi c
shape, of each coil winding may be a single turn distorted circle. An
advant agéepfect e TE] ﬁliwum@pwyﬂbemh@dwaep A djlaame progesiay SHEn may heyital in

i npl enen Lok ;b { @t for RI' feed to the coils, As shown in
Fig. and%ﬁ%g%m !Zﬁﬁl f§356 ?’é}%&%ll/ 033067 15 outer antenna assenbly may
be confi go#éd wit hwztsuierﬁm_amwlglxuahﬂm@nfocrmw&wie@mnhmnEa@ns mhaatwmcul ar
coil in t,lH oPRE, ﬁfn {fs 1&%%111:‘& A}%}}{m FOLS'lé Rl LI”ﬁd 01 's:é Ho&‘?}‘i%&‘@c‘m@%‘

anywher e ‘al ong the si n urn o Pst OF t circle, od| ment .

[ 0079] i n naw rexprpkiesulRReditesd gt minmmcmnlcﬁnbatecmemmagasbe1¢lmb&x emmt ed as
shown in S f ma igured with a
first terpﬁ"%ﬁl Z%% Sigggm?h%em‘\ g Pmerﬁ%wflgg‘égmmm Mh Wgﬁ{%nent Simlarly,
segnent G@4bnefioseicongdicaoi | 604 may be configured With a third term nal

664 and a fqurth t 1al 666, in an enbodi nent ~Furthernore . the

o et & S g bt B T RGPy DR OBr A SB S for re
feed. |n sEnaeibod;MRRthe cRPERERE pm§m§ ghBiskalk st reimnew:tamsﬂ;mgl erfelr n coil may
be of fset éwqﬁredet erm ned 90 degree rtimze

221 mut halBEGh BT GG ST R s lie iR e R R BP Sediedt each

non- ci r CyharantRid o IREOVASS: PERCRIRM: Qhud BHM A POLALS@0yRaGh COI | to
further inprove azimuth& uniformty for the antenna assenbly. 100801The RF
feed to FREIESIY Rlasmmpebadeyaiddt ik table apagiony synchronl zed, in an
enbodi mengarsNl ter nmtdexemeapelcnue@etme% neniaegéceemmd &hﬁc@%m fged, ey be from
a common RE "point via equal |ength Tines of equal ‘i npe ance I'n an

exanpl e, a&as i gh@aintiisGr campdei fﬁil’ef haPaiB e hembags fasighidgs 5@ Ohm _
Lransm SshBaiblcRehoTEADE STRIBYCHcinE plima bihe! 1]%% KQofRS Al 61 Ry give a
25 Chm | ine. However, he feeds ar e kept rea ‘h

char act erdeggied mﬁnpeafém extemayw Fedaniuwps e awntim {eeeaiqmmaee Pty e y strip
line typ S [ I 8 an
exanpl e, %{)H{lé‘{e pmtbﬁ'isl Sgﬁﬂonﬂ&% ﬁgXurpe%bﬁggp 09¥‘§ d)l 1@8@{;\) &gg%géwﬁgl he gnn RE hot
copper stempnbé'ﬂmeelm dfimot w{mdwerxmgmg&mﬁms tweapfsthm@memse}k” é@tnmltcﬁagepar ators
such as a, Teflon tape o at.or .

t ransmi Sgﬂa&m& Imah hay n‘nnbmal é@QC 0{1 lndei iy ed,i)lé!%%%‘l“ "e’ﬁlﬂb ITM\ :m i’lﬂi_j %‘%} I%IFK L(‘i}lpieﬂf_hl gh

current anphsiod result in a very I ow i npedance fI eX| bI e feed line at | ow

cost [00 jn an e od| adva eously

| ower cogﬁy(’ y Si ngt{@?‘y 8‘?%‘?“91 Hﬁt gﬂ! ‘E?F}égﬁdi#ghfsl ©ggrace %{ha{}‘ﬁﬁ% anced
oper at i oRgwhekEnfAReodNth Rfm@achiccon bi mmdnng Fomy ke t@rn@hmdﬁsd ilirectly
and/or by a fixed term nﬁtl n eact ance, %bl cally a capacitor. Conversely,

in an enSHUPHEAPACHYHEUR ‘é‘rﬁﬁ‘dﬁ"%ﬁy e enployed to mininze

capaci ti yeoxgpupl i ng l@ﬂﬁz\@NS&Iﬂxﬁd@Qm@iel GlE 1€ Binplol @ t@pleAniphasma, 100831F.
8 shows, in accordance wt mbodi nent of the invention, three different

vi ews of elcresFicsRElds 3‘8!&’0“@1@‘ ‘*‘8&?%&%‘"" A CHSREYE FRUIDUPSW 8 t he ter mi nal

bl ock. F'a%bn{%ﬁneﬁrh@\{\@g\%uﬂpﬁpih\é'bﬁs\é{dqfn o hgy belphaah )?&'\Qﬁ mLE!;Q:; «@C.ohons a side
view of the termnal block. The term nal bl ock may be i npl enmented by

screw ng SHP0hREPEEedeT wnprcdde 85 mvmEE PPBST MR Skt BRI o | .
frequency. The predetermined frequency mav be either the same as and/or different from the
frequency of operation. Thas. capacitive coupling problem may be nuninuzed by emploving
a third PCB laver as electrostatic shield
{0078} Aforementioned, the basic shape of each coil winding mav be a single tum
distorted circle. An advantage of the coil winding being a single turn may be in the

implementation of ternunation points for RF feed to the coils. As shown in Fig. 6 and Fig. 7,



WO 2011/ 133562PCT/ US2011/ 033067 16 [0084]In contrast to prior art, the
termnal points on each coil nmay be configured relatively close to each

ot her reswbtonigi3bssaer | oopi ng magnetic field. Wereas, Prog/yUseeion3amst spira
coil may required RE feed to be supplised to a term nal point inside of the
spiral coil and to a termnal point outside of the spiral coil. To nake the
el ectrical connection, a bridge in the radial direction nay be required.
Since t h%u&ﬁuﬁl‘rﬂ@'a@mﬁ‘ﬁh Nha %ﬁfmfﬂkﬁww W x(ﬂ{ mﬁ{ ﬁmﬂﬁbﬁaﬂ% Deuis! Qa¢ tRAghher, a
relatively | arger |ooping magnetic fiel I nduce non-uniformty in

pl asma. EOO85]AY ela syef Bpprativndg **f*imb‘ﬁ'ii t\l‘% lerprahentiptg angriereoy ongdhe
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{0082] in an embodiment, the capacitive coupling may advantageously lower costs by
sunphfving termination arrangemients, e.g.. an unbalanced operation where one end of each
cotl winding may be grounded directly andfor by a fixed terminaling reactance, tvpically a
capacitor. Conversely, in an embodiment. a balanced operation may be employved to
mimnmize capactlive coupling and ensure no net carrent flow to the plasma.

FO083] Fig. § shows, 1n accordance with an embodiment of the invention, three
different views of a ternunal block. Fig 8A shows an isometric view of the terminal block.
Fig. 8B shows a top view of the terminal block. Fig. 8C shows a side view ol the {erminal
block. The terminal bock may be implemented by screwing oo the PCB ata

predeternuned position along the coll.



1, An antenna arrangenent in a plasma processing systemfor providing plasm
uniformty across a substrate during substrate processing, conprising:

a plural iwg20f1/13836cul ar ant enna assenbl i es, wherein eaclkrctiuseuhas3oant enna
assenbly of said plurality of circul a6 antenna assenblies includes a set of
non-circul ar coils, wherein each non-circular coil of said set of
non-circular coils is offset at a predeterm ned angle in an azi nut hal
directiony@and a Sgle@f.PRWSE: g€ Wt@ﬂﬁ?ﬁ pbRfs QUGS uﬂ%ﬁ%%ﬂﬁ% &l ity of
circul ar antenna assenbli es. 2. he arrangenent of claim1 wherein said
each ci r celarhaneseihepchsdentshyfisg ~‘s|0f‘ gbpent daengts Peldi Mdemap theirwsagi rcui t
board (P I, M), r gur ed
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si de, ando alerme et osisidle of (g spFhlEors Tangentnelcoticylcareemhérdainsai d
plurali U Olf‘u?%%l: c[ii%'cjtlie. rm@%ﬁ ﬂfhgs §§%E‘b hb 'lae?mlnmﬁ A}Hﬁi}%sof% r?ﬂ{n%gglé\,ﬁﬁ\ ];15 Nt circular
ant enna assenbly an “second Ci rcul ar I'n said
second cictoseilogethansg eﬂﬂmaeia&semﬁdaqpl@um@amd*sﬂ@mmmkiua'estnnamriomhlarm ant enna.
assenbly 5. The arrangenent of claim4 wherein an inner radius of said
first C|F%u13r antenna assenbly is different froman inner radius of said
second cuw@ular an&eﬂmamap@xuﬂhﬁuamnaﬂg&gmmgwﬁ&ochﬁnnmﬂwmhmmsumﬂan out er
radi us of saij gt circul ar antf na §s_serg%1?;:itsud.iff‘_‘eﬁgn fro an outer
radi us of‘"‘é&ﬁ“d‘ %8}:‘ R 8 PRI ASERPS RO oE Pl Ebgealign raimileigodp

wher ei n %@e&tdn@ﬁth@fmﬁﬁﬁclﬁatﬁbﬂw aey &aplbsing MLl LSE) I FeRCHS Ghiecll @t na@tnemna
assenbly includ é) A e?st fOl]J non-.ci rcul ar coil % circul.ar éerl aced.
8. The art'&hiyd ?ni‘“ FUrUfaly ARISTIARHST BFFFUEA PY N RREE D PR S ]ﬁ“@

non- i r ct Hl Aoy 60 had@fpoRah ShrisRlwiff nddRRbRIE G A MeARA L SsyinfugRlig Wleat ed by
di viding the nunber of cods in said each circular antenna assenbl by 360

degr ees, wxiguthphdirggion nddiaREecyrly rRPER W BNt $53ebler Papl cdeween sai d

each non \\thr-@ﬂb:@ﬁn %@gépaﬁ& Aeheh S8Imfes Bﬁ@nﬁ;ﬁl e ?éiz1aQQx§{B§11ll\31n%{e R0 degree
angle in said azimuthal direction. 10. The arrangenent of claim8 wherein

sai d eachipghn @ieeuharobeite. B mgamiiaeibe pfriage prea ef the sdsgiene ol s colcl udes a
plural it y;Qf,r $EPRILSmcitidelcouffh ;\@ﬁ}f @ FF&\tbcq crBhs@hd BuphQWheLRidisal d

plurality of se: gne:nis is a plura con uctlve traces,
of igniting and/or sustaining plasma. Thus, the plurahity of benefits from the circular antenna

assemibly mav allow higher vield of electronic devices at lower operating cost.

10086] While this invention has been described in terms of sevaral embodiments,
there are alterations, permutations, and equivalents, which fall within the scope of this
mvention. Although vanous examples are provided herein, it is intended that these examples
be ustrative and nof limiting with respect to the invention. It should also be noted that there
are many alternative wavs of implementing the methods and apparatuses of the present
invention. Furthermore, embodiments of the present invention may find utilitv in other
applications.

JO087] Also, the title is provided herein tor convenience and should not be used to
construe the scope of the claims herein. If the term “set™ is emploved herein, such term i
mtended to have s commonly understood mathenatical meaning to cover zero, one, or more
than one member.  The abstract section is provided herein for convenience and, due to word
count limitation, is accordingly written for reading convenience and should not be emploved
to fimit the scope of the claims. 1t is therefore intended that the following appended claims be
interpreted as including all such alterations, permutations, and equivalents as fall within the

true spirti and scope of the present invention.



WO 2011/ 133562PCT/ US2011/ 033067 18 12. The arrangenent of claim 11 wherein
said plurality of conductive traces includes a plurality of silver-plated,
copper trwoesi1/133%2 The arrangenment of claim 10 wherei nPsaius2@hwsambi ty of
segnents includes ai |east four segnerits conprising a first segnent

di sposed on said coil side of said PCB, a second segnent disposed on said
termnal side of said PCB, a third segnent disposed on said coil side of
said PCB, and a fourth segnment di spgsgehs@n said term nal side of said PCB.
14. The arrangenent of claim 13 wherein each segnent of said at |east four
segnent s Wit ksudewed ilo ends, wherein each end of said two ends includes

plural ity of WhageAnth MASH&N NS A nRae e SRAEMmIeS (FoiGHS Bkl | Nterl aced

w th one anot he?ﬁ‘gy céupf%nﬁéa %ﬁ‘“?dégﬁf‘-r%eﬁy ()an\}i as!J %ﬁ&a ?‘a%:eant segnent s,
wher ei n gaifgmadjamvent subsgredtrsns arlsitpio ghickomadecomridingf er ent si de of said
PCB. 15. The_ al.r.ang . Of . Cl ai whereln.sai.d.each . non.cineular coil
isi cularly iy {Uge%%a%:'g‘%re }tﬂﬁi %mﬁ;&i g%@ﬁ%ﬂ%ﬁ%&?e%ﬁ Cgug‘grg}gtnﬁ&gaﬁai n?){& é’gi d first
segnent isgidgbupited sictdar antdning stseehicks ofchslas dss eComeeisegnents, wiarseeahd end of
said second sepemiS-CO ed with _fi-gst -end. of said.third segment, a
second. el sre g ! PR Sl ColbBos§ N Phre BBl Bl en & Fourtn
segnent , aaindittel gieednd aadd of said fourth segnment is coupled with a first
end of said first .segnment. 16. Th_eAa_rrain enent .of ?Iai m 3 wherein said
coi | side of ST’ POBTEEINE AT PG Y IAEY ©f o AR A E ENt | of

cl ai m 16 2wher ghhaeachngRgNERtn Dih&ahdaidaedh dedaCintGbl 8kasigl ks hhadaelis

di sposed ap .said.cojl side | A surface area greater than each segnent of
sai d each" 8%%??’3&#‘3‘?‘""&%@“@2‘2&‘ {s disposed on said termnal side.

3 The arrangement of claim 2 wherein saxd PCB i3 configured with at least two sides,
wherein satd at least two sides include

a cotl side, and

a terminal side.
4, The arrangement of claim 3 wherein said plorality of cirenlar antenna assemblies
ncludes at least a first circular antenna assembly and a second circular antenna assembly,
wheremn sard second circular antenna assembly surrounds smd first eircular antenna assembly.
3, The arrangement of claim 4 wheramn an inner radius of said Orst circular antenna
assersbly is difTerent from an inner radius of said second circular antenna.
6. The arrangement of clatm 4 wherein an outer radius of said first circular antenna
assemblv i different from an outer radius of said second circular antenna.
7. The arrangement of claim 3 wherein said set of non-circular coils for smd each
circular antenna assembly includes at least four non-circular coils circularly iterlaced.
8. The arrangement of claim 7 wherem said offset between said each non-circular coil of
said set of non-circular coils 1s caleulated by dividing the number of coils in said each
circular antenna assenmbly by 360 degrees,
9, The arrangement of claim 8§ wherein said offset between said each non-circular coul of
said set of non-circular coils is at a 99 degree angle in said azimuthal direction.
16, The arrangement of claim § wherein said each non~circular cotl of said sel of non-
circular cotls includes a plurality of segments.
il The arrangement of claam 10 wherein said plurality of segments is a plurality of

conduciive fraces.



18. The arrangenent of claim 3 wherein a third PCB |layer is enployed to

I npl ement an el ectrostatic shield at the bottomof said PCB to handl e
capaci ti weocoupi3dssg. 19. The arrangenent of claim 1l whecgius2esaiossoeach
non-circular coil of said set of non-Bircular coils is powered by a
separate power generator of said set of generator. 20. The arrangenent of
claim1 wherein said set of non-circular coils is powered by a single power

gener at or;30f  $8} g $8Lm&k oIQRET AL OKcSein said pluralits of conductive traces includes a

plurality of silver-plated, copper traces.
13, The arrangement of claim 10 wherein said plurality of segments includes at least four
segments comprising

a first segment disposed on said coil side of said PCB,

a second segment disposed on said ternunal side of sand PCB,

a third segment disposed on said cotl side of said PCB. and

a fourth segment disposed on said terminal side of said PCB.
14, The arrangement of clatim 13 wherein each segment of sard al least four segments
includes two ends, wherein each end of said two ends includes plurality of vias and wherein
said each segment 1s circularly interlaced with one another by coupling said plurality of vias
on adjacent segments. wherein said adjacent segments are positioned on different side of said
PCR.
15, The arrangement of claim 13 wherein said each non-ctreular cotl is cireularly
mlerlaced in a z-direction wherein

a second end of said {irst segment is coupled with a first end of said second segment,

a second end of said second segment is coupled with a first end of said third segment,

a second end of said third segment 15 coupled with a first end of said fourth segment,

and

a second end of sard fourth segment 1s coupled with a first end of said first segment.
16, The mrrangement of claim 3 wherein smd cotf side of satd PCB is a plasma facing
side.
17, The arngement of clanm 16 wherein each segment of smd each non-circular coit that

is disposed on said coil side has a surface area greater than each segment of said each non-
circular cotl that ts disposed on said ternunatl side.

I8 The arrangement of clarm 3 wherein a third PCB laver 1s emploved to unplement an
electrostatic shield at the bottom of said PCB to handle capacitive coupling,

19, The arrangement of clatm 1 wherein said each non-circular coil of smd set of non-
cireular cotls s powerad by a separale power generator of said set of generator.

20, The arrangement of clam | wherein satd sel of non-circular coils is powerad by a

single power generator of said set of generators.



