WD 2005/ 010917 1 PCT/ S&2004/ 000210 AN APPARATUS AND
METHOD FOR CGENERATI NG UNI FORM PLASMAS Fi el d of the
[ [ooi] This invention is related to
wggﬁer alwlgn. Specifically, it refers to an ap gﬁ’%?%gomoozw
and nethod for generating high-density, highly uniform
pl asmas for a broad range of plasma processing
applications in senm conductori, optical, autonotive,
bi ophannaceutical and other industries. Background of
the Invention [002] Plasma sources enploying a variety
of | A RPPﬁRM’ﬁ{S AXP SRTHOD FOFOGENER SNGTONIPORREPLASMAS
di scharges, i1ncluding direct current (DC)
radi o--frequency (RF) and mcrowave discharges. These
pl asmas are extensively used by many industries for
processing various dielectric, sem conductor, and
conducting surfaces a ul rjals. Nowadays, the
_applications of the pﬁggﬁgfﬁpggﬁégﬁgs expand into the
areas of synthesis of novel and advanced _
nanqgd4j lﬁﬁ&ﬁﬁ@pﬁd@is%ﬁ&%%%lﬁﬂﬁ%c&%ﬂ Hpecifichily, it refers to an
advanced functionalities. [003] Tnductively coupled
pl asppaatps @R métbod for genbmting dighRiengify highly heifgon plasmas for a
mhigp has recent]y attracted a great deal of.in erestntkal
as Orqad.ienge of  pl % oPrOGPGHEN SHET TR ONY SToRTPYER 9fg) optical,
|. oW b REREVE Wb phaRbAS TR bid bRECSRdYHidsTES and over
| arge surface”™ areas. |CP discharges provide the
I ndependent control of the ion flux and ion-
bonmbar di ng energy, Righ eff.ici,e LN terns of
i oni zati on and powe m@?ﬁﬁP@éﬁﬁgﬁg%ﬂgﬁ% have severa
ot her attractive features, which nmake them prom sing

S OUfgp2P PRmasOitcbERAbRY 2 SaRb VT hSw-pRissitrl €typically 1 mTorr — few
sem conduct or i ndust rg‘, ~synt heSi s of "novel and
b

adv Toup gaselischarges, direch t quonenio (DGl dip-frequency (RF) and
nanost ruct uk.es. [ 00 In,l CP reactor la i . .
r oTuHRHAYS distianges, {Posr AT 2% P ViR R iy industries for
| NdpekbmaChirions Rficlvéit, Osnicaifub@rr #id eastuptiage §trfaces and bulk
outside or_inside the processin chanber,. RF power is
c oupkisdialso Nomadaysa $am applisatiensyeff the plasmac dischagggsoprpgnd into the

RF areas of synthesis of novel and advanced namostructured and biocompatible

materials with advanced functionalities.

[003] Inductively coupled plasmas (ICPs) is a subclass of RF gas discharges, which
has recently attracted a great deal of interest as efficient sources of high-density
(>10"-10" cm’®) low temperature plasmas in large volumes and over large surface
areas, ICP discharges provide the independent control of the ion flux and ion-
bombarding energy, high efficiency in terms of ionization and power utilization,
and have several other attractive features, which make them promising sources of
low-temperature plasmas for the semiconductor industry, synthesis of novel and

advanced materials and fabrication of unique nanostructures.

[004] In ICP reactors, plasma is produced by RF electromagnetic field generated by
inductive coils of various configurations placed outside or inside the processing

chamber. RF power is coupled to the plasma inductively, via excitation of RF




WD 2005/ 010917 PCT/ S&004/ 000210 2 currents in the
chanber vol unme. The power that can be gainfully used
pl asma production critically depends on the
wfgo#?ﬁ/ ?dtion of the el ectromagnetic fields 5%3’5%0041000210
currents excited in the chanber. Mst of the existing
| CP sources use 13.56 MHz RF generators to drive RF
currents in the inductive coid. [005] However, sonme of
the applications of the existing | CP devices suffer
f 1 OMyrRAR- #Nihe WhiinbéedolRne! Fhe 'ﬁ%\w@r PR R Héa#&@iﬁilﬁ hw8ed for the
caused by non-uni form RF power = deposition
par t plessha prodictionheiticalli depedits du\the esnfigupitivni ofgthé leleciromagnetic

2 opfeed FR LK B Gl et by oo ot % iy X BE 1P gppecs use

non- 1Kd RILE R SéheRR6rS b dridved R Bir@hEmhdpaiicthiofthanber
aX| s. Secondly, generation and maintaining uniformty

i nductively coupled pl asmas over |arge volunmes has

rov, be a This can sult .in .
Qubsl?%hﬁ%‘re"&fa Apcat B abipRlot BR Saistngalh dpvioes pyffer from
tec fi{bﬁhﬁ%ﬁﬁnepbpﬂxﬁﬁﬁﬁﬁ lalaﬁh praﬁ%atér@ catisBdh by %ﬁhmgﬂnn RF power
uniformty over |arge vo unmes. It is understood that

t hi slepesition. in pastienlarpinthe i 3.56 ICB dewcesaimpieying fiat spiral (“pancake™)
conf.i .ations fe turin able deca n_ion
Gondndlrtift SR moREootianRtly BdbhEa Bl SERENShotol pafnctuting, the
of QBbve ﬂbn—ﬁﬁif&ﬂ@ék bR $h tHe (aobais Chieal Sh® fdh@ﬁbéﬂ @xial Secondly,
to the nunber_ densities of species) of ionic and

geutgpmmmng@d wplakinsg pofernabhed indnctivelt ceupled plasmas over large
oo bl ok BEAEA AL RSRE"1h S gt back

t he apfmoaﬁm lof @OP | dekvick fop médhgub%icalomcessesathas Uélﬁﬁréﬂilglﬁ flevel of
RF power | oss to the_anbient that affects the_power

tr aﬁgﬁ@m@r pYeE lange yvolyragss it seynderstoosk théhﬁtl% it ifdnsie &) most of
re p%%ﬁﬁl—&@%é fis ?é}'ﬂurfb@ ety fl&ra?r ! C%Hu b&'enmg( along axial

nmodi TyI ng power couplfi'ng, col res
pl adn@cumni)hm enaRrial pﬁﬂ@\mmpucdi anks;tmmténmﬁ (Gvhdceh is proportional

ot e dBiier Of wECRPR e A0 b ol 88n DS ICH confiom
[ Ooﬁlat Iffé lidel delﬁit?' IﬁJﬂce&ﬁ%( Rhinidies aP ﬂ%c@sz%ss Ahaf LOREE of the

a plasma processing tool which utilizes
f er clowmtgn danigth. iAmdther ishortaoiihg of the q;dtemail-couia@Petonﬁgurahons is a

U P QibSndisd RE fovat 1655 16 Hhe Hbiént that S pBwas HRRter efficiency.

[006] Several aitempts have been reported to solve the non-uniformity problem by
modifying the RF power coupling, coil structures or plasma confinement. Relevant
background arts on generating plasma and improving spatial uniformity of the main

parameters of plasma are discussed briefly.

[007] Keller, et. al. US Pat. No. 5,767,628, discloses a plasma processing tool,
which utilizes a ferromagnetic induction coil with plural magnetic dif)oles for

- production of well-confined plasmas.

[008] Chen, et. al. WO Pat. No. 99/50885, discloses a parallel-antenna transformer-

coupled plasma generation system, with a set of parallel coupliﬁg elements is




[008] Chen, et. al. WO Pat. No. 99/50885, discloses a
paral |l el -antenna transforner- coupl ed plasna
n system with a set of parallel cou
wg%ﬁgé.ﬁbgﬁl s WD 2005/ 010917 3 PCT/ SG2004/ 00021 CrRoson0210
positioned on a dielectric w ndow of a plasma chanber
and the radio frequency current flowng within the
elements is oriented in a sidilar direction. The
i nductively coupled fields in the reactor are
rei rﬁd%itﬁin@(g on aa”&!iefeﬁt%c hv\rﬁﬁbdf of o {J/\Dﬁﬁ& cRAnfSeiBnd She zadio frequency
gener at ed Che . Pat. No. 00/0099
di scéumset fh:wmg tmﬂim thol ¢lemcnte ris aoﬁemted rmdauemmlvel darectlon The

R UL SR A e FE b i

and A5nik biRkated anar or a conbi nation of a planar
coi Ilﬁand a vertlé)(%:al 'y stacked helical coil. By
adj usting the inductive coupling of each coil

radi and a I p}:asia. can

o nilBUs o eh 6"k Pt foo. B loBhdS, RfHToRRy 53 R ———
di SGhARETelF coRpleE Pﬁ%ﬁ& gBh@HiGh @@ieﬁrgnmmm& collsHEBPositioned on a
source for”production of uniformplasms. The antenna

i s clivipgewiniow ofin plasnon clamber andhare eitherdplanar er a coisbmnation of a

o1 ot onf wdh IR seka bl By Boinhei b BAUERYs coupling

i N tofgadhRRA! Atiall Qﬁé%m\’iﬂ;au tnifétm plhdPlan b%lnéﬁlevé@tt
72, 777-779 (1993) reported on production of

hlgh density Iarge area i nductively coupled pl asmas by

| SOGB4 4 S0 A4 BRSBTS s st

pl a&ﬁ&ﬁlablﬁﬁ s6lacd ﬂ:lr réfhudtibr of wiiRem ];{lﬂgﬁihg] The antenna is composed of
Not wi t hst andi ng t he above and ot her. prior

r ef ditergerngcted nes and QutFy poils Hbih afrle 0 aeg%ﬂr dhe girength of the
hi gﬁr élfél Sric h@d%ﬁ?ﬁo%@ 2 1&?& B YRIeR ﬂ%@}dga&s{ y
ﬁe | ovea as C

couple asrras npare W th
t he exi stl ng pl asma sources, uniformty of

v 498 Tl o ot AP Oisvsil'aét'b@?e PR, remortol G rrgducton of
di Sﬂgﬂﬁﬁnﬁtynﬁl?éé:@k@ Rkt RVel P TOIME Mhasmas by launching a 13.56 MHz

- traveling wave in a series connection of eight parallel rods embedded in the plasma

inside thin quartz tubes.

[0012] Notwithstanding the above and other prior art references, there is still a need
for a source of high-density, large-area and large-volume inductively coupled
plasmas, with the improved, as compared with the existing plasma sources,

uniformity of electron/ion number densities.

Objectives of the Invention

[0013] It is an object of the invention to disclose 2 new method for producing
plasma by introducing two mutnally orthogonal unidirectional current sheets

-oscillating at a low frequency inside a vacuum chamber.




pl asma by introducing two nmutually orthogonal
uni directional current sheets oscillating at a | ow

r i nsi de a vacuum chanber. WD 2005/ 01

WE@?%EQ%&, 000210 [0014] It is another object 9@%}%{;%2}04/000210

invention to disclose a new nethod and apparatus for
production of highly uniformplasma in both radial and
axial directions. [0095] It ¥s still another object of
the invention to disclose a plasnma reactor that can

be ybo1af 3 18 dndR¥edbiet bATHE ViR 16 1i8¢16se/d hdiP iiethod and apparatus
conpromsing the uniformty of the plasnma paraneters.

[ 00 fei prrdudtion p€highlyfuniforraiplashiade botbiradiplang ayiah direptions
achieve the desired plasma uniformty w thout any
external DC magnetic field configurations or

el ejlétﬁgf ek ki1l anfdtheR loBjebof thel MRAtiorOb diftfost BYeRinaGBactor that can
[0017] The present invention seeks to provide an

appdeaipssaled dowends dargerodimegsiony ithew compromising the ppiformity of
[OOiﬁe]t 1Accordi n%lgé in one aspect, the present

i nv Ii’%ﬁﬁﬂap?%?fﬂ 7 a nethod for generating a highly

uni form pl asma, the nethod conprising the steps:

introducing a process gas into a plasma reactor;
i nt fQBIcTtg yet fai fusther abigetr el theoimentioncho| achiqve ghrpdesired plasma

curr e ' fLL.St +6eH ' COF -
i HPrRBind afy e Do ESlEh it A dpBERaNns or clectostati
secghielditigt ect i on inside the plasma reactor; wherein

the first unidirectional oscillating RF current sheet

is substantially perpendicular to the second

uni di rectional osci léﬂrﬁﬁgo?ﬂfélﬁ%nﬁﬂeet' [0019] In

anot her aspect, the present invention provides, a

met hod for generating a highly uniformplasma, the

et fpdel7]CORE pirdskintd ilveRtic] epeks 101 pkddeC iafi Japfpafihec @aBd getkod for
into a plasnma reactor; introducing a unidirectiona
oscEtestingynifprne plapBat into a first plurality of

current carrying conductors in a' first direction and a
second plurality of current carrying conductors in a
secpotb]dAcceedingly, irnonk gspreer, ahé prpsenttinventiearprovidesRia method for

generating a highly uniform plasma, the method comprising the steps: introducing a

process gas into a plasma reactor; introducing a first unidirectional oscillating RF
current sheet in a first direction and a second unidirectional oscillating RF current

sheet in a second direction inside the plasma reactor; wherein the first
unidirectional oscillating RF current sheet is substantially perpendicular to the
second unidirectional oscillating current sheet.

[0019] In another aspect, the present invention provides, 2 method for generating a
highly uniform plasma, the method comprising the steps: introducing a process gas
into a plasma reactor; introducing a unidirectional oscillating RF current into a first
pluratity of current carrying conductors in a“first direction and a second plurality of
current carrying conductors in a second direction; and generating a time varying RF
- electrical field azimuthally shifted on 45° with respect to the first and second

direction of the unidirectional oscillating RF currents; wherein the unidirectional




electrical field azinuthally shifted on 45 wth
respect to the first and second direction of the

68 ional oscillating RF currents; wherei
WY O0% W 2005 010017 POTT Se004] 0005 PoTSC42Io

oscillating RF current in the first and second

plurality of current carrying conductors exhibit
substantially no phase diffebences. [0020] In yet
anot her aspect, the present invention provides, a

et hpelilh@dg Renafatt A tBe Nirghlakd Uebémd PhithigBf dufiént carrying
nmet hod conprising the steps: introducing a process

gas condustors grhabitrenbstantalyr no phase didiferannes. a fir st
unidirectional oscillating RF current into a first
plurality of current carrying conductors in a first

di r g@i2oP M yet Ndnlofés QisP&;t,a 8GRI AbvROi6S [irBWabs, a method for

oscillating RF current into a second plurality of

cur igerarating & highly usiforu plasme, themethod comgrising gt steps; inraducing a
generating a fi varving RF, .electrical .fiel.d P

oo Bt Py Yol o et W ripe R B BipiditeBlihat gpeilating RF
and cigefidto 8 firSChiufility fof toRrehd Edtyimh dorhie¢ in a first direction;
uni directional oscillating RF currents; wherein the .

f i r introdneing @ sespad wniditecidonal esedllativg &1 quarenhigitee second plurality of

[ 005 et L pl B0 K B iiBion 4R Bkl AGE Berying RE
Pr ovletieRal AeldeiZAGhANy sHIERErA 4510 wkh Rkttt Yo Uhé fRdtnd second
plasma, the nethod conprising the steps:. introducing a

pr odizeatiog af the fmsbang] ssrerdhenidiscstional os¢ilating/BE icigents; wherein the

uni di recti onal Ll )ati roent jinto i, T .
o1 uPit Y Gpod, B@icp il e ot R skl b [ spbgtantally no
di r ghdsé @ifferéngkd, 0oduci ng the unidirectional oscillating

RF current into a second plurality of current carrying
conductors in a second direction; and generating a

on' AL el ol S, o flten i o T 8 i b pffrati o
of highly unifotth pbasina ptha metisw] ddnggrising the- sieps: isthdducing a process gas
ek o e SR T e
COMBISY Sr°AH LRkl Yy B nrodcing e
pr essditectinnal niscitlating RE desent dntoaatsecomd plaralitgn g€ wement canying
1;0][ ¢ & p&&%ﬁﬁtg:s\ﬁt{pﬁ (ﬁr%légtlns;danﬁlg%%grgﬁﬂgeg : %rvagy%nng R clettical field
azimuthally shifted on 45° with respect to the first, and second direction of the
unidirectional oscillating RF currents; wherein the unidirectional oscillating RF
current in the first and second plurality of current carrying conductors exhibit

- substantially no phase differences.

[0022] In yet a further aspect, the present invention provides, an antenna
arrangement for an inductively coupled plasma reactor comprising:a first plurality
of substantially parallel current carrying conductors oriented in a first direction; a
- second plurality of substantially parallel current carrying conductors orienfed in a
second direction; wherein the first and second current carrying conductors for
carrying unidirectional oscillating RF currents in a first and second direction
respectively; and the first direction being substantially perpendicular to the second




of substantially parallel current carrying conductors
oriented in a first direction; a second plurality of

ally parallel current carrying condu

‘W§?P§%?e35|n a second direction; wherein the ?F?@?”%ﬁﬁ¢“““

second current carrying conductors for carrying
unidirectional oscillating RF currents in a first and
second direction respectiveléy; and the first
di rection being substantially perpendicular to the

sec ofgbclén; 2 e Wfkkdin SthE CHifsPpa a0 08 2BstasbidligC pinallel current

further. wherein the first 'plurality of substantially

par atakyingrendenters idispogediplanashyibove the sesond plwislityopf substantially
pl anar | 1abofing t he secand plurality of substantially

-par A EHF W?‘iﬂ%ﬂ ®%¥onductors. [00231 In a

final aspect, a plasma reactor conprising: a plasm

reactor chanber adapted for plasma processing and for

i nt r{ear3t ilmg Hial alspncwepbsxgamacmﬁobompname mr&asma reactor chamber

arra t r|S|n Iurall

subsa'e‘%m"?ﬁqnp%%pwg intfoaltiBe ot ¥ pRiss soprng 4n pntenna
a figksh éilﬁéne %mgﬂsm e of sibstdnitially @hrallel current carrying
subst an%l ally paral current carryi ng conductors _in

a seondudtati rmct ifiont: d!mhmlm audt hsetandspl ©& svhstantially parallel

plurallty of . cur carryin 0 r r

Do iy oeieyine P sBibni CHHEORLorelh R B socond
sec phgality T Cutrent éa@@n%cwnuﬁ&tm fap dmmﬁgfunhﬁﬂec@bﬂae obdilkating RF
being substantially perpendicular to the sec

di r euxensh in  firsthand sgpendediFectipn respeativelys | agd 4he %;5* glirection being

SR, phROol ) 1 oSS, SRSk ES B

subgplupatity %lflsubmﬂjr phratlel eieteint eatyiyg oonduotuds ist disgosed planarly
Brief Description of the Draw ng 0024] A preferred
erh 8bRvedhe sespnd plaraliteeionb tﬁ?ﬂﬁé‘ﬂtﬂaﬁi‘f’b\ﬂq EARPERE Shpidactors

fully described, with reference to the draw ngs of

which: [0025] FIG1 illustrates a cross sectional side
vi ew of a pl asnma BeiafDescription aftthe Diamings wi t h t he
‘present invention; 10026] FIG 2 illustrates a top view

of the antenpna arrangenent of FIG1.in ac%vl[ldancg
wi t P0RHcAalbagd copbp g‘xﬂqng, Qf the present invention now be more fully

described, with reference to the drawings of which:

[0025] FIG.1 illustrates a cross sectional side view of a plasma reactor in

accordance with the present invention;

[0026] FIG.2 illustrates a top view of the antenna arrangement of FIG.1 in

accordance with the present invention;
[0027] FIG.3 illustrates the wiring connection of the antenna arrangement in FIG.2;

[0028] FIG.4A illustrates a simplified equivalent circuit for fhe electrical

connections of FIG.3;




[0027] FIG 3 illustrates the wiring connection of the
antenna arrangenent in FIG 2; 10028] FI G 4A
b es a sinplified equivalent circuit f

wglzg@({rip%tgl connections of FIG 3; W 2005/ Ologﬁcﬂsgﬁoouooozm
PCTI SG2004/ 000210 [0029] FIG 4B illustrates an
alternative equivalent circuit for the electrical
connections of FIG 4A; [0030 FIG4C illustrates a
vect or diagram of voltage drops of FIG 4A and FI G 4B;
[ 003dd20f 'FES.4H liltdutatek €8n Uilichitive t ¥quidtaldnd ecigrite fat elik electrical
plasma I1n a radial direction in accordance with the
pr esonnectioeef FIGMA[ 0032] FIG 6 illustrates uniformty
of the generated plasma in an axial direction in
accordance with the present invention; [0033] FIG7
i |1 \{oda0ptres desitth@fatR aGRctl diapantenwlagedropt 68FIE.4A ad BIG.4B;
el ectrostatic (E) and el ectromagnetic (H nodes; and
[0034] FIG 8 illustrates the main paraneters of the

O A Bl Ao A B dirction i
appacedrikince MthTRé preskbnt five@@digr at i ng uni form plasma in

a preferred enbodinent is described. In the foll ow ng
description, details are provided to describe a

pr ef l.ter . ' i
o g PG bty R, SRR Ul plobmd 7 ] ficcoton in
I NV aBdordihceRithiibe fresat inkestion; t hout such details. Sone

of the details may not be described at |length so as

not to obscure the invention. [0036] Referring to

\[/:vil ?ﬂ&o?ﬁgﬂl(fbcﬁlgst{a?els %g%tﬁal{c%aﬁt AL ghflerhidd jﬁé‘sﬁ{adﬁnﬁz@ electrostatic

presen I'on conprises a reactor
c haipemdidsctramaprotio k) inodest 4ndind an ant enna
arrangenent 30 conprising a plurality of current
carrying conductors 25, 26 arranged in a.
pre t&-ﬁf A FANARRRE the TS PAHHARMGS ofithd gélefatst] PRSMR in varying
i nvention.
operating pressures.

Detailed description of the Drawings

[0035] An apparatus and method for generating uniform plasma in a prefeired
embodiment is described. In the following description, details are provided to
describe a preferred and an alternate embodiment. It shall be apparent to one
skilled in the art, however that the invention may be practiced without such details.
Some of the details may not be described at length so as not to obscure the

invention.

[0036] Referring to FIG.1 and FIG.2, a plasma reactor 10 in accordance with the
present invention comprises a reactor chamber 12, a chamber top 14 and an antenna
arrangement 30 comprising a plurality of current carrying conductors 25, 26

arranged in a predetermined manner in accordance with the present invention.



WD 2005/ 010917 8 PCT/ SG2004/ 000210 [0037] The pl asma
reactor 10 may further conprise a variety of

w%chroﬁsﬁﬁlo , inlets and outlets (not shown in tP%‘i‘ISGZ{){MIOOOZN
raw ngs) for introducing process gases and for

nmounti ng di agnostic tools to probe into the reactor
chanber 12. The walls of the plasna reactor 10 may be
doubl e-wal | ed and may al so cdnprise cooling neans for
cooling the plasna reactor 10. [0038] The chanber top

14 hovs STHeSashit RBABr 0 nAYORIEBE coifiprisel ¢dtietp 6P podilsles, inlets
a first 25 plurality of current carrying conductors

and andsewleisd (w6 showe an ithy dogwings) rfon dntradyeing prgeess gases and for

con g digls i 4F Brehe At loy HARED 127 ST of the
and dﬁd&%ﬁﬁﬁ&&dl(ﬂ;ﬁaﬁ bél dahtilé-yvatled et i;:lﬁjlﬁ']hlsﬁ %61hf$ﬁ£&cooling means for

conductors are simlarly substanti y parallel to
eac troolipgthe plismaf¢actor 185 plurality of current
carrying conductors are housed in the chanber top 14
such that they are nounted planarly above the second

26 [bosspIThe ¥hahbes Yop BAhowas thel Mngnao aduglenicait 30, WBE] comprises a
Each of ths:mgl urality of current carrying conductors
25, fog 2plumlitrof eprren sagpingicandustomy prd i pecond P phurality of current

sl eeyes. 28 iSOl '

<A PR hRukag) o1 A DALY ERBRP a9 soptotors
28 gabstiialtp peraflcladchcls ether and theaeaundadaplutadity dheurrent carrying
dielectric sleeves 28 are _npunted_insi etilhe chagr‘ger ]
t op cemduciqrs, aggsimilarhy)subsigatialst p t%r-?fgw ¢fe The first 25 pluratity

di el . Y
chath Sl Ry Y EindtfickOard bolRidth i AR 1dn 1) such that they are
r eagicuhtelianiiip abiovetthe R2omd 26 phisaiity efiapteaticarryinpeanlactors.

vacuumintegrity of the plasma reactor 10 by bei ng
sealed with the dielectric sleeves 28. The vacuum

tig fﬁg?agl‘;ﬂngﬂﬁsﬁﬁfﬂf iRy e @t cfrrPh ¥Bnclbs 241hd B further

por rmed by using epoxy seals or other
knohoussd dh dndisidaalddielsetiici slegever t28osisolpeOthein from the process gas

Furt he re, the firsg 2 lurality, of r ent
car FW{‘?S‘BE Sisme e : °ra]:0e_ %Qg Adeeds glcﬁ‘%\?%g %?n_nbe made from fused
“uni ghiie£6f iigRdla. a%e!did1adtio Slebes P8!41& flouhted Fnside thé chamber top 14
direction and the second 26 plurality of current L.
car vigipogis 23n dihe ports 22 alowithg figlectricalrges?B toobe wanntod fnside the
chamber top 14, which is also inside the plasma reactor 10. The ports 22 are also
adapted fo maintain vacuum integrity of the plasma reactor 10 by being sealed with
the dielectric sleeves 28. The vacuum tight seal between the dieleciric sleeves 28
and the ports 22 may be formed by using epoxy seals or other known sealants and

sealing methods.

[0040] Furthermore, the first 25 plurality of current carrying conductors are
adapted to carry a unidirectional oscillating RF current in a first direction and the
second 26 plurality of current carrying conductors are similatly adapted to carry a
'unidirectional oscillating cuxrent in a second direction. The first and second

direction being substantially perpendicular or orthogonal to each other.



unidirectional oscillating current in a second
direction. The first and second direction being
i-al | y perpendicul ar or orthogonal to
WS'H?Z%"?‘“ 20051010917 PCTI SG20041 000210 9 [ oo?ﬁ%m““"““”l“
Generating a plasma fromthe plasma reactor 10 woul d
involve a nethod having the steps of firstly
i ntroducing a process gas inth the reactor chanber 12
of the plasma reactor 10. Next, sinultaneously
| Nt rpoYat i Réherhtibk faSpladhid Hohehk ipditeda refdt6 10 8fdulDinblve a method
current into the first 25 plurality of current
car riaving the sigpeelfisstly introdueing iapsecesy gasdntodhe sagtor chamber 12 of

Lot R, a5 900 KRR SRR JRGHbR L fp¥micirectional
car roseiaisPEREURERASIntd tHel fidt Y5 Ewr:ﬂ?{] BF cubift Wafryfial conductors in
W

field azimuthally shifted on 4 | respect to the

fi r ghe dind dirsctbordandiinteoduriog aofecenseumidirestionsl esvillatiog dHY current
26 unidirecti sgillating . RE currents . is thys .
condPis;tuf SEtcnd b oAy, of it Somitl GRAFceR, ‘Aitips, garying RF
pr esfitridal YRIY baitkiR@yf dHifidd of d:zss&@mnﬁés%mitdith@@trktomi second
oscillating RF currents may be powered by a single RF |
gendlitgetinn of they firshg$ and pacond 26 upidiactionghessdigtiog R%ecme@ﬁ is thus
pattgﬁ‘%}am&he first 25 and second 26 plurality of

current carryi ng conductors of the antenna arrangenent

30 may be coupled in series alternately and to a

Si ch” e RF alenerator. [b00_43] Referring to FI.G3 and
FI GIOPA2] fnErecpretered cmbodimsnt of fhsriressnt inyention tenfirst and second

arr %Hﬁﬁ@&ﬂ% B e LGRS ot i

plurality o g%"?‘?@%? %Fryl ngnlaggjﬁo%%%‘isﬁ%gr%?n ﬁgRFt ﬁ%nemton
uni @yr iagiémeming asprietidtadming] Ednnectioneputtet thd first PFeand second 26
fi rs} direction and.in su stantigl!ll y simlar phase

Eac RISty 0 QBB geroang IcoRdHCIars offhe anfppus, prangepigph, 40 may be
con -1 &) -onal

oscli Mﬂ%@%‘?%ﬁﬁaﬁfa@%a{ﬁh%lggg?r?g&g?}?ecti on and in
substantially simlar phase. The first and second

or - ErteetsacacHEGH on Gk, Vot BeptcilipSingSlons of e antenna
0i T bebh@Rfin S0CKRAN &0 Ghch D HBCRRE I P phedith] 8 Earrent carrying

reactor 10 operation at lower, than conventional,
r adeendivctotpu earcying the unidireetiongk ostillaig RE cureent 0o Othg Hame first

| S ioh 35 ABNSRERS el eke WY bbeohh He Furatty of
current carrying conductors similarly carry the unidirectional oscillating RF current
in the second direction and in substantially similar phase. The first and second

direction being substantially perpendicular or orthogonal to each other. Very litile
or no phase difference is experienced by the preferred plasma reactor 10 operation
at lower, than conventional, radio frequencies in the range of 300 kHz to 1000 kHz.
In this range, wavelengths of electromagnetic fields are typically much larger than

the dimensions of the antenna arrangement of the present invention.

[0044] Referring to FIG.3, the wiring arrangement of the electrical connections for
the antenna arrangement 30 is shown. The example shown in FIG.3, comprises
eight current carrying conductors in each of the first and second direction. The
mnidirectional oscillating RF current enters a fixst end of one of the first 25 plurality




t he di nensi ons of the antenna arrangenent of the
present invention. [0044] Referring to FIG 3, the
wW 200dAoa" angement of the el ectrical connecti @p$/5t9604/000210
t he antenna arrangenent 30 is shown. The exanpl e shown
in FIG 3, conprises eight current carrying conductors
in each of the first and second direction. The
uni di rectional oscillating R current enters a first
end of one of the first 25 plurality W 2005/010917 10

PCT/ 03804 8RB24d cafdutter ae Point 0[ Wit aGecaidemt of theet same current
point 40, at _a second end of the same_current

car ropfryiggcondustaropoiniybh stthem cqupladie s st gndeef ang of the second 26

firs d of one of e - Dlibir alLit

cur PR pRRG BilrdCooRPacgR of BonP sy Mg el end of o same
end cafredt @S HFEConGLELEE Poink AN iy itheh ccuplbdCioar nexpainosuphd] current
is then coupled to a next uncoupl ed current ,carryﬁi ng
condaeyisg condudier of the tfirsts25 plurality 1of cyfrent ganging conductors. The

carrying..con . :

¢ he BBRAHES g R Ao A0 9571 RRaRFUER L Bt piEalty 25 of
25 QhmeUtagiMg eaidugiony af alletaatolys caupledakd @acintofithe second 26
coupl ed_to each of the second 26 plurality of current

car ipliralify obeertrnt 6#EyIng cguiggtonsae resul ting direction of

RF current generated by the first 25 and second 26
plurality of current carrying conductors is

i 1| poosaThe rdsultinhaliretticnoBRF chivent geasmted bygthRfirst2y et second

can _be considered a unidirectional, E urr.ent sheet
osci2p |pieally of\purFnh cRREDE copfipgiors is, Abesated DYy e Sttow 35. The

con P&ﬁ{tﬁ‘g rj{fpé\h}eg{ Fhéﬂ;et S Srefi QldnfiRecRonl R‘.’ch\ﬁleﬁt stekt oscillating

m ni mal €onbi ne ng external coupling wres. o
Thi svithimnthe céacton chathee18. The sonmedtiempaityeo oG Hrfellows aqyinciple

the inductive reacgtance qf the.,antenna arr enent .

30. ok FUSiEis -BRPEE AFTETh gT EXIRHL CONEIgar S, |1 Caeotion patter
COURIsE davdntacRdilishy RAMimeZAN Rhd MEuctiVieiBictdiRE of te @R Arrangement
litz. 100461 Generating a plasma woul d then involve a .
net Bdd Thaeimenttchuying epadustors 25526 magithesgupled yiaexternal coupling

process s Lnto the plasma reactor 10 and then
si nﬂ?“?%ﬁ’ggﬁgfﬁpppﬂq%duci ng a first unidirectional

oscillating RF current sheet in the first direction
and a second unidirectional oscillating RE current
shel046]nGencsalingrriplasma Bonkskthem évglve a method having the steps of first

introducing a process gas into the plasma reactor 10 and then simultaneously
introducing a first unidirectional oscillating RF current sheet in the first direction
and a second unidirectional oscillating RF current sheet in a second direction inside
the plasma reactor 10. The time varying RF electrical field generated is then
azimuthally shifted on 45° with respect to the first and second direction of the first
and second unidirectional oscillating RF current sheets.

[0047] Referring to FIG.4A, the anteﬁna arrangement 30 is represented by two
.phases 75 and is further coupled to a RF generator 73 via an electrically grounded
matching network 74. The two phases 75 of the antenna arrangement are coupled
together via the impedance tuning capacitor 76.




the plasma reactor 10. The tinme varying RF el ectrical
field generated is then azinuthally shifted on 45
wo dobs/dgspect to the first and second directi 0% Hscbfi/000210

first and second unidirectional oscillating E

current sheets. [00471 Referring to FI G 4A the

antenna arrangenent 30 is represented by two phases

75 and is further coupled tolh RF generator 73 via an
electrically grounded matching network 74. The two

phaspeas] THRIRE E&l@{ﬁbﬁm ana¥kamplg Tefticisancoudasetd Energy model
toget her via the inpedance tuning cagaci tor 76. WO

20057DX08000™1 rupdly S6xbont A60kHD ¢apobe) useHetoRpower the antenna

generator 73,.anexampl e of whi j § .
oot 3G SR preseRl, pG, b5 Aee PESRASF fupplicd to the
Use%%n@%ﬁ%énﬁlﬁt 301vafBR in Blc' ARSEEENO0 89 25000 W figto a 500, non-
present exanple, the range of power supplied to the

ant enacdive ioadn Jhewmtcidae networks74, an ekenple o avhigh i @@tandard L-type

2500 W.i.nto a 5052 _.non .reactive |qgad. The matchin

ot WG 2oyt Gt aeciisl AR fie Saticigrits FRpsRpRgof the RF
Mat GRh&gtopSIIVRS the T REpIRE SO tARPRBmANRactor 10. This ensures
characteristic inpedance of the RF "generator 73 to

t he maxinjuinmosgndenssition tte the reanter e}2.10. This

ensures maxi hrum power deposition into the reactor

chanber 12. [0049] Referring to FIG 4A, the voltage

dr ooode] ReferiMIPPREAS, the Witagd@ropnicRizp dhe plidsanPe6EHe antenna
30 and the i3n)$)edanc¢ tuning capacitor 76 can be very .
| ar gerangesneat 39 and the dmpedagee PingLgpacikon pe can brevalidagh o avoid

arran bg _dl Vi ' . .
s eﬁ%‘ﬁf@@%@%ﬁ%ﬁba the antenn n%@gﬁ%@?ﬂ#ﬁﬂnpﬁé&‘ﬁ?@fom equal
I ndphisanegmeitis §AR0 R3A6En it FIFRB, whéredd thesinductance of each phase

appr oxi rmtelg/ L/4. In the present exanpl e, {ﬁeiqui re )
cap&esmenh d&-8045 approxmaately 144 1p dhe; presens exagplsafegniresy eapacitance
pha 1789 _of n r 1 '

D158 SRR 101 o B LEN Rps8 S IERTIRO A 8 e
sc hatraigement\B30 iis g/Gir The geyuialent wiragic dn dAGAB whévs theeschematic
present invention, The corre g}di g? vol t age ops din
acr Badng pEangemeRt RAsRorApace Ml e preyant yepiot, 5 Lhe corresponcing

arr %@% 48 the §HiSe SRt PABGGE IR shtdiha Sftahgiment 30 and
t hugav ry s}[’%rr ggteclsed. © gomen
the series capacitors 81-84 is thus very much reduced.

[0050] Referring to FIG.4A and FIG.4C, a vector diagram shows the voltages
across the antenna arrangement 30 with total inductance L. The voltage drops
across the phases 75 of the antenna arrangement 30 is Vs and the voltage drop
across the impedance tuning capacitor 76 (with capacitance C) is Vs can be very
large and are represented by the dashed lines in FIG.AC.

[0651] The voltage drops V-V corresponding to each phase segment 77-80, Vg;-
V34 corresponding to each of the series capacitor 81-84 and the total voltage drop
across the antenna arrangement Vi are represented in FIG.4C by the solid lines,
In the antenna arrangement 30 configuration of FIG.4B, the voltage drops V7~V
across any of the phase segments 77-80 is four times smaller than Vo5




[0050] Referring to FIG 4A and FI G 4C, a vector
di agram shows the voltages across the antenna

r @Szﬁ nt 30 with total inductance L. The vgl
w@rz[()'p S%E‘ér oss the phases 75 of the antenna ar ?S.‘N%gﬁ%%{“"“ﬂ“

30 is V75 and the voltage drop across the inpedance

tuning capacitor 76 (wth capacitance C) is V76 can be

very large and are represeniZzd by the dashed lines in

FI G 4C. [00511 The voltage drops V77-V80 correspondi ng

t 0 eRfheRRGELHE SBNRIH drépf VBV Aekoss ¢ of Bid @518 BAiablors ®1-84 is
each of the series capacitor 81-84 and the total

vol tadspefodr tipes amwallss than Yes.ant enna arrangement VI are
represented in FIG 4C by the solid Iines. 1In the

antenna arrangenent 30 configuration of FIG 4B, the

vol t[ass2] Wefifing/ id Y83 aitF FIG.AB2BYchObS HeefiRDaS §lurality of current
segnents 77-80°is four tinmes shmaller than V75. WO
200520Y88 Pndrieeiy $ezotani eaameeent3Q ke s be covpded to each of

t apdBY sespad B PR o TSRO Gladhdfs L p SBpngioy mecifically
[ 00%4] iizgﬁﬁﬁidei mgichidgFtdpadtorNfbr teachil voRaRhdRp idi6ss the entire

first plurality of current carrying conductors in
t he antenonarzangemanigidmeRtienmgivelynthetimpedance Bgishing capaciigeymay be

CondREsTS Pdeeh s s Rihea Bt drEsRP Yl conduetors in the

mat ahfehfh feRaeméma3of or reduci ng vol tage drop across
the entire antenna arrangenent 30. Alternatively, the

i npedance mat chi ng capacitors nay be connected

con 58, UFLANECRBOIMAL B Blet ] {420 GRYTEAY oscilating

an RFt aifeats My doldoiembptdiffersst RF rgeheratots. sTheduist 25 plurality of
unidirectional oscillatin RFf rrerHIs ébe dri\égg
by @vW¥ed FamYInREoHGIOrREayidbe aqypladitp & sidRE fepeptor fpdghe sccond
cur ! r

26 %&‘E&gg] Eéf; gf&gériﬂan ccbn‘aﬁé’tlo% Hglg‘fég:"m 8heb&hd®RF generator,

first t e secon urality of
cur whate ot pgriergors ampeatt inrassyncluphizdd pbasa-lecked mibdeF The first 25

ener at or, ere. bofh generators erate |
SynenFahpitad DRy Pl et Sndorpparousdaity fom hat of the
SeCcOREL1eH cRibdhfhdnt Xnd)&roﬂﬂh?ﬁ%\i chipledih ReH&AREHaTBY. S

woul d differ fromthat of

[0054] Generating a plasma in the plasma reactor 10 would in accordance with the
alternative embodiment then involve a method having the steps of fustly
introducing a process gas into the reactor chamber 12 of the plasma reactor 10.
Next, introducing a first unidirectional oscillating RF current into the first 25
plurality of current carrying conductors in the first direction and then introducing a
second unidirectional oscillating RF current into the second 26 plurality of current
carrying conductors. A time varying RF electrical field azimuthally shifted on 45°
with respect to the first and second direction of the first 25 and second 26

unidirectional oscillating RF currents is thus generated.

[0055] Alternatively, generating a plasma in accordance with the alternative
embodiment could further involve a method having the steps of first introducing a

process gas into the plasma reactor 10 and then infroducing a first unidirectional




preferred enbodi nent and woul d not be coupled in
series alternately. [0054] Cenerating a plasma in the
Prpapee] actor 10 would in accordance with th
ng terngéll ve enbodi nent then involve a nethod Eg${8ﬁ6004/000210
the steps of firstly introducing a process gas into
the reactor chanber 12 of the plasma reactor 10.
Next, introducing a first uni8lirectional oscillating
RF current into the first 25 plurality of current
car r ydcllftif® RIUGH RIS sHeBt intBe firstidiredtibreaid ®i8n ANE@eddiBihidirectional
introducing a second unidirectional oscillating RF
cur resaillaiing BFtcugentshent dn 2 6egond ditbétion infideihe plasma reactor 10. The

carrying con tors. ti.me varyi.ng RF el ectrica 0 s
£ 1 JminenF efpoiont i Eoneaet o hen Ragtaly fihed,en 45° with
{11 ko hi QekdrD £ it Sfirs® Snd Rcch@CHdrectional
26 Slrﬁsl |;€?ﬁg%5%hg§g:ﬁaaglﬁé%ﬁggo curE?lgIﬁts ‘?Egctozlus on
genessailleting RB@Bs¢nt Ahéet nat i vel y, generating a plasm

in accordance with the alternative enbodi nent could
further involve a method having the steps of first

| Nt rogHef RAGerAng RS FIESA, 3RS uhithnity16F Iﬂieaééﬂérdtt\.‘;%ﬁia%a]iﬁ a radial
and theh introducing a first unidirectional )
2005ledideiin the phema 3eR0a41DB0Nagratsk | Theartdsulty ¢fexperimental data

o BP0, Gt o S B AR s, 368D in
S eC QRtrinh Bfekic PH) koak H8hl062 PIWeRFRupuedethRN a gldsmd Rctor having a

time varying RF electrical field generated is then . .
azi mdibsbf goahilptasel deasmrements ofiradigbprofiles oftplasma density n. in

and nd diregtion of e first C .
ot B et fof6e bR Bh HEEomblitheol 1A 8RR Hiabe (p): The radial
Ref Qédnks NGrefeO phifféenfed. alohig @81 GédtiohY oPfthd hesu@ipe R &shrrent/field
plasma in a radial direction in the plasnma reactaor 10

i s iopdillationdprawed lige Bédn MG 30 H{GsY) shese thet aep-yuiformity of the
i B Fl G 5.Cokly
G < R debdlylne 5 iR AR s i Bl phctortififfer 1o

wth 0.62 KWRF input wwthin a plasnma reactor having a
radi us of about 16 cm Measurenents o ra(ii al profil e{s
of [M0BBEIGIERsshops the Fﬁ%ﬂfﬁ@@@%@ﬁ%@ B gfectrpns Tex to be

e ARARIRLA G A [ i Rlari ' B reactor.
wer e "pertor t[ﬂ]glgna ong}ﬁti Ejé%{a?ga%gﬁmggqtﬁ%ga.ﬁé ragtsllgli’?%ng Teactor.
RF BIG.5€nsHowsethel plasma potential Vp of the generated plasma also being highly

uniform in the radial direction until nearing the walls of the plasma reactor.

[0058] FIG.6A. illustrates excellent axial uniformity for n,, FIG.6B for Tes, and
FIG.6C for V, at the same pressure aﬁd RF power as FIG.5 but in a different
discharge in pure argon. The non-uniformity of the plasma density is less than 10%
along the vertical axis of the reactor chamber 12. Referting now to both FIG.5 and
FIG.6, total volume non-uniformity of the plasma generated is within 10%, which

is a substantial improvement over many conventional plasma-generating devices.

[0059] The plasma reactor 10 in accordance with the present invention can operate
in either electrostatic (E) or electromagnetic (H) modes. In the H-mode the plasma
_discharges yield highly luminous and dense plasmas with the plasma density in the

range of 10'! — 9x10'2 em™ and electron temperatures in the range of 1.5 — 5 eV




oscillation (arrowed Iine 35 in FIG 3). FIG 5A shows
that non-uniformty of the plasnma density ne is

WP&%@?O%F% al ong the radius of the reactor ch@,g‘qgr(;tzi‘?émmmo

G 5B, shows the effective tenperature 0
pl asma el ectrons Tff to be highly uniformin the
radial direction until nearing the walls of the plasm
reactor. FIG 5C, shows the ptasma potential Vp of the
generated plasma al so being highly wuniformin the

r adiwith fhdd@fkd RIF pibérs 1o xbdR@ing"BSVIBW! Sipthe Hansdep i plasma
.reactor. [0058] G 6A illustrates excellent axial

uni fdsnsityt §8 typicallie oné-oGHES drdars PEbfagnidwde lopes, wireas thyglectron

t th F FI G 5 but | :
i BRI AT HEPa 7 L3 oV SHAIaR O e el e eyl in B
of tA8 RIRHABIHGRS (davh oF - theHSist APre+8Mblerldas do tHigteretic effects)

vertical axis of the reactor chanber 12. Referring now,
to Metweeritis Broamaddesmif Gperation tasshavgt imEIGAGwiieh denieis variation of

of the pl asna. gener.ated i.S in 10% Leh i.S.
S b S erticRP TSP SRy o Dettal dtedm J¢ 05 ooy aiidly E-H and H-
Pl aFRodeRRsRiond itextiarsn of BOR®]cofiRamphtts ABfHEaELN 31, 40, and

10 in accordance with the present invention can
opebBtmToirh axgonigas paessures.ostiug featyrg)of ghe plasma source offers great

G < AesPIRE ! etk THRSHRT ittt "o AR bR LT TP e plasena
Wi t Brdchesiny ppleatid@gsi ty in the range of 1011 - 9x1012

cm 3 and el ectron tenperatures in the range of 1.5 - 5
eV WD 2005/ 010917 14 PCT/ S&004/ 000210 with nobderate

RF 1 ' i !
o B Tod e 0 e, M 1 b0 i ¥ide ango o
nagopéraiey pavpiessurd3er ReforridpetocF ke, lughlyt wiifoemadndr #able plasmas
2 i posemtcl Wil Ronene b BRCv bR e BeRe ke rom
NONST GG S FUE nb As TN S FREBA! @he?ﬁﬁ'?:%ﬁa%ﬁ Flgh%itﬂc’:\ﬁﬁf‘tﬂeh‘?p as in

t wo rmges of operation, as shown in 7,
depFIG.8C\eahibittthoperfirmandesofdint plesha wattes ovar thapressuictrgnge. This

of utrgl argon line_ (840 82 nm. .during E-H.a

o oBTev S e RAHarearon 10 i e PRl Yoo b ety Hegile for
at ¢l i aft Qi ffereni PreSdutesa DR gﬁﬁﬁn

pr egégfjéfig.?ﬂ?ﬁ%%%} ea;i%’lilrcg@%nfs the pl Iz:\trs]iﬂ-rm soeusr ce. of? ers § presttre
gr esinge bf iz phisina rgactar 10dh aceordaycepithted prgsant invepiéon may further

opeﬁea g}!:tggdeﬁ% %Q\Ireetra?lr'.lsor; 1Qarngg %? s%fﬁ% "Bodifications of gas flow controllers

and vacuum systems used together with the plasma reactor 10.

N

[0061] In prior art systems developed for uniform plasma generation, a variety of
methods using electromagnetic, magnetic fields and various antenna configurations
are used. When such prior art systems are required to be up-scaled or a much
larger system required, the prior art systems disadvantageously face several
problems during implementation. Such up-scaling is not a matter of increasing
‘component capacities and physical dimensions of the required circuitries but a
detailed and complicated process of redesigning around an existing system or a

complete new design.




processi ng applications. [00601 The highly uniform
pl asma can al so be generated in a w de range of
wWoPRS¢1eyg Jas pressures. Referring to FIG 8, 95004/000210
uni form and stable plasmas were generated with
powers of 1.24 kWwhile varying the pressure range
from 5 -- 600 niforr. The ne as in FIG 8A, the Teff,
as in FIG8B and the V. as i¥ FIG SC exhibit the
performance of the plasma reactor over the pressure
r angeoe2y Mihs prekhtonserition aflbes mhighbypahiformlplagha torise generated with

present invention to be highly flexible for. a i et :
Cof  ARCEEYER anEpmen 20 IUh@f?A% a%‘ramagrs@wly B}gbb'siﬁaég{e vm%out the

oper I [
aCCOa;glg g%geép %S?%H{Seof tﬁ@ Seﬂ?_E ven gﬁ may u%%eél% Qn %(g:ordance
ext mﬂemet;ﬂes%ﬁwmva;huoﬁqs fa mme)ftiucredsmg dimensiofs foatthoreactor as

of gas, flow controllers_ and vacuum systens u ed
t og&thleps \Whe Gorpwopding rﬁhme@%woan@@apqcm Hor |the Sogrgpt carrying
art e
var (2Nl EE TR (R clfeolls B ReEp AR THE Skl cirhitry of
f | elthspresaht \navention aﬂwﬁnmgemsl;oﬂtovmmtupeamlmgtoebm padormed with
n ch prlor art systens are required to be
§E’&ﬁ &degighuch | arger systemrequired; the prior
art systens di sadvant ageously face several problens
during inplenentation. Such up-scaling 'is not a
mat {e8e3joDut roreamikably irorgesing ntcenh pleniand dor dighly uniform, high-

phy i cal di nensions of the requir circuitries but, a

det P’?Sétd - Y ARtEReRpts,  BY @fasmé&ewmeﬁa%a%%doi’ the
N GXeitidd GnSAst 5:0&9%' Sciions 4P 8ded Mmick semiconductor

2005/ 010917 15 PCI/ SG2004/ 000210 [ 0062] The present

i nvprocessingatiultidayer tringkicgled filth depositicas mcludingbeterostructures and
gener at Wth _an antenna arfa t 30, whic

o Aot | At POCERR . Ahd MPERERon it eblbalifle, epamics,
pr O%ﬁﬁﬁoﬁfofhip%rma YearebistiiSdotiigs, At seVaral Blled. System

|n accordance” with the present invention is a matter

i ncreasing dinmensions for the reactor as well as

EB?I,G@Q{Ir’@gDO”d#‘e% LRS! 8P SoRlifh:GRARAGSh 6P alefvklifon are not

Capﬁételyﬂﬁﬁnta@@o &% ineEpetified abdWe Greafleildlitye mpﬁ'didﬁcilfihty, and
stability of the plasma in the newly developed plasma reactor will allow easy
adjustment to a large number of another potential materials processing

technologies, should the need arise.

[0065] It will be appreciated that various modifications and improvements can be
made by a person skilled in the art without departing from the scope of the present

invention.




the present invention advantageously allows the
up-scaling to be perfornmed with nuch | ess redesign.

e to remar kably increasing recent de ﬁ%%
v*ﬁ ﬁ? uni form high- density, Iomg and inter%@% @hmmnu)
pressure pl asmas, conmercialization of the invention
can also offer great potential applications in deep
m cron sem conductor proces¥bng, multi-Ilayer
nano-scal ed fil mdeposition, including
heterostructures and superdaids ces, surface
processi ng and nodification, bio-conpatible ceramcs,
deposi tion of superhard mear-resistant coatings and

several others. 6 ct d oyt gones .o
c b AsAd 5% géasHgE & el SPbrigng p stps:
I|m ed t N | ibdoSrblakey RactéF; eat
fl exa|I bi | |%§@é§%§g|§%&ﬁnd S?%.bl lity of the
pl adma i nnﬂrcbrblcnng yiirslevitlizpanall a&mﬂatmgaBF ovurignt sheet in a first

» - f anat h
ot ent | aiddel fsd & peatd aBidigelel iemaine " Bt shect in a
the need sa¢dnaiirebtiGndidd ’éhe\ﬁdldsinakisacﬁﬁpr eci ated that

various nodifications and inprovenents can be nade
a pevheosin st fisst unndltdtrgomlt osgillatiog t RH eprrrant niheet; eﬁnsvbféanﬁally

& e arBus S it ek |

uni form pl asma, the net hod conprising the steps: a.
introducing a process gas into a plasnma reactor;

2.i nt Tbdusethed dn faceerdanes with edaimo ha furdher Whesein fhe Fﬁirs’E and second
oot SRAPHEDEE, B BP0 3BARERE it et

ShifiRCéd 5P wii’tﬁlré@cbthﬁ: ik FhseandaResAl dirsdtien &fhe first and
the first unidirectional oscillating RF current sheet

se¢ond sinidéreetimabescillatipg RE«werentsbgetst o t he second
unidirectional oscillating current sheet. 2. The
met hod in accordance with claim1, further wherein the

3. fi r The afthodas @B¢brdance with claim 1, wherein the process gas comprises: argon,

[l
o

nitrogen, methane, or hydrogen or a combination of any of the mentioned gases.

4. The method in accordance with claim 1, wherein the first and second unidirectional
~ oscillating RF current sheets are oscillating at a frequency range of 300 to 1000 kHz.

- 5. The method in accordance with claim 1, wherein the first and second unidirectional
oscillating RF current sheets exhibit substantially no phase differences.

6. A method for generating a uniform plasma, the method comprising the steps:
a. introducing a process gas into a plasma reactor;
b. introducing a unidirectional oscillating RF current into a first plurality of
current carrying conductors in a first direction and a second plurality of

current carrying conductors in a second direction; and




unidirectional oscillating RF current sheets generate
a tinme varying RF electrical field azinuthally
wgm' n 45 with respect to the first and s
ipg%(fiﬁ%ﬁ of the first and second unidirecti %{Eg{é 2004/000210
oscillating RF current sheets. 3. The nethod in
accordance with claim1, wherein the process gas
conpri ses: argon, nitrogen, l4ethane, or hydrogen or a
conbi nati on of any of the nmentioned gases. 4. The
net hed i ngeeaEing ah Gitnewvilying RiFelkctrishefieldnaibathlly shifted with
and second unidirectional oscillating RF current .
sheet s ar®spestid the firstgnd secend di angdirgtionglpsgiblating RF
1000 kHz. 5. t‘l’he nmet hod in accordance with claim1,
wherein t7& PPt st and second uni directional
whéréin the ihiditedVonsllystidiating RB @ufrefih tHol firsisdidseeotid phlraltyod comrent
phase differences. 6. A nethod for _generating a
cagryinggordpgtess exhibit sebsiantinlyine phase diffsigpoehe steps:  a.
i ntroducing a process gas into a plasma reactor; b.
introducing a unidirectional oscillating RF current
7.i nt oI thethed iPAdsodhhdeywithh claih 6) whéremaheé proegssqran doapmises: argon,
in afirst direction and a_second plurality of
nirpgane methang, o Mygroadhefrcosbingtion o awk of the mentienadgisesand
WO 2005/ 010917 17 PCT/ SG2004/ 000210 c. generating a
time varying RF electrical field azinmuthally shifted
8.Wi t MTheraethed in dczotdancd with icladn &, sebereie ttahi wrdditéctona fos¢ilating RF
unidirectional gscillating RE._currents; wherein the
CUFRPIS P%‘EQ?"E’&&‘F‘*%&W“F&% O@OQ:@r]tOQﬁ n the first and
second plurality of current carrying conductors
exhi bit substantially no phase differences. 7. The
9. met hHothethod focgenemting a whiforncplasma, Ghe mbhthodicomptising thesteps:

gas conpr.i ses:_argon, nitroge nmet hane, or hydrogen
or & conﬁ‘i“?‘%ﬁ‘fs’&ﬁ agjlm _gaéﬂn?%éq??&ﬁﬁe%‘ﬁ%‘a_ gases. 8. The
et pod | RnRGehg ANGSt Mi&ﬁea@ibﬁél'ﬁs@iﬂaﬁﬂ%e]?@'dﬁn%ﬁﬁnto a first plurality

unidirectional oOscillating RF current is oscillating
at a fr egliewrcant carmgeg odndBoiors ip afoecliteetion 9. A net hod

t e <9t opeitrodifing & Recnh FnBeSipt oGl R, BRMRE Rsecona

react or; phrality of current carrying conductors in a second direction; and

d. generating a fime varying RF electrical field azimuthally shified with
respect to the first and second direction of the first and second
unidirectional oscillating RF currents;

wherein the first and second unidirectional oscillating RF currents exhibit substantially no

~ phase differences.

10.  The method in accordance with claim 9, wherein the process gas comprises: argon,

nitrogen, methane, or hydrogen or a combination of any of the mentioned gases.

11.  The method in accordance with claim 9, wherein the first and second unidirectional

oscillating RF currents are oscillating at a frequency range of 300 to 1000 kHz.

12. A method for generating a uniform plasma, the method comprising the steps:




b. introducing a first unidirectional oscillating RF
current into a first plurality of current carrying
s in afirst direction c. introducin
wg)%gér%dl %ﬁl directional oscillating RF current %ﬁ&@(}goomoozlo

second plurality of current carrying conductors in a
second direction; and d. generating a |ine varying RF
electrical field azinuthallyI8hifted with respect to

the first and second direction of the first and second

uni dﬁreCtin&B&lcwﬂol:&k oROinta pldsheRastor;Wher ei n the
first and second unidirectional oscillati ng RF

currient s iplehdusiitg s ubidiractidnal pscilitring i cwrrenit finteraefitst plurality of

10. The nethod in. accor nce W|th claim9, wherein the
process Rl ‘é“l?%r AR PO et hane, or

hydrggen iﬁﬁo&ﬁxcﬁiﬁnﬂ% ﬁﬂdh@ﬁ}dﬁﬁl &t¥lafihg @Fctfﬁ%ﬁf in@£ decond plurality
gases. 11. The rmethod in accordance with claim?9,

wher ei n tdfeufrentsarrying condustods ind sticonstdirestion; and

osci Iat| RF currents are ci, latin t a

Can gratng Fobgeiveing R slpgttial id o fubFY iea wim
a uni f or T e@tsmhe FReakBideorld aRemioh Y it ﬁ:ﬁﬁr&h@ﬂﬂ osMﬂhtmg RF
2005/ 010917 18 PCTI SG2004/ 000210 a. | ntroduci ng a

process gmsremtn;to a pl asma reactor . introducing a

wlrliﬁrx]'!ﬂgl e I oo 1&? l at ﬁlagitﬂt ég?c%nﬁ zﬁl%ty of current

%hﬂm:tor@ exHibit mﬁtaﬁt;my ﬁdwﬁmda dffericts. onal
oscillating RF current into a second plurality of

current carrying conductors in a second di rection; and

1351 APy R d ebafingt Nt W 1 ' PG e il g comprises:

ar@oRC Aigeh, hitlidne ordiydiogen uina dombinaticnetlang o€ ihelmduitiogedases.
currents; wherein the unidirectional oscillating RF
current in the first and second plurality of current
car
145t (b BN JE5 e SN SRl e kil o Socllating RF
cudként isbeziltating thelrpnenesmngast 30nprli0de kHz.

15.  An antenna arrangement for an inductively coupled plasma reactor comprising:
a first plurality of substantially parallel current carrying conductors otiented in a
first direction;
' a second plurality of substantially parallel current carrying conductors oriented in a
second direction;
wherein the first and second current carrying conductors for carrying unidirectional
oscillating RF currents in a first and second direction respectively; and
| the first direction being substantially perpendicular to the second direction;
further wherein the first plurality of substantially parallel current carrying
- conductors is disposed planatly above the second plurality of substantially paratlel current -
carrying conductors.

16. The antenmna arrangement in accordance with claim 15, wherein the first and second

plurality of substantially parailel current carrying conductors adapted to generate a time




argon, nitrogen, mnethane, or hydrogen or a conbi nation
of any of the nentioned gases. 14. The nethod in
W@%ﬁﬁi}(ﬂ@ﬂ‘ie with claim 12, wherein the unidir ei‘@r%ﬁ%omoozlo
oscillating RF current is oscillating at a fréguency
range of 300 to 1000 kHz. 15. An antenna arrangenent
for an inductively coupled plasma reactor conpri sing:
a first plurality of substantfally parallel current
carrying conductors oriented in a first direction; a
varoing KF SlbdtFid! iffeld SAimbMBRY shifibdbh ¥5P il rlaﬁ!ect_CWﬁle Hfirst and second
carfying conductors oriented in a second direction;
diwisomi n the first and second current carrying
conductors for carrying unidirectional oscillating RP
currents in a first and second direction respectively;
12nd TiRarkdnng aordhdeffeht BNadBidAACSHRE (cRitthi 18, herein the unidirectional
per pendi cul ar to the second direction; further wherein -
osciilstig RE cupént isgscillating akafrequency mhgs/ofo¥i04p 1800 ke ent
carrying conductors is disposed planarly above the
second plurality of substantially parallel current
18Car ritiegtetd shvloeisat ik Gccoliihca REMMEBmA'S, VASRNEMHE firét plurality of
accordance with claim15, wherein the first and second
substantially peraliel aunsst camying ¢opdpeipr|arealtemately giccirinatly icpgpled to the

s GBS BB R P AL A BB 010
azinmuthally shifted on 450 with respect to the first

and second direction. 17. The antenna_arrangenent in
19ac c dihg aantenng; arrngeaenh 05 acogrdangs Wit claimi 18, whetclhat least one

i ] l:at | (. ' Y f :
colbl. 'L L RS o, Bl ARk Ot \GEED Sttty of
substantialty rpdfliel cidrélt @bding tondusiey end at peedéterrsined number of the

plurality of = substantially parallel current carryin
seqopd plrealsy of sybstantially pasglisl ¢urgent cprying forynipgRigingfer e
second plurality of substantially parallel current
carrying conductors. 19. The antenna arrangenent in
20ac c & plasmerendtotcomtpaising 8, wherein at | east one
capacitor is connected between a predeterm ned nunber

of El.h ef a Lfatsmg lre%%%lr Icfu}énl%cr adapted for plasma processing and for

introducing of a process gas; and

b. an antenna arrangement comprising a first plurality of substantially parallel
current carrying conductors in a first direction; and

c. a second plurality of substantially parallel current carrying conductors in a

second direction;

wherein the first and second plurality of current carrying conductors for carrying
unidirectional oscillating RF currents in a first and second direction respectively; and the
first direction being substantially perpendicular to the second direction; 7

further wherein the first plurality of substantially parallel current carrying
conductors is disposed planarly above the second plurality of substantially parallel current

carrying conductors.



substantially parallel current carrying conductors and
a predeterm ned nunber of the second plurality of
Lally parallel current carrying for mnjnmzj
“@é@%%ﬁﬁ%z. 20. A plasma reactor conprising: g}%i%hé&ﬂ%mn”]
pl asma reactor chanmber adapted for plasma processing
and for introducing of a process gas; and b. an
antenna arrangenment conprisi2@g a first plurality of
substantially parallel current carrying conductors in
232 T gy tin(f“cfi@éi&'cﬁ{?ple@ gﬁsﬁa 1éhcRR GO Ak oPdddcd hithyclfiin 20, wherein the
substantial ly" parallel current carrying conductors in_
firet and secnd pliiralétytaf substantielly paraliél eufrentarring condesiers are disposed
. pluraljty of curyent carrying conductors for carrying
"’%ﬂﬁ@FP@é@?&?‘i‘ﬁ?"ré@] Fating RF currents in a first and
second direction respectively; and the first
di rection being substantially perpendicular to the
second direction; further wherein the first plurality,
220f ghbadmotivedy boupestplasmel reaaioria accasdancy with claipnifly vhetein each
i.s dispqsed planatly_.ahove,.the s nd 4 :
of ircipi parony phny PERIBRRLN LT POty Sk boRitors i
cofEnefRRIR AT AAuBEY HHRAAHiONS%S. 21 The |
I nductively coupl ed plasma reactor in accordance with
claim 20, wherein the first and second plurality of
substantially parallel current carrying conductors are
di sposed inside the plasma reactor chanber. 22. . The

I nducti vely coupled plasnma reactor in accordance wth,
23| ailhe einctively eouplediasmageacterdn peqosdange wWithedam2, wherein the
| ural jty, of, subst ant.i al I [
pleBi et e S SPGB gRle B pfte g BE Rt ucs and
stifhidtudih Whéiusl Besssy ofdBe plhliaa teactee thantier. coupl ed pl asma
reactor in accordance wth claim 22, wherein the
pl asma reactor chanber is adapted to accomopdate the

plurality of dielectric sleeves and still maintain
vacuumintegrity of the plasma reactor chanber.



