04 / 01 / 2007 WO 2005/010917 PCT/ S&2004/000210 1 AN 04 /01 /2007
APPARATUS AND METHOD FOR GENERATI NG UNI FORM PLASMAS
WO 21080019917 he | nvention Fool] This invention i SPCRSGREH000210
to plasma generation. Specifically, it refers to an
apparatus and net hod for generating high density,

hi ghly uni form plasmas for broad range of plasm
processi ng applications in se}n' conductor, optical,

aut onoti ve, bi opharmaceutical and other industries.
Background of the Invention [002] Pl as ur

ool AT PARATUS ANIS KB BIDpHE0E bt Brig niFOma g asmAs
- few Torr) gas discharges, including direct current

(DC), radio-frequency (RF) and mcrowave di scharges.

These pl asnas are extensively used by many industries

for processing various dielectric, sem conductor, and
conduct i ng surfaces anBiehldikhe hweutdnal s. Nowadays, the
applications of the plasma di scharges expand into the

areas of synthesis_of novel and advanced . .
nanolP1luEhis Arventipr) i Tebaethimplapne Serrmtan: aPrecificelly, it refers to an

adv ongit J i : et HRhe

ol aciHEEfns RS ey bt Eoneru B HishQORy, Hehly ERMILPPlasmas for o
whi cliroad amnge cefh tilasnmat tpreessing aapplieationdedl  sefnicondectest optical,
as efficient,  sources aof high-depnsjty. (>1011-10t2 cm

3) | Bepeihscbigpharma uﬁ‘gﬂé’é‘gi"ﬂwm}db‘@%@%l umes and over

| arge surface areas. |CP discharges provide the

I ndependent control of the ion flux and ion-

bonbar di ng ener gy, Magkgretifid of theybywenmort er ns of

ionization and power utilization, and have several

other attractive features, whjch ke them prom sin

sourl@RA Klpsma soprges ﬁﬁelf%mﬁraevaa% WIRSFS tcally 1 HTorr — few
sem dpct | St ; bk €lq d
advanc dgé%rm?ilé(rﬂ? ars’ ancg]?g%??lggfib%ﬁ of(ﬂﬁgrj}’l qu(g(wmquenc}r (RE) an
nanasicroweive désharg &0 Thederpla@ibsraa cxtongyely bsshpy ingny industries for
produced .by RE el eciromagnetic.field generated b

1 PEoGeoRnE, JEESofie sEiFio dEBRATEURTy 2P GRS sy faoes and. bulk
OUt Sh AN, NEwAEGs,11AE BpRGHSHE BY the" PREAL dischlirghd WRpandSinto the
coupled to the plfasma inductively, via excitation of .
RF @zeat @fl synthess of \wovehesd oadyencedpemasitreordo e tiecompatible

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 sourcés 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



2 currents in the chanber volume. The power that can 04 /01 /2007
be gainfully used for the plasm production
VWO 20058917, depends on the configuration of theéCI/SG2004/600210
el ectromagnetic fields and RF currents excited in the
chanber. Most of the existing | CP sources use 13.56
MHz RF generators to drive Rrpcurrents in the
i nductive coil. [005] However, sone of the

appl i cations .of .t exi t| n CP devj es uffer .from
non- GREYHS A ghe, %haﬂ?‘"e{ Pf8 gn]ﬁ %P ygd for the
by n?ﬁmﬁiﬁ ipr QbR cRRWRY de ?@Iﬂﬁ%ﬂ ihe rz:onﬁgm@mi bf tleddlectiothagnetic

the 13.56 | CP devices enploying flat spiral
(" paifickik etig RF icrterss f:xneted a th; chambttr Mostmiiihy exigingtled sonrces use

non- b ST 1 edhespa e AR R e Bu R B E e oot amber

axis. Secondly, generation and maintaining uniformty
of inductively coupled plasnas over |arge volunes has
pr ov9@5k Howgva, mn@boéthe aptphsatmaﬁ of élmﬁmsﬂng I&P devices suffer from

subst antl \A/g in I i cat |ton of %l; devi ﬁann‘i{F ower
t echRBI '6‘5 S Fll 2 RACHRTFS A é}?&"‘% P

uni f ﬂkfpﬁkﬁlﬁn aM 9ﬁrtx*cﬁbﬂ &n ¥R 18NSICP! devics éiﬁﬁl@_f;ﬁng aRe sﬁxfw(“pancake”)
this is intrinsic to nost of external-coill

conf ingugtiveicons m@apgmmvglm@iqpt@atpltbe srasiggslucion magwfacturing, the
densjt | ly |
e lbte R B R b , B0, R Ae o B 35l Somaty

to thpentionand ﬁﬁﬁﬁmhingﬁnﬁ)fonﬁﬁj? ©if @sductiely eoisle@ plismas over large
neutral argon species ICPs confirm that_the _ion

densyalymesgias paysdyio berd problees Thés emmsegftiose Fl&@&anﬁlﬂafhﬁwback mn
hal

e ol o BB RRSipRD Gloc 6L R AR vl o
RF powermity ssert Iargeheolambs lintis mh&rstaibd dedt shikHe ipmineic to most of

transfer efficienc 006]. Sever npts have_ be
r epordegeplegil §8¥5%H¥tw@s pof a{Plﬁ %F%Wéﬁ% ensity along axial
modidistiiéh. DAk &aﬁﬁ‘ﬁ%&ﬁl@@%ﬂd&  erfiSdidn ﬁ&éngﬁj( (fieh & proportional

pl asma confi nenent. evant ckground ar
gendo e muubel densiicaiod spawmsfovf wyicsyud newtral mgcﬂmpm:msﬂ@ﬂs confirm

t he aranet ers. of snma_are di.scussed briefly.

L0 Aty 185 ey hticeuial RS GRS glssqfef , Bl of the
a p'cﬁﬁﬁ&rﬂéﬁﬁﬁsﬁﬁdiﬁeﬂsﬁ%tcomﬂﬁ' dfrﬂlélkktlsfnﬁ]?-@ozﬁICP configurations is a
ferromagnetic induction coil with plural magnetic

di petlstantial RF pewenloss tothodmbient thatsifferts skt naiveps fraasfer efficiency.
[008] Chen, et. al. WO Pat. No. 99/50885, discloses a
parall el -antenna transforner- coupled plasna

gengdos] iseveralyichipts Mivebean scplorted tdPsH1% 1he InoGQiniloiriily problem by

elements is 04 /01 / 2007
modifying the RF power coupling, coil structures or plasma confinement. Relevant

D:

- 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 ferromagpetic induction coil with. plural magnetic dipoles for

| production of well-confined plasmas.

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

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



WO 2005/ 010917 PCT/ SG2004/ 000210 3 positioned on a 04 /01 /2007
dielectric window of a plasma chanber and the radio
WQ 2gseel7 current flowing within the el ement PATESG2004/000210
oriented in a simlar direction. The inductively
coupled fields in the reactor are reinforcing, and the
hi ghly uniform plasma is gengrated. [009] Chen, et.
al]. WO Pat. No. 00/00993, discloses a nultiple coil

antenna_for inductively coupled. plas eneration..

syst @putioneian pielechiq window ‘B{)%PPF’S‘FH shimgherind the Tadio frequency
di-el eGldnk Cﬂc\%lﬂg‘bowﬁtﬁ% theP L:%ﬁfgﬁts CFaHit?&fte@Hﬂ' A'sfnfih! Qftbction. The
pl anar or ‘a coftbination of a planar coil and a

ver t indattivels tapleidfitlds inc dle @adtor alByremdjromi) myl thechighly uniform
i nductive, coupling of each coil, radially and

azi n¥esas Is\2epeR®edr m pl asma can be achi eved. [0010]

Kim et. al. WO Pat. No. 03/017738, discloses a

| arge-area plasma antenna and plasma source for
pr odees]i Ghemfet.uadi WD Pap | s ri0E0099Bediseloses mamipdo npid gsgma for

of jnterconnected. inner and outer cojl.s .and..is able.

to - wdurtiyel sampled s srogeion &yt SJE‘BBP‘SP@E% piegpostioned on a
fi el gRatic Rl ﬂﬁ%@f 5 PRsh@cH5inbE: Rd AR diAbfbladar! df alddfnbination of a
reactor. [0011] Wi, “et. al. [Appl. Phys.” Lett. 72, )
777-Plasar a9 as] 3 vertiegdbyr stadked helinabehik Byadjusfing the inductive coupling

hi gh-density |arge-grea i ctiyvely, coupl Lasmas by
| onediaoea mel Sl et Bk e RS R
connection of eight parallel rods enbedded in the
plasma inside thin quartz tubes. [0012]

Not vipe183 tkanl e gl. (MO Ratoe. G301l 7dBRatisqlesedp lagge-area plasma antenna

references, there is still nee for a [ of

i orRae e ok forasradition of vty BhaBF Wil gprpposed of
coughRebonidctsmser Whd Bulch@oilsand@vedblcas epilpRr @d stiehfth of the
the existing plasma sources, uniformty of

el ededusad plepiri dielsbandawadnoeteslarseigreadinifpityin the geactor.
Invention [0013] It is an object of the invention to

di scl ose a new nethod for producing plasm by

| Nt foEYE WG ct. W [ApplBhysy Letit 72 GBT+al9 (9D 8)]) epbitehan production of
current sheets oscillating at a_|qw frequ ncg@_i#nsi

a vaeghodensite Msge-arcg dnduaiyely eqypled migsmasoy g a 0856 M
PCT/ ﬁ%ﬂ%%ﬁgg% 3Qedes 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 a new method for producing

plasma by introducing two mutually orthogonal umidirectional current sheets

" oscillating at a low frequency inside a vacuum chamber.



[0014] It is another object of the invention to

di scl ose a new nethod and apparatus for production of 04 /01 /2007
W HP10987 f or m pl asma i n both radi al and axi alPCT/SG2004/000210
directions. [0015] It is still another object of the

invention to disclose a plasma reactor that can be

up-scal ed towards | arger di nepsions w t hout

conprom sing the uniformty o t he pl asna paraneters.

0016 f bject, of th t t
chi e anoher Bt SR BbiaRdP el oY ety and spparatus
exte d? m}ﬁ o n@éusipslsﬁﬁé inBeiptaiR0 SncPhxial directions.

electr statlc ummary of the Invention
[0017] The present invention seeks to provide an

?88?@? E‘:ﬁé[& g]%lll%})@lglq ?];];‘g%ﬂg gt‘tp%.l!{)lq ?(hgim f% éﬁri‘;f’ %ctor that can
| nVegd hORCANPWRE 1a§§ee£r¢ﬁlh%<fng FitHgE E&Ebﬂoﬁﬁmﬁg h O Bhiformity of
uni form pl asma, the thod conprising the steps:

i nt r the plasmg paramptescess gas into a plasma reactor;

introducing a first unidirectional oscillating RF

current sheet in a first direction and a second

uni iohRsg it ?H‘?&t £ Shrtheraibiatd oRthé ivefidn t6 A6bvd FheAdesired plasma
second direction |nS|de the plasma reactor; wherein

t he uifosmnity withdik @t exderahl BEohagnetie ﬁgld@nﬁama@nns ghelegtrostatic
is s bz%ﬁntlally per pendi cul ar to the second

uni %onal oscillating current sheet. [0019] In

anot her aspect, the present i nvention provides, a

nmet hod for generating hi ghl y unlforn1plasna t he

met hod conpri sing t heuwsmmagsof thalnvsaén ng a process gas

into a plasma reactor; introducing a unidirectional

osci Ur.ren into,a first., plurality of

cur atsi?! TP, DieseGt dbratiohofegkf 10 tige "4 nBesrh s ddymgthod for
secqR Mﬁfcﬁm]ﬂ;m@urrent carrying conductors in a

second direction; and generating a tinme varying RF
electrical field azirruthally shifted on 45 wth

e 8 B LI, P, g s
uni gt ﬁ@@ﬁﬂgﬁf@kb@%foﬁﬂ plas&@ Othe mMAhodQRDBILRE tHe steps introducing a

PCT/ SG2004/ 000210 5 woscillating_ RF curre
fi r ProcaFfosasdpORIPIBFIR A¢actop; ’@Ffoéléﬁilﬁ%ﬁtﬁf‘%?mfi#%&‘mal oscillating RF

conqyelQsRedt i Hekt ERRELARN 2'5Ldond AnRIiREGo bEGHAREAEF current

sheet in a second direction inside the plasma reactor; wherein the first

unidirectional oscillating RF cumrent sheet is substantially perpendicular to the

second unidirectional oscillating current sheet.

- [0019] In another aspect, the present invention provides, a method for generating a
“highly uniform plasmé, the method comprising the steps: infroducing a process gas
into a plasma reactor; introducing a unidirectional oscillating RF current into a first
plurality of current carrying conductors in afirst direction and a second plurality of
current carrying conductors in 2 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 oscﬂlaﬁng RF currents; wherein the unidirectional



[0020] In yet another aspect, the present invention

provi des, a nethod for generating a highly uniform 04 /01 /2007
W 200681091 he net hod conpri sing the steps: intr RERIGRY4000210

process gas into a plasma reactor; introducing a first

unidirectional oscillating RF current into a first

plurality of current carryi ngs conductors in a first

directi on i ntroducing a second uni di rectl onal
OSCI| current intq a second jty o
oo r etaiasag RF G o 6r St s SRR AGE {0fofimegh porrying

gene Sl-hfu ah I Ligel field
azi I’T{:J F'lgy xﬁit{ﬁ%eg on aggnﬁm%hﬁﬁrdzg%’e%t to the first
and second direction of the first and second
unidirectional oscillating RF currents;. whereip the

i r 1002 dins ¥eto ABOHFH aFReSh ¢ 1GBRESaR clﬂlrf?n&%qnngr cs, a method for
curr [¥alt

byt Sy S e e R e thodacing
pr ovprdesss gas inko hglasimarregor intddegng a ﬁnsginhlghrwﬁloﬁdrqsmllaung RF

| asma, the me hod co t he steps: ,introduci .
Dt ocBgisat o § % PAphG st ‘Fgegetcaﬁrmsfﬁqnswﬂeﬁsrfa 3 first direction;
uni dﬂn&@&ﬁdﬂ%‘@&ec@ﬁ&hﬁxhﬂéétﬁﬁal%:ciﬂﬂﬁﬁ chitbsg iftof a' §e§(§nd plurality of

plurality of current carrying conductors 1n a first
di r emirienhganiyintg ceddaedtony in & eecond didéqtions dusigenexating k kimeivarying RF

coneetgs et G- Buli hified oF Ao® il s st e second
Ui MeiNRfidn Qﬂthgl‘;irﬁlaﬁ&tsédoﬁé |unfdn%l:t%naﬁ6éc’fﬂ§1ﬁ§'1ﬁ3’c1ﬁﬁn{st §ercin the

on 45 Wth respect to the first, and secofnd direction
of tfirst Mlschmdcummhomdcmdcmatmm RIREugents exbibit substantially no

r;ﬁa %ﬁeunldlrectlonal oscillating RF current in
t he BPFPHENB“Cecond plurality of current carrying
conductors exhibit substantially no phase

di fferences. [0022] In yet a further aspect, the
pr edeq2d] imo derthep pspeeto thedwesentinventiona prevides # méméé“ﬁlt generating a

for I nduct i vel u asn actor

A ] e SR B BT SRS GBI fioess o
c ar it AGleaRcesdtor: Stdueng admidareaucfna; aﬁclnhtmng Ofientinto a first
second plurality of substantially_ parallel current

car PIHHEY coh GUEEY: SUBANG RORAUGIPFS gin g Bt gdisjepap; indfpducing the
condtebbhal okcillaAORE QM il Mol F UL, of curront carrying

cur eemdugtorfinba kdcoad diaedionsaahgemdiatiag tal time varymg R¥ electncal field

respectively; and the first direction bein
subgrEmthally| shifire: o 4a7 soibarespast thes fishapdoseopnd dirpetion of the

Zooﬁud}%)ct?o%g? 9&&&%&1@ ﬁﬁfrc[uﬁ’@g&o %/hg&%hge ﬁmd:rectxonal 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 substantiaily parallel current carrying conductors oriented in a first direction; a
second plurality of substantially patallel curent carrying conductors oriented in a
éecond 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 04 /01 /2007
W 265881l anarl y above the second plurality dfCT/SG2004/000210
substantially parallel current carrying conductors.

[0023] In a final aspect, a plasma reactor conprising:

a plasma reactor chanber adapted for plasma

processing and for introducing of a process gas; and

o Slsehon h o ok s e o4 Pty Pty coren
in a %é\ Féﬂ(fu%}é ?'alspaéég S?arnéﬁf QPEvePhe E@bhd Elgﬂ{lity of substantially

subst y paralle carryl ng cohductors i1 n
a sepmalicldufrenitcanpingwhmduetors.t he first and second

plurality of current carrying conductors for carrying
unidirectional oscillating RF currents in a first and

Secogdzghﬁgggﬁgpg{pg&psyésﬁﬁ' actBl) Qorhg&iﬁg}rasmam &dctRthamber

bei n y" perpendi cular to the second
di r eaddped; fof plasthe proskssingiand féreinfrodising qfl apratdss gaspnd an antenna

substantially parallel curre carrying.condu rs is .
i S PSR e ing, Pt AL YRR ALY ALl ourrent carying
SUDSERRabRLs th RArR! lifbctioH! bAd'a 9&51[5% gagg]amxnmmaﬁmy paralle]

Bri ef Description of the Draw ngs preferred
embodirmamh camying venduckae it ai secemt diectiginl wherein ithe first @nd second

full escribed, with reference to the draw ngs,of .. .
whi oHIrBG SEpetpstichiryine e iR Tor Gyt SHAH-HEN Yerifting RF
Vi eVfenfs iR ABFR ah& 36doRE dix@cﬁcﬁﬁfe_@?éﬂ:ﬁﬂ@l?; Whd thetfi@t direction being
present invention; [0026] FIG 2 illustrates a top view

of tswbstantiadlynperpendiewiasion theo secpnd, direction; afether) avherein the first

ith.th toJ. ti-on, [10027] Fl G 3,i
ST L e B A 55
FI G adbove HAE&ndPhizalith of khb¢sdntialle paraileliciibiticagding conductors.

equi valent circuit for the electrical connections of
FIG3; 04/ 01/ 2007 WD 2005/010917

PCT/ SG2004/ 0002105%%%[%%@1%&0@0@&%{%(; trates an

al ternative equiv Irrcurt for | ectrical
connections of FIG4A; [0030] FIG4C illustrates a

Vecgﬁﬁzﬂj | 2 QTR eiBodiRes: ¢ff R prédentinverdiforanill ibés btBinore fully
[0031] FIGS5 illustrates uniformty. of the generated

pl aglescribedwitherferenagite gt draviings of which:

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

accordance with the present invention;

~ [0026] FIG.2 illusirates a fop view of the antenova .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 the electrical

connections of FIG.3;



accordance with the present invention; [0032] FIG 6 04/ 01/ 2007

illustrates uniformty of the generated plasma in an
VWEK2045/0WPt7ect i on in accordance with the presemCT/5G2004/000210

invention; [0033] FIG7 illustrates performance of the

generated plasma in the electrostatic (E) and

el ectromagnetic (H) nodes; and [0034] FIG 8

illustrates the main paraneters of the generated

GeaciPp B0 WHuredad it 0o F e By P don e lectrial

nmet h%gmg&{ nf6 Ang uniformplasma in a preferred
enbo |rrent0|s escribed. In the follow ng description,

details are provided to describe a preferred and an

ki OB TCHIRC Pt gt Aonera of ROGER GBRE PLRg 98 FIGAB:

practiced without such details. Sonme of the details

may not be described at length so as not to obscure

t he [0D3WH} dfi&ﬁ:ﬂlustiamﬁjlfomﬁg of ithreggemerafiid@lasmanigt aradiap dirgetion in
pl asma _r.eactar i n accordance with the present

i nveFEPIRuGESHh & §B’ées%{‘t|”%v§8t‘61i" chanber 12, a chanber

top 14 and an antenna arrangenent 30 conprising a
plurality of current carryi n%monductors 25, 26

ar r {pepsl FIG. Gaaﬂpsmtmﬁmm ofrthergenerated plasmidn 8a @xigl digection in
t he %@gent Bﬁm' on. . 01 / 2007 WD 2005/010917

PCT/ o716} 61’@“’%‘8@9 %%he plasma reactor 10 may
further conprlse a variety of portholes, inlets and
outlets ot shown in the drawings) for .introducin

pr odees3] FAedsillasntesoperformanta pkythei Seymated, Rla‘“tnéi’ol‘éﬂ{eoele"tmsmm

pro ct 12. The walls of the
pl agﬁ& &egc‘%t%r%afg&l @l‘)ﬁ:&% e-wal | ed and may al so
conpri se cooling neans for cooling the plasma reactor
The chanber taop 14 houses Lilhe ante . .
ar r 4 h@k@ Fustiiesciiic dpaip magEaeters of;the generaty @Taéfqat‘? varying
i ng conductors and a second 26
pl urgF{aﬂgéB%%%érent carrying conductors. The first
25 plurality of current carryi ng conductors are
substantially parallel to eachoﬂhe aand the second 26

plurality of cur eé&?ﬁcﬁp .

[0035] An apparatus and method for generating uniform plasma in a prefeﬁed
" 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 obscu:rc 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, 2 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.



conductors are simlarly substantially parallel to

each other. The first 25 plurality of current 04 /01/2007
WR2M0§PHYtconduct ors are housed in the chanber RGISG2404/000210

such that they are nounted planarly above the second

26 plurality of current carrying conductors. [0039]

Each of the plurality of cur rent carrying conductors

25, 26 are further housed in individual dlelectrlc

sl eeves to isolate themfr t he 0CEesSS. .
i nsi E983¥1h %P]ﬁ%fﬁiaét&& 18 may, Firthe coBisca piets g pgeboles, inlets

28 cafy f fs drSkinb 2P
di el ect r| c sl eév%s 81H31§e rmuniF@dfol9 n@%&ﬁd}%ﬁprg Eéak% gases and for
t op fbuntitigadipmiobiic Rdls t'ﬁfmolpmnﬁsthﬂ&‘eai:ltdrmhamba‘ 12. The walls of the
dielectric sle es 8 1o, be d inside the

chanBet™ Gacien 0 hy 98 dosblarvedetfuf Gy Ae GFiing cooling moans for
r eactiiin %@:\e RYITN 5“:@)2 are also adapted to maintain
vacuum | gprlty of the plasma reactor 10 by being

sealed with the dielectric sleeves 28. The vacuum

por {9 iai%bf%t e Tohd 10y 3 g e e ® . e Pnpries
Knowg 5y, ﬁﬁfﬂngri}% SORERNAGS and QQ4Rkd 26 plurality of current
the first 2

Furt her rmre urality-of current
car rc;anwg:gcmuducim;r sThc dirstaaapﬂ@dhm'oofcameylt garrying conductors are

ai  cubiga pordlat oo ks o i e A pfl B poent camying

car rbndkis® Mﬁq@ il tRialY piraNelas *RELEMED 1;1@5 fidst 35 plurality
uni di recti onal scillating current in a secon

di r eftoioent cugingicoaducterd asdamisesl indhe ekamben t@ml‘h guch that they are

2? ﬁSt un&e %IQ%BE% g%ﬁ%éagg %ﬁg%@&ﬂ%ﬂt Eﬁrﬁﬁg Qonductors

PCT/ SGZOO4/ 000210 9 [0041] Cenerating a plasna from
the plasma reactor 10 woul d i nvolve a nethod havin

t he @38 &aglt of | th%mﬂlyahtart olo avrEeh gwo%@&ct@ﬁs%n% are further
t he hoﬁ?e(&t ﬁl 1{1 Idl %tr?é slebRE A4 ﬁnsgﬂlafee ffehP FrokP the process gas
aneous y I'n I rst

St nu quci ng a-
unl dmsiﬁ:fheq:lmkna esctot 1@t iThg dlectric skeptesi 28 cart be nfade ftom fused

Fi v SHica Pr it THRFREFSAREY S ire GG insid the chamber top 14

| U ni @f ulrﬁﬁfs'ﬁn aﬁ}e‘i}%ﬁ% |2b%ﬁlb9¢9:hgﬁleféé&f@ﬂéevek LAY Bﬂﬁlo%ﬁféﬁ Rkide the

ity of “current carrying conductors.
var yhmgbeRFfop t4,octiich sadisd insidd the plasthi sdactor B Theponts 225ire also

wth res ect .to the first nd direc n. of
1+ ol meiBiooduen kel o K Wime et 10,67 pihgetied wits
Cur geNdislebtiic siEves B2 MEh&V&%um tight seal between the diclectric 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 similarly adapted to carry a
- unidirectional oscillating curtent in a second direction. The first and second

 direction being substantially perpendicular or orthogonal to each other.



[0042] In the preferred enbodi nent of the present

invention the first and. second unidirectional 0470172007
VWL 200500 hg 1Wcurrents nmay be powered by a siB{J/SG2R§4/000210
generator. By inplenenting a predeterm ned connection

pattern, the first 25 and second 26 plurality of

current carrying conductors t he antenna arrangenent

30 may be coupled in series alternately and to a

Si ngle R ener at or 0Q43 Referr| to.FIG 3,and
Al G A1), fignesriing § p BTG Bcloh 0l volve a method

arr aﬂ?ﬁi%ﬂfe fs@ ro?ﬁﬂtﬂ%ﬂr&iu%ﬁlgrh IS}BcéSQ gasf inkS the2eactor cha:#ber 12 of

plura urrent “carryin conduCtors carrying t
uni dtheepiasm atactsclO.| é‘iaxt;gsﬁﬁltwous}yltmmduchg a diret unidirectional

first i.re on and .in suybs |mlar hase. )
Each® ‘i?leE‘B'FFEP t ypo rﬂ’%#ﬁ"f%? )I’H‘B%f‘ fRpductors in
Condﬂlﬁtfﬁ'ﬁtsdi?éc@ibh %hlfinﬁ@du'éiﬁ t NgecdRil %H&%Eﬁ&ﬁﬁbseﬂla g RF current

oscillating RF current 1n the second direction an
s ubsinéntheadeconds 2ériphaelity Iﬁmeﬂtr@mymg torglndtosse c Antiime varymg RF

diregtian.b subst.ant p |cuI r. o

or t HOGUE Fo8 atuibt o sbiftod 75 (e rsgeet o oot and sccond
di f fcﬁfe%ﬁ&?of fhe BERESS a&ﬂ%@&nayzstlﬁﬁhﬂ&ﬁé@n b@cduﬂingq&acmms is thus
reactor 10 operation at [ower, than conventiona

r adi genfrateduenci es in the range of 300 kHz to 1000 kHz.

In this range, wavel engths of el ectronagnetic fields

are typically much larger than the dinensions of the

ant qpe2) Qﬁrtﬁé"lﬂ_ @hbddifci TR bresemafitdn@ion thd Gt land second
Referring to FIG 3, the wiring arrangenent of the

eI e dmidiregtionsd wseillatingnBF feyprents Feayabr powered hyai gaglerRY generator.

c ur ﬁgﬁ M%Igl-‘rg? etme X3 g’g dgtegtngl\r’\@ COIIE]}I ea(%h%a?e%?hnﬂlr Ritts: ?5 gﬁdg Bdoond 26

sec r@itt:urmiu cafiging Wondhdiers tdfahalanthga Iahaﬁgerm@nRBo may be
current enters a first end of. one _of the first 25

pl urcarpleq irpseries glterpatoly@nd togsinglo Ripeepgrator.

PCT/ SG2004/ 000210 10 of current carrying conductor at

poi nt 40, at a second end of the same current

car j9u4ap Refundne t® FIG Boindt FiGEI4A sthe hedevtdenl p:bnnbctionsaof the antenna
first end of one of the s

f .
cur PEARZeEsnt \J0, gesuli dB ctas sotgghep%m? Eﬁzpai ity OF gt cartying
end B adclifs %?Hgmtgcﬂiéﬁﬁ{i&u&ﬁ&ﬂ'&g Yat QurreMOin thetune first

i's then cou o a next uncoupled cUrrent carrying
congire¢tion arid ishsnbstangally? Simplat pbases yE@Ih ofitbe econd 26 plurality of

o R AR R R B 0 o

25 9{ theC$HcbAd dirednY hitDirf &Hﬂt&ﬁﬁﬂbﬁ siifir Phh&, Mecfitét and second
coupl ed to each of the second

direction being substantially perpendlcular or orthogonal to each other. Very little

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 .
unidirectional oscillating RF current enters a first end of one of the first 25 plurality



plurality of current carrying conductors. [0045] The 04 /0172007
resulting direction of RF current generated by the

WQ 9p081and second 26 plurality of current RGT/SG20e4/000210
conductors is illustrated by the arrow 35. The

resulting RF current can be considered a

unidirectional RF current sheggt oscillating wthin

the reactor chanber 12. The connection pattern of

FIG 3 follows a principle of nmninmal conmbined/ength

of ek SHFERF CABBE| WHAATCRL POFR A0h i SEOP SR 9f (B Al current
al so LARGODS h}\ﬁinﬁ‘hﬁ‘ idieR TohfIEd ko8 BiEk M@ of BRESPME Becond 26
of t%e arft enna arrangenment 30." The current carrying

c ondpiataditys of Byrreh6 careging) eondooiprseat poiit 48 t &t madcondepd phthe same

o PR G0 PO S Ot h o SERReG 1 o8 ERoppRRd curent
I nt r%ﬂ@&@u%? 3 ﬁﬁ:l SR8 25 PialiiCoPbRRAR chi@fiff @ondifdtors. The

and then sinmultaneously 1ntroduCing a first .
uni dionecdtionnatterndolldwsthe poinRA00 71 evitersdash of the firsfeplurality 25 of

first direction and a second unidirectiaonal
o5 SRS CHPAURES HHE ISR STl 1 6B e seoond 26

inSiCI?Erali R BryR chbMucidls. The tine varying RF
electrical field generated is then azinuthally
shifted on 45 with respect to the first and second

os 1Pl THg el ition RERECERED a9 Pepled BY MR 25 and second
FI G plutdiRy dficanem sHRbtoROisl BlusiepéEbgnhedrby 35. The
two phases 75 and is further coupled to a RF -

genaesuliing RE cvirentzan be eensideced 3 ynidirentionalRF pagtea shagt oscillating
network 74. The t 7 _
arr 3% éﬁ.ﬁ}ﬁmfg? T c@é%%?rglgf efllggcg)flﬁéec}h{og%gﬁ%}hg@ ?’%g c{:‘glrll%vgs a principle

t UNnigFgngaRaCidnfineOlengh Jf dilerhal MPlingd\@12H 05O LOAdettion pattern

PCT/ SG2004/ 000210 11  [0048] The RF generator 73, an
ex arfocadyratagrouply nsinigpizes Ahe dugtvetres Jhg antpysp arrangement

800Q/n e :
ant Snat e PnBLu AR g BRI 2 96 0B B CUphe P8 Wbl Eoupling
r angdiredmadewscogpeplitz. ed to the antenna arrangenent 30
varies in the range of 100 to 2500 Winto a 5052, non-
reactive | oad. The matchi ng network 74, an exanple of

whi ' h al tigld ik the Rps of first
s R D e o i
genéntsidncing3a tprodebe gho fdo i thp edesmwereattor HO prdhdhen simuitaneously

' eacl;lgthordu%i%g aTgll's%m?l frectional 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.

10047] Referring to FIGA4A, the antenna 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.



maxi mum power deposition into the reactor chanber 12.

[0049] Referring to FIG 4A, the voltage drop across 04 /0172007
VWepRHYES 75 of the antenna arrangenent 30 a/3GAO04/000210

i npedance tuning capacitor 76 can be very large. To

avoid such high voltage drops, the antenna

arrangenent 30 can be divide 1i nto four equal phase

segnents 77-80 as. shown in FI'G 4B, wherein the

i nduct ance of eachatI%hase segnent  77-80Q is

appr #0n8leThe RF generaton 73 mn sxamplsnef whighdy an “AdvigeediBnergy model

capag| ”q'f! gjggi S (?ﬁzs 4 q@tll%‘dq,, a t
phasgbgsxzzyg\.r;g?}t - %f al%ﬁlgagén enngﬁiléﬁr%r g%}égerre 3e8 FHS anfenna
4C. Fhsengefieht/ 30.enln ther mrusent ieRarbple, 413 sdngevsoft posver supplied to the
schematic wring arrangenent in accordance with th

pr esaifennanyEaseement 3 varies in dhe &g v 100 dp 12200 Vﬁriwsf 509, non-
L Xor!s) f R
ot aaeIpRE O RAERRE bl 39, SodhBIA BIBR) a standard L-typo

t husmyRhihgitRorke daic bl usddodSRhtcRahe chragerigic Aiipedahcand the RF
FI G 4C, a vector diagram shows the voltages across

t he SAPEEMNTaTtp dhedatthimpeianss of (the plasmagrraston J@- | This ensures
The ol £ ade VA f the antenna
arral}l/lﬁe‘ren p%&@pwgnﬁ%t{lﬁ%&%ﬁ agebegrlg'p across the

i npedance tuni ng capacitor 76 (wth capacitance C) is

V76 can he ver large and are represented t

das HOOSI  Referrnt; 1 FIO A4, t&eowtfﬁeﬁﬁg) %queé% pﬁ%af,ﬂf of the antenna
V77- ' . . ) .
Val _%ﬁ%@ﬂt%ﬁ%& %ﬁg%%&é%ﬂ@%ﬁﬁﬁﬁm bé vefarge. To avoid

correspon of "t he seri es capacitor
81- Svich hiphtviodiageodraps, Vel dnteypna drrapgenzent 36 sart bredisided mnta four equal

2ol (e gt -8 & S Lo A e e palictancs of each phase
confdeGMERL 7080 ﬁfapﬁfcﬁhﬂﬁclfm. MOk ?g&g%r «?dsﬁﬁa%)lé? ?er;t\{ﬁgd capacitance

across any of the phase Segnents our tines
s maldfeserieh mppaviters $484 10 mdtclp@ach phde23gBIc0l §3-B9 of the antenna

PCT/ SG2004/ 00Q210,12 . Furthermore. the dr .
V81 RIREE D B o Mo et B itouls i, Y33 48 3ol e sohematic
al s qyitiay rarrhﬁgéﬁﬁcnﬁ gRhdcBfdah&a Wit ife pled@h dhvdRaber riheGotr@sponding
FIG 3 and FI'G 4B, each of the first 25 plurality of

cur vehage daps g¢rasy thopbase segments 77488 of heoanienna arfangement 30 and
arr . . h of th
5 oo IREFEIRN banipudif By S ouE GO IRBGedite200 O TS i

a capacitor specifically an inpedance matching

capacitor for reducing voltage drop across the_ent it{le
[0050] Referring to FIGA4A and FIG.A4C, 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 V55 and the voltage drop
across the impedance tuning capacitor 76 (with capacitance C) is V6 can be very
large and are represented by the dashed lines in FIG.4C.

[0051] The voltage drops V47~V corresponding to each phase segment 77-80, V-
Vsa corresponding to each of the series capacitor 81-84 and the total voltage drop
across the antenna arrangement Vg are represented in FIG.4C by the solid lines.
In the antenna arrangement 30 configuration of FIG.4B, the voltage drops V77-Vgp
across -any of the phase segments 77-80 is four times smaller than Vs



antenna arrangenent 30. Alternatively, the inpedance 04 /01 /2007
mat chi ng capacitors may be connected between a

VY AP H ned nunber of current carrying condURETSFG20044000210

the antenna arrangenent 30. [0053] In an alternative

enbodi nent, the first and second unidirectional

oscillating RF currents mayibe driven by different RF

generators. The first 25 plurality of current

carryi condyctors coul d,bg,C | ed t Lrst _RF. .
gen e?’é_ 4% H}ehv rltg%% @WB dv‘?'fé]% ?‘%?}%ﬁ Wy&otﬁ © %%ﬂ“’? & ﬁ&mtors 81-84 is
car r yis& ghue Gy shalier te@Ne);ed to a second RF generator,

where both generators operate in a synchronized
phase-| ocked node. The first 25 and second 26

plurglj f _current,.carkyl ongdu [ S d_dikier

Pr onfopFAR e o ST 3p0 EICHEE SRk B AR s T of corrn
be ceuplimdcdndusi6rsiif Shekiteinddk@hyemd® 80 4hn GrRR&eaouplgd do each of
plasma’in the plasma reactor 10 would in accordance

wi t hthe isecond | 26epinealityvef emsaticarsing consiciors, Yk Accapagior isperifically

h . .th f fi | ; . .
"t oAt el B B B (4 {oGBEE el DR EBRGQ e cntir

Next antdrith batsieniRat 30.f Altedativily itheiRipedafe nesckihgd edpatitors may be
RF current_into the first 25 plurality of current )

car rpopeptebbriweeo? prodatermimed nuEber ph @ifenp cAEYRE copdpotors in the
intr j d unidirectional oscillating RF
curragl%ﬁ%%?%%eﬁléﬁéé@ond 26 plurality of current

carrying conductors. Atine varying RF electrical

field azimuthally shifted on 45 _ w t5§res ect..to.th

f1 r JP053hdn gw aleradtiNe amhadispeis the fisstiand secop uadirectiongh gscillating
26 il LRCT ] I [ ' S i .

20 SR T R ) S 6 RUEa o s s ity of
i n anrentdangmgwohdicidre cailld bt wetpletto afitsoRF gemiratonandithe second

further involye a method havi the steps of fir

| nt PO 8t o gRe e oG CopNEt i r wespid RE, generator,
and &ﬂeﬁébaﬁg{aﬂ&%@@eﬁé bl W&ﬁiﬁ%&%&%&& 1The first 25
2007 WO 2005/ 010917 PCT/ SG2004/ 000210 13 oscillating

RF @od second 86 phirality of prrrdnit canrying cerstuictors wendd dier from that of the
second. unj directignal osgcillatin curr.ent eet in
L R R R A SR

time varying RF electrical field generated is then

azimuthal ly shifted on_45 with respect to the first
and [¢05¢bfenethiing 2 plasmafin theelasmasreacipigl G wewlddn accordance with the

uni %Itér%gttnireo ré%lbodl?ﬂc'e%k ltlhgﬁ | 1%0165 £ULERRE ﬁeﬂr%?é She steps of firstly

introducing a process gas info 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 introducing a first unidirectional



[0056] Referring to FIG5A, the uniformty of the 04 /01 /2007
“ggnerated plasma in a radial direction in the plasm
HOPBIOD s illustrated. The results of expdGIfi08#000210
data presented in FIGS correspond to a 51 mlorr argon
di scharge, sustained in an electromagnetic (H) node
with 0.62 kWRF input within;g plasm reactor having a
radi us of about 16 cm Measurenments of radial profiles

R ComsB b aetkon) sl n s 1 ARE gt oo apgirectonal

Ver e oRSilataL ﬁﬁﬁcﬁeﬁf‘&eéﬁﬁ aGkEd@ldiRBid inkiB€ tHeQAntd R8ct&F10. The

current/field oscillation (arrowed |line 35°in FIG 3).
FI G fihe Sharying REafleatrival ﬁnldfgmmateﬁ 1srthemmumnhal§ymh1ﬁed on 45° with

density ne i % Lon f the

r eactesPect ﬁ%\ﬁﬁ"e\r%ﬁzan %?GB‘F} fe taH sepqnct; pidigectional
t enpgle ﬁfaﬁh& F§§ma eI ectrons Teff to be highly
unlformlnt era direction until nearing the

wal | s of the pl asrra reactor. FIG 5C, shows the plasma

oo T ok g R RgRn 7 B3 bl s i
wal | §irfiod D tHR! AR feB@BF 90 is TRGRAdL F*rﬁ% %nur b¥ ekpeinRSital data

excellent axial” uniformty tfor ne, FIG 6B for Tern,
and prede@ie@Cnf BiG.V.coaesponé te sl pnfécs;s mganadmchanga@u&tmned in an

The sierommensie D piode KO 7 k8 R A s 158 il having o
ig%mﬁlué’ RY abbift MPéh! Obastrenfen®f oft RAial Eﬁfﬂl@d of bﬁ&’ﬁ@ Idensity n. in

. Referring nowto both FIG5 and |G 6, total
vol U 5o weem infade wising asf Rl?rq:empmsgm Ig@gmuat wabe {LP). The radial

wi thin 10O S.a subst.ant.i NRL O

many &V o |P8H§¥mep4 long” é% gf'ts‘fuo evr crggﬂﬁn %018% urrent/field
The dqatiflateh (2%l TintB5 i FCEIN OHll}:EA\&hb\hs tze nbﬁ%ﬁbﬁmty of the
invention can operate in_either electrostatic (E) or

el edlasawsignEty 1 it Withisgh@slongthe mdivg oftrcrepster ghambenl2-

di scharges yield highly |um nous and dense pl asnmas

wWth the plasma density in the range of 10" - 9x1012

cm oasmﬂFm}eBt sliows theTedfcative emipenitrd of tiwnglesmd elbctvons B to be
eV 04 / 01/ 2007 WD_2005/010917 PCT/ S&0 00210 14

w t Highbe iR Rthe B SiTReH "e’*'tté tge svag‘mp ¢ Rlfgna reactor.

c B @8 %enﬁmérﬁﬁl VE IO gﬁi Hﬁecp sxﬁﬁ als¥®eing highly

orders of’ magni t reas ron

t enuaifatuiincthe sadial dirgéteon wnfil éSarmy)the Walls taﬁth@plasma rdagtor.
I nput power can result in EEH and HE transitions
(each of themis non-reversible due to hysteretic

ef f Qfob8) FIG.6A illustrates excellent axial uniformity for n, FIG.6B for Tes, and
" FIG.6C for V, at the same pressure and 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. Referring 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.

- J0059] 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" ¢m™ and electron temperatures in the range of 1.5 —~ 5 eV



bet ween the two nodes of operation, as shown in FIG 7,

whi ch depicts variation of the optical em ssion 0470172007
WO RWHE19Y of neutral argon |ine (840.82 nm) dURGHHGAE04400210

and H E node transitions with variation of the RF

coil current at different (22, 31, 40, and 50 mlorr)

argon gas pressures. This fegyure of the plasma source

offers great flexibility in selecting opti mal

AR BB AR5 RSP R . e s

pl asg@nsapis aﬂqﬁ 1RCorfteaehRs Sidetsofom de A0er, Whereas the electron
oper at i ng gas preéessures. Referring FIG 8, highly

uni f miaemﬁ@es argiiighep (Ad hedy). V«f@nehfgbwu‘éthamt powar ¢ap result in E-H

fp ?\Qenign éﬁ%’ifﬁkf’\é\é V@acl‘ih gf/ ﬁg\{l'h & ptﬂlllq%\%rsﬂs ut{l.ﬁ:e{o.rﬁgs?ereuc effects)
in Fﬁé@w@ﬁl 8 dwb Aod¥P oPSpekdtion 4sEhSFn 8 PIGI7L whith depicts variation of

performance of the plasma reactor over t he pressure
r angte optical elraa;snmtepﬁéf ofl nevirel argercling (340.83mm)uring E-H and B-

pres vent.i on t bl e %

of o otk AR i et S % ] Bifoct Rl Bret @24 40, ana
oper 5§ ko) £R560/eSs pfeddi@lss. OfThishRatplaasMthe plagh®d kodile bﬂ’ers great
accordance wth the present invention may further

ext efexdbilityo ins solseting vpiimal disghargsy operaiing neramaters Jfor &F‘s plasma
ers and vacuum systens used

tog cgsgl\%??ﬁﬁ% ]gfasma reactor 10. [0061] In prior

art systerrs devel oped for uniform plasnma generation, a

vari et met hods, usi ng el ectroma etl c, ggne iC

fiel ﬂbﬂalevhlﬂbb(uﬁmg?%ﬁ 808 30 Yse Dei grnsrat é“@s‘@'&ie range of

When, sughs s@ﬁr& SYSF&ARe q ie pl
up- scal ed” %akgﬁ?mc > ?ger 2‘_\5/2%(2% Pie%ﬁdpgg?ﬁfﬁ%d E)tralljgrp asmas
art wsgts izenmsatdd swith\iiN pagers wf 12411 eviskeveryhg ther prbdsererange from

of I GTEE cOifptmisi GG Padm BrCrE e e Vs as in

di el @nstic Eh@g,eﬂsﬂﬁanesgfﬁe fidink b RSorbr Re pARLAL kRPe. This

and conplicated process of redesigning around an
exi sdlowyg they plasmm aeactor WoohHihetpresentrnyestigmto bethightyl figxible for a

2007 WO 5/ 010917 / SG20 000210 15 062
o o JEHES, SARIRETONE SPPIALOD A Gl ST PORR-p L8, il prossure

genes e ¥ $1RsmPRadbt FIRcacasrdRRtE S the ?’ees\eﬁv ififentién may further
advantageously highly scal able without the assocjated

pr obeewended tohesveral Sprrarngesyssiople modificetiensf aas Sy aomirollers

in a5 %cql%:rxlxcs%'stems used together with the plasina reactor 10.

10061] 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 disadvantiageously face several
pfobiems 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.



with the present invention is a matter of increasing 04 /01 /2007
di mensions for the reactor as well as the

WQRHMESHYATI ng di nensi ons and capacities for tRCT/SG2004/000210

current carrying conductors and the rel evant

capacitors and RF generators. The sinple circuitry of

the present invention advantggeously allows the

up-scaling to be performed with nuch | ess redesign.

[0063] Due, to remarkabl ncreasj.ng recent de for -
hi g IRy PR AR AR Bp R PHEER AOAY gpipeated with
pres raﬁteﬂﬂgfiﬁ‘ﬁ%em‘éﬂm Which! isZAlhRRocdlsty H8ghly B¥AEBIE Wthout the
can also offer dgreat potential applications 1n deep

m cr assosiateil pootdems of theprine egsiysigms milp-scaling @rsystem in accordance
nano-scal ed fil m deposition iir’]f] udi n

hot PR BRESTTURHON & 8Pt o4 trgicasily djmgngions for the reactor as
Procgeg! J&gm%néo&&gdﬂdlfgamxﬂéﬁsiom QnAOsmRsitie Forcieasicht carrying
deposition of superhard wear-resistant coatings, and_

sev ecanductbisems . thé B064it chpacitoxpast BE goueratorse sThsfsimple circuitry of

co rcialization of, the i nvent,ion.are not. Lel .
P e preont ertiva avirlGasois aiigRs (B Spiddiing T8 b8 phrformed with
f1 exinhis jebdredésigs oduci bility, and stability of the

ptasma in the newy devel oped pl asma reactor w |
al l ow easy adjustnent to a | arge nunber of another

" “ol ol _ t of a . .
P e Tahesh Ty Lo rocishaly SRR rogh ABRRRE K hiefiCpiiform, high-
var i QuaSityIOiiv- @Ad | Ptsmadidtel PRIsQILE MPlatBag; aconaerciutidationy of the

a person skilled in the art without departing fromthe
scopavattionvan glse oifsr grephpaentiabapplatipnsgn deepigron sgmiconductor

d ai 1. A nethod f ' - LINj
the HEesSaeAafiB LR saRd nARRCERL bdsftol nc Rl Heffductures and
pr oGRpérldices] vhfface [Precesding enwlt angdificationf rbictoampajibda ceramics,
RF antenna having a fast unidirectional oscillating

cur rdenesitiop of S“PP‘%é‘id Vi aF ERSISta, CorFtrSs éBY‘F'ﬂ"-‘Cl others. ~
unidirectional oscillating current in a second

direction inside the plasma reactor; and c. the first

uni qooedt tThe naipected | dutatnes gofREommercalizattreef the invention are not

substanti al | erpendi cul ag ,t.o the second..

cni apeelyieied BobE iems spraLed foshy CoRe AR Ry deprogHgbilty, and

uni @%ﬁﬁ%'cﬁﬂlﬁg piaGld [rafleNEwll deVElpad DIANE Redbt kall iallew easy

at a.freguency ‘range of ) ) .
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

mvention.



300 to 1000 kHz. 2. The nethod in accordance wth
claim1, fiuther wherein the RF antenna having first
and second unidirectional oscillating currents
generate a tinme varying RF electrical field -
azinmuthally shifted on 45 with respect to the first 04/01/2007
anhd second direction of thasfirst and second
unidirectional oscillating RF currents. 3. The nethod
in accordance with claim 1, wherein the process gas
conprises: argon, nitrogen, nethane, or hydrogen or a
conmbi nati on.-of any of thecpmsti oned gases. 4. The
met hod in accordance with claim11, wherein the first
and second unidirectional . oscillating RF currents
ex hi bamethobior generdting 4 upiforg plotiastbe wktifofl eqmeprigiesghe sgps: A
met hogl fOﬁm?&ﬁﬁgﬁhh%ﬂg&m%uﬁ?ﬁﬂﬁﬂkﬁsUH, t he net hod
conprjsin e, steps: a. intrqducipg .a progess gas.
oro b o dutadog R pea i B i L AP oD
- oscill ati rigst fRctipn ard@sdcond mpidiregtiohal pwiflatplg curatiint ayseqfd direction
current %?ﬁg%kﬂgmﬁgﬁﬁﬁghprs inafirst direction and
9

a second urality of current carrying conductors_ in
a sechnd dierist pridigeiogal osgiilating K purgnt shegtgbstpaal]y prgpopdieular
" el ect w ithe 8dcoridinaiticbctionial padiltmp byres ettt ed With respect to

the fj ' gnﬁ. 8Qﬂ e ' f t i dj :gFgl :
osci | ]gefelinn gcﬁ rre ﬁ‘%’?‘ﬁ;‘% ggﬁ.m%taheé) Qcﬁlrl? kﬁ% a? éé'%%l%o& a of
osci 084 1AYP M= current in the first and second .
plurality of . current carrying conductors exhibit

bstantial | h i ff 3 ded Sheet
oy R io ¥ Bt i, B0 afiRes RERE i acs foare
e luhidirdotirgal REcillbtingroaTris Emends @ fiink rvingR Fadectsiod fiddjimtylly
BARE 60 9 wit3Aheki® HORD alid{EconPairedldB of TR 819 dnd BooRFERLEARGE

wih claimb5, wherein the process gas conpri ses:
Yyime RE et gen, net hane, or hydrogen or a
conbi nati on of any of the nmentioned gases. 7. A nethod

. ‘ _ et
%.Or G50 GlAbd &an&r&dﬁ‘ée aﬁtﬁ B 25 PReint HE plIRL é%g cOHR:! a%:ﬁ,g

he stegs: a. Introducing a process gas Tnto a &
Hifogen. Glethans, or hydroswpn forgination efeasiof fa menticed gsBnal
oscillating RF current into a first plurality of

‘ 4C urr %‘Hé mgt%dr i¥1l agc%rdgzgzg %{g 1é:l‘::'l)ignsl,Ivvq'neraeinft{]er ﬁ%t agcll ge%g:r}dlu%gi.rec&onal

oscillating RF currents exhibit substantially no phase differences.

5. A method for generating a uniform plasma, the methad comprising the steps:
a infrodncing 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; .
¢. . generating z time varying RF electrical field azimuthally shifted with respect to
. the first and second direction of the unidirectional oscillating RF currents; and
&. the unidirectional osciflating RF current in the first and second plurality of
eurrent carrying conductors exhibit substanttally no phase differences;
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c. introducing a second unidirectional oscillating RF

current into a second plurality of current carrying

conductors in a second direction; d. generating a tine

-varying RF electrical field azinmuthally shifted with

respect to the first and second direction of the 04 /0172007
first and second unidirectional oscillating RF

currents; and e. the first ®nd second unidirectional

osci.lllati ng RF currents exhibit substantially no

phase nthe first

G a Py B SEESens S5l it b 2B S 5588y vy

at a 3%eHled®y range of 300 to 1000 kHz. 8. The .

met hod in accordance with claim?7, wherein the pr ocess
S C rises: a ro rrethane or hydr.oge

& o OBt 8??"’3?““%’9“ Wﬁ&hﬁ@m@m&s @gss@gmgs

mettomomdtione, gdmdrpgt dmgombinationfodangofthasdationed fases.met hod

conprising the steps:’ a. i ntroducing a process gas

into a plasma reactor; b. introducing a unidirectional

dsci | ﬁa\eﬁ]’?ﬁgfﬂtmwe@ﬂv&ﬂéﬁtfmﬁwaamwm compriping the sfeps

curreant  OmbduinPOpreRR gibGited Pasimiredtok:l r St di rectl on;

i ntroguci J | | at i qu t

it o 5 s o el MALL LEBEGHAN RonRE R (Bl oM B o

conduct or grfe#wmww%@rstudwuom gener atl ng a time

varyidg Wh@hﬁ%ik&%uﬁﬁ%&h@&&ﬁ%@ﬂ%&mﬁmﬁiﬁ%ﬁ%&&w

-respect to, ?fII‘St nd seco@g direction of the

uni di rectlc’ocr"%‘?Il BELHE PUEF R RECM S and e. the

uni di% ect eerating o Sigwe virging RigyeldRfFicad dield emmthaﬂy tHifked fwith séspeeina
second pl @ als ¥ seBidng di?édﬁdh%f‘ﬁmﬁé E&’ée&gd&%géﬁﬁﬁa%&gatm RF
exhi bit substantjally no phase 3. fterences

Sheet | PRRFHERYA / 01/ 2007 18 wherein the

uni dier ect ihofiad andsednll hrﬁ?ﬂeﬂ@na%cxﬂaﬁﬁg Enéumk ﬁ?eﬁ J:ubsﬁdnﬁdng no
at a range o 300 to 1000 kHz 0. The

c?g&igﬁﬁg%g%? dance with claim 92, wherein the -

pr oc adgreig ke fire apst soaend unidiregfipal oscillating Rferwrrenteetrh oxvillating pt a
hydr ag@Bncd fange o Ul 18§ ien of any of the nentioned
gases. 11. . An antenna arrangenent for an inductively
coupl ed plasma reactor conprising.

. The method in accordance with claim 7, wherein the process gas comprises: argon,

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

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

a introducing a process gas into a plasma reactor;

b infroducing a unidirectional oscillating RE current into a first plurality of current
carrying conduotors in a first direction;

c. introducing the unidirectional oscillating RF ourrent into a second. plurality of

current carrying conductors in a second direction;

d. generating a time varying RF electrical field aziﬁmthal!y shifted with respect to .
the first and second direction of the unidirectional oscillating RF currents; and

e. ‘the unidirectional osclllatmg RF current in the first and second plurality of

corrent canymg conductors exhibit substantlally 0o phasc dlfferences
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a first plurality of substantially parallel current
carrying conductors oriented in a first direction; a
second plurality of substantially parallel current
carrying conductors oriented in a second direction;
the first and, second current carrying conductors for 04 /0172007
carrying unidirectional oscillating RF currents in a
first and second directi-on Bespectively; the first

di rection being substantially perpendicular to the

sec 0”% éug B %h%c&om%smlfamﬁtﬂe:l uern is oso}ila&)ﬁc da§ ¥ ggq‘is:g}last ragéelo}l
paral l el “current carrying-conductors s

pl anaf§djo 108BkR¥%= t he second plurality of substantlally
paral l el current carryrng conductors and wherein the

i di ctro al o urre IS oscrllatrn
ultra ?heequeﬁcy 5153 ‘g#h 1*%5(%{E 18 lff?—‘l'fss S CongE 2
amoewnaeﬂama arfyémesen or 4 comigmterotiam chameantioned gagern 11,
mherein the first and second plurality of

bstgntrally ar;%} current carrying conductors

apt oran jndycively couplefl plasmacagtor corpprising |
fi el da fimi phutlivabf spbsniially pakiidrcuddnt winyibz copd@@ctoribnb:dtin e fist
fabeloifn; @nd second direction. 13. The antenna
arrangenent in accordance with claim 11, wherein the
first® e iy of subsepiisly pamiiplguirept Gumine (cerdueqyy prispied i
eabddyiiritgorgOnduct ors are alternately eIectrlcaIIy

coupl t.0 1 he econd | ur |t of .subsianti

par-al "Fdﬁmc u‘{r Fant et Fmr“ﬁ@ ‘?ct f céaFgmg TZPL ﬂ"@fogcrﬁagw
awwaﬁgeﬁem@ﬁs@wmkmemdaﬁgemmbqh cl.aim 13, wherein-at

" eastindina eRRaCeh ng@bﬁm 0 hre;eml@ Bircion,

pred m first lit

E b T B il vl apen e e e gty

ﬁw?ﬂm*mmﬁirﬁnnﬁh;ﬁrmfWQammbmnﬁhenaapmﬂﬁmpkumnl|ty of

SUbSt a0k e dhidda 1

m ni tr¥1@12| ng react ance‘% uaé&%%%?é&%%%g e conpr [%nlg?raf
HHheet ] PEA/ AU 04"/ 01 / 2007 1s a a plasna

react or chanber adapt ed for plasna processi ng and for

2nt rqgéjgr{t?x?a Cr a roces c rs%h E rlglw aremzig ant and sectmd

arrangenen l' | SI
By @rwhswda&ly prealld| cnnadnt ca@urgrcerduct@mdnmdng sy inoyayitign

B JRikal €1l B&h iRy shified on 45° with respect to the first and second direction.

13.  The antenna arrangement in accordance with claim 11, wherein the first ;ﬂurality of
. substantially parallel current carrying conductors are alternately electrically coupler.l to the second
plurality of substantially parallel current carrying conductors.

14, The anfenna arrangement in accordance with claim 13, wherein at least one capacitor is
connected between a predetermined number of the first phurality of substanfially parallei cutrent

- carrying conductors and a predetermined number of the second plurality of substantially paraliel
current carrying for minimizing reactance.

15, A plasma reactor comprising:
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c. a second plurality of substantially parall el

current carrying conductors in a second direction; d.

the first and second plurality of current carrying

conductors for carrying wunidirectional oscillating RF . -
currents in a first and second dlrectlon respectlvely, 04:/01/2007
and the first direction being

subst anti al | yper pendi cul ar 180 the second direction;

and e. the first plurality of substantially paralla

current car n ctors I sSposed .
above®t he “é’i% %‘g‘“’ﬁ’f ??’F &Ta(dﬁptegif"r?%ﬁga? 4)“9%555&%‘%"@ ofa
current cagedeyss pgasbnductors; wherein the

uni di g ect i ,QRal aORe a&éugemm? gon%ﬁsx&éja{ ﬁ@%&mﬂﬁy &%EHsMﬁQIU FAfhlel
at a frequency range O
i nduct i velrE ondpcias i frgtdiechpn;j 1 accordance Mﬁth
cl ai m.15, awdeehe ipliratifef fsitksdtallyofutblisicaand cptyingadondugtorofin a
substantlgllxdﬁgu |.1 el current carrying conductors are
di sposed i nsi 1 | asma reactor chanber. - 17. The
i nducdi velte ﬁ@‘uﬁﬂdeﬁ abirelityr of seement dapyingc endusiaricler grpise

C : ai rmﬁd@ectuh%ﬁuihngm&neﬁs ih Hfrst aﬁzﬁ §cbdnd iR &pREYely; and the
pl ur

b ti-al | el t
P ona e g b el 68 sseSufargtin 581 V1 09
di el extri thedirstplurelily of @ stadfihlly pryaliel memmowum ipflisprosrd
r eactﬂmﬂﬂbm%@&a{a&aﬁmwy b bulfsla@ally dafotel SRA Réhductors;

pl asma reactor. chanb i s_adap ted tQ accorrm ate the
pl ur arfietein By urdinsgtisnat ?SF‘Ea“§$ E%G‘E?n*dﬁ gecllpting 2t #EpqHegY Fyoee of
vVaculBoo toioeuHzt y of the plasma reactor chanber. '
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16. ° The inductively coupled plasma reactor in accordance with claim 15, wherein the first
* and second plurality of substantially parallel current carrying conductors are disposed inside the

. plasma reactor chamber. .

17.  The inductively coupled plasma reactor in accordance with claim 15, wherein each of the
first and second plurality of substantiafly parallel current camrying conductors is contained inside
each of a plurality of dieleciric sleeves.

18. The inductively coupled plasma reactor in accordance with claim 17, wherein the i}lasma
reactor chamber is adapted to accommodate the plurality of dielectric sleeves and still maintain

vacuum integrity of the plasma reactor chamber.
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