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10 BACKGROUND OF THE | NVENTI ON Technical Field: The invention concerns

pl asma r aa@bDIBSUsed in 15 processi ng wor kpi eces in the npapseassisng of
items such as mcroelectronic circuits, flat panel displays and the |ike,
and in particular plasma sources therefor. Background Art: 20 The trend in
m croel ectronic circuits toward ever increasing densities and smaller
feature sizes continues to nake plasm processing of such devices nore
difficult. For exanple, the dianeter of contact holes has been reduced
while the hole depth has increased. During plasma-enhanced 25 etching of a
dielectric filmon a silicon wafer, for exanple, the etch selectivity of
the dielectric material (e.g. silicon dioxide) to photoresist nust be
sufficient to allow the cEEREBNBEEYSEXGITEPhTARRBOAPAEL hol e whose di aneter
is tengo fifteen tines its depth,pidoUWo @gﬁgeciably 30 di sturbing the
phot oresi st mask defining the hole. This task is made even nore difficult
because the recent trend toward shorter wavel ength light for finer
photol it hography requires a thinner photoresist |ayer, so that the

di el ectric-to-photoresist etch selectivity nust be greater 35 than ever.
This requirenent is nore readily nmet using processes having relatively |ow
etch rates, such as dielectric etch processes enploying a capacitively
coupleg@ 1 WO 02/15650 PCT/ US01/25505 plasma. The plasma density of a
capacitively coupled plasma is relatively less than that of an inductively
coupled plasma, and the capacitively coupled plasma etch process exhibits

good di el ectri c-to- phot or esipgtrciovs @Jre GtrY ithirenErTHE Problemwi th the
capaC|t|ve$géhougadePe pgess is that it

The invention concerns plasma reactors used in

15 processing workpieces in the manufacturing of items such as
microelectronic circuits, flat panel displays and the like,
and in particular plasma sources therefor.

Background Art:

20 The trend in microelectronic circuits toward ever
increasing densities and smaller feature sizes continues to
make plasma processing of such devices more difficult. For
example, the diameter of contact holes has been reduced
while the hole depth has increased. During plasﬁa—enhanced

25 etching of a dielectric film on a silicon wafer, for
example, the etch selectivity of the dielectric material
(e.g. silicon dioxide) to photoresist must be sufficient to
allow the etch process to etch a contact hole.whose diameter
is ten to fifteen times its depth, without appreciably

30 disturbing the photoresigt mask defining the hole. This
task is made even more difficult because the recent trend
toward shorter wavelength light for finer photolithography
requires a thinner photoresist layer, so that the
dielectric-to-photoresist etch selectivity must be greater

35 than ever. This requirement is more readily met using
processes having relatively low etch rates, such as
dielectric etch processes employing a capacitively coupled



is slow and therefore relatively | ess productive. Another problemthat
arises in such etch processes is non-uniform plasma distribution. 10 In

order to i Ragy Productivity or etch rate, higher denshkﬁﬂﬁh%§§ﬁ§ have
been enpl oyed. Typically, the high density plasma is an inductively

coupl ed plasnma. However, the process precursor gases tend to dissociate
nore rapidly in such a high density plasna creating a higher plasma 15

content of_free qu ine,_a sp C|e reduces, .t.he .etch el ectivit to
photoreS|sPE ?8aredu%§ i ?”Pe &hﬁbfﬁggﬁFﬁﬁneﬂroéﬁé %éﬁi
CF2 are enpkoyedamhiiveRy d6§§o¢hametM@taqﬁaannanduqtﬂValicmﬁmhmia|n|ng

etchant  specks aBda0RRcOLAFRES tBOLIPLotpATe S el diend 410

accumul at e Og non- oxi de cqnt ai ni ng surfaces such P hot or é€si st . Thl S
e

tends to i ACFeREESePORIsErE FF@FP& Ernehoseygststn %qﬂ?(ﬁakﬁ9P%6HE%|nlng
di el ect¥ i cThat prodll epr abhes het l@apmcmlmeatyl aowfl dheraleg®eri Oudfatt he

di ol ect 11 055 @1bLnal DERALKTR! 1o aumerd: Al Qg dhe dl ehegtnie

material to 2 € non- oxygen co talnlng materra

the phot orB5PBLpmcEARENBESSES B Sovdr 8 by PrReSFEiameEs amn-ukdasfor e
protected ﬁnggmghglgtgngutloﬁhe problemis that the increase in contact
openi ng depth and decrease in photoresist thickness to acconmpdate nore
advanced devi ce 30 designs has rendered the high density plasma process
more 10 kel y toIhaowdEhetphdncmeaBstpk@ﬁ@ntdwdtwgcdieﬁx&hrﬁare,eﬂrﬂgha; As
t he pl asma y r d i tch t ;%yer-rich
pl asma nus?gﬁg§t 8n§Sha%o?g§? P%%n gR%QEgﬁgen Cgﬁﬁégﬂﬁﬁﬁnﬁ%%% such as
phot or esi s@en%tvha{lawat RE ABt ANGHCHANERYT COERdRS Hlasma- heHowever,

oxygen- contnenpﬂgcedeeb@@bum@osug&@@@stéb@W&oa@g@@@dw&ue mﬁyélﬂaﬁraa@y in
smal | conflned [egipns, s botton1of a_narr ont agt, __openi ng.
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The resul t *1's®that gPe Fﬁg HbPongFstc§§?t6592 5
PCT/ USF1/ 25505enadeé ufreky fprotréoeeda shecpessiwbiildht yedsidesc rté@s eddor the

etch procegs1tecpeiblockegnByopakyaRr ag¢eUurdRiOR 1AL Rdency,

fluoro-carbon process gases such as CF, are employed which
dissociate in a plasma into fluorine-containing etchant
species and one or more polymer species which tend to

20  accumulate on non-oxide containing surfaces such as
photoresist. This tends to increase etch selectivity. The
oxygen in the oxygen-containing dielectric material promotes
the pyrolization of the polymer over the dielectric, so that
the polymer is removed, allowing the dielectric material to

25 Dbe etched while the non-oxygen containing material (e.g.,
the photoresist) continues to be covered by the polymer and
therefore protected from the etchant. The problem is that
the increase in contact opening depth and decrease in
photoresist thickness to accommodate more advanced device

30 designs has rendered the high density plasma process more
likely to harm the photoresist layer during dielectric
etching. As the plasma density is increased to improve etch
rate, a more polymer-rich plasma must be used to protect the
non-oxygen containing material such as photoresist, so that

35 the rate of polymer removal from the oxygen-containing
dielectric surfaces slows appreciably, particularly in small
confined regions such as the bottom of a narrow contact
opening. The result is that, while the photoresist may be

2



contact opening reaches a certain depth. Typically, the etch stop depth is
| ess than the required depth of the 5 contact opening so that the device

fails. Thag@nkeéwt opening nay provide connection betweerpEnsRPEEIS
polysilicon conductor laner and a | ower polysilicon conductor |ayer
through an intermedi ate insulating silicon dioxide |ayer. Device failure
occurs, for exanple where the etch stop 10 depth is Il ess than the distance

bet th d_| I I Al t t

possi bi 1115 eS0T Gl e C E RO o e i SR I ongity
pl asma wi ot p&@dﬁasg o b@c@h%%@%%@m%mm&mﬂaﬁﬂomrom@ iabl e
applicatiopd,@ slee. nar@dm%@fésd%v'c%ert%qa %%&15 Péaw ealé@v' ng

cont act openi ngs w aspect ratios_of 15: 1.

desirabl e &Chr SER gle@tél FEadttsrs Hhad t|1?§s rﬁ%ﬂéfﬁﬂq deptd @t dﬂl@ nduct i vel y
coupl eds pl asalmﬁarcea@p@mngo gchatang thehidghridendatiy spl asrm) d%ﬁﬁdmel
selectivit I a a ifficult to
realize th%p% ; ﬁt ages %%h%%%%gg%o %r %%%'Evoers |aIrIII1 zlpg) exnlpol %I;I‘Con

reactor. §O@ﬁ@06ﬁ@b&é#ﬁmL@@ Qm9®999}ﬁ&m&kﬂgnaﬂgﬁdﬂﬂﬁﬂﬁxiaxﬂﬁwna
reactors, ﬁ@kbb@%I&hIin@%ﬂﬁ@@ﬂﬁ%&elh%%ﬂ@ﬂlﬁg @ﬁ@&&%ﬁddﬁ&%ﬂdéﬂn faci ng

t he mafer r _\Wor i s that a t he plied tot antenna
is increas VFgee% ﬁ@ge OF&EYEteh Pﬁt@xagﬁﬁgva T L85 Iqqé}g§§9qnwt be
suf fi cl@nt Bep3d har@essotmhatthbedpGMemcesb@mw@EMedheﬁuppeqﬂandnadm&grond

Il ab Oi e e er due
wel | a OVEEI&IE?F\Q’?B%Bn I@g%ﬁv 32 'a%I.‘Lv%flgg YhEe LAmeA 112 pg %

to strong over poOVer o the
over head cB?It&ﬁt@ﬁﬁ&eS?hylnﬂ@WéﬁoFoﬁ€€FFWHﬁgg&phm&ﬁ @a?aaﬂxnahﬂam@ | ar ge,

and theref@&eh&ﬁttEEChEEQEpt&e@bmﬁn@ﬁabbhga@rQ&P&@Fa@&fkﬁﬁbamﬂérIf fhe
ceiling is L CO i n t he ie of .an inductively
coupl ed rea%%iggh% gggggnéuéfpvg% E%D EF1§€§6n58?78§8ff53 Et%ct r ode

of a cﬁbacﬁvpheﬁ? tBopkeliaveast epnteRénopraings with aspect ratios of
10:1 or 15:1.

What would be desirable at present is a reactor that
has the etch rate of an inductively coupled plasma reactor
20 (having a high density plasma) with the selectivity of a
capacitively coupled reactor. It has been difficult to
realize the advantages of both types of reactors in a single
machine led reactor.

25 One problem with high density inductively coupled
plasma reactors, particularly of the type having an overhead
coil antenna facing the wafer or workpiece, ig that as the
power applied to the coil antenna is increased to enhance
the etch rate, the wafer-to-ceiling gap must be sufficiently

30 large so that the power is absorbed in the plasma region
well above the wafer. This avoids a risk of device damage
on the wafer due to strong RF fields. Moreover, for high
levels of RF power applied to the overhead coil antenna, the
wafer-to-ceiling gap must be relatively large, and therefore

35 the benefits of a small gap cannot be realized.

If the ceiling is a semiconductive window for the RF

field of an inductively coupled reactor, or a conductive

3



benefit of a small wafer-to-ceiling gap is an enhanced electric potenti al
or ground reference that the ceiling could provide across the plane of the
waf er at wg®ldésovely 5 small gap distance (e.g., on the gdagsodhsshsor 2
inches). Therefore, it would be desireable to have a reactor not only
having the selectivity of a capacitively coupled reactor with the ion
density and etch rate of an inductively 10 coupl ed reactor, but further

havi ng non f conventjonal,, .l imtations on the wafer-to-ceiling gap
| engt h ot h%rl%tcﬁté%%ae o&ur?dadr?é)naca tjﬁegyf ,Cosl.l ghecgsr?%%%]fas SR HEAT h
t hi ckness, bemefigxafplee smal w1 trel bieglemip ebdl an tentmvesd react or

havi ng t he e3@l®eticVidot «oft i 1CaRaGAd MR Yroupdeek react ofnands 4p; the etch
rate of an |2ﬂr ctively coupl ed rg%(s:t rin vﬁl h the. ion densi%tan etch
rate can b&° %aﬁ’gé’a'%ﬁiet S8y 1% 9 dtﬁéeas"farf‘be?haet dppf§ -tk REEpf asma
sour ce powemalIUNBIBRYIGE sTide MleSGLOSURE 22(: Adplasnef react @ froohg)ocessi ng

a workpi ece includes an enclosure, a workpiece support within the
encl osure facin an overlying portion of the enclosure, the workpiece

support and thghév"@ﬁfwﬁng oMl & siEsd rari s e hrsfe i ipart of dielss
regi on thepghet hﬁeangxltmdis@gﬁ@eri&ria;llyl Y raes gﬁs@atdletiﬁﬁalqi a;r@digﬂrecpf sai d
waf er support... The_ en ure has at .l east i.rst a second 0openi ngs

t her et hr ou§RRESF E’j’éﬁ‘glr grsnley lo@p%&ﬁs &Ysithss S %‘?ipﬁ%c]ép Hffpoftly At
| east bdhe chobled ceagtior obmgi dershegaihdvimgr exgia exfi dthe ssayoramEcicetl t o

the first and;$ge9nds0RENIAYS waREQViLR-RQ 18 g 3230 dytiPifalePalHLL &4 |
ext endi ng %hrgu%g th gondwt and across-the™ process region. Afirst coil
ant enna adapregTEBtaccepf™RE S ASi $hen RGeS I Ed A8 atte ifRteri or

of the hol ksampéenduilt andlids foapakle bef deaiinteainlienda Halwas m dandthe:
t orroi dal - 4 A 0 RCT/ . I|_PTI THE
DRAW NGS F %(’Qfgi ??Ss tsrg\gtegé?: lﬁ??r é’tfcéngggﬁl"‘/ncéﬁcﬁgt%hl&f %&.Eﬁa&%?%aé;}o@' a
15 the etch rate of an inductively coupled reactor in which the
ion density and etch rate can be enhanced without

necessarily increasing the applied RF plasma source power.

SUMMARY OF THE DISCLOSURE

20 A plasma reactor for processing a workpiece includes an
enclosure, a workpiece support within the enclosure facing
an overlying portion of the enclosure, the workpiece support
and the overlying portion of said enclosure defining a

_:_mmu~“process region therebetween extending generally across the

25 diameter of said wafer support. The enclosure has at least
first and second openings therethrough near generally
opposite sides of said workpiece support. At least one
hollow conduit outside of said process region is connected
to the first and second openings, providing a first

30 torroidal path extending through the conduit and across the
process region. A first coil antenna adapted to accept RF
power is inductively coupled to the interior of the hollow
conduit and is capable of maintaining a plasma in the
torroidal path.

35



overhead torroidal plasma current path. 5 FIG 2 is a side view of an
enbodi nent corresponding to the enbodinent of FIG 1. FIG 3 is a graph
illust rathg)zyllgesobehavi or of free fluorine concentration pgr/tdeg2§408sma
with variations in 10 wafer-to-ceiling gap distance. FIG 4 is a graph
illustrating the behavior of free fluorine concentration in the plasma
with variations in RF bias pomer applied to the workpiece. 15 FIG 5 is a
graph illustrating the behavior_of free quorlne concentration in the

pl asma with variations ifH %ﬁﬁﬁ%%pﬁﬁﬁ%r ppi dFRRGINRR coil antenna. 20
FIG 6is a graﬁﬁGlIuusﬂﬂasmmgtebeabéhawtoewhbdﬁneat fthaar nad nteieentamnat i on
in the plasga Webl ¥aratans hsnbeagtkek &h g@ pressure. FIG 7 1s a
graph illustrating the behaV|8 of free 2 uorine concentration in the
plasma with variations in partial pressure of an inert diluent gas such as
Argon. 5FIG 8 FsGa graphai klidst vakiwngrt he depeeemehtdicsseeispbnannef to

process ga S n_of urce power 30 for an inductively coupled
react or ghg e%bgﬁgﬁ%bg O% F?% Epresent invention. FIG 9 illustrates a

variation of the enbodlnent of FIG 1. 35 FIGS. 10 and 11 illustrate a
variation of thergempodingn raghFhﬁauétkatmﬂgceh@ ggagegogagﬁekkgecore i's
enpl oyed. ? WO 02/ 15650 PCTTUSO1/ 25505 FI G | ustrates anot her

enmbodi ment %FofﬁﬁelHQEHFPBﬁaFﬁoﬁhFEthetB%ﬁﬁmaawlﬁhagﬁﬁléﬁﬂPéﬁtlﬁath passes
beneatl t heaferactvocethanhegap5dFstandd.illustrates a variation of the
enbodi nent of

FIG. 4 is a graph illustrating the behavior of free
fluorine concentration in the plasma with variations in RF
bias power applied to the workpiece.

15
FIG. 5 is a graph illustrating the behavior of free
fluorine concentration in the plasma with variations in RF
source power applied to the coil antenna.
20 FIG. 6 is a graph illustrating the behavior of free

fluorine concentration in the plasma with variations in

reactor chamber pressure.

FIG. 7 is a graph illustrating the behavior of free
25 fluorine concentration in the plasma with variations in

partial pressure of an inert diluent gas such as Argon.

FIG. 8 is a graph illustrating the degree of
dissociation of process gas as a function of source power
30 for an inductively coupled reactor and for a reactor of the

present invention.

FIG. 9 illustrates a variation of the embodiment of
FIG. 1.
35
FIGS. 10 and 11 illustrate a variation of the
embodiment of FIG. 1 in which a closed magnetic core is
employed.



FIG 10 in which plasma source power is applied to a coil wound around a
distal portion the closed nagnetic core. 10 FIG 14 illustrates an

enbodi menivgd Pakesast abl i shes two parallel torroidal plasnp@uidognisss Fl G
15 illustrates an enbodi ment that establishes a plurality of individually
controll ed parallel torroidal 15 plasma currents. FIG 16 illustrates a
variation of the enbodinent of FIG 15 in which the parallel torroidal

pl asma currents enter and exit the plasna chanber through the vertical
side 20 wall rather than the ceiling. FIG 17A illustrates an enbodi nent
that maintains aIGpaile ofl lmsttualtiey eridtdgonamtcstinemtalo Pl @ssel ewemnient:s

across the,sypfage ofto&%l\a%&k e %%TIF G bEBH lﬂe}%sa%ge%aér%\:eri;@?e of

plural radial vanes in he enb |rrent of FIG "17A
illustrat e%ﬁ%%o&’hﬁé‘ﬂ?@rof the 30 invention in which the torroidal plasm
current5is a broad belt that extends across a w de path suitabl e for

processing |ar r Q il lustrates ¥ rlatlo odi nment
of 35 FIG 18 |9E § llléls'?é:ra%al Section o1pnt he torr0| lﬁrf eHm@current

path is coRgEri é@eéln Fhch0 2/l 25680 sPCTLESPOWVRES5 (5 a@[p@lezﬂ 49 laustqiat es a

variation gbuhReaepbodi aeatlsQfalFb@rta%nemeomwewma diciad Jmanetic cores
whose axial positions may be adjusted to adjust ion density distribution

across the wafer surface. 5 FIG 22 illustrates a variation of FIG 21 in
which & pair ofIGindingslaseravesdaar enbdddmealtr thitgreetedldfshesyldwri cal

magneti c ﬁgéﬁg%ml%g ELGroddah! hggts;ngt gﬁg% Eﬁl’l ation of FIG 22 in which a

single co ing s wound aroun groups of cores.

FIG. 15 illustrates an embodiment that establishes a
plurality of individually controlled parallel torroidal

15 plasma currents.

FIG. 16 illustrates a variation of the embodiment of
FIG. 15 in which the parallel torroidal plasma currents
enter and exit the plasma chamber through the vertical side

20 wall rather than the ceiling.

FIG. 17A illustrates an embodiment that maintains a
pair of mutually orthogonal torroidal plasma currents across

the surface of the workpiece.
25
FIG. 17B illustrates the use of plural radial vanes in

the embodiment of FIG. 17A.

FIGS. 18 and 19 illustrate an embodiment of the
30 invention in which the torroidal plasma current is a broad
belt that extends across a wide path suitable for processing

large wafers.

FIG. 20 illustrates a variation of the embodiment of
35 FIG. 18 in which an external section of the torroidal plasma

current path is constricted.



FIG 24 and 25 illustrate an enbodi nent that maintains 15 a pair of
mutual | y orthogonal torroidal plasma currents which are wide belts suitable

for proceqg Pgsipr9e wafers. FIG 26 illustrates a vari atﬂéﬂ%é@ﬁ/ﬁéﬂ?
enbodi nent of FIG 25 in which nmagnetic cores are enpl oyed to enhance 20

i nductive coupling. FIG 27 illustrates a nodification of the enbodi nent of
FIG 24 in which the orthogonal plasma belts enter and exit the reactor
chanber through the vertical side wall rather 25 than through the

hori zontal ceil FfA§- RGILB®ET3ER7 raresiat ol dheatsrrdinene of
enbodi ment ralc .Fi@ edbplwRiichy pﬂ’ﬂdl.li@ﬁl@]f Qﬁafﬁnétng Qfdlewawhoié asfpa cur rent .

30 FIG 28B_il.l.ustrates vers t he di.nment . of 8A t

i ncl udes nBGHEtTC EorEY. %ﬁ 4&& 5 J%SQ: Jpor%f%errf %)Josczl’i 1fh“oc?nt he
35 inventi mm@mﬁﬂ?@h“@f@@htsuﬁf@m circular plenumis provided to enclose
the torgoidal plasma current. 7 WO 02/15650 PCT/US01/25505 FIG 30 is a

top sectional view corresﬁ%lndl ng to FIG | 29. FIGS._31A and 31B are front
and si de secti oRal® -vitews &J%att&qf} &t FFC FGE W WMckiFates a

vari ati on ghitrhefenmtiodiimery 2% vwerpldHrwuridhreedindepengenigy «ff i ven RF

coi I's under, um facing at 120 degree intervals. 10
FIG 33 |IIglitqhgltrtéEﬁz:iL \inar%{ &Hﬁ%o the enbodi nent of FIG 32 in which the

three RF coils are driven at 120 degree phase to provide an azinuthally
rotating plasnmarIg? E|36113419t|r|alt5et§%1Qz%xela\tafdrﬁtdfoﬂ«"m;f the ienhadidrend of
FIG 33 in V\:h ﬁih RFE dri s are Utngid arou%g S:r?dl cal extir nal ends of
respect i ve °ragnst Icgmglgpegv &9 oppds] AL e HOSY SRS I 97 Sihder
the plenum at symetrically

FIG. 24 and 25 illustrate an embodiment that maintains

15 a pair of mutually orthogonal torroidal plasma currents
which are wide belts guitable for processing large wafers.

FIG. 26 illustrates a variation of the embodiment of
FIG. 25 in which magnetic cores are employed to enhance

20  inductive coupling.

FIG. 27 illustrates a modification of the embodiment of
FIG. 24 in which the orthogonal plasma belts enter and exit
the reactor chamber through the vertical side wall rather
25 than through the horizontal ceiling.

FIG. 28A illustrates an implementation of the
embodiment of FIG. 24 which produces a rotating torroidal
plasma current.

30

FIG. 28B illustrates a version of the embodiment of

FIG. 28A that includes magnetic cores.

FIG. 29 illustrates a preferred embodiment of the
35 invention in which a continuous circular plenum is provided

to enclose the torroidal plasma current.



distributed angles. 20 FIG 35 is an version of the enbodinent of FIG 17
in which the nmutually transverse holl ow conduits are narrowed as in the
enbodi mrentyvoafy/ikése. 20. 25 FIG 36 is a version of the enboditigwi28sFl G 24
but enploying a pair of magnetic cores 3610, 3620 with respective

wi ndi ngs 3630, 3640 therearound for connection to respective RF power
sources. 30 FIG 37 is an enbodi nent corresponding to that of FIG 35 but
having three instead of two re-entrant condujts with a total of six
re-entrant ports o tife ‘Chéntfe® FGLIARL IGY SRyoeh TR reR poHdi ng to
that of FI@9. 35 38 but having three instead of two re-entrant conduits
wth a total of six re-entrant ports to the chanber. 8 WO 02/ 15650

PCT/ US01/ 25505 FIG 39 is an enbodi ment corresponding to that of FIG 35
in which the extfdGfal 3déndiid $jBiara dgerteranth sdomRrtipiahim S910. 5

FI G 405i s carrerbesiaierf weormespaending to that of FIG 36 in which the
external conduits join together in a common plenum4010. FIG 41 is an

enbodi ment corresponding to that of FIG 10 37 in which the external
conduits join t&gét-hé2 il lastommms phemintdbll. ofFlthe Anbodiamreenmai nent

corres pondieﬂ@lb?ih@atth@;ee'::i%dep%@ldéﬁt‘@g g?:li}é‘?:t R rdalg gﬁﬂfg#[ﬁe%tjkpiﬁe

together in a ¢omon pl enum 4210. 3 1s an enbod] nme

cor r espondiCRGTEFUPHE PoeTEIGI2CERg @ twriddh e ek etaRivacchdui ts j oi n
togethéd in a cormon plenum 4310. 20 DETAI LED DESCRI PTI ON OF PREFERRED

EMBCDI MENTS O’%‘%@ﬁ‘é’f}'&%ﬁ%t@a@%@ aRQ/%%ti%rtig}la%%ert:heReefn%ordirr]r%r}to oncJ G 1 a
pl asma reactor chanbér
FIG. 32 in which the three RF coils are driven at 120 degree

phase to provide an azimuthally rotating plasma.

15 FIG. 34 illustrates a variation of the embodiment of
FIG. 33 in which RF drive coils are wound around vertical
external ends of respective magnetic cores whose opposite
ends extend horizontally under the plenum at symmetrically
distributed angles.

20

FIG. 35 is an version of the embodiment of FIG. 17 in
which the mutually transverse hollow conduits are narrowed
as in the embodiment of FIG. 20.

25 FIG. 36 is a version of the embodiment of FIG. 24 but
employing a pair of magnetic cores 3610, 3620 with
respective windings 3630, 3640 therearound for connection to

respective RF power sources.

30 FIG. 37 is an embodiment corresponding to that of FIG.
35 but having three instead of two re-entrant conduits with
a total of six re-entrant ports to the chamber.

FIG. 38 is an embodiment corresponding to that of FIG.
35 38 but having three instead of two re-entrant conduits with
a total of six re-entrant ports to the chamber.



25 enclosed by a cylindrical side wall 105 and a ceiling 110 houses a.
waf er pedestal 115 for supporting a sem conductor wafer or workpiece 120.
A processwgp®/86Hapl y 125 furni shes process gas into the gegniei 39
t hrough gas inlet nozzles 130a-130d extending through the side wall 105. A
vacuum 30 punp 135 controls the pressure within the chanber 100, typically
hol ding the pressure below 0.5 mlliTorr (nil). A half-torroidal hollow
t ube encl osure condui,t 150 extends ,above the ceilin 0.in f
circle. The conﬁgﬁf %goﬁs Sptﬁggﬁ l@?FEn&Pﬁﬁeg?ngﬁEEI§%b$#ﬁ§rﬁﬁi om
ceiling 1105 iis 8Bipbvéhehekéssnpadr tooflutthe [eatt sogetdefrorims aa cmairiorof t he
chanber. Iptennal kyibt shares the same evacuated atnpsphere as exists
el sewhere in the reactor. In fact, the vacuum punp 135, instead of being
coupled to the bottomof the main 9 WO 02/15650 PCT/ US01/ 25505 part of
t he chafber as FlustpatedainnehbGditenmayornstpaddbeg couphed bd Fie.
condui t 150c althRugh LhLs s 0aLIPLegant Ly 4 BEel erfedn Ihg canduid 150 has
one open en Oa sealed around a Trrs opeﬂ|ng BES At he ™ 8astor ceiling
110 and 5 P£§nBPhéP1lénd 150b seal ed around a second opening 160 in the
reactor ceiling 110. The two openings or ports 150, 160 are | ocated on
general | y opposi si des of the fer support edestal 115. The hol | ow
conduit 150 is kigenﬁgaﬁﬁ PR FW8$81W?ngr§5FH§§P§ngFB% %atﬁ iEE éxfts the
mai n pbttidh ofi whéchOtbkasBerratlonendpehengoandtpgeehter snat themonher
opening. Li.LhiSagpscification, the conduit 150 may be described as being
hal f-torrordal, in that the conduit is hollow and provides a portion of a
closed path in which plasna may flow, the entire path being conpl eted by
fl gwi ngI across Fhe. 15ﬁemtsi Y-} Qﬁ@ﬁ&&ﬁeﬁﬁ@]ég@ﬂ:ﬁ@gpbhdﬂﬂg tbetlgla}‘:ebfsgmgort
edesta 5 | nd] L 0 e termAtorroi da t he
Prajectory}%fi?agﬁggbhéég %éFgrﬁgftﬁégg?%%%- ‘c ig% Fgéﬁgpén fc?W@OBath or
condui ¥> 15p1@aymbé2¢Prcul ar or non-circular, and may be square,
rectangul ar or any ot her shape either a 20 regular shape or irregular.

FIG. 43 1is an embodiment corresponding to that of FIG.

17 in which the external conduits join together in a common

plenum 4310.
20

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
Overview of the Plasma Reactor Chamber:

Referring to FIG. 1, a plasma reactor chamber 100

25 enclosed by a cylindrical side wall 105 and a ceiling 110
houses a. wafer pedestal 115 for supporting a semiconductor
wafer or workpiece 120. A process gas supply 125 furnishes
process gas into the chamber 100 through gas inlet nozzles
130a-130d extending through the side wall 105. A vacuum

30 pump 135 controls the pressure within the chamber 100,
typically holding the pressure below 0.5 milliTorr (mT). A
half-torroidal hollow tube enclosure or conduit 150 extends
above the ceiling 110 in a half circle. The conduit 150,
although extending externally outwardly from ceiling 110, is

35 nevertheless part of the reactor and forms a wall of the
chamber. Internally it shares the same evacuated atmosphere
as exists elsewhere in the reactor. In fact, the vacuum

pump 135, instead of being coupled to the bottom of the main

]



The external conduit 150 may be fornmed of a relatively thin conductor such
as sheet netal, but sufficiently strong to withstand the vacuumw thin the

chanber. |y @/d&dp to 25 suppress eddy currents in the shegicfgdhs®f the
hol  ow conduit 150 (and thereby facilitate coupling of an RF inductive
field into the interior of the conduit 150), an insulating gap 152 extends
across and through the hollow conduit 150 so as to separate it into two
tubul ar sections. 30 The gap 152 is_filled b a r|n 154 of insul ating
material BoER a5 hNEeFRATPeIapi ddloFtiRe all skiay detard be he

gap i s vacadtpleghto Ahseeenduinsulat,i agtmglﬁ?c}fﬁm/ e nd prgdechr s t hat

one sectio cond l.ectrically flaqatin bi as -RF

gener at or §E§Ee£9 fies Eh%Séggdhito%eS?) thaSt ﬁéle\g\a er endgs]t%q ﬁ%ajandd waf er
120 thr ougﬁroxaﬂdu ﬁpéaaﬁéeommﬁgeﬂéﬁenp e rla@qmroyeﬁa@scg FGT Wsell/ 25505
A ternagivety, otherhehhowseenduil e58 N fs@d&ﬁi preanrf@ -GN YLt e

matorial mhSPRECE EEFARTE, 0r  GRapre. OPRASAES & ATehat Ve Kbdtitent.
nei t her gapodsedSonrgeb8ras lyequredteAs idetsemia tha0 valisr amm:omtndl ng or
coi I 165 dj b dbspOsed) 9ﬂ5onewﬁbdﬁ0gﬁo£vheoﬂau 12N Lol B NUN G ound

an axis to the axis o hal f - torr0| els
connect ed %%r%ﬁ@ﬁlgﬁsl ApédancEakht &’Hl€heﬁé<ﬁﬂisl?@et daign qutﬁé?wepfs&h&te
180. THe ashe&mberlf0 ony bpehhey bneal vdeentegecend t\mawdﬂtm@rl%@edns@osed on

t he opposi h hol. | ow ndwt 15 woun

direction %12 ?llﬁ ??eé %lcaglon’ g s0 Pﬁlgtlg %g%rrglﬁﬁfe?b S&r&%egc?ﬁl bot h
15 wi ndi ngse aad ]@@hﬁttgﬁrpvéﬁﬁl Protbes §hsesobhdovhtt He diedmioer at00 fill the
hol I ow copdii3d§0a hBraddht bena @1@@@@ gb%hprlac%%%a 1SURR! %2390 may

supply process gases djrectl e hol |l ow_cond 0 150 throu a gas
o ot 165 E50 BESF BRELFR PRENCRECPHAPOTROFRS Danddryiish HeaEres it
gases Iin tdetiobeptrocpseduegion overlying the wafer support pedestal
115. Notwithstanding the use of the term Atorroidal®@, the
trajectory of the path as well as the cross-sectional shape
of the path or conduit 150 may be circular or non-circular,
and may be square, rectangular or any other shape either a

20 regular shape or irregular.

The external conduit 150 may be formed of a relatively
thin conductor such as sheet metal, but sufficiently strong
to withstand the vacuum within the chamber. In order to

25 suppress eddy currents in the sheet metal of the hollow
conduit 150 (and thereby facilitate coupling of an RF
inductive field into the interior of the conduit 150), an
insulating gap 152 extends across and through the hollow
conduit 150 so as to separate it into two tubular sections.

30 The gap 152 is filled by a ring 154 of insulating material
such as a éeramic in lieu of the sheet meﬁal gskin, so that
the gap is vacuum tight. A second insulating gap 153 may be
provided, so that one section of the conduit 150 is
electrically floating. A bias RF generator 162 applies RF

35 Dbias power to the wafer pedestal 115 and wafer 120 through

an impedance match element 164.
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a plasma. The RF field induced by the circular coil antenna 170 is such
that the plasma fornmed in the tube 150 reaches through the regi on between

t he waf erwb2/1@68d the ceiling 110 25 to conpl ete a torroi dadr/yathsdohat

i ncludes the half- torroidal hollow conduit 150. As enployed herein, the
term Atorroidal @refers to the closed and solid nature of the path, but
does not refer or limt its cross sectional shape or trajectory, either of

whi ch may be circular or, n ci rcyl.ar square or otherw se. Plasna
circulates thr o@éﬁ It“ﬁglé" & et & &OWalcoﬁ’éStWrtor:L@e&}a@n RihitaFmesy e
t hought of asnaconosed ipleasnre egiipduiitis tEael todr rthied aondegitdvee xhenrds

acr oss.  hen@iaet el obe Al clal e inaCoRlAKL LORUUIRN Foohas @

sufficient width in ane so“that it overli‘es th

entire maf@?agﬁﬁﬁaceln‘?ﬁéhRPnlﬁéﬁ@?@@§1Wﬁeﬁ6@Pﬂém©Pﬁe &Giithem eifwa 1520

i ncl udeS aomagnset i@ freetudreld.ch itself is closed (as are all 11 WO

02/ 15650 PCT/ US01/ 25505 magnetic fields), and therefore induces a plasna
current along the closed torroidal path described here. It is believed
that power fromAnhenRennadddoi vechi elsdai yiakdoghed catlilgéwér dilsyposesr y

| ocation abananbhglaeoggdtaatholigwtaéhdﬁlelq%@aahan%oﬁha gepenat ed al
al ong the absqgrption and rate of plasma ion generation

may vary a%ﬁﬁﬁ paFF#EE%nFOI5@§tF5ﬁ§ R oAYMIRETY) 8fedhpatp ldepeRaPiG3dpon a
nunber 1®f tabtoris. cHawevéed theooutr ent impedaneeahby chniflemanal ang the

l Cernat oty REOLBye? BAAVER 138, CUThENbnc tindoAal halR b fhiy THCS AT ent

al ternates at requenc he "anfenna
However , sﬁné@coﬂﬁewéﬁﬁﬁéﬁt1ﬁﬁddé§6©§§dtﬁé RhenaaﬁéﬁpéefSéﬁé p§ &hesed, the

cErrent n?ab%mewcaaaanzfdlaoouﬂa waanalﬁgytheogamaedgk@&Fqugabhtﬁ&o t hat
t he anount . urre n y,.portion cl.ose 1S
general |y Th&S saWéHQ%ngnggﬁyQStﬁg : BgFtFSHHS lfhélﬁgﬁﬁ fﬂgmeB?h

described wéhdingshrddf gonstirgcespedyted in the invention to great
advant age. The cl osed torroidal path through which the plasma

Process gases from the chamber 100 fill the hollow
conduit 150. In addition, a 'separate process gas supply 190
may supply process gases directly in to the hollow conduit

20 150 through a gas inlet 195. The RF field in the external
hollow conduit 150 ionizes the gases in the tube to produce
a plasma. The RF field induced by the circular coil antenna
170 is such that the plasma formed in the tube 150 reaches
through the region between the wafer 120 and the ceiling 110

25 to complete a torroidal path that includes the half-
torroidal hollow conduit 150. As employed herein, the term
Atorroidal@ refers to the closed and solid nature of the
path, but does not refer or limit its cross-sectional shape
or trajectory, either of which may be circular or non-

30 circular or square or otherwise. Plasma circulates through
the complete torroidal path or region which may be thought
of as a closed plasma circuit. The torroidal region extends
across the diameter of the wafer 120 and, in certain
embodiments, has a sufficient width in the plane of the

35 wafer so that it overlies the entire wafer surface.

The RF inductive field from the coil antenna 170
includes a magnetic field which itself is closed (as are all

11



20 current flows is bounded by plasma sheaths forned at the various
conductive surfaces bounding the path. These conductive surfaces include

t he sheetwirhakesdf the hollow conduit 150, the wafer (andicarudolessogf er
support pedestal) and the ceiling overlying the wafer. The plasma sheat hs
25 formed on these conductive surfaces-are charge-depleted regions
produced as the result of the charge inbalance due to the greater nobility
of the | ow mass neg ting glectron agg t he | esser | of t he

heavy- mass PO t|l€ i 5nss?  sieht ?’ﬁ% e s Uf?%? Cr‘i‘%refri‘_el d

per pendi cukaengo t3e Cﬂ@SE@cabrsaaﬁ@dep@ﬁ&Eﬂeﬂqn}mm%l&h&athIfﬁms the RF
pl asma_cur Ib%mtlekfeat tPagS eowkh augh, ttl?l% WPoci@ﬁfﬁlcft@Lg}eorfl%rld OGRS,

overlying the wafer _is constricted by a passes _bet ween electric
fields perﬁEn&F@ﬁF&F&Vo SVREY éﬁFﬁééénoﬁlFW@¢5§ﬂ|Q%?ﬁ%§n9ﬁfh4u§QM§ﬁ€ﬁiand

t he surfacelakmd5ibhe wateyehatimrgd b&lga,iodjgsttlheb@iaitﬁn pl@ie RETHwer ]

t hi ckness e h i a the _workpiece or_ ot her
electrode)aggogfpElgﬂ gwﬁeégk%hgﬁg gc ﬁ?cq %né%atééhcg% rared SVer-s
smal | ar ea 1§ﬁ@ﬁea§ L reakares, aéﬁagl§helEDWQGQZPE5®5@e@@TﬁUSGHAQEBUSR | ess

'3 ot her |ﬁﬁﬂbb@n§f5ﬁ§8t@§stheHéG@ﬁ%B CQ%%erQr%&% 1%e{ﬁﬂa%d%1 the Iarge
adj oi ning cha us e p ea over
waf er is niith ?ﬁpcgang #hg 8ﬁ8€? EaFPeﬁ 'tﬁ&%%ﬁﬁﬁh 6%% gas 5

di stri but i deanplayvemshiemahy. ar@hgeneuakbmtpaﬂabkebtba @ ft heotthrerguame:y
per pendi cubar ¢ha kﬁesggﬁsﬁtaggl%dt hg Bﬁeplaﬁ% 204Nt }{J“%We'rn fs*l%ﬁ?

process regj on. first appli coil anterna

a di scharg 8CEHF§e§Er6§§uFﬁ@ BﬁptT§2RFom?§ﬁ?Fécafl@&éaéﬁtﬂ%ﬂsﬁdooﬁﬁﬁed
pl asne frogugasas mukbi ]lﬂet henbehd:{rew agenadi 11:hé5@:Lr’c’h@lfte@fféI ehe 29 dske lol asma
current th h {he . h w t 150 increases nductive coupl i ng
of the £$HH : eE%ngsLﬁDré% oﬁ%n ; CEErFHEt%?ﬁglﬁﬁaéﬁaaﬁébBREE 8 15
|nductl@el9fcbh9I@ﬁoﬁﬁdspathAﬁﬁegﬁaﬁraéﬂy tpeasamenay be anyi bitheed by

other neangorsi6h 88 bMeRFabhas ABRPLEed He BRScribed below, this fact

is exploited in the invention to great advantage.

10

The closed torroidal path through which the plasma

20  current flows is bounded by plasma sheaths formed at the
various conductive surfaces bounding the path. These
conductive surfaces include the sheet metal of the hollow
conduit 150, the wafer (and/or the wafer support pedestal)
and the ceiling overlying the wafer. The plasma sheaths

25 formed on these conductive surfaces are charge-depleted
regions produced as the result of the charge imbalance due
to the greater mobility of the low-mass negative electrons
and the lesser mobility of the heavy-mass positive iomns.
Such a plasma sheath has an electric field perpendicular to

30 the local surface underlying the sheath. Thus, the RF
plasma current that passes through the process region or
process zone overlying the wafer is constricted by and
passes between the two electric fields perpendicular to the
surface of the ceiling facing the wafer and the surface of

35 the wafer facing the gas distribution plate. The thickness
of the sheath (with RF bias applied to the workpiece or
other electrode) is greater where the electric field is

concentrated over a small area, such as the wafer, and is

12



wor kpi ece support or other electrode. In order to avoid edge effects at the
waf er periphery, 20 the ports 150, 160 are separated by a distance that
exceeds {epfisgqyeter of the wafer. For exanple, for a 12 gglydipeet er
waf er, the ports 150, 160 are about 16 to 22 inches apart. For an 8 inch
di ameter wafer, the ports 150, 160 are about 10 to 16 inches apart. 25
Advant ages of the Invention: A significant advantage is that power fromthe

RF inductiive fi.eld.is ahsorbed throughout the relatively |on cl osed
torroidal p&ER (R &ERSong SRS & e t%’?pﬁhé?ﬂjﬁ"n Céﬁyed%‘t &M1& he waf er
and t he reeetidingekhidnghe SerdratdBeipower chabbenrptiadl issirdiesterd .but ed over
a large ar As r I /| i_Gd.nit. :

waf er -t o- cg?lﬁfﬁgtﬁgpgi%is?ng. ,S t%glﬁFF%%\ngé/l?lg;g}tgl% F??e%les% S uoCIV\%etlhr%cﬁe(g' 2,
not to be dBff GIEGTHLECH fikd denodl dhienyadsy o) ced li@madgarel y | ow, 35 thus

reducingdta@skkath@ﬂl@gad%v@®@a¢@@aggef?@ﬁbﬁalggeb@&allku Q%ﬂ%k%ﬂgt,_iﬂ

prior inductive oupl ed reactors, a of_,_t . p i orbed within

t he narrowo%FJefr ¥‘Po- %Fﬁeﬁlﬁlm ;Lﬁr &6 ttklgt diltrefzglﬁpegﬁl\%h&%ggm in

t hat regi opurt8nPOLd2w13650hRCPrUSEEL25805 onlVbr eover, this fact often

limts the ability to narrow the wafer-to-ceiling gap (in the quest of

ot her advant ages al ternativel requ:%rggsﬁgr eater concentration of RF
i

or :
power in the r3gFBnRE pPP'Y@rvv&lself.ll%P:rué‘Pptl et o Odve PR REE 3 150,
| i m tat@ onaoflibohgrgtandicngsi actrbesathe Fhbs lagpeot igedkanees process

per f or mance gxcﬁe%}ghg}gcr Eﬁg%%”fﬁatﬁimgef%m gggeg%ﬁ%\{% %%e%o?a%%ugh a
dramatic reduct ion In volu of "t he process regi on overlying e wafer, as
di scussed CprEWiLBuU3FY-heFBeKeaffen. r ebatbe RAESBReqUBEAL frhepLaht the

advant age hs1lbat cbhguipl asoriderskkysat thBeiwahetigur taeg16a8 BE the
dramaticalby ¢iaghepsed Wit hodt Lacteasing the BF powen appled to the
15 inductively coupled plasma. Alternatively, plasma may be
initiated by other means, such as by RF bias applied to the
workpiece support or other electrode.

In order to avoid edge effects at the wafer periphery,
20 the ports 150, 160 are separated by a distance that exceeds
the diameter of the wafer. For example, for a 12 inch
diameter wafer, the ports 150, 160 are about 16 to 22 inches
apart. For an 8 inch diameter wafer, the ports 150, 160 are
about 10 to 16 inches apart.
25

-

Advantages of the Invention:

A significant advantage is that power from the RF
inductive field is absorbed throughout the relatively long
closed torroidal path (i.e., long relative to the gap length

30 between the wafer and the reactor ceiling), so that RF power
absorption is distributed over a large area. As a result,
the RF power in the vicinity of the wafer-to-ceiling gap
(i.e., the process region 121 best shown in FIG. 2, not to
be confused with the insulating gap 152) is relatively low,

35 thus reducing the liklihood of device damage from RF fields.

In constrast, in prior inductively coupled reactors, all of
the RF power is absorbed within the narrow wafer-to-ceiling

gap, so that it is greatly concentrated in that region.

13



coil antenna 170 (leading to greater efficiency). This is 15 acconplished
by reducing the cross-sectional area of the torroidal path in the vicinity
of the pedesiakessurface and wafer 120 relative to the remimgeiehst he
torroidal path. By so constricting the torroidal path of the plasm
current near the wafer only, the density of the plasma near the 20 wafer
surface is increased proportionately. This is because the torroidal path

pl asma current through.the hqll condui .t t | east near Iythe
sane as thglepl SSTE c%thrlgnffact%hro gt ﬁﬁé“lr%deg‘tea% Jgié’fa? gnarrow

(waf er - t o- veiflemgp -gap.l 126 Aagi ghirf itdentqudisfitf erfengtheaverdtdetqueor @rt is
that not %Iiltéfngttl%ﬁ fxlequqxr x%aftre%médafcéeﬂ{mutl RGE o AN O é%ﬂ'i/n can

ion density. be increaséd surface wt I ncreasing
appl i ed RF¥1h1eeF:89186’t °th&hs éf@r#&l‘u -on TdeSi thRe At i %WQ%’&FE’RFE‘ field
nmay be Sncileadedtwothedt 13tg reseasing irheHE Riraim vmafﬁ -ddpeced | i Ng gap

length. ForgRely. SUERAA CChease. il LAY dens| Ly siecess) tated an

i ncrease in e waf to-cerling gap to
surface. | &hEoAERESEVE gagks Fhessmh iondammadn c tasiusitiant e pialgime dehsity

is realizedns pb@@tes@e%gﬁb&g oY rafy Rgnf?zl}@a%ﬂe& t hey wafRrudLscei ling gap
to avoid a__conco I ncrease in magnetic fields at the wafer
surface. Tﬁffgvﬁgu%g E?@etlﬁle RF field is applied renotely fromthe wafer
and not@over need not be increased to realize 14 WO 02/ 15650

PCT/ US01/ 25505 ja a i a f f
result, the_waf ér Etegag%le i:d\?g%ﬁvgbcgﬁ% E@Ié)u gltt ta%a\éﬁ é—'%% ntt'&\fe
d t

linit to abhPEWE AGRELEYs ygésr Isbllrfaé’?aﬁﬁ{ne, § 1d1taﬁ@tclé1alj11r§’g sur f ace
above the wateeaksdSwaehduct llYle,reta@e.lﬂlgf e@@cmgpbh@xv\@f;@htet&w ldHeg gap

I mproves 2. e al. -qr fer enc ro t.he onductl ve
ceili n? su% g%eggigﬂl}%dgﬂnt(g Fé‘l O n2the eﬁf’l Ao J\%%: r) 't o- r‘T’g gap
| engt hI3 s eReosRHsheghby rﬁri@m@gsébeof:rpﬁ@ peasiensfeaties of ttﬂn@ waf er

surface andor#8i@a1t perheihi RYesYitae8ty of the pedestal surface and
wafer 120 relative to the remainder of the torroidal path.
By so constricting the torroidal path of the plasma current
near the wafer only, the density of the plasma near the

20 wafer surface is increased proportionately. This is because

the torroidal path plasma current through the hollow conduit
150 must be at least nearly the same as the plasma current
through the pedestal-to-ceiling (wafer-to-ceiling) gap.

25 A significant difference over the prior art is that not
only is the RF field remote from the workpiece, and not only
can ion density be increased at the wafer surface without
increasing the applied RF field, but the plasma ion density
and/or the applied RF field may be increased without

30 increasing the minimum wafer-to-ceiling gap length.
Formerly, such an increase in plasma density necessitated an
increase in the wafer-to-ceiling gap to avoid strong fields
at the wafer surface. 1In contrast, in the present invention
the enhanced plasma density is realized without requiring

35 any increase in the wafer-to-ceiling gap to avoid a
concomitant increase in RF magnetic fields at the wafer
surface. This is because the RF field is applied remotely

from the wafer and moreover need not be increaged to realize

14



A further advantage of the invention is that because the RF inductive
field is applied along the entire torroidal path of the RF plasma current
(so that wigsp2akeser ption is 15 distributed as di scussed ab@a)ysoihssoshanber
ceiling 110, wunlike with nost other inductively powered reactors, need

not function as a window to an inductive field and therefore my be forned
of any desired material, such as a highly conductive and thick netal, and

therefore ri e.a cond t|v istri tlon atea WI|| be
descri bed ellgl\(/%v g’fe exam q1asma nsrleﬁlatsC c%qui r‘isgu T ea
provi des anesiilah| &hel esthec Geotceritliialg @rapgm@mndber efestarese daar ctgs at he

entire pl a'f@ln@fanfe%%a}lquﬁjﬂ th a\é@‘ﬂcl%rvel%%me%%ulé"%r%%ééqe Riasma |on
Density: One wa realiz ensity near  the wafer surface

h
by reduci n&xﬁlmgéﬁ‘a |E)L§t triG 19?31& e&ﬁ%a%%méﬁ’o"@v&het AELRE &S is to reduce
t he waf &r - ondeicliing , gapare ngidhic i nghitheman flae--acc arqilliishe dydyy isiprlwes
reduci ng tlﬂ?lec%'l@c'%%l%glh%'rg%&o% dblfef'%&%gl@%; Q%v%d%% Wetdpe gas

distribution plate or showe over as I | stratedln FIG 2.
The gas dFEPAPBEEVEN CERGMERhERFLRAES -of AFFfendzmeeﬁ@lstlsmeft Prgadie

di stri buti ednphesurez2e e@n@eque@hgt ?abhﬁeﬁéggﬁliﬁmt&ﬁel%@lnﬁﬂﬁl HHRMTUNI c?ti ng
with the p esrelono evvae t plura as nozzl e
openi ngs 2%8‘(i ]Sf %var??aé atsﬁ@ Eéﬁéﬁ 5??8\/\3’?1’?@%% “ f ol d:
First, I®y eonrthe cefiling emﬁe—CIegcatl onto the wafer, it constrl cts the

pl asma path over the wafer surface and thereby i ncreases the 15 WO

02/ 15650 PCT/ USQ1/.25505 sity of the asma current in that vicinity.
Second, it pro®i BT eﬁn?%b’?‘ﬁtéggcf’ﬁl EQF 681‘."§ﬁﬂ:|18p r&f &h@kc &6 ound

pl ane cl osehtoRandndorasset e edmt uleeap@ﬂéedsaﬂbage thz Bhefierabbyrdidaar der

to avoid a@ﬁtﬂgoécEﬂésgbhglagﬁsmcugeeﬁo (s82EHAPERNG 230 g hehati vel y

ga
smal | erred hol
approxﬁmt gigtoibupsyl ashdispuerad BbPW@en éhﬁaééﬁmbeéfp@mlﬁg@gnéyobe on the

order of ausgvrealyighl hbBet BESer inductively powered reactors, need
not function as a window to an inductive field and therefore
may be formed of any desired material, such as a highly
conductive and thick metal, and therefore may comprise a
20  conductive gas distribution plate as will be described
below, for example. As a result, the ceiling 110 readily
provides a reliable electric potential or ground reference

across the entire plane of the pedestal or wafer 120.

25 Increasing the Plasma Ion Density:

One way of realizing higher plasma density near the
wafer surface by reducing plasma path cross-sectional area
over the wafer is to reduce the wafer-to-ceiling gap length.
This may be accomplished by simply reducing the ceiling

30 height or by introducing a conductive gas distribution plate
or showerhead over the wafer, as illustrated in FIG. 2. The
gas distribution showerhead 210 of FIG. 2 consists of a gas
distribution plenum 220 connected to the gas supply 125 and
communicating with the process region over the wafer 120

35 through plural gas nozzle openings 230. The advantage of
the conductive showerhead 210 is two-fold: First, by virtue
of its close location to the wafer, it constricts the plasma
path over the wafer surface and thereby increases the

15



10 The conductive showerhead 210 constricts the plasma current path rather
than providing a short circuit through itself because a plasma sheath is

formed ar nké@ portion of the showerhead surface i Mmengqydot 5408

pl asma. The 15 sheath has a greater inpedance to the plasma current than

t he space between the wafer 120 and the showerhead 210, and therefore al
the plasma current goes around the conductive showerhead 210. 20 It is not

necessary to enpl oy a _showerhead (e.g., the _showerhead 210) in order to
constri ct gﬁgsggyfﬁﬁd§ﬁmbﬁg§ﬁﬁ@'E%FF' C of FEF R QIE- B ci eSPT tHe
process regirowideer kyung fohen wiketritad paithrtders! rMdefid@ahandr ensagient
i ncrease | S isQn densiqt y J h r reqi @R% e . 25 achi eved
Wi t hout t hgléa h%vmg?ﬁesgd tgjlo%gy%gxﬁis}sar%ﬁj% %glga"%enggt%re} wa e}ﬁicted- ceiling
height. If the showerhead 210 is elinmnated in this manner, then the
process5 gases neyelferapipn! iied ordee the atamberdiMerddody trans of

conventi on i t nozzles (not wn). 3 e advant age of the
shomerheadgéfﬁgﬁéstEgﬁ’dﬁféérgﬁFgln x?gﬁeésogeagggWﬁsé’éﬁﬁﬁgﬁefFl ess
gas rati osondgrbef enmidddsederhripughedicktieheie oldiafietes 230 at different
radii, in af:g%xmafc'bn?l ¥ .adiEst t hecunbhenpit :be%e%aga? aff fects on

phot oresi st, for. exa Thus, for examp a greate roportion of inert

. €, )
gas to reaBPFiegas™ y%ﬁeonsﬁbﬁlpééeFooﬁhé SEVEreds ™33 IMFLSF Sout si de a

medi anl¢ adius while a greater proportion of reactive gas to inert gas may

16 WO 02/ 15650 / . ixed.t0 rifices 230 within that
medi an radi us. iggwyﬁﬂagéégggcFgggggggFgmg1gn8% %Fgﬁg%?i%%ﬁh%gﬁsgﬁe
torroi dal PrESABLcOREENEaBREN FRFNDETETAHSEPHCcBeghiontt lvd B uditocdsougdyi on

overlying tbeevafBeckiiBeOkdpl akRal Bﬁéaaﬁeiﬁpkgé%ﬁ@di @E}o@ﬁi@ﬁitk%é @sgcrtito&e
wafer) is to Lpcrease the plas sheat h_t hi.ckness on_the wa y
increasingo htHﬁFs Pygrgeaa sug%ace immersed 1in %ie plasma. %%e
15 sheath has a greater impedance to the plasma current than
the space between the wafer 120 and the showerhead 210, and
therefore all the plasma current goes around the conductive

showerhead 210.

20 It is not necessary to employ a showerhead (e.g., the
showerhead 210) in order to constrict the torroidal plasma
current or path in the vicinity of the process region
overlying the wafer. The path constriction and consequent
increase in plasma ion density in the process region may be

25 achieved without the showerhead 210 by similarly reducing
the wafer-to-ceiling height. If the showerhead 210 is
eliminated in this manner, then the process gases may be
supplied into the chamber interior by means of conventional
gas inlet nozzles (not shown) .

30

One advantage of the showerhead 210 is that different
mixtures of reactive and inert process gas ratios may be
introduced through different orifices 230 at different
radii, in order to finely adjust the uniformity of plasma

35 effects on photoresist, for example. Thus, for example, a
greater proportion of inert gas to reactive gas may be
supplied to the orifices 230 lying outside a median radius
while a greater proportion of reactive gas to inert gas may

16



power applied to the wafer support pedestal. Since as described previously
the plasma current across the process 10 region is confined between the

pl asma shggf the wafer surface and the plasma sheat h gt td§2685! | N9
(or shower heda}gj%sosurface, i ncreasing the plasma sheath thickness at the

wafer surface necessarily decreases the cross-section of the portion of
the torroidal plasma current within process 15 regi on thereby i ncreasi ng

t he plasna.ion_de Slt in the pr ss r.egion.. .Thu |1 be described
more ful |y G5t SFP |1n (%lhﬁ% e c‘?%%%a‘i‘?%r?“g éh TP FREATET er
support pedestal is increased, plasma ion den5| ty near the waf er surface

is increased acoqy 4iingl he 261 dd:GbEE ol 158) Saiotd aladi oh FLoly Res: The
i nvention solve obl em of poor etch’ ectl Vi t soire rres
occurs Wit Ogrl‘ﬁléi‘?qdéﬁﬁstrﬂﬁ DHASTHE PRI ﬁr@é/étk@r mgdstad gy theas a

si | i con5di geicdes25 ztagzpimtcoxashysﬂngettﬂfe et | (il Yo hitgh ascidade of a
capaciti vetgﬂ GRUpl4 90%1 @eﬁfﬁj%@%&o th(eal%%lfterﬁ l) V\/m I £ I’OVI &kbﬁgas jhmaet ch

rates appr Shi ng t high density duct ivel} y
reactor. | Ehesthelbhardasmon he medson bfYorlrtdﬂe@ssmg:éskBe iRF tthizs t he

react or st@miewep@fll%@ E'oGséhe]-m%rfdarz L@}m gl dear ee O sgoci ati on of
the reactiyve %c as, Srerpl %1' 'uorocarbon gas, so as to reduce
the inci defi€ES %fl VIS i aﬁl“?sﬁélrff%toﬁcaf&?@r tife REAESS120.
Thus, 1%e pegpont |1@n O@ﬁlfflrn@ei fetrorcieme thien flleenpl asremutelat itte twamﬂfler
species di ss0eibaked  emd e o3 ligeachon gasds qiﬁf Jq%a@%vr eed.

Such ot her cies .include the proteciive car on Fic precur
speci es f&P%&cien LRETSEAdRY ftll"@mpt RER SHesEar s’itg dheqnpfer

deposi t ed GnrtEheeph@t@@%&lﬁﬂyaﬁearﬁh@e%cﬂ::h‘éz c@@s}érr%rec&o\fpo@{t}%%?
PCT/ US01/ 2 o] rther, include |e ive etchant species
such as CFngg 8&2%% Egﬁgd-gragryrfhea | REREFr SHEERET #] ?rgﬁ'l&é)rrﬁézﬁsﬁr ocess gas.
Free fllioriraeirandshesekyt dckreasing the plasma ion density in the

process region. Thus, as will be described more fully later

in this specification, as RF bias power on the wafer support
pedestal is increased, plasma ion density near the wafer
surface is increased accordingly.
20
High Etch Selectivity at High Etch Rates:
The invention solves the problem of poor etch

selectivity which sometimes occurs with a high density
plasma. The reactor of FIGS. 1 and 2 has a silicon dioxide-

25  to-photoresist etch selectivity as high as that of a
capacitively coupled plasma reactor (about 7:1) while
providing high etch rates approaching that of a high density
inductively coupled plasma reactor. It is believed that the
reason for this success is that the reactor structure of

30 FIGS. 1 and 2 reduces the degree of dissociation of the
reactive process gas, typically a fluorocarbon gas, so as to
reduce the incidence of free fluorine in the plasma region
over the wafer 120. Thus, the proportion of free fluorine
in the plasma relative to other species dissociated from the

35 fluorocarbon gas is desireably reduced. Such other species
include the protective carbon-rich polymer precursor species
formed in the plasma from the fluorocarbon process gas and
deposited on the photoresist as a protective polymer

17



phot oresi st and the protective polynmer coating formed 5 thereover as
vigorously as it attacks silicon dioxide, thus reducing

oxi de-t o- Rlgphnkepi st etch selectivity. On the other hand,pdfigohf5H
reactive etch species such as CF2 or CF tend to attack photoreS|st and t he

protective polynmer coating forned thereover nore slowy and therefore
provide 10 superior etch selectivity. It is believed the reduction in the
di ssoci ati on of t he 8 asna S C|es to free fluorine is acconplished in the

i nventi on 6y3tdddci ngeie thgd: éhéFCQPﬁ€ ISt & SV S e ls peeies
pl asma. Thissichs abecaused i@, nboeme@nphexhspptiema Embml&hby di ssociated in

the pl asm.htomLhe, LLuaLoraLhon. pr 0gess. a5, such a5, P2 and O are
Ib e O SI ]?ree

t hensel ves ultim i SSocCl a npler “speci es 1 nc
fl uorine, Phﬁéoéféﬁéﬁﬂ: nc khe prfﬁélec§tléq§ @roldﬁrr@”ocgo@ﬁmg cfemmﬁ ng upon 20

the reSSdeBﬁErbbﬁﬁrOEstb@g@@&ubmy{B@ RkasmRackhe digliBon I@d:dency diyg” or

"residence_tine' o] pe cati on .cor.respaonds generally
to the avngggcﬁPﬁeofggF ¥8 Bb858§§86§§ ﬁ%F @%;%%%}t%EYspéH}égf
di ssoci at edtheonhehd, theat lesketeketave piedempeiai eishaymioces CH.Qr0RF
overlying 2aniheonaEkRbeCenBtowRbet: TAkS ke Wg)r%ﬁae%&% gn; €Xlands from

the initial injection of the nolecule intg th rocess I‘on until the
mol ecul e aRBP6LRPt §OUMEdoERGEERVEF 0lAT §98W1§a§§doGPQ§eﬁﬂﬁ§|@ﬂ9¥%§§ regi on
al ong the elipsedoroecehdaklepatfridescri bed above that extends through the
processing 30 zone. As stated above, the invention enhances etch
selectivity by reducing the residency tine in the process region of the

fl uorocarbon prétess Basievhd rkducefvRtiAn3sdnr édkeddicpadimeion achitdeed by

constrictipyakhe B%ééﬂEsVQbUEEeebgiﬂ@@@nEh@s“@E%bm%%qs%@@.H%et%@ ling 110.
The reductlon i or vol une 18 WO 02/ 15650

PCT/ USOL/ 2%%8%“Q&8Pt QVanQHSFPéﬂiL ofPELtEncE, Fde of ther g5868 FeaSie

densi t15 ovén the pafema.enfiansi hg bechusat eheSmoardcomplex species

initially dissociated in the plasma from the fluorocarbon
process gas, such as CF; and CF are themselves ultimately
dissociated into simpler species including free fluorine,
the extent of this final step of dissociation depending upon

20 the residency time of the gas in the plasma. The term
"residency time" or "residence time" as employed in this
specification corresponds generally to the average time that
a process gas molecule and the species dissociated from the
that molecule are present in the process region overlying

25 the workpiece or wafer. This time or duration extends from
the initial injection of the molecule into the process
region until the molecule and/or its dissociated progeny are
pass out of the process region along the closed torroidal
path described above that extends through the processing

30  zone.

As stated above, the invention enhances etch
selectivity by reducing the residency time in the process
region of the fluorocarbon process gas. The reduction in

35 residency time is achieved by constricting the plasma volume
between the wafer 120 and the ceiling 110.

The reduction in the wafer-to-ceiling gap or volume has
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residency tinme falls as the volume is decreased. As referred to above, the
smal |l volune is nade possible in the 5 present invention because, unlike

convent i oR@) g2l13g84ct i vely coupl ed reactors, the RF source ggWapihssosot
deposited wthin the confines of the process region overlying the wafer
but rather power deposition is distributed along the entire closed
torroidal path of the plasma current. 10 Therefore, the wafer-to-ceiling
gap can be |less than a skin_depth of the RF inductive field, and in fact
can be so SRETPINaLHEGIEGRY | 958 r edidEtrhd & dIHETFELT IS FT t he
reactive gdsesiitnt toadiuceathd niafdrhe piiegessy %er?m,rlaate.si géd;]drpcant _
advant age. ; r r.e t of_.re ing t.he sha th . cross- section
and the?ef g%glﬁ%gms’o?c&%e‘@e \(I)t(\%el\#asﬁaes vi\:/a}%eer %%% Ofe d|0escar aése?ig'duc‘?‘es t he

waf er - t 0- SHEWEIFESd teapldivstartde =Tivd lotediumsi ¢ st gnaidec mgesssl live il ddren
shea}] h s h; @&@@@?to%ielrvetnﬁgﬁ%&%:cha%ezo Siﬂlﬁﬁ@%d?ﬁfetrﬁﬁé?{aﬁ.s i%ﬁ%%feé?yf’g:c : gd
to the wafer sta i as power generator ., as

nent i oned cgbl%jgg ECOrER et %&? %gl;'%qugqen%gw'egd & TG idﬁpﬂsé@e%fl uori ne
content of withéipl aswea comftimesviodi riltey pofodtelse wafgion b r(arichec amsequent

i ncrease i fagiel okl LerheyP PRS0 42 {80 S BHREL Wkl 29 Qs gL

usi ng optical .emssion _ spe tnoscopaFQSE%) t echniques. There are three
addi t i onal SREEREdS1EFeCh& rRpdRigiloR of; EdGciPAGSMee €U ESE-ne content to
i npr ovED et Thegelfeeti, vichy. wa&@@t@—@%ﬁh@.@hgih?gab? clait lb@gll%f%sa tmll(a@- @hﬁmi(ﬁlal ly
reactive dil t _gas,su rgon into.t.he _plasma.. Prefera , the rgon
gas is i nt °g §§e890§P§i§§ g%g%gggyg &ﬁ&lgro 5'slPe§FS& Cﬁ?‘%ﬁj?@tﬁWGI?t
directly i ABotrheipoliféweosiduiredise fhenreshdeseyondmer ofesbdegas suppl y

190, whilerthetehenyaakky 13% rbaekiVe lRHOEEES g@%@%s(&%§9599a5b0n gases)
enter the chanher onl t he showerheag 210. Wth this advantageous

Yy t hr ou%h
arr angemenBIIPHELGPE5N2PSAE2H8utrals, and excited neutral s propagate
withinlihe torroidal path plasma 19

There are two ways of reducing the plasma path cross-
section and therefore the volume over thé wafer 120. One is
to reduce the wafer-to-showerhead gap distance. The other
is to increase the plasma sheath thickness over the wafer by

20 increasing the bias RF power applied to the wafer pedestal
115 by the RF bias power generator 162, as briefly mentioned
above. Either method results in a reduction in free
fluorine content of the plasma in the vicinity of the wafer
120 (and consequent increase in dielectric-to-photoresist

25 etch selectivity) as observed using optical emission
spectroscopy (OES) techniques.

There are three additional methods of the invention for

reducing free fluorine content to improve etch selectivity.

30 One method is to introduce a non-chemically reactive
diluent gas such as argon into the plasma. Preferably, the
argon gas is introduced outside and above the process region
by injecting it directly into the hollow conduit 150 from
the second process gas supply 190, while the chemically

35 reactive process gases (fluorocarbon gases) enter the
chamber only through the showerhead 210. With this
advantageous arrangement, the argon ions, neutrals, and

excited neutrals propagate within the torrcidal path plasma
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WO 02/ 15650 PCT/ US01/ 25505 current and through the process region across
the wafer surface to dilute the newly introduced reactive (e.g.
fl uor ocart@/18éses and thereby effectively reduce their pEsiwRensyysti nme
over the wafer. Another nethod of reducing 5 plasnma free fluorine content
is to reduce the chanber pressure. A further nmethod is to reduce the RF
source power applied to the coiI antenna 170. FIG 3 is a graph

illustratin a trend observe the 10 invention in which the free
fluorine c& éﬁP oﬁngheiﬁ ebre5588 I8 RE R&FEES S$homdisiead gap
di st ance isurdaceeasedllﬁte.t@elaealgraphrbﬁhueﬂrabemgamhatet@e free

(L uori ne RaLeRbealuby BLasinabn (RCLERsed Y A95ea3s 1t dd h%&f' asma_bi as

power appli edestal a grap ustratlng
t hat pIasnﬁeﬁ#éénﬁyueﬁmﬁeOV@énFéﬁtWﬁ§eﬂeduée@tbﬁrté@@@pﬁbcﬁhéaunKmﬁce

pover appl pedsmbofibe €oubrankerBatdh@. iEl o Geclimica @haphHdndastrating

that the free fl d_by reduci b re.
F'G 7 1s BEGPABROII | BetPAERRY RAPCO0TEI ASMECFRES Fhforeng e RE

reduced byapnéiedskagthrecodill sahenpAr §@A.gas) flow rate into the tubul ar
encl osure 150. The graphs of FIGS. 3-7 are nerely illustrative of plasm
behavi or al trends inferred from nuperous OES observations and do not depi ct
actual data. 251 dé PPoBeSEaNndolMEETRR&NPNTIhEEBR: OPEerarshiy thse
chanbet0 pr ¢sseaneibs heswhﬁhhntﬁeSfTeenﬁlucamnbecaﬁtEQw a% thelplilesprocess

gas may be LhLecte i L hroygh the gas dlstrlbutlon
shower hea ddgégé?ggg %%mﬂpgtggg gou?ﬁgggcc %gm%?ﬁ %g agfﬁtéﬁ Argon, with
t he chambefleg¥reasade bEIfAg fmiftai asdrht 14beatra0ing. thakt sheatireel y, the

Argon gas £)awriatecsByehe bEC£§aseﬂag@a 6803664-81n384d béedeeégaean essure

2t 13 Mo 135 BRGSUA B4 oPeRher HELE gah ey SbERaBbUD ESS CPhcheS (o B

inchesl5ThEI@La5 RF pogeaphpplledttatihe whderppedest dregnfluorine

content is reduced by reducing the RF source power applied
to the coil antenna 170. FIG. 6 is a graph illustrating
that the free fluorine content is reduced by reducing
chamber pressure. FIG. 7 is a graph illustrating that

20 plasma free fluorine content is reduced by increasing the
diluent (Argon gas) flow rate into the tubular enclosure
150. The graphs of FIGS. 3-7 are merely illustrative of
plasma behavioral trends inferred from numerous OES
observations and do not depict actual data.

25
Wide Process Window of the Invention:

Preferably, the chamber pressure is less than 0.5 T and
can be as low as 1 mT. The process gas may be C,Fs injected
into the chamber 100 through the gas distribution showerhead

30 at a flow rate of about 15 cc/m with 150 cc/m of Argon, with
the chamber pressure being maintained at about 20 mT.
Alternatively, the Argon gas flow rate may be increased to
650 cc/m and the chamber pressure to 60 mT. The antenna 170
may be excited with about 500 Watts of RF power at 13 MHz.

35 The wafer-to-showerhead gap may be about 0.3 inches to 2
inches. The bias RF power applied to the wafer pedestal may
be 13 MHz at 2000 Watts. Other selections of frequency may

be made. The source power applied to the coil antenna 170

20



be 13 MHz at 2000 Watts. Ot her selections of frequency may be made. The
source power applied to the coil antenna 170 20 WD 02/ 15650 PCT/ USOL/ 25505
may be aswlow186050 KHz or as high as several tines 13 MHpctosoihkésoer. The
sane is true of the bias power applied to the wafer pedestal. 5 The
process wi ndow for the reactor of FIGS. 1 and 2 is far wider than the

process wi ndow for a conventional inductively coupled reactor. This is
illustrated in.the rahof FIG 8, showi n he specific neutral flux of
free fluoPP¥ePss3g g f}GﬁF%tﬂScé“ﬁ%\h@rs VS TonvEiRT oralMHD

i nducti ve peattigheand fIme tsf&aner dacttorueofofFltle Hianpdvedrappliel to
conventi onal, ?,glf(é?:l é%@és‘%%‘ip' ed reactor, FIG 8 shows that the free

fluori ne speci egins to rapidly increase as the source power

exceeds between 50 and 100 Watts. In contrast, the reactor of FIGS. 1 and

f2| can agcept 15T&@ulgawc|é@wemllr@bai io&p&&&a%d&o}.@QﬁT\ﬁ&mf blefag{(ﬁ dhesfree
uorine s [ ns _to increas erefore e source

power procggg W n fr %ﬁant &S Averti-on Wit Oﬁf’e%ﬂ]’y aar?o(f’rv(féf}ecjo?nar?agm t ude

wi der thanltlﬁlal?t@ifeéy compered mcthxducmm@l Vi sc aupluedt regast amy tdue

5'gn'f'CanérBBhagYa@QQQGB D%%bwAgba%E%Q%ié%ﬁfﬁQeﬂéﬁﬂ?gﬂ(¥1u The ¢

constrlct e torr asma curfent path 1n the V|C|n|ty of t he

i
waf er V\EEHBFéEE BFO&U%B?CFMHZFP i RdeFONFERt P&d‘(?éfntf&d%sa SRt iamp L
si gni le:anLnﬂuadevéf seattoat her [ferf aheaneactort efi F1dsl) 1 hewdplasmr

density ovep,t Bsnvgm%ngi g&h%%ﬁ%gly Haolh J£9 Ut%% ad NG Q3G "

plasma source t 0 ghotor'esi ot her
material s F@aanh§a§éée ééu@%}élﬂél FEGCaBAFe fllUtX |b§93®18béilq aad cdllyat in prior

pl asma reaghe¥sakk Bastheepoukrr @@Eﬂ'e%aleﬁcfee@%t PetRRes Bloe 4@ hner ease the
pl asma ion

This, "t he HAGF-advARt SGE5 FEAr| £28 RPEA Pe o iordal prabrn CSof-EEm5 t he
presen15 i ngenrcenpappralevelbeapprevchinigol@0y Watts before the free
fluorine specific flux begins to increase rapidly.
Therefore, the source power process window in the invention
is nearly an order of magnitude wider than that of a
conventional inductively coupled reactor, a significant

20 advantage.

Dual Advantages of the Invention:

The constriction of the torroidal plasma current path

in the vicinity of the wafer or workpiece produces two

25 independent advantages without any significant tradeoffs of
other performance criteria: (1) the plasma density over the
wafer is increased without requiring any increase in plasma
source power, and (2) the etch selectivity to photoresist or
other materials is increased, as explained above. It is

30 believed that in prior plasma reactors it has been
impractical if not impossible to increase the plasma ion
density by the same step that increases etch selectivity.
Thus, the dual advantages realized with the torroidal plasma
source of the present invention appear to be a revolutionary

35 departure from the prior art.

Other Preferred Embodimentg:
FIG. 9 illustrates a modification of the embodiment of
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35 departure fromthe prior art. Qher Preferred Enbodi nents: FIG 9
illustrates a nodification of the enbodi nent of 21 WD 02/ 15650

PCT/ USO1/ gopfPasedy! G 1 in which the side antenna 170 is rgRl@cRd 252

smal l er antenna 910 that fits inside the enpty space between the ceiling
110 and the holl ow conduit 150. Preferably, the antenna 910 is a single
coil winding centered with respect 5 to the hollow conduit 150. Fl GSh 10
and 11 il trate .how.th d| nt of FIG 1 my be enhanced by the

addi ti on o%%é; -cloddd % ¢ FASREIA & hrie TP a®RE ®B%t&nds t hrough
the space betider Jaﬁhttehmacaﬂa rn:gla:l:l(fnamj itrfeel deol diow eagptdi 4pdSH. bdthee€or e

1015 i r S t | i f t plasma
i nsi de 'ErﬁeQ %I Ictg\?vgéoﬁgu&ﬁtd \fgléf%%% n(?re“p% latn q'{bmé aé%l eved“h?ﬁf’houl’t1 t he
i mpedance 25eRREcH 10 Aduidt Sf—‘flgll?y Ct9§11ng*71ri<ﬁ§{9eétﬁnteﬁls€éi:d'h¥ié? VESERRIthg

1120 arSundoct herechr 1l zceenAectisd .across a tuning capacitor 1130. The
capaci tance of the tuning capacitor 1130 is selected to resonate the

secondary winding 1120 at the frequency of the RF power source 180. For a
fixed 20 tuni ngFé&Faciloentl30, idynatire tienpedarde rettehingemayo he I¢r avi ded
by frequengy ty,gl BAHARGERN LY ther ‘é@'a‘.thB%‘P{erof e ws%gi nE—! e »_J:]?ca 1ipstrates

an enbodi nen he |nvent| on ow tu cl osure 1250
ext ends ar Bﬁﬁﬂlef"ﬁ Sh&ELESML OdP ttk?é r@ﬁ?@@ﬂsaﬁ@ @&ﬁ%ﬁi}heatsé%a% e hwaRen
interi & otheheeithagben ot hhdugheahpailbwolcom@eritngs 01l26@hel 26h-d N die

bottom fl h h er C fallo al e the
t orr oi dal QLHFEBI%F%V:E%}%J}EB tcﬁé%ﬁo?al g@ﬁgﬁj%n%%(?%ﬁ%%l ogaﬁlrtg Oﬂ)g tt%equﬁanner
of the ean&l?ﬁ’é‘ﬁt 16131F1Ie(3t ¢, holwhpwe cppduit? 15Q0ws t he vacuum purrp 135

coupled to the bottomof the main chanber, it may just as well be coupled

i i r ion
instead to the yndenlying conduit 1250, 5 FLG 13,11}usirates o variatio
15

match circuit 175 by using, instead, a secondary winding
1120 around the core 1015 connected across a tuning
capacitor 1130. The capacitance of the tuning capacitor
1130 is selected to resonate the secondary winding 1120 at
the frequency of the RF power source 180. For a fixed

20 tuning capacitor 1130, dynamic impedance matching may be
provided by frequency tuning and/or by forward power

servoing.

FIG. 12 illustrates an embodiment of the invention in

25 which a hollow tube enclosure 1250 extends around the bottom
of the reactor and communicates with the interior of the
chamber through a pair of openings 1260, 1265 in the bottom
floor of the chamber. A coil antenna 1270 follows along
side the torroidal path provided by the hollow tube

30 enclosure 1250 in the manner of the embodiment of FIG. 1.
While FIG. 12 shows the vacuum pump 135 coupled to the
bottom of the main chamber, it may just as well be coupled
instead to the underlying conduit 1250.

35 FIG. 13 illustrates a variation of the embodiment of
FIGS. 10 and 11, in which the antenna 170 is replaced by an
inductive winding 1320 surrounding an upper section of the
core 1015. Conveniently, the winding 1320 surrounds a

22



FIGS. 10 and 11, in which the antenna 170 is replaced by an inductive

wi ndi ng 1320 surroundi ng an upper section of the core 1015. Conveniently,
the w ndi g bA2esurrounds a 22 WO 02/ 15650 PCT/ US01/ 25505 L heyysof the
core 1015 that 1s above the conduit 150 (rather than below it). However,
the wi nding 1320 can surround any section of the core 1015. 5 FIG 14
illustrates an extension of the concept of FIG 13 in which a second

hol | ow tube encl osure 1450 runs parallel to the first holl ow conduit 150
and provi dé§ckiogacd] Ithle comenilddls paelr flor adoyec ol tcomdbiidall 5l asma
current. Theathke erchoHaIOWL 420 .compurheat esha thddheglQ chader interior

at each of its en throu h resp ope s inthe ceiling 110. A
magnetic cOré™ T éﬁgﬁgF%cFﬁ%éq@H I'osures 150, 1450 and
t hrough the coil antenna 170 15 FIG 15 illustrates an extension of the

conceptsof FIG g4 hn whiig I raldel hehlow dithe end qsiy es
150a, 150b 150cI éﬂ prov%&g%t%5r§%1?%$$%i gh gFagkh %%urrgﬁtQ%gths
t hrough t hé3 ré&cW@ﬂ EniFEC T hod Ove b RERE OsMTEl 4505 Tumige pl asma i on

density ispeaeafielll ed 20d Mdepententloy iconsadh 1S \ahdlU@rd‘i@cﬂe@WaCondUlt
150a-d b % [ enn 7 respect.i driven by an
y ?Qﬁﬁﬁﬁgﬂ %%%@%1%% 1§%Q% 3 % %%coh &3 Fﬁ&dgﬁdﬁgl

i ndependen ower ‘source respectively |ndr|ca
open coresCE5293t152@@en§Vb§een§é9§ﬁéﬁeﬂﬁ5pn§@mm@@lWﬁthSnWﬂh@ téspecti ve

coi | amy enaasmBsrl{Q@=eiohkn atthle&c@ﬁ%@dlllﬂf%mend%h%h&%h%h' \.é%s@%'aft%eto edge
ion den5|t§ dlstrlbut|%$ é be ag&&ztegoﬁé arately adj ustln%

pover | evePEeBETERe i §5ar i§o&°&e 3678 extggds

i | 1 ustrat esndempbiptinc &uiben eoflokeresbadionent50f anBl Ehrbhghn tivki ebiflhe array
of tube englpsyrgsq%4p0a-d extend through the side wall of the reactor

rat her than throug% the ceiling 110. Another nodification illustrated in
FIG 16 is the use of a single comobn nagnetic core 1470 adjacent all 35
of theliube enckosures i30asdrandshavi agrtheiant 8AN@hd7Boncept of FIG.

14 in which an array of parallel hollow tube enclosures
150a, 150b, 150c¢, 150d provide plural torroidal plasma
current paths through the reactor chamber. In the
embodiment of FIG.A15, the plasma ion dengity is controlled
20 independently in each individual hollow conduit 150a-d by an
individual coil antenna 170a-d, respectively, driven by an
independent RF power source 180a-d, respectively.
Individual cylindrical open cores 1520a-1520d may be
separately inserted within the respective coil antennas
25 170a-d. In this embodiment, the relative center-to-edge ion
density distribution may be adjusted by separately adjusting
the power levels of the individual RF power sources 180a-d.

30 FIG. 16 illustrates a modification of the embodiment of
FIG. 15 in which the array of tube enclosures 150a-d extend
through the side wall of the reactor rather than through the
ceiling 110. Another modification illustrated in FIG. 16 is
the use of a single common magnetic core 1470 adjacent all

35 of the tube enclosures 150a-d and having the antenna 170
wrapped around it so that a single RF source excites the
plasma in all of the tube enclosures 150a-d.
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wrapped around it so that a single RF source excites the plasma in all of
t he tube encl osures 150a-d. 23 WO 02/15650 PCT/ US01/25505 FIG 17A

i1 lustratgg @R Of orthogonal tube enclosures 150-1 angclhse6965€endi ng
t hrough respective ports in the ceiling 110 and excited by respective coil
antennas 170-1 and 170-2. Individual cores 1015-1 and 1015 5 2 are within

the respective coil antennas 170-1 and 170-2. This enbodi nent creates two
mut ual Iy orthogonal toer| dal plasma current_paths over. the wafer 120 for

enhanced uni f of Aty 1 he Lthis toRtHe6y Sn &2 iffo o R qsord bsedpat hs  are
separat e atedlcilnd;amelsderstol—y pove rned -as ddtdarstirat eﬂzrdmj,h ]Jﬂeé,p'éﬁ:&\&gt in t he
process " e9kaR OYRT LUNg NS ahat, And cleree o, 0l L0l eLoet

order to assure Separat€ con asna urc power app |ed to

each one oﬁntﬁﬁ@aér lA8gén&ncpaf’Rs 2 -t hénﬁrlé’q@él@dy asfrashel ¢ldspecnd el BF5-
gener at or s 21804, wi88hnokthkl Ges Ec@&@edbbﬁqr%&keﬁﬁééfﬁﬁoifmhﬂésfﬁﬁﬂﬁu'On of

t he i npedapce ma hC|rC|tsl coupl.ed. Far exa the RF
generg}tjor %g‘éﬁ ﬁE@ Sr-B§a ecrgl‘? ﬁﬁ i:lwﬁn<I;{'I‘“1tétltalc11 Mﬁ%hﬁrﬁqr@ %de@n]erator
180b may prledoeecamrREtspghal atvel2 thldz wakletrerlat ificet ygnliandependent

oper ati on Gﬁ)[f@?mi‘%g' eV%ﬂebxwef E&%b@%aatlh%omﬁ ort Qq@bﬂe&gia

generators 180a | uStrates how ra vanes 1
enpl oyed t 8F§uPBBAFRESt Blnfdoﬂaglepﬁln%ﬁ‘ﬁlé’u PPé’ﬁt@doﬁsedéHLkﬁtr%q?éi t \}R}lt
condui 18 150+&rs&b6- 2nt hheughobb%spmgﬁ&v&l b@e&&glm@ Theowerdan Nnthriche waf er

support. gghe@%g%h&gngﬁtnggitg§gg@d tg he o%%%nefsg %q:(r:h condui t

near the srdes o o S . The
radi al vafestigl pEevbat P&ﬁﬁ@ﬁsﬁ@ﬁr@f?— ppa@mappdmedn@ot@rarq’m dale gfath to

thtehot hﬂ\ taer ei-dabgpat, pgehghathrah%ﬁgwtaﬁa@s%r %giec%rers‘ifgc%%b%d?krge m gr sect
W I n e ocessi n I erl yi
Sui t abl e fggnﬁﬁﬁbgrﬁgéﬁﬁ%er 1048 eP§ )fLFﬁga&al F‘FSn%ﬂngE}énrtecegrﬂ g My

trendsliowapdration of the impedance match circuits 175a, 175b is
decoupled. For example, the RF generator 180a may produce
an RF signal at 11 MHz while the RF generator 180b may
produce an RF signal at 12 MHz. Alternatively, independent
operation may be achieved by offsetting the phaseg of the
20 two RF generators 180a, 180Db.

FIG. 17B illustrates how radial vanes 181 may be
employed to guide the torroidal plasma currents of each of
the two conduits 150-1, 150-2 through the processing region

25 overlying the wafer support. The radial vanes 181 extend
between the openings of each conduit near the gides of the
chamber up to the edge of the wafer support. The radial
vanes 181 prevent diversion of plasma from one torroidal
path to the other torroidal path, so that the two plasma

30 currents only intersect within the processing region

overlying the wafer support.

Embodiments Suitable for lLarge Diameter Wafers:

In addition to the recent industry trends toward
35 smaller device sizes and higher device densities, another
trend is toward greater wafer diameters. For example, 12-
inch diameter wafers are currently entering production, and

perhaps larger diameter wafers will be in the future. The
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35 small er device sizes and higher device densities, another trend is
toward greater wafer dianeters. For exanple, 12- inch dianeter wafers are

current| yw@nhAkéfg Production, and perhaps |arger di anet gicy@doghssow || be
in the future. The 24 WD 02/15650 PCT/ US01/ 25505 advantage iIs greater

t hroughput because of the |large nunber of integrated circuit die per
waf er. The di sadvantage is that in plasma processing it is nore difficult
to maintain_a uniformplasma across a |arge dianeter wafer. The foll ow ng

5 enbodi meRt¥2BFaBRe15r 8LERL S FEFOMSRPATe SEulodr GRS dddisicedurer
provi di ng afumntegﬁapbasmarb@ﬂtdaﬂelpﬁr @a§bﬁibuumﬁndmgaaﬂéﬁﬂageﬂﬂsre
surface of ar ge f ch a 1 i nC ia ter fer
FIGS. 18 anga&QEgl ratg%oc%%F %ﬂ ?Ebgseﬁgﬁgséﬁe fg %iqmade
flattened ﬂ@éf@ﬁ@upéﬁsmér§F§@S§8§01@ﬁ9€hélaﬁ@¢E@MN@6hﬂU|tTi&of@ﬂ1@W$n91

that irgl Uéﬁﬁo@ﬂméﬂﬁbﬂ ati l&ﬁeg@@esé%@ inlBhe i %er $hen Rhedusas A de "bel t”
of plasma t% ] fbetter g%ted fogﬁgnlfor y coverlgg a largé dianeter
waf er 15 sBeRPhECat?2- PRON G AHefe P WaPER B RBPK fPEcECTFHE YW dth W of the
t ube enclo@usérahdtmbntherpasrtbh ep@nmagsutﬁﬁ&s 862 liamrgeheieeilttierg 110
preferablngfgfedgugﬂeagageﬁsz apo %aﬁét w%?%? tFor exanple, if the

waf er diameter (s 10 inches, en he rectangul ar tube
encl osure 1850 and 20 of the openlngs 1860, 1862 is about 11 inches. FIG
20 il1lustrat esFacsodiigi eddvepstionuéBe8teoh hb@lb%t@b@ubﬁl’clb\éb@e emgbosure

1850 of FI 8. an h_a.portion 1864 o r. tube
enclosure‘gg%ﬁﬁlﬁgc%ng gICngkg wgv5FC£aPﬁ8§ﬁﬁc8ﬁ§FﬁPEtgg&@ g Bh ©of FIGS
18 and 19 helpewefepnddit 250FpG F20.f irthet ihtlsvtest es theudptiogabapse of

focusi ng npggets 870 @érbh@ntﬁﬁeﬁhEan§ Q@H@eeﬂeﬁhe o@OB§5§hﬁt€ﬂaQHQS
unconstri ct ed gortlons e ure The focusing magnets 1870

e .
promote a BRtEEF ﬁB%EﬁQnFO§OHBFEPﬁ@i§ISgﬁﬁrbgﬁméeﬁaFﬁ§ é&ﬁ?FFFEtyafﬁﬁd
unconstts i céedh porii bRsintht Heéamackosueée1860, wanRpspeei.fi Takl yipgeanate a

of the tube enclosure and of the pair of openings 1860, 1862
in the ceiling 110 preferably exceeds the wafer by about 5%
or more. For example, if the wafer diameter is 10 inches,
then the width W of the rectangular tube enclosure 1850 and
20 of the openings 1860, 1862 is about 11 inches. FIG. 20
illustrates a modified version 1850' of the rectangular tube
enclosure 1850 of FIGS. 18 and 19 in which a portion 1864 of
the exterior tube enclosure 1850 is constricted. However,
the unconstricted version of FIGS. 18 and 19 is preferred.
25 ,

FIG. 20 further illustrates the optional use of
focusing magnets 1870 at the transitions between the
constricted and unconstricted portions of the enclosure
1850. The focusing magnets 1870 promote a better movement

30 of the plasma between the constricted and unconstricted
portions of the enclosure 1850, and specifically promote a
more uniform spreading out of the plasma as it moves across
the transition between the constricted portion 1864 and the
unconstricted portion of the tube enclosure 1850.

35

FIG. 21 illustrates how plural cylindrical magnetic
cores 2110 may be inserted through the exterior region 2120

circumscribed by the tube enclosure 1850. The cylindrical
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nore uni form spreading out of the plasma as it nobves across the transition
bet ween the constricted portion 1864 and the unconstricted portion of the

tube encl QeHRAsdRBS0. 35 FIG 21 illustrates how plural cylddigido¢atsogagnetic
cores 2110 may be inserted through the exterior region 2120 circunscribed
by the tube encl osure 1850. The cylindrical 25 WO 02/15650 PCT/ US01/ 25505
cores 2110 are generally parallel to the axis of symmetry of the tube
enclosure 1850. FI.G 22 illustrates a nodification of the enbodi nent of
FIG 21 inGWicch 4He it gerered ek Bdid [dShpltat &iie taFilgudght themes@ ey | of

regi on 212@he Subeownrdcdurd heLstaa)be e11d .o & 11864 we-d epl aced by pairs

of shortenenq) e co%ltzl%%%gfz%g% pectl vef r%atlé/es%oflrépe@oﬁ(t ri or resgl on

2120. The si are rep ace by d p
2230, 22402§Gﬂr@ﬁﬁ@m@gCﬁﬁ@leﬁé@ﬁe@hnmyg@oM@qxﬁxﬁﬁnlbm3rey&nn Zkﬂqrus

enbodi ment sutr&eu;haea R acRMRReD bt weeh-d riesc‘oora%oaléﬁla?c?é@ b2 440 Ry be

changed to j st .the jon density near the wafer center relative to the
i on gen3| ty tslﬂpﬁee\ﬂﬁldlerc G affererce? AR wieFRE YR &dnEit a5 fdtfices the

i nducti ve estplrieg mearicnhel2Waf eTheertidle awd lishdresf,0rs a edc eseplacgd asma
on densi tyyak 15:themaken GabikehasThUSo 33,3400 LON Gl o ement is

provi ded fof precisely adjusting ensi'ty “spat’i al I on _across
t he waf er §§§P§€§1VFIGPI?SP@PFﬁs?PéPeszzaovarﬁ@tF@ﬁsoﬁmhﬂﬂkﬂﬁﬂﬁﬂrﬁ?ﬁ of

FIG 220i nd\m/@pabcéh@ntsﬁp&l’e&hzégw lﬂ@lﬁn@%ré2§&1r%2éQl@r e oren aesA %Oa SI2 ggge
cent er ndi 1Q .cente wi_t res ¢t to the core pairs

FIGS. 24 a%% gg gl%ésg PEEa %3n688| Vb?ﬁ&Fn gﬁep ESEEuni formity
of plasma kehatémsi typ @h@tﬂpbuﬁeOﬁthSaacthsswaﬁerwanemusukﬁzmmae | n2t he
enbodi ment 9f ekl @§sp3éc@ﬁl@n%5i3 egybekr ehdal; nalué%%ec‘é gﬁ. PALRS, Ah8 o

established that are tra Erse to one another and are nutual ly
orthogonalWa RFsCPBtEECH ﬁ@&fﬁyepFﬁgPEFﬁthes@ééﬁ@@m%ﬁg ensity at
15

the wafer center Thus, an additiocnal control element is
provided for precisely adjusting ion density spatial
distribution across the wafer surface. FIG. 23 illustrates
a variation of the embodiment of FIG. 22 in which the
separate windings 2230, 2240 are replaced by a single center

20  winding 2310 centered with respect to the core pairs 2210,
2220,

FIGS. 24 and 25 illustrate an embodiment providing
even greater uniformity of plasma ion density distribution
25 across the wafer surface. 1In the embodiment of FIGS. 24 and
25, two torroidal plasma current paths are established that
are transverse to one another and preferably are mutually
orthogonal. This is accomplished by providing a second wide
rectangular hollow enclosure 2420 extending transversely and
30 preferably orthogonally relative to the first tube enclosure
1850. The second tube enclosure 2420 communicates with the
chamber interior through a pair of openings 2430, 2440
through the ceiling 110 and includes an insulating gap 2452.
A pair of side coil windings 2450, 2460 along the sides of
35 the second tube enclosure 2420 maintain a plasma therein and
are driven by a second RF power supply 2470 through an
impedance match circuit 2480. As indicated in FIG. 24, the

two orthogonal plasma currents coincide over the wafer
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rectangul ar hol | ow encl osure 2420 extending transversely and 30 preferably
orthogonally relative to the first tube enclosure 1850. The second tube
encl osur eyl sg@mmuni cates with the chanber interior thrguyafsedpakr of
openi ngs 2430, 2440 through the ceiling 110 and includes an 1 nsul ating gap
2452. A pair of side coil w ndings 2450, 2460 along the sides of 35 the
second tube enclosure 2420 maintain a plasma therein and are driven by a
second RF power supply 2470 through an inpedance match circuit 2480. As

i ndi cat ed PHTEREE 22d PROViCKo "OFENHHPSARITDICLYIPE 2@E Iidn s aEBiPNEIVEE GRS t he

waf er 26 Wen02+-1662682R€T/ USBt/c220@2d1gkhf-ace @&@d@ﬂ@d<ﬁ%lﬁmhﬂ uni form
cover age of # ngaréerath%ntgag%5 su%fa . Thi% enbodigpnt pect

find part?c Ft yén?ageoug Us€ +6r %F§b€§§ ﬁﬁ%%&ﬁg aﬁ@?e”? of® ©

di aneters diam@ten@h@§ and igcbacepnds gasaitert.-he enbodi nent of FIG 17, the
enbodi ment of FIG 24 creates two nutually orthogonal torroidal plasm

current paths over t waf er 120 for _.enhanced un
ort hogonal tor roFdaR gﬁecﬁﬁggélﬂﬁpﬁsogrg 1&epdrat & n@g%@dﬂﬁﬁgﬁeﬁﬁeﬁgﬁy

power ed as2#| tushtasedwobutituaiéysecthongonhdé tpracddslr @jiaemaoventrgmng t he
vafer, andoother Mg BRengl ceknishathyOLaALARLY %%h%'&ﬁat% JILLfUse one

anot her to assure sep arate control urce power
appl i ed tooéahﬁggﬂéloFO¥ﬁ@16aﬂh@goﬁép89dt@@thﬁhérﬁr§@@@ﬁ@ye19ndf t he

respectg veiffe @ﬂ@é@tmysPé&area4£§ 8fl 1bkEra2ddar eutdiihtereats $o that the

t f t t 175, 48 d led, F
cxaml . (RECRES5 GERgr AlioP" 1807ABY. BPodlBEEn AECS ORSEAEC120ME wh | t he

RF gener at brt @430t may ptbduwesandﬂﬁestgnaldaﬁfmzeNHne 20oAheer naflivel vy,

'”depe“de“ér@QPréé'QEsﬂ§¥ ke aegt@ve9n9¥olog%8%hglggagﬁs eea§eé BBWEQE two
RF generators 180, 247 8. | ustrates Iation of the enbodi ment

of FIG 18°PR¥Afchoa eﬁﬁﬁlPP@dOﬁeEFﬁn@EFHPgéﬁéﬂOEGFQSZ6§@etﬁé?quégcyncludes
an i nsifi atohgtgapr2sp8ceonsuRFcatasrntbhst 160, 2470 of FIG. 24 are

different, so that the operation of the impedance match
circuits 175, 2480 is decoupled. For example, the RF
generator 180 may produce an RF signal at 11 MHz while the
RF generator 2470 may produce an RF signal at 12 MHz.

20 Alternatively, independent operation may be achieved by
offsetting the phases of the two RF generators 180, 2470.

FIG. 26 illustrates a variation of the embodiment of
FIG. 18 in which a modified rectangular enclosure 2650 that
25 includes an insulating gap 2658 communicates with the
chamber interior through the chamber side wall 105 rather
than through the ceiling 110. For this purpose, the
rectangular enclosure 2650 has a horizontal top section
2652, a pair of downwardly extending legs 2654 at respective
30 ends of the top section 2652 and a pair of horizontal
inwardly extending legs 2656 each extending from the bottom
end of a respective one of the downwardly extending legs
2654 to a respective opening 2670, 2680 in the side wall
105.
35
FIG. 27 illustrates how a second rectangular tube
enclosure 2710 including an insulating gap 2752 may be added
to the embodiment of FIG. 26, the second tube enclosure 2710
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chanmber interior through the chanber side wall 105 rather than through the
ceiling 110. For this purpose, the rectangular enclosure 2650 has a

hori zont alyd PRseRction 2652, a pair of downwardly extendigeg jR98s9654 at
respective 30 ends of the top section 2652 and a pair of horizontal
inwardly extending | egs 2656 each extending fromthe bottom end of a
respective one of the downwardly extending |legs 2654 to a respective
openi ng 2670, 268Q in the side wall 105. 35 FIG 27 illustrates how a
second rectgrgll dFeRtdcalefel dar st TlcrudivRe @RAlPaNER I3RP QAL 2752
nmay be addedc.taeét becemhodharnthef relGand@lslrhe ugrcend Ildiie-anclasire 2710

27 WO 02/ 1 PCT/ / 0 ing _i.dentical .to the _rectangul ar tube
encl osur e gggg 8?2 gﬁgﬁa§§§é§55p§bPﬁg% ﬁﬁg & 09§ﬁ§§I§F%ﬂﬁ¥§ cﬁﬁ%&FE%
2650, 271enatkemitualhe eechogdomalcteoguded sabe Emadsowerse to one

anot herj . ThermeacendckeGtianguhar chuh@eensheeui e 5 Leomml e Witk the
chanber interior th% ugh %gﬁggctLve ogﬁgln.s t.hr qugh th% side wall 105,

i ncl udi ng PREVGPER Er SP50E0E R Hen¥crbddPmentofCrrg B i ifghe
encl osures272650 an#e27hé pmbddtmentt odl FYGor Bogahal thier @ingdlospiresma
currents thakocghachde Opﬁadpbs gﬁEﬁéliyfEg%ﬁoﬁgnBﬁo%b§%0£%aﬁ“%ﬁ%é%é .
uniformty over a broader wafer dianeter. Plas Source power “I's applied
to the intERFERREF thatt Gpéncefel syareshenwaligh eshafpespset brovgaiers of

side cti| supediogsuhbborh8byande24800rd468x #8rEFG3id8Atikld Ustiatkas how

the side cqils 16 185, 2450, . 2460 be. repl ace r suppl enmented) by a
pair of nu§8%?F§ g%W?ﬁoé%n%PpFﬁ?érg rggéiﬂgt§§gﬁF ?g4ggﬁyiﬁgevﬁthin t he
external repfénsn866 shreoghdebebyeshectwwer petiargolfasitiebeoidncl osures

2650, 2710yi£aehqoness! 1HE &Rkl 522820242840 20 produces the torroi dal
pl asma current in a corresponding one of the rectangul ar tube encl osures

2650, 2710. The coils 2820, 2840 nay be driven conpletely independently at
15 FIG. 28A illustrates how the gide coils 165, 185, 2450,

2460 may be replaced (or supplemented) by a pair of mutually
orthogonal interior coils 2820, 2840 lying within the
external region 2860 surrounded by the two rectangular tube
enclosures 2650, 2710. Each one of the coils 2820, 2840

20 produces the torroidal plasma current in a corresponding one
of the rectangular tube enclosures 2650, 2710. The coils
2820, 2840 may be driven completely independently at
different frequencies or at the same frequency with the same
or a different phase. Orxr, they may be driven at the same

25 frequency but with a phase difference (i.e., 90 degrees)
that causes the combined torroidal plasma current to rotate
at the source power frequency. In this case the coils 2820,
2840 are driven with the sin and cosine components,
respectively, of a common signal generator 2880, as

30 indicated in FIG. 28A. The advantage is that the plasma
current path rotates azimuthally across the wafer surface at
a rotatiomal frequency that exceeds the plasma ion frequency
so that non-uniformities are better suppressed than in prior
art methods such as MERIE reactors in which the rotation is

35 at a much lower frequency.

Referring now to FIG. 28B, radial adjustment of plasma
ion density may be generally provided by provision of a pair
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different frequencies or at the sane frequency with the sane or a
different phase. O, they may be driven at the sanme 25 frequency but with a

phase di f{ygy pnG&se(i - €., 90 degrees) that causes the conblgtqg{g] PhLQs dal
pl asma current to rotate at the source power frequency. In this case the

coils 2820, 2840 are driven with the sin and cosi ne conponents,
respectively, of a conmon signal generator 2880, as 30 indicated in FIG
28A. The advantage is that the plasma current path rotates azinuthally
across t he Okaf@plsFacy ldndrd Godt faxsiFal2 Y oqurdRy hpdt et derlsaxtl B asma

i on frequemeyeds@ocihald ren-aurif Gdant it @!’rﬁ;tbﬁlﬁ eFi fupprassesbihaggi m pr Ihor
art net hod uch VERI react.ors iin i.ch .t he rot i at. a nuc

| ower freq%e%c p%irer rl§| n&grrllo%v toclf‘-'flérl alr ao'a %9 st r‘%?"ﬁs?,stfh tr d&a

i on densi t?erraytlaélgeﬁ@f\@ldl yFopiead dadl abgﬁyprfmmslcme et hpar rw1t2r&m@he

02/ 15650 PE3AUSBLE505.0baRORALLC Y Ididid Al nfefclp RARZa 2804 that may
be axially nopyed tovvaFa]lrd qQr away fr.om one ang ther wwthin the coil 2820 and

a pair of RAghefFe ¢& FrivVEaICoLB Ll D §§6 T GRS SRRt noved
toward or amyogbnaﬂopéaasmat legrr reiritthi A st kehEmeeid ﬁé&é&w‘& t&ﬁ(ﬂhepaidge)f

Cour ot "t PRYCEREPURES AR BNALASY o1 BMCHaYRFOMRL 19 IS LIS GRS, of
each of the orthogona | asma currents ce at1ve 1o T he edge
of the curFénBen§6aﬁLﬂia’t eﬁh&@ﬁﬁ%en?ﬁ%:at“@h@%ﬁé”rt@m@e Hlesgendragt |y

enhanced. dbusityhpagebtetcheredgedbasmvien thedensidy 2gp begantrol | ed
by novi ng EQ? cogg%%gz 2894, 2896, 2898. FIG 29 illustrates an
alternativé eﬁ‘bo nt of the invention in which the two tube encl osures

2650, 2710 are 15 nerged together into a single encl osure 2910 t hat
extends 360 degregs g@ogmqu@a%a%@t &h @i‘t%x?i tflb,-% %%td‘l Of Gepstitutes

a single pl enum I n the enbodi nent of pl enum 291 has a
hal f - dome FBWERtHER| 189¥H15Rd CRShAMP- ta@ﬁee@ﬁagﬁwa 25690 g amey
congr uEnt metfetiheobevberwahko28 29201 cThacpbenwm 2910 ichathexefoi® t he

space betmggg &QSrees around the center axis of the reactor that

constitutes a single plenum. In the embodiment of FIG. 29,
the plenum 2910 has a half-dome lower wall 2920 and a half-
dome upper wall 2930 generally congruent with the lower wall

20 2920. The plenum 2910 is therefore the space between the
upper and lower half-dome walls 2920, 2930. An insulating
gap 2921 may extend around the upper dome wall 2920 and/or
an insulating gap 2931 may extend around the lower dome wall
2930. The plenum 2910 communicateg with the chamber

25 interior through an annular opening 2925 in the ceiling 110
that extends 360 degrees around the axis of symmetry of the
chamber.

The plenum 2910 completely encloses a region 2950 above
30 the ceiling 110. 1In the embodiment of FIG. 29, plasma
source power is coupled into the interior of the plenum 2910
by a pair of mutually orthogonal coils 2960, 2965. Access
to the coils 2960, 2965 is provided through a vertical
conduit 2980 passing through the center of the plenum 2910.
35 Preferably, the coils 2960, 2965 are driven in quadrature
as in the embodiment of FIG. 28 to achieve an azimuthally
circulating torroidal plasma current (i.e., a plasma current

circulating within the plane of the wafer. The rotation
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upper and | ower hal f-done walls 2920, 2930. An insulating gap 2921 may

extend around the upper dome wall 2920 and/or an insulating gap 2931 nayh

extend ar@iyg | ower dome wall 2930. The pl enum 2910 QQﬁﬁ%mh aes Wt

t he chanber 2@3?%terior t hrough an annul ar opening 2925 in the c%illng 110

t hat extends 360 degrees around the axis of symetry of the chanber. The

pl enum 2910 conpl etely encl oses a regi on 2950 above 30 the ceiling 110. In
asnma source _power led into the

h nbod f FIG ,
;[nteerei o(r) Iogetghéfl%ﬁ’icéfn&ﬁl fglfo@rb“ﬁ%nﬁéf Pfoft%tatﬁjéﬁlilgs?dg%%ﬁm- coils 2960,
2965. Accedd tetmatthieredoi,| $h206M11208%d0s ombE ded the alighren wpd:ﬁasdely
condui t 2938Q pg: S%%ntthr uat].jaq e(‘Sent &Gof 3)tohgspl erygB @é&r%oonc? Jte%] rably,

the coils 2960 2 are ven in rature as in of FIG

28 to achi &e t&s &ﬂbﬁﬁtlﬁwty OfmFrI@uI @t9i -ng FI&Er-oi3ddy apqdas3r9d3 caneréﬂtor(ﬁ e., a

pl asma suraaat51@er@@b@nb@glwwh@mg t&%s@b@mav@tyth%dﬁyéﬁpoﬁayth¥&ﬂlOn 29
WO 02/ 1565 lOJSOl/ 25505 frequency is the frequency of the applied RF
power . erna |\7eI y, the coils 2960, 2965 may be driven separately at
di fferent frequencies. FIG 30 is a top sectional view of the enbodi nent

of FIG 29. FI G@he%él%n@f%ﬁt%@lg %%h%%%ﬂ%ls'c@m%e%e%“a'w\@ \9%8/
respectivel é corre E}ondl n n_g) ¢ air nmutual |y ort gonal
coi | s 2960T°P985%Rn ; é‘nyrglbﬁ c&d by aﬁﬁpﬁ‘ﬁﬁ’ﬁ&lifnd&ﬂ"?@pﬁ%{l@ VidH ven
coils Wt htméltrh@und\ﬂngdangsa)dQSpdlssplosed 380 /360knreegr a@‘far&par tFodfor

I | Lyst re th oi.ls 960 965 are
(raéglrrgcg by g’ﬁmééeiim g. rg%8§1%9§5%%§%§m@ﬁ 4 % EV % é:)l{les E)”I aced Z‘L &t 120
degree |ntEP§QIrs2aﬁE é??vé‘ﬁpﬁyﬁ%t hb’eéhffé§p§@ﬂﬂ$e3REOSU;§QI2|OGS 32240 wiz250,

3260 througmnaﬁngegﬁegtpzaceapaqangﬁ aa gaeCthEkb§1§2é%d_%%é%enB%Ql I'n

d d t th di ngs
3210, 3220153507 8PS 1 B L 20 HEGL B8 A0 GF SBnageStr EREE Emon pones

sour cel B31@eapertliust impedanme match circuits 3241, 3251, 3261. In
order to produce a rotating torroidal plasma current, the
three windings 3210, 3220, 3230 are driven 120 degrees out
of phase from a common power source 3310 as illustrated in
FIG. 33. The embodiments of FIGS. 32 and 33 are preferred
20 over the embodiment of FIG. 29 having only two coils, since
it is felt much of the mutual coupling between coils would
be around rather than through the vertical conduit 2980.

FIG. 34 illustrates an embodiment in which the three

25 coills are outside of the enclosed region 2950, while their
inductances are coupled into the enclosed region 2950 by
respective vertical magnetic cores 3410 extending through
the conduit 2980. Each core 3410 has one end extending
above the conduit 2980 around which a respective one of the

30 coils 3210, 3220, 3230 is wound. The bottom of each core
3410 is inside the enclosed region 2950 and has a horizontal
leg. The horizontal legs of the three cores 3410 are
oriented at 120 degree intervals to provide inductive
coupling to the interior of the plenum 2910 similar to that

35 provided by the three coils inside the enclosed region as in
FIG 32.

The advantage of the flattened rectangular tube
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FIG 33. The enbodinments of FIGS. 32 and 33 are preferred 20 over the
enbodi ment of FIG 29 having only two coils, since it is felt much of the
mut ual coy) j.ngedaet ween coils would be around rat her t hapd m DYkt he
vertical conduit 2980. FIG 34 illustrates an enbodi nent in Ich the three
25 coils are outside of the enclosed region 2950, while their inductances
are coupled into the enclosed regi on 2950 by respective vertical nagnetic
cores 3410 exiending tgro g%@F condui t 2980. Each core 3410 has one end
ext endi ng SBBOYEVTRE € G LBEBGRd OFhFdfSa Léspectisy&heie tHe the 30
coil s 3210pr3280wi32R0ans weladivEne bthﬁﬁughteaﬁhtﬁﬁrQuk%4b&d3®9w$@ de

t he encIosegrégglﬁﬁszgggrgggaﬁa lgsggriégggﬁk theg. T The %@;E%ent% L. egs of

the three cores are orilen ree |nterv Sto prOVI e
i nducti ve C€oDpRFHY Fbth@OWﬁteﬁﬁéﬂlﬁTCpﬁérﬁléh@nﬁ@gl@es@mﬂiapet@ftHat 35

provi desl byafge ahéﬁétéQIM&fb@5|d@hbh@nﬁﬂ%bﬁ§e@fr%%hoﬂu%% lehc1BLzrd2. The
advant age of gl Eng rectanqul ar tgg % ¥1%£@ 5650 PCT/USOl/25505
encl osur es % 8 REsTgfF L EHEsvidstag 8BS thE OBFSIdSRCHLR a
relatlverOfomhhetghe ehCﬂheurebéaenhEGSUEeomfbheeshahbetoummedabrpmayna
current t opbengotdeabhih bel i1s8haBLaSTBCL B TR eekeegh'%é ERVERS (he

entire surf ce.of a b Lar % di aneter wa e entiret ube
encl osure SHRRAIHBEL heLof Fhe2HBX|ﬁﬁnFRﬂatﬁaSFmSPEaéstﬁeeéﬁﬁébl§e§Plon of
t he tubke epﬁbmsdéeféanbhﬁgtmégﬁetbhE8Gbaabethenteah@&tﬁam cbenaegked down,

as dISCUSS e t f t iment _of FI this
case, |§g%$§$%r%%% Q%ES ?8%gg§9| g5 ocu3| g nagnet¥ f§g%18P ghgz B
tran5|t|onf@b¢ﬁe¢be Bb@ﬂ@éncuﬁeemﬁdexgbnngohhe8sarand phethnanr d858etbi on

1852 to fQﬁﬁ@a&h@n@iﬁéM% §H£6§5tt§é'éhﬁgréhﬁlaéﬁref’EHEtWQBeléégtEBn
e of .the de sectiqgn 1851. If it is

spread entiégL dentlrg
desired to %ﬁa FEh*a nE?tWaﬁ%migetﬂ aﬁ&?e?°§uﬂ?§§étytﬁEn it is
pr ef erlSed th@twaﬁerceusﬁaceecthenahtameapnéfehEedathQMIﬁhetbﬁﬁséSSZ be at
least nearl¥ctional area of the narrow portion 1852 be at least nearly

as great as the cross-sectional area of the wide portion

1851. For example, the narrow portion 1852 may be a

passageway whose height and width are about the same while

20 the wide portion 1851 may have a height that is less than

its width.

The various embodiments described herein with air-core
coils (i.e., coils without a magnetic core) may instead
25 employ magnetic-cores, which can be the open-magnetic-path
type (Arod@ type cores) or the closed-magnetic-core type
illustrated in the accompanying drawings. Furthermore, the
various embodiments described herein having two or more
torroidal paths driven with different RF frequencies may
30 instead be driven with same frequenct, and with the same or

different phases.

FIG. 35 is a version of the embodiment of FIG. 17 in
which the mutually transverse hollow conduits are narrowed
35 as in the embodiment of FIG. 20. '

FIG. 36 is a version of the embodiment of FIG. 24 but
employing a pair of magnetic cores 3610, 3620 with
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as great as the cross-sectional area of the wide portion 1851. For
exanpl e, the narrow portion 1852 may be a passageway whose hei ght and

w dt h ar eygpUkedohe sanme while 20 the wide portion 1851 nmgy1ha\§28505€ei ght
that is.less than its width. The various enbodinents descrléed herein with

air-core coils (i.e., coils without a magnetic core) may instead 25 enpl oy
magnetic-cores, which can be the open-magnetic-path type (Arod@type

cores) or the cl osed- magnet i c- cor.e type illustrated ip the accorrpanyln
dr awi ngs. PFUFthe QC ore, "t ng{?a(rlﬁg&?s' %@dlm%‘a%& FrREACHARi B two

or nore tmaﬁmed:ézll\iﬁatﬂf’s mhwerersomndesdi f f erent RF frequenm es may 30
instead be driven with sane frequenct, and with the sanme or different
phases. FIG 35_s a _version of the enbodinent of FIG 17 in which the
mitual |y transvérSe Rol IS ofiiacd mad CaemRPnBRad e thate @FoHE ment

of FI G 52035FIfGt 3Gviisica tiefesi dmstfeaHWQfefﬂﬂQﬁlr@fgniﬁarﬁi Gordudtd with

enpl oyi ng i.r .10 r 361 th.31 WD 02/.15650

PCT/ US01/ 2%5%§tarles§re%tg%gevme%%'r%%t % g SheP ERSUnd F5t7 BShriect i on
to respecﬂU\V@eRFOﬁoWWrW@éLlYFIdGSp@’ﬁads C@ﬂ@?ﬁ@l%trmmm ng to
t hat of FI §ort@ %@eﬁltbrh%\h'a@]g thaidr E{%s‘ E?lt %@1@ %ﬁrﬁo\&n{é%lte@f wn%coﬁfj)u'f§ with

a total of_ s entr%nt ports E gl nber. Having

Symet r i caPf lt?ygf;oété)d CoRaTI-LSY ﬁa Rk RO SOMSY tfé’rgr%‘%ﬁceerssc% two (as
i n theleénbodifrent off dEEGete?) 0|fs3obeh1meaadt teeheeparticul arly advant ageous
for processing 10 wafers of dianeter of 300 mm and greater. FIG 38 is an
enbodi nent corresponding to that of FIG 38 but having three instead of
two re-entrant géﬁdu?lss 1fi £ CEPPELEENST Corxeppoasimantt potiad taf (RIS .

chanber. 158FbGt B9viiagamheabodnaeatdCerr espoRdi-eath@rihalolf ilGwitdp i n
whi ch the extgrngl ;gondyitg Lot togsther in a,commn,

15
FIG. 39 is an embodiment corresponding to that of FIG.
35 in which the external conduits join together in a common
plenum 3910.
20 FIG. 40 is an embodiment corresponding to that of FIG.

36 in which the external conduits join together in a common
plenum 4010.

FIG. 41 is an embodiment corresponding to that of FIG.
25 37 in which the external conduits join together in a common
plenum 4110.

FIG. 42 is an embodiment corresponding to that of FIG.
38 in which the external conduits join together in a common
30 plenum 4210.

FIG. 43 is an embodiment corresponding to that of FIG.
17 in which the external conduits join together in a common
plenum 4310.
35

Advantageous Features of the Invention:

The reactor of the invention affords numerous

opportunities for increasing etch selectivity without
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pl enum 3910. 20 FIG 40 is an enbodi nent corresponding to that of FIG 36
in which the external conduits join together in a conmmon plenum 4010. FIG

41 is an gpdisggnt corresponding to that of FIG 25 37 igpWieghsdoke
external conduits join together in a comon plenum4110. FIG 42 is an

enbodi nent corresponding to that of FIG 38 in which the external conduits
join together in a conmmon 30 plenum 4210. FIG 43 is an enbodi nent

corresponding to that of FIG 17 in which the external conduits join
t oget her i ﬁagr&%ﬁﬁﬁﬁg PIERFMPETE® TS G i e esu SUEhtaf et &t Tate -

| nvent i on: Fokheexaapler, aforiste-iicvient itdre aj‘cfltlrdisialur];i‘lracmﬁa/ cﬁﬁﬁ@oﬂ éiSﬂJgLIrII es for
i ncreasi ng ch. VA i 32 WO-02/.15650 PCT/ U -
sacrifici ntﬁ%t ﬂérﬁghg'(r%%})o\rénf;)r{%l\e@ %A%%é&r érlsO%s l?ghlyaslmé)trc%versateew% _Fsoeiaeecgaﬂﬁﬁl 4
constri ctigg}tt RE toer siegw times acrigasan the atieh wiadieilny ofcndss i er not

o) 7P DR B cel Gurt UL 1 404 T i Sesa  ha
rate i ncreasin plasmaian_density. i's ,

react o)r/ ha%ncfﬁgﬁggsg%‘cgt (?’ﬁzi?gl ViV &9’ ti}yet ﬁ@”?arﬂ?%i‘aﬁﬁ‘? dhathat _

i ncreases &nchepate etcpl asim icon plensiat \icov @lertdicey wordkpitéee. 10 | nprovi ng

etch sel ecfbyibyeBy constricting the torroidal plasma current in the
vicinity of the wafer or workpiece can be achieved in the invention in any

one of several ways. One way is to reduce the pedestal-to-ceiling or
waf er -1M®- cei | i ngmpebghhg ém@hh@l’eliesjtﬁ_ﬁyiit@t @dgﬁ;?ls?;g{@&i}@a?iﬁ;i ?Etei on
plate or shoverbead syecrihe el sk colslilels Whpaih ol tne
appl i ed t owphkpigateraor bropkpileved Amy tiwee iowesmyicromn maty omeobft he
several ways. One way is to reduce the pedestal-to-ceiling
or wafer-to-ceiling height. Another is to introduce a gas
15 distribution plate or showerhead over the wafer that
constricts the path of the torroidal plasma ion current.
Another way 1s to increase the RF bias power applied to the
wafer or workpiece. Any one or any combination of the
foregoing ways of improving etch selectivity may be chosen
20 by the skilled worker in carrying out the invention.

Etch selectivity may be further improved in the
invention by injecting the reactive process gases locally
(i.e., near the wafer or workpiece) while injecting an inert

25 diluent gas (e.g., Argon) remotely (i.e., into the conduit
or plenum). This is preferably accomplished by providing a
gas distribution plate or showerhead directly over and
facing the workpiece support and introducing the reactive
process gas exclusively (or at least predominantly) through

30 the showerhead. Concurrently, the diluent gas is injected
into the conduit well away from the process region overlying
the wafer or workpiece. The torroidal plasma current thus
becomes not only a source of plasma ions for reactive ion
etching of materials on the wafer but, in addition, becomes

35 an agent for sweeping away the reactive process gas species
and their plasma-dissociated progeny before the plasma-
induced dissociation process is carried out to the point of

creating an undesirable amount of free fluorine. This
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foregoi ng ways of inproving etch selectivity may be chosen 20 by the
skilled worker in carrying out the invention. Etch selectivity nay be

further i@Ry@negkol N the invention by injecting the reactipeg/ peeps d9ases
locally (i.e., near the wafer or workpiece) while injecting an inert 25

di luent gas (e.g., Argon) renotely (i.e., into the conduit or plenum.
This is preferably acconplished by providing a gas distribution plate or

shower head | er. n i t.he wor ece support _and |ntrodu0|ng
the reacti ngé l|Focfct)lcéehs;Q'L\{lgaslﬁfjéexc Jijlglfevne O acifkpc &5t Sredor RISH° t97Dugh
30 the shok&dfEms <Ohwawaerittey, ettqirescﬂ a@nitvigas deslatjwectted  into the

condui t weldhawe ramdie RGeS Iagi0R 0Vverd Mg i dhe WakemiQge .
wor kpi ece. The torroidal plasma current thus becones not only a source of

plasma ions for reactive ion etching of materials on the wafer but, in
addi ti oA, beconEhe35 rareragem m@vmgr@@m\mﬁmhﬂmwwrye;km ocess gas

speci es angd, dineid; Rl AR %s_% Gt ed R %%el?ceft ret e pl.asna- i nduced

di ssoci ati on process 1s carrie out to t o] 0] nt creatl ng an
undesi r abl @1ABEINCBE S ee ASuGLiStalsSEG @bwqmpwerse@o tPER/agddy 25505

reduction iumdmlmlydem@ltedmooﬁchtehaorx&@quawe DRIERGRS TuEA%EntS BRL 85
enhances t@@ etch select|V|t% elatlv photgre5|st and qther _material s,

a signi fi c&t Adant dge "eEYT En 5P PHES TG Pe A SAOBEIGLY i t he
appl i c&Pi oo lRE [lcadine §@me¢@apowemdwottbe pdenoidaly beliasmelower ent . As

di scussed @a@%e,topqw FloS: reYcB'mEJ@Llel Ya 'chliCtah‘&%h)ﬁaC%%?J %gctte?ldt he JidiQfdal

pl asma current b ante I n many enbodi nents he ant enna
predonlnanF%? i l&o@ﬁl@ ePH“kheHQW?gﬁﬁalléoﬁH@ﬁF SFopCdmemtEy the ng
close or metenha iits. chafiexdmbetha eeglioantealasedy bextert ahengside the

condui t or cBLenym JHowgKer,, LosoLher RodiaraLs Lhe, canienna Ls confl ned

to the_ region_encl osed between the ui't or Ienun1an Sact or
encl ostt e C&€igindthe Im @@ﬁlﬁﬁéﬁerlﬁaﬁﬁe Féﬁtéﬂt@a@é mele begncensa deaedbe

consi der edtct ®ebeundsger ththecsgndyi t-atatheenbhag1ahegngsideroficit . ghen

greater flexibility is afford by embodiments having a
magnetic core (or cores) extending through the enclosed
region (between the conduit and the main chamber enclosure)

20 and having an extension beyond the enclosed region, the
antenna being wound around the core's extension. 1In this
embodiment the antenna is inductively coupled via the
magnetic core and therefore need not be adjacent the
torroidal plasma current in the conduit. In one such

25 embodiment, a closed magnetic core is employed and the
antenna is wrapped around the section of the core that is
furthest away from the torroidal plasma current or the
conduit. Therefore, in effect, the antenna may be lbcated
almost anywhere, such as a location entirely remote from the

30 plasma chamber, by remotely coupling it to the torroidal
plasma current via a magnetic core.

Finally, the invention provides uniform coverage of the
plasma over the surface of a very large diameter wafer or
workpiece. This is accomplished in one embodiment by

35 shaping the torroidal plasma current as a broad plasma belt
having a width preferably exceeding that of the wafer. 1In
another embodiment, uniformity of plasma ion density across

the wafer surface is achieved by providing two or more

34



greater flexibility is afford by enbodi nents having a nmagnetic core (or
cores) extending through the enclosed region (between the conduit and the
mai n chamyeyo2@86d00sure) 20 and havi ng an extensi on beyond pdieu®nessesed
region, the antenna being wound around the core's extension. In this
enbodi nrent the antenna is inductively coupled via the magnetic core and

t heref ore need not be adj acent the torroidal plasma current in the

condui t. | n.@n d t gg&! ed and
t he antenngelgl %’around the é%EﬁQéﬁgiﬁ %é%f%%f%a%* u&¥ est
away from thétt éﬁt@i‘f&&ICtplléls ﬁ&lec@rrroerﬁSSorrWn oifduitthe 'IWF‘éEQ—i#’ or éhg n

ef fect, theoarbedana @saysslae |cm&’te@ﬁs aﬂlmstlrﬁ@d\&*&’&orﬁél%tﬁﬁalal Q@R oNn

cot1TelY, " SIRECLEOTENR A0 S chamhel o Dol elY cfaﬁiip'%%vﬁ' Ridion

provi des uﬁpﬁf@ﬁﬁteov\eﬂfa@@ chapes a5 &s tercadebelte @Jlﬁlamnmftca cmezrqr laar ge

di aneter wgtet Qbr \éoaliahe%er Thifed s a6COMRIHshed dH VB Blsnfy 35
shaping the torroi asma curr as a broad plasma b aV|ng a wdth
preferablycB%EEEB?nEth £ QPWFﬁ@dmgﬁeP'Sﬁ@aﬁﬁﬂﬁwﬁQJ rﬁﬂiﬁqﬁﬁna EHFbrmity

of plasma edpndehdket dizerdadsn ife thaf enes woaed dad @QJasa\eed:Maafth dirng

two or nor 4 6 R&GE / I ransyv rse o
orthogonalgFgrP¥£gg%éé? 2o curggﬁgs%g?hat §§§§£ han é”fgblon
over tHe wBFefigpmés ?érﬂéﬁé&?eﬁﬁa§#§8@§rﬁ@nﬁ@eﬂnﬁﬁ9a¢D$VEeGKNdns nut ual | y

of f set fraﬁt@ﬁﬁaangbhéé lays a@%eveEeC&onattl&% Qi @idrll Pl1asmm 5 currents
may be shaﬁed as, a.br

ad sma to cover a_. ver arge _di angt er
waf er. Eac urrganthg FOPF8 8§F F§§ﬁﬁ VEFrEnts e @fgﬁwe dt hyis

separ at e cprkfanrednemabidgredt  atbeg opheémiiv ettriuonuste tike core itromidictal
pl asrm cur £Rat towmaa@ gnefs%r edr-oahedieARnl, jUnif Py oS enhanced by

apply|f signal's_o ferent phases to the respective coil antennas
so as tb aEﬂPE%Buau?oPéFPH@ EOFFERaSP tpRgs d the Ghee fie iy cbR@bgiocess regi on

overlying pbetwahethrbughhkScircularly continuous annular opening in
the ceiling or side wall. This latter feature allows the
entire torroidal plasma current to rotate azimuthally in a
continuous manner.
20
While the invention has been described in detail by
specific reference to preferred embodiments, it is
understood that variations and modifications thereof may be
made without departlng from the true spirit and scope of the
25 invention.
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preferred enbodi nent, the optinmumstructure is one in which the torroidal
pl asma. current flows in a circularly 15 continuous pl enum comuni cati ng

with the wey ¢y/8é@nber portion through a circularly conti pgaussofngeel ar
opening in the ceiling or side wall. This latter feature allows the
entire torroidal plasma current to rotate azinuthally in a continuous
manner. 20 While the invention has been described in detail by specific

reference referrned gnpadi.ments, it is understood that variations and
nndificati?ﬁ?gtﬁgrgggqnay E%L made w t hout departing fromthe true spirit
and scope of the 25 invention. 35 WO 02/15650 PCT/ US01/ 25505 What is
claimed is: 1. A plasma chanber defining an evacuated 5 interior

envi ronment for processing substrate, saj d.. _chanber conprising: a
substrate support:; aﬁ‘apg‘rtpalrag&lagé:?aﬁﬁ&rr%ﬁ Fonp Pt EYFTEPactd  faci ng
rel at i ohshilptesivhe esvigonats ts dgpo procasd iadapt etbtst ratee f st dr ocess
gases intochhgpehamabdiRlief.or environnment adjacent the substrate support,
said gas distribution plate™ and substrate support defining a substrate
processi ng region tReFdBSEKEST S¥ORAM 6w conduit havi ng respective ends
opening 15 into sai dnsupsitatredpoeecesdishg ibegiion @laaepasi tepsdates of

sai d gas di Lhut | I Wt h e _l i_Qr i.d cqnduit. shary t he
interior eﬁ%%ﬁ%ﬁn%ﬁ??tggﬁg%%éhéhﬁF%befkgggégpﬁb§&¥%%§§ee6%“#F?%H?%?%3%’ by
an RF 1Qel d1leW precessi Bgsgasdstm thien cgﬁétb@@nd@itterti@r ZQsirsrmianta pl asma

in a path gxiepdnidacodntsthe teoRdybritNt ebliar gaRd AFRSH NS Hisidat e
processi ng thin _said chanber, interi envi ronnent. 2 he .chanber

of Clain]1a£§ﬁ%&%g¥%a§§i&uggpﬁtige gning a su %tra e processing region

therebetween;
a hollow conduit having respective ends opening
15 into said substrate processing region on opposite sides of
said gas distribution plate, with the interior of said
conduit sharing the interior environment;
said conduit being adapted to accept irradiation
by an RF field of processing gases within the conduit to
20  sustain a plasma in a path extending around the conduit
interior and across the substrate processing region within

said chamber interior environment.

2. The chamber of claim 1, in which said path is re-

25 entrant.

3. The chamber of claim 1, in which said path is

torroidal.

30 4. The chamber of claim 1, in which a plasma current

circulates around said path.

5. The plasma chamber of Claim 1 wherein the cross
sectional area of the conduit substantially exceeds that of

35 the substrate processing region.

6. The plasma chamber of Claim 1 wherein the plasma

ion density is substantially uniform across the substrate
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25 entrant. 3. The chanber of claim1l1, in which said path is torroidal. 30
4. The chanmber of claim1, in which a plasma current circul ates around
sai d pat hwon21sése pl asma chanber of Claim 1 wherein the cregsusosesdosonal
area of the conduit substantially exceeds that of 35 the substrate
processing region. 6. The plasma chanber of Caim1 wherein the plasma ion
density is substantially uniformacross the substrate 36 WO 02/ 15650
PCT/USOl/ZgéPéO support. 7. The plasnma chanber of Caim 1 wherein induced
electric fre fines of the pl asma extend across the 5 substrate plasma
processing region fromone of the conduit ends to the other. 8. The plasma

chanber of C ai my7 whenei plbkaeelecimbes Jf €16 iki nes R igeneiRldan

arallel. 10_9. The_pl .chamber of Claim8 wherein the electric field
Etrength i§98955F§ 5&?@??@&??& E( r&%@ P&@S§Eb§??%ﬁi§ 51-L5Fa Processi ng
regi on.5 155ubstTheepbasnnac paviges sahgCireghon irereiomet I ¢tdved wicnduidtc| udes
an insul at tg=088 ggRekalklky M dway between said respective ends to
preclude the conduit frompresenting a continuous conductive path between
said ends. 20 11. The plasma chanber of Caim1l wherein said conduit has
an outer diameter whirak pb3aamai ghiafibeanb£f caetimon ehetdeen dhanetertefict he

chanber. 1§ie1?elEhggngrghgggﬁéﬁg%yﬁ%%%%h&eﬁherein each end of 25 said

conduit has a fransverse d isTat least as great as that of
sai d sibstrate support. 13. The plasma chanber of daim1 further

conprising an &F povwee BRREkMEALAEMbE? of Claim 8 wherein the electric
field strength is evenly distributed across the substrate

plasma processing region.

15 10. The plasma chamber of Claim 1 wherein the conduit
includes an insulating gap generally midway between said
respective ends to preclude the conduit from presenting a
continuous conductive path between said ends.

20 11. The plasma chamber of Claim 1 wherein said conduit
has an outer diameter which is a significant fraction of the

diameter of the chamber.

12. The plasma chamber of Claim 1 wherein each end of
25 said conduit has a transverse dimension which is at least as
great as that of said substrate support.

13. The plasma chamber of Claim 1 further comprising
an RF power applicator.
30
14. The plasma chamber of Claim 3 wherein said

applicator comprises an RF inductive source.

15. The plasma chamber of Claim 14 wherein said

35 inductive source is adjacent said conduit.

16. The plasma chamber of Claim 1 further comprising a
bias RF power source coupled to said substrate support.
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14. The plasma chanber of Caim3 wherein said applicator conprises an RF
i nductive source. 15. The plasma chanber of Caim 14 wherein said 35

i nduct i veywgiaiGEsel S adj acent said conduit. 16. The pl asma gehadaghswf C aim
1 further conprising a bias RF power source coupled to said substrate
support. 37 WD 02/ 15650 PCT/USO1/ 25505 17. The plasma chanber of Claiml
further conprising a gas injection inlet to said conduit. 5 18. The plasm
chanber of claim 17 in which said gas injection inlet is adapted to flow
di l uent gases, and said gas distribution plate is adapted to flow
primarily reactilvie phecedesgasehanberlef THeip dsrfaumtisrerondr i@ iaignd

wher ei n saigd =035 HrSlod Qi@ B a8 d Scad@pied to flow different mxtures
of inert and reactive process gases at different radial |ocations. 38

5 18. The plasma chamber of claim 17 in which said gas
injection inlet is adapted to flow diluent gases, and said
gas distribution plate is adapted to flow primarily reactive

process gases.

10 19. The plasma chamber of Claim 1 wherein said gas
distribution plate is adapted to flow different mixtures of
inert and reactive process gases at different radial
locations.
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