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BACKGROUND OF THE INVENTION
Technical Field:
The invention is related to radio frequency (R.F)

inductively or capacitively coupled plasma reactors used in
processing semiconductor wafers, and in particular to
improvements therein for increasing the plasma ion density
uniformity across the wafer surface.

Background Art:

Inductively coupled plasma reactors are currently used to
perform various processes on semiconductor wafers including
metal etching, dielectric etching and chemical vapor
deposition, as some examples. In an etch process, one
advantage of an inductively coupled plasma is that a high
density plasma is provided to permit a 1large etch rate
independently of wafer bias, thereby permitting more control
of the wafer bias to reduce device damage. For this purpose,
the source power applied to the antenna and the bias power
applied to the wafer pedestal are controlled separately.
Separating control of the bias power and source power
facilitates independent control of ion density and ion energy,



a AP R 2002 in accordance with well-known techni ques. To produce an

i nductively coupled plasma, the antenna is a coil inductor adjacent the

chanber, the coil inductor being connected to the RF source power ﬁL&ﬁ@l y.
hé coil inductor provides the RF power which ignites and sust & ABRt

pl asma. The geonetry of the coil inductor can in |arge part determ ne

spatial distribution of the plasma ion density within the reactor chanber.
One problemwi th such a plasnma reactor is that the spatial _distribution of
the plasnma i 6R RGRITIARRS o¥d thhe'Slal dfnult f BEEPPIABEEen NnEA- BHAHGR 3R s
i's a probl eminfuatietaly eictiplpEogaEstsmd Ortigxagntennbedause cdie ehd@bctate
and accunul at idon of eégctri c.char on 'rljfge.dﬁﬁ/i ce i.s affected ?% pl:as i on
density. Spegl\angPFy, %o?ﬁat]?ﬁefrdr &Sta 18 ﬁre?@ilf?/lr@ SSE 8n Pe to
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is the coil f2}@1oggtry and | ocation. Another cause is the shape of the plasm
itsel f, whi ch®@°fargely determi ned by the shape of the reactor chanber,
particularly the reactor chanber ceiling. Generally, the coil inductor of
an inductive C p tor i a oynd react .
chanber, alt éﬁgﬁgpﬁgge?q?\%? si\l'gcgfes%a}r)ﬁ?/m%ogggg}_’nggoli?hé:géﬁ:aptg?eofQé%telal
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therefore experience different plasma |jon densities. ., 8 AP R 2002
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in the plasma, hindering.control qf the asma i gn_energy. A nodif,ication
of that apprBGERiRG HPYLFESc@N PRBes PAtCIRANOL 5 tBEs VRESTho 1@RTG: B . |

in which an s¢deced psodudeién pielLdt the plasma characteristics such as
density by increasing the thickness of the dielectric chanber cover toward -
the center of the chanber. U S. Patent No. 5, 346,578 discloses a reactor
havi ng an ar@umat efcehkei wgusHsweofe monsuuti fioaoh Plases dran ghietyzillue iionriitsed

in their bestpappbiCajd Rt A0 Ad bBhtY6hY MHAMMANRW 98 PROCESSpe of
reci pes. Thus, there s a neeg for_a,plasma reactor which permts versatile
r

opti mi zat i ontB¢ Piaswm iGseldet Hhishi &8 13raphy Aeterined: hyt yhershaR& RE i on
density di stthdéuféait@y ehatbed!, JpaRteasrlY NtwV.reactor chamber ceiling.

Generally, the coil inductor of an inductively coupled plasma
reactor is wrapped around the reactor chamber, although it
does not necessarily conform to the shape of the reactor
chamber walls. Necessarily, different regions of the wafer
surface are displaced from the nearest coil windings by
different distances and therefore experience different plasma

jion densities.



SUMMVARY OF THE | NVENTI ON An RF pl asma reactpr for processing a

sem conductor wafer in a reactor chanmber with a nmulti-radius donme-shaped
ceiking and a , gas inlet for supplying a process gas into the c?&gpﬁﬁ
i’ncl udes an overhead RF signal applicator near the ceiling for 2.8
APR 2002 applying an RF signal into the chanber through the ceiling to
mai ntain a plasma of the process gas in the chamber, the plasma having a

radial ion d nS|t .distribu near t | ane_o destal. which is

cent er - hi gh lP@éP@Pnhéh ht E E&RI EREC 85v§h%$k9 SRHERT aRETE s
center-loa/f@ﬂa@nbgypémmheu@hgocaMethNQMtthb ghéececbnng:Eandgless over
i nter medi at e e (eat eédggg ::Q:Eﬁcﬂ‘ih%ﬁgh i$Chd hé&séh%fr | &bni or

density distribution is n center- nor center-| n anot her
aspect of th&epHEpherdsalt wglﬂapngﬁ,grﬁgrr g¥pMPé st orAﬁ@@rM@mu|téxere tends

di stributi ontehapactiaitiezachtby spatehl echdyunEeirhadidls, ihherpé asen hayhrg a
radi al ion dﬁn3|t¥ distribution with respect to an axis of symmetry of the

ceiling whic €nter-high for a | esser nean radius of the signal
applicator and center-low for a greater mean radi us of the signal

appl i cat or, Peglg@ggeﬁgdég‘%rgécﬁ & 1%{&%'0 @Eifggcﬁtgr P&l ens‘h{?}e ng%a%§§t he

greater and ['esSer nean Suc ORE ial”ion di' EEP1 Bt on
i's neither cé@téﬁmﬁﬁgﬁghérl%éwhkﬁhIamplaﬁmé peackes s &nﬁﬂdﬂaqgéﬂéagedndo

be conpati bl g wiitdt a@&lpnﬁthennﬁa)O\%fl%trﬂg e&r@éﬂ ele@wﬁ?pr oq&ﬁﬁevézb) Ehis
silicon oxide etch Iasna géocess Bo ysilicon, e | asma process,

(d) a silici @8PEPBR ppﬁﬁe% e%%ﬁlxaqﬁQwaH ndi £ BF?M%Q&;nQ1?WR§°H8W?ﬁEr1%tCh
process. TheptLalstnavm i]@nad!:brtsﬁyﬁ| und ot s yobaadn witdwrersi BUEY ek lf.\rom
conbi nation in E g enbodi ments.of the nventloq}1 q%.C6I| hel
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cent er - hi gh nontppéd@ﬁ rare | 9l asme emnowneifgg di st |Mlﬁlmatagorbsbﬂv+@hmped
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di anet er exceedi ng, 2 e cei ﬁ e 1'n tHe Tran
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flat interiogh4racteristics such as density by increasing the thickness of
the dielectric chamber cover toward the center of the chamber.
U.S. Patent No. 65,346,578 discloses a reactor having an
arcuate ceiling. However, such techniques are generally
limited in their best applications to a relatively narrow
window of process recipes.

Thus, there is a need for a plasma reactor which permits
versatile optimization of plasma characteristics to optimize
uniformity of plasma ion density distribution over a large
process window.

SUMMARY OF THE INVENTION

An RF plasma reactor for processing a semiconductor wafer in a
reactor chamber with a multi-radius dome-shaped ceiling and a
gas inlet for supplying a process gas into the chamber
includes an overhead RF signal applicator near the ceiling for
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surface facing the wafer pedestal. The ceiljng.may include a snooth

t hree-di nensionally shaped interior surface facing the wafer pedestal. The
hi ghest part of the interior surface nmay be disposed at the mtergeglgg
Rei'ght. The ceiling may include a flat interior surface faci

pedestal. The ceiling may include a snooth three-dinensionally shaped
interior surface facing the wafer pedestal. The ceiling height may be
approxi mat el y 5 cm The ceiling may d f|n a multji-radius interi,or
surface of tREP v:{h’&ﬁ’@eran e sigPati dRt8uFPECE ﬁ%eﬁag}ér%u %’re 531 d89akE a
m nor radi usmadhtaing & pakbmat e ebied WwepebceBst h_.yag amge thie ahmutbe'&: t otRe.
The interior ac hav pex e @l t he pate
hei ght. The gﬁgn%' ﬁam a%els?‘-i%lC§l neptelé% gg él Jto%dlee?ﬁd g?f‘%r a
waf er di anet f |thlet @@dneamgé @hl@ppn@xcnatelryhighwoxrna gteaherphetgbt gfis
s compat i bl @nf (813 198! BboteChner ggeammean 167 B s FHool saitesggf of

the followi ng etchants: I ori ne, an ceiling my be at
a hei ght aboBeighs. u'fp‘b% lhellﬁhﬁ r@hgEhef %q)’o]dtn@ Qeéﬁﬂt &@P@Qﬁﬁa%e

radi us may bgreatarram@el@‘ssﬁ&ouieﬂgl&s:rad@ 22ngx Cthhe Whgd £al hﬁoz@h@@rﬁgityray
be suff|0|entl§ i)g?tnaccomm (%rrm@I er. Alter ely, fo%nthe
netal etch pld& &&d A& cetf i rfbe Ibeczftn £th '1§ 985ve% rs ort

range of aboanotBecnaspedl oM theeinwantiedi ushesRF beigmala appddeaobrahasit
12.5cmto 35_.¢m &t ntly r ate
a 300 mMm waf 3?1 \c&)\{rmmqa:ta fs‘?lhﬂ&?ﬁiorgyhggaéﬁéh%ﬁa&% Ar?r%ﬁuée%c?%ﬁ%%out
2 MHz. |f th&apivéesshgaPliasmeohpating eavorach@l si@ﬁlcdﬁn%)(tﬂedbﬂ‘—:hllwbt@ss

then it may pRAghudespbckedss LNe:ofs tde §ﬁ1|uﬁé1é’!}ﬂgo€t€lli'é‘“éeﬁﬁ%”v$ﬁ§h fis
fl uorocarbon, a fluorohydrocarbon, and thHe ceilin gﬁ @%/% e at _a hei ght above

the support FRPESFaRdEh 01f°5 a {egsap meaporadbyat migpaiy appepratee

mean radi us &Ry beehted-IowmgEcy abagitedtedCcimecam 2¢adias) Wl ehet hei gigarber
is sufficientl Iargeto ccommdateaZOO vvaferr}?é]lter |veI for the

silicon oxi d@p Lefe5PEceddi® (IR FRARES nRE by h%el g
support in alnaﬁgmedﬁaabouhelgre&rtew 3d0dchesshr wean radlussmely tl:tmt rtlae
range of abo C e
to accommda?édégéogotln%éé? yﬁgég%tgﬁgﬁll&gﬁgd%ﬁtﬁ%i%%d%%% t Ig

si gnal may h&@BL&Tfiefuency of about 2 MHz. If the process gas is
conpatible with a polysilicon etch process then it may include at |east one
of the followng etchants: chlor )j %Txedbvmth at b(;last oHe of the
fol | owi ng: o%@eﬁroﬁeﬁﬁngﬁﬁa@?}’v €g58,¢€ Fle nk? PG LOMRAI IR WAEDR | 2RY RS be
at a hei ght alﬁ@veao ha sapadrétch plaemgepnécemut (D). = ehltiecod/okide) etdte
mean radi us ng a t ch

may be suffl ?‘?yb?}gréaégf 0?5 conﬁtg)ggfsgglg gtégvxg?}é M%feéér}% ch)bea[
the polysili sohleudﬁ wtedesprocassceilang mjtivadet etdlei gn@camue (tfhe a
support in ag wggs Ofe@a@%r%%e%@ 10 FReCNEol 16w iRGN ddRdddnaRY ASatirds

range of about -5°cm where the chamber_ is sufficiently large to
accormodate 8 §66nmnqw’§rr. F%?nﬂ.ﬁé pBF ysithi c&rﬁ’“@t’ﬂ?tﬂ@(ﬁ‘ces‘sntlﬁr Fehal
may have fregupbaymehtat ofeght ifAvéhiEiofor the polysilicon etch process,

the invention may include maintaining a pressure in the chanber |ess than
20 nT or between about 1 nT and 5 ml. The height of the ceiling above the
waf er pedest Theandeihéngeaheighti umapf bée RECBi gbhat apphe caten digngidy
ratio therebgtueemypibhe o d;‘}‘gﬁeOfnﬁQ@feQX'g?é rﬁl!IQaﬁT_ip J:e?&t ﬁébﬂv%f on

provi des advantages I n E deposition, ectric ion
density and PsAAPMiRagt Ec??@hﬁ?r@?wand'mé?e@ﬁ'éﬁl?‘é'hb@?a“i@f ebe Sb‘e&!ﬁl?%i ly,

the electricrhbebdidin hﬁem@ﬁerma§ pedyfeghé efa&tgé/ebf.tw & ficwed7setcRffor
Pprocess condl ti gnmber UcCl ngereVI ce danunge.

e re
lame exceedling 200 'ghe ceiling height may
be in the range of 10 to 30 cm for a chamber diameter
exceeding 300 mm. The ceiling may include a flat interior
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6 . (. 8 APR 2002 where ions are produced (i.e., the region nearest the
coil) is renote fromthe wafer so that non-uniformties therein are
gnelioriated by ion diffusion before reaching the wafer surface. g7y

flux is nore collimated so that a generally |ower bias voltage on the wafer
suffices to achieve anisotropic etching. The el ectron tenperature gradi ent

g&g gséfPtT lh%N V@L&fl_fljfdé’ fﬁzﬁ,wﬁ flﬁ{eebr)éfre&dlg@d&tﬁﬁw ceﬁdaataghz@enaﬁalxﬁude ?
cu ew an
e unt ey ARARtTy S os S e hel v SRR, EREEoE SRR Badin kB
of the inventwadfrer Eje(aesZals &hsl iyilghfeised peot:- efayhesi d,aterrewro’suarﬁace may
duct | | : dj
of ire | mantrafepibed! AT AE 4RRErRHiERAC Hikhe 0 S IR AR hap !

i nductivel y dadiuste /- ﬁlagmanrtéaépgr Sémfra@p(frﬁﬁlr@t%h% vafen ppBsaradnat

of the inventpen. cé'_llc.ingﬁ rh&yalﬁctlmiéfaegm@éﬁhawﬁ)ﬁeél-d@méhgi\bﬁ&lE? shaped
i nductively c, corresgondln fouéﬁn%enboglnent

| ed snma reactor
of the |nvenﬁQ£% HQQES%rggcﬁ AN i B c HRLsFa ing
inductively ¢mightdmBy bkaspproetaslycar. sspmndi 'mgetoezalnfng rfaye deddheeat

Of e, L IVentas Hts & LS SPIAIALoUle VY Shdiodt o fhe2acerior

i nductively cou ashma reactor corres si x nent
of the i nventﬂlmf-aqel @ayr hiagreq as mapoirt iredivet aad/a§ @i’@l@-‘ virasli ust d@rﬁmlng a

i nductively qQupleede RErBhaswBeh 36! OFhE O RRPRONGE NGidduLA SewNt Do enboghgent

of the Invenuﬂﬁérlor surface may have an apex, the apex lying at the
intermediate height. The chamber may have a diameter of
between about 30 and 60 cm for a wafer diameter in the range

of approximately 15-30 cm.

If the process gas is compatible with a metal etch process
then it may include at least one of the following etchants:
chlorine, BC12, HCl, HBr, and the ceiling may be at a height

above the support in a range of about 7.5 cm to 27.5 cm, the
mean radius may be in a range of about 7.5 cm to 22.5 cm,
where the chamber may be sufficiently large to accommodate a
200 mm wafer. Alternatively, for the metal etch process, the
ceiling may be at a height above the support in a range of
about 10 cm to 30 cm, the mean radius may be in a range of
about 12.5cm to 35 cm, where the chamber may be sufficiently
large to accommodate a 300 mm wafer. For metal etch the RF
signal may have a frequency of about 2 MHz.

If the process gas is compatible with a silicon oxide etch
process then it may include at least one of the following
etchant precursors: a fluorocarbon, a fluorohydrocarbon, and
the ceiling may be at a height above the support in a range of



FIG 8 is a sinplified cut-away side view of an inductively coupled RF
pl asma reactor corresponding to a eighth enbodi nent of the invenbyﬁﬂiaﬁz
8 APR 2002 FIG 9 is a sinplified cut-away side view of an induc

doupl ed RF plasma reactor corresponding to a ninth enbodi ment of the
invention. FIG 10 is a sinplified cut-away side view of an jnductively
coupl ed RF plaQHt react® tordedH @i fdia dean ACALENBRY PRt? 6 1emge of

invention. Fldpoutl 13. 5chi 88l fi 6d calltwianmy, st vheMbed 28 sadusthiXgtyy
coupl ed RF ph@;n& react or conieigond%gg to an eleveg&E enbodi nent _of the

i nvention. FI'GTE § 3CMIIR P cttY HByWRFQE- vi BWLBFRARIYGlYicEPT eFhe
coupl ed RF plsishicareast oie cerclespoadeasg, t ohan ceddlifigh neybdol neemnt a ohefi Rt

i nvention. FlI 3 | ifie - Y S hew. O i nductive
coupl ed RF pfggﬁ% Fg%c 8§b§g%r£§5%6%#%§9?% 3%09 i?Peﬁﬁt%°§ﬁ%6§ﬁn§hF Q?XPhe
i nvention. FI@dimg jmayy RBenpni fi sanget odwapositdd Svi@w b 3n ¢mdubereetie

coupl ed RF plasbereatd Pl beOldugTaendintd yt 0 Ad ogbt aeebhmeahedi @HoPf mhhe
invention. FIG_15 is_a S|qglliéed cq%;awﬁy s1 de vi ew of an |nduct|yeI¥
coupl ed RF plYhfF r ed@%r S or F BN MPF A FR { BEREFSBnbRT n2ht 5918 he
i nvention. Finay Yaved lauSirreaiuesicyn o€nabdument MEar.r esponding to FIG 1

enpl oying a coil inductor consisting of nultiple concentric spiral

conduct ors.
If the process gas is compatible with a polysilicon etch

process then it may include at least one of the following
etchants: chlorine, HBr, mixed with at least one of the
following: oxygen, a non-reactive gas, an inert gas, and the
ceiling may be at a height above the support in a range of
about 7.5 cm to 27.5 cm, the mean radius may be in a range of
about 10 cm to 30 cm, where the chamber may be sufficiently
large to accommodate a 200 mm wafer. Alternatively, for the
polysilicon etch process, the ceiling may be at a height above
the support in a range of about 10 cm to 30 cm, the mean
radius may be in a range of about 15 cm to 37.5 cm, where the
chamber is sufficiently large to accommodate a 300 mm wafer.
For the polysilicon etch process the RF signal may have
frequency of at least 10 MHz. For the polysilicon etch
process, the invention may include maintaining a pressure in
the chamber less than 20 mT or between about 1 mT and 5 mT.
The height of the ceiling above the wafer pedestal and the
means radius of the RF signal applicator define a ratio
therebetween in the range of approximately 0.8 to 1.5.

The invention provides advantages in power deposition,
azimuthal electric field, ion density and ion flux
directionality and electron temperature. Specifically, the
electric field at the wafer is reduced relative to a fixed set
of process conditions, reducing device damage. The region
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FIG 17 illustrates an enbodi nent corresponding to FIG 5 enploying a coi

i nductor consisting of nmultiple concentric spiral conductors. FIG 18

illustrates an enbodi ment corresponding to FIG 11 enploying a coi

i'nduct or consisting of multiple concentric spiral conductors. FI&APRo2002

illustrates an enbodi nent corresponding to FIG 14 enploying a coi

i nductor consisting of nmultiple concentric spiral conductors. 8 8 APR

2Q02 FIG 20 illustrates a nodjfication of the enbodinment of FIG 19 in

whi ch di f f er ¥RETFoLPRBN3TDIP¥PRIGEH Udt- 6r + aFBEpERBT R REAEN IS/t FPLlEI & 21

ils a graph ?}‘remgerim ?&héiatzaf_éilarrpar it ] hﬁbrs-[lﬁﬁiﬂilnﬁ!tﬁj%]dsi E&Héﬁ&h Oia_:ele_

pl asma i on ux,densi r a coil Jj.nductor conformal_with the donme cegiling

rd Tor o i GIELEEPTRkEE chy | fofbu e usitas BIbRES) reidiald orbel wafer

progressi on efhirREcpl.asFher éant flushapewowhi chlinhdteed fsammhate aagehbeally

accordance w he re fi. fJat S a L -1 adi -Sh .
VélbgeE 8% Sfr@é:fag{egn%giny tey Mé# ﬁgff‘fc%?maté. &ieve

ceiling. Fl 3is agra as a function radi al position

on a wafer | ANERELFEREE Rtemdther Theneleglrgn cheNRRr a3 SFEAPRE feressh

of the exanpkae 6hfErGBur2ale?2Phelbby. rédAc24Al ablustraigage PAWE! €ssi on of
RF plasma reactor shapes enploying a nulti-radius donme ceiling, the shapes

differing fromone another in accordance with the hei ght of the chanber
side wall. FIG 25 is a rERIERODESORIFTION YORIHE DRANINGS of radi al
position on a wafer in the reactor chanber, including curves correspondi ng
to each of the exanples of FIGS. 22A-22D. FIG 26A is a scanning el ectron
m croscope (8E®) phdsogr aphpdiféedhedt sadavasidervieveef ot al mdulc i valan

enbodi ment  cephg$RANAEFNG1 h8mhNakaltoF! E%rgé&ofdﬁicﬁ 8B d £33t SEM880hQ% aph

of etched sidewall profiles obtained with an enbodi nent corresponding to
t hat of FIG.°§4EPeFE@YeEB€PPs an SEM phot ogr aph of etched sidewall profiles
obt ai ned wi t R1en enfiedianesimpadifriesp@utiayayo dith vafew|dE 2dDindldkively s a
durrent 1 xaeby A BEAL ST renstaracanoeeb ARLHIL e 1 AR, pBRH TR o
the wafer supfatbe andenbiparing radial ion density distributions obtained
o Shapen HECTTRoREEE UL A, AN, B ey
pl asma ion coupled RF plasma reactor corresponding to a third embodiment
of the invention.
FIG. 4 is a simplified cut-away side view of an inductively
coupled RF plasma reactor corresponding to a fourth embodiment
of the invention.
FIG. 5 is a simplified cut-away side view of an inductively
coupled RF plasma reactor corresponding to a fifth embodiment
of the invention.
FIG. 6 is a simplified cut-away side view of an inductively
coupled RF plasma reactor corresponding to a sixth embodiment
of the invention.
FIG. 7 is a simplified cut-away side view of an inductively
coupled RF plasma reactor corresponding to a seventh
embodiment of the invention.
FIG. 8 is a simplified cut-away side view of an inductively
coupled RF plasma reactor corresponding to a eighth embodiment
of the invention.



9 "8 APR 2002 density neasured as ion current flux at the wafer surface
and whose abscissa is radial position at the wafer surface, and conparing
radial ion density distributions obtained with a argon and chl orine gas
under simlar conditions. FIG 29 is a graph whose ordi nate corr @spRmdsgt o
pl asma ion density measured as ion current flux at the wafer surface and
whose abscissa is radial position at the wafer surface, and conpari ng
radi al ion dengsity distributions obtained at a plasna source power |evel of

500 Watts and¥i800°Waft & SMBlifdeqd |qudtaniads 9 iRy rfacdnrindiehigrely

mul ti-radi us douaple@nREPPLASNE FBattsrStderd@pdnditieudh awnlihthhemebaihsst i s
evacuated by a tgﬁgoigggHE.FlG. 31 is a graph whose ordinate corresponds to
y

pl asma ion deﬂgi neasured®®s ion current flux at the wafer surface and

whose absci ssBI@s t@disal apssinpldhied ¢he-awderside fatey ahdcopiudhigrely

radi al ion deggityedi fri hen LN | ; I t i

over head coil an e?ma an%P#a%hgpg??gégfo?gf%\%%b@z@ewt (ta:%g\glérgég%ﬁi(}%él‘{ke
antenna. FI G ©B2tie 3nyeBpkoRdhose ordinate corresponds to nonunifornity of

radial plasmerien denssty didmplibidd oduBSawayeyidd i elew M MBuddively
density and whose ggs #ssg corresponds to the effective neaqtradi s of the
over head RF sFgWat p% i RoREPE BRACTRATI CRFTPRANVEY stovitthF 458 Hehavi or  of

t he non-uni f cembogimsnta dfinthe oinwéntbam. r adi us for several different

process condi t{Qns L TLON : | VENT.
Di scl osure ofﬁ e %ngn-f&Aﬁ%ﬁ%ﬁs&@hﬁ%‘g%&%ﬁrﬁgﬁiggﬁ?&&1§’ely
reference to eoyphedn PBweplasna cereagt@yi neprresprnding donneot edwed faoh RF

power source aRdo@VRENY O thE PhasH®y Ghanber ceiling, the conductor being
a coiled inductor or antenna, for exanple, of particular 10
FIG. 13 1is a simplified cut-away side view of an inductively

coupled RF plasma reactor corresponding to an thirteenth
embodiment of the invention.

FIG. 14 is a simplified cut-away side view of an inductively
coupled RF plasma reactor corresponding to an fourteenth
embodiment of the invention.

FIG. 15 is a simplified cut-away side view of an inductively
coupled RF plasma reactor corresponding to an fifteenth
embodiment of the invention.

FIG. 16 illustrates an embodiment corresponding to FIG. 1
employing a coil inductor consisting of multiple concentric
spiral conductors.

FIG. 17 illustrates an embodiment corresponding to FIG. 5
employing a coil inductor consisting of multiple concentric
spiral conductors.

FIG. 18 illustrates an embodiment corresponding to FIG. 11
employing a coil inductor consisting of multiple concentric
spiral conductors.

FIG. 19 illustrates an embodiment corresponding to FIG. 14
employing a coil inductor consisting of multiple concentric
spiral conductors.



0 APR 2002 shapes and ranges of shapes. However, the invention may be

i nplenmented with a plasma power source enploying a conductor which is a
capacitive el ectrode of the same particular shapes and ranges of shapes)
fhe coil windings being replaced by a single integral conductive APR

t he capacitive electrode. In either case, the conductor (i.e., the COI|
windings or the integral conductive film defines or conforms to a three

di mensi onal surface or shape lying within a range of shapes to be descri bed
bel ow, such &¥CGa RPudddustresess, aamediifagation @nthanempodimentrafi BEG.
dorme, for examplig Jrh:?crpréﬁﬁﬁéréﬂt’egbk%oﬁﬁub&t i athistsr thee SPaRErLh
the pl asna |Qn densi t varyi ng the shape of either or both the conductor
and the cei I| ep‘Fﬁ‘Q &I]'K'I ng shape is adjusted preferably by providing a
rrulj_t! -r ?dl Es EdG_mls_zahased g&abhngfagstp:b@dinéhdaia! diataﬁd;&iﬁﬁairl_?ﬁlgt hmedbfafaei&llt
radii of the i LI o_achiceve_a desired.ceil.ing.shape. e tizrad
dome enbodi tgflggﬁéoggl Ioran PEMEN &Py g}grrgangﬁng?ﬂﬁn? ngguﬁﬁd??tﬂ’és
appl i cabi | i t gonformelwiwdedt theodese wendiong(ardstor|a tyigift applinderi onjland
greater plasggqpewgs- efficiency than other ceiling shapes including a

si ngl e-radi us ghem spherical) dome. For a given ceiling sha t he

conduct or sh¥pESis 228-@ePed HINFHIAMS§ PRAFHSRIA 8 Bfa%‘h%tpé%a‘f—"?% a

right cylindghapbap@hdlchOE fpey &bm téhad éii’&tﬂfélexﬁﬁtédc§ﬁm:@één m:m met he
ceiling to either a ?ogﬁagcuate hap r.ar

L cu 9 i g %él i nder s a$ f
ot her extrend€§Feen8 ness P pulgdseed PEuSRPRC or ek :li‘rllg
particul arit FIGSUX3 aissehegiraph eifabicas dénes.btt;asaa |aorf1ﬂmt31dry db badial

optimally un . rggsat f f e

orocessi ng uRPPSLLOR, SAsacABEHE £h, Eb PERrebE CRENBEL BiCTRagRy Hithes
because the icomrdepongdyngstaf eecheefbyhehenempheswﬁ FE@%rel 322 022N ffu5| on,
l'ocal ionizagiigg Neah- tz% fi‘i'lbs't'i%%t " | p%%x‘é%%@orf QGO 'Eiéélﬁh Nedd ctor

surfaces such as 11 2 the cei]ing surface,_|In a reactor In
whi ch the di §PaREE&s %%le/%fpﬁ hé vBﬁ‘fJe‘Fla’Fﬁfi’t‘h% dore; nee bhnSet fiBEn SHAPSRT er
and the coil gifgeeting &rew ene! iamthethdr dc@drdarmie twieprdes digHuitomot

necessarily |imted to, less th 30 cmand 32 cm respectively), the
latter two f gaﬁsgaﬁlaSnWQﬁi'on near the coil inductor and | ocal

reconbi nat i ofIfGearst hiss cai fraphs wif acw) demsitiygnaéi earfunand onhe fpriesdidl
i nvention ca | qye od_e C zZi

i nduct or shageg?ﬁg%vg}s{ gh&gfggt ?gl ng %e?&t‘]g? ?R%ﬁ#g%bn#g%#?&cn eéél%r\f%sé
coi | induct ororopspanding t‘-hee&ght Dfrat!flu%x@lépleﬁgo’éh&%% neRvaP ¢ he

spati al profighg ObghoLals 'é&’elr?rﬁtdgo%l%ékoﬁhﬁléﬂbécd UGE) ?Hgt P&ph of
i nproves the spatlal rof| | ocal recpnbination at the |nter|ort

cei ling surf&EENCRet érlrdier‘i"gﬂ’tlo F?@fjilesdn PRERERSY el YilBupB®d FETRR
reactor incl udeseapbﬁdﬁhgrtohaﬂherobaFI@g 24@r ounded conductl ve cylindrical

sidewal | 10 electric I|n he e r

pedestal 14 ?Eg suppor’tSC an S m &' ?E%§ eq'cg%t :Drg%ﬁt%e

chanber, a cpbtnﬂne@allltnrncmctenﬂoodmenmscenremnﬁm am: trhpér ofoFIG one48. t he

chanber begi n r I f f al
gi PRGN JBRAr] Cﬁ &nP'sEe ﬂm%%ﬁpt% Ie@% \é@ ; 1dérwa‘dlel ?rdﬁjfe%

14 and extendi ng, upwardly theref
processi ng gaBtadie@evith A eybodineat QQrJFQﬁPQQ#W%rE%QthpPScEE%i mfRyas

into the chan@@r RNt gkl @r 2 whbdge %ﬁélwat@mdﬁégpw@&&@ma ion

pressure. CO|, i nduct or IS ener | Ze a urce wer supply
duct 8 dcéa]?/ % I

P o or bener nBRSbEY | APRENRCA BniaRt FRRERRG A TWE 4t CHA WRTHE: SBEEAGD Aty

t op wi ndi ng ehosbeabetchseadiet aradl&lb@dsgtmlmotat ank tweef exotdhurfadendiargl

bei ng 9r°“”d88m8l fg&’akﬁ %ﬁd%s%g' détis iE\g H?gérfﬂut%ﬁé' gbtﬁgggacyﬁﬁ% a

portlon 32 connéc enera
exterior grouvedclycbemispberieali nlgmeatshdpﬁdomeaﬂengnta@d o Tewkdiroradials
portion 32). dgmgoggg§gavgegigﬂgded RF shield 40 surrounds the coil inductor

18. In accordance W one aspect 12
. 28 1is a graph whose ordinate corresponds to plasma ion

9



8 APR 2002 of the invention, uniformty of the plasnma density spati al

di stribution across the wafer is inproved (relative to conical or

heni spherical ceilings) by shaping the ceiling 12 in a nmulti-radius done
and individually determning or adjusting each one of the nultiBpARR iggi i of
the ceiling 12. The nultipl e-radi us done shape in the particul ar enbodi nent
of FIG 1 sonewhat flattens the curvature of the donme ceiling 12 around the
center portion of the donme, the peripheral portion of the dome having a

st eeper cur vdte@rsetwn@aﬁumedpla@ Agdi gurgent EéuKial e Mater] Zurfacewsnd
radii, namel ynasks d 63 % GFHafAdi3iSs it Adn the L0 GafeR gu:'éfa@&h 51@%255

cm radius r at the corner. In another enbodi nent, the top radius
cm while t hEOREATENS aRdik 1Qn16epfityt ds"-ﬁ&tﬂla’ut?éoﬁét éQPttMedasWJt% a
waf er di anet argon andr eh&@d',lnbhgaboﬂnﬂéﬁ‘l gsmRlagncbadiptenssed to

dat mber t
Ehat T he il F1Cr adl o aragth aodt | 4R e e e R e D8t G oRe
waf er size adénshsybaeasiured aer ea&esurranacébMamt:etm twafmre stefboe cand
the inventiogyokhengdca 33 aRPHRY tgid;}’sf@#cﬁ{na(é ¢ )wégé‘]gnsﬁ’f é' zong al

di stance between the C|rcunferent|a t he waf er d t e 1 nner
surface of tKkE@gHFeEng2 FdEakedoad %n$h@pl%$érdpwtﬁéﬁﬁaf%¢t%{ﬂ¢%cét Thi s

assures uni fpnabmbasmr@éogaﬁéh:nme%ltBe vabewastshaat Labbywhees. of edge
lie in the ran e pf

ef fects. ing up |cat|on this s na

Shour & om L By 30 P ARG | @0bibins, SRECE T i b, MaLE £ PR oo

in FIG 2, tBHemeqi hni apertwre 1lith rﬁn:); lsdfieowgn.mdthnomgtedﬁlﬂp%\hgr chamll::eﬁ 8,

30in a nlrr 0 u on_discl osed in co-pendin .S, a i cation

Serlal §P§§§5E§§ E&Ingg&Py ?B? 1994 by GEralg Z. Y?n et aIPP entitled
"Pl asma ReachG mﬁﬂthﬂalgnaﬁh|whDSH:QIﬂin&ﬂﬂi¢Qmﬂ&ﬂnmhd3nnnupla§majtbnand

asstgned 10 HaReREGSRRLsARBIRE® ohMIohbERHL! £ Y e vater® s0Pe o200

configuration o source % Connect ed € center
wi ndi ng of tWBOEB; pbsgdgsRoi 51 Faghiale RQ?é-ttl(ﬂfl &t Bt iR e Eusfate anf |

i nduct or ar ecbﬁaggrgh uwdadalAadiﬁ%‘énﬁe;q/ i dtvel Gty s8Rt with no

application il Yin et t he nlﬁror COj conflgyratlon has t he

advant age ofC¥BBEE BPFFEuﬁﬁxFﬂuFPEo?EﬁF grdofPthAGIN g BRagREr TR ty
di stri butionoffaydbelvadzedihr ehet bakrhbadi cetlli antéenanbodi nent of FIG 1
by providing partial, conjc il ct i FI

i nst ead of tEZchI%%dr%%a{y gkl'ﬂf_’l%’l?lndWh{)]gél %}dﬁpa@es clorli-%tsh (a%f ?ﬂe r%c:é(})rhl cal
coi | induct ounifosmiryGof3 nadial opdprsma tipm v@ﬁ@#l% dhahrabétma @Spe*

wi ndings of BBG;gaylibAdrEeah CQi 'méEHUCiBﬁ 1§eﬁ’§1€| Ga&d %ééé US{Bd £8kd N
FIG 4, the conical cqil inductor 40 may be cou 8 he power source 28,
It%ﬁ’ét“ ééﬁ:r

30 in a mrr6PTEEFPORBAT FRuLRS &f Lactilofoeary thse PRIRRA R Ey
2 gf erence t gsEgﬁaleapﬁlﬁﬁa&oBhO&ﬁdt hﬁélﬁ@@n@rb@ﬁ’@é@dslﬁ?@mn‘@ tl@éf)lﬁihaﬁdwzlt or

i S space romthe. ceil ttom carner the ceiling
Tor e so ¢ hanobt HHP TORHETL TN G5t Ae EURFFH 8 O A, (PR LEe FOR B Y S he
non- conf or raliEfebehtepnotbsscoondationsl shape and the arcuate ceiling
shape. This feature advantageously suppresses sputtering at the bottom
corner of the ceiling 12. For this reason, in many applicati ons a conductor
(coil inductor or REFFED msaperc&wmxe)owr@n PREFESRESN EMBRRIMENTE t he
shape of the ceiling is advantageous. FIG 5 illustrates a first enbodi nent
of the hybrid, coil |nduc or 42'of the |n entlon The hybrid coil inductor
42 preferably Disclegure eOt - ARR: ationg: iconductor as a unitary
coil having a cyllndrlcally shaped portlon 44 and termnating in a shall ow

top portion 4g, Hleesc%ﬂél‘g Cohlye PRARGKPLOFLEQ ede | 09 CHRhENaC Pt ed

in a manner Si'mla
source employing a conductor connected to an RF power source

and overlying the plasma chamber ceiling, the conductor being
a coiled inductor or antenna, for example, of particular

10



14° 8 AP R 2002 to the inductor 18 of FIG 1. The entire coil inductor 42
is €nergized by the sane power source 28, 30. The enbodinment of FIG 5 is
coupled to the power source 28, 30 in the same nanner as the enbggé‘ﬁs% of
FIG 1 in which the top winding 42a is RE ~~hot~~ while the bott 7

42b is grounded. Mreover, the top w nding 42a of the hybrid coil inductor
42 is both the top w nding 44a of the cylindrical coil 44 as well as being

the out er mosghypadi Ad4€angbst be shapeaw t%vﬁ@fetrl Ort}ﬂaﬁ inktash Glay hee
i nnernost w ndi ortion 46 is SO unded as shown in

Fe 5 R G Tl Pndabed: vl o oh BEStA et R e R FHH by
novi ng t he cwhhebt isnaotapheipivierelectced@8of Ithd csanampladtmgubaheshaﬂsm

t he t i nd | il
4 ER 4 hR 133008 0 3habas, MU' eotindlinsdds sle e Uil o) £0
has an enptysipgte Rtegeal ngorduotiventilnaes (she . capasttivereleanade can

conpensat e f@ﬁ éb@héﬁnésaey @ﬁetél@na@@t@pruw AGHeo dUlQVWQﬁdQn§sgd9§rthe
plasna ion densit fer center, odi ment of 7

D ovi des_n mREeaHRf ORI S b HohsCBT SR The CORLATRG 4 1 arFitins
enbodi ment s @iméh&Fondl ayurface genehape Iy ing dvidHirstar ahageaoﬁesnaqdes t:o

enbodi ent. of, ! B BYPELY LOINE! 0L EANSLSI NG glcolle shald 0 LQA v o, 4

and a conica e CcOol cortes ondln The 2coni ¢a

FIG 3 in |i@gmgfal@%eactymlhurr@@iu%dmmem fﬁr Rx@EnBle As | n the enbOdI rrent
of FIG 5, both portions 46, 50 of the coil are wound fromthe sane

conti nuous conductor and a single power source 28, 30 cqnnected to the top

wi ndi ng 50a Eﬁ%r@F?§§théWté-%l$c‘Fmt8F agiusts the sFhapes Oforhene

power sour cepzﬁsmsolmyd@@si:@jﬂrwyt@rym@ thé BHypenidfeeithap dbhebdp the
wi ndi ng 50a, as.in_ FlG

10,1l lustrates how a cepnter open 8
e br ovi ded PAISHEEGEaB: (TS, 7 OhIE. | n TSI T T Bh GPTREL N8, Asmshe
coil 50. 15 preferdablAP Uy 200¥iBLi6Gg 4 lmiultistadituss dpntemshdpedboelllmg afd t he
hybrid coil i r I 44
or the coni caﬁgg‘?%lg&%%j;}( %gjar eﬁ% %e%#g%}é%:%e sec(fit':joer]{ﬁ:'a c.esllq%ddc:)rre
shaped coil &ghi@yeh a hdepdued s@ﬁnrlené@sshaoebel nd‘hﬁ)nmé%dr%wﬁe dome
out er nost waﬂb&guﬂ@@t ocﬁftmet@@lmﬁ D e pefidriedGembodDaéht O@ééause
portions 46, 5 are cqntinuqy vvoudfr m t he same cqnduct or an
energi zed wit ﬂ%&eﬁ”a@ﬁ' 58, thy widesh BroLESS; HANERR: gYe’&T‘a'i’c;plté’m I
portion 46 leftépplﬂmttzsjml lanid wireheet I‘plessm:he pvwd:otetftfltlcd:entypomam atHst i s
t he st eepest e top..coil ortl on St f al | ow
shape of thec%Jéan%? sqI'ap[er?e l‘lagng drg?riée (;e]'lelql%%n %fmlpﬁh&con# ormality
di m ni shi ng Fadi al lgyvgmy:ef:rlamg hehagat ethe | qoaﬂuatoér shbape dmbEtilanted t he
entire coil agHCifingba é@nm{u&?s OEax?q@Céé ysﬂa!ﬁ%§%%u§339§gﬁ§ &R | ng

12 for corrplete conformal it | ustrates how t he enln 48 i.n the
top portion 282RRy2aH @%nﬂ%’éﬂ“@u tHP thePRARY KA Y PR

enbodi ment s s¢gfhing tbateicfhdd G . ndA-apcubteh shla@eccmduat mighcmdy]jmmart or

52 or capaC|t ect ode t he sanme a I f

with the dong %é? ?h%tﬁ)%ﬂ e %Qnsft} Il‘-"t%g%ds a% a%%fﬁﬁéh%?g%éar d{nﬁe
waf er cent erbelmtmlef@reamIneﬁartaiﬁlelmmlform provi ded that the

hi ghest part of the ceiling (the center) is at least 75 cm (3 in. ) above

the wafer. (A |l esser height, such as 50 cmor |ess, causes the ion current
density nearSe®le \@af Selestian t enBELESWEENE haH afindt AN pEPRELEK Ji0 t e

wafer due tOoﬁ@ﬁ@é‘i’l;?ﬁ.(ﬁjﬁbe?ﬁ@ffc?sé‘Qﬁief t&‘@féieltddr'f&c)e TFﬁegélgPIﬁhiévmt
excessive ion current densi a e wafer center is solv erture
75 because + HREHIUR Rr SR i bt OHE Fon Ao A IHAIRENF S R Cace
center to a prastha auowhldEInstthy dvetabde i bheddoni t@erds:stiy i beit adfieatedsdyt he

21 SR AL AT SopRath A i ettt g

(12") 16 0011 inductor and local recombination near surfaces such as

11



8 AP R 2002 dianeter wafer with a nearly conformal conductor (e. g., coil
inductor) as that illustrated in FIG 12, the aperture 48 should be in the
range of 15 cmto 35 cm (6" to 14") in dianeter to provide a nore nearly
uniformion current density distribution across the wafer surfacsAPRS2002
anot her exanple, a 35 cm (14") di aneter chanber for processing a 20 cm (8")
wafer, the aperture 48 should be in the range of about 10 cmto 25 cm (4"
to 10"). Inplenentatjons of the enmbodinment of FIG, 12 in which the coil

i nduct or 52 ithecdifbtiRg GHERAERe cdift i hgTeackerdiliny Wi etiRedprEaREeS| n
conpari son, Hetween chrf safelr ando¢heeieslinghand beeweeni ek wakkri aggct or
of FIG 4 ha r u | It ho t hey better
suppress spu%ét%eeglc%g negrg{l{:%eg Aé reg% lvgqycggﬁg?n% gdi sclyuggs}leed (31%8 %
Theref ore, atbugl amfa M#%@alpbl&erliml/@dz@ aoovéezeoahm 13, QIWea@drbbal ment
of FIG 415 aglectivkabhe ‘?Eg%ﬁ:e&' EREREAOHEEE ROURA) %ﬁh%a@%ﬂ"‘hég{?‘)

Watts the enbodi rrent of ceil conformal coll shape, an
aperture) is thSstCh th‘B‘Ii‘éCtW G.anils lqual}stqe(ﬁ ek 9t ‘Eﬁ’ﬁﬁ)dF%nFeHJ-WG
5 may be WDldisfuiercléy edest sugahtycaﬁﬁaram Nghé hprpseht Oimvéhit idh cz:lfart hpe
unitary coi i Zin tion 44, 46. W|t anat.e

control | abl e ngg'gﬁdgﬁt 3 C.‘{p %chc)urc u§8 °§Bi‘§ﬁﬁlﬁ% (FD lTﬁpg‘Y‘F%a’fure
has the advamshage timpraoves phes epdtuialdgrsefile nof hkoeal emnenamomragebe
controlled r ti t as

power out put % gﬁgloﬁnﬁﬁ%tgk‘m?% gg@égﬁﬂgokxggﬁl %?gl{:ﬁlgysf 0 ﬁ'qlngt ﬁhgﬁe
FIGS. 14 and 1rs>rp|vr:ast:hat %P%n‘bw]t trrofite @5dilprakt ionizatiase H@G‘ethg eadl

embodi ments @hakEsr %xﬁlcaﬂsjo regRRRid s &l e Bl pROFET e SHPPENe local
enbodi ments of FIGS. 13-1 gpbe used to re |f desired, the plasm

i on density &‘FCPH‘Ql\ﬂ&FéPncé‘ﬁt eb&“FﬁEﬁ@ﬁsFﬁc})ijﬂ'ﬁg BUHRERCBF the flat top
coil RF source 17 ' 8 AP R 2002 28 or decreasing it in the case of

ffi t d t t f
he power | B¢ Carango08 BRE L & ﬁ%as'fﬁﬁé’@%&'séf N
to the power inggudest oat heeaetidr pehiaimes. Réffengl Ry g;opmgedlaconcﬂ;@ctive
cylindrical e9hkniapquehorsldewfiFl %o I{Hﬂyab‘%ilre%&@éﬁ% b¥e 1 fH4t 1Rl € S r al

coi | inductor“60 consisting, of plural ree} concentric SEI ‘ral
conductors 6X€aGEOT6e1REANELRSd & owélf&?m‘rﬁﬁdﬁﬁéi‘l% by s pELPPRELiRTai Yht

conduct ors 6gamicéaductar Ther&F rlrstcmnnerm@r |€:e31Q:e|rS §ﬁnrtﬁ€é e@hmbbbe apex
68 while the ends .62b, .64b, GEb of ? aducto gﬁ ar e
connect ed t o SYrSHAEICRE e BRUGFHT Fﬂé SEJ r PrEBW(] H’grgnG‘épp%ﬁ p%’é e

equal |engt Esheochb.mbetrhbegdldlniﬁgbneﬁﬁbth%plane efjuthat eopl 6§ shpaceifebout
S . . )

appi i cati on & ar CRoPEAERYAD 18omha, BakEhAtpi ubh Al ERTthEPokEd AR

al . entit|edthend@® iofel Ghepohamber) a3nRIREQSESRINTES Wﬁé’ter |?(?aIaTFﬂar%ﬂEF el

Mil tiple CoilsiEaviag ﬁoﬁomnlgﬁlﬁgr@ oc@é@h@sgggetintc@ e PEeERtdr
assignee. Referrin aped coil inductor 42

0T G 5 nagAEPLO0e R RupHlPLgoat e EPPFEOLDT TG ChaT FArHoeE BTSRE ke
that of FI G The. cbhalFiGdutéprt he sl Enpkglspdrlajzsacphasmlestbunuetﬂmnemter

ci reunt er encg, gh; g, Mkt bBhE,§PLEAbsCRhkohgfUS! 86nH8he 18nd P CaBREYe B

match network 30, the top winding of the coil inductor 18

being "hot" and the bottom winding being grounded. The wafer
pedestal 14 includes an interior conductive portion 32
connected to a bias RF power supply or generator 34 and an
exterior grounded conductor 36 (insulated from the interior

conductive portion 32). A conductive grounded RF shield 40
surrounds the coil inductor 18. In accordance with one aspect

12



Referring to FIG 18) the dome-shaped coil inductor of FIG 11 may be
repl-aced by a done-shaped nmultiple spiral coil inductor 60" consisting of
plural (e. g., three) concentric spiral conductors 62 " , 64 " , 66 "
tonnected at a commopn apex 68 " . In one variation generally applAPRadE to
multiple spiral coil inductors disclosed herein, the apex 68 " and the ends
of all multiple spiral conductors 62 ", 64 " , 66 " are grounded while 18

8 AP R 2002 the RF match network 30 is connected to m d-points al ong each
of the nultlﬁﬁa%ﬂﬁerV%%ﬁHQQI0P§1€QrmltY6@f theseplagma ndengity spatial

mrror-coil @Q%ft&ﬁbﬁﬁibﬁnéc%sﬁt% watfed i@ 1&pr8véad(§é-latfi(¥e RAERBhELa1

Thi s d|V|des ea nult| e plral conduc

sections, SRAGETAT 051 LER0F bV ARINE o5he: CRRMITBRIZ Pt Ruo
sections, themseabmadsusr@umawand(xndruldﬁﬁllyude¢mmmﬁmmngadraadmﬁst1ng
sections are 0S I i ite difect hat
magneti c flelggﬂfrgéga SGC?IOHS a djgogg ?%cfﬁ%ekﬁg Aé¥} éf %%d |n&ﬁoth
t he above ref8AEAPAE-Zpgiivcatdanes Bape nivt the Rﬂﬁi%ﬁpl@ﬁnﬁ@hOQﬁmEHM|@f

illustrates hay, aﬂy seme%la@e@tlae&aheytne EUHrhEhEe SOf ' e Cdan{e Icadmezhgr §2may
be nodified in ac ggnce with a mrror _co ﬁonflg ation

mul ti pl e coi BTS& c§§t&§sBPFEé8nlﬁdeb§| PG ﬁ% IFﬁﬁérBREEHOH
application bf Xhe- ¥om& havdhgah. sBekperi ngrvathke. 1%hetheltipheatadius
coni cal coil u r e |t spLLa

coi | |nduct090§g %%ggﬁégsgke%ggg éécg%élg 995§£Eﬂn£m'fyf31fs Hh?ﬁ Zb? g
concentric spm araddngult atstbe, ten agéd éoanécneq K6a2§oﬁmbnr@®@R888 at

Referring tothkGeogHeras YAt aﬁeehEer efBduiheAt] OEhépEbbCE‘QJifuéoRa{‘é’ 95 4he
mul tiple spiral coil inductors disclosed herein he coil inductor 80 IS

di vi ded i nt oCfwo "Bd3&r S8 FPIRE SRS iTons Japt% sett i Fowkd bpdnated
bottom secti @enaBObs the wweseatiameeeﬁoas Bhbrescedpovetie d cpndapgengdent ¢an by
separately cgntg%éfgﬂéa ener at £§%28, 22 ran(% RE ﬁ?}Ch netmor 30~r
respect PVel eGSO AP CAEPORRE R cAPFSRT STIAMRTA i Thé iUplpe
port| on 80a genelraéiyarramﬂura drhe 88ae hasbnghatc ailte ahukpertadimsmsdome  he
enbodi nent s Il t er
both t he bengi'l Eg@g?e%%%a%d% nglqe%(s)ﬁtr% g\ggé?&ﬁgﬁéi%% r%p ggrlj;%rr gi" (te %
factors may EbBambesi Aédesingreafesusly. 19 8 AP R 2002 In summary, the
enbodi nents of FIGS. 1 through 20 generally i ncl ude an arcuat e-shaped
non-conductiye or dielectri¢ ceilin referably
2l 1 pl o r 46 BEoHERBRCEHEFheBnPn P AERRS ShabBd OYFREDPEnaETer et TBrh b
wi th the waf apppeﬁémaablw 1B6cmThit cént J alsgaae | on dlotilzeontaill | digstidnce
centered reI Octh n t t rs
pedest al B%E¥ % #?24@£é£§§£582d%§ ga%% f&é‘iﬁ?%ﬁ;%grgﬁdmﬁﬁé inner
C|rcunferentﬁHFfﬁgﬁtpéntbﬁ dﬁ@ecéﬁliﬁgeIﬁeﬁégdthE thel piare rafli the wafemnat

the central BarEhea.ovehkyi agshbesceﬂieer@fpiwﬁcémw ek- 8Be woféds
t he nost shal | pw or flgitest and constitutes substantlal ction of the

di aneter of FHRSEBPFLA{LlY2 fiFece (e r&9SFni B ﬁSFtheralﬁRﬁq i
steepest or applicatved, Phebesphby, mhpeliadintthie hharicee @fwabbdtcd®iém to

etween t he FhRE: oyFr it hehafstBrSRFEly “Tafecd Thetfebl anir shape of

the top portion 46 of the coil inductors of FIGS. 5-14, the conical and

mul ti-radi usash h t hps g T i cakl ors
52 of FiGs 1 andugytaradethyEre, Jar RO T dutter AY Ky RE chiRtE e

of the ceilihg #pe(RE PAWEFGEOUDCr &8 nodl chif drbFreRsCPRL FFent igyragipn
mCt alhl ofdtibeleg@@dim @dﬁ.@@}] U’CEata 1f<l:£uddx2 M/id elcqmbl oa¢m¢7p531
ose shapes_atg N:CO t he radi.us .done e

12. In gener &F1¢¢ 3 g% % IGﬁﬁ?}gu dd%%QWEttﬁﬁaﬂ 8%&?@? (e % mi?he
nultl-raQ|usReadUOroW1ﬁb(ﬂulﬁiisadgumaSR&tCbebsﬁm@uisnﬁatad @nnductlng

| nt er medi at g § gl ysq (4 BAD PURS pelolREULt Sidnalll Chird $n@Xhnakkr SEACP
fromthe ceiling 12 to a Qgreater deg ee than other zones (e.g., the center
portion 46) of the inductor, as is the cagg with the enbodi ments of FIGS.
5-9 and 12. In the case of the multiradius inductor 52, the central portion
(e. g., the central portion 46 of FIG 11) of the inductor is nost nearly

flat and is closest to the ceiling 12, and has a maxi mum radi us of
curvature at its center (46) and a mnimumradius of curvature 20

.-.




8 APR 2002 at its periphery. If there are only two radii of curvature of
the mul ti-radius inductor, then the maxi num radius of curvature extends to
an internmediate portion i nward from t he peri phery while the m ni mum radi us
of “curvature extends fromthe periphery to the internediate por§ ABR.2002
Alternatively, it is desirable for there to be many radii progressing
nonotonically fromthe maxi nrumat the center to the mninmumat the
periphery of the inductor. In the enbodinents of FIGS 7, 10, 12 and 20,

t he i nduct or ceefiaesatiernef aFI@pe?t uklee oRF hepurqge 28,9 30 ist Renheteed L af

FIG. 10 ) , tuébi @Enbéﬁ &bﬁdgﬁgaefageeoéopioyﬁ&iw@oﬂ Yaywi{ 18 et g d:he

pl asma densi reduci n r adi wer _at center of the

i nduct or . #’étgé‘ﬁt 5 sgB S&ufQtty Ité’r’FenEl“é‘? y&’lo('iht h&r nment’s of
FIGS. 5-15 hdesuglhea‘ntnaltrfel abdvedmeferep@edlappllztfatlm blgeGepakgoyhyg et
feature, eachynmay y i rs t e

each may be gxaggeér}g%t eg\'ﬁ-?Bk 88@ %%qlfwghhlagéea%a lr}g% é}fe;ce%ls%h g?ptl ng
of the spatiBEdUEERg| bm|wmutp|9@mn@mh|¢ry tigpeet®d cal ly, many useful
coil shapes for optimzing plasma density distribution will be
non-conformal rel ative t the CEI|1I’1 shape, in that an internedi ate radi al
zone of the CBEI é‘ﬁ‘a‘sﬁ‘@ p%’c%%r 191} oMP¥heP R eiVdHES uF FaRe GHRY he
axi al directobvained gneaheredbgdeaehbabft Imse pomyl @Yowifdinie o Pdrviedr est
the center o h e 9 |nF dvantaels

t hat sputter?f:?llté g?f %‘é{gelﬁg@iﬁt %gaau%ejdll er eﬁae:?sl%)sﬁé ng i " %rr%hq 9% cant
near the bottlaen cyﬁnedr@f:aﬁhe:mél | imductivee. gr dle oippeiG wadingssofatwdee how
ad usti g, | NEoRNERe 064t Nendtlol UYICLOIrRM UDld b cRkasyR LA t¥%

spati al dlstrl ution e vertical axis is the asnma | on density i1'e the
hori zont al akpanare hiehe PRET dWERdiRgs f?%rﬁh%émrﬁrw& éi’OllTHéld!HIt@r

poi nts denotegl By tFe.enpty ﬁ's“i'lﬁlu%l‘.'iﬁ@eﬁ (ﬁprm?pomdl Bfel eoelirc\és Roil

t tal data obt th
| nductor conPBIHTF 230 BR DR RAHR oKL e rERFeR SORECECRRi ng0 e Adat a

poi nts denotreiirbyr sobill doaftgdsafdionr arpdodong to dhate ddsardpiedsatiove
experi ment al g'?ﬁ Argon plasma with a right cylinder-shaped
coi | inductof- ﬂ%g%:)%%e ? % )ia{e%' &g‘represent s the plasma ion distribution
obtained in a chlorinecontaining plasma with a coil inductor conform ng

with the nulgigragdi saoRemenabapRe ThEneHEXE kahekhed cBifieRmA%RRbE Whe is
plasma ion di Sté@fgu“ on obtained in a, chl ori ne-cont ajn plasma with a

ri ght-cylind®?2 p%"éla% FOR e 1 1l HMe GoMeAs CO&t bPFﬁgmsﬁ%’F%%r St Hieves
C and D are oot hhd zeskansb dmmtotsmmqrdca/uﬂdnst faacmgaltme)fce;illrl\ngslceland B
as defined on th ordlnte FI.G 21. The %j;of E Eowsthat for
2ol asima. hav NG TRAE1 CaPE B8 | Wi R0 SORE AL B, PR afT  EBEn Carheny
pl asma of cwakk Ghape And he:htwlaremadeus:eddmgshahepqarovﬂﬂbsstifeams'le
nearly uni foécmér%‘a U S eﬁéfé é%b@%’ %ﬁ%ec V@Ieerbq of RerReheor

t cy a

hand, in an Argon p asna, ped col | uctor provides
a flatter i oWPRIcERIYINGISE¢i AT &h%ﬁ)rﬁ%ﬁf%rw%rh L Wlﬁ%%st R the

conf or mal (d@ﬁ&i@dftacp@d)(ceml inadeeber oﬂ@hp’@éiﬂﬂvetéﬁeéhﬁﬁbﬁ PhEERUAE MaYy

be varied to scul cur.rent, di stri tion .across the wafer surface.
Speci fical | y? ‘??Prg‘ir%l@a g FHAPS R LIS ES I A A% AAVERTEIEPUSr t he

waf er center the pressure shoul d be |ncreased whil e the pressure should

be decreasecg.fé) c rrﬁcltué ape fl% cukg St FFé q._tﬁé h@ﬁg Sge_liter

For exanple, In t e case a conf or rral
quartz done HRAYEGHRYE ah?l aﬁplthéd J-|a§1‘/‘@§lr‘|'a§:0310ur C'El%)omébrw ¢ebd wadustornéd2

i deal Chanbeéré)ﬂ'ése&ﬂfye i§ vﬁﬁhﬁ&‘%d}{tffﬁfudifsl%b(f%ml@h@méﬁef&n&f&ddﬂ Téllsnﬁ ion
current distripution un g{a J-tny However, vantage of the nulti-radius
done- shaped ¥t44M4 FithLyay %r%vFHeénﬁFég br&&’@g’ﬁdn&%ﬁ’cq{‘l 44 nBp

i nsensitive ttemmimgﬁsglmpaoeaasm@ndbpl postistichéas Chanlegl ipdeisald)y and

'[Zggrzef ore afgl%{ e %&tdieorn YL Sgevﬂenr%civiy Th%f‘?. %,38429852 Aanner 5ikiAER
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(i ncl udi ng greater plasma distribution uniformty) afforded by the

mul ti-radi us done-shaped ceiling obtains over a wide wi ndow or variation in
pracess reci pes and process chemstries. Simlarly, the applied pl @ﬁ[@n
source power (e.g., fromthe RF source 28) may be varied to scul tlx 2ion
current distribution across the wafer surface. Specifically, in order to
correct for excessive ion current density at the wafer center, the RF power
shoul d be decre d,. ile t RE r .sho i per ed regt .

i nadequat e ig:no %3% elrlft\giIl &% [13 Sf ?ﬁge‘v\éf'er%égn?g};wéo?g%(%#p ec,%%lgngghés
case of a comehengdilzecobly &dei sameGpov2rwisphrael@8en?quarthe deddmehtngt and
appl i ed pl asmgesous CegP R O Nt bewethesdleal 5¥, Pewerid avel

the RF source 28 is on theb(%r%gegégftg%ogt 1500 Vatts Tor ggt im Zi ng %éﬁg]
current di st MeFREroRsurfilforanedingite’dr FES. nenth ofdichbbhe, tap HindiRgge
of the nulti -4!‘2&ﬂii_L§ RPMeHohapethiaRd | iy bﬁttbﬁt wihdpheViades i’ég_§ﬁ_§unded. )
processi ng ch is_nore insensitive tg_chang i rocess.condiLtions uc
as applied p §§ﬁ€V§5ur5§ep5\?Br )”lﬁﬁl&n?hg?@f 8?eg§fzf Eyﬁgl ﬁPagrlﬁ%ﬁ‘é%E 4

wi ndow. Wi | st bethntubat top wiaslihmenidd of sbedecyd indridal ardd #d as well
application i . h e : WAl Hs6f i

reactors for a%e?%g'?\hi %%sé’%ltggﬁgﬁét grgh?g'lﬁpl %E% _gﬁgtl’%% ySI ]ilggo\r%obepgk??gﬁ
dielectric (&46.9. Thei endopfdithri depesmer) winpinge4ebchf RherteR BeEhion

pol ynmer et chgeCh@ama0alo VARRIINERP O tdiffn PIYSHE@! wapori@epesiii@scAged he
i ke. As enployed herein, the termsilicide refers to g co(r}ggm tion of
silicon and RoWettde SRIPHIGRHRE eRICGwhPI BayhPe MdiHIES d& rBIEd tthe

c?)rrﬁosi L [ OE @onsielcitdon _@mdlth'et plagea. _sBalr;tfaeeset lw ts @ vgarEng othel than

al t hough the _nost. practical application_g paol.viner  et.ch, .proc iSs Q.0

et chi ng phot 5Fésit§% pvﬁlr%%.gg%' SYChpaR 5%‘82“\‘—1‘ eorVéLng*mﬁ é.scslqéothe

illustrates legwindsighdsmwileakt or ERGnDEr iilduatradiest ed wedif itatsion sbur ce

RF power by d o] W .chaphe €lh i i :
Fmgendunt éh&yf%etc{p gcﬂ%t hleh BChakChh ﬁ%gs%\@ 8¢ 8pening

particul ar shape conform ng. ree di nensi ona face such as
cone, cylindé® 6f ABRET WAPRESeich ShifhiBBeFr| gOEBANGHEHR FeMPemgate for

conduct or nmayhbetangenk@doifndret ebp pbrehex! de beo unewristeoed Hibhkrt PPasma
conduct or may mat ead, be CﬁEaCI Ive el ectrode o& t he sane s&a‘ﬁe sare
Uhree di mensi6RaReBarEYcaT. PR NRFRE: CEALET - (Fie HRABSEF SHOPATfgRt O
necessarily ®@gnedt eakdwides RE hioas aniifoem pldspaecfionakigndizynotitdo the
connected in .CAase i i t 1 r kS apacLiiye, el

rat her than gbcgzgllﬁai ﬁgugpgg £ gg?ﬁ%gggggﬁégc?rvg%i I §agrbl%j {)ojr'rlg %‘%‘%?%%r

Hei ghts: The done-shaped ceiling provides the advantage that the plasma

di schar ge ge@&ﬁ.] he %ﬁ’[ﬁﬁtﬁ%tﬁgrl&@ra' §ee?ﬁatnéﬁxléoa§m&wnﬁ; Q;dlé_’\’![h%_rtiaalnductc_)]i:
experienced with,a flat ceilin at plasngm i on dens is pore uniform
across the w&PBFLS¥RPE P t’i@@a%g’@ig&’ﬁ 98 KPP ééorﬁﬂ%ﬁ/i%?f“aﬁael AH¥Eet ed
by the proxi ebiy 50 tbereepbhdgngatd the donteashapeil deiductgri 40fof t REG.
fromthe wafer ,cent.er rer r e,as _¢o reg wt . 11
ceiling. A rrél tlI%- gééuugg%o%gcg}(#ﬁgr%\m@%ﬁ %&g?m4 aP?yEnsi%épg’d i r{%ug:[x{ v@%oi I
has a cl oser enbodamestbofwdd§ .t e, ceotlerpoftiomscébli A @fd thee aqiflerars

conpared t0 goNGH $RRAY iRl es%ﬁéei%ogﬂ %ﬁx&“%&tﬁﬁt tfa R asiiy I Sediadoe

control near the center _zon dlorre and the plasma_uniformty s
better than EREFCBf 28ne3fehPBpREEED A Bhei RERCYIVEINT c2Rp| RPTFHEEM Eikh

reactor of _tkmcbmel bemnﬁlnamlalediénengmi. on ﬂ'ﬁgﬁéﬁﬁat&tm froiithe 'pgwéffpg@wmb

i on energy i etter controlled an eyi ce danmge_i s timze t hat as

a result etc%epr ot I‘@agoﬁﬁer of O1ReEhfAAN é’d,aef’&HS%EEe&%R yéﬁ"gﬁzige g
winding 50a, as in FIG. 6. FIG. 10 illustrates how a center
opening 48 may be provided in the top coil portion 46 in
combination with the conical side coil 50.
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8 APR 2002 inproved and etch mcroloading is mnimzed. These results are
achieved by adhering to an optim zed coil-done geonetry including a
particul ar dome apex height range relative to the dome base and a
particular wafer position range relative to the dome apex. Diffgrgpg 2dopt
rel ated problens are overcone in this enbodi nent in enhancing etch
selectivity, ion density uniformty, etch profile and source power

ef ficiency while redu0| ng ion damage, as follows. 1. Problenms Relating to
Et ch Sel ectiBi€y: 18t chUHte@tea t§ t81FA0ATRIEREe RS £hRg hyRsdid, £93dn
s_p?epl es 1; r onihdi@?:obasaﬁ @Héoliﬂi\ﬁéﬁflléhlriﬁcﬁﬁlcllflotfh@x@ﬁpixﬁiriéhﬁt§iﬁé1g:&l
silicon dioxjde |ayer oyer.a po ilic upder| a vation spec

i ncl udi ng po{l meFs :kb%uﬁﬁPéFanﬁg% %1{)51 §ﬁ| i 5 %A g}'l &orf "&"’cﬁgede
so that the petysdnhi torg et cim)nshepeﬂombyltm WJh:eh sihlei powetdi smiidee ZEh,us
provi di ng th@odﬁaaagd Bhplcighead Wiy @eﬁhéé@oe@lﬂagﬁgdssst BB RiQC

t he polyners ar e FOWI | uor o- car gﬁses ILnt I asma. num

et ch processeIrtifR A6l-ymehs ipe BIG-nedh f PERN &fdrdg Eﬁ%oﬁﬂnﬁés 52 are
|tofr1]ot orfeSISt @?ﬁtm@g}%smw%?ﬁalfﬁoﬁp@%h ; %aﬁ@tt%drﬁi@sidrnhﬁdt BRepyased vfm{nh
e wafer surface. e _probl e at_a e[ cqil or one closer tq.the
waf er cent er°tend¥¥eh %‘5&?%%5@1 o%é\ |Hh|é{d(?i o 'atﬁ??‘le CeMrEr Perk®W Qi e
enhanci ng depmstidmmmlé othathoat ofhabl gwrerh ibarthdesindd eor derttteom Adfitihout
such pol ynerpg (€1 ERe SELEGULAL 1Yohe (BINeR] Qorh9BnebSt SBloscuy
RR cin at % he

Conver sel vy, anC|ng e ch sel ec caI ront zafi on
waf er centerCQWmlmgawx%hlh@etwmm afoithe cengersof ophelamslittiy at

the vafer cepi®fys t&&teetaéﬁq&ga@bngth% S e 1yt %m&hzshgé? riéﬁaﬁl%DOZ

2. Problens Relating to Etch ofile: A vertical sid

etched feat R®RY £ gF‘O\El?fedCB?tﬂEpom t £8n ¥ %%\%%?%%%Y%negl%éil@§n§ucﬁh§s
pol yner on téetiestechl Didudost zont a2 eﬁ@ha@bmf@mnnd:mlmwa@e
renoval of themlflromt e ho nt al u%r)f@ces%g onbardnment. For this
pur pose, i ond® it ?h%el S L ng?]ﬁgcf?{&p TG hEOR 8 nlp:'r flerably travel in a
vertical direction, so that their energy is concentrated on the hori zont al

surfaces andﬂf@ryli'{ii@stpféyé@rhé x{gPrHé G, ;’tﬂ{é &@Je prov e% Cne

problen1|s that a plasma source relative oser to es a

strong di ssd&?ﬁtb%@%‘?%ﬂﬁh‘ﬂi ohefCHaRSy, SEEﬁFthrbs‘—'squ%chﬁﬂi P2+ ofPand
pa|SSI }/at: onhen‘a%d&rrﬁez@@é stén BEOft'h|a¢: I ghﬁdl cmtlhwlﬁabnt &he, dmifcm:s:or
relatively . bi as is enpl oye resul t |n signi fican

sputtering, %%%ﬁe*%%‘f??f?lfg/\% e Pt q]e-\}%"% G Tk é
damage. A setonalt ple@dstennearllyatonﬁerdalewuthnahet oo ic«enﬂmgpl mguengocmn

the wafer Cejlffels M&%g’@%ﬁ&{'%% %é? xleeasrs é‘t&i 'vda[P_aetH:' r#@érd'a fgpnee

fromthe plasma source po

di stance in @re:rev‘cmmmr@dqstednoe\amﬁ@m Agapﬁldadhr—bhér the highesswer

is required go-hebp cRb! LERLE NG thgn cféz%r)arhds tdd s &8syl 45 l:ﬁ\ tRein.)
probl ens di scussed herei nabove” 3. Proble Relatinq to |on nsi t

Uniformty: 3RYSigtRBeWRERF-cl d@erlecstﬁecrhél%eﬁl'é:r G cRRaSE FEnoa'eﬁ@isﬂ at
the waf er (hyadé@étem ngohheud&mtsmp@itqome)arattmmmrnt:efméeesotlbe

o 2% 0 g Lok ST 0l Shpgg Pty Lyt

suppress ion as hote T eover, such
a cl ose di stefftectsheneon darsi ceilihngol ni t Thet problesnf «f sextageivas 1@1‘1

greater ten eft0 cié‘riéﬂ_%} é@ecrge.e%r@éf yceri%r‘“l'sf abMEQ" By dtthe Hptdrthiet | On
pattern at t cel ling. close proximty 2
8 because the aperture 48 reduces the ion current density at
the wafer center to a level at which the overall ion density
distribution across the wafer is generally more uniform,
depending upon the radius of the aperture 48. For example, a

50 cm (20") diameter chamber for processing a 30 cm (12")
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8 APR 2002 reduces the opportunity for plasma diffusion to change the

pl asma distribution fromthe ceiling to the wafer to a | ess toroidal and
nore nearly uniformdistribution. 4. Problens Relating to |on DgvReR 2002
Control : |on bonbardnent damage at the water can be reduced by inproving

pl asma ion distribution uniformty and decreasing the RF bias power applied
to the wafer pedestal. This however reduces the vertical directionality of

the ions andgl hREERY dsgéi\d@&ﬁtshnewiyeam@énﬂaieéoﬁ@@a@erl (ere aSl&ﬁh# he
source di stance to increase 1on col i on and_i nprove EaSSI vation w |

reduce requi FBEURECE) a@SpovitAt ahdlHPRFATSE WRY &FX Gtarb@e.

]Ehfal Coi | agdsﬁetdeejd 'mﬁ Hﬁle]gh:tar@@gﬁs 16n dnhec oaBB e:narrm-es;:of 1t4h-e 1n
ol | owi ng de n._the wafer t es n 5

(0L 8% "ang BLENBLER co' HEoVRAE 4 hEPE Shatl s Medalf 451 Shrabot e Pty
di stributi onduﬁtr@bu’c1L9noaerosaethatwaéeraﬁgefa@es supgﬁnafmocanr eysupteges

For | arger wagerpfi @f@‘)er&l ﬁ‘ BEBraTdh PN b 19 bce%'%‘in@e%{méé' em (8")

descri bed below for the sna sizes are scaled upwardly. I n particul ar)
the maj or radfGSrR BPetﬁEeﬁEFF? $8grlguidnee | 10 sthf cFRRFRER HI 3PMorkf 6% h
chanmber di angbeps EMGBar 224, 182B, 22C and 22D illustrate a progression of
mul tiradius donme ceiling shapes fromflattest to steepest, corresponding to
t he net hod of one enbodi ment for discovering the correct coil height and
donme ceil i ngIhplegh¢ntateiais o tthet kabddimebtsef FIF. drizhdmciwhgcbt the coil

selectivity, ; okhl [ € AL 4 | r

Fre oa t helBRROEBEDSE B (RRACIIRAC AR ie RGN M S ddad B0 il |1
radi al di strEbatPhasHa - tfﬁ?\Mﬁmﬁaréﬁpﬂacéh@o??@ﬁﬁﬂﬂﬁﬂﬁﬂ?ltGmbﬁélﬂqnts(§UNﬁR
2002 react or §sOfné&l &3ni @A ccAdBinddet8Rdo22BXG I eSNREid \YRk¥ter difficulty

igniting a plasma, although they better suppress sputtering
near the lower ceiling corner, as discussed above. Therefore,
at plasma source power levels above 2000 Watts, the embodiment
of FIG. 4 is most suitable while at plasma source power levels
below 2000 Watts the embodiment of FIG. 12 (with a ceiling-
conformal coil shape and aperture) is most suitable.

FIG. 13 illustrates how the embodiment of FIG. 5 may be
modified by electrically separating the portions 44, 46 of the
unitary coil and energizing each coil portion 44, 46 with
separately controllable independent RF power sources 28, 30
and 28', 30'. This feature has the advantage that the plasma
ion density in the wafer center may be controlled relative to
the plasma ion density elsewhere by changing the power output
of one of the power sources 30, 30' relative to the other.
FIGS. 14 and 15 illustrate how the same modification may be
made to the embodiments of FIGS. 8 and 11 respectively.

The dual power supply embodiments of FIGS. 13-15 may be used
to reduce, if desired, the plasma ion density at the wafer
center by increasing the power of the flat top coil RF source
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The reactors in each one of FIGS. 22A-D have the following features in
common: a ceiling 100 resting on a cylindrical side wall 105 of dianmeter D
on t he order of 32.5 cn(although the done dianmeter may be in thﬁﬁﬁgg@ of
25 - 32.5 cm surrounding a wafer pedestal 110 and a punping an i

An inductive coil 120 overlies and conforns with the ceiling 100 and
extends fromthe periphery 100a of the ceiling part way toward the center

the coil 125 def i @'ongo% Gl ehs3Rg Hir %nl%ﬁeOEaQba%t %s&f@ﬂc&@ﬁtogﬂ?
approxi mat el y, 20 cm A sem cong or wafer 130 di anet er

of 15 cmr estlsonoﬂeflﬁé%ﬁér tﬁ‘@dé@tf&P-’ EeBterhe g&‘FFH&Fl gdpustuenial Pflgbe has

a height h alp@wert rmpvmf arel PossAbpeasarbsasr eBeRbefewealsangl ¥ubsbrase,
applied to th 10nar its_outer her _end.of the coil 120

n e otkh
bei ng gr ound&?l‘%l 1l‘o’lea 60\?81‘” §U&BP§}tf4gbi ‘éggoﬁﬁégt BETEO°TRe waf er
pedestal 110. In FIG 22A) the ceiling 100 is at |least nearly flat, and
therefore remm?a%gopo' pE§CLAL die c;ﬂﬂﬁi?gcﬁi edgr N R 1teh<afW§&§
t er center i ow,

center. As a resu asma | on densi near S very

as i ndi cat ed 1by"dhe Sur‘\'/%PJr%\%?I BY AR i RuEE&r?s. sRitglc codb indMctan i 69 is

less flat, ceobneipeddgng do apshehl ow(aubt i, -rwm)dor@omm\n t Bparal

center radl us @gra spal | Gglorngé radi us .rl d hei ght Hl. Becau%s t.he
g h

curvature of “PREVGSHEEshabed oCdi | %ﬁlq%ﬁdeaggs T h& TP and® % eby
ceiling 100 frespechaveattradghtecpondeconbenéfaonéitassésaat The REfwatckent er

are negligi blge, a3kl '3%' ol egon;ga(eéa?d cy Vﬁheaaghke%sBﬁh@ %h<.23end£' éf’ﬁt
with the elimnation of reco nati on osses er center,
reactor of FB&b.29Bbppéyvichessphsahi gaaductensdedsi ¢4, Sthang §@§F§ﬁ€9@et¢s

that the in gepahhy I@r@@@rﬁﬁtxyor Bhet nga@etaﬁdacewgoy@cedz; 2866 Sré\Fht
2002 peak at thg#\/\%eer center. The coil 120 is relatively close_to the

waf er center NGBS 5Q) 'i}h"'eﬁ ther RRAFOR2BE Yy kAP lasresgwg{:erally
suppressed, kpadedgaboupoan akeh psathl & mmjtepr,dsl sel el icdiflly inaeeovels

the | ocal ionizatign.is sa.close fr that. the dir y
of ions inpi gr"%%ﬁdt e \aU/aTée ﬁ%?%éeaPE n§a§ rggn II aTEl ﬁ%er&%ﬂg glflénég
etch profil efiledFI@tober tie, cadOdr batdlmeﬂzuarﬁnamrmtr piddi ventitlgdt he
done- shaped @@hhueal%ﬁ seshpaaat piasmsekéaegomslal MR 2aReX bstgﬁeiﬂ

greater than Hl, .so that the coll di stance, i S greater.

result, pol fo‘EF—tf-BiLﬁ‘aFPéﬁsl #aﬂdpga§ ﬁﬂi‘ﬁ‘%@d '%ﬁfﬂ“’rrtﬁ\l'dﬁré%t?%ﬁﬂaﬂrﬁci/ tq
nor e verti cakhel padkagtt asbeghee.etch profile and etch selectivity.

However, the coil 120 is still sufficiently close to the wafer 130 that the
ion density is relatively high, as indicated by the curve labelled Cin
FIG 23. In ReGer22bg tbeFT6nt &7, raﬂéusiﬁ@taqdlimlelersha@éidusoﬂ anéustush

that the ceilihn ha | S hat
the ion dens}}?ygat t > @#ﬁsuréogggé%ﬁ%ﬁ ﬂj’ I cat?{epdl%f/étfﬁzalcu(%\)/{el
| abel | ed D oP-nFTPGZOEBGOTaMbeAtbétZSOfoFf-‘ﬁ the- coﬁ@aﬂ@r vE7 di His meHsiRke t he

enbodi ments g 1EA§§ caﬁeiﬁhel Erbm Bnél SGOUET ¥iAbuhfBrd B RiEl QRel RA1L]
foregoing pro ed the regipe where R'r is between abou

and 10, h |ssBéF£eﬁ°%ode§c‘785nﬁ@i Em)t%ﬁda%%’éu@io cm (4") while His
bet ween about 7.5 c¢cm (3") and about 15 cn(6"), and where H+h i s between

8.75 3. 5 7 t
i renston | nEPSaEEind o o0 . Wi, pBRHSERIRS oGy ShaubBpt bR KES, 12
waf er, for eRapWpbe. rgmslaced by a dome-shaped multiple spiral c01l 1nductor

60'' consisting of plural (e.g., three) concentric spiral

conductors 62'', 64'', 66'' connected at a common apex 68''.
In one variation generally applicable to multiple spiral coil
inductors disclosed herein, the apex 68'' and the ends of all
multiple spiral conductors 62'', 64'', 66'' are grounded while
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~ AP R 2002 TABLE A
FI G hHH+h22A5cnOcnScn22B5¢cn7. 5¢cml2. 5cnR2C5cmll. 75cml6. 75cnm22D5¢cml3. 75¢cnil8. 7
Scmin the series of FIGS. 22A-22D, the results were varied by gp%i@ t he
curvature of the donme-shaped ceiling. Referring now to FIGS. 24A
simlar progression in results may be obtai ned by changi ng the hei ght of
the cylindrical side wall 105. FIG 24A illustrates a chanber simlar to
that of FIG t%dARFvatgmn nfe|taa'for¢LGI3|ol 1¢ Hohnagtadr ebenedcsoiis Cag esen
with results %bf'g' |ened :ﬁ f 4%3 Fl G B,ll str %,s,t arrber of
PG 2an moddh She Rothapls SOHEEL eanatare: R 1025ES prof ded imiLAFogOof
the flat ceiltheg nmarorFIO@llM:@nlflllgumartabes offieFE@anb2r of &l G, 24Bndodifi ed
by adding a Gyl Nifdhe)2 5 SKCiIdesS RALAS &&Pﬁgf%“sﬁgrabecexhhegwa'
QU

side wall 105 and the done-shaped ceiling 102. FIG ustrates

chamber of FIE&' 244 odi 1$@4’ bgfnaadutwg HECEHOT i ek cFh® epymleer of

cylindrical aron:bOExﬂ’ajaebweqrédteeISI €Ranalkiol05 EGEI tthae; C@é@:ﬁﬁ?&pedthe
ceiling 102. t%IeBsetsfort t evlueso thertl)aseto ex do helg
H the wafer SE65¢CHE wWaAFF (BHTRY iP5 t he EBhcer i e'anﬁ {AESEbt al

waf er -t o- cei Isermgllmﬂsglairel-mp’pmsntleéyembuddnﬁwbandf iEl Gﬁpo%dAeZdDretbmons)
density di st but a S f ured it

embodi ments 6f FlnganéZ %1%4 %gll ustr %gph #E%ns% %y t he
curves | abel lcofskrugtigedyd m@s régpgmbeél wn :’Jgoth tgteAFakFo\z@ozeimae&cgd

FI Ghhirh Soug BIt%B%\N%gM@Hﬂ &/ S SapeMPARY. Yk Med72aNML2. 2661
800V220WR4C7. 25¢cny. 25¢cniL4. 75cmL200\20QWR4D7. 25irr9 575cd 7cm 120QW90W | n

FIG 24A thélcuFETraGefoRorsany PRRSAIRERE| §mPaY1ng fittidls spdral coil
reconbi nat i Oﬂnﬁﬁ&ﬁ@&sahnatyn&)@ahbdﬂglédEGiﬁmaﬂ:@bﬁrdaVIEE twiehvad etii et ec¢oil

Mor eover, as tolﬂ%l lu?‘%ﬁ ? 'b 3ecln8§§§.8 {:ﬁfl‘“@éc%:.ox#sbera% fiascﬁﬁed

opportunlty or-prasRa 6%t ran € non-uni Tdrm plasmna

di stributioniat delﬁeldeulm nget abavmorefanenoem dpplicationnbyt XedeYna@ban
surface. As @a.rggult, plasma ion density near the wafer center is very |ow,
as indicated by the curve labelled Ain FIG25. In FIG 24B, the ceiling
102 has a nmulti-radius donme shaped, with a center radius RL on the order of

36. 75 cm andrafefglihgr teorner, 1ad uaer truAchbedr asgecel abmlt ifdestenRdse
hei ght H. Bec%“%‘ft thg curvature o g gorre Shfﬁgg.} ceil] 102.i ncreases
the di st ance®f Ftfe céi MP¥gPE0ZeP GFrF h8Ywaf By %rSP O at PONCE e ses
at the wafer 80endr thee s@géi gihslpe asnsisttad edfbyplhieaturiee g.gbetheseB i n

LG 25 hn EBkenthiR HR.S)! ELAALERR. 2" p5ocRED: AR LI ARPRLAL LN o

center, the reac row €& highest ion ens
di sadvant ageapsext Bt ti?@ﬁarrdémsmq/ FXG no%mmas)rmttm@@hmmgdafwmced

peak at the yg ﬂcasmteercom@lywbk 1A | &u&ehglbveéylﬁpse:oth tmdu@é&fs
center in Fl 365248 ao t hat, fornati on IS sone at suppresse

leading to pBdFCLOERIpPERAIS o &1 S L BORITRE , B0\ AR s add PRI ofve
ioni zati on | separakelg powelredwaieest ibde,t kattdphesabitrient 80w land afbotorem

| pi ngi ng OnsggﬁigﬁfeQOBgrfaC@hgs ggge g%ctions 80a, 80b are powered
independently by separately controllable RF generators 28, 28'
and RF match networks 30, 30', respectively. In yet a further
modification, eliminating the upper portion 80a provides an
inductor (80b) having a central aperture as in the embodiments
of FIGS. 10 and 12 described previously herein. In this
manner both the benefits of optimizing control over many other
plasma-related factors may be obtained simultaneously.
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rt X8 AP R ?n2 random further degrading etch profile. The inferior etch
profile obtained in this enmbodinent provides results corresponding to the
SEM phot ograph of FIG 26A for an alum numetch process, in which the
étched side walls are concave. In FIG 24C, the done-shaped ceil8A§R18 i s
rai sed by the vertical 2.5 cm (1-inch) cylindrical spacer 105A so that the
coil to wafer distance is greater. As a result, polyner formation is not as
suppressed and ion directionality is nore vertical, leading to better etch
profile and é@bﬁQﬂﬂ%ﬁﬁd\ﬁh%/emh@ﬂ%mﬁﬁﬁﬁo@feFEﬁsprbfFhéoéﬁga?ﬁeaenﬁrﬂhly

ermbodi ment  prigiides aasukbﬁa@@réwm&gdoadhbelsg%pr@i@gémcofceﬁ@n 26B
for an al um mWﬁJ}Ch g{oc%sfg, I.n whic thefetc d side_ wal sarg\Md S%
Advant ageously, “H&E gAY 3 dogE; pnds RreteraR ¥y 3 YL P erfa o

t hat the ion stpported snr daatinge lsyalkiegh pmllamblmgt eelbhy ibhehdpr wéthabrél ed
Cin FIG 23, My, - on ,dens e
appr oxi mat el y Iﬁ%}ég (%“E) BSZpaggr 18@% Tc%r ﬁ%égélg]e%é ﬁ]@ Cée’rle %30&20 I
di stance, so 1t5h&tenttl$erador¥ed@r¢§\7?y tat thige C\@afleﬂnéupii@é‘elﬁsanésgeléslve to

i ndi cat ed by thie waifere pedlr@ltlhad 3R, 086Fha 2as Hﬁ\éev.a&getsheraa@hspaﬁal tRe
obt ai ned in the .enpbodi.ment of FIG 24Dlrfé.orres onding to th

phot ogr aphs &FTRPESTIADOL LIFUMERTSPY 0 1 9h tRBt ﬁ?héﬁf@nlg hhas
enbodi ment ofthlel @maMé:stChadmhy,arﬁcagmaﬁ thlee cenbodl npoitt 1dn Fdverlx46gi shehat

t he RF bi t dest al d ' t

that empl oyedo Eernity i S0t BROBPERE 37h" 26 uiind, SHUEE P R0 16+
TABLE B abovélaltrb:elséct anfABEEngt i hdteat ez aﬁﬂ@ﬁi‘pﬁ‘ﬂﬁ@&i&t é’IISaCI-Ei%nr e@fcttba in
RF bi as poveg;hglpeen é@etﬁab%m@fgs 0 GhEPe ¢ af@lng-ﬂﬁ ghpérigﬂeﬁion

i n bias power reduces, ion_danage significant advanta P R 2002
Anot her advaRP&§dors ihathen QQﬁquse& e8i MasE e%-’@d?%nt %‘feﬁff@blzﬁm the

pol ysilicon qh@hc&@kescal VEty welrd ided 1t @reifbiraply dwm&lem% Rt it Banids: 1,
is about 15:1.in the enbog&ggtr;t of FIGS., 24B haV| n 3392'- me- sh@?ed coj |

and appr oaché%1 PG P95 n*th oditmétt s1of BRESTES. MNserratie E1gRts
forth the di egiindags shapeecoftmEd .mantandf 2t he thaeplam shdpleE of Hhb fopd R

r7.375¢m 10 09¢ N34k ¢ 358 1P U Brs of FIGS. 5-14, the conical
and multi-radius shapes lying within this range. The multi-
radius coil inductors 52 of FIGS. 11 and 12 are either
conformal with the multi-radius curvature of the ceiling 12
(as in FIG. 12 are non-conformal (as in FIG. 11). In fact,
all of the embodiments except that of FIG. 12 have coil
inductors whose shapes are non-conformal with the multi-radius
dome-shaped ceiling 12. 1In general, for a non-conformal coil
inductor, the inductor (e.g., the multi-radius inductor 52 of
FIG. 11) has at least one zone of an intermediate radius (from
the center of inductor) which is axially spaced from the
ceiling 12 to a greater degree than other zones (e.g., the
center portion 46) of the inductor, as is the case with the
embodiments of FIGS. 5-9 and 12. In the case of the multi-
radius inductor 52, the central portion (e.g., the central
portion 46 of FIG. 11) of the inductor is most nearly flat and
is closest to the ceiling 12, and has a maximum radius of
curvature at its center (46) and a minimum radius of curvature
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In“this enbodi nent, the coil 120 had its bottom wi nding starting at the
base’ of the done ceiling 100 where it neets the cylindrical side wall 105,
there being approximtely six windings at a pitch of 1.875 cm the RE

pl asma source power being applied at about 1.75 turns fron1the&ﬁ£ﬁ@ﬁ?cou
end. The corner radius r was centered at the height of the done base. For a
wafer dianeter d of 20 cm the chanber dianeter Dis preferably on the

order of 35 cmor 37.5.cm while for a wafer flane er of 30 cm the
chanber di anBfertPsPRFHPRFEN v dn thsESoRTEr OBFY bEY s mSryasyrenet
Tabl e D setstherthuaniakhdinat i vadaetop{ dthensi ehe fumaxihemenbadivent s of

FICS. 245, 240:990,240.081AK1 D o Ll ElndgTRElaned. ooh! LGN PrSRTELRL ™

coil, the base-to0-apéex érn
FIG.HhH+h24Bm§r¥BbﬁﬂY7Bbﬁie 5bﬁ2mcm1mumcﬁad25§nmg eHrPYaLIurg sexbends nPromcem

33. s APR EH@ZPEQEpHQWStB' £R8 @hgerﬂéeesﬁé ]I§®r@1du§ prpaft%rx%lauvawutlt
10.5cm for npetal, etch Rrocesses is preferably about cm and for” oxi de

etch processé€ hIPSiFRBLEr afiof abd\®¥es. ISt mPRAs ‘F?PYher%‘?bbreEE?%e%?1WGS
22A- 22D, sO mBnbhenpeallestitam e MakdmurddAt 28R ¢ténter addicheomthymoh ate

bt waen_ aboubhs' BELREEAP! 00 (LR BIRCAL 92 VEle | Al BEBIES Bl 1 S
bet ween aboul07. 52 cm@n@abxhﬂ wucnrpraddfmheﬁeaI-B¢ntn£alb@lpﬁe‘enrenorhhobe der
of about 15 8 gnd t8eChorENe 4 a@ﬂep g)ﬁamh%hewdafé 44 J%{gze? Qf _

0 t e or cm

enbodi nent s hé i'nvention to on er to between 7 cm an
the | arger dPREWiE4RS Ravielg Qfaraquliitdncappie iAsma ydersitar gy eedpping

di aneters aceagreda%Feadl tqarpgeglsom €46 éﬁegce?légg @SHE} (Hr@mitrﬁiud@rerS%Th%JCh
regi mes are i cabl,.e no n he stric conf or Jnen S 0
s o PBAHEE 5 s B T Ao BT T A ko 1 Sl A

applicabl e tEIGEboHrmanhavmngmbenhrahefr&tIin@uehapeposth@msne&essaMItuea
mul ti-radius . byt cQni My I

EMBODI MENTS @%%&%ﬂfﬁﬁk%ﬁkﬁ a%c%?%i%%fg ‘?‘Hﬂﬁere enlJ%EFEB'E'IRarS
preferred enpbdtheae 6¢athée$n&e@teaﬂham®Y|Q%b¢$a§9ﬂqﬂﬁﬂ§e9§|mgn20©2¢ﬁnt0

di amet er “ﬁfgéﬁlebe-aaQQPEZ PRl sé@Pﬁél 6fntH% g%&ﬁ%h aZsérfﬁﬁEHEh" =

about 5.75cm 300 mm di aneter wafers, = about 1 = about
12.5cm Home?%rpl?ﬁ‘@alﬁ%ﬁ%%n |§P%’cfh?alall¥[' |THRY atpafalt ﬁé’éé ahﬂﬁﬁél%?f%.

Speci fi cal I Yo t&:hlﬂﬁuglpeamnaaaenﬁieyn@ﬂsafﬁbmaﬂ@@ will2ed won - c&@fmaJI in
a broader Preference fox the Milti.-

Dore- Shaped ng‘f‘%‘éeAanﬁ’ﬁd‘éﬁlfbn%bﬁ%P‘?n FR S an ASSEPEHLAFR e dial

mufti-radi uszone of the coil shape will be spaced away from the ceiling
surface in the axial direction to a greater degree than those
portions of the coil nearest the center of the ceiling (as in
FIG. 11, for example). An advantage is that sputtering of the
ceiling is reduced where this spacing is significant near the
bottom corner of the ceiling.

The graph of FIG. 21 illustrates how adjusting the shape of
the coil inductor adjusts the plasma ion density spatial
distribution. The vertical axis is the plasma ion density
while the horizontal axis is the radial distance from the
wafer center. The data points denoted by the empty circle

symbols (corresponding to curve A) represent experimental data
obtained in an Argon plasma with a coil inductor conforming
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347 g APR 2002 donme shaped ceiling provides the greatest plasnma ion
distribution uniformty at the wafer (or wafer pedestal) surface conpared
wi th other ceiling shapes, other factors bei ng unchanged. Theaé,;?gh @ shape
underlying an RF signal applicator such as an inductive coil

affects plasnma ion density distribution at the wafer surface as follows:
Most of the RF power fromthe RF signal applicator (e.g., the overhead coil
antenna) is de |ted|nthe pl as or dancg with a_spatjal ,

di stribution d& PowS RIS thaluﬁhadgoﬁ“% s F’rﬁii‘f‘? conF?‘EedAa}tr? aRoints
absorption r e@rmmeall bpgsbthid ediEma@idd hegirespandéagessd ¢1lmevearﬁ)errre@re(s$he

depth of Nl S4eggn dencnds oot dlisealan daPby ol (e a4 Thgy

spatial distribution at the wafer surface o i dens| IS gr
af fected by disgen-ghagest r ianiti oriLQSiUCFQIDrpower B osFUrve. B?b%hhﬁél n@

the ceiling S:lé%\ﬂ%sehbﬁ_ @ng;r)]ﬁsrﬁaheldﬂ [ risubD¥Rdobeh By aird @ tclmo\e-%ét
surface, there changi ng t

e Iocrg%lon of, .t he absor‘?#on region. a
resul t, the SERPAPIGEsEARNA ohLlt Rh&EORR dﬁ\iﬁr@td’é:po% Eaieih c‘ﬁ’a'ﬁ‘beﬁhe
relative to nudtiaradisgr Baee, shiageeby Theacgrng lakekhed ilalregpraisenbst tha of

plasma ion d%gﬁiégké a% ﬁhg'ggfr%u% Hicgbt Cﬁﬂaec{akhy’a% ?h%?iﬂésé n@g.{)%{fnﬁ‘ th

reference to cel I'ng he correéespon
smal | di st an®d asganweikh (e mlbtbsqylptndﬁr-rsé’lﬁnﬁd aFFQil]t hindig ey . prﬁ@%cb@na

center-low i eurgensi tef vl Hdd1d i @&rx}eh:e c‘!\@ixﬁi 1§Uéfécﬁonﬂé'P1£é’dt£'§d do
symmetry of the overhead coil antenna. a large ceilin helg
(correspondi Rt SOE‘PPEFg‘élﬁ?stE%C?% \%eﬁuﬂ@sl* %‘B é%rfﬁf‘ﬁ n°Refhdn
aﬂd thfe vvafebfauhfaa@ebfpmmhcm ?fcn[r;egra{fprglfbﬂ onIGiensi t yhorst thawt fon at
the wafer surfa the di Si t t ng er
al ong the gr é’&? ?‘acg‘:g‘?ﬁlﬁ \fgflgPE aEP&%EQB gg?he gh %zéﬁ?o?ﬁ%ﬁﬁg'%
field near tn@nclaam;ag @J@@mﬂal¢f eunvési Cr andud, dctrme smmb@lpmmiusasdom
nost uni for ri p na d at fer; surf g
APR 2002 rel SLEPe | PTReY | DERRTR gAY ToRonLly 2l abdE ol Sty Share
fails to conﬁéﬁ§£ﬂBuFb@ntWQ%ﬁlcFé?ﬁ:Waéﬁrt heORakha| Oﬂ%rﬁlqdon 1§eﬁ§| Aygon

di stributi Onpitashﬁe \m{eerrggﬂé aemiaaée gﬁaﬁsa iogh fﬁd@cr&i agsfd«ﬁmésl a4 ge
waf er -t o-cei t center-l,ow for ar

hei
Naf or -t o- col FLAGERE JAP. CRNsifur ASERLBIFLRY FaUPRredcRAFE LhR aRsa Hhtfher
above the wafwth shet Iaahfblﬁ&aml dspmedshbpedpncbbbaiddtbeorenter is even
greater, the result being a center-high non-uniformplasna ion density
distribution at the wafer surface. FIG 27 is a graph conparing radi al
di stributi on9rdingridtm tbe c¢bawbey bbesFusd WRY hbaeuarjedphersealptnthe

nul ti-radi us jdame &eh+éRPS RG-S Queshead vl | qalkerna. sitface’
shows the su rlorlt\é gf the nmulti-radius done shaped cei]ing, over the nore

spherical doRReSRLpERLLEN | ity OTAE ith Qﬁ%’{erqtblﬁ‘?lb PXCEF IR 197 HCHeent
mul ti-radi usddagetgeati u:nge ivaf@ardentet, f ehe phesoase tdieoulan béi sherbagedn

hi dwith t I i ' - hi
non-uni Tor m "BdE ERFBERISeiET EPoRsachr: fRgFFaren: o crREsehs theidifae
Dorme Cei | i ncioBheurukenk- dedsdsydenetbhapafieveceéntey i t oy examplebl éntthe
produce a | eggebha i dg:% dyilhgﬁlf 0t 1 fﬂé aknpbi‘é”al'zoﬂlu‘i‘i‘ﬁh%eltﬂ%?érfo@ 20N

at the wafer surface, upon e waferto-ceilin waf er

pedest al - t o- 6EMe; ﬁ@lﬁéP@hta)nd ‘ﬁﬁiﬂe‘f%? @1aamg SWIRS RAM]Y f 3&5\%0 pfakteht
i nvention thghet ﬂaeaha&ﬁambe@ geegswedhgtbhb@neoaraeﬁ 6 ABBEOVES htBEher

by pl aci ng the nufti-radi us . dohe ceil oper hej ght, abovg the wafer
padbstal |1 niBECOPUAMLELAP: AonnPutEepben: B RE RS Ut ISRt | OHOVERER 6
are two i m tnngdvaseageaofekati malyil aadtusademet shapedi cnglhmghis athathi ch

t he radi al tr i ? % n ﬂfk 2

relatively slrlrgl Idr%q’tfléfr% 1Cée)élr]?as"gr%8£'s ?E%t &%Féhqt%htengrraegl a I st P butl on

of changes in process condltlons (such as chamber pressure) and
therefore affords a wider process window. The advantages
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36 S. g APR ~2 plasma ion density is center-low. The ion distribution
uniformty is inproved by placing the ceiling at an internedi ate hei ght
above the wafer between the heights of the two limting cases. vl Afﬁq&n t he
best ion distribution unifornmty (i.e., the nost nearly flat ra
distribution of plasma ion density distribution at the wafer surface) S
achieved at a particular wafer-to-ceiling height which depends upon chanber

pressure, gagipRaagih§CHPRLNSE i dndt algftr&tastpaﬁtﬁm@ﬁm&%e%ﬁmhaﬁeﬂy and

ot her factors, For process, gas conpositions suitable for a'netal etc
process, an td8al™s 10’Fa‘éé‘i1$| Aemen&napac: ofe hebdt OPERiRgs AYeBady Wide

set forth inwhhaoapecuﬂlc&hrﬁzatwnt handi SstisceéoHn otretabbes AndB, Hrasdsd.
Such gas congﬂ | yplcally i nclude chlorine gas as the prinmary etchant
and, in addi W§ “reactive gas such as nitrogen or an inert gas. Such
nmetal etch gas conp05|t|ons may include chlorine as a prinary et chant and,

n addition s3sendavy eheNapk1gaacHashans8rEC oy ] Ote bl enéite

one, or a palr e secondary ‘etc ases BCl
and HBr nay BEUKEBed28d t MRYChRS i MRgges 150 et SFHIRE cﬂ@%ll}%%n CUrpRRi ess

gas conpati bh@smibualmla@rés&m&h&lﬁe@r Qﬁ@ﬁécéan @p’éﬁlrﬁﬁ:%la ,| easbra@ae of
the follow n etchanté hIor n

e Egh be.m xe % éb | east one
of the follo =04 ﬁﬁﬁ*ﬁ?ﬁfﬁ \}émgac'sur § n‘é?—?sb%% = G vt
silicon dioxbdnterchtpeoREsppweheshonlésbegdecreabedh wlni ke ctiaemt RPrpowssor

g 2, oh BASRINTKEOTRLELLA) oB! EOULRNE WASLLI AN do eRantl aBRett

pI’Ot ect non-oX contarnin uor o- car pon gas -or
f 1 uor o- hydr od&r bba gaﬁerncanpeasnanurmsampl,u@r ol aihsorcage of a conformal

coil as in FIG. 12 with a 10 cm quartz dome ceiling and
applied plasma source power of 1500 Watts, the ideal RF power
level from the RF source 28 is on the order of about 1500
Watts for optimizing ion current distribution uniformity.
However, as mentioned above, an advantage of the multi-radius
dome-shaped ceiling is that it provides plasma processing
which is more insensitive to changes in process conditions
(such as applied plasma source power) and therefore affords a
wider process window.

While the invention has been disclosed with reference to
application in metal etch plasma reactors, it is also useful
with plasma reactors for performing semiconductor (silicon and
polysilicon) etch, dielectric (e.g., silicon dioxide) etch,

silicide etch, nitride etch, polymer etch, chemical vapor
deposition, physical vapor deposition and the like. As
employed herein, the term silicide refers to a composition of
silicon and a metal such as tungsten, while the term nitride
refers to a composition of silicon and nitrogen. Polymer etch
is a general term, although the most practical application of
a polymer etch process is in etching photoresist polymers.
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,' 78 APR 2002 passivation species and fluorine etchant species. However,

for 'such a change in process gas conposition, the ion density distribution
may,.change, so that the ideal ceiling height may be different, as will now
be "di scussed. Effect of Process Gas Chenmists on |on Distribution 8DspREM2Ng
upon the diffusion rate and reconbination rate of the sel ected process gas
conposition, a different ceiling height nmay be ideal. Thus) for exanple, if
a gas conposition is enployed having a faster diffusion rate and a | ower

r econbi nat i ofaCE ONg heh Fﬁ@lse ik 30 gibhuekraeegehey dthe nelyema ¢ sedrtpuse

toward the C%&hwercemgerlmltﬂeg&bm&ho dpﬂ@sraar esdilx&ﬁerraapoqso@ér a
center, so that th% pl asna |on dens o‘gl’ff di strl ption reater
tendency to GETCMTESE hiPRILHEY er<¢b :b%-‘?l |?|’Q;Sheﬁ1 g ord
such a gas mparitd csuimix eshap‘éuccbniouhm‘lhgr gich hashireenddmensisadlaborfaget h
reference to aph FI Jlﬁild‘z.A at r

Uc":ﬁ dkaRne ﬁﬁe % v?%oc YM% Qhﬁ.g g%éhac?ﬁ)etﬁ{es'e fl?greaata

illustrated in the grap I'ncl udes actual ‘experi men
for a chlori BEO¥ENHRMWNItRG tpicasctor FRE bega chrélgfadndursArdehsi spould

di stribution b@nﬁ@@@&%@o@ﬁ It«hatc 'ﬁh@e&bnﬁhé%brl fagehheteltgBef ar c&ﬁﬂ@ﬂtlve
because argon_has a hi %{% usi on 2 | o recog}s)!gnatl on rate, sl
the distribuflEstreag; ué'rthﬁy Spfg: & Pec FAFPNENBER fiRentiBlanupfacy

| ower diffusilaneizherandse, hithkeepetecanahi fat iennvat aecAsehpibyi oenﬂette@ of
FIG 28 shows that m. di st ' v h_ch

i ndi cat ed bﬁphg%e%ﬂgﬁ?lﬁagntg?u#%a a[x#é; é’TL %ﬁjﬁf ghﬁ%% 5 !:85}[1%8?e helf’l

is a slight Gpearakgenfiecwhdehnddre th@n@mmr emas aamaxaacsiu:gm dteceseden
in the centergchEH enahf @Clolis ¢xadeerated in the qualitative depiction of
the ion distribution of the chlorinecontaining plasma of FIG 21.) Thus, it
may be said that the optinmumion density distribution achieved with the

i nvention 38Rredgfime APRIZA0Z2thiSFeneblibeanaenbre- Gefibingr Heeghes: | ow, even if
not perfectly flat (unifornm . Effect of Chanber Pressure on lon Density
Distribution Sirnilarly, the ideal wafer-to-ceiling height of the

mul tiradi us Tael dogedebaped agidni ich@rosidpeetbar advantageaitdlagr tbhapbasma
pressure, n n t g d s.Le of
Phe gas and/ Si"CRaRgS: Penect S P PRaCoatrh, 1o aghdahEelras “Eimprl ol it
chanber pressbpés qmerfmn%ﬂd dwsthi @tfb@toﬁepllama wm gbati miasaadsien be
center-|ow étengqey 9 GRDein PESSRULErohe £Rdi dhrdistrittd ofy teadsudo be

center-high. Theref ore, aqne problemis how to _achieve an _ion density

di stributi on1\WﬁﬂéﬁtP§nnéP§h§Fc€@Pﬁ§P§HP@haﬁﬁraE%‘Fl‘E"e‘?CFC}W\ﬁmel @rﬁﬁilﬂ%'éi’n‘?%g
the chanber a&hewkatevay, pvaaasune aaméequaped céneingl uki ﬁﬂrtﬁei‘ofﬁ@ﬁ t e
cel Ling, el 9heb? bAGLHRla NN, A oML, PLOGE S, WRMDAR W0 (- Pt

pl asma ion denS| IO Ui form tal or a broad rang

of processi nge@énugu oﬁsm(létlgradpaSt demeacechmemm @mlaﬁﬂ-usﬁhaB%rce
pover, pl asr@naneei%raalf%@ss d Q:le‘é‘f‘ 08 st BRcY HOStedtP THL RNREPCEE Sthe

wi ndow of the plasma reactor. Effect RF Source Power on lon Distribution
As di scussedC8Po¥BY BRE RbepﬂﬁéﬁraB%FBWP%ﬁeﬁieE;Poﬁ BerérpRer+ 83t 1 asna
edge under the RF signal applicator to a depth determ ned by the skin depth
of the RF field. This skin depth decreases_w i,ncreasi ng_ RF power | ied
Co the RF of SHAF ABHTTIARD: AaAks ShoBLaFTR gt SANRES Sy CPREF aho PR, e

power |evel, cbheelrrelzghta off tthe Rfommoveard aﬁm)rgnltama reagl Hormediow el g rtaaetvm:er
is mcrease@hel Othg t Eﬁguhgm}lgpﬁggghed simlar to that obtained by

r ai si ng the cCerling herght a nore center-high ion density

di stribution. Likew se, by decreasing the RF power a center-low ion density

distributionrn an inductively coupled plasma etch reactor of the following

embodiment, ion density uniformity is improved, ion energy is
better controlled and device damage is optimized, so that as a
result etch profile control is enhanced, etch selectivity is
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397 8 AP R 2002 can be obtained. The foregoing is illustrated in the graph
of FIG 29, depicting a sinulation of the radial distribution of plasma ion
density for an overhead coil inductor under a particular set of géggm
conditions for two different source power |levels, 500 Watts and tts.
At 500 Watts, the distribution is fairly flat V\/nile at 2000 watts, the
distribution is distinctly center-high. Therefore, one problemis howto

b
center -1 ow v oves IS Grak DEP-ARbSTiRS A\ LRRIOEERAG ; dn¥oehEonutesi on
is to enpl oy arenAchienidisbyoadhehimedtoerhi pptiméecads eotile dpes grometry
density di strifutyPrhply fiid’tecf&é’l‘hha& %1(%{?;!-;1 tégé:@‘i'ﬂe‘i%hgoi‘ﬁnéga:‘?@?aﬁe&é I t'hé

more nearly uniform across a nuc nge of —pl asma_source power |evels
than ot her gébifit P& 3 y3i PREBACELRR F’FSEESE%&PBP FﬁégﬁoFégéthe to

factors aff eoiﬁmgidntéealpewaf epifpetent i h@l@mbdobrbbaemylire rcﬁﬁbrlbvbme in
done- shaped q:g{ Jin %ect t he poI sili.con t‘%fhog Cess. Eg

pol ysi li con, He | 2 Je‘P%’F"rylaeﬁ aﬁlé:llnﬁe S % céHVJfrr%l’nsf‘g?o BEELEY
| engt h and anHaLfca:mm}{,l cef cldi penﬁnba winidc e qruste bpowemr e f peiéncy| yhile

uni f orm acr oSS AR &Y i Qia‘?n i1l @ uniformy perfect (vertical)
etch profile across the entir dle Etch profile uniformty is optimzed by
selecting a | ow chanber pressure and a high gas flow rate. A | ow chanber
pressure gener aldpnbdlend Rdiadidnge OEtk GalEdbutyriggn range to about 50 nTl,
and a high gas flowrate is in the range of [50-1000 sccm A typical
polysilicon etch process is perforned at a | ow chanber pressure in the
range of abowtchkr &em'éc(:amitpr n‘asf; epﬁdwnyieﬂ tyndieposi) iagdpas ghasatilcawspeictesf

about 160 SCEP fer I fr ich faor al
etch can be as nAc?vt\:/eflas P?%@ﬁ"za 9% Or ga e tcsgu%\%\gr% ﬁﬁg % l\clagr]a&ny e%f.hg%/Hz)
for polysili@onséddieopr odegsndg lgyer' ~08eAPR zmmle@wr unteryayer,
conposi ti on farsA A% lgﬁ@ﬁlgécunrma%g 'éo%ﬂﬁ@é‘@%c@h&hﬁéﬁ@t mdePl 61 1Y

i ncluding chl"orine wth anot active such as ox%éen an
addi tion, a RSIYSdadiGare thag Qﬁ’cl‘?l&écmnt ddgedder &R thatt tgaspgéxﬁlaécon

he: l umI may b%tldl‘@sﬂdﬁji‘e Euebm P&ryaﬁ %ﬁ@esiDﬂ\gdSn paeaﬁﬂaébatthu/sl Q?Oammg

pol ysi licon roces performe adi tributiagn af ion
density at tf‘%‘ 815158 a%re }Hass%l q?a‘f’&ryt endgﬂc R SR gRtCRo
that the i degrogsiseest othei bohyndmes ghte dforimed lﬁubml f.lmlrauscathhml gasbsngnl S
snal | er. Th| o S m L.0mu ob | e the
obvi ous sol uti on%%toaul 3 befit?lo %V\h%rn ?ilétr&] ?%%?gglsgg ckezlﬁg] hel%)@%ﬁe eaI

hei ght di ct atfedmed 3o, e ARQID @féﬁﬁ)’értlp*%%urlého'é%ﬁshsql oWé‘iil agher naw-

ceiling woul dfdl%‘%ﬁi%aréédci@@'ugﬁuwéréae&t&be He tBQaHﬁQUlﬂPdRU%e V\Gsfér
typically, the chanber | s evacyated through the sidewal] to the . The

punp apert ur SWELELE and NeEnEFOPILE iife tﬁ‘@ﬁpasﬁééﬁtﬁﬁdc 7 SRS QSerto

Ihl m thed byI fjh:elewaiﬂeﬁ Océettéi Ngeh@s glb. O?nga@ﬁuurcthlr eﬁbtgizmorn &ei thag
ei ght woul d_reduce ectlv ump_speed. an erefare redu S ow
rate bel ow tﬁ’@ ?3%%1: ( 9 i%ﬁae&‘&ﬂ? &ee(ft?srlé:d‘qno rcﬁeo ets"%\nh%#ent
etch profil epa:ril}’h@trm marThthecowlaofemnpaiemehre et chphoﬁtI esuth opcrixnyero
an unaccept al g{leqipe. étéh9”5%1 vt b'fé” rHRIRILT 8 tHSHFSﬂEé

corrpensatl on'for the center-h tendency of the 1on densit Stl’l%utl on
in the pol ysidorygiselen p?BE@§§lﬁanrﬁft°1beS&&ﬁpéﬁé’atﬁy %Ynﬁl%?%@ﬂea%?ﬁ%lt he

cei ling hei gfimelaltaosn tamtw@ warekl ehtairedpyn xﬁiiflaaﬂsemlngs&m@td@ﬁean
aperture 400|nt?jle) gwa 105thro§]%h t:cht e ch kﬁe“géis
evacuat ed by SB3G ﬁ’prﬁ“fblcefhéoﬁ’a REMHePGnt9r¥e eera‘ii3 B e TBRF ERYs
fromthe bot m@mﬁmﬂge iohadieasity uhe foemitf .t he sidewal |l 105. The
effective punping rate of the turbopunp 410 is limted by the area of the

aperture 400, which is proportional to the height of the sidewall 105 and
therefore proportional to the height of the ceiling 100 above the wafer 41
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8 APR 2002 pedestal 110. Wile the problem of nmaintaining a good etch
profile for a given chanber pressure is particularly acute in the case of
polysilicon etch processes as set forth above, the sane problemexists in
metal etch processes and silicon oxide etch process, as well as {pl ?B etch
processes in general. It is therefore a goal of the invention to

superior etch profile and uniform process conditions across the vvafer
surface for a wide variety_of plasnma_etch_processes, including netal etch,
silicon oxi dé—e@éﬁmﬁgﬁy@%ﬁ%ﬁ@h—gﬂt—ﬁgﬁ&l&{h silicon nitride etch
and polyner etch, for exarrpl e. Optimum Size of Aperture in the Overhead RF
Si g-nal Appl i tQ.dd13 REO t di.a er A
or radius A/ %%g%ﬁggge% raI ari rt?rée?dgr 8\/0?%8 %g%‘\iixce% eadp%%’ld ﬁeﬁg
appl i cat or ( degosithenc o f mnsenwati,@c) Sjezlessg eseChheaajeBDlmedegmeetbé

uni formty iRetlechadi ghadi gbribyhion c&dﬂﬁﬁ%dx@w@sah& Eh$so8topic
illustrates the di fference in plasma i on densi t%?dl stribution (as neasured

by the ion caGffENRlfl @F atthafe i <he addrisrntetoi Fubfateho Bperief e
zand tlhe saEEb@mbher'ehta CB‘ﬁtreth&BEptﬂn‘peséy?ILdhsoﬁ.naﬁhedﬁﬁ&sthadimplngnang
early, the jon,disty n.is uni form_in t tt se_an
center - hi gh St %(%% uéﬁltlf ?ﬁab %r%? %h \fehr al :T]f%&tl%rt chf®
process, in wmachthherclaamugy psesencentsateﬁaonVEhy homzomteal aginacést he
central aper Geyby i €L IpAeAnd ol 2ubBehNESASER, [RANEAOLNEEALSN! Ch

an optimally unifo asma ensity |str| utton 1s realize
way, there i 9nﬁopﬁ@E&|et“01§e§Pé§sé Phésmﬁf gpureecErlphyvaty ghtoosertHe the

mul ti -radi usWdoaeﬁsbamaescal lst@gn agskgptiheaph adyanbagLatfidn of &&3002

Mor e gener al e RF _si . a i cato t he overhead coil antenna
120y < char BiFerteat) Boe AR APELLOTLol (g0 (e ¢ MeTLigad Sten
appl i cator havofigla aandififishapetuwi mblatannglmhq:m trglatdvedgnhigh bias

ing, th dj i 4 db
Dhor (77t heRERDBYERCH Seret SR> WHih bo8uBLL Cly b fRRant Splicblit 48 BV
section, theAowhée ahlwaawsetehcpﬁpﬁtbq Wi creleading) and wvaler aturface
mean radi us aémfaas means8tohReptadi bmOisaliat | PhéCaSHESLIGRIEILY abe o SH@ent s

of the RF signal applicator, and characterizes the radial distribution of
the RF si gnaPmeBBiLEQt B8R, thﬁcWéﬁanﬁePﬁ@rah%r‘f‘gF% Fapfem $’sn%?1ett$$"e%|3e"s of

the nore gengeak 6pel koAl bi nateeanae themnens pagdivs Sbutde ﬁwéir ol
applicator. d| us aggect S.

n ] stribution_of asia_Jjon
Gonsi Ly ar t RECWRREPTSfrdoe bheweRhFor ERESE AT A triyCEiiely
(a) at a | argeupked redcterdf thgaiRk, saghagghappRFchias pcbmerorsch&@in;ed
di stributiongjsycept Séliﬂﬁ’agé”ghébloﬁtfi‘ué”aéhd”?ﬁ‘ s ﬁgéépaté’flﬁ hen&F si gnal
appl i cat or the I on densit Istribution 1's center nost uni form
ion density BF§PFP‘B§tﬁibﬁcP§SP€ahP§éHn§1P@Yea gi ven ceiling height) by
sel ecting a nean radius of the RF signal applicator between these two
extrenes at how t he nonuniformty in
the radial dis : Sjimas hOBer ] R4 'surface vari es
as a function of the RF si gnal appl i cator mean radl us, froma "positive" or
center - hi an. fbotay ol Wbdt A SI0RL! KReSyBEeE£ YW Fd el $bp fubiony e
non- uni f or m i's”expressed as a ercen e i on déensi a
at its cent er.h.er@ﬁfernéla}'aﬁlaehsnwgother@omsshamnh@mll)A a:'iarﬁme mcglmt
di stributi oneBagea pgs! tcte\iqlet Vi ian sehidee &é%ﬁflmelﬁéa&tﬂﬂ&@s a

negative deV| ation. The ordinate_(vertical axis) 32 1s the val ue of
t he non-uni f 6PFFE§ SFaThehadrallangt SHPREPSH d‘forbl‘a%%lt'r)bnaﬁer‘i&et Wakex he
waf er surfaceenférfhasonoged, ablderenonMbticovem,t ut SR & s ddetdidtance
dIStrlbUtlonthg ggﬁfgégggEy4§niformity at the wafer surface has a greater

tendency to reflect the generally non-uniform toroidal
distribution pattern at the ceiling. Such a close proximity
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$ APR 2D02 at |east nearly devoid of "center-high" and "center-|ow'
extrenes. The abscissa (horizontal axis) is the nean radius of the RF
signal applicator. Each curve in FIG 32 corresponds to a diff 54};

pol ysilicon etch process performed enpl oying different gas ch mBSAR @@2
di fferent chanber pressures and different RF source power |evels. The
intersection of each curve with the abscissa indicates the ideal nean

radi us. The RPRRRSS qih@uasyﬁoft@xfuﬁ Ge o032 p1ashR (Rl i¥n atd/eé}?{axll Qv the
chanber pressure us| r1 a mxture o chl orine _and oxygen. The process 0

curve B of FIPGasEg Hitfhefe hididh er p'rl'é%s‘ﬁﬁ'fee{rs??rg aless
m xt ure of crﬂocrrdmletlaradldarrm n’élaerlpr uedsoraf digevebGtabnkFl G 32 is
performed at a | ow chanber pressure using a m xture of chlorine, HBr,
oxygen and helium The process of curve D of FI G 32 is perfor med at a high
chanber presdur @noebile q 1B ARG d: |
curve E of FIG 32 is perforrred at a |l ow chanber pressure using a mxture
of chlorine, oxygen and nitrogen. Curves B, C and D intersect the abscissa
near a nean r&df uSoBPardment c‘ﬁ?‘f“’ogea eadhér WAERTa GROMRS yTESIFRG by
:SI'Ihm | ?r to ]Ehatproﬁzﬁﬁgblgﬁa@mdl@ V@:Dsﬁzpﬂmh ii@rﬁlnh:ylf@rﬂﬂ@ ea:Ed betéveasing
erefore, S a_reactor over he perture mean
radi us of 6. %%1 N §%SU| PEOPRYFHr2 %Eglﬂr?dre) gg’fi‘ eEt% é@’ hOWﬁ‘éer
reactor of TABLZIECESbelhamvemtaqainehremhmajfltiyheoﬁ)vmmeadnsoa:hd therebyp
preferably 1 7 ot hggo e a IS
preferably 1? é?{i%@ %@cﬁ ﬁ}ﬁé%g 5 %rsﬁ glr?qg( 3}5;9% Zﬁ'% E#&%Ll%\éengg ggg%%n 20
cm | 14") (g~9djisRapcgy tecﬁﬂsreﬁselsb)l Ggljllmatsﬁauﬁadbemao@'ée PRasivigiien a
total height yhiith eeduke Qreq«a&rea RF BHLAr pdie? &H ARG dagekogsdagd he
total height H+th 44 ~~ a AQ R 2arz may ge as high as 20 cmor nore,
dependi ng upon the process requirenents. The various curves of FIG 32 are
affected by shabdesovergovifcehpodetilannti bomeoCeheingeHELght cCRahgasmi enna
120, by changes in chanber pressure and by changes in process gas
chem stry. The ion distribution has greater tendency to exhibit a
cent er - hi gh Beh&heomaiih ekempdescefpbher fpilovingadedcuiption hetlohanbber
pressure is Ei‘i%%%é%déléé 2RY  RUCRAH éngfslﬁéezﬂﬁdﬁm g@e §W] V&Sq A nd! G 32
in general are sh roportionatelfy to the right or a greater 1deal
mean radi us 6PaTRETs|GhkE1 afRAIEat doyie- @Pﬁ@@ﬂseceﬂl%pﬁ’éﬁl agRgngekA e

made (decreasgg stalsou&eﬁ avebrih tiNeeasenk neﬁ@ﬁr@qraz@ees S 8 gniPePahhe
curves of FIG 32 are, r%‘(?]gngral shlftedrét%the Ief{ l%ﬁlgr a Ifﬁ ser ideal
mean radi us) 29MBRLGEE AFIRF pHAESTt KHAMRSE TSt EYfthcRF c4P0 mm or
appl i cati onsietyol nheggedmeqzrmrraiersrcmibedr hglod &a‘ﬁmmmaﬂoerwaiees are
bet ween 15 a aC Tl haret a

bet ween abou?gf—?}g8 gbgr%rﬁnyﬁde{lheﬁ %%ﬁh)?%mm%?g §F§ cer q{ the
hei ght H+h t Budké-Kagdhupadiemnse Risof srcnéeéloumpw@m glongn Whehraﬁi‘g%nb

bet ween abouli8m8tapd 1.5 for a nulti-radius done shaped ceiling.
Preferably, the multi-radius donme shape of the ceiling is such that the

ratio R'r of its major and mnor radii lies in the range between 2 and 10,
as di scussedragve22an 2iB s zszm:ednfd Qabi eDlusbrane aDrpﬁ:fdgrr*é%@leﬁbQﬂirﬁiﬁIﬁm t he
ratio(H+h)/Rmof thétota |I|ngB ght %othef Ll oean radrusrst
appr oxi mat el $2141E. 8 °Wﬁer8e% &Haf EP2RFAMet B7™i s TH Wﬁé rarge BFCRSRY

22.25 cm corresponding to the method of one embodiment for discovering
the correct coil height and dome ceiling height, relative to
the dome base, for enhancing etch selectivity, etch profile,
ion damage control and ion density together. 1In FIG. 23, the
curves labelled A, B, C and D illustrate the ion density
radial distribution at the wafer surface corresponding to the
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The invention is useful for plasma etching any of the follow ng materi al s:
polysilicon, silicon dioxide and netal. 45 8 AP R 2002 The foll ow ng
appl i cations have al ready been described in this specification: In etchjng
metal, a process gas conpatible with a nmetal etch process can co §%2®€
| east one of the follow ng etchants: chlorine, BC12, HO, HBr, while the
cei ling height above the wafer support can be 19.75 cm and the RF signal

frequency can be abo t hlng si | ican _dioxi de, process gas
conpati bl e WYHY srﬁ i &2% d@g ZBr'oczggs aggh 2@8prF§Be§F1V%bEt one of

the foll owm ng etchant precursors: a fl uorocarbon, a fluorohydrocarbon,

whi e the celtida-dielaliiy oveaLhooNa! B SR (52 e AboUe 1B P and the
RF signal frequency can e ab In etchlng polysit1icon, QT pPORS
gas conpat i blféa\}élutr}‘?sa 101SR8Mqrcon dtesi iR eb80 cuestingromea acyllamrlcmanb of

the fol |l ow nglatec Ranls106hb@r giemekbBE, pWBhC BnhEBYrR8rNbXesh W téhlfél élﬁ&?&h one
of the follo o&ygﬁé a _non-reacti ve, an inert

ceiling heig MareEF SWpoPE EéeatﬁﬁﬂgeZZ"gS 28m and 2t fe T
sithTgI frequcsmyouadlhg abmaefabcpfde&d\ﬂﬂbld:@rnd)(ﬁ y;surhpa aﬁirﬁﬂw 1idhe
chamber pressur a T_an w as_ het ween
5o it oY AR FoeTBLI T 28 oREk e R foPTOTRE Wik, Ceiling
exterior surﬂ-ﬁ@eéndf etxﬁéndél Ifineg &he mexniipheayi U 0do et e ek isluinfop qenast | n

an al ternat | VyeaBagkaeete (g ekl gyhtiﬁgdaélﬁﬂgfqel Shaped: S LAGE A

the top of the chanber may provi an interio
shape, so thag>tRé géPWFﬁﬁriﬂééF¥'Hﬂ% PE ﬁﬁoPﬁeﬁP§ﬁaﬁém€éeby Pacm. | & any
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power 46 81pPRh2602 height h above the wafer 130. A plasma source RF
power supply 135 is applied to the coil 120 near its outer
end, the other end of the coil 120 being grounded. A bias RF
power supply 140 is connected to the wafer pedestal 110.

In FIG. 22A, the ceiling 100 is at least nearly flat, and
therefore recombination losses at the ceiling predominate over
the wafer center. As a result, plasma ion density near the
wafer center is very low, as indicated by the curve labelled A
in FIG 23.

In FIG. 22B, the ceiling is less flat, corresponding to a
shallow multi-radius dome shape, with a center radius R1 and a
small corner radius rl and height Hl. Because the curvature
of the dome-shaped ceiling 100 increases the distance of the
ceiling 100 from the wafer center, recombination losses at the
wafer center are negligible, as indicated by the curve
labelled B in FIG. 23. In fact, with the elimination of
recombination losses at the wafer center, the reactor of FIG.
22B provides the highest ion density. The disadvantage is
that the in density is non-uniform, there being a pronounced
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deposition, azinmuthal electric field, ion density and ion flux
directionality and el ectron tenperature. Specifically, the electric field
at the wafer is reduced relative to a fixed set of process condité?ﬁg,

f educi ng devi ce damage. The regi on where ions are produced (i.e., 2002
region nearest the coil) is renote fromthe wafer so that non-uniformties
therein are aneliorated by ion diffusion before reaching the wafer surface.
The ion flux is.mpre caollipated so that_a gener y.lLo bi as .val.t age _on
the wafer suffidedt 8%§cﬁflg§5 SRRt ¥ opiie %P&Ei ﬁéb ’rﬁe%{%%%‘fe tc&r?ﬁgr LPure
gradi ent acr ddw e arafeentsur fisc FIQ.heR8by scetbaknformat en defimppd yoee. is
Appl i cat i on- Speel S Eg@@%@é@éf f%&@?H?htBhﬁoB&e‘c@cr&? 500 Neng Sepfyt he
i nvention have a nmuch wder range of appficability, and therefore are not
necessarily &FHACHIISY--spdiFeVetor e 1R n1@PpFREHeR ohS t 8O aRyOse to
parlti cul ar pr&@s&fe&heale ex&&t?wrdﬁiettqgnadﬁﬁ?nbfl ﬂ@ﬁ@ﬁrﬁﬂiﬁ@i&l@e:oh brst
application to articul ar, appli catian. ecifica e particul ar
ranges of t h& ersusrt);c&?(?r -5 §O&S irr?&%ﬁ&'g Prgﬁaraﬂﬁ%$%(ﬁl%ie]%c:l?egﬁogéaﬁUS
may vary sonewhat dependi ng upon the application, for exanple, to netal
etch, polysil4 t G SichiC | :ch, pan o] : ot ke

hand, becausefrg%(tt(’ﬁ'e 2\I’/%icde tgﬁq?ggggvﬂqggg\t}vﬁgngéwggg S%gﬁ(‘%%a’fm |L{%;%gf t:)'ftéh{éhe

i nvention, tfemenhapes: Ced ld@go@dyien§uche thatefbPofeilhdngdhag eePpfagto-

hei ght and anpé:-@rnetdit NBaNgi-adidy dpEwNHONssdathhBg tiet Mdilt heo raages of
the inventio as set ftorth herein my suffége foiI many_or all pl.asma _etch
appl i cati ons%(lé. agce 48 dreabsy de A FESYLEr i RBHYBELHOMRAHST *PellFr Rg
nodi fi cati on suppzelseit ahd obion ad et fdmedityadls amdbageverdthieeglyr fesdinf tai s
section of t r S ificatian i St Pt ce ] re e

Chat oy var PeiRSInati BES Mh b ersh SeRAsEivaLY, o bkl "LEE GFE )
For a 200 mnl(z@')isdisé;ri:gtletswﬁéfi@d,enﬁiﬂe' cdsengohehghwafer 1Zh hast Sheahdn
polysili con efeelyiRE0§8S8E8at Sy wIEIAD! ¥sNeak i fat Bd by Bhd iR 3abaNges Of
7.5 cm(3") to 27.5cm %11"). For” oxide etch, the ceiliing height lies in the
sane range bt HadIfreférred value close to 10 cm (4") . For a 200 nm (8")
di aneter wafer, the mean radius of the annular overhead coil for netal etch

in'the range B 8 ol 7% ) Tk sboLRr( 12815 P TR WA ALHTT o

in the range safchl2hBtchhé5¢eilin@PAM dms( bl base Foo-zpS0hanmphtl 23) gdeatet er

waf er, the ceillng,heigh r t. l..apnd_po i d roge i es
in the range%gfa&?lg%émb?4{;2i€ot}g% 1%%%5{1@%?Peé%f%rw%§%e%8i ?gl ?égéi n
the range of ap. gngicagep zhes curveoipbeirbedaD306 ARG 123) di aneter

waf er, the annular coil nean radius for netal etch lies in the range of
12.5 cm (5") t0.37.5 cm (15") with a preferred value ground,25 cm (10"
while for oxde‘%lét ch i E8FFes fPﬁti‘hetgﬁnecPﬁR@EaﬁbYet hgl‘ﬂ?’é"r’é??’éd ?/él urel)’%y
be around 22 cmboxbi(@hrs AbE| eBRiS soreAeD.t he Iftor égoi ag diisdereanycesfbetiveen
applications .ar) o N e , . L N T j h Ss
requires a hilgl;’lg?l%%éﬁ Fﬁ%’: %]Sqééeodﬁﬁ{éﬁg;&g#gﬁ S%]I:"? ace ‘ﬁ?ag%ng%lgl r§§ﬂﬁ§
pol ysi | i con eherepRéteisecbstwern tamdf @ and Loweh eiletwpereiagputis.75cm
preferred. The ampulgly %@dutfg]{‘w én@dafs) FRLIRPl Y Sid | SO &L N ACepSd Nei S

I
general ly lar %er than for ne or silicon oxide etch processes because the
pol ysilicon €8¢ Pkt ehpl 69 (8" b adRd ¥baree Hidwes REtwesiuchcip ntlth

hi gher (‘about(36 stviymagghigher knt am )t he Fei-htargé £ hwif &€ a5iSRS, SUABRLYtOEr

Georetry Sub-Ra by .P - In't d i pent
dof I nes’ a mUCARPAALGE dBRESSRERebo! ABBFFOR ohr FlcLLBl T HE cParbbrhalA Wy a8

diameter wafer, for example.
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8 AP R 2002 major and mnor radii having a ratio therebetween lying in a
range of approximately 2 to 10. The reactor the chanber dianeter is about
35 cm and the nmean radius of the signal applicator is about 17.5 cm
However, nore generally, the ceiling height is in the range of 7.g5ARR 2®Z. 5
cmfor a chanber dianeter exceeding 200 mMm O, the ceiling height is in
the range of 10 to 30 cm for a chanber dianeter exceeding 300 nm 1In
alternative enbodi nents, the ceiling can include a flat interior surface
facing the wafer pedestal. O, the ceiling includes a snooth
t hr ee-di nensi onal | y shaped i nt erqtcg LW face facing the wafer pedestal, in
whi ch the highest part of the interior surface is disposed at the
i nternedi ate height. CGenerally, the chanber has a dianeter of between about
30 comand 60 cm wher epiche waferyp has a di gpeter in g range of
approximately 15 - 30 cm |If the process gas is con'%atlble with a netal
etch process, it may i7rch ude at 9@hst one %G t he f olPCBWi ng etchants:
chlorine, BCl2, HCl, HBB Then, 9dwe ceil i rig Sics at allzeisght above the
support in a range of ut 7.5 (3") tq,2 GE1 t he nean radi us
in a range of about 7.5 tm (3") féc@ 22.5 c(11 éS)% &%t ﬁ)escchanber IS
sufficiently |arge to 2dtomodatsem 200 miq3wél'15@m or1,8 f’/Rémceiling is at a
hei ght above the support in a range of about 10 cm (4") to 30 cm (12"), the
mean radius is in a range of about 12.5 cm (5") to 35 cm(14"), and the
chanber is sufficiently large to accormmpdate a 300 mmwafer. |If the process
gas i s conpatn btiee wethiassoEi Fagsoxi2da-eRoh phecasssulitts Negre neaniked aby

I t f th f ol 1.qwi hant : ,

{1 or ohydr ol St MElehat Y ERY SO sflabed NOLRHET. Rigeraing .

t he support naw &a &GS .0f248b@4D,7 a5 similar2pregrassicre ineaesuddisumaysbén a
range of abqiyfe L,y t&a%@ﬁg“@h%”%e&%tc%”ﬁ% 'c iHE ”éide'@éﬂf to

accomodate a 200 mMm the ceiling iIs #Eélgove
support in alqsangé'I(ﬁ a?’dd’utllﬂﬂls@rﬁatt@%@ @F?PmP% ﬁé&‘ﬁlﬁﬁdFesthétlﬂfaﬂﬁnge

of abou;I t15 mgga&ﬁag:raf aﬁ%t% P@?Phﬁ@h e101 Sa§u$fréfeﬁéh&<telgdlsgecb arison
accomodat e a mm.waf er e_pr sSs._gas..i i.bl e

pol ysi | i con “@t%h TS RESs Ol ingd itRe IF3§§ ?g§e5§§ %chf ZHe %PFBWB@S
etchants: chilgr ioheybeBr pf nFxed A mmflledsunonbabfatdmne‘—@lmapadngelbxwen

3 nonr eact i uy 035 Goyieid gas:iduche LR bkl AR 1dahel gl abgye the

supportlnara e 5cmt IUsS 1S In a

range of abddtl r@,ﬁetso g@ecmhag\pgrt H?sf cﬁéﬁberz‘llBs ‘B‘Bﬁ#fﬂfﬁcbnpl’y adgiag 13
accommodat e oy 130RTEAAS & ;5 Of chheveethtay | spaee haiahl ahsudihe swpport

in a range of about, 1 0 c he nmean radi us i.s in a range o bout
15 om to 37 Y IRALIRAY o abkE Feb o R dhendas AP LR o
300 nm waf erfrIGMI 24€Di nldasy retel prloceskembéhe oRfF BTG ce4povmd1ffrlequeby:y is

about 2 Mz ffi%ﬁg‘ﬁncgéﬁﬁ&uﬁ&éé’ﬂ ld an %EPﬂ:Qf“ réfﬁﬁﬁfi%%& QEXCQP Pysg 10

Mz (i.e er nor pr OCESS essure in the
chanber | esdeativgen2thar $ide gwalbeﬂﬁéeﬁmdbcﬁhe qmemzzedmnelrpmg Wedght of

the ceiling @awed @%c\éaff%rrt&e%%t Fh1aed Bhetﬂg%é@-cﬂdi%p%fx abaea?eﬁgmal
appl i cat or preferably defi aratio therebetvveen |r1_lthe ra gg nt ht,
apprOXInateﬁy he wat fr5to 51de wall top height h, the spacer elg t
and the total wafer-to-ceiling height HT for the embodiments
of FIGS. 24A-24D. Ion density distributions across the wafer
surface measured with the embodiments of FIGS. 24A-24D are
illustrated in the graph of FIG. 25 by the curves labelled A,

B, C and D, respectively.
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Applicability of the Invention to Oher Ceiling Geonetries: As described
above, in addition to the nulti-radi us doneshaped ceiling, the invention

i nel udes other features such as the optimal ranges of ceiling height r
the wafer support and size (or nean radius) of an aperture in anﬂdNH&&éﬁ
over head coil inductor. These other features of the invention 50 ~~APR2~
may be carried out in accordance with their details set forth above in the
absence of a multi-radius done-s?ﬁgﬁg énterior surface adjacent the
ceiling. For exanple, a flat ceiling nmay be enpl oyed while adhering to the
teachings given in the foregoing specification of the optinmmceiling

hei ght and/ ogygoi |l apegture openjng nmean rggh UsgoYhid ephhe i gventp Qi has
been described_in detail by specific reference To preferred enbodl nents, it
i s under st ood4®hat varPa0i ons anfi- BHeFRi cati MCRher eof may be made wit hout
departing froaBthe true.spsemt aadsssepe of2thecmngemtwon. 51 220 ¥ AP R

2002 Vhat' is,ghained i5:,d,,A1 RE PLARM T 2ACH 0Ly SG5RGT ST NO: 500

24D 7.25cm 9.575cm 17cm 1200 W 190 W

In FIG. 24A, the ceiling 101 is at least nearly flat, and
therefore recombination losses at the ceiling predominate over
the wafer center. Moreover, as the flatter ceiling is closer
to the wafer, there is less opportunity for plasma diffusion
to transform the non-uniform plasma distribution at the
ceiling to a more uniform distribution at the wafer surface.
As a result, plasma ion density near the wafer center is very
low, as indicated by the curve labelled A in FIG 25.

In FIG. 24B, the ceiling 102 has a multi-radius dome shaped,
with a center radius R1 on the order of 36.75 cm and a
smaller corner radius rl in the range of about 5 cm and height
H. Because the curvature of the dome-shaped ceiling 102
increases the distance of the ceiling 102 from the wafer
center, recombination losses at the wafer center are
negligible, as indicated by the curve labelled B in FIG. 25.
In fact, with the elimination of recombination losses at the
wafer center, the reactor of FIG. 24B provides the highest ion
density. The disadvantage is that the in density is non-
uniform, there being a pronounced peak at the wafer center.
The coil 120 is relatively close to the wafer center in FIG.
24B, so that formation of polymer is somewhat suppressed,
leading to poor etch profile and etch selectivity. Moreover,
the local ionization is so close to the wafer 130 that the
directionality of ions impinging on the wafer surface is more
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a rreactor chanber including a ceiling; a gas inlet for supplying a process
gas into said chanber; an overhead RF signal applicator near said ceiling
for_applying an RF signal into said chanber through said ceiling to
maintain a plasma of said process gas in said chanber, said ovErfhARR 2@
signal applicator having a nean radius; a wafer pedestal in said chanber
for supporting a sem conductor wafer to be processed in generally facing

relationship relative_to sald celllng E}eln sai d plas}ga ha a.radial ion
density di st riHIRT™N HeRF¢hedpeEAEiBe &&CH FERISLE - whl r&@ﬁt &SR gh
radi al distr |¢nﬂﬂﬂre f oobaa imedt elinhenghts of etaddhi roent i ngrabdmessatrdsults

pedestal and | dscggcgﬁ gr%%OWodlé ngggabcelf *Fx'eght gh

ceiling above sai sal'd hel ght bei ng i'ntermedi’at e
sai d greater ammimgseetpbi ghosesgch irhavhieh dthadl%ﬂclﬁe@n et v§lls are

di stribution dshddyber nedi ate said center-high and centerl ow radi al

di stributions, wherein the height of said ceiling above said wafer pedestal
and said nmeans radius of said RF signal applicator define a ratio

t her ebet ween Im Fh@. r 2aage cmﬁfleamﬁmmmtlﬁcy feBling 15022.isTheaiwattioy ehe

claim1 wher i i\calLgr. |_ar I i b n 2
~' g APR 200‘2%}6%:5]:?8?13L r%:ast's:t(%{r]a(I éall)mcé;i n@%c%ﬂs%%%&%aé% i‘has ghrggdltlal?
ion density digsil i bat wefex tdnst@mtlmma&ﬂrs of Agsymrereyubt, sppdymer

ceiling whi chedysnaf iGN MO aigrHstid lRMl HBR HPFelr | S9SR tyTBaN mbadi US
of said signal applicator and a center-low_ distribution for a ﬂ reat.er nean

radi us of salch’%tllgjir?a-l' aFAALRAL bP ) PREQF REsh PRAfHicofnd #HCR| ctivity.
appl i cat or bemg dupietticedeate sobEH 1 eteiinddd ihesRes éfﬁﬁcﬁd:ttﬁéﬁu ﬁldflhdtehat

said radial ion nsi distribution is i r iate sa hand
conter 1ow AU CoFFBRpPRREHS 10 it S PBBRtEPR b S ferisEh 108 A
annul ar di st ralamtiinm hasclanprnnessr adinuswlaich anheueécheddigisie smmsreane

radi us bei ng A)-A g\éﬁfage of sai Ed{,%?@g Msﬂgt ert}rlgdl &Olforws r§gct?h?i

claim 3 wherein nmean radi us d S plrc I'S such
sai d i on densiufifidiigntlnutdiess §meuheweva’riﬂ1@db3ﬁ n\'atmt ytkenien- feghinpris

predom nant | Bﬁ:élea"ttﬁfeﬂ}p"thg?; E 1%%%%@%doﬁoyckﬁb”b§r¥‘@ei£$éllséﬁ ¢ in FIG.
di stribution i s Mshaped The reactor, of "claim3 vvhereln sai d ceiling

defines a nmul%3 - r SRRFOVFone tRafeR CeRsiitsr l§uF‘P§8e“8P Q%P4 chanber havi ng
maj or and mnor radii having a ratio therebetween lying in a range of

approxinatel%x? ﬁﬂG;024D, the approximately 5 cm (2-inch) spacer 105B
further increases the wafer-to-coil distance, so that the ion
density at the wafer surface is less, as indicated by the
curve labelled D of FIG. 25. However, the etch profile
obtained in the embodiment of FIG. 24D, corresponding to the
SEM photographs of FIG. 26D, is virtually the same as that
obtained in the embodiment of FIG. 24C. One advantage of the
embodiment of FIG. 24C is that the RF bias power applied to
the wafer pedestal may be reduced relative to that employed in
the embodiments of FIGs. 24A and 24B, as set forth in TABLE B
above. In fact, TABLE B indicates an approximately 15%
reduction in RF bias power between the embodiments of FIGS.
24A and 24C. This reduction in bias power reduces ion damage,

a significant advantage.
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8. The reactor of claim7 wherein said chanber dianeter is about 35 cm (14
I nchres), and said nean radius of said signal applicator is approxinat Iy
17:5 cm (7 inches). 53 . 8 AP R 2002 9. The reactor of claim 3 HRBr

Said ceiling height is in the range of 7.5 cmto 27.5 cm (3 to 11 |nches)
for a chanber dianeter exceeding 200 nm 10. The reactor of claim3 wherein
sai d ceilingARerhhRr imdviantege danddadf 10 e tHlaE0 eedXing emipodingrts)of or

a chanber di @ﬁ@terz@xceﬁ&l i BTt d - sEDBCESFE LY r@‘la%llaﬂemt% WOLT £ h
sai d celllnggggngrls es flat Interior surface facing said wafer pedestal.

12. The reac ?ecFﬁlﬁ?ﬁsmﬁgﬁﬁlﬁ5sérd1€e§P?ﬂb %%ﬁbﬁ?%é%“he?HBG%ﬁent of

t hr ee- di mensmeal | y4Bhaaeﬂngntné| abmsusﬁapedfacingaﬁal sppedecheedest Blin 13.
The reactor rface has an apex, said
apex |ying a sal %é?ﬁg ?ergé %E& éﬁaT%%Hreactor of claim 12 wherein
a highest part of sald interior surface I's disposed at said internediate
hei ght. 15. Thg)geacttOfr Gl M e VERELS1 SRS Ao ClonkeN@riRIdiRRHta of the
multi-radius interior surface of said chanber. 16. The reactor of claim15
wher ei n sai diPKeBELBR: surface has a major radius and a mnor radius
defining a ratio therebetween i nTaBegr@nge of about 2 to 10.

H h D d R

7.375cm 10.05cm 34.1cm 15em 36.75¢cm 5 ¢cm

In this embodiment, the coil 120 had its bottom winding
starting at the base of the dome ceiling 100 where it meets
the cylindrical side wall 105, there being approximately six
windings at a pitch of 1.875 cm, the RF plasma source power
being applied at about 1.75 turns from the bottom coil end.
The corner radius r was centered at the height of the dome
base. For a wafer diameter d of 20 cm, the chamber diameter D
is preferably on the order of 35 cm or 37.5 cm, while for a
wafer diameter d of 30 cm, the chamber diameter is preferably
on the order of between 45 cm and 50 cm.

Table D sets forth an alternative set of dimensions for the
embodiments of FIGS. 24B, 24C and 24D employing a taller dome-
shaped ceiling with conformal coil, the base-to-apex dome
height H being 11.75 cm.

TABLE D
FIG. H h H+h
24B 11.75¢cm 4.75cm 16.5cm
24C 11.75cm 7.25cm 19 cm
24D 11.75cm 9.75cm 21.5cm
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17 The reactor of claim 3 wherein said chanber has a di ameter of between
approximately 30 cmto 60 cm (12 inches and 24 inches). 54 a AP R 2002
18... The reactor of claim3 wherein said ceiling is at a hei ght a?ﬁXﬁﬁ§@hd
Support in a range of approximately 7 . 5 cmto 27 . 5cm( 3" 1 )
said nean radius in a range of about 7. 5cmto 22 . 5cm(3 " to 9 " ) ,
and said chanber is sufficiently large to accommbdate a 200 mm wafer. 19.
The reactor of claim 3 _wherein said ceiling is,at a hei ght apove said

support in aFPAngel¥ELlippPrBxPhakePFOI0SERTt o' 305 RgipTably @bout)10.5em
;rean rgdi usdfﬁﬁi ﬁntitjaaaﬂ.aégeh]?]@)_r@!&lél’s@?éisn?lt dlsy pi fermam gaboﬁ cs;ocgm GQand tifcbxl‘l !
, and said_ck er is_sufficient ar t ccommpda mm waf er .
20. The reac?5?88fe§F§iR?%Cﬁﬁﬁ?ﬁiH gﬁiﬁr%§?¥$h€yiQbﬁ?taéﬁ%%aﬁt above said
support in a range of approximately 7.5 cmto 27.5 cm (3" to 11"), said
mean radi us h§ i - 0X%} ! t 7 . 11
and said chaﬁ%e?ﬂighéﬁ???%?%ﬁgfgﬁlgFggig%ya%%%ﬁ%gg;fg)§E238E23$§%¥%§? ?
a

The reactor 6f EI&Pm 34hnetRi nikais 2efisoeewy LAf £hfeilgNenhpevetaat che
support in afpesgeing FPLLEnBtLry Lolvedt AB0the (HegineO Wikere ) R/ rSaigl

mean radi us In_a ran f _appraxi nat.el 5cmtq 3 "t 4 ")
and said chah%téwe?rsl %g?ggc eﬁ‘f‘ﬁy 1:8ar é‘e So%ae(]:té”oerﬁ%aagqoeu aqyo%(fc%’mavr\b ea#.ouf‘z.
The reactor bvOcwol wivile Wherei hesueencebbuhg 7.$ @m aahdi ghoukbdbe cgai dnd
support in a,hapgenoh @Qghgféhg%%%}ﬁ_ e OPdke BF %b%??)}&( gir% tc?f\ Lha 11833

mean radius IS In a ran roximately 10 cmto _ to lzﬁﬁ'and
sai d chanber The Z@RgecPenttl May geetoxp tethey MRS of; they

invention to on the order to between 7.5 cm and 27.5 cm, the
larger dimensions having particular applicability to larger
chamber diameters accommodating larger wafers (e.g., 300 mm
diameter wafers). Such regimes are applicable not only to the
strictly conformal embodiments of FIGS. 22 and 24 but also to
the embodiments of FIGS. 1-21. It is also applicable to
embodiments in which the ceiling shape is not necessarily a
multi-radius dome, but rather conical or flat, for example.

PREFERRED EMBODIMENTS OF THE PRESENT INVENTION

In accordance with a presently preferred embodiment of the
invention applicable to processing 200 mm diameter wafers, h =
about7.5cm, H = about 10 cm, R = about 37.5 cm and r = about
5.75cm. For 300 mm diameter wafers, H = about 15 cm and h =
about 12.5cm. However, the invention is not at all limited to
these dimensions. Specifically, H+h may 1lie in an
intermediate range of 12.5 c¢m - 20 cm or in a broader range of
7.5 cm - 27.5 cm.

Preference for the Multi-Radius Dome-Shaped Ceiling

As alluded to above in this specification, the multi-radius
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p AP R 2002 23. The reactor of claim3 wherein said ceiling is at a height
above said support in a range of approximately 10 cmto 30 cm (4" to 12" )
, said mean radius is in a range of approximately 15 cmto 37.5,cn1%§g[§$
15") and said chanber is sufficiently large to accombdate a 300 B % .
24. The reactor of claim1l wherein said ceiling height is such that said
lon density distribution is neither predom nantly center-high nor

predom nantly.  center-low, 25. The reactor_of claim24 wherein said )
i stributi on Qs SHIRRER 2641 1HeS 1 BEPBIIST cFAPm SYGABFEFn BAFEMEei PR
hei ght is in distridnga of vhifdrmdoyt at2the wadmr (drt waferi pedestphlfor a

chanber di anel &fe 4 80hHGr 80 wIth Hendiecbedthg! dladdd! efehene) g gai d
celllng conprises a flat™interior surrace r1acl ng saldavvafer peaestal . Eg
The reactor &eIiAIRIYRUBRIRS i nTRQ| geEbing nghapaprndeslyingopanhRF signal

t hr ee- di mensigialildacdiapactn d£raQr i sehéecee f agingdagdbnnaherebedepl akma29-

The reactor o clgin128 w@gre}n a hlghest gﬁrt of, sméjlgner!or ggiﬁacefls

di sposed at s FRTetEdPABETRERGRPD FF The FalerorrWiadsids 2 8F&in

sai d ceilingMmtghtf itheaRir poweat Elrypml £he &M €ighathepsplidor ' (e8 gAPRLRO02

31, The react gy 8lo.d aldn30 uherelil)saiid oolbBdcdaf 16 enl\! bhakAd’ Utn

I nterior surface of said chanber
accordance with a spatial distribution of RF power deposition,
which is mostly confined in an absorption region along the
edge of the plasma nearest the antenna. (The depth of this
region depends upon the skin depth of the RF field.) The
spatial distribution at the wafer surface of plasma ion
density is greatly affected by the spatial distribution of RF
power deposition. By changing the ceiling shape, the edge of
the plasma is moved relative to the wafer surface, thereby
changing the location of the RF absorption region. As a
result, the spatial distribution of the RF power deposition is
changed relative to the wafer surface, thereby changing the
spatial distribution of plasma ion density at the wafer
surface. Generally, as discussed above with reference to
FIGS. 23 and 25, a small ceiling height (corresponding to a
small distance between the RF absorption region and the wafer)
produces a center-low ion density distribution at the wafer
surface, due to the symmetry of the overhead coil antenna.
Also, a large ceiling height (corresponding to a large
distance between the RF power absorption region and the wafer
surface) produces a center-high ion density distribution at
the wafer surface, due to the diffusion of plasma ions toward
the center along the greater ceiling-to-wafer distance and the
minimization of the RF field near the chamber side wall.

A multi-radius dome shape produces the most uniform
distribution of plasma ion density at the wafer surface
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32. The reactor of claim26 wherein said interior surface has a major
radi'us and a mnor radius defining a ratio therebetween in the range of
about 2 to 10. 33. The reactor of claim1l wherein said ceiling AgthEs in
the range of 10 cmto 30 cm (4 to 12 inches) for a chanber dianeter
exceeding 300 mm 34. The reactor of claim 33 wherein said ceiling
conprises a flat interior surface facing said wafer pedestal. 35. The
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ceiling;, a ga suppl ying a process, gas |n 0 sai d cha
wafer, so that the plasma diffusion toward the center is even

greater, the result being a center-high non-uniform plasma ion
density distribution at the wafer surface. FIG. 27 is a graph
comparing radial distributions of plasma ion density obtained
with nearly spherical and multi-radius dome ceilings using the
same overhead coil antenna. FIG. 27 shows the superiority of
the multi-radius dome shaped ceiling over the more spherical
dome shaped ceiling. The ion distribution achieved with the
multi-radius dome ceiling is nearly uniform whereas the ion
distribution achieved with the more spherical ceiling is

center-high and therefore non-uniform.

Most Effective Wafer-to-Ceiling Height of the Multi-Radius

Dome Ceiling

The multi-radius dome-shaped ceiling itself is liable to
produce a less than ideally uniform radial plasma ion density
distribution at the wafer surface, depending upon the wafer-
to-ceiling height (or wafer pedestal-to-ceiling height).

Therefore, it is a discovery of the present invention that the
plasma ion density distribution can be improved further by
placing the multi-radius dome ceiling at a proper height above
the wafer pedestal. In accordance with this aspect of the
present invention, there are two limiting cases, a relatively
large wafer-to-ceiling height at which the radial distribution
of plasma ion density is center-high, and a relatively small
wafer-to-ceiling height at which the radial distribution of
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an overhead RF signal applicator near said ceiling for applying an RF
signal into said chanber through said ceiling to maintain a plasma of said
process gas in said chanber, said RF signal applicator having,an @Qqﬁﬁar

di stribution corresponding to a nean radius of said RF signal: &p%llcator; a
waf er pedestal in said chanber for supporting a sem conductor wafer to be
processed in generally facing relationship relative to said ceiling;
wherein sai dplaawidd N8s admfliy} Lan semsdtyisty striphéi oronM st @$BEEL o4O
an axis of s nﬁ&t%%yof said ceiling which is a center-high radial
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metal etch gas compositions may include chlorine as a primary

etchant and, in addition, secondary etchant gases, such as
BCl,, HC1 and/or HBr. Any one, or a pair of, or all three of

the secondary etchant gases BC13, HCl and HBr may be added to

the chlorine gas.

In etching polysilicon, a process gas compatible with a
polysilicon etch process can comprise at least one of the
following etchants: chlorine, HBr, which may be mixed with at
least one of the following: oxygen, a non-reactive gas, an
inert gas

For a typical silicon dioxide etch process, the process gas is
both an etchant precursor and an etch passivation material
precursor which tends to deposit on and protect non-oxide
containing layers. Specifically, a fluoro-carbon gas or a
fluoro-hydrocarbon gas in a plasma forms fluoro-carbon
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46: The reactor of claim39 wherein said nean radius is in a range of 10 cm
to 30 cm (4~~to 12 ") and said chanber is sufficiently large to
accomodate a 200 mm wafer. 59 r* tr. . :  aAPR 2002 47. The _regctor
of "claim 39 wherein said mean radius is in a range of approxi med &P§ .5 cm
to 37.5 cm (5" to 15") and said chanber is sufficiently large to
accomodate a 300 mm wafer. 48. The reactor of claim 39 wherein said neans
radius is in a range,of approximately 15 cmto 30 cm (6" to 12") and said
chanber is sBPFFAVERLPY ISREGE eFo 3k driiRae £YBHPHmM FRATES 49, Hawever,
reactor of clrarmsd@hwaecbingeatil peabekadgds témposiridiigenef iappaexsieyel y
17.5 cmto 37.5 cm, ZT to 15").and said Eﬂagbeﬁ IS SLEfiCient|% Laﬁge to
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.AS5. A, 9. A" beABSEfArentASas] Widl. AbwAPEl. AisokissegH . AGnL. A[ L. AL. Af nL. AyHs.
A5L. AS9. Af[L. AH r. Ay[ L. AH9. A5 r. Al . AH. ASr. Ar. A, H9. Af Hr. A5L. Ayn. Af Hs9. AsL. A

H‘.A[.Ay[@bA‘E@bAsr.ASr.Ay[3%)AH9.An_.A&S.ASS_.ALL.AyH‘rzA&.Ay[_.AH.AS.An.A
5.A. Al . AH2 .gggt of Process Gas Chemistry ohi Ton Distribution

Depending upon the diffusion rate and recombination rate of
the selected process gas composition, a different ceiling
height may be ideal. Thus, for example, if a gas composition
is employed having a faster diffusion rate and a 1lower
recombination rate, then there is a greater tendency of the
gas to diffuse toward the chamber center and thereby provide
more plasma ions at the center, so that tﬁe plasma ion density
radial distribution has a greater tendency to be center high.
Thus, the ideal wafer-to-ceiling height for such a gas may be
smaller. Such a difference has been discussed above with
reference to the graph of FIG. 21. A somewhat different
aspect is illustrated in the graph of FIG. 28 which includes
actual experimental data for a chlorine-containing plasma. In

FIG. 28, the plasma ion density distribution (measured as ion
current flux) is center high for argon because argon has a
high diffusion rate and low recombination rate, while the
distribution is virtually flat for chlorine because chlorine
has a lower diffusion rate and a higher recombination rate. A
close inspection of FIG. 28 shows that the optimum
distribution achieved with chlorine, as indicated by the
experimental data, is slightly "M-shaped", in that there is a
slight upward inflection near the outer ends and a slight
depression in the center. (This effect is exaggerated in the
qualitative depiction of the ion distribution of the chlorine-
containing plasma of FIG. 21.) Thus, it may be said that the
optimum ion density distribution achieved with the invention
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ideal height at which process optimization (e.g., plasma ion
density distribution uniformity) is obtained for a broad range
of processing conditions (e.g., particular chamber pressure,
plasma source power, plasma chemistry) so as to provide the

widest possible process window of the plasma reactor.
Effect of RF Source Power on Jon Digtribution

As discussed above, the RF power absorption region extends
from the plasma edge under the RF signal applicator to a depth
determined by the skin depth of the RF field. This skin depth
decreases with increasing RF power applied to the RF signal
applicator above the ceiling. Thus, by increasing the RF
power level, the height of the RF power absorption region
above the wafer is increased, so that a result is reached
similar to that obtained by raising the ceiling height, namely
a more center-high ion density distribution. Likewise, by
decreasing the RF power a center-low ion density distribution
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can be obtained. The foregoing is illustrated in the graph of
FIG. 29, depicting a simulation of the radial distribution of
plasma ion density for an overhead coil inductor under a
particular set of process conditions for two different source
power levels, 500 Watts and 2000 Watts. At 500 Watts, the
distribution is fairly flat while at 2000 Watts, the
distribution is distinctly center-high. Therefore, one
problem is how to obtain an ion density distribution which is
neither center-high nor center-low while applying whatever RF
power level is required. The solution is to employ a multi-
radius dome-shaped ceiling, because the plasma ion density
distribution obtained with a multi-radius dome-shaped ceiling
is more nearly uniform across a much wider range of plasma
source power levels than other geometries.

Polysilicon Etch Process

All of the foregoing factors affecting ideal wafer-to-ceiling
height of the multi-radius dome-shaped ceiling affect the
polysilicon etch process. In etching polysilicon, one is
generally defining the field effect transistor gate length and
area, a critical dimension which must be nearly perfectly
uniform across an entire die. This requires a uniformly
perfect (vertical) etch profile across the entire die. Etch
profile uniformity is optimized by selecting a low chamber
pressure and a high gas flow rate. A low chamber pressure
generally is in the range of 1-20 mT but can range to about 50
mT, and a high gas flow rate is in the range of 150-1000 sccm.
A typical polysilicon etch process is performed at a low
chamber pressure in the range of about 1-5 mT (and preferably
around 2 wT) and a gas flow rate of about 160 sccm.
Preferably, the RF source power frequency, which for metal
etch can be as low as 2 MHz, 1is raised to over 10 MHz
(preferably 12.5 MHz) for polysilicon etch processing.
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Moreover, the gas composition for a polysilicon etch process
is somewhat different, typically including chlorine with
another active gas such as oxygen and/or HBr. In addition, a
non-reactive gas such as nitrogen or an inert gas such as
helium may be included. Due mainly to the lower pressure at
which a polysilicon etch process is performed, the radial
distribution of ion density at the wafer surface has a greater
tendency to be center high, so that the ideal wafer-to-ceiling
height of the multi-radius dome ceiling is smaller.

This creates a seemingly insurmountable problem in that, while
the obvious solution would be to lower the multi-radius
ceiling to the ideal height dictated by the reduced chamber
pressure, such a lowering of the ceiling would necessarily
reduce the aperture of the vacuum pump, where, typically, the
chamber is evacuated through the sidewall to the pump. The

pump aperture area, and therefore the pump speed and gas flow
rate, is limited by the wafer-to-ceiling height. The required
reduction in ceiling height would reduce effective pump speed
and therefore reduce the gas flow rate below the high level
(e.g., 160 sccm) required to maintain sufficient etch profile
uniformity. This could impair the etch profile uniformity to
an unacceptable degree, a significant problem. Therefore, the
required compensation for the center-high tendency of the ion
density distribution in the polysilicon etch process cannot be
achieved by simply decreasing the ceiling height. This
situation is illustrated in FIG. 30, illustrating an aperture
400 in the sidewall 105 through which the chamber interior is
evacuated by a turbo-pump 410. The maximum height of the
aperture extends from the bottom of the chamber to the top of
the sidewall 105. The effective pumping rate of the turbo-

pump 410 is limited by the area of the aperture 400, which is
proportional to the height of the sidewall 105 and therefore
proportional to the height of the ceiling 100 above the wafer
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polysilicon etch processes as set forth above, the same
problem exists in metal etch processes and silicon oxide etch
process, as well as plasma etch processes in general. It is
therefore a goal of the invention to provide a superior etch
profile and uniform process conditions across the wafer
surface for a wide variety of plasma etch processes, including
metal etch, silicon oxide etch, polysilicon etch, silicide
etch, silicon nitride etch and polymer etch, for example.

Optimum Size of Aperture in the Overhead RF Signal
Applicator

The solution to this problem is to adjust the diameter A or
radius A/2 of the central aperture or void in the overhead RF
signal applicator (e.g., the coil antenna 120) to achieve the
desired degree of uniformity in the radial distribution of
plasma ion density. FIG. 31 illustrates the difference in
plasma ion density distribution (as measured by the ion
current flux at the wafer surface) for a coil with no aperture
and the same coil with a center aperture (void) of an ideal
radius. Clearly, the ion distribution is nearly uniform in
the latter case and center-high or non-uniform in the former
case. In the polysilicon etch process, in which the chamber
pressure is relatively low, the radius of the central aperture
in the coil antenna 120 is increased to the point at which an
optimally uniform plasma ion density distribution is realized.
In this way, there is no need to decrease the wafer-to-ceiling
height of the multi-radius dome-shaped ceiling, a significant

advantage.

42



10710@10%& ()-y2! 109%& ()--y@ MLOY& () -, 10%& () - FHzLMVMVWMKbC

10t *109%& ()- 10 10 10F7 109%& ()-fY.!10%& ()-f!109%& ()-y3! 109%& ()-m
MVPUUUUUUXTHC 10t° 9%10%& ()- 10B 10B

10B71098& ()- 9! 1098&’ ()-! 10988 () - 98109%8& ()- UY[\\\\\\ xnbC 10t SARDME: (). L
10

More generally, the RF signal applicator (e.g., the overhead
coil antenna 120) is characterized by a mean radius. In the
case of an RF signal applicator having a annular shape with a
single aperture or central opening, the mean radius is the sum
of its outer and inner radii divided by two. (If the RF
signal applicator is comprised of more than one annular
section, then the mean radius is computed differently.) 1In
any case, the mean radius is the mean of the radii of all
finite circumferential elements of the RF signal applicator,
and characterizes the radial distribution of the RF signal
applicator. Increasing the aperture radius is one species of
the more general operation of increasing the mean radius of
the RF signal applicator. The mean radius affects the radial
distribution of plasma ion density at the wafer surface
between the extremes of two limiting cases: (a) at a large
mean radius of the RF signal applicator the ion density
distribution is center-low, and (b) at a small mean radius of
the RF signal applicator the ion density distribution is
center-high. The most uniform ion density distribution is
realized (for a given ceiling height) by selecting a mean
radius of the RF signal applicator between these two extremes
at an optimum wvalue. FIG. 32 illustrates how the non-
uniformity in the radial distribution of plasma ion density at
the wafer surface varies as a function of the RF signal
applicator mean radius, from a "positive" or center-high
distribution to a "negative" or center-low distribution. The
non-uniformity is expressed as a percentage that the ion
density deviates at its center from a median density of the

distribution. A center-high distribution has a positive
deviation while a center-low distribution has a negative
deviation. The ordinate (vertical axis) of FIG. 32 is the

value of the non-uniformity of the radial distribution of
plasma ion density at the wafer surface. At the origin, the
non-uniformity is zero so that the distribution is uniform or
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at least nearly devoid of "center-high" and "center-low"
extremes. The abscissa (horizontal axis) is the mean radius
of the RF signal applicator. Each curve in FIG. 32
corresponds to a different polysilicon etch process performed
employing different gas chemistries, different chamber
pressures and different RF source power levels. The
intersection of each curve with the abscissa indicates the
ideal mean radius. The process of curve A of FIG. 32 is
performed at a very low chamber pressure using a mixture of
chlorine and oxygen. The process of curve B of FIG. 32 is
performed at a higher chamber pressure using a mixture of
chlorine and argon. The process of curve C of FIG. 32 is
performed at a low chamber pressure using a mixture of
chlorine, HBr, oxygen and helium. The process of curve D of
FIG. 32 is performed at a high chamber pressure using a
mixture of HBr, oxygen and helium. The process of curve E of
FIG. 32 is performed at a low chamber pressure using a mixture
of chlorine, oxygen and nitrogen. Curves B, C and D intersect
the abscissa near a mean radius of 17.125 cm for a reactor
with a geometry fairly similar to that of Table C and given
specifically in Table E below. Therefore, for such a reactor,
an overhead signal applicator aperture mean radius of 6.85 is
suitable for such polysilicon etch processes. In the reactor
of TABLE E below, the inner radius of the overhead coil, A/2,
is preferably 15.175 cm (6.07") and the outside radius of the
overhead coil is preferably 19.05 (7.62").

TABLE E
H h D d R r
10.5 cm 5 cm 35 cm 20 cm 37.5cm 5 cm
(4.2") (2m) (14") (8") (15") (2")

It should be noted that while a total height H+h on the order
of 15 cm or 17.5 cm has been disclosed, the total height H+h
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may be as high as 20 cm or more, depending upon the process
requirements.

The various curves of FIG. 32 are affected by changes in
source power applied to the overhead coil antenna 120, by
changes in chamber pressure and by changes in process gas

chemistry. The ion distribution has greater tendency to
exhibit a center-high behavior if the source power is
increased or if the chamber pressure is decreased. If any
such changes are made, the curves of FIG. 32 in general are
shifted proportionately to the right (for a greater ideal mean
radius of the signal applicator). Likewise, if opposite
changes are made (decrease in source power or increase in
chamber pressure), then the curves of FIG. 32 are, in general,
shifted to the 1left (for a lesser ideal wmean radius).
However, it is anticipated that for most practical
applications involving the plasma processing of semiconductor
wafers between 15 and 30 cm in diameter, the reactor chamber
has a diameter between about 30 and 50 cm and the ratio

(H+h)/Rm of the total ceiling height H+h to the mean radius R,

of the coil antenna is in the range between about 0.8 and 1.5
for a multi-radius dome shaped ceiling. Preferably, the
multi-radius dome shape of the ceiling is such that the ratio
R/r of its major and minor radii lies in the range between 2
and 10, as discussed above in this specification. In one
preferred embodiment, the ratio (H+h)/Rm of the total ceiling

height to the coil mean radius is approximately 14/6.85 where
the wafer diameter is in the range of 15 to 22.25 cm.

The invention is useful for plasma etching any of the
following materials: polysilicon, silicon dioxide and metal.
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The following applications have already been described in this
specification: 1In etching metal, a process gas compatible
with a metal etch process can comprise at least one of the

following etchants: chlorine, BCl,, HCl, HBr, while the

ceiling height above the wafer support can be 19.75 cm and
the RF signal frequency can be about 2 MHz. In etching
silicon dioxide, a process gas compatible with a silicon oxide
etch process can comprise at least one of the following
etchant precursors: a fluorocarbon, a fluorohydrocarbon, while
the ceiling height above the wafer support can be about 18 cm
and the RF signal frequency can be about 2 MHz. In etching
polysilicon, a process gas compatible with a polysilicon etch
process can comprise at least one of the following etchants:
chlorine, HBr, which may be mixed with at least one of the
following: oxygen, a non-reactive gas, an inert gas, while the
ceiling height above the wafer support can be about 22.25 cm
and the RF signal frequency can be above about 10 MHz. For
polysilicon etching, the chamber pressure can be maintained

below about 20 mT and as low as between 1-5 mT.

While in the preferred embodiments the both the interior and
exterior surfaces of the ceiling are multi-radius dome-shaped
surfaces, in an alternative embodiment the interior multi-
radius dome-shaped surface at the top of the chamber may be
provided by an interior liner of the same shape, so that the
ceiling itself may be another shape (e.g., flat). In any
case, it is preferable that the top interior surface of the
chamber adjacent the ceiling be a multi-radius dome shaped
surface.

Advantages of the Invention:
The invention as described above provides advantages in power
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deposition, azimuthal electric field, ion density and ion flux
directionality and electron temperature. Specifically, the
electric field at the wafer is reduced relative to a fixed set
of process conditions, reducing device damage. The region
where ions are produced (i.e., the region nearest the coil) is
remote from the wafer so that non-uniformities therein are
ameliorated by ion diffusion before reaching the wafer
surface. The ion flux is more collimated so that a generally
lower bias voltage on the wafer suffices to achieve
anisotropic etching. The electron temperature gradient across
the wafer surface, thereby reducing device damage due.

Application-Specific Embodiments:

Although the preferred embodiments of the invention have a
much wider range of applicability and therefore are not
necessarily application-specific nor limited in application to
any particular process, there exist certain embodiments which
find their best application to a particular application.
Specifically, the particular ranges of the wafer support-to-
ceiling height and annular coil mean radius may vary somewhat
depending upon the application, for example, to metal etch,
polysilicon etch, silicon oxide etch, and so forth. On the
other hand, because of the wide process window and wide
applicability of the invention, the same reactor embodying the
invention including ceiling height and annular coil mean
radius dimensions falling within the ranges of the invention
as set forth herein may suffice for many or all plasma etch

applications (e.g., metal, oxide and polysilicon etch) without
requiring modification or substitution, a significant
advantage. The purpose of this section of the present
specification is to point out certain preferences that may
vary depending upon the particular application.
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For a 200 mm (8") diameter wafer, the ceiling height for both
metal and polysilicon etch processes is preferably near 7" but
may lie in a range of 7.5 cm (3") to 27.5cm (11"). For oxide
etch, the ceiling height 1lies in the same range but has
preferred value close to 10 cm (4"). For a 200 mm (8")
diameter wafer, the mean radius of the annular overhead coil
for metal etch lies in the range of 7.5 cm (3") to 22.5 cm
(9"), for polysilicon etch lies in the range of 15 cm (6") to
30 cm (12"), and for silicon oxide etch lies in the range of
12.5 cm (5") to 27.5 cm (11"). For a 300 mm (12%) diameter
wafer, the ceiling height for both metal and polysilicon etch
process lies in the range of 10 cm (4") to 30 cm (12") while
for oxide etch it lies in the range of 7.5 cm (3") to 22.5 cm
(9"). For a 300 mm (12") diameter wafer, the annular coil
mean radius for metal etch lies in the range of 12.5 cm (5")
to 37.5 cm (15") with a preferred value around 25 cm (10"),
while for oxide etch it lies in the same range but the
preferred value may be around 22.5 cm (9").

At least some of the foregoing differences between
applications arise, in general, from the following. The oxide
etch process requires a higher ion flux density at the wafer
surface than metal or polysilicon etch processes, and
therefore a lower ceiling height is preferred. The annular
coil mean radius for polysilicon etch processing is generally
larger than for metal or silicon oxide etch processes because
the polysilicon etch processes employ a plasma source power RF
frequency much higher (about 6 times higher) than the other
etch processes.

Summary of Geometry Sub-Ranges by Process:

In the preferred embodiments, the ceiling defines a multi-
radius dome-shaped interior surface of the chamber having
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major and minor radii having a ratio therebetween lying in a
range of approximately 2 to 10. The reactor the chamber
diameter is about 35 cm, and the mean radius of the signal
applicator is about 17.5 cm. However, more generally, the
ceiling height is in the range of 7.5 to 27.5 cm for a
chamber diameter exceeding 200 mm. Or, the ceiling height is
in the range of 10 to 30 cm for a chamber diameter exceeding
300 mm.

In alternative embodiments, the ceiling can include a flat
interior surface facing the wafer pedestal. Or, the ceiling
includes a smooth three-dimensionally shaped interior surface
facing the wafer pedestal, in which the highest part of the
interior surface is disposed at the intermediate height.

Generally, the chamber has a diameter of between about 30 com
and 60 cm where the wafer has a diameter in the range of
approximately 15 - 30 cm.

If the process gas is compatible with a metal etch process, it
may include at least one of the following etchants: chlorine,
BCl,, HC1l, HBr. Then, the ceiling is at a height above the

support in a range of about 7.5 cm (3") to 27.5 cm (11"), the
mean radius in a range of about 7.5 cm (3") to 22.5 cm (9"),
and the chamber is sufficiently large to accommodate a 200 mm
wafer; or, the ceiling is at a height above the support in a
range of about 10 cm (4") to 30 cm (12"), the mean radius is
in a range of about 12.5 cm (5") to 35 cm (14"), and the
chamber is sufficiently large to accommodate a 300 mm wafer.

If the process gas 1is compatible with a silicon oxide etch

process, it may include at least one of the following etchant
precursors: a fluorocarbon, a fluorohydrocarbon. Then, the
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ceiling is at a height above the support in a range of about
7.5 cm to 27.5 cm, the mean radius is in a range of about 12.5
cm to 27.5 cm and the chamber is sufficiently 1large to
accommodate a 200 mm wafer; or, the ceiling is at a height
above the support in a range of about 10 cm to 30 cm, the mean
radius is in a range of about 15 cm to 35 cm and the chamber
is sufficiently large to accommodate a 300 mm wafer. If the
process gas is compatible with a polysilicon etch process, it
may include at least one of the following etchants: chlorine,
HBr, mixed with at least one of the following: oxygen, a non-
reactive gas, an inert gas. Then, the ceiling is at a height
above the support in a range of about 7.5 cm to 27.5 cm, the
mean radius is in a range of about 10 cm to 30 cm, and the
chamber is sufficiently large to accommodate a 200 mm wafer;
or the ceiling is at a height above the support in a range of
about 10 cm to 30 cm, the mean radius is in a range of about
15 cm to 37.5 cm, and the chamber is sufficiently large to
accommodate a 300 mm wafer. While in many etch processes the
RF source power frequency is about 2 MHz, in the case of
polysilicon etch that frequency may be over 10 MHz (i.e., 12
MHz) ; furthermore, the process may maintain a pressure in the
chamber less than 20 mT (e.g., between about 1 mT and 5 mT).

The height of the ceiling above the wafer pedestal and the
mean radius of the RF signal applicator preferably define a
ratio therebetween in the range of approximately 0.8 to 1.5.

Applicability of the Invention to Other Ceiling Geometries:

As described above, in addition to the multi-radius dome-
shaped ceiling, the invention includes other features such as
the optimal ranges of ceiling height over the wafer support
and size (or mean radius) of an aperture in an annular
overhead coil inductor. These other features of the invention
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may be carried out in accordance with their details set forth
above in the absence of a multi-radius dome-shaped interior
surface adjacent the ceiling. For example, a flat ceiling may
be employed while adhering to the teachings given in the
foregoing specification of the optimum ceiling height and/or
coil aperture opening mean radius.

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
departing from the true spirit and scope of the invention.
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What is claimed is:
1. An RF plasma reactor, comprising:
a reactor chamber including a ceiling;

a gas inlet for supplying a process gas into said

chamber;

an overhead RF signal applicator near said ceiling
for applying an RF signal into said chamber through
said ceiling to maintain a plasma of said process
gas in said chamber, said overhead RF signal

applicator having a mean radius;

a wafer pedestal in said chamber for supporting a
semiconductor wafer to be processed in generally
facing relationship relative to said ceiling;
wherein said plasma has a radial ion density
distribution near the plane of said pedestal which
is a center-high radial distribution for a greater
height of said ceiling above said pedestal and is a
center-low distribution for a lesser height of said
ceiling above said pedestal, said height of said
ceiling being intermediate said greater and lesser
heights such that said radial ion density
distribution is intermediate said center-high and
centerlow radial distributions, wherein the height
of said ceiling above said wafer pedestal and said
means radius of said RF signal applicator define a
ratio therebetween in the range of approximately
0.8 to 15.

2. The reactor of claim 1 wherein said RF signal

applicator has an annular distribution.
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3. The reactor of claim 2 wherein said plasma has a
radial ion density distribution with respect to an axis
of symmetry of said ceiling which is a center-high
radial distribution for a lesser mean radius of said
signal applicator and a center-low distribution for a
greater mean radius of said signal applicator, said

mean radius of said signal applicator being
intermediate said greater and 1lesser mean radii such
that said radial ion density distribution is

intermediate said center-high and center-low radial

distributions.

4, The reactor of claim 3 wherein said annular
distribution has an inner radius and an outer radius,
said mean radius being an average of said inner and

outer radii.

5. The reactor of claim 3 wherein said mean radius of
said signal applicator is such that said ion density
distribution is neither predominantly center-high nor

predominantly center-low.

6. The reactor of claim 5 wherein said distribution

is M-shaped.

7. The reactor of claim 3 wherein said ceiling defines
a mnmulti-radius dome-shaped interior surface of said
chamber having major and minor radii having a ratio
therebetween lying in a range of approximately 2 to 10.

8. The reactor of claim 7 wherein said chamber
diameter is about 35 cm (14 inches), and said mean
radius of said signal applicator is approximately 17.5

cm (7 inches).
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9. The reactor of claim 3 wherein said ceiling height
is in the range of 7.5 cm to 27.5 cm (3 to 11
inches) for a chamber diameter exceeding 200 mm .,

10. The reactor of claim 3 wherein said ceiling height
is in the range of 10 cm to 30 cm (4 to 12 inches)

for a chamber diameter exceeding 300 mm.

11. The reactor of <claim 3 wherein said ceiling
comprises a flat interior surface facing said wafer

pedestal.

12. The reactor of claim 3 wherein said ceiling
comprises a smooth three-dimensionally shaped interior

surface facing said wafer pedestal.

13. The reactor of claim 12 wherein said interior
surface has an apex, said apex 1lying at said

intermediate height.

14. The reactor of claim 12 wherein a highest part of
said interior surface is disposed at said intermediate

height.

15. The reactor of claim 3 wherein said ceiling defines

a multi-radius interior surface of said chamber.

16. The reactor of <claim 15 wherein said interior
surface has a major radius and a minor radius defining
a ratio therebetween in the range of about 2 to 10.

17. The reactor of claim 3 wherein said chamber has a
diameter of between approximately 30 cm to 60 cm (12
inches and 24 inches).
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19. The reactor of claim 3 wherein said ceiling is at a
height above said support in a range of approximately
10 cm to 30 cm (4'' to 12''), said mean radius is in a
range of approximately 12.5 cm to 35 cm (5'* to 14''),
and said chamber is sufficiently large to accommodate a

300 mm wafer.

20. The reactor of claim 3 wherein said ceiling is at a
height above said support in a range of approximately

7.5 cm to 27.5 cm (3'* to 11''), said mean radius is in
a range of approximately 12.5 cm to 27.5 cm (5'' to
11'') and said chamber 1is sufficiently large to

accommodate a 200 mm wafer.

21. The reactor of claim 3 wherein said ceiling is at a
height above said support in a range of approximately
10 cm to 30 cm (4'' to 12''), said mean radius is in a
range of approximately 15 cm to 35 cm (6'* to 14'')
and said chamber is sufficiently large to accommodate a

300 mm wafer.

22. The reactor of claim 3 wherein said ceiling is at a
height above said support in a range of approximately

7.5 cm to 27.5 cm (3'' to 11'"'}), said mean radius 1is
in a range of approximately 10 cm to 30 cm (4'' to
12'') and said chamber is sufficiently 1large to

accommodate a 200 mm wafer.
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range of approximately 15 cm to 37. 5 cm (6"

15'") and said chamber is sufficiently large to

accommodate a 300 mm wafer.

24. The reactor of claim 1 wherein said ceiling height
is such that said ion density distribution is neither
predominantly center-high nor predominantly center-low.

25. The reactor of claim 24 wherein said distribution

is M-shaped.

26. The reactor of claim 1 wherein said ceiling height
is in the range of 7.5 cm to 27.5 c¢cm (3 to 11 inches)
for a chamber diameter exceeding 200 mm.

27. The reactor of claim 26 wherein said ceiling com-
prises a flat interior surface facing said wafer

pedestal.

28. The reactor of claim 26 wherein said ceiling com-
prises a smooth three-dimensionally shaped interior
surface facing said wafer pedestal.

29. The reactor of claim 28 wherein a highest part of
said interior surface is disposed at said intermediate
height.

30. The reactor of claim 26 wherein said ceiling height
is approximately 17.5 cm (7 inches).
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for a chamber diameter exceedlng 300 mm.

34. The reactor of claim 33 wherein said ceiling
comprises a flat interior surface facing said wafer

pedestal.

35. The reactor of claim 33 wherein said ceiling
comprises a smooth three-dimensionally shaped interior
surface facing said wafer pedestal.

36. The reactor of «claim 35 wherein a highest part of
said interior surface is disposed at said intermediate
height.

37. The reactor of <claim 36 wherein said interior
surface has an apex, said apex lying at said
intermediate height.

38. The reactor of claim 1 wherein said chamber has a
diameter of between approximately 30 cm to 60 cm
(12 inches and 24 inches) .

57

10
y7



109 & () - RaSaTaUacawaaaavl410 v @ 10%'s& ()-, v MO%' s& ()- yl3
@ﬁO@S's&T() yIIlO@S s& ()- y"10%' s& () -

10,' 10 ' “abf _fbfcfdfefsf|obWl0 yf#10% & ()- 10s' s10s' s10s/

10%' s& () yf5"10%" s& ()-Sy yY10%' s& ()- yl0%' s& ()-sf h(|B$°}P%MszU41O
y y2#1096&f()- y+#10% & ()--y y&'10% & ()-@ y#10% & ()-y y#10% & () -
y,-#lO@ﬁ&f()-kkkkkkkLIIvU410 y3Y #10% & ()- yF#10% & ()- y$310% & () -

, 109 &'(%-YlO'lO' 9 109686;% INhnLnn*ooE% VU410 vy ys #10% & () -y

y,)" 109 &30y Py BFLMFASTR. KPa4b9Fe (ONGTSAIRR L () -

#10% & () - ol prNprOp[ parvU410 y#10% & ()- y #10% & () -

y#L310% & ()-410' o " vv| obU410
yMLO% & & () - F10 o 169 ¥y%%‘%d‘%}§§&£ "yéﬁ}‘&){%gg §é“é§ i & () -
y#10% & () - v#vBmmFxx6y|[ bU410 yy #10@6&f&'() y 9"10@6&f&'() yy
#1008 & & ()-- ¥ y Ja(%%:&fl&eﬁ:) £ 8- #&%}ﬁl@fﬁi )a Yrade¥k&lghd )into said
6yy8zzzzzzz| obW4 $10% & ()- 10f f&f 10f &'y y610% & & () -
y1"109% &f & () - @‘9“‘ ok &F & () - yf&#lo%&f&' O-z{{B||=}}|[:buU410 y
yH##10% & () - y&H#H10% & ()-y y#10% & () - "10% & ()- y Y #10@6&f()-

#10% & &~~rx~~~= S 4 0"

y31096 &'(%)} A oufd %’J‘ga h%mf‘ g‘é = /f‘ye‘?‘fi%%d%%(heé& p{a)llylril%
1090’ 9& () - f y&qsxowml&fwg D 1@%59@(&)1 yntmm/mlg&c@)ambeyr/ through
MLOY®' 9&' () -e" 83 PA1QL BYin Siéjfp%ﬁaﬂgft(a) Py oA bQEa S&f(kaid proce

yI#lO%S s& ()-!+ 10 )-11h " 10%& ()-1109' 9109 96>OE@0 010s' les s10
s's( vyl 410%; sgag) 1 yg%fi@%é’hé&“kﬁr( paidoRFsgignaly appdoleakor) -

y#109%6' s&' () - Mba 81indONAd 18Hh0 ui#ald %8 &'sl)ri ydd D¥n& dQ rrg 8PN fiy- to a

y9' 10% & () - ! y9. 10%&

ddivs of said RF signal applicator;

a wafer pedestal in said chamber for supporting a
semiconductor wafer to be processed in generally
facing relationship relative to said ceiling;

wherein said plasma has a radial ion density
distribution with respect to an axis of symmetry of
said ceiling which is a center-high radial
distribution for a lesser mean radius of said
signal applicator and a center-low distribution for
a greater mean radius of said signal applicator,
said mean radius of said signal applicator being
intermediate gaid greater and lesser mean radii
such that said radial ion density distribution is
intermediate said center-high and center-low radial
distributions, wherein the height of said ceiling
above said wafer pedestal and said means radius of
said RF signal applicator define a ratio
therebetween in the range of approximately 0.8 to
1.5.
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41. The reactor of claim 39 wherein said mean radius of
said signal applicator is such that said ion density
distribution is neither predominantly center-high nor

predominantly center-low.

42. The reactor of claim 41 wherein said distribution

is M-shaped.

43. The reactor of «claim 39 wherein said <ceiling
defines a multi-radius dome-shaped interior surface of
said chamber having major and minor radii having a
ratio therebetween lying in a range of approximately 2

to 10.

44. The reactor of claim 43 wherein said chamber diam-
eter is in the range of approximately 30 cm to 50 cm
(12 to 20 inches).

45. The reactor of claim 43 wherein said chamber diam-
eter is approximately 35 cm (14 inches), and said mean
radius of said signal applicator is approximately 17.5
cm (7 inches).

46. The reactor of claim 39 wherein said mean radius is
in a range of 10 cm to 30 cm (4'' to 12'') and said
chamber is sufficiently large to accommodate a 200 mm
wafer.
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47. The reactor of claim 39 wherein said mean radius is
in a range of approximately 12.5 cm to 37.5 cm (5'' to
15'") and said chamber is sufficiently large to
accommodate a 300 mm wafer.

48. The reactor of claim 39 wherein said means radius
is in a range of approximately 15 cm to 30 cm (6'' to
12'") and said chamber is sufficiently large to
accommodate a 200 mm wafer.

49. The reactor of claim 39 wherein said mean radius is
in a range of approximately 17.5 cm to 37.5 cm (7'' to
15'") and said chamber is sufficiently large to

accommodate a 300 mm wafer.
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