2 0 JUN 2006 RF PLASMA REACTOR WITH HYBRID CONDUCTOR AND MULTI-RADIUS DOME
CEILING This is a divisional application of Singapore Patent Application No. 9704737-7 for " RF
PLASMA REACTOR WITH HYBRID CONDUCTOR AND MULTI-RADIUS DOME CEILING" by
APPLIED MATERIALS,INC. claiming priority from U. S. Patent Application No. @#778%=808led on
January 2, 1997. 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 R¥ pank&lk (REAGTORNEITH tHABRI for joNpIKiTgrhe plasma ion density
uniformity across the wafer surfacaB aigron AR AD L ied DoNME yoELRRIEplasma 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 ofEmnimductively chipistiipmaia &phai adiglonlensitf plasfiaiggpovided tpermit a large
etch rate indgppRdenily;yvaigidias ey nesmiging more congrol gfithgwarer hias\tefeguce

device damae%e. For this ur[iose, the source power applied to the antenna and the blas&&/ovy,er

d th
applied to th WA p Bf Bre SoRBIEG S ar@gay. %'W BhtroM 5t Fe b B @r and
source powebyaclpRies iidejanERTAIoR DN 6. ioc Hensityngndaon enetgy, 1 Z0QHUNI2006 B .

accordance with wellekn@yp, techniqyes, Tqeroduse A7g, 051 filed on January 2,
1997.

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 large 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,



inductively coupled plasma, the antenna is a coil inductor adjacent the chamber, the coil inductor
being connected to the RF source power supply. The coil inductor provides the RF power which
ignites and sustains the plasma. The geometry of the coil inductor can in large parp getgypine.spatial
distribution of the plasma ion density within the reactor chamber. One problem with such a plasma
reactor is that the spatial distribution of the plasma ion density across the wafer surface is often
non-uniform. This is a problem in a metal etch process, for example, because the etch rate and

accumulation éfelcxgeeERageoNTAE Hevicd k-affeevad e phaskaem. denshy. Sraiticzdly, an
non-uniform plaamedenveepsitysligibatigniess jo endeatheseiah rate nanweiform rtiesshe
water and leads (o, devire gamagg gL chaige Bl U, o3 koSl {ig elehpiogess B gifiput to
control, over-etching devices on some portions of the wafer and under- etching devices on other
portions of theRFafEPUEEGENE RY FEd FEHPIHductibnS)icl8 1dnd BRI CXUREDT HERSUNHEN BFasma
ion distributiorpiswthe ediigdometny tad |agatiosusnathes ddusepddiseshap®lod theoplasma itself,

which is largelygetermaned by g shape ofathe @ﬁctqrﬂwbﬁraﬁérti%rM%@a%?mber
ceiling. Generally, the coil inductor. of %r: ind cti%/el c u(ﬁled%)las_ma reactor, is wrapped around the

reactor chambeF SHTHghiPH08E ndtiHec® coﬁ? mB1R& Shape 5FtHR rE&Gorr BRSHBEr walls,

Necessarily, diftexmeregions of the wafer surface are displaced from the nearest coil windings by
different distances and therefore experience different plasma ion densities. 2 2 0 JUN 2006

One problem with such a plasma reactor is that the spatial
distribution of the plasma ion density across the wafer
surface is often non-uniform. This is a problem in a metal
etch process, for example, because the etch rate and
accumulation of electric charge on the device is affected by
plasma ion density. Specifically, non-uniform plasma ion
density distribution tends to render the etch rate non-uniform
across the wafer and leads to device damage from charge build-
up. As a result, the etch process is difficult to control,
over-etching devices on some portions of the wafer and under-
etching devices on other portions of the wafer, leading to

reduced production yield.

One of the causes of non-uniform plasma ion distribution is
the coil geometry and location. Another cause is the shape of
the plasma itself, which is largely determined by the shape of
the reactor chamber, particularly the 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

ion densities.



Depending upon the shape of the reactor chamber ceiling, more plasma volume is located over the
wafer center and less over the wafer edges, particularly in the case of a conical or hemispherical
ceiling, for example. Accordingly, there tends to be inherent spatial non-uniformities in the ion flux
density. A different approach is disclosed in U.S. Patent No. 4,948,458 to James (%ﬂs dUi9egs a
plasma reactor has a flat ceiling and a flat coil antenna overlying the ceiling. However, this approach
has generally been found to provide no improvement in plasma ion density uniformity and moreover
suffers from retatjvelydange ogpacititescauying iofhe:plasnm,dﬂndemmm(ﬂ@immam@n
energy. A modfiealianoLibRk-aPRaasiissaosILn Uit RAIPOENS.ASEE, Eifochen S%ﬁ%L in

which an attemipt is made to adjust the plasma characteristics such as densﬂy y mcreasmg

thickness of thERfield@HEThENBES coRP IoW AL entkR of the chdfifbePtU . PAEHENo
5,346,578 discloswg anieammhvﬁ@mrtﬂcu&ﬁelceﬂmnpﬂcﬁvevekpsmwmuetshansagemﬂy

limited in their best aRplicatinsda @ relptively Narigy, WiRdew:eh Feeass ierinepeThugnthere isa
need for a plasg1a reac ctor which permits versatile optimization of plasma characteristics to optimize
uniformity of plasma |0|¥den3|ty 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 domedsFapacneiliagmnshahgdssingdisol supalyitg @ Bocessgas iNNo the chambers
includes an Ov%rge§gn%§ S@'!Laé aPH"%tPEHeQr&%gﬁgngégEé&oh%%Nazaﬁﬁat ceiling and
a flat coil antenna overlying the ceiling. However, this
approach has generally been found to provide no improvement in
plasma ion density wuniformity and moreover suffers from
relatively large capacitive coupling in the plasma, hindering
control of the plasma ion energy. A modification of that
approach is disclosed in U.S. Patent No. 5,368,710 to Chen et
al., in which an attempt is made to adjust the plasma
characteristics such as density by increasing the thickness of
the dielectric chamber cover toward the center of the chamber.
U.S. Patent No. 5,346,578 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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applying an RF signal into the chamber through the ceiling to maintain a plasma of the process gas in
the chamber, the plasma having a radial ion density distribution near the plane of the pedestal which
is center-high for a greater height of the ceiling above the pedestal and is centerzltaw{%%d%:ser
height, the height of the ‘ceiling being intermediate the greater and lesser heights such't e radial
ion density distribution is neither center-high nor center-low. In another aspect of the invention, the
RF signal applicator has an annular distribution characterized by an effective mean radius, the
plasma having appdial igh dendify didgibafiord iwith tdspechambe axihisbsghnisiy ckthéigedingpwhich
is center-high {4 srlesser meapradits obthe signa icator Al centetinw fongngseater mgan
radius of the si rialsa(g;glpglca%}ogi thg me: lraldigsrg)fct1 enshlgfnal (?Egg(]:% rEgin intermediate the greater
and lesser meati radi such that the radial o 8en5|?y GiStrbution 15 hatt e(r)ceﬁfeeaﬁié fofp-an
center-low. Th®frdcessRadefay bedeicdied o BerbRIpABEWARANG dhecdt¢E) hedahteteh
plasma processn®) eesilichincoxitie etch: piaspeRl pEICESS afed aipolysiieen elawplesma placessy(d) a
silicide etch pr%ceefgh(;e) afﬁgd%%tfgﬂoc%s,‘ éfﬁg onéggg;}ﬁtc@ 8591%;6531 T gﬁgggvi@geadgglgn'a}l
features obtain either singly or in combination in preferred embodiments of the invention. The Ceiling

height may be SEERHRE 1/ dnRFsSRy di&iBhich MiFhehdither Mredstfihantlye8neRARMYor
predominantly deister-idwi thlmndistisbutien hiagrbe ddshapedhihe ewiling beighe mdyolee in themange
of 7.5 to 27.5 coh i nd £haginet diagreteh £xaeRrAlng 200 Mt d ecelling Rt may Nein hgdange
of 10 to 30 cm for a chamber digmeter exc,eedlng 300 mm. The ceiling may include a flat interior
an annular distribution Characterized by an effective mean
radius, the plasma having a radial ion density distribution
with respect to an axis of symmetry of the ceiling which is
center-high for a lesser mean radius of the signal applicator
and center-low for a greater mean radius of the signal
applicator, the mean radius of the signal applicator being
intermediate the greater and lesser mean radii such that the
radial ion density distribution is neither center-high nor

center-low.

The process gas may be selected to be compatible with any one
of: (a) a metal etch plasma process, (b) a silicon oxide etch
plasma process, (c) a polysilicon etch plasma process, (d) a
silicide etch process, (e) a nitride etch process, (f) a
polymer etch process. The following additional features
obtain either singly or in combination in preferred

embodiments of the invention.

The ceiling height may be such that the ion density
distribution may be neither predominantly center-high nor
predominantly center-low. The distribution may be M-shaped.
The ceiling height may be in the range of 7.5 to 27.5 cm for
a chamber diameter exceeding 200 mm. The 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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4 2 0 JUN 2006 surface facing the wafer pedestal. The ceiling may include a smooth
three-dimensionally shaped interior surface facing the wafer pedestal. The highest part of the interior
surface may be disposed at the intermediate height. The ceiling may include a figg imioz" rface
facing the wafer pedestal. The ceiling may include a smooth three-dimensionally shaped Interior
surface facing the wafer pedestal. The ceiling height may be approximately 17.5 cm. The ceiling may
define a multi-radius interior surface of the chamber. The interior surface may have a major radius
and a minor ragiustgetmidg 8 ingiotherebefivge Pidtetahge dhebote 21D e imeliodsugace

may have an apexothie apelyingiaidhe ibtRimegiaindwicht: ibechembenpayhawga dianeler of
between about d6 rLa r dia in_the ran approximately 15-30 cm. If the
process gas is"%:%oc%n(%l gat%%d%v?t ga% meta %et%hl%%:%%sét' &n i#neaﬁﬁclga%%f cast SH_@:': tg?&ee figwing
etchants: chiobfie, BEPP9€1, 3Br IR tREEEIMEFAF Be AeaPRight afdR tkeslppart Mayrange
of about 311 td Atlihdbe mefbatadiuscmay de izaraage of abduic3” thd", wetese the-eea/pher. may

be sufficiently large gg,qqclqg%rgag%eﬁ%%agn gvaé%{od%'fﬁr@%@eeémé%g}?sms}ﬂf@;a Regex the

ceiling may be at a height ve the suppaort in a range of about 4" to 12", the mea us may be in

a range of abotPEeI P4 FHERP B RTINS m%%e%?ﬂenﬂ?%ﬁéqg accorhifod&teld 356 mm
wafer. For metaéetghtthealsig e pray haat alfye quericycof. abte 2ddikifidheayodessigas s
compatible witha $ilicam@xids el Pracassdhet dcpavinchile atiggaione of figfollawing sfchant
precursors: a quor%carbon a fluorohydrocarbon, argi . . o
surface may have’a major radius and a minor radius defining a
ratio therebetween in the range of about 2 to 10. The
interior surface may have an apex, the apex 1lying 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, BCl,, HCl, HBr, and the ceiling may be at a height

above the support in a range of about 3" to 11", the mean
radius may be in a range of about 3" to 9", 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 4" to 12",
the mean radius may be in a range of about 5" to 14", 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 1is 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



the ceiling may be at a height above the support in a range of 5 2D JUN about 3" to 11", the mean
radius may be in a range of about 5" to 11" where, the chamber is sufficiently large to accommodate
a 200 mm wafer. Alternatively for the silicon oxide etch process, the ceiling may t&ﬁ] jght above
the support in a range of about 4" to 12", the mean radius may be in a range of about6" t0°1411
where the chamber may be sufficiently large to accommodate a 300 mm wafer. For the silicon dioxide
etch process, the RF signal may have a frequency of about 2 MHz. If the process gas is compatible
with a polysilicehteh 3proeessd Hen iRajaiudedi kadhayieks tha fallgwige etthareowhiGrine,

HBr, mixed withmatileastore of thendolmwinge exyges & RordTenctive Jasgan Herhgasmarditie ceiling
may be at a hejg @@o%%thg support in,g E%qg?a% Pyt &3 7 ] e mean radius mmay be
in a range of ::ibc?ltjt 10 cm to%o cm, where the chan\zge?m7§1y%&%ﬁ%c%%%?clé%ge%ﬁlaa:%or%%co%]ate a

200 mm wafePERERTSveRf G0 il Hof MEbroscRHrecbSL Ihe RRREMEYDSHPRPBHBdVe the
support in a rangegd awbudouem46 3docm?the tisameadiusaddy benaya aagbrofabatidd ¢mn to

37.5 cm, whereyhg chamber isssufficiently {ajgednagsommadais.a 30P#1E: wafer, E%frfgﬁ Ralysilicon
etch process the RF signal may have frequency of at least 10 MHz. For.the polysilicon efch process,
the invention rﬁ%ﬂﬁ@ﬂﬁ%geaﬁ%in%ai%% arﬂ%es‘%ﬁg@ﬁr the ERBmbRF 1e8 1H&P50 %ﬁ%‘r@@tw@@ﬁ%bout 1
mT and 5 mT.pTheéeight bitehREcikigabdvardie Walke pedEsefaadalie oficahovadiads MAthe RF
signal applicator define a ratio therebetween in the range of approximately 0.8 to 1.5. The invention
provides advaniages, in Rower deposition. azimuthal glectic fieldy ion density. andyion flux o cn
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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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 6 2 .0 JUN 2006 where ions
are produced (i.e., the region nearest the coil) is remote from the wafer so that npp-uniformities
therein are amelioriated by ion diffusion before reaching the wafer surface. Therz)ﬁn 10N @ ore
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.
BRIEF DESCRIPFIONORSTREDREIMESS HE- 2 -is &5 FIRBHEUIKAEE Silethiewsstian intictively
coupled RF plasma teacfaraorreBpondiife o & brst asbodisieninafibennveriiont bk is axsigplified

cut-away side yigualan dugtivel coURledRE NIRSIBA reBEIRA0MSPROATIO 280N ¢

embodiment of the invention, FIG,” 3 is a simplified cut-away _side view of an inductively cou ed RF

plasma reactof¥Héonding® d Frdébodfin@IRT6r FRUNEAGST B WR% &ngsh Yaway
side view of anliodettivehl apupledlREPprasntreachsy conveipondiag i adearth embaogliméstyof the

invention. FIG g3, issa siraplifiedeuinaway sidmwewt elan-infductivebnsoupledREplasmaleastar
correspondingtg%la fifth embgg@%%né of tttﬁér]}v%ntiop. FI%ig is g s\ifmglifie cut-aw%side view of an
inductively coup %d%’—fSFasma [EACor corres%o%dm% 0 G SRt embodimaént-af the Mfivention. FIG. 7
is a simplified cut-away side view of an inductively

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a simplified cut-away side view of an inductively
coupled RF plasma reactor corresponding to a first embodiment
of the invention. *

FIG. 2 is a simplified cut-away side view of an inductively
coupled RF plasma reactor corresponding to a second embodiment
of the invention.

FIG. 3 1is a simplified cut-away side view of an inductively
coupled RF plasma reactor corresponding to a third embodiment
of the invention.

FIG. 4 is a simplified cut-away side view of an induétively
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.



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. 7 2 0 JUN 2!006 FIG. 9 is a simplified cut-away side view of an
inductively coupled RF plasma reactor corresponding to a ninth embodiment of th KA 28061. FIG. 10
is a simplified cut-away side view of an inductively coupled RF plasma reactor corresponding to a
tenth embodiment of the invention. FIG. 11 is a simplified cut-away side view of an inductively
coupled RF plasifGa réacier corebpphdifded amuedewsvath ermiedimiesw obtheanventtbnc F1Ge 1 is a

simplified cut-awiay.side \iew9f aBdndudtivel, fouplpd RBHIREME reacter seHERPaRIiNg iR twelfth
embodiment of the invention. FIG. 13 is a simplified cut-away side view of an inductively coupled RF
plasma reactoPgor’fg'?po]r{él‘i’r?d‘Folgﬁlthir_tegnth embodiment of the invention. FIG. 14 is a simplified
cut-away side FiEGv. oflén irRluRtigdiprddupled RFUplaginayredeth? colrespoidiag td advfotnvedth

embodiment ot thegnyantian. Flesia isasimpliiiechati-spangideview of ariductivelacaupied RF
plasma reacto{D%or{tﬁ%oond_\ifr%;1 0. an fifteenth embodiment of the invention. FIG. 16 illustrates an
0

embodiment correspondllr?g ﬁ@nl e.mglﬁo%ing a coil inductor consisting of multiple concentric spiral
conductors. FIBLG7 ifldstisle & af EREddinfht EYredytiitifd @8 FK3ey of an inductively

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

FIG. 12 is a simplified cut-away side view of an inductively
coupled RF plasma reactor corresponding to an twelfth
embodiment of the invention.

FIG. 13 is 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.



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 employin il
inductor consisting of multiple concentric spiral conductors. 8 2 0 JUN 2006 FIG. illdg(ﬁ;@g a
modification of the embodiment of FIG. 19 in which different portions of the inductor are powered
independently. FIG. 21 is a graph of experimental data comparing the spatial distributions of plasma
ion flux densityFfEF a cHfil ikdd&tBE LvRRs nial Wadithe corieBeilifig Hhd fomReijimerthdet cBiGnductor.

FIGS. 22A-220 JlusirateiaipiegessaneiiRF pestiomackr shapes ndlich diffearamosiesanether in
accordance with tgg gﬁgr %f latness of a multi-radius dome-shaped ceiling. FIG. 23 is a graph of

. : 1 t1 iy ) ; :

ion density as a function of radial position on a wafer in the reactor chamber, including curves
corresponding ¥ @ach bf #ife 8xghpRE GFIeevimensatk dat 24200wprListrdtBe prRYréadion of

RF plasr_na rea@ﬁmtsiiangﬁemployﬁwg:a mmiﬁ-ra@insﬁhme deiiisg,ttyeﬁdst_apes cdiﬁferiqglcﬁ@ﬁto!ﬂe
another in accordapcewdth Hedipighof shigchambarnzide yalle 51G 25 18 foraph Qfden- degsiy as a

function of radial position on a wafer in the reactor chamber, including cuives corresponding to each
of the exampleSBTHIERE 22A-22D. FIG. 26A is a scanning electron microscope (SEM) photograph of
etched sidewaF péfile28BtaR )l with uatenlyelimeptrogression of RF plasma reactor

shapes which differ from one another in accordance with the
degree of flatness of a multi-radius dome-shaped ceiling.
FIG. 23 is a graph of ion density as a function of radial
position on a wafer in the reactor chamber, including curves
corresponding to each of the examples of FIGS. 22A-22D.
FIGS. 24A-24D illustrate a progression of RF plasma reactor
shapes employing a multi-radius dome ceiling, the shapes
differing from one another in accordance with the height of
the chamber side wall.

FIG. 25 is a graph of ion density as a function of radial
position on a wafer in the reactor chamber, including curves
corresponding to each of the examples of FIGS. 22A-22D.

FIG. 26A is a scanning electron microscope (SEM) photograph of
etched sidewall ©profiles obtained with an embodiment
corresponding to that of FIG. 24B.

FIG. 26B is an SEM photograph of etched sidewall profiles
obtained with an embodiment corresponding to that of FIG. 24C.
FIG. 26C is an SEM photograph of etched sidewall profiles
obtained with an embodiment corresponding to that of FIG. 24D.
FIG. 27 is a graph whose ordinate corresponds to plasma ion
density measured as ion current flux at the wafer surface and
whose abscissa is radial position at the wafer surface, and
comparing radial ion density distributions obtained with a -
nearly hemispherical dome-shaped ceiling and a multi-radius
dome-shaped ceiling.

FIG. 28 is a graph whose ordinate corresponds to plasma ion
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corresponding to that of FIG. 24B. FIG. 26B is an SEM photograph of etched sidewall profiles
obtained with an embodiment corresponding to that of FIG. 24C. FIG. 26C is an SEM photograph of
etched sidewall profiles obtained with an embodiment corresponding to that of FIG. 24D. FIG. 27 is a
graph whose ordinate corresponds to plasma ion density measured as ion curréhf flobNa2#R wafer
surface and whose abscissa is radial position at the wafer surface, and comparing radial ion density
distributions obtained with a nearly hemispherical dome-shaped ceiling and a multi-radius
dome-shaped ¢eMiRg CEI@EAF L raph WRBsEBIdifRe dovtespindshs prasan isHofaoeamdy,
density measurad s iemeariestfluksat thad ivafemistaceanda whose abacissa isuetiatpsiina at the

wafer surface, g omiRADa aAdal i9b donslly DA WANEd L 2/ghn g ehjorie gas

under similar conditions, FIG. 29 is a graph whose ordinate_corresponds to plasma ion density

measured as BRI AuS AL fle WG 28 ARS8 ShdS WhbLa hnseREA f-RIfal position at the wafer
surface, and @iGpardfy reslic igrdeisityliistebotistiselitiainedates plashsa sounps amwer iere! of

500 Watts andy9Q0 Watse £dG 30 illistrates 2plassn reacier havipgea putiradiys rdeige,ag
aperture in its sjde wall g‘smli h with the ggam eris e acuate%b¥ a turbo-%l%mg FIG.3lis a %raph
S lu

0SIit10 AR S HRE R aft Wrface

whose ordinaté %?r%sﬁon S osﬁaslr%a%n lc?ensﬁy meastre cdffen
and whose abseisans Radisl posRibn ACthe dardistirfackl ardikbmpariag @etd ieedenshty a
distributions optrénathWibutc eepbalapertve in 81 avwrhrad £9il anennpoandian ggerture of ideal
size in the OV%QEEEO' %‘U' E&q‘i[&%rates a plasma reactor having a multi-radius
dome, an aperture in its side wall through with the chamber is
evacuated by a turbo-pump.
FIG. 31 is a graph whose ordinate corresponds to plasma ion
density measured as ion current flux at the wafer surface and
whose abscissa is radial position at the wafer surface, and
comparing radial ion density distributions obtained with no
central aperture in the overhead coil antenna and an aperture
of ideal size in the overhead coil antenna.
FIG. 32 1is a graph whose ordinate corresponds to non-
uniformity of radial plasma ion density distribution as a
deviation from a mean ion density and whose abscissa
corresponds to the effective mean radius of the overhead RF
signal applicator, and including curves showing the behavior
of the non-uniformity as a function of mean radius for several

different process conditions.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Disclosure of\the Parent Applications:

The descriptions herein make reference to a plasma power
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
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FIG. 32 is a graph whose ordinate corresponds to non- uniformity of radial plasma ion density
distribution as a deviation from a mean ion density and whose abscissa corresponds to the effective
mean radius of the overhead RF signal applicator, and including curves showing the behavior of the
non-uniformity as a function of mean radius for several different process conditions. DENADEED
DESCRIPTION OF THE PREFERRED EMBODIMENTS Disclosure of the Parent Applications: The

descriptions herein make reference to a plasma power source employing a conductor connected to
an RF power stifiReanatsiedghgafe plashiBedmbe FRHE The EBRIIGITEBEIA§Ra BaledRductor

or antenna, foriexshaplenokgantictiar 40Z0addiN 2096eshapesarel Engesyof shapes dhaueverr-the

invention may P ; implemented,with A-plasmajpawerspuree emploking.a £opdyeor avyh_igﬁal%gs
capacitive electrode of the sagg}partlcular shtgg)es and rar&\g}?_of shapes, the coil windings being
I

replaced by a 3HYI& HIEGRI O3ndiRTVE Firm BEGhE Rapadithiafi3fiols 119 effivi @LedtHYcdhductor

(i.e., the coil wisdigjsorithee fredrabomdativedilrf} defives oheorfopasic dvhresl dimensienal
surface or shape lydng Mathinca ange pEskapester be descabed helowsuch,as @ithdrcaiedgone, a
cylinder, a dome and a{nulti-ragiucstq%rge,gorle am&JeIeE .The present invention sculpts or adjusts the

shape of the pjfélstrﬁglfgn decr%ﬂy%y varying fhe ¢ hape of either O botA the r(%sndttj‘c orfan §8eiling.

The ceiling shabeRNEdi0sRY PreTErasly By SHedRfnd BimdItidis dBniaBagped cEABsthdo
individually adjpstidigHrerdifecerbeadingf thecriling ta achienesmasigsiteteeiling shapadeie a

multi-radius do(%%leerggadig@mf{: gh_erggm%iqi@ﬁeqre%gedemg@ent because

The present invention sculpts or adjusts the shape of the
plasma ion density by varying the shape of either or both the
conductor and the ceiling. The ceiling shape is adjusted
preferably by providing a multi-radius dome-shaped ceiling and
individually adjusting the different radii of the ceiling to
achieve a desired ceiling shape. The multi-radius dome
embodiment of the ceiling is the preferred embodiment because
it has applicability to the widest process window (versatility
of application) and greater plasma power efficiency than other
ceiling shapes including a single-radius (hemispherical) dome.
For a given ceiling shape, the conductor shape is selected
from among a continuous range of shapes from a right cylinder
shape at one extreme, to a shape exactly conforming with the
ceiling to either a non-arcuate shape or a right cylinder
shape at the other extreme of the range, as will be described

below with greater particularity.

Such a selection enables the plasma ion density to be
optimally uniform across the wafer surface, thereby achieving
optimum processing uniformity. Such adjustments affect the

plasma ion density because the ion density is affected by
three factors, namely ion diffusion, local ionization near the

coll inductor and local recombination near surfaces such as
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it has applicability to the widest process window (versatility of application) and greater plasma power
efficiency than other ceiling shapes including a single-radius (hemispherical) dome. For a given
ceiling shape, the conductor shape is selected from among a continuous range of shapes from a right
cylinder shape at one extreme, to a shape exactly conforming with the ceiling to ettfle i @80rcuate
shape or a right cylinder shape at the other extreme of the range, as will be described below with
greater particularity. Such a selection enables the plasma ion density to be optimally uniform across
the wafer surfacbgethemsbliahievingf aptimumIprocessiagairiormiy. Suthladjusenehis eifackihe

plasma ion densifyhesauss thesioradensily is afeeiedinndhregdasiorsamely don,difiusian, Jocal
ionization neart e 00|I H?ducg)r nd Iocal reco ination neﬁt tL:Jrf ces such as ii‘l 2 0 JUN 2006 the
ceiling surface tIn a feactor in WhICH the aestances Bétweeh the waferind 8 & fﬁwé)ﬁﬂalbe?\fleen the

wafer and the e8it indRBtoR afe Fdamidly sRdimidgd ohhe émicfr ofkndnt A¢t reessadi3Rmited to,
less than 30 cr&@@gé’ca:we]rgzspeCtt'kvel}d)akheéattttlwwvm@GKHEélocabi@mzaﬂaﬁI}f}@t 1B Geddrductor

and local recomhjgation feay, 1R celipa sifagslate SARiRLANC e Higssnt fvention pan be

employed to good effect. Thus, optlmlzm e coll inductor shape improves the spatial profi 1&6F local

ionization nearStHELASBAdREGT. Spf r’r&‘m@:mﬁfﬁdra&ﬁ? cBHRE SREpel FBRVERRh & 8Batiafprofile
of local ionizatiemmkay ¢de toil Joddctef fed tlso inffiroges thedpetalpyofileeofche lodalductor

recombination §hﬁi§e‘%ﬁﬁ@f8@@§9 @Héfa‘s‘%)aﬁ%féﬂ'gﬂx‘@ﬁ% Lo aninauctively cosplethRF plagma
reactor mclude%a react?r ber havmg %oun ed cogductl e
col uctor ptimizing the multi-radius ceiling shape
improves the spatial profile of local ionization near the coil
inductor and also improves the spatial profile of the local

recombination at the interior ceiling surface.

Referring to FIG. 1, an inductively coupled RF plasma reactor
includes a reactor chamber having a grounded conductive
cylindrical sidewall 10 and a dielectric ceiling 12, the
reactor including a wafer pedestal 14 for supporting a
semiconductor wafer 16 in the center of the chamber, a
cylindrical inductor coil 18 surrounding an upper portion of
the chamber beginning near the plane of the top of the wafer
or wafer pedestal 14 and extending upwardly therefrom toward
the top of the chamber, a processing gas source 22 and gas
inlet 24 for furnishing a processing gas into the chamber
interior and a pump 26 for controlling the chamber pressure.
The coil inductor 18 is energized by a plasma source power

supply or RF generator 28 through a conventional active RF

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
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cylindrical sidewall 10 and a dielectric ceiling 12, the reactor including a wafer pedestal 14 for
supporting a semiconductor wafer 16 in the center of the chamber, a cylindrical inductor coil 18
surrounding an upper portion of the chamber beginning near the plane of the top of the wafer or
wafer pedestal 14 and extending upwardly therefrom toward the top of the chan#b@r JWWraiféssing gas
source 22 and gas inlet 24 for furnishing a processing gas into the chamber interior and a pump 26
for controlling the chamber pressure. The coil inductor 18 is energized by a plasma source power
supply or RF gefierafst 28nHrsughoa convehfionaiidative Rt htateH asiwridgostheviopandiag of the

coil inductor 1& betng theti enddbedsstorpavindingbeiag grpuaded Thewafer eedesi@dfdagiudes

an interior condycti ' A n 1 ias.BF PRIy or generator 34.and an
exterior groungfard c}é%‘g%%%%?é(?r%]|a%e% ?rcl)r%gtﬁt?e i?lq[ rio%qux:\g?r{él‘?lﬁ:ti%é{1 Sor%gﬁ I)1.9A clzc_%?\dhlcl;tivae
grounded RF dheld 40T 8dhBndChe @RI ResVisiua bkodahes itkhiaie 23pertirooingN
2006 of the inveatin, anéorofty aftthe ptadmipdensitagiatialo fistribatiocedckbagythe 2vafer ishe

improved (relagiyp o; ¢anicalagn hemisehericah spilings) by sbapingdhe celipg d2rn @ mulii-ragius
dome and individually determining or. djustln%nea}é:%] one of the multiple radii_of the ceiling 12. The
multiple-radius’dome Jsh?xﬁ&‘erﬁsh?e partiRaIaF B Bodim SHESAHIES 1%on &R haPRS &5t SurtAture of
the dome ceilirRF eRngtobihe tikerbAter PORICHDf hE ddrte dbReripireraEydpoar ol tirogdrmerhaving

a steeper curvgifire nEhesaidiimervaciys aderse eplingi ke d2dhas tigeragiil Bapely-aagineh (37.5
cm) radius R a%%é%toé’e%diﬁ&-%E‘Cpl@:zi‘ﬁmﬂé%d"é% 3 ARELOMGMAT FNPME SRRRIIMGNS the

top radius R is 32. . _ _
cm) radius R at the top and a 2.5 inch (6.25 cm) radius r at

the corner. In another embodiment, the top radius R is 32.5
cm. while the corner radius r is 10 cm. It should be noted
that as the wafer diameter is increased, the top radius R can
be increased to accommodate a larger chamber size, while r
generally remains the same, so that the multi-radius dome-
shaped ceiling profile is relatively flatter as wafer size and

chamber size increases.

In accordance with one feature of the invention, there is an
approximately 10 cm (4 in.) space or horizontal distance
between the circumferential edge of the wafer 16 and the inner
surface of the dome 12 intersected by the plane of the wafer
surface. This assures uniform plasma processing of the wafer
substantially free of edge effects. Depending wupon
application, this space may lie in the range of about 8 cm to

15 cm, but is not necessarily limited thereto.

As illustrated in FIG. 2, the coil inductor 18 may be coupled
to the RF power source 28, 30 in a mirror coil configuration
disclosed in co-pending U.S. application Serial No. 08/277,531
filed July 18, 1994 by Gerald Z. Yin et al., entitled "Plasma
Reactor With Multi-Section RF Coil and Isolated Conducting
Lid" and assigned to the present assignee. In the mirror coil
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cm. while the corner radius r is 10 cm. It should be noted that as the wafer diameter is increased, the
top radius R can be increased to accommodate a larger chamber size, while r generally remains the
same, so that the multi-radius dome- shaped ceiling profile is relatively flatter as %ﬁe‘g@pzmd
chamber size increases. In accordance with one feature of the invention, there is r ately 10
cm (4 in.) space or horizontal distance between the circumferential edge of the wafer 16 and the inner
surface of the dome 12 intersected by the plane of the wafer surface. This assures uniform plasma

processing of tR@WaFGEBbERAfy FeS of BdgéRfeRE. BRNEFRIFPupSN &5pIRAABACHSsEace
may lie in the rahge otabeut 8/¢mabng5s o, tthe: icndtlinecedsatiytinisedibietor As ilttistratediin FIG.

2, the coil indugigt {8imayhescoypleqd He theRT Pawersewee 38e30dR amigerealhepnfigurgtion
disclosed in co- endln%g S. apg IC&'[IQ{? Serial No. 08/277,531 filed Ju%ﬂlaﬁ’é’ 994 b)c(ﬁGeraId Z.Yin et
| duet

al., entitled "PILHRS TRES o Wit M AR SR R F S ana TR At & i 13d9ard Bssigned to
the present assidnee. e MiFaicdoil €3 PH JONIOEB EeiRratiba ©f FIe 2 aby R sgerceZs, 30

is connected tor &, egrigr wireding o1 MienceibindHetps 183philenthedgpand bottom ends of the coil
inductor are both grounded. As described in the above-referenced application by Gerald Yin et al.,

the mirror coil configuration has the advantage of reducing the maximum potential on the coil. The

plasma density"di8tridRFHRay I Fdriat f(dh tHatPostried Mihe BRbotHEREf F¥SM1 Hhpfoviding
a partial conicalaoilinedctan4® he ilkmstratedhnientt Go 8, FBteadiofbthepaydindddalgod inshuctaraThe

uppermﬂndngg&%}@gal coil inductor 40 as illustrated in FIG. 3, instead of
the cylindrical coil inductor. The upper windings of the
conical coil inductor 40 of FIG. 3 are closer to the wafer 16
than are the upper windings of the cylindrical coil inductor
18 of FIG. 1. As illustrated in FIG. 4, the conical coil
inductor 40 may be coupled to the power source 28, 30 in a
mirror coil configuration analogous to that described above

with reference to FIG. 2.

FIG. 4 shows that the truncated conical coil inductor 40 is
spaced away from the ceiling 12 near the bottom corner of the
ceiling more so than other locations along the ceiling/coil
interface, due to the non-conformality between the conical
coil shape and the arcuate ceiling shape. This feature
advantageously suppresses sputtering at the bottom corner of
the ceiling 12. For this reason, in many applications a
conductor (coil inductor or capacitive electrode) which is
nonconformal with the shape of the ceiling is advantageous.

FIG. 5 illustrates a first embodiment of the hybrid coil
inductor 42 of the invention. The hybrid coil inductor 42
preferably is wound continuously from the same conductor as a
unitary coil having a cylindrically shaped portion 44 and
terminating in a shallow top portion 46. The cylindrically

shaped portion 44 is generally configured in a manner similar
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conical coil inductor 40 of FIG. 3 are closer to the wafer 16 than are the upper windings of the
cylindrical coil inductor 18 of FIG. 1. As illustrated in FIG. 4, the conical coil inductor 40 may be
coupled to the power source 28, 30 in a mirror coil configuration analogous to that described above
with reference to FIG. 2. FIG. 4 shows that the truncated conical coil inductor 404 éﬂoﬁway from
the ceiling 12 near the bottom corner of the ceiling more so than other locations along the ceiling/coil
interface, due to the non-conformality between the conical coil shape and the arcuate ceiling shape.
This feature dtvahtayebudlysuppréssesfsgtiering at tidoaphizerned bl thedsuiing 122Fdsthis

reason, in magy,apghcatignsy €nRduGHAE (GiWvagUEBnREEapRaCitive electiodedmighient of
nonconformaldﬁoﬁ},;l th shaﬁeco(%c 1:[Ihfi[ecgilinc};%ist dé/antgggg):uss Flll(% 5 i||5| tratgﬁ a {i{lst g{pbodiment of the
hybrid coil inductor 4 of the Tnvéntion. 'F e hy riccoll mduc(t)or v preferably is wountfccﬁﬁm%ously
from the samdéatictGrastd irmBRPeameaingh EhRdrically3hupdepokith 4ornd iedhirmting in
a shallow top podion 46 REheveydindricallylshagied postarodd isigenitallyazmfigued ibamaaaner
similar 14 2 0 L g006-10 UednQuglopd 81 £4G, 3,TRe eptite Pbpaycios 62 13 eneipizpd oy the
same power source 28, 30. The em%_odiment of FIG.5is couple.(?}tot_ e OV\}elf source gg‘%&% the
same manner&s BRFBridtRiheRt BERfE N iﬁ%i&ft@%p%ﬂﬂﬂ&%?ﬁis@lﬂ'héﬁ' Rl e bottom
winding 42b issgrooailed. thereouée the tdp winuiigi424 &4 the hyzbed siod iInductbpp2pisttidthrthe top
Wan|ng 44a Orflﬁ".e gﬂﬂ@gr'ﬁﬂ&qﬂﬂ‘\:ﬁ%_“?%é%bsg\g W?M%@Q%M'B@'%%%Hhﬁ&h@ﬂew top
portion 46. The end of e NSOty 400 400,21 NS 9AROEN k16 6 illustrates

how the embodiment of FIG. 5 may be modified by moving the

connection of the power source 28, 30 to a winding other than

the top winding 42a, such as the middle winding 44c of the

cylindrical coil 44. FIG. 7 illustrates a modification in

which the shallow top portion 46 has an empty space or opening

48 of inner radius r. This inner opening can compensate for

the tendency of the top portion 46 to provide a higher plasma

ion density at the wafer center, so that the embodiment of

FIG. 7 provides a more uniform plasma ion density with the

opening 48 than the embodiments of FIGS. 5 or 6 in general.

FIG. 8 illustrates a second embodiment of the hybrid inductor
consisting of the shallow top portion 46 and a conical side
coil 50 corresponding to the conical coil inductor 40 of FIG.
3 in lieu of the cylindrical coil 44 of FIG. 5. As in the
embodiment of FIG. 5, both portions 46, 50 of the coil are
wound from the same continuous conductor and a single power
source 28, 30 connected to the top winding 50a energizes the
whole coil inductor. FIG. 9 illustrates how the power source
28, 30 may be connected to a winding other than the top
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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46 is also grounded as shown in FIG. 5. FIG. 6 illustrates how the embodiment of FIG. 5 may be
modified by moving the connection of the power source 28, 30 to a winding other than the top
winding 42a, such as the middle winding 44c of the cylindrical coil 44. FIG. 7 illustrates a modification
in which the shallow top portion 46 has an empty space or opening 48 of inner @8ivd/N 2808 inner
opening can compensate for the tendency of the top portion 46 to provide a higher plasma ion
density at the wafer center, so that the embodiment of FIG. 7 provides a more uniform plasma ion
density with th& I§penirg 48 tHaattha eesbodlimdnis éf PSR GiBe6 tn génetrdieF Ity isridstratssia

seclond embodirﬂgﬁt:@fdhedwbtiﬂéndwﬁi@%@paﬁisﬂﬁgfmim&qsftailgwgﬂpimﬁ?aaéﬁ ajlicaél C@BE%BI side
coil 50 corresponding t cqni il tor 40.0f FIG. 3.in lie indrical coil 44 of FIG. 5.
As in the embggim%%t%tﬁb I§IG egﬁg%%po%#r% 48()%8 Qfg t%e %g% ar%%g\;o%lﬁﬁ%o%thg saimie continuous
conductor and$SihgRpdFel souttBes, SbaRRRetRtothe BpRintfiRy BOYBRergI#ESEhe 8whole
coil inductor. F3@. ®élistratesrhove thedpower tsoercsu 28 80 staywierdamiae ciasch tocef witttingretber
than the top winding 502,435, in FIG. 6; FIGe D illustraies-how.a Lentes QPeniRg 48 may be pravided
in the top coil portion 46 in ith the conical side cojl 50.715 2 D JUN '1006 FIG. 11

binati _
llustrates a thifiPBBBUTREN 0P RE S oHARH AR EBFof FRIRVENTon H 4RO TG EpfhdFiahside
coil 44 or the emeicaloside c6iPBOCRe £8placdd by HicliVEd- ddctiohl{e.gcetd®r) shaebceibs2, with

the power sougserd3.080 beindscamediet o Kie0uteimaesiiiadingA6a atthetopoRedaN 481 As in
FIG. 5. both ol partigns 4. $3 3, SoDH0UBEY Waund L 1BS:SARR FORGHCIL A SRatgHapd with

conforming with the shallow shape of the center of the multi-

radius dome ceiling 12, this conformality diminishing radially
away from the center. In an alterative embodiment, the
entire coil inductor 46, 52 may be of exactly the same shape

as the ceiling 12 for complete conformality.

FIG. 12 illustrates how the opening 48 in the top portion 46
may be combined with the curved-section side coil 52. In

embodiments such as that of FIG. 12 in which the conductor
(coil inductor 52 or capacitive electrode of the same shape)
is at least nearly conformal with the dome ceiling, the ion
current density tends to be higher near the wafer center and
therefore undesirable nonuniform, provided that the highest
part of the ceiling (the center) is at least 75 cm (3 in.)
above the wafer. (A lesser height, such as 50 cm or less,
causes the ion current density near the wafer center to be
lower than at other portions of the wafer due to recombination
effects near the ceiling.) The problem of excessive ion
current density at thé wafer center is solved by the aperture
48 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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one power source 28, 30. In FIG. 11, the center or top coil portion 46 is the most shallow while the
side or bottom coil portion 52 is the steepest, the top coil portion most closely conforming with the
shallow shape of the center of the multi- radius dome ceiling 12, this conformality, (?ﬁn radially
away from the center. In an alterative embodiment, the entire coil inductor 46, 5? m@&exactly
the same shape as the ceiling 12 for complete conformality. FIG. 12 illustrates how the opening 48 in
the top portion 46 may be combined with the curved-section side coil 52. In embodiments such as
that of FIG. 1234 affdethevediRitctortleoll indastdysZonEapaailive erduetenf (ife Sameshibbe) is

at least nearly caafeemnal-yiththetdame qailing; the tem cu&remﬂensimgen(&shg) t@@ghgg@quhe
wafer center a%%os%eaefo% %ges&rﬁglel[g)rq |fcg Rrbow d Erbat Q'Be hég({reg% ,part of @eui eiling (the
3in 5

center) is at least above the Alesser eight, such as 50 cm or Pless. taubBs the

ion current deritg PSR the RaRsr CEHS B B%OJF&NQ%’aﬁYat‘HfﬁéPﬁﬁrtrbﬂ’é FTHRE WefeFaNE 15Y
recombination deffectd beadthe eetlirgspThéaprotiéerofeaxcEssive ioAscamtenhdensityaaidhe wafer

center is solved Dy the apgriuye 48:hpcasse theaprriurg 48 r?ﬁ&e‘ggggw curregt dgpsitygat, the
wafer center to a# evel at hrch the overall i |§n ?}en‘é%g istripu across the Wafer is % neraIIy more
oBh hsie

uniform, depeli@ihGUpon %e"’r%%% Bfthe or'dkarifle FA7SE oA (R e Emeter®hamber
for processing 3@ eman 2'(41'6 2® JON 2006 diameter 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 cm to 35 cm

(611 to 1411) ip, dipMEISE 10 PIQVIAE R PRLE BEANY HAURIM iGN £1Een 408 s ch the coil
inductor 52 is conformal with the ceiling 12 readily ignite
the plasma. In comparison, the non-conformal embodiments such
as the conical coil inductor of FIG. 4 have greater 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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distribution across the wafer surface. As another example, a 35 cm (14,,) diameter chamber for
processing a 20 cm (811) wafer, the aperture 48 should be in the range of about 10 cm to 25 cm
(411 to 1011). implementations of the embodiment of FIG. 12 in which the coil indyctor 52 is
conformal with the ceiling 12 readily ignite the plasma. In comparison, the non-co f@rnﬁaﬁ“ 2008
embodiments such as the conical coil inductor of FIG. 4 have greater difficulty igniting a plasma,
although they better suppress sputtering near the lower ceiling corner, as discussed above.
Therefore, at pl&sSmaXdureerpowerkaelisngbove 20D 0N atts sthecdmbodinfaiit cafeH G. @lis smast

suitable while atgiasa sotycapowaEleNgise belown2@Q0 Watlsthesmbadimantoh E4G 12 (yith a

ceiling- conformglwcoil sha 6 andrzélper(glérsel]ios_l_mogt s%i:t%ble.tlilg. 13 igu tr:ites how the embodiment of
FIG. 5 may bepmoal’?iearﬁg etlegtricaﬁ)y separaﬁng the portions 44?%% ot the Gt rﬁ% Fahgte:
energizing eackhebi pbrfork 24 L6 WRAWSEp AraR Eofifolfdlfte fitticbep@Ehi RFESpower sources 28, 30
and 28', 30'. This feature has the advantage that the plasma ion density in the wafer center may be

controlled relatiyeco, f16,glas\arion, densitg elseulieta by atienaing the RRWeL gunL; grops of the

power sources 30, 301 relative to the other. FIGS. 14 and_15 illustrate how the same modification

may be made to FBEnBRdiIFRISGFEIGRY 8 And™HT FedkRivaR!: He dBaipowdt SBEpRY 60
embodiments ofFISS: BG5S may berisedato redec if destiedethe plasmadnt desity sp thmvafer

center by increasinguibeqeaveisof, thesflat topscold iimeeuwea 1£8 0 dUNARIS8a88x0r ggcrg@sing it

in the case of insufficith lasma iqn %nsig/ %tth wafer Eenterg Furtl'éeg adjusltmen}tarof the power

. ERSRSSEAYS: § 5a%g Fonductors 62a, 64a, a. e matc

input are pOSSIBFe ias the pedestal and substrate,
network 30 is connected to the apex 68 while the ends 62b,
64b, 66b of the spiral conductors 62, 64, 66 are connected to
ground. Preferably, the spiral conductors 62, 64, 66 are of
equal lengths so that the ends 62b, 64b, 66b are equilaterally
spaced about an arc. Such a multiple spiral coil inductor is
disclosed in U.S. patent application Serial No. 08/332,569
filed October 31, 1994 by Xue-Yu Qian et al. entitled
"Inductively Coupled Plasma Reactor With Symmetrical Parallel
Multiple Coils Having a Common RF Terminal" and assigned to

the present assignee.

Referring to FIG. 17, the right-cylinder shaped coil inductor
42 of FIG. 5 may also be replaced by a multiple spiral coil
inductor 60' like that of FIG. 16. In FIG. 17, the multiple
spirals continue from the outer circumference of the multiple

spiral coil inductor 60' to the apex 68.

Referring to FIG. 18, the dome-shaped coil inductor of FIG. 11
may be replaced by a dbme-shaped multiple spiral coil inductor
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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relative to the power inputs to the coil portions. Referring to FIG. 16, the cylindrical coil inductor 18 of
FIG. 1 may be replaced by a multiple spiral coil inductor 60 consisting of plural (e.g., three) concentric
spiral conductors 62, 64, 66 connected to a common apex 68 by respective straight conductors 62a,
64a, 66a. The RF match network 30 is connected to the apex 68 while the ends 628, J4b 266b of the
spiral conductors 62, 64, 66 are connected to ground. Preferably, the spiral conductors 62, 64, 66 are
of equal lengths so that the ends 62b, 64b, 66b are equilaterally spaced about an arc. Sucha -
multiple spiral ¢dieinBEctoa isklistidsteink U.8. patarprppticadort SeriafiNego 0813322362 dfiled @ctober

31, 1994 by XusrY uKiagattal partittash ridustivalycoraled PlasmgyReactos With Symmgirical
Parallel Multiple Coils Haying a Common RE Terminal! a&d;;g'?neg to the6pre§en assignee.
or FIG.

Referring to FIG. f?fntﬁérr?g%t-cyﬁndgros alp% “Coninductor '5 Lrlﬁay also’be re‘—’1|oril ced by a

multiple spiral S irRARIR 6D like tRREST FIGVidem mach7mpkthblipleSBpiras copmecton the
outer circumfer@nce of e multipe' spiialtcoil tnductorGO1 tmihe apextaiqRefeniag tamierl& the

dome-shaped gailipdURor RICKL! grakbe fenlaesd by domesshaneddnullple pifg) cofjpductor

60" consisting of plural (e.qg., threegﬁlconcentrlc spiral conductors 6211, 6411, 6611 connected at a

common apex 88<CP8fe Vafiatiol yeh@Faly"RopiRable 16 FultipliShir& B uctSE Hisddted
herein, the apexe8ianmtbtharen dypefcsl pallypleepirdl domiuciorss 2idp 641 t e6@liretgousted
while 18 20 JUA20061Hhe RFrmatchmegwaiki30 is oanaeted ta-pid-paints alerg-eaeh Of thesaultiple
Spwm(xwmucug%ggg%ug%i&g?%fgggar8scribed in both the above referenced
applications by Yin et al. and by Qian et al. This
illustrates how any embodiment employing multiple spiral coil
inductors may be modified in accordance with a mirror coil
configuration to provide multiple coil sections, as described
in detail in the above-referenced application by Xue-Yu Qian

et al.

Referring to FIG. 19, the truncated conical coil inductor 46
of FIG. 14 may be replaced by a multiple spiral coil inductor
80 of the same shape consisting of plural (e.g., three)
concentric spiral conductors 82, 84, 86 connected at a common
apex 88. Referring to FIG. 20, as yet another modification
applicable to any of the multiple spiral coil inductors
disclosed herein, the coil inductor 80 is divided into two
separately powered sections, a top section 80a and a bottom
section 80Db. The two sections 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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the mirror-coil configurations of FIGS. 2, 4, 6, 8, 9 and 11, for example). This divides each multiple
spiral conductor 6211, 6411, 66" into two sections, although the number of sections may be greater
than two. For two sections, the sections are mirror coils. For this purpose, adjacent sections are
oppositely wound (wound in opposite directions) so that the magnetic fields froméH SEMidA® add
constructively, as described in both the above referenced applications by Yin et al. and by Qian et al.
This illustrates how any embodiment employing multiple spiral coil inductors may be modified in
accordance willia PHFFOREYIl cERfig@BReA I3 privide multish® coil sédtiorisIhs desarfeeiral degtail in

the above-refefengediapplicaiioua Xuenp&ian oal-do el ingaodt Gi ik dbe tuacated segical coil
inductor 46 ofFJGu1#dRane Balaced R mutinle splelolndugtor 0.9the same shape
consisting of plural e.%,ethree) concentric spiral_conductors 82, 84, 86 co ected at a Common apex

88. Referring t549B°56°ds VBt AGHEP nRRAREToRVESHREBIFS 431 BtdrumhiBIcdsk Eor
inductors disciesterhgrefite seadoiBihdudtor 80l alividad irid twor séparatélyppawereillseciions, a top

section Boa andsa hoffesy sgctin BobvEhe dwersections 89aqReb sre pawered ipdepandently by
separately contrtt%)llable F engratorle%,ZZS' %nd Rg match_networks 30, 30', rgg;}sﬁ)lgctlvely. In yet a
)

thon" ahPinatngTRe tibpef portion Boa BRid&S an SihdGgior T858) Faifigladdhtral

further modifica
aperture as in BRréptboEfFRes SHRICSIierant ia Hepeibadprevfouslyehereihl imehist 2ndyater both

the benefits of gpdimiznmleanirat ayen 8)anoothes tplesmeceaiatesh fastars roay becaiained the
S"nMEmeoug%é%%%F)%%N8Q86wafer pedestal 32, 36 is the most shallow or
flattest and constitutes a substantial fraction of the
diameter of the ceiling 12 while the remaining peripheral
portion is the steepest or most curved. Preferably, the
inductor 18 is a wound coil preferably wound in a multi-radius
shape as in FIGS. 11 or 12, but ranging between the right
cylinder shape of FIGS. 1 and 2 to the planar shape of the top
portion 46 of the coil inductors 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. In 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) ofvthe 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 summary, the embodiments of FIGS. 1 through 20 generally include an arcuate-shaped
non-conductive or dielectric ceiling 12 which may be a dome and preferably a multiple-radius dome
supported in facing spaced overlapping relationship with the wafer pedestal 32, 36. The central
portion of the ceiling 12 is centered relative to the coil inductor 18 and relative to 2He Wlifezipedestal
32, 36 and has the largest radius and the peripheral or circumferential portion of the ceiling 12 has
the smallest radius, so that the central portion overlying the _center of the wafer pedestal 32, 36 is the

most shallow of Hlatfest BRtdetiites Hs ARt Tradtiohofthe dRiétePbf e vaiiHga 2khile
the remaining perpherall portivads tise stoefestormostiwmved tReefersdply then indactdonds iva

wound coil preferahkly WatnddRdemuli-radiug shapeAsda fGS. Jd: ¥ ik butfanging bshvesn the
right cylinder shape qg:]FIGS. %.e?_nd 21t10ethe' %Ianar sh%pd([a of the tog ortion 46 of the coil inductors of
FIGS. 5-14, th&ESARAC ARd it Fadits shapeS Ming WithiPtis rante” ThaTRult® FRES coif Muctors
52 of FIGS. 11&EHe PRAACERF EonfohRalnits IReiit-rados eievaturd bt Haediing 12, (4%in
FIG. 12 are noa-gontpsmat Gasliv FIGo#1). théaed, allof theeembadiynents @xeeptghaiafdd&idg have

coil inductors BARE shapgs Ae Apdsranfarmalwiiiahe rdtidaduis. damessaReh ealing.d 2,00 1)

general, for a non-conformal cail inductor, the inductor (e.g., the multi-radius inductor 5

has at least on&E BT R R REdiGREr ARGU RO - the-Behfe? FTRABE M cRYs BXEfy spaced
from the ceilingdR to2a gneated deglee thahuother zéaésfes). stheesemtel pgrtart 6 obthénimieictor,

as is the case with ghe epphodipents o8 FizS 1@ angdoh2. Iy, ihe-gase,ef the ulirsagdiusgadygior 52,

the central portion e,.%., the central pofrtloréﬂgi ogfrIlG. %%Seof tffgsl%%ucéoernlglrrg:ostgearrlyéggtcall?ld
providing a way of s P g P y by g
the radiated RF power at the center of the inductor. This
feature is particularly complementary to the embodiments of
FIGS. 5-15 having central flat inductor portions 46. Of the
foregoing feature, each may be suitably combined with others
of these features and each may be exaggerated or minimized to
achieve a multi-faceted sculpting of the spatial distribution
of plasma density. Specifically, many useful coil shapes for
optimizing plasma density distribution will be non-conformal
relative to the ceiling shape, in that an intermediate radial
zone 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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is closest to the ceiling 12, and has a maximum radius of curvature at its center (46) and a minimum
radius of curvature 20 2 0 JUN 2006 at its periphery. If there are only two radii of curvature of the
multi-radius inductor, then the maximum radius of curvature extends to an intermediate portion inward
from the periphery while the minimum radius of curvature extends from the periph8rytiNtt2806
intermediate portion. Alternatively, it is desirable for there to be many radii progressing monotonically
from the maximum at the center to the minimum at the periphery of the inductor. In the embodiments
of FIGS. 7, 10owighandRe, thariidiels demeEs g ceterae apetuké @ hole Tag., thetlole48 ot BIG. -
103, wh(;ch hasdba@evantsgesefll m%wﬂmwy@foicfﬁé@mmenglm%ldenéity—:;,by f%%%@@gng‘e
radiated RF power at t nter e inductor, This, feature.is particularly com entary.to the
embodiments of E?ééﬁ%% ?avfgr% 8en%(rga ‘ﬁé%ll% uét%raéglrtiéﬁﬁ%. Bﬁ%%m?on‘%gﬁg ea ulr%l,”éach

may be suitabl§3biiisifgd WARRRAersCBE thesd FEMGI¥and eadifay Ber&gggeted bedinifized
to achieve a mudfifecetedssculiinolefthe spatiad ilstriiition of phasmardehsity. Spenificaly,anany

useful coil shapes, for; ARiYIZingpiaaMa density disftibutionayillba-nonsgepfarmal refative ﬁ&ﬁae
ceiling shape, in t:[:at an intermediate radial zone of the coil shape will be spaced away from the
ceiling surfac&'ih ’f‘lé'agﬁgjdﬁ%c 19H'% 8BS ter d& ?eecmeth%oggeéaﬁf%rﬁ JiRE LA HerEthe

center of the celipg§Nas iAORIGd 1 s Lok lexbApie) ot advastageiis thachBateking ofahs adailimpis

reduced wherg:thissipacing s sigriifieaitt negt theibetionnperer et theigailing: dhe grami of BIG. 21

Hlustrates how aiysting the ghane of the Seil idugtor adiusts the RIASMA N JP0305SRaNR! 4o
not comport with the scale of curves A and B as defined on the
ordinate of FIG. 21. The graph of FIG. 21 shows that for a
plasma having practical applicability, such as the chlorine-
containing plasma of curves C and D, the multi-radius dome
shape provides the most nearly uniform ion current
distribution across the wafer. On the other hand, in an Argon
plasma, the right cylinder-shaped coil inductor provides a
flatter ion density distribution compared with that obtained
with the conformal (dome-shaped) coil inductor.

Ordinarily, the chamber pressure may be varied to sculpt the
ion current distribution across the wafer surface.
Specifically, in order to correct for excessive ion current
density at the wafer center, the pressure should be increased,
while the pressure should be decreased to correct inadequate
ion current density at the wafer center. For example, in the
case 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 chamber pressure is on the order of about 10 mTorr
for optimizing ion current distribution uniformity. However,
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 chamber pressure) and
therefore affords a wider process window. The advantages
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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 inductorégwfﬁwig@fgl 20
JUN 2006 with the multiple radius dome ceiling. The data points denoted by solid diamo
(corresponding to curve B) represent experimental data obtained in an Argon plasma with a right
cylinder-shaped coil inductor. The curve labelled C represents the plasma ion distribution obtained in
a chlorine- contdiRfg iR OWRR tecoiPikrmio by ahhing \with wad faumitadius§6erdsisapyy, The
curve labelled Prrepresents-thadplasmamnedistiipptian ekianeagn asblorine-centaining plagma with

a right-cylinder-g%qg coll jndugtor..The jon cyrrent flux scales of euryes C anéjn are narmalized
and do not comport,with the scale o:% curves A and B%s defined on the Sordinate ot FIG 25 he
graph of FIG. ZPEAGWS f&tFor a plasma having practical applicability, such as the chlorine-

containing plasma of curves C and D, the multi-radius dome shape provides the most nearly uniform
ion current disgrlitionragross the wafers 08 thenther Rand:da aogon plasmachielighte ry
cylinder-shaped coil induczt% provides %flatt%raion gaansg% distriCbLE[ion cor pared with that obtained
with the conforiTat (G6me “shiapelf €oil inductdf. ‘Ofdinarity, thé chamber pressutethay BE V&R to
sculpt the ion @&FEREBISEIRTICEGDSs the WEéesusaed aSpecifiafigiifistab Yo cofeorfer

excessive ion ewrenbrdensity abihesvafes ednter, fmpressurershoglhisd thereasednwhileither
pressure should e decreaggd o cRUBCtNgAgAYaeLIONAUSIAN! deasity At e walereenisl.Eer

example, in the _ _ _ _
should be increased to correct inadequate ion current density

at the wafer center. For example, in the case 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 wvapor
deposition, physical vapor deposition and the 1like. 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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case 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 chamber pressure is on the order of about 10 mTorr for optimizing ion
current distribution uniformity. However, an advantage of the multi-radius dome-shaped ceiling is that
it provides plasma processing which is more insensitive to changes in process c%rﬁ‘diﬁwlszﬁ%ch as
chamber pressure) and therefore affords a wider process window. The advantages 22 2 0 JUN 2006
(including greater plasma distribution uniformity) afforded by the multi-radius dome-shaped ceiling
obtains over a Badd wirdgowodr Viak@fion ih-@ocesklresipestasl grovesshehapdisigins. Siadlatiyrthe
applied plasma-sRi6e POWEY (6.8x{@na thesRFy SeHrce 28xmay Bewaded Riscyplibe iopcurgent
distribution across H1e \é/afer sg\r}‘ggi}lsl%ecifict?llg, in é)r[ldren%to correc fgqu excegsa/e igln current density
at the wafer cerﬁer,l%ﬁe%: power shou d be décrease , While the R po%ver Sould'BEMceaded to
correct inadeqPRELF elAENEHSRSCALTRINARY cBhldl. Pot&tafpRitrmeiarrlofsiadmenmal
coil as in FIG. $2#tithaa 18 crompiarzyddmeeeiling antheappliegtiplesawcsource e afikhOkWatts,
the ideal RF powey, levielfropthe RE5eUERS:28 {30 fhe ardes of ahout 100 Vatts forgpiimiging ion

current distribution uniformity. However, as mentioned above, an advantage of the multi-radius

dome-shaped B&SIIHGEERIFR PPoviliES pldim£HRLREERY RAETRTHERINEEN Gt PRAGHRYER in
process condithsc(sueficasdpilied Flasmasivarce fowey dit twerdforedforded widdiaueress
window. While fhe iveniion basdeerdisglaged wilh refererce it applieatipninpeiabsichaplagma
readomanlsaggngﬁﬂﬁF bias source, and preferably is not so connected in
the case in which the conductor is a capacitive electrode

rather than a coil inductor.

Regime of Inductive Coil and Dome Ceiling Heights:

The dome-shaped ceiling provides the advantage that the plasma
discharge near the wafer center is enhanced as compared with
that experienced with a flat ceiling, so that plasma ion
density is more uniform across the wafer. This is because
ionization and recombination are affected by the proximity of
the ceiling, and the dome-shaped ceiling is further from the
wafer center and nearer the wafer edge as compared with a flat
ceiling. A multi-radius dome ceiling with a similarly shaped
inductive coil has a closer distance between the center of the

ceiling and the wafer as compared to a hemispherical dome.

This provides a better plasma discharge control near the
center zone of the dome and the plasma uniformity is better
than that of the hemisphere.

In 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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with plasma reactors for performing semiconductor (silicon and polysilicon) etch, dielectric (e.qg.,
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 cogyo%eﬂﬁg silicon
and a metal such as tungsten, while the term nitride refers to a composition of silitdn ogen.
Polymer etch is a general term, although the most practical application of a polymer etch process is
in etching photqresist gog/mer% 23 Z%JUN 2006 %&h one of FIGS. 1-20.illustrates how the glasma
reactor chambaPRIFAG RS Fith pEsS SEGe8HF Bawerf b A  eBidiior oﬁ%?ﬁ% th& Thahtber
ceiling and havitéea i@ iatsiapeatrerifiag iMthanthess dindaesiorne Slrfdeaes uebuees tyne,
cylinder or domen ¥Yhitei eachhofthese figueas sbawsdiykthas comndustoiqaay-de-x coded mdugtor, it
should be undgisigod (hak the, conduglor may.nsieagified capagitys, eledly

%de of ttfe same shape

: e reldtive to
(same three dimensional surface). In‘either case, the pedes 6 Is not necessarily connected to an
RF bias sourcetBRdBRrabss NP EETEFRRERI TRd REEE iR TARYPING B RHEF eX@apHcitive
electrode ratherithan amdoddrchentidr. RegiargemindugtivetChil sawd Bomievtetling Heighdeldier y
dome-shaped cgilingRipyides the advaniags that thesplasma cdisgharge negithe wafey cepfer is
enhanced as compared wit tha%)gépenenced Vgtléli flat ceiling, so that plasma ion density is more
uniform across e Watéid Thidis Becagse idnization AHd recombination are affected by the proximity
of the ceiling, and the dome-shaped ceiling is further from the wafer center and nearer the wafer

edge as compared withiA Bails CREIDgrAryultigagitsiianae eeitingwith a similarly shaped

Etch selectivity is provided by depositing passivation species
from the plasma onto wafer surfaces. For example, in etching
a silicon dioxide layer over a polysilicon underlayer,
passivation species including polymers accumulate more on
polysilicon than on silicon dioxide, so that the polysilicon
etches more slowly than the silicon dioxide, thus providing
the desired etch selectivity. In silicon dioxide etch
processes, the polymers are formed from fluoro-carbon gases in
the plasma. In aluminum etch processes, the polymers are

formed from, among other things, photoresist and other non-
volatile species sputtered into the plasma from the wafer
surface. The problem is that a flatter coil or one closer to
the wafer center tends to decrease local ionization at the
wafer center, while enhancing deposition or formation of
polymer near the wafer center. Without such polymer
formation, etch selectivity is reduced or non-existent.
Conversely, enhancing etch selectivity by reducing local
ionization at the wafer center (by un-flattening the dome-
shaped coil) reduces ion density at the wafer center, thereby

degrading ion density uniformity. -
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inductive coil has a closer distance between the center of the ceiling and the wafer as compared to a
hemispherical dome. This provides a better plasma discharge control near the center zone of the
dome and the plasma uniformity is better than that of the hemisphere. In an inductively coupled
plasma etch reactor of the following embodiment, ion density uniformity is improv@d) it Ner29gy is
better controlled and device damage is optimized, so that as a result etch profile control is enhanced,
etch selectivity is 24 2 U JUN 2606 improved and etch microloading is minimized. These results are
achieved by adherif lishtReiza8 tod-deend EEBMBEQ L bRy
range relative to the dome base and a particular wafer position range relative to the dome apex.
Different but rejatgd prohlems.qie.oyercome sy this espbadiment ip enhapsing etch seleglivity, ion
density uniformity, etch profile and source power efficiency while reducing ion damage, as fo Bws. 1.
Problems Relatti§ 25 EtctPBel@&tivi? Fitl SEAvitFRE Hr&ifdetHfi depdsiy pasSvaidn diies
from the plasmaearito eelfer sadacésEa@xaaiple eincdtelings asilicorsdioriné lagerievermopakysilicon
ioxide, 50t Bl lope Mot Sty ot e o e s oV (S desred
ioxide, so tha olysilicon etches more slowly than the silicon dipxide, thus providin e desire
etch selectivityg ngg%ggér?n 8%();(ide gt]%ﬁ %]r%%:%sgéls%ﬁg‘ Polyniete aré f(%?rlneeé) ir]%ﬂ%uolrgpc%g&ﬁl%ases
in the plasma.9R afthgintmfeeh prstessad livie poRers dfe doriricbfem] afbhg Gtiethings,
photoresist and pther tiesi vokatiterspecies spuiteradiatodhe shasina froetr iheoweksr swfaca:dde

p“““emiStha%%ﬁ?%%&%”ﬁ?%?ﬁ%955%?&8r is removed from the vertical surfaces.

One problem is that a plasma source relatively closer to the

Y= D

herin838 ST ENn g

wave provides a strong dissociation and ionization of gases,
but less recombination and passivation. A vertical etch
profile is difficult to maintain, unless relatively high bias
RF power is employed, which results in significant sputtering,
low selectivity, etch profile microloading and wafer surface
damage. A second problem is that the directionality of ions
impinging on the wafer center is more random since there is

less collimation by distance from the plasma source power to
the wafer (e.g., the coil-to-wafer distance in an inductively
coupled reactor). Again, a higher RF bias power is required
to help collimate the ion flux, and this results in the

problems discussed hereinabove.

3. Problems Relating to Ion Density Uniformity:

Moving the coil closer to the wafer to increase ion density at
the wafer (by flattening the dome-shaped coil) at some point
forces the ceiling so close to the wafer that recombination
losses near the ceiling suppress ion density at the wafer
center, as noted above. Moreover, at such a close distance
the ion density uniformity 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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the wafer center tends to decrease local ionization at the wafer center, while enhancing deposition or
formation of polymer near the wafer center. Without such polymer formation, etch selectivity is
reduced or non-existent. Conversely, enhancing etch selectivity by reducing local ionization at the
wafer center (by un-flattening the dome- shaped coil) reduces ion density at the wakdl cBite)thereby
degrading ion density uniformity. 25 2 V JUN 2006 2. Problems Relating to Etch Profile: A vertical
side-wall profile of etched features is provided by deposition of passivation species such as polymer
on the vertical BA8HST 2 olitAPeBREFEEHEEY arfPEniBIRSHIR EovaPdPRe rSHIRg Rofithtal
surfaces by ionpbasthardent How thispufpose, [0 indid plamnioinpirging fenr tHeowafel praferably
travel in a vertigalHiyegHan -3 thatithelk &pe1gy isrconsentratest-on ha-herizontal surfaces and very
little polymer is removed from the vertical surfaces. One problem is that a plasma source relatively
closer to the wave prowdes a strong dISSOCIa'[Ion and |on|zat|on of gases, but less recombination and
passivation. A ¥ Srofife Julktb Bl Ak latively high bias RF power is
employed, which results in S|gn|f|cant sputterlng, low select|V|ty, etch profile microloading and wafer

surface damagi, 4+ sBeApREAeIY sdlatihe duactonally ghipps InaingisLon (e waler cgpler s

more random since there is less collimation by distance from the plasma source power to the Wafer

(e.g., the coil-to-WRFS HiSEnBe APRR indRfeti Bl Teoupitd: RRLCHSH: SAFEH E hiyher BRAFSE PORRr is
required to helplsolRBaizithe ipavhix, apdihiEdresalts e the faobieeds distlisselhibseinabever

reduces the vertical directionality of the ions and thereby

degrades etch profile, as noted above. Increasing the source
distance to increase ion collimation and improve passivation

will reduce required RF bias power and minimize wafer damage.

5. Discovery of the Coil and Dome Ceiling Height Ranges:

In the main examples of the following description, the wafer
diameter lies in the range of 150-200 mm (6"-8") and the

chamber multi-radius dome-shaped ceiling maintains plasma
distribution uniformity over the entire range, as significant
advantage. For larger wafer diameters (such as 300 mm or
12"), the geometries described below for the smaller sizes are
scaled upwardly. In particular, the major radius R of the
multi-radius dome is scaled upwardly along with chamber

diameter.

FIGS. 22A, 22B, 22C and 22D illustrate a progression of multi-
radius dome ceiling shapes from flattest to steepest,
corresponding to the hethod 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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3. Problems Relating to lon Density Uniformity: Moving the coil closer to the wafer to increase ion
density at the wafer (by flattening the dome-shaped coil) at some point forces the ceiling so close to
the wafer that recombination losses near the ceiling suppress ion density at the er_center, as
noted above. Moreover, at such a close distance the ion density uniformity at the WP 2%e has a
greater tendency to reflect the generally non-uniform toroidal distribution pattern at the ceiling. Such
a close proximity 26 2 0 JUN 2006 reduces the opportunity for plasma diffusion to change the plasma

distribution fromAE Mg the Fafertda 1P tordidal 3RE maR neifRG ifotmcdi¥tribution. 4.

Problems Relating to lon Damage Control: lon bombardment damage at the wafer can be reduced by
improving plasmgeiophigitbeion ywnitosiy snd deerepsing . thedREiaspawenappied iQthg,yafer
pedestal. This Powtel\l/gge req%cegottpleovl?rticaédi(ge(it'iopglityl%f&h% ieosr]:si%nd thltlereby df%rql es etch
profile, as noted above ?ncreasmg T5e dourde Tidtance to incréase ion-tollimatiof’an 6o
passivation wifl ¥Egu#e tdqutieel RE HESpGkeraRd Alinihige QFsteE dafake’ 5(Disdrsiz ofliee Coil
and Dome CeitingnéleiphdiRargesmbnythbendin exasplesigkthe foliawing stescrptions dhel wadera

ciameter e i, the. g, A1 50120005 Bt £hamhey [l yadius dome:shgned geiing

maintains plasma, distribution uniformity over the entire range, as significant ,ad,vantﬁiaﬁei. For larger
wafer diametefElchaL 30V £ 925 e GEBMBTRS d8ikibeb BRIoFAbH tHTsmlIRr $565 are
scaled upwardéx tepdstiditam théengeriagdies R dbtwe ofultiradisiddme ipacaledaypwardydlong

with chamber gigmetghter, the coil 125 defining a center aperture 125 of
diameter A on the order of about 8". A semiconductor wafer
130 of diameter d on the order of 6" rests on the wafer
pedestal 110. The cylindrical side wall 105 has a 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 R1l and a
small corner radius rl and height H1. Because the curvature
of the dome-shaped ceiling 100 increases the distance of the
ceiling 100 from the wéfer 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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FIGS. 22A, 22B, 22C and 22D illustrate a progression of multi- radius dome ceiling shapes from
flattest to steepest, corresponding to the method of one embodiment for discovering the correct coill
height and dome ceiling height, relative to the dome base, for enhancing etch selectivity, etch profile,
ion damage control and ion density together. In FIG. 23, the curves labelled A, B?';& M8 BMustrate
the ion density radial distribution at the wafer surface corresponding to the 27 2 0 JUN 2006 reactors
of FIGS. 22A, 22B, 22C and 22D, respectively, The reactors in each one of FIGS. 22A-D have the
following featuP€d¥nh B&mFkGn “REEHING aWFestinglsh &¥iindidal 1sidESAAF 105 BY didretr®on the
order of 13" (althrughather demetdiameterrnay beds the cangexof 10=heY)iBHramdieg pnuaies

pedestal 110 in 1&5]5?5{% . inguctive oil;Jo%q_,o ies for it ceiling
100 and exteﬁ%gn%o%%?e 1Bgze’rlphery 1%382 ﬁfﬂtehgegcg% mgtr?ar way t_(\)évevtrg% e cge%r%g,%%&éo%%%%

defining a cent8FAFERATE Y5 of YRRTQEFA onthe or85RdT dtsBin 32 FA WnicortRicor Wiffert 230 of
diameter d on thecordef of 61 3@sts lortthehwafti rpetiesahliCyThéE cybndricaisideied 105 hika

height h abovethewatRid80c& RIasHaSoureRBEm oWk sWY daFrisaapelied tnthecail 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 fassE3Gt tHe Eeilitd prédothpate 80éi ke SINERSAS Hadilis Fasib ibhslensity

near the wafedeariesisayasyl l@w,ias inglicated by ¢he eHeve lahelletbAl inigiGhas. 18 FH&s 2280 the

CemngksbSngﬁé%wﬁéggwwn%gj@reater than Hl1, so that the coil to wafer
distance is greater. As a result, polymer formation is not as
suppressed and ion directionality is more vertical, leading to
better 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
C in FIG. 23.

In FIG. 22D, the center radius R3 and corner radius r2 are
such that the ceiling 100 has a base-to-apex height H3 greater
than H2, so that the ion density at the wafer surface is less,
as indicated by the curve labelled D of FIG. 23.

Table A sets forth the comparative dimensions of the
embodiments of FIGS. 22A-D. It is a discovery of the
invention that the foregoing problems are solved in the regime
where R/r 1s between about 2 and 10, h is between about 3.75cm
(1.5") and about 10 cm (4") while H is between about 7.5 cm

(3") and about 15 cm(6"), and where H+h is between 8.75 cm
(3.5") and 17.5 cm (7"). For larger wafer sizes, this latter
dimension increases to about 27.5 cm (11") for an 20 cm (8")

diameter wafer, for example.
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shallow multi-radius dome shape, with a center radius R1 and a small corner radius rl and height H1.
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 wafr J#hteiethe
reactor of FIG. 22B provides the highest ion density. The disadvantage is that the in density is
non-uniform, there being a pronounced 28 20 JUN 2006 peak at the wafer center. The coil 120 is
relatively close to the wafer center in FIG. 298 Kd"that formation of polymer is somewhat
suppressed, leading to poor Bih.profile afxl etch selecHvity. Moreovértthe local ionization is so close
to the wafer 130 that the diregtjonality of igag,impingingpemthe wafeisyface is more random, further
degrading etch profile. In FI > 2C, the cegter radius R27 and corner ra%ius r2 of the dome-shaped
ceiling are such that the ceiling has a baseto- apex heightEIFrﬁlgreatei-’L ’a%clﬂl‘l, so that the coil to water
distance is greater. As a res@ig polymer fori@tion is notlds Bupbresskel -ahfdcion directionality is more
vertical, leading to better etcipprofile and stah selectivityzHowewmer, the cor k20 is still sufficiently
close to the wafer 130 that the ion density is relatively high, as indicated by the curve labelled C in
FIG. 23. In FIG. 220, the center radius R3 and corner radius r2 are such that the ceiling 100 has a
base-to-apex height H3 greater than H2, so that the ion density at the wafer surface is less, as
indicated by thé cunviedalsaitetes obE |G 1235 TabhA 3255, forthéhe-esmbartive dimeasidrsi okthe

embodiments Qi G 22ARelt i8, 2 PIRGOVENGS! TRe dome-shaped ceiling. Referring
now to FIGS. 24A-24D, a similar progression in results may be
obtained by changing the height of the cylindrical side wall
105. FIG. 24A illustrates a chamber similar to that of FIG.
22A having a flat ceiling 101 as a reference for comparison
with results obtained in FIGS. 24B-24D. FIG. 24B illustrates
the chamber of FIG. 24A modified in that a dome-shaped ceiling
102 is provided in lieu of the flat ceiling 101. FIG. 24C
illustrates the chamber of FIG. 24B modified by adding a
cylindrical 1-inch vertical spacer 105A ©between the
cylindrical side wall 105 and the dome-shaped ceiling 102.
FIG. 24D 1illustrates the chamber of FIG. 24B modified by
adding an approximately 2-inch vertical cylindrical spacer
105B between the side wall 105 and the dome-shaped ceiling
102. Table B sets forth the values of the base-to-apex dome
height H, the wafer-to-side wall top height h, the spacer
height h', and the total wafer-to-ceiling height HT for the
embodiments of FIGS. 24A-24D. Ion dengity distributions
across the wafer surface measured with the embodiments of
FIGS., 24RA-24D are illustrated in the graph of FIG. 25 by the

curves labelled A, B, C and D, respectively.
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invention that the foregoing problems are solved in the regime where R/r is between about 2 and 10, h
is between about 3.75cm (1.5") and about 10 cm (4") while H is between about 7.5 cm (3") and about
15 cm(6"), and where H+h is between 8.75 cm (3.5") and 17.5 cm (7"). For larger wafer sizes, this
latter dimension increases to about 27.5 cm (11") for an 20 cm (8") diameter wafgr, iy %ﬁmple. 29 2
0 JUN 2006 FIG.TABLE A HHHh h 22AScmOcm5cm 22B5cm7.5cm12.5cm 22C5¢cm11.75cm16.75¢cm
22D5cm13.75cm18.75cm In the series of FIGS. 22A-22D, the results were varied by changing the
curvature of the dome-shaped ceiling. Re##BA§ Fow to FIGS. 24A-24D, a similar progression in
results may be obtained by changing the height of the cylindrical side wall 105. FIG. 24A illustrates a

chamber simil%rI@ that of Flﬁ?v. 22A havinlg a flat ceilinq{lgl ag&rreégr for arison with
results obtained in FIGS. 24B-24D. FIG. Z4B illustrates the ch_amBer‘_}cp‘ri‘SI%o . Zmﬂﬁd?l?d—m%qgg owerthat a
dome-shaped €&fing 102 is9Bvided in litudf #&8lat Ceifify $81. FIG. 24C illustrates the chamber of
FIG. 24B moditi¢d by adding a3@@rnricakl-&¥dcwerticalspaeem165A Between the 2ylindrical side

wall 105 and thg gome-shapgedyegiling 103. FiGm24D ilustrates, thepghamber of Flg 248 modified by
adding an appLo imately 2-i cf%gertical c§li igal spacer 105B between the side wall 105 and the
ab

dome-shaped téiling 102. Bsets fort %hec\r}lalue%%?'t%e bade: o-gpex dome-?0 ¥

In FIG. 24A, the ceiling 101 is at least nearly flat, and
therefore recombinaticon 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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height H, the wafer-to-side wall top height h, the spacer height h', and the total wafer-to-ceiling height
HT for the embodiments of FIGS. 24A-24D. lon 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. 30 2 0 JUN 2006 FIGHTABLE B HHh EduraeNPitBias
Power h 24A0cm4.875cm4.875cm 24B7.375cm4.875cm12.25¢cm 800 W220 W
24C7.25cm7.25cm14.75cm1200 W200 W 24D7.25cm9.575cm17cm 1200 W190 W In FIG.24A, the
ceiling 101 is attabvmeafuffathand degefoie ngcoathihationd6sdes. at tHteeilimg predumiedtelover

the wafer Cem%frUM@@Vefo%%Hh?nfé@tef eailing isiclosesriodhenaler, t&?f%\b%@é§ oppeitunifysfor
plasma diffusion_to transform the non- utrhforn%%j Sm%dlstrlbutIOH at Ee f}? |ng tﬁ) %m%re uniform
nter i

distribution at th@ WatePstrace ASh r&stit, plasmaion c?&sat near he warer ce %ry fow, as
indicated by tha ¥R libelRicCA wPF-‘FFEQ%SI:n Fic. Y48 dhe EBRinG 10D ¢S aldaltivadils deme
shaped, with a-eenrtatreadius R1 on the order of 36.75 cm and a smaller corner radius ri 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 ifdicdted by HHE currBFasinBg BB 26€1 149, wilthe 2limiateA opY the
recombination iesses et the pafemcdatei nbke reastbi 0 EiE 24 B penaded tHethighesttian the

coil to wafer distance is greater. As a result, polymer
formation is not as suppressed and ion directionality is more
vertical, leading to better etch profile and etch selectivity.
The superior etch profile obtained in this embodiment provides
results corresponding to the SEM photograph of FIG. 26B for an
aluminum etch process, in which the etched side walls are
straight. Advantageously, the coil 120 is still
sufficiently close to the wafer 130 that the ion density is
relatively high, as indicated by the curve labelled C in FIG.

23. Moreover, the ion density is more uniform.

In FIG. 24D, 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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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 selectivityy osgivens the
local ionization is so close to the wafer 130 that the directionality of ions impinging on the wafer

surface is more 31 2 D JUN 2000 randgm, further degr dingf?ct)ch profile.. The iré%riﬁ,etch profile

obtained in thi¢ BRBSHIMEFOVRARS rdSuitsP85méShordg oithe PHOtGITREA BRERS. 96A for
an aluminum &R préddss, IRWHIER Heerhed sllespdiscirdvésiicavel RERNG 24C, thislicon
dome-shaped geiirg d&2iis raised byrhe vertical 2.5 capblrinay cylindriealespamesd Hadnso diat the
coil to wafer di ei a resul T Tl A NES a e ion,
directionality isﬁmtféo]ﬁé \?e%tﬁigf,g](éﬁ%gg%%bgéﬁgghﬁg%ﬁﬂagngg %atc%q éelég#\%g/%&rigegs?ﬁ)%norle?ch

profile obtaine& ¢ tFERAHINFRERt HrovidES restitts @ spbRding to the SEM photograph of FIG.

26B for an aluminum etch process, in which the etched side walls are straight. Advantageously, the

coil 120 is still gysfficientlyclose tedbeyvalel139; thah thieien depsithis iplivelwbigh. % indigated by
the curve labelled C in FIG. 23. Moreover, the ion density is more uniform. In FIG. 24D, the
approximately %“é’rﬁ‘t’z'ﬁﬁéh) spacer 105B further increases the wafer-to-coil distance, so that the ion
density at the wafer surface is less, as indiéd&EH Wy the curve labelled D of FIG. 25. However, the etch
profile obtaingd in the embeggdiment of FI@. 24D, correspondirg to the SEM phetographs of FIG. 26D,

'SVWHEmythe§a§§§%ﬁﬂf%.05cm 34.1cm l15cm 36.75cm 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 ~ n H+h
24B 11.75cm 4.75cm 16.5cm
24¢C 11.75cm 7.25cm 19 cm
24D 11.75cm 9.75cm 21.5cm
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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, TA&LBE;HE%ﬁﬁteS an
approximately 150 reduction in RF bias power between the embodiments of FIGS 24C.
This reduction in bias power reduces ion damage, a significant advantage. 32 2 D JUN 2006 Another

advantage is that in the flat ceiling embodiment of FIG. 24A, polysilicon etch selectivity relative to
silicon dioxidef8TedRh¥%A 4518 apba151ARTRE BfbdYirent b 18EP 1 B RgWnglthed cm.
dome-shaped €airane:approachas godcias tesembadiments of EIG.S. 240 and 246m Talde Exets

forth the dimensjongofuane:ePOEBEIONinG dnyeatian: JAB) Bolth B b8y 7.3750m 10.050m
34.1cm 15cm 36.75cm 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 ak& pifehdid. PrRBRe S RE SlAsMaEDuréepodi?  béingappied atrdmedsi®urns

from the bottors £oit Emgl, Dhgcoupy radius § wasqasniereskat Ibe heightiohiberdenethase ther a
wafer diameter, %9 cm, t hamher da'@rgetgr D! dprqura‘plly onrtg .qﬁgervgji 2.LML,0r 37,5 cm,
while for a wafer d%é%é% drbc%%O cm, the chamt?ervdbisameter is p?efera%f’y on theg o?adg;z ZF between 45

cm and 50 cmPEABIE $ s8R B fth an3ie ridlivebetl 6f BiRTeIREhSHPHe 2nbddim@Rt Gmws. 248,

24C and 24D efiployinp dlkallér dogngsetween about 7.5 cm and about 15 cm, and
where H+h i1s between on the order of about 15 cm and 18 cm.
The range of H+h may be expanded in other embodiments of the
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 1s 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 cm - 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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shaped ceiling with conformal coil, the base-to-apex dome height H being 11.75 cm. TABLE D
FIG.HhH+h 24B11.75cm4.75cm16.5cm 24C11.75cm7.25cm19 cm 24D11.75¢cm9.75cm21.5cm 33 2 0
JUN 2006 For polysilicon etch processes, h is preferably about 10.5cm, for metal etch processes h is
preferably about 8 cm and for oxide etch processes h is preferably about 6.25cn?% &3’”&@5
progression of FIGS. 22A-22D, so in the progression of FIGS. 24A-24D, it is a discovery of the
invention that the foregoing problems are solved in the regime where R/r is between about 2 and 10,

h is between aBGME3.758ARRY adott 110t WiTeH RESetwbBR ab8HER B anB db¥he 15 £a1 and
where H+h is bétween oatthewrderidfcaboilt  5a0m gnd M8adrar Therrangtef Hbedamtydie) expanded in

other embodimgpisratibe dpwgraiandto pndhe erdesio hetweens Sem 275 fmy the, larger
dimensions ha%inglparti%;l?fr argpégabilit}(ﬁg I%rggi .chambner diameters gccommodatin larger wafers

(e.g., 300 mm Afiamdtelt Watefsy Stich regiinéS are applitaBR At Sy o' tdd sty EorfbAnar
embodiments GIHRES: 30 EILhubAsdto Re efibodimestslof FGsnna kifie aliso @dpieable to
embodiments insvhicietheiaeiing Sbapelis bobnecessartyea wadléirradius tloswe, hut rather sggical or

T, fo examplg, BREFERREDEMEQRIMENTS OF T RRESENTINVENTION inageordpce wil

a presently preferred embodiment of the invention applicable o proces mm diameter wafers,
h = about7.5cRAVEFEeRIUt E6 M, REHTRA 37.5-6m &ARPPELERGt 5i%5crhlPor BAGFWA didfeter

wafers, H = abauttrdanaadwith 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 nmnmulti-radius dome shape produces the most uniform
distribution of plasma ion density at the wafer surface
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about 12.5cm. However, the invention is not at all limited to these dimensions. Specifically, H+h may
lie in an intermediate range of 12.5 cm - 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 34
2 0 JUN 2006 dome shaped ceiling provides the greatest plasma ion distribution %ﬁodWﬁﬂﬂﬁthe
wafer (or wafer pedestal) surface compared with other ceiling shapes, other factors being
unchanged. The ceiling shape underlying an RF signal applicator such as an inductive coil antenna
affects plasma riehadehsity tisteibbgon siape wafe Bsudaowas fskows:a Mdst of ted Rgoskafrem the
RF S_iginda}l a%pligatpi fégtgo tB@n@(‘jéQ{BQ_E_@ 093%0@@%&%@1@@9;@%8&&@ @a&minpﬁggg{adaﬂ?ﬁ Witﬂ a
spatial distributipn of. RF power osition, ich.is mostly confingd in an ahsorption region .along the
edge of the plaé?en%sr}etgreﬁjiﬁté%n élngnla(l). T%{é d(g}ﬁ% of %ﬁ%rresglfgrlg %ggerggsbﬁﬁonc%%tsﬁ(%i’n B&Eth of the
RF field.) The Sp&tiafdidifibaficry &lthe hRFdSsunaéebr pRisARLbhnded sy Is freamd affeetelisy the
spatial distributtemetRF1 peweidepositiala Bircibngingthe ceding:shapei 1hmedge:abiite plasma is
moved relative J e welar sudpse feisy dandiagibeocationakihe Rpasoraion i, As a

result, the spatial distribution of the power depaqsition is changed relative to the wafer surface,

thereby changifigf& sptiaF BRERBNDr RS G BEASR PR RaldiesGRRLE TG eRe Rl as
discussed abogredtharferehee 1e sSEI3Sbe3 rgd25;ensemt icedingibeight {dorres poiing td.ansmall
distance betwegarbe}F @bsemtian rgion angribeyyalep produces a center-low ipg densitypn
msUMUﬂonentgg%gg%gng 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 1liable 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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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 plaﬁs ajons
R

center along the greater ceiling-to-wafer distance and the minimization of the RF

ward the

chamber side wall. A multi-radius dome shape produces the most uniform distribution of plasma ion

density at the wafer surface 35 2 0 JUN 20D6 relative to ather shap% : By.compa
shape fails to & r%ﬁglﬁlsatleofrért Srllgr‘}&é/n(:)}sf trlceefhﬁérl—p &ma ion nslnc))/rﬂis

lat ceiling

At HERafer

surface to be centef il for a iclativielpreye Wafdvo-delimgimsighttaifd todsel kenger-lew forra
relatively low wafeletaresiling deighigAt spherieal vedinglfas-its sentarorapexibighae abeye the
wafer, so that tte% (plaimg.q:iq% onctggveasrg the (ientegai\fsc gven géeaé%stge ri%srtljlt gtfisngral B%rgtgr-high

j
non-uniform plasma ion cjiens% distribution at the waler surface.

7 isa graph comparlr?gnradial

distributions of PRI T derlsitySobtaie® TWRAheRFTSphefitafar@i@t-raddrisddmes temims using
the same overbkadmail drtenndekdGt 27 shicnus theustigerioty ot lilee malfieradiss doaw=ghaped

ceiling over the,mpie spRerical, dgme shaped-ceilipg, The ion distribution gohieyad Withtsenas

multi-radius dome ceiling is nearlyﬁl)uniform whereas thg ion distribution achjeved with the more

spherical ceilingB8 beRtEIHigH ald ti8fcre ndAIINK

MESIHEUNE AR r TR ERIIRG Height of

the Multi-Radius? Dohed CatlingaRas nembtalies den@-shidpad dalligpitself is liable to produce a less

than ideally uniform radial plasma ion density

For process gas compositions suitable for a metal etch

process, an ideal set of ceiling and reactor geometries has

already been set forth in the specification in the discussion
of Tables A, B, C and D. Such gas compositions typically
include chlorine gas as the primary etchant and, in addition,
a non-reactive gas such as nitrogen or an inert gas. Such
metal etch gas compositions may include chlorine as a primary
etchant and, in addition, secondary etchant gases, such as

BCl HCl and/or HBr. Any one, or a pair of, or all three of

3 1
the secondary etchant gases BCl3, HC1l 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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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 inventia Ot 2006 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
36 2 0 JUN MERESTHAY I @8nFHGS L8 RteP ISy, SR Rt istABHIN unfiBRARE R impHRERMSLplacing
the ceiling at afointetrbdiateheigheabave tecwater dpetveemtios beights of tee ion lHaitipgoases. In
fact, the best ign distribytian, inifeymity iy ethedgosingariyiiatiadial da%m?&ahgﬂ AL i%%%"uﬁaon
density distribution_at_ the wafer surface).is achieyed at,a particular wafer-to-ceiling height w ich
depends upoﬁ%hgﬂr{)@?5?é’stsur&sgﬁ"slﬁiiaﬁo?écgﬁb%’rﬁ%%s@?éiof the particular gases employed

and other factors. For process gas compositions suitable for a metal etch process, an ideal set of

ceiling and reagtgegeometriesdiass already bremsst fopthon thespeeification nithg discussion of
Tables A, B, C and D. Such gas compositions typically include chlorine gas as the primary etchant
and, in addition, a non-reactive gas such as nitrogen or an inert gas. Such metal etch gas
compositions RRHIACLRE cHiRFRe it PthAHF Bohah Bfid SRATERRPIBABGTHLR) eltamt §Ases,
such as BC13IRClsand/orBBr. piycess; ogapaicofums @dl thae, of ahel sedendaty etebantigages

3013,HClfﬂH£§§£9“369989d§ﬁ33fheCPHH@P€¥§% example, if a gas composition

is employed having a faster diffusion rate and a lower

recombination rate, then there is a greater tendency of the
gas to diffuse toward the chamber center and thereby prdvide
more plasma ions at the center, so that the 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 1inspection 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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‘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 proc 5@@ ss gas is
both an etchant precursor and an etch passivation material precursor which te ?@et on and
protect non-oxide containing layers. Specifically, a fluoro-carbon gas or a fluoro- hydrocarbon gasina
plasma forms fluoro-carbon 37 2 (3 JUN 2006 passivation species and fluorine etchant species.
However, fork8ichaidiemedfipr6dcdsighs BOHpESHSAhEAYn deHSHy HistABikidemEgshinge, so
that the ideal eeiting height 61ay) be different, as will now be discussed. Effect of Process Gas
Chemistry on lon Distribution Depending upon the diffusion rate and recombination rate of the
selected process gas composmon a dlfferent celllng height may be |deal Thus for example, if a gas
composition B AR SF S RAY e - R i 2038, then there is a
greater tendency of the gas to diffuse toward the chamber center and thereby provide more plasma

ions at the ceBtaR;S, thecla@sm?e@n %n@aﬁ Tedial distribufionehan a greateptengepey to be
center high. Thu gfé the i afer?tio CGI|I§$ eight for SUF‘EF‘(EgaS may be smaller. Such a difference
ot

has been discti Eﬁbg\‘f‘e wjthlgre SreTiC gl}aﬁh 8 HEFE (])lrhgwhat%ﬁ:ﬁe?eﬁlHQﬁe?:t is
illustrated in tis& grEsHroPRIES 28rRhickliAclug eoTINE ehprerifvdftal damrfen bash|Gise-thataning
plasma. In FIGg28, dke pasiruiendiensity distribgtien fnadsied osHan tcusigat flwy) is gemtge high for
argon becausg AR Nas g, o reguit

at greater chamber pressures the radial
distribution of plasma ion density tends to be center-low. At
smaller chamber pressure the radial distribution tends to be
center-high. Therefore, one problem is how to achieve an ion
density distribution which is neither center-high nor center-
low while maintaining the chamber at whatever pressure 1is
required. One solution is to set the ceiling height to the
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 Ion 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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‘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 SerWh%ng a slight
depression in the center. (This effect is exaggerated in the qualitative depiction of the ion distribution
of the chlorine- containing plasma of EIG. 21.) Thus, it may be said that the ,optimum ion density
distribution a&ﬁ‘é’v&fv\/ﬂﬂqisér?ﬁ\%ntio% E%ﬁgﬂllﬂﬁ i%%d&%?%‘éﬁ?e‘ﬁﬁgﬁ%o?%@n%ﬂ%, efen if
not perfectly RaGun¥BimylepifettiofClrarabavRrsiare of |thDarsftydisttibetiontSimilanlyothe ideal
wafer-to-ceilipg hetaht ebiedadkii f3digs seling dependsdpes thamhal Presswadata Qigher
chamber pressure, .tg% Ig%onggglaggn r%teci% greater. n(g {h(::;lrse J’Esollc_;sg wdci)fftésligg of the gas and/or
etchant specigs Yo the center. Asa re%uff, at greater chamber pressures thé radiaf YistiBUEGS of
plasma ion d&fS Ted®Vdlite caftlr-Bat ae stlle? ERAMBBLessurthé Padidatistabutidretends to
be center-highi dhetefars, eine dreblefaischow t@ aakievelahlien densityobistribytien which-igdeither
center-high ngy; centeg lew whils maipiajping the shampergt whaigver pressyre ise (equired, Qne

solution is to set the ceiling height to the ideal height at which process optimiZation (e.d., plasma ion
density distritRESR 1 fFormit ¥ ditaifBl fora BReatRngen8f hroEse gtbotidifiin&Pe-gh phsticular
chamber pressei¢ hplasoenseurch poiveroplasematcieniistry)sd bs tegpdyitlegdhehwicest poRsible

process windaw.af the plasing LeaiiRfuired. 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 mT) 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, is raised to over 10 MHz
(preferably 12.5 MHz) for polysilicon etch processing.
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Effect of RF Source Power an lon Distribution 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 o2 #e)BF pagger
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 powerMogsageiow fdred efisity @pSiEpSticH 90 2f@r) aNesschhilseBbelisdd. Mhedesgoing is
illustrated in thesgrapmet 6. 29 fepicting A stpatien D tha rdialdisigbusnm &f iplasma iog

density for an 9 e jLinduc nder ti t roces nditions fqr.twa different
source powera %gg?%e?o%%gt’% a%% %0%%%%&%? ﬁ#?éog §V§t%§8 Z[?e% |s§;1(f)ibutilgrr? i§ aéi.?vé 12 whle at
2000 Watts, tROTHGFBGHGT s H&fhcfrEEnt8Shigh tRRSietor@ ondprdBRAY isTwy tBusHtainan ion
density distribhédd whickais heitiercdendedhighiwee ceaterllgwtwhitehapdlying whatevenRE pawer

level is requiregd, {The solutighis.to, emRIPY a-myltiz %gorg%-sﬁﬁq_egc iling, becaus asma
ion density distrilbutiogo%%ain}é% with a lgulti-r,adiu% dog@e-shape ceiling%}@ﬁoreﬁr%%aﬂ?%%?fﬁm
S

across a muchWiderANyo8t fhsmha” sBGRE SSwaF IR HATEShErpEBRRthES BogSREsS Etch
Process All ofthadergoitg faxgorceafestingidbal wafdih@tcdiley issght ofafiermthi-reeiusing

dome-shapediggjlineraifact the palyslicorseteh Pracrss. deeliching Ry sHean.one is generally

defining the field effect transistor gate length and
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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-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 fh§hguwrggsof
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 mT) and a gas flow rate of about 160 sccm.
Preferably, the¥8=88arte ghver frequency, which for metal etch can be as low as 2 MHz, is raised to
over 10 MHz (preferably 12.5 MHz) for polysilicon etch processing. 40 2 0 JUN 2006 Moreover, the
gas compositign for.a palysiicalh eleh igcsss: ixsamewhataifest Mpigpllyogydino gnlprine with
another active gas such as oxygen and/or HBr. In addition, a non-reactive gas such as nlﬁogen or an
inert gas suctfay SikliGhARRS beRrQTFEdeDAE nRAfY 16 M olver Pradsird Bt Wifictrageiyaficon
etch process isqierforimstiothe eddial distribatice of iars dessity dtdire vafebsudacettas a grarter
tendency to bg cegierighiso-that therdegh watesrowrdings beight,of the Multiadivsdome cgiling is
smaller. This creates a seemingly insurmountable prohlem in that, while the obvious solution, would
be to lower thglfﬁﬁlﬁisradiu%scéigﬁ?ﬁ{ toa%eagagmeigﬁf cREEF B IE rédu & HAber plesifre,
such a loweritdret gecawiling woall mdcesbariinrgiicéhe tpepuey biitheavaupar pompewblre,
typically, the ghambeeis gyacuaigd tranghiieidewal dadiepume. Tereye P fRErUiR agsa, and
therefore the Bump_sheed and ags flow, faic. s inyegi the walsrg;celling beioht. The iaquired

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.
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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 distributidhfindiil 2éggysilicon
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 byMPEROIPURTRALY, TH Mk SrhdiadhtatRRd CRfeiurd @xEndstfsn INe Bbaam of the
chamber to thedop ofirtbersidevwalb]05.sThheffectitveriraging yate akthe tuthd: pamp 410 islanited

oy the area oldge angrigs, 4p%. whishds RigpPtianablo e icighhotiigsidevialidhe and hefefore
proportional to the height of the ceiling 100 abqve the wafer 41 2 0 JUN 2UQ6 pedestal 110. \While the

problem of mEnRIRgPGEEHETIPPréitR iR SPERtREmBErprEsatteidGHrfcutdry BeuB A the
case of polysiitod eech@rbcassesds senforth ahdyd, thid vamed ploplenwexists iflhetahetcRF

processes and silicqn 0xige Bickh PEecess aswrlAsdlasmeretaibpocasses ingeoergh s stherefore
a goal of the invention to ptrPLvide superior etch Profile and uniform Rroge conditions across the
: 2 e it B

wafer surfacesfeo?%lw%é varl%?y o] ﬁagln%g%t& proc%ssless, ?n%‘]%llﬁﬁ ?c?l?%ﬁi In )oxidgbtch,

polysilicon etcBili€deeetchhsllicapaiitrisadittPandpdipeenerh, fof exdifpleadpimam Sizé of
Aperture in the Qverbead Riufigmeé rArpiTatar densiuii thbirproblemas taagdiusidhedstiameter A
or 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 value. 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 1s 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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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 ap?é@tu?@'fv?fm) 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, alte rhdRstof threasehiraldgrentide @fthe' cellbaenhadl?!) isindredsehtoethelomint at

which an optimaliydiiferm plasma ignedensity distribyban i realized. inthiswayetiere-isine peed to
decrease the w fer-tt(l)éceimg hei%?;[a(éi the ij%ti-ra ius dome-E?hapled cegi\r,]g, asﬁgnli&%ant advantage.
e a

4229 JUN 2 I\/Fore generaIF,l F sallgr?a la%% icator (e.g.,atﬁe overhead coi Fa 1%3) is

characterized ®YRERRERPNAZIILC IRtHEL E4s& BN I ¥ighhiL PPl @i6hhRVRGSEan BEaE ohmed with a

single aperturems Teptrabopeniy; diemeangagiusdh g swni ekils OdeE sadémer ragibdivised by

two. (If the Rgﬁ)?@g@&ggglicaégrdis ce¥ised qf mere thg&ppgean%weﬁcé{%éﬁ%n the mean radius
f Ius i fi

is computed differently.) In, any case, the mean radius is the meanof the radii of all finite

circumferentiat BiHSRS o Be RE S8 dppfiv&iof ! BRd dharaRsFeShe i f akhUtd® of the RF
signal applicatdedicressing thedapesture rabiiis isrone specids afuttteemadre gen&aEopey atiahsof

increasing thejogap Fadys of tHe RErsionaharelsaioerT hsraeanradiys Alfects herediak disgribution

OfMasmaIongﬁggﬁé%gﬂgg%ﬁg&ﬁgggg 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") (2") (14") (8") (15"M) (2m)

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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‘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 distributio%ﬁe;@wﬁ@xﬁor a given
ceiling height) by selecting a mean radius of the RF signal applicator between tremes at
an optimum value. 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 dBAYertfigR Sdi8iBltES t¢ 8 "FBgafe R kRNt SBRIHSHABUNRPITH A oRIPHBSRIty is
expressed asreperceatagecthat 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 distributibf of’ PlaEPio T YERERy &fthd Water 2aricRESARRETIGHT tHY nGRBRAG It TS zero
so that the distnbertizn ipemEormappd3 e HoN 2066 avieaberehriyaltloidwf &oarsteriigh” and

"center-low” exfxeines. The ahseisea (hrizostalaxislds the wrangadiusnofths Rf siggakapplicator.
Each curve in FIG, 32!: correqunds tci a diff(rlglrerétrp%l}ﬁilicon etch process performed _employing
different gas &?eerﬂ%ﬁle@,' diﬁererllltechar%%er p?esshres and diﬁgfsentqflg%gﬁrrce %‘8 FIE%Is Phe

intersection of&héM Etirveawith e 8Bséldshl indiehiay e idédl mehR radiosIThe @POEES oficiirve A
of FIG. 32 is paHerned@t averydowrahagahipeessyieEsinga nixte of chiede antroxygen. The

mncessofcugﬁEE(%ﬁwﬁg%%k%re 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 mean radius).
However, it 1is 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) /R, of the total ceiling height H+h to the mean radius Ry,

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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.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 aZdw.barfiier
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 specifigaley iboldisiw Erberpp IR biors sforavehal rewiyr, basovedredidigdaliappiicator

aperture meagjagdiusiQi£:8%is: suitabledensueh prlysilicon efphdesesshss Intthegeactor of TABLE
E below, the wfteﬁhraéji%eq_]fﬂe gv%li_peag cgil Al2, is preferably 15.1%5 em 6.07C'; and the qutside
radius of the ‘'overhead coll IS pretferabr‘;)/ 10985%85'3 TRBPE EBnDarr 185 cni5 em35 o

cm37.5cm5 cFPt4.2%iR9g (12t (159RECY i RRoulPEeé noted Hat wHEE a totrdh hdiyhttHreh on the
d f15 17. iscl , | height H+ 0J 6 b high
order of 15 731170 s bean a3 e G442 JUN 2006 oy b g i

as 20 cm or more, upon the process requirem e various curves o

affected by ch&@fge8in SdedhowErRIPSREtY o B3 0VePhe@BUH arteMi# 12D, B) cRBRjéRH

chamber presgsiire @ liichdrdges @ process gagachemigint leciomidiatrbution hesrgreatele

tendency to exhifit g.cenigrbioh hghavigritthesource pawetis daereased pp if the shamper pressure

|sdemeasedé¥gﬂgnt 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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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 left (for a lesser ideal mean radius). However, it is anticiéa%élma?“@r 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 tdeputalitgitng hamgimithatlo temmabaafieslR, dfdhe dilsintenead ihdheffange
between aboug 9,%.ard dria et g nutrradiesdome shengdceiinge Preferably; g MylY-radiys dome

shape of the ceiin tis suc? .th’ilt thetraé'&cl) R/r %f its major and r?inor E_aq_ll.hes in the range between 2
and 10, as disStSSEd ABovéd it thi§ Specificafion in‘ohe” preferred Enbotimeht tRe FAREtHERIRM of
the total ceilingthedgincedke eoNAEahdAius FeapsroRimaleyilgs senaate thdhafaratgmater is in
the range of 1fe22.2am. dthe ipveatieads yseful forylasmacmgtehingeamealthen follaying materials:
polysilicon, silicon dioxi d al J 6 The.following applications have already been
described in tkﬁggég)%cif%?@n:%%étc_%{r%ggr%eg#a%g}j%%eé%gaglggvr%%l\f/avﬁh tz;i%rreléft%l}reltcl—;}IEJ'QFYocess
can comprise 3PREEPEAE BF théYolldRhg ERENS1MorReIBES 2, FRECIHEBYY wHid&hevedifig
height above thenfafee supfbre canbefINX5 Lo and ¢hedif sigrnaddregpienhyican keabeul2 MHz. In
etching silicon gixjde, giprocess,9as gampaible with a sligan-oxide r@iEb Locess can fampise at

least one of the following etchant precursors: a fluorocarbon, a fluorohydrocarban, while
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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‘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 ak JUIh: Wker
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 FITL VhikOiR thE prsfetrediamssd@imend fio bsietheahick ey ael akterbpsublichs of the

ceiling are muit-tradiuardbrpespepeilcsturfaces: ipaoclterestive eprkatbimenl thensderiormpitic radius
dome- shapeqn%?falcleeatltgegogglflgée chamber may P_?" )OI’(E dgq byap ﬁgr,l.gr Ilneft; o]% ;raﬁ)l[e ge

shape, so that ceiling itself may be anather shape (e.qg., at? Inany case, itis pre

top interior sUPfaCR of RS o REAEIE iR be R raﬁﬁ:fgedoﬁ%‘%pé’dltsuﬂaé
“Advantages af tied nvepdorvahesinvelhtiea as deskPibethabGy/é)providésradaantdfesmmpaoigen 46 2 0

JUN 2006 depasitin.azinpainat elagiic figldniopgensity shdda flaxnditegtiopalitiandelegtion
temperature. g eCIfIC%| ly; the the ehec_J[rlc fleld at tthr? wafer is redgce7d gelatlve flxed set of process

conditions, re |ng dewce amage. The reglon wﬁgrré%ns re produgled tﬁé’r@@oﬁ nE8rest the
coil) is remotéSfom thewael¥6 R -aRrbrmilies therdiheare amﬁ@ll@rétedﬁy%h dffUsierebefore

reaching the wafesmsuriaoe). Thedan flox isioiecallisigiad setbat a geperadly tRwer Siaseveltage on
the wafer sufficpslo aENIEBYR) to 27.5 em (11v). 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
{(om) . 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 € 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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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 exis Serllith 2006
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 upuarjthe appficatiomforeximpleatoimeta erett, ipolybiticeipetchesiicdy trgleietch, and so
forth. On the yotherchapg, hasarse ahihede pracess windowgad wide- applicability g{the ivention,
the same reactor embodying th% in\t/er#tlgon including cg'&lling heti%k]: ancciiannula]rfcoi mean radius
dimensions fa I}r?én\?vﬁﬁ% th raangoe% of the Avention as $6t for errglnlr%gy 84ffic ?orsl‘ﬁgﬁv&r all
plasma etch apphéatRiraye S nadalbxidé dhdPolysiliBewersy withebe rapisrg dladificatien or
substitution, asignifiggnthadvaitages The pupese-atitis seetion. of theypresest specifigaion is to
point out certain e [ ' on the particular application. 47.2 Q JUN
5006 For a 208 e (011 T e oo bbut et nih b i et
processes is prefERBIFAESFET Hutl haydiedf LRangEYF 25 Chales B 1BASERY 18XCEE Bxdle etch,
the ceiling heRyit limsiin 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 ra of 15 cm (6") to
(3 In alteé%gkgvé)é%boé{hents, the cefggng can £n lude 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,

BC1l HCl, HBr. Then, the ceiling is at a height above the

2
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 is 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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-30 cm (12"), and for silicon oxide etch lies in the range of 12.5 cm (5") to 27.5 cm (1111). 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 cr?é " ﬁllﬁ'i 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 ran %ebut the preferred value me%ebe around 22.5 cm (97). At least some of the foregoing

differences bét hngpﬂiﬁczﬁilbng ansad tg F3€ frtf)ﬂ?tk%%ﬁ’%ﬁﬁg.lq’h% oxide? %t%pr%‘%8§§
requires a highep igmfltie dehshty anihechafaresnrfiediisn fetalospaigsiicon Etctbprocesdes, and

therefore a lowgr aadling hieightda prgfﬁiredhzhecﬁ{mwrcoﬂs;neaufadiéﬁéartp_giyswggﬁ@m%o
processing isgggeraly e.pqlysilicon

larger_th r metal qr silicon_oxide _etch prqcesses because p
etch processes er%%ydgaf)%as?naaébogl?rénempgﬁgeﬁlt f?erdug%eléﬁ m%(% %Sﬁerjlgbc‘-% 6‘-’ltint}1leesl i er)
than the othe PRIYE pF&es38RPSHMmMEBNPofr@BImaty ShBHardde<CBY FPodds<Mn thd praienRd

embodimentsy #e cailidg défines aange- ratlieddameishapedtbtedivr surfacel ot the ehesmtrrithaving
48 20 JUN 2006 majoF ARdmingy radii-Bavipg aaligihereeiveenslyin gl a,4aage of approyimately 2

to 10. The reactor the chamber diametér is about 35 cm, and the mean radius of the signal applicator

is about 17.5 BRP $55Fe @@ S mbfe GEMBAITLHR ¥ififgHeRHS I #RPPRfeClr PEI685A5 chffor a
chamber diameter Emcéedingar00Lems tOortheakiltiehéighl s imtheetarigewE10 teBDem fer,a

chamber diameier ex¢eeiinGith 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 Cejling 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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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 whér8 HBNVaSr 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: chlgrine, BC121 HC1, HBr. Then, the
ceiling is at arh%}'g}j?eab?ﬁg{ﬁg SUPPbreH AARGE BB Ul Y B & Fi S 3 (BEY, #RF thean
radius in a rapgevealicut Ths crigee2085 ci (U tindrendistrmnslsstas shiipRamtly rgeior
accommodate@2-mmadyatesner, the cedimiisp! a keighkabeya #)e suppert iainengg afgbout 10
cm (411) to 38 cme%Z")Gttéedm%rﬂ%diug 'ﬁ eiPi range oft bou%lz.gghclrg1 é%) i%Se gm %.4 and the
chamber is sufﬁcient&ﬁa?f_:]e to accommodate a 80 mm wafer. fihe process gas IS compa iBfe with a
silicon oxide &é€RePrREREs SPREYIRCREE AR st B JPRie-TIBwWATY eitRentEdtettrsGid dor
fluorocarbon,@ofllorappdrocarh crpdhiengtimeedd 2 6 iINL006 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 cmto 27.5 cm and
the chamber is sufficiently large to accommodate a 200 mm wafer; or, the ceiling is at a height above
the support if'@ e aﬁéhgfﬁlbtérﬂ%%scrﬁ,eﬁ% HEST AR i3 955Rge oPEbSREE - Eho 35
cm and the charfibeens sufficiently ¢digreniechcenhpdtitens S00 kim dafennfiges peostsshas is

compatible wifh 2RAINHHGEPN gICh PrREESSi bations thereof may be made without

departing from the true spirit and scope of the invention.
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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 g [feigibi oté/e 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 meaf¥&diS 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 cBfingherfrtVer Tive WeaPr sUpPUrE BhtiSZe (or mean radius) of an

aperture in an annular overhead gg_i(g md&gg%;_(pe%g Othey;fe tures, of glqlg]}/ention 50 2 0 JUN 2006

may be carried out in accordance with their details set forth above in the absence of a multi-radius
dome-shaped interior surfaceyadjatenithe tettinguppi exampke, arftat €edinganay he-employed while
adhering to the teachings given in the foregoing specification of the optimum ceiling height and/or coil
aperture operfitg™&ar radius. While the invention has been described in detail by specific

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 into said
chamber, said overhead RF signal applicator comprising plural
concentric spiral conductors having radially interior and
exterior ends, said intericr ends being connected together
near a commen axis of symmetry of said plural concentric
spiral conductors;

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

said pedestal being spaced from said ceiling along
an axial direction at a range of about 7.5 to 30 cm and
capable of supporting a wafer of a diameter ranging generally
between 200 mm and 300 mm so as to improve uniformity of ion

density distribution.
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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. 51 2 D JUN 2006 CLAIMS 1.
An RF plasma reactor, comprising: a reactor chamber including a ceiling; a gas inle€ fbripaighg a
process gas into said chamber; an overhead RE' signal applicator near said ceiling for applying an RF
signal into said chamber r(()eugpesacidC creilig% tocnfgilnlgair&a pla%m% g{ gai% gg%ei%gasiinto aid
chamber, said overhead signaﬁapﬁllcator comprising pIuravﬁ Eoncentric spiral conductors aving

radially integigpane: exderiarendsy saidriaesior ends bengconnected tegeIbar d1eay & eprampn axis of
symmetry of said plural concentric spiral conductors; a wafer pedestal in said chamber for supporting
a semicondifcforwEifRR o Frddietebscd arheRerefly Yadid g2 PslafidnShi Pélafivé E8BaRIEsiey along

an axa) dregta skRedssiahelng spaced o sail celing alano gl irection ot a range of
about 7.5 to 30 cm and capable of supporting a wafer of a diameter ranging generally "between 200
mm and 300 mm so as to improve uniformity of ion density distribution. 52 20 JUN 2 2. The reactor of
Claim 2 wherein said RF signal applicator has an annular distribution with a center void and has a

mean radius between said void and an outer circumference

3. The reactor of Claim 1 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 5 to 25 cm.

4, The reactor of Claim 1 wherein said ceiling height
is in the range of 7.5 to 27.5 cm and said pedestal is

capable of supporting a wafer of a diameter of about 200 mm.

5. The reactor of Claim 1 wherein said ceiling height
is in the range of 10 to 30 cm and said pedestal is capable

of supporting a wafer of a diameter of about 300 mm.

6. The reactor of Claim 1 wherein said ceiling

comprises a flat interior surface facing said wafer pedestal.
7. The reactor of Claim 1 wherein said ceiling
comprises a smooth three-dimensionally shaped interior surface

facing said wafer pedestal.

8. The reactor of Claim 7 wherein a highest part of
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of said RF signal applicator between about 7.5 and 35 cm. 3. The reactor of Claim 1 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 5 to 25 cm. 4 FhUiea886r of Claim
1 wherein said ceiling height is in the range of 7.5 to 27.5 cm and said pedestal is capable of

supporting g wiaferof a.diagieter ofabaut 20040, 5s The Jeagior of Clahhgai spid ceiling
height is in the range of 10 to 30 cm and said pedestal is capable of supporting a wafer of a diameter
of about 300 mm. 6. The reactor of Claim 1 wherein said ceiling comprises a flat interior surface

facing said wafer pedestal. 7. The reactor of Claim 1 wherein said ceili,ng8 comPrises a smooth

three-dimensionally shape8$ntERdF5arRatd fatifisdid WARF pLbeStdt: AR GledieRim 7
wherein a highgst part pf 33,20 JyN.2006-said;irterior surface js digpgsed.at said ceiling height. 9.

The reactor of Claim 1 wherein said ceiling defines a multi-radius interior surface of said chamber. 10.
The reactor of Claim 9 wherein said interior surface has a major radius and a minor radius defining a
ratio therebetween in the range of about 2 to 10. 11. The reactor of Claim 7 wherein said interior

surface has an apex lying at said ceiling height. 12. The reactor of Claim 1 wherein said chamber has

a diameter gfthetween abpyt302nd-66 sM 3. Fhe feacior of Glaim i wheseinsaid cellingds at a
height above said support in a range of about 7.5 cm to 27.5 cm, said means radius of said RF signal
applicator issmzface has a major radius and a minor radius defining a ratio

therebetween in the range of about 2 to 10,

11. The reactor of Claim 7 wherein saild interior

surface has an apex lying at said ceiling height.

12. The reactor of Claim 1 wherein said chamber has a

diameter of between about 30 and 60 cm.

13. The reactor of Claim 1 wherein said ceiling is at a
height above said support in a range of about 7.5 cm to 27.5
cm, said means radius of said RF signal applicator is in a
range of about 7.5 cm to 22.5 cm, and said pedestal is capable

of supporting a 200 mm wafer.

14. The reactor of Claim 1 wherein said ceiling is at
a height of about 10 cm to 30 cm, said mean radius of said RF
signal applicator is in a range of about 12.5 cm to 37.5 cm,

and said pedestal is capable of supporting a 300 mm. Wafer.
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range of about 7.5 cm to 22.5 cm, and said pedestal is capable of supporting a 200 mm wafer. 14.
The reactor of Claim 1 wherein said ceiling is at a height of about 10 cm to 30 cm, said mean radius of
said RF signal applicator is in a range of about 12.5 cm to 37.5 cm, and said pedestal is capable of
supporting a 300 mm. Wafer. 54 2 0 JUN 2006 15. The reactor of Claim 1 whe jn‘ggidzg%ﬁling isat a
height above said support in a range of about 7.5 cm to 27.5 cm, said mean radius of said RF signal
applicator is in a range of about 12.5 cm to 27.5 cm and said pedestal is capable of supporting a 200

mm wafer. 1 The reactoripé Clainrt avhesgincsadd geiling isatacheighs above saithspporkin a range
of about 10 cm to 30 cm, said mean radius of said RF signal applicator is in a range of about 15 cm
to 37.5 cm @nd'&dit e ddepdISs EapdoRIEPtpporting & 308 Inmiwake U7 7Fie fFEadtor sf'Chim 1

wherein the JelonL of saidceling.abaye saidl wafepggestal and saimeapaadiis glsajg, R signal
applicator define a ratio therebetween in the range of approximately 0.8 to 1.5. 18. An RF plasma
reactor, comyaisirg.cef redciatcli@mberinctudiag ascetlingiralgas inleptadsspplying aqupeedsegas into
said chamber; an overhead RF signal applicator near said ceiling for applying an RF signal into said
chamber thidtighERP TeHing 16 r%é)lﬂtdm‘a“fﬂgﬁﬁa of said process gas in said chamber, said RF
signal applicator having an annular distribution corresponding to a mean radius of said RF signal 55

16. The reactor of Claim 1 wherein said ceiling is at a
height above said support in a range of about 10 cm to 30 cm,
said mean radius of said RF signal applicator is in a range of
about 15 cm to 37.5 cm and said pedestal 1is capable of

supporting a 300 mm wafer.

17. : The reactor of Claim 1 wherein the height of said
ceiling above said wafer pedestal and said mean radius of said
RF signal applicator define a ratio therebetween in the range

of approximately 0.8 to 1.5.

18. An RF plasma reactor, comprising:

a reactor chamber including a ceiling:

a gas 1inlet 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 RF signal applicator having an annular

\

distribution corresponding to a mean radius of said RF signal
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2 0 JUN 2006 applicator, said overhead RF signal applicator comprising plural concentric spiral
conductors having radially interior and exterior ends, said interior ends being connected together
near a common axis of symmetry of said plural concentric spiral conductors; a wafer pedestal in said
chamber for supporting a semiconductor wafer to be processed in generally faciﬁg0 rél&tidiEhip
relative to said ceiling; said mean radius of said RF signal applicator being in a range of about 7.5 to
30 cm and said wafer pedestal capable of supporting a wafer having a diameter in the range of 200
mm to 300 mpp 110 Thenreactoricf Clairrhe adhe®m saidrandulapdisiritation haap mrerrgdius and
an outer radius, sajd mean radius beinf an average of said inner and outer radii. 20. The reactor of

Claim 18 whErdPdaif CBMfiRG tddfine®d hillti-ratL dbieshaed hiterfs? Sartade HR5&HE @hamber

having majoyandupingr radii baying a satio fthersbeyyteendwngdn dyrangs:of apRioxigiately.2 to 10.
21. The reactor of Claim 20 wherein said chamber diameter is in the range of approximately 30 to 50
cm. 56 2 0 JN 20606 2nmerreactdsof Qlaimy2inwheeincdaicspadestal isr ehpabie o sdpparting a
wafer having a.diameter in th range of approximately 15 to 30 cm. 23. The reactor of Claim 20
wherein saig%ﬁﬁﬁége?odf r%%%eorrls about 35 cm, and said mean radius of said signal applicator is

about 17.5 cm. 24. The reacferfclaianis varerain said meansagdiis i$J asiangsof i e to 22.5
cm and said pedestal is capable
semiconductor wafer to be processed in generally facing
relationship relative to said ceiling;
said mean radius of said RF signal applicator being
in a range of about 7.5 to 30 cm and said wafer pedestal
capable of supporting a wafer having a diameter in the range

of 200 mm to 300 mm.

19, The reactor of Claim 18 wherein said annular
distribution has an inner radius and an outer radius, said

mean radius being an average of said inner and outer radii.

20. The reactor of Claim 18 wherein said ceiling
defines a multi-radius dome-shaped interior surface of said
chamber having major and minor radii having a ratio

therebewteen lying in a range of approximately 2 to 10.

21. The reactor of Claim 20 wherein said chamber

diameter is in the range of approximately 30 to 50 cm.
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of supporting a 200 mm wafer. 25. The reactor of Claim 18 wherein said mean radius is in a range of
12.5 cm to 37.5 cm and said pedestal is capable of supporting a 300 mm wafer. 26. The reactor of
Claim 18 wherein said mean radius is in a range of 10 cm to 30 cm and said pedestal is capable of
supporting a 200 mm wafer. 27. The reactor of Claim 18 wherein said mean radiddisIUN diFnge of
about 12.5 cm to 37.5cm and said pedestal is capable of supporting a 300 mm wafer. 57 2 D JUN
2006 28. The reactor of Claim 18 wherein said mean radius is in a range of about 15 cm to 37.5 cm
and said chamber is suffitientlydargecto actorfimilate’d 300 mme wafera2d. AreREgglagma seactor,
comprising: a) a reactor chamber adapted to process a workpiece, and comprising a ceiling; b) a gas

inlet adaptecPReUbpIPHrotbER GRS TS thechamibdt te Jadinfertbubie thiht fest TiR%ipply of

process gag gapable of farming within the ehamper a plasma adapted for one of: metal etch, silicon
oxide etch, polysilicon etch, silicide etch, nitride etch, or polymer etch. ¢) an overhead RF signal

applicator near the ceiling capable of applying an RF signal into the chamber through the ceiling to
maintain a glasma therein; dg a%/vafer

edestal in,the, chamber for.supporting a .semi ort}ggjctor wafer to
be process dn generallf; Facmg erae(fé—tgo%sh?p? re??:;lﬂ[i%% t%le ceiliHB% ognlgnangsaa;qlaﬁF dﬁ’%g lon: "and e)
wherein theplas@adiasia ragiaghien gensity and said mean radius of said signal

applicator is about 17.5 cm.

24, The reactor of Claim 18 wherein said mean radius is
in a range of 7.5 cm to 22.5 cm and said pedestal is capable

of supporting a 200 mm wafer.

25. The reactor of Claim 18 wherein said mean radius is
in a range of 12.5 cm to 37.5 cm and said pedestal is capable

of supporting a 300 mm wafer.

26, The reactor of Claim 18 wherein said mean radius is
in a range of 10 cm to 30 cm and said pedestal is capable of

supporting a 200 mm wafer.
27. The reactor of Claim 18 wherein said mean radius is

in a range of about 12.5 cm to 37.5cm and said pedestal is

capable of supporting a 300 mm wafer.
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distribution near the plane of the pedestal which is a center- high radial distribution for a greater axial
height of the ceiling above the pedestal and is a center-low distribution for a lesser axial height of the
ceiling above the pedestal, the axial height of the ceiling being intermediate theé%ﬁ&u&%@ﬁ greater
and lesser heights such that the radial ion density distribution is intermediate th - and
center-low radial distributions. 30. The reactor of Claim 29 wherein the gas inletis coupled to a
supply of at least one of chlorine, BC12, HCI, or Hbr. 31. The reactor of Claim 30 further comprising
the RF_signal gpplicator haying signabwith 2 tequengy of ahoul 2, iz 22, The fegeiar of Claim 29
wherein the gas inlet is coup?e toa supp?y of &t least one of the f%llowmg etchant precursors: a
fluorocarbon,ior afluosekydrecarheau33. The eeactar of ClaimeadR tusihersedraprisiagitie REssignal
applicator having signal with a frequency of about 2 MHz. 34. The reactor of Claim 29 wherein the
gas inlet is CBHglicehcéte]@ﬁ%tyoﬂ@§8§pl§/%f%%@%%Iériﬁ@,%r%ﬁaéﬁdfat least one supply of at
least one of oxygen, a non- reactive gas, and inert gas. 35. The reactor of Claim 34 further comprising
the RF signal applicator having signal with a frequency of at least 10 MHz. 59 2 0 JUN 2006 36. The
reactor of Cléif.34 furtherrcon®prising smaacueartor, comprising:

a) a reactor chamber adapted to process a workpilece
and comprising a ceiling;

b) a gas inlet adapted to supply process gas into
the chamber, the gas inlet coupled to at least one supply of
process gas capable of forming within the chamber a plasma
adapted for one of: metal etch, silicon oxide etch,
polysilicon etch, silicide etch, nitride etch, or polymer
etch.

c) an overhead RF signal applicator near the ceiling
capable of applying an RF signal into the chamber through the
ceiling to maintain a plasma therein;

d) a wafer pedestal in the chamber for supporting a
semiconductor wafer to be processed in generally facing
relationship relative to the «ceiling along an axial
direction; and

e) wherein the plasma has a radial ion density
distribution near the plane of the pedestal which is a center-
high radial distribution for a greater axial height of the
ceiling above the pedestal and is a center-low distribution
for a lesser axial height of the ceiling above the pedestal,

the axial height of the ceiling being intermediate the
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pump and further comprising the chamber having a pressure of less than 20 mT. 37. The reactor of
Claim 36 further comprising the chamber having a pressure of between about 1 mT and 5 mT. 38. The
reactor of Claim 29 wherein the RF signal applicator comprising plural concentric spiral conductors
having radially interior and exterior ends, the interior ends being connected togeghgr mgrogpsommon
axis of symmetry of the plural concentric spiral conductors, and wherein the pedestal being spaced
from the ceiling at a range of about 7.5 to 30 cm and capable of supporting a wafer of a diameter
ranging generally between 200 mm and 300 mm so as to improve uniformity of ion density
distribution. 39r Thés8actef of €I&iAT 2D sikErem hedRF Higral tasplicatbr hasiam affnrk distribution

with a center yoichand, ias,a meaniredilisReiwees theyoickand anputer creymierence-otihe RF
signal applicator between about 7.5 and 35 cm, and wherein the pedestal being spaced from the

ceiling at a raﬁ@@iéﬂaﬁc}tﬁtf%%%bo&ﬁ 'and capable of supporting a wafer of a diameter ranging
generally between 200 mm and 300 mm so as to improve uniformity of ion density distribution. 60

30, The reactor of Claim 29 wherein the gas inlet is
coupled to a supply of at least one of chlorine, BCl2, HCl, or
Hbr.

31. The reactor of Claim 30 further comprising the RF
signal applicator having signal with a frequency of about 2

MHz.

32. The reactor of Claim 29 wherein the gas inlet is
coupled to a supply of at least one of the following etchant

precursors: a fluorocarbon, or a fluorohydrocarbon.

33. The reactor of Claim 32 further comprising the RF
signal applicator having signal with a frequency of about 2

MHz .

34. The reactor of Claim 29 wherein the gas inlet is
coupled at least one supply of least one of chlorine, or HBr,
and at least one supply of at least one of oxygen, &a non-

reactive gas, and inert gas.
35. The reactor of Claim 34 further comprising the RF

signal applicator having signal with a frequency of at least

10 MHz.
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36. The reactor of Claim 34 further comprising a vacuum
pump and further comprising the chamber having a pressure of

less than 20 mT.

37. The reactor of Claim 36 further comprising the

chamber having a pressure of between about 1 mT and 5 mT.

38. The reactor of Claim 29 wherein the RF signal
applicator comprising plural concentric spiral conductors

having radially interior and exterior ends, the interior ends
being connected together near a common axis of symmetry of the
plural concentric spiral conductors, and wherein the pedestal
being spaced from the ceiling at a range of about 7.5 to 30 cm
and capable of supporting a wafer of a diameter ranging
generally Dbetween 200 mm and 300 mm so as to improve

uniformity of ion density distribution.

39. The reactor of Claim 29 wherein the RF¥F signal
applicator has an annular distribution with a center void and
has a mean radius between the void and an outer circumference
of the RF signal applicator between about 7.5 and 35 cm, and
wherein the pedestal being spaced from the ceiling at a range
of about 7.5 to 30 cm and capable of supporting a wafer of a
diameter ranging generally between 200 mm and 300 mm so as to

improve uniformity of ion density distribution.
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