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BACKGROUND Capacitively coupled plasnma reactors are used in fabricating
sem conductor microel ectronic structures with high aspect ratios. Such
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BACKGROUND
Capacitively coupled plasma reactors are wused in
fabricating semiconductor microelectronic structures with high
agpect ratios. Such structures typically have narrow, deep--
20 cpenings through one or more thin films formed on a
semiconductor substrate. Capacitively coupled plasma reactors
‘are used in various types of processes in fabricating such
éevices, including dielectric etch processes, metal etch
processes, chemical vapor deposition and others. Such reactors
25 are also employed in fabricating photolithographic masks and in
‘fabricating semiconductor flat panel digplays. Such
applications depend upen plasma ions to enhance "or enable
desired processes. The density of the plasma ions over the
surface of the semiconductor workpiece affects the process
30 parameters, and is particularly critical in the fabrication of
high aspect ratio microelectronic structures. In fact, a
problem in fabricating high aspect ratio microelectronic
integrated circuits is that non-uniformities in the plasma ion
density across the workpiece surface can lead to process
35 failure due to non-uniform etch rates or deposition rates.
A typical capacitively coupled reactor has a wafer support
pedestal in the reactor chamber and a ceiling overlying the




A typical capacitively coupled reactor has a wafer support pedestal in the
reactor chanmber and a ceiling overlying the WO 03/100818 PCT/ US03/ 16559
waf er support. The ceiling may include a gas distribution plate that
sprays mooBdesiggas into the chanber. An RF power sowcxarsisiessopl i ed across
the wafer support and ceiling or wall to strike and maintain a plasma over
the wafer support. The 5 chanber is generally cyI indrical, while the
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K One such approach is to provide z set of magnetic colils
spaced circumferentially around the side of the reactor
chamber, the coils all facing the center of the chamber. A
relatively low frequency sinuscidal current is supplied to each
20 coil, the sinusoidal currents in adjacent coils being offset in
phase so as to produce a slowly rotating magnetic field over
the wafer suppdrt. This feature tends to improve the radial
distribution of plasma ion density over the wafer support.
Where this approach is employed in reactive ion etching, it is
25 called magnetically enhanced reactive ion etching (MERIE).
This approach has cextain limitations. In particular, the
strength of the magnetic field may need to be limited in order
to avoid device damage to microelectronic structures on the
semiconductor workpiece associated with the strength of the
30 magnetic field. The strength must also be limited to avoid
chamber arcing associated with the rate of change of magnetic
field strength. As a result, the total MERIE magnetic field.

2




sem conduct or wor kpi ece associated wth the strength of the 30 magnetic
field. The strength nust also be limted to avoid chanber arcing
associated with the rate of change of nmagnetic field strength. As a

resul t, wohg/1e08tsal MERI E nmagnetic field -2 WO 03/ 1008t8uRGHL33803/ 16559 nay
need to be substantially reduced and therefore may face substanti al
limtations in plasma ion density uni form' ty control. 5 Another approach

is called configurable magnetic field ge é and e%tpﬂroys t he_sane
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pl ane o Jor kpi ece support, fromone side to the other. In addition,

10 the nﬁ%k%:eﬁcic field rotates about the axis of the wafer support, to
produce a tine-averaged magnetic field that is radial. This 1is all
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adjacent c0115 and a dlfferent {or cpposite) D.C. current to

15 the opposite pair of adjacent coils. The coils are switched to-

~ rotate this pattern so that the magnetic field rotates, as

mentioned above. This approach is wulnerable to chamber or

wafer arcing problems due to the abrupt switching of the CMF

magnetic fields, and therefore the magnetic field strength must

20 be limited. &s a result, in some applications the magnetic

field cannot be sufficient to compensate for plasma ion density
non-unifoxmities produced by the reactor.

Thus, what is needed is a way of compensating for plasma
25 -ion density distribution non~uniformities more efficiently (so
‘that the magnetic field strength can be less) and with less (or

with no) time fluctuations in the magnetic field.

SUMMARY
30 A plasma reactor includes a vacuum enclosure including a
side wall and a celling defining a vacuum chamber, and a
workpiece support within the chamber ancd facing the ceiling
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SUMMARY 30 A plasma reactor includes a vacuum enclosure including a side
wall and a ceiling defining a vacuum chanber, and a workpi ece support

wi thin the chanber and facing the ceiling 3. WO 03/100818 PCT/ US03/ 16559
for suppOrdilgegisa pl anar wor kpi ece, the workpi ece supporius@anesset he ceiling

t oget her defining a processing region between the workpiece support and
the ceiling. Process gas inlets furnish a process gas into the chanber.

Apl asma source power. 5 el ectrode is connected to an RF power generator for
capaci ti VeF SUEPGBELIRG DIPAEART SHRRKEL SpBueinS HPGk?Jr?é:ecﬁéiﬁﬁgrc % mai nt ai ni ng
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electric current 1n the first_solenoid el’ect r onagnet mhereb to generate
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| Houstr abge &Ah3AER ERACHAEWM S ! tn@vv%%aqcéﬁfup%&%t peggg and over head
coils faor controlling plasma 1on uniformit
‘ located along a common axis of symmetry A current source is

connected to the first solenoidal electromagnet and furnishes
a first electric current in the first solenocidal electromignet
whereby to generate within the chamber a magnetic f£ield which
15 is a function of the first electric current, the first
c electric current having a value such that the magnetic field
increases uniformity of plasma ion density radial distribution

about the axis of symmetry near a surface of the workpiece

support.
20
BRIEF DESCRIPTION OF THE DRAWINGS
FIGS. 1A, 1B and 1C illustrate a plasmz reactor with an
overhead VHF electrode and overhead coils for controlling
plasma ion uniformity. '
25

FIG. 2 illustrates an exemplary apparatus for
controlling the overhead coils of FIG. 1.

FIGS, 3A and 3B are graphical representations of a
30 magnetic field of the overhead coils of PIG. 1 and FIG. 3C is
a spatial representation of the same field.




FIG 2 illustrates an exenplary apparatus for controlling the overhead
coils of FIG 1. FIGS. 3A and 3B are graphical representations of a 30
magnetic field of the overhead coils of FIG 1 and FIG 3Cis a spatial

r epr eseMOBIW8180f t he same field. -4 WD 03/100818 PCPCUBSB/186559 FI GS. 4A,
4S, 4C and 4D are graphs of the etch rate (vertical axis) on the wafer
surface as a function of radl al location (hor| zontal axis) for various

nodes of oper eact of FI.G El GS, 3, 5C and 5D
are. graphs o?%%e '@t cﬁ é gbt'?’ée Igrg?l s) lCs)tr}ehe":\‘/:\/Iél"jlfI"ea‘rt%surface as a
functi on (o’rertachlalaxllsmamlm (tnh@er zsnmfabeaawsé fumctiion tdferagbdfes of
operatio Lhe PlaFlb( edr vhOiELG nidsS o2 GhapidRPe£ti ng et ch
rate as Q&?%ﬁ% g uﬁﬁ?&&&{a a%iﬁiféﬁ = GBIn7 and Bgﬁlluétrate t he reactor
of FIG . Gha ﬁF%‘PFOHS’fNEﬁGE Jrragnets FI G 9 depicts a nmethod of operating

t hesreactor of FIG |A 20 FIG 10 is a graph iIIustrating a conparative

exanpl e of tic pressure and_ion or ect dens as functions of
Thai Bl 1 ocat | BACEn Sib SBar ot il PRCEEY PiRRS ok A 1A s ha 11
is a graplvedepcal iaxjset oh that avafien- mfhgenasyaa@ncmbmrm& irediat coil
current. 1%%&131? h@:‘i%ﬁ?éf%{l@?‘ Al iQnedlstaddud LenoplrA96R 6011 current

in the exanple
the reactor of FIG. 1.

10
FIG. 6 is a graph depicting etch rate as a function of
magnetic field.
FIGS. 7 and 8 illustrate the reactor of FIG. 1A with

15 MERTE magnets.

FIG. 9 depicts a method of operating the reactor of FIG.
1A,

20 FIG. 10 is a graph illustrating a comparative example of
magnetic pressure and ion or electron density as functions of
radial ‘location on the wafer surface in the reactor of FIG.
1A.

25 FIG. 11 is a graph depicting etch rate non-uniformity as
a function of ceil current.

FIG. 12 illustrates radial ion distribution at zero coil
current in the éxample of FIG. 11.
30




30 .5.. WD 03/100818 PCT/US03/16559 FIGS. 13A and 13B conpare neasured and
predicted etch rate distributions at a coil current of about 11 anperes in
the exanple of FIG 11. 5 FIGS. 14A and 14B conpare neasured and predicted
etch r¥®O30008ts i butions at a coil current of about Pbraspasss in the
exanple of FIG 11. FIG 15 depicts a further nethod of operating the 10
reactor of FIG |IA FIG 16 illustrates a magnetic field distribution

obtained in a _reactor corresponding to FIG 1A 15 FIG 11 depicts the
gradi ent of tH&Ssqddheanst 19ﬁe°°‘??étjfﬁe¥“?és‘|’¥%jr @ngi PReicted #4FR he waf er

pl ane. Fréke J:ﬁsltlrh.liﬁiticaiseata@Qidl&r cibgdet idr Ghehel 1 shpebed iign obtained in
a react-O{Phcorres ondjf.r‘%% F A, 20 FIG 19 depicts the gradient of the
square o T hdah i &'t of FIG 18 in the wafer pl ane. FIG 20
illustrates a yet further magnetic field 25 distribution obtained in a

reactor corresj@andhpg ixﬂi 5.'4@ c&n?:areﬂngas@ﬁedj%ﬂhceﬂ?&l%eﬁr gdient of the

square of the  nmagnetjc lane. 30 FIG 22
depi cts JRt® %Pﬁépuﬁjéiq?oéto‘? GPer SEFRRPY IR 3PedktdY aﬁ‘PeF‘F%lnlA -6 WO
03/ 10081thPk=kip03/ d6565%. FLG 23 illustrates an exenplary mcrocontroller
operation for controlling the reactor of FIG IA FIG 24 illustrates a

pl asma reactor including features
FIG. 15 depicts a further method of operating the

10 reactor of FIG, 1A,

FIG. 16 illustrates a magnetic¢ field distributicon
obtained in a reactor corresponding to FIG. 1A.

15 FIG, 17 depicts the gradient of the square of the
magnetic field of FIG. 16 in the wafer plane.

FIG. 18 illustrates another magnetic field distributien
obtained in a reactor corresponding to FIG. 13.
20 .
FIG. 19 depicts the gradient of the square of the
magnetic field of FIG. 18 in the wafer plane.

FIG, 20 illustrates a yet further magnetic field
25 ~distribution obtained in a reactor corresponding to FIG. 1lA.

FIG. 21 depicts the gradient of the square of the
magnetic field of FIG. 20 in the wafer plane.

30 FIG. 22 depicts yet another method of operating the
reactor of FIG. 1A.




5 contained in the reactor of FIG |IA FIG 25 illustrates another plasna
reactor including features,. contained in the reactor of FIG |A 10
FIGS. 26, 27, 28, 29A and 29? illustrate a gas distribution' plate for the
react orwWOoB/1MBBS. 1A, 24 and 25. FIGS. 30 and 31 il kaswsatiessy her mal

control features in gas distribution plate like that of FIG 26. 15 FIGS.
32 and 33 illustrate a gas distribution plate . corresponding to FIG 26
havi ng dual zone gas flow control. FIG 34 illustrates a plasnma reactor
corr espondi nfiGo 220iFjustrahenaan MR ALcForentr®d18F st ri buti on pl at e.

FI'GS. 35,886ht36ni kbHSddn@t-81 EXEI Al Yesktdr 2@ne1@asiy.l ow controllers. 25
FIG 37 illustrates a plasma reactor corresponding to FIG 34 having three

overhead coils for controlling plasma ion distribution. FIGS. 38 and 39
depi ct differmg. gasilhjstobien halasm3Oreattoer haclurlirige fgatnmdisst ri buti on

pl at e of G. 26 for I L0 er,l ow or center high gas flow

i i bu :g‘cl%%asﬁ“egré%p%’%: ir%?%r‘:"*fﬁ%ﬁos}’ﬁnoms PCT/ US03/ 16559 FI GS. 40, 41,
42 and 43 illustrate different arrangenents of overhead coils for

control ling phasmsi oM udhsketbald@ar 51idESreddtand Abubihgstrate a plasma
reactor * corresponding to FIG 1A in \éfc}ﬁ%he verhead coils are replaced
b

by upper T&RtFISSWEPT GRSt B, TRDi18CEBD bw the reactor chanber to
produce a cusp-shaped magnetic field best seen in FIG 45.

10 FIGS. 26, 27, 28, 29A and 29B illustrate a gas
distribution’ plate for the reactors of FIGS. 1A, 24 and 25.

FIGS. 30 and 31 illustrate thermal control features in
gas distribution plate like that of FIG. 26.
15
FIGS. 32 and 33 illustrate a gas distribution plate
corresponding to FIG. 26 having dual zone gas flow control.

FIG. 34 illustrates a plasma reacgtor corresponding to
20 FIG. 1A having the dual zone gas distribution plate.

FIGS. 35 and 36 illustrate exemplary dual zone gas flow
controllexs,

25 FIG. 37 illustrates a plasma reactor corresponding to
FIG. 34 having three overhead coils for controlling plasma ion
distribution.

FIGS. 38 and 39 depict different gas injection hole
30 patterns in the gas distribution plate of FIG. 26 for
‘producing center low or center high gas flow distributions,

raspectively.




10 FIG 46 illustrates how the upper and | ower coils of FIGS. 44 can be
repl aced by configurable magnetic field (CVF) coils operated in such a
manner as to produce the cusp-shaped magnetic field of FIG 45. 15 FIG 47
i |1 ustrX@®&1808kbde of operation of the CWF coils of PEMESO#BswO produce a

desired magnetic field configuration. FIGS. 48, 49 and 50 illustrate an
annul ar apertured 20 plate in the reactor of FIG 1A for preventing plasm
ions fromentering the reactor's punping annulus. FIG 51 illustrates a

rectangul ar veF%$iSon48f 4he 42eapdofd idfusfraty Aifferentocessing rectangul arly

shaped WoEkpifeRacs 25 FIvarnBad i ddiust Eaf aford rbeRCAPIH1ERME esgroNdi ng to FIG
1A havi ng§a retractabl e workpi ece support pedestal. DETAI LED DESCRI PTI ON

30 The pFl HaliuSAoBensi ty distribution exhibited by a. particular plasm
reactor is a function of chanber pressure, gas mxture and diffusion, and

soug ce power E[Eﬂ,@ at4i402m§)a4§ %'EBffﬁBagr?V\Q 8§A%O%QCF%/ US03/ 16559 In the

present invention, thrs distri 1 I's” magnetica  .altered to
appr oxi MECETLSESSKADE et GT1G.ddAl inivbirhbthe Giverhaed ¢ridshbaBh predet er mi ned

to inprovepPiLesy Wb did Yowed MAgnEBORIdiq8! h¥odd taiieHe Déw okl ect ed

plasma ion density 5 distribuytion is such that process. . upiformty across
the surFaREEYT REPSRITH p&PgV\B‘? I@picé‘ég"f’kéaq%p%gléﬂ?lq:d"rle?ﬁitéesrppur pose, the

magnet i cakby prmract g8, pl asma distribution may be non-uniformor it may be
un'w orm dependi ng upon the needs determ ned by the user. W have

di Scovered that the '
FIG. 46 illustrates how the upper and lower coils of

FIGS. 44 can be replaced by configurable magnetic field (CMF)
coils operated in such a manner as to produce the cusp-shaped
magnetic field of FIG. 45.
15
FIG. 47 illustrates a mode of operation of thg CMF coils

of FIG. 46 to produce a desired magnetic field configuration.

FIGS. 48, 49 and 50 illustrate an annular apertured
20 plate in the reactor of FIG. 1A for preventing plasma ions
' rom entering the reactor’s pumping annulus. '

FIG. 51 illustrates a rectangular version of the reactor
of FIG. 1A for prbcessing rectangularly shaped workpieces.
25
| FIG. 52 illustrates a reactor corresponding to FIG. 1A

having a retractable workpiece support pedestal.

DETATLED DESCRIPTION
30 The plasma ion density distribution exhibited by a.
particular plasma reactor is a function of chamber pressure,
gas mixture and diffusion, and source power radiation pattern.
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10 efficiency with which an average magnetic field strength exerts
pressure on a plasma to change its distribution to a desired one can bed
i nproved. This surprising result can be achieved in accordance, with this
di scoveMP BiI0BHcr easi ng the radial conponent O the PgLadI3anssoof the
magnetic field. The 15 radial direction understood to be about the axis of
symmetry of the cylindrical chanber. Thus, what is needed is a nagnetic

fleld combl g 3llQRnehi fldidsnd LRI bafldles ff 301 ShineR0da sl | fi el d
strength in other directjons.. Such~ a magnetic fiel'd1s cusp-'shaped with
its axis 28FeESntr APPROXwItECc RPPpaNethoX hlemli distriweied| thidri cal react or

chanber.'ha@ﬁedraxp:eiie@éﬁﬁu@dnﬂuau@pb%ﬂesﬁ%&ésmgm%ﬁﬁtfﬂ.,el@héS to provide
chamber .and run "D.C. currents

coj t s abqve and | ow t he cylindrical ]

t hr ough %ﬁgggtlccoﬁ ¥ PhYoSFt EoTReEEE; Bf%stmaﬁ"’ﬁe‘b"’e‘?ﬁﬁtﬁg upon the chamber
desf gn, idisheibuigonnps antatc ahat t prquesei oel Zormdity betans the waf er pedestal ,
and ther gf,0Eg.d i & e .0n _col | . . Ges hese purposes. |n
addi ti on,% Wh%%é i%gar%éd‘é#ﬁé% O?G??Ftej‘%g:ﬁsg%s pggeﬁégngé% (':CElFlgel d to be
confi gur #HFECTR dAPFuBREMItdcROLY srrested goiashg| dbstRPusicereay &8 of a

pl asma i @BndustAdrAUbE Ok e beNEni frf, JhMSUhdiRkaSHE, I@RChR gL hanber (the
"anbi ent '&eﬁtlaasma | %n distri buts%%on% Si ch the plasma _ion distribution
provi ded FFREHBGY PH0ERS YEFr U/ iREEsgseRYererehRat d%ci ti vel y coupl ed

redlt or s efficimncy withelwhickueh awdjaget abjrdtiiy Mbyldestesagthi al in some
cases. Thg.fadi n is¢ fiel radienf is chosen to
apply the n%g etefgﬁgggcg-g%r élfgéra%&?’egﬁg@%aﬁ%esr d%ﬁgr%r%lgﬁt é% i stribution
t'o the dE8FHERF Pnst FabUY dmpreeed ox Thips eSUdFrishBy TRasiltedatlibtribution is a

uni f or m diaiévedatlihOBced phckh@icRRplL edi SmaReY 6y gl daksngalct ed to
counteract .fhe non- unif ty in the radial distrjbution of plasma ion
density radial component 4¥FQhe gradient of the magnetic field. The
15 radial direction ils understood to be about the axis of
symmetry of the cylindrical chamber. Thus, what is needed is
a magnetic field configuration which has a large radial
gradient and a smdll field strength in other directions. Such
a magnetic field is cusp-shaped with its axis of symmetry
20 ~coinciding with the axis of the cylindrical reactor chamber.
One way of producﬂng a cusp-shaped magnetic field is to
provide coils above and below the cylindrical chamber and run
D.C. currents thrdugh these coils in opposite directions.

25 Depending upen the chamber design, it may be impractical
to provide a2'coil below the wafer pedestal, and therefore in a
first case, a top coil suffices for these purposes. In
addition, what is needed is for the cusp-shaped magnetic field
to be configurable or adjustable for accurate control or

30 alteration of a plasma ion distribution inherent in a given
plasma reactor chamber {(the “ambient” plasma ion
distribution). 8ince the plasma ion distribution provided in

9.




exhibited by the reactor in the absence of the magnetic field. 10 In this
case, for exanple,, if the reactor tends to have a center-high
distribution of plasma ion density, then the magnetic field gradient is
chosen WO BUMBWIi n the plasnma density over the cent ePCcDiSBHessNAf er support
pedestal and enhance it near the periphery to achieve uniformty. 15 Such
adj ustability of the cusp-shaped nagnetic field is achieved in accordance

wi th our dlscover r |d|n st a second 0 a il of a

di f f er et EREGE céﬁﬁ%/’rtgr Ydf S r??\%%m’tsh@af’l §EFWT%§%% C. currents
in the zajﬁesatﬁ.aﬁtyanazplueﬁeasmumdepandem Iopsad} uﬂ@blrédsal as to permt
confi gur h g Rikg erxibIe
manner t?g‘%}e \9% a@“%?’ggg‘?hﬁ%n?‘%‘?a%’#ﬁ o?’?lug!g Stfl% I'on to
apprOX|ﬁaﬁemsﬁnﬁildesr¢35ﬁrplHSQM%ﬂaﬂntOdﬁ%ﬁﬁﬁ 5@?|é@bleﬂﬁls choice of field

cosf i QUIRLELHLARRND S 2endd GaLgRES dl%t@ﬂﬁﬁﬂbzﬁent"@f digplel oentmer-|ow plasna
lon density distributions. One g vantg e t hat .can be rE |ized is two-fold,

in that ephEed NFEEREEEP NEGndt P IoFE] B PPt aP P RaF AT . gradient 30
rel ati veppmlédnenaqagaﬁé ificlidel o sdlreemtgtint¢ acs:ummbedciabﬁme)m:aﬂd therefore is

hi ghl f but [
the magRRe e o SHE Gty PR R B pns bl e B 6860 ¢ e,
there | xhapbitebdyt shelerrartos P ddicabarren@l she magmetéfofeld sonewhat

-sigongerpnegnetdGef i gbs efiﬁ)ﬁpbs el lt@sedeadttir REAAS gtfcf:eﬂaeé gorrective.
capacity when req ui r ed. he described | ater &QIS speC|f|cat|on

this fe&@ﬂF@r?}h‘rghbé‘lBtﬁhutté°ﬂe‘l’%fﬁ}1a5§‘P h‘?‘gﬁj&“&ﬁ&hbté’renp 8sures. FIG 1A

i 11 ust r alagseti€ et fyeligneonpl dbgphasavsustain the plasma

| density over the center of the wafer support pedestal and °
enhance it near the periphery to achieve uniformity.

15

Such adjustébility of the cusp-shaped magnetic field is -

achieved in accordance with our discovery by providing at
least a second overhead coil of a different (e.g., smaller)
diameter than the first coil. The D.C. currents in the

20 respective coils are independently adjustable so as to permit -
configuration of the cusp-shaped magnetic field in a ‘highly
flexible mannexr ta alter virtually any ambient plasma ion
distribution to approximate some desired plasma ion
‘distribution. This choice of field configuration can be

25 designed to modify center-high or center-low plasma ion
density distributions.

One advantage that can be realized is twe-fold, in that
the cusp~shaped magnetic field has & larde radial .gradient
30 relative to the magnetic field strength (as noted above) and
therefore is highly efficient 'in exerting corrective pressure
on the plasma; but, since the magnetic field is constant over
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react or capabl e of providing an adjustabl e cusp-shaped magnetic field. The
reactor of FIG 1A includes a cylindrical 10 side wall 5, a ceiling 10 that
is a gas distribution plate, and a wafer support pedestal 15 that holds a
seni con¥§434p0818\or kpi ece 20. The ceiling 10 or gas dipswmistmssson pl at e may
be conductive so as to enable it to serve as an anode or it may have an
anode attached to it. The ceiling 10 or gas 15 distribution plate is
typicall of aJ umi_num and S i nternal gas_nman | d and gas
ot o FPEES 19 Hets les A EPol 9 RES AR e B the chamber. A
process tiasrefoupph ysdevhat nstshegepr negssigafield iy fasemtlstyefibut i on pl ate
R e CEBUBRUTR I SOBLERLS (VI cORESALY Grbfisl 8, oA LNI20 charber.

Pl asna sour mai'ntaining  a _plasma i1 nside the
réact or %ﬁéﬁ@@mbgd p"r%‘é@cé@l WsaﬁPRFlfﬁ'éiTéPat oFhlR) IeaRRER 1SR PRrough an

| mpedancguivad ¢R18EEL Wt hifhet CHBeYO RIssTBROrt pedestal 15 so that the
waf er support pedestal serves as an RF el ectrode. The anode (which may be

25 the ceiling 10 fornmed of a conductor material) is connected to RF
ground so tha@Id.sl8eiMestastéda copatittivwilgcrropbed Suebkma reactor tends to

have a v n ﬁ?‘éﬁd n_ge S which is
typi cal Igé%eer}t%er Hﬁéﬁ;%f %1581:' f% ﬁ 5@‘%?82‘5 &I%pggtah?e I n which the
cei | i ng Magnetisgy ﬁe@lci haﬁ'hﬁeif?@lt@@nﬁécf’éfﬂ- dity deelydeso agrptiRfirdsain FIG 1A

| sjoconnesi®d wahiogghs %&;Bfn nnﬁ%@@eim sehegﬁfﬁbu&oﬁsbpaub -11 k" WO
03/100818 PCT/ US03/ 16559 hggatlacahlr? ﬁto a _VHF a,ﬁ nal generator 12
I

that fufPf $héd Fﬁes‘tﬁpg§ﬁap i & THEEN generator 40
merely comtkmileset 2@, RThei asibing 16 sengxonrdsctisutinmf plave mayr bpi ece 20.

(The BF ééﬂ&ﬂyiggg £Eﬂg§ht8|gﬁgﬂﬁe i% Hgyéerve &S an anode or it may
have an anode attached to it. The ceiling 10 or gas

15 distribution plate is typically made of aluminum and has an
internal gas manifold and gas injection orifices in its
interior surface that face into the chamber. A process gas
stpply 25 furnishes process gas to the gas distribution plate
10. A vacuum pump 30 controls the pressure inside the reactor

20 chamber. Plasma source power for igniting and maintaining a
plasma inside the reactor chamber is produced by an RF
generator 40 connected through an impedance match circuit 45
to the wafer support pedestal 15 so that the wafer support:
pedestal serves as an RF electrode. The ancde {(which may be

25 -the ceiling 10 formed of a conductor material) is connected to
RF ground so that is serves as the counter electrode. Such a
reactor tends to have a very non-uniform plasma ion density

distribution, which is typically center-high.
30 FIG. 1B illustrates a feature in which the ceiling 10,

rather than bkeing connected directly to ground as in FIG. 13,
is connected through an RF impedance match element 11 (shown
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5 be a fixed tuning el enent such as for exanple a coaxial tuning stub or a
strip line circuit.) Such a feature is discussed in greater detail in a

| ater portion of this specification. In order to control distribution of

pl asma wWe3dedssi ty, 10 a set of inductive coils areppgrwsedestsabove t he
ceiling 10. In the case of FIG |A the set of coils includes an inner

coil 60 and an outer coil 65 which are coaxial with the cylindrical

chanber ch caonstjitutes_s | e wi_ndi.n tor. Wiile the

wi ndi ngs°"g r%f‘rte“‘claﬁ'#%’sttr Caf egﬂgn‘s’ﬁn&e ’gei tor Ejg single turns, they

may eactfucoinshet tife plasmﬂ saugraspewsrang&o thala@abbyth#(ﬁf exanpl e as shown

in FIG- E h X\é r’gﬂ ggmi&‘@ldqu £xtend both
gfe'ﬁ ang&fﬁorl é‘% {Qi\flécﬂxt bis &fe RENB:1 ’i‘iln% o

verti cal % t he case of A, the inner coil 60 is
| bcat ed vfaafﬁtrhex wirdwdeen2tei |f'1‘hg 39 W&ﬁaﬁ% %céuﬁé?m%% HLEB3Y However, in

gt per Cﬁsﬁe% tfhkﬁd addnaﬂgeaﬂiﬁb enﬁfﬁ}éuclb%lsf ever &f&sltpl@’ ﬁt beakvir ]gzerléli:segs 60I A65 gay
e at t ame he above the cei n t se L an
1B, a c&rﬁ“ﬁ’of’?“e?’ @%@5 1409 SHFCHAS ’thfsg"‘r‘fggﬁlf‘fﬁféLl nd® ssﬁdo% currents
fl owi ng greatehed¢mslechi ¥ elapeer heaui®oiolfs thls ﬁ:ﬁedif:.camcmol ling respective
I ndependent D.C. current supplies 70, 75 that are connected to respective

-ones of the coil's 60, 65. Referring nowto FIG 2, a case is illustrated
in which t heIBoprdes [ter contepl €iRsTibntion pf Plasma érpsIeFitie coils 60, 65

fnem a [ GetCYENBMHuEYRE! 30117566.5:@3% Maaasmé:lﬂhree&tum{gough t he
ei ng conne fo res ective ones of the

controller caontroller
coils - 1% \R%eo%?ﬁ%ﬁlglﬁa%sﬁﬁlé%%f é’ﬁll%Sm“I%'r‘r‘d&Ft SREET e, the
control 1eil960i snd amabheedfcoidadsi wigidi Erecowascinls wathdtlid erent pol arities

g?d Wang&HﬁSéicgf)6%£8E@£rkﬂy %Lgﬂeggné%ggﬁtég éﬂH%l%ohkﬁdfg& 0§5a In the case

' conductor. While the windings 60, 65 are illustrated in FIG.

15 12 as being single turns, they may each congsist of plural
turns arranged vertically, for example as shown in FIG. 1B.
0r, as shown in FIG. 1C, the windings 60, 65 may extend both .
vertically and horizontally. In the case of FIG. 1A, the
inner coil 60 is located farther above the ceiling 10 than the

20 outer coil 65. However, in other cases this arrangement may
be reversed, or the two coils 60, 65 may be at the same height

above the ceiling 10.

In the case of FIGS. 1A and 1B, a controller 30
25 determines the magnitude and polarity of currents flowing to
the respective overhead coils 60, &5 by controlling respective
irndependent D.C. current supplies 70, 75 thap are connected to

respective ones of the coils 60, 65. Referring now to FIG. 2,
a case is illustrated in which the controller 90 governs the
30 D.C. currents to the coils 60, 65 from a D.C. current supply
76 that furnished current through the controller 90, the:
contrpller 50 being connected to respective ones of the coils

-12-




FIG 2, the controller 90 includes a pair of potentioneters 5 82a, 92b that
adjust the D.C. current applied to the respective coils 60, 65 and a pair
of ganged swi tches 84a, 84b that independently determne the polarity of

t he D. CWOGHPBH applied to each of the coils 60, 6FCTASEriotf®amnmabl e
device such as a mcroprocessor 91 can be included in the controller 10 90
in order to intelligently govern the potentibneters 82a, 82b and the

ganged s tghes 84a,..84b.- The an I 60, 65
i1 lustrat édglgln % %ﬂ% gc % ég i?qﬁ%ﬁ\%ﬁ ?16 Q% tcgﬁ?fe% coil.60 is placed
at a. BugleatRC h@mghen%ﬁ)@\fedﬁlﬁewtl PRY2LE kefannd HewdtEdeoi | 65,

provi de%occf%al{h%i\f%@&@ﬁ@sone§psﬁléﬂéi@olﬁs the ersadl &h tr@raa@eeai of the
nagnetlc fleld radi ent provid y either coil | east roughly,

pr opor t ifofal 2t othh&mAaP ‘bfgot h’éc Q458 2aRFET rﬁferpé’éF'g‘/t%ﬂ“l?ﬁﬁF’Fl onal to the
axbal diszpl, aseivetiatf kAFuRP theepcol |curkiens, aﬁmammertmd outer coils 60, 65

wi | perfy Lfferent .rol s _because of .t eLent |ze nd
di spl acer'jrre g‘h%eco&g erécoelesl § Wlsﬁlrdgrfn azil%e across %sne§n ?‘iu?e surface
of the \k’élﬁér 112@99%@&95@%&%@-1@? giftee poladitis Ofarwecﬂld?selcupr%mm ty to the

vaf er 2Qppabh erd NBckNBErtieDich100 25 Wsl.! Ra¥RodumibLatanicel fect near the

waf er center and can regard as a trimecoi for finer adjustnents or

scul pti QB ast%é%@ﬂé??%ssﬂre% o) RS 1BFFURFEAENERe RRPBEEI pBEsi bl e for

- réfélizimg stuchrasyd frer Qﬁtéﬂllg@ﬁﬁlf' Jovyndihé eftinte omdtseshisel, are of
differe and Ia ed d|f rent dlsplacenents 30 fromthe plasna.
As mﬁll%gb %esc?qﬁnﬂﬁ Fﬁ|%§§p§é|f|cat|on with reference to certain
wor ki ng exanpl es, dlfferent changes to the anbient plasnma ion density -13

WO 03/ 100818rRCTL MHAZeABEED: ¢hat £iP\Udian 86 APLahned-Syessehecting not

only dlfferent
FIGS. 1a, 1B and 1C, in which the inner coéil 60 is placed at a.

15 grzater height above the ceiling 10 than the outer coil 65,
provides certain advantages. Specifically, the radial
component of the magnetic field gradient provided by either
coll is, at least roughly, proportional to the radius of the
coil and inversely proportional to the axial displacement from

20 the coil. Thus, the inner and outer coils 60, 65 will perform
different roles because of their different sizes and
displacements: The outer coil 65 will dominate across the
entire surface of the wafer 20 because of its greater radius
and closer proximity to the wafer 20, while the inner coil 60

25 will have its greatest effect near the wafer center and can be
regarded as a trim coil for .finer adjustments or sculpting of
the magnetic field. Other arrangements may be possible for
realizing such differential control by different coils which
are of different radii and placed at different displacements

30 from the plasma. As will be described later in this
specification with reference to certain working examples,
different changes to the ambient plasma ion density
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magni tudes of the currents flowng in the respective overhead coils (60,
65) but also by selecting different polarities or directions of current
flow for the different overhead coils. 5 FIG 3Aillustrates the radial
(solid wWomspomwsd azi nut hal (dashed |ine) conponentspotusésasssagnetic field
produced by the inner coil 60 as a function of radial position on the

waf er I n the case of FIG. IA. FIG 3Billustrates 10 the radial (solid

i ne) an das onent s netic field

pr odajcedg%&qllr?&gurt‘e s CJ:jl?ya% ‘ﬁ%‘ﬂgoﬁ‘jBfor?lé’dldéE?%ﬁ%qtt ion on the
waf er 2oma9metvdatsaof ifHeustradrdts i3 oRLGE. ir8Ahande @R ohére mb:traxeaéd in an

| npl emengadiOnygon g\@ Gt ggsgvagyerseg_ggg@l?% ggéljnp Pq"l% ;5 t he i nner

coil 60 was 12 inches in dianetler out abdve the
pl'asma, SHPTHENBUPECESENE 6@%?‘3’22*&1‘? rﬂeﬂféﬂf—‘%t d?Vz%fréf’-‘é‘Fl %H?dspl aced about 6
| ndhes above the plasma. Fl G 3C Is a sinplified diagram of the half-cusp

shaped nagn e rn u er and outer 20
over head cmﬁ’Isl]G'GOf3h gEhTﬁ @g %?ﬂﬁaCiiﬁscéﬁ change the currents
applied @mdtélai-e@wadvém@)l |®E@Bneﬁﬁs iof ahdenagretad) is¢ld he nmgnetic
field atgtheeaf gy qﬂg t har epy, h t Lstribution
of pl asma | orf denS| t J] I%ﬁogvgbae Q“e("o{‘rtgft é%dgkgg lJt’%e ) Pfects of

di f f er en®® rﬁﬁn@??érf%}/% ds t%&);ﬂqsedosyf"éﬁfflér enfIoned éﬂlm@rec,t@ﬂ s 60, 65,

i ilor dertlie radibustgatia mmypra@lfdoamhwtﬂane (aegﬂé@llllﬁ&) Boriheatbect and

[ nprove p ma_ion distr tio | n_.the chanber han i ng 30 these,
magneti ¢ #at g’l"%tjt%éiFg §egxg¥mtr SUERE %"d'j't as'cxar stribution of
t he et chf’-rra:tteoacpﬁs&duaé mwloaunhatlm neetfleer 20 1 haet hetml asma ion

di stribuiion-gc0BasH Fe8sd S2GY 38 THEe Ybtained in an
implementation in which the wafer 20 was 300 mm in diameter,

15 the inner ¢oil 60 was 12 inches in diameter and placed about
10 inches abdve the plasma, and the outer coil 65 was 22
inches in diameter and placed about 6 inches above the plasma.
FIG. 3C is a simplified diagxam of the half-cusp shaped
magnetic field line pattern produced by the inner and outer

20 overhead coils 60, 65.

The controller 90 of FIG. 2 can change the currents
applied to the respective coils 60, 65 in order to adjust the
magnetic field at the wafer surface and thereby change the

25 spatial distribution of plasma ion density. ~What will now be
illustrated are the effects of different magnetic fields
applied by different ones of the coils 60, 65, in oxder to
illustrate how profoundly the controller 90 can affect and
improve plasma ion distribution in the cha-m_ber by changing

30 these magnetic fields. In the following examples, the spatial
distribution of the etch rate across the wafer surface rather
than the plasma ion distribution is measured directly. The
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WD 03/ 100818 PCT/ US03/ 16559 etch rate distribution changes directly with
changes in the plasnma ion distribution and therefore changes in one are
reflected by changes in the other. 5 FIGS 4A, 4B, 4C and 4D illustrate the
benef i cWEI0324068ct s realized using the inner coil 60rPonbsu3a&sse | ow chanber

pressure (30 ml). FIG 4A illustrates neasured etch rate (vertical Z axis)
as a function of location (horizontal X and Y axes) on the surface of the
waf er |G 4A thus 10 illustrates the. sp dlstrlbut i on of the etch
rate in ?tff I3 SEFL}PH@%Fg‘Png?ﬁ fdifg‘:t%é’ﬁ& FB?n?ﬁ HAPnEYC uni formity of

t he etclrlaate ihrstaishuibwinidos anﬁe’ettd:yefseemhamgléls&n%e Bi& 4A corresponds
to the 1:9 a“HthgR?@%l%e%g %&hee-l dis applied, and thergf ore
m e

il lustrates a non-uni 5 dlstrlbutlon that is inherent in the
reactor and needs correction. The etch rate has a standard devi ati on of

5.8%in thigr68se, LB,Fi&Sand 4@n@1@sttﬂaeenag@eéénféf&&§iﬂ e¥ibength will be
descri bed as the Xi al field near_the center of the wafer although it is

to be u LESD ARGt TRRSIES SPLY i RLE ¥R JOYoRBAMRR works on the
radi al dsssubat iOnmef . pl aBIG |4anz.llimwatys tm)aalslméavetcnmw‘abem ty. The axi al

field 1 S/Besel 1o axi b} saggg\s%ag&ﬁg ;aggfl msrg% falc8UAY Measured

The radia at 't |ca about" one third
t he axi af 2fpa) wfatthﬁhﬁgrﬁmtqfoﬁh@ ZﬁfIEIrG?WfB E'IIGI u§ﬂr Bes how the etch rate

diigt ri btﬂmagtr@&h%ngﬁé atlhalgeﬂ@futgehl o5& tbRePat@NehTiRed tO generate
a magnetlc field, of uss.. The non-uniformty decreases to a standard

devi ati 28R 2t 7° §6 Ph HHXEecEc (The FRERRTTREYN BPR- WAL IREFRRE coil 60

has the etch rate distribution is clearly seen in FIG. 4A. FIG.

4A corresponds to the case in which no magnetic field is
applied, and therefore illustrates a non-uniform etch rate

15 distribution that is inherent in the reactor and needs
correction. The etch rate has a standard deviation of 5.7% in
this case. In FIGS. 4 and 5, the magnetic field strength will
be described as the axial field near the center of the wafer
although it is to be understood that the radial field is the

20 ©  one that works on the radial distribution of plasma ion
density to improve uniformity. The axial field is chosen in
this description because it is more readily measured. The
radial field at the edge of the wafer typically is about one
third the axial field at this 1ocation.' ‘

25
FIG. 4B illustrates how the etch rate distribution
changes when the inner coil 60 has been enexrgized to generate
a magnetic field of 9 Gauss. The non-uniformity decreases to
a standaxd deviation of 4.7%. .
30

In FIG. 4C the magnetic field of the inner coil 60 has
been increased to 18 Gauss, and it can be seen that the peak.
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been increased to 18 Gauss, and it can be seen that the peak -15_ WO
03/100818 PCT/ US03/ 16559 at the center has been greatly dimnished, with
the result that the etch rate standard deviati on across the wafer is
reducedwoms20se® 5 In FIG 4D the magnetic field of Pbeusmnesscoil 60 has
been further increased to 27 Gauss, so that the center high pattern of
FI G 4A has been nearly inverted to a center Iow pattern. The standard

- devi ationyo tch ate Cr.os C ase of FIG 4D
was 5. 0%Ia %h%:r%l egA %I—}Fe Cgre%lg] Yrare E‘ﬁhetbheeng%lp@itgl effects of
usi ng bottR&E b sitich 68te 63andard wpaemwosgrelsemésr(mo nr). FIG B5A

corresporpdautey G2 .44, and depicts the center-high etch rate
non-uni formty of the 15 reactor uncorrected by a nagnetic field. In this
case, the standard deviation of the .etch rate across the wafer surface

was3 5. 2% | n Fd GrIch34Dt hite ausgaet0idiedd bﬂStttteeJﬁneﬂedicgiilzed k&= 20 produce a

22 Gaussy, Gohl © i.C ases the.ce peak in the
etch rat e nﬁ efrl lkgr?a\rllgétdh?%d‘gggg 3§ hso reg%‘ eﬂtgng%r%] devi ati on has
been decPéh%@d‘- tof FI68. 4A rhaB| @et'B(Deabéth@mﬂtsdG@Q ﬁ&@merem gized to

produce pat€drr’4  GRYSSraRGNA! h&vfdrabd. oE hend %%%t ra'i‘l?éar&ck‘asflﬁe 5C is that

the center _peak i'n the etch rate distribution been significantly
decr ease§2E%hi TWigce L8 CHS spES RAaFPnet? g&as r?h@?’y has increased. The

ovéPall effect is a nore uniform etch rate distribution with a | ow

standard devi giden s 2% a9 45 fiaGeeFRe MALNoERLLR, ) eneroi zed to

effects of using both the coils €0, &5 at higher chamber
prassures (200 mT). FIG. 5A corresponds to FIG. 4A and
depicts the center-high etch rate non-unifoermity of the

15 reactor uncorrected by a magnetic field. In this case, the
standard deviation of the etech rate across the wafer surface
was 5.2%.

In FIG. 5B, the outer coil €5 has been energized to
20 produce a 22 Gauss magnetic field, which decreases somewhat
the center peak in the etch rate distribution. In this case,
- the etch rate standard deviation has been decreased to 3.5%;

In FIG. 5C, both coils 60, 65 are energized to produce a
25 24 Gauss magnetic field. The result seen in FIG. 5C is that
the center peak in the etch rate distribution has been
significantly decreased, while the etch rate near the
periphery has increased.  The overall effect is a more uniform
etch rate distribution with a low standar&‘deviation of 3.2%.
30
In FIG. 5D, both coils are energized to produce a 40
- Guass magnetic field, producing an over-coriection, so that
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GQuass magnetic field, producing an over-correction, so that -16 WO
03/100818 PCT/ US03/ 16559 the etch rate distribution across the wafer
surface has been transfornmed to a center-low distribution. The etch rate
st andar wodsidaid on in this |atter case has risen sli ghtfygosnessel ati ve to the
case of FIG 5C) to 3.5% 5 Conparing the results obtained in the | ow
pressure tests of FIGS. 4A-4D with the high pressure tests of FIGS. 5A-5D,
it is seen that the higher chanber pressure requires a nuch greater
magneti ¢°fi 8F tli?teaéh?%?ﬂé’“élgfln?‘?’é%sscﬁ??éﬁﬁe&nstlﬁfae‘iecﬁafo FHt e non-uniform
di st ri butriaonfofmyd esagptenteat-180 diktaibueidn .MUTheostictriage was obt ai ned
using o | r,.coil S, ,whereas aty nil a magnetic
field o:‘y%‘ff&%g\usd;e‘& Elrﬁ Iﬂloqﬁlcoﬁjtscegogg B e Red rf"gew ré'%gto Yachi eve an

opt i rrum(reééti‘e%ttmmhersaﬁ @f BIGhdwWs thal. -’Hhe magnetic fields of the
overhead coils greatly affect the uniformty of plasma ion density or

etch rate distribution, but do not greatly affect etch rate itself. This

i s an advant SfRPHEALUERS FRAVLES| PLGELTGEsiR A% LOYOPFR=SUREr 698 Uni formity of
etch ratef GI&SI i 4+UDORILH ttHeShwmfp&fs%bhﬁet@adﬂ%t oehamm shespt it rate chosen

fora partl r eni conduct or ocess. t he _di_anond synbol s

depi ct tﬁe%éé‘?et D gh O@’t S S EES e‘?‘?’f caleq}ﬁf%ﬁ L& ﬁgfunct i on of
magnet i grepéeyd ﬂ@@leltzgnfmlda%Ps%ChWiEI 8 sihellsgquearerestiool so 25 akepi ct _
sg@andar Ga@gVhaed-iudl £bPR Nl B 81 dr.) @Brtéss'a@tlgh E@lfy o bht -hand, verti cal

scale) as_a function of the magnetic field. change i n_non- unlformty

over th@PFLPHEIIOR-EAtionGE PREAISG vsheg d-’rrbléfr tBF gt £088,6% he change in

et.ch rata® 18 Gauss, whereas at 300 mT z magnetic field of 24 Gauss
using both ceoils 60, 65 was required to achleve an optimum’

correction.
15
FIG. 6 shows that the magnetic fields of the overhead
coils greatly affect the uniformity of plasma ion density or
. etch rate distribution, but do not greatly affect etch rate
itself, This is an advantage because, while it is desirable
20 to improve uniformity of etch rate distribution, it is

preferable to not change the etch rate chosen for a particular
 semiconductor process. In FIG. 6, the diamond symbols depict
measured etch rate {left-hand vertical axis) as a function of
nagnetic field (horizontal axis), wﬁile the square symbols

25 depict standard deviation (non-uniformity} of the etch rate
(right-hand, vertical scale) as a functioen of the magnetic
field. The change in non-uniformity over the illustrated
range is about one order of magnitude, the change in etch rate
is only about 25%.

30

The overhead coil inductoxs 60, 65 of FIGS. 1A, 1B and

1C may be used with a conventicnal MERIE reactor. FIGS. 7 and
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I's only about 25% 30 The overhead coil inductors 60, 65 of FIGS. IA 13
and 1C may be used with a conventional MERIE reactor. FIGS, 7 and -17 WO
03/ 100818 PCT/ US03/16559 8 illustrate an case corresponding to FIG 1A

wi th t heooadedstsi onal feature of four conventional MERCEUS4aeéssy omagnets 92,
94, 96, 98 and an MERIE current controller 99. The current controller 99
provides A.C. currents to the respective 5 MERI E el ectromagnet's 92, 94, 96,
98. The respective currents are of the sane IOM/frequency but have their
phases of fléé{‘lsléyat%)@ndégﬁée%o%sﬁgn@@%rtGdEE% P MRy Rt at | ng nagneti ¢
field widdiitiohle ehaner of %d@cﬁﬁﬁé&ﬁﬂhﬁ@ﬂ]&ﬂ%elé@tﬁﬂ)ﬂjﬂ&ﬁl gc; FLAﬁNA

Dl STRI B W T ERH ac nce met hod of the
|nvent|(k)Jla1_i %4615%5 %Ean&eﬁg:;@'%%oﬁlﬁ%l |c8(r§9édfloesrs gyh surface that

i s i nheremtrenitncenparlilecuPArpradesrdiG rarkentsd t{Ontaepmﬁneé’GPAﬁ* way by
sel5e0t| ”ﬂsﬁmoéi&!:fign%rgn%?@ g@grﬁt | 6gf i) .d PhEAMCEARY vt heutlneyer head coils

60, 65. exa plasma distribution may be tailored to produce a
nore uni #%7 rﬁfeltéﬁ $afte 1o SETURRCYoRMa d1ATEs LR B \REESRS sOF 1380eY Thi s

tailoringo ldéqraéﬁoﬁﬁ)'dss medpré&rcee&amﬂy ptREOgr amynegid hEeddntrol | er 90
to seleci_.ap rF)olarlt esq n;gltug_es of the D.C. current. 20 flow
in the o'@Je‘rtHélaB s ehézoﬁ?'% St %exafht e ccncerns a reactor with
only two concentrlc over head COI|S (i.e., the coils 60 and 65), the nethod

cajp be cage Rf1y/i de nore accurate
results w netic 25 field is

; , S _ ,
tailored by tIH‘eaéﬁ'PFE‘}‘Etﬂqeengb Qé“eéﬁaﬂg‘éft% ﬁP‘é%fHﬁ-‘“ﬁ'oﬁ YIRS P
~di stri buiémit3CHOSEr i@ 1WAl Sfrssdr tAgeyafdt @lirfare that is inherent

in a particular reactor is tailored in a particular way by’

selecting a particular the magnetic field produced by the

15 overhead coils 60, 65. For example, the plasma distribution
may be tailored to produce a more uniform etch rate
distribution across the wafer surface. This tailoring is
accomplished, for example, by pregramming the controller 90 to
select optimum polarities and amplitudes of the D.C. current

20 flow in the overhead coils. While the present example
ccncexns a reactor with only two concentric ovexhead coils
{i.e., the coils 60 and 65), the method can be carried out
with more than two coils, and may provide more accurate
results with a greater number of overhead coils. The magnetic

25 field is tailored by the controller 90 to change the plasha
ion density distribution across the wafer surface, which in
turn affects the etch rate distribution. '

A first step is to measure the etch rate distribution
30 across the wafer surface in the absence of any corrective
magnetic field from the overhead coils €0, 65. A next step is
to determine a change in the plasma ion density distribution
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turn affects the etch rate distribution. Afirst step is to neasure the
etch rate distribution 30 across the wafer surface in the absence of any
corrective nmagnetic field fromthe overhead coils 60, 65. A next step is
to det ew@ioanooaischange in the plasma ion density distPCbhusisasssd8 17 WO
03/100818 PCT/ US03/ 16559 that renders the etch rate distribution nore
uniform A final step is to determine a magnetic field that woul d produce
the desired change in plasma ion density distribution. Gven this magnetic
field, tHhetnegpdansdebe apierhdiveset dbitsibptide ®rEUPPEMREt i n Bhe over head

coils 6GinAD SOGLISALY ALdWREHCE mameliad £idldd tead Releoppsdre from

wel | - kng atalic magneti C. field,qugtions..vg hgve.foung.a way of

conput i r%{,% FEHahENARSMCHY PLE874 i TN Sopr el (HE EXRY TSR by "R nagneti ¢
field ofthikemayestieadied, IthebfagtiTudest ed pligechi¢thelfssheal | ed "nagnetic
Pressur Guyedfl § bl B8 MHSQUSSOEL DYl ots JIJIE0eLY Godagesure on the

pl asma produces @ change in.plasma ion density stribution. This change
i n pl asfdichon Hlealsi cpndbstampULedntzPn perbltiaymg sha bl MEIBRRC change in
etch ratm «dbsthiddyihen across the wafer surface, which can be directly
observed. The "plasma ion density distribution across the wafer surface and
the etch rate distribution are therefore at |east roughly related by a
factor of pr@padidveoifabhiiya Wy bifi tormddtingt hfrapathieatnaghesticci but i on of the

eygh ratﬁ.elécfﬁﬁse}sh?s !@%ﬁr&dsygf%ﬁae gja%ngffég%.%q.gpgkoﬁhet-%vta?ﬁe?&)p! | cation
of magnetic fiel'ds fromthe ovérhead CoIls , 65, Fromthis, a'desired
change i9eidechOr fSecdi the id@eman (theo sechrbled dmagnetic
prassure"). This will be discussed below. The magnetic
pressure on the plasma produces a change in plasma ion density
distribution. This change in plasma ion density distribution
15 produces a proportional change in etch rate distribution
across the wafer surface, which can be directly observed. The
plasma ion density distribution acress the wafer surface and
the etch rate 'distribution are therefore at least roughly
related by a factor of proportionality.
20 '
iInitially, the spatial distribution of the etch rate
across the wafer surface is measured prior to the application -
of magnetic fields from the overhead coils 60, 65. From this,
_ a ' desired change in etch rate distribution (to achieve a
25 uniform distribution) c¢an be determined. Next, the spatial
distribution of the magnetic field produced by each overhead
ceill 60, 65 as a function of location within the chamber and
current flow in the coil is determined analytically from the
gecmetry of each ceil. 'Then, by applying.a known set of
30 currents to the colls and then measuring the resulting change
in etch rate distribution across the wafer surface, a linear
scale factor can be deduced that relates the vector sum of the
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25 uniformdistribution) can be determ ned. Next, the spatial distribution
of the magnetic field produced by each overhead coil 60, 65 as a function
of location within the chanber and current flowin the coil is determ ned
anal yt i waloBgooBrsom t he geonetry of each coil. ' Then, pbyusppbygs ng a known
set of 30 currents to the coils and then neasuring the resulting change in
etch rate distribution across the wafer surface a linear scale factor can
be deduced that relates the vecE1 sum of E WO 0 /10(%81

PCT/ USO3ReeEs5ec Figjiist faop BlgLher et a4 C‘Z’ﬁ oF SPLTHE Waf 6P surface to

t he cha&rgmgieniﬁtx@ibtf &Ta&edﬂsdtrmbuticﬁm A thhewaddrsusiatace. (Ttximl s scale

factor |y .a function qf | pr asma and is
oper at i vse agf % g‘ﬁ%l}ts §6ﬁe¥élﬂ‘érh§m§ c%‘r ggsﬁ‘?‘gé% iI'Pl?g‘?se ll(;1:‘r;ée|'od‘lg| ven a
desired Wmamrdesna arot Ascoperetive epcﬂtp rafpoatdbed mehrskelt o achi eve better

Un'sformﬁﬁ’e)ssut;lae} ”%%%é%i’e,'m;%@h@ dd6lrda ERimfe JhOuBEkddtion Manner
descri bed |ater his specification), apd the cqrrtla_#) r]dl n c0| I

current s’-‘bﬁcﬁerf‘ﬁ? &W@H’-P‘ﬁ% & S RTe: Rethefg Bdfe P a 182 spati al
di stri buidzshupchigietpeesins ytade}b@rfaunad (J.ﬁrmln)atnmeal dieyscr'[beddesi red

correcti to. th non-uni. form.ty.in e n can be

est abl i s%e 5 f%a {}Jasflsgteﬁlg* ﬂ{/n\‘ia"}s(‘) he 5?%%% hg ééig' nensi onal etch
rate di wunmmsonaxa(ha)safeheewvé:hereém MHGamﬁthtacﬁJ@ddf roma uniform
Orl08Ver agife 5CH1 Bt 0BT AUNRS R HelREEYCEedlntbghbu  on. The non-

uniformties in et rate distribution to be corrected in this nethod are
the resdt2lgttigatibus factors in the reactor 20 chanber, including
non-uni form application of the capacitively coupled source power,

non-uni for M BgC8sS, 408 (SESLLLAN LenAS natitLha BSARYY YT Legm Pl asma fon
rate distribution can be established in a variety of ways.

15 For example, the 2~dimensional etch rate distribution across
the wafer surface can be subtracted from a uniform or average
etch rate to produce a "difference” distribution. The non-
uniformities in etch rate distribution to be corrected in this
method are the result of various factors in the reactor

20 chamber, including non-uniform application of the capacitively
coupled source power, non-uniform process gas distribution as
well as non-uniform plasma ion density distribution. In the
foregoing method, the non-uniformities are corrected by
changing the plasma ion density distribution by magnetic

25 pressure.

The following methed can also be employed to establish a
“corrected” plasma distribution that is non-uniform in some
desired way. In this case, the correction to be made is the
30 difference between the “uncorrected” or ambient plasma ion
density distribution and the desired distribution (that is
itself non-unifeormj. Thus, the method is useful for making
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foregoi ng nethod, the non-uniformties are corrected by changing the

pl asma ion density distribution by magnetic 25 pressure. The foll ow ng

nmet hod can al so be enployed to establish a "corrected" plasma distribution
t hat | swoeesawsisf ormin sonme desired way. In this caperwsiassorrection to
be made is the 30 difference between the "uncorrected" or anbient plasma
ion density distribution and the desired distribution (that is itself
non-uni form . Thus, the nethod is, useful for - 20 03/100818

PCT/ USo¥Pe6eBEY G ﬁ’é’n&%ﬁér?&saéﬁ]%?ftls}mdfeépﬁ?’bd‘ﬁr&nu%}% °froPe Hniformor of a
parti culpattsekent edidens yndi sy rdiutti batpat petnetihathats inotot necessarily
uni form er.d es 0 steps for carrying out the foregoing nethod wll
now be 33?8??% ld'y qu‘i P erence to FIG 9. The first step (bl ock 910 of
FIG 9) is to analytically determ ne, for each one of the overhead coils

605 65, the A0:&XfUL3s Q&Js%os.»h@afﬁ%%t bﬁtftr?é Forbgblvey WRkREqSUr face as a

function %fé current flowin the coil nd radial Location on the wafer
sur f ace " 4 Ag¥ &R dRaFrFRad @65?dfﬁ1f<ﬁré§cetﬁ?si' Caxpression may be written,
for the ith coil, as Bi(r, z-wafer, 1li). It is determned fromthe

Bi ot - Savart f way d J e T step (bl ock
920 of FIG gf’lgv hrS% %a/ (tj)bat é\%l ?-Jﬁ@ E@%fr%ﬂtlrgslr%g’waﬁ%l n c’?ﬁggover head
coi | s 6@etegming tﬂwlrsea@t ope oﬁettsq)meahedtﬂ stqiilsueP orfof theasma i on density

- agp 0ss ptbes naf %rors’e&‘ié %%ne&éreﬁmrdedt am sqa%eet L@l sieskii bution may be
witten as n(r, z=wafer). I'n this step,_ the plasna jon density’

distri blﬂ‘i‘lﬁﬁl‘?:‘hr?fb&uﬁﬁ%&turféawl HRYi PR (90 L p3 RS AR ntP A enePRh rat e
di stri bitheowafer casfhbe. sWsiiagecylimirtieal safr@inates, this

expression may be written, for the i™ coil, as B;(r, z=wafer,
I;}. It is determined from the Biot~Savart law in a very
15 straight-forward manner.

The next step (block 920 of FIG. 9) is carried out with
no current flowing in the overhead coils 60, 65. In this
step, the spatial distribution of plasma ion density across

20 the wafer surface is measured. This spatisl distribution may -
be written as n(r, z=wafer). In this step, the plasma ion
density distribution can be measured indirectly by measuring
tke etch rate distribution across the surface of a test wafer.
Tre skilled worker can readily infer the plasma ion density

25 distribution from the etch rate distribution.

Next, in the step of block 930, a correction, c{r), to
the measured plasma ion density spatial distribution function
n{xr, z=wafer) measured in the previous step is determined.

30 The correction ¢(z) may be defined in any aumber of
appropriate ways. :For example, it may be defined as the

maximum value n{x, z=wafer),, minus n(r, z=wafer). In this
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The skilled worker can readily infer the plasma ion density 25 distribution
fromthe etch rate distribution. Next, in the step of block 930, a
correction, c(r), to the neasured plasm ion density spatial distribution
funct i owo oafteogisz=waf er) neasured in the previous stepcrwsadatsym ned. 30 The
correction c(r) may be defined in any nunber of appropriate ways. 'For
exanple, it may be defined as the nmaxinmumvalue n(r, z=wafer). mnus n(r,
z=wafer). In this -21 WO 03/100818 PCT/US03/ 16559 e edaddi ng c(r) to
n(r, z=wa¥erdddHngdaéels & méSr r ETIAPT) BFRYISSuli of° Wit a uni form anpl it ude

equal t Qi B{EINEXonThii i QULSE Foth Ean@i EE6é i afall ubstn bn G (1 )Cfray be defi ned
differently to produce a different uniform arrgl atte dne.dOr, as 5 briefly
noted als8yESe; fthehsogrestion GPREHBuUEiSh T K8n®tHiTorm then the

correct igefirbpedts @bfpesreecabel ierntheniftieg regliude.i Bati®h and n(r,
z=wafer). .The next st bl.ack, 940)_.i.S 4t 9; ; "{eSlon-current 10 i
i e Y i e

for eac cotl . _atppl y that currgnt to the
appr opr ivati§ormi | thend the enanrect hen riss dhe AEET9HeReReLSBIPSR SPFi buti on, which

may be g(rels%;:gg %_(gtrib&ﬂ_/@{ @bkt 884, Hw@rehpnge in ion distribution An(r) is
obt ai ne y subtracting the ion distributions nmeasured with and w t hout
15 the magnetic field: An(r) n(r, z=wafer) - n(r, z=wafer)test The next
- step (bl ock ®RO)nd:e: s@efOBUHK 348Lale thastbectSa 2@eptl atimgnthe pressure

DB charfget o @o6h S it PHRERSHE AP, i oS EBtptedT Ghars por for ned by
di vi di ngrurichet nag ek epprassate gebidiand: mpysyne the IRUYREGHetic  pressure
gr adi ent,;Qf b hee MBgReLifudiidel, dwRBEs mat~ ¥R @fittbi) nek,

z=wafer)esm. The change in ion distribution &n(r) is obtained

by subtracting the ion distributions measured with and without

15 the magnetic field:
anir) = n(r, z=wafer) - nl{r, z=wafer}wa

The next step {block 950) is to compute a scale factor §
20 relating the pressure gradient exerted by the magnetic field
{i.e., the magnetic pressure) to the change in icn ’
distribution An(r). This computation is performed by dividing
the magnetic pressure gradient by a&n{r). The magnetic
pressure gradient of the magnetic field B(r, z=wafer, I) of
25 the i* coil is computed individually for each of the coils in
accordance with the magneto-hydrodynamics equation:

VP # =V.(B(r, z=wafer, Ii)2/2H]

30 where the subscript r denotes radial component. The results
thus obtained for each coil individually are then summed
together. Therefore, the total magnetic pressuxe gradient is:

Ny




25 the it" coil is conputed individually for each of the coils in
accordance wth the nmagnet o- hydrodynam cs equation: VrP = -WrB (r, z=wafer
i) 2/20] 30 where the subscript r denotes radial conponent. The results

t hus obtvaiomgesfsor each coil individually are then suppBgsozi@eet her.
Therefore, the total nmagnetic pressure gradient is: -22 WO 03/100818

PCT/ US03/ 16559 -wr { Fii (B (r, z=wafer, 1j) z/20} } Therefore, the scale
factor Sis: 5S=(-Ww { Fi [s (r, z mafer 11);/2D) } } /on (r) This

di vi sion operation may be rrled out e%ﬁﬂglvalues r and the
results averaged to obt¥eil §ca?=éﬁ‘3 W se the scale factor S
wll be a function of r and used 10 in the appropriate manner. The scal e

factor S found in the step of block 950 is a |ink between the -coi

current gpbierddaat vget Srdtiengattr sRgEEti ¢ pressure and a resul ting change
inion distribution. 15 Specifically, given a set of coil currents I1, a
corresponding change in ion distribution n(r) can be conputed by

mul tiplying the nagnetl essure deternmn I, by the
scale factor S: AR Tri- eifaz (x, 22= ?q3f£&$}3pgpgg§20 This fact

provi des the basis for the follomnng step (block 960) in which a conputer
(such as the m croprocessor 91) uses the foregoing equation to search for
a set Ofrhtel&uﬁtt;&eﬁntape&aa:z_omaay pieodaeeind hatbestdidferext medlea to

previously specified 25 or deS|re ch i | a a0 nsity
di strib®fi B nan%ﬁ'-PP) resylts gyer ﬁbrgﬁes:grg é%ﬁn egllggequal to the
correct |0Qner;t1wu;t ith8 sfdde (fanpmt @dwu.hltlhae asﬁ@pﬂ'eic’!blocfck Izh uspd ot her

10 in the appropriate manner.

The scale factor § found in the step of block 3950 is a
link between the.coil currents I; that determine the magnetic
pressure and a resulting change in ion distribution.

15 Specifically, given a set of coil currents I;, a corresponding.
change in ion distribution n{r) can be computed by multiplying
the magnetic pressure determined from the set of I; by the
scale factor §:

an(r) = (-V. {Z, [Blr, z=wafer, I.%/2p] }}/8

20
This fact provides the basis for the following step (block
960) in which a computer {such as the microprocessor 91) uses
the foregoing eguation to search for a set of coil currents I,
that preduces the best approximation to previcusly specifiéd

25 or desired change in plasma ion density distribution, An(x).
'In this case, the desired change is equal to the correction

function c(r) computed in the step of bhlock 930. In other
'words, the computer searches for a set of coil currents I; .

that satisfies the following condition:

<23,




wor ds, the conputer searches for a set of coil currents Ii that satisfies
the following condition: -23 WD 03/100818 PCT/ US03/ 16559 {-o0, {L:1 [B(r

z=wafer, 1;)2 /20] }) = c(r)S This search may be carried out by well-known
opt i nmi zwwinoostsechni ques i nvol ving, for exanple, theporubndessd steepest 5
descents. Such techniques are readily carried out by the worker skilled in
this field and need not be described here. The magnitudes and. polarities
of the set of coil .currents Is discovered by the search are then sent to

the 10 controller 905 WRCh i t Ut 2P i B$2/A0ESE ) CHIrd@NEs to the
respective coils 6%, 62@ #|&.ﬂio coﬁpares nagnet?c pressure (solid |ine)

with the neasured change in plasnma ion distribution (dotted line) as a 15
function of radial position at the wafer_surface. As,di% ussed above, the
magnet | Chisesearch imayt he Frrxdpereuby HELl Tpe B 78 grﬁ‘bneti c fields of
the overhead;gRét Sinvoh @ind 0 fokNEk 4IRS thatmdthereot sswpepdstorrel ation

bet ween magneti c c'éa’llressure_and change _i.n ioqugﬁnﬁzéﬁ:q%skﬁébution. 20 The
appl i catdsRreBES suchh REEHUGURS #1F GRS IEFET 11212, Fc 11

11 ust r alakeRoBkDYedl Ainf thidd tfyebd drte neednuely de desdzitiednheX®rtical axis)
in the etch rate spatial . distribution at the wafer surface varied with
coil current in 25 one of the overhead coils. At zero coil current, the
standard delhgt magnifwsiegbenst PeRoFiERF Ofethoresh SErF™Uti on was center-

hi gh as, §hewReknT FliSscdwerebhSy Nid BeBLORNteichen nddnt ab about 3$ was
achieved at a__30 coil curr

/ f abaut 1 . Jhi t
i P overfeEtt By Lab ot ghf.glétzgl E‘-B?nf%m&liﬁs' gpgs?%%?%n%% /(')t% LgQresents an

respective coils 60, 65.

FIG. 10 compares magnetic pressure (solid line} with the
measured change in plasma ion distribution (dotted line) as a
15 function of radial position at the wafer surface. As
discussed above, the magnetic pressure is the gradient of the
square of the magnetic fields of the overhead coils. FIG. 10
indicates that there is good correlation between magnetic

pressure and change in ion density distribution.

The application of such a method is illustrated in FIGS.
11-14. FIG. 11 illustrates how non-uniformity or the standard
deviation (vertical axis) in the etch rate spatial
distribution at the wafer surface varied with coil current in
25 one of the overhead coils. At zexo coil current, the standard
deviation was about 12%, and the ion distribution was center-
high as shown in FIG. 12.

The minimum non-uniformity at about 3% was achieved at a

30 coil current of about 17 amperes. This represents an
improvement by about a factor of four (i.e., 12% to 3%

-24-




.24. WD 03/100818 PCT/ US03/ 16559 standard deviation in the etch rate
distribution). The actual or neasured etch rate distribution was as shown
in FIG 13A, while the etch rate distribution predicted using the

t echni qwexsadesisl G 9 was as shown in FIG 138. 5 At pbeubisgbssgoi | current
of 35 anperes, the etch rate distribution standard deviation was about

14% The neasured etch rate, spatial distribution was as shown in FIG 14A

while the predicted distribution was as shown in FILG 149. %O feferri ng
agai n t oSEadardadeviatdoppd e £5FM THR WEETHHIE™N o%i®fE8%Ts certainly
not fl atoAngbasiréa@cdtdmagate b@wdtrishapsm Wagi ag simsieaie RE@IL3Bhe periphery

and convex near t center. It. is.possibl. Wt greater nunber of
15 i ndepg%‘cﬂe%tt{%v%{]%éJ&tgofjfitlilgpg?‘,nt%ﬁegé“ggégﬁ%srl\gg, Qpﬁe optim zation of
cur r ent stechnigeesasf i B3t. 04t waw tas ghewr ein FE€sol3R on and better uniformty
ingesults. Therefore, the inventionis not limted to the cases having

only two coils. The invention nmay be inplenmented with Val’ﬁl g results

usi ng 20 | esd®f kAR bigheiodkt ARFraitfoobver IFFRGTES: | &1 Prshs net hod maybe
appli ed dDsriBAEibe HARHAGH dPHiasksniwds Gebattys¥l sthebuédsmredr etch rate

distributjgn at the ceilin urf.ace. Such_an appr h seful during
25 chanb%{.’&tlré' A g rgf'Fg’ﬁ ULLOR A RS 56‘:’15? n %g&i'l F%}s/t"}rﬁgggs a version
of the nthdgtedictédGdiStichbykiiah waai dorahiowy bh FHe 19Batial distribution of
| ojp density (or, etch rate) is optimzed. The steps of FIG 15, nanely

bl ocks 910", 920', 930", 940', 950' and 960" are the same as the steps of
FIG 9, 30 ndifflefrbngcesiole G, 1930, thm@oshsenkifimoset except that

distribution obtained is certainly not flat and in fact has
"bowl" shape, being concave near the periphery and convex hear
the center. It is possible that with & greater number of

15 independent overhead coils (e.g., three or more), the
optimization of currents may be carried out with greater
resolution and better unifoxmity in results. Therefore, the
invention is not limited to the cases having only two coils.
The invention may be implemented with varying results using

20 less than or more than two overhead coils.

The same method may be applied in order to control
plasma ion density distribution or etch rate distribution at
the ceiling surface. Such an approach may be useful during

.25 chamber cleaning operations, for example. FIG. 15 illustrates
a version of the method of FIG. 9 in which uniformity of the
spatial distribution of ion density (or, etch rate) is
optimized., The steps of FIG. 15, namely blocks 910', 920°',
830', 94Q0', 950' and 960Q' are the same as the steps of FIG. 9,

30 namely blocks 910, 920, 3930, 940, 8950 and 960, except that
they are carried out for the ceiling plane rather than the

wafer plane:

5.




they are carried out for the ceiling plane rather than the wafer plane:
-25 WD 03/100818 PCT/ US03/ 16559 The first step (block 910" of FIG 15) is
to analytically determ ne, for each one of the overhead coils 60, 65, the
expr esswonsfissist he magnetic field at the ceiling supbfgsusagssq function of
current flowin the coil and radial 5 location on the wafer -surface. Using
cylindrical coordinates, thi S expression may be witten, for the i coil,

as 8;(r, z=ceiling, Is) i's determnedfromsmple static magnetic
field equati 8RS BrekY Stapf G?ﬂe‘itqkoﬁlﬁotOfoﬁF? ot3kcdi® teurrent 1i and radial

| ocat i OMuia1@Pi &40 1 Rlek kPl &)l frageeduilt cakset afhel @veeréad Rotbasé®@Nt S such as
f the coill and the distanc vveenthe coil and

Eﬂg Egﬂﬁ%ng £y SRS 100 ok S HeTFRITREAE S{L%’Ed(% l?k:’ ‘?ﬁg% 8t FIG 15) is

carri ed outfadé a¢ tah funceieon erft chl:mmtng‘.lpﬂ ihettey echbagnd giadsakb0, 65. In
thiss = steRaclfe SPa aba@ér?tsfd#%gééon Riinf! gfmarqeaﬂeéﬁdadm&soss the

ceiling surface 1s neasured stribution be witten as
n(r, z-cailsi nwresmomhmsyﬁ%pvrith@nrm%nﬁhe|ﬂon edsi 8§ %l“ét ri bution can be

Weasuredz%ﬂlngowgnt'wa_' aQt@fzﬁa@dor:r&& @%prdsw_cltc hegiwdiques. Next, in

the step_ of bl ock , a correction, %r) to the neasured plasna ion
densi ty SFadi aguakions Bofi bh ¥ dHREFRR AR 0L O FP%)CW&EEr@d in the
previ ousarsll epdi sl dejcatibies. o2 hé| teidhiayl duhﬁdmﬂoed &had cfthe prine notation

o IR LT UBOVE, S Aob® NACLBNND B SRR U5 (V8 s used

her ei n. )diEltences rmielldimnq. (he)tm:y e deofil nexb Hrheanylhinﬁ:)e.nt@florappr opriate
ways. Faql,.exapple, it may be defined as the

The next step (block 920' of FIG. 15) is carried out
15 with ne current flowing in the overhead e¢oils 60, €5. In this
step, the spatial distributicn of plasma ion density across
the.ceiling surface is measured. This spatial distribution
may be written as n{zr, z=ceiling). In this step, the plasma
icn density distribution can be measured by a -conventional
20 probe or other indirect techniques.

Next, in the step of block 930', a correction; c'{:), to
the measured plasma ion density sﬁatial distributicn function
ni{zr, z=ceiling) measured in the previous step is determined.

25 (It should be noted that the prime notation ' is employed here
to distinguish the computaticns of FIG. 15 from those of FIG.
3 described above, and does not connote z derivative as used
herein.) The correction c'(x) may be defined in any number of
appropriate ways. For example, it may be defined as the

30 maximum value n{r, z=ceiling), minus n(®, z=ceiling). In
“this way, adding c'(x) to n{r, z=ceiling) produces a
"corrected" distribution with 2 uniform amplitude equal to
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30 maxi mum val ue n(r, z=ceiling)max mnus n(r, z=ceiling) . In this way,
adding ¢' (r) to n(r, z=ceiling) produces a "corrected" distribution with
a uni formanplitude equal to 26 WD 03/100818 PCT/ US03/ 16559 n(r)nmax O,

cour se, widwWn6aiy ection function c' (r) may be defi negcgmg&ﬁr%gt ly to
produce a different uniformanplitude. Also, if a particu non- uni f orm

distribution is desired, then the correction is the difference between the
uncorrected 5 or anbi ent pl asma distribution n(r, z cell ng) and the
desi r ed n (R ax UniGfocavdset HhSUEPBIRCEERDS TURGEGFe £h 6F) 2 enpl oyed to

establ i S&ﬁh&ﬁeﬁl&e‘}%ﬁ{:if%dﬂpﬁbéaﬁcé N d@.'f%éférmltdne.ﬁohﬁvam@glaudqoartl cul ar

non-uni formpattern or to establish a

g Lorm, o sl QRHENSi ty
di stri buidisen. 102 RREHERI2E (R BRI 6§45 ’;'”i“é 118 %@I ect a "test" current
| ; for eawdhn Qﬁeté&ﬁ\&ﬁ.@@aﬁ Gmlel alﬁfhreﬁaﬁeahdtmml yhe hatcorsackeht to the

appropriate and gure resu ion, which
§ be vi#§ ﬁve rplafg‘a b%'?rlli ng}"t’%s’f T%chﬁi néei ?%Qr‘cor% gl%!tt%%utl on an(r)

is obt atdiechnbyoﬁubiﬂsmn.hmdme Tows ditder mptidd meinbasyEd@Y@At ¥ and

W t hout é)r}t%bq? %efr' glgtg $§%Id bidsma Noh, aZ5ESidutRen navihg, az=cei | ing),"

20 The n& s to conpute a scale fac 5' relatlngthe

pressurepagn’ta@l-léﬁt Wéﬁom Haﬁéeﬁ%g?f'ettl"cesﬁ%]}’tf hog Bnléctrﬁ‘e magnet i ¢

pressur egy dsthat Ren ARGy Aidwibudisdsibution An' (r). This conputation is
performed by 25 dividing the nagnetic pressure gradient by An'(r). The

netic pressure gradient of the magnetic field B(r, z=ceiling, |i of the
it'' coil is menmetedtepdiirlctialdip’'fois to select a "test" current

I; for each of the overhead coils 60, 65 and apply that
current to the appropriatg coil and measure the resulting -
plasma ion distribution, which may be written n{xr,

15 z=ceiling)y. The change in ion distribution an{x} is
obtained by subtracting the ion distributions measured with
and without the magnetic field:

on'(r) = n(xr, z=ceiling) - n{r, z=ceiling)ese
20
The next step {block 950') is to compute a scale factor

S' relating the pressure gradient exerted by the magnetic
field ({i.e., the magnetic pressure) to the change in ion
distribution An'(x). This computation is performed by

25 dividing the magnetic pressure gradient by &n'(r). The
magnetic pressure gradient of the magnetic field Blx,
z=ceiling, I,) of the i* coil is computed individually for
‘each of the coils in accordance with the magneto-hydrodynamics
equation: -

30

V.p = ~V_[B(r, z=ceiling, I;)?/2j]
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each of the coils in accordance with the nagneto-hydrodynam cs equation:
30 V,P _ -V, [B(.r, z=ceiling, |;) 2/2a] -27 WD 03/100818 PCT/ US03/ 16559
where the subscript r denotes radial conponent. The results thus obtained
f or eacwooafsosisndi vi dual |y are then sumred together pciiosmiaéssgse, the tota
magnetic pressure gradient is: 5 f -V={E [B(r, z=wafer, 11)2/2n] }
Therefore, the scale factor Sis: to S _ {-V, { B [8 (r, z=wafer,
1)Y2/2i) } )/an, (r) The scale factor . S. found in th t bl ock 950" is
a | inkWiirstsndla tYRSCEEPE B HTENES F?d%ﬁ%afoﬁgﬁ?ﬁq%'ne@P%ef%%ggggtic 15

pr essur e $blaigsdlforngacthandd indiwinudildyrairutthen. s@pest fically, given a
set of .coil..currenqts i, a r | . h&&g% LR LPyidigt ¥dbution n' (r)
can be THFEEY b erﬁﬁPF?bﬂ%?n&gﬁﬁgq%%gﬁgggc pregggr Pﬂ%?t@n%ied fromthe
set of I|i by the scale factor S': 20 An" (r) _ (-V, { ~1 [B C, z=wafer,
lis) 2/29a] }) /S This fact provides the basis for the follow ng step
(block" 25 960'") in which a conputer (such as the m croprocessor 91) uses
t he foregoing equation_ argh. fay_ t :6RidYcurrents i that
produces the best appro??ﬁg%iéﬁtquéréggghs’g @ﬁki}fied or desired change
in plasma ion density distribution, An'(r). In this case, the desired
change is equal 'to the correction -28 WO 03/100818 PCT/ US03/ 16559

f unct i ohhezgfopecorputsedle nfadtersfepsof bl ock 930'. In ot her

[0 s = {- V,{2, [Blr, z=wafer, I,)%/2p) } }/n’ (£)

The scale factor S' found in the step of block 950" is a
1ink between the coil currents I; that determine the magnetic
15 pressure and a resulting change in ion distribution.
Specifically, given a set of coil currents I;, a corresponding
change in ion distribution n'(r} can be computed by
multiplying the magnetic pressure detexrmined from the set of
T; by the scale factor S5':

20
An () = {-V, {Z [B(x, z=wafer, I,)%/2p]}}/s"
This fact provides the basis for the following step (block ™
25 960') in which a computer (such as the microprocessor 91) uses

the foregoing eqguation to seaxch for a set of coil currents I,
that produces the best approximation te previously specified
or desired change in plasma ion density distribution, an'(r).
In this case, the desired change is equal to the correction
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wor ds, the conputer searches for a set of coil currents |I. that satisfies
the following condition: 5 {-O { F,~[B (r, z=wafer, 11) 2/20) } } =c
(r),9" This search nay be carried out by well-known optim zation

t echni qwexshiesssl vi ng, for exanple, the nethod of steepgstoseescents. Such
techniques are readily carried out by the 10 worker skilled in this field
and need not be described here. The magni tudes and polarities of the set

of coil rents . | L disco ered t he se en sent _tq the

control | & Jéfbmnv\/ﬁl ST ﬁdajprbb%? ?ﬁ%s?%ri??% i[?t 0 ?ﬁegt}ﬁ: respective
coi | s 60wosss, \Whehcomyrex skagtiesierheatkicifl cothecwpearatlis can be used
to optim.zge @ﬁﬁ@lﬁ?rﬂ@ %HQHA%OQOH\%{%@ ty at either the wafer or the

ceiling but not both sinultaneo at 20 least two overhead coils
(e.g., the overhead coils 60 and 65) pl asma ion distribution uniformty

can be at | east approx tely optimzed at both the wafer and the ceiling
si nul t aneously. 25{<WE GIPLASKEwESH THE /2T COrLS' W have

di scovered that the coil currents Ii may be selected in such a.manner as
to steer the plasma '"toward the ceiling and/or side malls or to steer it
Lo the vahel SrbACEy pE1BaEPldd GUE SPLRILX KB f‘drPCt ed to inprove
30 uniformty of plasnma density distribution at t cel surface in a

manner sFRFMETUES m‘eolr?e{tﬁodf%? pEple, the aethockgnfv@tesmmsw
PCT/ USOB&&@&@&s r esudH ,tebhm@ch@sré&enﬁaadmycaaﬁﬁéd &deﬁwndwg processing on

and) o SrOERHETE L Soh G E G o T RECHT SO CraPe R e 8o |1 ng,
cleanlng time may be reduced.
The magnitudes and peolarities of the set of coil
currents I; discovered by the search are then sent to the
controller 90, which in turn applies these currents to the
15 respective coils 60, 65,

With only a single overhead coil, the apparatus can be
used te optimize plasma ion distribution uniformity at either
tke wafer or the ceiling but not both simultaneously. With at

20 least two overhead coils (e.g., the overhead coils 60 and 65),
plasma ion distribution uniformity can be at least
approximately optimized at both the wafer and the ceiling

simultaneously.
25  STEERING PLASMA WITH THE OVERHEAD COILS

We have discaovered that the coil currents I, may be
selected in such a manner as to steer the plasma toward the
ceiling and/or side walls or to steer it tb the wafer surface,
The coil currents I, may also be selected to improve

30 uniformity of plasma density distribution at the ceiling
surface in a manner similar to the method of FIG. 2. As a
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5 In one exanple, the plasma was steered to the side wall of the chanber
by the controller 90 applying a current of - 17.5 anperes to the inner coil
60 and a current of +12.5 anperes to the outer coil 65. FIG 16

i |l ust revpasna@srsadi al 10 portion of the chanber interpefueshersdi ng al ong the
horizontal axis fromzero radius to the periphery of the chanber and
extending along the vertical axis fromthe wafer surface to the ceiling.
The small arrows in FIG 16 indicate th% ni tude and .direction of the
magnet i Celd BRe \BlesBa A% Heo EaRFYHE R "grlé’ﬁ’a%8? S3HET Phe plasma is

st eered e thfersigrl whkh dirimbectémmiiner mby tdeccnonttvidedr 090tmppl yi ng a

current to .t.he i (o] C +12.5
anper es J'lt:L g}é z?n )BD gaf %‘Sug ngp e‘gm(\sl tht?%@glgﬁetﬂé g’?traelg;pondl ng

gr adi entafofthﬁh@eskmwfe%ﬁamm #ﬁ'@ﬁéﬁﬁl&: bR 8p@UeRd.20 the wafer surface as a
fugction of radial position. In another exarrple the plasma was steered to
the roof of _the chanber by the _controller ‘istp g cur nt of - 12.5
anperes to tHé Pﬁ%e‘?xa@‘é’fLF'GW%ﬁ&aam%dﬁseﬁFeﬁfe %ﬁ%‘ re dezé’a the outer
coi |l 65.0fFltBe dBanddrudlyr ahescamtratliad 9Porpppbying a theredtamifer interior

ext endi | ong. ont.al e | t=he periphery of
the cha er% ana- &tend:aﬁé %Fér @o{_ﬁeécd\'/%ﬂdlé %‘9%]{5%2 #rom ﬁrje waf er surface
‘to the cujdeirag. to Tthe ontet %\?lrlo\ﬁé i F19.G161811ynrlireses & headdagni t ude and 30

dioect i gRor@fich her r@ﬁ“%hhﬁbéﬂ Snderfir \@thaasﬁn& %%tn@oeﬁe iMbrliRent£hamber when
the plasmg ig steered to. the side chanpber by the controller 90

~ appl yi nd?*d-3c AF PR g S 55 ragau% t%ﬁhwwégl@?ﬁ@ﬁ 9858P%5HE  anperes to the
i nner caoidtefifimamchlomguehenteraficab aipeitesmt the tWaFequberfael ko65. FIG 19

illustr q’lh%s ctebfir?d).r r q.'ﬁgog,g.:llﬁg arrows in FIG. 16 indicate the

magnitude and direction of the magnetic field at various

15 locations in the charber when the plasma is steered to the
side wall of the chamber by the controller 90 applying a
current of -17.5 amperes to the innex coil 60 and a current of
+12.5 amperes to the ocuter coil 65. FIG. 17 illustrates the
corresponding gradient of the square of the magnetic field at

20 ‘the wafer surface as a functicon of radial position.

In another example, the plasma was steered to the roof
of the chamber by the controller 90 applying a current of -
1Z.5 amperes to the inner coil 60 and a current of +5 amperes

.25 to the outer coil 65. FIG. 18 illustrates a radial poxtion of
the chamber iﬁterior extending along the horizontal axis from
Zero radius to the periphery of the chamber and extending
along the vertical axis from the wafer surface to the ceiling.
The small arrows in FIG. 18 indicate the magnitude and

30 direction of the magnetic field at various locations in the
chamber when the plasma is steered to the side wall of the
chamber by the controller 30 applying a current of -12.5
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gradient of the square of the magnetic field at the wafer surface as a
function of radial position. 5 1n a further exanple, plasm was steered

along field lines extending fromthe center of the ceiling to the side
wal | bywolwenaerst rol | er 90 applying a current of -25 pipeéBSeds® the inner
coil 60 and a current of +2.75 to the outer coil 65. 10 FIG 20 illustrates

a radial portion of the chanber interior extending along the horizontal
axis fromzero radius to the  peri ghery of the chanber and ﬁgtendl ng al ong

the vert#ERATSEXFS tHe GRS UHa &0 SR fA B et dei AMREESSTIVE smal | arrows
in  FlGtRO dutdirCcadgl tdse Megal tl@d&laﬂﬁtﬂﬂeeCth@rbdr&‘ebbmdﬂBgnet ic 15 field

at various in th %1 th S red to the side
wal | of FHE ceﬁ’g gt ey‘e‘tqf‘}%g o? Ier % agﬁgiér?gaahgu‘?%% of --25 anperes
to the ismefaceork &0fwnwdian Qﬁjmaelmalomosli&imarrper es to the outer coil 65.

FlIG 21 illustrates the correspondi ng gradient of the square of the 20
magnetic field at the wafer surface as a function radlala% position. FIG

17 shows t hat*Pa ShiFHREBRS PERPRL SragHafPe YR SEERERD P °Pﬁef ma is exerted
near thelggge e&ftehhlﬂ:g:fmaiaetnmwbeof 2hepkashing S:ostHerseﬂieto t he edge.

FIG 19 s at a l.ow RLESSU & the xerted near
t he edge gﬁ Eh‘é%&pﬁa%ﬁ FEP pi{ﬁ%?ma cé“‘%g??%c a? ggflé]%egd@é of the
ceiling. th G,nngx shblws Xt had & Qurghnhegéti&éﬁptes@lﬁ outer epids@®3t near the

chgiber e Jghen LMafteelsi éaam Eéi‘@ﬂﬁafrfoghe 3Gdderceitdnart o the edge.
-31 WD 037100818 PCT/ US03/ 16559 T the currents in the overhead coils

60, 65 nﬁ’fltwléﬁoée?f‘q &hai herkzopfkel ppRkHEIOR 879 GRSLPSCER itBFs in t he

periphery of the chamber and extending along the vertical axis
£rom the wafer surface to the ceiling. The small arrows in
PIZ. 20 indicate the magnitude and direction of the magnetic

15 field at various locations in the chamber when the plasma is
steered to the side wall of the chamber by the controller 90
applying a current of -25 amperes to the inner coil &0 and a
current of +2.5 amperes to the outer coil 65. FIG. 21
illustrates the corresponding gradient of the square of the

20 magnetic field at the wafer surface as a function of radial
position.

FIG. 17 shows that a high positive magnetic pressuxe on
the plasma is exerted near the edge of the. chamber when the
25 Plasma is steered to the edge. FIG. 19 shows that a low
magnetic pressure on the plasma is exerted near the edge of
the chamber when the plasma is directed to the edge of the
ceiling. FIG. 21 shows that a high negative pressure is
present near the chamber edge when the field lines extend from.
30 the ceiling to the edge.
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chanber that may require cleaning, such as the ceiling and the side wall.
or, the plasma may be concentrated nore near the 5 wafer. In order to steer
the plasnma to either the wafer or the ceiling, or to apportion the plasm

bet weenwtidwu@ier and the ceiling in accordance w th-$RuR84s6€ring ratio
SR, a nethod such as that illustrated in FIG 22 nay be carried out. 10
Referring nowto FIG 22, the first step (block 2210 of FIG '22) is to
define an anal ytical nodel of the nagnetic field inside the chanber as a
function of &hhseotie curremts im thehevenherheaelloif0s 68 ®aY behe pair of

coi I's 60chdiah: tdhidct the€PhdshadesopliioalerhdktiiRasSiat e Magnetic field
equati ons % 15 a worker skjlled in this fjeld, and need not be described
here. THRPHRGReERat Mayl et Sleaming. SHER | 3RlitiCdGaFH " HhgRdt FRe fiel ds from

each of shi» eails. drgchnensiasmduaby pageatentfimdddmbge andameheon of the
di gneter, ert he 5 €3 g,t 'Ege 19e°irj *h h As%ali:i oQ; q,}‘ere%ﬁg ‘Cﬁ?&elf o he current
F 581 an t%eel i He c‘hanber. us,

fl1ow in the Coi oca nitnt he magnetic
field pisdgeeding ciretPtaprritiopayhdolashneteetwesn 8iig waferzands) 25 so

that thepiotcaki MRONGt hechbi@rmbel 8itk s $tedrirfy rhilolshg next step (bl ock
2220) is t_glesel ect a set magnetic fields that fulfi a set of

of.. 30 ; |
desi r ed POC8s8url GidFPRbct19s5F2ERh iR &16t 8¢ A Peprastied 8%t he ceiling, a
-32 WO 03/100818 PCT/ US03/ 16559 magnetic field is selected that produces a

2200 Ustr araderrihabd b e tod 13955 MR DhIRRR HRUERE 110 uard the
si de walFIG-a2@ghgirettioc deFitel 4ns aphbseiralhmedek cdudbe BagratEgneti c pressure
on the ptasee;h&tle RUSNERaHRS: RLAS"Bunction of all coil currents in
ths overhead coils (e.g., the pair of coils 60, €5). This is
readily accomplished using static magnetic field equations by
15 a worker skilled in this field, and need not be descgribed
here. The magnetic field is the sum of the individual
magnetic fields from esach of the coils. Each individual
magnetic field is a function of the diameter of the respective
coil, the location of each coil, the current flow in the coil
20 and the location in the chaﬁbef. Thus, the magnetic field

produced by the i™ ¢oil may be written as:
B(x, ¥ 2, L)

25 se¢ that the total magnetic field is:

2., {B(x, v, 2z, 1)}

The next step (blogck 2220) is to select a set of
30 magnetic fields that fulfill a set of desired process
conditions. For example, to steer plasma to the ceiling, a
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toward the periphery, as illustrated in FIG 16. For each magnetic field
defined in the step of block 2220 above that fulfills a particul ar
condition, a conputer 10 searches the nodel defined in the step of bl ock
2210 fowonsfesis of coil currents that produce the degj qE%QEtIC field.
This is the next step of block 2230. Each set of currents und in the
step of block 2230 is stored along with the nanme of the correspondi ng
condition in a menory |ocation associated 15 with the correspondi ng process

condi t i ofRgMtIck £2240 of sPlerteprhat\prerdifes & TRANSEG BYe7GEess condition

i s sel eCbRU:hd §1Gsma SHRR ipighdNankl pEaEnd adwed Ced Id%@llnérh% t he
m croprogggsor 91 fetches the set o& éur{ent val ues fron%i correspondi ng
£8s |

menory | OCat FREEHI SR KERD SEFRIR °fa fre 26 EbFFe PSRt T T %urrents to be
appl i ed towdie thppsfé ivatld, caithamethbt 0fiel266) chéded AL PrawsichdW t he

m cg opr Oﬁeﬁéﬂ{et% ggé.!?gﬁze Bﬁogﬁea\[ﬁ?;gﬂé Otr[aﬁ.z BAEHeL AHLS B abiPULs. A

determnati o processing includes etching of
t he waf eFouand &be PBrimiery318s ddudhE2RY 1oh&1Br otess includes cl eaning
(etching) the ceiling (block 2320). If only the' wafer is to be etched,

then the pl as Is steered . to_t (bl g¢ck 2330) t.he pl asma
di stribution 1FF F5CH PR9nRTFHEL %‘6* :%%Fé?e% 08 FEeR %faﬁg‘i % (bl ock 2350)
usi ng thezmatafhweoi:hanfﬁlﬂllsfa thetiahlerr |csxnumte¢mhedcmd@rt he ceiling is

gCl ea o t t 03/100818
PCT/ USOS?%%HE}I gﬁeo c}negﬁﬁe‘%ﬁgntgﬁe C%S%?ngfgc} %ﬁgsaolal?%r\é%l ock 2360)

and pI a§5rac‘h‘én§|uffyeﬁ?ﬁ ftdafki pyeduseopbe resedest m@mew éiekdwface as in

FIG 9 angiatid RBeCRbkE NEeSck Nl 2250 ( blﬂaCch 887 Wt chkremd y the ceiling

is to be cl eaned, then the teere
£Sund: r}.n the step of g!l. km%zaﬁ :S.s stored along with the name

of the corresponding condition in a memory location assocmated

15 with the corxresponding process condition (block 2240 of FIG.
22} . Whenever a particular process condition is selected
(e.qg., steering the plasma to the ceiling)}, then the
microprocessor 81 fetches the set of current values from the
corresponding memory location (block 2250) and causés the

20 corresponding currents to be applied to the appropriate coils
{(block 2260).

FIG. 23 shows how the microprocessor 91 may be

programmed to respond to user inputs. 3 determination is

23 first made whether the processing includes etching of the
wafer surface (block 2310 and whether the process includes
cleaning {(etching) the ceiling (block 2320). 1If only the-
wafer is to be etched, then the plasma is steered to the wafer
(block 2330) and the plasma distribution eniformity at the

30 wafer surface is'optimized (block 2350) using the method of
FZG. 9. If the wafer is to etched while the ceiling is to
cLeaned at the same time, then the plasma density is
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5to the ceiling (block 2380) and plasma density uniformty at the ceiling
is optim zed (bl ock 2390). USE WTH VHF OVERHEAD ELECTRCDE FIG 24
illustrates how the inner and outer coils 60, 65 10 nay be conbined with a
capaci t woakMesgupl ed reactor that has an overhead eb@fﬁjg&ggssgonnect ed to a
VHF pl asma source power generator through a fixed tuning stu Such a
reactor is described in U S. patent application Serial No. 10/ 028, 922
filed Decenber 19, 2001 by Dani el Hoffrman et al entltle hg asma

React or FRAIF Eﬁ%‘?@é’ﬁfwmé@ct‘zf% NG AREd thE YHEE PPAeTk 2 £Rd #%i gned to

the pressiismasaegte; uhlnﬁoxdnmyl msw;etlnﬂfzedhdaf:ftué waBEOrrrtatedaser ei n by

ref erenc r Ias re c O reactor
chanber 1 dﬁé é# ﬁ ucp%‘ J'thglﬁ ﬁﬁé g%t ﬁ]&t‘ﬁ gf Eﬁjﬂﬁe c%gnber
support |CPtgi-Yati;errc@ﬂndugcuartmmeerzlia_@ed:Atpﬁoc@sss pllaisma ngsy Steerede, in an

exgnpl arye ivkel BEEMA |(BRocie 2280 UQltldiV;ﬁas% &&{E:Ltgoﬂﬁ!t'ﬁéfrr&% ripg 115
supported by a,dielectric ri on a ground chanber ody 127. The

chanber $ifpGeds b‘b%ri‘tfeﬁpﬁ%%d?ﬁel??}b d*di sc shaped overhead conducti ve
el ectrode 125 supported at a gap Iength above the wafer 110 on grounded
chanber !%Yviﬁyv@é’ F@%@@% In one inplenmentation, the wafer
support | direction so -that the gap length
may change. iERGet Aérillygkeatss &cWwohke inner3ongagutiegngoblardp,béSa fi xed
priedet ergyned l:smix{bd %hen %/@agsaﬂt;xfél%cbaﬁkﬂfedl%%awr b&a% petal (e.g.,

alumnurg whi ch may covered with a sem-nmetal material (e.g., Si or
SiC) on 3% s°ver§ﬂa%3@§#{mf8’np€?’?%d’§’/ $oBED Plasmar pORCSUPPERE, or it may
be it seldemeraest- Woﬁiilghﬁatﬂadeal tun By Btugeneswina thlcwpplises RF power to

the el ecid0de;d8%n B s, POV LM 108 ;98NEL aLar 150, ) 7 foypbed through a

coaxi al
filed December 19, 2001 by Daniel Hoffman et al. entitled

15 "Plasma Reactor with Qverhead RF Electrode Tuned to the
Plasma" and assigned to the present assignee, the disclosure

of which is incorporated herein by referxence.

Referring to FIG. 24, a plasma reactor includes a

20 réactor chamber 100 with a wafer support 105 zt the bottom of
the chamber supporting a semiconductox wafer 110. A process
kit may include, in an exemplary implementation, a conductive
or semi-conductive ring 115 supported by a dielectric rzing 120
on a grounded chamber body 127. The chamber 100 is bounded at

25 the top by a disc shaped overhead conductive electrode 125
sUpported at a gap length above the wafer 110 on grounded
chamber body 127 by a dielectric seal. In one implementation,
the wafer support 105.is movable in the vertical direction so-
‘that the gap length may change. In other implementations, the

30 gap length may be a fixed predetermined length. The overhead
electreode 125 may be a metal {e.g., aluminum) which may be
~covered with a semi-metal matexial (e.g., Si or SiC) on its
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cable 162 matched to the generator 150 and into a coaxial stub 5 135
connected to the electrode 125. The stub 135 has a characteristic

i npedance, has a resonance frequency, and provides an inpedance match

bet weenwig@nfisgct rode 125 and the coaxial cable 162 E& %ﬁ_&ytput of the
RF power generator 150, as will be nore fully descri ﬁl POM/ The chanber
body is 10 connected to the RF return (RF ground) of the RF generator 150.
The RE path fromthe overhead el ectrode 125 to RF ground is affected by

t he capaéﬁ%%ﬁi@é ot rfdve,dpel ettmave beedt sellF0 aaaeni inetahenatgrdeilt ance of the

di el ect I 48 #03endh0: NSNS HPADIer 38, ADS 1Rk eEad LosaNdpphe process

kit conductive or seni condUctive Ting provide the primary RE return
pat h for POYEE SERBr thepslenegater 1178 éFeERqR%§€ hrpugls & fegkelcase of FIG 1A,

the i Nnecaleld 11660matscHeRSso thayehakitdha 50 ap®tBlrc0h Ebexut geusoi | 65 and

20 farth nber .t h t il 65. Th
outer cobt? eenpedred el SheteflenofE 196 CRRTFLR 38 BAE Top of the o
el ect r odeh¥Brevhstis tinpedamsy, GoEl a 6ksonahoe amdmety, adiove the el ectrode
125. As bfb4ﬂ&3$céﬁ edghgé datdhNBeiden tﬁgr% é;gdg {he Qi L§. 60, 65 are

controlled byt 5@? steering control gover ni ng the current
suppl i esCRFLapscakyke (hfe £Bj Fhe aYLPY °fl'ﬁ@ecEBaE¢P‘{%n§én%1FaTtQ¥e1§9er head

el ectr odes aﬁ&enbéymdééﬁ,fullljﬁc&eﬁﬁrﬂﬁerﬂhfél@weCt‘f'lQQQ:h:bgéertIB@iyp&@CGSS kit 115,
1 and ct red wi.th _respect to RE return or
gr%?)’und V\gé]ﬁ’ecgg%g& t)% ﬁF ll;est caséﬁg uﬁ‘g & ?ﬁ% t3%&ct r ode assenbl y
capaci t abRR | ?hafﬂuédtaé‘él lﬁyom Hihee bretherde ele@Eraid (125160 SHB gREIAWS03/ 16559

area, ! hes gaobenutdy dbstanns AREYSAN R Bie URATE! s8R 128 ERbCA
electrcmg?, and by factors affecting s
the capacitance of the dlelectrlc seal 130. The wafer
support 105, the wafer 110 and the process kit conductive or
15 semiconductive ring 115 provide the primary RF return path.for

RF power applied to the electrode 125.

As in the case of FIG. 1A, the immer coil 60 is less

than half the diameter of the outer coil 65 and is in a plane

20 farther away from the chamber than the outer coil &5. The
outer ¢oil 65 is located at or close to the plane of the top
of the electrode 125, while the inner coil 60 is located well
akbove the electrode 125, As in the case of FIG. 1, the D.C.
currents in the coils 60, 65 are controlled by the plasma

25 steering controller 30 governing the current supplies 70, 75

of the coils 60, 65.

The capacitance of the overhead electrode assembly 126,
including the electrode ‘125, the process kit 115, 120 and the
30 dielectric seal 130 measured with respect to RF return or
ground was, in one exemplary case, 180 pico farads. The
electrode assembly capacitance is affected by the electrode
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capaci tances, especially the dielectric values of the seal 130 and of the
dielectric ring 120, which in turn are affected by 5 the dielectric
constants and thicknesses of the materials enployed. Mre generally, the
capaci t ¢ir@nefsig he el ectrode assenbly 126 (an unsi gngd Riyrkes or scalar)
Is equal or nearly equal in magnitude to the negative capacitance of the
pl asma (a conplex nunber) at a particular source power frequency, 10

pl asma density and operating pressure, as will be discussed below Many of
the factaFead ritleugapi Iepatihe (fbstrgoengetvadratiadachiyprors &xd great part

pr edet er gy.0ad {AUR1L0: D) 1nd ) 8bEE8rfaddlerphg A 0CESS requiremrent s

needed to be perforned by .the reactor size of the wafer, and t he

r equi r enEARRHTZRERe ‘?ﬁﬂﬁ?éééhhg&h@edéﬁj‘??%coﬁﬁlﬁ?ﬁ fofr 9§ $R7dr 13Phe wafer.
Thus, t herumlces?rfaecapemdtaaeeri@ azfounmlsiﬂﬂ 1@;; thbe azﬁl &Eﬂ&cmbyt%/ and the f
souwyce p rofr cy ectrode_c anc s a function o
th(Lag waf e’r%gudﬁ' el%fg E?ﬂ: dci lrlg%le élaégfﬁgfegﬁ'ﬁe)s of| nmeter, and'
d|eIectrﬁ@plqmﬂduesMe¢etdﬁgerﬁblﬂéuumesCema¢ﬂuanasseﬂ¢nQp emkemwnﬁedensity,

oper at i ngs fd@aSUR 6 Qé’xp undlgn&d efihedesdi ANE! %@5 fy%bqu%i‘t b:.SfrBéarELg
requirements of the plasm process to be perforned i% he 25 reactor. In
particul & val 3o F‘Bﬁ“g‘aﬁ’ﬁ MR thegatire I‘FFé}Pa&-"-té’é‘F% & thanesmeor exanpl e,

silicon aacatipdlegChiitise )| asm& paitGhups HCRAGRS gener drkyusgyi re the plasma

I oy dens 0 Wi t hin r.a f..109 to 10" ions/cc. The wafer
el fehct rod%ié/sé%p dg?%%/l eagldaﬁge%tlnﬁr%g ﬁ%a%"}ﬁf PNV &% %ﬁ?‘i’%srf niformty for
30 8 |nchekﬂﬁers for exanple If the gap is about 2 inches. The el ectrode

di aneter is preferably at least as great as, if not greater than the

di anet er of the waf er . gPeratlng ressures -36 WO 03/100818 PCT/ US03/ 16559
) Many of the tors uencing the foregoing

-relationship are in great part predetermined due to the
15 realities of the plasma process requirements‘needed to be
- pexformed by the reactor, the size of the wafer, and the
requirement that the processing be carrxied out uniformly over:
the wafer. Thus, the plasma capacitapce is a function of the
plasma density and the source powexr frequency, while the

- .20 .. electrode capacitance is a Ffunction of the wafer support-to-
electrode gap (height), electrode diameter, and dielectric ,
values of the insulators of the assembly. Piasma density,

operating pressure, gap, and electrode diameter must satisfy
tre requirements of the plasma process to be performed by the
25 reactor. In particular, the ion density must be within a
certain range. For example, silicon and dielectric plasma
etch -processes generally require the plasma ion density to be
within the range of 10° to 10 ions/cc. The wafer electrode
gap provides an optimum plasma ion distribution uniformity for
30 8 inch wafers, for example, if the gap is about 2 inches. The
electrode diameter is preferably at least as great as, if not
greater than the diameter- of the wafer. Operating pressures
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simlarly have practical ranges for typical etch and other plasma
processes. But it has been found that other factors remain which 5 can be
selected to achieve the above preferred relationship, particularly choice
of sour ncy and choi ce of capacitances for t? rhead el ectrode
assenblggy%%ﬁﬁgfthin t he foregping di mensi onal cons ?g@ﬁﬁgggﬁposed on the
el ectrode and the constraints (e.g., density range) inposed on the 10

pl asma, the el ectrode capacitance can be matched to the magnitude of the
negat i vesiodpael { ameee ekatticcdll aanges ffdrheypsoalr aecpomed duhequency i S
selecteg$t%mge gOV@gegrequency, and if the dielectric values of the

I nsul at conponent’s of el ectrode assenbly 126 are sel ected properly. Such
sel ection 15 can achieve a match or near match between source power

frequency angpl agBsLheehr ffled @a9RAGGR T FRAUEHS Yeemafe GRHENNGl y i n one
ex rrpla:%at se, for an 8-inch wafer the overhead el ectrode dianeter is

r oxi e $ELeFaes 05 9 Re HRR ARV BEEEe T h ERLALIEIRT asmm density
and operﬁnmgulargsmecewﬁ youead fraqeheh gidoheses @S above-stated, the

oot & hepaaNRhedd SNCRRY dehela MFediBblil ObelLe 001 20 s chE£TLENC ©2

coul d be é?fect rve) SoUrce frequency, the plasma
el ect rod‘é‘-ter é@énanmg fqumlanqnamm%mm@nam@ glecgtiedry are all

mat ched Q{4 %@r L¥ndlghed. (e Mbred@@gltﬂftﬂaaaéy inff3888 &hrge frequencies are
slightly . offset. fromone another, W th the source pomer frequency being

218" Mz, Pasiae| BRE 1JESTRPR IREPRESHARGR CPPeE%éWRﬁFhsgl R @% approxi mately 200
MHz, andnddndtatiebef ribguregat ivai agpaﬂmatncazef ¥ p1aBm@rierhko achi eve a

educt oy s Bl BhrB A n Ul FRGHE S vil® USART aRCh @

if the dielectric values of the insulator camponents of

electrode assembly 126 are selected properly. Such sslection
15 can achieve a match or near match between source power
frequency and plasma-electrode resonance fregquency.

Accordingly in one exemplary case, for an B-inch wafer
the overhead electrode diameter is approximately 11 inches,
20 ‘the gap is about 2 inches, the plasma density and operating
pressure is typical for etch processes as above-stated, the
VEF source power frequency is 210 MHz (although other VHF
frequencies could be equally effective), and the source power
frequency, the plasma electrode resonance freguency and the
25 stub resonance frequency are all matched or nearly matched.

More particularly, these three frequencies are slightly
offset from one another, with the source power frecuency being
210 MHz2, the electrode-plasma resonant freﬁuency being
30 approximately 200 MHz, and the stub.frequency heing about 220
MHz, in order to achieve a de-tuning effect which
advantageously reduces the system Q. Such a reduction in
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system Q renders the reactor performance |ess susceptible to changes in
conditions inside the chanber, so that the entire process is nuch nore
stable and can be carried out over a far w der process window. 5 A

current rred node has chanber and pedestal dj uitable for
acconmo g??%g%% 12 inch dianeter wafer, a mafer-to-%gﬂﬁ%ﬁéaagp of about

1.25 inch and an VHF source power frequency of 162 MHz (rather than the
210 MHz referred 10 to above). The coaxial stub 135 is a specially

confi gur exystieni @ nrenderre htiieindaetor qrenfomérs: tlessheuswptable sist em
stabi | ityypanl ; M ki c iJltiges wel Lhas.drany other 15
val uabl e aﬁegﬁféﬁb§gﬁﬁ?£$%§f3 g%a%ﬁ%%h%g%&%é'iﬁ_rfggf coﬁauiﬁ%? 140 and an
out er coREEREFF clT YUCAIRPXD|SteédhE LRIDcan1 RS cagripAsarater1a7E¢%enot ed by

cross- hatgleRgpidtdlsGuinddw. having a relative dielectric constant of 1 for
exapple, fills the space between the inner and outer conductors 140, 145.

20 The inner and outer conductors 140, 145 nay be forned, for exanple, of
ni ckel - coat edAaturgentiy preierredenpdartascabambdtheandofédsstadnduct or 145 has

a di anet o 0L 8houl, b {E MRS 200oblifiacIROL. CPIMUE! Qo NaSeq di amreter of

about 1.5 I nches S haracteri stfc ifpédance 1s detern ifed by the
radii of 2YAERE-janrellang TPt OF eRpitiuct 8P sintp andasn aYHF skera@e el ectric

const ant gelvek herdqieubat ©f 11gb7 MEZNEritel 2B5n afhel RE0CASE redesesd bed above

ha 0@ ch%ga eéHstic | npedance of 650. More generally, the stub
charact eri’stt® ?npedance exceeds the. source power output inpedance by
about 20% 40% and preferably 30 by about 30% The 'stub 135 has an axi al

| ength of aboghe 2baxiBengial 433311 901D Anedfl-MildediBaorder to have
a resonance Iin the vicinity o d¥%ﬁ§ to neralFfy MRt ch ile

which further contributes to the overall system stability, ' its

wide process window capabilities, as well as many other

15 valuable advantages. It includes an inner cylindrical
cenductor 140 and an outer concentric eylindrical conductor
145. An insulator 147 (denoted by cross-hatching in FIG. 24),
having a relative dielectric constant of 1 for example, fills
the space between the inner and outer conductors 140, 145,

20 The inner and outer conductors 140, 145 may be formed, for
example, of nickel-coated aluminum. In an exemplary case, the
outer conductor 145 has a diameter of about 4 inches and the
inner conductor 140 has a diameter of about 1.5 inches. The
stub characteristic impedance is determined by the radii of

25 the inner and outer conductors 140, 145 and the dislectric
constant of the insulator 147. The stub 135 of the case
described above has a characteristic impedance of 65Q. More
generally, the stub characteristic impedance exceeds the .

_ Source power output impedance by about 20%-40% and preferably

30 by about 30%. The stub 135 has an axial length of about 29
inches (a half wavelength at 220 MHz) in order to have a
‘resonance in the vicinity of 220 MHz to generally match while
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-38 WO 03/100818 PCT/ US03/ 16559 'being slightly offset fromthe VHF source
power frequency of 210 MHz. A tap 160 is provided at a particul ar point
along the 5 axial length of the stub 135 for applying RF power fromthe RF
gener at @ o3fdsfs0 the stub 135, as will be discussed el oy ;351 RE power
term nal 150b and the RE return term nal 150a of the genera 150 are.
connected at the tap 160 on the stub 135 to the inner and outer coaX|aI
stub conductors 140, 145, 10 respectively. These connections are nmade via a
gener at deing- skig lyoagfset Eanethe ViTasPuEce ROWaF aB¥*IUeSEY cof npedance t hat
mat ches diemAut put i npedance of the generator 150 (typically, 50 9) in the
wel | -known manner. A term nating conductor 165 at the far and 135a of the
stub 135 shorts the inner and outer 15 conductors 140, 145 together, so
that the stub i35 160 dboptedidedt att s geartienllad ImdntAblddie thear end 135b

(the unshans eeLapd) osObnd Nud ulo 125 RS OH! Gl NEMCEAR LG e connect ed

an annul ar support 175,
whi | e t HEDERABPY c@@dﬁ@t bre BObj §32o0mfedidl bo Cilﬁé‘-uéé é?el@ﬂ %| ect r ode

125 vi a m¥ @anéiycgéfﬁnsyl1s“uie%nart§ém0&-tet&¥:6 tedmidh el B b€ £ig 180 is
hel d bet ween and sgparates t he condyctive Ilnde 176 aagathe el ectrode

125. Th&FRRBFTITuBESr CORRE bR udde tEBn t°nf5 e #5498 £P8st? 25 such as
process'qpasesnéwuhnmoahaﬁﬁ .coblxgapr sl nahdachﬁxﬁ:age,oi4stlu s feature is

thgt, u eégs %"Fél O' @11@&%0% @81%%1% S via ge?%gqsa%g -{d1e cool ant

line 17 Ss Ficaf rences. They
t her ef orséUmgodtiale 6abie Lﬂ(ﬁczeé‘}aﬁinm aﬂharac1t@§§te%pem¢dﬂ@canﬁﬂla‘mr e reliable

30 mat efagkbhéorrlitguP WnRe8ncd N MBkabbh&ra3s hbpedfichends gas
outlets 78! I Une Hedf SMonn falher "o 3t SLSEi39S dRunctor 165
at the far end 135a of the stub 135 shorts the inner and outer
15 cenductors 140, 145 together, so that the stub 135 is shorted
at its far end 135a. At the near end 135b (the unshorted end)
of the stub 135, the outer conductor 145 is connected te the
chamber body via an annular conductive housing or support 175,
while the inner conductor 140 is connected to the center of
20 electrode 125 via a conductive cylinder or support 176. A
dielectric ring 180 is held between and separates the

conductive cylinder 176 and the electrode 125,

The inner conductor 140 provides a conduit for utilities
25 such as process gases and coolant. The principal advantage of
this feature 1s that, unlike typical plasma reactors, the gas
line 170 and the coolant line 173 do not cross large
electrical potential differences. They therefore may be
constructed of metal, a less expensive and more reliable
30 material for such a purpose. The metallic gas line 170 feeds
.gas outlets 172 in or adjacent the overhead electrcde 125
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-39 WO 03/100818 PCT/ US03/ 16559 while the netallic coolant Iine 173 feeds
cool ant passages or jackets 174 within the overhead el ectrode 125. An
active and resonant inpedance transfornmation is 5 thereby provided by this

speci al {pp BRMkIOUr ed stub match between the RF ge”ei’e}/ﬁgosé?s% and the
over head el ectrode assenbly 126 and processing plasima [0ad, m nim zi ng

refl ected power and providing a very w de inpedance match space
acconmodat i ng wi de changes in | oad i npedance. Consequently, 10 wi de process
wi ndows HRHLPridcesetelbic sooleyt lingr 4V3 diekds gbokeptniPeRsSRgEicdus| y

unobt ai ngbtre®f 11171 @EYid RhdSEv&hReWel act #de WBEl € M nim zi ng or avoi di ng
the need for typical inpedance natch apparatus. As noted above, the stub

resonance frequency is also offset fromideal match to further enhance 15
overal | syst et Qectdyst and staabhnbiht Vinpedapeo cassisBbatotyonangd mul ti- process

capabi l'i ¢ i I rode-.pP nance  Er ncy and the VHF
Sour ce Po%ee?é@{ %%38%%%/&% Otgggostﬂ%ﬁlﬁggﬁa °o‘%/e,§’%53 rﬁ%ﬁ%’l %%Fc eature is to
confi gur @2t¥eRR dher REagrnETaser otkd -agndnthy aveghtad elestragee with the

pl asma absidibigl e0kr Ade1RIRE IR LTINS TIRIURDAYmANG ! foiéaﬁaedrmtchi ng (or

t he near g‘gtch %I t he source power. frequency- and thé el ectrode-plasm
frequenc§ The 8y BEPY 5928 BRY (W1 E06 10 dRIC e, DAEER GHRA%Nt | y capaci ti ve
r eact ancacednnioglatheg phiamehangac tiantead sinpediafpt eX doanBetm@it19f, frequency,

Ples dalad (Beocald oidRhsPIRATRLLSs £8P JgSELibed Del ow in
greater detail, a plasnma is armalyzed Tn'terns bt FFEacTarce which is a
conpl ex piPRg iwéﬁ.hi RERAAURSYi Widlitadnyble efif ighengerar ast yoBPoweri esponds t o
a negat i ¥E1 GafAe! hih@.z1thgTHE SorelhedendlRsaRrof asgapi frequency is
dét er mi ned ba/ t he reactances of the :

ilMpedance match apparatus. As noted above, the stub resonance

fraquency is also offset from ideal match to further enhance

15 overall system O, system stability and process windows and

multi-process capability.

- Matching the Flectrode-Plasma Resonance Frequency and the VHF
Source Power Freguency:

20 As outlined above, a principal feature is to configure
the overhead electrode assembly 126 for resonance .with the
plasma at the electrode-plasma resonant frequency and for the
matching (or the near match of) the scurce power freguency and
the electrode-plasma frequency. The electrode assembly 126

25 has a predominantly capacitive reactance while the plasma
reactance is a complex function of frequency, plasma density
and other parameters. (As will be described below in greater
detail, a plasma is analyzed in terms of a reactance which is
a complex function involving imaginary terms and generally

30 ccrresponds to a negative capacitance.) The electrode-plasma
resonant frequency is determined by the reactances of the
electrode assembly 126 and of the plasma (in analogy with the
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el ectrode assenbly 126 and of the plasma (in analogy with the -40 WD
03/100818 PCT/ US03/ 16559 resonant frequency of a capacitor/inductor
resonant circuit being determ ned by the reactances of the capacitor and

the i ngdibQ6kis Thus the el ectrode-pl asma resonant fﬁEﬂHﬁBﬁﬁs not
necessarily be the source power frequency, depending as It does upon the

pl asma density. The problem therefore, is to find a source power
frequency at which the plasma reactance is such that the el ectrode-plasm
- r esonant r¢3@gadnEyequeneyuef arcapaeatdy/ Jagustor ccatsivasbwicsupower frequency,

gi ven N6 80NSLE kRl 0Ly PERCHaaal 10N I 9CRD A DRI dEUbAr Tange of 10

pl asma denS|ty and ectrode di nensi ons lemis even nor e
di ffi cul tRUECEUse 1@“? BPRAsPe FEREPTBL A éﬁs%ﬁﬁﬂ§c?§eﬁﬁﬁﬁcypﬁa¥na react ance)

and t he mdnecieraa§9afiillj£lﬂal 19015 s(dM&behp@ié;threq@éﬁyt I @dpef@IRACbbapee) nust

meet cer rQc on cifi IIy for dielectric and

co(r?duct o‘?&ﬁ z‘a‘%og g fg% Cge 3& S@?}% pﬁlogg dAREREYTENAT E°be within the
range offl‘ﬂFD@— $0u2ce (P(WECCfrme@hYI at awhiighstheipitason téect@Engsmhs react ance.
Moreoversush Hake tid fQLPPLESTR AR ASDRahY ffuiyggyguié 29" o' OCESSI Ng

8-inch dianeter wafers for eXxanple, 1s realize er-to-el ectrode
gap or HEHHY 8fU2H topbhe OUYLTEhBSvEhFRasUenat rddendrifret er on the order

- of the umfmradn%m@:aetlmeabﬁfmmf&htbSa apac&a&maf nfan@e bhe el ectrode
capaci t er.ent g e utilized for a

oth r
O ch Wi G\ {0 e o Terso], HndrHiRRs | SHRERISY 886 ot cii ng)
the el emneodeféagaldq thﬁ@ieusteo thhephagw tdedeiof Mrne.chegaﬁaqts tbapaci t ance of

the pl a%snﬁhﬁe%t%t::@?d@n@|t%§”@lé€\ﬁi@§ﬁném£ﬁ BAS" G g cgource power
frequency, are at | east nearl tc or t e genera conduct or and
dlelectr fe capscitance) must meet certain process constraints. ’
: Speclfically, for dielectric and conductor plasma etch
15 processes, the plasma density should be within the range of
10°-10* ions/ce, which is a constraint on the plasma
reactance. Moreover, & moxe uniform plasma ion density
distribution for processing 8-inch diameter wafers for
example, is realized by a wafer-to-electrode gap or height of
20 about 2 inghes and an electrode diameter on the order of the
wafer diameter, or greater, which is a constraint on the
electrode capacitance. On the other hand, a different gap may .
be utilized for a 12-inch diameter wafer. .

25 Accordingly, by matching (or nearly matching) the
electrode capacitance to the magnitude of the negative
capacitance of the plasma, the electrode-plasma resonant
frequency and the source power frequency are at least nearly
matched. For the genaral conductor and dielectric etch

30 process conditions enumerated above (i.e., plasma density
between 10°-10% ions/cc, a 2-inch gap and an electrode
diametexr on the oxder of roughly 11 inches), the match is
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30 process:-conditions enunerated above (i.e., plasm density between
109-101 ions/cc, a 2-inch gap and an el ectrode dianeter on the order of
roughly 11 inches),. the match is -41 WD 03/100818 PCT/ US03/ 16559 possible

i f the §RM: wer frequency is a VHF frequency. c n?itions (e.qg.,
di fferent \:/fg gir%odi aneters, different plasma densi tiogg?’%@?:’@ﬁ 59maty dictate a
different frequency range to realize such a match in carrying out this
feature of 5 the reactor. As will be detailed bel ow, under favored plasma

pr OF_essi B85 S 05N ltiifgaﬁeffasur{a@ow rﬂgﬁuéﬂt@r i\éiliEeVEEF ine@ﬁgm;al e ihm:! pa:
applicationps incluydin j el ectrjc and net Lasma. _ etgk and cheni ca
vapor deﬁ%g?fi?ﬁﬂleﬁ@%%IE%ﬁﬁ'cgﬁéiﬂrFﬁﬁc%?f%rnH%ﬁ%eﬁiﬁﬁ'c Fkgé%ﬁ?an exanpl e
havi ng plrasamsa dzasities, atcsetmdp dicttbe shaidfaasnbdinggoancb0 and - 400
pi.ca farads,.,| ry- .he .ﬁgg Iyt fo tdig-QMelread
.eIectrodEQ§g§§%h%%?l§§§W%g® éatc edE?oc% %Eg%??ﬁggjbf gﬁis negative
pl asma c&bacreastes. byrustidd &r &taddeddeelnwunspder ofavpred i@, a gap
length (@heetsNdRy LondodiRMsakosnd-agiinf slinanphardrmiial yevkralches,
choosi ng a.dlelectrli_nq}erlaL f.or,. seg] 13% haV|qg a.d elfggrlc const ant
of 9, an&*AEHTKARRLIGAIMFIBTRG G UFHETACH, 22 FE3Y RIE i ¢ materi al
for the ritobind 20dhanemiprad capbeciapesitinst ahk plagmeamdpabitdacess of the
order of ;10 nakign o Y126 apd the plasm
_ resonateéia?ﬁgﬂfigqg% 55 e-pgagﬁa rgggﬁg%§§%$%%ﬁ3ﬁ§5 t §¥Sat | east nearly
mai®hes tREtBhave pancdretcegueit endpptPEPice £RE3A%| edfr 88e 125, assuning

a mat chi %eﬂﬁléﬂ(}@ichséaﬂ%idaﬁﬁﬁﬁﬁarﬂﬁa 3b tnslovdenesd baibct¥éabave di scovered
~that forLaww

that for fayares 186Chas RLAMRPEOSGEohIGh I HePSY oK1V LLQQERS S and plasmas,

plasma capacitance by using an electrode diameter of 11
inches, a gap length (electrcde to pedestal spacing) of

- 15 approximately 2 inches, choosing a dielectric material for
seal 130 having a dielectric constant of 9, and a thickness of
the order of one inch, and a dielectric material for the ring
120 having a dielectric constant of 4 and thickness of the
order of 10 mm.

¢

20
The combination of electrode assembly 126 and the plasma

resonates at an electrode-plasma resonant frequency that at
least nearly matches the éource power frequency applied to the
electrode 125, assuming a matching of their capacitances as

'iS just described. We have discovered that foxr favored etch
plasma processing recipes, environments ahd plasmas, this
electrode-plasma resonant frequency énd the source power
frequency can be matched or nearly matched at VHF frequencies:
and that it is highly advantageous that_sﬁch a frequency match

30 or near=-match be implemented. 1In an exemplary case, the
electrode;plasma resconance frequency corresponding to the
foregoing values of plasma negative capacitance is
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el ectrode-pl asma resonant frequency and the source power frequency can be
mat ched or nearly matched at VHF frequencies; and that it is highly

advant ageous that such a frequency match 30 or near-match be inpl enment ed.
In an eweonmphensys case, the el ectrode-pl asnma resonancecti€auerRey
corresponding to the foregoing values of plasnma negative capacitance is
-42 WD 03/100818 PCT/ US03/ 16559 approximately 200 Miz, as will be detailed
bel ow. The source power frequency is 210 MHz, a near-match in which the
source PEREIXiFasalemdl Mizofdsatils) P@mﬁtt)ﬂlébéviée]t% efee tsqygespl asma

I esonancgoid e GHRAG¥nEP 1 986 iy, raahéaﬁ-ﬁt%r 1ﬁldNr?irEnaﬂﬁ§ ddurbg S discussed
bel ow. The plasma capacitance is_a function of anmpng other —things, plasna

el ect r onPYEFSiEFIUGREE 4% Of &Pk sd--olt by fhvye Fiw 91§€?§§P‘E‘%/ PIARM8h needs, in

order torpsansnde gﬁ@@hemo@'smﬁ Sl 06 €664 1iGeCOtRET IR entddebeockBpt in a
range geggaglg% 1% | 012 ions/cc. This density, together with the
source power re cy and ot her paraneters, determ nes the plasna
negative capacitance, the selection of which is therefore constrained by

the need to op{d 5gm9h§&gglgg SSi RO¢ bhiggﬁ%?y c%%ﬁé 15 be further

det ai | ed. bel ow. the overhead el ectrode asse apacitance is

af f ect ed*BSRIFanpl ﬁ?@%l%‘:t?-’%t%ltye grhigaps| Bakped( Sparliasgabet ween

el ect r odgord 2fensady} hehwmf ﬁééds, iReoad@ «f pebecid %dlﬁﬁaszﬂahe range of the
ectrjc |0ss electric seal 13 hoi ce of

di dj
d.§’| ect r?mcf(fsé‘Bﬁs‘f%fﬂgL&Pn?hetc’dg@I grt i ?eé?ni%@%a@% @I e rode 125 and
gr ounded1@faidres/ clbodyTHia7 dehhﬁtgchmbgetlmér damhechélszamaslbwﬁr for the

process gfqughgke%ﬁélé$ﬁggaéss an ggglé%y%r%ghggnQ§s %kelectrlc seal s

130 and 120 an e const € ring 180
Thi s per?ﬁﬂqgl§éﬁ§er the selection of which is therefore constraxned

by the need to optimize plasma processing conditions, as will

15 be further detailed below. But the overhead electrode
assenbly capacitance is affected by many physical factors,
e.g. gap length (spacing between electrode 125 and the wafer);
the area of electrode 125; the range of the dielectric loss
tangent for the dielectric seal 130; the choice of dielectric

20 constant of the dielectric seal 130 between electrode 125 and
grounded chamber body 127; the choice of dielectric constant
for the process kit dielectric seal 130; and the thickness of
the dielectric seals 130 and 120 and the thickness and
dielectric constant of the ring 180. This permits some

25 adjustment of the electrode assembly capacitance through
chojces made among these and other physical factors affecting
the overhead electrode capacitance. We have found that thé
range of this adjustment is sufficient to achieve the
‘necessary degree of matching of the overhead electrode

30 assembly capacitance to the magnitude of the negative plasma
cépacitance. In particular, the dielectric materials and
dimensions for the seal 130.and ring 120 are chosen to provide
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25 adjustnent of the el ectrode assenbly capacitance through choices nade
anong these and ot her physical factors affecting the overhead el ectrode
capaci tance. W have found that the range of this adjustnment is sufficient
t o achi woastéeis necessary degree of matching of the eypibRAacsse! ectrode 30
assenbly capacitance to the magni tude of the negative plasma capacitance.
In particular, the dielectric materials and dinensions for the seal 130and
ring 120_.are, chosen .t rovide -43 WO 03/100818 PCT/US03/ 16559 the desired
di o ect T CERATSMIL-AREET IS FOPPRERER GRECEPTREApd] BLEES eI ng 1 he

el ect r odaa lompaci Matmka ngnehd [ epkasda capapatataneadcaie {glaismbe achi eved
despite = t hat of .t i,cal ct, i.nf | uenci ng
éﬁ}%cﬂ:gﬁée rﬂl@z tES, .achﬁgf?c?; %%BEF% ﬁ%ht%h ,fa\I/:M@ #ﬁ%‘g sgaé

el ectrode "capaci t ance, particu ] |T be dictated or
limted B B PvIishlnfrghosst ieblienaay ehectyodd fapamngree] ar ger

di arrgterp_amt:ewﬂ% @a?oill.érib&:}ﬂ,t higmsi? l&liﬁftﬁi’:@'c}ltdk Q&mg{@a fk:iyﬁ*&héon o; pl asrr:a
ion density over the tul]. dianmeter o e wafer; .and to,., have good contro
of ion-d%eo&éfﬁ§n959r%c5ﬁ°% : EB‘“’@% tf’hga‘?‘gtee&éfrﬁ@: (HAFECFDr the pl asma
capaci t arfierandto tdie swawith ngpodvenhéadhitlyeof r ikt ré bpabort afce, t he

el ectrodg-, plasgn n&g Legu :}}'@E r Qxi pmat 0 for a

sour ce g%'fggﬁfrg%u%eﬁggggf fz)tm%% grgg U%\;ggtg%%e%f Qg 00%i ng the
capaci t difte gPogheontebdcef dha deBehby Wwal280h rensrigy . nanner, and t hen

matchi ng t he gives Wi Fbref&Gly Qﬁﬁg@'Mh&eFQM&t chpsaient apd the source
power fr nance. of the el ectrode and plasm near the

uen 1S that res
sour ce ptg'%ef“afgig%%ﬁgﬁg‘b?ﬁi EETEOGF FEPAF DRI C END 0 HRATERISAd wi der
pr ocess RPliasthewresaTehnce nSsIpnently ywasi Aprgoeahetelyl A00MHy fo@ ehanges in
process scogt}ggtﬁ&r& f@@%uéﬁ]:‘y %ffOEEO geater performance stability. The
tém

entire processing sys

15 : A great advantage of choosing the capacitance of the
elactrode'assembly 126 in this manner, and then matching the
resultant electrode-plasma resonant frequency and the source
power freguency, is that resonance of the slectrode and plasma
near the source power frequency provides a wider impedance

20 match and wider process window, and consequently much greater
immunity to changes in process con&itions, and therefore
greater performance stability. The entire processing system
is rendered less sensitive to wvariations in opérating
conditions, e.g., shifts in plasma impedance, and therefere

25 more reliable along with a greater range of process
applicability. As will be discussed later in the
specification, this advantage is further enhanced by thé small
offset between the electrode~plasma resonant frequency and the
scurce power fregquency.

30

FIG. 25 illustrate how the inner and outer coils 60, 65
may be combined with a capacitively coupled reactor that has
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Is rendered | ess sensitive to variations in operating conditions, e.g.,
shifts in plasma i npedance, and therefore 25 nore reliable along with a
greater range of process applicability. As will be discussed later in the
speci f i sao3amsig hi s advantage is further enhanced by pkhgssigdsh of f set

bet ween the el ectrode-plasma resonant frequency and the source power
frequency. 30 FIG 25 illustrate how the inner and outer coils 60, 65 may
be conbined with a capacitively coupled reactor that has .44 WO 03/100818
PCT/ US03/24R69%¢€rhead elertmus ebartrtede toon it pdaswoa asovzEe ppaeya sour ce

power  geReEal Yy EH&G&%D aaffz.kéédt&r}ialgngt,g ul;mda ds Q@RI%ERI E el ectromagnets
u

ar ound |t§ gerl bher ch a reactor escri ed I N S. patent
appl i cat F0R° & agpe .anygo 4ty perigh FWed PeBefberagtyr $901 by Dani el

Hof f man ellaaa.’ca.bsﬂ‘lt:.nthesi "FAtaatpagiodek oo ddtit erbeach /BBs Faect rode Tuned to
thes Pl asyg d e sen Si_gnee thed cl osure of which
S mcorpora?aéc]e%ﬁ y2$0§11e$ é)é& ? ﬁo g ?:l'hgenttd |£—T 25, a VHF
capaci ti v@P?S%leIaQUOpIMWemaﬂ RE‘nElmte@d’ehEu:ﬁeﬂ ltmwithg el ements found
in the reagtRi a9k Eé&gﬁle% £8 El?@%%@eﬁ@ae[g%q‘rgnégo d ;3. YRhgL support 105

at the bqottom of the chanber suppaorting a m conduct or water 110. A
process RiEt"h he FPFUtaated kersdnchhsiafisrepeea 15 seni - conductive or
conductive ring 115 supported by a dielectric rlng 120 on the grounded

chggrber body 100 bound he t.0 I sc shaped
overhead al um U e&ec? Hg %5 L})S%o??%%‘: B *Y@S“agap | engt h
above th&eapiay ingchudes gzhsuﬁdbhbmkwnbbemdnmdyf&ﬁdbi;n ah80reletdoectri c seal

130. Theoeverdiead: el esddAde dkamidlSQIWit asBwafer support 105 at

the bottom of the chamber supporting a semiconductor wafer

110. A process kit in the illustrated case consists of a

15 semi-conductive or conductive ring 115 supported by a
dielectric ring 120 on the grounded chamber body 127. The
chamber 100 is bounded at the top by a disc shaped overhead
aluminum electrode 125 supported at a predetermined gap length
above the wafer 110 on grounded chamber body 127 by a

20 ~dielectric seal 130. The overhead electrode 125 also may be a
metal {(e.g., aluminum) which may be covered with a semi-metal
material (e.g., Si or SiC) on its interior surface, -or it may
be itself a semi-metal material., An RF generaéor 150 applies
RE power to the electrode 125. RF power from the generator

25 150 is coupled through a coaxial cable 162 matched to the
generatdr 150 and into a coaxial stub 135 comnected to the
electrode 125. The stub 135 has a characteristic impedance,
resonance frequency, and provides an impedance match between
the electrode 125 and the coaxial cable 162/RF power generator

30 130, as will be more fully described below. The chamber body
is connected to the RF return (RF ground) of the RF generator
150. The RF path from the overhead electrode 125 to RF gzound
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netal (e.g., alumnunm) which may be covered with a sem-netal materi al
(e.g., Si or SiC) onits interior surface, or it may be itself a

sem -netal material. An RF generator 150 applies RF power to the el ectrode
125. RFwomsaeosis om t he generator 25 150 is coupl ed t heoggyngssgoaxi al cable
162 matched to the generator 150 and into a coaxial stub 135 connected to
the electrode 125. The stub 135 has a characteristic inpedance, resonance
frequency, and provides an i npedance match between the el ectrode 125 and
the coaxtisapffediieal bG2LRF qrpacktapegrecst she3promes kit \iiqlepkrifore fully

descri b%aEeié’d" anH8ne e DR PadYsedis 180NNeRtL Grate@r t AQPRELr €434 N (RF

ground). of "the RF generator 150. The RF path fromthe overhead el ectrode
125 to Rpe gY'%fﬁ‘ﬁj 1104 gy itf3 PYOBREB %FB@B%?%’S’%@W °haffected by the
'capaci ta:aaau@tfntdqe REGCEES pblridk eimctalrmary iREy réPOranethheoxirR® ectric seal

fer oLt fig 110 and the process kit
sem con%uc |v%pp'(sld]'r &8n ucﬁl\?g&r#&ﬁg 5 provide the primary RF return path

for RF 5 power applied to the electrode 125. As in the case of FIG 1A

the inner copl £9 i Icggg oft hag. had f .tHhendbarEdar ¢0f 14 ieseuter coil 65 and
isin a gl ane farther %%r fromthe chanb han the outer COI| 65. The 10

out er pnghalls Yhgcdiametdr of o teg F 2789015 11k & BRA"%f t he
eI ect rodfarﬂ:ﬁér avdy Erbhethenehamsat [thad kBel agmiredoik| 65, afbee t he el ectrode

hPEEE G bk oh N5 Raop BUIEAIYAALD dhexGOLLS 00, O are

cont roll eg steering over ni ng current
suppl i es>f7©he 761-301306& 3o wbils 18@ igper Teell (o eeeh%cmte n"&lhsma density

di stribubbed tididiQbRtbde i12saChievied thit LhSe Id¥ r@dUCt) aheOb.@. set of MERLE
el ectronmagnet s 902 spaced e%uall about the f)ec{ herg/ f the.
- cufrents in the coils are controlle bg)] th asma
steering controller 90 governing the current supplies 70, 7%

15 of the coils &0, 65.

The improvement in plasma density distribution
uniformity is achieved by the introduction of a set of MERIE
electromagnets 902 spaced equally about the periphery of the

20 wafer support pedestal and outside of the reactor chamber
(like those shown in FIGS. 7 and 8). These MERIE magnets are
adapted to produce a magnetic field that slowly rotates about
the axis of symmetry of the cylindrical chamber generally
across the surface of the wafer support pedestal. In one case

25 this feature is realized by the MERIE magnets 902 having
electromagnet windings wound about respective axes tangent to
the circumference of the wafer support pedestal. ‘In this
case, an MERIE curxent controller 504 controls the individual
cirrent to each MERIE magnet. A clrculating magnetic field is

30 generated in the plane of the workpiece support by the

' controller 904 providing individual AC currents to each of the
irdividual magnet windings of the same frequency but offset in
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20 waf er support pedestal and outside of the reactor chanber (like those
showmn in FIGS. 7 and 8). These MERLE magnets are adapted to produce a
magnetic field that slowy rotates about the axis of symetry of the
cyl i ndrwoals/iaismrber generally across the surface of ptfgsiyakgs support

pedestal. In one case 25 this feature is realized by the MERIE magnets 902
havi ng el ectronagnet w ndi ngs wound about respective axes tangent to the
ci rcunference of the wafer support pedestal. In this case, an MER E

current BBiT & 8P drmregsniebily (398 fegrsasdgarided MyesfetRECh MERI E
magnet . &f Qi a&%ﬁ&mgnfﬁi&;fa'J.QLa_gn_aﬁi&Ocgeaﬁra{ee&ebauwebﬂolaane of the
wor kpi ece 1§L{1rn%port the _.control le\%i' 904 .provi di ng i %gi Vi gﬁ? AC currents
to each of “TH&EY MAHSH*FuatSHhgifer 'ﬁﬁ‘?chﬁg' 8f SPRRCTEAMEFT efiféncy but of f set
in -46 WROG/d100848 ROCPLUEDY E0350f . pimdEREE BOgrdeegr £bat (ior by 360 degrees
di & ded - Mty O S;W'QI ) g | t@enaf;l ase, the
fe\z'isture g?{"éadﬁr g?ﬁ??ﬁé‘%éé%ﬁ% |eP§£fsbyr gafiag%% lboésaqg%%geéft frame 1020
(dashed 3R sdppbhty rdtarnabiva KasRERIE MEGRBtBAIREF PS5 rot ated about
the axi spefmfnemehisndds.a rotor 1025 (dashed line). in this alternative
case, the MERI E magnets are permanent magnets. A second array of MERI E
magnets 906 (shown in dashed 10 line) equally spaced about the workpiece
or waf er supporsecopedestayl cBUMERIE aabnghero0sl debkowrhdm tihshédrst set of

Mgl E  npgiat Sq pPLoyid o B nets lie in
reslapect [ v%{% %r?ggﬁfﬂ%%bagrsg %%Béirt t%ﬂgaé?%@é"egf ?%g‘av\%%ﬁg%%%ﬁgsupport. 15 The

cont r ol | RRIFGLaPBE i ik 2a PLehRT r@&&én&}ﬁf( Ghs fingt gat oAQ®RAF ent to each of
the el echa@Egnovs fiP beOPfovidid RBAREEL. Both sets of magnets lie

in respective planes that are near the plane of the workpigce
support,

15

The controller 910 applies a low frequency (0.5 - 10 Hz)

AC current to each of the electromagnets 902, 906, the phases
of the currents applied to neighboring magnets being offset as
described above by 90 degrees. The result is a magnetic field

20 that rotates about the axis of symmetry of the workpiece
support at the low frequency of the AC current. The magnetic
field causes the plasma to be drawn toward the magnetic field
near the workpiece surface and to circulate with the field.
This stirs the plasma so that its density distribution becomes

25 - more uniform. As a result, reactor performance is

' significantly improved because more uniform etch results are

cbtained across the entire surface of the wafer.

Combinati i ibut H

30 It is desirable to feed the process gas from the
cverhead ceiling to improve uniformity of gas distribution
within the chamber. Fox tr_lis purpose, the overhead electrode
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of the currents applied to neighboring magnets being offset as described
above by 90 degrees. The result is a nagnetic field 20 that rotates about
the axis of symetry of the workpi ece support at the | ow frequency of the
AC curr wxe3/1dise8 magnetic field causes the plasnma topbeussawsetonward the
magnetic field near the workpiece surface and to circulate with the field.
This stirs the plasm so that its density distribution beconmes 25 nore

uni f o m, s, FESULL T eACLOL DY f QITACE) Soe 3 YALT h£aNk LYcLgpr Oved

because re unf?oPﬁlgt% S are cross the entire surface
of the vebbwerhGuibiandt toer<Drerhbasl £lasoe ovekerdoCagaDiigfieFrbiAt on Plat 30

It is degigable éx&lfleﬁglwe ﬁoogﬁsascsg%&eﬁr@&mceomﬂ@a‘me' ling to

i mprove uniformty of di stribution hin the cha orthis
pur pose, ¥ariBL gt rORAT I%Q,Et-r od8 a‘hﬁ’\ﬁ@é@?&m F’?ﬁ/mtﬁg%ﬁ i%‘g59 125 in the

cases OfwdrkeCBetweraNd025akdn.08 fngasinddsametny iand tlsdioweehtexs and

t herefore has a_l ar nunb Lnj.ecti orts or small holes 300 in
its bott5%1sur%%€@ﬂgééFace ﬁ%% wor 6?%@2 éﬁggbr "105. In an exenplary case,
the holes 300 5 were betmeen 0.01 and 0.03 inch in dianmeter and their

centers wer gninh LT éP@@ﬁ%d@P?ﬁ dak2bouti o3/ 1kpemzsThe over head

el ectrode/ gas distribution plate %herelnafter re errgg to as the gas
di st ri buthesRiIpRERSF f?gfrrﬁﬁ)q?aésl?ﬂﬁ d9- BTl AeR ¥ By, This is due
t A0t he s QflpedveRN rekistamyeC tsugptiersi ofhisatsudeet hattiexcl udes process

gas and/91 ggéqﬁnjg ngﬁhe Cen%Sreéglé%a% 2 OREN tﬂgtoéx%HEESZSOO' This arc

suppreSS|ng FiiFe OFs ™4 I eces or in the centers
- of the mﬂossssm%@@piép-‘t-‘emil%aaﬁﬂ?fhé‘-h@nasnmr rafs peehi 9mend i Miri cal fingers

-or thinyAdsige3 13sShounsdgprbbeifd Feacarstionalseyi 6w QhtEEG 26 and the
' pieces or disks 302 in the centers of the holes 300 supported
15 ‘at the ends of respective cylindrical fingers or thin rods 303
as shown in the cross-—secticnal view of FIG. 26 and the
enlarged cross-gsectional view of FIG. 27. Arcing within a
typical gas distribution plate tends to occur near the center
-of the gas injection holes. Therefore, placing the center
20 pieces 302 at the center of each hole 300 prevents process gas
from reaching the center of each hole 300 and therefore _
reduces- the occurrence of arcing. As shown in the plan view
‘of FIG. 28, introduction of the center pieces 302 in the holes
300 transforms the otherwise circular openings or holes 300

25 into annular openings.

Referring to FIG. 294, the gas distribution plate 125
with improved arc suppression coﬁstitutes a cover 1402 and a
base 1404. The base 1404 is a discoid plate 1406 with the gas
30 injection openings formed therethrough surrounded by an
' annular wall 1408 having an interior shoulder 1410. The cover
1402 is also a discoid plate. The disks 302 are the end
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enl arged cross-sectional view of FIG 27. Arcing within a typical gas
distribution plate tends to occur near the center of the gas injection
hol es. Therefore, placing the center 20 pieces 302 at the center of each
hol e 30vOumsaa81st s process gas fromreachi ng the centerusdsiessh hol e 300
and therefore reduces the occurrence of arcing. As shown in the plan view
of FIG 28, introduction of the center pieces 302 in the holes 300
transforns the otherw se circul ar openings or holes 300 25 into annul ar
openi ngs SeRELeRT 9fg the FYigndzdpal (Haggas %‘?%tarqtﬁﬁ’(‘?%ntc’plaéfie 125 with

i nproved ¢xk:6né ﬂ?)ra%&ﬁwgfmqo&&bmttﬁ@&aoawﬁvmrﬁhéezoarudmcobase 1404. The

base 140 scoid plate 1406 with_t as jecti i ngs forned
t her et hrgldaf% suttb vEes %@g r?% gﬁﬁu‘f"é’rermg??g R &e as%gl n‘?‘%?l or
shoul der 12400¢f Tiree bager1404@2 Eormls gas westiuld pﬂé@ e(FIFhe26Il sks 302 are

thesend 148,00, 031100818 PIcl US03415%A8 50511 O%oRksd MBCrhbua | cal

fingers to a ext endi ng downwar romthe bottom surface

of the cd¥ép thegmnifpddothldr fegRed ofost ﬁBl%‘bvjé*l%ABZth%ﬁtﬁﬁ ?he shoul der
1410 of tdne beser h4@4 .to forma gas manifold 1414 (FIG 26) 5 between the
cover 1402 and the base 1404. Process gas flows into the manifold 1414
froma gas inlet 1416 in the center of the cover 1402. The portions of the
.gas distribut fba pimtient 26t tthat gdd dintrdbutprroeedssegdsds dhasl asna in the

chagber can.De. falymd, %as BBk Al UG £S étjx#ﬂﬂe'}uﬁhﬁoﬁé &b el ho

sem conduct or rocessi npati bl e materi such as silicon carbide. In
this exarﬂpmétahl-’rucéhlaﬁaég‘g'd@f-““t featpd WAkt # i IRMIGRIPFER%, with the

except i onprebesdind %mﬁb.lﬁitﬂ!éemﬁf:eim GAYRM ad 4025 conecddbicievered with a

silicon C?&B'éﬁ%ﬁé %ﬁlngljéﬁ% a%gslgl t %t%gslé&strlbutlon plate, with
the exception of the top surface of the cover 1402, are

15. covered with a silicon carbide coating 1502 as indicated in
the enlarged partial cross-sectional view of FIG. 28B. As
shown in FIG. 30, the aluminum top surface of the éover 1402
is in contact with a temperature-controlled member 1520 that
- may be water-cooled by water jackets 1522 with coolant

- 20 circulated by a heat exchanger 1524, so that the thermally
conductive aluminum material of the gas disfribution plate 125
has a controlled temperature. Alternatively, as shown in FIG.
3L, the water jackets may be within the gas distribution plate

125.
25
However, in order for the silicon carbide coating 1502
to have the zame controlled temperature,.there must be a
thermally conductive bond between the silicon carbide coating
and the aluminum. Otherwise, the temperature ¢f the silicon
30 carbide coating could 'fluctuate uncentrollably. In order to

achieve good thermal conductivity between the aluminum
material of the gas distribution plate 125 and the silicon
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the enl arged partial cross-sectional viewof FIG 29B. As shown in FIG
30, the alum numtop surface of the cover 1402 is in contact with a
tenperature-control |l ed nenber 1520 that nay be water-cool ed by water
j acket swO322008i8t h cool ant 20 circul ated by a heat exetpogenebd24, so that
the thermally conductive alum num material of the gas distribution plate
125 has a controlled tenperature. Alternatively, as showmn in FIG 31, the
water jackets may.be within the .gas.distributi e 25. 25 However, in
order f graggﬁ%e scfc?‘{"it&fiﬁ' caarpﬁqageﬁ&%qdﬁﬁgl%r ﬁosaﬁagéa’%%ﬂeégrm control | ed
t enper attetween Hiree 2busindye gas disimibbtjor gridiret Rué thendibetdeen the silicon
carbi de 08t 40 %oARlg! 02 ']%% Shhera sy t h@xée%%r ghope of the

g&aﬁ% g o2l U X 28

I
silicon 30 carbi coatlng cou uctuat e uncontrol . In order to

achi eve Hg85dthh q1dames RRGELTVIReHdPRE s theEYeranthrALLA8®Rri al of the gas
di $tri buat-bRAP| =@ 1hg 51503 ahhetisd ld1e8inud DA% 036400842 PEllyMd203/ 16559

car bi de.c I ng, .a_polymer bonding |layer 1504 is.formed between the

a1 um nuRCHaEIS YR DRETEReS) S0ES ARG TTRD STTTCSH v CA R CHEE Gdf ng 1502, as
shown | RlRGUR A EhE silGAcshcavbidehavativeg 380¢mesc Bivatli tlee | ayer 1504 s
bet ween thhge 81 L0 Bf%‘fé‘@aﬁﬂgn& Ofdangs 159:&@1%&“63; @&é”h@é'g‘ebase 1404. The

pol ymer bondi ng | ayer provideS good thermal conductivity tween the
al unmi nuf*5herdste 1$2f+ con carbi de coating 1502, so that the tenperature of
th@ coating 1502 is controlled. by the heat .exchanger 1524. 10 FIGS. 32, 33

ﬁggi ?illeljl Lgsgig%/f&g?\évagraerkcgﬁg ggg\}srtlrg%tel ch,‘w ﬁ'zleatg%s lgfstorfibilﬂn%n 29A can be
plate 125 of FIG. 25A7 can be modified to provide dual zone gas
flow control. Such a feature can be employed to help correct
an etch rate or deposition rate spatial distribution that is

15 either center high or center low by selecting a process gas
distribution that is complementary. Specifically, an annular
partition or wall 1602 divides the gas manifold 1414 into a
center manifold 1414a and an outer manifold 1414b. 1In
addition to the center gas feed 1416 Epa£ feeds the center

‘20 - manifold 14142, another gas feed 1418 between the center and
periphery of the gas distribution plate 125 feeds the outer
manifold 1414b. A dual zone controller 1610 apportions gas
flow from a process gas supply 1612 between the inper and
outer gas feeds 1416, 1418. FIG. 35 illustrates one

25 inmplementation of the valve 1610 in which an articulating vane
1618 controls the relativé amount of gas flow to the imner and
outer manifolds 1414a, 1414b of the gas distribution plate.
An intelligent flow controller 1640 governs the poéition of

: the vane 1618. 1In another implementation illustrated in FIG.

30 3¢, a pair of valves 1651, 1652 perform individual gas flow
coentrol for respective radial zones of the chamber.
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flow control. Such a feature can be enployed to help correct an etch rate
or deposition rate spatial distribution that is 15 either center high or
center |l ow by selecting a process gas distribution that is conplenmentary.

Speci f i wald3goosgn annul ar partition or wall 1602 di vipgessédnessgas nmani fol d
1414 into a center manifold 1414a and an outer manifold 1414b. In
addition to the center gas feed 1416 that feeds the center 20 manifold

1414a, anot her gas feed 1418 between the center and periphery of the gas
di stribution EII t 31205 sEpRtehANo6RES LaniFDl e #8480, A dual zone
controll e:tlst&iﬁuatrporpuaeeslmsmsftmé @@ alcﬁw m&s Ottt m@kmamz bet ween

the innery e f 1416, 1418 Fl G |II trates one 25
|nplenenta |oﬁe§$& %ég% ¢§%¥§iﬁn?ﬁ T SRE&H A Eﬁlgff "8Re 1618
cont rol s %8Yd,r &68¢ i idcatboer mehifabds Ildw4ao 14iabi andrl4lfd. oUheze nani f ol ds
1414a, 14%Aheotitdeya3eMistTa1RUt 4 #18 p'ﬁb@ pfes\adet 6L BRI bl oy control | er

1640 governs the position of _the vane . I n anot her |nplenentat|on
i || ust r at SFPPRTETGI036°5¢ 14184y b 0F=valves 1651, 1652, performindividual
gas flow control for respective radial zones of the chanber -50 WO

03/ 100818 PCT. / 7 |IIustrates an. case in I,ch the gas
di stribution é#@?é ‘%Ztg'%ﬁasg?%r e 822 eI Shiked faﬁgv?‘rsfrﬂ 8 1414 being
- separ at eFHSFifhvryicndsotasingannpdtr qfacvethents colb8440,1636 FBHEOo t hree

manofol dsrldkdas dibkibnanel hiAE mdlk Waf ERSRRGLHUE 08 lieedsy 1416, 1418,
1420 pro?ggg gas flow to the _respective manifolds 1414a, b c. Wile
s

vari ous HaS A58 Rt doer PBeﬂs abloEEFRtedias h§f5é%$ft|b(¥&ﬁ on as having a
pair of cveckeodicaveshéd @ilsFRbEcoil® 8F, sewwmdt bat tsh,ere can be nore

by D ARLEhsat G Rumddk b3%Laadolha@iBly Yontr§l18] duirheads! 121 04 89

coils, it is felt the resolutiom with which processing non-
15 uniformities are corrected is increased.

The multiple zone gas distribution plates of FIGS. 34
and 37 enjoy the advantage of flexible control over gas
apportionment between inner and outer processing zones of the

20 workpiece. However, another way of customizing gas flow is to
do so permanently by providing different gas injection hole
slzes at different radii of the gas distribution plate 125.
For example, if the reactor tends to exhibit a spatial etch
rate distribution that is center high, then less gas would be

25 supplied near the center and more at the periphery of the
chamber by using smaller gas injection holes 300 at the center
and larger .ones near the periphery. Such a gas distribution
Plate is illustrated in plan view in FIG. 38§. For a center low
etch distribution, the opposite hole arrangement would be

30 employed as illustrated in FIG. 39.

PL ERING IN ‘THE OR OF FIG., 9:
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concentric overhead coils or coils 60, 64 and 65. By increasing the nunber
of independently controlled overhead" coils, it is felt the resolution
wi th which processing non 15 uniformties are corrected is increased. The

mul ti pl woagnes@as distribution plates of FIGS. 34 apgrddizats®y the
advant age of flexible control over gas apportionnment between inner and
outer processing zones of the 20 workpi ece. However, another way of

custom zing gas flowis to do so permanently by providing di fferent gas
i nj ecti on hoPkasmsi zbeeningliafsf deeenibesddabott Wikd §asei"SFr FButi on plate 125.

For examgks, {f-14hgalcact@rab8nds tne exdd Rif Facspali al mapoatiaate

distribution that is center high, then |ess aﬁ ﬁQU|qﬁ$&n 5asupplied near
the centfdeldmRpifsiedate the seff prrdrly %8P FHRCHaRBe?PRHy02ihg smal l er gas

i nj ecti QurkeheoB093aimidrescest eie iandr| esigeréloned mezarrehe gferi phery. Such
a gas distribution late is ilLustrated,i Vi | RoFh&Gng38. For a
S SR 581 FAF i bR o B lRCLE A Bofhany

center | € opposite e arrangenent vould be 30
enpl oyedcasrd| thes praipllersn of| Che 3Rilipg ASVRISTEERING INYREE REACTOR OF FI G

9:  -51 MR403Ld WB 18, PRk dIS034:1680 oePLas ranpireer t8Jc1es idaseri bed above
W th refperence B%BFE%SQE%J 14 was perforrredprén t he case%g_f gE1Gp9. "A

magnet i GO 8P RRbirnFRRERT AThd> s? AFPREPP STy GBGERRFBY Appl ying a
current dafnseldagireEesisld tate thansidec @l 6 mpdoduced ten®BPptYHgr1. 4 anper es

tg,the outer coil 65..A ti.c fdels | 490G LAwek dulybenpess phery of
tﬁg cei 1% r%‘rB?n%lo ct }8@?%%\,\,% 1T'Iré)ercg' S(Q:gd&{)ly %Ep yélﬁﬁé a current of -13
anper es 4% 2t hepéraseko the [owBrandia &ur r Batfom 5?2taﬁgﬁfére§§hto the outer
coi | 65..e HENSBERENSL] faddsehfly flg INBaginlf waakl iMBsowoByCesl by appl ying
10 a current of -13 anperes to the 1nner cgél 60, and a current of

much as 40% by applying a magnetic fie pointing toward the

periphery of the ceiling or electrode 125 in the manner

15 described above.

COTL. CONFIGURATIONS:
While the foregoing cases have been described with

reference to the inner and outer coils 60, 65, a greater

20 number of coils may be employed. For example, the case of
FIG. 40 has five overhead coils 4060, 4062, 4064, 4066, 4068,
each with its own current separately controllied by the
controller 90. The coils 4060, 4062, 4064, 4066, 4068 may be
at the same height above the ceiling 125 (as in FIG. 40} or at

25 different heights. FIG. 41 illustrates an case in which the
overhead coils 60, 65 are at the same height. In FIG. 41, the
windings in each coil 60, 65 are stacked in both vertical and
radial directions. FIGS. 42 and 43 illustrate different cases
in which the coils 60, 65 have windings extending in the

30 vertical direction and in the radial direction.
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+9. 2 anperes to the outer coil 65. We found that the etch rate of chanber
surfaces during cleaning were inproved by as much as 40% by applying a
magnetic field pointing toward the periphery of the ceiling or electrode
125 in LheosHBiper 15 described above. COL CCNFIGUR%E& 71¥$|Ie t he

f oregoi ng cases have been described with reference to the innher and outer
coils 60, 65, a greater 20 nunber of coils may be enployed. For exanpl e,
the case of FIG 40 has five overhead coils 4060, 4062, 4064, 4066, 4068,
each w th it sAwiscussehtprespansielip tbhs riﬂelcéélﬁ?tit%m’é%nt roller 90. The.

COPl's 4060roAR0R (40P, 4806na il TBYe DR Aont 6 SAMRRlCEGht above the
ceiling 125 (as in FIG 40) or_ at 25 different heig 41 illustrates

an case FATHRFtIRI RED—RidORBa HFPYt 51 ‘§SP§P3°%§" i E% “height. In FIG
41, the raiil r@mpoRefa T ekl gfliicffh af ctint aglede iof hbkhmametical and

r adi al d|r an I 1S f renk es in which the
co?% s 60, %gé'hav uwi’ n?ené“é’%gx gfl %.enl: %;{]& 2’0 \E/e{:(? &g’l g?%ect ilon and in
the radi @RInBtiscifishd hadiag\e Mgso@a%ab@wa@seamm ags? fU§Pussed

previ ouskyaidy tn{&g%eEﬁgchfélﬁat | 00 Mrehef edRIRRGE! aod%}eG tdd magnetic
pressure on t he pl asma for correctlng%élgc? uni form itl‘lb ion is

propor t i §REFFo etfl’FéCl‘F%‘Eﬁ &% ERepiisent F2IgrEHT 8f T¢iSeEquare of the
. magnet i ctEefrdﬁxd,reﬁhsﬁrertdth BESﬁheei-nfagne'em Hppdofich 4 griven eamplupy a

- magn etic %I%%eQaV|n ur%rggherae 539‘6 eger&g: eif&{‘naﬁng %{?‘P‘L shaped

magnet i C Her-* drséusse the reate ciency of the
cusp- shagé@agﬁa@ﬁppcawcéIbd-theﬂia‘,l’eglagﬂh‘em eﬁ:}@lﬂed sﬁﬁbndﬁh of the magnetic

field fOﬁlﬁ;sﬂir\é%@sagﬁuéﬁselgnoﬁhiﬁ%gQe’fhﬁl?r&fsi:u%ﬁapécb@c[a%hé’ti@duc| ng or
el imnati ng delvsl produced by a pair of colls 4420, 4440 located above
and below the chamber, respectively.  Current flow in the top
15 and bottom coils. 4420, 4440 is clockwise and counter-
clockwise, respectively. FIG. 45 is a simplified illustration
of the magnetic field line pattern of the fully cusp-shaped

magnetic field produced by the pair of coils 4420, 4440,

20 FIG. 46 illustrates an case in which the foux
electromagnets 4610, 4620, 4630, 4640 of a conventional MERIE
reactor 4650 are employed to generate the fully cusp-shaped
magnetic field of FIG. 45. A current controller 4660
controlling the currents in each of the electromagnets 4610,

25 4620, 4630, 4640 is programmed to apply D.C. currents flowing
-in the same (e.g., clockwise) direction in ail the
electromagnets 4610, 4620, 4630, 4640, as indicated by the’
arrows in FIG. 46. In this way the D.C. purrents in the top
conductors 4610a, 4620a, 4630a, 4640a form a clockwise current

30 loop, the D.C. currents in the bottom conductors 4610b, 4620b,
4630b, 4640b form a counter-clockwise current loop, while at

each corner of the array the currents in the vertical
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damage associated with high magnetic fields. FIG 44 illustrates an case
in which a fully cusp-shaped magnetic field is produced by a pair of coils
4420, 4440 | ocated above and bel ow the chanber, respectively. Current flow

in the LRsAqsagnd bottom coils. 4420, 4440 is clockw a0d nt er -
cl ockwi se, respectively. FIG 45 is a sinplified il Ig(g{ratﬁlgsgy of the

magnetic field line pattern of the fully cusp-shaped nagnetic field
produced by the pair of coils 4420, 4440. 20 FI G _46 iJoqlustrat es an case in
whi ch t heoldgtors| of tadjpadnleted seb TOMANEES, (2630, 864820 2 conventi onal

[ERIE re«}gﬁi%{jaﬂfé&%gt%zemAmdnammraalﬁféh&h%gghynmsp-;slhaped )
magnetie_fie : current _contr er gcontrolling the
current sflr?‘}Je%@% gpe te}?é’t'gf”éc?tr gHater A8F62C%s %0,“%6 ,3%6218 i's
progr ammed gmdappl yld2kidise land riosntéovdlngkwise tduereatelqapsgat cl ockwi se)

di rsectiog,dn. 4l 'a,nﬁhfﬁqté%flé?r?f[r?%ﬁ%eﬁm%ﬁgég‘%ﬂ%BQRa%B as indicated

by the' “arro | IS way ] currents in the top
conduct ofRe 4EEEa ot 465 2446808 thE40aTF Giafuat E8D JUMLEeCEIRTSEAPSS0 | oop, the

D. C. cursgitetiichcides hathomaqaduat pr6. 4810brnd6Rktor 4680IC.4640b form a
counter-g¢gl ockw se current Ioo%tggi | e at each corner of the array the

current s+ PRIFEEE 1T &Y © % *PCT/ US03/ 16559 conduct ors of
adj acent el ectrondghetsngeig. pragmmrparedeyf invehicicdiheconsdpret ors 4620c and

4630d) CQﬁ'&&?Ad tfgglga&nﬁgégu?gd.el ds of one another at the wafer surface. The

net effect s t roddce cl ockwi se and counter-c| ockwi se current |oops at
5 the top and bot t{8 oi¥ne Have Hegaser 1nr whirde thoké| §ireai@¥8gous to the case

- of FIG ddrratitbhakden3AnBd e Hukipgedd |y eHsPrsliapeder fagigks fiel d
(iltustraged T BLG oy, I0f "&ek8hu8l S Gould rd2elRE Rl R any one of
: field over the wafer surface: i
15 {3) configurable magnetic field (CMF) mode, in
which the four electromagnets 4610, 4620, 4630, 4640 are
grouped into to opposing sets of adjacent pairs, one pair
having one D.C. current and the opposite pair having the
opposite D.C. current, to produce generally straight magnetic
20 - field lines extending across the wafer surface in a diagonal
direction relative to the orientation of the four
electromagnets 4610, 4620, 4630, 4640. This grouping is
rotated by switching the currents so that “the magnetic field
rotates through four diagonal orientations. A time seqguence
25 of these orientations are illustrated in FIGS. 47A, 47B, 47C
and 47D.

In FIG. 477, the electromagnets 4610, 4620 have a
positive D.C. current fiow while the electromagnets 4630, 4640
30 have negative D.C. current flow, and the resulting average
ﬁagnetic field direction is generally from the upper left
corner to the lower right corner of the drawing. In FIG. 47B,
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(1) magnetic pressure node, in which the cusp- 10 shaped field is produced;
(2) sine wave node, in which four sine wave currents are applied in
guadrature to the four electromagnets 4610, 4620, 4630, 4640 to produce a
slowy wei@tibeats magnetic field over the wafer surfaggyulpngssy configurable
magnetic field (CMF) node, in which the four electromagnets 4610, 4620,
4630, 4640 are grouped into to opposing sets of adjacent pairs, one pair
having one D.C. current and the opgosite pair having the opposite D.C.

current, *h®d Fovaiees dwver BREY SHLTENeRt STdddSEt FRe 2L §GtEPHRII%YEs ext endi ng
across t he20/af1@B0Skd$2GBel Podidivagenatentdisiontyiomd &hati ve to the

orientatipn of the four. e magnets 461 4620, 463 4640. This
gr oupi ng®FEEFBRAREE P40 ?g}t’é g‘ﬁ‘vghgh%lﬂeﬁégf‘ge S‘BHE'W;?? g}'l%w'r’rﬁaﬂet ic field
rot at es the cuglrafeunagheagonaiielal ihant adviainsi cRothkwisesdgudhce 25 of these

Of lent Al LORR A€ F1GatlrR! Bfly 4 bip1 dhen@TBycfdC ARAaddRgehn G 478

the el ectromagnets 4610, _have a” positive current flow while the
el ect r ongfneiss magretiv digldzbinas d sndetrimieet) kY e mesrityBw, and the

resul ti N1 Arenne Rone! besitsld a@iﬁrﬁf‘ddtgﬂei g.@ewﬁrﬂﬁnysf'ﬁ% t heSZp\r;ue)r lef t
. corner to the lower right cqrner of the drawing. In , -

09/ 10081 8PBERAORHSS fiuabe FRLREISS by ERP AT B P GPERRESD ( hat ¢ he

el ect r omagiktes d46260:d.4630 have the positive current flow while the

el getromagnets 4640, 4610 have the negative current flow, and the average

magnetic field has rotated cl ockwi se by 90 5 degrees. FIGS. 47C and 470
conpl et e t he TypcPethah©isFEEng? iravoPet PP lnY§HetRcthe P MPAR LY s det ermi ned

by the nagfida#d@y select the D.C. currents of the four electromagnets

4610, 4620, 4630, 4640 to produce the best correction for non-
uniform etch rate or plasma ion density distribution. 1In

15 applying the method of-FIG. 9 to the CMF mode of FIGS. 47A-D,
the coils of each of the electromagnets or coils 4610, 4620,
4630, 4640 are substituted for the overhead coils 60, 65, and
all steps of FIG. 9 are performed in accordance with that

. substitution. The only difference is that the calculation of

20 the magnetic field from each coil is computed as an average

over the four time periods corresponding to FIGS. 47A-D.

FIG. 48 illustrates a reactor including a special

grating 4810 inserted over the pumping annulus. The grating.

- 25 4810 is formed of a semiconductive material such as silicon
carbide or of a conductive material such as aluminum and has
openings 4820 for permitting gas to be evacvated from the
chamber through the pumping annulus. The special grating 4810
excludes plasma from the pumping annulus, providing needed

30 protection and process control. For this purpose, the
distance across the interior of each cpening 4820 in the
radial plane is no greater than twice the plasma sheath.
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difference in the positive and negative D.C. currents thus applied, and
may be adj usted by programm ng the controller 4650 as desired. 10 The

met hod of FIG 9 may be enployed in the CM- nbde to accurately select the
D. C. cuiyrihsmsef the four electromagnets 4610, 4620,4630, 4640 to produce
t he best correction for non- uniformetch rate or plasmna on ensity
distribution. In 15 applying the nethod of FIG 9 to the CM node of FIGS.
47A-D, the coils of each of the el ectromagnets or coils 4610, 4620, 4630,
4640 ar e thiipkuesaut ednf bhis hayokbreead ddEiEEsuB0 168t alposaiblat eps of FIG

9 are penfggrgreﬁgiléggnaagg% W {h ddaat thgu‘?,_sgﬂltngt k1o, Thegienly difference

Is that th culation of 20 _the netic I'd”from each coil is corrputed
as an av§F Yees d:\’ferElt’ﬁén?’%ﬁﬁ PLpHPA ﬁé&FéE@h‘Eﬂ' rESBoRRATIRE Tt BWEFASSS 47A-D

FIG 48 iwlii:hl.Sﬁ riee puapiefcdrmilosc! udi ng a special grating 4810 |nserted
oves the punping annulus. The grating. 25 4810 is fornmed of a

sem conductive material such as silicon carbide or of a conductive

mat eri al suchfESS al4fmiandnb@ind lhasratopeni Agsedd20yf dormpat nitting gas to be

evacuat eqe.fnas@meh%na&ﬂaffbﬁ hﬁﬁ’i’fgh:htatﬂelﬂb'%d}%tgg e $1adfig- Speci al

grating 4810 excludes asma fromthe punping annul provi di ng needed 30

protecti GROEMREGS: (9€é§§n%04ﬂ1r°of3f Fi- t4 s peder ﬁ?i%o ‘GVEFANERE acr oss t he
i nteri or pekttmed cFpehengha:828 that e radialiploaneids s tgeeater than tw ce

00y BEPPE et 0 TInaLeTHicge f6r ANpIYERATLY JCITATS through, { he
grating 48%0. Thiss thedlmnﬁ; 4P1@|inviludessapl uper hardFandalon with chanber
surfaces sedt{dl Mgl B IPIHYd aANMHS periphery of the chamber
ceiling, a vertical section 4930 covering the chamber sidewall
and a lower horizontal section 4940 that includes the plasma-
15 confining grating 4810 and covers the pumping annulus as well
as an annular surface adjacent the wafer 110. In one case,
each of the sections 4520, 4930, 4940 are formed together as a
monolithic silicon carbide piece 4950. The liner 4510 further
includes an aluminum base 4960 underlying the lower horizontal
20 section 4940 of the silicon carbide piece 4950 and is bonded
thereto. The aluminum base 4960 includes a pair of downwardly
extending annular rails 4962, 4964 that are relatively long
and thin and provide good electrical conductivity to grounded
structural elements of the chamber below the wafer support
25 pedestal 105.

The reactor can have temperature control elements 4972,
4874 in thermal contact with the downwardly extending annular
rails 4962, 4964 as well as a temperature control element 4976
30 in’ thermal contact with the vextical side section 4930. Each
of the thermal control elements 4972, 4974, 4976 can include
cooling apparatus including coclant passages and heating
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5 FIGS. 49 and 50 illustrate an integrally fornmed renovable chanber [|iner
4910 that incorporates the plasma- confining,grating 4810 of FIG 48. The
| i ner 4910 covers the portions of the chanber that are radially outside of

the 10 derlying the el ectrode 125 and overl fer 110.
N i KRGS’ e

Thus, I ner 4910 i ncludes an upper hori zont al O covering an
outer periphery of the chanber <ceiling, a vertical section 4930 covering
t he chanber sidewall and a | ower horizontal section 4940 that includes the
pl asma- Rp#dathagigrlading &8 ]l eandicovwetert heltpurgp bg demixlabieas wel |l as

an annul g5 Sinkass ad Q‘iﬁé‘} g waf sdéﬂcﬁé&fy%l%ﬁsse Oqe%% of the

sections 4920, 4930, 4940 are- orne t oget ds a- npn thic silicon
carbi de piete 255BiobrRe F?%e?e%@fe Fhrﬁ%é?lm’l“h%ﬁ Wwre®rgyeRt um num base 4960

under | yidﬂ@ddlelbﬁvﬁ dmk_;ma@rﬁ;alflaarw&ﬁﬁo@nc&wr@fs bheisiddieen car bi de

pi @ce 49 nd._is t hereto. The al um num base 4960 includes a pair
of %downvé'?ﬁ ese% t(r%‘cﬁ ﬁénﬁ n'ﬁa\r rr rails 4962, 4964 that are relatively |ong

and thin and provide good el ectrical conductivity to grounded structural

cloments of e sharbancLolkidis WeLal P UBRALE 33 iedgst ale 105 The

reactor can have tenperature contr ement’s t her mal
contact RETHIERe? FRFMEFENEA SREERRI PaEennEhas 15 sluestaoB® 8964 as wel | as

a_t enpergair eheoaldadiriel ﬁdﬂﬁﬁtf&@@s 3gh i fyrmt 9@6&@'1:11&%?1@@::‘16&" th the vertical

sijge sect| 9 Each of the, therna nts 4972, 4974, 4976
cag mcléu gacéog S Apphrd lf?rPﬁg?LRj’leﬁﬁ gg%‘# h‘r"“”ﬁ& 89 dd®and heating - 56
VO 03/]Iﬂﬁiﬁylpcﬁidﬁymglﬁﬁfiﬁbesapﬁath&luppemchomhzn}tam sdaciioni ¢9p@ater. It can
be desi rahl ert 0cdRisAtRish B0 LA 1P 5Qual BoSubhish eid i gh tenperature

4940} . As a result, the liner 4910 provides a uniform RF

return path at all of its interior-facing surfaces for power
15 delivered either from the overhead electrode 125 or from the -

- wafer pedestal 105. One advantage is that as plasma

fluctuations move the RF return current distribution to

ccncentrate at different parts of the interior surface of the

liner 4910, the impedance presented to that current remains
20 fairly constant. This feature promotes process stability.

FIG. 51 illustrates & modification of the case of FIG. 7
in which the overhead solenoids 60, 65 define a squarxe pattern
symmeétrical with the square pattern of the MERIE magnets 92,

25 94, 86, 98, and is particularly suited for uniform processing
of a square semiconductor or dielectric workplece 4910, such
as a photelithographic .mask.

FIG. 52 illustrates a version of the reactor of FIG. 24 in

30 which the wafer support pedestal 105 may be moved up and down.
In addition to the two overhead coils 60, 65 for controlling

plasma ion radial distribution, there is a bottom coil 5210
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(e.g., as high as 120 degrees F) to mnimze or prevent deposition of
pol ymer or fluorocarbon conpounds on interior 5 surfaces of the |iner 4910.
The liner 4910 enhances process stability because it provides a good

ground (RfdAksRath. This is due to the fact that th potential is
uniformalong the interior 10 surface of the sili consgg’#}g&dgegsgl ece 4950

(including the interior-facing surfaces of the upper horizontal section
4920, the vertical section 4930 and the | ower horizontal section 4940).
As a resybiowt RBe! ig18he 4V @ﬁ@vmdesrasupbbﬁtnmEEest&ﬁu&ﬂspathIat all of

its interior-facing surfaces f d er f t he
over heada‘éﬁeﬂ%dégﬁ’% 5t afnrt?l’ﬁ V\%afségo g%et ?Jgfsgﬁ&g]gtfag@%nt age is
that as phasiper. frruétumttamrwenbwai tdwelRESrem@urtb%moﬁéﬁm ehidt SRBBtion to

concentr Jdiffere t e LDt &inPla Wil aegsPimddhetiti ner 4910,
t he |rrpeggﬁc§£‘ﬁr eEER g&tgactgh;%u(}%tﬁ%r ent remal r?s 20 fai rEIpy constant. This

fealure piohdtwidhinotesschafeBFtity. FIG 51 illustrates a nodification of
the case of FIG 7 in which the overhead sol enoids 60, 65 define a square

pattern symetrical with t repa MEQE gegpets 92, 25
94, 96, 98, afRfkss sy ?Y%"Lﬂeei‘gl flg’su% %gd %%eh%vrﬁ %or th 37 ocegm ng of a square
seniconduemninaﬁipdleiemtreactmor&gnumgeanQQfBrhgadhcexﬁing phé@ollthographic

oK o nfeghls 44 VSERALE L ALUELE Rl bOGey SACLOEOAL dhliCas 24 e S0 whi cf
e waf er ‘support be nnvedﬁgp In addition to

thé0two d@é?tthFLQBlP%a¥ﬁ) ths ?%ﬁl%ﬂgnFF5IW? tBFaE¥RF|t8ﬁtr%Eh?ﬂ
di stributi gos deEephBich Rohtemwiain pedddss daseWhORid A0BE8dREH US03/ 16559

bel ow t he pl an Ooctggg?fh f°g“r8?‘| g %%r? ?ed§3t%|hr%9§h L <3ddifdan,. there is

an out er 1Beff®
Moreover, the coils 60, 65 may be employed in a reactor in

which source power is not capacitively coupled by a ceiling

15 electrode. Alsc, the impedance match element for the overhead
electrode has been described as being a fixed element such as
a coaxial tuning stub. However, the impedance watch element
may be any suitable oxr conventional impedance match device
such as a conventional dynamic impedance match circuit.

20

' While the invention has been described in detail by
specific reference to preﬁerred cases, it is understood that
variations and modifications thereof may be made without

departing from the true spirit and scope of the invention.
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chanber. The outer overhead coil 65 and the bottomcoil 5210 can have

opposing D.C. currents. to forma full cusp magnetic 5 field within the :
chanber. Wiile the overhead coils 60, 65 have been described in L
conbination with reactor having an overhead ceiling that serves as both an f
over head source power electrode and as a gas 10 distribution plate, the

ceiling gy bl% Q. thestype that is not a gas distribution plate, with
process gases being i ntroduced in another conventional fashion (e.g.,

through the side wall). Mreover, the coils 60, 65 way be enployed in a

reactor hn wyj Bma%yr&%cgg@egoﬁpsﬂg% capacitively coupled by a ceiling 15
el ectrode. Al so, the inpedance match eI enent for the overhead el ectrode

has been descri Begu#s sileguse fincdadenenemidsuvRlhsandy aceaxi H19 t uni ng st ub.

However , gt g i adancuRhGhoel MBI o TBY P& ANYuPbiakliendh Sonyentional
|rrpedance mat ch device such as a conventional dyham c inpedance match

ci rcuit. CHYRAR Padt RrCit Eatfofe Hed9héen THROLtBEE ? P FéREi | by specific

ref er encgotigipicef, ess e4l o3 iecétsdp‘inolflﬂd%@té&@ Eaﬁiln@f/a:ro'gét:thls and
nodi fications thereof may be made w t hout artin romthe true spirit

and scopgeg‘fmt“ﬁe i RV ORI r%@l%é’ﬁti”ge%l%ﬁ &’OFls’-Pl‘?Lce RUBP3Ea react or
conpri si Bgd saivaesumegicl osure | ncI ud| ng a SI de wall and a ce| ling
defining a vacuum chanber and ng ce port wi t hin said . chanber and

facing said c&PFRY f6° %Bbf)‘b?t Fﬁﬁ 28, T85P 3t kpi ece
support amshigai;d ceiling toget her def| ning a processing region between
sal d_vorkpi eoe. supRotie: 3088l 98h! LG, RLOSESRIukl! S 8Bl Ur i ohi ng
connected to said RF power generator for capacitively coupling
plasma source power into said chamber for maintaining a plasma
within said chamber;
first and second overhead electromagnets adjacent said
ceiling, said overhead electromagnets, having a diameter less
than the diameter of said first electromagnet and being at a
greater axial distance above said workpiece support ‘than said
first electromagnet ; and
a respective D.C. current sources connected to said first

and second electromagnets

2. The reactor of Claim 1 wherein said first electromagnet
is outside of said chamber and faces an external surface of
said ceiling.
3. The reactor of Claim 1 wherein said plasma source power
electrode comprises one of:

{a) said workpiece support;

(b} said ceiling.

4. The reactor of Claim 1 further comprising :
a second overhead electromagnet approximately concentric
"with said first overhead electromagnet and connected to said

current source, said current source furnishing a second
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chanber; an RF power generator and a plasma source power el ectrode
connected to said RF power generator for capacitively coupling plasna
source power into said chanber for maintaining a plasma within said
chanber; first and second overhead el ectromagnets adjacent said ceiling,
sai d overhead el ectromagnets, having a dianmeter |less than the dianeter of

sai d 1146l act omaonele ARd: ReLOg, Al 2,0 eaLen RxLal Jistpace above said

wor kpi ece support t an sail iTst el ectronag n ; a respective D.C.
current @é@@%@g:é@ﬁﬁeb@eﬂuﬁbSSG@mﬂf|ad§ptr@wuﬁ§€c@hdteheﬂnubnagﬁets 2. The

reactor of (1Al Mabnbhes Siiisal hdidis! o8l ANAYReL; 15 jqutsi de of said

chamber and faces an external surface of iling . The reactor of
Cai m 1 @herEHnesaby prasmaidoliey podesccardatlestieieomsriests bhe of 1 (a)

sai d wor kpi €CE :SHPRAEtsecdnl) SBEL CRla ths 4ailhe;rsachey sQfoGhaim 1
further conprising : a second overhead el ectronagnet appr oxi mately

concent r FEECHHh CRAF 8T PGV LBYeF S EMElt Fifagnet maaletdanEEtEd to said

current SOtF&BesSahdd CUHiINRRhi SPWL1EYRAI SEH n@ndisecond 259 el ectric current
to said econd el .ectromagnet to generate magnetic flux in said second

el ectro St d cont ributes to said magnetic field, whereby said
magneti c fleld is determned by both said first and second electric
id first and_secon ectronmagnets, said first and second

currents in
electric %Urriﬁ?s R Hg © a?h%@lschL?ﬁ%Fl§§FG Frigtettne FREPRF i ncreases
sai d uni ébsaidoshaghepd aaBoLONi dENT b¥idachalber and face an

external surface of said ceiling.

6. The reactor of Claim 1 wherein:
said first electromagnet produces greater radial
magnetic pressure on plasma over a greater radial area near a
surface of said workpiece support than said second
electromagnet;
sald second electromagnet produces magnetic pressure
predominantly over a radial area confined near the center of a

surface of said workpiece support.

7. The reactor of Claim 6 wherein:
said first and second currents constitute a first set of
‘currents whenever plasma is directed primarily at a wafer on

said wafer support;
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distribution. 5. The reactor of Claim1l wherein said first and second

el ectromagnets are outside of said chanber and face an external surface of
said ceiling. 6. The reactor of Claiml1l wherein: said first el ectronagnet
produces greater radial nmagnetic pressure on plasnma over a greater radial
area near a surface of said workpiece support than said second

el ectromagnet ;5,331 g S§C HQ gL &SI %@?Qx‘?ﬁs %?lgk'fﬁ e”%g’%%%ﬁd PI&S Y €

predonmi nantly over a radial area confined near e center of  a Surface of
sai d wor Rpfesd ssdppbrnent7 frihesaishdilopt ofetClodi mubranitey etbrnesedi d first and

second CHIJS §sCANSIddad! Bofald i SBL; PIng CUTT ENtS whenever plasma i s
directed primarily at a wafer on said mafer support; 60 said first and

second currents constitute a second set of currents different fromsaid

first setgof eHEredWEREYElin PhasHB d & dh aecm%tt Qwar des@id ceiling. 8.
The reactor of Caim7 wherein said first and second currents constitute a

third sefMofenESr FORT IS tHitef 8r Bvtrd S6in 08 FWr Nt st AP o8t oheB et s of

current ssahierravet MASTRohs scid ot edriomar dnsabeesigdeswal Ls 9. A plasm
react or Q§§|S|n a vacuum encl osure including a side wall and a ceiling

def i ni ng® ¥ SFAEuRTEHEh58E S BHIF &"3kdr kpi ece support within said chanber and
facing said celllng for supportlng a planar workpiece, support and said

ceiling toget definin roc ssing regi on between said workpi ece
suppor? %g %ﬂa§m% ERA tor ompr?sfngg 9 P

a vacuum enclosure including a side wall and a ceiling
defining a wvacuum chamber, and a workpiece support within said
chamber and facing said ceiling for supporting a planar
workpiece, support and said ceiling together defining a
processing region between said workpiece support and said

celling;

process gas inlets for furnishing process gas into said
chamber;

an RF power generator and an electrode connected to said
RF power generator for capacitively coupling plasma source
power into said chamber for maintaining a plasma;

a plurality of overhead soleﬁoidal electromagnets which
are concentric and are arranged in order of ascending diameter
and descending axial height above said ceiling, adjacent said
ceiling for generating a combined magnetic field in said
chamber comprising a sum of individual magnetic fields
produced by respective ones of said plurality of sclenoidal
electromagnets, a plurality of electric currents flowing in
said solenoidal electromagnets, said combined magnetic field
being determined by said plurality of electric currents,
wherein said overhead solenoid, said ceiling, said sidewall
and said workpiece support are located along a common axis of

symmetry; and
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process gas inlets for furnishing process gas into said chanber; an RF
power generator and an el ectrode connected to said RF power generator for
capacitively coupling plasma source power into said chanber for

mai ntaining a plasma; a plurality of overhead sol enoi dal el ectromagnets
which are concentric and are arranged in order of ascending dianeter and
descendi ng axipakyhed.ghtsAbeN e Sl te8i Ld NGyi adh AELNe SR ceiling for
generating a conbined magnetic field in sald “chanber conprising a sum of

i ndi vi dugflenegReti elesiearcaaonpeddicedubyl seidpeseiideb Bitad 6% ’hid plurality
of sol engidlalricelbeptdAMRERetsid sAleubahil Ye1fctebREsAdiGs, cUREgNts flowing in
sai d sol enoi dal el ectromagnets, said conmbined nmagnetic field being

det er ni nBHFETYFISaFE- PfralPrnefrePective Tieeneach Wiedr érfdsai d over head

sol enoi dnag@itd cCeididGincsahdesi devWRlhi t ANek $AldmWol &kpiReeisypport are

| ocat ed al on .common axis_ of symetry; and 61 a current source connected
to said b‘?‘%ﬁ% affztﬁlrbutsl&neﬁB?‘d‘élsaéldeéﬁ%rﬁfgr?éff“g‘e%ﬁfél G nPsPThifSai d

pl ural i tyf ofaideleckpicreCcyippets,. t o sai d sol enoi dal el ectronagnets, said

el ectric currents having respective values such that said nmagnetic field
increases uniformty of plasma ion density radial distribution about said
axis of symmetry near a surface of said workpiece support. 10. The reactor
of daim® “hﬁﬂgi§ga 82 1 eiguter st ones of said el ectromagnets exert a
correspondi ngty° grésteF PAdi st hagnBt ' Pressure on plasm across a
greater radial area than the innernost ones of said electromagnets;
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t he i nnernost ones of said el ectromagnets exert radial nagnetic pressure
on plasma within a region confined near the center of said chanber. 11.
The reactor of Cdaim9 wherein: said plurality of electric currents
constitute a first set of currents whenever plasma is directed primarily
at a wafer on said wafer support; said plurality of electric currents

constitute a sgeopd 0 r d | irst set of
currents whenever E?%S)tr% Frslgﬂlarfg%:ag %%%/\ggrrgmaghé%cne |r(rglg‘g 12. The reactor

of O ai nFOr¥AEdANghY dpystetieal Fadiadf maghette inresaprrems péopstitute a third

set of CHEF&dM & Qirbhesetaqibl omaspidahi £58 ﬂﬂgrﬁsge%e%ew of;gurrents
whenever plasnma is directed toward said side wal 13. The reactor of

Claim?9 RE I FrePReET | east one of said sets of currents at | east one of

the currents has anROMRsitt YneHRIFAOSHE G éPecP&loﬁi'ébhé@sS oot hers0f said
currents. 14. The reactor of Caim9 wherein said plurality of electric

cur r ent sTAFRELIS PEESILE ORj BLRING SHEELANY ogi@n eombintdd Ragdta ¢ field is

a stati ccomgietircsbi@ldchambdr. The reactor of Caim9 further conprising:

pl ural sol enoi dal side magnets having plural axes of symetry

per pendi cul ar to and generally extending fromsaid comon axis of

symmet r y11 sai d'hEIi:léé?dtoEirObEn@ia(iai si drer@gnets for generati ng a rotating

magnetic field |n 1RProcession region. 63 16. The reac of Claim?9
PG ERe She g,

wherein said pRuf FHEC nBGTErd S g BT HHAy °f Ac lc$S§| d side wall
whi |l e sasak palfuucalrrexmmndheadvsmlgﬁm@mdais neigreetcedf peanasdilg seiding. 17. The

reactor of.C alm9. W%rfglrnsgglodrtpl ural sol enoi dal
said plurality of electric currents constitute a second
set of currents different from said first set of currents

whenever plasma is directed toward said ceiling.

12, The reactor of Claim 9 wherein said plurality of
_electric currents constitute a third set of currents different
from said first and second sets of currents whenever plasma is

directed toward said side wall.

13. The reactor of Claim 9 wherein in at least one of said
sets of currents, at least one of the currents has a polarity

opposite to polarities of others of said currents.

14. The reactor of Claim 9 wherein said plurality of
electric currents are. D. C. electric currents and said

combined magnetic field is a static magnetic field.

15. The reactor of Claim 9 further comprising:

plural solenoidal side magnets having plural axes of
symmetry perpendicular to and generally extending from said
common axis of symmetry, said plural solenoidal side magnets
for generating a rotating magnetic field in said processing

region.
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si de magnets are plural side sol enoidal electromagnets, said reactor
further conprising a current generator for applying respective |ow
frequency sinusoidal currents of different respective phases to said
plural side sol enoidal electronmagnets whereby to generate said rotating
magnetic field. 18. A plasma reactor conprising: a vacuum encl osure

| ncl udi nga sirdg weldandsaceeid | n0.ndeLinifg 2 VAT Abashen. and a

wor kpi ece support within sai er and facinhg said ceiling for

suppor t i AigPa THIRREP IsRpilEcBacs diaddnettpivedd shpboriaisnalssid ceiling

t oget her ovée{ddd BE1andNRACRELNG S 6QicRNsDE] WeeN 1§41 d workpi ece support and
said ceiling; process gas inlets for furnishing process gas into said

chanber; an RF power generator and a plasma source power el ectrode

connect ed7t 0 gakdr&-tRRWeE GRMel aboynépLi rapani piveally scoupbidg pl asna
source powgr i nt o _sai d chanber for nalntalnlgg a plasma; a plurality of
over head>t3t SKGPEEF HgRetE G ide gPéenetitte SLEFEr AAPIELSE . afdhged i n or der

of ascendéargodi @netidr adeprdeseendicigraxt ajenkehobt AhOWRESAiLl ceiling,

adj acent saidt.ceiiingahaving a conbined static magnetic field in said

chanber TOHPTIEVRg- Y SERIBFPThdiVivGaara st Aarehaghetd i E FeF8Ps  produced by

respect i vespees vef pisaied pbusald tpruweklsel @nciodahoidrgnet s, wherein said

over head_sol.enoi d, sai ceL&iQ? sai d sidemakgﬁand sai d wor kpi ece support
a

aghets whefe IBET Tt FOLAY Tk TRABFET R sai d conbi ned

are located along a combn
magnet i cffdlel.d i ncreases uniformty of plasma ion density radial
di stribution about said axis of

18. A plasma reactor comprising:

a vacuum enclosure including a side wall and a ceiling
defining a vacuum chamber, and a workpilece support within said
chamber and facing said ceiling for supporting a planar
workpiece, said workpiece support and said ceiling together
defining a processing region between said workpiece suppoft
and said ceiling;

process gas inlets for furnishing process gas into said
chamber;

an RF power generator and a plasma source power electrode
connected to said RF power generator for capacitively coupling
plasma source power into said chamber for maintaining a
plasma;

a plurality of overhead solenoidal magnets which are
concentric and are arranged in order of ascending diameter and
descending axial height above said ceiling, adjacent said
ceiling having a combined static magnetic field in said
chamber comprising a sum of individual static magnetic fields
produced by respective ones of said plurality of sclenoidal
magnets, wherein said overhead solenoid, said ceiling, said
sidewall and said workpiece support are located along a common

axis of symmetry; and
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symmetry near a surface of said workpiece support. 19. The reactor of Caim
18 wherein: the outernbst ones of said nagnhets exert a correspondingly
greater radial magnetic pressure on plasna across a greater radial area
than the innernost ones of said magnets; the innernost ones of said
magnets exert radial magnetic pressure on plasma within a region confined

near the cent epcol, saidh Ghabers £9..0\ P! ASTT teaclor compising a vacuum
encl osure incluglng a side wall and-a cerling éeflnlng a vacuum-chanber,
and a woekpblrsasdppodensitthiradsal diisthrabhbetorarmdhobiacsaty saiid c@iling for

SUpPO! 1 i Bgrd.AlARAL, NOLKMIRCE, £S21d Warkpl 268 SupRort and said ceiling

together “defining a processing region ween s wor kpi ece support and
said ceiling; process gas inlets for furnishing process gas into said
chanber; an RF power generator and an el ectrode connected to said RF power
generator for capacitively coupling plasma source power into said chanber
for mai ntdi ni Fgcarprestm cfaCppim allidt yherebvier head sol enoi dal el ect romagnet s

adj acent sai d tg@i b 98BS & iNAg qanspdtined propetic field in said
chanber conprising a sum of individual nmagnetic fields produced by

respect i FRIFTEONGLNELY PisIATeAl FRYi ot Pegrehbt dessErectt dlaghets, a

pluralitycedselaeghbbe EWIRRESaFéHWHAE tHe SRIdmsolennidals ghegtromagnets,
sai d conbi ned nmagnetic field being determned by said plurality of

el ectri c™@WG&its, wherein said overhead sol enoid, said ceiling, said
sidewal | 65 amHeSahtkMWaskPbaEe SUPROHT mafdsOcated AONRY AagemmN axi s of

pressure on plasma within a region confined near the center of

said chamber.

20. A plasma reactor comprising:

a vacuum enclosure including a side wall and a ceiling
defining a vacuum chamber, and a workpiece support within said
chamber and facing said ceiling for supporting a planar
workpiece, said workpiece support and said ceiling together
defining a processing region between said workpiece support
and said ceiling;

process gas inlets for furnishing process gas into said
chanmber;

an RF power generator and an electrode connected to said
RF power generator for capacitively coupling plasma source
.power into said chamber for maintaining a plasma;

a plurality of overhead solenoidal electromagnets
adjacent said ceiling for generating a combined magnetic field
in said chamber comprising a sum of individual magnetic fields
produced by respective ones of said plurality of solenoidal
electromagnets, a plurality of electric currents flowing in
said solencidal electromagnets, said combined magnetic field
being determined by said plurality of electric.currents;

wherein said overhead solenoid, sald ceiling, said sidewall
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symmetry; said plurality of sol enoi dal el ectromagnets being concentric and
being arranged in order of ascending dianeter and descendi ng axi al hei ght
above said ceiling; 66 - ------- ---- a plasma steering controller :
connected to said plurality of sol enoidal electromagnets and furnishing
said plurality of electric currents to said sol enoidal el ectromagnets,

sai d plup@ldddn HorfheEdd IsGppHEE e 16008L4 tUldAg s ac Sl a3¢t Qf currents

whenever plasnma is directed primarily at a wafer on said wafer support and

const i t uUBYAEFTE YSeEahd REtradfitiuef enlencdis} erlaetrppammala #ethost set of
current scyhenaval: Bhash®i g ardhigid 66 bover & Salsde£8ild RYandder The reactor
of Claim20 wherein: the outernost ones of said el ectromagnets exert a

cor r espof it riASFegréas e*icddhal dMagherec spidsirddneh plasma  across a
greater radial area than the innernost ones of said electromagnets; the

i nnernost ones of said el ectromagnets exert radial nmagnetic pressure on
plasma within a region confined near the center of said chanber. 22. The
reactor of Claim20 wherein said plurality of electric currents constitute
athird set of currents different fromsaid first and second sets of
currents whenever plasma is directed toward said side wall. 23. The
reactor of Claim20 wherein in at |east one of said sets of currents, at

| east one of the currents has a polarity opposite to polarities of others
of said currents. 67 24. The reactor of Caim20 wherein said plurality of
electric currents are D. C. electric currents and said
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conbi ned magnetic field is a static magnetic field. 25. The reactor of
Claim20 further conprising: plural sol enoidal side nagnets having plural
axes of symmetry perpendicular to and generally extending fromsaid
common axis of symretry, said plural sol enoidal side magnets for
generating a rotating magnetic field in said processing region 26. The

i o syl Bfphlecet fag Aldh Rotiel SAlaLdN, Sl generally

face said side wall while sa ural - overn €naol nagn ts face
sai d ce|Pfrﬁplquldalmﬁhﬁ§§épmaGQﬂt3Jaaﬂnf2ﬁnwwhynelﬂasﬁuniwgbmaay =Dl enoi dal

o1 de mogedse Alceclkical. Shde.s0l ndhdsh, ol SUlLOURIIMS, said react or

further conpri sing_a current gener at or app réspective | ow
frequenchy %ﬁ%ﬁk9§|ﬁﬁlekﬁﬂﬂﬁéﬁtéuﬁﬁeﬂﬁsfﬁenétﬁtuhmggpecflmﬁi plases to said

pl ural Sbﬁ%&éﬂ&%eﬂﬁéﬁgﬂer Shechs ONRGNeLs+ YN ES A%k Oy G8Ner dhe.sald rotating

magnetic field.
said wafer support and constituting a second set of currents

different from said first set of currents whenever plasma is

directed toward said ceiling.

21. The reactor of Claim 20 wherein:

the outermost ones of said electromagnets exert a
correspondingly greater radial magnetic pressure on plasma
across a greater radial area than the innermost ones of said
electromagnets;

the innermost ones of said electromagnets exert radial
magnetic pressure on plasma within a region confined near the

center of said chamber,

22. The reactor of Claim 20 wherein said plurality of
electric currents constitute a third set of currents different
from said first and second sets of currents whenever plasma is

directed toward said side wall.
23. The reactor of Claim 20 wherein in at least one of said

"sets of currents, at least one of the currents has a polarity

opposite to polarities of others of said currents.
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24, The reactor of Claim 20 wherein said plurality of
electric currents are D. C. electric currents and said

combined magnetic field is a static magnetic field.

25. The reactor of Claim 20 further comprising:

plural sclenoidal side magnets having plural axes of
symmetry perpendicular to and generally extending from said
- common axis of symmetry, said plural solenoidal side magnets
for generating a rotating magnetic field in said processing

region.

26. The reactor of Claim 20 wherein said plural solenoidal
side magnets generally face said side wall while said plural

overhead solenoidal magnets face said ceiling.

27. The reactor of Claim 20 wherein said plural solenoidal
side magnets are plural side solenoidal electromagnets, said
reactor further comprising a current generator for applying
respective low frequency sinusoidal currents of different
respective phases to said plural side solenoidal
electromagnets whereby to generate said rotating magnetic

field.
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