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Capacitively coupled plasma reactors are used in
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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
devices, including dielectric etch processes, metal etch
processes, chemical vapor deposition and othexs. Such reactors
25 zre also employed in fabricating photolithographic masks and in
fabricating semiconductor flat panel digplays. Such
applications depend upon 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 etéh rates or deposition rates.
A typical capacitively coupled reactor has a wafer support
pedestal in the reactor chamber and a ceiling overlying the



pedestal in the reactor chanber and a ceiling overlying the WD 03/100818
PCT/ US03/ 16559 wafer support. The ceiling may include a gas distribution
pl at e thawospriaysss process gas into the chanber. An RF poweCT/S08/M&89 i S
appl i ed across the wafer support and ceiling or wall to strike and

mai ntain a plasma over the wafer support. The 5 chanber is gener ally

cylindrical, while the ceil]j and .waf er u ar j xi al
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One such approach is to provide a set of magnetic coils
spaced circumferentially around the side of the reactor
chamber, the coils all facing the center of the chamber. :\
relatively low frequency sinusoidal 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 support. This feature tends to improve the radial
distribution of plasma 1lon density over the wafer support.
Where this approach is employed in reactive ion etching, it 1is

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



chanber arcing associated with the rate of change of magnetic field
strength. As a result, the total MERLE magnetic field -2 WO 03/100818

PCT/ US03/Ww65BA00smmy need to be substantially reduced and tPagreshsnesssey face
substantial limtations in plasma ion density uniformty control. 5

Anot her approach is called configurable magnetic fields (CMF) and enpl oys
the sane circunferentially spaced coils referred to above. But, in CMF the
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addition, 10 the magnetic field rotates about the axis of the wafer
support, €8"B¥@Huce a tinme-averaged magnetic field that is radial. This

is.all acconplished, in the case of a reactor having four side- by-side
coils, by furnishing one D.C. current .to .one _pair _o adj cQi nd a
diffgr ent (or oﬁﬁ%ﬁ?ﬁ) aﬁp@aﬁﬁrﬁﬁntcatlge% R l@ﬁﬁ%%ﬁ'feg%gﬁrgg% gé}egggnt
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chanber, agdj%cent coils and a different (or apposite) D.C. curxrent to
15 the opposite pair of adjacent coils. The coils are switched to
rotate this pattern so that the magnetic £ield rotates, as
mentioned above. This approach is wvulnerable 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. As a result, in some applications the magnetic
field cannot be sufficient to compensate for plasma ion density

non—-uniformities 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 inéludes,a vacuum enclosurxe including a
side wall and a ceiling defining a vacuum chamber, and a
workpiece support within the chamber and facing the ceiling
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wor kpi ece support within the chanber and facing the ceiling -3 WD 03/100818
PCT/ US03/ 16559 for supporting a planar workpi ece, the workpi ece support
and the weidiinggis oget her defining a processing regi on betProxarsos/ineso

wor kpi ece support and the ceiling. Process gas inlets furnish a process
gas into the chanber.. A plasm source power. 5 electrode is connected to
an RF power generator for capacitively coupling plasma source power into
the chanbefofopuppering ra rylanay aomkPAeCRr nChAeWeRkRIRGS SHRPIIEadisr
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represent ati ons of gnetic fi he overhead coils of FIG 1 and
FIG 3C jsconnected to the flrSt solenOLdal electromagnet and furnishes

a first electric currenf in the first solenoidal electromagnet
whereby to generate within the chamber a magnetic field which
15 is a function of the first electric current, the first
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 plasma 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 FIG. 1 and FIG. 3C is
a spatial representation of the same field.



a spatial representation of the sane field. -4 WO 03/100818 PCT/ US03/ 16559
FI GS. 4A, 4B, 4C and 4D are graphs of the etch rate (vertical axis) on the
waf er surwewms/iemig function of radial |ocation (horizont@cTasos)essor

vari ous nodes of operation of the reactor of FIG 1. 5 FIGS. 5A, 58, 5C
and 5D are graphs of the etch rate (vertical axis) on the wafer surface.
as a function of radial |ocation,(horizontal axiigffor further nodes of
operation of tH&EGSeadPor 485 EF@nd 4018 §raPhs HF FepRTG8pretPng etch
rate as a faekien;0hy;i GRIBRt tke fitdl JU:B8cel aand Bubkkushr af eradieal eact or
of FIG. TAwith 15 MERE r,ra?net_s. FIG 9 depicts a rre%hod of o erar;i ng
the react ot<6RtEPE (hpaizoptal @*x4D &% YFEAHTS FPTES & ﬁge’éa‘&b??% tive
exanpl e of cHm@RAterpeESEUEe and ion or el ectron density as functions of
radial |ocation on the wafer surface in the reactor of FIG 1A 25 FIG 11
is a ygraph depicting etch rate non-uniformty as a function of coil
current. FIG 1Fidd.usw,atses sadeal SDnadé sgraghs ioh t&te 280 ¢etk current
in the exanple of EFIG_.11. 30, :5 03/4,00818 /.U 9.¢F i aL3A and
13B conpar e 1asifad agr%&j’p%dflé?eﬁv% %h%gate diasc,;'trrﬁ %ﬁ%ﬁgﬁa?fa%%?ﬂ
current of laaitichl (uwperestiah axis) for further modes of operation of

the reactor of FIG. 1.

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

15 MERIE 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 coil current.

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



the exanple of FIG 11. 5 FIGS. 14A and 14B conpare neasured and predicted
etch rate distributions at a coil current of about 35 anperes in the
exanpl e owofB@oosid. FI G 15 depicts a further nethod of operatsosigesshe 10
reactor of FIG IA FIG 16 illustrates a magnetic field distribution
obtained in a reactor corresponding to FIG J.A 15 FIG 17 depicts the
gradient of the square of the magnetic field of FIG 16 in the wafer

pl ane. FIG 18 FI¢Sst13A eanchriciBheompaghenpasured daad se¥¢bit596h 65t ai ned in
a reactor gorgespanding it FLE allo; 20ckkfend bdepiais thangpeadisenn of the
square of the magnetic field of FIG 18 in the wafer plane. FIG 20

i Il ustrateha sEAmFLe tHerFiragidtic field 25 distribution obtained in a
reactor corresponding to FIG 1A FIG 21 depicts the gradient of the
square of the ma(gnetic field of FIG 20 in _the vvaf&r gl(gne. cﬁOtFIG 22
depi Cts yet anof h&?- methRPOIL o &PIPRRS FRESUFEEcERY BFeRHI GRS wo

03/ 100818 PeHé USROSt ARSI orfd Gt 23 cblilustiraees afh axeupl 3F yampexmescant r ol | er
operation Iéor cont r}gl | i g%@;e reactor of FIG 1A FIG 24 illustrates a

pl asma reatPdr STHER i ‘g tdrés 5 contained in the reactor of FIG 1A
FIG 25 illustrates another plasma reactor including features,.contained
in the reactor FI ; E y 229 ildustrate a
gas distributig%G'pfgt%é#%r iﬁ%qggg%%gréggygélSg.égﬁ?gg%%gﬁi‘%5. FI GS. 30
and 191 i || usactoe oheFk@ WYontrol features in

FIG. 16 illustrates a magnetic field distribution

obhtained 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 distxibution

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.



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
fl ow contwolos/10d81€. 34 illustrates a plasnma reactor correPparbosgsso 20
FIG 1A having the dual zone gas distribution plate. FIGS. 35 and 36
illustrate exenplary dual zone gas flow controllers. 25 FIG 37
illustrates a plasma reactor corresponding to FIG 34 having three
over head coils §og. cpmtnlds g tpdsasnn ekenplai gt PigredentrAY1GS, 38 and 39
depict different, gas.injection.hole 0 i h as distribution
pl ate of .FPEfrﬁ%l‘fqbrfo’f)rcood{}(ﬁo g}lgl nfdélré ggvé%r% (r:]ifnt%kréhielg ' gas flow
distributions, respectively. -7 WO 03/100818 PCT/US03/ 16559 FIGS. 40, 41,
42 and 43 illus te,di S yer &ohd sedQfures
controlling pl agirrg’i %% I%ﬁsﬁ%ab‘ﬁétgl %Q’q%%%%éﬁgig angﬁggui I I%st rate a plasna
reactSor cepntspuoediin the RegctX of KhFehl®he overhead coils are replaced
by upper and | ower nagnetic, coils above and below the reactor chanber to
produce a cusp-shaped magnetic field best een in FIG 45. 10.FIG 46
i |l ustrates howFEfe APpeflBRErRieR®raaGes BLaSPREEe2G4°Lah HE 48 aced by
confi gur ableg a#BgE8t E6nfi eheh (GMOhe G@iacsocepeEared.i hasuch a manner as to
produce the cusp-shaped nagnetic field of FIG 45. 15 FIG 47 illustrates
a node of operation of the CWF coils

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 reactor corresponding to

20 FIG. 1A having the dual zone gas distribution plate.

FIGS. 35 and 36 illustrate exemplary dual zone gas flow
controllers.

25 FTIG. 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,

respectively.



of FIG 46 to 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 prevewDimgogi@sma ions fromentering the reactor's puwapiusgs/asal us.
FIG 51 illustrates a rectangul ar version of the reactor of FIG 1A for
processi ng rectangul arly shaped workpi eces. 25 FIG 52 illustrates a
reactor corresponding to FIG 1A having a retractabl e workpi ece support
pedest al . DETAl LER:HESCR! Rl ,OM 2Z@n&hd3piasmatrare ddbh&fenenti st ri bution

exhi bited by a. articul ar as react i i famGh er
pressure, agﬁ@?ﬁ%ﬁ% qﬁnc?vﬁp%ﬁg%ﬁ?j%n%&rso%?%eg%g\%é{rgo%& isg‘tgi gggpat tern.
-8 WO 03/ 190848 gE 4503/ 16559 in the present invention, this distribution
is magnetically .altered to approximte a selected or ideal distribution
that has been predetermned to i nprove process uniformty.. The

magnétical |y al Feeed ¢ awt réctiddusitass 2i BA2FRASFEYCEOHi stribution is
such that ggQﬁgﬁo%ﬂJ@rm trCnassnt heicBUrhaceveinddie owifley age wor kpi ece
is inmproved. For this ~ purpose, the nagnetigall%,corrected %% w the

di stri but i sAPhAgeBebY NepREMi F0F L FRFRFEHE G H%r?}?o‘ff'epaéﬁ:{ji 5%up8n t he
needs detepgkpsd Oyather UsSTpribudeave cdspesneped miighet e fidlef beskency

with which an a\/erage ma%netic field strength exerts pressure on a plasna
to change Bf8Ndi-8tFIButfdn to a desired one can bej inproved. This

surprg sing result can be achieved in accord4ance with this discovery by
increasing the _radial ¢ opent of th radi ent oetic.dield. The
15 radial direcEf8n 1§ bﬁg;gfgf%%%s thoovbgh%b%%k)%?hgggx?gsa gé%%try of the
cyl i ndri calrzcBanber caffhus, repibiced meesediogsrablaagaenetic|gigld (CMF)

donfiguratE%ql@hgggrgggdaiﬁagﬁﬁhrf“ﬂéﬂner as to produce the Cusp—shéped
magnetic field of FIG. 45.

15
FIG. 47 illustrates a mode of operation of the 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
from entering the reactor’s pumping annulus.
FIG. 51 illustrates a rectangular version of the reactor
of FIG. 1A for processing rectangularly shaped workpieces.
25

FIG. 52 illustrates a reactor corresponding to FIG. 1A

having a retractable workpiece support pedestal.

DETAILED 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.

-8-



gradient and a sm,Il field strength in other directions. Such a magnetic
field is cusp-shaped with its axis of symmetry 20 coinciding wwth the axis
of the cyWwondnomas reactor chanber. One way of produci ngpraTasspic&shaped
magnetic field is to provide coils above and bel ow the cylindrical chamnber
and run D.C. currents through these coils in opposite directions. 25
Dependi ng upon the chanber design, it may be | actical to provi.de a'coi
bel ow t he EFSpBYBSERAT  1AFRI B efGie Pﬁsﬁrlgﬁgé?ncbié?a%Pﬁ ¥l
suffices fantkbeaerpusposesindte aAddlleicerd vhaldesl neeseti hstifor thae
cusp-shape%r[agnet ic field to ripe;zscomf i %urabl e or ad’{'ﬁu tabl e forT accurate
control or 46 SPFRrRIPIRSFUSH Sha PSR Gi BFPFBUE i on T oHet st iWea gi ven
pl asma r eackgnethaabey 4{ltwredany entrrepltagnplasma tostdedmiivon). Since the
pl ast i on (Jistuibul Lo, proyided i 59 O.031008KE PCTL LSO/ 30559
différent capacitrvery couptfed Feactors can vary w dely,” such

adj ust abi | isuyfaay bé theewefer 9dm womhpicaseds Thprewmedal Eonporent of the
magnetic figl adigpt L I t ngj | ; # i red
foal ter the Ronrant B At Ers Bt o T et ot FrBETroH ey
exanpl e, i mopnEnifeshred dF SARY RA i WH ISy GRPPBENDEI YPPR bERS JtRedhen t he
appl i ed magpelbirgihi8l dyi snsehsct ed do aReni@kastetBe BRR: tReformty in the
r adi di strihution of‘EIasna i on den5|2y exhlbLted_bi the reactor in the
abseltte of afffdSAERR¥t FELR| WrECh B |3VaNRIE BRgRTEG Thgdfpierength t he
reactor tenrgert@ Ba¥esdreCoMtLrpligh dicsichagbi @AsOliptaspBtien wensity,
then the %netic field géﬂdient igich en to_sustain the flasnakjdensity
over the céfrérest “PReCHAFRY FURHOFT pe aSUERG T SERFaRER Y TRFAPS he

peri phery tazhdiekiedvenuactordanye wWikrSutiisadiissbabryi by dhctidesiousptshaped
magneti c fir%I

&Qaascomponent of the gradient of the magnetic field. The

15 radial direction ﬂs understood to be about the axis of .
symmetry of the cylindrical chamber. Thus, what is needed is
a magnetic field cdonfiguration which has a large radial
gradient and a smdll field stxength in other directiens. 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 eylindrical chamber and run

D.C. currents thrdugh these coils in opposite directions.

25 Depending upon the chamber design, it may be impractical
te provide a ' coil below the wafer pedestal, and therefore in a
first case, a top ,coil suffices for these purposes. 1In
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). Since the plasma ion distribution provided in

-9-



achieved in accordance with our discovery by providing at |east a second
overhead coil of a different (e.g., smaller) dianmeter than the first coil.
The D.C. wormsamisssi n the 20 respective coils are independeatriysoadjsast abl e
so as to permit configuration of the cusp-shaped magnetic field in ahighly
flexible manner to alter virtually any anbient plasma ion distribution to
approxi mate sone desired plasma ion distribution. This chojce of f eld
conflguraﬁndﬁecantbeaﬁ§bxkﬁﬂ§ﬁﬁﬂ$QQ§lﬁ§dFP?CE%H%e?a%|ERF¥N Yar 5 pl asnma

pon  densiy Qkéﬁiiﬁ&‘% b Advantage thae casebe rﬂ@éliaiiaus ‘two-f ol d,
in that ecus-s ed magnetic field hasalarge r adi al radi ent 30

rel ative m@mpneenﬁgﬁétthefm%HQP%W?éﬁﬁ@ﬁ G&8hBEEJLELTIRI AN t fore is

highly ef fihgi et g@;@xﬁfééé‘ﬂrz@%écﬁpﬂﬂe‘& tlr @3sHEeth@Nakbeept asma; but, since
the magnetic fi eP I'sS constant over é& 03/100818 PCT/ US.OB’/ ll6f'35‘: t| nme,
there is fdetrésstiendeRcye AT RS CIRY18Rd  FRE B¥FFPRH Sone

stronger nRGAeLKC dﬁ.b@kﬂbxﬁ@i/orbelﬁrmlmmmu‘ disevéhugienat ethewrttect i ve
capacity when .required

i h spsel fication,
this feat #E@LdsH FaIR8ELG Fjeejn%ljp? usTfed‘Le[c ecp%gr Cg?%gngkgc‘t'r{élz%ur es. FIG 1A
i |l ustrat emifcxapagi Lhvehy cwmbohwasmtmeamfopleapabnenwerp?w di ng an

adj ust abl e %Eéﬁgfgaged naggg&égrfiﬁhg¥bg&%e5%gcggrtgg EhGnedfxi Acdiides a

cyllndrlcéi 5 a cerlmn gas dlstrlbutlon pl at e,
andl® waf e snrp,tsordaspedéstrabxmplﬁatl%dﬂ‘@ reasd@rc GRBAEt 6P DABP ki ece 20.

The cei | ing 1008, 58%\%&%9’&1&:9“0?@&&@5.&6de%@i@yct EMenSen@s to enabl e
it to serve as an have an anode attached to it. The

cei | ing 10ragnejds fBeddsﬂFﬁéaFFBnlﬁl%HQ#?%;Q%qﬁqﬁﬁql? B8ePSFSHR umi num and
has an injgidaly RS Akl ebdrapdogashé N£Edd Fupporiti grgleishalt snd

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 manner to 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 two-~fold, in that

the cusp-shaped magnetic field has a large 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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interior surface that face into the.chanber. A process gas supply 25
furni shes process gas to the. gas distribution plate 10. A vacuum punp 30
control s woaspan@ssure i nside the reactor 20 chanber. Pl asraTamos/a&spower
for igniting and maintaining a plasma inside the reactor chanber is
produced by an RF generator 40 connected through an inpedance match,
circuit 45 to the wafer support pedestal 15 so that the wafer support
pedest al Seinves e iRF faredessdeendrRCY MRl P{IHIEh aF5F e 38% he ceil i ng

10 forned ﬁ A fanductar [meg;gggr ggggnégr craeadRd #ie1dRmagr edndmploveat is

serves as.the counter electrode. Such a reactqor tends to havg a vJe_iy
non- uni f orfep| &M IXARTEENSPEFSCAL¥er FRRAT Y WL F SR Fy¥

center-hi ghe 30s5diBedlBdtelrUshr ahes. spefefd ¢d€ldr), wmnsh ficheueei l:angbéo
rat her than being connect ed di rectl%@tgo ground as in FIG 1A, is connected

throtigh anTRFES npfdRiite 3tat'dAREF e MBATCSL YSRHOWH =211 WO 03/ 100818
PCT/ US03/ 16559 only schenatlcally) to a VHF signal generator 12 that

f i shes th I n_t t 40

ror ol y cont 1ol SEERe HE b LG O e s SRPASRaLa oY S Ere SRR L ece 20
(The RF.i npesetse maﬂneeloérr@mbvlmlrrayaﬁ 8] wst il Qwﬁn—rﬁgla@ﬁéirrent such as
for exanpl e 8?C€f €. féunl¥%e §£ﬂ£m8§ 8eSEEEDP {ANELE J&%ﬁt a JeyiGliracheature

i s di scussed detail"1na’later portion o S speC|f|cat|on
I n dPder tsldanmbl i sa réeddtiingn 18f thhasie iioﬁaéle%ﬂlylbu‘l@fhpéé‘t of

nductive gouls Leepravidad dhonschieisethiiindlus 4 dhiedinpeel FI G 1A

the set of coils Includes an inner coil nd an outer coil 6S Whl%h are

coaxial wi b’ﬁrlqhbec%y?@ndrTb(%Ic%H&ﬁﬂeﬂ-oaﬁH gaﬁhdéﬁ%’tk?‘ﬁ&%% gty &% 78 ng

of'a Condaehaﬁctmlgot&e oM REHarae 6@, t65sakeei bk ushr aiade ior RltGmals 1A as
bei ng si ngl e turns, they may _each caqnsi si;rfcén" l:gliyr.al 16u&gsgéatsrranged

vertical | yRavgr 2aByxanedie 2-afi®th 5on 2Er G ing

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 anode (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 being connected directly to ground as in FIG, 1A,
is connected through an RF impedance match element 11 (shown
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O, as showmn in FIG 1C, the w ndings 60, 65 nmay extend both vertically
and horizontally. In the case of FIG 1A the inner coil 60 is |ocated
farther awows/ivdsesceiling 10 than the 20 outer coil 65. Heeamen3/16589 ot her
cases this arrangenment nay be reversed, or the two coils 60, 65 nay be at
t he sane height above the ceiling 10. In the case of FIGS. 1A and 1E, a

controller 90 25 determ nes the ik#tude and ﬁolarlty f currents flomﬁng
to the re&sgdcerhemaveeakhd cel 13 BIBY I6REFBFPFNGer B¥Pact i ve

i ndependent, Ql@hegugﬁengléyzw| $Qsrod ,poller. hatrnan:e:.eoaaeat etdh¢oRFrespective
ones of the coil

Ref erri ng now t case at ed
in which @ﬁ@eEGEPFoﬁpeWeéﬁléoﬁ%ﬁ?ﬁ ?uahﬁO%SFélaguPPe%P em%%%h%%afég60 65
froma D. Ga s r&nuo§u§pé&e 7@ t herhd LRmnsdmﬂamuer eatchhedegant hel may
contyoller controll 90 bel ct res f the
ol 15 12 50 41605 FBRCe) BETT Lottt 7 60 4. A Bina; Coakar; parend
control | erst@ iox (aa[sabllg minecamsq:mwgtD Cstmh laerftegt@fredu-fsf e‘lp-émlsp%f# atities
and magni té;urdG to fI o goj_;@éﬁ%dop&% e tey F'e%ﬁ@ca@?on' n the case

of FIG I nc pair’ o entioneters 5 82a, 82b
t hat adj ust the D C current applied to the respectlve coils 60, 65 and a

pai 1 of ganged spid.ches B4aon89B1 bhsk-1densidantdlu gl ards Benseypol arity
of the D.C. current appli to each coil s 60, 65. progisnnable

devi@e sutssds of m@@ﬁ#@ée%bls%r%w%‘élq%lﬁm&f ither 158 3L3REr &Pt er 10 90

in-order tg igpdelddQenid yraovean the petedt i evElLrindifes &&bl&ﬁdrt he
ganged switches 84a, 84b. The arran enent of the two 0|I

i |1 ustrat P 6F130S 2pACuf8TaRALECES | WRHER AT 1RPd %gﬁ is placed
at a. 15 cﬂjleﬁ{cﬁﬁcﬂﬁl @mtan@bevenahea@mcbd:mﬂiﬂ;ﬁdsarsmmeomanmgu bf68,

provi des Cernéhct adva%&?gesth pSEL&iE?ﬁ'X@,tEE*J é“fﬂlustrated in FIG.

15 12 as being single turns, they may each consist of plural
turns arranged vertically, for example as shown in FIG. 1B.
Or, 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 outexr coil 65. However, in other cases this arrangement may
be reversed, or the two coils 60, €5 may be at the same height

above the ceiling 10.

In the case of FIGS. 1A and 1B, a controller 80
25 determines the magnitude and polarity of currents flowing to
the respective overhead coils 60, 65 by controlling respective
independent D.C. current supplies 70, 75 that are connected to
respective ones of the coils 60, 65. Referfing 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

controller 90 being connected to respective ones of the coils

-12-



conponent of the magnetic field gradient provided by either coil is, at

| east roughly, proportional to the radius of the coil and inversely
proporti owalosticosidie axi al di spl acenment from 20 the coil. Poasysos/mess nner
and outer coils 60, 65 will perform different roles because of their
different sizes and displacenents:-The outer corl 65 wi Il dom nate across

the entire surface of the wafer 20 because %ﬁ % greater gadigs and
closer pr&%-ni®fy tént Bétharefad®y, W IenHelilffercdfl €8B*252 WP | have its

great est efal:@@hgneac .t BerwehEs é&”ﬂﬁﬁféﬂaitc@@1heltiegaﬁd&dm@@nftudesﬂ coi l

for-finer. adj stnments or scul pti t he netic fiel
ar r angenmertt®s Be 66§§?5F%tfﬁﬁeg %éﬂ? %5d|FPeregP| con? oﬁfby

different gg.l WhhehcoatEODieﬂl§d€ﬂmﬁmudéyMa paick pEa@edeatldméterﬁnt
dlspgacen%gts %&Pht gkéggagagsgq%ert mnll b?ng%% b%d a&galln this

speC|f|cat| At W I 'ng xanples fferent
changes t aedpecaiiveenbipkasim Gﬁ)rﬁrdiamslgqun F \@r@@/dleﬁsishﬁ’ﬂ$%0334116559

di stri but i,gn, 1%&%%?1:1@%@%2%3@&%&4‘gf-r{EOtonq.@ o4 ef foke%ﬁg a. p.8Bgaiiudes o

t he currents respective overhead “coils 65) but also by
selectlrm]anHﬁM§ﬁeﬁp gekar pEi & beo¢°lkﬁrﬁﬁﬂlﬁﬁﬁ;(ﬁ RﬁQQﬁéﬁmabﬂémﬂPﬁ%c%he

di fferent guar head eaiksproBeElG SA Ll USt ralandde wadkal chagkbtie:

Ilne% and azi mut hal &@ | i ne) conponents of the nmagnetic f
prodiced B tive qnsesy oPPtGéléSG%F¥I”ﬂﬂY?ﬁ?(ﬂhﬁwﬂﬂgﬁnt&8§PFFBﬁ 8% t he

waf er 20, dap thes ct@,%egg hgBhGswifchdd GeBB d4d ustrates 10 the radial (solid
|l ine) and azi nut hal shed |line) conponents of the magnetic field

produced by the outer coil 65 as a function of radial position on the
waf er 20. The d@ied adddrg@tieatedfi th&l €% ' coldis b, HD vﬂrlelsalztaaieﬂedni n an

i rrpl enment aEthcg' il%,\M].IBCgntclhﬁcmg.grwhgcl‘\{va&e?’%)nn@ Ico:.q.l ad?je ’placed at a.
15 grezater 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
coil 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 6% will dominate across the
entire surface of the wafer 20 because of its greater radius
and closerx proximity to the wafer 20, while the inner coil 60
25 will have its greatest effect neaxr the wafer center and can be
regarxded 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

-13-



15 the inner coil 60 was 12 inches in dianmeter and placed about 10 inches
abdve the plasma, and the outer coil 65 was 22 inches in dianeter and

pl aced abwotosfoisnghes above the plasma’'. FIG 3C is a simolitfSogdssds agr am
of the half-cusp shaped nagnetic field Iine 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,adj ust the

magnet i c f?%ﬁ?F%ﬁu§4R?\ﬂfﬁePb§GFF8€eb&n§e¥?ﬁﬁ¥ﬂﬂ/Qﬂﬁﬂﬂﬂ%%lﬁ% 3STERSL | al
di stributimagefclasse iR derskhys Yhaking ! in newe beesgdduister avedhasa the

effects of d| fer gnetic fields | ed i fferent,_ones of the
coils 60, %%l %?@é%%t5mﬁIqlﬁgtpﬁtéeﬂgng?%fg %%EP? %ﬁﬁ%i&FFePrQO can
af f ect anddirérqatrm P BsdE demt dilsivr Ebyt tha dnfféusemma:rﬂmhelayi cbhangi.ng 30
thesg magnetic fields. In the follow ng exanples, the spatial distribution
of the etch rate across the wafer surface rather than the plasma ion

di stribution i sFh@asdk edl Histecttleys. thee raddaWO(881 190818 PGFIAJS03/ 16559

etch rate [ h lLasma ion
drstrrbutrg%ﬁéﬁgg¥%e§%?ore c %ﬁqeggﬁég%ﬁﬁkgrgf ref. QEa#H%# I%zﬂfg"g:]es in the
other. 5 FPoSuged 4y 4@ emdle’-rDCPFLﬂ-uéiﬂr aseat engehed j ¢f a#a%ﬁfleé:t@ltﬂ-@&l i zed

using the anEﬁer?éfeﬁoz@n'% Hned QW ggag‘@gr 1R espige 480 MhstAles 4A
illustrates neasured etch rate (vertical,.Z axis) as a function of

| ocdli on (Rb?izedtal Serd L?“&ke§Pdoﬁ2#ﬁBt§®¥fé%%ﬁ%ﬂdt#ﬁ¥QﬁaF§W¥?@enFFG. 4A

thus 10 il bgstratesghdei Spetdldl pdoghekBUbyoBhef oﬁﬂ@r e@&ﬂ r@ﬂ &d the plane
of the mafgﬂnsurface The center-hlghgnon unrf %% etch rate
rr

di stri but i OARFEIP 3 | SRS ROFLER R t??Gfa %0 the case
in which nolbagoeited fielridss 3apphidedn asdet b]stei@é@ mlarstrat es a

non_unlforﬂﬁeiggeéégéion 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 diagram of the half-cusp shaped
magnetic field line pattern produced by the innex 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
mzgnetic 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 order to
illustrate how profoundly the controller 90 can affect and
improve plasma ion distribution in the chaﬁber by changing

30 these magnetic fields. 1In 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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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,
t he magnewpm3fiomigl strength will be described as the axi @ctfused/tsseear 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 inprove uniformty. The axial field is chosen in this description
because itetich pete déatribhubbenuckanosrhainesdilyl witsl ghardemeloddt® of the

waf er typigaldy 3,2R9Ut OB 140 &6 iR RFAe khahdeal ihhbgel eation. 25
FIG 4B illustrates how the etch rate distribution  changes when the inner
coi | 60 ha&eesteanbygrrandesd yenthatd-ef nagnetic field of 9 Gauss. The

non-uniformty decreases to a standard deviation of 4.7% 30 In FIG 4C
the pagnetic field of the inner coil 60 has been increased to Gauss,
and 7t can be SF&GP t4at Bne Pedkd 4R5RNYLTAGH %@fﬁ%ﬁ&?ﬂ%%%gecﬁf t he
center hasrdarcgr @alihy ghel Ahf8edeoi t60 tdifly esula 1dawhahatberetch rate
standard devi ation ro t he fer is .reduced to 2.1% L.n El 4D t he
magnetic FREISFYSE ¢ @ f‘ﬁier cgﬁ‘GﬁAhJaJslusgtereaﬁcefsuh esrurieﬁcr%g'ggega 0 27
Gauss, soO tvmttitdad Geptkes)hiagha patceion off HldgatdArhasdreernnedrXyandvert ed
to a cent 0 ttern. t and [, atdpn he, xe rate across
the varer! si¥HcRH & ehéugggggo?%?%g_ ﬂ#.év\ﬁs‘@. Q%Ic’tl'o%r?‘l %g&ss'A, 58, SC and
5D 101 ust retlmstiratiesnghecisaptiel f destrigiutigim@hdiie ehehcsrlts 80, tBS at

hi gher chagbgle J¥ @3RUNEFL2Q0rRlke. Fl fhie XebYUF GBRAN dSn UnkleGemdfy 256

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 location. '

25
FIG. 4B illustrates how the etch rate distribution
changes when the inner coil 60 has been energized 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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depicts the center-high etch rate non-uniformty of the 15 reactor
uncorrected by a magnetic field. In this case, the standard deviation of
t he etch wetos/1emioss the wafer surface was 5.2% In FI G PEF/USOhessout er
coil 65 has been energized to 20 produce a 22 Gauss magnetic field, which
decreases sonewhat the center peak in the etch rate distribution. In this
case, the %tgﬁ rate stagdard devi ati qQn as.beeg gecre se t%:3. %) In FIG
5C, both c8l §"80°°B5°5 B2 TS AFPA T YpPodatesgeos¥s s Sraymet i ¢
field. Thethesukheseeshi pate |$karhfErds delvahtibheacensertipeakafer tile et ch
rate diStrkthiﬁg Qgs bfgn significantly decreased, while the etch rate
near the perlﬁ ry has'Phcreased. The overall effect is a more uniform
etch rate distribution with a |ow standard deviation of 3.2% 30 In FIG

50, bopth coils e er ghz t - - S . eLLe; fE@l
produci ng an ovgb-gggfegPigﬂ? @%ﬁ%éﬁﬁgmiﬁhggkgfggﬁ%o3%?%9p USOSH%%%SQ t he
etch rate &esnrfbathen anevrezsehaEandfleCaggsh aée hhstbeba certEfvidhed to a

center-| owﬁh;%&hbesﬁi l@@e.Tmﬁ Ri€deH @lteatﬂrydah@eg%éggl‘zbg% béntdd sidat ter

case has risen slight (relative to the Case_ o ) to 3.5% 5

y O U
Conparing PRETEERU t ShBLERFRERT FYHE TGN Pfesblr 8TERSFRLR RS LA 4D

with the hivalfepr easuheet eat shof cdEDE FAARDLD Wwasi $.8@en that the higher
chanﬁfr pressure requires a nmuch greater magnetic field to. achieve a

simTar correction to etch 10 rate non-uniformdistribution. For exanpl e,
at 30 nT an optEIESM Gar,r 68} i 60 @s$ Tt next natienghenbynklieciaber coil 60

o1 SR s MOl MG 1 2 G RERSEnakle0 both
prassures (200 mT). FIG. 5A corresponds to FIG. 4A and
depicts the center-high etch rate non-uniformity of the

15 reactor uncorrected by a magnetic field. In this case, the
standard dewviation of the etch rate across the wafer suxface

was 5.2%.

In FIG. 5B, the outer coil 65 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 standard‘deviation of 3.2%.
30
In FIG. 5D, both coils are energized to produce a 40
Guass magnetic field, producing an over—corfection, so that
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correction. 15 FIG 6 shows that the magnetic fields of the overhead coils
greatly affect the uniformty of plasnma ion density or etch rate

di stri butworoz/imsts do not greatly affect etch rate itselfPCTHS®3/ia&san
advant age because, while it is desirable 20 to inprove uniformty of etch
rate distribution, it is preferable to not change the etch rate chosen fora
particul ar senlconductor process. In FIG 6, the dianond synbols depict

measur ed é@@heﬁéberétef@1$ﬁ#KPQR#Qq(%%roéﬁl§¥ea§a§e¥uﬁﬁ¥f%ﬁﬁ(ﬁas REGRet i c

field (horirzgRkakmadi €3, a WijEetNOWS @iate isyabohs 2bhdepish sdmndard
deviation (non-uniformty) of the etch rate ht - hand, vertical scale)

as a functStéR9srdt Hévﬁﬁﬁh‘é‘h’c“ thig dathrE CRS g@gF nrhﬁﬁnuﬁﬂ%}i’t}ﬁ)‘fy over the

|IIustratq¢el@@agg ts ahoutasneopradey. ¢fc)megnidt.ede, the change in etch rate
osnly about 25% 30 The overhead coil inductors 60, 65 of FIGS. 1A, 18
and 1C may be used with a conventional MERLE reactor. FIGS. 7 and -17 WD
03/ 100818 PCT/ d50Batehg9th8 résubts ail:e:aamaa:laia tber @spopdeagute HHLEs 1A

with the at four i 0 RLE ct net.s
94, 96, 98 QJ&ES %Rﬁé o '%{l %%5 @%ﬁtyE 5r’r"§rﬁ$ o] Fitetr
provi des AsCseemr tbatsthe hh@hqeesqdmmhaze DXeNERFE ckauiresmgreesh 92, 94, 96,

98. The reg%@%“t%‘ VﬁngéEEQtfz_eﬂ:ﬁecé’faéﬂl%v%arieSLHWL%EGGHEPS&P% é’@V&thhell’

phases of fset egrees so _as to produce a slowy rotating magnetic
fiell witadte me ERARDER dhsEnidwWofent iFoFar*#P1e102ERAR L L3NG PLASMA

DI STRI BUTIJ2N sWudHcd r b c EVERHRLD SE3dindd) 12G0er dangethbt ingefeédod g the

i nventi on, plasna ion density distribution acrgss the wafer surface that
is Inhereﬁ% 18 Gauss, whereas at 300 mT a magnetic field of 24 Gauss

using both coils 60, 65 was required to achieve 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
magnetic field (horizontal axis), while the square symbols

25 depict standard deviation (non-uniformity) of the etch rate
(right-hand vertical scale) as a function 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 conventional MERIE reactor. FIGS. 7 and
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in a particular reactor is tailored in a, particular way by- selecting a
particul ar the magnetic field produced by the 15 overhead coils 60, 65. For
exanpl e, wioaspb@ssa di stribution nmay be tailored to prodweca/@sosmesss uni f or m
etch rate distribution across the wafer surface. This tailoring is

acconpl i shed, for exanple, by programming the controller 90 to select
optinmum pol arities and anplitudes of the D.C. current 20 flow in the

over head cdiiklustridte tine qases CAFTEKRAPRENT ckhdeiths 1@ Mé&dt 5R®with only two
concent i C, gYeread (dchirelibe roukNBoridis bl AMEES) o1cbestmAbREtan be

carried out w nore than two coils, and may provide npre -accurate .
resul ts wi 2B a9%yr i erdth anskRTOMERYEr REEACR Y R EEHE Sfagivet i ¢795 field is

Ejai ! Orgd b&:@@&@%ﬂ%&%}c&w @rfabaaee Ahe. ptasrentd o fctmresirteﬁﬁectivi
istribution across the wafer sur e, i i turn affects rate
di st Pi but | YRRTA 59 gagiats P&mggw?g]t#e]' e?%lhe R TR E&F?Sﬁgso
across theayafer s fage iTod Freafueangebot bave ctrectphasesmfdsetcoyi el d
fromthe oyerhead coils 60, 65. next s I,S 10§ ;& Ghange in
the pl asrraXSOHe%?%T'tV A3th9 lﬂﬁO;é <18 %Sgﬁylﬁﬁ%ﬁgl%&%%ﬁ %6 39 t hat
renders theiehth tiad echbirsdan biut ithve wongenhiéwenway.final step is to
determ ne a magnetic field that woul d produce the desired change in plasm
ion density distribution. Gven this nagnetic field, the nagnitudes and

di r 86t i ons CONTROEL ENG@ | B LA PIRIBUSLON KB ABH cBIL SQGIFHIBY) pédessary to
produce such algbgggogag?@ DY ek thbanowekhaknavweneisdh | oragReticn
field equations. _have tound a way of co utlng, fromthe nmagnetic éo
field, presenFétexeseeipitide JFEGTSt L8 FRFAT oF T FRCOVEIHedd *POFFE™60, 65

on the pl aspaa(bhersQur£al &tk dmanetag 1 opeassir 8" parfheslat Iwapeydi scussed

bel ow. The magnetic . .
selgcting 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 prdgramming the controller 90 to
select optimum polarities and amplitudes of the D.C. current

20 flow in the overhead coils. While the present example
ccncerns a reactor with only two concentric overhead 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 contraller 90 to change the plasma
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 60, 65. A next step is

to determine a change in the plasma ion density distribution
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pressure on the plasma produces a change in plasma ion density

di stri bution.

This change in plasma ion density distribution 15 produces a

proporti owalosabmnge in etch rate distribution across thepoafies3/sasss ace,
whi ch can be directly observed. The plasnma ion density distribution across

the wafer surf
roughly relat

ace and the etch rate-distribution are therefore at | east
ed by a factor of proportionality. 20 Initially, the spatial

di stri but ithietofrehHaret cherateh wcrooss stthe bnaifien maréagrifermeasuk ed prior

to the appl.ic

this, a*dedP

i f ic fields f .the. i : F
;éggﬁa%aegsggg%% mide & Iagn%r;%tﬁ ¢;Qvgrbgad goils S4al From

e rate tion (to achieve a 25 uniform

di stri but ithie) deanrbd dbbtegei iedolivme larhdessativalisg@rsbyiberi orsigten he

magnetic figld
| ocati on mn?ﬁ

anal ¥t i calqurrenss thethgeoverhgadiceiddh &bi 165 TEERSSBYYappl HTH

of 30 currgpss
etch rate dist

nﬂfﬁgﬁﬁﬁdf ¥l§?cgré“ﬁ¥&ﬁ¥%ﬁde%cEthQir@étﬁéng_5ﬂn@ﬁéOn of
£he ¢ n

n [2) anber a current flowin the coil is determ ned
é&%?knomn set

d ¢iha coh! SeaBGmbhiesy MBasUR1A -kKhowhesuht L BOnekRagR: i N
ri bution across the wafer surface, a linear scale factor can

be deduceditH&k S@pR&EE8St he vector sum of the -19 WO 03/100818
PCT/ US03/ 16559 magnetic fields fromall-the coils at the wafer surface to

the change in
factor is gene

tch rate di,stributign at the wafer surface. (This scale
r ﬁ?"f £eHRe gngY ‘ﬁgu‘f?r&? u%:r%%,stf?rgn} ﬁ:het H‘éagB%%% and is

opet@tive fgeld) ghestur80er@rcddnbertite pssmic. fithdr eforbe gveemead
desired cq%ﬁgghqﬁthgrggtkggﬂgggaflgY#géﬁihfgéﬂmggpu%%gﬂgggg achi eve better

uniformty

€ '‘necessary |1 e can be In a nmanner

descri bed presare™) .t hiTispetiii ket dbsyussad heiowsor Taepaadnagicoi |

currents CI%,_[E

di stribution

S tRd HRELALT oM ASILY 4 NG RENE G1hisghdi odO0qsRad & @l

unction previously determ ned

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 across the wafer surface and

tha etch rate distribution are therefore at least roughly

related by a factor of proportionality.

20

Initially, 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) can be determined. Next, the spatial

distribution of the magnetic field produced by each overhead

ceil

60, €5 as a function of location within the chamber and

current flow in the coil is determined analytically from the

geometry of each coil. 'Then, by applying a known set of

30 currents to the coils 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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anal ytically. The desired correction to the non-uniformty in etch rate
distribution can be established in a variety of ways.' 15 For exanple, the
2- di mensiwpaB/iedseh rate distribution across the wafer surfrarasoamsse
subtracted froma uniformor average etch rate to produce a "difference"
distribution. The non- uniformties in etch rate distribution to be .
corrected in this nmethod are the result of various ff%ctors in tgg %eactor

20 chanbermagesliwdifiigldenfaanf atin Bpp| Fekks G JHa METEIp SAFERTSI B%pl ed
source PoOVE(.n, NON YA MLRLOAESSr I8t thistdd iHd eafy suriflhcas- nethisi form
pl asma ion densi ty distribution. In the foregoj r}gﬁgﬁ tlod, t he in

non- uni f ordsakestantercdsr genedabyy chafgFrg- The ok TFEnsFty

di stributiofe B JRGNGNGC i s22pREEESHECup The 4inddt0VE 0y nTetdiethbean al so be
enpl oyed to establish.a._ "caorrected” plasma distribution t I Sy s

non- ini f orAFETSEGhe  déSered ARGy gﬁﬁegh?sd%%%lée,é (T %@c%%tgﬁetéglgg nmade
is the 30 hfédesieneadeativeanbuechuncor achied et taiwvittormasys i She
density distribution and t.he desi.,re i LTl jon (t i ids 3

non- uni f or AFCEFFY qﬁﬁ?%ﬁéﬁhége?gsuggguﬁéf%9&%%kyﬂg Jt:2d§%§(§§%%g%§?g

PCT/ US03/ 16868r imetiplsasmeaddisatyod) st ahduthercerteanonin® ¢@form or of a
particul arcsgi_ggésedcaq?qu ti%ﬁ:‘]&teﬁ' BULLER PRt LI My 1A i c Haegasarily
uniform 5 A S&TTes O §1eps or carrying out the foregolng nmethod wll
nowlBe desepabial iistridhdrion SUnstEPT POevipesty rdRTYTHRESDI ock 910 of
FIG 9) is ically determne, for each one of the overhead coils
60, 65, thgh%%9g§%¥%g£70n for the nagnetic field at the wafer surface as a
function of current flowin the coil and radial |ocation on the wafer

surface. Using eybi Adsicad &oordhdiaineto theSnon-uniformity in etch -
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” distrxibution. 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. 1In the
foregoing method, the non-uniformities are corrected by
changing the plasma ion density distribution by magnetic

25 pressure.

The following method 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-uniformj. Thus, the method is useful for making
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expression may be witten, for the ith coil, as B;,(r, z=wafer, It is
determned fromthe Biot--Savart lawin a very 15 straight-forward nmanner
The next woap/1(diock 920 of FIG 9) is carried out with moTAS0s/€3659 f |l ow ng
in the overhead coils 60, 65. Inthis step, the spatial distribution of

pl asma ion density across 20 the wafer surface is neasured. This spati al
distribution may be witten as n&éﬁlz =wafer). In this ste t he_pl asma ion

densi ty ditber PBasmandenaibe FHedSUr HcﬁdﬁﬁééﬁFymﬂﬁenﬁ%éﬁ? T tHe Btch rate

di stributi %&t%h@%?: thesrEd afen it A di6%iriwakebn pI’ﬂEeﬁﬂxltheetd iordear can
readily |nfer t he E asma ion density 25 distribution fromthe etch rate
y

di stri but P"6FSSREXELYi kniferBt ep of block 930, a correction, c(r), to the
measured plasma ion density spatial distribution function n(r, z=wafer)

measured in the previous step is_determned. 3 may be
deflied in any%hﬁﬁﬁ&FSOPf ﬁﬁg?ﬁpf?ﬁt%ﬁﬁixﬁpg og:exa oreggéhgamggﬁg%efined
as the nmadllumowabee describadvei el )rgfgrenueni® EI@r 9z=wafer). In this -21
WO 03/100818 PCT/ US03/ 16559 way, adding c(r) to n(r, z=wafer) produces a
"“corrected” distribution with a uniformanplitude equal to_n (r),. O
course, the corfectfiiorst! stepi dhle¢k) Shdyobel Hes iNed s didf fAaRdwiti-¢aLdY pr oduce

a differeng,. %E@‘%@B'%EHﬂeonﬁx aﬁhéiévéfﬁééa neyied @Boves,i tnthe desired

dlstrlbutlon 'S non- "uni form correction is the difference between
t helO desi ree@rm@mnbmroﬁhan@aﬁwu%—%@ )2t e efersSEF IR0tk 940) is

to sel ect @ndie%n FURERbnt1816d {Rrtieackoaf de raarhieadcaeiba 68, 65 and

apply that current to the appropriat i] and neasur he esul ting
plasna.|(NFQﬁsﬂQﬁQHnﬁqﬁ#acﬁhlcﬁ f%i%ﬁé%*?éi ord £}§9|c The

change in dgirlission kiali @a Aﬂitiehs obt at e dit c01l, 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, 653. In this
step, the spatial distribution of plasma ion density across

20 the wafer surface is measured. This spatial distribution may
be written as n(x, z=wafer). In this step, the plasma ion
density distribution can be measured indirectly by measuring
the etch rate distribution across the surface of a test wafer,
Trhe 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(xr), to
the measured plasma ion density spatial distribution function
ni{xr, z=wafer) measured in the previous step is determined.

30 The correction c(r) may be defined in any aumber of
appropriate ways. ' For example, it may be defined as the

maximum value n({r, z=wafer).. minus n(r, z=wafer). In this

-21-



by subtracting the ion distributions nmeasured with and without 15 the
magnetic field: on (r) ~ n (r, z=wafer) - n (r, z=wafer) e~sc The next step
(bl ock 95@p o3godses conpute a scale factor S 20 rel ating tIPeTArSeS$456%€

gradi ent exerted by the magnetic field (i.e., the nmagnetic pressure) to
the change inion distribution in(r). This conputation is perforned by
dividing the magnetic pressure gradient by An(r). The magneti pressure
gradi ent @byt haddagaet(x) fielrdB( Z=WaLRE e PTORYCET ?5e§?ﬁf%$t5§EoLl is
conput ed i,ndividually for each,.: ks bNeqa@gCofslamce) .t hathe

magnet o- h%?%ﬁi? ‘éﬁf%% Wit g’{rhlq\?,@%l\ﬁ?%mrd,b gczlawaf er, i) %&4/20] f 30 where
the subscebptse,dehet esrradhiizn domsddont © (FhempEshet 4ef1Red obt ai ned for
each coil jndividually a Wil rhegehhebrm TAepeiotides . tde, tat al
magnet i c 6%@%&6?8%§¥aé?e%‘?°‘%‘£®-a;2 WO 03/ 100818 PcTih%%os/ 16559 [B (r,
z=wdf er, piry-eflgoBokedheberer eif tHe qeqigFedadPGrrsPrEics ’sszn‘?r-‘ v={ Fi [$
(_ z=vaf @b Aok / %Plgn} the! sbdrdddickhiis ding sii@feepacat benwasy bre carri ed
out at different values of r and the rQ§%%gs averaged to obtain Sin

scal ar fodesirechdiwitsebutien s & Frcto™eESH' 'l be a function of r and
used 10 in the appropriate manner. The scale factor S found in the step of
block 950 is a |ink between t currents Iie

e-col| that Jdetgrnmne the

magnetic pressure DERF étle@SlSPEPﬁﬁ éﬁ%gjesi%oisoen cﬁtz'%ri‘%Setsier:on.c %g
Spegp f i call y £o8i ¥8BhaosethdfoviteRiiraeditss 60i,, 68 eodr appbndi®t change in
ion distribution n(r) can_be co e t] |00 cHihe JEBgRehgC pressure
det er mi nedFHT HE & WPFPPBgBF%e&g%a e fr%éc?ts}(gr&%: o

plasma ion distribution, which may be written n(r,

z=wafer)iec- The change in ion distribution An(r) is obtained

by subtracting the ion distributions measured with and without

15 thz magnetic field:
an(r) = n(xr, z=wafer) - n(r, z=wafer)i.

The next step (block 950) is to compute a scale factor S
20 relating the pressure gradient exerted by the magnetic field
(i.e., the magnetic pressure) to the change in ion ’
distribution An(r). This computation is performed by dividing
the magnetic pressure gradient by An(x). 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:

V.p = =V.[B(r, z=wafer, Ii)2/2H]

¢

30 where the subscript r denotes radial component. The results
tkhus obtained for éach coil individually are then summed
tagether. Therefore, the total magnetic pressuxe gradient is:
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An (r) = (-ar {zi [B (r, z=water, li)'/20] } I /'S 20 This fact provides
the basis for the followng step (block 960) in which a conputer (such as
t he m cropooseemsos 91)' uses the foregoing equation to seamaisos/ossa set of
coil currents Ii that produces the best approximtion to previously
specified 25 or desired change in plasma ion density distribution, an(r)-
In this case, the desired change is equal to the correction function c(r)

conputed in the step of bloc I n ot her 2 4het1conput er searches
for a set of coil current S‘Vfrlk{ hé?(’é'aﬁ é’qu§§’t é§ /(%tH ng condition: -23
WO 03/100818 PCT/ US03/ 16559 {-V z=wafer, li) z/20] } } =c (r) S This
search may be carried out by well-known optim zation techniques involving,

for exanp t % egpest sSigdescents. Such techniques are
readily cgﬁﬁfé g%%? %@gt éamorker skilled in this field and need not be

descri bed here. The nmagnitudes and. polarities of the set of coi

currents |i discovered by the arch are then sent_to t 20 caontroller 90,
whigh in turn applies %hESéVpﬁif BTt ozrWRier echelf FHed cb‘V&“%O 65. FIG

10 conpares magnetic pressure (solid line) with the neasured change in

pl asma ion distribution (dotted Iine) as a 15 function of radial position

at the wafer surface. As discussec v e;{cdfgfgggﬂﬁaaaaubbe
gr adi ent 3WlPh§lV§aba?e°B?r?%e nag ?%b%Ff Pg the overhead coils. FIG

10 indi cajfex that thberesistygowde ryedeitat pbnabét feen pedtRt iPH-essure and

change in jon density distribu e apal ££ 0B 06 £ StiChd useidhod i's
i |l ustrat SFESTEFES. tn 1’5(@i F#éémofl szqug'gt F%t gslfﬁgw non- uni f or i ty or the

stanglard in the appropriate manner.

The scale factor S found in the step of block 330 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 S:

An(r) = {=V, {2; [B(r, z=wafer, I.)2/2p] }}/5

20
This fact provides the basis for the following step (block
960) in which a computer (such as the microprocessor 91) uses
the foregoing equation to search for a set of coil currents I:
that produces the best approximation to previocusly 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 block 930. In other
words, the computer searches for a set of coil currents I

that satisfies the following condition:
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deviation (vertical axis) in the etch rate spatial distribution at the

waf er surface varied with coil current in 25 one of the overhead coils. At
zero coi lwousnessts the standard deviation was about 12% pamdiSbsressson

di stribution was center- high as shown in FIG 12. The m ni num
non-uniformty at about 3% was achieved at a 30 coil current of about 17
anperes. This represents an inprovenent by about a factor of four (i.e.,

12% to 3% -24 WO 03/100818 1 \4S03/ 16, st andasd jdeyi atépmén the etch
rate distribution). Tgé%act{tg {Iégrr’mjszas%grggﬁ'etgh ra g}edi stribution was as
shown in FIG 13A, while the etch rate distribution predicted using the

techniques of FIG 9 was as shown in FIG 13B. 5 At the high coil current

of 35 anpengs sklaecht alyl Beecasiséd idutt ibon weldndacundeRtHt EACVES about

14% The neasured etch rate, spatial_ disstributiaRigseasssiavsd n FIG 14A
while the 'qyﬁgdl&WQEVFBgtigﬁrﬁgé éighgah kh ErG °148. 10 Referring

agai f to FdGceldA. t [smchpsechnidiersndon rasdidy SGEFsRSoBLEI RBIERS certainly

not flat and in fac o DAV " £ BhAPEdGidMl GRACRLEdBSaEibae Ward phery
and convexwonre]%lerr S?Tiltell%gfltlgr QR\IC% |fs possr% ble that with.a greater nunber of

15 i ndependent overhead coils (e.g., three or nore), the optimzation of

currents may bepg ryﬁé&ﬁ%&eé’\ﬁaﬁa. gheateties aspltid retand ketiler uniformity
inresults. Therefore, the invention is noheliniged to tth§Q§§§ havi ng
only two coitzentsiHe PhGERAVEERA ¥ e SRAFEReRTEASRRE hS¥AY yThg Tesul ts

usi g 20 | gs58e t4ETL 09010 iIdRAANT BeraVesHlEDss ovidse clireesasetoethed nay be

applied in order to control plgsna ion density distribution or etch rate
di stri butippsRgctive colls 60,76>.

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
scuare 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 zero 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%
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the ceiling surface. Such an approach may be useful during 25 chanber

cl eani ng operations, for exanple. FIG 15 illustrates a version of the

met hod ofwBlo@10@18 n whi ch uniformty of the spatial distmrchatsosamssed ion
density (or, etch rate) is optimzed. The steps of FIG 15, nanely bl ocks
910', 920', 930", 940', 950' and 960' are the sane as the steps of FIG 9,
30 nanely bl ocks 910, 920, 930, 940, 950 and 960, except that K they are
carri ed oustamdarchelewiatiing prasaer §ERRr T2 FANC Her iLRH&ER pl artde §Eéu9é)
03/100818 RLT{LEOH JER L The of idiSkrebepidd! ek HlBhdwn RGFIESN3AS to

analytically determne, for each one of the overhead coils 60, 65, the
expressionwgb¥et¢ﬁﬁrﬁﬁﬁﬂnqﬁﬁqiQﬂﬁﬁréPth%nc%¥??%ﬁfe Niai:ics a function of
current fl euehRidbes cof |rmnd 9 afdisalasSsheeat ianFo@. tiEs waf er surface. Using
cyligdrical coordi nates, this expression may be witten, for the ith coil,
as B¥(r, z=ceiling, li). It is determned fromsinple static nagnetic
field equati onsagnghéshigh uhetl aumentonlfy 36f avperesur teatetch zat® r adi al

| ocation r on_the ceili syrfac .al s f in uch as
tho 1 adi usdoreEREnEEet ARt Grddhath tal sk eI N S e
the ceilingticht eaterspsui{lach sthidutérn Weepa$bsoekn o' FIE- FI4G whilei s
carried out,15 W C it fd s i Rst BRoRY el Repf; coid®. 60, 65. In
this step%hfh8¥%%gf§%ﬁ %ﬁ%ﬁ%%ﬁﬁﬂﬁaghagf gfagn% ion dgﬂiity across the

cei li0hg surface is nmeasured. This spatial distribution may be witten as

n(r, z=ceiling)gekB Lhig §%§Pn tderd agmm, ke Aensi Lyidbshridwti on can be
measured by aconventional 20 probe or other indirect te hnlggfs. Next, in
the step ofiFEseRUBBON ohtaigdhds GFCteLPLY, Ph Tk ARASIR P &%%a i on
density spabbal dsghpé pubé iy febitddv@ near the periphery and convex near

the center. It is possible that with .2 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 uniforxmity 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 vexsion 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', 3820°',
930', 940', 950' and 960' are the same as the steps of FIG. 9,

30 namely blocks 910, 920, 930, 940, 950 and 960, except that
they are carried out for the ceiling plane rather than the

wafer plane:
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n(=, z=ceiling) neasured in the previous step is determned. 25 (it should
be noted that the prinme notation ' is enployed here to distinguish the
conput at iwod3aboskd G 15 from those of FIG 9 described alrerajsoangsgdoes not
connote a derivative as used herein.) The correction c'(r) may be defined
in any nunber of appropriate ways. For exanple, it nmay be defined as the
30 maxi num value n(r, z=ceilin 1 m nus n(r z:ceiling). In this way,
addi ng c' (r) t@hﬁ(ﬁ}rficéﬁﬁpnég BEBAUER's f FiSor r'edt ¢d” i stribution with a
uni f or m anplahtdeaegyalet@rm2e WEEH3/cHUAB LhePCE UBa3b%¥6568ad n¢a)ls GiO,
course, the correction function c'é&&énqy.bef.dﬁgig%dt EfLegffﬁéy to
produce a &fi-f &€ SFPERSPOPMH AAPI FRTIRIDSR T T4 “a®part tciFar-1non- uni f orm
di stri but iy faredes Geduncthen bheceafsrectilow iin tthe diofifersdceadpreen t he
uncogrected 5 or anbient plasma distributian n(r,, z3ceiLkn

desited ﬁﬁﬁ?ﬁﬁPPOPHI&P§tBF%ﬁFiBH¥§%$E$, Q$%§%é§%%% a%gﬁg%egéﬁp %kéi?%b

est abl i sh @it eixpredesionetag! Benarivwen, stan bite & hadilng as Bpbri i cul ar
non-uni form pattern qr to establish a.unifar . j J ;
distributi%ﬁ#g¥ﬁinﬁheIhbxt g eiF(éé%ﬁﬁ?%&f&‘%rgé'?%ﬁég?eégggggpgi R rent

|; for eachi«ifd tdegamienizeatdcdasl 8 60nctommbappily tdfatcoidurckenent olt he
appropriate coil..and .neasure the r I !Eﬂj lasma d I ShlshbyEi on, which
may be vvri?rfée:nran 1rat1 f’?czaz%&nl :';:ngf‘t gg%E e r%ﬁ?ange |dneoi%(])% dgilss?rieguti on an(r)
i s 10bt ai nest-txirs Wrrstanitisg sulss  Rentie stadbis ivhsheesnidedndi he and

wi t hout t he, ticg figld,.on; = leoiZ-CRId | eilibk, $RTERLGF NQ)
te5e 20 %é%gfe’s?eée%qogk Sgga)éerllsﬂ%% %%lrz%pﬁatqé:l dﬂ}gzgleéﬂflggt éé )

rel ati ng therfaessure gradi ent exerted by the magnetic

The next step (block 920' of FIG. 15) is carried out
15 with no current flowing in the overhead coils 60, 65. In this
step, the spatial distribution of plasma ion density across
the ceiling surface is measured. This spatial distribution
may be written as n(r, 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; ¢'(x), to
the measured plasma ion density séatial distribution function
niz, z=ceiling) measured in the previous step is determined.

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

30 maximum value n (¥, z=ceiling)a., minus n(r, z=ceiling). In
this way, adding c'(r) to n(r,.z=ceiling) preduces a

"corrected" distribution with a uniform amplitude equal to
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field (i.e., the magnetic pressure) to the change in ion distribution

An' (r)- This conputation is performed by 25 dividing the magnetic pressure
gradi ent wW¢no@ny. The magnetic pressure gradi ent of thecrapogidssyfiel d
B(r, z=ceiling, Ij of the ith coil is conmputed individually for each of
the coils in accordance vvith t he magnet o- hydr odynam' cs equati on: 30 O=P =
-Vr, [B(.r, z=ceiling. 1)) 2/2a] -27 WD 03/1008%§ %J §é§9 wher e

t he subscﬂﬂﬁﬂmﬁ dé%%t%ﬁp#%ﬁhzﬂh%xiﬂﬁiﬁﬁﬁf°nTﬁ%n?%3Lﬁts hus obtalned for

each coil de'l‘ih\éhdkl%ﬂr@ﬁ@lf he ;&tu"amﬁ twogeitiierentheneforme, angid tusteal
magneti c pressure gradient 1s: f 2}a. 0] }
Ther ef or e Rlisife sléalaepﬁéEiLSFl%rl%on [‘ﬁ”‘éﬁ{om {jl%\t}(:ifuélg? f% déézgﬁéi fer, 1i)

2/2a] } } JH@dn the) cdhecscabs factis & £fanemaei hetheest épeoﬂnww%' is a

l'i nk_between the coil _currents,_|.. that r tige dosiymssure
and A res% iAPIEREINGL2PR2| hsﬁ"fjs}?ut X q‘(rtfe gl-ggl?' ’Hsg}:veen a set of

coi | currqmrs.dﬂl,foacmcaiéeﬁﬂﬁﬁl’dicﬁkg CII’Tamg,e tihe mmh@dst:ﬂnbhﬁl e hey99d Tan be
conput ed mul ti pl t he .magn e daf n@M kdes set of

by the St i elride! 400 RAPEY LB 34 ASCAPLRSEy haATR IS Ts
This fact guondasrt mnbasngomrpah@etwqmvﬁmgesstta@él(sbl 8ckOl58TBG0 ) in

which a conputer .(suc h [ppLpsessor 91) uses the foregoing
equation t %earc(O od:%ngit gl[fﬂ:gmg currents |I; that produces the best

appi®xi mation to previously specified or desired change in plasma ion
density distribpfiq,ALidp - (block 940') is to select a "test" current

I; for each of the overhead coils 60, 65 and apply that
current to the appropriate coil and measure the resulting
plasma ion distributlion, which may be written n(rx,

15 z=ceiling).es:- The change in ion distribution An(r) is
obtained by subtracting the ion distributions measured with

and without the magnetic field:

An' (r) = n(r, z=ceiling) - n(r, z=ceiling) iese
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 1s performed by

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

30

VP = -V.[B(r, z=ceiling, I:)?/2H]
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In this case, the desired change is equal to the correction -28 WO
03/100818 PCT/ US03/ 16559 function c¢'(r) conputed in the step of bl ock
930' . I n wotwnooss®r ds, the conmputer searches for a set of pcarusoswsssents I,
that satisfies the following condition: S {-V{ Y-i [B(r, z=wafer, [1)
2/2110) } } =c¢" (r) S This search may be carried out by well-known
optim zation techniques involving, for exanple, the nethod of si epest
descent s.wigrsh thec tswbgees ar & AERAFES E23ra e FTROB Srhe 116 GBFPREF ski |l | ed

inthis figl éi5§?;ﬂgggdfggtegehdegglliﬁﬁh*&ﬁ&hlljﬂuiaﬂm@ﬁmtBdﬂmeand
polarltles 0 e set of coil currents |I. discovered r% tr%digggcf are
then senttegrthRe - cIMEEGIEOEE 9B WRPEH: i TR SRS S TThaS8 thr Fents to
the 15 respective coils 60, 65. Wth only a single overhead coil, the
apparatus can be wused to optimze plasma ion distribution uniformty at
either the wafer or the ceiling but not both sinultaneously. Wth at 20

| east two overhead coils (e. the overhead coils, 60 apd 65), plasnma ion
distribution uniformty caﬁhgézéti¥é%stz'%ﬁﬁﬂﬁna t@Wy]Eptinized at both
the wafer and the ceiling sinultaneously. 25 STEERI NG PLASMA W TH THE
OVERHEAD CA LS W have discovered that the coil currents |I. may be

sel ected &ﬂ fcrg.qgﬂp E%C§B§eg fbe plasma toward the ceiling and/or
side wal | 376F 519" St eer t waf er surface. The coil currents |;, my
al so be selected to |nprove 30 uniformty of plasnma density distribution at
the ceiling surface in a_anner simlar to the nethod of FIG 9. As a.
-290WD 03/ 100888 £CT+ Up$ aaar,resuhfertha_6Ya$ﬁﬁ}hé@nbérboncentrated
during processing on

he 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 detexmined from the set of

I, by the scale factoxr S':

20
an' (r) = {-V. {2 [B(x, z=wafer, I.)%/2Me] }}/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 egquation to search for a set of coil currents I,
that produces the best approximation to 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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the wafer, and then during cleaning may be concentrated on the ceiling
and/or side walls. By thus concentrating the plasma at the ceiling,

cl eani ng worme/1omys be reduced. 5 In one exanple, the plasmeceasosiaeyed 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 illustrates a radial 10_portion , the ch er
interior eXBBAEEAY &l bRy FIPHSES Zon A sgﬁpsofr§%?§5r39$adi3Ent?) e

peri phery abrtibge thanbeipatsl sedremdisndoal angethefveoil cabreedtss fTl,omt he
wafer surface_to . the.ceilin he small _arrows.in FIG 16 indicate the
nmagni t ude gﬁatdfﬁgﬁffb soﬁhﬁﬁﬁfgiﬁﬁﬁﬁﬁ gopgéﬁéggf*various 15 | ocations in

t he chanber when the plasnma is steered to the side wall of the chanber by

the controller 90 applying a. current of -11.5 anperes to the inner coil 60

and & current of +12{57:an{>§E.eq5t(Q,taewggg§; £OR)2183.} Fl G clyridi ustrates
the correspondi ng gradient of the square of the magnetic field at 20 the
waf er surface as a function of radial position. In another exanple, the
pl asma was steered to the roof of the chanber by the controller 90

appl yi ng aT8dfr SRELER Tay 1S GaFFdRSs G PHeWrhhekneHt | OB BMAPH Fur rent  of

+5 anper es t2enhh@qhbe oMEIvoRd,| £ Rafp1d8 thbusétrdé@sof sweshpdstportion of
t he chanber_interior extendi al ong t he horliontal axi, s frcg& ero radius
?f‘ﬂgf ; rtd c

to the per O5RERYPEEF t AR NESHEH TIRF SFCeRGPAYY aFBRE £ RS VR ®axis from
the vaf er surkaeeskollbe teitiing.ficlhke andahkedr hotshe NdédcTikeR ihediecat e t he
magni tude and 30 direction of the magnetic field. at various locations in
the chanber when the plasma is steered to the side wall of the chanber by
the control |l er SBheappbyihgdes camd eplaofitikd. of- 30eW=036£0681B

PCT/USOS/lQ%é%ents I, discovered by the seaxrch 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 to optimize plasma ion distribution uniformity at eitherx
tlke 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

simultaneocusly.
25 STEERING PLASMA WITH THE OVERHEAD COILS

We have discovered that the coil curxents I; may be
selected in such 2 manner as to steer the plasma toward the
ceiling and/or side walls or to steer it to the wafér 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. 9. As a
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anperes to the inner coil 60 and a current of +5 anperes to the outer coi

65. FIG 19 illustrates the corresponding gradient of the square of the
magnet i ¢ WoeBdomts t he wafer surface as a function of radipalr/ysoxidsson. 5 In
a further exanple, plasna was steered along field I|ines extending fromthe

center of the ceiling to the side wall by the controller 90 applying a
current of -25 anperes_to the inner coil curre { to t he
out er coHIQ§?lt10tPPGPlEGmPIWﬁ%tP%I%%P%FWEﬁégﬁguﬁﬁiﬁn n® cﬁﬁglnﬁ

interior @ epdiery ahanghbhedhﬁimgwﬁednmg sy doe p@menadauedtonttiee

peri phery of, the ch nber and ex nd| on I S t he
waf er sur fEte- iy eRE/EEi F?’ﬁ@. b § n%at l‘}%\/\%somete\ﬁ%&ﬁgzg& Hll%‘gé‘?% t he
magni t ude st m&dﬂu@@,otléhainnghemeom@iiHeeﬂeﬁqﬂﬁdvarlous | ocations in

t he ghanber when the plasma is steered to the side wall of the chanber by

the controller 90 applying a current of -25 anperes to the inner coil 60
and a current of oF® Bxampdeesthe phasvaters cotee®H 19 Gheride yattat es

the corresppngi g aaleehly ehet Beneauarg: ofo (4161 A% mONElixenti Ged-al ( he

waf er surface as a functi radial _position. 17 shoms that a high

posi tive nhyrietdampesiassd@r hgninppe EPh%rr@Ol%n%x%r‘?‘b‘{:F%Pft Hé2edge of

t he- chanbegmyubialh the o125 kasTRoks steer pds] 016 hel mulgerat¥dCa Laashons that
a | ow magnetic pressure on the plasma_ is exerted ne th ed e of E?f
chatBer mh%@F?%R?;ﬂ@mﬁﬁ?|9?a&PPécP88er°fh%ﬁ%&&éi ﬁélzﬁP 21

shows t hatagi §i gomegald tadpes Yl eheSpepigisery dSlEatfhé hﬂzanhm:bemdedge when
the field |lines exte

PCT/ US03/ 135534, rld fr%&’ﬁr Terracef HL oo 06 SR ég’j“%? %;182818
the celllng The small arrows in FIG. 16 indicate the
magnitude and direction of the magnetic field at various

15 locations in the chamber when the plasma is steered to the

side wall of the chamber by the controller 30 applying a
current of -17.5 amperes to the inner coil 60 and a current of
+12.5 amperes to the outer coil 65. FIG. 17 illustrates the
corresponding gradient of the square of the magnetic field at

20 the wafer surface as a function 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 ihterior 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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chosen to direct the plasma to various |ocations in the chanber that may

require cleaning, such as the ceiling and the side wall. O, the plasm

may be cowoentiomtied nore near the 5 wafer. In order to steem/ush®igsbasma to

either the wafer or the ceiling, or to apportion the plasna between the

wafer and the ceiling in accordance with sone steering ratio SR, a nethod

such as that illustrated in FIG 22 may be carried out 0 F@ferring now to
g@fa '%%

FIG 22, t¥ePgiesttastidie @nesk co31008f3ng & vyt 9% PeAWELER &Ral yti cal
nmodel of thee nonst i 11f ied.d imsi.deot hbelekardess asha dametspendahgal | coi
currents in the overhead coils . t he ir of coils .60 This'is
readi |y acSERptehe’f i@ BeaE; %%ngaﬁe?lagn%@%? df):%aef:%u(rz@ataltor;cgl e’bng? Ta wor ker
skilled insthfscd ied & MAntkvieedofiotraltatiesosibioh. here. The magnetic field
is the sumof the individual nmagnetic fields fromeach of the coils. Each

i ndi vidual magnetic field is a function of the diameter of the respective
coi |, the | ocatInnaofueddr coidmplehe pdasmanvas| sheered elend IT3¥3dand t he

| ocat i on |9 0g &;@g@ ug By thie aRgastbe £hel dei prpducedy dibg ith coil
may be wri teh° a% X, 3? Z, |It) 25 so that the total magnetic field is:
Ei { B (x,%w¥l17by|thelcateraider 0eprphYdER 2200F et tf s> ARETESt U6f 30

magnetic figldsntbat did fégd la selcudfred@sbied2pr 9cesSthe ongtd ansil Fe.
exanple, to_steer plasma to the ceLllng, a -32 WD 03/100818 PCT/ US03/ 16559
magn@tic fFEFd 79 sElestratenad FA5AdcBSTEiARgREL FRe pf B P HRE pl asma

that pushegxtBgdph@saPod®vedl Hitd zepitkilngxias froml 866 atadli i ddhehexanpl e
O S e oRbeelob Bl B! BB LS R o BLL e TPAELLS Lol 1
pl asma from the wafer surface to the ceiling. The small arrows in
FIZ. 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 30
applying a current of =25 amperes to the inner coil 60 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 pressure 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 tre ceiling to the edge.
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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

condi ti orwoa3aaspit er 10 searches the nodel defined in thecaesps/odssbdl ock
2210 for a set of coil currents that produce the desired nagnetic field.
This is the next step of block 2230. Each set of currents found in the

step of block 2230 is stored along with the nane of tgﬁ cggresgondi ng
condition in a Trewor FheoeRrFBAt AsEDCRe creaisad Koite &8rr 83pBAYI RY process

condi tion {HRIREK +2249 r8E+ FEfe pEZima WienaMElowd pakhicgéshar ipr eeess condition
is selected e.g., Steeri n% t%e pl asmg, to the ceil itplg), tEen thg

i cropr oc g thatchey FREULER SredWIEIncURR 38s tPFoRFLAERY cBPF e¥hdndi ng
menory | oGsitdedvalhl.ockhr?288y phastiauses ddecdretuiracepomdiragnearrems to be

applied to the appropriate, coils_ _(block 2260). Fl. 3.sho haw 1 he
m cropr océ”é%tﬁ'r'gll%r‘?‘afrﬁlsr 6?03%;3%%’? opklraessr?)aor%ﬂ'éa te&%t?é%r t?Lr‘?pu g.egAmt:
det er m nattilon desilidg,f brstonmagponhitherhd (el gunec dedivegni fbeudeserteid ng of

th f f . k : (ale: | i
(otching) The atich 8 aedpqages "R dold RAUAARED LolELUARF oC Ber 0]
then the premsl issicdt esr sHatoithesthpdtesd IRk 2233QY ®8d cepesiphashh-

distribution uniformty at the 30 wafer surface is optim zed (bl ock 2350)
using the method of F--G 9. If the wafer is to etched while _the ceiling

is 1& c-eaned Rafqardngamet ithe FTEneA2 ¢ heh®| BETRE iR tiPLiask 3310ort
03/ 100818 ¥/ Y903/1L6%29 deFRRAr hi0BRE PeidErdde & Ithed raldethe wafer
(bl ock 2360) and pl asna densH% uni.f or t%/ S %p% Tﬂéed ?LE) t he W%fer
surface asfi3if FNglds fhRg she rc%?l?ngu% LIy a5 PBrotRTE57EH) +7 f
only the ceid igugdtreado deelel eangd, thenpdhe ¢f asvins 05t &Sned Fhis the
ceiling (bzl'eoaccg(ilzy38ao co?n%q.igklgan&sgggséégtfgInﬁaogrnrgtti% %tield equations by
15 a worker skilled in this field, and need not be described
here. The magnetic field is the sum of the individual
magnetic fields from each 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 chambexr. Thus, the magnetic field

produced by the i™ coil may be written as:
B(x, Y, Z, I;)

25 s¢ that the total magnetic field is:
Zi {B(X, Y, Zy Ii)}

The next step (block 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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the ceiling is optimzed (bl ock 2390). USE WTH VHF OVERHEAD ELECTRODE:

FIG 24 illustrates how the inner and outer coils 60, 65 10 may be

conbi ned wotod/1e08ec@paci tively coupl ed reactor that has anporarshgachso

el ectrode connected to a VHF plasma source power generator through a fixed
tuning stub. Such a reactor is described in U S. patent application Serial

No. 10/028,922" filed Decenber 19, 2001 b niel Hoffman e titled
15 " Pl asmeMRERREEF Thalf ofevdadtre EP%EtP%%‘g‘?%%e% FF e © éf%l‘gﬁﬁfgand
assi gned tentfige PHESAIH @AY PRBest BRedpiadmsurevand i ateiildngncespor at ed
herein by-reference. Referring to Fl | a | ngloudes a 20
reactor cha %?tﬁiﬁFQM%WTEP?Mﬁ%ﬁmpéﬁpg%r?fﬁoglgt ?ﬂg'%gt%%ﬁ?§¥% the chanber
support i ngtawsedi €on deicde rwamdf,erm hkgnehipr 6teld ikichomsd iWAtu@ECdNReEN
exenpl ary inplenmentation, a condycti -$E5% - td e J1iaRehalls
supggrted BSB%QHF ?%c?‘??scs%enéml%e ﬁagﬂérgu%eﬁgc amber b%o?y 127. The
chamber 10@owsrdotineepemipiEt,hast dplgtaatedcirhBped Werhead conductive
el ectrode 125 supported at a gap | ength above the wafer 110 on grounded

chanber body 127 by a dielectric seal. In one inplenmentatiopn, . the wafer
support 105.is FHevaskehimaghetieriids dgtiseti 6 5Be FheP PheP | engt h

WﬁydCPangezzgﬁl 858?% i;lfﬁr%’& ef'i?miﬁﬂliééfas platrlﬂ@cagagiggh@ﬂ@idgxw cta?nplmtlzeirxed
predet er mi ned | engt h. e overhead electro e e.d..,
al unithum) RRPERPRAYTHER, MOy ARG Pt EnF?‘F?Bt 8Fnﬁg?‘é}fi %We&g? 2 §|%tor
SiC) on iter 3410103440988 PG JdS@3/ tHhB58esintdr nagnsuif atiesldor it may
be itself sem, - al materjal. . An RE r at 5 pRLI wer to
t he eIectr%&ésléghE%? NEBNe? 15 o t émaé%gggforg%gé ?Egcgépﬁggﬁgﬁggugh a
coaxi al .cabuedlér mRechedptof thoge@3d@ ds $50reddalong wWithakialnameub 5

135 connectgd, to Eg%rggsgﬁéfgf Jgi iR SHUB h3Rob@S18cation associated

15 with the corresponding process condition (block 2240 of FIG.
22). Whenever a particular process condition is selected
(e.g., steering the plasma to the ceiling), then the
microprocessor 91 fetches the set of current values from the
corresponding memory location (block 2250) and causes the

20 corresponding cuxrents to be applied to the appropriate coils
(block 22&0).

FIG. 23 shows how the microprocessor 91 may be

programmed to respond to user inputs. A determination is

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

30 wafer surface is optimized (block 2350) using the method of
FIG. 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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characteristic inpedance, has a resonance frequency, and provides an
i npedance match between the el ectrode 125 and the coaxial cable 162 or the
out put ofwolw/1RB1power generator 150, as will be nore fulpicy/desecsssbed
bel ow. The chanber body is 10 connected to the RF return (RF ground) of the
RF generator 150. The RF path fromthe overhead el ectrode 125 to, RF ground

is affected by the capacitance of t di el e trlc I d
capaciteuuﬁ?ﬁ#é 3 FEHF?VCtE%aferi;P CPma eﬁgggppégg %8523$%e waf er
110 and tt;ﬂﬁnfx:Msmtty eaifdoehive 05 odiSirsemde adabei weferngunﬂﬁceg)raﬁn de

th t d 4t d 5. As
i the cach did & R enshB el vl ER AP RS I elodk RADREC L O
of the outexrlydiHe &‘:ela.n.atgl §si hoabpl aheansd frarhdmeamdpsheoist REeeRtber
thansthe et%lbecoéézfﬁ.?w 280! £5560! An@%ﬁsﬂaocd@n%qt@t <0 £oERgey Lo L he

plane of t ectrode the 1nnér coil 60 |s | ocat ed
wel |  abovighe mﬂ,eld-lm rlcﬁdeprzglzﬁé hl‘?chlé 2P of FIG 1, the D.C. currents
in the coils 60, 65 are controlled by the plasma 25 steering controller 90
governing the current SUII|IeS 70, I of the coils 60, 65. The capacitance
of the overkedtce& Tons CARQDES i ncluding the el ectrode 125, the
process kit 115r1d2£b4irnltmra?&sdheheehélcmseﬁlarilsBooumswceaswenh 68spect
to return or n_one exe case, 80 pi.co d The

el e&Fr ode %%%&%I?Mwéﬁ 2 §2RPFe %“r%y ?Lf?e c*15631 5q& Eﬁég 5\?35
03/100818 acTé&Eﬂﬁéahﬁmctabae cbheegiapd | e Wr(mllssltaaame slwu:weepowarer
support and over he eIe a ?§59rs ra

capaci tanc%ene]éspecﬁ:gmouqt %E)’(Fgchg?gx%a ues ofﬁ%e se Xgnd of the
di el ect ri cdesagibeD, ihi ks .i @atann applaﬁatmmmmﬁ¢gnaitﬂﬂa(%Qépéébﬁﬁé
constant s- ande § Rhekngsses Of 2oe BHt BLheLE Hoffman et al. entitled

15 "Tlasma Reactor with Overhead RF Electrode Tuned to the

Plasma™ and assigned to the present assignee, the disclosure

of which is incorporated herein by reference.

Referring to FIG. 24, a plasma reactor includes a

20 reactor chamber 100 with a wafer support 105 at 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 ring 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
electrode 125 may be a metal (e.g., aluminum) which may be

covered with a semi-metal material (e.g., Si or SiC) on its
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enpl oyed. More generally, the capacitance of the electrode assenbly 126
(an unsi gned nunber or scalar) is equal or nearly equal in magnitude to

t he negatwoasaepagi t ance of the plasma (a conpl ex numnber pcatusas/past i cul ar
source power frequency, 10 plasma density and operating pressure, as wll
be di scussed below. Mny of the factors influencing the foregoing
relationship are in great part predeterni ned due to the 5 realit] es of

the pl asnelPrefiess siadaicrenent & tnBardee t Bt bt rHedby Lt RetPE3&tor, the

size of t%vwéejene%@{otrh@.sof aggmege@t phadr tihe tnfeom%%t&@dbemarrlleﬂ out
uniformy over the wafer. Thus, 1%8 pl asma capaci tance is a fun tion of

the pl asn%o"b%‘hsﬁrtﬂ?“ Fhe G52CTBGPE pOWET F7 T & tcﬁéxazﬁ el ectrode
capaci t anceahBe éﬂ.ézlmﬁddhlédOftot hﬁeV\@éﬁérstl:l&pGHG tand elraet raoebeagaal( beight ),

el ec ode nmet er of .t he_.i ns I s aof the
asse g’?i qdf el’a ﬁcﬁf}o%?e e T)be pStu% g‘ zlétsr 8de di anet er
must satlséwaraduaﬁxsyﬂcranenﬁanoé thespéaﬁsﬁpqnnnaﬁﬁragmeheypeahérned by the

2 e O xR A e elea bl BARCAEREHh Yo, R0 ML d25060h AL e " aNge:

For exanpl icon an rlc -procéesses gener al
require t h@@*a@mahjm deﬁis oy t’h@ bétpm:tﬂf ntheeRY &’FFgeerofgeI@gattérlmo

ions/cc. The %‘Pffrbéalrﬁ'&:tercﬂﬂ a,gegsezcmgeﬁef&optrm@reﬁnwmdd

distribution uniformty f inch wafers, for_exanple, if the gap is
abodP 2 i nepRRectEt t%lté\ﬁ chFdée('El‘J&ﬁ‘et(%F JEOWREE RTUIRE AF |%RSF3ESTgr eat as,

if not gresper Trk@rmt ftsaatdi FHPRme e hef otraehwaeéle@@cs@élms e $FUGesund6 )
03/100818 PCT/ ﬁ%g/ S|n1IarI¥ have gr Ctl%h es for té@lcal etch
and ot her s§§$ BFESrt2hsE B ?}??1 St 4t 6PE
remain whinin t15e Cﬁpitﬁ.ﬁ&i@cto@dthe acbileyeridesadpviEsr efire @Ghifer -
relatlonsmsupport 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 inner coil 60 is less

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

20 fzarther away from the chamber than the outer coil 65. The
outer coil 65 is located at or close to the plane of the top
of the electrode 125, while the inner coil 60 is located well
above 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 90 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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particularly choice of source frequency and choice of capacitances for the
overhead el ectrode assenbly 126. Wthin the foregoing di nensional
constrai mve w3mpsed on the el ectrode and the constraint s PCaN$03/16beNSi ty
range) inposed on the 10 plasma, the el ectrode capacitance can be natched
to the nmagnitude of the negative capacitance of the plasnma if the source
power frequency is selected to be a VHF frequency,_ and if the dielectric

val ues of 3¥R3i rfdhe M leadibndALstance JPebTeeRi ol MIBPOr 6 2afe sel ect ed
properly. SHehhsal E‘ééiféc(t'}o&@)9aEnéCByefﬁc@of@té?ﬁf&ftﬂfgﬁrstlf&@Ch bet ween
source power frequency and izna,electrode resqﬁgpce fre%ﬁgnCé 130
AccordlngI?aP?F%FﬁPQSéﬂnﬂ%ﬁ?flé ¥ tRerIael et TRsS Ofe T85ePRBAd

el ectrode ghangt efthé SoPRcRdimBrehy 120] nehbsh iR0cdtve gap dffeahedt b

i nches denS|t and erati [essure o] r etch
procgsse ngdgﬁgﬁ% ! V?Pdsg8+% A PoNeT ?#ﬁﬂﬁ%ﬁ?§ef§a 10 Mz

(al t hough- myé&-ﬂz Mdﬁ]mmilwutuebeapqu‘zctiryceefcﬁiiadihe/e)le;amddehe

SoUL o8 PONELeedil SHLRICY (o N AIASIRAEhECE 90°CLEPAANCE JdRAERCK AN, e

25 stub reSdRANT ncy ar ed or near
particul aregpal hiss nadmricder dguahsi aegakéve| ¢gm¢ytara¢ef st theomlepma

anot her, Wit h-4 i1 SPULGE, AWl ar%QE%QEMlQE'QSurgé Nz éﬂgﬁjenwg& and t he

el ect r ode- p asma resonant frequency being 30 apprOX|nateI

st ud9f r equehesdeiersiahAnd PRETANLRT PRESHPWER/ t S awle\)f@ éildséuts&ﬁfing

ef fect whighio@dvant ageously reduces the system Q Such a reduction in -37
WO 03/100818 PCT/ US03/ 16559 system Q renders the reactor performance | ess
susceptible to changes in conditions inside the chanber, so that the
entire processMafyWehti®reacsicdd drddenainhechar fbedgoitigover a far

wi der proc%éfa@iéﬁ%ﬁ&pzzre in great part predetermined due to the

15 realities of the plasma process requirements‘needed to be
performed by the reactor, the size of the wafer, and the
requirement that the processing be carried ocut uniformly over
the wafer. Thus, the plasma capacitance is a function of the
plasma density and the source power frequency, while the

20 electrode capacitance is a function of the wafer support-to-
electrode gap (height), electrode diameter, and dielectric
values of the insulators of the assembly. Plasma density,
operating pressure, gap, and electrode diameter must satisfy
trhe 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 B inch wafers, for example, if the gap is about 2 inches. The
electrode diameter is preferably at least as great as, 1if not
greater than the diameter of tlhe wafer. Operating pressures
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A currently preferred node has chanber and pedestal dianeters suitable for
accommodating.a 12 inch dianeter wafer, a wafer-to-ceiling gap of about

1. 25 i nchwaend/1en318/HF source power frequency of 162 MHz ( ratrhesos/idsen t he
210 MHz referred 10 to above). The coaxial stub 135 is a specially
configured design which further contributes to the overall system
stability,,its wde process w ndow capabilities, as well a naqg ot her 15
val uabl e adwdAeadyshare Pn@¢t&ﬁﬁ#eﬁ?WQﬂﬁaﬁquFWH&FP&aFtCEoﬁaac?BQ'ﬁ40 and an
outer coneAnRlshi-CeykbBdiical conductor 145. An insulator 147 (denoted by
cross-hatching in FIG 24), having a relative dielectric constant of 1 for
exanple, fills the space between the inner and outer conductors 140, 145.

20 The inner angoutehcopddat 8h6nd40had dbcmy hatoysedmafiar whexanpl e, of
ni ckel -coated al um_num |In an exenpl ar ase, th out.er conductor 145 has
e ARave aras heonsl

a dianet er°¥t BHFaleFtrAches2GREEThe Ve (?trd:rgdlzfﬁiﬁa§° Sar%eter of
about 1.5 pamhies1abhe chbiibechbar sctere strisnienpydande cheidet eEmi ned by the

radii of 25 the . inner and er_cqonduct or s , t di iC
const ant ocral}%céltiar%ﬁlsa%f?’f %ﬁ%_o %h%%%b&leféréb%et #e‘lgceg‘ggy ?iggérﬁb%gi%bove
has a charttet efdrsiged.nigngécians fondl 6500 s Mrintsgdmpogiedy ont faesedpctrode
characteristiG.,i : eeds.t he I3 t ochMpgdance by
about 20% Aﬁ%ﬁg9%9%3§§é§F§ gg'%y'au%%%Bééégugﬁﬁegfgﬁg%§5ohasﬁan axi a

| endR h of mlaAma,2¥he gdipesrodehgrPaghiatamdian & F2Faes) tontBeder to have

a resonaf}ﬁééfm&dée oH ¢l b gt 1920 M- 11 peneyBldne MRbEhahiEl €he38 WO

03/100818 PCIT/ US03/ 16559 bei ng sllgh‘l% of fset from.the VHF source power
frequency HUTSEL P, IRSAHFREB0LF sSSPVt datP% Hafith Fied ep6¥nt 28 ong
the 5 axi alf |engtdi Qfedtie cStbudsSof ofha@ph i G- dIF quaeinehitenviEhe RF

electrode assembly 126 are selected properly. Such selection
15 can achieve a match or near match between source power

fréquency and plasma-electrode rescnance frequency.

Accordingly in one exemplary case, for an 8-inch wafer
the overhead electrode diametex is approximately 11l 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 fregquency 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 frequency being
210 MHz, the electrode-plasma resonant freﬁuency being
30 approximately 200 MHz, and the stub.frequency being 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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generator 150 to the stub 135, as will be discussed below. The RF power
termnal 150b and the RF return term nal 150a of the generator,.150 are.
connect edwetostibnsig ap 160 on the stub 135 to the inner anacowases/16aeaxi al
stub conductors 140, 145, 10 respectively. These connections are made via a
generator-to- stub coaxial cable 162 having a characteristic inpedance that
mat ches t he out put inpedance of the generator 150 &%ypicall in the

.50 9
vel | - known Y68 2 AepeerF nBRe nEeRO U RIFLOFER St “ERa Fﬁﬁcéﬁﬁlﬁ ag%f t he
stub 135 shkomahgekhen BREAIANENOULEEidd taRNdhGibes,140, thdd thegetdieire so

that the stub 135 i.s shorted at . its far,end 135a._ At the near_en 35b
(t he unshoMt&FSERd)}S Bpe h5‘°§?uﬁti%§e, Fik it (Jebre c?&ﬁfulgfior%uﬂgv?g %o%?fgct ed

to the chander badyegisawandaennul ar conductive housing or support 175,
whi l et he i nner conductor 140 is connected to the center of 20 el ectrode
125 via a conductive cylinder or support 176. A dielectric ring 180 is
hel d bet ween and sepxeattdy pheferovedustds ehay|dimddrer] 2adapgdentadl ect r ode
125, The | niek SOndUetot 140 pEOVEAES ity ta OF okl WiaRBteRSuaseh, as
process gases and cool'ant. The principal advantage- o this feature iIs
that, unlilée “afsiccalo-geadindr gapt 8f s2beHe & inShe 2P0 28N FHFhECEBSE ant

line 173 dodilr Eipehaiderehest migal rdiantdmln didd eneness. réheyred
theggéore may be constructed of nmetal, a | ess expensive and nore reliable

eri al®*¥ @ §h a purpose. The netallic gas line 170 feeds gas
outlets 172 in or adjacent the overhead el ectrode 125 =39 WO 03/100818

PCT/ US03/ 16559 ile the netallic.coolant |in 73 feeds coplant passages
or jackets 174 WS if¥iRe 5&8th§a éfeit?giﬁfgééy HWPLHEIRRE 87§ -P8sonant
i npedance twaingf duratieen coatribthes ety howwachlly dfystensppeaballiyy,  its

configured Styb RGN RELWEEN LREL I ORNET A P02 AN A G LAY E head

el ectrode _
15 valuable advantages. It includes an inner cylindxical

cenductor 140 and an outer concentric cylindrical 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 dielectric
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

-38-



assenbly 126 and processing plasma |load, mnimzing refl ected power and,.
providing a very w de i npedance match space acconmopdati ng wi de changes in
| oad i npewlancaocos@nsequently, 10 wi de process w ndows an@®Cpruso®sss9
flexibility is provided, along with previously unobtainable efficiency in
use of power, all while nininizing or avoiding the need for typical

i npedance nmat ch appar at us. not ed above,_the stub reso ance frqgﬁency IS

al so offs&e%ﬁlﬂaéﬁﬂynﬁfg?}e?o ¥ t i thr?&lécﬁp&ygra FeEysiem system

stability zamd MmzQcess wi ndows and nulti-process capability. Matching the
El ectrode- Pl asma Resonance Frequency and the VHF Source Power Frequency:
20 As outlined above, a principal feature is to configure the overhead
el ectrode asserrltap 260f ds pesvndadeati & hpatisicplars meiat theng the

el ec¢ r ode- E{q{]l%sj_rrq. g%?;”%'%t t%egyggchggﬁodg Oa[%;ﬂﬁ] T ?ﬁ OO,Q (QEoﬁ\h@thI@f

mat ch of) & source power Treéquenc asma frequency.
The el ect rasferassantliSP tR6ths Bhgbal BP e doii gk 18 @e}mStSieéebf-‘éaUta @

whil e the g g3, rt%%aﬁaﬁelwbaaﬁ@mk@xm‘ WA t@frrfih@QuUency, opl esam
density and "ot her paraneters. (As wll be described below in grggt er
I

detail, a gAnRfAtdTs @ﬁaﬁf?eﬂ@ﬁet:’é?%a%ft}b? R tLhRT €Rien SFEP T 4°eohPl ex

functi on IO | Mg 'd?ﬁjg'o%%i‘ LehRBaBNsr@e et 3@ qarr,esrends to a

t Th |l ectrod I t f [
et 20 i ok BPATHaVALA afEEESoF oEREC T Lt 1 Gy d e G § BRARRBT e

plasma (i nstusl agikiell kabhe 140 WE&7O3¢ 100818 REW 1ISFI/c] 6Tip@danesonbat
Feact anced T Te A EI ARBSARSS RS S HE %ol SV LoDl aorm
resonant f%@dRieniay tmaa/weiat-knewasmannéy be? t hermimacap ewadutteguéhey,
depending 2g dife %:A0%hd!ABa" B2 RhASURLHCHSS Liho I ML AID: LhEY Bheke. 15
15 ccnductors 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 to 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 is 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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fiid a source power frequency at which the plasma reactance is such that
the el ectrode-plasma resonant frequency is equal or nearly equal to the
sour ce powerofiomggiency, given the constraints of practi calpcararshs/nssent to a
particular range of 10 plasnma density and el ectrode di mensi ons. The
problemis even .nore difficult, because the plasma density (which affects

the plasma actance) and the electrode I Si ich affect

el ectrode 83b§8|?%%¢%5t?ﬁk&°rﬁﬂﬁ andy LAPf g?g§£§§8ioﬁé¥f ?ﬂ@?ssages or
Speci fical hyckéos Tielwecidic tand Geiteatoelprasaae etzh, 15 processes, the

pl asma density should be within the range of 109-10xz ions/cc, which is a
constraint on the plasma reactance. Mrreover, a nore uniform plasm ion
density distribotaohiferapd ocesmag 8npedhAnderanetasfoahat ok aks exanpl e,
is raalize d h 0, nches and
an eI ect rogh%l g}{rém@é(r?v%cﬁr‘\e? %@;Cér{dlgsr %3%%?'%95'3! E{?gﬂ%@?étsé?@g% tS‘:rh!eat er,

whi ch is abebrieeratme RN g¢nreratiaxtlSdde aadphhet avesheds ehecttafsr hand, a
di ff er ent 43RoHBYy {st UAAé';;J%ich%rm@ Hagashleaanemlﬁmﬁ{ reXlected

Accordi ngly, by matching (or nearly “mat chi ng) t he - el ect rode capaci tance to
t he nagnltﬁﬂgeSfa?ﬂePﬁ% iRR @ CRFACWESCc eMFECRRES pRASHR, SRS
el ectr ode- pkasfRod£6ON@NIidd I QHIRRGY mndobhelﬁ@@asﬁcaowecoﬁé@ﬂt@&qy,are at
Ieaﬁh nearlﬁ%j mat ched. For .t he geperal con cto nd dielectri¢c etch 30

process coldffi BRESERTMEHRIMFE (?ﬁ?ceés Fﬁ% Eﬁs??yprTﬁﬂ%%ﬂsn 109- 10' 2
i ons/ cC, aa2ohychigappeadiars i) ecidiedénadianeteélcbentpeinross of goweghl y 11
|nches),, tch is 41 VO 03/1008 PCT{ USQ3/ 16 OSSI le if the
sour ce pow%rﬁf pgqlfjeencynllrgl%l%ﬁl?f raev(ﬁ’ulencg é‘% ﬂe?& g(ﬁ’al H[’)% e.g.,
different wapedaurammierls,appdfecarent Asl astaddehsve) esheestul) mepordincleat e a
?;;{ﬁrent e SRUERCY 15006 tOFRA 170G HBLER LD EREENLP L QUL LN S

15 ovarall system Q, system stability and process windows and

multi-process capability.

Matchin he Electr = n Frequenc VHE
ux P Q r Fregquency:
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 fredquency and for the
matching (or the near match of) the source power frequency 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 cerresponds 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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5 the reactor. As will be detail ed below, under favored plasma processing
conditions for processing 8-inch wafers in several principal applications
i ncl udi ngwoioshesstisi c and netal plasma etching and chenm c®CTAaP816559
deposition, the plasnma capacitance in one typical working exanple having
pl asma densities as set 10 forth above was between -50 and --400' pico
farads. In an exenpl ary-case the capacitance of the overhead el ectrode

assenbly 1% MANTETABEDCY Phe2nBFRRELERE OF TH 'O hdGRTPET FHESHR"

capaci t ancge g Usd el 86t kaderdhatBheds o3t lthe Idhqihes‘i,toa gag kragth
(el ect rode t edestal spacing) ,of 15 ap {aOXI mattel%;st %rr:{hes choosing a
di el ect ri c*WaRErTR - f oPUSS &R fé@cﬁﬁi?iiﬁgg AR BRI ™Y and a

t hi ckness bt ztéfteeﬁﬂarlwfbeomerer B6lircangoweri £t @pidricy ,natepeinali nffoest he ring
120 having,a dielectric constant of. 4 an hi ¢ f. th order of .10 mm
20 TEe con% Bat TRW of e IR T Ba SRS S EXp | yglié6pﬁk%‘??rﬁeqzk}earse(r%§rer’esonfactt es at
an eIectroﬂEHQIassmureﬂupumam ffrequency é&hawhith thﬂﬁﬂlaﬂmaﬂqpanmacheslﬁhe
source powgg qg@!f! elegg é?%r rakehi ng
of their \(/:\gpacr ances. as ﬁ‘}%&% %g%rmrab%d &{i/é&lﬁ ave |sc§vere%q@ﬁat ?
favored et@arpy a%qmalbr@:efé@ SPUESE] pewer cAve PRt JiMer Sibgsnas, this

el ectrode- J%ﬁéﬁffa :farc%Q.\é%ﬁleéoﬂBJQnérH@né% e Mculfarre%%BEYOﬁan be
mat ched or near mat c e frequencies; and t

advd tageola%aszﬁ%ltd%fh%ﬁ-ie amde@d@ﬁ&yoﬁat ghmenglens neﬁhm’iﬂ?lﬁé‘ |lﬁpFéTﬁ’ént ed.
in an exenpbasydLesEculdle beRlzRekr ede- pha&raa de8ODBNCRHIRNUWEFRY:ts the
A R RN A NI, NI N ST LI
bel ow. Theelettrcede poamicifiaepednaysitSmadod &Hztaﬂn nesscamt lonistraineh. t he
source Specifically, for dielectric and conductor plasma etch
15 processes, the plasma density should be within the range of
10°-10* ions/cc, which is a constraint on the plasma
reactance. Moreover, a more 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 inches 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 general conductor and dielectric etch

30 process conditions enumerated above (i.e., plasma density
between 10°-102 ions/cc, a 2-inch gap and an electrode
diameter on the oxder of roughly 11 inches), the match is
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power frequency is offset slightly above the el ectrode-plasma resonance
frequency in order to realize other advantages to be 5 discussed bel ow.
The pl asrwomapensig ance is a function of anobng ot her thi n@sT/UshasiFao

el ectron density. This is related. to plasma ion, density, which needs, in
order to provide good plasma 10 processing conditions, to be kept in a,
range generally 109 to 10i2 ions/cc. This density, together with the
source powppssibkeuithctharmbuwitdse popgrafsegrsicicterd FRIYANSY

negative Gapaci Lanee  dNe RelLCt QR ratethi fheds dhaialars cursershoed by

the need to optimze plasma processing conditions, as wll 15 be further .
det ai | ed belewmapdenshoieserdiend SRCOL68LS a8 SBHBT ST YUpaTIRIFOEYi s

af f ect ed bga%gyt@hyégpﬂe f ALLPrS mat@hd ingdaprteigd hods paei s g deetweec o £

el ectrode 125 and the wafer);. . the area_of gl gctroded125' three(%grlg%m%f t he
di el &ctri c tPEsFeachpgentAs i ihPidatedtrrcP8Eal 1309 nE triit &5
dieIegtgicﬁgggggg%ﬁ%néaﬁé}ﬁﬁﬁ?gﬂﬁ?rg@&bb?sgﬁa? &?ﬂp@&twwifrsﬂinﬁsammgalZS and
grounded chanber bo 7; the choice of dielectric c r e
process Ki PI&PEFBEH%&I’ R C 1R ‘é’ﬁg“fiﬁ@gt H?‘%g%%égl%fg&?h[fg@%ﬁllelpg'cats%n?c seal s
130 and 12@tahdnghenéhtk&missl arapadi elepositéononthanplasma heapdqidangs- .
This permts some,_ 25 adj us Lect Lo e ; Gid ange

t hr ough ch&i C&§ Eﬁaéc%%ﬁﬁaégﬁg%égéﬁ%n%t%ggggﬁy_?%gﬁéfggé%%gﬂﬁffecting t he
overHead elfecthodboveapasas t betesene-dhvad odfd Phep £AsadfangE Athis

vertiead el o Ve | f
adj ust men aga,gg%gfgt;&gggggowea%%{a@cgm JFeeRaS kY -Aen e 8t aichi Ng O

t he overhe ass capacitance to the magni tude of the
negative plagssablyapdli vanceathed£id i@ HRINEREAGi 8FcERIF iR e %I s and

di mensi ons l%rsn{ah%’é%aaktﬂ@ew G4ty 120 Aketehasenibhepesvotelt 43 WO
03/100818 PCT/ US03/ 16559  the desjred djelectric co stant§ apdoé esul ting
dlelectr|CLHChe5' a gap length (electrode to pedestal spacing
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 rmm.
20
The combination of electrode assembly 126 and the plasma
resonates at an electrode-plasma resonant freguency that at
least nearly matches the éource power frequency applied to the
electrode 125, assuming a matching of their capacitancas as
25 just described. We have discovered that foxr favored etch
plasma processing recipes, environments and plasmas, this
electrode-plasma resonant frequency and the source power
frequency can be matched or nearly matcheq at VHF frequencies;
and that it is highly advantageous that such a frequency match
30 or near-match be implemented. In an exemplary case, the
electrode;plasma resonance frequency corresponding to the

foregoing values of plasma negative capacitance is
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val ues. Matching the el ectrode capacitance and the plasma capacitance can
then be achi eved despite the -fact that sonme of the same physical factors
i nfl uenciwg oshesstis ode capacitance, 5 particularly gap | engch/uses/idssbe
dictated or limted by the following practicalities: the need to handle

| arger dianmeter wafers; to do so with good uniformty of distribution of
pl asma ion density over the full diameter of the wafer; and to have good
control ofapmwpkaﬁﬂﬁ%y\ﬁﬂo|Mﬁ¥feﬁérgyLlﬂOeGﬁﬁﬁﬁﬂkﬁﬁaHQ&F&QO|ﬁ@eréﬁgécﬁor t he

pl asma capggid AnEs, tgcnhgg QVREApath elecid Qﬁﬁ&@%@ rsam;ee the

el ectrode-" pl asma resongln uency was_ approxi mately ‘MHz fo
source poOwWBPWeF cEtRASNaH %@Wﬁ?t $ l@@%ba@%‘b@a’?ﬁ%gﬂ-%ﬁ“@ﬁ@a@ﬂ-ﬁ@mﬁhe

capaci t ancge9fnifiee Ll&fldRArL 1asseallYed 2604 1 idi ScHBNNRIvarARdetNes pe
mat ching the resultant electrode-plasm resonant frequency and the source

pover freqdeheyssed RHeY resonance of the el ectrode and plasma near the
source power frequency provides a wi der inpedance 20 natch and wi der
process w ndow, and consequently much greater | munj to ch%t es in

process conditi ONS, PR h%?'%af%t@nc@r &3t 8r THRFE 6P e e 0% 95 The
entire proerssyHg §y§éﬁn91§cﬂmdeueaéltyss Bensi s VﬁeIaCtetﬂrﬂoafpllGBBtai n
mor e rel 1 abP SPBROG (TAEH FERAs  HangE Bt BP GBESe S AL BTy, Ac wi
be leScusspdsd:eseing n:du’matmscl ftioc &kl aeptthnsaarlavmé atgmmsalﬂlyr tll@ rto
requency 4Rd ERESE5ur ob Bt 11 qusnsythgs bHER “5Be TRPRe T ¢ ne
i nner and dutguency|sndtitx parameteconbiaterminds atloaed snavalegatovpl ed
reactor th@gpgéftaﬁéé}Vgaéxgégggiﬁ%npgglH§9§A1§§59herefore constrained
by the need to optimize plasma processing conditions, as will
15 be further detailed below. But the overhead electrode
assembly 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 chambexr 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
choices 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
czpacitance. In particular, the dielectric materials and

dimensions for the seal 130 and ring 120 are chosen to provide
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an overhead el ectrode connected to a VHF plasna source power generator
through a fixed tuning stub, and has MERI E el eectromagnets' around its

peri pher ywoSsaosas reactor.is described in U S. patent appcramns/osssseri al
No. 10/028,922 5 filed Decenber 19, 2001 by Daniel Hoffman et al. entitled
"Plasma Reactor with Overhead RF El ectrode Tuned to the Pl asma" and

assigned tq the present assignee, the sc u f. |ch or por at ed
herein by ?Qﬁ(ﬁ%%iﬁ?d PeeasFengn6°%%Fiﬂ %ﬁés esyﬁ% §h |ve £gcoupled
pl asma r eafuds i n@dalriltd:en%nt;hehéoélea\tr@del:mmsa&mndndnthhepieam or off
FIG | A a_ reactor chamber. 100, w e 0 1 t t o]
the chanber*Biipdsitenga SBRfcBR4EG h?%?y\avéfées%ilq%o tth,g %?‘Sgegggg ? |én ? e
|IIustratedunasnmnqﬂ&mat&lofaatéﬁssamflwﬁnnnng|ah§Q¢m0d©nG§9@FWéa$¢%g 115
SUPPRrted Pt ohShgelake hh&@nﬁgwf bheugronled,chaghecdbagycags. The

cha y a di sc shaped overhead um num
el ectrode ﬂQEiQKHRﬁNHﬁ&?téFaélbiéﬂét@@?n@ﬁﬁﬁgﬁﬂ)h%ﬂﬁ%@hlaéséﬁed#ﬁ@eﬁﬁﬁer 110

on groundegl,. & W%J%Zthygeoaouﬂiﬁéﬁﬁiﬁ Coﬁecastlz%utma g¢er head
el ectrode 125aso maiz be a nefal fg}i al um num which nmay be cqvered

with a ser®lagiaylio 1%y PEe§. th‘Sl S‘i“(ﬁm%ﬁfﬁ’i tof jtheeMedrrsuprfdctor it

may be itgeld FofeBardBlAl oFatiehi abns Ny Ris gensi aérﬁefrgl,ﬁo appl ies RF power
ége electrode 125. RF power fromthe ?enegator %pupled Ehrough
xi al cabl SN N HAF 95 PR T2RdRefaE o is@l%ﬁﬂa qﬁpglcd- E0a%i 8F st ub

135 connectiesl m#cdHichg elveaeheadeelabtrdiie sipdrcilidhdwms thecledreatredesti c

i npedance, _, [ esonance freq o] C et ween
t he el ect r%Jd‘nésriaZSr%ﬁod‘%rhe (%graé ng 'Sgg %%éj;%ﬁ%de %@r@e?%{ggtrfggogwo as
wi |l be nposeutcd |yowkssdridummenbyl ol 2¥heMdbanber body is connected to the

RF return (RF ground) of the RF generator 150. The RF path fron1the

overhead el ectrode 125 to RF ground -45
15 A great advantage of choosing the capacitance of the

electrode assembly 126 in this manner, and then matching the
resultant electrode-plasma resonant frequency and the source
power frequency, is that resonance of the electrode 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 conditions, 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 therefore

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 frequency.

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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WO 03/100818 PCT/ US03/ 16559 is affected by the capacitance of the process
kit dielectric ring 120 and the dielectric seal 130. The wafer support
105, thewoaBao0sid0 and the process kit sem conductive (OPCTASNEUSE? ve)
ring 115 provide the primary RF return path for RF 5 power applied to the
el ectrode 125. As in the case of FIG 1A, the inner coil 60 is less than
hal f, the dianmeter of the outer coil 65 and is in a plane farther away
fromthe chanbeerhham ¢ hectndder asoinec88d Thea YHFoplasmxofdum® ipowercat ed

at or ¢l 05gehdrLis, %La“ﬂxte%ptuﬂg.n?hgt% ChAgOEad Ageril | € The | Anet

coil 60 is Iocate ove the el ect e case of FIG 1,
the D.C. é&ﬁﬁén@@ameweawn% 145, Pésipherreont POF c?l B52ASHE plsasna

steeri ng ceeg&ﬂt@é 20 @Oyergutr&tt fa%p@%&eﬂansy@ﬁiwswo 10/k28lm20f the
coi l | mpr ovenent asma density distribution unlformty S

achi gved b§71ilﬁ€ P‘ﬂ‘t’?@éﬁn’ét:‘r%ﬂ %)f labé’etDaé‘f’-eﬂv’EﬁEﬁ maN et r gt R spaced

equal |y aboegtathe ReiLEHE Wi f dd&&h%@dV\/&@‘eElﬁbﬁj@@dié m@@ﬁt@& #ed outside of
t he reacto%lchanpe (like those shown i @f%@tNERlE
magnets ar 8-2583pt 3t P TR F% gﬁ’éﬁs(?nﬁ @Fﬁl?’ﬁ%?' A4S about
t he axi s obfsyhirehr ys ofnédbepaddiertdhiec@lincbgnberegenes al | y across the
surface of the wafer support pedestal. In one case 25 this feature is
realized by the MERIE nmagnets 902 having el ectromagnet w ndi ngs wound
abouli0 r espect i vBedresitangenfIG o 23ha Siitt gabecéndiwedfy thepled aylaumapor t

pedestal . rEQcEQ&S%n§f§5ésEghiﬁgﬂgidWiﬁre@&gﬁgﬂ£§0#$gﬁd99§ fﬁgnfégﬁ%okhe

I ndi vi dual =~ curren circulating nmagnetic eldis
30 generat 84 FﬁGthéApIanéeQ#tQ¢thﬁﬂﬂﬂm o8 y&ﬁboﬁtwbﬁthéuPEQ#ﬁrlﬂﬂ @t 904

provi ding ichdi ¥bddah & £AY F&llindd:0 s%%%r@&nbhg sbRdbyh Qe o FBget- W ndi ngs
of the sarre frequency but offset in
A process kit in the i1llustrated 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 matexial. An RF generaﬁor 150 applies
RF power to the electrode 125. RF power from the generator

25 150 is coupled through a coaxial cable 162 matched to the
generator 150 and into a coaxial stub 135 connected to the
electrode 125. The stub 135 has a characteristic impedance,
resonance frequency, and provides an impedance match between
the electrode 123 and the coaxial cable 162/RF power generator

30 150, 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 ground
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WO 03/100818 PCT/ US03/ 16559 phase by 90 degrees (or by 360 degrees divided
by the nunber of MERIE magnets). In an alternative case, the feature of a
rotating wagnataises field is realized by a support franme 1020T/USdasdsed |ine)
supporting all of.the MERIE magnets that is 5 rotated about the axis of
symmetry by a rotor 1025 (dashed line). In this alternative case, the
MERI E magnets are pernmanent magnets. A second array of MERI E magnets 906
(shown i nidaslifdctdd by nefe ecprAdiyansec of éb@u?rtaﬁésﬁ\okk‘bi%’c%l?fr&&ﬁ er

Suphort GBgdGoLh BHL Ehe Al ahAr ) aRe.l B30 NINE ilkeb ChupfolCHIUS,

magnets 9 e provid as well. Both sets of magnets |i1e in respective
pl anes t haheawefaeallfhang| tre RTCASFS Wditk SEBEEONdUFPOXE. (9%  The control | er

910 appliggngukg£§ggegyg&cylg(bggvidg)ﬂﬂé)prAﬁaeyrRgnget@r@apitmﬁfdjuRF _
el ectromagnet s 2, 906, the phases of the currents applied to neighboring
magret s b&PW§TorPBetedsto dBRR iRt Lassy & 90 degrees. The result is a

magnetic field 20 that rotates about the axis of symetry of the workpiece

support at the |low frequency o curr ent e Jmagnati;c 1fkegl d causes
the plasma to BS dfak? tmédo%htﬂgmgﬁsé‘t i%cl{ef {B'ex}nc?@r?gar{? {%ﬁel\_/vor kpi ece
surface amthaino hailfctthat 8iwhétet hef fired chutefhicoidt i65s andeipl 48n@ Bd*RPat its

density distribution becones, 25 npre uni result, ggeactes -
perfornangéﬁt eréﬁgﬁwfﬁggﬁtﬁggi%proJ@gqggggEggﬁﬁgﬁgru%Pforn1etch results
ar el0 obt aicuedracrdds 66hésehocated atf s aHoxchdavdher PlagsnBitnhReoh®®yer head

Bl ectrode A4 @31RceSodbl BULL ARLRL AR fhdd dosidey nabhiechesderdlthe
process gas fromthe overhead ceiling to inprove uniformty

f ga
di stri but iahevenithsi glersrefanbad: MBF 1hi PP HEPPG ST tFﬁé;'O\}erﬁg‘ﬁdge?ectrode

-47 currents in the coils 60, 65 are controlled by the plasma
steering controller 90 governing the current supplies 70, 73
15 of the cocils 60, 65.

The improvement in plasma density distribution
uniformity is achieved by the introduction of a set of MERIE
electromagnets %02 spaced equally about the periphery of the

20 wafer support pedestal and outside of the reactor chambexr
(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 904 controls the individual
current to each MERIE magnet. A circulating 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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WD 03/ 100818 PCT/ US03/ 16559 125 in the cases of FIGS. 24 and 25 can be a
gas distribution showerhead, and therefore has a | arge nunber of gas

i nj ecti orwopenvmior small holes 300 in its bottom surface pcaaisag1dske

wor kpi ece support 105. In an exenplary case, the holes 300 5 were between
0.01 and 0.03 inch in dianeter and their centers were uniformy spaced

apart by about 3/8 inch. The pverhead el ectrode/gas distribution Iate 125
(her ei naf tePasefly ¥ degrasst Horghy ARS8t Aepuerdihiided Kb thed

i npr oved f@§'ﬁéﬁ§%at(%e%fsq' ng InTEhSalLﬁeQH@ti@eté&éﬁtﬁr@lﬂetat@&eotafaa arc
suppression feature that excludes process s and/ or Ias S_glzbhe

center of BAERtHHRMamRedic Kdrdd3ds. r?ﬁ}ﬁz% L ppt I's a set

of center, (dé)sl@‘éf&slﬂ{e)dlsﬁ@o&@angn aﬂ.h]eoﬁeﬂhermme tdnﬁgﬂuﬁes;h&(io;:.suppor t ed
15 at the ends {1 res ec ive cyll dri cal ers or thllgbzrsod(s Q34 as shown
in tRe croE8-3ke a8 SFFP Wﬁﬁﬁy TSR S oS EEECt i onal

vi ew of FlGiny. ﬁImltmyamaﬂuarmatlwypcaab gahedMERIEtnngnntqﬂa;@e tends to
occur near_the center. of the gas injection holes. Therefore, placing the
center 20 B SRR 3G S5 center of each hole 300 prevents process gas
fromreaching the center of each hole 300 and therefore reduces-the

occurrence of agcgggo%cgz Wbe. % agﬂey_ge% of(sggg;h 28, gadidpduct i on

of the center pileces trans orns the ot herw se
ci rd@l ar opénehgederl ol PRCEEH a@!?ultnttbeaﬂﬁﬁl‘ﬁ%e%?)eﬁ’ﬁ nREeRTHHGg to FIG

29A, the gaédgéééi'ﬂ%&'ﬂﬂ Plrathel2P1aet BhhAPERYCEi BEE mmmmm
constitutes a cover_ 1402 and a base 1404. The base 1404 a discoid plate

1406 with FAS"HES 302 iT3eds RFUPERhGS Methed BRER cERF B r%ﬁ‘ﬁ’}%dwe‘& by
an annul agnWekkpd4OBvd PlidieAn Hatt @reohedhouhdeplddd Oof Thee omepieté02 is

al so a di sggggog,lc?tte. The di sks 302 are the enql -48
15
The controller 910 applies a laow fregquency (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

obtained across the entire surface of the wafer.

Combinafj ve ¢ i ~ibuti te:
30 It is desirable to feed the process gas from the
cverhead ceiling to improve uniformity of gas distribution

within the chamber. Foxr this purpose, the overhead electrode
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WO 03/100818 PCT/ US03/ 16559 sections of the cylindrical fingers 303
attached to and extending dowwardly fromthe bottom surface of the cover
1402. ThewouBaeosegige of the cover 1402 rests on the. shoul e#em/usaiisdsof t he
base 1404 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 cqver__14Q2. e.pocrtigps e e

di stri but itén bPaFBel?ﬁs?ﬁanl%H%%nt4bénér%§e§§ggg§ %rb%Pagﬁéﬁ%% gﬁ;.chanber
can be forsaededhead, NBHA| tiSttdrarse alasmiandAargeansubrit ff agdemElRfiiGor
processi ng conpatibl e erial L. AS .Sl h] car bi Eociddighexanpl e,

al | surfagﬁftﬁfofhémaﬁgag?g??ib%#fgﬁléfgig? %?thhgﬁgggxcec%f%n of the top
surface ofvorkpieowesupdos W%. 150 @rec&@mmlER YaCaskr cBR®c ?%ﬁ%éyﬁbating
150% as indicaped o, phesenlar de 2l Ghaseteechhanaheyi ederdedd G
298.25 As s"‘hg\%ns;?gwﬁf& 53@} %‘1% gﬁgam&?\qtrjm_tgp é'urfaqe of the cover 1402 is

i n cont actwewiet hna foemper aPaeed carrToNedDitoer 815268 hat nay be

wat er - cool ed by water jackets 1522 with coolant 20 circul ated by a heat

exchanger 1524, so that the thernall conduct,i ve .al um. num erial of the
gas distributi ghepleyeshess ehgstrod rﬂar%lqleﬁ}ﬁl@r‘r%éroé‘t g’h‘ggeAﬁ%r natively, as

shown in RhGreidhrtbhervaterefackeis iy dess Witshiribuh@ogaplaist¥2huti on
pl ai(? 125. 25 However, isn rder foraljt he s_i i an, Ggar ta'klgetgo%' ng 1502 to
havel t he % 1EBFCE6H &8 t"@ﬁﬁ%?%tﬁ?e, Th&e mist BE & thermally conductive
bond bet wegrt riddiacgiibnceti aar b desupmte sug orarfgatecaltbatnerclTdd®r wi se, the
Lincont rol 1G5 Wo5 A5 65 BRERIE,EE2E0A Narral Sanduar Py BhtSEen the
al um num heteer30A). ofThtilse agas sdPBresPind oirfiunee IR $9F e SNFREON
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-sectional view of FIG. 26 and the
enlarged cross-sectional 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 centexr of each hole 300 prevents process gas
from reaching the center of each hole 300 and therefore N
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 ctherwise circular openings or holes 300

25 inte annular openings.

Referring to FIG. 293, the gas distribution plate 125
with improved arc suppression cohstitutes 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

48-



-49 WD 03/100818 PCT/ US03/ 16559 carbide coating, a polyner bonding |ayer
1504 is formed between the alum numgas distribution plate and the silicon
car bi de cwetmngsi®02, as shown in FIG 29A. FIG 29A show®CTiUusas/1dshe

pol ymer bonding | ayer 1504 is between the silicon 5 carbide coating 1502
and the al um num base 1404. The pol yner bonding | ayer provi des good
thermal conductivity between the alum numand the silicon carbide coating
1502, so tlsacttihes bénpbe atykindsfiade Gogersg30302ttackett I3l by the

heat exch 4 4ml kLesheat 8 hene tdwrHas
di stributi %%%%F%Eé dontugt ey, fiom The Moctbn Suush téosfgr oy de d%% zone

gas flow dd@grol Theuehtarfedgaref ceie evER I id\Ped TE§tRePP COF r BRPULEHF et ch
rate or depQsigt ie@N ehat BagPatli@d b Stdb W iRE whali foldld4eit KEIGCcemser high
or center |ow by selecting a process tg_fs di str4i0buti n thats i% £1ows
conplenent HEFWEESeEbei 6aVEY 1407 ARl e BRET iYH0n oF TREFTFS 1802 ¥ Yes the
gas mani f olig e kel RbBidol8eNiBs Mo fDlghsldMetand lanioutbe cemténl of
1414b. In addition to the center gas feed 1416 that feeds the center 20
mani f ol d 14f%a CO¥§5t HéP4gas feed 1418 between the center and periphery of
the gas distribution plate 125 feeds the outer manifold 1414b. A . dual

zone controllert&g%%ﬁggggr%iggstg S%%%'@%ﬁéﬁﬂﬁﬁﬁéﬁ{gﬁgﬁﬁ 99§ $HRRl y 1612

bet ween the inne outeéer gas fTe _ 35 illustrates one
25 i Pl ementaattiant @rockesyghyect GabRsmR ikl cihsarhambesucan kg Farged18is

cont rols the fl At iyeAuRuat uAlaGRSc QU 1o dfie IduGlccRRdcrart er nanif ol ds

1414a, 1414b e gas distribution plate. An intelligent flow controller
1640 gover r¥qdRssio coppasible mpatapal GNED 135 SRR FApPER®nt atfon

iTlustratediy Famp130 3E1 8uPdhéedfor atwesgald ol stkdbatpenf pratepdwytual
gas flow 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. 29B. 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.
31, the water jackets may be within the gas distribution plate

125.

25
However, in order for the silicon carbide coating 1502
to have the same controlled temperature,‘there must be a
thermally conductive bond between the silicon carbide coating
and the aluminum. Otherwise, the temperature of the silicon
30 carbide coating could fluctuate uncontrollably. In order to

achieve good thermal conductivity between the aluminum

material of the gas distribution plate 125 and the silicon
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control for respective radial zones of the chanber. -50 WD 03/100818

PCT/ US03/ 16559 FIG 37 illustrates an case in which the gas distribution
pl ate 125wbas/ibisnee gas fl ow zones, the manifold 1414 beipag/isepassas ed by
i nner and outer annular partitions 1604, 1606 into three manifolds 1414a,
1414b and 1414c. Three 5 respective gas feeds 1416, 1418, 1420 provi de gas

flowto the _respective manifo]ds 1&%%@& é%ﬁ vari pus cases have
been desc/PHR48HEFREI AT R PO Pgnlﬁgeﬁa § 25 pAPT™H over head
coils 60 b@'iweEthhetm&?uﬁdﬂﬁW@ast ftalsttzhbluemanpmateoaﬂdthm@ ¢10i corer head
coils. t he case FIG 37 is, d as_havi e
concentrl c?%%érfiﬁeﬁaa?,b?gsl $ 2e Rt SS%W ?}‘ g].éRBy gFEﬁCrgggi%géﬁe nunber
of |ndepenmemthhecpblyméfeﬂomdmndu&aie:cdﬁbg 1stbb$Wéehtthéesiannution

wi t hy whi ch SheGes non r t| eg S The
mul ﬁ pl e zon% Ejiasg ??bh%l onr}ézé Qcthrg @ E%%E 37 Efﬁgo‘@ %5?1 i
advantagehmmdﬁMGxlbyercpn@vndeﬁvQQOQyﬂher@péoFppdﬁﬁﬁthﬁbtb@%ﬁﬁqﬂnﬁﬁe and
outer procassiign?aRaseAl Ligi3t VBIKAIRO Gookiatey 502an8bNek st Of

custom zing gas flowis do so permanent roviding different gas

i nj ecti on YeFIRerasnzesoft thief ferteing rxfld isf QPﬁérﬁgéeﬂlgyrgBﬁt¢%ﬁtplate 125.
For exanpl&-Hahgtheibgactor tends to exhibit a spatial etch rate

dIS ilbutlon that is center high, then | ess gas woul d be 25 supplied near
the*tenter and nore at the periphery of the chanber by using snmaller gas

i njection hol esr1d3Q ak,tBe aaatss lnnds&:aermm@nemm@ars tdhetpebhph@uy Such

centor | o o ofr il 290 o4 BE e R Rore BrPYigtnanetudoy B

enpl oyed afldw lcesttraledSiioh Fh GiedBure RiaASHE SmERIOMEC NoTHELREAGCTLIR tOF E' I G

o an etch rate or deposition rate spatial distribution that is

15 either center high or centerxr 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 l414a and an outer manifold 1414b. 1In
addition to the center gas feed 1416 that feeds the center

20 manifold 1414a, 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 inner and
outer gas feeds 1416, 1418. FIG. 35 illustrates one

25 implementation of the valve 1610 in which an articulating vane
1618 controls the relative amount of gas flow to the inner and
outer manifolds 1414a, 1414b of the gas distribution plate.
an intelligent flow controller 1640 governs the poéition of
the vane 1618. In another implementation illustrated in FIG.

30 3¢, a pair of valves 1651, 1652 perform individual gas flow
centrol for respective radial zones ¢f the chamber.
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-51 WO 03/100818 PCT/ US03/ 16559 Pl asnma steering as descri bed above with
reference to FIGS. 11-14 was perforned in the case of FIG 9. 'A magnetic
field poiwbnioagodsas t he side wall was produced by applyi ng @CTasos/esss9 of - 13
anperes to the inner coil 60 and a current of 5 +1.4 anperes to the outer
coil 65. A magnetic field pointing toward the periphery of the ceiling or
el ectrode 125 was _ produced by applying a current of -13 anperes to the

inner coil 60 &I -a TurrdiStartes. 3n rRs e B4Rk W%t d%5coi| 65. A dense

magnet i ¢ fidlstdbutthensipdetwal b5 Wass preiic e D\ lapplzynag, 10ha i Ssltd of
-13 arrpereslbaglo41 he inner coil .60 and a curyrent o es.to the

0 f __+9.2 anpe
outer coil 10GuREPERAFSENBY e TFET S B+ hgﬁﬂgPa§ug$5£%§l%ﬁﬁing
cl eani ng wera@ 4 ,nmiredsednity abre&umndnibto U014 42ppllvilay andagakctcc flietak

poi nting t . gher h {1 I ro ip_ the
Tannct 15 A e BaTe L Soth FEL SN HRAR NG I CPe daRe o7 bRl R cases
have been dEsReadtddenimanifpéfier dhité2t 4 i nner and outer coils 60, 65, a
greater 20 nunber of coils may be enpl oyed. For exanple, the case of FIG
40 has five overhead coils 4060, 4062, 4064, 4066, 4068, each with its own

current separ at é18i ko iHAEIuSd chy ef hbave dpren| JescmidedTRboveoinstadS0, 4062,

4064, 4066,sA06% i ike aat hﬁbﬁniaﬁmpmgﬁt ARAHRdD @Al 609 435 £85I N
0) or_.at 25 different hei FIG 41 illustrates an case in_which

FI G ts. :

t he 1élver hebd T¥Mss Bt é@eﬁecgfl Paammetian Jitte Avsmbead g9ilghe I

wi ndi ngs i rEeach wtRl lcafR, oB5race st acketh lustheided st hedingndnreadi al
directions._ FIGS., 42 and 43 iIIusirate differ ntefases i ich the coils

60, 65 have MHAHTGS SHEERGAAGPRTT I TPV 8%l 4dia"tngctsli":’(r;n ¥d in the

radi al direogtdmgasingbZhe number of independently controlled overhead:
colls, it is felt the resolution 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
sizes 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.
PLASMA_ STEERING IN THE RFEACTOR OF FIG. 9:
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WO 03/100818 PCT/ US03/ 16559 As di scussed previously in this specification
with reference to FIG 1A, nmagnetic pressure on the plasma for correcting
non- uni f owmodiiedsig buti on is proportional to the radial cocparsesicssd the
gradient of the square of the magnetic 5 field. Thus, the nost efficient
approach is to enploy a nagnetic field having a | arge radial gradient,
such as a cusp- shaped nagnetic field. As further. g scussed ab t he
greater effici GASPIAf SERRLERG 3 S HIRRGK iReGh8PPYe1 I b Fﬁg‘ﬁ’é%% %e required

strength %g"%heﬁﬁgﬁle%aﬁ $4 Pk s ainecadsOyBt F16. 0. MEBnGIGRSieSSUr €,
t hereby r.e

ucin el imnating devi ce  danmage ﬁsso i ted ﬁﬁrh%
nmagneti c fﬁlélld‘sPOFPGLHQ4t°|W‘Els§’r‘%ﬁ gl @3 BEPRYRRT cRY a°F usp- shaped
magneti c  dir@lediti $£PLogUsRBe FYs aPaite dinneai Ic,mMEO add48 tm@d above
and bel ow t he chanber, respectively dLent f h d,pot t om
coi 15, 442071 -4 48RS E| bRk S O ANTF cccﬂl‘%]er- CIAO%:FI% eQlEr gé%ggtﬁéﬁk % G 45
is a sinmplidwaed ithkuskeaphony of thwe awidriewd oxf rdRatEPde bé@t%@ﬁ of the

b0 H o S TR HUdBEhvEnd 8| Subrafcar Jun thipeRall vOf c68 Langd?0, 4440
4620, 4630;ci464D @indaaccopnveantonfil + VERIFEPERESC (H6r RESOUELE s%bf §%

generate the ful A £ "G ficlid wafs BrBaudsd Bycsp nwng
controll er%GeOIAa(y,gon}td?'g ?P%ggt % cur(raée%lc%s in eacﬁ (lg)f tﬁe el egtronrjra O%

461060 25 4aszcuxrzzesr;o of1646 P@pﬁrearh%@betwrh%pﬁ?% &0 aafk Bnflér FFow. in

the sane (g5 %  arfddAdML3ekndi bEEEEOBOID @8] tiee ferimriuhanaghet stdb10, 4620
4630, 4640 “as indicated by the, arrows in FI.G_46. In t@o =N Q D. C
currents i¥REhek cﬂi’a‘@éﬁd&HFSFgeﬁGE%lnql%nlJ@S@'erﬁéﬂﬁa 6Fma €T ockwi se

current 30nh@®pas t4ty ByCappuiiagt 8 maghdeidaftand qandudngr $o4616bthd620b,
4630b, 4640b fqorm a counter-clockw se I .4 Wi e gach corner
of the ar r%‘?/r%%%%ﬁfeﬁ?’ﬁ icﬁlb'ﬁggvgft?g%%&egée 28 1.4e® ridhine

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 nunber 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 controlled 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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-53 WD 03/100818 PCT/ US03/ 16559 conductors of adjacent el ectronmagnets
(e.g., the pair of wvertical conductors 4620c and 4630d) cancel the
magnet i ¢ wbishdm19f one another at the wafer surface. Thepagiuses/fi@ses is to
produce cl ockwi se and counter-cl ockwi se current |oops at 5 the top and
bottom of the chanber, respectively, analogous to the case of FIG 44,

with the sarreresultlngfull cysp- shaped gnet Cfl | tratedln
FIG 45. The re%%t%’i‘s%sqfl%a/r l"i%iéfp ’Papéga e g?n rZ’e modes: (1)

nmagneti c pres&tHr-dode, Fﬂm iR chmat;hetn:uspreé:ﬁ).lmaqu'ed:tfa glldsma Froduced; (2)
si ne wave node, in which rent lied i uadrature
to the fou?OEE%ER*Qﬁnﬂﬂﬂﬂ%yl EgTbglﬁgabbuaﬁg% Q éﬁé?ﬁ%ﬁ% &Cgoaeggomﬁy
rotating magiedl ccofip@iahovet thiee qwafieentupf a‘é]@e 9B @oritiegiegbreic
magngtic f el gd(cm@augnxkae'ﬂbsﬁMyf%chQEt r@é@ﬁt{§”ﬁ9Q§&ﬁd§6¥0 4620,

4630, 4640 are "grouped into to Opposi Nng se€ adj acent pairs, one pair
havi ng onemﬁ)ymetmrfmd dryitige 20pB5SEt éaﬁh@-} W%@‘Qhéu%ﬁsﬁt EUFPC.

current, thQ@Q&'%& SRONES Bl A St T alsgkl - eRERCH §cddsdd edsbdd nameext endi ng
acr oss the er surface in a diagonal djrection relatiye to t

ori ent at i ofT8RteReeFHiFlend e @f diky AEFR~3B30° RBTEYES l%ﬁeg?ﬁeé

groupi ng i ghel pbat LH=@YsSMar REE tehe ﬁ‘ablljﬁ@ﬁli.e Sﬁ)eldaafszt he Jmgetanouhitel d
r ot gwes throuvg{_A our di agonal orient %t i on uence, 25 of .t hese
t at gn

or1 30 5t | ORE SRl G Tertirs  eraebYsacoa sl 45 SESES RYerd 0 a
the el ectr aangget ss46d0at b2 hatdgh mpgaktivefDeTis curfFEht 44 ow whil e the

Fesul {1 g AUPA0EE HaBiEt i 29T th DR GALHE CaREr A TLeT Mo e Upper | eft
field is produced by a pair of coils 4420, 4440 located above
and below the chamber, respectively. ﬁCurrent 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
mzgnetic 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 all the
electromagnets 4610, 4620, 4630, 4640, as indicated by the-
arrows in FIG. 46. In this way the D.C. currents 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, 4640k form a counter-clockwise current loop, while at

each corner of the array the currents in the vertical
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corner to the lower right corner of the drawing. In FIG 47B, -54 WO
03/100818 PCT/ US03/ 16559 the groupings have been .switched so that the

el ect r omeypaBA0084620, 4630 have the positive current fl owpPaimiuses/idses

el ectromagnets 4640, 4610 have the negative current flow, and the average
magnetic field has rotated cl ockwi se by 90 5 degrees. FIGS. 47C and 47D

conplete the cIe st.rength . of the tic fiel LW¢ determ ned
by the nadﬁ?? F%ifﬁﬁ@g ﬁ% BhECHESTR %ﬁingaﬁgdagie B. C gurrents
t hus applveﬂ;lcaemd qandueecadj useed bydpt 63Pamianrelhaheomaddrtér 4650 as

desired. 1 hod af b I t
accurately se?e%t henﬁDa(?o%’u%rrr gﬁ{rgng Q?ﬁQP %%erfja(ll:%ct ??&fwgﬁet{%%z?%%o“%zo

4630, 4640te coprdar eslidwadisst avdr couvnpren—tbeckibkie (i ePeRSr &te or
pl asga '0“ ”&;& %g;\ %&é&l@ o%“tnbncﬂén@epl yfggpé@@w@.tﬂocérfafloabas 9ot o the

CMF node o he coils of each o he el ectroma net§1 ordcm IS
4610, 4620the 4689 ABALGar & deudtht GPSdSFE? Fﬂ%%%?%e’%&j”cﬁbﬂ §288° and

all steps g hdG % adrs panf@tredcuniaceosdanse VWHd ﬁekw&tozsmwsut i4@n.
The only dlf?erence is that the cal cgl ation of 20 the magnetic field from

each coil 3% CRAPRERDY B afY &R&r &e TR6F8 “PH&Sf our t'i me peri ods
correspondlng to FIGﬁﬁ)4ﬁ£gnéllclﬁﬁBssﬁ}a odiat, r aheghachedice ocuspre!l udi ng a

spe tin nserted, over the punping annulus. The grating. 25
4018b| s foglﬂr%g%f Js%n}r%(ﬁﬁfﬁé’t é material such as silicon carbide or of
a conductive nmateri aI(2$ushnawa¢eerm amd whdsh dpeni agpe4820e=f or
pernlttlng be_ev t aphe hg Qug

9§§eﬁgs re %ﬁ%ﬁie s %EEEQE EQ EP End ron1t%§g% AUMRINRE s

annul us. e Specl a exc ashma nmpi ng
annul us, pﬂéWDdl ﬁ§2®1eeﬁ@'w:B@Qﬂr%tt@cmr@#u&ﬁdapﬁééééz xom g wnec%%

purpose, tBee1d over the wafer surface: :

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 sequence

25 of these orientations are illustrated in FIGS. 473, 47B, 47C
and 47D.

In FIG. 47A, the electromagnets 4610, 4620 have a
positive D.C. current flow 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. 478,
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di stance across the interior of each opening 4820 in the radial plane is
no greater than tw ce the plasnma sheath. -55 WD 03/100818 PCT/ US03/ 16559

t hi cknesswolog/1bdsis way it very difficult if not inpossibl ecTfusns/esspd asma to
penetrate through the grating 4810. This reduces or elimnates plasma
interaction with chanber surfaces wthin the punping annulus. 5 FIGS. 49

and 50 illustrate an integrally forned renovabl e chanher |iner 0 that
incorporat%ﬁ?tQEQHE%£§ﬁaha€8aPFﬁPn§V@F%P?%gsﬁﬁﬁkﬁEﬁéﬁﬁIgigﬁﬁrc?ﬁgné?%er 4910
covers thesep®r t4auts afve hdeChharber ve hatirperer réikhwalwhi lauttsiede of the 10

regi on undeylying the el ectrod 5. and overlying the wafer. ' ) s, the
l'i ner 49103{?%% 9%?%”ﬁ§§9’h§ﬁ%§oh?§? gg%c?%éégéﬁﬁz %ﬁﬁﬁ%ﬁ gé%gh %ﬁ#er

peri phery oie tieehpniergnetaid ifigldahasr tocated ectdauwid@B83®dycdPeri ng t he
chanper sidewal |l an 0 rg ta I, o 49 at 4 cldes the

pl arsTSra- 159%%35??‘?1 ngﬂgc;réa't% %%foigﬁdbérgéggéétﬁ%egc c%é]ng allnr%tcjl,us as wel |

as an annubfrtherricepe EHd) doaid Lhaegater deterniredry cie mamddRdsf t he

sect | ons 492974930, 4940, 15040 2hARLESE: 76 9. C MALidiis: chisi oon

car bi de pi ece nér 4910 further™ includes an al um num base 4960.
under | yi ngaPhdiedunernhardy, et AdIZSTEEcPYoRTAFEBBINYG Hel%i FIFT Id& bi de

pi ece 4950488 is hondeds thereto. The al um num base 4960 includes a pair
of downwardly extending annular rails 4962, 4964 that are relatively |ong
and hi n and provi de good el ectrical conductivity to grounded structural

el enents of therrbamberodedbpwide alfr reuppelby28 pedeseaCtMROBodd H

Lenetor SoRe BB LIRS0 SSRIRR o 0 cB e DL
a tenperat 4E20c0N620) E£6FNEM6MUDT® 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 tifme 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 evacuated 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 opening 4820 in the

radial plane is no greater than twice the plasma sheath.
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30 in'" thermal contact with the vertical side section 4930. Each of the
thermal control elenments 4972, 4974, 4976 can include cooling apparatus
i ncl udi ngwoaslenstis passages and heating -56 WO 03/ 100818 PE@TTUN0XAd6H59
apparatus including an electric heater. It can be desirable to maintain
the liner 4910 at a sufficiently high tenperature (e g , as high as 120
degrees F) to mnimze or prevent depositign of

¥ or quozgiarbon
conpounds SRiFkPEFPor IB &k Mk idf vafy [diddicx EO fTﬂ%tlfﬁﬁ 5%

enhances proegesSpghahal t&y Hesoise ithrouigoyictles gaagong gsbuind Tretsurn pat h.
This is due to the fac a% t he el ect.ric %entlal Bsc ghg(# &#4% ng .t he
interior 16e§HFF§c8roF e T BIFE TP CEE 8" 4850 ( i g t he
interior- faﬁthgnsuhéapeﬁpbﬁgt&mmumper horlzontal sectlon 4920, the
vertical section 4930 and the | ower horizontal section 4940). As a result,

the I'tner 4910 provides a uniformRF return path at all of its
i nterior-faci ng FSGsSf.ad@s ahdr Spowetudtraied iarerigtegirafdy fepomedhe over head

el ectrode J:%ﬁlogébigoghéﬂﬁef"ﬂ%f M%Wathico%8r§g¥ n{ggepiassrﬁglat as

pl asma fl uctuations nove return current distri utlon
ccncent r at €cafigingegsatinar 481 Gfofk G ntddSri oTheulfings 6?’19h§°"?¥$1e‘?h94910

the lrrpeda@%@t%ﬁgeBkeéhéocﬁ&@seicLﬂﬂaaptaﬂeerf@d&%ﬁq bakshdecopstat . This

feature pronotes process stabilit ustrates a nodification of
t he @hse ofFSELRD ?ndFﬁthP%ht?%éi%V€¥%§§H1§§Iéﬁ&l&geééylﬁg oRE i HEE YL square

pattern swymget rm@&b Wichh Lhﬁeﬁqmae paileies o upgekERbEi pagEel s 92, 25

94, 96, 98, atd gg ticul arlg sui t d far unlforn1§rg ess%%ﬁ? of a square
seni conduct®§F 6Pnd cEPYRE W Kﬂ?é§%€¥§ﬁ§r¥? ERY 8 hG Thogr aphi ¢
mask. FlI G cgalikhkystar seesiaakesacoiprofd 33te covastiog d:heFtEader i idesSRAMNi ch

the wafer %5%p%rHo&%geiggkz%géafm9%é¥3$HM@§1Oth%Qdiqgwﬂdes 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 4920, 4930, 4940 are formed together as a
monolithic silicon carbide piece 4950. The liner 48510 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,
4974 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 vertical side section 4930. Each
of the thermal control elements 4972, 4974, 4976 can include

ccoling apparatus including coclant passages and heating
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In addition to the two overhead coils 60, 65 for controlling plasnma ion
radial distribution, there is a bottomcoil 5210 -57 WO 03/100818

PCT/ US03/W633Q00sel ow t he pl ane of the wafer support pede®Calusifsesss n
addition, there is an outer coil 5220 at the periphery of the chanber. The
outer overhead coil 65 and the bottomcoil 5210 can have opposing D. C

currents. to forma full cusp ggetlc field mﬁthln tg% charrberl Wi | e
the over heBRPEGHUS G@Clﬁglﬁavénb BC ST riSEFS n ﬁsﬁf?ﬂ T eact or
havi ng an twendiershigeithiengihbat 495er ¥€sa %ubﬁﬁ@tl@/&ﬁ@ﬁadeﬁpura'mp@mer

el ectrode and_as A 9as 10 di r buti on lin e of the

type that 13 %ot & qﬁz%’ &e sltlé baﬁgﬁlﬁeﬁl g{ 2?0 vﬂut %ﬁzoecéé:s%&fé’éggbei ng

i nt roduceddepgs idnainherf polyesri onakltasdtcarbdre. apmpaunkisugh ttheeside wal |l ).

Mor egver, é&g%éggg 1§Q eGglgg¥ legqployeq in a reactor-in which source
e

power is not capaC| i vel'y “coupl y a ceiling 15 electrode. Al so, the
i npedance match el enent for the overhead electrode has been described as

being a fixed ehgreni,SUWB13S enRaheR¥l ako&é@s NG 50 U0 £ JQNRVRIse RE
i npedance match el enent nmay be any suitable or conventional inpedance

mat ch deviREPVidfth }goedc §A0ERE BRELCRYPAT ¢ | et drc elusatten toer f8FF. 20

while the tmw@rﬂn@rblmra%eaoqeﬁemeﬂsuﬂhﬂﬁsﬁn lal®hg HIRCIikiterhekerence to
preﬁ rred ca i.'s under st ood tgﬁé vari atiogns and nodifications

s,
t hereof ma3® 9ﬁuﬁf\ﬁnﬁh8 1c@BpSAFPhYS IRYINS HEP Y U nsgivdinsak@®scope of
the i nventimteridd-A42i0d 308848e£CHE UNS/ dfishd hdfirtonitalClsacredni §940, A

pl asra rea@ﬁ Vef%g%g Sln tlonvggangggcé SL&owe (hoéizéit%lsgggt¥g£| and a

4840). 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
cencentrate at different parts of the interior surface of the
liner 43910, the impedance presented to that current remains

20 fairly constant. This feature promotes process stability.

FIG. 51 illustrates a modification of the case of FIG. 7
in which the overhead solenocids 60, 65 define a squarxe pattern
symmetrical 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 workpilece 43910, such

as a photolithographic mask.

FIG., 52 illustrates a version of the'feactor 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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5 ceiling defining a vacuum chanber, and a workpi ece support wthin said
chanber and facing said ceiling for supporting a planar workpiece,

sai d' wor kyoasaomupport and said ceiling together defini n@caymeeceasssi ng
regi on between said workpi ece support and said ceiling; 10 process gas
inlets for furnishing process gas into said chanber; an RF power generator
and a plasnma source power electrode connected to.said RF power_ generator
for capacbélyel yizouplliang pbfsrhesowaéer pEMAPIGR oPESREtEhandtt- 15 9r

mai nt ai ni n .pl asma_wi t hi n_saj d,ghambes s cat thd idexti paeetyheddthe

sol enoi dal gg?ég%?r&h& fete g%j %(\:e%‘tg Sai d l(:.leiaglziZIng, : sai dﬁoverpﬁeag. okgngi dal
el ect r onagreambesai dThei puber e EheAd SRl @%uf%ﬁnﬁfﬁmﬁ%aﬁ°8c8°§3p§ r?

being |ocatgd haggn% 20%9 R axi suebesyETESL! Yorand Zla cuspemagsetice
connected to sard fifst soFenoidal el ectromagnet and furnishing a first
el ectyi ¢ céirddt winhsnj Bhe fFRAOXD] enoi dal el ect ronagnet whereby to
generate within said chanber a nmagnetic field which is a function of said

first electric _current, said first electyi rren Vi ; M@k ugy 25 such
that said magnefftdlei &g PﬁﬁFBﬁ%‘ésC?ﬁﬁﬁ oetrdrﬁ t%fc'é?vgl té’?%gi Idlggﬁg ensity radial
di stributi QRudlautisa dieXi Seadtey mating ameavezheadf asdlong sEhaF wor kpi ece

support. 2. The reac%gggog?ﬂggie%\q%ﬁ%\%ge@%n 'arf Ioh St 30q80hsoi dad gas

el ect r omagrr&=Vies 86t a . Ces an external surface
of ' sk d ceidiistribuE2oMOplataN0BE FGTViS0 IRy 559 of3 thehEYPEaERRF BT ®aim 1

wherein sai d pl asym SQULESon PAYSEe &1 180IH QIR W IYa32E 8BEnEf int2ddseddl

wor kpi ece suﬁ%brt; ?%% sard gelllng. .

in another conventional fashion (e.g., through the side wall).
Moreover, the coils 60, 65 may be employed in a reactor in
which source power is not capacitively coupled by a ceiling

15 electrode. Also, 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 match element
may be any suitable or 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 preferred cases, it is understood that
variations and modifications thergof may be made'without

departing from the true spirit and scope of the invention.
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5 4. The reactor of Caim1 wherein said electric current is a D.C.
electric current and said magnetic field is a static magnetic field. 10 S.
The reactwo oefiod8i®i m 1 further conprising: a second over ireadissnieani dal

el ectromagnet approxi mately concentric with said first overhead sol enoi dal
el ectromagnet and connected to said current source, said current source

furnishing a s%&%gqigl%ggikgdcy%[ent to said 15 second sol enoi dal
el ectromagnet to genérate magnetic flux in said second sol enoi da
el ectromagnetic that contributes to said magnetic field, whereby said

magnetic field,s dgf ?Jl@'sﬁ dreb¥t 8Pt Bompi thfdg st and-second el ectric
currents in said firs and second sol enoi dal el ect.roma tsh said first
and second 20 el ect rd FasWiRe ARSLARYF AL VRt RS o iHFat"addi @ feGnetic fiel d

i ncreases &aild icﬂ‘e(i&?{&&% of vPbasHEch Qibaiensindy o adickbiedessepbatton. 6.
The reactor’' of Claim4 erein %a%Q first.%pd Zﬁﬁgec gg gg#ggg& a2
el ect r omaghdths taS@ 16y CE&RARE BT 281 P THYhOEY @ &Td A "ah 8xternal surface of
said ceil igihnak wHikpieael Osadd’ whekpn deavtmrpgiort said shidstesbienoi dal
el ectromagnet has j.ameter 30 on_ih [ Laast gr bl
wor kpi eceg%ﬁlﬁfptg}etr ir%lliné‘ngt 2 BTPFTS l%‘fi%gqgans%faer@gggbg%asg%kﬁm% kpi ece
support; -SpAROINOEELE RPETLUSPB/ 16559 said second sol enoi dal
elegéronagnet has a 5¥g§;ﬂ' gﬁﬁﬁlgﬂgnfgbefgfﬁﬂ§ﬁfﬁg(Eréﬁﬂéé'@h@sﬁnto

négne

sol énoi dal el ectro a IS at a second axi al distance above said
wor kpi ece sgigbothambrgat er than said first axial distance. 5 8. The reactor

of Claim7 wherein: 5, Rp power generator and a plasma source power

electrode connected to said RF power generator for
capacitively coupling plasma source power into said chamber

15 for maintaining a plasma within said chamber;

at least a first overhead solenoidal electromagnet

acljacent said ceiling,isaid'overhead solenoidal electromagnet,
said ceiling, said sidewall and said workpiece support being
located along a common axis of symmetry; and

20 ' a current source connected to said first solenoidal
electromagnet and furnishing a first electric curxrent in said
first solenoidal electromagnet whereby to generate within said
chamber a magnetic field which is a function of said first '
electric current, saidifirst electric current having a value

25 such that said magnetic field increases uniformity of plasma
ion density radial dis?ribution about said axis of symmetry

near a surface of said workpiece support.
2. The reactor of Claim 1 wherein said first

30 solenoidal electromagnet is outside of said chamber and faces

an external surface of' said ceiling.
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said first sol enoidal electromagnet produces greater radial magnetic
pressure on plasnma over a greater radial area near a surface of said

wor kpi ecewsuwppansis t han said 10 second sol enoi dal el ect r omegmatsp3/sased second
sol enoi dal el ectromagnet produces nmagnetic pressure predonm nantly over a
radi al area confined near the center of a surface of said workpiece

support. 15 9. The reactor qf C.ai . ren oo 51 & {d rsta Apd sseeead
currents consti%lﬂe&ﬁ%?i?%?ﬁxgéﬁ o] gﬁﬁrgngggﬁ%ené%%r 6ﬁésna is directed
primarily péwer alafctirodie samgrigéeroneppbrt; said first and second currents

constitute a second 20 set gﬁprggtg hbferent fromsaid first set of
currents whenever pf%kré%%%;qg r éﬁed tgggrd said ceiling. 10. The reactor

of Claim9 wherein stibd $akxadtcaiddngsecond currents constitute a third set
of cyrrents different 25 fromsaid first and second sets of currents
whenever plasma is directed toward said iidg wal | . 11. %i I@sna react or
conprising: a vacuunfes R i9fcCddify lavBriei haff L AnS 230 cei | i ng
defini ng acMaRsn Chaiierc. andcdraer kpireeet sadpasdi d whddriat isaifd eddamber and
facing said ceiling for supp%%g ng a planar workpi ece, saidiworkpiece
support and &BR®LCEMYNRFiBIEAR03/ 100818 PCT/ US03/ 16559 toget her defi ni ng
a processing. region between said workpiece support and said ceilting;

process gas inlets f furnishin aces Lat.o i hanber; 5 an RE
po $ generatorgand gﬁeeF%%?F%ﬁég%g%ﬁgb édg?%?h§§i8°ﬁékgﬁﬁe? generator for
capacitively coupling pkasné ceathersl polencidad SiepdtieBaBRetfor

naintainingpsrgkgﬁggély concentric with said first overhead solenoidal

electromagnet and connected to said current source, said
current source furnish%ng a second electric current to said

15 second solenoidal electromagnet to generate magnetic flux in
said second solenoidal.electromaqnetic that contributes to
said magnetié field, whereby said magnetic field is determined
by both said first and:second electric currents in said first
and second solencidal élect;omagnets, said first and second

20 electric currents having values such that said magnetic field
increases said uniformity of plasma ion density radial

distribution.

5. The reactor of Claim 4 wherein said first and
25 second solenoidal electromagnets are outside of said chamber

and face an external surface of said ceéiling.

7. The reactor of Claim 6 wherxein:
said first solenoidal electromagnet has a diameter
30 on the order of a diaméter of said workpiece support and is at

a first axial distance above said workpiece support;



a plurality of overhead sol enoi dal el ectromagnets adjacent said ceiling
for generating a conbined nagnetic field 10 in said chanber conprising a
sum of i rowsdomhs nagnetic fields produced by respective @eoeasod/1as d
plurality of solenoidal electromagnets, a plurality of electric currents
flow ng in said solenoidal electromagnets, said conbined magnetic field
bei ng determ ned by said plurality of.electric currents, 15 wherein said
over head sol enoi d,  s&#+H c8FMY SL&NPLeRdeRAPT EECOBRIPT i e St KFiPEEL ®Euppor t
are | Ocaél ele5d oglgaralnggnml ! ram@g%s etl saymgﬁf.fefla Sb0kreo J01H1Y mhcg@?magpeﬁ _
connected to, sai urality of . sol engida ectromagnet s _an ur.ni ng
said pl ura?‘”l“ily"%fatpz%) %Ef%:tf{dr iaé""éar Péﬁ??nfﬁ 1A ssoafle‘%cﬂo Pl&CSCFPgﬁéﬁlﬁets,
sai d el ect gteatcet redrs v Mlrsespetdl véisehmes. such that said magnetic
field increases uniformty of plasnma ion density radial distribution about
said axis of symmetry near a surface of said workpiece support. 25 12. The
reactorl of C aién 11 where¢actsai dplGhedmi {'ywberesok enoi dal el ect romagnets

are concentric and agg; rganged. r j L ahneter and .
descendi ng axi al hei éﬁfaa%ove c_gsda%i%émggl%?'i ﬁggcgggﬁgghgrﬁeﬁ%gﬁrl of Claim12
wherei n: 9622 W¥F 0814008 IR IPEHABSP3LIBBEY OF RLBTREIINAR 20rIFe35RTsai d

el ect r omagpghSa EXeFda » e £OTd Q3RQRELNBEY sHL&aLEF kP BEk& s [BHHIAL ithaPr @asHr e on
plaiga across a greater_radial area than the innernost ones- of said
ro

ele nmaghetend 55 Rneidadr RISCEEABEIBFLSai d el ectromagnets exert radi al
magneti c pressure onsplassdcamd idlendie@ilorleenkbnegnet produces

magnetic pressure predominantly over a radial area confined

near the center of a surface of sald workpiece support.

15 9. The reactor of Claim 8 wherein: '
said first ahd second currents constitute a first
set of currents whenever plasma is directed primarily at a
wafer on said wafer support;
said first %nd second currents constitute a second
20 set of currents different from said first set of currents

whenevexr plasma is directed toward said ceiling.

10. The reactor iof Claim 9 wherein said first and
second currents constitute a third set of currents different
25 from said first and second sets of currents whenever plasma is

directed toward saild side wall.

11. A plasma redctor comprising:
a vacuum enclosure including a side wall and a
30 ceiling defining a vacuum chamber, and a workpiece support
within said chamber an@ facing said ceiling for supporting a

planar workpiece, said workpiece support and said ceiling
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near the center of said chanber. 14. The reactor of Claim8 wherein: 10
said plurality of electric currents constitute a first set of

current s-wioasavmis pl asma is directed primarily at a waf epcaruseaiahsanaf er
support; said plurality of electric currents constitute a second set of
currents different fromsaid first set of 15 currents whenever plasma is
directed toward said ceiling. 15. The reactor of Caim 14 mhe&gln sai d
plurality BPgeEhertdefining entR¥ ACGSSLNEUFBILCR PPV R NIGEREse

di fferent {,lggféaégdfégﬁ Aand sgecond sets of currents vvhenever plasma is
20 dlrected ward said side wal]._ 16. The reactor of. 15 whq:reln in
at |east one of sai BXSEESS o¥as IRkt IO UFRAS 18ﬁepr8?efﬁ TUrrents has
a polarity;eapegitseto polarities of others of said currents. 25 17. The

reactor of Claim 1l wherein said plurality of tric cury C.
el ectric currents an@”s3FdPe¥nbi %be %& &% ) eﬁ%CtrOde ?ﬁq%:éné;%gce%l c
fi FI d. gol ES;STRE peast Oc%emérﬁcm rﬁoJrll ch@atblm;reﬁ)prpcosphgng mﬂlam I

sol enoi dal _si de magnet s, havi n ra : ?ﬁ}@.cu ar to
and generaFFﬁréitEgﬁ?ﬁgl?F%n?%ééZ#h %%giﬁé/%86§¥§ggg%¥ugéé 16559 conmon
axitst_of syrmet[y, fsaiacljpplhmaaitgobén@frddiem ds@hmignda% zgépg_g@ném;-‘ng af
rotating netic . fie eqi £ £ QY10
Claim 18 V\ﬁgP&cﬁnEaFa‘L%I %?l?ﬂg ﬁ) é%glselrg%'gé %aeﬁrg?sngenrgra facle sai d
si delOnal | , inhiskéd shanibprucahpwnmajssm @ﬁonl@éillvhfdgﬁ t@agla%*él%aﬁl&lds

cei ling. 2 Iogﬁgeaeggtgg §% rggég\gfaggl@ saudalhiuyabs 491 sebrnai dal

si de magnet's are plura en0| dal
electromagnets, a plurallty of electric currents flowing in

szid solenoidal electromagnets, said combined magnetic field
being determined by said plurality of electric currents,

15 wherein said overhead solenoid, said ceiling, said sidewall.
and said workpiece support are located along a common axis of
symmetry; and

a curreat source connected to said plurality of
solenoidal electromagnets and furnishing said plurality of

20 electric currents to said solenoidal electromagnets, said
electric currents having respective values such that said
magnetic field increasés uniformity of plasma ion density
radial distribution about said axis of symmetry near a surface

of said workpiece support.

25
12. The reactor of Claim 1l wherein sald plurality of
solenoidal electromagnets are concentric and are arranged 1n
order of ascending diameter and descending axial height above
said ceiling.
30

13. The réactor}of Claim 12 wherein:
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el ectromagnets, said reactor further conprising a current generator for
appl yi ng respective |ow frequency sinusoidal currents of different;
respecti wwopbaemss t o said plural side solenoidal electroragrsosicster eby to
generate said rotating 15 magnetic field. 21. A plasnma reactor conprising:
a vacuum encl osure including a side wall and a oiling defining a vacuum
chanber, and a workpi ece. support 20 within said chanber and facing said
ceiling for supportingd RltostOkREE6E, 558k de 1Ot kihRighaispRertand said
ceiling together defining a processing region between said workpiéce
support and¥dFREdinggy Fr8eEss E%Qléﬁﬂ P{GC EGFWF?HFnS“pP%@%@% gas
into 25 salgksdnmdbejread RraB@uer agea et tdnr titd dirth @SR oness CE paiwer

el ectrode connected to said RF power generator for capacitively coupling
pl asma sourtEPRRERING(ES sai d chanber for maintaining a plasma; 30 a
plurafity of overheadcisd! Bt fhdstegest sfadpidealecshimgredts rgelravi ng

a' conbined static magnetic field_inh saj cha r. conmprising f
"ndi vi dual SAdk i PrEaYEe .9%4P€?§’6%/‘r{’g%§fé PersFraitged

produced byngaspaad icmtaanes chidacHapberal ity of sol enoi dal nagnets,
wherein said overhead sol enoid, said ceiling, said sidewall and said

wor kpi ece support are located along a common axis of symetry; and 5
wherein said conbd nedlmagrestiatod il ¢liador 8awbsreiniformty of plasnma ion

dep5ﬁ6y radi al dlstr|$ 140 é%g&EHY,%%Igl@é£§ﬁﬁfE§¥gg§§§y$é$§yigﬁt%ygface of
sai d "wor kpi ece support. 1 ) e reactor darm erein said
plurality ofirst set of currents whenever plasma is directed primarily at’
a wafer on said wafer support;
said plurality of electric currents constitute a
sacond set of currents different from said first set of

15 currents whenever plasma is directed toward said ceiling.

15. The reactor of Claim 14 wherein said plurality of
electric currents constitute a third set of currents different
from said first and second sets of currents whenever plasma is

20 directed toward said side wall.

16. The reactor of Claim 15 wherein in at least one of
said sets of cuxrents, at least one of the currents has a

polarity opposite to polarities of others of said currents.

25
17. The reactor of Claim 11 wherein said plurality of
electric currents are .D.C. electric currents and said combined
magnetic field is a static magnetic field.
30 18. The reactor of Claim 11 further comprising:

plural solenoidal side magnets having plural axes
of symmetry perpendicular to and generally extending from said
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sol enoi dal magnets are concentric and-are arranged in order of ascending
di aneter and descendi ng axi al hei ght above said ceiling. 15 23. The
react or owo@amosul wherein: the outernpst ones of said negmalses/esseyt a
correspondi ngly greater radial magnetic pressure on plasna across a
greater radial area than the innernost ones of said magnets; 20 the

i nner nost ones of said magnets exert radial nmagnetic pressure on plasm
within a regimencanisnefl sganethe sednt elushlsaPdeenaddbrSide M35t Ssm
reactor conprising: 25 a y encl .2 ;i-N¢li Hdlngnassi ¥eddssind a
ceiling de |ﬁiﬁ§n§r§§%ﬁ n?gﬁa éﬁﬂfan S%ﬁgrgégggegguﬁﬁﬁgfp Wi thin said
chanber andebaenng said ceiling for supporting a planar workpi ece, said
wor-kpi ece support and said ceiling together defining a processing region
bet ween sai d workpi ece 30 support and said ceiling; process _gas inlets for
furnishing procdSs gdke megctsaiafchbabBrls - IR DHFHECOPLERET/ US03/ 16559

an- RE po""ersoq%%ri@a?r 5206 RaPhESIB &K PEek sheal sode vabbhectEkkto said
RF power generator fo I

. r capacitively coupling plasma source po into said
chanber fcraidaiPALaRA RFSE wﬁs%l%&%ﬁ%i %‘ﬁ‘e&ﬁaﬁﬁéﬁ; Séléncgbﬁ‘%%'ad
sol enoi dal magnet outside of said chanber and facing an external surface
of said ceiling, said_ overhead sql enoida net,_ said i)ing, said
sidewal | and sa% V\&h@pir@@é:té’ﬁpﬁgr [%Tﬁéﬁ'“ng!; F‘gﬁ’%’f%%}‘ a?aolndg%gldcljoagnon axis of
symrpd ry; aut Hisrild sgver hegfess! enoiplairaiagnate saliemgidab. C.
electromagnets, said reactor further comprising a current
generator for applying respective low frequency sinusoida;
currents of different respective phases to said plural side
solenoidal electromagnets whereby to generate said rotating

15 magnetic field.

21, A plasma reactor comprising:
a vacuum enclosure including a side wall and a
c2iling defining a vaéuum chamber, and a workpiece support
20 within said chamber and facing said ceiling for supporting a
planar workpiece, said workpiece support and said ceiling
together defining a piocessing region between said workpiece
support and said ceiling;
process gas inlets for furnishing process gas into
25 said chamber;
an RF power generator and a plasma source power
electrode connected to said RF power generator for
capacitively coupling plaéma source power into said chamber
for maintaining a plasma;
30 a plurality of overhead solenoidal magnets adjacent
sald ceiling having a‘combined.stat;c magnetic field in said

chamber comprising a sum of individual static magnetic fields
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magnetic field within said chanber that has a sufficient radial conponent
to increase uniformty of plasma ion density radial distribution about said
axi s of swommetinogisiear a surface of said workpiece supportPCTASB025655A pl asma
reactor conprising: a vacuum enclosure including a side wall and a «ceiling
defining a vacuum chanber, and a workpi ece support wthin said chanber and
facing said ceiling for supporting a 20 planar workpi ece, said workpi ece
suppor t - andoEdFsskiDY rrpsRsFévisePnaEf PAI PYtA DY i h P h sfleRcpERween

sai d wor kpiﬁ%e@é{pgﬁ'&éréﬁ.w 330 oGekhbhE; sPLOEEES, WSid MBS nlgQr shyani shing
cha

process gas into _ sai nber; 25 an RF power generator and an el ectrode

connect ed t®-d¥@ld DG JOFEPALER PBPPREDRTS | WRFAFh wHONFg 2p FRTAN
source powesxiter s@heigffbend or maintaining a plasma; a plurality of
over head sol enoi dal electrpnqgﬂggs n@ﬂﬁa ent sajd c?lling,for enerating a
conbi fed magnetic fieVyeTSHR| i PR PREBRPEF sFIETE SRME G 95ndi vi dual
magneti c fiehiSosmiducetl diesmaspeat deasongsradishi ¢l pirialtiion abosel enoi dal
el ectromagnets, a ,Iur@l%%éb%f electric cucrents row%Q%]in. -66 WO

03/ 100818 P U T 685 o YEIG °F Ys B8RP dEP - 67 52t T Dt t T kS c onbi ned
magneti ¢ fiehpbottei ng determined by said plurality of electric currents,
wherein said overhead sol enoid, said ceiling, said sidewall and said

wor kpi ece support are -located along a common. axis of 5 symetry; said
plurdPity of sol2oi d@he etrezttormeahdils ipei2dg wbenednt satdaptiubel My arf anged
| n order of ;3eCENHA0 n AT ereatdodencend! i Al a DRy 3PQYR3258
ceiling; a plasna steering controller connected to sai

ascending diameter and descending axial height above said

ceiling.

15 23. The reactor of Claim 21 wherein:
the outermost ones of said magnets exert a
correspondingly greater radial magnetic pressure on plasma
ACross a greater radial area than the innermost ones of said
magnets;
20 the imnermost ones of said magnets exert radial
magnetic pressﬁre on plasma within a region confined near the

center of said chamber.

24. A-plasma reactor comprising:
25 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
planaxr workpiece, said woﬁkpiece support and said ceiling
together defining a processing region between sai& workpiece
30 support and said ceiling:;
process gas inlets for furnishing process gas into
said chamber;
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plurality of sol enoidal electromagnets and furnishing said 10 plurality of
electric '"currents to said solenoidal electronmagnets, said plurality of

el ectric worasamisss constituting a first set of currents WPeTAKOS/1@GEASMA | S
directed primarily at a wafer on said wafer support and constituting a
second 'set of currents-different fromsaid 15 first set of currents
whenever plasma is directed toward said ceiling. 26. The reactor of Caim
25 wherein: the out ammRft powes GENEARHCEI 2%t rd & SHTE §°V70.
correspondé rgg%t A egg hekadiatc MBIN@IRE pURSS Yemeaatplragow across a
greater dl area t an t he i nnernost ones of ald el ect Lonpgnet s; t he
|nnernnst Qﬂnﬁﬁkﬁlm§dwdC@PEé%P%n@b%@ﬁ% TRETE ﬂ%ﬁﬁ al* ﬁﬁgﬁ&flc pressure on

pl asma MAtfgf]ﬁ%ﬂﬁﬂyfwinaoafbm@dm325lﬁﬁﬂm édmﬁ(nhﬁmberof sai d chanber. 27.
The reactor of Caim25 wherein sg EI ur al |t 1?3':? trige Lguryents
consfitute a third s¥t YfeFd%e fa enﬁ?g r’h‘sal fitst and second

sets of. cuthailer w%@l I aﬁn'axtsrnSD sinrﬁaneeobﬁ cweirdd csdildngi deakdl | . - 67
WO 03/100818 PCT/USO 559 react f L{MgLehn kg at
| east one 9feLhf n(‘}‘fld@&r F‘?ﬁf‘? a?aT%aés? lﬁ egdo dg scl\tﬁ!r(l"r ents has a

polarity og@p@m@mm aippoes beinghtosabsd saamngsm resmmen a¥iggofThe
reactor of Claim?25 wherein said plurality of electric currents are D.C

el ectric cBfBAt %Y@ﬁﬂ“§a|d combi ned magnetic field is a static nagnetic
fiehd. 30. The react saiofo@eieadBdlgncidrlcBapReSsi Raving dIrA sol enoi dal

si de magnets hayl ”gff’éﬂ{ 31 4GS sa% SKERBLE Ve ReF pesyli subarria ead general |y
ext endi ng PPERT s common axis of symetry, said_plural solen |da% si de
magnet s radial component to increase uniformity of plasma ion e

radial distribution about said axis of symmetry near a surface
of said workpiece supﬁort.

15

25. 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 aﬁd facing said ceiling for supportipg a

20 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 chamber;

25 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

30 in said chamber comprising a sum of individual magnetic fields
produced by respective ones of said plural;ty of solenoidal

electromagnets, a plurality of electric currents flowing in
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for generating a rotating magnetic field in said processing region. 15 31.
The reactor of Caim 30 wherein said plural sol enoidal side magnets

gener al | ywbasaomsas d si de wall while said plural overhead realEsogiichad
magnets face said ceiling. 20 32. The reactor of Caim 30 wherein said
plural sol enoi dal side magnets are plural side sol enoidal electromagnets,
said reactor further conprising a current generator for applying

respecti veshow §6peheNEy) Sélusnichalgnetay r eais ©¢mmﬁm¢%wmﬁﬁneﬁﬁés6ééﬂﬁve

phases O, RaudsPhikSlnshdr 187 S0l enoldahsel oot ormaels dbsalis,t0 generate

wherein said overhead solenoid, said ceiling, said sidewall
and said workpiece support are located along 2 common. axis of

5 symmetry; said plurality of solenoidal electromagnets
being concentric and being arranged in order of ascending
diameter and descending axial height above said ceiling;

a plasma steering controller connected to said

plurality of solencidal electromagnets and furnishing said

10 plurality of electric currents to said solenoidal
electromagnets, sald plurality of electric currents
constituting a first set of currents whenever plasma is
directed primarily at a wafer on said wafer support and
constituting a second 'set of currents different from said

15 first set of currents whenever plasma is directed toward said

ceiling.

26. The reactor of Claim 25 wherein:
the outermost ones of said electromagnets exert a
20 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

25 near the center of said chamber.

27. The reactor of Claim 25 wherein said plurality of
electric currents constitute a third set of currents different

from said first and second sets of .currents whenever plasma is

50 directed toward said side wall.
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28. The reactor of Claim 27 wherein in at least one of
szid sets of currents, at least one of the currents has a

polarity opposite to polarities of others of said currents.

29. The reactor 'of Claim 25 wherein said plurality of
electric currents are D.C. electric currents and said combined

magnetic field is a static magnetic field.

30. The reactor of Claim 25 .further comprising:
plural solerioidal side magnets having plural axes
of symmetry perpendicular to and generally extending from said
common axis of symmetry, said plural solenocidal side magnets
for generating a rotating magnetic field in said processiﬁg
region.

31. The reactor of Claim 30 wherein said plural
snlenoidal side magnets generally face said side wall while

said plural overhead solenoidal magnets face said ceiling.

32. The reactor of Claim 30 wherein said plural
solencidal side magnets are plural side solenoidal
electrémagnets, said reactor further comprising a current
generator for applying respective low frequency sinusoidal
currents of different;respective phases to said plural side
solenoidal electromagriets whereby to generate said rotating
magnetic field.
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