METHOD FOR SHAPI NG A MAGNETI C FI ELD I N A MAGNETI C FI ELD- ENHANCED PLASNMA
REACTOR BACKGROUND OF THE I NVENTION Field of the Invention [00011 This
i nvention relates to plasm enhanced, sem conductor substrate processing
systens and, nore specifically, to a nmethod and apparatus for shaping a
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perforated to function as a gas
[0003] Magnetically enhanced plasma chambers (also referred to as reactors)

employ magnetic fields to increase the density of charged particles in the plasma to
further increase the rate of the plasma enhanced fabrication process. Increasing the
process rate is highly advantageous because the cost of fabricating semiconductor
devices is proportional to the time required for fabrication.

[0004] Despite this advantage, many plasma chambers in commercial use do not
employ magnetic enhancement because the magnetic enhancement has been found to
increase the likelihood of damaging the semiconductor devices on the wafer. Such .
damage is caused by non-uniform electron density across a wafer due to the spatial

contour of the magnetic field being poorly optimized.

[0005] Figure 1 depicts a schematic cross section view of a magnetically enhanced
plasma chamber 5 suitable for either etching or chemical vapor deposition in
accordance with the prior art. Figure 2 depicts a top cross sectional view of the
chamber 5. The vacuum chamber 5 is enclosed by an octagonal sidewall 12, circular
bottom wall 14 and circular top wall or lid 16, The lid 16 and bottom wall 14 may be

either dielectric or metal. An electrically grounded anode electrode 18 is mounted at



i nl et through which process gas enters the chanber. The side wall 12 may be
either dielectric or netal. If it is netal, the netal nust be nonmagnetic
mat erial such as anodi zed alum numso as to not interfere with the nagnetic
field created b n array of electromagnetic coils 6, 7, 8 and 9 |ocated
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Thi s tolzamy odg hasgntitiecavidragel positive DC potential or voltage relative to the cathode
or anode electrodes that accelerates ionized process gas constituents to bombard the

cathode and anode electrodes.

[0008] Magnetic enhancement of the plasma most commonly is implemented by a
DC magnetic field in the region between the cathode and anode electrodes. The
direction of the magnetic field is usually transverse to the longitudinal axis of the
chamber 5, i.e., transverse to the axis extending between the cathode and anode
electrodes. Various arrangements of permanent magnets or electromagnets are
conventionally used to provide such a transverse magnetic field. One such
arrangement is the pair of coils 6, 7 shown in Figure 1 disposed on opposite sides of
the cylindrical chamber side wall 12. Figure 2 depicts a top, cross-sectional view of the
chamber of Figure 1 that shows the orientation of opposing coil pairs 6, 7, 8 and 9.
Generally, the diameter of each coil approximately equals the spacing between the two
coils. Each pair of opposing coils 6, 7, 8 and 9 are connected in series and in phase to

a DC power supply, not shown, so that they produce transverse magnetic fields which
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represented in Figures 1 and 2 by the vector B oriented along the negative X
axis. An exanple of such a nmagnetically enhanced pl asma chanber is
described in commonly assigned U S. Patent No. 5,215,619, issued June 1,
1993, which is hereby incorporated by reference in its entirety. [0009]

Becausgret a@dmb@s.ﬁr&haa‘égﬂ:rp@étme/re the r&nqya?fsagemp@tn%rh%v&sewna\g%hé%d g ative
to the cathode electrode 22, the tine average electric In the plasm

pr e- shiepresendey iEigurend and 2chYethﬁsVEthfeBm@ntﬁﬂ/mmgdhﬁrnﬁgaﬂhe Yorxismehnt owar d

ver ooty e o SUERGEdrdiriRsRal, BFnphec PlEEH Bas < BeBo B i bdumarly

pl asmeadyighed ad.S.ePsentiNs B/2Y86H0r iYeued Nulm@une 1993, N WHSHPORS iekéby he DC
magnetic field vector B, these free electrons will primarily experience a

quxB fippe@oratgdhyrgfarraceineds eohietand i ons to nove in a helical shaped path
that generally follows the magnetic field vector. In additional, the

oot 13y 2" BaRARAA pBKFRY hEBSpAAld el VETod BoRER P el b
cal | edotthe datibdl eleictrodbed thé Immeiava@ge@e@tﬁctfiem & infthel HlagmBrprsigheae v
coplanar wi th the sem conductor wafer 20 and orthogonal to the t?.@etlc

fieldadaeyit Beagathadgsis gliregtach dPM@ﬂ\faédZ re thee pisgnactommrd thei eathedeal ong
the Y tﬁél’éﬂ\)feéigﬂ'lggolhe' ﬂeéz%lécgbﬁ%lr\‘?ﬁ:\:é);&e tshgafheénarlft \/gﬁacﬁ Vel W@g@ﬁlﬁn% he

aver age erro requéncy” or reque ci €s

pl asneavesage valued, orrelntesd ppwanditdwdards the plashe bgdy %rdph@éérﬂ@d Byseetndses This
time average over one RF perjod is unrelated to I me_averagi ng due to
t he ophifdadre fotlat ﬁe@ﬁoasettﬂéhﬁe@;‘aévaanw%ﬂaldr\@cé@ﬁ Betla%see free sleeknewdl t hat

t
{7 equanye a7 SpReTiEhat e BrRELo/Rq, Euring 4R SRcBhs YrkL s Joa et & HFEaL o
is f :e(r@)empem thbegenerally folloved ehe rmagném dfeld Bvectot. helmmitdﬂtorml f tred d

strength Gauss& and f is the frequency Hergﬁc} For exa a magnetlc
field ‘%J?CS@@ and onswill exnetiense anaiher Wne@yeragrd frire >€’Uleat§ ﬁé%’%ﬁ@ Aes

f th
ragnet nF NEncambAADEhd e pIch: 1o, TIEEESH medMl) cald M R RHITANBIET ¢ he
ExB drthetdiekction ef thed dntt li®appraxirmately ooplanar with dhe sserm:(mndlmrtwafedew ared

damage in conyentional na net i call nha ced as nbers. Specifically,
it i s YHIQ9AEG 1 R MBIREIC fiqld gt 95;5@@51 Piriou’a Raby 1% EXB <tbns |

t he pl t dcause non- unlformtylnthelonflux It is 3
&?Ftﬁ?gt%?orﬁﬁﬁ@\h alid"

bel i eve is spatial non-uniformty of the ion flux that bonbards the
waf er
[0010] In this discussion, the term “time average” means averaged over one period

of the RF frequency or frequencies at which the plasma is excited, this perod typically
being less than 107 seconds. This time average over one RF period is unrefated to the
time averaging due to the optional rotation of the magnetic field relative to the
workpiece that typically has a rotation period on the order of 0.2 to 4 seconds. The
frequency of the electron moving helically about the magnetic field vector is
f=(qB)/2mm, where q is the electron charge, B is the magnetic field strength (Gauss),
and f is the frequency (Hertz). For example, a magnetic field of 35G will result in one
turn around the helix lasting about 10e™ seconds. This is longer than the RF

frequency, but is much shorter than the magnetic field rotation of 0.2 to 4 seconds.

[0011] It is believed that the ExB drift of free electrons is a major source of
semiconductor device damage in conventional magnetically enhanced plasma
chambers. Specifically, it is believed that ExB drift can unevenly distribute the free

electrons in the plasma pre-sheath and cause non-uniformity in the ion flux. It is
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produces el ectrical currents in the wafer which often damages the

sem conduct or devices on the wafer. [0012] Conventional magnetically
enhanced pl asma chanbers attenpt to aneliorate this non-uniformty by
slowy rotating the magnetic field relative to the wafer, typically at a
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average spatial non-uniformity in the ion flux bombarding the wafer, and therefore can
provide acceptable spatial uniformity of etch rate (in an etching chamber) or deposition
rate (in a CVD chamber) on the wafer surface. However, rotating the magnetic field
does not in any way improve the instantaneous spatial uniformity of ion flux on the
wafer surface, and therefore does not completely solve the problem of semiconductor

device damage in magnetically enhanced plasma chambers.

[0014]} US patent 6,113,731, issued September 5, 2000, discloses a method and
apparatus that further combats the ExB drift problem by driving current through the
adjacent coil pairs 6, 9 and 7, 8 such that a magnetic field gradient is generated

laterally across the surface of the wafer.

[0015] In FIG. 2, the magnetic field produced by driving a first current through coils
7, 8 is represented by arrow 10 and the magnetic field produced by driving a second
current through coils 6, 9 is represented by the arrows 11. The first current is less than



ratio of the currents produces the specific shape of the gradient. This
ratio is optimzed for each process regine to create a nearly uniform

pl asma. For nobst process reginmens, the current ratiois in the range 0.1 to
0.7. This non-uniform magnetic field produces a nore uniformion flux
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is rotated. 5 [0018] In one enbodiment, a nmethod for rotating a magnetic
fiel digorep prDesefore, there is a need in the art for a method and apparatus for

controlling the magnetic field gradient within a magnetically enhanced plasma chamber.

SUMMARY OF THE INVENTION
[0017] The disadvantages associated with the prior art are overcome by a method

and apparatus of providing improved shaping of the magnetic field gradient within a
magnetically enhanced plasma reactor to produce a uniform plasma. In one exemplary
embodiment of the present invention a plurality of overlapping main magnetic coil
sections are provided and a magnetic field generally parallel to a top surface of a
substrate supporting member is formed. The overlapping magnetic coils produce a
magnetic field having a shape that is improved over the prior art. In other embodiments
of the invention, sub-magnetic coils are used in conjunction with the main magnetic
coils (whether overlapping or not} to provide greater control over the shape of the
magnetic field. In several embodiments, the field control is used to provide an optimal
shape to the instantaneous magnetic field as well as a nearly continuous field shape
during the transitions as the magnetic field is rotated.
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chanmber includes form ng a magnetic field having a prinmary shape; changi ng
the primary shape to at | east two sequential transitional shapes; and
changing the transitional shape to a rotated prinary shape. Optionally, the
magnetic field may be naintained at an approxi mately constant magnitude
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mai n and sub-nmagnetic coils; [0025] FIG 5 is a top schematic view of a
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possible, identical reference numerals have been used to designate elements that are

common to the figures.
[0021] FIG. 1 is a side cross-sectional view of a conventional dry etching chamber;

[0022] FIG. 2 is a top cross-sectional view of a magnetic field generator of the dry

etching chamber shown in FIG. 1;

[0023] FIG. 3 is a top schematic view of a process chamber having magnetic coils

with extended width in accordance with one embodiment of the invention;

[0024) FIG. 4A-C depict a top schematic view of the magnetic fields respectively

produced by main coils, sub-magnetic coils and both main and sub-magnetic coils;

[0025] FIG. 5 is a top schematic view of a process chamber having both extended
width main magnetic coils and sub-magnetic coils in accordance with one embodiment

of the invention;



configuration of FIG 7; [0029] FIGS. 8A-8C are transitional diagrans
depicting the generation of the magnetic field in accordance with the prior
art and an enbodi ment of the invention; [0030] FIGS. 9-17 are top views of
vari ous enbodi ments of magnetic coil configurations in accordance with the
invention; [0031] FIGS. 18A-18B depi ct perspective views of coil )

confi BOR&t i orfdChaiin@ o views mfdwos Dininrggaghetc eeils @ndna ssom@gnetic woiln
enbodj rFsr?c;wﬁ her esent invention; [0032] FIGS. 19A-19C depi ct
perspective views of cdil configurations having vertical and horizontal
sub-magnetic coils in accordance wth enbodi mrents of the present invention;
[ 0033j00ENGS. RICGA 7aisda2f@e deégpiv aif roainr evaignétiowoil lveatighs térel tha buls-omdgrgticat | ons
at  Fl G? 19A.a§11 19B; [0034] FIG 21 depicts a perspective view of yet

anot hEPT ARAMR{R EIGoP1 configuration in accordance with the invention:

[ 00351 FIGS. 22A-22K depict magnetic field simulation results for various

enbodi ts [ ] ¥ lei 2 j [ i
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f 1 ow dosfiguratiof ohFK&tHod for rotating a magnetic field in accordance with
one enbodi nent of the present invention; [0038] FIG 25 depicts a table

enbodte o s BAUERnere RSO SHAOGERS AR D8 OPRetztop, gL doe
chanbafaghavis hald RikiccoRidrise vith 895 8lioFhBand brileRbBERenthe iRAbAG anot her

magnetic field rotation sequence in accordance wth one enbodi nent of the
present invention and suitable for use in a process chanber having four
coi | s{00pQ040TF IRSGSI- D7y parkr doge iaws sefheipsious emhmndiments ofadghrgnalict icsilds i n

a fou [ [ h var] rotational nethods; [0041] FIGS. 28A
and 2@@@3‘{5&‘5@@%@3@#'?(;%Y"Etﬂitt@eeﬁygﬁﬂgﬁ'urrents over time throughout
various rotational nethods; [0042] FIG 29 depicts a schematic top view of a
magnetoogt]f i eIRIGS) aBAei &t depict parBpetitke. Vidog 3bf FdHES.confidui@tidapi Raving
schematic di agrans of enbodiments of a nethod for i )

horizontal sub-magnetic coils in accordance with embodiments of the present invention,

[0032] FIGS. 19A-19C depict perspective views of coil configurations having vertical

and horizontal sub-magnetic coils in accordance with embodiments of the present

invention;

[0033] FIGS. 20A and 20B depict current flow through the coil configurations at
FIGS. 19A and 19B;

[0034] FIG. 21 depicts a perspective view of yet another magnetic coil configuration

in accordance with the invention;

[0035] FIGS. 22A-22K depict magnetic field simulation results for various

embodiments of the invention;
[0036] FIG. 23 depicts a conventional rotational method for a 4-coil chamber,

[0037] FIG. 24 depicts a simplified flow diagram of a method for rotating a magnetic

field in accordance with one embodiment of the present invention;

[0038] FIG. 25 depicts a table showing a magnetic field rotation sequence in
accordance with one embodiment of the present invention and suitable for use in a

process chamber having four coils;



rotating a magnetic field in an eight coil chanber; [0044] FIGS. 31A-C
depi ct graphs of relative coil currents over tine throughout various
rotational nethods; [0045] FIG 32 depicts a table show ng nmagnetic field
rotation sequences in accordance with one enbodi ment of the present

i nveni?a3A] andFKui2GPEpicts A table showingmredeersmapaatie fielhiotatioresgauenns ins;

ot no@opofangE PR sie" e RENFRRE RE e Brosal YRR B i B8 0, AT S °

si zed peoidss; chdrfe¥ Havimdfold4oiiepi cts a schematic top view and graph of one
enbodi mrent of a nethod for rotating a flat magnetic field in a chanber

havi ng ei ght equal sized coils; [0048] FIG 35 depicts a table showing a
magnel§M0F i el BlGt A{ AT & degpish sshematisdiag'@an of Wagnasicefidld diaviawr &l t he

prese i i | fQn {) a process chanber having ei ght
equal réb?@?(%@ﬁ@@%%ﬁ.@@@&%ﬁ Bﬁ%\ﬁi'ggomg] FIG 3 is a top view of an
enbodi nent of a magnetic coil configuration 300 circunscribing sidewall 12
of a picaspa efilGiic @BAc b8 depieic graptenad velative ecdificurremitd oslieretitng  of
the present invention Specifically, FIG 3 depicts main magnetic coils 8
3021, t@r@ﬁgbo%‘ﬁlo%rf&@@?@?%m%ti vely main magnetic coils 302) and main
current sources 306A, 306B, 306C and 306D. As such, in this enbodi nent of

the i i on f o ik S el nbYi (= Te FRVA r i
1T us TR | olC R e oo oA o Yoo & PG HE e 5, e s
havi nghambeist anti al | y octagonal plan form However, that depiction is not
intended to limt the scope of the invention. For exanple, a coil

ce with the invention can be an

£i (i . £i .
oy ound L eI RERB R e WREFASCHY EBRo BRIk B0t K8 ng
over | ap@AAg AYhagheli@Ael iR anP@ght &1l éHamaberadj acent coil. [0050] _

Il1lTustratively, each of the main magnetic coils 302 has an extended w dth

such that a portion of each coil overlaps (or is overlapped by) an adjacent

mai n [@%ddinet | E1GDi B1A62. depich graphst RE refative reaiinewvirenisopver S0 direudegitct ed
as hayj . erlapping, that depiction is for illustrative
purpogégg'ﬁ%F@fﬂ@ﬁ%ﬂﬁéﬁﬁa gnetic coils 302 can overlap nore or |ess than
the depiction in FIG 3. Oher enbodinents of the invention that utilize
over | ppuasng cPiG.s 3ar defiesera babldadhawing maghetiesiedt ratation Gequedcds and 21.
accordance with one embodiment of the present invention and suitable for use in a

process chamber having eight coils;

[0048] FIG. 33 depicts a schematic top view and graph of one embodiment of a

method for rotating a sloped magnetic field in a chamber having eight equal sized coils;

[0047] FIG. 34 depicts a schematic top view and graph of one embodiment of a
method for rotating a flat magnetic field in a chamber having eight equal sized coils;

[0048] FIG. 35 depicts a table showing a magnetic field rotation sequence in
accordance with one embodiment of the present invention and suitable for use in a

process chamber having eight equal sized coils.

DETAILED DESCRIPTION

[0049] FIG. 3 is a top view of an embodiment of a magnetic coil configuration 300
circumscribing sidewall 12 of a plasma enhanced chamber 5 in accordance with certain
embodiments of the present invention. Specifically, FIG. 3 depicts main magnetic coils



[ 0051] In the chanber, the magnetic field is generally contoured (or shaped)
to conbat ExB drift such that, at any given nonent, there is a high
magnetic field corner and a |ow nagnetic field corner. It is relatively
easy to control the magnetic field l|ocated in a |ow magnetic field corner

(poi nt302), 36RNeyET;, ahd BozuI(boalaﬂtwekgwm\atremag:r@nbrc&nls: 802} Aadf malrd cuftedt hi gh
magnetic field corner depicts an instantaneous view of a

magnetSeHreasepebhr %@@%eégﬁg %ﬁq @pﬁ@ c6ﬁ|syc!aomtm$m@rrm¢rr@§t 96 the énventiga] y
hi gh ‘?b’uf&ﬂ 8RR f&urmvﬂﬁb}’blﬂ%rﬁg' Illlﬁst;s?t?v @QHF%QﬁbO&ﬁ'IeWo ﬂeaécgflel y

| ow curren arr ow netic avin end

wi dt h)coafigmatigneiiCeis depictedads hmngteheuhsagmlanydmtagoméiqalhn ghrnmgim're»@rf ield
(poi nt AE) wi.thout affecting,the magnetic fjield strength at points B and C.
A | ar §aR %@@at'%&ﬁﬁbgg@@d%@ @ M@Ihﬁ“@né@qr@ otHia gveptiopr dveraexaraple; ApFdll ed

t: h { 302
1O efigbndhcabetbanc P ine fertioh o] bE"EnyohriglPARR bfoui i 2
si ze (pferrpheryr efoa chambeh&nvith eacH qolilanenappingf(or beinguoyeridpped hera\east a

gener al net s c n"t generally be nmade taller. However, the magnets
can bé’oﬁéﬂboaﬁ'&lggl% BtPW rease the coil area. As such, naking the magnets

w der produces larger coil areas to facilitate inproved nagnetic field

shape ygsg; - thﬁ?ﬁ%\leﬂyﬁg fofgth@ més@ﬁg@%ncf%@ s&aﬁma}o b@)glénaél? width

ci rcumc er ence 0 e cha er escri be greater detail
bel owpsudbkpihat a Ipontian atfi ezche rdoddovesiaps (drais awerdmppﬁcbmyérarccaﬂ]aa:dntonam t he

cur T onteatatg GHCAG L Ain g e AT mele <0uf 1402585 S8Hefieh a8 dini, e ' °°
gnetchnéerJv@rlabﬁiﬂtg”ﬁidi RPICRAs Y960 FRRMhrp 86k 3ARS afﬁelrMam%égﬁét.cto

adj acent mai n magnhetic coils 302, and 30 di rection.
pr oduceilsid0@fdancevark pnsigne oF dedsi thiad the ai@pmonmm HiGe 3c Hatheanembatbments eft

sourc 306C,.an 06 p current. to flLow in mai.n magnetic coils 23 and
3094 T nenuRh thRCoBlRE RS ARG Eb1 e uPErihs By BIRE e 6 FiGRe o
coi l sgSOggnarzq_ 3024 is of a |l esser nmagnitude than the magnetic field
generated by main magnetic coils 302, and 3022. Illustratively, four

current sources are depicted as causing current to flow through each of the
mai n #@§hkt i cincthe §h30@erA§he;cmagmﬁth feldris lemer@Hyt@rﬂouwcéorashamﬂgﬁetol c

1< nicpRsEEERE Bl 3 BRTLATN AR e HREL if 2 nBbiipengele fecindingis T

the cemndes latv pRighletid. fieldnsbreleer Gﬁi@&emv@lyseééyetd\ﬂfoﬁltroﬂ h@hBgnétic ik
currents are then switched fromcoil pair_to coil pair _to rotate the

nmagnetogated dnda lewe Magnadiectield cemer upeintaCvrHewenar, qdiEficulty arises when
controlling the field in a high magnetic field corner (point A). FIG. 3 depicts an

instantaneous view of a magnetic field produced by driving coils 302, and 3023 using
relatively high current (arrows 304) and driving coils 3024 and 3024 using relatively low
current (arrow 308). Larger magnetic coils (coils having extended width) allow greater
control over the magnitude of the high magnetic field (point A) without affecting the
magnetic field strength at points B and C. A larger area encompassed by the magnetic
coils 302 provides an improved magnetic field gradient. However, the size of the main
magnetic coils 302 is limited by the size of the reaction chamber. For example, due to
the size of the reaction chamber and placement of its supporting hardware, generally
the magnets can’t generally be made taller. However, the magnets can be made wider
to increase the coil area. As such, making the magnets wider produces larger coil
areas to facilitate improved magnetic field shape e.g., the coils 302 of FIG. 3 extend
more than 90° about the circumference of the chamber 5. FIGs. 8-21D (described in



Is the eMkP" Dielectric Etch reactor manufactured by Applied Material, Inc.
of Santa Clara, CA This reactor is the subject of U S. Patent Nunber
6,113, 731, issued Septenber 5, 2000, which is incorporated herein by
reference. [0053] In some processes, opposite coils (e.g., 302, and 3023)

are dgieaser dgtal belaw) depict Huptiative eqbedaents thatgaléqw@raat@m@ntrnb@vwhend
acros e best process results, it is desired that the
nagne?lri"%&r Pﬁ%%%é&%%ﬂ%f@aextend across the chanber with paral l el |ines of
force. However, as depicted in FIG 4A when coils 302, and 3023 are

dri veposi)he rmwwmaw duireintl séQfcasaS0BA DD yiess Tuneet throtigh éa¢h ofities mdines of
force 402 curve outward. To mtigate this convex field shape, a corrective

nmag Eema@nem &ols @té)r? bd pEeReTaR ﬂ?%eﬁ'a%'caﬂ@@nﬁ'@/@%%zﬁblé"eftls@”r% de@fict s
cor 1 52 FHER Ban AR, ABBEENE il iadls RS 08 P HG Hhain i SRAEE ' ©

nmagnedirection. | $o 308ducB @R Zfalikd raagnaﬂﬂﬁeld ghadiesit th $eaishachbien, thet@irteritel ow,

t he sub- magnet i c COI | s are POSI tioned proximate the _ends of the mmajn
magnetfWcesid0C agd ROGL @paly puirerd toslowiinangBcmagngtieiacilsmiFs ansk30%mi n and

o o ot ihE PhesiaThelnkll RIdThs JehetaRa ] Fdh agie e tal S02oRI3 ™" ol
and 58@Z, ISmTWIeéeenamlagnged@tthimetha)ffnaghbﬂa: fiblengdrigratednioy mhungna?gitbtlhlcmml

magnetic fi Id sha\ﬁ 10 control for both instantaneous fields and for
cont r&¥#1 AQ t31982f i ldvsfraliyebe faur PHIE!eFI eprses ate dapicteraas £aUFIRGIGUrEetdofi el d

[)Ot atflaﬂthr%%gﬁ.ﬁéa{cﬁrkﬁ tHéPmTfﬁI\ Qﬁ Fsédze' ot pais & dHRERG0 eOéOduced
y a wde vdriety of coil con

ura I ONns. $§ese confl urat I on I nc
pl aci magoetit Sietchid a geaetoathavingoa rmf:gumh‘le aia:gneltm fmldlI(QTGMEI’I)L dhe B-feld Iabout

t he chapber, avert',cal | ane about .. the ber , or,bth Alimte npl e
of th@g d?é"%é g %%pﬂs,dfetﬁsfﬁmt{?na ﬁmheﬁsﬂﬂ he gorGE Rt PEIN é\:tlve
fi el dgn@iecrlie GséjﬁIé)Waer% deIIIF&t | el &rIéHtE’é‘i’é%%R v{u‘;ﬂ&ﬁ%&ﬁ%’?ﬁ cBltY
conmbi nation o s t hat provi corrective magnetic I or shapi ng

t he npajinéd coubaarltd rptaid doe dndogyndticefieta Suc‘malreac[oﬁ)@ﬁ&t] usms dejViEttechniqué| G 5,
net | in the nber

sub- EghEL FXBoTslesies EtatfesclabmanuirstirackBY Rsiedeliptartolicod!
L i o1, e g sl VPR Kese T et
t he oSepleapyerrsy 2000t Wwhich isafcarperated rlnermgrbaf[reterences 302. The sub-nmagnetic
coils 504 generate a magnetic field and allow "tuning" of the fields
produl%gsds]i n th? esocn% n;:?rro%egsesg épposntehgms ?é.lg&p%ﬂg and 302;) are driven with
current in pairs to produce magnetic fields that extend across the substrate. For best
process results, it is desired that the magnetic field uniformly extend across the
chamber with paralle! lines of force. However, as depicted in FIG. 4A, when coils 302,
and 3025 are driven, the magnetic field 400 has a convex shape, i.e., the outer lines of
force 402 curve ocutward. To mitigate this convex field shape, a corrective magnetic
field can be provided that has a concave shape. FIG. 4B depicts such a concave-
shaped corrective field 404 being produced by sub-magnetic coils 5044, 504,, 504; and
504, that are positioned proximate the main magnetic coils 3024, 302;, 302; and 3024.
As is discussed in detail below, the sub-magnetic coils are positioned proximate the
ends of the main magnetic coils. As depicted in FIG. 4C, the vector addition of the
main and corrective fields forms a uniform field 406 extending across the chamber. As
is discussed below, the addition of such sub-magnetic coils 5044, 504,, 5043 and 504,

provide a large number of other benefits including additional magnetic field shape

10



portions). The sub-magnetic coils 504 are used to control the shape of the
magnetic field. The overall field contour can be established by varying the
turns, angle, width, and separate current drives. The angle and w dth of
the coils allow the placement of nore coils (i.e., a stronger magnetic

i nf | uesurdiol for hdth instantameoubtfisdds and$orn cordrailrg thel eid shapei atethe fdidoager

magnet . A stronger, nagnet produces a stronger magnetic field and provides
gr eat éw'%ﬁértaﬁgﬂb@ﬁe ﬂﬁ'@ rﬁg"ﬁf?&-i c field gradient. Although it is convenient

to place the sub-coil in the overlapping portions-it is not mandatory. In
ot her [O@ﬂ?_Od' TRB! §s@foft EftrédBNTiEIAS . cd'BeSERERBEA S Becﬁﬂddﬁcéérbc)ﬁ% Rigced
adj acent {(i.e., end to end) to the main nmagnetic coils (See FIGs. 16 and 17

bel ow)variaty shapil coefigirations.ed hese echnfiguratiosisdncludieriasiog-coilgrtbat generates ar e
d, the main coil t abl i initi,al h f the. tic field and

the. suiPaenB et of cSRhardALRE Bhdl e SEer = veria dis SpRLT M o

cont oWhanfbeiC B Beh.aA RAkbAREMPAE REtHhE Pfa;sgbfé éﬂﬁ%@@iméﬂ@&ﬁ]th@n@éﬁoﬁ;&ﬁgﬂ

desired magnetic field contour, curren driven through each o

sub- medfiige | sudviqosrestve Bpdei anec didopssedirbalnw. solhe dovaudm andnBogBddtd ves
current_through sub- netic .coil 04 nd 5042 and cyrrent sources 308C
and 30%5“519%%%”%%?%&\3%%roét?é’ﬂs z@-%&ﬁgt@éra@ V?gn |caﬁegd%89{4§ha|pltpq)ne
enboditAeMhagRRRdTied prédifcediUuly tRRaNalH &oik0i | s 504 can be driven by separate
current sources sucﬁ that up to 11 eight current sources can be used to

drive the main and sub-nmagnetic coils. Such independent current facilitate
wi de deefisi ol Oscdenivtedinghet bcforigseates kaplsol overdhe shaps ¢ithe magsreticield

mgnet gty sLRThaBRUC BRI 30«2 HUAE" SRS U GERe Bl RireliRe O, ™

cur r erdub-saghess celle504eshe dthegidhiyTpioet iproXiaiadts tiad eail ensy retivsiis'3024 t h
each of the two w ndings series connected to a different adjacent nmain

magnetllligstegdively, the subuaagnefie ceilsopP4 ges plased upeimalatiee oyerlapping RAStieRs ar e
e o , d A _ . ¢

v ow oF RS GRS 262 TREGICRREhbE R BYE qritiagla Fidtnslo RIS | °F

3022) and atiolw- Magimgt' | of dw Ifiekd brodididenl imghet ¢cornend [(e 3025t the avertappirgg

portion 410 and overl appin ortigons 402 and 404. NMmin magnetic coil 3022

has a PYHARS)al TB%rSdeﬁgQ&%t?%Ea“s(ﬁ@ﬂIaéfﬁmsﬁ‘é’ ﬁ%o?qthéha@é‘aﬁ ©i4H8. r_“ﬁﬂﬂﬁ%gh
the supqdmgigt hgeraﬁ.cﬂelld %%ﬂodrsca%eﬂé%ts?%gﬁ?ﬁ%y‘ga@ﬂﬁ s O4h Gk dRidthe
e nain g at” depi Il

periphery of t magnetic corls lon 1s for usttative
pur posasl eeparatd putrbat drivexli Thet artdeiardedidtin of Fh&xoils allow thet placambntrafneti c
coils 504 are | ocated between the overl Pi n% |Joort i orﬁ . ,
more coils (i.e., a stronger magnetic mfluenc&D n the reactor. More turns in a coil also
provide a stronger magnet. A stronger magnet produces a stronger magnetic field and
provides greater control over the magnetic field gradient. Although it is convenient to
place the sub-coil in the overlapping portions—it is not mandatory. In other
embodiments of the invention, the sub-magnetic coils can be placed adjacent (i.e., end
to end) to the main magnetic coils (See FIGs. 16 and 17 below). As shall be discussed
in detail below, when sub-magnetic coils are used, the main coils establish an initial
shape of the magnetic field and the sub-magnetic coils can then be used to adjust (or

correct) the field contour to achieve an optimal magnetic field shape.

[00586] To achieve a desired magnetic field contour, current is driven through each
of the sub-magnetic coils 504. Specifically, current sources 308A and 308B drives
current through sub-magnetic coils 5044 and 504,, and current sources 308C and 308D
drives current through sub-magnetic coils 5043 and 5044. In one embodiment, each of

the sub-magnetic coils 504 can be driven by separate current sources such that up to
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and within the plane of the overl apping portions. [0058] FIG 7 is a side
view of main magnetic coils 302 (i.e., main nmagnetic coils 3021 and 3022)
and sub-magnetic coil 5041. FIG 7A depicts a schematic circuit of a double
wound version of the coil configuration of FIG 7. The sub-magnetic coil
5041 ieightvesurantgourogs canl e 36840 Aoatives thil Braintand ssbrygbgneétimbbils” Sueh each

coil & 50 | s..respectively series connected.tp a,. main coil 3021
and SSHEHORRAR HREHE reSyREE NEEE, il PleChi *aauet oofi BodPen BRiones i n
t he nmanibodnkenBORtheaRdestith, TOGNQirtént@utcesSéihlbe uEBY o proUte CUfrefito heur ces
306A, 306B, 306C and 306D drive current through each of the four sets of

t hr ee MaiN INvagnNRiicseails, 302aand subreagnetic apils\p84. tIRrtbednstaree whearfouscurgeminect ed

rmonesPlrs: e BsSl F S8 Fodlld fofnAee - ARile BRlng BRD FBUT of e WP
sour ceandifgs S Benes apshmediéd oto t e difrkpastt iljddenitd nvdih hintagri¥icC aitber Thigur i ng

t he etching Frocess, adj acent nmagnetic coils generate a relatively strong
nmagneCPBfigyratian disgsr Bwesame Aumber pfcpwrgnds amare isedntn anrXigtinteMadent

nagne#bga%%irliosﬁgﬁ@gdf#%%! n the same direction as shown by the arrows.

Speci Iy, and 7A depict the direction of the flow of current

t hrough main magnetic coils 3021 and 3022, and sub-magnetic coils 5041. Note
t halt {dearicur ”émf"la tsra)trghv'm{ of hlgﬁgnmﬁﬁ magyietie c30Q303r(dﬁ30ﬁ:ﬁn raagnetitbeoiggnet i ¢
coils 2 504 ows .in a clockw s i rection. As such, t urrent is

addi t PP #Rd 80k and éubam@spetwgﬁﬁ%- Mal magnieticr Cih a0y s 4 Serirahy i n
oOppPOSiniaifH td t hep: ' : 14 uences
used Poris) 40'aRT velidoarb forns hzoind R " Maifl R hotic EBE 0 MARAC

t he prceotralapdrtiappliZzcand oneddppidg ffostians 40@gndt408.f Abhdugimties subineagriadic
magneti ¢ coils at intervals (or degrees wt respect to an initial starting
por nt ok 69%: 8 iR Gisebeal PeSIITACOTISIY tiaPEORRsDSEL e mAteIT40NH & 6
7, 8, o i ' td i finel . Bgneti c
(i ef a B05 305 that MEnBtio s S jilushatlyd puRSSs! dfly - 1 e BitodiNEn e b Plted R0

gener &1@s.a6 andviethehsuhmegmediticoil$ 564 dré 2acatéd behgeemitlee suenapping poeions
magnetia Cﬁ‘iﬂl? 6  and 7 generate a curved | ow magnetic field 622. Wen
conbi AZE Wit the,plang Qf dBE O¥RHARRING PO 620 and 622 form a concave shaped
field above the substrate in the chanber. During transition fromone pair

of adymegnt oG s7 i 228188 NBEWRH malf nRInd6e Hoils U2 § & hail dsadrdirt @sisf 1 el d
rotation, the plasma in the etching chanber nonentarily junps " as the field

i s roB8ReandTi4ar)candisub-reagnativecoif P4d, FEE. TAtdapicts seahgmatic gircuit of a

ggg[;ﬁﬁgbl&\%}@ﬁ%@ n(e); {hce E;ciai cl;odnf?g%f"at%osn &fi Igl%g.a}.e?hges,tu -r%ggﬁgtiicl: 80i?5821di58 by
wound as two coils 50444 and 50445 onto a single “bobbin” and each coil 50444 and
504.5 is respectively series connected to a main coil 3024 and 302;. Additionally, the
sub-magnetic coil 50444 is wired in series with the main coil 3024 and sub-magnetic coil
5044a. Thus, four current sources 306A, 306B, 306C and 306D drive current through
each of the four sets of three coils. As such, each current is driven through three series
connected coils, i.e., two sub-magnetic coils and a main coil. Each main and sub-
magnetic coil is wound and wired in this manner to enable four current sources to
shape and control the magnetic field within the chamber, During the etching process,
adjacent magnetic coils generate a relatively strong magnetic field at predetermined
intervals. The current through adjacent magnetic coils can flow in the same direction
as shown by the arrows. Specifically, FIGs. 7 and 7A depict the direction of the flow of
current through main magnetic coils 302, and 302;, and sub-magnetic coils 504;. Note

that the current through main magnetic coils 302, and 302;, and sub-magnetic coils
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coils 6 and 8 only. This generation of the high convex magnetic field 624 at
forty-five degrees helps Iessen the junp in the plasma. At interval 606

(ni nety degrees), the curved high nagnetlc field 626 is generated by
magnetic coils 6 a 9, while the | ow gnetic field 628 is generated by

magneti®1 digisin A @ﬁek\slse/&i'rqcrﬂpa A4 stch, Fhﬂ eurrent is @ddiygans ereatgselasger t he
t tially diff t f th
o Sd dhfonet® feidifd e SRR Bltg® FIRHES, 20 Y het ransi ti on of

the high magnetic field at intervals 614, 616, and 618 (zero, forty-five,
and ni[essdy defl@es &Aesﬁedbgefthby)dambﬂ etrarmiit'ruraisﬁqn@nbbe osed ettt rotegniis C

field gradien n. accordance t he esent i1.nvention. For ex | e, | G
bE o oHRTaEe il i BoREIIE Chrinbeboshl.SBAaderinEs i anaD age@c%gne

coi | s

magneti c Pteﬁﬁé etﬁoﬁéld ?'ﬁ\!tggréi\%# ! 4Mbgﬁgmggfp\ﬁ/§éd§th MIéﬁetl a?léé (ymg‘SO S
gener aespedctto men |ﬂ|t@gtmtlmg; poiit) 602 :EIE muloBCfBJZEowbxiampﬂmf IGu B\ﬁecbmpmses

oo sl Gl Bads © U3 RO PERLAF o Nat MAdNayc IR SRt ANt
becauﬁa%ﬁlﬁd‘ﬁaﬂ‘a@ﬂ: fAtelhibr%IaS'ﬂ)?r&er‘os @@g@&)a a"t@écéﬁt ﬁnaggéﬁc r&egé g 8 9

Specifically, current is applied net coi | 44 and 504, which
gener geaagrate amgurvedslggbtm@gnetml fdelﬁmo I[Bnumgjtms sameaintervahegagtetic ddilsléd 636

ti il 04 d A13. Not t h t 616
(F ol Sy SSeriRlateng cTnan Tonomadseha i 627 | WViH somiinedatng v, Guiiat s oh
t hat tnt? né}%vﬁelag%ﬁ)aaﬁd %@pﬁarﬁﬂg chn%Q{l@%rl'la ad ﬂef'@ afbbeédtﬁeaéub%%fb feees. A
PR Wi

consi stent, individual curved magnetic fiel he etchln? chanber
provi dmgrrd:erorﬁursm@Mnsmgnd‘mm dneapalrg:fam”janmtwoﬂam rmlm&eﬂmrbe adjacent

t | 9. , d t. ils 3 d 3024
whi oh Coys NErdeaUtates heH Thtajioh, FEFpleBe 8488 SfeadarentaeT momsarohams
fiel dfAfel ffel@ e Aotaterd Taxar&nhaeaaoeﬂnbsmerqiékpfatqmrernemfesMO(fanyJﬂvmpﬁéesq coils
3022 and 3023 [00611 FIG '8C depicts using various conbinations of coi Is to

achi ewehighsoagnetic ifeld $24sismgrneratedabetweess ceilset rangh 8t by appling guirenigtaa 90

cur r eifods & and pp R s g Gt tnel BB ook Prahelf HOURE Al o
field dé@;'rée§%’é[p%”tes§@ﬁ thBejuﬁHFf ﬁﬂhé)fila{%fmé hwcmérealt 608 én t@@b@fbé@;\y the pl us

or mnus. For exanple time to, a magnetic fiel gener ated by
adj acawvedrﬁmlrema@nebCIflechGZQ larmensmd( y. magnekie Q@dﬁzﬁr Bng Ebfwmiﬁgﬁ@t ¥ coi |

3023 BQ%ZQ
passeﬁ?%’?@i?ghelgu@?qré%ﬁgp Eat gq gﬁg;&ﬁ]g% gb pro isdgdéﬁerbtta@ I1C field
"A" t hdmpletedsHaRener, ithe nﬁfﬁﬁﬂﬁfclﬁ“eld igrddlent attinferealds04 is substantially different

from the gradient in intervals 602 and 606.

[0060] FIG. 8B depicts the transition of the high magnetic field at intervals 614, 616,
and 618 (zero, forty-five, and ninety degrees respectively) while maintaining the current
magnetic field gradient in accordance with the present invention. For example, FIG. 8B
comprises main magnetic coits 3024, 302z, 3023 and 3024, sub-magnetic coils 504,
504, 5043, and 504, a high magnetic field 630; and a low magnetic field 632. At
interval 614, the curved high magnetic field 630 is generated at main magnetic coils
302, and 302, while the curved low magnetic field 632 is generated by main magnetic
coils 3025 and 302,. Interval 616 provides a smoother transition from zero to ninety
degrees because the magnetic field gradient is maintained at the 45° position.
Specifically, current is applied to sub-magnetic coils 504, and 504, which generates a
high magnetic field 634. In addition, a low magnetic field 636 is generated by sub-
magnetic coils 504, and 504;. Note that at interval 616 (forty five degrees) that the
13



of the adjacent magnetic coils 3022 and 3023. Note that the polarity of the
current in sub-nmagnetic coil 504, is opposite to the polarity of the
current in sub-magnetic coil 5043 10062] At t1, current is applied to the

respective co 302 and 504 such that a dinnished nmagnetic field "CD" is
gener d1BANEHL éﬂﬁé&@ﬁ?r‘#ﬁg RER iCHrash suchaihiab thaychaysothe Sam@ sharea@ng giadient
respe r e | de
nd pal ot fa e 2RS dEBR e Ind G e AR e A 2
t hr ougitchiag reftancheropriovidi@d, a lcensistgm Inaagrieticolieied Yradiehdwithin ﬂmgdﬁrhbelc oAt

5043. . t f th t field t by "A"

Cr ansiOBVICE b (GBn Suientan Bl 1o THANSNBORURETE S081 2504 308aUah  ho
t

Cl: S OB Rehc ol S RERESh, 57 1ow flagRIRTRFBENT BEndterca

pr ocedwy the applitationedf byrrémictoeanaingagneticieailse362.rand B@2L£urrent between main
magneti c coi I s 302 and sub- rragnetic coils 504. [0063] At t2, current is

appl i u tic.coils 504, and.5042 curre | S..

o edfil oy FiEn S mis S YaripssrcomBngtions of G0 Rehigiin sLbpladlialy
repre Wesy d
3023. %&Hprgﬁtioﬁno@\éﬁﬁ gﬁﬁ%ﬁ%@? !dcalflw d repﬁ%@nﬁgﬁd@%ﬁ% lrvgtr??ﬁtgﬁg

t owar mmmmm@lm@nnonsm curgerfto God indicated, ampormalizedt valses ppatived t o

i n aghetih Bgnelspia R8N cuPBERand PRaisRion 2 e Sumet et Bl o
repreaﬂurg 8EmMuS. OF of ERApNEat bR §,Ya ARdgvReie fidkd 4‘13@9%6 éerafd By §Qj%%enfind
3023. [0065] At t4, the current at main gnetlc coi | 3022 1s turnsd on and
]E heI guna@mtlmcczllsgm anrd 3625 éla%eglet pelaaity e ma@netm?oﬂcﬁ&%osn ggggsnlt@(tjmﬁ@et ic
ield represente e netic

sub- ALY & dbaane cB1 20gak) TAERE 2ieh, BRkhe Boah SubahaaRRE FERCENH soas
i's turgiRis®f;fto grogidew Friidnetit ﬂ@m .y tﬁagnabsc‘shaaelthé%i’a?gnemcdm apfRdendnd the
current at main magnetic coil 3022 is increased. As a result, the portions

of t hefrthgrasiacentiaagreticopeilss 30228n8\3025, "Notg, that the polartly obthe cotrebtinmeen

e cQubndansiotn  6BRSH bR fo e HERELT Vel i SOBSFAREE LT, T

the negpagtic field gradient represented by "A" flows between sub-magnetic
coils 5042 and 5044 and the magnetic field

[0062] At t1, current is applied to the respective coils 302 and 504 such that a
diminished magnetic field “CD" is generated by adjacent magnetic coils 302; and 302;.
The numbers and respective polarities depicted represent relative (normalized)
magnitude and polarity of the applied currents. For example, the current that passes
through magnetic coil 3024 has a polarity opposite to sub-magnetic coil 504;. As such,
the portion of the magnetic field represented by “A” is transitioned between 504; and
3024. The sub-magnetic coil 5044 causes the portion of the magnetic field represented
by “B” to be generated at sub-magnetic coil 504, and main magnetic coil 302;. The
transitioning process is performed by increasing and decreasing the current between

main magnetic coils 302 and sub-magnetic coils 504.

[0063] At t2, current is applied to the sub-magnetic coils 504, and 504, and the
current is increased at main magnetic coil 302,. As a result, the magnetic field
represented by “B” moves vertically between main magnetic coils 302, and 302;. The
portion of the magnetic field represented by “C” transitions towards sub-magnetic coil
504;.
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represented by "BCD' flows between main magnetic coils 3021 and 3022, i.e.,
the nmagnetic field has been rotated by 90 while nmaintaining a gradient
during the transition. [0068] FIG 8C should be considered one exanpl e of

usi ng di of the presen I nvention to rotat e magnetic field.
& ner BEHF ent AL dRornabiERel opeRietgcma arigndilyfel 0% ahd Pistses ot “For
exanplifere88 iNeheWubeht appRellitd ntAlAlmagsatid &3l 90291‘ Asr@fréglﬂts tﬁ@rporrﬁﬁrabf ng a
magnetic field in accordance with enbodi ments of the present invention.

[ 0069]thenmgreetigdjsiid reprasenpied e\t dlowm verticaihnbetweenemainimagnetiocolis A8gnet i c
coi | gﬁ¢$ uration 700 circunscribing a cylindrical process chanber 701.
This C ration is simlar to that shown in FIGs. 3 and 5 above, except
the main coils are interleaved, for exanple, for each coil, one end is

over| gpgesfl angt wethertmrrmtcateﬁbmpmaggetua B6il 30RYNLtrfed Y a6 @Whé GuFrahi an 700
conprlses overl apping main magnetic coils 7021, 7022, 7023, and 7024

(col | ¥ |sv§|cge0ﬁ%ﬁsedm@$e@|r@sw the7porfion f tbptméﬂaﬁtl%uﬂdr@f@ﬁ%tﬁdca)d “27041
7042, 704). E
ragnedPHE e tBRn AR LAGHERERY 0% AR BBl ERA040S [ nare X isthe

coil nunber) of an adjacent magnetic coil and the other end 702xA of the

mai N eaept i CAtH, Ithekﬁxrﬁéﬁmtls@bweﬁh@mﬁedl Bo4as windedbffatind berreadatamam nai n
magnetic coil 702, For exanple e end 702,8 overlaps the end 7024A and
the erdagmeticacrl 30 u%mﬂaﬂewd hand etha m@@t akomein maggnat cefl 0% ifai n

magnet 0, ‘H‘]‘% fia g 1% g N
magnet”:“gﬁe%g%%1 A}%r%%{’g@ equi |stant $ o%éz;ﬁ%'g%?géreg nfe}@'e BPp/?OCQSs ¢chanber
701. Beddi¥dlovhbetvEdstherailpesi ghowred on a slight angle, the nmagnetic coils
can be made |arger (wider) than if they were arranged on a comon cylinder.

por ¢ S0R87h "t WSO B it ATt S NrenBed 2 TRAIBVTABNGHG P 0B @RBLIENGY b1
cont r Qftr FSMARTRT #gtﬁ%%}gcan WA 2 1BSRE The f‘rﬁaﬂ{fﬁé@ﬁ: f@@ rgg‘ﬁglfeﬁpﬁ%ﬁrragented b

sub- ma netlc col e positioned in mal n c0|yls (as
di scuéAédflmwi; hbehmmctsumnﬁg@etlﬁ) coils 0504 dnd Hii)tmalamdcdhés magrtetics field

appr eci at ed 0] | ments may. be used in. ac dan th th
PventeBiserledl by 54 RedoN HORRAT (RN RS Olg. S04 aaGar 3042 4 nl T
angl e h h n e |

CO%fI 'ﬁ@ét%nﬁggggiaﬁog%? Fbt% 9%"33%. g}tqrgliéaqgéelbgap;é@?l éegbﬁgvﬁo d'ﬂmﬁg {he

magnettianstioinl (coil 7024) in FIG 9. The main magnetic coil 7024 cont al ns
ends 7024A and 70248, a top portion

[0068] FIG. 8C shouid be considered one example of using embodiments of the
present invention to rotate the magnetic field. Other current combinations may produce
useful magnetic field rotation. For example, see below for an additional description of
methods for rotating a magnetic field in accordance with embodiments of the present

invention.

[0069] FIG. 9 depicts a top view of an alternative embodiment of a magnetic coil
configuration 700 circumscribing a cylindrical process chamber 701. This configuration
is similar to that shown in FIGs. 3 and 5 above, except the main coils are interleaved,
for example, for each coil, one end is overlapped and one end is overlapping. The
magnetic coil configuration 700 comprises overlapping main magnetic coils 7024, 702;,
7023, and 7024 (collectively main magnetic coil 702) and optional sub-magnetic coil
7044, 7042, 7045, and 704, (collectively main magnetic coil 704). Each of the main
magnetic coils 702 has one end 702xg that overlaps an end (where X is the coil

number) of an adjacent magnetic coil and the other end 702xa of the main magnetic coil
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7081, a bottom portion 7082, and an interior area 710. The top portion 708,
and bottom portion 7082 are curved and substantially parallel to each
other. The top portion 708, and bottom portion 7082 are connected via ends

7024A 70248. . The .ends_7024 nd ,70248.are,substantial.ly ral,l el_to
cach ot Ner S TErRRARa Y rat 19 o Enaihs? EBISETLINAR Pdrires PR R T For
f or mned eRymbpls; th@eatcTOMe oivefapoihd 8Rd 7045, 24 and 702248 ovdiRipber bylpet i on
7081, and bottom portion 7082. [0071] FIG 10 depicts a top view of "anot her

embodi RBAL7 Wee-a NAigHBaT eaehof the gt goagnstisrcaiso’ &4 iscnesitiened sych that the
A cotH . (o FOHAE ST
Chown. PHBRIoLRESE o B Shad e, i 702 Mo Ay AT Bt ey

shown now cyl 1 nari ca rat

t han optagssahamiter g Bedcausecthe ailgfargpositioned 30Ca skightaingte, the magr@tiet | C
coils 8021, and 8022, (collectjvely main magnetic coil 802), main magnetic
coi | 8621Is 5@ begnage (grer dwidepkthpriihtheyhwgreerrangsd o aceMmman ¢ybiieronal

sub- ma i | , | ; %bpf LC
magnet ?Qa@gﬁl g%b%&%%lcﬁﬁmn%atfgéﬁéﬁég %ggﬁnégrggh%?g%tl%‘géﬁe‘g op[|305| ehgach
ot her arain shagytdticycallsr V@2l {6 previds greateamoadrestict field aonitral kg desicricedwmbovbe t he

0 <anpecapeo =R oo R Rl mipnid iU o B L bl
out si ma%fecgﬁaqqe rgg@h@énsc%a%gqléﬁs%% WK iR pltd $88, byoaggt&%%%é 4 tBfs. mai n

magnet S Eac e main magnetic colls 802, 4 has two ends.
Speci f itdslappreciated thatotimegeethadimentssmagde (sdrbineaccardandeewdbithe mvendioh have

ends 8(Q2X, .and 802xB, and. mai. magnetic coils 804x have 804xA_and 4xB.
The maitiAHilRER TS Chad el aSai I By P P PG A0 THER Ihenanar Sl

sl i ght h&biﬁ%ﬁéﬁ_ﬁf&ti&%éﬁzms@eeﬁmbnb_@nmrhﬁ@rh I790. ci rcunscribe the process
chanmber 701. T n addition, rmain magnetic coil 804 overlap ends of main

magnetic coils_802. For exanple, main magnetic ends 8021A and 8022B are
over | af9gdl by RdLB0epBinadrersredivecvigucof oae ynainumageetic o (aailiBZi)dncoi | s

806 c bg pesiti.Qned ] a h I ' por_t.i of _t le:
monet o8 | Shego8tEpddsde AT5Tns Seeils M TR b o' 65, P8itngos

[ 0072] 76BG.a Battslaparion a0, herd emirdiisreaieac! 10Taghe ol podidn T8y arglibsttoran 900
ci rcunscri bi n&a cylindrical process chanber 701. This configuration i

> S
si mi | aPoitynFT @8: arepcwryved pndosebstantiallyeparallel togpach ethgsr HuiAP REGICA: /8o
chanbe [ t - .G i ce [ I | L.aped
ot AR HSRH BRI bre CMANBUIEAIIR s 7 aRATCRAGETE i 7023,
magnet i702g0atessuli3Rantizig 202k t¢ each axthéw eTlye medim magrgrietdodl 408, congHa$ annai n
magnet Iin%erﬁgrl L\?eag%b ft(;lrnrr%]leci9 492thgci?1!(elrggrt1rllé/cet{o¥1 gfﬁ tlhré gl?c?sn%bf,\ and 7024g, the top

portion 7084, and bottom portion 708,.

[0071] FIG. 10 depicts a top view of another embodiment of a magnetic coll
configuration 800 circumscribing a cylindrical process chamber 701. This configuration
is similar to those shown in FIGs. 3 and 5 except the chamber 701 is now cylindrical
rather than octagonal. The magnetic coil configuration 800 contains main magnetic
coils 8024, and 802;, (collectively main magnetic coil 802), main magnetic coil 8044 and
804, (collectively main magnetic coils 804), and optional sub-magnetic coils 8064, 806,
8065 and 806, (collectively sub-magnetic magnetic coils 806). Main magnetic coils 802
are positioned opposite each other and slightly curved towards one another to partially
circumscribe the process chamber 701, Each main magnetic coil 802 covers about 90
of the circumference of the chamber 701. Main Magnetic coils 804 are positioned
outside of main magnetic coils 802 and are offset by about 90° from the main magnetic
coils 802. Each of the main magnetic coils 802, 804 has two ends. Specifically, main
16



coils 904), and optional sub-magnetic coils 9061, 9062, 9063, and 9064
(collectively sub- nmagnetic nmagnetic coils 906). Main magnetic coils 902,
and 9022, are positioned opposite each other and curved towards each ot her

) aceliobRlt 86y PRRP NSRRI R lipen 3656 Shb b dneh B en SRR,
coi | Sfagaetiercoikbg0yy LsAvedf804he and CBUM,QI €M rAbint Afaghedieesdils g0 ere 701.

Mai n magnetic coils 9041, and 9042, are positioned outside of main nagnetic
coi | s Pogitiongd opppsitel of sAgh pihenard stighthosuivegniowaspp eset anather knpart@lifer .

S ; f ' t ; | - t ' 904.
Pur ¢ nes et e BrcRSs Exitiniel PP n NS, AR, MRdheRERR, 404 SPelSp .7
902 bgnddofimad mamadticodoilsh@d2raFor ergmple, omaini inaighedc endersd2apand 803 of

the circunference of the process chanber 701. The coil configuratjon 900 is
si mi | afTe evarigepreddiy eﬁ‘éﬁ]?pém a4 SR4goeseretiyly -+ Fuftheh subsmagnetie sals 80% at i on

900 th ' j i ' 0 ' bheON
800. o By OTRaRsLf BF A 1R BERERNRE hriAs pP e e haghRtc SHCEIRS
spacesafd 804 oditfidethe hmimeiagnetigroeils 802airds8®N2 and 904, respectively. In
this configuration, the centers of the sub-nmagnetic coils 906 are aligned

with the_ cent of, the.respective main magnetic coils 902 and 904.

Cener BTt RAC1H SHEGICE RERHEh ERBRIIEIEcs) 31 MAsP elifacah £oRTgurRIoN, 89
ef f ect éiv&lmgbrwqi%gnﬁdr_iémgﬁs&és‘s iﬁﬁhgem@ﬂ' eTHis -coﬁhgu._%@ishtig Qfmdr thMG.
sub-magnetic coils 906 inproves the ability of the Coil configuration to
pr oduct0 exgept ¢actf pEthe granlicois soverf abdiet t80° of theecharbelr civamieyemtegand

i ndepepdent, currents, .the conf,i. ation prqvigdes substantial control of the
mgnot T FHRTtpan o e settigay aitpe waHH NG Il §iSey He SAONEIOE8H at eq
usi NG cdifidfurstii SOS cBittaihd | Mgin tafetieScéilke ool | avd %?Pgboll&'tibély fiin and
906, ; 902,” and 9062; 9042 and 9063 and 9022 and 9064. [0073] FIG 12

depi ct Bagnetiheoile izl main wagactiogois SRdofand Badnadllectily maignmagoetiei on

To00 caHETGA REP PP aBALERE R et TRS 906 530061 Bnfl e RIS 1 SuBS e s
coi I's mh@helic nFaghetRf chie 9mB)N RRENehagnetRl L6ilsl 002, ishdcB0ZSdarcEpBSitiohed he

main magnetic coils 1002 has one end 1002xA that overlaps an adjacent
magnet PRPasiiel eacnoxthenrance crrveds tewardsoieRChugther ) toagticwmneciibrl theopsegessat i s

e A S R L R N e

chambegoilé(H02. AF iftieetodladH fMairl had@etic tail Y02 drerehbsut 180°lofehe tirgiheirente 1000

28 MY g brgsess chamber 701 Main magnetic. cols S04, and 804, are positioned
outside of main magnetic coils 902, are curved inwards, and are positioned opposite of
each other. Spaces 910 are formed between adjacent ends of the main magnetic coils
904. Further the main magnetic coils 904 are offset from the main magnetic coils 902
by about 90°. Each of the main magnetic coils 904 covers about 180° of the
circumference of the process chamber 701. The coil configuration 900 is similar to the
coil configuration 800 except that in the coil configuration 900 the main magnetic coils
overlap more than in the coil configuration 800. Further, the optional sub-magnetic
coils 906 are juxtaposed to the spaces 908 and 910 of the main magnetic coils 902 and
904, respectively. In this configuration, the centers of the sub-magnetic coils 906 are
aligned with the centers of the respective main magnetic coils 902 and 904. Generally,
the 180 degree main magnetic coils 902 and 904 are not very effective in producing
magnetic field gradients. The addition of the sub-magnetic coils 906 improves the

ability of the coil configuration to produce magnetic field gradients. If the coils are
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si xteen magnetic coils). In an enbodi ment that uses sixteen coils, each of

the coils covers about 22.5 to circunscri be the process chanber 701. In

general, any nunber of overlapping coils may be used. Note that the use of
re Nis an I nt eger reater than 1, where each coil has a width

N coi l wh
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two adjacent nmain magnetic Coils 1102 (where X is the coil nunber)
exanpl eQilsnti(2 haagnetand t@ﬁZXAéhatSOMMB/araadjamemagoem caib 1682 Mme)m c
coi l end

110 11Q2 C E h tl
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1110 f@n'é@ﬁ@h@%bwelQIMQdJ [ACLAitioM| SadFRenNfHd malﬁ%égcﬁét@ éol%odmca@@lttawm mai n
magnetic coils 1104 are offset from main ma?netlc coils 1102 by about 90.
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coils 12021, 12022, 12023, and 12024 (coll ecti vela/hrral n magnetic coils
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adj acent to two other main magnetlc coils 1202. The adjacent main magnetic

coi | s thepotheyrehapssiafi Bifednaaietio fiskd isuthe tghambereis impravegeveriaosoil
bet me{blﬁ@u?ﬁt%n hs\ﬁﬂa N coils that do not overlap, i.e., wider coils improve the magnetic

field shape.

[0074] FIG. 13 depicts a top view of another embodiment of a magnetic coil
configuration 1100 to circumscribe a process chamber 701. The coil configuration
1100 contains main magnetic coils 1102, 1102; 11023 and 11024 (collectively main
magnetic coils 1102), and main magnetic coils 11044 1104, 11043 and 11044
(collectively main magnetic coils 1104). Each of the main magnetic coils 1102 covers
about 90° to circumscribe a process chamber 701 and has an adjacent main magnetic
coil 1102. There is a space 1108 formed between each adjacent main magnetic coil
1102. Main magnetic coils 1104x are curved and placed outside of main magnetic coils
1102x such that each end of the main magnetic coil 1104 overlaps an end of two
adjacent main magnetic coils 1102 (where X is the coil number). For example, main
magnetic coil ends 1104,4 and 11045 overlap main magnetic coil ends 11024 and
11024g, respectively. Each main magnetic coil 1104 covers about 90° to circumscribe a
process chamber 701. There is a space 1110 formed between adjacent main magnetic
18



of each of the main magnetic coils 1202. [0076] Sub-magnetic coils 1204 are
positioned adjacent to the spaces 1206 fornmed between adjacent nmain
magnetic coils 1202. The sub-magnetic coils have centers that are

posi ti oned degr . offset fromthe ce s of .the.main magnetic coils.
The subtenb{ffe; Tt 2GGtiB. T5UA TAGRRFCCRiRe] LitagEs BIfSPHEOTRERN Modnedr dols
gener ai £gh W GRbOt ke  chanber. If the coils are driven with eight

i ndependent” currents, the configuration provides substantially inproved
control over the shape of the magnetic field produced in the chanber.
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sub-magnetic coils 1304). Each main nagnetic coil 1202 is curved inwards to
cir cungzﬂz pe E’%UW%%Q te gadssichthat these isod spacadlf bedween adjacent ends

ci rcunéfeé%%@c?tﬂééﬁﬁgrm%gﬁg&sc&g 701. Each main nmagnetic coil 1202 is

adj acent WO I'n"magnetic coils 1202. The adj acent nmain nmagnetic
coils 1202 are positioned end to end such that there is a space 1206
bet weeozllj ac Sub-madactioicodsdB04fare positimined retjacdritdo dbe Ispat@9 220G Hermed

sub- netic cils 1304 are juxtapo the sub-magnetic coils 1204. The
b TIPS AR eant T0n MRGPAIEea Te0m, FBe SUBIagRrIe Gpinhae BHaers Rk
near t ' ' ' I fri f
o e e 26 b et afedtitdin W Rehtrs 6PiemaffhaghBfic cB, Theubl =
fi el d mapeeiit edilby 20di mpayeethecsicape ©f 1R 2naguetifielsggenératediwithirL 208, | n

this nbodi men twelve currents.can. .applie o_achi eve substant|.al
 mpr ovIERbT 1t P CBUR ) SN R BIgRE R aeRe et SuS AN PREIEIG ¢ e
sub- MBQRGides UbstantkAP iRPrévdfontrol over the shape of the magnetic field produced

in the chamber. [lllustratively, the sub-magnetic coils 1204 are depicted as being

located on the outer periphery of the main magnetic coils 1204.

[0077] In operation, a magnetic field gradient can be produced in the chamber by
energizing three coil pairs, e.g., high current to coils 1202; and 12023, medium current
to coils 1204, and 1204,4, and low current to coils 1202 and 12024. The pairs of main
magnetic coils form a concave magnetic field and the pair of sub-magnetic coils forms
a convex magnetic field. The vector addition of these fields produces a field with

improved parallel lines of force across the substrate.

[0078] FIG. 15 depicts a top view of another embodiment of a magnetic coil
configuration 1300 to circumscribe a process chamber 701. The magnetic coil
configuration 1300 contains main magnetic coils 12024, 1202;, 12023, and 12024
(collectively main magnetic coils 1202); sub-magnetic coils 12044, 1204;, 1204;, and
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in series wwth the adjacent main coils as described with respect to FIG 7A
such that only four current supplies are used to drive the configuration.
0079] FIG 16 depicts a top view of another enbodi mrent of a nmagnetic coil
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(collectively main magnetic coils 1402); and sub-magnetic coils 1404, 1404, 1404,
and 1404, (collectively sub-magnetic coils 1404). Each of the main magnetic coils
1402 and sub-magnetic coils 1404 is curved, in the same plane, and alternatively
positioned end to end. A space 1406 is formed between each alternatively positioned
main magnetic coil 1402 and sub-magnetic coil 1404. The area covered by a main
magnetic coil 1402 and a sub-magnetic coil 1404 is about 90° of the circumference of
the process chamber 701.

[0080] FI1G. 17 depicts a top view of an embodiment of a magnetic coil configuration
1500 to circumscribe a process chamber 701. The magnetic coil configuration 1500
contains main magnetic coils 14024, 1402;, 14023, and 14024 (collectively main
magnetic coils 1402), sub-magnetic coils 14044, 1404,, 14045, and 1404, (collectively
sub-magnetic coils 1404); and sub-magnetic coils 1502, 1502;, 15023, and 15024
(collectively sub-magnetic coils 1502). Each of the main magnetic coils 1402 and sub-
magnetic coils 1404 is curved, in the same plane, and alternatively positioned end to
end. A space 1406 is formed between each alternatively positioned main magnetic coil
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configuration 1600 conprises main magnetic coils 16041, 16042, 16043, and
16044 (collectively main magnetic coils 1604) and sub-magnetic coil pairs
16021, 16022, 16023, and 16024 (collectively sub-nmagnetic coils 1602). In

this g diment, the pairs, sup- magnetic coils 1 are aligned with an
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magnetic coils may overlap as shown in previous embodiments discussed herein.

[0082] FIG. 18B is a perspective view of an embodiment of the invention having a
coil configuration 16008 that is similar to FIG. 18A except the horizontal sub-magnetic
coils 1602 are positioned outside the area circumscribed by the main magnetic coil
1604.

[0083] FIG. 19A depicts perspective view of another embodiment of a magnetic coil
configuration 1700A to circumscribe a process chamber 701. The magnetic coil
configuration 1700 contains main magnetic coils 16044, 1604;, 16045, and 16044
(collectively main magnetic coils 1604); and vertical and horizontal sub-magnetic coil
sets 17024, 1702,, 17023, and 17024 (collectively sub-magnetic coil pairs 1702). Each
coil set, for example, contains two horizontal coils (e.g., coils 17024 and 17024p) and
two vertical coils (e.g., 170214 and 1702+;). By driving each of these twenty coils with

separate currents provides for substantial control over the shape of the magnetic field
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Specifically, the configuration 1700C conprises a chanber 701 surrounded by
four min magnetic coils 3021, 3022, 3023, 3024, four vertical sub-nmagnetic
coils 6041, 6042, 6043, and 6044 and eight horizontal sub-magnetic coils
16021,
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shown noving 1 nt ection. hus magnetic fields
gener grexdmaye theseedapy of thei hainamagpeficicaits 30121t IéZaa’.ﬁﬁQsdB@Z}ctTmmmmal is

into th age,,. an t e al addi ti v er. si.nce the
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of current f e opposite as for the main coil.
positioned near the bottom of the main coil. Sixteen currents may be used to
independently drive each coil. Alternatively, the configuration may be driven with as
few as four currents. To accomplish a four current system, the vertical sub-magnetic
coils 5024, 5025, 5023, 502, are double wound and five coils are wired in series to be
driven by a single coil. For example, one-half of the double wound winding of coils
504, and 5045 are connected in series with coil pair 1602, and main coil 302;. The
number of turns in each sub-magnetic coil is predetermined to best shape the magnetic

field produced by the main magnetic coils.

[0086] FIG. 20A depicts a side view of the embodiment of FIG. 19A where the sub-
magnetic coils 1702 are positioned inside the main coil 1604. As such, the currents
(shown as arrows) in the sub-magnetic coils 1702 are flowing in the same direction as
the current in the main coil 1604, meaning that all of the currents for the individual coils

are shown moving in the clockwise direction. Thus, all of the magnetic fields generated

22



design point of view, this neans that, to produce the sane corrective
magnetic field over the workpiece, fewer turns of wire would be necessary
to create the sub-magnetic coils 1604 of enbodi nent of FIG 19A as conpared
to the sub-magnetic coils 1704 of the enbodinment of FIG 19B. [0087] FIG
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are erfgsigny egint\ft\dewhdhistreans dhat, tomsedusa the spene cevasdeonagneticiied G

3 wherb e TIPS eber s o WREl pRRHS R & e, ©
coi | s dgeRigdueD4t beembalinhémt of BIG. ere Bs Tofipdred 15 Ehe BabhagmetidicoilsceTaLbf fi el d
strength at 35G and increases the low field strength side to 12G  As such,

t he exthemsgmpdiviensof FlGt1¥" the gradient of the magnetic field. (0089] FIG
22C depicts the field that is produced by the enbodinment of FIG 5 where
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coils. FIG 22D depicts the ,
2100A and 21008 that are stacked vertically on four sides of the chamber 701. This
embodiment depicts the main magnetic coils 2102 covering 180 degrees of the
chamber circumference and having the centers of the main and sub-magnetic coils
aligned. The division of the sub-magnetic coils 2100 into two portions enables twelve
currents to be used to establish the magnetic field shape. The configurations of other
main magnetic coils discussed herein may also be used. In this embodiment, twelve
currents can be applied to achieve substantial improvement in the control of the
magnetic field shape. Alternatively, the sub-magnetic coils can be wired in series with
the adjacent main coils such that only four current supplies are used to drive the
configuration, e.g., wire together the pair of sub-coils immediately above and below
each other with the one main coils that they are adjacent to and share the same coil

centerpoint.

[0088] A number of simulations have been performed with respect to the various

embodiments of the invention discussed above. FIGS. 22A-22K each depict a

magnetic field gradient produced by the prior art as well as the foregoing embodiments
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field strength produced by the enbodinent of FIG 11 having two adj acent
main coils and two adjacent sub-nagnetic coils energized. This enbodi nent
produces a substantially uniformmagnetic field with the high magnetic
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range of 40G for a field strength of 50G at the center of the substrate.
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i £ ot 5UBTh et FgalRRREH oFI%) 226 RS clleqBanReil Tolt Rl R e
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FIG 5 having two, opposite main coils and four sub- magnetic coils
ener giupper ankelomes sub-magastic weileang hei twer appYsits comer moyeareerargizgd. \Wen

upper -and | aower. coi re ded. ' I oent., of E i ese
uore! ARl SR e RIS b AHEERE FHLtls SR Sl
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coi | s 3ACutp 2Rk showis theh the overapning of thermain cpilsplusibeaAdiiaLAf B Gafeeupper
and | ouet S {he A4MESY BF td Gpsel 48 et s WiSaifit St high field end from 85G
down to 680G, while keeping the same 35G in the center of the workpiece and while
keeping the lower field strength between 10G and 15G. This reduction in the field
strength at the high field end has been shown to improve both the instantaneous etch
rate uniformity and the time-averaged (magnetic field rotated) etch rate uniformity.
Further control of the field strength at the low field end is achieved by using currents in
the second pair of main coils. In addition, the magnetic field value at the high field end
of the workpiece is fully controllable (e.g., 85G, 70G, 60G, 55G, etc.) by controlling the

relative currents in each of the coils to achieve the desire field shape.

[0090] FIG. 22F depicts a magnetic field that is generated by the prior art of FIG. 2

where two, opposite coils are energized. Note that that the magnetic field magnitude is

not very uniform across the substrate, i.e., the field magnitude varies from 79G to 39G,

a range of 40G for a field strength of 50G at the center of the substrate. FIG. 22G
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strength, froma range of 40Gto a range of 6G all for a center field

strength of 50G  Further inprovenent over the results could be obtained by
further nodification of the shapes and |ocations of each of the coils, the
addition of nore coils, and the fine tuning of the currents energizing all
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theretlga/ consi derably decreasi ng t he Lo . L ,
agnetic colls are also energized, the magnetic field uniformity is further improved as

shown in FIG. 22K.

Magnetic Field Rotation

[0092] In a semiconductor chamber, the plasma that performs the etch and/or the
deposition processes is made up of neutral species and charged species. The charged
species are reactive to forces that occur on a timescale shorter than a microsecond.
RF generators in the semiconductor industry often use RF frequencies to power the
plasma that are in the frequency range of 1 MHz to 200 MHz, which gives the period of
oscillation to be in the range of 5 nanoseconds to 1 microsecond. However, the total
period of magnetic field rotation is generaily much longer. For example, in one
embodiment, the total period of magnetic field rotation may be about 4 seconds.
Changes in the currents running through the electromagnetic coils are measured on the
order of milliseconds following a change in the control signal to the current supply.
Changes in the RF matching circuit (whether a tuning-match-fixed-frequency or a
tuning-frequency-fixed-match) are on the order of 100’s of milliseconds, following a
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total anmount of energy transferred to the plasm per magnetic field rotation
period. Moreover, for a circuitry with a tuning-match-fixed-frequency
configuration, the mechanical parts of the tuning-match can wear out mnuch
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order to help the RF tuning circuitry adjust nore quickly to the changes in

pl asm@eftii@édance caused by the rotating magnetic field. [0095] The nethods
of rotating a magnetic field disclosed herein define the magnetic field
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coi | SelPRASIEMprRdd- AJCBRIIREINT YUriRG the rotation of the magnetic field, the DC
current waveforms that run through the electromagnets may be controiled in order to
help the RF tuning circuitry adjust more quickly to the changes in plasma impedance

caused by the rotating magnetic field.

[0095] The methods of rotating a magnetic field disclosed herein define the
magnetic field contro! into two basic components: (1) the magnetic field shape in which
the magnetic field usually spends most of its time (referred to hereinbelow as a “shape”
or “primary shape”) and (2) the transition (or multiple transitions) to the next magnetic
field shape (referred to hereinbelow as a “transition”). For example, in embodiments
having four magnetic coils or a symmetry that simplifies into essentially four magnetic
coils (such as shown in Figures 1, 2, 3, 4A, 8A, 11, 18A, 18B and 21), the primary
magnetic field shape may start at an arbitrary orientation, illustratively referred to as 0

degrees. The control of the hardware provides a transition magnetic field shape,
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a process chanber about which the coils are disposed). For exanple, in the
four coil arrangenent depicted in Figure 3, the centerpoints of the coils
3021.4 may be defined to be at 0, 90, 180 and 270 degrees with respect to

the center of the process chanber. In addition, although the enbodi nent of
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t he hitipisitiongrmaybegroyided betwgapdhe pamary magnete)fieldrshapes he shape of t he
magnetic field could be described by reference to the currents supplied to

t he cq} Fo 4 n r ' 0 '
o2 RSP roih L ARSI 0B A erflinbRiaf B
-R, +HRleterdened ibyghehezimethas ianglesuatrehich the deaterpoibts ofthid cail, areadispdsd coi |

#4], . ti ly. . Th itivel ti .sign indicat th i entati f
e’ mibREBTG 9 @isentrabntBas eodFator s S8ie bl JERTGa IR Erd ol SRRSO hat
‘h Lot . o \ ) . _ -
chanb ey PRIESD chahibdi UhR wii TN ofidale dlspoSelfFRFBxaRRI th 2he BrESE! 00,
of t haramgehernt(depicted ampigere i3, thee contegidintsarftpacsilsvBD?, 4 playdezidefinadhto

destal in th t f _the chanber, dl i nt th ynd
or maloeca & b AR 278 SOt asatft reawsabit B Senies o MR EPaamBehol
f ! | Ve | .
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needl e to point towards t col egar di ng t rangenent,
nunberdacl) respedtivecanil 302 and 86 havet s eenterpuikivdisag dhe eatricoangls vetherespeoin t he

top of the chanber. [0098 t he ahpove paragraph is nerely.,a notagjonal
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al so be used to descCribe the nmagnetic field rotational

degrees. Thus, this would also be considered a four-coil embodiment as used herein

as would use a four-coil rotation scheme. However, an eight coil embodiment such as

depicted in Figure 5 has centerpoints of 0, 45, 90, 135, 180, 225, 270 and 315 degrees

with respect to the chamber center. From the point of view of a current driver that is

rotating them, this would be an eight-coil arrangement and use an eight-coil rotation

scheme.

[0087] For ease of understanding, the higher and lower currents supplied to the
coils are described using a simplified notation, with the higher current normalized to be
+/- 1 and the lower current described as a percentage of the higher current (ie., a
number less than one). Thus, the shape of the magnetic field could be described by
reference to the currents supplied to the coils. For example, in a chamber having four
coils, or a four coil symmetry, the shape of the magnetic field could be described as
{+1, -1, -R, +R], denoting the relative currents in [coil #1, coil #2, coil #3, coil #4],

respectively. The positive/negative sign indicates the orientation of the magnetic field.
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met hods of the present invention (such as used below with respect to Figures
32 and 35). For exanple, the value of R could be greater than 1, or the
currents need not be nornalized, the coils may be nunbered in any fashion,
and the particular coils may be wound such that a positive current causes
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step  HRodhana tRe Mké &Y Ay BERBIHaSioh tédophape is defined. Next, at step
2404, the magnetic field i's changed to a first transitional magnetic field

shape. In one enbodinent, the change to the first transitional nmagnetic
field woeghe i Foacxemple stosdhe pyigintehdetaipembedinenteelt theaprpiriarti asoshoMn yar i ous

CSL o Pbrihs, FREF Sounct NP5 B, i beheofieBesils 4.4,

magnet highbi Slifeens. deceippIgdan® tgdeiner dWaladjacems iphire wilcol@gngt, iovils i7e B
at a lower current. Figure 23 depicts a standard rotational method for a conventional 4-
coil chamber similar to the one shown in Figure 2. In producing any shape, the amount
of B-field going into the chamber is the sum of all of the positive numbers, while the
amount of B-field going out of the chamber is the sum of all of the negative numbers.
In the embodiment depicted in Figure 23, the amount of B-field going into the chamber
is 1+R (+1 for coil #1 plus +R for coil #4). Likewise, the amount of B-field going out of
the chamber is —(1+R). In the transition steps, the amount of B-field going into the
chamber is +1 (+1 for coil #1 plus zero for coil #4), and the amount of B-field going out
of the chamber is -1. As the values of R increase, the difference in magnitude in the
magnetic field between shapes and transitions also increases. Accordingly, it has been
historically observed that the impact on the RF tuning circuitry mismatch during and
immediately after the transition step, as caused by both the change in current settings
and by the difference in total magnetic field produced between the shape (1+R) and the
transition (1), becomes progressively more severe as values of R increase.
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shapes until finally, at step 2410, the nmagnetic field is changed to the
rotated primary magnetic field shape. In one enbodi nent, the rotated
primary magnetic field shape may be the primary nagnetic field shape
rotated by 90 degrees, due to the four-fold symetry of the chanber and the
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circuitry spends less time in a mismatched condition and, for RF tuning circuitry with

mechanical tuning parts, has reduced wear.

[0101] Optionally, the total magnetic field strength going into and out of the chamber
throughout the method may be held constant by selection of the currents applied to the
various coils. By maintaining a substantially constant magnetic field strength
throughout each step of the transition, the impact of changes in magnetic field strength
on the plasma is minimized, further reducing the strain on the RF tuning circuitry.
Alternatively or in combination, the method 2400 may provide for only a single coil to
move through a zero current point (i.e., transitioning from a positive to a negative
current or vice-versa) between any subsequent steps. By controlling the coils that pass
through zero current to have their moments of zero current staggered in time, the
magnitude and effect of the changes in the magnetic field on the plasma is further

reduced.
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plasma. Alternatively, in sone enbodi nents, the magnitude of the nagnetic
field during rotation may be controlled to be within 20 percent of the
maxi mum magni tude applied, or in some enbodiments, within 10 percent. As

i lation in the magnltude of the magnetic
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controlled and rotated may be uniform, sloped, or non-uniform. For chambers having
four main magnetic coils and configurations that effectively use four coil transitions, the
logic behind the transition schemes (time for RF circuitry to tune, incremental steps,
zero crossings, B-field magnitude during transitions, etc.) and use of the above-
disclosed guidelines makes for magnetic field rotational methods that overcome the
problems of conventional rotational methods. The primary magnetic field shape may
be defined using the principles and notation described above. The following provides a

few illustrative examples of specific embodiments of the above method 2400.

[0104] Figure 25 depicts a table showing a magnetic field rotation sequence 2500

suitable for use in a process chamber having four coils or effectively four coils, such as,

but not limited to, the chambers depicted in Figures 1, 2, 3, 4A, 8A, 11, 18A, 18B and

21. Each magnetic field shape or transition in the sequence 2500 is defined by the

currents applied to the four coils (or sets of coils) of the process chamber (identified in

Figure 25 as coil #1, #2, #3, and #4). As described above, the currents are shown in a
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t hroughout the sequence to avoid any two coils passing through zero current
at the sane tine. For exanple, fromrow 1l to row 2 (Shape O degrees to
Transition A, 0 degrees), Coil #4 is the only coil to pass through zero
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benefits of, the rotational neth escri bed, herein. [0108
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the magnitude of the magnetic field going into and out of the chamber for any given row

is equal. Moreover, as the magnitude of the currents applied in each row is equal to +/-

(1+R), the magnitude of the currents throughout the rotational sequence 2500 is also

constant. Thus, the magnitude of the magnetic field going into and out of chamber is

held approximately constant.

[0107] In the embodiment depicted in Figure 25, the currents for forming the primary
shapes of the magnetic field are each provided for 0.9 seconds, with each transition
having a duration of 0.05 seconds. These times are illustrative only and it is
contemplated that other times may be used as well. For example, the transition time
should at least be sufficiently lengthy to allow the RF tuning circuitry to fully adjust to
the new conditions after each transition step. If a particular matching network on a

process chamber responds more quickly, shorter times may be used. Conversely, if
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sequences, or any other rotation sequence that follows the above-di scl osed

guidelines, it is contenplated that other nunbers of transitions, other
time periods for the primary shapes and the transitions, other R values,
and/ or other relative current values may be provided while still follow ng

the geHi EASPQOSRIdS Bloserolanden dinemB\ay bg neceysary do fdly achieve the pepefitsafy

depi ct %‘(ﬁ}ni | %Ha'g |c fields in a four coil chanber
throughh?)eﬁ{b? eaggﬁéﬁg%%gPsﬁﬁeq odés"rpeﬁ escri bed above with respect to Figures
23, 25 and 26. Specifically, Figure 27A depicts a conventional magnetic

field [oM08]lati dhad coetpugplated( that amilgdr frapsitionsecherres follo@ihg ¢us ewmidelineatofon)
simlay to,that sh i.n Figure 23. depicted . in Figure 27A fir
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illustrative to show that the relative strength of the magn i el ds
bei ng sippeseand 0 Ohnsitigos esth2BR walde & diepoiber gelapvs cogeptivalogs nhay be

relative coi rr a | ed over ti for singl e rotational sequence
for “cabiovited wid SicTionid ietgefraloliElres buffid ABgfeee 53 5. and 26,
The graph in Figure 28A conpares the rotational 32 sequences depicted in

Fi gurepmidsl, 2Figiaad m-m@sgeati\be}wé?icvecmm&tié didéparhs(dt magietiSiieldd fieagr aph
in Figure 28B conpares the rotational sequences depicted in Figures 23, 25,
and 26foMienod chambgr thapughast tRei rotational (wethods deacribedh abeve cwith TespR®AdoOh of

Fi gures. 28A and.,28B e Lunber of -t ransiuti on e ne prj . etic
i o' gt 2528 A o IS PP 2k BRcRCh Soale i el g
changerdiatidrii seq@neb ghfdRjhda bReafl@rter 0By J0heegiid ervtatidPhinGrhr Ny tHae
adjusted to mnimze changes in magnetic field nagnitude during the

rot at i sewn dehigened3. s depisted inHagus: a7 A aarbisd Prisiary shapetdd OZdr sotated 90

tuni natEoRea A IR T BRREs P A6AE TSt el fpholih 220 FUPRATE oy
the nmagagikisCa magnetic field rotational sequence (through a one-quarter, or 90 degree,
rotation) in accordance with the present invention similar to that shown in Figure 25.
As depicted in Figure 27B, a first primary shape 2712 is rotated 90 degrees to a rotated
primary shape 2716 through two transitions 2714, and 2714g. Figure 27C depicts a
magnetic field rotational sequence (through a one-quarter, or 90 degree, rotation) in
accordance with the present invention similar to that shown in Figure 26. As depicted
in Figure 27C, a first primary shape 2722 is rotated 90 degrees to a rotated primary
shape 2726 through five transitions 2724, 2724, 2724¢, 2724p, and 2724¢. In the
Figures, dotted lines indicate magnetic fields of lesser strength and are illustrative only

to show that the relative strength of the magnetic fields being applied

[0110] Figures 28A and 28B depict graphs comparing the relative coil currents
applied over time for a single rotational sequence for each of the rotational sequences
depicted in Figures 23, 25, and 26. The graph in Figure 28A compares the rotational
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field change to adjust to the change. Each of these principles, alone or in
conbi nation, thereby advantageously inprove the plasma stability in the
chanber throughout the rotational cycle. [0111] The shape of the magnetic
field may further be controlled by the selection of the relative currents
appl i eBequpnaes denicted(ia. higures, 2§o§5r endi 2y wheee \aalave vejuerpf Rrigr usedkdRpre, by
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enbodi rtaticnalMogele. greater symetry is desired, the shape at 0 degrees may
i nclude currents flowing in a subset of the eight <coils. For exanple,

Fi gure 29 depicts a top, schemati ¢ vi ew of .a processi 900 havi
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a given process may depend upon multiple factors, such as the process pressure, the

RF power on the cathode, the process gas selection, the design of the process kit
immediately next to the edge of the wafer, and the like. Additional details regarding the
selection and use of particular R values are described in US Patent No. 6,113,731,
issued September 5, 2000, to Shan, et al., which is hereby incorporated by reference in

its entirety.

[0112) The inventive methods of controlling transitions of a magnetic field may also
be applied to process chambers having magnetic coils arranged in other configurations
(illustratively as depicted in Figures 4B-C, 5-7, 8B-C, 9-10, 12-17, and 19A-C, or other
configurations). In one embodiment, the shape at 0 degrees may consist of currents
running through all eight coils. Alternatively, for embodiments where greater symmetry
is desired, the shape at 0 degrees may include currents flowing in a subset of the eight
coils. For example, Figure 29 depicts a top schematic view of a processing chamber
2900 having eight magnetic coils 2910 disposed about a substrate support pedestal
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[0113] When transitioning with an eight-coil configuration, a variety of
rotati on schenmes can be determ ned that follow the principles given above.
Wth respect to the principle of keeping the amount of magnetic field going
into and out of the chanber roughly consistent, there are now nore coils to
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for another set of process conditions and hardware.

[0114] In the following embodiments, the same basic magnetic shield shape may be
used for a majority of the time, with only variations applied to the fransitional steps.
The main difference between each of these schemes is the configuration of the steps in
each respective transition. It is contemplated that other rotation schemes may be
utilized following the above teachings having other differences such as the number
transitional steps, values of the currents applied, relationships between the currents

applied to different coils, and the like.

[0115] For example, Figures 30A-C graphically show exemplary methods of
magnetic field rotation using eight coils and eight currents. Specifically, Figures 30A-C
respectively show primary shapes 3002, 3012, and 3022 being rotated through
transitions 30044, 3014a¢, and 3024, to rotated primary shapes 3006, 3016, and
3026. Whereas the intermediate step depicted in Figure 27A (referring to a
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transition, or rotated primary shape. [0116] Figure 32 depicts a table of
currents and exenplary durations for the steps of various rotation schenes
for a process chanber haV|ng an 8-coil configuration u5|ng four main coils
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control over the plasnma stability. [0117] The above schenes further show the

over dBHFLn: i DI 3 dedhs Tb oEcUieEhS st BURRRDs (P the 6ot BB P on
schemevatiatis Fothtichoschdrmee for bl prores@ghatiber hia@lng shagpeoit eonfigurativAnssing on

(for exanple, as depicted by reference nuneral 2704_in Fi gure 27A) , wher eas
scherd8UK/maji amlsxa@wanf &@é@ﬁrspgllqoﬁ%mhdas sthewet indgauie €9t aed cwa?hlgally

exanpl y 4 0

Fi gure@%%% &ﬂ]e% gg%e% %/%I yc§ @ﬁsc%ﬁeg‘k%ggga fs‘gﬁ?rlne%l ﬁléo\sdg' E)ar é? 1}@% is
becausfer theafmidr sidghedil antli #lcdrrespondiag aoensd egikd F(drctheemanﬂil@syﬁﬁnatﬁ,pl cted
i n Figures 27A-C and Fi gures 30A-C). 35 [0118] In addition, the rotation

schendétaliogcsbsesiehdheiantise sche@gi Mpy hehe’étfﬁftOl@ﬁ‘i’ébetQW'd’Dglth@ seheme iBte nor e
f th
0 q’ﬁg Pgﬁ%pﬁﬁﬁ cq,lr §?r‘?ﬂ1éipé?¥§m{ dg Eoits, 2™ E\ﬂ tﬁﬁaﬁﬁ H%ﬁ&’ltféodby §Birﬂﬂ'ét ;ger od

t hr oug rans |ncrease nuUMbers st eps

times thercue@als cmtmneplaysss:lneg‘ouhho@hmaelypfocrm’rr elght-equdl chasbmém)a you piayi de
benefits over the conventi onal ro;'ggl on schenes. For exa % rotatio
@g&f)y Bu

sche vide g SoNRA0e mt%@ﬂgﬁs%'t?}u r GORYeNienGes; theo ROl PUMRGEES wo

s gggg@géﬂgé fas!dBdn! RBAPYR Yoo ABERBNA Bach FIBASH SRS id Iidtatdd AP
factors A, B, and C, which defme the basic magnetic field shape, and by factors D (in
scheme V) and factors D and E (in schemes W and X) that further fine-tune the
scheme. ForschemeV,0=<D =< 1; forschemeW, 0D =<05and 0<E=<0.5; and for
scheme X, 0 s D <1.0and 0 < E <0.5. During a plasma stability evaluation (discussed
further below) it was found that the factors D and E further advantageously provide for

control over the plasma stability.

[0117] The above schemes further show the flexibility in developing magnetic field
rotation schemes that are improved over conventional rotation schemes. For example,
the conventional rotation scheme has a uniform (i.e., flat) magnetic field shape during
transition (for example, as depicted by reference numeral 2704 in Figure 27A), whereas
schemes V, W and X advantageously provide sloped magnetic fields (for example, as
depicted by reference numerals 3004ag, 3014ae, 3024a, in Figures 30A-C,
respectively). The sloped magnetic field is preferable because the main magnetic field
shapes are sloped (for example, as depicted in Figures 27A-C and Figures 30A-C).
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coils pass through zero current. [0119] Plasnma stability while utilizing the
rotational schenes disclosed herein were evaluated on a 300nm eMAX CT Pl us
chanber - available fromApplied Materials, Inc. of Santa Clara, California
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having other values.

[0120] In addition to eight coil configurations having a four-fold symmetry, the above
magnetic field rotational principles may be advantageously utilized in chambers having
eight equal sized coils (as shown in Figures 12-13). For example, Figure 33 depicts a
sequence 3300 for rotating a sloped magnetic field in a chamber having eight equal
sized coils. The sequence begins with a primary shape 3302 that is illustratively
rotated through four transitions 330440 to a rotated primary shape 3306 that is 45
degrees clockwise from the primary shape 3302. A graph 3310 shows relative coil
currents for the rotational scheme having the times corresponding to the rotational
sequence denoted thereon by the reference numeral corresponding to the respective
primary shape, transition, or rotated primary shape. As another example, Figure 34
depicts a sequence 3400 for rotating a sloped magnetic field in a chamber having eight
equal sized coils beginning with a primary shape 3402 and illustratively rotated through
four transitions 3404, p to a rotated primary shape 3406 that is 45 degrees clockwise
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configuration (such as shown in Figure 33). The data provided is for one
coil and the entire schene nay be extrapol ated by dividing the schene into
eight parts. The currents in the renmaining coils may be described by
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Appl i Rasiemagaetiafieldsshapg. 372, 752, filed March 10, 2006, by Kutney, et at.,
whi ch is hereby incorporated by reference in its entirety. [0123] As

di b . . _ oo o s
advantigabusi 3 Tobil? e BBbEReRERNRY (MpiodRRot H=Rfihif " REbbEic MBI,
rate aetatssto tdtetisgilestmageetid fiekbdvithiora sirigléasrosbs® reeipe diepc aher abovehat

the inventive thod further 37 advantageously reduces damage to th
subst 1&RENERE 31 ABRY e TESHARIG GemAs Ll Teld HeBVERN CuReT of 2 adtsip
pl asme,5EARI ddsisted (HIGEELY gtﬁ‘:ﬂuéé :(}g?lferﬁfﬁlab}r KRN hRof SNPulkaE®R ahfanehepds that

may occur In the plasma. For exa ge transients in the plasma nmay
cause siepssirrbEiiveen siemnota muliieetstep process tieattesdsta plasirs or anydseposdidl on

1ol doslBan 480 abeai Do Padind lkrioHESaE TG Sehofgupoess Themisties andior
conditions and etching a second layer using a second set of process chemistries and/or
conditions). For example, when changing one or more of a bias power, a source
power, chamber pressure, process gas or gases, of magnetic field magnitude (i.e., any
process parameter that affects the plasma), the magnetic field transition can be
adjusted to give the optimal response by the RF tuning circuitry, using a method similar
to one of the aforementioned embodiments and using an algorithm that takes into
account the relevant changes in process parameters. The use of the magnetic field
transitions between process steps in this manner can be utilized in combination with
the principles disclosed in United States Patent Application Serial No. 11/372,752, filed
March 10, 2006, by Kutney, et al., which is hereby incorporated by reference in its
entirety.

[0123] As discussed above, the inventive method of transitioning a magnetic field
advantageously provides for a more stable plasma and a more uniform etch rate across

the substrate. In addition, it has also been discovered that the inventive method further
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boundaries as well as over the substrate, thus increasing erosion of the
I nner surfaces of the chanber. Such surfaces often consist of materials
such as anodi zed alum num silicon, silicon carbide, quartz, alum num

oxide, _aluminumnitride and/or yttrium oxide or the.like. lrreqularjties
"t neadiAiaRr oL retiSerdimane thiths SUbslalind Penbesaing ghambRbSEedFeces,
such apnpreeed RVl VBEMhE Pladhs Rabilifyf Aereb9akllehgMe [MeIhBbANSiy Rirge Where
pl asma densities may be | ocally higher due tdo the nodified plasm 'sheath

char actransigpiscthatnayhaceurcn therasmar coragaampleuldrgedsandigrison thaelasrgat

coil har i on met hods. descri be rein.decreases the maxi num
mgnet MevT pafse ko . CPenifei AT “Giiniaind Uebhipre GEPRESq it 8

subst r glilgstiAé tiiatThiP Bafizye the'ubegatecondi tion, as conpared to the equival ent
process condition using prior art four coil hardware. Therefore, use of the

i nventive eight coil rotational nethods disclosed herein decreases the
pl asnmal0dlsi t yn additipn, Fhaghriic irlde sarse dnerpased pastad Ksasy at the chambiesn

oot | AU S FER SR et Belr R indy BRPEAT S P80 M o Mo Frores  mner
chanbesf theustaagiesy) Siéh eudataoftéh SonBist BEmatsiHISdubl arsSaBiYedalupdinper, cent ,
t hereby advantageously facilitating the use of thinner chanber coatings

and/ or Silieays sdligencarpide, puaiizaglupingl piideo alimiorm Régde andfarerttrivia OXisss .

that  SvAIE e el Lt BliaoRP 2Ly f datPlBie ArliohncleifLc "

met hodthekerseirfatieosudiy & hdespbntanspenimgswhérd fiafaggosatirgsf mal tetthiriner or
advantaﬁeousl y allow tinme for the RF tuni ng circuitry to match the new
u

pl asmeaWhaE: @ianmea dansiiesonah beclogalie higharhdue naghe intodified Playmarsheath he

or 1 e § S AGpLSt R rdl RO iredhoefn B SlteiPs, W SCARNUAERT nABNERET, LG

st r engéfd tiotaticgiad uhettaels sleeprisdd tHerelnr desfddses, tHehanakiynum ningighetiy fidhke
I npact of _changes in ma%netic field strength on the plasma. Mreover, the

t r ansi MegAsugRAt ther chambes Ramdasy 1asgwel as <l the sabSERle Ui f Oiveetehss

E Ere‘r’gg rofBs cBHHﬁiﬁﬁtéaQ%\Sﬁaﬁgﬂ to t gﬁpfggle%ft gg&%egsfﬁreﬁoﬁﬁ%ggﬁg%ro%rﬂ fouf! me,

ucl ng magni e an s¥i'n the magnetic

field esil hoelwdres Eheréfurs, uséofthedevdntivagright coif retationalonhathcds distibeeks
advant ageously aid the RF tuning circuitry in its abili tgwé)o adj ust to the

changeBelie Praaages ipelavsadansily atherdiambaicpoundariasjane this gRCIERSE®t h

m ni m gjn - €8.d ' d Vi A l.ITe it he RF

Funi g5 PELTRT A8 Y Ehe uRER R odIREC B Tl cRael bl Tt 0,

t he nageetions fof elvdrsdseriokions rate (e.g., proximate irregularities in the inner chamber
surfaces) the erosion rate may be reduced by as much as 50 percent, thereby
advantageously facilitating the use of thinner chamber coatings and/or less expensive

manufacturing methods for these chamber coatings.

[0125] Thus, methods of rotating a magnetic field have been provided herein that
overcome the problems of the prior art. Specifically, the inventive method of rotation
provides transitions of the magnetic field that advantageously allow time for the RF
tuning circuitry to match the new plasma impedance caused by the change in the
magnetic field prior to the next change in the magnetic field. in addition, the transitions
between the primary shapes may also be controlled to maintain a constant magnetic
field strength throughout each step of the transition, thereby minimizing the impact of
changes in magnetic field strength on the plasma. Moreover, the transitions may
further be controlled to ensure that any coils that pass through zero current have their
moments of zero current staggered in time, thereby reducing the magnitude and effect
38



rotated. [0126] Thus, fromthese sinulations, the use of extended w dth
coils inproves the shape of the magnetic fields produced in the chanber. To
further inprove the shape of the fields, additional coils that provide

ve fields. c be used.. [0127 Trther re, while the sem conduyct or

correc } &\%o ! % F

waf er Ob s eRangRs niigomagnetic figid, on dbe plagmand the, PregedyBIgnedifotRIf nent s,
it is ; e } ied j tiR. Ot her
types a7 TOL MGG SOVATAGpOBSIY oRF 1R RPAhng GIXERN lits SoAR to e ey )
whi chcharged inplasharimpiedance saased:by the ethgmetic fieldisdatién bglbeth nomiedziegs.
[0128], Wail e foregoing is djirected to var.ious.enmhodine of the present
nventhephangsis B FIaRT TRSHANCE B sk PR U B0 VRE BhyRm o mniag CEeMi P e
Wit ho ! i i n is
et or EaT AR hERCPIERAR MpRidrep (o S Uls Biiies ANthe PRORERERel DR Rt ot T ng
a magrdeied.field in a process chanber, conprising: providing a process
chanber having a first plurality of magnetic field producing coils and a

secon ur al4t f netic field producing coils disposed thereabqut; and
st nglt1eel et SiasdaesH Shnuafions g R PSRBT 6% IaFievBRaRei ng
coi | sshapeé afthenabpRBtigfiesProl 8t indthe Whadibed! T RirERE dRgrdvelthalshape &
magnetic field producing coils to formeach of a series of magnetic fields
Wi t hi thetﬂfﬁid&,raﬁﬁgmr;alwn& that prowde eoriestiveficldagastheusedl ds conprise: a
magnetic field having a primary shape; at |east two sequential transitional

cor T olgafs THathRehE BespaRRartEk® ekl FubOhid endRrind Wi noa o

cl ai mefohintheh&inber (thd Rdolé rahbedinientd tiy ioh maasebf eolirse! thapties peedemtcoi | s
conprise four main magnetic field pr oduci n% coils and the second plurality
]

of mawentien fis crplispblguta wiParolyPes eoppnicoadieiar waler irigrRessied fohampers
pr Odugb{]ﬁ)ag?%]lél[g'c%%ﬂm R RHicHahE r@%@ge@mgﬁbﬁ s %gg%}%@g‘;éﬂ% g%&%‘fc' ng

coils] € maghetic fie rinary
suppl gleggomagness. set of currents to the plurality of magnetic field

producing coils to create a first magnetic field;
[0128) While foregoing is directed to various embodiments of the present invention,
other and further embodiments of the invention may be devised without departing from

the basic scope thereof, and the scope thereof is determined by the claims that follow.
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(c) afirst of the at |l east two sequential transitional shapes is forned by
subsequent|ly supplying a second set of currents to the plurality of nmagnetic
field producing coils to create a first transitional nagnetic field; (d) a
second, of the at |east two sequential transitional shapes is formed by

subse Eﬁ sry supplying a third set of currents to the plurality of magnetic

fieldi profuséthadder folafiy & neadrietit @ N8l pracssi dHapisdr, BBapekIng: fi el d; and
(e) a rotat ed_td%l mary shape is formed by subsequently suppl él ng a fourth set
of currenReviding APrpressethamber harog aifiret pluelity pf vagoetig field produeingr eate a

, ' ' . | t he fi.1st. ic field rotated
by anee BB degead BhBat RS el i alegrusii s AR e lcptd” ' ©
conpri si ngusingianleishangibsbeoNB@ el pflufdngl 6f MbgpBtieARKproaBERLEoeNst ant
magni t ude t hroughout each step. 40 4. The nethod of claim1l1, wherein a
naxi nefmbinatipe wWilfiratdaastapubeat of thesecand plamlity ef magoetic field ploguaingt y of

rovorsifs BTl eReRRYS GShrianie &Rl MnATRE danil. bt BUES G, i

the psflraaghsticofields @dxiprige of one current applied to a given nmain magnetic
field producing coil between any twp adj acent sets of currents is reversed
in between any @ Mrgtisdeld hayieg# penamhehanst hod of claim 1, wherein the

first plurali tyat%agﬁgf&g%é. a%ﬂ}“?{,ﬁafﬁ’gif? gnisf’B.gBe%oé’i"S conprises four side coils

and wherein the sécon u 0 ield producing coils

conprises four gestatsd piinbsy sifapel lvhareinhtbe rofatédprinfarglshibpe carrespéndsher ei n
each of the first and second pluralit of magnetic field producing coils

are coupl €8 the p&'ﬁ‘ﬁ%&@ﬁ@ﬁd@ffﬁte‘é6PP%96/§93'@955: 8. The nethod of claim 2,
wherein each of the sets of currents are collectively provided by

I ndi vi dual current supplies coupled to respective ones of the plurality of
magnel.i ¢ fTied chathodlof clagnclomberei®: The nmet hod of claim 1, wherein the

e g8 SRl Pt T o B B St e BSRncsoor  ng
e e U L
met hozbroprise foumslib;magneticefield prpducnggoils disposed proximate adjacent main
magnetic field producing coils;
(b) the magnetic field having the primary shape is formed by supplying a first set
of currents to the plurality of magnetic field producing coils to create a first magnetic
field;
(c) afirst of the at least two sequential transitional shapes is formed by
subsequently supplying a second set of currents to the plurality of magnetic field
producing coils to create a first transitional magnetic field;
(d) a second of the at ieast two sequential transitional shapes is formed by
subsequently supplying a third set of currents to the plurality of magnetic field
producing coils to create a second transitional magnetic field; and
(e) a rotated primary shape is formed by subsequently supplying a fourth set of
currents to the plurality of magnetic field producing coils to create a second magnetic

field that correlates to the first magnetic field rotated by about 90 degrees.

3. The method of any of claims 1 or 2, further comprising:
maintaining the magnetic field at an approximately constant magnitude

throughout each step.
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transitioning to a second plasma process fromthe first plasma process while
controlling the magnetic field transition by changing the magnetic field
shape through at |east two sequential transitional shapes to forma primry
shape of the magnetic field for the second pl asma process. 41 12. The

met ho aim e first ra| of netic fiel roduci ng
coilstis f‘gﬁ‘? W‘?tﬁgijmﬁﬁ&@ﬂ qu'f‘? §|"'daf)"|l e %’?ﬁ ‘é”ﬁﬁ @ldetprpqerfg' second

Pl ur ajrigky oPthe fi F@%I@%I%B\‘ﬁ{ r@heq'aem pﬁbd%ldgscd.@. i$ @HUaPRCAIN JreeRefs ¢ field
produci ng coi l od of claim1,” wherein the step of changing the
pr i mepylastydeefagd briweeo@mrinceadjacentralepyy the prinary shape to at | east
five sequential transitional shapes. 14. The nethod of claim2, further
conpri sing between steps (c) and (d): (e) subsequently supplying a fifth set

of cusrent$hé endthed RF elaihid ymféremﬂaeqidlﬁntgw b%a?lhﬂﬂﬂcdf%ecdilr}@tbﬁpﬁéd?at e a
third transitional nmagnetic fiel sequently supplyi n? a sixth set of
&

cur r et 3 giventmainpnagagtia g;eldfprﬁdgmglc:@rlheéwen Bny dueiadipcsdt ssts of aireate a
fourth tr (g) subsequently supplying a seventh
set of &Y ‘%&%Ht"é%gﬁ"‘?ﬁgﬁﬁ‘%ﬁ’éﬁdﬁﬁeg?S hetic field producing coils to

create a fifth transitional magnetic field. 15. The nethod of claim1,
wherein first plurality of magnetic field producing coils conprises four
si de fragnelhe metbod Oﬁp ct, m;hQT@N wedinet pluealigeeiomagpetie fiekdigrogecinggnet i ¢

o posdls CafafibaaBly SRR ey h8 i i P BRI G ol BleBE AR and wher ei n
t he np@aubindecdils comiddaIBaE E6rner ebils.i s hel d approxi mately constant
t hroughout the rotation, and wherein a maxi mum of one current applied to

one or nore of the side magnetic field producing coils has its polarity

r everied bﬁ@'ﬁ?&h@@%f Eﬂf’oiaaiaﬁﬁ?ﬂtor%{ W?%reﬁ]izeach of the first and second plurality

of magnetic field producing coils are coupled to an independent current supply.

8. The method of claim 2, wherein each of the sets of currents are collectively
provided by individual current supplies coupled to respective ones of the plurality of

magnetic field producing coils.

9. The method of claim 1, wherein the rotated primary shape is rotated about 90

degrees with respect to the primary shape.

10.  The method of any of claims 2 or 8, further comprising:
repeating the changing steps to continuously rotate the magnetic field in

approximately 90 degree increments during a first plasma process.

11.  The method of claim 10, further comprising:

transitioning to a second plasma process from the first plasma process while
controlling the magnetic field transition by changing the magnetic field shape through at
least two sequential transitional shapes to form a primary shape of the magnetic field

for the second plasma process.
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12.  The method of claim 1, wherein the first plurality of magnetic field producing
coils is four first magnetic field producing coils and wherein the second plurality of
magnetic field producing coils is four second magnetic field producing coils.

13.  The method of claim 1, wherein the step of changing the primary shape further
comprises:

changing the primary shape to at least five sequential transitional shapes.

14,  The method of claim 2, further comprising between steps (c) and (d):

(e) subsequently supplying a fifth set of currents to the plurality of magnetic field
producing coils to create a third transitional magnetic field;

(f) subsequently supplying a sixth set of currents to the plurality of magnetic field
producing coils to create a fourth transitional magnetic field; and

(g) subsequently supplying a seventh set of currents to the plurality of magnetic

field producing coils to create a fifth transitional magnetic field.

15.  The method of claim 1, wherein first plurality of magnetic field producing coils
comprises four side magnetic field producing coils and the second plurality of magnetic
field producing coils comprises four corner magnetic field producing coils disposed
proximate adjacent main magnetic field producing coil, and wherein the magnitude of
the magnetic field is held approximately constant throughout the rotation, and wherein
a maximum of one current applied to one or more of the side magnetic field producing

coils has its polarity reversed between any two adjacent steps.
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