METHOD FOR SHAPI NG A MAGNETI C FI ELD I N A MAGNETI C FI ELD- ENHANCED
PLASVA REACTOR BACKGROUND OF THE | NVENTION Field of the Invention
[ 0001] This invention relates to plasma enhanced, sem conductor
substrate processing systens and, nore specifically, to a nethod
and apparatus for shaping a mnmagnetic field in a nmagnetically
enMETHEODPFORBHARING A MAGNETIC FIELDIINtAMASNEHC AIELD-EMHANCED
Sem conduct or waf er procesppASHMERENSTOR™MONl Y enpl oy plasnmas to
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to further increase the rate of the plasnma enhanced fabrication

pr Desekiptibnoofethe Reglatée Arpr ocess rate i s hi ghly advant ageous
because t cost of, fabrjcating sem conductor devjces is
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enpl oy magneti c enhancenent because the nmagnetic”enhancenment has
been diloandsulpstratas ravasiver iveorkpieeks hoSdclofprdeessgisnipctude sputter etching,

PoRIESE ShiRAec Pherm ARSI diagEa Shfadpef HREVEY are dereptpn. and
CopRhidd SutidtddRRRRIN. CTh %Ii@weféﬁbofyg/ RQEI by redfen® 7 the pRARAM gEh&MNIE

r
1 depicts a schematic cross Secti view of & nmagnetically enhhanced
pl sreaseisatiiserats elutheaafdlridationeprocess,eandi aigo oedubesitbal tempecature at

t oBhErdts sesderBiourermrcs mest Brarliatd mes gt BRBRES: 5 i
encl osed by an octagonal sidewall 12, circular bottomwall 14 and
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either dielectric or netal. An electrically grounded anode
el ecptaydmappetic fihdmt@dneiease 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



the bottomof the lid 16. The anode el ectrode may be perforated to
function as a gas inlet through which process gas enters the

chanber. The side wall 12 may be either dielectric or netal. If it
is nmetal, the netal nust be nonmagnetic material such as anodized
alum numso as to not interfere with the magnetic field created by
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respectively. [0007] An RF power supply 24 is connected to the
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pl asma nost conmonly s, inplenmented .a magnetic field in the
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t%sﬁ@&ﬂfe‘i jc field is usually transverse to the |ongitudinal axis
of the <chanber 5, i.e., transverse to the axis extendi ng between
t he cat hode and anode el ectrodes. Various arrangenents of
pdponthent AmaBRepawer sepply t3db isagrrnectad ¢o the cathadeopedéstaliz2 dhrowgh a

provi de such a transverse etic field, One su rangenent i
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cross-sectional viéew of the chanber of Figure 1 that Shows the
orélectrade di$ thatogxoiteisnthec gabepavithin ghe7cha@nben irdp a @asmal state.t hEhe
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t hey produce transverse magnetic fields whic
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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2 are additive in the region between the coil pairs. This
transverse nagnetic field is represented in Figures 1 and 2 by the
vector B oriented along the negative X axis. An exanple of such a
magneti cal |y enhanced plasnma chanber is described in commonly
assigned U S. Patent No. 5,215,619, issued June 1, 1993, which is
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r oPHENEH PP Ihe Y @XS-seconds. [0011] It is believed that the ExB
drlft of free el ectrons is a major source of sem conductor device

S T e B e S e P
t hef theeBF frequency or frequencies at which the plasma is excited, this period typically
being less than 107 seconds. This time average over one RF period is unrelated 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)/2Tm, 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. Itis
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el ectrons in the plasm pre-sheath and cause non-uniformty in the
fon flux. It is 3 believed that this spatial non-uniformty of the
ion flux that bonbards the wafer produces electrical currents in

t he wafer which often damages the sem conductor devices on the

waf er. [00121 Conventional magnetically enhanced plasma chanbers
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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 8, 9 is represented by the arrows 11. The first current is less than



current through coils 6, 9 is represented by the arrows 11. The
first current is less than 4 the second current such that the
magnetic field 10 is snmaller than magnetic field 11 such that a
magnetic field gradient is produced, i.e., the magnetic field is
shaped. The ratio of the currents produces the specific shape of
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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.
5



magnetic field. In several enbodinents, the field control is used
to provide an optimal shape to the instantaneous nagnetic field as
well as a nearly continuous field shape during the transitions as
the magnetic field is rotated. 5 [0018] In one enbodi nent, a nethod
for rotating a magnetic field in a process chanber includes
fo g a t hav
or 80 2 0GR Sripbicht kit B! Foplin 4 a0 HERa L & process
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sumari zed above, may be had by reference to the enbodi nment s
thereof whi ch are | | ust r at ed I n the appended drawi ngs. [0020] It
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FIG 2 is atop cross-sectional view of a magnetic field generator
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[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;



6 [0026] FIG 6 is a top viewof two nmain magnetic coils and a
sub-magnetic coil section showmn in FIG 5; [0027] FIG 7 is a side
view of main magnetic coil sections and the sub-nagnetic coil
shown in FIG 6; [0028] FIG 7A depicts a schematic circuit of a
doubl e wound version of the coil ~configuration of FIG 7; [0029]
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21 depicts a perspective view of yet another
magnetic coil configuration in accordance with the invention;
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[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;



[ 0040] FIGS. 27A-27C depict schematic diagrans of magnetic fields
in a four coil chanber throughout various rotational nethods;
[0041] FIGS. 28A and 28B depict graphs of relative coil currents
over time throughout various rotational nethods; [0042] FIG 29
depicts a schematic top view of a magnetic field in an eight coil
chaodser ; [PIBL326 dePlts A0AbE dhphing SrdiRaRiragnetiddiefFotafion sequence in
enbodi nents of a nmethod for rotating a magnetic field in an el ght

coidcCerfanser With cuws pmiadinest af thelasesantgnegntioronnd esuitable ferouse in a
Ergrg%éd@\éﬁ?ésﬂ Hﬁiﬁ(}g@ﬂgﬁggi various rotational methods; [0045]
in

a Wi ng magnetic field rotation sequences
_ accordance with one enbodi nent of the present inve_nti on and
suifecab] e fBIGSISBR7ARTZC depivtethentminbdinglmns 0 rea@isticciéts;in[H8AR] coil

FI %??@3% depicts a schematic top view and graph of one enbodi nent of
a thrgugheubyanpyisyotatignad mathedsii c field in a chanber having
ei ght equal sized coils; [0047] FIG 34 depicts a schematic top

Vi d f [ f t Jor . ot at i | af:
it PRERY PO B del. Shahs, (B BRIV ol Bies blesolime
FI @hrodghdefpiartcaisarotatiunal stetivadsgy a nmagnetic field rotation sequence
in accordance with one enbodi nent of the present invention and

Sui le for.u [ n. rocess . chanber hayi ng ei ght equal sized _
coli B8 DBlG HES bl S ISeRET B opPrYIEn 8! AahadnBHC i, Bram s ant coll
enpadimpept of a magnetic coil configuration 300 circumscribing
sidewal | 12 of a plasma enhanced chanber 5 in accordance with

certain enbodinents of the present invention. Specifically, FIG 3
deRod8ls e 1P SragPBtC dapitt scheanatd? djiagsams, of3eabodiment30a#a method for

(caollectively naipg neti.c,_coi. 302) and main current sources
302&?35%6'@356%@ ﬁ%’g‘%g@é'ﬁ'gﬁfsc%{é}ﬁml?%{‘thi s enbodi nent of the
invention, four coils are driven by four individual currents.

|| hooaty at iMels, 3YALC edenst GRIEhsObf rERtieei doil é@r'ﬂéhte]ybeéri fme38foli§hout

depi cted as having a substantially octagonal plan form However;
t hxarielepraiationglinkethodsi nt ended to linmit the scope of the invention.
For exanple, a coil configuration in accordance with the invention

i SRR BB g TRRAE, h A Bnttd
accordance with one embodiment of the present invention and suitable for use in a

process chamber having eight coils;

[0046] 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
accordarnce with one embodiment of the present invention and suitable for use in a

process chamber having eight equal sized coils.

DETAILED DESCRIPTION

e ts—

[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



portion of an adjacent coil. [0050] Illustratively, each of the
mai n magnetic coils 302 has an extended width such that a portion
of each coil overlaps (or is overlapped by) an adjacent nain
magnetic coil 302. Although the main magnetic coils 302 are
depicted as having the corners overlapping, that depiction is for

i ﬁ@?t r:ﬁiZzV%OE};” Ag e aLc\SII%&R%me?? gﬂg?ﬁéﬁ& cofi®ido2 ?é}ﬁi &HIn current

overlap nore or esst n FIG 3.
enbodicesB06A03068H 30646y andi HIBD.h&s sudh, mzéhlembaqimefg afdhesneendion,

d i bed b IGs. . 9-13 d2.001 .
ke are e Rudhi AR gul énlse Mty oftcemBacaematng ap!
t OcorfRjiPAorF3E0 G utebuow:astrlw Ing é‘tsuﬁgbén%wfﬁcfﬂg%ﬁm plahht%rn@u | Qowever,
hi gh magnetic field corner a owmagnetlcfleld corner. It is

r elhat idepicfiosas ynatdntemaiedato |U'hk§ tlna@nepe@ffthelluventMt ar |euamnleava coil
However., diff ses

oflgufatas i 2SRpRiEnceR R tnelinvERMSY B, B¢ v Epilaalid sl Use the

RF @ hatPber HHiEAIEESPoYe \Eriabséd by ad
by%rrlé%vﬁg coils 3%22 almd 3023 ugl nﬁﬁw{? g%rlr%ﬁ@bhl%hp%rrgyn asta

(apordes cddeun)adjacendrdoili ng coils 302, and 3024 using relatively | ow
current (arrow 308). Larger magnetic coils (coils having extended

el o ¢ REBEBLT mack Bl ST R b EBe R0l 502 an Al shiefdeg wiarn
st §dithatab potiBhSoB el Eoil Avbﬁé@@ﬂoﬁ@&m@ﬂl@pﬁédsﬁﬁdahyattljheent main
magnetic coils 302 provides an inproved magnetic field gradient.

Homagaetic cag 302z eAlihougle theimmain rrag@mti%cc@wﬁ @2 zue depictediasclawpg the

7 &l UTehRfd e ARARHEE oD nuBHAN BiseBs iy el laghii

geﬂnﬁrsa$02’carﬁ b@eﬂ@gmﬁ@@ &aless trﬂﬂﬂﬂfeadiéMCﬁm REkES 13 Diher émmdmﬁentsfw
%ets can be made wider to increase the coil area. As such

ienif Ve méonigh ettiyz@icyerlappipa ads aradgsrrieed beloy dnwithgespert tot BiGs.
rr§r1%v‘ﬁ%n§rggnetlc field shape e.g., the coils 302 of FIG 3 extend
no ‘0 about the circunf erence of the chanber 5. FIGs. 9-21D

(described in 9 greater detail below) depict illustrative

enfposhjment|s thbanthathbew theeatagnetiorfieid|is erreralhe coatmped c(brtsﬂnaped) to
magnetic _field. The majn current sources 306A-

cuﬁ@féhﬁt EHBcﬂjﬁhSlé%{bH‘%f at aRY giyen MARKRGtINEre 5 2 é"@bﬁ‘agf@t'{j«éfﬁ@# geieer
RPN EaDhete el LD BRI @00 anihe Sirane i
di loeatddoin aTmowrmdgﬁetlarﬂadfmnem{epmagrmt i HdweNed, gliffidulyntarisest when
chanber, the current i
controliing the fleld in a high magnetic field corner (point A). FIG. 3 depicts an
instantaneous view of a magnetic field produced by driving coils 3022 and 3025 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. 9-21D (described in



sources 306C and 306D apply current to flowin main magnetic coils

3023 and 3024. Further, the opposing nmagnetic field 308 generated

by main magnetic coils 3023 and 3024 is of a | esser nmagnitude than
the magnetic field generated by nmain magnetic coils 302, and 3022.
[llustratively, four current sources are depicted as causing

CUgFeRitér H6taiifdedow] Bepied Niueasatived Enibdirahta tﬁaﬂaﬁé\h?ré@ﬂelr ToRfél oSt the

col|l pairs are driven to produce a nagnetic field in a reactor

hathare &f henmaguetdfieldmagnetic field ("CM"), the B-field is high
nearest the adjacent coils, i.e., the field strength is highest in

thfbosal Nerrial pgh thurAny RCALSHERASESBEE A3 d R MRIGH ehth BPHAL rfain

rrents are then swtche rom col pait to C parr

r otregnetibecoie BER. | Td geheratSuld raagrestict fisldf e mesie scurrdBivFsduesdyn B06R
Is the eMkP+ Dielectric Etch reactor manufactured by ﬁ%)l I ed

va BB 3068 pRely emrrenihtoyadigegphmaim magnaticy eeils: 3021 andnilzzuip; et sayne
U S n il s el - 19€ d G
e RETET g WEHEbe Sy hedtie: maBRetip el AT In e sHdbiogh thEodront

opposicee INHC ante3QAD 3Rl candnB2Bywanemdin srergnetit lcoile B2 dnd 602,.
paprs, to thoduce magnetic fjelds that extend across the substrate.

FoF UBBSE thgqppoesing Bagnedic fiald 398 ganearated: buimainanaggels ceils BBrgand

ouloer of £IESSRF nBEhAhte g WERRRREIS Ry G dated oy hG sSqldicis
dr B02n antB02yagilasirativelg| dud@Qrieat saucesvare ddpipied as eausingecuotdgrgrto

lines of force 402 curve outward. To mtigate this convex field
shﬁaw,th@wg@r%cm erragienagnets epils L 5@ qsa"m'r&e%ret(ﬂa‘@nﬁaﬂaraduce a

co . . | i " - I i .

¢ DB 5 TRRE in & rSacft HAMS atootfllrdbic thedietie BEREVET, RER:HE ig
50hight mwrearmde%tggﬁém%spir@éthmﬁe}d tstreng'm'dils Hig?msfbttih the cbfrer3d dbint A,
3022, 3023 an ) is discussed. in detai el ow, t .
U Bn R ERASE S aTD8S e WALk 1o BRBH G, oGt EoR earedha sttt fam soil

oy c . ! i i _

T PaR b Gofl it (BlalREIhEGhiL FoIE SACh o ACKATNAL yaEh CIIF, tnhibe
acisotiee eNbxPCHaietentric Adch ireactos merndactbm by Apwlicad Maténal, dfc. sicdanta

SUBRONEL Caeol| S804 501212005 A0 SORE RUGNELe 1 808E oo
L0ShiTSL S J00Rp A AbRRRaa sy @iicher, cont ol | g the

rotation. [0054] The use of corrective fields can be extended to be
pr gasled Hp somedprocessest pppodsiteoichile dafg. g3t i ants 30Phesee driven with

COnLAN] B DS BBRERS 8 ol Stbalomotel Ron SERAGRLL oo
abgpicdsBeresults, it is desired that the magnetic field uniformly extend across the
chamber with parallel 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 outward. 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, 5042, 5045 and
504, that are positioned proximate the main magnetic coils 302, 302z, 302; and 302,.
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, 5042, 5043 and 504,

provide a large number of other benefits including additional magnetic field shape
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chanber, or both. Alimted sanple of the possible enbodi nents of
the invention that wutilize such corrective fields are discussed
bel ow. The invention is intended to enconpass any conbi nati on of
coils that provide corrective magnetic fields for shaping the

magnetic field produced by the main coils. [0055] As depicted in

FI _ : y
ool 6ol e ianBabs e i PSRy e TR A ind ol are

(ceWhtehed tefacilitatedfieid dotabioas sub-magnetic coils 504) are

st rategically pl aced proxi mate the main magnet Ic coils 302.

VBB E R Sisel B coBr TR saehd apendis (& 5 Frodyed By & wide
Suba ¥t doi @&f@r%&%ﬁé@é ‘éoﬁﬁé@fﬂﬂ@ﬁé tndlidd ?Iac"f’f‘fﬁj céfid EH’éit generate

tunlng of the fields produced in the corners
ovec)rrapqmengeldpomtadmyzon‘uaianlau@amghéme chaoibles, Eo'marzucel pkaed almout the

L th fiel | d
canhabogt FrBhe Tyt PR ohBernsiitle stttk af hejmveRfon
sepaia %u‘éﬁr cBREcid Vﬁtﬂds Té»@ AsHu8séd bt hTRE Fnbénﬁ@ﬂl lig ?Htét‘iméd hs
pl acenment of nore coil e., a stronger magnetic iInfluence)

t h@nﬁ@@@ﬁbﬁ! anwmomhluaw p callaztbnat pEdvide cprredtiviemagaetio figids fnagheplng
ron I es.a stronger nmagnetic field and provides
SH{’T?g(aeéW@P ﬁi’@%ﬁ?ﬁ'[‘&"?ﬁ'a d gradient. Although it is

convenlent to place the sub-coil in the overlapping portions-it is
noEoomndatNg YepicleRIMEIG. S Tbpgidaer sorfdiol bher trréfgﬂﬁpé)af tHelt@a neth field
magnetic coils can be placed adjacent (i.e., end to end) t

t hé the ﬁhﬁfﬁ@ﬁét$@-ﬁtﬁgr§thSEélsF5% St aﬁﬂfsaﬁoﬁem{bectm@ysméarredo@ as

SR hetls el oh o sitadhh sk TPRRRhae f8 BNThSntiEffeals o2

t helustrativeigniglel @mmd@e@amoﬁlbm4meqﬂ@¢bd Brexine s th(eoovermwreg: prtiohe
field contour to achieve an optlga I_m%netlcfleld shape. 6] . To
tord

ac af téwemalmgagr@acmdﬁéﬁ% Fhesd ic ccul@rt‘r%gen@ra@ ﬁ\;@agwt%t@ﬁ

55880 Alp 57, TRORELi bl SBR. noBE okt Yoo Ul B eHARgRe
gamo@@ﬂ Auver Sul-nsjietiescoiieBlanre a@@tho @bnwemmysh@pé of Mﬁ@mﬂ’gnetlc
magnetic coils 5043 and 5044. |In _one enbodi nment, each of

suﬂewag?ria@ javesa)l figldseanteyn cae be estaklisheds bbaﬁaﬁlagénertéms @cmkbérsldth
S“%Hdt %ta E éLﬁrerﬂt]drﬁfeghtTﬁ %@gl@;aﬁa’\ﬁa&tﬂsofﬂ% Qﬁlsuéﬁrg ttI?e gfaic %rﬁeof

maln an magnetic col ependent “curr

W gifore @kl ¢l.e.ouedtrdriger nﬁ@mtmnﬂm@)snm reactonn®lore finodi imantoibélso
the invention, four current sources can be used to provide current

t oPfodde AetiPnggRgMRAgNStc A SEORgEr MARNSLORHERR 8 Hraser fnagneticfipld qad
| NSEARESs YReflel 88htrGIUSVet 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.

[0056) 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 504; and 5044. In one embodiment, each of

the sub-magnetic coils 504 can be driven by separate current sources such that up to

11



SRS P

sources are used, the sub-magnetic coils are doubl e wound W th
each of the two w ndings series connected to a different adjacent
main magnetic coil. This configuration uses the sanme nunber of
currents as are used in an existing eMkP" chanber identified
above. [0057] FIG 6 is a top view of two main negnetic coils 302

(iei?ht cliRbft 580Res! arf Vel GseddF drRBthdCAdin and ﬁuﬁlrﬂmﬁx@ﬁblébn@m Such
Mai n magnetic coil 302, has a central portion 410 and

ovledea@pﬂ&nj paorentofaciltae m@lemmtrowmvnr rthgneragoetoi field oshiapieas la one

CrnbfrRaios e ivEoBHS R CLBRRLRAPES ol BB ek Rl sl e

t healeiaphetiy ceils B2 amali SuUbTEAAELLE cofPs04. BPthd matartenivién ﬂihrlcﬁmfe‘hlt
il lustrative purposes only. In the enbodi nent depicted in FIGs.

an‘épurcw@r% wsadadhet sub-asanetic ilarare| ‘sloabiad wesinge emith 1gach of the two

OUSHIARE SeBL R " WY SRRl BT RERt e

(i ccmﬂgur@udm ugg@ethecSmel umB&R2 of @0fred2 A} mdugy@ |ﬁPe§Iﬂ%txls¢|ngoéNfle
5041. FIG 7A depicts a schematic circuit of a double wound

vefhampergentfiectabevasonf i guration of FIG 7. The sub- magnetic coil
504, is wound as two coils 5041A and 5041B onto a single "bobbin"

ch I 4 . : i Vel
2 aAC o 65635 4210 8w £ MG droD REBRER oS Y02 B ol FRUTRE cbis
503t aid \30Rey ami sebiresgmvetichcéin604pi Mainihaghétic aod 3=.0m ey neddntral
coil  5041A. Thus, four current sources 306A, . 306B, 306C and_ 306D
drPeroR A 1 and: veslappinge RORIRS ¢he ansuftOdet Maiy magnalicceni| $02adas a
> Ghtrf SO £ind Svetianbfith BOfRHE e ARE 4P8! | Ao AR ERE e

megie 504, ISOdjéprctEd/\asrbblﬁglcﬂ)omtmddlautslhbsthawmq:rhdrp cffrtablreamomagnetlc
current sources to sha ﬁlHand control the t|c Lpg] d WI t he

cheltlse302 that ,dﬁ@lqtlﬁg isife @tr?,t,l\@cgg@ose%@pyce E’“?;’Hl E‘SpIC ed in
gepRiale Ry %é‘%‘u\ﬁ%&gﬁ%{]@%’il Sid fochtdd B’e@eew t?l@ecf Fégﬁﬁ?;l portions

i nterval s. he curren roug dj acent magnetic coi ow I n
t hend asthindheqane® of tresosdriappiy potiienar rows. Specifically, FIGs. 7
and 7A depict the direction of the flow of current through main

magneti ¢ i’_ | s 302, %d 302 and sub- mag ft l3§ cz:(oi | s 5041. Nohe 0
th P58 he r éni 9 15 Q[HaWnﬁ’ M3HAJRRENUG BPIS; 398185 {RaHnBRINgHG coils
?%W%b?z AnbiSsubt f@@é}lcfdo‘ﬂ"@ﬂ N BGEI9CkehRes ai @RI c%int of a

t he cur ent IS a ve and Creates a | arger magnetic field
t haoublé whmdcwersient of theawiliconfigpedioneofdilGedt |'6‘|rﬁssul[3{mw"]etlcl a@il 5044 is

8A\}vgtc1:n %%ettvpoercmse IO%EA tarn ngd‘{ | Oonntgqu%% eesbéb%ei‘lq gﬁdreoéc f Eoi %41A and
5045 is respectively series connected to a main coil 3021 and 302;. Additionally, the
sub-magnetic coil 50444 is wired in series with the main coil 3024 and sub-magnetic coil
50414. 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 3024 and 302;, and sub-magnetic coils 504,. Note

that the current through main magnetic coils 3024 and 3023, and sub-magnetic coils
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magnetic field in an etching chanber. FIG 8A depicts the prior art
application of different magnetic field intensities for magnetic
coils at intervals (or degrees with respect to an initial starting
poi nt) 602, 604, and 606. For exanple, FIG 8A conprises magnetic
coils 6, 7, 8 and 9 of the prior art; a high nmagnetic field 620;

angoay flews lrf@@[lﬁkv\ﬁsé dﬁé&lcﬁlzzAs Bich ﬁh@b\é%n@%dcﬁﬂé’aﬁ&%@é‘léé a larger

adj acent magnetic coils 8 9 generate a curved high magnetic
f i Blagnetio fieButhandf mﬁuwrmﬂowemabwterdgaeuons coils 6 and 7
generate a curved | ow magnetic field 622. Wen conbined, the two

CUE, TP a6 ek BREREZPaEI) SETARER TARRG!IH e

panTagafetuacfie@@e@tarc@térﬁng chaimbdrer G rsmﬁepdjt@qn@tpn&oahSa;ipheatmn of
facilitates field rotation, the plasma in the etching chanber

nod@‘ﬁfentl magnetipdieldsintensitiasefer magnetist eeils #b ipiesvalde(os degreerewith

ofPPectloaf it Safioncint b2 BY8, H7E585° Fon SarhE, FRENTA hmiEbe

coniagnétserudms @nt y8, ahds9 gfnpegiricrnaref athigh thQn@ﬁtﬂY@Pd B'aonethCa low
field 624 at forty-flve degrees hel ps | essen the |j in the

pl BxagRetiafieichfepy afit Merv@h gt \Zetre §eseasns), aﬁ@ceebwqﬁlp&plﬁa@ﬁ@sﬂu
e3P p A REBIN TogRXTRPREAS PRiohT fis Rind IRial G bfisfi©thits o

poand ,7 yehetatorn icairvexbd igw eha@gndtionisler 622. ha/\llhiegn@imbmfedelthb gwadienéd
at interval 604 is substantl ally different. fromthe gradient in

i ninagnstic figlts 64 2606627 domo e rPrcavesshanad fieid: akove H}%ﬁ'tﬂi’?dﬁ“‘t%f'“tth%
hi Qﬁhrﬁﬁgpeﬂuﬁng t?érﬁjs f[?ﬁn Q‘QWBK@'&& Pdf*a ;Q&ént Scﬁﬁdto(séﬁotﬁéﬁ)&r of adj'ﬁ.‘ent

fort rees ‘respec

cugoignthat fmm@l’es(ﬂeﬂd ﬁdvtdtl@m adeGFiMsmaﬁl uammemamgecmmbert rimenmfr&aﬁmwmps
i nvention. For exanple, FIG 8B conprises nain net i C

302& thesfiolg lsgetaéefandf osproxidesaismpgihet fieldcat unéeryehﬁ sﬁmty-ﬂwreaﬁ)d

R diof AR R84 I 8o paen O TPERS'E By g et o
macmlsnawmetss ondRi This G&dration oBARE high ben\té)enmglnead fiedﬂ/vaﬁagaiébma -five
field 632 is generated by main magnetic, coils 3023 and

| nflegregs walBs Jesranithe mﬁﬂattherpl $8Asi £ drerab 08 (rinety ‘SF?Q{@F?) the
degr Seg ﬁ&ﬁ%@%@n%ﬂ&eﬂ %Wéis @%fé&bg%ggﬁoﬁtlcsc @teﬁid‘gdmﬁlettﬁf 4R

position cur P 'S a sub-magnetic coi

SOdthgmetic Fiedd. BB |sfggmate‘ﬂi by magdratg:hcmsgﬁeancb 8f i At ¢hi63#bind, motation is
addition, a |low magnetic field 636 |s %gg]erat

coFPRpkda. Hovwevssstie magretia feldgradiant e@fggpg ds {syg?t@ggg@eaﬁsm
havé”ﬂﬂ’% réﬁe@rﬁ? Mt Gal @?gn@%tﬂg_rat ed are curved such that they

s ape EEL gr adi

[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. 88
comprises main magnetic coils 3024, 302;, 3023 and 3024, sub-magnetic coils 504,
504, 5043, and 5044 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 302, 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 5044 and 5044 which generates a
high magnetic field 634. In addition, a low magnetic field 636 is generated by sub-
magnetic coils 504, and 504s. Note that at interval 616 (forty five degrees) that the
13



as the fields at zero degrees. A consistent, individual curved
magnetic field within the etching chanber provides a consistent
magnetic field gradient within the chanber. At interval 618 (90),
current is applied to main nagnetic coils 302, and 3024 which
generates a high magnetic field 638. In addition, a | ow nagnetic
field 640 is generated by the application of current to main

negrghetic fieidsyendrdtednite ived 50O Hat fidy hd¢e drpsahs sth%ﬁ@mndagﬁaat@t

conbi nations of coils to achieve a substantially snooth rotation
of ag e ﬁﬁ@ﬁe&tu@w |d@19(ﬂe%ﬁ1r PnePnsigient, mwuahcmweddﬁaw@m@ew Wwithin the
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For exanp magnetic field "BCD' enerat ed
ad?%’&%’ﬁfes %ﬁ@ﬂ’{bm%’!n@@jp If'§|d3@32§ dhadaion, %l'O\*é magﬂﬁé‘ 3] %ﬁﬂ@ys @pner ated

r magneti c coil
sobbite SpReor 3t SR RRRRl e et ERiE B2 o 3820 e 5041 and
5043 to provide a magnetic field "A" that hel ps shape the magnetic
fipbehiat tHE. Gﬁtweploﬂs udieg adjicuweodmbigitions of coild & 36evaadsubditially
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[ OQﬁ%bdﬁﬁeﬁt]of tﬁé”lﬁ\?éﬁtuo'ns ﬂPé’l:hﬁansoarTehﬁd c§§e}%§30%$ 'n)b?m‘éﬁiéc?vélgésg‘gﬁtive

suc hat a  di mnished nagnetic I'S generate
adicatbentighagagnetec fieldl cmnl&ﬂﬂﬂerura]thmESdlrechme ofuhbersrenids lirﬁﬁq:medibyea

oGS B S5 SriR SR 5 i AR e PR 20
I
Su@?ﬁéetlé '&bﬂ’é’%z?%ﬂﬂ%dz% 8! th%%iatrﬁg%;f)ort diic! dol ﬁ(ﬁi’%"@d@&sﬂe to the

gnetic colf 5043. °As suc on o tic field
r epm{eatynofemalgyletl@\bonlsB(lzgamﬂurreJﬁeﬂsdn@lamem tio4ughasi- rr(mnatlc Tads 504,

sub- e ne of he magnet field
; BreBHR kbrie amasnail 3 chb el alpscthainRanRa G g hegads
Mgt sg)sr:éﬁt ﬁ@gheﬁ@%%ns B2, dnld@8§2.! | ﬂBté‘%a‘lrtﬁée{ﬁﬁaﬁ@ cﬁethEQfmtw
i ncreasi ng and creasi ng thé current between main magnetic coil
308ulznthgnelic mmgin i04q is aipposie4o theqedaritptoftthe aurrerdrin sub -enggheticl cot{o
thgg&ub- magnetic coils 504, and 5042 and the <current is increased
‘n magnetic coil 3021. As aresult, the magnetic field
represented by "B" noves vertically between main nagnetic coils

3%&10? And 30423, clhent H@rémﬂiédofo the r@aﬂé&%%éusetsdz réid 6pans@sh kvat a

ransitions towards sub-rmagnetic coil
diminished magnetic field “CD" is generated by adjacent magnetsc 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
302,. The sub-magnetic coil 504, 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 3024 and 302;. The
portion of the magnetic field represented by “C” transitions towards sub-magnetic coil
504,.
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[0064] At t3, no current is applied to main magnetic coil 3022, and
there is an increase in the current applied to main nagnetic coil
3021. As a result, the portion of the magnetic field represented
by "C'" flows vertically between main magnetic coils 302, and 3023
[0065] At t4, the current at main magnetic coil 3022 is turned on

an e cuy ent, at i r g | t he Lt dl.an. o0
t hgoﬁagne% tcf%):‘q’i % dp “r";égﬁéeﬂ?@%ab@awn 'ﬁ?gagﬁ(gg{é\”e%%é%?rﬁprtr%%%e{s‘i én
coincré&i¥2?inathe surbemeappdiedctocmaln BRghetit QABFH02N Ada rekalt Ctiver pmtioptof
suﬁ)— rr%gnet l.c.coil 5043 i‘i tqrpﬁd of f, ,thle current at main  magnetic
cofl€ BPgaelisfige epirsanted Ry "vhdows Megiallybehwpan MR dnagnetis ¢olls o2
| Saniigheased. As a result, the portions of the magnetic fields
represented by "A/" "B," "C," and "D' flow between the coils as

shown. [0067] Lastly, at t6, the current is increased at nmain
mafpoesli c dti 4, §022uaadt aumadn magnietiatcale302 nadoatddcon @nd Be28irrehst =

t. th tic fiel di ent ted by A" fl .

hodtiees degeRRERers 2 ieudt B Sotin BEE Brbrats teigepraseniad by D
B DB - ' 2ehi i1s 302, and

SoR5RS BRhRberp haPhidoricie ol RIMAA ST AaBRIRCORSOR. .o whi lc

mai ntaining a gradient during the transition. [0068] FIG 8C .
shi§gd] be Aldhsitecedenhat surmsgnett aedi Sty dsribonededft, thefcurieat at main

present ..inventign to rotate the netic field. .Other current .
CofEORaNF ordl i o dhBiedshe o A TR rd 0t 1 dteipin P BOPGHE "Gt 3022 is
eX HErd fedS EAs Releavt] Ble FortiaAsliof i Alagiess fieRld Riprédenta8yods’ @rC”
rotating a magnetic field in accordance w th enbodi ments of the

pr @senb” flowehveen the ocobdas Eh@vng depicts a top view of an
al ternative enbodi nent of a magnetic coil configuration 700

ci crihj lL.indri . 02, . Thi

CLRBHC 509, BLRLB AR i TRREERCAPTRRL ey T 2024 a0 e
exefRit rhdia Magnetiotdib 3628 ABtErdsRity eth mdgpetiefielPyradiémt repasdentad by
one end is overl apped and one end is overlap The nagnetic

coiA” dlows RATWEEDN SpooMaghpls seilsondit aﬁﬁdnéghggﬁn%%tmégﬂ@ﬁiq Sfield

anfPragte e DL BORGREYS BelerR' SR, MERELRITRE Ay 2, 727Hme
(caldgpetit vidld Fas nbe@g netdted coy | 90°0dhile Eardintainihdiea navatientagurétg ¢he
coils 702 has one end 702xs that overlaps an end (where X is the

cotrBnsitigfber) of an adj acent magnetic coil and the other end 702x,
of the main magnetic coil 15

[0068) FIG. 8C should 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, 7025,
702, and 702, (collectively main magnetic coil 702) and optional sub-magnetic coil
704,, 7045, 7043, 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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702x is overl apped by an end of another adjacent main magnetic coi
702. For exanple, the end 7021B overl aps the end 7024A and the end
7021A is overlapped by the end 70228. Note that each of the main
magnetic coils 702 is positioned such that the ends of any of the
mai n magnetic coils 702 are not equidistant froma center of the

pr 0 t I L it | an bght
?682Ss C&?erriag?g&. By %giféﬁtéﬁ%f etﬁ%‘a égj#gﬁt nﬁél?vm tieNcdil ForINtFor

angl e; the magnetic can rger than if they
we egamptentige éndry 021 onedaps tHe enkd702)nanditied end @ 0254is-oweglapped byche

704 i h | : ; of h X
mgRd 0220 NEE 60 682, Ph Y iy St Rsie T2 | petidend soph Bt the
degris RAGROEN the Wdif hESRSRL coit THEare %t%iﬁ@tanﬁﬁ‘orﬁ L&)Faﬁ&ggdfitﬁe

coils 704 can be positioned in the plane of the main coils (
di pracese chaintber 7@dpBecauserh@.coily ace positisneid onlwesiighitrangts, itke magnetis

i d th h i me. b d,i d Wth
F PBOf 63 BR ghede it E i S DT ey Frdages OhAcPRnan Finiar dp
sMaHHRibn 28ED-fhd cldofl 7a%th Bé 9})dg‘éd[ﬁf8kiﬁ1éfégﬁ§bbérlﬁ|9{bih§ pBPfons of the

depicted in coil configuration 00701 FIG 9A depicCts a
pemsiemagretici @ilsof 02 he phevide gnemter imagrsitic fleldidontopay describedabove

The . mai ' i 4 t aj 70 d 70248,..a to
porgrePagas F 154 88 e B « T80 sabusaditeiis Sote TEPen pespesiidhes R e
t op|aper &fi thE MARlcaRdaRAisQBseRAkith AsspeBlo FIG. ZHbY Bltsidi the main coils.
substantially parallel to each other. The top portion 7081 and

boittis mppradiated thasather emimdireentsomay decurtl N0ERLArdaniceroith dhe Tuention
engds ., 7024A and 7024B. are, substantially parallel to.each ofher. T
et e PR grRdrsa s Bafenfr araler Sngl 4T4F el aeisy the
t hehdinhaidriiaeells qo2depidted gmesil 87rtratish 7084B, the top portion
7081, and bottom portion 7082. [0071] FIG 10 depicts a top view of

anot her enbodi ment of a magnetic coil _configuration 800 X )
ci [09T0Is cr i G PAn depicts a@r perapeptivec wisw ehand énaingragmgtia coil (coil 7024) in

copf hgur at j s simlar, t 0 ' Gs 5 ept .

¢ OB, 20 ol oRlgBR R e o AN Bl TTRE P08 s pPortr
nMagoet iLbstrh poriidh JoBatdrenaBifledondrearsiOTal e iag pettion 7083 dral BEHImM
and 8022, (collectively main maginet ic coil 802 mai_n nmagnetic coil

gopertiond/0 cwupdaid sebstantially paighelttocead) 1))%198045*1,6 temapertion of P8

- ' Ll 061, 30 | | '
suBHRSRE Bl ek P bese M2 RiadHzin A/ Rp  ThE 5108 7024n and
POFURLarRis AiEaRig 2asielab kach atisers| Trghirlain enagreddictaoiVdt0ds contains an
another to partially circunscribe the process chanber 7QL. Eaﬁh
nmaimeneiga@a ¢1@ dpTmed byciheecinterapdnfction Ofomet?i@%ﬁpgwﬁﬁﬁig#@éﬁ:ot etlpe

ch r . [ ' f(% | s 804 are positioned outside of
rrai%ﬁhﬁoé'gﬁée%i’ gp@&%lttgﬁgggh?ﬁ are of fset by about 90 fromthe main
magneti c

[0071] FIG. 10 depicts a top view of another embodiment of a magnetic coil

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 8025, (collectively main magnetic coil 802), main magnetic coil 804 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 802. Each of the main magnetic coils 802, 804 has two ends.
Specifically, main 16 magnetic coils 802x (where X is the coi
nunber) have ends 802x,4 and 802x8, and main nagnetic coils 804x
have 804x,4 and 804x8. The main magnetic coils 804 are positioned
opposite of each other and slightly curved towards one another to

DA ALt . . _ ! 0 Ciion .
PefagReti cofly BQATTAKE X IOMERAATbE HEVE lentilo0da) AHAA8 and ey
g)(;?]‘c-ngheti% n?glzlzﬁgﬂehave A ldix I ABQ@AB(EIMQ. 8012%Bb maine neseT dti@lopetéhogao%lad@
.an respectively. Further, sub-magnetic coils can
beP SISt ABROSIS BT CAGR O Rand SHOBMFHICHIPIAGIS Opp aNRIDRRIc partaly
j i utisi : i i G Cod
TheRShmSorR i, Bibees8thaitecro PR ARINGIE, BI nRARRL oiCEh Dubfidy
coeidsyof atdin map@ticodails Bk r For egamply; | maidr maghefic ends S02haahdr802,s

701. Thi fi ti ' L1, | to FlI 10 t h.of th
et QY TRERBONAYY STaf, RO e BOY creshapiial. c FHENR, S Brmadante cpliubos
R e et o Real B VG Ripaind rpRgis Ut I Wb TRt 65ig 4%

anan® 604 or putdidethd iy megineticreisn 802 @anddB04 902), mai n magnetic
coils 9041 and 9042 (collectively main magnetic coils 904), and

CCBTAS: TP, "C ity e Ben e egt: ol TR c AR Cratawatien 900
foéircsm%%;bi@w §ORFricATRoBY EHARSE 7@pp0mi§%oﬁﬁ§lgrgﬁn%ﬁ% #Rithray FI&d

S
owards each other to cCircunscribe the process € er 701. Spaces
9080 gxeeptozanidobthenrain adjiacever abeld H0°t dfdhaaihamisgmeitdumfeceridesand

902. Further each.main magnetic coil 9 overs about 180 of the .
oi PeutHie PR te i T T aeeh caliisg a6 P BRI FRlBned e DaRNett coil
904dnfigairstict0 400 abetads ihaiAnathgrRUESEEIR ob2(edry raupnetLalicctivey M
are curved inwards, and are positioned opposite of edch other.

Spaegpetia Gods &020r main veageelc adindérdt asdds04d (adllectivaly mainexagoetic

e ikl cand pPRE SSmERieLRaRTE 56 e, oy aBH By (Glssli AT sub®
COinkgn8fi¢ HaYRitR 800880 Wit MeagrigticCtdTfseDeRs anef Qt)ﬁ%’,h?eoﬁé_ﬁ;ﬂ'oned

chanber 701. The coil confeicguratlon 900 is simlar tot Coi
covppagiteacaom @gber ek puntgtattowardsheachi otheoripi guewmpenbedbe t precess

o0 erpBRt el ” Sieeg o Bl iR Behulh, wHiasefie sBbs 1B HRrinedlite
t ocdilkeoEP ak@3h & chNthathl ha@inetibeoMB0D JReALAbSUCTBO Of IRE cRBIMBAse
;?&Pectl vely. In this configuration, the centers of the

theg peagessceiarsbend 04r e Maini magaetis cnils RO4emndr 8044, angepositioned
ress g%tei c‘;’femaq?%i rﬂa&ﬁgtri]ce Eé)l 5 §8§,| §re9<9t?rv3<§'gnv9a%s, %&%rrglplo¥itioned 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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the 180 degree main magnetic coils 902 and 904 are not very
effective in producing magnetic field gradients. The addition of

t he sub-nmagnetic coils 906 inproves the ability of the coi
configuration to produce magnetic field gradients. If the coils are
17 driven by eight independent currents, the configuration provides
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process cha e col l guratton 1100 contains nain
rraghe\tertap@mg soilsl Oy, ba 182d, NdteXBat thedusel 0PN ¢ails (vderevid iy ameinteger

I C_COli 102 and. |n magnpe coils 11041, 11 11043

an ref @4@3"({70‘1"% %%h >po ﬂB} h@?g&vpgs gHe “E%l%ﬁéﬁé'\' grgrees,
{h%n”?tgé'eéﬂr%)ec%l &élﬂg%ﬁ@tﬂ?rf%ld aiHOMe Yhankierciig QH‘fﬁ?réﬁé@eo\ﬁbr a_coil

process chanmber 701 and has an adjacent nain magnetic coil 1102.
Themrmgmatmrspamegjl\i@alls dhatedo et weenamadeEh, witleasmis imprevertheatagaetic
ﬁbloz Mai n magnetic coils 1104x are curved and pl aced outsi de

aRfgnetic coils

[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 11024, 1102, 11025 and 11024 (collectively main
magnetic coils 1102), and main magnetic coils 11041 1104z 1104; and 1104,
(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
1102y 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 110424 and 1104 overlap main magnetic coil ends 110234 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
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1102x such that each end of the main magnetic coil 1104 overl aps an
end of two adjacent main magnetic coils 1102 (where X is the coi
nunber). For exanple, main magnetic coil ends 11042A and 11042B
overlap main magnetic coil ends 11022A and 110218, respectively.
Each main magnetic coil 1104 covers about 90 to circunscribe a
process chanber 701. There is a space 1110 forned between adj acent

nacailsntpiet i addBionp nain Mégnetioncsidi 10085 BHES RBGNShIT mé?nleﬁc bnd
are offset frommain magnetic coils 1102 by about 90. [0075] FIG
14TH%H P 8904t ¥8p vi ew of another enmbodi ment of a magnetic coil
configuration 1200 to circunscri be a process chanber 701. This

copahygur atgi@en 4 Ll arg .o ' ' | G6. L ;
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12023, ,and 12024 (coll Lvely | n magnetic coils 1202) and
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of the nmain magnetic col magnet i c col 4 are
pothiet Ciocwedfeseice ofitthe opokess phaesber2D®1.f dtactl mbiat weagnetidj eotleh202 is

main nmagnetjc coils 1202. The, sub- tig coils have centers, .that
r RAEETY oo MERy NS I SRAQITSEONS oA nel R ACARENbMERCMAGNRLC Colls
ma. ' LiliSned ' | i

TGRS o 5 e MRIRRE RS 2 L8R 0y A s
dr ofveachwiftthe engihtmagristmecallsnt20ir rent s, the configurati on provides

substantially inproved control over the shape of the magnetic field
pr ed 4n the chanber. kIl ustratively. .the sub:-pma | il s
DAOPTe auricAnsts BB ng0H At ReBliobR e ariad 36 S RRAReS 288 bifeed
e EtwERANR]jACertThhin rhd§detid 86i71202) TRESabiABgnétidBaIREhAe Eéftbft that
gradi ent can be producéd in the chanber b energi zing three_coil
padrespositianed 45 degmes effsetiftora dhe senteopof aror@gnediaicgits.c T he snb-

to coils 1204 d. 12044, and | ow re 0,: CQi .
Tragaele SGe At mgme: 8" Shend o dpF Hoahfic el aRndruey hud? T
t hengabér. Ofif S -JBRE LT Grivist Mith| RIgME indeperitien dREIRSE] thef icohfiguratien
vector addition of these fields produces a field wwth
provides substantially improved control over the shape of the magnetic field produced
in the chamber. lllustratively, the sub-magnetic coils 1204 are depicted as being

jocated 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 12025, medium current
to coils 1204, and 1204, and low current to coils 12024 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 coll
configuration 1300 contains main magnetic coils 12024, 1202,, 12025, and 12024
(collectively main magnetic coils 1202); sub-magnetic coils 12044, 1204,, 12043, and
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i nproved parallel lines of force across the substrate. [0078] FIG
15 depicts a top view of another enbodi nent of a magnetic coi
configuration 1300 to circunscribe a process chanber 701. The
magnetic coil configuration 1300 contains main nagnetic coils
12021, 12022, 12023, and 12024 (collectively main magnetic coils
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t he process chanber 701. [0080] FI G 197 depicts a top view of

ana@wd@ﬂmdﬁolleﬁtwalyrrﬁgbrémawqi@. coilsoifPglur &acknof 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] FIG. 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, 1402s; and 14024 (collectively main
magnetic coils 1402); sub-magnetic coils 14044, 1404, 14043, and 1404, (collectively
sub-magnetic coils 1404); and sub-magnetic coils 15024, 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 coll
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1500 to circunscribe a process chanber 701. The nagnetic coi
configuration 1500 contains main magnetic coils 14021, 14022,
14023, and 14024 (collectively main nagnetic coils 1402);
sub-magnetic coils 14041, 14042, 14043, and 14044 (collectively
sub-magnetic coils 1404); and sub-nmagnetic coils 15021, 15022,
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used to drive the configuration. [0081] FIG 18A depicts a
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(collectlvely sub-magnetic_ coils 1602). In this enbodinent, the
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corrective ﬁgetlc field to i nprove the shape of the magnetic
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hori zont.al sub-nmag netlc coils 1602 are '% si.tioned out3|g% the area
ci W@HPFB&%W Q‘f?é W%SM%& PEevigly e E dinents discussed herein.
[0082] FIG. 18B is a perspective view of an embodiment of the invention having a
coil configuration 1600B 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] F1G. 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 1604,
(collectively main magnetic coils 1604); and vertical and horizontal sub-magnetic coil
sets 17024, 17025, 17023, and 17024 (collectively sub-magnetic coil pairs 1702). Each
coil set, for example, contains two horizontal coils (e.g., coils 170245 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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100831 FI G 19A depicts perspective view of another enbodi nent of a
magnetic coil configuration 1700A to circunscribe a process
chanber 701. The magnetic coil configuration 1700 contains nain
magnetic coils 16041, 16042, 16043, and 16044 (collectively main
magnetic coils 1604); and vertical and horizontal sub-magnetic coi
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Sopasitign nessothe BENRTHS wBRihd SHREEN TS SMaY b Y 1o
Sefl48Rehfeffy 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, 5025, 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 ¢oil pair 16024, 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
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driven by a single coil. For exanple, one-half of the double wound
w nding of coils 5042 and 5043 are connected in series wth coi
pair 16021, and nmain coil 3023. The nunber of turns in each
sub-magnetic coil is predeterm ned to best shape the magnetic
field produced by the main magnetic coils. [0086] FIG 20A depicts
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corrective magnetic field over the workpiece, fewer turns of wire
wo thelebnbodérnestseirflG. d 9% eat e t he sub-magnetic coils 1604 of

enbodi mrent of FIG 19A as conpared to the sub-magnetic coils 1704

f ot [ f. FIG_ 19B,. [ 00871 /I 2 '
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two portions enables twelve . . '

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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currents to be used to establish the magnetic field shape. The

configurations of other main magnetic coils discussed herein may
al so be used. In this enbodinment, twelve currents can be applied
to achi eve substantial inprovenent in the control of the nmagnetic
field shape. Alternatively, the sub-magnetic coils can be wired in
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depicts the magnetic field produced by the enbodinent of FIG
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thmb%bih%nbﬁc%ntdﬂérﬂbl eThudl ke PF&;réb‘QoHﬁf%}ﬁtFIG CHA, to 22B, to
currents. Thus, the progression from to 22B, to 22Cto
22826h0vR2E Bhows Hbabmerd:\eam@ppgwg)@f theemariai eoilsaplus the additiea efdhe cosrer
of cgll?se pl%% tHe addition of the upper and lower coils modifies the high field end from 85G
down to 60G, 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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coils plus the addition of the upper and |lower coils nodifies the
high field end from85G down to 60G 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 inprove both the

I nstant aneous etch rate uniformty and the tine-averaged (nmagnetic
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over the magnetlc field of the prior art (FIG 22F). \Wen the sub-
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[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 generally 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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shown in FIG 22K Magnetic Field Rotation [0092] In a

sem conduct or chanber, the plasnma that perforns 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
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Of fiele revafoe toetio e|Atcbﬂ:llﬁglyOIﬂuﬂﬁgtthe rotation of the magnetlc field, the DC
current waveforms that run through the electromagnets may be controlied 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 control 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,

26



RF mat chi ng and thus maxim ze the total energy delivered to the

pl asma per magnetic field rotation period. Accordingly, during the
rotation of the magnetic field, the DC current waveforns that run
t hrough the el ectronmagnets may be controlled in order to help the
RF tuning circuitry adjust nore quickly to the changes in plasm
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the ce erpoil n col
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cent er of the process chanber. In addjtion, although the
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Th@g elonice use faefommb&rromtlohssohémdneHow'eber Adight 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.

[0097] 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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and corresponding coils 9061.4 may al so be defined to be at 0, 90,
180 and 270 degrees. Thus, this would al so be considered a
four-coil enbodi nrent as used herein as would use a four-coi
rotati on scheme. However, an eight coil enbodi nent such as
depicted in Figure 5 has centerpoints of 0, 45, 90, 135, 180, 225,
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e nunbered i n any 1'on, and t I cul ar col
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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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[ 0099] For exanple, for the original 4-coil enbodi ment of the prior
art, as shown in Figure 2, the four coils are typically operated
by having two adjacent pairs of coils at a higher current (e.g.,
coils 6, 8) and the other two adjacent pairs of coils (e.g., coils
7, 9) at a lower current. Figure 23 depicts a standard rotational
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[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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shape may be different than the primary nmagnetic field shape
rotated by 90 degrees. At step 2412, steps 2404 through 2410 may
be repeated as necessary to continue rotating the nagnetic field.
By providing nultiple transitional steps between each primry
magnetic field shape, the nethod 2400 advantageously allows time
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maBRASSS SPEIRE magni t ude during each step. Secondly, each |arge
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percent of the maxi mum magni tude applied, or in some enbodi ments,

wi chntiollesl pad detated mayibecuniiosa, sinnes, qmrmnnwyqug\ 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 fransitions, 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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the variation in the nmagnitude of the magnetic field advant ageously
facilitates mnimzing the effect on the plasma as well as on the
RF circuitry enployed by the process chanber. [0103] Enbodi nments
of the above nethod, and variants enpl oying one or nore of the
gui del i nes di scl osed above, may be utilized in both conventional
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sequence 2500 conprises two transitions between each prinmary shape
of [0106] rragheaddltubnertr@e Suab ef ghie apositivensurrenis and Bhe osuraaehther negative
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t hroddhé pnsrtweca;urmtusa(ﬂ+Rh@ndsﬂmesumm§ thgmeg@tlmmtérerft A»mlow- 1 Thes,
' O\Ahg ng al%de of(%ﬁg rh?aegsnettf(): f;glé1 Bg{ntg' O{B and 8ut 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. [f a particular matching network on a

process chamber responds more quickly, shorter times may be used. Conversely, if
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degrees), Coil #4 is the only coil to pass through zero current
(from+Rinrowl to - (0.5*R) in row 2). Wen continuing fromrow
2 torow3, Coil #2 is the only coil to pass through zero current
(from-(0.5*R) inrow 2 to +Rin row 3. Thus, the inpact on the
magnetic field froma coil passing through zero current is
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benefits of t he rotational nethods described herein. [0108] IS
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uences, or any other rotation sequence that follows the
ge@ctﬁ gcmagggtlgme%nptaé@nal 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 27145. 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, 2724p, 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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It is contenplated that other nunbers of transitions, other tine
periods for the primary shapes and the transitions, other R

val ues, and/or other relative current values may be provided while
still follow ng the general guidelines outlined above. [0109]

Fi gures 27A-C respect i veI y depict schematic diagrans of magnetic
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magnetic fields being applied [0110] Figures 28A and 28B depi ct

or g3 conpe ERdpé bk the hiigneticGiaid nidy fUBRES be aidPitiofidd ByathetdaMtionr of
a single rotational sequence for each of the rotational sequences
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3, and 26 where a @gh value of Ris used (R =1). As can be

seemtatlomh srauenses disgosed abeneanditormativeliie by rpwring at highsvalie 9f R,

b h fi | :

¢ acire eaarOried T Rl Foaatls ReuTRaRE TRk ahd ORI Lo any of
fi ehdinvieRtips fotational dtpiepides eiciostRAb@. Mhe Bpedfit valuedoftR chosen for
m nimze changes in nmagnetic field nagnitude during the rotational

sequaiMer progsssoviay  depend wren nutiniadaelprs, sueh asotheaR@ceR® pressure, the

T Sk AR st SLRAAY 8 DA 46 ket

| N rRefdtRiyaidHa b Btk bge bf tieaagir and the like. Addltlonal 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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field change to adjust to the change. Each of these principles,

al one or in conbination, thereby advantageously inprove the plasna
stability in the chamber throughout the rotational cycle. [0111]
The shape of the nmagnetic field may further be controlled by the
selection of the relative currents applied to the coils (e.g., by
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h

" t[011f]n 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 transitional 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 3004ag, 3014ag, and 3024,k to rotated primary shapes 3006, 3016, and
3026. Whereas the intermediate step depicted in Figure 27A (referring to a
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I ncrease in the corner coils (e.g., coils 2916 and 2918 in Figure
29). [0113] When transitioning with an eight-coil configuration, a
variety of rotation schenes can be determ ned that follow the
princi ples given above. Wth respect to the principle of keeping
the amount of magnetic field going into and out of the chanber
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Specifically,” Figures 30A-C respectively show EI‘I mary shapes 3002,

30for agnaine@rsitR ¢erjl ABE & carrEsPANIG cwnaﬁfsfmli oh&r m@murﬁfoldaemme@v

ndPen Sebelh, ME SPrCSLORhE a7 BESerrbtiacd  9filing 9 Benerme,into

a fSdr gAY eThbWulent I theoidmainingt dolisad, Irehd adhaly headesdrfbaidnby skiftthg
all of the internediate steﬁs in Fi ures 30A-C are s|oped, just as
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Fi gures 31A- C depi ¢ ra

curfactarss Af & anst 8’5 M’t"é’l define the basicrraagoslin Heldi ehaney @ndsbyfacters
scheme V) and factors D and E (in schemes W and X) that further fine-tune the
scheme. ForschemeV, 0<D < 1: for scheme W, 0<D<0.5and 0 sE <0.5; and for
scheme X, 0D < 1.0 and 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 3004ae, 3014pg, 3024,g, 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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respectively and having the times corresponding to the rotational
sequences denoted thereon by the reference nuneral corresponding
to the respective prinmary shape, transition, or rotated primary
shape. [0116] Figure 32 depicts a table of currents and exenplary
durations for the steps of wvarious rotation schenes for a process
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[0120] In addition to eight coil configurations having a four-fold symmetry, the above
magnetic field rotationa! 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 3304ap 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 iltustratively rotated through
four transitions 3404a, to a rotated primary shape 3406 that is 45 degrees clockwise
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t he conventional rotation schenes. For exanple, rotation schenes V
and Whave increased nunbers of transition steps, but have two
side coils off sinmultaneously. Schene X has increased transition
steps, and staggers the tinmes at which the side coils pass through
zero current. [0119] Plasma stability while utilizing the
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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 fieid
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, 2008, 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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thereon by the reference nuneral corresponding to the respective
primary shape, transition, or rotated primary shape. [0121] Figure
35 depicts a table of currents and exenplary durations for the
steps of a sloped rotation schenes for a process chanber having an
ei ght equal size coil configuration (such as shown in Figure 33).
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angHi®dn, SR &ér%mfe,acg% drfzé) %lmrﬂgmg? SRR Gl ‘r\ﬁh@? g@\d\?\ﬁgﬁn’c f i i

process chem stries r conditions). For exanp angi ng
oner the fikz.e lnégulabiiies ip thve chambeo sucface p waer exadesbater ther erosionerate of

process s or ses, of neticfiedmaglgitude i.e., réy
ot Bise s faPanerd 55 netk pPRgl PATROIRERF e ¢t Coaliiit iney eiipner or
LT @Rgtd IS rRa Nddisitidinya) @ Ity Vrﬁgﬁ@e dfBt{oTHe TRIRAES €18¥mbhénhe3ith

tunlng II’CUItI’y, usi ng a net ho similar to one of ) )
af chameteristios dreurnsbsiiche iitegwarchasnbey sutfadegorisenaf theaeightikeishandware

account .the rel eyvant changes, in procgss paraneters.. The use of tk
et LA qmeliiss HReBHEet AR peiRes Sre JOaK T La0aR e, ol
CamRRithie | dtZ8d icRafMER! FRindily VAd vell B8 & tHCisRbSFa®l $6v aS§ideh etch
United States Patent Application Serial No. 11/372,752, filed
Maprdicess copdtien, by aampared tetthalequivalerd iproeesseeasiitionm ssingdrriaredt tour

fe in i tirety., [0123] ,As di d .
| 6Oh ARGEVGE, 1HRersTote, LR R REe VR EIRBE FRT FoteRaRa metifus, disclosse
Pr Q¥ieie ekt RiastsMPeepiab Al GedifSabthenchamber BounddrdsTasd Ahug deereases
across the substrate. In addition, it has al so been di scovered

t hitte ehesionviate i ofe thetsustacear corting 3iTe danenchgaties| hovrdariess Hamdhe
tolc;[cgﬁor?su bo t\yv%Ps gpo%ioonr % esfé.B?! 8%@(%’3& ﬂ'yggt}lgriﬁ&e 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
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i nproved control over the plasma stability, thereby reducing the

| i keli hood any |arge transients that may occur in the plasma. For
exanple, large transients in the plasma nmay cause undesirable
currents in partially connected transistors di sposed on the
substrate that may danage the substrate. [0124] In addition,
magnetic fields cause increased plasnma density at the chanber
bogipar diemges inethe magAeed fitldeors 4hs blhea. THUS, tHC pRARINGD SnRyrRticare(d
of the inner surfaces of the chanmber. Such surfaces often consi st

of rofaiiasy Metiods Ruvardageeidr!y ail Biedrt tuming alickiteon, itssabilityde asiugitadhe
¢ qraes T PRt A et Race bR IL SR s bePRefi Relooteldn LB S

erhei changasanqilasihloametiantecesl by pedvidingtine fPOtHeaRFOR@INEScUEtE
surface coatlnqs may be thinner or where plasma densities nmay be.
| o®atehythsi pew Plgsaatimpadanae diavse dypihgsehangesanthednagnglicfieldiasct is
ar Q) gdsuch i rregul ar chanber surfaces. Use of the eight coi
hardware and rotational nethods described herein decreases the
maxi mum magnetic field nagnitude at the chanber boundary as wel |
as[oaze]t he Thulss froat ¢héser simdatiats, éhe lusepofoedended ndth cnils msproves the
conpared, to the equjval ent process condition usi rior art four
ca?r%%‘?f r’B?g"FPF&rté?' %é’,"o‘i!}E‘@ddf‘ tﬁﬁéﬁﬁmﬁ’@rﬁt ﬁ@@gﬂghﬁnw&vp the SLaPe of
r t'e@&ﬁll i el Yol t | asma density
aﬂh?ﬁL C ggg@&ﬁﬁgéﬁgiﬁﬁggﬁgﬁ%ePﬁﬁgb@%creggggﬁ%FHgﬁggosion rate of
the surfaces coating the inner chanber boundaries. For the
| ojo#27] ons Faifrtheomste ewbié dhe rsereicondgcetor prafer processingeghbmberiissa idny
t he jnner, chanber ,k surfaces), the erosion rate may be reduced by as
iGh B SRR C Bhihe BhGrS By boHRIEHIn G BuRIARelcPt sodsPIGHL H Blaseat
t hinQ RERNicANa! " Bthedpes JfesEmRVRBISHY SvafBRPHHEEIsd “ambers
ne'?hg@tiofér rHte)%elge chanber :}ggt ings. [0125] Thus? rrerﬂt#hods oq @
r osuth ag aa Cvily wbaimbedriinl whibbitke pdasmarfornaliah irepeceietdiad byother gsgref
t he E&oblens of the prior art. Specifically, the inventive nethod
of 6IPBYATAGREYSyr ovi des transitions of the magnetic field that
advant ageously allow tinme for the RFE tuning circuitry to match the
nejy 7] s MRV R fsta B MgCid Uikt td Pariclireg®otiméme of ThE fRéséntlingdrtion,
prior ‘to the next "change in the Qg&netlc field. In addition, the
t rether andfartherembedimertsmfitheinvartiapavaybe dgvisedbwitbeut depardag fiom

' i I [ fiel ] h haqut.
or <l et Treok AEAaDs shppy M Pal i Ras Dk dFe WmR30e: RlER
magnetic field strength on the plasma. Mreover, the transitions
may further be controlled to ensure that any coils that pass

t hrough zero current have their nonments of zero current staggered
in tinme, thereby reducing the magni tude and effect
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38 of the changes in the nmagnetic field on the plasma. Thus, the
present magnetic field rotation nmethods advantageously aid the RF
tuning circuitry in its ability to adjust to the changes in plasna
i npedance caused by the magnetic field rotation by both m nim zing
t he changes in plasma i npedance and by providing tine for the RF
t Wiaflgsei rcuitry to match the new plasma i npedance cause by the
changes in the magnetic field as it is rotated. [0126] Thus, from
t hese i mgthed dersrotating a seagrtetie fielshiteal pracgish ahaimberi epmprisiagt he

h i.C i d d i h hanmber . f h
oy o oIS RARREE (ElEh$ing BEMERY TR corl o that pr ovi de.
cor r ectghamgingein@spriraBnbshapeed. atll&dst tvoseiquBAt ADF Shsitidid @hkpes: and

sem conduct or wafer processing chanber is a dr etching chanber in
t he abdh@ngifsoiiienEansitional shape torarotated priowiy sbapdat t he present
invention is applicable to other types of sem conductor wafer
processi ng chanbers such as a CVD chanber in which the plasm

f ar.mat i The netiesde of elaih adwhigrdindomsigAhe nedgrdticTradd Rating the bflary
While foregoing is directed to various enbodi nents of the present

i rFP@REIMPTiseSher and further enbodi ments of the invention may be

devi se | i i ner eqf n .
Scope. (ALPRRRYng GRB SeFdr e 108 AR GrRRGReT i pradiiod s
1.didposeidnaisbift dhe ped@issighamiiergo eresteld RistmiaynatipfiekEss chanber,
conprising: formng a magnetic field having a primar sha_ge;

changi Whergl ghanging thehap@ansshape tnat leasbiwaspruantial trapsitienali onal

S : ..changing the transitional shape to a rotated primry
sh%gggésfgﬂﬁg%%ét hod of claim1l, wherein formng the magnetic field

havi ng (bheulpséquently ssippliéng apedseset 6Bgursais ity ithitgpmrélitf of meejnetié
currents to a plurality of magnetic field produci ng coils disposed
alfeld PEQ@%%@@StO&{Q fifsd tiapsitippabmagpstic ﬁﬁ@héf‘ c field; wherein

changi ' - L.a; i Lds
hapes b LuleRy kbRt b iRl pofrlestts BGRLIy L FRghbtonat
cuyroenting coils e crdate al sdcpndftramaitiveial maghett dief); @ddci ng coils to
create a first transitional nmagnetic field; and . )
wherein changing the transitional shape to the rotated primary shape comprises:
(d) 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.

4. The method of any of claims 1 or 2, wherein a maximum of one current applied
to one or more magnetic field producing coils is equal to zero or has its polarity

reversed between any two adjacent steps.
5. The method of any of claims 1 or 2, further comprising:

maintaining the primary and rotated primary shapes for a duration that is greater

than a duration of maintaining the transitional shapes.
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(c) subsequently supplying a third set of currents to the plurality
of magnetic field producing coils to create a second transitional
magnetic field; and wherein changing the transitional shape to the
rotated primary shape conprises: (d) subsequently supplying a
fourth set of currents to the plurality of magnetic field

pr ogluci i t t] I . I

Fo The 1 e Mool BRI 4 fhAEEE SIS Ak g taybd ok sRafkgare
met lh’ne'ch_taai'hfe_dritlslcjI albowt! thersanie dpraIion}‘anfdtdﬂﬁére@vﬂw irahﬂﬂozﬁhaﬁéb Iairﬁg t he
magnetic field at an approxi mately constant magnitude throughout
eachattaiped for ?‘P@Utﬁﬁﬁﬁé&%ﬁu%’?nof claims 1 or 2, wherein a maxi num
of one current applied to one or nore magnetic field producing
coils is equal to zero or has its polarity reversed between any

t wo7 adj atkemmethegof cRimThevivareindtieabtadey pamac) ahape Is mtated dbout 96r
conpri sing:.. . maintajni the primary and rotated primary shapes for
a g‘E‘?Qﬁf?P% ithresPest t&rtggt%\ma [$88P§" durati on of maintaining the
transitional shapes. 40 6. The nethod of claim4, wherein the
primary and the rotated primary shapes are numintained for about

t he8.saner ldeinsthod ohady whetadms 2 dre? tfudher torapasinghapes are

mai nt ai ned far bou}1 t he same duration. 7. The nmethod of .CL:Ei m 1,
wher ei n ERE3HRY M@ 8NBPIIRASERMRRONIGUPYSIN ratata s magmetia digieiBs wit h
res i L : i of any of clains 2 or
7, W&)ﬁlgr?at%@%ﬂg?g%@h?%@ﬁt?ﬁgnﬁﬁ? gﬁggg?’ng steps to continuously
rotate the nmagnetic field in approxinmately 90 degree increnents

dur . 9., Th thod of claim1l, wherein the st f
o TRE Tt TleR B Bk e eb i g o
g?nmm§ éhéd@ﬂrﬂ‘!e?%o? risegt plurality of currents to a plurality

magnetic field producing coils disposed about the process
chanber . supplyipa first pludaldy ohnyrreftsdbai plerdity of magnetic &ield prieducing

plurality of netjc field roduci ng coils are four magnetic
fi e<FQiJSF4%%QR%£%9%L§it{WE.P“1ﬁ?SS1€r¥% "od of any of claims 2 or 9,
wherein the plurality of magnetic field producing coils are

coupled to four current supplies. _ o
10. The method of any of claims 2 or 9, wherein the plurality of magnetic field

producing coils are four magnetic field producing coils.

11.  The method of any of claims 2 or 9, wherein the plurality of magnetic field

producing coils are coupled to four current supplies.

12.  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.

13.  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.
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12. The method of claim1l, wherein the step of changing the primary
shape further conprises: changing the primary shape to at | east
five sequential transitional shapes. 13. The nethod of claim 2,
further conprising between steps (c) and (d): (e) subsequently
supplying a fifth set of currents to the plurality of magnetic
fiehg pyﬁémmem'd@ dfQIAFRAE Br 9, fubher cbirpRsinigh onal magnet i c
field, subsequent 'y supplying a sixth set of currents to the

pl ur al | tl_;ep@fatmgghetci'lengmgl slepptorhizgietyecoagreticdiald daadirst flasman
transitional , magnetic field; and (g) subsequently supplying a
sevRIfCRS §é?‘%f currents to the plurality of magnetic field

pr oduci nﬁaﬁQtlbﬁinPQo(ér 9@&&1@|§sﬁnfakprbb@éberbmqnélf.r@ﬁﬂaeﬁqbcprtab@égiwhﬁé
14. The method of any of clains or 2, further conprising:

r epeentraiing the mﬁgngtm@elﬂ tsprsition bmcaaegmgéherﬁ@ﬂw‘tatc ffal@sbapen through at

fir asnma r.o and tranS|t|on| to a second asma

f r ofveeh g rouy ot R EARS s PBELUARY o harhiBef SR Rednetrdici
tr afyithé 98céNd BRRAKH PebdeRs. magnetic fiel d shape through at | east
two sequential transitional shapes to forma primary shape of the

magnetic field for the second plasma process. 15. The nethod of
any, pf f her S N controlling the nagnetic
fi eﬂg Jrrﬁ th88<9r§§’ﬁ'§ q'*gf @Wépﬁogg ﬁ” EgOTQP“FQgst one of device
damage Oeorﬁrcﬂhk@tﬁ@ﬁn%\dhéhaﬁem 81 dHanghRy sepses $e@tﬁt§ié’@ﬂéa§f one of
process chanber surface erosion due to the plasna.

device damage on a substrate being processed in the process chamber or process

chamber surface erosion due to the plasma.
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