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The present invention relates to apparatus and methods for processing substrates
such as semiconductor substrates for use in IC fabrication or panels (e.g., glass, plastic, or
the like) for use in flat panel display applications. More particularly, the present invention

25 relates to improved plasma processing systems that are capable of processing substrates with

a high degree of processing uniformity across the substrate surface.

Plasma processing systems have been around for some time. Over the years, plasma

processing systems utilizing inductively coupled plasma sources, electron cyclotron
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|i ke SCHEFREPINGIPIST BeTigiRIng a@memcwmgn@ Ee 8r§<n|1ﬁs ghinereatidetiliers or
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t hat one area of the substrate will be unduly over-etched while other
areas renailn prowessing tieashpstrateshert oflthe mejsbrtantpararnetersethat progess egineens t hese
stringent processi,ng requirepents nmay be contradictory at different stages
Cduri ngsnt“l’f‘etozl.’:‘PSQYSé% processHiRguleEnityy . Incthe gtch epyisonmeng, fer exammle etitesence of
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microloading, mask selectivity, underlayer selectivity, critical dimension control, and profile

20  characteristics like sidewall angle and roughness. If the etch is highly uniform, for example,
it is expected that the atch rates at different points on the substrate tend to be substantially
equal. In this case, it is less likely that one area of the substrate will be unduly over-etched
while other areas remain inadequately etched. In addition, in many applications these
stringent processing requirements may be contradictory at different stages during the

25  substrate processing. Often this is due to the presence of multiple films that must be -
processed with dramatically different plasma processing requirements. For example, the gas
pressure, plasma density and chemistry may be required to dramatically change while

processing a single substrate to achieve the desired processing performance.

In addition to processing uniformity, there also exist other issues of concern to the

30  process engineers. Among the important issues to manufacturers is the cost of ownership of
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o oossi niptoueiodd pil i el Biets tnerdtn b fongentacarntint Jrden mehad Mo r at i on
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upper end of the plasna processi ng chamnber and an RF antenna arrangenent
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di sposed within the plasma p %"’" t he processing. The
pl asma processi ng system al AR ) FaYynet arrangenent
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controll eThdﬂasmﬁyroaessﬁxgrchhmH@lﬁﬁanappekeﬁdsinmmwéréxﬁbt current, thereby
changing the radial variation in the controllable nmagnetic 3 VO 01/ 37315

PCT/US00/ 3132 2Thc plasma processing system includes a coupling window disposed at an upper end
of the plasma processing chamber and an RF antenna arrangement disposed above a plane
defined by the substrate when the substrate is disposed within the plasma processing

20  chamber for the processing. The plasma processing system also includes an electromagnet
. arrangement disposed above the plane defined by the substrate. The electromagnet
arrangement is configured so as to result in a radial variation in the controllable magnetic
field within the plasma processing chamber in the region proximate the coupling window
and antenna when at least one direct current is supplied to the electromagnet arrangement.

25  Theradial variation is effective to affect processing uniformity across the substrate.

The plasma processing system additionally includes a dc power supply coupled to
the electromagnet arrangement. The dc power supply has a controller to vary a magnitude of

at least one direct current, thereby changing the radial variation in the controllable magnetic
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The plasma processing chanber has an upper end and a | ower end. 4 WO
01/ 373 Thepgiialyacarion Bzffective to affect processing uniformity across the substrate.

Additionally, there is included pfoViding a dc power supply coupled to the
electromagnet arrangement, placing the substrate into the plasma processing chamber,
20  flowing reactan"t gases into the plasma processing chamber, striking the plasma out of the
reactant gases, and changing the radial variation in the controllable magnetic field within the
plasma processing chamber in the region proximate the antenna to improve the process

uniformity across the substrate.

In yet another embodiment, the invention relates to a plasma processing system for
25  processing a substrate, which includes a single chamber, substantially azimuthally
symmetric plasma processing chamber within which a plasmé is both ignited and sustained
for the processing. The plasma processing chamber has no separate plasma generation

chamber. The plasma processing chamber has an upper end and a lower end..
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chamber in the region proximate the antenna to improve the processing uniformity across

the substrate.

These and other features of the present invention will be described in more detail
below in the detailed description of the invention and in conjunction with the following

20  figures.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example, and not by way of limitation,

in which:

25 Fig. 1 illustrates, in accordance with one embodiment of the present invention, a
plasma processing system, including an exemplary RF antenna arrangement and an exemplary

upper magnet arrangement.



and topQlogy wthin the plasm processing chanber. Fig. typi cal
topograﬂ’lﬁf%%’?:“@he radial variation in the controll able é%ﬁ%?@ field
strength. Fig. 2B is an exenplary illustration of another radially

di ver gent nEUp.2A shdwsdothe éxepplarg ynaphetic finld libes thatmeayabeecteatbd withindhelc
currents in the electromagnet coils of the pla rocessi syst.em of
Fi'g, 1 ChmmbAh et St G Fadh vap i 6 R0 R O FreRdEment

t hat | + Lve plasma processing system in
accor ggﬂnlgg%qw@ﬁ@g&&n%%%gg?oc#%ledé&hg{s}%ﬁ i nvention Fig. 4A-4F show

vari ous magnet field generator arrangenents that may be enployed wth the
i nventive plRgraC shawsstypitgl opegrephy ofitharadial staniationiin the comtrollablent s of t he
present invention. 15 Figs. 5A-5C show various magnetic bucket arrangenents
tha? nayagnetiefgldseensthi th  the inventive plasma processing system in
accordance with enbodi nents of the present invention. Figs. 6A-6C show
vari ous magngeg! 78td Afk.RaiclRy MfiskBiin SFinolter ARBIGMRGnk dgfisic fierrent | ve

pl asma procesSing system. 1h accordance wth enbodi nents of the present 20
i nvent itopology that may b genarated when theatcourrdnts dretheicldstromagnsticos ofthe of t he
present invention, a Si H%klfi ed fl o.wc[;iart illustrating the steps invol ved
i n contRl&ma prgcsssingsysiem of £ig- iargmapipulatader i ng the radial variation of the
controll able nagnetic field strength and/ or topol ogy. 25 DETAI LED

DESCRI PTI ON ﬂgs.ﬁﬁ?ﬁ%%ﬁﬁ%ﬁ%ﬁ%mgm@me U8 By b A el Wit tht now be
described in detall wth reference to a few preferréd enbodi nents thereof
as101 | uatvemive gplasmatpireceasing systamy,iin gcabrdance ysth embodimentsoiAe prgsem315

PCT/ US00/ 31322 foll owi ng description, nunmerous specific details are set
forth iMVYEWBr to provide a thorough understanding of the present
invention. It will be apparent, however, to one skilled in the art, that
the present FiEV@RM'P(EBoWﬂQﬁs Mg FERCaeblatiR AraSE¥iienty thi taPbe élipoged
specific detaFls. "I'n other insTances, well known process steps and/or

st r uct uwitls tHedueentivt phsma piaessingsdteam in accordance with embodiments of the

present invention.

15 Figs. 5A-5C show various magnetic bucket arrangements that may be employed with
the inventive plasma processing system, in accordance with embodiments of the present -

invention.

Figs. 6A-6C show various magnetization patterns that may be employed with the -
inventive plasma processing system, in accordance with embodiments of the present

20 invention.

Fig. 7 illustrates, in accordance with one embodiment of the present invention, a
simplified flowchart illustrating the steps involved in controlling process uniformity by

altering the radial variation of the controllable magnetic field strength and/or topology.

25 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention will now be described in detail with reference to a few

preferred embodiments thereof as illustrated in the accompanying drawings. In the

; :



5 detail * {0 not unnecessarily obscure the present jny I Qn.. The
I nvention re@ ?5‘7' in one embodinent, to an inproved pl asmP§T®3®€3$ﬁg
system that is capabl e of a ‘high degree of processing uniformty control.
The exenpl aﬂwmgﬁpmmommmsgpmﬁs@m@ @y st €orth inairdetes providengtheronphber

bst ant t t h t [lel t
he waf er ERARNEY o8 T ke R ettt vl G apr v hereren i RSN Marber
that is ermJ ﬂmemetpeesemlhvaﬁas iy e tiBsP R 86int Br PG kS fsh&ggé’h&al for

t he proceSS|ng task. The inprovéd asma processi ng sys I ncl udes
an upper Imatheeinstincesnyelrbnown process sfeps amﬁ/ammcmresaxagem%exddapﬂsaﬁnabove

t he plane %It he ?st rtate dur|[1 processi ng. The RF antenna arrangenent
and t He u;ﬁiﬁ P 5%& DOt MORSCENBRY obseurg eﬂﬁiféﬂt@mmw that there woul d be

a nontrivial anpunt of radial variation in the controllable magnetic field

strength and t amelieextivh s, idén y far
above the substrate that thé mc?uce a&éér}#gtslggn ?%%@@cess?ﬁ)gé%iﬁl%fsgr%‘t S

achi eved it Ixsecapslblmf & Aighalegtey of provessing uniferminoceetrol The ekemplbrydngidvedt the
substrate Ps low. In the r:ef‘ererzsgaslsrl enbodinent, this radial variation in

the cont r SFPEBPEOSHIREIEN PEldess finglg chambea subgtantiedy apsnuimally symamettis; i n
15 1kt e o g GOS0 Ty SRR, e

interface. The radia latton In con € nagne strength

and tlépol lpggcessmgBdmnibet ﬂlat is leilnlpliiygdamtlﬁnﬁ gﬁxem@th;é%ﬁasﬂﬂ anditd eontdih Yhe plasina
nontrivia ur ul.l'y designing pl asnma proce55| ng systemto
create a S%\Qﬁ%l"i‘?c%sﬁ&gégq?‘a he improved,plasma prosessigisysem Siter | ‘@}-‘v%élan spparel d

strength gy ggﬁgigé%gy Iﬁgg [OCeSS formty,

and 25 thenggr ovi ngenggl\?éa?/ﬂglé%@tg@% a er?%rgi%gﬁt‘m%graiggﬁ‘g’ﬁpia&gﬁﬁﬁ?orm ty

di al is psubstrdtediutiog prdcessingpr ocess engineers to tune the process so as to
I mprove uniformty. In one exanple, the aforenentioned radial variation in

the controll ablrg @gnet ic field strength and topology is created by naking
t he RF antenna'&f ﬁ@@%ﬁ@%ﬁm&@@émﬁwpﬁﬁ mngnqﬂerrermsmenmgnmn@drsaﬁgerrent

rgnad ¢ AL fhoft weidld be el Bl R Fudth AR b dBreplliye meB Bt et oy ©
7 WO 01/ 3tBehigthREEI thisslOgyBUARA thelashel pr@ee'samgeﬁaﬁsertsbﬂfcwnﬂy F4+dBovd the Or nore

el ectromag%et coils, which may be coplanar or non-coplanar relative to

each ot hefubstrate that fhe ipduced Wéféqt’foamgmessmu uniformify Isachioved while
simultaneously ensuring the magnetic field strength at the substrate is low. In the preferred
embodiment, this radial variation in the controllable magnetic field strength and topology is
20  primarily in the vicinity of the region of power coupling near the RF antennae /vacuum
interface. The radial variation in the controllable magnetic field strength and topology is
- such that it affects the processing uniformity in a nontrivial way. By purposefully designing
a plasma processing system to create a pattern of radial variation in the controllable
magnetic field strength and topology that is capable of affecting processing uniformity, and
25  then providing a way to vary that radial variation, a uniformity dial is provided to allow

process engineers to tune the process so as to improve uniformity.

In one example, the aforementioned radial variation in the controllable magnetic
field strength and topology is created by making the RF antenna arrangement non-coplanar
with the upper magnet arrangement. Alternatively or additionally, the radial variation in the

30 controllable magnetic field strength and topology may be created by providing an upper

7
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I nduce ?Y%@ll%‘f?%sr enentioned radial variation in the cont réﬁrg"ﬁo@g#ﬁgnet I C
field strength and to ol_ggy. 5 For ease of manufacturing and sinplicity of
oper at ingagnet WBF@%@E@! udesitwg or oinaertlectramsagneedails awhigh amyfbegopladar t hough

not restrict ) Welel hanmpe ubst anti gl | zithmuthally
symet ?)I& éblg%gglrarﬁagﬁffgg‘égé %ﬁﬁ 8ﬁ§ﬁbe'gﬁgm lpfﬁﬂ%qiromgagt,coﬁﬁ aygﬂ.ezé?fdmbr ocessi ng
chanbereqiiret he by Rastistediwinedd ¢1ﬁ&nﬁrlﬁfvﬁflg%b¥siﬁ%ﬁbﬁ&ﬁ t8finduce a0l € chanber -
that both generates and contains the plasma for substrate processing (and

t her ef gfrementignediradialoqriation incthel conroliable apagneticfield strbmgth fnd tqpokgya

generation), and also is substantially azithnmuthally symetric to pronote

unigormty. ' . ngt .by.way of _linitation, the chanber

m':ly5f assume tl:ﬁ}e(e%‘s%)é’ggﬁagﬁ égﬂgfg"%ea% 5'1‘?9%}‘?/§£PP%?“%FP€-@W°°%SWQ%H. In a*

pr ef er chambertio gieferably cohgrbd (thQighans R fttdds) ﬁJls’éFhesiﬁ%Ele ghahbeg!  cylindrical
n

15 chanber wherein the Pl asma i s both ignited and contained for the
pr oces Shbitantigy agithmwhally symmeteig plasme gradessingschantben apberavards;therber f or ..

| ' { nber f ing. | |
P o ov RHSREpROceRIn8 Manfbed BP0 Hreet Rl blon pRerpra B tORSRS 60 sto@lcebombghor o
bucket tigat bathqeieratesaid tontging ¢ p1EkMiERdr Sibsfrite GPoRssinPeha tdrdford UMber of the

pl asma 20 density gradients to occur away fromthe Substrate. In one

priéf er ebimninatgsshe neadtfor 2 heparate chaniber forplasmacgenematienjeand also isspsissihligbout t he
peri phery of,the plasma,. processing changper. Preferably but not
necessg?lmlfth?lﬁ'es 57.}:51&&2%9 Gl MWQQEWY‘? %WH@@Q n°b£’¥|?”&b’i°fy of

per man@ffitaliBARE Shanktl niyQssithedhk ¥hadeiof ; | y of the
pl asma pr ggg’ssi ng charrber,S ei t her aiﬁir.?si ggg%r@ggﬁﬁ%gpgﬁ% h%n’gﬂanber wal | s.

| rr espebambez. of the 25 specific inplementation, the magnetic bucket
arrangenent is configured to force the plasnma density gradients to

concentrat e, near .t he chanber | | way fromthe substrate. | n this
manner, uni I'b? RTEESHS se’?q{ﬂg?rﬂg?ty\@ﬁ ﬁﬁ?@éﬁ a%mqqéhﬁixgg%fgggﬁggetcyllm ent

CIBNGE chites WHeftin e Phisniafts Bolighhell A8 ftaied THORE Bckg/aliPRiiH: | 1

conbi nation with the aforenmentioned controllable radial Variation of

magnet the requiting therusa gf A sepatate oasibey for phasomcsepenation enda sgparate Shanbed f&r7315 -
PCT/ USQXY 31322 inproved to a much greater degree in the inproved plasna .
proces rlﬁﬁss%t emthan is ' :

Ji

In one exemplary improved plasma processing system, there is further provided a
magnetic bucket arrangement that is configured to force a substantial number of the plasma
20  density gradients to occur away from the substrate. In one preferi'ed embodiment, the .
magnetic bucket arrangement is disposed about the periphery of the plasma processing -
chamber. Prefgrably but not necessarily, the magnetic bucket axjréngement includes a
plurality of permanent magnets that are axially oriented about the periphery of the plasma
processing chamber, either inéide or outside of the chamber walls. Irrespective of the
25  specific implementation, the magnetic bucket arrangement is éonﬁgméd to force the plasma
density gradients to concentrate near the chamber walls away from the substrate. In this
manner, uniformity is further enhanced as the plasma density gradient change across the
-substrate is minimized or substantially reduced. In combination with the aforementioned

controllable radial variation of magnetic field strength and topology, process uniformity is



possi bl e iy, ppis£Xi sting plasma processing systems. The npgnustosiiacket
tends to reduce the plasma |losses to the wall, hence the exenplary

. a3 . e ’
r batod. PRI 0 SRR B UELEM AR kit LDl 43erd Nt 102
density qabsibleiefahy yxisengplasmy pdcdskiag syslerhy/pi cal processing systems, which

in turn offers a w der processing w ndow. In many cases the desired

processi ng density naéﬂge easi |y achieved, yet in the exenplary inproved
system |ess sEragnsBabyckestendaip seducy theqiasmadassentogbnwpliihencidedensity.

Sour o peBRBREFBGedMaddiEnBoalhg difend Bigk MpEEhicieblly e HERISTR bl a! 1€
furthger wydkisourdee Addo yfops Eﬁsﬁ Bshrcdpovetd\inére dehdityScus genbrallyl s ma

D
anal yses of reactors (such as those based on vol une ionization bal anced by
Bohm | os $ekieyesl thawingypical pragesging systems; whichtin ture offers@twider nreesssingt ure for a

gi ven po eposiLti L1 he .reduced reducing the .pl agha Loss area.
This is \a%@é%??gl &s‘%@g‘% gﬁﬁgﬂ%‘kgeﬁﬁd@ﬁ%gﬁf% ,I%WaY h%gq‘s% FIES YR ghetic
bucket . 3nefipRry Rerevddystemh, RECAFQpower REpiBAIN BERA’S BtdeYatt BRURNSE. | OWer
potentials on and across the wafer that coluld cause danmage to the

el ect r oniAs aanbeapprecistedry theseskidled th thEhitnthe wergetting of the sourcaipewerdéndsl asna
i nduced danege ten to.si.gni ficantly enhance the operating, wi ndaw of the
ool 1011 ¥ EtEs BT ulRaes ot i B E S eroriertin B DY SRRC a1 rf o5,
the buckejind@y bf @kd§stgnd to reduce the total polymer deposition on the

wal | s thereby reducing the chanber clean tinmes expected fromthe increased
surface areas required in chanbers suitable for increasingly |arge wafers.

The average d@asimayanalysesad redotorsahely asthese basad @i wlurae iomizgtion bilended by
det er m ni the resultin rocess,result. By reducing the plasma loss to
the wal | Iéf‘)ggﬁ 19§ses Fféa’r%réfflfllléf‘?lgo Hﬁg‘ﬁbtﬂ‘?t tﬁggleftﬁqg}/@mpfe%ﬁw ?°§ &R hechani sm
di scl . : ) ‘ ) i : |

| SC Oseﬁeﬁtﬁﬂetﬁ)éil Wilbes bl !b?'rédﬁcingfi‘}gegﬁ?ériﬁ‘fos&&ei%@Yﬂcﬂ%ﬁgﬁﬁ%&'ﬁh% e !N

addi tion, scl osed uniformt Invention Is Itated by a
ver yl13 owembadineni, byfinairporating the maghetic, bucketc Suclsa prdeétemantelegtrby achi eved by
| ocati ng t he higher etic. . 9 WO 01/ 37315 PCT/US00131322 field regions
away fr offEPFEa gepera iy P%és tolewrrRptRntints ap Rl @proshihe praterithat cpyld cause; he

density  damage to the electronic circuits being processed. Eliminating this root cause of plasma
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induced damage tends to significantly enhance the operating window of the tool.

It has also been observed that in some depositing plasma chemistries, the bucket
20  fields tend to reduce the total polymer deposition on the walls thereby reducing the chamber
clean times expected from the increased surface areas required in chambers suitable for

increasingly large wafers.

The average density across the wafer also may play a large role in determining the
resulting process result. By reducing the plasma loss to the walls using the magnetic bucket,
25  the uniformity control mechanism disclosed here is substantially independent of the average

density.

In addition, the disclosed uniformity control invention is facilitated by a very low

magnetic field at the wafer, which is preferentially achieved by locating the higher magnetic



created by the source is thus very beneficial. The features _and vant agres
of the B’r‘é‘é‘@ﬁ?lsi nvention may be better understood with Pgiﬂéﬁsg?@ggzto t he
figures and discussions that follow Fig. 1 illustrates, in accordance with
5 one felticefiomawayf frarh ¢hepwaee Usingthe magnetic tuckétas efficientigase theglenyist em 100,

I ncl udi n exenpl ary RF antenpa arrangenent 102 and an exenplary upper
nagnetcrﬁaF‘gEﬁg??e??gP"fGﬁ. us veryioseelSialnpl e of Fig. 1, RF antenna arrangement
102 and upper magnet arrangenent 104 are shown di sposed above a plasnma
processi ng phafthRires'di8-adfntihek bf iR ﬂé&ﬁﬁﬁ@&ﬂioh%ﬁrm dﬂé&&#ﬁﬁueﬁ%&%nﬂos' tions
are al so possible for RF antenna arrangenent 102~ and upper magnet 10

ar r angefarence10 the fiffuresanddiscussiomsribatfelbew.1 Bi2. i slhsstrates, inaugdrdshcevittn RF power

B o i AP et TR OB L b

f - j - 30 h
1 1 bin 5, e gt Sk Al 0
ant ennin the examyslerefiFigl 0 RF antered arramgéntertt160tand uppét mdgnprarrangemeit 1d4r angenent

104 of the emodi nent of Fig. 1 includes two concentric_, nmagnetic coils,
both oA m%ngﬁa?@ a@evecfupla@m EroFﬁﬁﬁmgrfg_ami?eroWéoﬁ%‘@ll’oher@é‘i‘lséﬁ‘\isl?t%pper

magnet : gﬂﬁﬁ : |\ Sen [ | [T t power
suppl yheﬁlﬁ’?&ﬂ | c&wg]ggxgo% f%%@ﬁegp‘by?hﬁ%%’%%wu@e arﬁﬁﬁ%?lclg%%gt i on of
the didreamgement k4t (s) supplied 20 to the el ectromagnet coil (s) of upper

magnet arrangenent 104 to vary the radial variation in the controllable
magnetic field strength and topology in ie%gi on_110 to achieve the desired

level of priBEassnrraaneeRen; 107 isshayascqupleddn pa Rfpawes spprlz d 12.0¥high gi ven
LT R A

I ndepedbdano.4MHes asdut 50 MEACMpreprefirailfiahe fbquchay fide Rdtout] &8Hz fpi ngi ng
on the wafer. Bias RF power: supply 128 may supply RF energy having. a
“per i ocAteut 3R MHgz  Inithe prefesved emberlinaent fw&tqhmg,éhﬂléﬁéryqumgéumlledbe 0.3 Mz

t 9< abo QEIM;% . r MHz to about 30 -MHz, and .
p?%fer%%?nfga a &%m??gﬁﬁa%ws%ggp?a %2'122 represents the workpiece to be
processed, which nmay represent, for exanple, a sem conductor substrate to
be etched, Upparshdgad; arcngarhéreon of ther costerlimeht of Fip. diia¢gihdes tp@ehcdnric 10 WO

01/ 37315 PCTI US00Q/ 31322 . L T :
magnetic coils, both of which carry dc currents running in opposite directions. Upper

magnet érrangement 104 is shown coupled to a variable direct current power supply 114,

which is configured to vary the magnitude and/or direction of the direct current(s) supplied
20  to the electromagnet coil(s) of upper magnet arrangement 104 to vary the radial variation in

the controllable magnetic field strength and topology in region 110 to achieve the desired

level of processing uniformity across the substrate surface for a given process.

A substrate 122 is shown disposed above a substrate support arrangement 124, which

is coupled to a bias RF power' supply system 128 to independently control the energies of the

25  charged particles impinging on the wafer. Bias RF power supply 128 may supply RF energy
having a periodic, but not necessarily sinusoidal, frequency range of about 0.3 MHz to about

50 MHz, more preferably about 2 MHz to about 30 MHz, and preferably at about 13.5 MHz.
Substrate 122 represents the workpiece to be processed, which may represent, for example, a

semiconductor substrate to be etched, deposited, or otherwise processed or a display panel to

10




be procésaaxoiass a flat panel display. Preferably in one mroshoseszt
utilizing the magnetic bucket,- but not absol utely necessary the substrate

should b i nsi.de th I ort t bucket
o avor o be RSl fitg Adlat oo display  Brefrain s R ACEROR Rt U P B TR by
occur to pybeet e iﬁbtnaﬂsb'lufgly ﬁé&sﬁ@?ﬂﬁ'sﬂﬂs&a&vﬁbuﬁfbe%ﬁﬁﬂdrﬁﬁ WRMlinQioMeded at 5

the transition fromthe nagnet bucket portion to a non-magnetic portion.
Manuf act dowest porgod of dﬁma@@ec bucketty asteikdemyiaxial gradicsts uxu'ehle plastraproaessing e

magneti c buckef and relatiye |qcati the s during processing.
e s hown TS fral ey EciE e poreely fhe Shamedhe [5UR) of SoRGMETt BORBELE. oi i o
general | y, &t}[%{l Lhe, m 0 ma
processing c ﬁgfn 10 10?’eﬁatu§k§h&{m¥w on hot e gﬁ:a%lei\%&rlllgfagﬁisr?’ in a

pl asma f and posyagesisnmayt deermntpsthe ad:taalpck&heoﬂhé magmwbmbl&taﬂd eelaivegl e chanber
t hough the t.echni ques di scussed could be inplenmented into a nulti-chanber

react or . logatianphhesuRTuAte AREEPIOESSNE. need for a separate plasma generation
chanber, which corrpl i cat es the manuf act ur abi lity of the chanber and

|-

[ ntroduces ad SIS | g a
mechanismto g’%%pg&? ??@%ﬁrﬁ Hl}el S@neratlggl gysvﬂrrg&g%%at%kp e plasm
generat i cganerﬂ@ndgémdamd shaeo Ih b&lepwmde,sthe portion bﬁﬂi&@ﬂasﬁmrprwemmgsham@er he
substr at e) so, the substantially vertical sidewalls of the chanber

ablo?/lsothé §Misr%¥@°)§ﬁﬁ’d°t th mwim%fosn@sesmmwswe chanber
f
R cul B ol SRR RO Sl S5, BB RONLE  eRORIAbD O

substrat em F&ﬂﬁnﬁeﬂﬂﬂbIafmelsl-&xlam&%a&dneaxuvaﬂtagaﬁmgaheﬁetls ﬁ@neéa fory kepagted t hat
sonme curvature in the walls altheﬁgh conplicating the desi of the
react or , PlsAgEBeatRn chagbennhisfespnivetes uﬁmmufammmgémq%gmmm chanber

| eani ng. handl.i Th d of th anb
A I R B e a0 ehte Seb it el e pend
on ajsal mﬁ@oﬁ%«\.«g&m&@&piwﬁ@@ﬁ Fhe d;ﬁﬂh’{d geRerdfith @%Heasﬁdmbthh ipkotebspig @

particul ar manufacturer. In the drawing of Fig. 1, RF antenna
ar r angemehamba Zorprdcespipg rthqmgstmte)anédmgmmhstantm vamealrsmdavedip hﬁﬂm i.e.,

they are ) i al.l the f the si ng
chanber - SERBT oY e aublraf it he el sy todiioeh Hone Hoafs A TapPe Walme |
field Shs&@smymumaﬁé@%ss %s’c&iti’blé 1epbABSPofPaPERRR AnGE WG mhy t he
region 110 proxi mate RF antenna,” coupling w ndow vacuum i nterface

ar r angendlake offzverftuajly tﬁAosﬂamtsﬁmsut&&mxm@mp&ﬁwmmmbemléamigjsSuleméts t hat

may be creat thin chanber 106, of Fig,. f I
y 0 is env?s?oﬁlgd altt some curvature in theo wadlsI Sgdthoug %om%ﬁ&t{n%%meedesign of the

reactor, may also be used and may have further advantages regarding chamber cleaning and
handling. The exact design and shape of the single chamber, substantially azithmuthally
symmetric plasma processing chamber may depend on a balance between cost, ease of

service and manufacturability for a particular manufacturer.

25 In the drawing of Fig. 1, RF antenna arrangement 102 and upper magnet arrangement
104 are non-coplanar, i.e., they are offset spatially along the axis 108 of the plasma
processing chamber so as to induce a radial variation in the controllable magnetic field
strength and topology within the plasma processing chamber in the region 110 proximate RF
antenna, coupling window/vacuum interface arrangement 102. Fig. 2A shows some

30  exemplary magnetic field lines that may be created within chamber 106 of Fig. 1 to facilitate

11



11 WO 04,8 683R1£CT/ US00/ 31322 a radial variation in the reamisobizabl e
magnetic Tield strength and topol ogy withinithe plasma processing chanber.

d . ] . .. . | . | . . . .
Cont r of P B var bt e bR, R Kol kSl A Pl orthia Bl w1
cr eat e@rdcessinpechattibenved pl asma 5 processing system and purposeful |y

configured to be capable of having a nontrivial effect on the processing

uniformty at the substrate surface. For exanple the field |ines 140 in
Fig. 2A ar Ayagazeoyslycthgreis nov grnoatrivigl redialvasintion irthegguieallabler i el d

streng ' ' DER ), f o r adi 144 of. .t he chanber ,146.. By
provi d!h‘{r%1 aﬁ%%%g%%{g#\% or E?%lrl3 ’r?héh_lpﬂﬁsp “@%%@’QXF {ﬁa?exgl m @?eelgf_péﬁ"%f&?sgfa

vasi at peoeessing systemmoaridrpukpasbfuly teghgired to becdapalsit bRtk 2AGntHOROELF&Y ont he
process 10 uniformty across the substrate surface can be fine tuned to a

gr eat efhegugressing HEHOTTH YAt Hhesubgtrate surfiice o For enamphaithg fiskdlingsig04y Fige@d The
range of ' . the I l.s. are_abou to about, 1. 500 Gaus nor e
pr ef er §{§| 530%(%‘%?%% %%u@&g o@{éxsm%ﬁneﬁ%ha@ﬂﬁttrwg%g%h} a B’af% ek f 50Gauss
as meatheradius 14A6f the Chahbed qUbY B\ Pi6viting A hethenisii for véﬁn??thi@ PueSEilAr v |
illustration of another radially 15 di ver?ent magnetic Tield topol ogy that
may bectgated radialvarindon inthe dgentrllablemagnitic field strength and topglogy, theipracessi4 of
Fi,q. 1. _are ni pul ated, For example. ip Fig.,2B the field |lines .diverge .
8 au R HcRis RSostit e Batoc Bn tibed i ibfist Akree B BTG, oxact
t opol ofdor £ plaths prbceddthgdiystems! ux lines is controllable using coils 104 of
Fig. 1. Addi?i onally, the” range of variation and absol ute magni tude of the
angle of said field lines is determ ned by 20 the exact design of the

magnet i ¢ coilherange pf By{ields feom e Bregilears abent Ote ahentd , 5 Gauss) momr  t o

provi de_an .exanpl.e-of fie I nes intin e to t he axi s than those
Choun PrisErgy 360 D aban B0 Gl & bty Ao L0 pUr Sl i acasirdne

chanbepe it Windbw/ At@SA Rerfakd Fig R gh fex%mﬂhaﬁuﬁ&%%h'& ahbthkEhdiaflpe -
antenna and pl asma processing regi nes for Ich the reactor is designed. _

THE dedivgrgenmagnetid dicksktapelegy that mey be deneratedvivhibn theidesiupients infhet he 25

present, i.nvention.. I cal topographj radi gl .variation_.are. shown in
Do e b1ck APt 00 Bl AR R0 o SR 1Bl 2Bl o 11
axi s VhiReRRIrona GhicldRgidn G ishSeonpiredSisTRGRE A Fil. 11 Y TR Tkidt Wptbgyocal
maxima at finite radius and also a |ocal maxima on axis. In the present

i nvent ofxlosedend opgpHux bifiesis contrallable usingt cofe d 04 pfiige hn Additivoally,dhd ed usi ng -
t he ' '

range of variation and absolute magnitude of the angle of said field lines is determined by

20  the exact design of the magnetic coils. For example the magnets may be made ﬁon-coplanar '
to provide an example of field lines pointing more towards the axis than those shown in F ig. -
1. The optimal b-coil design is interdependent on the chamber diameter, presence and :
strength of the magnetic bucket, the antenna and plasma processing regimes for which the
reactor is designed. The design can be determined in accordance with principles of the

25  present invention. Typical topographies of radial variation are shown in Fig 2C. “The B field

strengfh in case 1000 has a single local maximum on axis whereas in case 1002 there are

two symmetrically positioned local maxima at finite radius and also a local maxima on axis.

In the present invention these types of variations in topography can be controlled using the

electromagnet assembly.
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el ect ronagma 01ssnbl y. 12 WO 01037315 PCT/ US00131322 Thergejgsibszshow i
in Fig. 1 a nagnetic bucket arrangenent 132, which includes a plurality of
plasma

t ially otri.ent d.th i ph f th
P otanel ng enacrerds!alio dhabh it Blg T & Batectic bup et RBEn G bodrathichBplone 2
conf i gur edylinlityksTPRrh AR nP AR g@agi&aen@a amuﬁahﬁgé%%rgggu#{bg sqpbstrate

whi I e simil taneéously maintarning a very sna at the
waf er. | n nrocessirg plrimabey. distnahiioned; magnedfic buckiet anmgpesichrl s kaifigaredrogenment

132 incl 2 ent t hat, h t hei, di al ..
Tagnet | 2aioah e TSP PRSI e R e SHes e il e Sgl gheotaly maigteiningy ¢ )
Howeves , (\gry SBANAlagRétic EIPSH tP@G/aféﬂsﬂsch@&[ oﬁﬁ?&éﬂgﬁf Iﬁg.af: nggizt'&g to

the specific design of each plasm processing system geéne t he

nunber of wkgsrrahganhaht H22 mehides3Zparngndnt glaghe caspsuliat hitathelr felisl i s a
strong pl asma densita/ctgl%a Il ent away fromthe substrate. However as the

| osses ar dnagngiizatiop & ter@atngarowd the,chamber (g, N.SNSs etcp)i Hlowsverathet he

cusp, too LtV € enent.. . Way O

cxcanpl o, SRR ofaHERRy B B AR bl B R hobuY RO o ool Bl
vacuum walplasimatpeodeasing s@yerle sui table for sone processes. Mre preferably,
15 the magnetic field strength at the vacuumwall interface nay be between
about 100 Gauss and about 1,000 Gauss. Preferably, the magnetic field
strenft h at thiﬂ general pmberafcusnsshouldiy seficienty high 0o exsutesthat theredtaul d be

d | K 102 enh h
ol asm. un ToR L ARy SadAORR) o bl ARPEIE e TowRlfrai™er o
processes to tewestef thel chambbi WltkelehipRet ﬁfthéléﬁsb%m;ﬂa‘x&g Icfsy Tohdlyl degtade tHRE

inclusion 20 of a magnetic bucket arrangement can be quité beneficial. In
t he pref ederdtychbywemsnt By warofxmampleenmagnsticfielibsteemgthi of abowtf1Sr L 00,

di d F I i ndow t. t ly simplify fh
Goar onC o n GRS b acm GHP ol Bl B sl B R PR AERRER S OB prefiahie,
and/ ofs t hehdmaagirtit Gield itteRbthaf fHRNAQTRLval] itOMRE Say Be?be&»?geﬁfa%ﬁnmb@a%@s t hat

the desired controllable radial variation in magnetic field 25 strength and
t opol ogy @ag akdut 3,008 Gayks. Rreferably, fleavagngtic field Biength atthe vaouumayelrintérface

ot her ositi.ons o ch er of, ex le, Fig. 3A shows a plasnm
pr ocessPn@a§¢§@§mltrh&b£t?3é’ﬁ%?%P%g%%%wd\ﬁﬁﬁtﬁhr%‘ﬁeﬁé F'}ﬁ‘%@%ncd?“ #e pr eg ent
i nvent i on airhigdents®® 162 Eihafds B asma uniformity across the wafer surface and may not be

required for all processes. However, if a high degree of uniformity is critical, the inclusion

20 of a magnetic bucket arrangement can be quite beneficial.

" In the preferred embodiments, the RF antenna arrangement is preferably disposed
above the RF coupling window to advantageously simplify the design and construction of
the chamber and/or the RF coupling window and/or the magnetic bucket arrangement.
However, it is contemplated that the desired controllable radial variation in magnetic field

25  strength and topology may also be achieved'by placing the RF antenna arrangement in other
positions on the chamber. By way of example, Fig. 3A shows a plasma processing system
designed in accordance with principles of the present invention that has a RF antenna
arrangement 102 disposed around the periphery of a coupling window 120. It is preferable,
however, to position the RF antenna arrangement so that it is above the plane formed by the

30 substrate when the substrate is disposed within the plasma processing chamber for

processing. Further, the RF antenna should be sufficiently close to the upper magnet
13



arrangew@g 3Rgs di sposed around the peri.phery of a coupl igago ,gﬁ%‘lzo. 't
S prefera‘e, however, to position the RF antenna arrangenent soO that it

is above the plane formed by the 30 substrate when the substrate is
di spos ARG 1@ Fasilispts dhafopmatiansaf apjasmaminmseximity to thedhghesiBifieldrur t her, t he

RF ant LG |y .l h I et 13 WO 01/37315
pCTi UsotP AR 3o oP orBidIble il B PR & Relt iR b BRRBRY, oi'asma i
proximty to the higher B field strength region of controllable radial

vari ation i rinkhd exenplay embgtimenndf Figp D) aRF anteiind i&irgxe3qD, stayke&drbodi ment  of
Fig. 1, a_RF antenna having a 3-D, stacked configuration is enployed to

pr omot SORBEYRHCR IS sammloxed tepramete agithmythelly symmeetric souplingr which is Bopgstant a hi gh

f ors her Vi XIER TvRLot LS AU Wit BHiR AR RN lsuctifed, S Widtfy fdrtnef 00
r equi r e riotedahbweves sthat this 3ABN3tacked 2osfiguritton is A6T reGbirelin allrdsdialin gaRyet I i

coupling characteristic of such an antenna is not a necessity (e.g., in
cases \fB¥sethsdrhesent grithmyihal symmejric eoupling sharacteristis\ofisuch an anterwatienotas t hat

2e o pitlGeich (& (HTRER it hATHARE wn HINR) o fre 8 RbieD e ARl 1"
ar r angeivait havdwi inigynteithmathal §enmewk cbeplaRahatabtefisto sudB af Rlphikar Spiral

coil), Fi gl 3C (RF_antenna coil having different. nunber of [oops, each of
whiCh saipalanteana). dxramplesnf altemetiveeBE antepnajarrgipements st sraydecviployedvi ng

di ff f ' “Fi 0., ,3E |

ompr | S EAEREn Bie, 38 PR ShiRfGTy, £k GG dense O pRTne A e a1 ©°
ant ennaf 19¥ps CeacHBY whRthansy Rk A differe thicRitess)) P14 30V (RIBahtdrnY @b ﬁaﬁﬂgt iple
coils driven together or with a plurality of | ndependent suppl 1 es).
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constants and physi cal di nmensions found 20 these tools, tends to nmake
any i nhndepandeat suppling)l [Furthery theRF ardervmuapiangemertt maydizge other soméxisn  ant enna

be. oy B R OB AR efimhen i Sehps Rashads. it RSt e e ol
antenna may be enployed to achieve high quality etches in the inproved
pl i’is {ra plr oc ﬁ?ﬁlﬁ P%Eec? Q@Hfémﬂ\ﬂj@c{henkﬁ@m%yédl\ﬂ?g H%gﬁéfal' ghidefitie, #FloSer REMZ. At a
relatively hig requency, e.d., an

frequency, e.g., <13 MHz with typical dielectric constants and physical dimensions found on

20 . these tools, tends to make any inherent azimuthélly asymmetric coupling characteristic of an
antenna less pronouncéd. Accordingly, a wider_array of antenha configurations may be
employed at a lower RF frequency. By way of example, a planar spiral antenna may be
employed to achieve high quality etches in the improved plasma processing chamber when

- the RF frequency is low, e.g., 4MHz. At a relatively high RF frequency, e.g., 13 MHz and

25  above, the i_hherent azithmuthally asymmetric coupling characteristic of an antenna can
become more pronounced and can affect the process uniformity in a negative way.
Accordingly, antennas that are inherently azithmuthally asymmetric in their coupling -
characteristics (e.g., simple spiral aﬁtennas) may be unsuitable for some processes that
require a high level of process uniformity. In these cases, the use of antennas that have

30  inherent azithmuthally symmetrié coupling characteristics may be warranted.
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o ocess, AsTpREDERSAkAR uho fRirbllitholoh REGE IR R B TD Dot s
di spigsed dixadvinthgedisly lGuiedmbRGiowet fifoperidé theipldsmaProdeb@ndEystent giha
arrangenment is preferabl éugept i nside the region defined by the magnetic
bucket aincaefgesiiall erogionebntbe eximplam impraved plasme prachssingriypieayofkag.1ls. | f the

. D it 4 v th e . !
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pl asma density gradient toward 't he , the footprint
bucket arrangement to reduce plasma diffusion to the chamber walls. If the magnetic bucket

[¢]

20  arrangement is disposed within the chamber interior (in the form of either a plurality of
magnet structures proximate the interior walls or a magnetic structure located near the
substrate axis to push the plasma density gradient toward the chamber walls), the footprint
of the RF antenna arrangement is preferably kept inside the high plasma density gradient

region that is proximate the chamber walls.

25 In Fig. 1, the RF coupling window is shown to be planar. However, it is
contemplated that the RF coupling window may also have other shapes, such as in the
exemplary Fig. 3A wherein the coupling window material also extends downward to form a
cap or in the exemplary Fig. 3G wherein the window is domed. Fig. 3H shows a
combination of the domed window with domed antenna. Note that there is no requirement

30  that the radius of the RF coupling window be equal to the radius of the plasma processing

chamber.
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of the Rfpog{iARpya arrangenent is preferably kept inside tﬂ&qﬂygog,lglﬁi'asrm
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b nonayalsebepreyided; pasticrlanlpifiatfing leved of neifarmityegnie! 18 desired. 14lthaughal so be
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ed articularly if of . uniformty contral .
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capabl,giaPlaridiBatih BshtidIRbRRAgneHC fitlAdtrahgth ahd RipbRigy elerr#héd B! abl e magnetic
field strength and topol ogy even when the electronagnetic coil arrangenent
and tdlectiRmagnetinenil arrangementend the RF entohmaarangement argcoplanar,suckisswt ut e

necessity.. As mentioned, such radial. yariation in trol |l abl gnetic
(T of comapsaluIHRGET o A cbsgon Sy adial BetaBon it sorfrofiotls ipenfde field™
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non- copl dnar al'ong™the axis of the chanber irrespective of = the nunber of
coi | sthe RFodntemia atrangparent ate nonteeplanati aldng/thd avie of thetchambewiriespectiv¢ dof t opol ogy
may be var ibed%tbé/.chan ing the magnitude and/or direction of the dc

cur r e pumberoficogls inyolved; | i ed to the el ectromagnet

In general, the radially divergent magnetic field topology may be varied by changing
the mzi_gnitude and/or direction of the dc currént(s) thaf is/are supplied to the electromagnet - -
20  coil(s). If there are multiple electromagnet coils involved, as is the case in the example of
Fig. 1, the magnitude and/or direction of one or more of the direct currents supplied to the
multiple electromagnet coils involved may be manipulated to have the desired uniformity
effect on the substrate surface. Of course the radial variation in the controllable magnetic -
field strength and topology may also be manipulated in other ways. By way of example, the -
25  radially varying magnetic field topology may also be varied by physically moving the upper
- magnet arrangement, either by rotating it about an axis different from 108, moving it along
the chamber axis, moving it in the same plane and/or tilting the upper magnet arrangement.
As a further example, the introduction and movement of a magnetic flux plate material

around the magnetic coils may also adjust the field topology.
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20 coi |l (8) wobiimeye are nultiple el ectromagnet coils invol pefusesiss t he
case in the exanple of Fig. 1, the magnitude and/or direction of one or

nore of the diJect currents supplied to the nultiple el ect,roma(gnet coils
i nvol ved may BERGTaRiOTPLY eopty 1%1%9‘@@‘?461’5’&%1}1?@6‘“%‘8? sl vpriatigncqd the on ¢ he

substr at : ' PR | L

agnet | ¢ PREFERSY sEkalif A2 foby MBSl enklle Bkl B e RIS RO
ways. By neayRBantexengiangehtaet 123, thadistinte/baraesti the subtagartand tHe iper inagek ogy
may al so be varied by physically noving the upp et _arrangenent

er nmagnet _ :

ei t her bATABESARENLE anImpoHARt DeFAIEeTs Thistis Bpcapse ghangas 1@81,6 radiah GoEnnopentiofng

the cha | 5 ' L Qs . / ARE \ r
mgnet - aranaict AR GRRloe) alsf bty SRURIELARGRRE el kiR,
a nagnet iseefigth while pteessiigthe dhbstrate GHRL bb EaiflR /g (eCg. Cloés thar@outl 5 Gaasd) ust
the field topol og¥. 16 WO 01/ 37315 PCT/ USOQ 31322 Since uniformty control

i s faci | iat thesybsiptepmiase angd firoge ehaxialpesitions ager theiRihansennaigerangeprest (&85 i el d

strength t ' nerated prinmari.ly.in.th I.Cl Ai of ..,regi on
110" nearOR [P B atdicod Gl REL SAS{achn B im iR I i Al e &
and the wpEShHestBERAY in RO 18PE S FBRinel adjadént tdBRWAE tHePIATRWVEI nedfy S 1S
because changes to the radial conponent of 5 the nmagnetic field topol ogy

al solQ npapproathetha diffusienproblecbtainablewvithaty the, unifoemity gondrol methasisn insplacengt h
whi | e proggssin he.substrate should he fairl.y weak (e.qg., l.ess than about
15 Gauss)ﬁ(‘:l ph %ﬁ’i’ﬁﬂiéﬁ?% Bmiﬁer ‘F“Q%Ee %{'}fgmg’ﬂt?yo’ffﬁ%é@ 8&?03‘?6 %Sds?ivl”lﬁﬂﬂgwnear t he
RF ant en ; ; (5 : I?aq,ﬂ.]%(%ié{ﬁﬁ t he
vacuum Wﬁﬁaggf\fvﬁiﬂﬁ%gﬁa'ﬂgg)e:%mlﬁgwg %%wglﬁégﬁ%%g%gﬁ&a%g%%s t 6o Iowolnﬁé}% 00

| ar ge a vadialnariatijreinghe magndticdieldsdtengthtang tqpodopyarasubstangally agtefi@atedopr oach
the diffusion profile obtainable without the uniformty control nechanism

in place. Al ugh such. a diffusi,o rqofile e sufficjiently uniform
for sone ar eaw&i‘ &ﬁ?%c‘{nﬁ’é@mf‘@%‘lndﬁmg’ tg% gﬂi’l‘?&?ﬁ%ﬁgﬁl@&%@“ﬂy enppigh

advajy agg§aliss Bl } ' : L AadLal: | oAbt jgn the
mag nfé‘{ [ c(%?i el d%@%ﬁ%ﬁﬁ“gﬁﬁﬁfgdp%g‘?ﬁ‘g%a gﬂ%glt&l aeﬁ.?ﬁilg?fgﬁg‘tnggéld&gt&% ) 1{i/\i't h

t hese contenyth arid opslogyismlteckd. Hoavedters therdigarse ahduld het eufrdily sendll sp asnal |

h 15t | ] [ iformty to_be i.pul at ed t
g a1y TS sohsTrHA BRSSO 9\ varatians angichenis AP HIBR 9t Ba RS CREEDS of Rswever
éhe di st apaey RARNhIRE vsgfer‘ﬁgﬂg lYo2 8Bk l::a@s?%@?erﬁm?nce'd%?‘éﬁﬁesﬁ\'/p e rﬁ%@x{e gnege
ue to varrations in currents rrow ng i n the wafer of charging o e
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excessive the pagnetic. . . . . . . . .
20 too small, the axial diffusion begins to dominate the processing uniformity. The radial

variation scale length then required to contro] the uniformity becomes close to the size of the
non-uniformity to be controlled. This leads to a less optimal magnetic design because of the
increased number and required control precision of local radial variations in the magnetic
field strength and topology. In other words if the chamber is too small, its physical

25  boundaries control the processing uniformity to such an extent that the application of the
principles of this invention, though still applicable, force over-complication of the design
and a less optimal balance between the desired uniformity control and other real life

considerations as described earlier, i.e., cost, reliability etc.

In the preferred embodiment, the distance between the substrate and the upper
30  magnet arrangement may be determined, empirically in some cases, by taking into account

the strengths of the radially divergent component and the axial component of the
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above or bel ow the wi ndow 130 as desired. However, it is preferred that
the coils lnhe P?é@@@@ﬂdﬂéemﬁée spbrrtmagnet artangementds po-axiahwith theo the RF
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the substrate. However, it is contemplated that in some plasma processing chambers, e.g.,

those employing asymmetric puniping or those that require a more complex magnetic field
20 - topology, it may be advantageous to offset the upper magnet arrangément from the chamber

axis and/or the substraie axis to improve the process results. One such implementation is -

shown in Fig. 4B whereas at least one of coils 104a and 104b are offset from the chamber

axis. Likewise, although the magnet coils are shown to be planar such is not an absolute

necessity and it is contemplated that domed or other 3-D shaped coils, such as those shown
25  inFig. 4C, may be useful, e.g., to further shape the magnetic field topology within the

chamber.

Additionally, there is no requirement that the coils have to directly overlie the
antenna. By way of example, in the embodiment of Fig. 4D, electromagnet coil 104b is
shown overlying RF antenna 402. Such is not the case, however, in the implement of Fig. -

30 4E. |
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In" the prqﬁ,grog/gﬁl,lgnbodi ment, the upper magnet arrangenment ipgrARoéatsad W th
the antenna, the chanber, and the substrate to sinplify the alignnment of
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topology wthin the, a@g’anber. Additionally, there is no re?ui renent that
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i npl ement ati on of the upper magnet arrangenent is electromagnet coil(s), it
i s cléht ePpimanest magnet arrangemient and the cquplieg windowpteralignwmagagiefielddinghgenent

e.g., one_for from,NdFeB or. S m | ies .of . magneti terial may al so
be el oFRRISPURELT STBURT RgoRPIAbeY o} PP B AP ERECoP SePmas eigance
in the mpggedd. c field topology. In the case of a permanent nagnet

i npl ementation, the resultant radial divergence in the nagnetic field

topol ogy may be changed by B‘hysi cal | y nmoving cp(gé)onents of the upper
magnet arr ang&mihste eant bf Figpd o wehdidigional pragpeticfiald generaonarzdngementagnet i ¢

per moabi ARG By Wt Hjoef feloft L Btk Bl R R Ui e s Dot B ner 10

Per MBNenchiRkk? 8f withirAihe eRRRber A0 Fedude tHeHRIintRORINL REESth bRY/6Y fufther he Magneti c
field lines appropriately. Simlarly, a conbination of ferromagnetic

el ement s camgershedor wmaiieg varagion iothe wmgetic field strength and/or topology at the

substrate surface. In this case, the potential damage to the substrate due to an overly strong
axial component of the magnetic field attributable to the upper magnet arrangement may be

reduced.

20 Although simplicity and symmetry are demonstrated in the preferred embodiment, it
is anticipated similar uniformity controlling variations can also be achieved with magnetic
coils which are not circular in cross section (e.g., hexagonal or square or other geometric

shapes) or with axes that are not parallel to the primary system axis.

In the exemplary plasma processing system of Fig. 1, the designs of the vacuum
25  chamber, gas pumping, bucket magnetic fields, antenna and magnet coils of the plasma
processing chamber are preferably co-axial with the axis of the chamber itself, the RF
antenna arrangement and the substrate. Although this implementation is particularly
advantageous in that it best utilizes the inherent symmetry of the typical substrate processing
and diffusion characteristics, there may be cases wherein it would be appropriate to have the

30  vacuum chamber and magnetic design not co-axial with the axis of the chamber, the RF
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corr e%lﬁqub‘?’e thior FBORYIAG RFOFeTSINgG nKomHiOIOr g@aesn@w auzgnswéhq:@esmeqf 5

Furt t of F antenna.
has p gé ua%ﬁg}%g(&tlhglﬁgt% E{ l?OOLE gﬁtgehgﬁ "he Up%n%%%é&&é??u" ein}eg genent . '
That she uldt;hedtme |assufﬁn1¢mmsh'bﬁgrﬁmgneticfﬁﬁld tdfored 1968 of @Rl pl@mDdensite Upper .
magneti ¢ arran t smal | er than the cross-section of the RF antenna.
As | dfge W&@maﬁ sypHratowd desed therhamberwalls (Preferably, themagugticabl e

radi afe1q Yot 1tIhe v% LR @etfacg wiith§h ﬂleg,ﬁsgsg{;g#rgﬂq 3;4#9%?%);%%3*. n the -

pl asma processing chanber 10 the Vi cl
i nt erréhmeelym egl, %Mnﬂﬁi@s@ind hEO(FGaﬂ?dSI mﬁprraﬁﬂatﬂ)hﬁetween about 100

Gauss and about 1,000 Gauss and in one embodlment at about 800 Gauss. However the

Q

20  magnetic field strength at the center of the substrate should be kept low, e.g., less than about

15 Gauss and more preferably leés:than about 5 Gauss.

Although Fig. 1 shows the magnetic bucket arrangement to include magnets that
span nearly the entire height of the plasma processing chamber, such is not a requirement.
By way of example, Fig. 5A shdws a magnetic bucket arrangement whose magnets-132 do
25  not span from the top of the. chamber to the bottom of the chamber . In general, it is
 preferred that the permanent magnets are dimensioned such that the axial gradients of the
magnetic field generated by the magnetic bucket arrangement are kept low at the level of the
substrate surface. In one embodiment, the magnetic portion of the magnet bucket
arrangement extends from above the substrate (e.g., near the top of the chamber) to a

30  position below the substrate plane (e.g., 1.5 inches below) to minimize or to substantially

20



upper nNEYRES hzBig angenent can be di nensioned as desired. pérmRseEanRtic
bucket arrangenent is involved, as in the case of the preferred

enbodi ment, for improying. processin formty for s critical
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By way ' ' u

magnes s AeiSAEeeralety Bnsciels v EP@RGIoE el 6 i B BORUERBR oliORBR.

t he chanhstithe cHambgemapadts exténd 8 bothadidusiof thetsibétratdslame r Avdaidttier kRgHApE St ar e

di nensi oned such_ that the axial gradi ents of the magnetic field generated

by lhe rmagnkapassibledrdavepvossiiahehambar snagagls, angwngack fide ofthe pubjstratene

buoker - PRI sets 222 B0, SRR3R o BB BF iipbBllicR oFne MaiBET L
t he chared lindsGederdfed B9 hd mAshelie ket W%@ﬁtﬁ@k@t RVABEhE Sulthtrate suFfadgnches

below) to minimze or to substantially 20 WO 01/37315 PCT/USQOQ 31322
reduce twhiledricing mostaif ghretpasma dehsityngradients ewity fbui the substrathand glose tpther at ed

by the netic. b t_arrangenment,. Al t hough I s i1 apl enentation is highly
ntvant ageamEeTatalisy F g, Siotal TEmtod e Bt Bite i BF pRS ot e rhtkuefe o

f or 15 0MeyyRKARG: $nent WSS Be RAGRER sBHAS ﬁ%%séu@fé&xﬁf&ﬁ@ﬁtcﬁy hag

chanber magnets (i1.e., the nmagnets of the magnetic bucket arrangenent)

di sposeddferampleythesecond de of maghets Bulfig SBAreferphammmeny 186yarefshewminside, i f t he
process _uniformty requirenent can tolerate the presence of sone axi al

gr adi ent8€ ¥WCUMRe nagnetic field |ines generated by the magnetic bucket
arrangenment, it may not be necessary to require

Further, although permanent magnets are employed for implementing the magnetic

bucket arrangement in the preferred embodiment, it is also possible to implement the

20  magnetic bucket arrangement using electromagnets.

As mentioned, afthough one important feature of the present invention is the
elimination of the plasma generation chamber, it is recognized that while the same chamber
can be used to ignite, generate, and contain the plasma for processing, there is no absolute
necessity to keep the substrate in the same chamber. As éhown in Fig. 5B, an additional

25  chamber 106b may be provided to house the support that holds the substrate and facilitate
substrate transport. By employing a single chamber 106a to generate and sustain the plasma
for the processing tasks, many of the plasma and chemistry transport issues and chamber
wall adsorption issues are already resolved, and it is thus not absolutely necessary to require
that the chuck arrangement and the exhaust paths also be located in the same chamber. In

30  other words, as long as the substrate surface that undergoes processing is exposed to the
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that theyshpsiagy magnets extend to both sides of the subsichishoBizmge. As

anot her exanple, it 10 may be possible to have two sets of chanber magnets,
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used to ignite, generate, and contain the plasma for processing, there is

no absol ut Furthex akbough thomagets tfthe budkety a1 aligriedtabithratimlly (wgipslong As shown
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chanbegample] the detssrivigners mBshecdivided b htdiiple betsselsy@h ofMlidhimayshdveus not
absol utely necessary. to regw re that the chuck arrangenent and the exhaust
pat hs the ssmenr difersniammber ohmagegie This msebe appropratsttp addrgasrady. as |'ong as

the s . f under goe LQcessi s _exposed to.the 21 WO
01/ a7 S3ahBhy il 5 G 1el i RBPREE RS SR R0 e B Ot BRG Dokt Sl r h
gEner dkalighud i asdifection @ePthas tHe rhdibl diRicA6:S Aksig, thi¥Techpldiféiatich Mayhe formi ty
control knob to fine tune the radially divergent nmagnetic field topology,
hi ghl Rppr@peiste 4@ addressiny aewsmetsy issees epeouniesed gty partienlan chambamgnetic  bucket
arrangenent is also enployed to force plasma density gradients of the

ener at ed the walls, a
ﬁi ghly uni Icl)rB#ﬁgg@gﬁﬁﬁg{ﬁ%{éﬁ%ﬁ%@%@%%%g{ %IWﬁlégg'%ﬁ}é%\g?@gngenent and a
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One such implementation is shown in Fig. 6C. Alternatively or additionally, the magnitude
20  of individual magnets may be made variable, either by physically moving the magnets or -
altering the amount of current running through the magnets (if electromagnets are involved,

for example).

Further, although the embodiment of Fig. 1 shows the cusps of the magnetic bucket
arrangement to be axial, such is not an absolute requirement. By way of example, some or
25  all of the cusps may be formed in a checker board pattern (e.gl.',_ Fig. 6A) or azithmuthal
" pattern (e.g., Fig. 6B) wherein the magnets may be disposed parallel to the plane of the
substrate. In some plasma processihg systems, these arrangements may be appropriate as -
they may be able to ensure to a greater degree, due to the specifics of some plasma

processing systems, that the plasma density gradients are away from the substrate.
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po'sition'edw(f\mmglschanber and the substrate surface to be ps©gesHathts
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i nvol&ed,confrollabdecmagnetiy fieklstrength anddot tapalpigyt he enbodi nent of Fig. | shows
the cusps of the nagnetic bucket arrangenent to be axial, such is not an

bsol [ f. l.e,, 25 all of th
b formed 1 dDeRBCBy b suRe is Saced vy Biin T Heia msigesTpe Bt al * pat t o1 n
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of the substrate. In sonme plasha processing systemns, these arrangenents
may be apgases)aredfloavedsntottheplaspa pioeesasingehimbarnsd apldsmaas ignied therefiogr.elp, due

to the specifics of.sonme plas rocessi ng sys , that the plasma
densi ty  GreRit 12 redial agort o eolable maspallc oK Higsugth apipTopolosy in

PCT/ US00 2.2 -0 K ' t: ' | { L1 : [ of
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i nvol ved theisubstrite elitfaceg The serdsgmian bé domd inyadbahce pHibetoiprorekding toadli al
variation of the controllable nmagnetic field strength and/or. topol ogy. In
step 702, Predefingd pedting ervpay be dans 4t ket fime 1/ tuag the RreRePSinE YRRl QUIBE a5 e

pr ocessi . is provided. As nentioned, this chanber is enployed to
both igni %Sﬁéﬁgp%sslg%{i n the plasm

As can be appreciated by those skilled in the art, the invention may easily be adapted

20  to control process uniformity in an active, time-dependent manner that allows full control of
the wafer processing over a wider processing regime than possible without the uniformity
control. By way of example, it is expected that a wider range of plasma density may be
employed in the inventive plasma processing system (e.g., about 10° to about 10" jons/cm’).
since the magnetic bucket allows the source energy to be utilized very efficiently in the

25  generation and sustaining of the plasma and the upper magnetic arrangement allows process
uniformity control to be maintained throughout the plasma density range. Likewise, it is
expected that a wider range of pressure (e.g., <ImT to about 100 mT) may be successfully
employed in processing substrates since the magnetic bucket allows the plasma to be
sustained at lower pressures. Thus, a single reactor may be employed for different processes

30  having wide process windows, which gives the process engineer a degree of flexibility not

available in prior art plasma processing systems.
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for pr %sﬁbﬁg thereby elimnating the need for a separpé
gener ati on Chanber and pI asm transport i ssues associ ate erevmth I n

step 704, the RF antenna is provided. In step 706, the upper magnet
ar r angemenfurtherpomsy ltdecbmermlatedahvgem appropriaté &edbmgemmmsmam ant enna

dth |
o0 PR AR P EBOSHR B b P g ) var Lot o
708, 881 9alRiohdh the &n&bﬂ&&énfagﬁéﬁcrﬁetdlareﬂgm tgpas@ isBan edantihme] inf O

processing. In step 710, reactant gases . posrtlon source gases or
et chamtlerstolachieve gasbs#edatmmﬁurmmessnuﬁomw pﬂsulé tomgtiedd¥ohg chanber and a

pl d f 712 h f th
5t raidSasply e sl Fafdsitin e eonfpliRbif aespegtCROR S e B BB BEy 7 1Ty o
the Rﬁaﬁﬂ%ﬁﬁ{@l tb%hﬁ'@r%ntts@ttﬁi@ﬁ)téchiwe HRaighit WRITOYEEy GUnBOEfoF diferemitictay m ty

acr oss e substrate surface. The setting may be done in advance prior to
pr oc estepsrig atgiven etch prdeéssn ditestbut thesg soitingsunap de donewith or withortthe to tune the

P hos ebamht obie fsp:baa mechanisth afd, &R br BHosiany sy i AChifE RRRESE' 1> ™
CONt T g ERESHSs UK GO bhas ﬁ&n%ﬁn%hlﬁ{elnﬁie@ﬁséjﬁﬁﬁ&ﬁ%fem@ﬁr that allows

full the er processing over a w der processing reginme than
N0SSi kéchanisit)ahe apprepriuné fuciforinity settingd fookhe \Eylouaytepa‘ mex hcrpdcertamcd Is expect ed
that a_ w der range of plasma densi tﬂé{ g%rgn ngl oyed in the inventive

pl asnedvaness empiniglly pE p ige, gnd eRpLiYE §°MB&ut 1013 ions/cnB).  since
the magnetic bucket allows the source energy to be utilized very

efficientlyin tﬁﬂ%\?eiu ﬁﬂ%ﬁéehggsc?iﬁgd ekl Of f29erl plefifreReffidRingéids,t he upper

magneti c arrangenent ows process uniformty control to be naintained

t hr oughagy ire hhﬁaﬁblmpmank,)andaqmalemslv&mtsﬁu within ¢he seapeefthis t hat a wi der
range of pressure ( bout 10 be succtess ul ly

el oipvention. howes s W@nm!wtth@tg&em iRg 18 éwgpé@%mF 2l B
:’é‘gls g?/rgbo?tgxre t%}tﬁ?ﬁn?ﬁﬁﬁﬂe BscdsQ0R! it %&o%ﬁ PHS BiderstbtPthafthe uRGbiEni L8l may be

processe’s aving w de process w ndows, which
gi vVes appiRs BS A9esemicngduaee prodesding peacesd, efg. alepbsition. yit ixthereforaintentsied i n prior

art plasnma processing systens, 23 WO 01/ 3 P ) 31322 Furt hernore,
it |gﬂx§bmeépﬁ%mmeeppgr&e &H“ﬁi)b?ﬁ‘&?‘?"&teé &é@iﬁ‘gﬁﬁgﬂé@}?‘aﬂ?e OR&y be enpl oyed- -
to rmB'erth{ltat}orx]lg 4ha? %ﬁﬁ/ﬁle‘ﬂ&' as Pivithindhe fus YRRt 4t &obEof BR'prdskA¥e and to nodify

t he
invention.

24




r adi al var iv?épﬁ%isn the controllabl e magnetic field st rengwsf@gg?ggﬁl ogy,

also in rea order to achieve the desired optinu

uniformty result. AIternatlver or 5 additionally, the radial variation in
the controllable nagnetic field strength and topology may be dialed to
different settings to achieve the riGhAIMSi formity control for different
etch evpﬁfﬁ lm[n% ven etch process. Note that these settings may be done
with or w tHduE Sbenefit of the feedback nechanism and may be
performed either. while etching through a single filmor as the etch noves
fromfilrto #PRMS Frocessingy e%ftmetesmeaﬁ@e&s@ct@mmlsmcham sm the
appropriate uniformty settings for the various steps may be ascertained in
advance, enpi ristgld ghamben shistantislly azimuthely byymetrid plasmg peecehsingychawibiet e t hi s

ner & o ST WRE S5 PrebrTed sufeinSC 49 aleSsies G4 FARPRW 1 hi ' t he
scope of pidkessing dhafibet l%nnéib Xraf% rEéh&an@x} &l{éﬁi&gﬂ s&ill Pshia Sdréce@éﬂ? oyed

throughout the preferred odi nt to si e di'scus
shoul d behambkrhaviogdn ubpdr endh endimicveer end;y control applies to any
sem conductor processing process, e.g., deposition. It is therefore

i ntended t hat chistingodindow Agpafedensiedpper 8hdBf SARI plaEneS b&dsSidg @Barhbeg] udi ng
all such alterations, pernutations, and equivalents as fal F wi thin the

true spirit a
hCT Ueh0r 51308 CLA%%W miehER Cdﬂmg%wgﬁeg‘?& 1 A pr%és;ti%?‘r'fge‘éystem

f or Ifr oceaid isulsptratesisiisposati evithirosand plasmgproaessinggh&nbé‘r&‘dﬂxatd proudssingnt i al | 'y
azinmuthally synmetric plasma processing chanber 5 within which a plasma is

both ignited andlestesrhainee ﬂrzfn?éméﬁldﬁ% PRSCACBEFE B pland a%mkaeﬂald@ﬁwﬁes' ng
chanber havi ng no separate plasnma géneration chanber, said plasm

processi Ayd eleptaeregnehavanggmeant h;p}g@onﬁgwreén@asatmrmwnn emattialavatiatign inrthe wi ndow

di sposed at er _en id r ocess an RF antenna
ar t angentnminolsREheGEhod i SidpRSRF AbsSechitoa il Beeion fadimao. car g
subst T at gail Soufiin WiRdbwaAd irer!vhheh R AR o BRES Bhitéh: AR fohipal
processi ng; el'ect romagnet arrangenent di sposed abov aid p ane defi ned
by sl&i d sletisemagnet arrangement, said radial variation being effective to affect processing

uniformity across said substrate;

a dc power supply coupled to said electromagnet arrangement, said dc power supply
having a controller to vary a magnitude of said at least one direct current, thereby changing
said radial variation in said controllable magnetic field within said plasma processing

20 chamber in said region proximate said antenna to improve said processing uniformity across

said substrate.

2. The plasma processing system of claim 1 wherein said RF antenna arrangement is

disposed above said coupling window.
25

3. The plasma processing system of claim 1 wherein said RF antenna arrangement and
said electromagnet arrangement are spatially offset along the axis of said plasma processing

chamber to create said radial variation in said controllable magnetic field.

25 -
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sai d el ectromagnet arrangenent being configured so as t ,h a radial
vari at iR he controllable magnetic field within sa&#ﬁ%&%gzg

chanber in the region proxinmate said coupling wi ndow and ant enna when at

| east one direct current is supplied to said 15 el ectronmagnet arrangenent,
said radial variation being effective to affect processing uniformty

acr ogs salltle plassiarpabaessing sictepovfulaifiiD Mhyreiivstid eldctkemaghetlartdn@ememmagnet
arrangenent, said d ower supply having a controller to vary a magnitude
of s&i“épdﬁﬁaﬂéﬁ%ttwﬁﬁ&cgpmé&et%urrent, t hereby changing said radial
variation in said controllable magnetic field within said plasm processing
20 chanber in said region proxinmate said antenna to i nprove said processing
uniformty across said substrate. 2. The plasma processing systemof claim
5 whér ei nThaipthsiia prodessingisystennofydamn? whereinlsfid elecitoradmiécartaiggmenupl i ng

w ndow, 25 3. The p] asma processjng systemof claim1l wherein said RF

ant e § FW0) g@?ﬁéﬁ-tmaei%ftmgl&g@tép% plpansof said twp gengentriclectomagned) | v

of f sef. i ' : e Tolgon: t e said
Fact SPIHEed Il § cfity A5l B AT 3355 e Y SB5ind che i Sk

1111144 ¢drckiditkléctronfaghet Moll¥ béidd CondikarddQd/chi®) @/secoad diredt cuhft iplaas ma
processing.systemof, claim| wherein said el ectromagnet arrangenent
inc[ﬁ%‘@§dgtfe¢tmm§#9@!‘%ﬁﬁ5¥6‘m@ﬁ@ts. 5 5. The plasma processing system of
claim2 wherein said el ectromagnet arrangenent includes two concentric

¥ ectromagnet coils, a first one of said two concentric el ectronmagnet

coils being configured to carry a first direct current in a first

di r egf | onTha pketRMocn®iystii 6f cliindl ohBrRaNiaid Copliag wWind®e fgpreseitslhs bei ng
configured to carry a second direct current in a second direction opposite
sai ddfelectic Winde#t i on. 10 6. The pl asma processing systemof claim1 wherein
said coupling w ndow represents a

7. The plasma processing system of claim 1 wherein said coupling window is

15 sﬁbstantially non-planar.

8. The plasma processing system of claim 1 wherein said éoﬁpling window is

substantially planar.

20 9. The plasma processing system of claim 1 wherein said antenna is substantially |

~ planar.

10. Theplasma processihg system of claim 1 wherein said éntenna is substantially non-

planar.

25

.11, The plasma processing system of claim 1 wherein said substrate represents a

semiconductor wafer.
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di el ectricod qig@¥ys 7. The plasma processing system of clai pdyudveseip said
coupling window is 15 substantially non planar. 8. The plasma processing
systemof claiml wherein said coupling windowis substantially planar. 20
9. The plasma processing systemof claim1l wherein said antenna is

subst antfgal |y, l.anar. 10., The pl ai$ma, processi ng Su)f;St emof claim1l wherein
sai d ant®nna 1% KR BIResssing sysiam of elaian i wherein spid subteatp repsesentsiaass of ng

syst em oflaGic3Hafid] fo¥aalif i b epresents a semni conductor wafer.
26 1111?1111?1111& Il Ilﬁl%lpﬁigﬁlﬁig%gﬁ%ﬁgl}BlS PCTNSO0/ 31322 12. The plasm
processing systemof claimi wherein said substrate represents a glass or

pl astic panel for use in flat panel display fabrication. 5 13. The plasm
pr ocgssi ng s temof claiml vvhere%(a said_RF antenna arrangenent is

subst anth*al | g Rrecesing sysiam ghglaing} wherein ssidRrantsrnncasagementianber .

14. The RbasBIRAGRRH ] I é.s?ﬂaﬁ: e ctures associated
wth said plas > proce%oggé{:ﬁ{};gn@es?ﬁt‘ﬂa aré\&ggl'%ﬁ%aﬁﬂ\’#al I nfl uence on a
distribution of plasma 10 density within said plasm processing chanber are
configured to be substantially symmetric about an axis of said plasma

processi_ng cgﬁ]nbé)g. 15. The plasma_processing systemof claim 1l wherein an
out put part CPASHAFTOSEHNE Bysteapekslsim b whemshystiusturasigssogiatadawity saig nmet ri ¢

about a | | A . -16. The, pl asna

o ocesehatiprtieatfy ehiits W BEQSTRRIA pinEs BER Ayibifion B lofmd

ar r Hhgerdendity wishinl said\pddshna pedugsdingichapibgeare BbnfRirdio &0 Rbbsgtiatly spnpewR
between a first, position for |oading and unloading said substrate and a

second PBeytEnsKisif saidplaseedirorgssing ehamber.subst r at e.

15.  The plasma processing system of claim 1 wherein an output port of said plasma
processing chamber is substantially symmetric about an axis of said plasma processing

15 chamber.

16.  The plasma processing system of claim 1 further including a movable chuck
arrangement, said movable chuck arrangement being configured to move between a first
position for loading and unloading said substrate and a second position for processing said

20 substrate.

17.  The plasma processing system of claim 1 further including a magnetic bucket

arrangement disposed around a periphery of said plasma processing chamber.

25 18.  The plasma processing system of claim 1 further including a magnetic bucket
arrangement disposed around a periphery of said plasma processing chamber with a

substantially symmetric flux plate system surrounding said magnetic bucket arrangement.
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17. TheygloisfdsProcessing systemof claim1 further inclpgipgoiisBanetic
bucket —arrangenent disposed around a periphery of said plasma processing
chanber. 25 18. The plasma processing systemof claiml further including a
nmagnd®i ¢ Jiheeagnete bugkstamangenenipsseqited i claim 4 8 yhereim saig synmetkicdly¥ asna
proc i i i al 4 tem

S St A e tes e ocg SB3LeR Sbh o b OLEY the ol Berfphily B id

| 111 idabhetid buokétldrianbbment sdid/kluk platd beidg prowithiié i migieticCldm@&diFaP2  19.
The magnetic bucket arrangenent as recited in claim 18 wherein said

sy mrinagpetiq bupket ¥rangemEYst em i ncl udes a flux plate di sposed continuously
around the outer periphery of said magnetic bucket arrangenent, said flux
@ ate being proxinmate to magnetic el enents of said nmgnetic bucket
arrangenment. 5 20. The plasna processing systemof claim 17 wherein said
magnaoj ¢ e lpbismaiprocasiageysterh of tlaihe $7 svheteiri sdid inaghétiqiricketnent nmagnet s

di sposed outside and substantially parallel to an axis_of said plasna

pr oc @5angeinesh mebides a phurality of parmangetmagnetsclisnoseyouside apd rbstantiall 20 wher ei n
sai d_plurality of { gnet n only a portion of the height of
sai dP agglﬁyg a‘&r%%e%@?@?%ﬁ&“n%’@%%@?ﬁ@%ﬁ%ai d upper end and said | ower end.

22. The plasma processing systemof claim1l wherein said processing
i ncludes etching 15 said substrate. 23. The plasna processi ng system of
claim1 further including a substrate support configured to support said

Hu gs 2dat e Tangrnlasgxasmp@psgn];g system afclaan 29 mrqfnrsqéd)malzm pprgrmaserpl ed ¢ Io sai d
trat { i i . 20 i i t
cont RS A 2 pORI of thehei gl o BB pit v e 2aslr bEORRR . )

arra%gﬁéﬁaa.anggajd]’me@nasrm processi ng systemof claim1l wherein said
changing said radial variation in said controllable magnetic field
i ncl udes changi ng a magni tude conponent of said 25 controll able nmagnetic

field.

22.  The plasma processing system of claim 1 wherein said processing includes etching -

15 said substrate.

23.  The plasma processing system of claim 1 further including
a substrate support configured to support said substrate during said processing;

a first RF power supply coupled to said substrate support, said first RF power supply
20  being independently controllable from a second RF power supply coupled to said RF

antenna arrangement.

24. " The plasma processing system of claim 1 wherein said changing said radial variation’
in said controllable magnetic field includes changing a magnitude component of said

25  controllable magnetic field.
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LTI My bdd7agd IITHIIT CL S 28 WO 01/ 37315 PCT/ USO0p@teRas122- The
pl asma processing systemof claim1l wherein said changing said radial

variation_in _said controllable nagnetic field includes ch,ang',qr}g a topol ogy
igl yariation

conmponent?deof SAiePlasER Rratasng systeryplslaim | waergin ssidahanging sqid

control li:ng,:Rr .fk%u'a'éﬂ. : )t ] : ' é&% :41Si ng a

pl asm-eﬁﬂgﬁgggﬁ%@%?ess, Sié%fgﬂldéffﬁé&ysﬁﬁ%‘%i‘%cﬁgﬁgl%g%‘ﬁ pb%@%sgus#ng chanber
havi ng a contigllsblchagietic fieklibst antially azinmuthally symetric configuration
within which a plasma is both ignited and sustained during said processing
of said substrate, said plasma processing chanber having no separate 10

pl asma generation chanber; providing a coupling w ndow di sposed at an upper

end sajd pl r ' kdi : apgemnent
i sposed Khovd: SooRrBrgaRoli LS ik Wit BcBiei BN SRREHE LTRSS

di sposed plshia-¢nhanded ppdoessyeomprisiegsi ng chanber for said 15 processing;
provi di ng an el ectromagnet arrangenent di sposed above said pl ane defined by

sai d substratRevigmp@d ;ﬁésﬁﬁ?ﬂr@d@ﬁﬂ?éhaﬁiﬂeﬁﬂﬂﬁﬁ?@&inél@ cRénbe dubstah@adlyso as to
result in a radial “variation in the controllable magnetic field wthin
sai d pl assimphdiyesysimegric henflguration withén whishiagplaspradx both ignited iadd sesiaginedhg

wi ndow and ,ant enna when Jeast one . direct current .is .20 supplied to said
61 oot 1 omdgFBE S PEAgeES ot S RotaSRs il P A TR B, RS TR SPBalR ¢ oct

proc Si?ﬂas&ﬂ?ﬂéﬁéﬁﬁ&ﬁ/cl?a‘&{lﬁ?s said substrate; providing a dc power supply
coupled to sal c? el ect romagrniet arrangenent; placing said substrate into

o ocebs: g chanbusne 3 ok R £ &R GHAR b RRER 1R ARk eET T

and changygemsai d radial variation in said controllable magnetic field
within sard pT asma processing chanber in said region proximate said

antenna to i my o%8ingah RFUMGES Sfritkement disposed above a plane defined by said

substrate when said substrate is disposed within said plasma processing chamber for said

15  processing;

providing an electromagnet arrangement disposed above said plane defined by said
substrate, said electromagnet arrangement being configured so as to result in a radial
variation in the controllable magnetic field within said plasma processing chamber in the
region proximate said coupling window and antenna when at least one direct current is
20  supplied to said electromagnet arrangement, said radial variation being effective to affect

processing uniformity across said substrate;
p&oviding a dc power supply coupled to said electromagnet arrangement;
placing said substrate into said plasma processing chamber;
flowing reactant gases into said plasma processing chamber;
25 striking said plasma out of said reactant gases; and

changing said radial variation in said controllable magnetic field within said plasma
processing chamber in said region proximate said antenna to improve said processing

uniformity across said substrate.
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uni f or Moy ss said substrate. 29 11~1111~~1 WO 01/ 37 CT/ USOQ 31322
27. The né?ﬁgggof claim26 further conprising providing géﬁQEWE$%P bucket
arrangenent di sposed around a periphery of said plasm processing chanber.
5 28. The nethod of claim 26 wherein said placing said substrate into said
pl asma processi ng chanber includes placing said substrate in a

posi t 25n. t ¢ methodnifolsm6 fatthergroarising providing @eddnetié badkdt | i nes gener at ed
by sai d magneti.c bucket arran enegié_ZQ. The met hod of claim 26 wherein

sai d me@&ﬁat@aweﬁamua a\Panfm gidplagrae progessingehambeny one of changing a
magni tude of said direct current, changing a direction of said direct
current, noving one of said RF antenna, noving said el ectromgnet
arrangenment relative to  said substrate, and noving a nass of magnetic fl ux
pPat e2&mt eThamethod\of claimi26i whersin said plicihg saidsubsteate gne said plangement . 15 “30.

Th t hod. of . cl ai m 29 wherein said changing said radial variation in said
coﬁt ?%PF%B’I“@ chﬁ'&ﬁé’tl?‘éufl?séﬁa“#‘%fﬂ‘@é‘gﬁf@tedgIﬁﬁgﬁﬁ@ﬁﬁ’aﬁﬁ'@':ﬂmlm\;@xltﬂl ilsai dI di rel:t

cur r egthdientd in mhBRetiehd1 Gined | %,%am | Li g%g%' sai d radi al
vari ation inmsnalgde contrgﬁ%@lkgdkér@a netlcaﬁegfgaél%ér es S Fh)vi ng one of
said el ectromagnet arrangenent 20 relative to said substrate. 32. The

met hod of claim 29 wherein said changing said radial: variation in said
contrgl | able magneti.c. fi el d represenfs noving said mass of magnetic flux
ol at it oPiGREnONaf Slam 26 iesah Sd FRERERR ok aNoR forudes BBast 33. A
20 25 oA R I nbRRID dFUhi RREEAS ?a:@d&; } afbag: a single
chanbere, su%?agntia y az‘%f%ltdﬁgﬁ y sfﬂmgré:".rl C 4%?@%?3%%@5% ‘chanber

wi t hi qurieht, arovingdresofisaidsR b afitennag molving safklestdhighechriatperfiéit delpive®Ssi ng,
sai d pl as 30 t bttt et 111111 1111l C L MW
01/ 3%%@51.%%;4t9%@@q\gg@a mass of magnetic flux plate material about a vicinity of said S

electromagnet arrangement.

15 30.  The method of claim 29 wherein said changing said radial variation in said

controllable magnetic field represents changing a magnitude of said direct current.

31.  The method of claim 29 wherein said changing said radial variation in said
controllable magnetic field represents moving one of said electromagnet arrangement -

20 relative to said substrate.

32.  The method of claim 29 wherein said changing said radial variation in said
controllable magnetic field represents moving said mass of magnétic flux plate material -

relative to said electromagnet arrangement..
25
33. A plasma processing system for processing a substrate, comprising:

a single chamber, substantially azimuthally symmetric plasma processing chamber

within which a plasma is both ignited and sustained for said processing, said plasma

I
A \\-\!]\
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processi NwEhH@EE having no separate plasnma generati on chpgiyeseossseizd
pl asma processing chanber having an upper end and a | ower end; a coupling

wi ndow di sposed at _an_ upper end of said plasnma prqcessj ngqchanber;, an RF

ant enna PEICFESEeTHEMbET bvdngonessspampisRlasmaeasration phambar i5gid PRMaIpstiat e when
5 said %Hgﬁ,gégq,%i@irng?nékﬁa%gqn&]ﬁ&cﬁ@l d plasma processing chanber for said

processi ng; power supply coupled to said RF antenna; a first
Sard magnot SePPEIRSCIBRRS Eibe Rk P Bo B0 e inditiy ) ©
Chanbor 1 1 AB AEARGIA GFREL SRS B e e dour oW CARSEAE BARA duo {0
L S M
TEARCR WA A AR e e
15 second pRF a&ﬁ%éﬁ%ﬁ%ﬁwgg@m&lseamdrabpveawﬁcbplméeﬁwgﬁgﬁw S‘P‘PS(‘)‘%*CS %“31 first
maghet | B gy R BEnk SolBhted @ f 4 RRlin { AUS Wil o B oD | 01 ©

pr oxi mahggheticiield ndhiresaidplasitd processitigEhaRb&Ge B rogiobl prokahare isyidaouslig sai d
substrate. 20 34. Thea{‘)ll asma processing system of claim33 wherein said

nmealls r eyindoyeandsaniennagive immagnetic ficlsklines emanatingdropt said magnet grrengemenhngenent

d id. t l. at i .t ' bstrate. 35. Th I '
Syst om SracpaR-eR R B0k ety AfrErEes Sk HhBominiocros By SRell °or T eact
one e! ectromagnet coil and said nmean regresents an a%ran%giﬁﬁnt for :
changi ng a nﬁ@H‘P%t@Efe““BP°%a‘a?ng@Fn‘&9P§§‘ﬁF Lot said subsiats vithip gaid;  one

electro kd: ’:’h’grm @%{ é?aﬁpdﬁ US0Q 31322 36. The plasma
processgﬁ?%ﬂlgl 5‘?%?7%’% c \aéigm ererlg)%%lgg’d means represents an arrangement
for nmoving a_nass magnetic flux-jnfluencing material in the.yicinity of
said magnet aa?F‘?"&ﬂg%Fn%%%”_ pg’??‘m?ieéf tﬁlsﬁlgr?ﬁ BB csélgg?rﬁﬁngﬂggf‘gﬁ{’] S?IHCI ai m 33
furfer sbplRY piived sERHIYBLihg cotfoNgble independently from said first RF power supply;

means to vary said radial variation in said controllable magnetic field within said
plasma processing chamber in said region proximate said antenna to irnprove said

processing uniformity across said substrate,

20 34.  The plasma processing system of claim 33 wherein said means represents an
arrangement for moving one of said magnet arrangement and said RF antenna relative to

said substrate.

35.  The plasma processing system of claim 33 wherein said magnetic arrangement
25  comprises at least one electromagnet coil and said means represents an arrangement for

changing a magnitude of a direct current supplied to said at least one electromagnet coil.

-
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arrangenwatmgl,ﬁgosed around a periphery of said plasma pr hanber .
38. The plasna processing systemof claim37 wherein sai dpéng’g?’]?a‘ﬁacﬁbucket

arrangenent includes a plurality of permanent magnets di sposed outside and
subst &6t i alThg plasmapreedssial syseranf gl S%Mhsmrdsq@d mEABs lppmggSMg chanber .

39. Tha pl as rocessin tem 38. wher ei. of

per e AEARECHTAI (& B0 8RR A "ot o el i afeiobiBnend S BeuPt Brag ©
proceq,sdgggtm gb@endet ween said upper end and said |ower end. 15 40. The
pl asma processing system of claim 33 wherein said plasma processing chamber

I's substantially cylindrical in shape. 41. The plasma processi ng system of
claim 33 wherein said plasma processi ng chanber 20 has at | east one curved

si §j e Vﬁl X 'thl 1 } x IrrllaI ﬂrocéssmg systclarh Io cl%?m 33 further including a magnetic bucket

arrangement disposed around a penphery of said plasma processing chamber.

38.  The plasma processing system of claim 37 wherein said magnetic bucket
_ arrangement includes a plurality of permanent magnets disposed outside and substantially

10 . parallel to an axis of said plasma processing chamber.

39.  The plasma processing system of claim 38 wherein said plurality of permanent
magnets span only a portion of the height of said plasma processing chamber between said

. upper end and said lower end.
15

40.  The plasma processing system of claim 33 wherein said plasma processing chamber

is substantially cylindrical in shape.

41.  The plasma processing system of claim 33 wherein said plasma processing chamber

20  has at least one curved side-wall.
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